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Laser-induced periodic surface structured
electrodes with 45% energy saving in
electrochemical fuel generation through field
localization

Chaudry Sajed Saraj®!?, Subhash C. Singh®!'3*, Gopal Vermat?, Rahul
A Rajan'?, Wei Li?* and Chunlei Guo3*

Electrochemical oxidation/reduction of radicals is a green and environmentally friendly approach to generating fuels.
These reactions, however, suffer from sluggish kinetics due to a low local concentration of radicals around the elec-
trocatalyst. A large applied electrode potential can enhance the fuel generation efficiency via enhancing the radical con-
centration around the electrocatalyst sites, but this comes at the cost of electricity. Here, we report about a ~45% saving
in energy to achieve an electrochemical hydrogen generation rate of 3x10'® molecules cm=2s-' (current density: 10
mA/cm?) through localized electric field-induced enhancement in the reagent concentration (LEFIRC) at laser-induced
periodic surface structured (LIPSS) electrodes. The finite element model is used to simulate the spatial distribution of the
electric field to understand the effects of LIPSS geometric parameters in field localization. When the LIPSS patterned
electrodes are used as substrates to support Pt/C and RuO; electrocatalysts, the nig overpotentials for HER and OER
are decreased by 40.4 and 25%, respectively. Moreover, the capability of the LIPSS-patterned electrodes to operate at
significantly reduced energy is also demonstrated in a range of electrolytes, including alkaline, acidic, neutral, and sea-
water. Importantly, when two LIPSS patterned electrodes were assembled as the anode and cathode into a cell, it re-
quires 330 mVs of lower electric potential with enhanced stability over a similar cell made of pristine electrodes to drive a
current density of 10 mA/cm?. This work demonstrates a physical and versatile approach of electrode surface patterning
to boost electrocatalytic fuel generation performance and can be applied to any metal and semiconductor catalysts for a
range of electrochemical reactions.
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Introduction

The incessantly growing global energy demands and
greenhouse gas emissions pose enormous pressure on
developed and developing countries to urgently replace
their fossil-fuel-based conventional energy sources with
renewable ones that have zero or negative carbon emis-
sions'?. Electrochemical (EC) and photoelectrochemical
(PEC) oxidation/reduction of radicals at electrodes are
green, environmentally friendly, and sustainable ap-
proaches and are currently used in the generation of hy-
drogen, oxygen, ammonia, hydrocarbons, and other
fuels® %, These oxidation/reduction reactions, however,
suffer from sluggish kinetics owing to the low local con-
centration of radicals close to the electrode surface. The
concentration of radicals (i.e. K*, H*, OH- ions) and
bond activation, thus the rate of fuel generation, can be
increased via the application of a large external electric
potential, but this comes at the cost of consumed electri-
city”. An enormous amount of effort has been devoted
to designing and producing EC or PEC catalysts that
could efficiently operate near-zero or at a low electric po-
tential to develop self or atmospheric energy-powered
fuel cells” . Most of these efforts, however, were
centered on lowering the activation energy barrier i.e.,
thermodynamics of catalysts either via edge site engin-
eering through nanostructuring’>-?' or enhancing the in-
trinsic activity of edge sites through chemical doping?*-%.
Little work has been done in modulating local electric
fields surrounding the catalysts that can directly govern
the local concentration of radicals to enhance the kinet-
ics of the reactions.

Recently, some efforts have been made to computa-
tionally optimize and experimentally realize the roles of
long-range electric fields at the electrode-electrolyte in-
terfaces or at the active sites to boost the biocatalytic per-
formance of enzymes®” . Sargent et al. demonstrated an
enhancement in electrocatalytic CO, reduction perform-
ance by modulating reagent concentration via electric
field localization at gold tip electrodes, which shows that
optimization of kinetics can be one of the most import-
ant efficient ways to design high-performance elec-
trocatalysts?. Orientation of external electric fields at the
surface of a catalyst can be used to catalyze and control
several non-redox, even nonpolar, reactions by several
catalytic
selectivity®*~3. Very recently, Yu et al. demonstrated that

orders of magnitudes, and to tune

the catalysts with ordered nanostructures are even better

to regulate the surface flux of the reactant molecules for
their proper utilization in the chemical reactions result-
ing in ~ 2 times higher current density*, which strongly
indicates that the design and optimization of periodic
surface patterns on catalysts surface can be one of the
most efficient ways to realize next-generation smart
catalysts.

In general, the fabrication of periodic nanopatterns on
a metal surface relies either on multi-step, tedious, and
time-consuming lithography-based selective etching/de-
position techniques or self-assembling routes®*. Re-
cently, it is demonstrated that femtosecond laser can cre-
ate high-quality periodic patterns with sub-micron resol-
ution, creating the so-called laser-induced periodic sur-
face structures (LIPSSs). In contrast to complex litho-
graphy methods, LIPSSs can be produced in an ambient
environment on a flat or curved surface of any materials
such as metals, semiconductors, and dielectrics using a
single step, faster, and mask less approach®-*’. Surpris-
ingly, LIPSSs have never been used for electric field local-
ization to boost electrochemical fuel generation perform-
ance until this work.

