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Micro- and nanostructured Ni/NiO surfaces were generated by femtosecond laser structuring for oxygen evolution reaction in
alkaline water electrolysis cells. For two different angles between the laser beam and the nickel surface, two different types of laser-
structured electrodes were prepared, characterized, and compared with a plane tempered nickel electrode. Their electrochemical
activities for the oxygen evolution reaction were tested by using cyclic and linear sweep voltammetry. The chemical surface
composition was investigated by X-ray photoelectron spectroscopy. Laser structuring increased the overall electrochemical
performance by more than one order of magnitude. The overpotential of the laser-structured electrodes for the oxygen evolution

reaction was decreased by more than 100 mV due to high defect densities of the structures created by the laser ablation process.

1. Introduction

Water electrolysis provides a simple and clean method to pro-
duce hydrogen using renewable energies, while both water
and the energy source (wind and solar energy) are practically
infinite. In alkaline water electrolysis, two important reac-
tions take place: the hydrogen evolution reaction (HER) at the
cathode and simultaneously the oxygen evolution reaction
(OER) at the anode. Platinum shows the best catalytic activity
for the HER [1, 2]. Due to its high price, platinum is in
most cases replaced in industrial alkaline water electrolysis
cells by cathodes made of stainless steel or high-area nickel
on steel [3]. However, the efficiency of the water electrolysis
cell is limited by the sluggish anodic kinetics of the OER
compared to the HER [4, 5]. IrO, and RuO, are considered
to be state-of-the-art electrode material for the OER, as they
show the lowest overpotentials [6, 7]. Consequently, the high
cost and the lack of long-term stability in alkaline water
electrolysis conditions prevent an industrial application and
lead to the search for different cost-efficient and highly active

catalysts for the OER [8]. First-row transition metal oxides,
like nickel [9], cobalt [10], iron [11], and manganese [12]
oxides and mixed oxides in the spinel [13] and perovskite
[14] structure seem to fit the demands for OER anode active
materials.

The overall efficiency of a water electrolysis cell is deter-
mined by the combined resistances of all components and
chemical processes. In addition to the electrode materials
and the resulting overpotential, mass transport problems
always occur during reactions in aqueous solution [15]. Apart
from mass transfer, temperature distribution, bubble size, and
bubble detachment affect the potential and current density
distribution in a gas evolution cell [16, 17]. Thus, the bubble
attachment will affect the efficiency adversely by blocking the
catalytic active sites of the electrode [18]. Calculations show
that the energy loss caused by bubbles is the major contribu-
tor to the total energy loss of a gas evolution cell [16]. Forced
electrolyte convection, supergravity [19], and ultrasonication
[20] are ways to address the problem of bubble attachment,
although the electrolyte management cost would increase
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and additional energy consumption would arise. Therefore,
researchers are focusing on electrode design to facilitate gas
bubble detachment from the electrode [21-23]. A superhy-
drophilic electrode surface would attract the electrolyte more
than the bubbles and decrease the bubble-electrode surface
attraction, accordingly smaller bubbles would detach easier
on their own [24, 25]. Another approach to reduce the forces,
that hold the bubble at the surface, is to minimize the bubble-
electrode contact area. There are several studies, which utilize
the nanostructuring of gas evolution electrodes to create
“superaerophobic” surfaces [17, 26-28]. However, creating
electrodes with nanowire surfaces is difficult to implement
in an industrial-scale fabrication process for gas evolution
electrodes.

Modern femtosecond lasers represent a new powerful
tool for customized electrode structuring. Specifically, the
generation of ordered nano- and microstructures on bulk
substrates is an upscalable process for large-area applications,
thanks to recently available high power femtosecond lasers
[30, 31]. Via the high variety of process parameters, the
surface morphology can be customized. One type of laser-
induced self-organized surface structures is the micrometer-
sized cone-like protrusions (CLPs, also often called spike
structures), which are superimposed by nanostructures [32-
37].

