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ABSTRACT: Dihydrogen (Hz) is considered nowadays as a sustainable energy carrier and exhibits a high energy density in its
highly compressed state. Different countries in the world are developing its industrial production and are scaling up water
electrolysis processes with clear roadmaps. Alkaline water electrolysis is an affordable technology that avoids use of platinum
group metals with a good compromise of efficiency because of the development of new cost-effective and Earth-abundant
materials of electrodes and new anion exchange membranes. Here, we report on the use of emerging and selective laser melt-
ing (SLM) technology for 3D printing of binary alloyed NiFe, NiMo, NiCr, and NiCo electrode materials at an applied scale.
These materials are preliminarily tested for hydrogen and oxygen evolution half-reactions in alkaline conditions in order to
select the most promising combinations of cathode/anode for overall water electrolysis. Based on three key performance
metrics KPMs (namely, overpotential values at 10 and 50 mA cm2, and the stability in operation over six days at 50 mA cm-
2), NiCr and NiCo are preferred for the cathode, whereas the anode is NiMo or NiFe. Moreover, in order to facilitate the release
of the electrogenerated gas bubbles, the patterning of 3D-printed electrodes with either roughly-conical holes or ramps is
considered as a third experimental factor. The water electrolysis process is then fully optimized by using the formalism of
design of experiments (DOE) which allows to reduce the number of experiments without loss in the quality of conclusions.
This study reveals that NiCo and NiMo shall be preferentially used as the cathode and anode, respectively, to decrease the cell
overvoltage, whereas NiFe as the anode yields the best stability in operation. Besides, the impact of the patterns printed by
SLM on the KPMs is somewhat limited, even though the presence of holes is rather beneficial for decreasing cell overvoltage.
Interestingly, an approximate calculation of the consumed energy for the production of 1 kg of Hz from the combination
NiCo/NiMo/holes as cathode/anode/pattern yields 50.6 kWh/kg of H2 which is quite promising if one refers to the 48 kWh
industrial target set by European Union for 2030.

materials. 182 These metals are principally employed in Pro-
ton Exchange Membrane (PEM) electrolysis because of their
high catalytic activity and stability in an acidic environ-
ment.’? PEM electrolyzers produce the highest current den-
sities for Hz production, but they are prone to corrosion due
to the harsh oxidizing conditions in the anodic compart-
ment. Therefore, researchers are exploring alternative tech-
nologies, such as alkaline water (AWE) and anion exchange
membrane (AEM) electrolyzers,101112 which allow the use
of less expensive and more corrosion-resistant transition
metals as electrocatalysts for both the hydrogen evolution
reaction (HER) and the oxygen evolution reaction
(OER).13.14

1 Introduction.

As the global demand for energy is increasing about 60%
from 2010 to 2040! when mankind needs to reduce its use
of fossil sources of energy?3, it becomes crucial to develop
new technologies to produce and store energy while reduc-
ing greenhouse gas emissions. In that context, dihydrogen
Hz(g arouses an increasing interest owing to its high mass
energy density (123 M] kg1) which can be exploited to pro-
duce electricity and heat when consumed in a fuel cell. This
flexible and sustainable energy carrier can be produced by
the electrolytic water splitting*-¢, which is now widely rec-

ognized as a clean and carbon-free route’. However, the
high cost of water electrolysis is a major barrier to its wide-
spread adoption. This is due in part to the use of scarce and
expensive noble metals, such as Pt, Ir, and Ru, as electrode

Benchmarking studies by Jaramillo and co-workers have al-
lowed to standardize the electrocatalytic activity for HER
and OER in either acid or alkaline conditions of numerous