Here, we fabricate LIPSSs on Ni foam (NF), one of the
widely used electrode materials, and control geometric
parameters to optimize localized electric field-induced
modulation in the reagent concentration (LEFIRC) at the
electrode surface. The LIPSSs patterned electrodes have
hierarchical structures with periodic ridges and grooves
0f 100 -300 nm widths covered with spherical nano-
particles (NPs) of 3-94 nm in diameters. The LEFIRC ef-
fect which boosts the electrochemical fuel generation
performance is tested for electrochemical hydrogen and
oxygen generations through hydrogen evolution reac-
tion (HER) and oxygen evolution reaction (OER), re-
spectively. The optimized LIPSS patterned electrode
demonstrates about a ~45% reduction in the required
electrical energy to achieve a hydrogen generation rate of
3x10 molecules cm™ s! (at current density: 10
mA/cm?). Furthermore, the applicability of the LIPSS
patterned electrodes as a substrate to support and boost
the performance of electrocatalyst powders through the
LEFIRC effect is also examined. The Pt/C, the model
HER electrocatalyst, loaded on the LIPSS patterned NF
substrate, demonstrated ~130 mV (40.4%) of lower #¢
overpotentials in the HER over the same loading of elec-
trocatalysts on the pristine NF electrode along with sig-
nificantly improved stability. Similarly, RuO, elec-
trocatalyst powder, the model OER electrocatalyst,
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loaded on the LIPSS patterned NF substrate, required
~100 mV (25%) lower #;9 overpotentials in the OER
with significantly enhanced stability. Importantly, when
two LIPSS patterned electrodes were assembled simul-
taneously as anode and cathode to make a cell, it re-
quires 330 mV of lower electric potential over a similar
cell made of pristine NF electrodes to drive 10 mA/cm?
in overall water. The capability of the LIPSS patterned
electrodes to operate at significantly reduced electric po-
tentials is demonstrated in a range of electrolytes, includ-
ing alkaline, acidic, neutral, and seawater. The present
work demonstrates a single-step, fast, and physical ap-
proach of electrode surface patterning to boost elec-
trocatalytic fuel generation performance and can be ap-
plied to any metal and semiconductor catalysts for redu-
cing the required electrical power in a range of electro-
chemical reactions.

Experimental section

COMSOL multiphysics simulations

To calculate the electric field generated by our LIPSS pat-
terned on Ni foam (LPNF) electrodes, we used Finite
Element-based solver COMSOL Multiphysics. The Elec-
trostatics module was used to compute the electric (E =
-VV) under a specific electrode bias potential. Two-di-
mensional geometry was built to represent the nanorod
and nanoparticle structures in this work. Triangular
meshes were used for all simulations. Meshes were set to

be the densest at the surface of the electrodes.

Materials

Ni foam (thickness 1.5 mm, porosity ~98%) was pur-
chased from Sigma-Aldrich. All chemicals including po-
tassium hydroxide (KOH) were purchased from Aladdin
Co., Ltd., and used without further purification. Deion-
ized (DI) water (resistivity > 18.3 M(Q)) was used as the
medium for the preparation of an aqueous electrolyte
solution.

Fabrication of laser-induced periodic surface
structures (LIPSS) on Ni foam

The fabrication of LIPSS on bare Ni foam (BNF) was
performed with the laser at 800 nm, 40 fs pulses from Ti:
Sapphire laser (Spitfire Ace, Spectra-Physics) at a 1 kHz
repetition rate. The maximum pulse energy output from
the laser system is 6 mJ, which was attenuated using the

combination of a half-wave plate and a linear polarizer.

The fast fabrication of LIPSS on the surface of 0.5 cm x
0.5 cm nickel foam samples could do with the cylindrical
lens of 75 mm focal length and an XYZ translational
stage. Samples were scanned across the optical axis by
fixing at the computer-controlled translational stage.
Provided, the laser beam was irradiated on the surface at
normal incidence. The fabrication was carried out with
95 wJ, 236 yJ, 460 pJ, 600 yuJ, and 700 pJ pulse energy and
1 mm/s scanning speed at the focal point. For conveni-
ence, the so-fabricated LIPSS on Ni foam is abridged as
LPNEF-95, LPNF-236, LPNF-460, LPNF-600, and LPNEF-
700.

Synthesis of Pt/C and RuO; electrodes @NF and
LPNF

To prepare the electrocatalyst inks, commercial Pt/C
20% or RuO; (5 mg) catalysts powder was dispersed in 1
mL of ethanol and DI water (V=1:1) mixture. The ink of
each catalyst was prepared by first ultrasonication of the
solution for 1 h, then by adding 36 uL Nafion solution
into the mixture as adhesive. To make a homogeneous
suspension, the final mixture was ultrasonicated for 30
min. Then the prepared slurry was painted onto the BNF
and LPNF-600 substrates and finally dried at room tem-
perature. For our simplicity, the as-synthesized elec-
trocatalysts are abbreviated as Pt@BNF, Pt@LPNF-600,
RuO,@BNF, and RuO,@LPNF-600.

Characterization of LPNF electrocatalysts

The X-ray diffraction (XRD) measurements of different
samples were carried out using Bruker D8 Focus X-ray
diffractometer with Cu-Ka (A = 1.5406 A, 1 A=10-° m)
radiation operating at a voltage of 40 kV and a current of
30 mA. Morphological and elemental information of the
as-prepared electrocatalysts were characterized by field
emission scanning electron microscopy (SEM, HITA-
CHI S4800) equipped with an energy-dispersive X-ray
spectroscopy (EDS) analyzer. The X-ray photoelectron
spectroscopy (XPS) was performed on a Thermo ES-
CALAB 250Xi using Al Ka as the excitation X-ray

source.