CLPs are stochastically ordered structures oriented
antiparallel to the direction of the incident laser beam. Their
heights, flank angles, and average distances can be controlled
by choosing process parameters such as laser fluence, laser
wavelength, and environmental conditions. Furthermore,
they are influenced by material properties. CLPs can be
processed on many metals [38-40] and semiconductors [41,
42]. Suitable lasers are pulsed lasers with nanosecond (ns)
down to femtosecond (fs) pulse duration. In general, shorter
pulse durations prevent melting and lead to higher surface
area [43, 44]. The process of CLP formation is not yet fully
understood. The formation of CLPs is done with a laser focus
diameter of around 10 ym or bigger and a relatively high laser
fluence of usually a few 10 ] cm ™. Since the CLPs are directed
antiparallel to the incident laser beam, tilting the workpiece
surface leads to CLPs with the same tilting angle [45, 46] but
requires higher laser pulse energy.

The main objective of the present study was to enlarge
the surface area and simultaneously activate the Ni electrode
for high current density OER application via our femtosec-
ond laser structuring approach. Blank Ni plates were used
as substrate material, which were polished and afterwards
structured by femtosecond laser pulses under irradiation
angles of 0° or 45° to create two different types of Ni
CLPs electrodes. The topography of the sample surfaces was
studied with the help of scanning electron microscopy and
X-ray microscopy. In addition, the chemical compositions
of the surfaces were investigated by X-ray photoelectron
spectroscopy. The electrodes were placed vertically in a
reactor cell and were characterized by cyclic and linear
sweep voltammetry to determine the accessible surface area
and the activity for the OER with realistic gas bubble
behavior.
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2. Experimental Section

2.1. Electrode Preparation. First the Ni plates (Alfa Aesar)
with a size of 10 mm x 10 mm were polished with a Phoenix
4000 polishing machine using 15 ym, 6 ym, 3 ym, and 1 ym
diamond suspensions (Buehler) and cleaned with acetone
and ultra-pure water. Afterwards the plates were either
tempered or laser structured. The reference sample had been
tempered at 650°C in air for 1h with a heating rate of
5°Cmin"". The irradiation angle of the laser was set to 0° or
45°, to create two different types of CLP structures.

The laser structuring was performed with a femtosecond
laser system (Femtopower Compact Pro, Femtolasers Pro-
duktions GmbH) with a fundamental wavelength of 800 nm,
a sub-30 fs pulse duration, and a pulse repetition rate of
1kHz. The laser pulses were focused using an achromatic
lens with 200 mm focal distance resulting in a focus with
Gaussian intensity distribution and a 1/e* diameter of 34 ym.
The compressor of the laser system was adjusted for shortest
pulse duration in the focus. The linear polarization was
constantly rotated at 800 rpm using a motorized rotation
mount with a half wave plate placed in the beam path
in front of the focusing optics. A XYZ-positioning system
(Physik Instrumente) controlled by laser machining software
and synchronized with laser switching was used for sample
movement and focus positioning. The focus position was
set onto the sample surface. In case of the 45° incident
laser beam, the sample was placed on a 45° holder mounted
to the XY-stage with the Z-stage keeping the focus con-
stantly on the sample surface. It was possible to almost
completely prevent accumulation of ablation particles on
the sample surface by a combination of a compressed air
cross jet, particle fume extraction, and by choosing pro-
cess parameters optimized for particle generation with high
kinetic energy. Processing was done in the form of hatch
patterns consisting of parallel lines with constant line-to-
line distance. Processing directions were alternated from line
to line. After the completion of every hatch pattern the
orientation was rotated by 90° before the next hatch pattern
was scanned. This process was repeated eight times. Different
processing parameters were tested for achieving dense and
uniformly distributed CLP topographies. Table 1 lists the
processing parameters for the Ni CLPs 0° and the Ni CLPs 45°
sample.

