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Abstract. Laser processing with high-power ultrashort pulses, which promises high precision and efficiency,
is an emerging new tool for material structuring. High repetition rate ultrafast laser highlighting with a higher
degree of freedom in its burst mode is believed to be able to create micro/nanostructures with even more
variety, which is promising for electrochemical applications. We employ a homemade high repetition rate
ultrafast fiber laser for structuring metal nickel (Ni) and thus preparing electrocatalysts for hydrogen
evolution reaction (HER) for the first time, we believe. Different processing parameters are designed to
create three groups of samples with different micro/nanostructures. The various micro/nanostructures not
only increase the surface area of the Ni electrode but also regulate local electric field and help discharge
hydrogen bubbles, which offer more favorable conditions for HER. All groups of the laser-structured Ni
exhibit enhanced electrocatalytic activity for HER in the alkaline solution. Electrochemical measurements
demonstrate that the overpotential at 10 mAcm−2 can be decreased as much as 182 mV compared with
the overpotential of the untreated Ni (−457 mV versus RHE).

Keywords: high repetition rate ultrafast laser; burst mode operation; nickel; electrocatalyst; hydrogen evolution reaction.

Received Jun. 7, 2023; revised manuscript received Jul. 20, 2023; accepted for publication Sep. 1, 2023; published online Sep.
21, 2023.

© The Authors. Published by SPIE and CLP under a Creative Commons Attribution 4.0 International License. Distribution or
reproduction of this work in whole or in part requires full attribution of the original publication, including its DOI.

[DOI: 10.1117/1.APN.2.5.056009]

1 Introduction
Due to the growth of the global population and the develop-
ment of society, the consumption of exhaustible fossil fuels
is increasing, which leads to environmental deterioration,
global warming, and the energy crisis.1 Therefore, there is
an urgent need to find a replacement for nonrenewable energy
sources. Hydrogen is an attractive energy carrier due to its
high-energy density, clean property, and high availability.2,3

As a sustainable hydrogen production strategy, electrolysis
of water has achieved large-scale and mature commercial
hydrogen production.3 However, due to the high cost of the
efficient noble metal hydrogen evolution reaction (HER) elec-
trocatalysts, such as platinum (Pt),4 ruthenium (Ru),5 and
iridium (Ir),6 searching for non-noble metal-based electrocata-
lysts is significantly important.7 As one of the most promising
candidates for non-noble metal electrocatalyst, nickel (Ni)
possesses the lowest hydrogen adsorption free energy and
the highest HER exchange current density among non-noble
metals in alkaline solution8 and has the advantages of high
conductivity, high oxidation resistance, as well as abundant
reserve,1 and thus draws great interest.
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Enlarging the surface area and subsequently increasing the
number of electrochemically active sites on the electrocatalyst
is an important strategy for improving the performance of the
electrocatalyst.9 Common methods to increase the surface area
of electrocatalysts include chemical coating,10 electrodeposi-
tion,11 electrospraying,12 a combination of mechanical alloying
and chemical leaching,13 and template methods.14,15 However,
micro/nanomaterials prepared by chemical coating and electro-
spraying possess low structural stability, template method
produces polluting byproducts, and electrodeposition only gen-
erates irregular structures,1 while the combination of mechanical
alloying and chemical leaching is relatively time- and cost-
consuming. An ultrafast laser, with its ultrashort pulse width
and high peak power, enables extreme processing conditions,16