Ni-based binary or ternary alloys electrodeposited on con-
ductive substrates'>1¢, Alloying metals is a well-known
route to tailor the density of states of d electronic band and
optimize the electronic structure of the materials to achieve
more efficient electrocatalysis!!17-22, From now on, states
and continental organizations are building plans to develop
a hydrogen economy and scale up water electrolysis to an
industrial level?323, So, in the context of the industrializa-
tion of electrode materials, 3D printing appears as an
emerging manufacturing technique to decrease operational
and capital expenditures of electrodes and electrolysers?+-
27, It allows the fabrication of metallic alloys with tailored
compositions, intricate electrode geometries, and porous
systems with high resolution and precise control over the
surface microstructure. Among the 3D printing methods,
Selective Laser Melting (SLM) is particularly powerful to
fabricate large metal pieces with original and complex ge-
ometries. In SLM, a high-power laser locally melts matter by
scanning a metal powder bed in a controlled manner.
Pumera’s group has recently used this additive manufactur-
ing technique to produce 316L stainless steel 3D printed
electrodes for electrochemical energy applications?8-30,
While 3D printing methods have great potential for fabri-
cating practical catalytic electrodes 31, their use to elaborate
metallic alloys specifically designed for electrochemical
purposes is still underexplored. Inspired by Jaramillo’s
group works on catalytically active flat electrodes, we have
recently printed by SLM 25 cm? cylindrical NiFe and NiCo
electrodes for efficiently achieving both HER and OER in an
alkaline medium32. Notably, patterning the electrode sur-
face with cylindrical microstructures was found to be an ef-
fective strategy for promoting the release of gas bubbles.

In this work, we extend our contribution to 3D printed NiMo
and NiCr binary alloys and propose overall water electroly-
sis cells incorporating the most promising HER and OER
electrode materials which have been optimized using the
formalism of design of experiments (DOE). To do this, we
employ a 23 Hadamard matrix with eight combinations of
three experimental factors at two levels to perform an anal-
ysis of variance (ANOVA) study and measure linear effects
for each factor and interaction between them33-35. It is
worth emphasizing that the implementation of such a meth-
odology for the design and optimization of water electroly-
sis cells is unprecedented to the best of our knowledge.

2  Experimental Section.

2.1 Chemicals.

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

2.2 3D printing.
All electrodes were designed using the software Auto Desk
Fusion 360. Magics software was used for implementation

on the platform using block and contour supports. A Tur-
bula T2F station was used to mix the atomic powders in a
powder bed of NiFe, NiCo, NiMo, or NiCr. Electrodes were
produced by SLS France company using the SLM technique
in a TechGine TS120 under a nitrogen atmosphere. Each
layer of melt metal was 20 um-thick. The fabricated elec-
trodes were then removed from the support, scraped and
sanded, then cleaned under pressurized air. Photographs of
the NiMo and NiCr electrodes are shown in Figure S1 (Sup-
porting Information) and those of NiFe and NiCo electrodes
are shown in our previous report32.

2.3 Electrochemistry.

Half-cell configuration. The electrochemical measurements
were performed at room temperature on an HTDS
PARSTAT PMC-200 multi-channel electrochemical work-
station equipped with an AC frequency response analyzer
(FRA). The 3D printed electrode 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 irid-
ium oxides, ECS Tarn) was used as the counter electrode for
OER or HER, respectively. The reference electrode was ei-
ther Hg/HgO from Origalys for chronopotentiometry or
KCl-saturated Ag/AgCl for cyclic voltammetry. For compar-
ison, 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 etha-
nol to remove the oxide layer and was dried at 70°C for 3 h.
An electrical contact was established with an ergot on the
electrode and masked with an insulating epoxy resin (Loc-
tite EA9460, Ellswoth Additives). The electrode was then
placed into an oven at 90°C overnight to cure the resin.

A homemade H-type electrochemical macrocell with a con-
stant headspace volume was used to carry out long-term
electrolytic tests at high current intensities with ca. 25 cm?
electrodes. The macrocell consisted of two compartments
with a total electrolyte capacity of 1.4 L, in order to neglect
the volume consumed during the water electrolysis. The
headspace volume was 1.25 L per half-cell, so that volume
changes caused by the produced gas (Hz and 02) could be
neglected. This large headspace volume was chosen to avoid
overpressure during GC analysis. The cell was sealed by a
flat and circular ground joint, closed by a stainless-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 elec-
trode.