Electrochemical measurements

The electrochemical measurements were performed on a
BioLogic VMP3 multichannel workstation with a three-
electrode system, where a Pt wire, fabricated LPNF elec-
trocatalysts (0.5 cm x 0.5 cm), and a saturated calomel
electrode (SCE) were used as a counter, working and
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reference electrodes, respectively. An aqueous solution of
1.0 M KOH was used as an electrolyte for the electro-
chemical measurements. Each of the working electrodes
was pre-scanned for 50 Cycles of cyclic voltammetry
(CV) with the scan rate of 40 mVs™! before performing
linear sweep voltammetry (LSV) curves. The LSV curves
were measured by sweeping voltage in the range of -0.2
to -1.6 V vs. SCE electrode with the scan rate of 10
mVs. The expression Epyp = Escg + E3c;10.0592 % pH,
where Ej, = 0.242 V, was used to translate V vs. SCE to
V versus reverse hydrogen electrode (RHE)*.. Electro-
chemical impedance spectroscopy (EIS) was measured at
a DC overpotential of 0.341 V vs. RHE (For HER), su-
perimposing a small alternating voltage of 10 mV over
the frequency range of 10 mHz to 1 MHz. The CV curves
were further measured in the non-Faradaic region of po-
tential from 0.84 V to 1.04 V (versus RHE) for HER with
different scan rates (from 20 mVs! to 120 mVs™! for
HER, to estimate the double-layer capacitance (Cq1) and
electrochemically active surface area (ECSA). The slope
of the difference in the cathodic and anodic current
densities (A] = J. — J,) with the scan rate resulted in Cq;.
The ECSA values were then calculated using the expres-
sion  Agcsa = Cy(catalysts)mFem™?/Cy(NF)mFem ™~
(per ECSA) cm% where, Cq(NF) is the double layer ca-
pacitance for the bare Ni foam*?. Here, we used the Cg
value of the bare Ni foam instead of the general specific
capacitance (Cs) to exclude the effect of the larger capa-
citance value of bare NF. All the electrochemical meas-
urements were performed at room temperature. The
long-term durability measurements were done using
chronopotentiometry (CP) for 24 hours and 2000 CV
cycling at fast scan. The LSV test was performed before
and after the durability measurements.

Results and discussion

Schematic illustration and experimental setup for the
femtosecond laser writing of LIPSSs on a Ni foam elec-
trode are shown in Fig. 1(a—c) and Fig. S1, respectively.
In a typical LIPSS experiment, a burst of linearly polar-
ized femtosecond laser pulses is focused on the target
surface. Depending on the instantaneous surface rough-
ness, a fraction of absorbed radiation excites surface plas-
mon polaritons (SPPs) wave on the sample surface (Fig.
1(a)), while the rest of the absorbed energy gets trans-
ferred to the lattice through electron-phonon interaction.
According to electromagnetic theory, interference
between the incident radiation with the SPPs results in

spatial modulation of the intensity at the target surface**
(Fig. 1(b)). Finally, the interference pattern gets imprin-
ted through selective ablation of the material to form
LIPSSs (Fig. 1(c)). The formation of LIPSSs is a sequen-
tial phenomenon where the structures formed via a pre-
ceding laser pulse guides the structures to be formed
with the next laser pulse. Therefore, for given pulse
width, the geometric parameter of a LIPSS pattern de-
pends on the number of pulses at a given place and the
laser pulse energy. We fabricated five different LIPSSs
patterned nickel foam (LPNF) electrodes using 95, 236,
460, 600, and 700 pJ/pulse laser energy and 1 mm/s scan-
ning speed. Hereafter, the LIPSSs patterned electrocata-
lysts are referred as LPNF-95, LPNF-236, LPNF-460,
LPNF-600, and LPNF-700, respectively while the bare
NF electrode is presented as BNF. When a LIPSSs pat-
terned electrode will be placed in an alkaline medium it
would form an electrostatic arrangement at the elec-
trode-electrolyte interface and in the electrolyte. A
schematic of the Gouy-Chapman-Stern electrical double
layer with Helmholtz and diffusion layers is shown in
Fig. 1(d) and Fig. S2.

The Helmholtz layer consists of a monolayer of sur-
face adsorbed solvated cations on the nanostructured
electrode surface while the diffusion layer consists of
cations and anions that diffuse freely in the electrolyte
and forms a concentration gradient”. Localization of
electric field near the curved surfaces of a biased elec-
trode forms hotspots. These hotspots can pull water mo-
lecules, adsorbed on the cations’ surfaces (Fig. 1(d)) and
Fig. S2), from the bulk of the electrolyte to their surfaces
to dissociate them at much lower applied electric poten-
tial to produce H* and OH- reagents for hydrogen and
oxygen generations, respectively. The intensity of the
hotspots depends on the geometric parameters of the
LIPSSs pattern, and the size and density of NPs present
at the surface. Fig. 1(e) shows a histogram summarizing
results of percentage decrease in the required electrical
energy to drive 10 mA/cm? current density in different
electrolytes for hydrogen (blue bars) and oxygen (red
bars) generations.