making it a novel way to modify the optical,17–19 electrical,20,21

mechanical,22 and chemical23,24 properties of materials through
introducing micro/nanostructures onto the surface of the
material,25–27 and the micro/nanostructures can be flexibly ad-
justed by tuning the laser parameters.28,29 Ultrafast laser structur-
ing has the advantages of high efficiency, high controllability,
high precision, being environmental friendly, and producing
stable micro/nanostructures,30 and therefore, it is also consid-
ered an important method to be applied in electrocatalyst
fabrication.31 The micro/nanostructures brought by ultrafast
lasers increase the surface area of the electrocatalysts and
add reaction sites.30 The accumulation of free electrons on the
tip of the micro/nanostructures generates a strong local electric
field,31 which can be conducive to water dissociation, adsorption
of Hþ, and the combination of the adsorbed hydrogen atoms,
and therefore enhances HER kinetic activity. In addition, ultra-
fast laser structuring also alters the surface wetting behavior of
materials,32,33 which favors the infiltration of electrolyte and re-
duces the impedance of the electrode/electrolyte interface.34,35

Gabler et al.36 used the ultrashort pulse laser to form laser-
induced periodic surface structure (LIPSS) on Ni and reduced
the overpotential by 23 and 165 mV at −0.3 A cm−2 before
and after cyclic voltammetry (CV) activation, respectively, in
comparison to smooth Ni. Rauscher et al. also demonstrated that
through tweaking the laser structuring parameters the surface
roughness of Ni can be tuned to generate different microstruc-
tures. The lowest overpotential of 280 mV at −0.3 A cm−2 was
obtained by the femtosecond-laser structured Ni electrode
with conical microstructures, which is a reduction of ∼45%
compared with smooth Ni.37 Neale et al.38 used two laser
systems with repetition rates ranging from 1 to 50 kHz to form
LIPSS with a period approximately equal to the wavelengths of
the lasers on Ni, and the formation of the LIPSS increased the
electrochemical activity of the structured Ni relative to unstruc-
tured Ni by 2.5 times. Poimenidis et al.1 used a laser with a
repetition rate of 1 kHz and a wavelength of 795 nm to form
LIPSS with the average period of 570 nm and decorated with
nanometer-sized features, which resulted in 3.7 times higher
hydrogen production efficiency compared with unstructured Ni.

The high repetition rate laser with intrapulse repetition rate in
the order of gigahertz is a novel tool for laser structuring, which
can reduce the minimum average power required to reach the
ablation threshold of a material.39 When the repetition rate of
a pulsed laser is high enough, heat accumulation occurs between
two neighboring pulses within the irradiated area, which is
an effect absent in low repetition rate laser processing. When
a high repetition rate laser operates in the burst mode through
modulation, its burst envelope, burst duty ratio, and interburst

repetition rate are all adjustable. Therefore, the high repetition
rate ultrafast laser possesses even more degrees of freedom and
thus can endow the substrate with an even greater diversity of
micro/nanostructures. This is an incomparable advantage over
pulsed lasers with low repetition rate. Here we report for the
first time, we believe, using a homemade modulable high rep-
etition rate ultrafast laser working under different conditions to
generate different micro/nanostructures on Ni electrodes. The
surface morphology and the electrochemical properties of the
untreated and laser-structured electrodes are studied. Our results
show that by tuning the parameters of laser structuring, self-
organized worm-shaped microstructures and parallel grooves
can be formed under low scan speed, high scan number, and
high-pulse fluence, respectively. Compared with bare Ni elec-
trodes, the electrocatalytic performances of the laser-structured
Ni electrodes are all significantly improved.