2.2. Physical Characterization. The topography of the
laser-structured surfaces was studied by scanning electron
microscopy (SEM) on a JEOL JSM-6700F operating at 2kV
and 10 yA. The SEM was coupled with an energy-dispersive
X-ray (EDX) detector. X-ray diffraction (XRD) patterns were
acquired on a Bruker D8 Advance diffractometer operating at
40kV and 40 mA with Cu-K-radiation (A = 0.154 nm). The
X-ray photoelectron spectroscopy (XPS) was performed with
nonmonochromatized Al-K -radiation. A hemispherical
analyzer (Omnicron GmbH) with 20 eV pass energy and an
acquisition time of 10 s per energy step of 100 meV was used.
The X-ray microscopy (XRM) was performed using a Zeiss
Xradia Versa 520. The X-rays were generated by a Nordson
DAGE NTI00 transmissive source with a tungsten target
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TABLE 1: Processing parameters for the laser-structured samples Ni CLPs 0° and Ni CLPs 45°.
Sample movement Hatch line-to-line -,
Sample name Laser pulse energy ~ Laser peak fluence velocity distance Hatch repetitions
Ni CLPs 0° 175 uJ 385]cm™” Ve ¥y =6mms” d.d,=6um 8
-2 _ -1
Ni CLPs 45° 400 1 62.3] cm Vx = 6mms X dydy,d, =6pum 8
(on the tilted surface) =v,=3mms

at 140kV acceleration voltage, 72 yA current, and filtered
using a proprietary filter. The distance from the source to
the rotating sample axis was set to 9 mm and from rotating
sample axis to the detector 20 mm, respectively, resulting
in a geometric magnification of 3.2x. A scintillator and 20x
optical objective was used to further magnify the image
onto a 1024 pixel x 1024 pixel CCD detector, resulting in a
voxel size of 425nm. The estimated reconstructed spatial
resolution was 900 nm. 2001 projections with 45 s exposure
were taken while the sample was rotated through 360°,
resulting in a total scan time of 27 h. Scout-and-Scan Control
System Reconstructor software was used to generate the
reconstruction. The visualization of the data was done using
Dragonfly Pro 3.0 from Object Research Systems. Otsu’s
thresholding algorithm was used to split the absorption
dataset into nickel and epoxy resin-filled cavities. The
contact angle measurements were performed on a Kriiss
Mobile Surface Analyzer with a 1 L deionized water droplet.

2.3. Electrochemical Characterization. The electrochemical
measurements were performed with a Bio-Logic Science
Instruments VMP3 potentiostat. A three-electrode-setup
with a steel mesh as the counter electrode and an Ag/AgCl
(3M KCl, E = 0.21V) reference electrode was used, while
the Ni plates served as the working electrodes. The work-
ing electrodes were placed vertically in the cell. 25wt.-%
KOH (Sigma Aldrich) served as the electrolyte. The cyclic
voltammograms (CV) of the laser-structured and tempered
Ni plates were recorded between E = -0.50V and E = 0.52V
versus Ag/AgCl with a scan speed of v =20 mV s™'. After the
initial recording the linear sweep voltammograms (LSV) were
termed “as prepared” and after 300 further CV cycles with a
scan speed of v = 10 mV 5!, termed as “activated”. The long-
term stability test was carried out with chronopotentiometry
at J =100 mA cm™2 for 48 h. The data were not iR corrected.
The OER overpotential was calculated on the basis of (1), with
E° = 1.229V. The potential conversion from the recorded

E 4/a901 10 Eppyp 1s given by (2).