All cyclic voltammograms (CVs) were recorded at 5 mV st
and the Ohmic drop was corrected using the cell resistance
determined at high frequencies (typically 100 kHz). The
corresponding Tafel slopes were determined from the lin-
ear overpotential vs. log (current density) (1 vs. logj) plots.
The current densities were normalized by the geometric
surface area of the 3D printed electrodes determined with
Auto Desk Fusion 360 software and all the measured poten-
tials were converted versus the reversible hydrogen elec-
trode (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):

ERHE = Eng/ngo + 0.059 pH + E%%jg/ng0
with E%g/ngo= +0.14 V (D

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

Erug = Eag/agal + 0.059 pH + Efag/aga
with E%ag/aga=+0.20 V (2)

where Ehg/ngo and Eag/agc 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 months3e.

Electrochemical impedance spectroscopy (EIS) measure-
ments 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 distribution)
at 10 mV amplitude. The long-term stability of the catalytic
electrodes was examined using chronopotentiometry at an
applied +50 mA cm? current density. EIS data were ana-
lyzed using the Zview software.

Full cell configuration. The electrochemical measurements
were performed at room temperature using the same elec-
trochemical workstation and macrocell as those used for
the half cell. A two-electrode configuration was used with
the 3D printed electrodes (geometric surface area: 25 cm?)
as the cathode and the anode. The electrochemical condi-
tions were identical to those mentioned for the half-cell.
Each experimental run was repeated twice so that the DOE
theory could be confidently applicable.

24  Characterizations

Scanning electron microscopy (SEM) images and EDS (En-
ergy Dispersive X-Ray Spectroscopy) elemental mapping
were performed using an 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 Spec-
troscopy) measurements were performed using a 725 ES
Varian station with an argon plasma.

Gas chromatography (GC) measurements for the detection
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. The 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 N2z (3%, v/v), CHa (5%, v/v),
CO (10%, v/v), H2 (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.

3 Results and Discussion.
3.1 Design of experiments (DOE).

3.11 Principle

The DOE approach is a formalism based on mathematics to
simplify and rationalize scientific studies and to reduce the
number of experiments without loss in the quality of con-
clusions.33-3537-39 [t allows for multiple input experimental
variables (factors) to be manipulated, determining their ef-
fect on a desired output (response). The simplest experi-
mental design is the Hadamard array ab which considers the
effects of “b” factors set at “a” levels by the experimenter. It
can benchmark and quantify the effect of numerous either
quantitative or qualitative factors at two levels (named +1
or -1). If necessary, it can also be extended to then integrate
supplementary factors in the DOE40-43, This experimental
design dictates the experiments to be performed. The ex-
perimental data is then collected and processed using a sta-
tistical method based on the analysis of variance (ANOVA).
It allows us to determine the probability for a factor or for
an interaction between factors of having a significant influ-
ence on the response. The total variance consists of the var-
iance of each factor and a residual variance. By comparison
between the variance of the results for a factor and the re-
sidual variance, it is possible to determine an indicator
named F. This value is then compared to a reference value
Frer extracted from the statistical Fisher-Snedecor table. We
have considered Frer values of 10.56 and 5.12 for 99 and
95% significance levels, respectively**. Consequently, the
factor will be considered as influent at 99% probability if F
>10.56 and at 95% probability if F > 5.12.

In this work, we chose to use a 23 Hadamard matrix (Table
1) where factors 1, 2, and 3 are the compositions of the cath-
ode and the anode, and the type of micropatterns engraved
on the electrode, respectively (vide supra). This matrix also
provides values for the effect ai of a factor i (Eq. 1).



Table 1. 23 Hadamard Matrix for Three Factors F1 to F3 Set
at Two Levels +1 and -1. FX/FY Represents the Interaction
between Factors X and Y.