First, we used the FEM simulation to explore the inter-
connection between the surface topography (dimensions
of ridges and grooves) and morphology (size and density
of NPs) of the LIPSSs patterns and intensity of the hot-
spots. A semi-elliptical periodic structure with a ridge
width r and a groove width g is used to represent the
cross-section of a LIPSS patterned electrode. The electric
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Fig. 1 | Schematic illustrations of LIPSS formation, localized electric field induced enhancement in reagent concentration and experi-

mental results of decrease in electrical energy. Schematic of LIPSS formation (a) surface plasmon polariton (SPP) generation and propaga-

tion parallel to the surface, (b) interference between the incident light wave and SPP wave to modulate the light intensity, and (c) imprinting of the

interference pattern through selective ablation of material. (d) Schematic of the Gouy-Chapman-Stern electrical double layer model to represent

mechanism behind localized electric field induced enhancement in the reagent concentration, and (e) experimental results showing percentage

decrease in the required electrical potential to generate 10 mA/cm? of current density using the LIPSS patterned electrodes in different electro-

lytes (i.e., alkaline, seawater (SW) neutral, acidic solutions).

field mappings around negatively biased LIPSSs pat-
terned electrodes with geometric parameters; g: 180 nm,
r: 150 nm, and h: 240 nm (Fig. 2(a)) and g: 100 nm, : 240
nm, and h: 125 nm (Fig. 2(b)) are shown in Fig. 2. Be-
cause of the electrostatic repulsion, the free electrons in
the negatively biased electrode get migrated to the re-
gion of high curvature (near the tip) resulting in the gen-
eration of a highly localized electrostatic field. The local-
ized electric field intensity for the LIPSSs patterns with
the radii of ridge curvatures 120 nm (Fig. 2(a)) and 135
nm (Fig. 2(b)) are ~2.5x107 and 2.0x10” V/cm respect-
ively. The spatial variations in the horizontal and vertic-
al components of the electric fields for different LIPSSs’
parameters are demonstrated in Fig. 2(d) and 2(e), re-
spectively. Compared to the flat surface (E-field;
1.7x107), the LIPSS patterned electrode with = 10 nm
(E-field; 9.5x107) can generate ~ 5.58 times intense hot-
spots. Moreover, NPs on the surface of ridges and
grooves can further enhance the intensity of hotspots
(Fig. 2(c)). To understand the effects of the size of NPs

and their density on the E-field localization, we per-
formed extensive simulation (see Supplementary inform-
ation Figs. S3— S6). We chose g: 180 nm, : 150 nm, and
h: 240 nm periodic structure of Ni, shown in Fig. 2(b),
and put spherical Ni NPs on the ridges. The presence of
Ni NPs of 5 nm diameter on the ridges shows enhance-
ment in the E-field intensity from 2.5x107 to 4.5x107
V/em (Fig. 2(a) versus Fig. 2(c); see Fig. S4(a) and S4(b)).
Fig. 2(f) shows the spatial distribution of the horizontal
component of the E-field for the bare LIPSSs (shown in
Fig. 2(a)) and the same LIPSSs decorated with Ni NPs of
different diameters. The presence of NPs of 5 and 10 nm
diameters localizes the E-field strongly as compared to
NPs of larger diameters. For example, the NPs of 50 nm
diameter have a negligible effect on the enhancement of
E-field intensity.

The scanning electron microscopy (SEM) images (Fig.
3) of the LIPSSs patterned NF electrodes can be used to
extract the average dimensions of ridges and grooves and

the size of the NPs on their surfaces. At a low laser pulse
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Fig. 2 | Finite Element Model (FEM) simulation for the spatial distribution of the electric fields around the ridges and grooves of -1 V

biased LIPSS patterns. Electric field mapping without considering nanoparticles on the ridges and grooves with geometric parameters (a) g:180

nm, r:150 nm, and h: 240 nm, and (b) g: 100 nm, r: 240 nm and h: 125 nm, and (c) with the addition of 5 nm nanoparticles at the ridge. Electric

field intensity along the (d) horizontal and (e) vertical dotted lines, shown in (a), for LIPSSs patterns of different geometric parameters without

nanoparticles, inset of (e) showing the variation in the electric field intensity with respect to dimension of ridges and groove. (f) Spatial variation in

the electric field intensity along the horizontal dotted line for the LIPSS pattern shown in (a) with the addition of spherical nanoparticles of differ-

ent sizes.

energy (236 pJ/pulse), the LIPSSs pattern is irregular and
short length (Fig. 3(a) middle panel) with 60 and 100 nm
average dimensions of ridges and grooves, respectively,
with very low density of NPs. With an increase in the

laser pulse energy, up to 600 uJ/pulse, the ratio of groove

to ridge (g/r) widths increases (see Supporting informa-
tion Table SI) with an increase in the regularity of the
LIPSSs pattern and lengths of the ridges and grooves (See
Fig. 3(b) and Fig. 3(c); left panels). For example, the
length and regularity of the LIPSSs pattern at LPNF-460
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(Fig. 3(b); left panel) is certainly higher as compared to
the LIPSSs pattern at the LPNF-236 electrode (Fig. 3(a);
left panel), but lower than the pattern formed at the
LPNF-600 electrode (Fig.3(c); left panel). From these
images, we can see that the depth of the grooves and
density of NPs on the surface of the LIPSSs are larger at
higher laser pulse energies (see Table S1). The LIPSSs
pattern at the LPNF-600 electrode has 240 nm average
sizes of grooves and ridges where the surface is covered
with spherical NPs of 16.6+8.4 nm average diameter (see
Supporting information Fig. S7). Further increase in the
laser pulse energy to 700 uJ/pulse possibly results in the
melting of smaller sized NPs and solidification of the
melted material on the sides of ridges, consequently
formation of wider rides (270 nm), narrower (130 nm)
grooves, and larger size of NPs at the surface. The sur-

face of the LPNF-700 electrode has hemispherical NPs
with an average diameter of 39.2+3.2 nm (see Supple-
mentary information Fig. S7). The X-ray diffraction
spectra of the LPNF-600 and BNF electrodes show that
the surface chemistry of the electrodes is retained after
laser surface treatment (see Supplementary information
Fig. S8).