0
Hoer = Erpp — E ey

The double layer capacitance (Cg4) was determined from
a CV cascade in a potential window of AE = 0.1V at the open
circuit potential (OCP) using the following equation:

AJ

2 ()

dl =

where AJ describes the sum of the absolute anodic and
cathodic current densities and v the scan speed. In order
to gain further information about the enlargement of the
surface area, the roughness factor Ry was determined. For
the latter, the double layer capacitance of a structured sample
(Clstructured) Was divided by the double layer capacitance of

the plane reference sample (Cg) pjop), normalized to lcm?:

Cdl structured
Re = . (4)
dl,plane

3. Results and Discussion

The laser-structured Ni plates show high periodicity and
excellent uniform topography across the whole 1cm” area
due to the overlap of parallel laser scans and the repetitive
structuring process; see Figure 1. Comparisons between the
laser-structured Ni CLPs 0° and Ni CLPs 45° show that the
spike’s orientation is almost identical to the laser irradiation
angle, as the spikes form with an angle of 45° on the Ni
plate at a laser irradiation angle of 45°. These observations
correspond with previous studies on laser-structured surfaces
[38, 45]. The mean distance between the spikes at Ni CLPs
0° is around 15 um, while the average spike spacing at Ni
CLPs 45° is a few micrometers larger. Moreover, the spikes
are decorated with redeposited nanosized ablation product.
In addition, the hierarchical surface structures exhibit laser-
induced ripples. The ripples are not uniformly oriented since
the polarization vector of the laser beam was constantly
rotated during the processing.

X-ray diffraction (XRD) was carried out to study the
crystallinity of the laser-structured and tempered plates (see
supplementary information (Available here)). The only phase
found in the XRD patterns of the laser-structured plates
was elemental nickel. As expected, the pattern of tempered
Ni depicted only small signals of a nickel oxide species,
which can be assigned to a thin NiO layer. However, EDX
analysis of the laser-structured plates exhibited an O K,
signal, indicating the presence of nickel oxide (supplemen-
tary information). Since XRD has an information depth
of several micrometers [47], XRD measurements contain
mostly information about the bulk material. Ni passivates at
room temperature in three steps, where the first step is the
chemisorption of oxygen at the Ni surface. In a second step,
NiO nucleation and lateral growth lead to coalescence and the
formation of =2 atomic layers of NiO. Over time, NiO growth
up to 4 atomic layers [48]. The NiO passivation layer protects
the Ni not well enough under high potential applications like
OER, and thus, it is necessary to use thicker NiO layers. The
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FIGURE 1: (a) Schematic illustrations of the preparation process of the laser-structured Ni electrodes in air. The direction of the formed spikes
depends on the incident angle of the laser beam; simultaneously oxidation of the Ni surface occurs. (b-g) SEM images of laser-structured
Ni electrodes at different magnifications. The irradiation angle of the laser during the structuring was set to 0° (b-d) and 45° (e-g). The SEM

images were taken at a sample tilt angle of 25°.

present laser-structured Ni electrodes exhibit thicker oxide
layer of 4 to 7 nm (see supplementary information). Usually,
the drawback of metal oxide electrocatalysts is their poor
electrical conductivity [49].

To determine the surface composition of the as prepared
tempered and laser-structured Ni electrodes, X-ray photo-
electron spectroscopy (XPS) measurements were carried out.
In general, the oxidation state of nickel at the surface can be
derived from the binding energies and their chemical shifts in
the XPS [29]. Besides the laser-structured sample tempered
Niand NiO powder (Alfa Aesar, >99%) was used as reference

samples. Figures 2(a) and 2(b) compare the normalized Ni
2p;,, spectra as well as the O 1s spectra of the NiO powder,
the tempered Ni electrode, and the laser-structured Ni CLPs
0° electrode.

The Ni 2p;,, photoelectron transitions of the three sam-
ples (around 854 eV) show multiplet splitting and shake-up
satellites (at 860 eV), which is typical for nickel oxide species
and corresponds well with published data [50, 51]. Unfor-
tunately, the complex main line splitting and the satellite
structures at higher binding energies make nickel related
XPS challenging to interpret. Similar to the procedure to
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F1GURE 2: Normalized Ni 2p, , X-ray photoelectron spectrum (a) and the corresponding O 1s spectrum (b) of NiO powder used as reference
sample and the tempered as well as laser-structured Ni electrodes. Fitted X-ray photoelectron spectra of NiO powder (c-d), Ni tempered (e-f),
and Ni CLPs 0° (g-h). Data were fitted according to Grosvenor et al. [29].