Run F1 F2 F3 F1/F F1/F F2/F F1/F2/F
2 3 3 3
1 +1  +1 +1 +1 +1 +1 +1
2 +1  +1 -1 +1 -1 -1 -1
3 +1 -1 +1 -1 +1 -1 -1
4 +1 -1 -1 -1 -1 +1 +1
5 -1 +1 +1 -1 -1 +1 -1
6 -1 +1 -1 -1 +1 -1 +1
7 -1 01 +1 +1 -1 -1 +1
8 -1 -1 -1 +1 +1 +1 -1

1 n
a; = ;(Z X,y (1)
=1

Where n is the number of experiments contained in the DOE
(here, n = 8); xi1 is the level of factor i (+1 or -1), referring to
the experimental table (Table 1), for the experiment /; and
yis the experimental value measured for the experiment L
For example, this gives for F1:

1
a1=§(y1+yz+y3+y4—ys—ye—y7—ys)(2)

The effect ai for a factor i is considered as influent only if it
is higher than the value of the standard deviation of the ex-
perimental values from the DOE. The standard deviation at
68 % or 95 % can be retained depending on the desired ac-
curacy. If the measured effect gives a positive value for a fac-
tor, and the objective is to decrease the value of the perfor-
mance metric (e.g., overpotential for HER or OER, stability
in operation), the level -1 of the factor in the DOE will have
to be preferred.

31.2 Selection of the combinations cathode/anode
from HER and OER half-reactions

In order to select the most promising combinations of cath-
ode/anode which will be further included in the 23 Hada-
mard matrix, all the 25 cm? 3D printed Ni-based binary al-
loyed materials, namely NiFe, NiCo, NiMo, and NiCr, were
first examined for HER and OER half-reactions.

Before studying their electrocatalytic activity, the chemical
composition and the homogeneity of these binary materials
were determined by SEM-EDS at the micrometer scale. As
reported in our previous study??, NiCo showed a homoge-
neous distribution of Ni and Co elements with a Co content
estimated at approximately 8% from EDS (Table S1). In con-
trast, Ni and Fe were not homogeneously distributed in NiFe
and two phases were clearly visible, one majority phase in-
corporating um-sized Fe particles in a Ni matrix and a sec-
ond one with 20-30 um-diameter Fe microparticles. The av-
erage Fe content was around 6%. The two newly prepared
NiMo and NiCr electrodes also showed differences in the el-
emental homogeneity. Ni and Cr were homogeneously dis-
tributed in NiCr (Figure S2) with an overall composition es-
timated by EDS at 6% Cr and 70% Ni (Table S1). Similar to

NiFe, NiMo consisted in a majority Ni-rich phase incorporat-
ing some areas of a few tens of um of pure Mo (Figure S3).
The average composition was found to be 3% for Mo and
71% for Ni. The phase segregation in this material could be
reasonably explained by the large differences in the melting
point of Mo and Ni, 2620°C and 1455°C, respectively. In-
deed, SLM is a local process with fast heating and cooling
times that can lead to some unavoidable inhomogeneities
and the creation of defects*5:46,

Now, the electrocatalytic activity of the 25 cm? 3D-printed
electrodes was evaluated in alkaline medium (1.0 M KOH,
pH 14) both for HER and OER. Considering the electrochem-
ical surface area of these electrodes, it must be underlined
that current intensities as high as 1 A could be reached.
Ohmic drop-corrected cyclic voltammograms of the elec-
trodes are shown in Figure 1 for HER and OER. NiCo, NiCr,
and NiMo exhibited the highest HER activity, as supported
by the lowest iR-corrected overpotential of 210 mV meas-
ured at 10 mA cm2 (i.e. 250 mA) (Figure 1a). This value was
20 and 60 mV lower than those determined for reference Ni
and NiFe, respectively (Table S2). Consistent with CV data,
the charge-transfer resistance R« values measured at 100
mV overpotential for NiMo (136 mQ cm-2), NiCr (174 mQ
cm2) and NiCo (215 mQ cm-?) were smaller than those de-
termined for Ni (280 mQ c¢cm?) and NiFe (454 mQ cm2),
demonstrating faster HER charge transfer kinetics (Table
S2 and Figure S4). Interestingly, relatively close Tafel slopes
were determined for all the studied electrodes, between ca.
90 and 105 mV per decade (Figure S5). Such values are in-
dicative of a HER process controlled by the same reaction
step, namely the Volmer reaction that corresponds to the
adsorption of hydronium ions onto the active sites of the
catalysts.