To verify the proposed LEFIRC effect induced en-
hancement in the electrochemical fuel generation per-
formance, we first tested the HER activity of the as-fab-
ricated LIPSSs patterned electrodes in an alkaline (1.0 M
KOH) medium and later in other electrolytes. Fig. 4(a)
shows the linear sweep voltammetry (LSV) curves, with
iR compensation, for different LIPSSs patterned NF and
BNF electrodes along with the LSV curve of a Pt-rod
electrode for reference (see non-iR compensated LSV

Fig. 3 | The surface morphology and topography of LIPSS patterned electrodes. The SEM images of LIPSS patterned Ni foam (LPNF) elec-

trode using (a) 236, (b) 460, (c) 600, and (d)700 uJ/pulse of femtosecond laser pulse energy having 1 kHz repetition rate. The focused laser

beam was scanned on the Ni foam target with the scanning speed of 1 mm/s.
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curves in Supplementary information Fig. 510). At a giv-
en applied potential, the current density increases with
an increase in the groove to the ridge ratio (g/r) of the
LIPSSs patterned electrode and has a maximum current
density value for the LPNF-600 electrocatalyst having the
highest g/r value (see Supplementary information Table
S2 and Table S3). The LPNF-700 electrocatalyst shows
comparatively lower current density due to a decrease in
the electric field intensity from wider ridges, narrower
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grooves, and larger sizes of NPs on the LIPSSs surface
(see Supplementary information Fig. S7 and Table S1).
From the LSV curves, we can see that LPNF-600 is the
best HER performer with the highest current density at a
given overpotential. The origin of enhanced current
density, at a given potential, can be a combination of in-
creased electrochemical surface area (ECSA) and the LE-
FIRC effect. The LIPSS patterning can alter the ECSA
value of the electrode thus corresponding current
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Fig. 4 | Demonstration of LEFIRC effect induced reduction in the overpotential for electrochemical hydrogen generation when the

LIPSS patterned electrode is directly used as electrocatalyst. HER performance of BNF and different LPNF electrodes with Pt/C electrode as

a reference in 1.0 M KOH solution at room temperature: (a) the LSV curves and corresponding, (b) Tafel slopes, and (¢) Nyquist plots. (d) The

LSV curves before (solid black) and after (dotted red) 2000 CV cycles. (e) The FEM simulation for the distribution of electric field intensity along

the horizontal line for the different LIPSS patterns without considering the effects of nanoparticles. (f) Comparison of electric field localization at

the ridges of LPNF- 600 and LPNF-700 electrodes with the addition of NPs of average sizes 15 nm, and 40 nm respectively. Inset (correspond-

ing 2D mapping of electric field localization).
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density. To evaluate the contribution of the LEFIRC ef-
fect and ECSA on the enhanced current density, we cal-
culated ECSA values of the LIPSSs patterned electrodes
using the corresponding double-layer capacitance (Cqp)
values extracted from corresponding cyclic voltammetry
(CV) curves recorded at different scan rates in non-Fara-
daic regions (see Supplementary information Figs.
S11-S13 and Table S4). The ECSA value for the LPNF-95
electrocatalysts sample (0.81) is relatively lower than the
BNF (1.0) electrocatalyst indicating that the fs laser
pulses remove pre-existing surface textures at the NF and
made it relatively smoother with ultrafine periodic pat-
terns (see Supplementary information Fig. S15). In con-
trast, at higher laser pulse energies, the ECSA value of the
LIPSSs patterned electrodes increases with an increase in
the laser power resulting in 1.44 and 2.19 values for the
LPNF-600 and LPNF-700 electrodes, respectively.

To explore the LEFIRC’s contribution in the elec-
trocatalytic performance of the LIPSSs patterned elec-
trodes, we normalized the LSV curves with correspond-
ing ECSA values (see Supplementary information Fig.
S14 (c, d)). Comparing the #;9 overpotential values
between the original (Fig. S14(b)) and corresponding
ECSA normalized LSV curves (Fig. S14(d)), we estim-
ated that the ECSA contribution is almost negligible in
the LPNF-95, LPNF-236, and LPNF-460 LIPSSs pat-
terned electrodes and have about 3% and 12% contribu-
tions in the LPNF-600 and LPNF-700 electrodes, re-
spectively. From the detailed investigations, we can claim
that the LEFIRC effect is the main cause of higher ob-
served electrocatalytic hydrogen generation perform-
ance in all the LIPSSs patterned electrodes. The LEFIRC
effect at the LIPSS patterned electrodes reduces 1o over-
potential values in the range of 13 to ~43%. The LIPSSs
patterns at the LPNF-600 electrode reduces the required
electrical energy by ~ 45% to achieve a hydrogen genera-
tion rate of ~3x10'® molecules cm2 s! (at current dens-
ity: 10 mA/cm?) via the synergistic effects of LEFIRC and
ECSA enhancements where ~ 42.4% contribution is
purely from the LEFIRC effect (see Supplementary in-
formation).