2 Results and Discussion

2.1 Laser Structuring Parameters

To take full advantage of the multi-degree-of-freedom character-
istics of the modulable high repetition rate laser, three groups of
drastically different laser structuring conditions were applied to
fabricate three groups of samples, denoted as low scan speed
group (S), high scan number group (N), and high-pulse fluence
group (F). Among them, the low scan speed group has the
highest deposited energy per unit area because of the smallest
scan pitch distance and the lowest scan speed. Combined with
the lowest incident laser power, the transversal mass transfer
on these samples is promoted. The samples in this group are
labeled S-2, S-4, and S-6 according to their scan numbers.
The scan numbers of the high scan number group are 2 orders
of magnitude higher than the other groups, which is beneficial
for the longitudinal-wise development of the microstructures.
The samples are labeled N-50, N-150, and N-250, according
to the scan speeds of the laser during structuring. The high-pulse
fluence group was structured with the highest incident laser
power as well as the highest pulse fluence, and therefore theo-
retically the highest ablation rate. The samples are labeled F-1,
F-2, and F-3 according to their scan numbers. Among the three
experimental laser parameters, the low scan speed group was
structured by the lowest average laser power, which corresponds
to a fluence right above ablation threshold. Therefore, the abla-
tion threshold of Ni in this experiment can be calculated to be
3.3 mJ cm−2. However, the single-pulse ablation threshold of
Ni reported by Torrisi et al.40 is 900 mJ cm−2 using laser with
1064 nm wavelength, 3 ns pulse width, and 10 Hz repetition
rate. The reduction of ablation threshold in our experiment is
believed to be from the result of the heat accumulation effect
of high repetition rate pulsed laser.

2.2 Surface Morphology and Composition

Scanning electron microscopy (SEM) was applied to study the
surface morphology of different samples. As shown in
Figs. 1(a)–1(c), all samples in the low scan speed group con-
sisted of self-organized worm-shaped microstructures with re-
deposited nanoparticle aggregates on top;41 a zoom-in view
of hierarchical micro/nanostructure is shown in the inset of
Fig. 1(c). The highest deposited energy per unit area and the
lowest incident laser power lead to the large heat dissipation
distance and long heat relaxation time, which allow continuous
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material heating without ablation and in-plane material transfer
resulting from the competing destabilization and dissipation
forces that occur in the transiently laser-induced molten sur-
face:42 First, laser induces the formation of randomly distributed
humps on the Ni surface, and then the humps gradually extend
and merge with neighboring humps and form the worm-shaped
microstructures, which are eventually covered by the molten
redeposited nanoparticles.43 This self-organizing process is also
indicated by the fact that the worm-shaped microstructures grew
almost irrespective of the scan direction of the laser and evenly
spread through the whole surface of irradiated Ni. It can be de-
duced that once the self-organized microstructures are induced
the laser scan number has little influence on their development.
However, the nanoparticle aggregates accumulate with the in-
crease of the scan number. The hierarchical micro/nanostruc-
tures increase the surface area, while the nanoparticle aggregates
are also masking the grooves when their density becomes high
enough, which might cover up the active surface area in the
grooves.

Distinguishing differences can be found in the high scan
number group as shown in Figs. 1(d)–1(f). Because of the high
scan number, materials within the scan track are repeatedly re-
moved, leaving parallel straight grooves on the surface of Ni.
Between the grooves are ridges where Ni was not irradiated by
laser. By increasing the scan speed from 50 to 250 mm s−1, the
integrity of the ridges decreases with the increase of scan speed
due to the more abrupt change in temperature during the faster
scanning, introducing a large number of nanoparticles, as shown
in the inset of Fig. 1(f).

Intuitively, high-pulse fluence group samples structured with
the highest pulse fluence should have the deepest grooves.
However, as shown in Figs. 1(g)–1(i), the resulting grooves
of high-pulse fluence group samples are shallower than those
of the high scan number group samples. Because of the highest
incident laser power, yet much slower scan speed of the high-
pulse fluence group as compared with the high scan number
group is believed to spawn a stronger shield effect. Therefore,
the ablation rate in this group is lower, as indicated by the rel-
atively flat surface of the samples and the increase in scan num-
ber-only results in the notable enlargement of the width (but not
the depth) of the grooves because of the widened heat affected
zone. Few nanoparticles can be found on the samples in this
group. It is speculated that the plasma and particles that contrib-
uted to the shielding effect are soon pushed back to the surface
when they are still in liquid phase rather than partially solidified
as in the low scan speed group and thus do not favor nanopar-
ticle formation.