Grosvenor et al. [29] and Biesinger et al. [52] we decomposed
the Ni 2p;,, and the O 1s signal. After subtraction of a
Shirley-type background, four components to fit the Ni 2p; ,

spectra were used analog to the Ni’* multiplet envelope
in Grosvenor et al. [29] (Figures 2(c), 2(e), and 2(g)). The
energetic positions of our fit components have been kept
constant to allow a better comparison between our three
samples. This causes slight deviations between spectra and
fit, but do not affect the qualitative comparison. The Ni 2p; ,
spectrum of the tempered Ni electrode is almost identical
to the NiO powder spectrum. As Payne et al. [53] have
shown, pure NiO contributes to binding energies between
853 eV and 854 eV. Hence, the main signal at 853.3eV was
attributed to the Ni** compound in the NiO lattice. The
NiO powder spectrum shows a stronger shoulder at higher
binding energies as compared to the tempered Ni electrode
(see the fit component at 854.4eV), which is essentially
related to the Ni(OH), component. Ni(OH), forms at the
surface of the NiO powder due to exposure to atmosphere.
In contrast, the main signal in the spectrum of the laser-
structured Ni CLPs 0° electrode is found at 854.9 eV. The
ratio of the areas of the four fit components correspond
very well with the ratios of the Ni** multiplet peaks in
Grosvernors [29] work. Accordingly, Ni(OH), and NiOOH
probably became the dominant surface components. As the
spectra of both are practically equal, they are difficult to
distinguish [54, 55]. Furthermore, the Ni** compound in
NiOOH is chemically identical to NiO lattice defects [55].
Thus, Ni** related compounds are often interpreted as defects
[56] and a clear allocation cannot be made.

The O 1s spectra of the reference NiO powder, of the
tempered Ni electrode, and of the Ni CLPs 0° electrode
were deconvoluted using four components for the powder as
well as for the tempered sample, and five for the Ni CLPs,
respectively. The full width at half maximum is kept equal
for all the samples and all the components. The allocation to
the particular O compound is in agreement with Ratcliff et
al. [57]. The surface of the tempered Ni electrode primarily
consists of NiO, which confirms the finding from the Ni
2p;), spectrum. The shoulder of the peak was allocated
to a hydroxide signal, indicating the presence of Ni(OH),
and minor contributions of NIOOH as well as adsorbed
water. In contrast to the tempered Ni electrode, the Ni
CLPs 0° electrode shows dominant signals of Ni(OH), and
NiOOH species in the O Is spectrum. Subsequently, the
high intensities of the hydroxide species indicate that the
transformation of NiO to Ni(OH), or NiOOH is favored
for the laser-structured surfaces. Again, the XPS signal of
NiOOH species can also be interpreted as oxygen defects in
the lattice [56]. The fifth component in the O Is spectrum of
the Ni CLPs 0° electrode has unusual low binding energies
of about 527.7 eV. Bukhtiyarov et al. [58, 59] described this
oxygen species as chemisorbed oxygen at atomic steps (O, )-
Finally, the X-ray photoelectron spectroscopy (XPS) results
in Figures 2(a)-2(h) show a significant difference in the
surface composition between the tempered Ni electrode and
the laser-structured Ni CLPs 0° electrode. The dominant
high-binding-energy components in the Ni 2p;, and the O
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Is spectra indicate a higher concentration of Ni(OH), and
NiOOH at the surface of the laser-structured Ni CLPs 0°
electrode. During the laser structuring, the nickel is rapidly
heated and thereby transformed into a mixture of liquid
droplets and vapor [60]. Due to the fast quenching of the
precipitated metal droplets, the solidified metal nanoparticles
may show low-coordination sites at steps, cavities or compo-
sitional imperfections, which can act as catalytically active
sites [61]. Still, the nickel oxide spectra pose a number of
obstacles like complex multiplet splitting, satellite appearance
and plasmon loss structures, which makes it difficult to
assess the nature of the oxidized nickel species in detail [52].
Quantification of mixed nickel chemical states is even more
challenging due to the different sample surface morphologies.
Hereafter will be discussed how the defect containing struc-
tures, created during the laser structuring process, will affect
the electrochemical OER behavior.