Regarding OER, NiFe and NiMo showed the lowest overpo-
tentials at +10 mA cm (300-310 mV, Table S3), when com-
pared to NiCr (330 mV), Ni (350 mV), and NiCo (360 mV).
Such a trend was also supported by the R« values increasing
in the order: NiFe = NiMo (6-10 mQ cm2) < Ni (20 mQ cm-
2) < NiCr (26 mQ cm?) < NiCo (87 mQ cm?) (Table S3 and
Figure S4b). Moreover, the Tafel slopes measured for the bi-
nary alloys in the range of 33-50 mV per decade (Figure S5)
were in perfect agreement with those determined for other
Ni-based OER electrocatalysts21.2947,

, . . . o 40 L L L 1.00
N
g oda +0.00
© < 30 F0.75
< £ -
E-10 0255 — 2
3 § 2204 Fo.508
220 NiFe [-0.50% 2 £
3 ——NiCo :: S10 -0.25'3
§ 30 NiMo 0757 & >
£ —— Nicr £ 04 E 0.00
o 3

0 T T T T 1.00 o T T T
-0.3 -0.2 -0.1 0.0 1.3 1.4 1.5 1.6 1.7

Potential / V vs RHE Potential / V vs RHE

Figure 1. Ohmic-drop corrected cyclic voltammograms at 5
mV s-1in KOH 1M of Ni, NiFe, NiCo, NiMo, and NiCr for HER (a)
and OER (b).

Another essential performance indicator is the stability of
the electrodes in operation. Long-term electrolytic tests
were achieved at a constant current density of £50 mA cm-?
over six days for HER and OER. The corresponding
chronopotentiometric curves are shown in Figure 2. The
NiCo, NiMo, and reference Ni electrodes were found to be



the most stable with a potential change of only 10 mV after
6 days of electrolysis, followed by NiCr (20 mV) and NiFe
(40 mV) (Table S2). The Faradaic efficiency (FE) for HER
was approximately 90%, as compared to a Pt reference elec-
trode (Table S2). This value lower than 100% can be at-
tributed to two factors: (i) the large size of the electrodes
and the large headspace volume of the cell, which can lead
to unavoidable loss of produced gas; and (ii) the increase in
the temperature of the electrolytic solution by 7°C after
electrolysis, which can also contribute to a reduced FE. Em-
ployed as anodes for OER, NiFe was the most robust elec-
trode as its potential increased by only 30 mV over 6 days
of electrolysis, followed by NiMo (70 mV), NiCr (80 mV), Ni
(90 mV) and NiCo (100 mV) (Table S3). FE for OER was
100% vs reference DSA for all electrodes.
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Figure 2. Chronopotentiometric curves for HER (a) and OER
(b) of Ni, NiFe, NiCo, NiMo, and NiCr binary alloys at +50 mA
cm2in KOH 1M.

Post-electrolysis characterizations confirmed that the aver-
age metallic ratios of the electrodes remained almost un-
changed after either HER or OER electrolysis (Table S1).
Furthermore, EDS mapping showed the homogeneous dis-
tribution of metals in the post-electrolyzed binary alloys
(Figure S6 and S7), except for NiMo. For the latter, it still ex-
hibited inclusions of pure Mo in the Ni matrix after HER
electrolysis (Figure S8) which disappeared after OER elec-
trolysis (Figure S9) due to the Mo oxidation from 1 Vvs RHE
(Figure S10). Noticeably, the presence of potassium was
systematically detected after the electrolytic tests, probably
coming from the adsorption of potassium carbonates on the
electrode surface. Such a result is consistent with the previ-
ous findings that Ni-based HER and OER electrocatalysts
were routinely coated with this salt when polarized in alka-
line KOH medium?®.