The micro/nanostructures on the first two groups of samples
are introduced via distinct mechanisms. On the low scan speed
group samples, laser irradiation induces the random formation
of the humps, and the humps merge to form worm-shaped mi-
crostructures, which are later nonselectively covered by molten
redeposition nanoparticles, as illustrated in Fig. 2(a). In contrast,
the grooves on the high scan number group samples are struc-
tured by direct laser writing, and the nanoparticles are generated
through fragmentation of the ridges, and thus their existence is
limited within the areas with no laser irradiation, as illustrated
in Fig. 2(b).

Fig. 1 SEM images of (a)–(c) low scan speed group samples S-2, S-4, and S-6; (d)–(f) high scan
number group samples N-50, N-150, and N-250; and (g)–(i) high-pulse fluence group samples F-1,
F-2, and F-3.
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As shown in Fig. 3, energy dispersive spectroscopy was
executed to characterize elemental composition and distribution
of sample S-2 of the low scan speed group, sample N-150 of
the high scan number group, and sample F-3 of the high-pulse
fluence group. It can be observed that all of the samples con-
tained oxygen on their surfaces. Oxygen atoms on S-2 and F-3

distribute almost uniformly on the entire Ni surface, whereas the
oxygen atoms on N-150 were mainly distributed on the ridges.
The x-ray diffraction (XRD) pattern of sample S-2 is repre-
sented in Fig. 3(d). Three diffraction peaks at 37.3, 43.3, and
62.9 deg can be indexed as the cubic crystal system of NiO,
which further confirms the existence of NiO.

Fig. 2 Schematic illustration of the morphology formation processes of (a) a low scan speed group
sample and (b) a high scan number group sample.

Fig. 3 Energy-dispersive spectroscopy mapping images of (a) S-2, (b) N-150, and (c) F-3.
(d) XRD pattern of S-2.
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2.3 Electrochemical Performance

For the HER process in alkaline solution, electrolysis of water
involves two main steps. The first step is the Volmer process
[Eq. (1)], which is the combination of protons and electrons
in the solution to form adsorbed hydrogen atoms (H*) on the
electrode surface (M). The second step can be divided into
two possible reactions. The first possible reaction is that another
water molecule donates a proton to the adsorbed hydrogen
atom, and they combine with a second electron to produce
H2 [Heyrovsky process, Eq. (2)]. The second possible reaction
is that the second H* generated by repeating the Volmer process
combines with the first H* Tafel process [Eq. (3)]:8

H2OþMþ e−⇌M − H � þOH−; (1)

H2Oþ e− þM − H �⇌H2þOH− þM; (2)

2M − H �⇌H2 þ 2M: (3)

Therefore, being conducive to the formation of protons and
adsorption of hydrogen atoms is the key to better electrocata-
lytic activity. Laser structuring of Ni samples can promote these
processes.

Figure 4 shows the linear sweep voltammograms of a bare Ni
electrode and the three groups of laser-structured Ni electrodes.
Linear sweep voltammetry (LSV) reveals the HER electrocatalytic
ability of the Ni electrodes. When operating at the same current
density, the electrode that requires lower applied voltage possesses
higher electrocatalytic activity. It can be observed that the
current density on the bare Ni electrode reached 10 mA cm−2
at −457 mV versus reversible hydrogen electrode (RHE), and all
laser-structured Ni electrodes presented enhanced electrocatalytic
activity compared with the bare Ni electrode.