As shown in Fig. 4(b), the Tafel slopes for the BNF,
LPNE-95, LPNF-236, LPNF-460, LPNF-600, and LPNF-
700 electrocatalyst electrodes are 118, 109, 110, 87, 63,
and 78 mV/dec, respectively (see Supplementary inform-
ation Table S2 and Table S3). The Tafel slope for the
most efficient LIPSS patterned electrode, LPNF-600, is
46.6% lower as compared to the BNF. The electrochem-

ical impedance spectroscopy (EIS) (Fig. 4(c)) of the elec-
trocatalyst samples shows that the LPNF-600 (2.5 Q)
electrocatalyst has significantly lower charge-transfer
resistance as compared to the LPNF-700 (2.6 Q), LPNE-
460 (5.3 Q), LPNF-236 (6.8 ), LPNF-95 (7.8 Q), and the
bare NF (11.4 Q) electrocatalysts resulting in a higher
rate of electron transfer from the catalyst to reduce the
adsorbed H* in the Volmer step of the HER. The localiz-
ation of the electric field of the order of ~4.0x107 V/cm
can increase the concentration of H* radicals on the cata-
lyst surface through the electrostatic attraction of the
solvated potassium ions and dissociation of water mo-
lecules adsorbed on their surface (Fig. 1(f) and Fig. S2).
Moreover, the long-term durability of an electrocatalyst
is an important parameter to evaluate its performance. A
complete overlap of the LSV curve recorded after 2000
CV cycles (Fig. 4(d)) with the initial one demonstrates
excellent stability of the LPNF-600 electrocatalyst cath-
ode in an alkaline medium. The LSV curves before and
after 2000 CV cycles for the LPNF-460 and LPNEF-700
electrocatalyst samples demonstrate their excellent sta-
bility in the alkaline medium (Fig. S15). To understand
the reason behind the higher electrochemical perform-
ance of the LPNF-600 electrocatalyst over others, we ex-
tracted geometric parameters of the LIPSS patterns for
each sample and measured the size of nanoparticles at
ridges and grooves from corresponding SEM images.
These data are used to calculate the electric field profiles
(see Supplementary information Fig. S9) for each sample
(Fig. 4(e)). The trend of the calculated electric field in-
tensity supports the observed trend in the electrochemic-
al performance. Moreover, the smaller size of nano-
particles (av: 16.6+8.4 nm) at the surface of LPNF-600
electrocatalyst better localize (3.75x107 V/cm) electric
field, thus has a higher LEFIRC effect induced electro-
chemical fuel generation performance over the LPNF-
700 electrocatalyst covered with 39+3.2 nm average size
of particle generating 2.7x107 V/cm of the electric field
(Fig. 4(f)). Where the ratio of area under the curve from
LPNF-600 to LPNF-700 is 1.04 cm? (inset; Fig. 4(f)).
According to the Gouy-Chapman-Stern model,
(Schematic Fig. 1(f) and Fig. S2) the density of water mo-
lecules that can be electrostatically transported to the
electrode surface through solvation depends on the size,
charge, and mobility of the carrier cation/anion of the
electrolyte. For example, a cation/anion with higher
valency experiences a higher electrostatic force, but the
rate of transport of these ions to the electrode depends
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on their mobility. To explore the roles of electrolytes on
the LEFIRC effect induced reduction in the required
electrical power in fuel generation, we tested the HER
performance of the LPNF-600 electrode in seawater (4x
10* ppm NaCl), acidic (0.5 M H,SOy4), and neutral (DI
water 18 MQ-cm) electrolyte media (see Fig. 5 and Sup-
plementary information Figs. S16 and S17). The #;¢ over-
potentials for the LPNF-600 electrode in seawater, acidic,
and neutral electrolytes are 335, 326, and 748 mV's those
are ~ 41, 14, and 16.8% lower as compared to the corres-
ponding overpotentials of the BNF electrode.
Periodically patterned substrates, known as metasur-
faces, are widely used in plasmonics and nanophotonics
to boost performances of photodetectors, photovoltaics,
solar cells, and plasmonic sensors as well as in guiding
and manipulating the characteristics of light*~7.
However, unfortunately periodically patterned surfaces
are never used as substrates to boost the performance of
electrocatalyst powders. To extend the application of the
LIPSSs patterned electrode as a substrate that not only
can support a powder electrocatalyst or ink but can also
enhance its performance via the LEFIRC effect, we selec-
ted the LPNF-600 electrode and loaded it with Pt/C or
RuO, (Fig. 6) powder electrocatalyst to enhance their
HER or OER performances, respectively in an alkaline

H 0
-50 b

-100 |
E-150 |
200 |
250 |
-300 |
— BNF

-350 | — LPNF-600
-10 -08 -06 -04 -02 0

E (V vs. RHE)

Sea water

o
<-
E
- -

0.5 M H,S0,

- %

—~ —200 }

mA/cm?

£ -400

J

— BNF
-600 — LPNF-600

-1.0 -0.8 -0.6 -0.4 -0.2 0
E (V vs. RHE)