The laser-structured and the tempered Ni electrodes
were evaluated in alkaline electrocatalytic water splitting as
the oxygen evolution anode. Figure 3(a) depicts the cyclic
voltammograms (CV) recorded between E =-0.50 Vand E =
0.52V versus Ag/AgCl reference electrode. Since there are no
electrochemical processes and a non-faradaic current occurs
in the potential range of -0.5V to 0.1V versus Ag/AgCl, the
open circuit potential, which is located in this potential range,
is suitable for determining the double layer capacitance [62].
Therefore, CV cascades at varying scan speeds were carried
out around the open circuit potential; see supplementary
information. The double layer capacitance was calculated
by plotting the sum of the absolute anodic and cathodic
current densities against the double scan speed. From (1),
the double layer capacitance C4 was determined, which was
used to calculate the roughness factor R; according to (2).
The resulting data reveal a significant increase of the surface
area by a factor of 49 (Cy = 0.97 mF cm™?) for Ni CLPs 0°
and 87 for Ni CLPs 45° (C, = 1.74 mF cm™2), respectively (see
Figure 3(b)). Firstly, the surface area enlargement is caused
by the formation of micrometer-sized spikes and secondly
by a significant amount of a redeposited nanosized ablation
product, which covers the spike structure. The present results
for Ni CLPs 0° are in good agreement with published data on
CLP structures [63, 64].

In order to understand why the surface area of Ni CLPs
45° is roughly two times larger in comparison to Ni CLPs
0°, X-ray microscopy (XRM) analysis was performed on
the Ni CLPs 45° sample; see Figures 4(a)-4(c). The non-
invasive XRM allows recording high quality 3D images with
submicrometer resolution based on material density. In the
SEM images shown above (Figure 1), it can be clearly seen
that the flanks of the tilted spikes (Ni CLPs 45°) are larger
than the flanks of the Ni CLPs 0° spikes. However, with SEM
the backside of the tilted spikes cannot be studied. Thus, it is
non-trivial to assess the contribution of the backsides of the
tilted spikes to the double layer capacitance. As highlighted
in Figure 4(c), however, there are deep cavities between
the tilted spikes, which allow the electrolyte to reach the
backside of the tilted spikes. Thus, the backsides of the tilted
spikes seem to contribute significantly to the double layer
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FIGURE 3: Cyclic voltammograms (CV) of as prepared laser-structured and tempered Ni plates (a) with a scan speed of v = 20 mV's™'. All
electrochemical measurements were performed in 25 wt.-% KOH solution at room temperature. The sum of the absolute anodic and cathodic
current densities versus the scan speed v (b). The slope of the resulting fit curves corresponds to the double layer capacitances of tempered
and laser-structured Ni electrodes. The corresponding CV cascades can be found in the supplementary information. CVs were carried out at
nonfaradaic regions in a potential window of AE = 0.1 V around the open circuit potential. Linear sweep voltammograms as prepared (c) and
activated (d) recorded with a scan speed of v = 10 mV s, Inset: magnifications of the area at ] = 10 mA cm > with markings highlighting the
corresponding overpotentials at J = 10 mA cm . Magnified linear sweep voltammograms in the potential region of the Ni(OH), to NiOOH
oxidation (e). Chronopotentiometric curves for long-term stability of the water electrolysis electrodes at a current density of J = 100 mA cm ™