In the low scan speed group, the current density of
10 mAcm−2 is reached at almost the same potential of−329 mV
versus RHE for all three samples, as shown in Fig. 4(a). Although
heat treatment or anodization is usually needed for the oxide layer
formation of ultrafast laser-structured metal-based electrocatalyst,
as the heat affected zone (HAZ) of ultrafast laser structuring is
relatively small,44 the slow scan speed we applied in the structur-
ing of electrodes in this group enables a long-duration high-
temperature environment that favors the oxidation of Ni. The
electrocatalytic activity of the samples received promotion from

the synergistic effect of Ni/NiO—Ni and Ni2þ species enhances
H and OH− adsorption, respectively, and thus facilitates the
Volmer process.45–47 As indicated by the SEM images, the ex-
tended surface area results from the laser-induced self-organized
worm-shaped microstructures, along with the accumulation of
nanoparticles brought by the increase in scan number, which also
contributes to the increase of the activation sites. It is suggested
that the tip of the nanoparticle aggregates can converge the local
electric field and thus accelerate the charge transfer and benefits
the Volmer and Heyrovsky processes of HER.31 Nevertheless,
as revealed by LSV, the Ni/NiO synergy and the surface area in-
crement are likely canceled out by the masking of redeposition,
which not only covers the ridges of the microstructures but also
fills up the grooves. Therefore, the number of laser scans shows
only a limited effect on the electrocatalytic activity of low scan
speed group samples.

The high scan number group Ni electrodes significantly re-
duce the overpotential toward HER compared with the low scan
speed group electrodes, as shown in Fig. 4(b), and it can also
be found that the reduction in overpotential in this group also
increases with the increase of the laser scan speed. N-50,
N-150, and N-250 achieved 10 mA cm−2 at −313, −275, and
−286 mV versus RHE, respectively. At a higher current density
of −0.3 A cm−2, the reduction of overpotential of N-250 ex-
ceeds that of N-150 by 16 mV. It is speculated that the high scan
speed during the structuring process of the samples in this group
allows the laser beam to elude the plasma and particle shielding,
and thus enhances the ablation and introduces large numbers of
nanoparticles, leading to improved electrocatalytic property to-
ward HER. However, the elevation of electrocatalytic property
from N-150 to N-250 is smaller than the promotion from N-50
to N-150, which can be attributed to the existence of a certain
maximum speed that is required for the laser beam to fully get
rid of the shielding effect; after reaching the critical value, further
accelerating the scan speed will no longer be beneficial to the
structuring. Additionally, the grooves introduced by laser structur-
ing can be used to channel and discharge theH2 bubbles generated
in the HER process, preventing them from blocking the active
area,48 which also promotes the Heyrovsky and Tafel processes.

In the voltammogram of the high-pulse fluence group
[Fig. 4(c)], it can also be found that the reduction in over-
potential of the samples in this group also increases with the
increase of the laser scan number. F-1, F-2, and F-3 achieved
10 mAcm−2 at −333, −306, and −289 mV versus RHE, re-
spectively. It is speculated that the increase in scan number

Fig. 4 Linear sweep voltammograms of (a) low scan speed group, (b) high scan number group,
and (c) high-pulse fluence group and bare Ni electrodes.
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deepens the grooves as well as roughens the surface and thus
slightly increases the surface area and improves the HER
electrocatalytic performance. However, the high-pulse fluence
group electrodes are still inferior to the high scan number group,
as the ablation is far less significant.

Figure 5 presents the electrochemical impedance spectra of
bare Ni and the three groups of laser-structured Ni electrodes at
open circuit potential in 1 mol L−1 KOH solution. All the re-
corded electrochemical impedance spectra (EIS) are fitted using
the same equivalent circuit, shown in Fig. 5(d). Since the
Nyquist plots do not contain perfect semicircles, the capacitors
in the Randles model are replaced by constant phase elements
(CPEs) to compensate for the frequency dispersion resulting
from surface inhomogeneity.49 The equivalent circuit is com-
posed of the solution resistance Rs and three pairs of resistance
and corresponding CPE (R∕∕CPE) in series.7,36 The first, sec-
ond, and third semicircles counting from high- to low-frequency
region correspond to the impedance of solid-electrolyte inter-
face (RSEI∕∕QSEI), solid-state diffusion (Rsd∕∕Qsd), and charge
transfer (Rct∕∕Qct), respectively. The smaller the semicircles
are, the lower the corresponding impedances will be. It can be
observed that the impedances of the laser-structured electrodes
are all smaller than that of the bare Ni electrode.