The analysis by ICP-AES of the electrolytic solution after
HER electrolysis revealed no detectable levels of released
metals whatever the tested electrode. In contrast, the OER
electrolysis caused the release of metallic Ni from all elec-
trodes at the level of traces, i.e 60-200 ppm. Moreover, Cr
and Mo were also released from anodically polarized NiCr
and NiMo, respectively, at contents corresponding to 0.6%
and 0.9% of metal incorporated in their respective alloy.
The release of Mo revealed by ICP-AES is consistent with the
disappearance of patches of pure Mo observed by EDS map-
ping (Figure S9).

Based on the above results, we have considered NiCr (level
+1) and NiCo (level -1) for the cathode (factor 1) of the full
cell. NiMo (level -1) and NiFe (level +1) have been selected
for the anode (factor 2) owing to their stability and their low
overpotential as OER electrocatalysts. The micropatterns
engraved on the 3D printed electrodes (factor 3) will be

conical-shaped holes (level -1) and ramps (level +1) as such
features have been demonstrated to be preferential sites
for nucleation, growth, and release of the electrogenerated
gas bubbles*849 (Figure S11). These were preferred to cylin-
drical micropatterns as they yielded more catalytically per-
forming electrodes, as examplified for reference Ni (Figure
$12). From profilometry and SEM measurements, the mean
diameter and depth of the holes were estimated at 270 + 50
um and 55 * 5 um, respectively (Figures S13 and S14).
Ramps had a Gaussian shape with 260 * 50 um height and
300 + 10 um width. Each pattern was separated by 2.50 *
0.05 mm.

So, the 23 Hadamard matrix shown in Table 2 could be built
by considering the three selected factors and their respec-
tive levels. Three key performance metrics (KPMs) charac-
terizing the catalytic efficiency and the stability in operation
of the electrodes were identified as response signals: i) the
cell overvoltage determined by cyclic voltammetry at 10 mA
cm2 (n,,), ii) the cell overvoltage determined by chronopo-

tentiometry after a 20 h electrolysis at 50 mA cm 2 (n, ) and
iif) the voltage change caused by 120 h electrolysis at 50 mA
cm2.

Table 2. 23 Hadamard Matrix for the Overall Water Elec-
trolysis. Level +1: NiCr, NiFe, and ramps. Level -1: NiCo,
NiMo and holes.

Run F1 F2 F3
Cathode Anode Pattern
1 NiCr NiFe Ramps
2 NiCr NiFe Holes
3 NiCr NiMo Ramps
4 NiCr NiMo Holes
5 NiCo NiFe Ramps
6 NiCo NiFe Holes
7 NiCo NiMo Ramps
8 NiCo NiMo Holes
9 - Control Ni Ni Ramps
10 - Control Ni Ni Holes

3.2  Full cell measurements.

The overall water splitting was examined in alkaline me-
dium (1M KOH, pH 14) using different combinations of cath-
ode/anode/pattern, as defined in Table 2. Compared with
reference Ni combinations, the binary alloyed ones exhib-
ited overvoltages at 10 mA cm2lowered by 50 to 100 mV
(Figure 3 and Table 3).
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Figure 3. Cyclic voltammograms at 5 mV s for overall water
splitting in KOH 1M of different combinations cathode/an-
ode/pattern: NiCr/NiFe (red, runs 1 and 2), NiCr/NiMo (pur-
ple, runs 3 and 4), NiCo/NiFe (orange, runs 5 and 6),
NiCo/NiMo (green, runs 7 and 8) and Ni/Ni (grey, runs 9 and
10) covered by holes (solid lines) or ramps (dotted lines).

Table 3. Key Performance Metrics (KPMs) for Each Combi-
nation Cathode/Anode/Pattern Involved in the Overall Wa-
ter Electrolysis.

Run N/ Ve  ng/VP Electrolysis-induced
voltage change / mV¢

1 0.60 1.00 20

2 0.60 0.89 30

3 0.60 0.89 270

4 0.59 0.85 170

5 0.57 1.07 20

6 0.57 0.91 200

7 0.55 0.78 110

8 0.56 0.71 260

9 - Blank 0.68 1.18 110

10 - Blank 0.65 1.17 190

aQvervoltage (E1o - 1.23 V) determined by cyclic voltammetry
at 10 mA cm2. b Overvoltage (Eso - 1.23 V) determined by
chronopotentiometry after a 20 h electrolysis at 50 mA cm-2. ¢
After 120 h electrolysis at 50 mA cm-2.