https://doi.org/10.29026/0ea.2022.210105

solution. The LSV curves for the BNF and LPNF-600
electrodes, loaded with 0.25 mg/cm? of Pt/C (ratio; 2:8)
electrocatalysts powder, show 302 and 180 mVs of njo
overpotentials, respectively resulting in ~40.4% decrease
in the required electrical power (Fig. 6(a) and Fig. S18) to
drive 10 mA/cm? of current density. At an applied elec-
tric potential of 558 mV, the hydrogen generation per-
formance of the LPNF-600 substrate is enhanced by
270% over the BNF substrate. The corresponding Tafel
slope for the LPNF-600 substrate (128 mV/dec) is 11.7%
smaller as compared to the BNF substrate (145 mV/dec)
(Fig. 6(b)). The enhanced performance of the LPNF-600
substrate is also evidenced by a decrease in its charge
transfer resistance to a small value of 2.25 Q) as com-
pared to > 1 kQ resistance for the BNF substrate (Fig.
6(c) and Fig. S19). The chronopotentiometry curves, at
10 mA/cm? current density, for the LPNF-600 and BNF
substrates (Fig. 6(d)) further show long-term stability of
the LIPSS patterned substrate in the E-filed localization.
In the previous sections, we presented the capability of
the LIPSS patterned electrodes as a cathodes to demon-
strate the LEFIRC effect-induced reduction in the elec-
trochemical fuel generation potential. Similarly, we
present the performance of the LIPSSs patterned NF sub-
strate, as an anode, to support and boost the activity of
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Fig. 5| LSV curves and chronopotentiometry (CP) test for BNF and LPNF sample in (a) seawater solution, (b) CP test in seawater, (c) 0.5 M

H2S0Oy4, and (d) deionized water.
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Fig. 6 | Demonstration of LEFIRC effect induced reduction in the electrochemical fuel generation potential when the LPNF-600 sample
is used as a cathode or an anode substrate to support Pt/C or RuO; electrocatalyst. (a—d) HER and (e—h) OER measurements for Pt/C and
RuO3 inks loaded on BNF and LPNF-600 substrates in 1.0 M KOH solution at room temperature.

an OER electrocatalyst in an alkaline electrolyte (Fig.
6(e-h)). The LSV curves for the BNF and LPNF-600 sub-
strates, loaded with 0.25 mg/cm? of RuO,; electrocata-
lysts powder, demonstrate that the LEFIRC effect re-
duces the 719 overpotentials from 400 mV (BNF) to 300
mV (LPNF-600) resulting in a 25% reduction in the re-
quired electrical power (Fig.6(e) and Fig. S19(b)) to

drive 10 mA/cm? of current density. At an overpotential
of 750 mV, the oxygen generation performance of the
LIPSS patterned substrate is enhanced by 211% over the
bare substrate (Fig. S20(a)). The Tafel slope for the
LPNF-600 substrate (78 mV/dec) is 27.1% lower as com-
pared to the BNF (107 mV/dec) substrate (Fig. 6(f)). The
enhanced performance of the LPNF-600 substrates is
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also evidenced by a decrease in its charge transfer resist-
ance to a small value of ~4 Q) as compared to > 1 kQ) res-
istance for the BNF electrode (Fig. 6(g)). Moreover, the
chronopotentiometry curves at 10 mA/cm? current dens-
ity for the LPNF-600 and BNF substrates (Fig. 6(h) fur-
ther demonstrates the long-term stability of the LIPSS
pattern substrate in the localization of E-field and oxida-
tion of OH- ions for oxygen generation.

Furthermore, we constructed two-electrode electro-
chemical cells (ECCs) using different combinations of a
cathode and an anode materials for overall water split-
ting (Fig. 7(a)). The electrochemical cell LPNE-600 ||
BNF (1.94 V) requires about 210 mV smaller electric po-
tential to drive 10 mA/cm? of current density as com-
pared to the BNF || BNF cell (2.15 V). Similarly, the
LPNF-600 || LPNF-600 (1.82 V), LPNF-600 || LPNF-700
(1.86 V), and LPNF-700 || LPNF-700 (1.88 V) electro-
chemical cells require 15.3%, 13.5%, and 12.6% lower
electric potential to generate 10 mA/cm? of current dens-
ity as compared to the BNF || BNF cell (2.15 V) (Fig.
7(a)). The chronopotentiometry curves (Fig. 7(b)) of the
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ECCs made of a pair of the LIPSS patterned electrodes
show that these cells can operate at significantly lower
(from 160 to 270 mV) potentials for 24 hours, thus main-
taining the surface patterns, morphology, and chemical
composition. A two-electrode cell (Pt/@LPNF-600 ||
RuO,@LPNF-600) made with a pair of LPNF-600 sub-
strates, where the first one loaded with 0.25 mg/cm? of
Pt/C (ratio; 2:8) powder serves as a cathode for the HER
and another loaded with 0.25 mg/cm? of RuO, powder
acts as an anode for the OER is tested for overall water
splitting. For comparison, a similar cell (Pt/@BNF ||
RuO,@BNF) made with the loading of the same amount
of electrocatalyst powders on the BNF substrates is also
tested. It is evident from Fig. 7(c) that the Pt/@LPNF-600
|| RuO,@LPNE-600 cell operates at significantly lower
potential (1.74 V) as compared to the Pt@BNF ||
RuO,@BNF cell (1.83 V) to drive 10 mA/cm? of current
density. The chronopotentiometry measurements of
these two cells demonstrate the durability of the LIPSS
patterned substrates and NPs on their surfaces against
overall water splitting in an alkaline solution (Fig. 7(d)).
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Fig. 7 | Demonstration of LEFIRC effect induced reduction in the overall water splitting potential when the LIPSS patterned electrodes
are used as an anode and a cathode. (a, b) The LPNF surfaces are directly used as electrocatalysts for an anode and a cathode (a) the LSV

curves for overall water splitting from different combinations of LPNF and BNF electrodes, and (b) corresponding chronopotentiometry Chronopo-
tentiometrycurves for 24 hours. (c, d) A pair of LPNF-600 surfaces are used as substrates to support Pt/C and RuOz electrocatalysts to make

cathode and anode, respectively of the cell along with a similar cell made with the BNF substrates for comparison (c) the LSV curves for overall