(f).
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TABLE 2: Overview of key indications: double layer capacitance Cy and the corresponding roughness factor R as well as the oxygen evolution
overpotential 7joz; @ 10 mA cm > of the tempered Ni electrode and the laser-structured samples Ni CLPs 0° and Ni CLPs 45°as prepared and

activated.
Sample name Cy R¢ Hopr@ 10mA cm™ as prepared Hopr@ 10 mA cm™ activated
Ni tempered 0.02 mF cm™ 1 0387V 0371V
Ni CLPs 0° 0.97 mF cm ™ 49 0328V 0.204V
Ni CLPs 45° 1.74 mF cm ™ 87 0.289 V 0.226 V
a

epoxy resin

Ni CLPs 45°

calculated cavities

Ni CLPs 45°

(®)

calculated cavities

Ni CLPs 45°

FIGURE 4: X-ray microscopy (XRM) data showing (a) absorption-contrast image of Ni CLPs 45° and representative density information.
Reconstruction of the cavities within the Ni CLPs 45° structure based on absorption contrast of infiltrated epoxy resin in 2D (b) and 3D

visualization (c).

capacitance and provide more surface area than in the case
of the Ni CLPs 0° spikes.

According to Lyons et al. [14], the redox couple between
E =010V and E = 0.40V versus Ag/AgCl in Figure 3(a)
corresponds to the oxidation of Ni(OH), into NiOOH, which
is a highly active intermediate within the OER [65]. This
kind of layer-structure oxide usually exhibits good electric
conductivity and has been used in alkaline batteries since the
1970s [49]. LSV of the as prepared electrodes were conducted
to investigate their electrocatalytic behavior as OER anodes;
see Figure 3(c). At the NiO alkaline electrolyte interface «-
Ni(OH), (3 Ni(OH),s 2 H,0) is instantaneously formed
[66]. @-Ni(OH), is the hydrated species of 3-Ni(OH), and

can be electrochemically oxidized to y-NiOOH. In alkaline
media a-Ni(OH), is slowly transformed irreversibly into f3-
Ni(OH), via an aging process [9]. Through electrochemical
oxidization, 3-Ni(OH), is converted into f-NiOOH, which is
commonly called “the right type of oxide” due to its excellent
catalytic OER activity [14]. In the LSV, the conversion of f3-
Ni(OH), to 3-NiOOH appears shifted approximately 40 mV
towards higher potentials in comparison with the conversion
of a-Ni(OH), to y-NiOOH [66]. In the present activa-
tion process, a-Ni(OH), is transformed into B-Ni(OH),
and therefore directs the oxidation to the preferred highly
active 3-NiOOH species. The corresponding LSV curves are
shown in Figure 3(d). Furthermore, Table 2 compares the
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Ni tempered

()

Ni tempered, activated

(®)

Ni CLPs 0°

(c)

Ni CLPs 0°, activated

Ni CLPs 45°

Ni CLPs 45°, activated

(d)

(e)

®

FIGURE 5: Contact angle measurements of the tempered Ni plate as prepared (a) and activated (b), Ni CLPs 0° as prepared (c) and activated
(d), and Ni CLPs 45° as prepared (e) and activated (f). The measurements were carried out with a deionized water droplet (V =1uL). The
activated electrodes show superhydrophilic behavior; therefore determination of the contact angle was not possible.

overpotentials at a current density of 10mA cm™ of the
as prepared and activated electrodes. The as prepared laser-
structured electrodes exhibit a noticeable improvement com-
pared to the tempered one, where the as prepared Ni CLPs 45°
(0.289V) is slightly more active than the as prepared Ni CLPs
0° (0.328 V). Surprisingly, after the activation process the
activated Ni CLPs 0° has the lowest overpotential (0.204 V)
of all three samples. The Ni CLPs 0° electrode undergoes
a complete conversion of a-Ni(OH), to -Ni(OH), via the
activation process and therefore a total transformation to the
active 3-NiOOH could be observed. In contrast, the Ni CLPs
45° electrode shows incomplete conversion of a-Ni(OH), to
B-Ni(OH),; see Figure 3(e).