Full electrolysis cells exhibited low cell resistance (between
18 and 27 m{) cm?) and based on n , values, the combina-

tions NiCo/NiMo incorporating ramps or holes were found
to be the most performing ones.

Long-term electrolytic tests were then conducted over six
days (140 h) at 50 mA cm and the cell overvoltages after
20 h and 120 h of electrolysis were measured. As displayed
in Figure 4 and consistent with CV data, NiCo/NiMo was still
the most efficient combination as supported by the lowest
ns, overvoltage of 0.71 or 0.78 V depending on whether the

patterns were holes or ramps. n. values in the range 0.85-

1.00 V were determined for the other binary alloy elec-
trodes. Despite higher catalytic efficiency, NiCo/NiMo was
however less stable in operation when compared with the
other combinations integrating NiFe as the anode (runs 1,
2, and 5). Indeed, the voltage change for NiCo/NiMo was

higher than 110 mV after 120 h electrolysis, while the volt-
age was increased by only 20-30 mV for NiFe anodes (Table
3). It is also noticeworthy that these materials were still
quite stable when current densities as high as 200 mA cm
were applied, as exemplified with the combination
NiCo/NiMo/holes (Figure S15). Regarding the effect of the
patterns, it is more difficult to rationalize. The introduction
of holes would be beneficial to increase the catalytic effi-
ciency of the electrodes, in terms of N1o and N5 whereas

ramps would yield more robust electrodes overall.

Compared with rare cutting edge studies related to overall
water splitting from large-scale (> 10 cm?) electrodes, our
best performing 25 cm? electrodes were able to deliver cur-
rent intensities exceeding 1 A at a cell voltage of ca. 2.0 V
over at least one week. Such performance was globally su-
perior to those reported by Yan et al. with nickel phosphides
Ni2P-NisPs-coated carbon cloth®® and by Bui et al. with Ni-
based electrodes?¢. Furthermore, our approach for fabricat-
ing 3D-printed functional electrodes is simpler and more di-
rect than that used by Pumera and coworkers, and does not
require a further surface functionalization step3.

0 50 100 150
Time/h

Figure 4. Cell voltage at 50 mA cm-2 for overall water splitting
in KOH 1M of different combinations cathode/anode/pattern:
NiCr/NiFe (red, runs 1 and 2), NiCr/NiMo (purple, runs 3 and
4), NiCo/NiFe (orange, runs 5 and 6), NiCo/NiMo (green, runs
7 and 8) and Ni/Ni (grey, runs 9 and 10) covered by holes (solid
lines) or ramps (dotted lines).

3.3 Data analysis by the theory of design of experi-
ments.

3.3.1  Analysis of Variance (ANOVA)

DOE theory allows to determine experimental work to
quantify influence probability and effects for each consid-
ered factor. We first carried out an ANOVA for each selected
KPM (Tables S4 to S6) and the variation of calculated F val-
ues is shown in Figure 5 as a function of the experimental
factors and interactions between them. Two factors exhib-
ited a clear influence with 99% probability: i) the composi-
tion of the cathode (NiCo or NiCr) on n,; and ii) the compo-

sition of the anode (NiFe or NiMo) on 1. This last one could

also be considered as influent on the voltage change caused
by 120 h electrolysis at 50 mA cm but with a probability
level close to 95%.



Figure 5. F values determined by ANOVA of three selected
KPMs for three factors at two levels in the design of experi-
ments. The Fisher-Snedecor factor values at 99 % and 95 %
probabilities are 10.56 and 5.12, respectively. The factors 1, 2,
and 3 are the compositions of the cathode and the anode, and
the type of micropatterns engraved on the electrode, respec-
tively. FX/FY corresponds to the interaction between factors X
and Y.