water splitting and (d) corresponding chronopotentiometry curves for 24 hours.
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Moreover, structural, compositional, and morpholo-
gical integrities of an electrocatalyst are important para-
meters to ensure its long-term durability. For this pur-
pose, we performed XPS, SEM, EDAX, and XRD meas-
urements of the LPNF-600 sample before and after 24
hours of HER test (Fig. 8, Supplementary information
Fig. S8 and Figs. 520-529). The Ni® peaks at 852.7 and
869.9 eVs, present in the initial LPNF-600 sample (top
panel of Fig. 8(a)), disappeared after 24 hours of the HER
test (bottom panel of Fig. 8(a)) showing that surface Ni
atoms oxidized to form NiO, an active component for
HER and OER enhancements. The high-resolution Ols
spectrum (see Supplementary information Fig. S22) fur-
ther verifies conversion of Ni to NiO after the HER pro-
cess. The SEM investigations before (Fig. 8(b) top pan-
els) and after (Fig. 8(b) bottom panels) show integrity of
the majority of the LIPSSs and NPs on the ridges (see
Supplementary information Figs. S23-526). However, we
noticed the narrowing of the ridges and widening of the
grooves in all the LPNF samples after the HER tests. This
structural change increases the g/r ratio, thus positively
affects the electrochemical performance through the LE-
FIRC effect. For example, the potential required to drive
10 mA/cm? of current density in LPNF-600|| NF cell de-
creased by 140 mV after 24 hours of CP test(see Supple-

H SNF-600 mW before HER  Ni,, .

Intensity (a.u.)

Intensity (a.u.)

885 880 875 870 865 860 855
Binding energy (eV)

mentary information Fig. S26(c)). In contrast to the BNF
(see Supplementary information Fig. S27) substrate, the
performance of the HER and OER performances of the
LPNF-600 substrates significantly increase after 2 hours
of CP tests (see Supplementary information Figs.
§27-528). To support our hypothesis of LEFIRC effect
induced enhancement in the electrochemical fuel genera-
tion performance, we tested the concentration of K* ions
adsorbed at the surface of -1 V (versus RHE) biased
LPNF electrodes (see Supplementary information Fig.
§29) in 1.0 M aqueous medium of KOH using EDAX
spectroscopy. The surface density of adsorbed ions at the
electrode surface should be proportional to the intensity
of the localized electric field. As can be seen from Fig.
8(c), the surface density of adsorbed K* ions at the LPNF
electrodes are proportional to the ECSA normalized cur-
rent density in the HER LSV curve (Fig. S14).

Conclusion

In summary, we fabricate LIPSSs patterns on Ni foam
(LPNF), one of the widely used electrode materials, and
optimize geometric parameters for localized electric
field-induced modulation in reagent concentration (LE-
FIRC) at the electrode surface. The patterned electrodes
have hierarchical structures with periodic ridges and

o .

BNF  LPNF-460 LPNF-600 LPNF-700

Fig. 8 | (a) X-ray photoelectron spectra (XPS). (b) SEM images. (c) ECSA normalized atomic concentration of K* ions at the surface of —1 V (vs.

RHE) biased LPNF electrodes in 1.0 M KOH solution.
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grooves of the order of 100 to 300 nm in widths covered
with nanoparticles of 3 to 94 nm diameters. The optim-
ized LPNF electrode demonstrated ~45% reduction in
the required electrical power to achieve a hydrogen gen-
eration rate of ~3x10' molecules cm2 s™! (current dens-
ity: 10 mA/cm?) via the synergistic effect of LEFIRC and
ECSA enhancements where ~ 42.4% contribution is
purely from the LEFIRC effect. The capability of the
LPNF electrodes to operate at significantly reduced elec-
tric potentials is also demonstrated in a range of electro-
lytes including acidic, alkaline, neutral, and seawater.
The 1o overpotentials for the LPNF electrodes in seawa-
ter, acidic, and neutral electrolytes are 335, 326, and 748
mVs, respectively, those are ~41, 14.2, and 16.8%, lower
as compared to the corresponding overpotentials of the
bare NF (BNF) electrodes. Furthermore, the applicabil-
ity of the LPNF electrodes as substrates to support
powder electrocatalysts and boost their fuel generation
performance is also demonstrated. Pt/C powder loaded
on the LPNF substrate demonstrated a 40.4% reduction
in the required electrical potential to drive 10 mA/cm? of
current density with 270% higher current density at 558
mV potential over a BNF substrate with the same
amount of catalyst loading. Similarly, RuO, powder
loaded on the LPNF substrate demonstrated a 25% re-
duction in the n;o overpotentials and 211% enhance-
ment in the current density at 1.98 V applied potential.
Importantly, when two LIPSS patterned electrodes were
assembled simultaneously as an anode and a cathode, it
requires ~ 330 mV of lower electric potential over a sim-
ilar cell made of BNF electrodes to drive 10 mA/cm?.

The demonstrated operation of the LPNF electrocata-
lysts at significantly lower electrical energies makes it
clear that the femtosecond laser patterning approach has
the potential to deliver next-generation smart catalysts.
While we tested the LIPSS patterning of Ni foam elec-
trodes, other materials can be LIPSSs patterned to en-
hance their electrochemical or photoelectrochemical
activities through the LEFIRC effect. As demonstrated
previously, nanostructures at the laser processed sur-
faces change the state of water molecules through struc-
tural reorganization and wettability of surfaces*. There-
fore, these surfaces can be used to modulate inter-
molecular and intramolecular interactions of the reagent

molecules to further enhance the fuel generation rate.
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