As revealed by the fitting, in the low scan speed group, all the
resistances except Rs experience an increase followed by a de-
crease when the scan number grows from 2 to 6, which can be
attributed to the induction of the self-organized microstructures,
the masking of microstructures by the nanoparticles, and the for-
mation of the hierarchical micro/nanostructures. The dual-scale
structures not only enhance the local electrical field but also pro-
vide a porous interface that is more beneficial to electrolyte pen-
etration and gas transport.7 A similar effect can also be observed
in the high scan number group, and Rct drop can be found when

the laser scan speed reaches 150 mm s−1, since nanoparticle
generation is induced. Rsd also decreases from 76 Ω cm2 of
N-50 to below 20 Ω cm2 because of the thinner oxide layer re-
sulting from the weaker shielding effect and therefore stronger
ablation.

As for the high-pulse fluence group, all the resistances except
Rs follow the tendency to decline. RSEI and Rsd gain a particu-
larly large reduction when increasing the scan number from
2 to 3, which might be indicating the formation of a loose oxide
layer, and it is speculated that the first two scans contributed to
the accumulation of heat that yields the oxide layer.

Observing electrode potential at a constant cathodic current
for a given time is a simple way to study the stability of the
electrocatalytic performance of a given electrocatalyst. It can
be observed that, other than unstructured Ni, most electrodes
reached a relatively stable state after 1 h of chronopotentiometry
(CP). This result indicates the superior electrocatalytic stability
of the laser-structured Ni electrodes, which is important for
the practical application of large-scale electrocatalytic hydrogen
production with Ni electrodes.

It can be seen from Fig. 6(a) that S-2 without the masking of
nanoparticles has the poorest HER stability compared with other
electrodes in this group.50 It is suggested that the exposed oxide
layer cannot long withstand the reducing environment during
HER, and therefore gradually loses the feature of Ni/NiO syn-
ergy. For comparison, both S-4 and S-6 have a large number
of redeposited Ni nanoparticles covering the oxide layer on
the self-organized worm-shaped microstructures and protect
their oxide layer from reduction. It is speculated that the
nanoparticles are molten when being ejected and redeposited,
and thus they are tightly attached to the oxidized surface and
will not easily fall off, leading to the better stability of S-4
and S-6.

Fig. 5 Electrochemical impedance spectra and the corresponding fitted curves of (a) low scan
speed group, (b) high scan number group, and (c) high-pulse fluence group and bare Ni elec-
trodes. (d) Equivalent circuit used for fitting.
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The order of the stability in the high scan number group is
exactly in the opposite order of the electrocatalytic activity,
as shown in Fig. 6(b). N-50 is the most stable in this group,
whereas N-250, with the best electrocatalytic performance,
exhibits the worst stability. N-50 presented the lowest overpo-
tential toward HER among all electrodes after the 1-h CP mea-
surement. This trend can be attributed to the possibility that the
nanoparticles in N-150 and N-250 are relatively loose and can
easily fall off, since they are formed by the fragmentation of the
metal caused by rapid expansion and contraction during laser
scanning51 compared with the redeposited nanoparticles of the
low scan speed group electrodes.

The three electrodes of the high-pulse fluence group display
similar stability [Fig. 6(c)]. Since only simple microstructures
are introduced by laser structuring, the structural stability of
the electrodes in this group is generally higher.