Additionally, the maximum current density of Ni CLPs
0° is 10% higher than Ni CLPs 45°. In contrast, the expected
performance of the Ni CLPs 45° electrode based on the
roughness factor was significantly higher compared to the Ni
CLPs 0° electrode. Especially at high current densities heavy
gas evolution occurs and consequently bubble detachment
becomes crucial.

To improve the bubble detachment during a gas evolution
reaction, the electrode surface should be enhanced with
respect to their wettability, resulting in decreased bubble-
electrode attraction. Thus, the electrolyte can replace the
bubbles on the electrocatalytic sites more easily. The as
prepared tempered Ni plate as well as the laser-structured Ni
CLPs 0° plate and Ni CLPs 45° plate revealed high contact
angles of approximately 78°, 101° and 83°. As expected, the

activation process clearly improves the wettability due to the
formation of Ni(OH), and NiOOH. Superhydrophilicity was
observed on all types of electrodes; see Figure 5. That is
probably the reason why our structured Ni CLPs electrodes
outperform differently laser-structured electrodes studied by
Ou et al. [67] in terms of their overall OER performance.

Nevertheless, the direct investigation of gas evolution on
electrode surfaces remains challenging especially for coarse,
not plane, electrodes like our spike structures. Zeradjanin et
al. [68] was able to prove the existence of a link between
surface morphology and the overall catalytic performance.
Thus, the microstructure of the electrode surface has to
be considered for the improvement of the efficiency of
gas evolution electrodes. Hence, the electrochemical results
indicate that the vertical Ni CLPs 0° electrode support more
rapid gas bubble detachment compared to the Ni CLPs 45°
electrode. But it has to be mentioned that we were not able to
determine the actual gas bubble detachment frequencies of
the laser-structured samples.

Electrochemical stability and durability tests (Figure 3(f))
were carried out under demanding conditions at
100mA cm ™ for 48h to assess the suitability as a long-
term working OER electrode. Chronopotentiometry is
found to be an appropriate and fast method to evaluate
the electrochemical stability of such electrodes [69]. In
the process, both types of laser-structured Ni electrodes
exhibited only a slight increase of the overpotential during
the test period, indicating excellent electrochemical stability
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at high current densities. Thus, there is a stable adhesion
of the catalytic active nanodecorations on the conducting
CLP structures, which enable long-term process stability for
OER applications. Furthermore, all electrodes show a similar
Tafel slope of approximately 60 mV dec™", indicating that a
chemical step is rate-determining for all different electrode
types [11, 70, 71]. The corresponding Tafel plots can be found
in the supplementary information. However, many different
electrochemical processes may influence the slope of gas
evolution electrodes especially at high current densities like
mass transfer problems (varying depletion zone) [72]: bubble
adhesion, coalescence, and detachment causing limiting
current behavior [73].

4. Conclusion

A femtosecond laser was used as a novel tool for the
generation of ordered nano- and microstructures on bulk
Ni substrates. Two types of Ni/NiO spiky microstructures
were created through variation of the incident angle of the
laser beam and tested as electrodes for electrochemical water
splitting. Currently, the oxygen evolution reaction (OER) is
a key limiting factor for water splitting. Both investigated
laser-structured Ni electrodes exhibited an increase in OER
performance by more than one order of magnitude compared
to a plane tempered Ni reference sample. Furthermore, the
OER overpotential was decreased by over 100 mV compared
to the reference sample. Based on X-ray photoemission
spectroscopy data, this could be attributed to the formation
of catalytic active defect sites at the surface of the laser-
structured electrodes. Due to the high cooling rates within
the laser structuring process, the nanosized decoration on
the spikes shows a higher emergence of steps, cavities, low-
coordination sites, and compositional imperfections, that all
can act as catalytic active sites. This favors the formation of
highly active NiOOH species on the laser-structured elec-
trodes. In addition, femtosecond laser structuring combines
excellent versatility and compatibility and is easy to adapt to
other metal or semiconductor materials.
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The XRD data used to support the findings of this study are
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this study are available from the corresponding author upon
request. The contact angle data used to support the findings of
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