3.3.2  Analysis of linear effects

The quantitative effects of each factor and interaction on the
response signals (i.e. the KPMs) could be estimated using
eq. 2. It is worth recalling that if the a;j value of the effect is
superior to the standard deviation of measurements, the
factor or interaction can be qualified as influent. For the first
KPM, only the cathode composition (factor 1) exhibited a
clear influence with a1 equal to +18 mV (Figure 6). There-
fore, it is recommended to select the level -1 of this factor,
namely NiCo, to decrease n, by 18 mV. This conclusion is in

perfect line with trends observed from the electrochemical
data (Figures 3 and 4) and ANOVA (Figure 5).
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Figure 6. Estimation of the effect ai of three factors onn,, 1,
and the electrolysis-induced potential change. The factors 1, 2,
and 3 are the compositions of the cathode and the anode, and
the type of micropatterns engraved on the electrode, respec-
tively. FX/FY corresponds to the interaction between factors X
and Y.

Regarding the second KPM, the anode composition (factor
2) clearly played a key role in the measured overvoltage
with an effect a2 of +80 mV (Figure 6), which means that it
is recommended to select the level -1 of this factor, namely
NiMo, to decrease 1, by 80 mV. Surface pattern could also

have a smaller influence on this second KPM. Its effet as has
been evaluated to be +48 mV which was higher than the
standard deviation at 68 %. The level -1 of factor 3 should
be consequently selected, i.e. holes, to decrease 1. This is

again consistent with data from Figures 3 to 5. Interestingly,
the interaction between factors 1 (cathode composition)
and 2 (anode composition) showed a significant effect a1z of
-40 mV which was higher than the standard deviation at 68
%. This is consistent with the trend to prefer levels -1 of the
cathode and anode to lower bothn, and n.

Finally, we analyzed the effect of the considered factors on
the electrolysis-induced voltage change. The composition of
the anode (factor 2) was found to be the single factor that
almost reached the value of the standard deviation at 95%
(Figure 6). The corresponding az value was -68 mV which
indicates that NiFe (level +1) should be preferred to im-
prove the stability in operation of the cell. Such an assertion
is somewhat opposite to that made from the factor effects
on 1, for which NiMo anode was better to decrease 1.

Conclusions

To conclude, we have produced novel self-supported 25 cm?
3D-printed electrodes operating for overall water splitting
in alkaline conditions at high current intensities (1.25 A).
The originality of this work lies in the use of SLM 3D print-
ing technology of metals to produce self-supported binary
alloyed materials with novel shapes and surface micropat-
terns. This undoubtedly constitutes the most direct route to
complex electrode structures, without any other step of sur-
face functionalization. The preliminary study on the HER
and OER half-reactions has enabled to select the best per-
forming and robust electrodes for further full cell measure-
ments. The DOE formalism has proved to be a valuable tool



to examine the effects of the cathode and anode composi-
tions, but also the engraved patterns on some performance
metrics (overvoltage and stability in operation) of the elec-
trolysis cell. Our work perfectly demonstrates the power of
DOE for energy-related studies to rationalize experiments
and optimize performance with quantitative conclusions. It
revealed that NiCo and NiMo should be preferentially used
as the cathode and anode to decrease the cell overvoltage,
whereas NiFe as the anode yielded the best stability in op-
eration. This situation highlights the need for compromise
between the factors to maximize the response signals. In
that context, the introduction of Fe into the NiMo anode
could be an interesting alternative. Besides, the impact of
the micropatterns printed by SLM on the KPMs was limited,
even though the presence of holes was rather beneficial for
decreasing the cell overvoltage. It is obvious that the pat-
tern resolution needs to be improved in the future to finely
control the flow and release of electrogenerated gas bub-
bles in the electrolyzer.

As a first step towards the upscaling of our electrolyzer for
the practical production of Hz, we have approximately cal-
culated the consumed energy to produce 1 kg of H2 using the
combination NiCo/NiMo/holes as cathode/anode/pattern.
An energy of 50.6 kWh was thus obtained, taking into ac-
count FE, cell voltage and the current intensity (Appendix
S1). Although this value was extracted from a lab-scale elec-
trolyzer, it was quite promising because it was slightly
higher than the industrial target of 48 kWh set by the Euro-
pean Union for 203051,
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