3 Conclusion
In this study, we used a homemade high repetition rate ultrafast
fiber laser working under various conditions to structure Ni
plates, which introduces different micro/nanostructures and
alters the surface composition of the material. The results show
that it can facilitate the close wetting of the electrode by the
electrolyte, reduce the contact resistance of the interface, accel-
erate the transfer of charge, and improve the efficiency of the
electrocatalysis. The electrocatalytic activity and the stability
of all laser-structured Ni electrodes were investigated by LSV.
It can be observed that the overpotential of the three groups of
laser-structured Ni electrodes are all reduced compared with
bare Ni. EIS studies indicate the controllable formation of
micro/nanostructures and oxidation layers under different con-
ditions. The stability of the laser-structured electrodes is also
improved, as revealed by CP. In the low scan speed group,
the increase of surface area resulting from laser-induced self-
organized microstructures and the accumulation of nanopar-
ticles. It is also suggested that the nanoparticle aggregates
can converge the local electric field and thus accelerate the
charge transfer. The high scan number group Ni electrodes sig-
nificantly reduced the overpotential toward HER compared with
the low scan speed group electrodes. Due to the more abrupt
change in temperature during the faster scanning, the ridges
fragment into nanoparticles and thus improve the electrocata-
lytic performance. It is also suggested that simply raising the
power of the laser might not result in a better electrocatalytic

performance of the electrode because of the accompanied
heavier shielding effect.

4 Experimental Section
High-purity Ni sheet (99%, Shanghai Yexin Nonferrous Metals
Co., Ltd.) with a thickness of 0.3 mm was cut into square pieces.
A homemade high repetition rate ultrafast fiber laser was used to
generate laser with pulse width of 25 ps and pulse repetition rate
of 1.2 GHz at the center wavelength of 1064 nm. The beam
quality M2 of the output laser beam is measured to be 1.10
and 1.02 for the x and y directions, respectively. The laser pulses
were modulated using an acousto-optic modulator so that the
laser can operate in the burst mode with a modulation frequency
from 1 kHz to 1 MHz. The laser was focused into a tight spot
with a radius of 20 μm using a 100 mm-focal length field lens,
and a galvo scanner was used to snake-scan the laser spot over
the whole sample surfaces at different scan speeds, with the laser
beam being kept perpendicular to the sample surfaces. The
scanned area is a square with 5 mm side length. The laser struc-
turing process was carried out in the ambient atmosphere.
Detailed laser processing parameters of the three groups of sam-
ples are shown in Table 1.

SEM (GemniSEM 500, Carl Zeiss AG) was used to take
images of the surface of the laser-structured Ni samples at
different magnifications. Energy dispersive spectroscopy (X-
Max 80, Oxford Instrument) and XRD (X’Pert PRO, Malvern
PANalytical) were used to characterize the surface composition
of the laser-structured Ni samples. Before electrochemical
measurements, the back sides of bare and laser-structured Ni
samples were connected to copper wires through soldering
and then sealed with waterproof adhesive. The electrochemical
measurements were performed in a three-electrode electrolytic
cell with bare or laser-structured Ni as the working electrode,
Pt as the counter electrode, and Ag/AgCl in 3.5 mol L−1 KCl
solution as the reference electrode. 1 mol L−1 KOH solution was
used as an electrolyte. All the electrochemical measurements
were performed using a CHI660E electrochemical workstation
(Shanghai Chenhua Inc.). The scan rate of LSV was 5 mV s−1,
with a potential range from −0.764 to −0.164 V versus RHE.
EIS measurements were performed at open circuit potential with
5 mV alternating current (AC) signal in the frequency range
from 100 kHz to 10 mHz. Equivalent circuit of the EIS results
was simulated using software Zview (Scribner Associates Inc.).
The constant current applied in the CP measurements was
−2.5 mA. All electrodes were activated using CV for five cycles

Fig. 6 Chronopotentiograms of (a) low scan speed group, (b) high scan number group, and
(c) high-pulse fluence group and bare Ni electrodes.
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with a scan rate of 5 mV s−1, with the potential range from
−0.764 to −0.164 V versus RHE prior to the test. All electro-
chemical measurements were performed at room temperature
(25°C).

Data Availability
All data and materials used in this study are available from the
corresponding author upon reasonable request.
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