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Abstract

Electrocatalytic hydrogen evolution from seawater through wind or solar energy is a
cost-effective way to produce green hydrogen fuel. However, the lack of highly active
and anti-corrosive electrocatalysts in seawater severely hinders the industrial
application. Herein, a novel Ni.1FeCro4Vo3Tio3 high-entropy alloy was designed
through high throughput computing and prepared via powder metallurgy with the
surface treated by laser etching under different laser power. The laser-etched
NiFeCrVTi high-entropy alloys exhibit a unique periodically ordered structure with
multiple active centers and high porosity. The Ni-HEA-30 displays remarkable HER
performance with an overpotential of 55.9 mV and a Tafel slope of 47.3 mV dec™! in
seawater. DFT calculations are applied to identify the real active sites for HER on the
HEA surface as the key factor for both proton and intermediate transformation, which
also reveal that the Cr atom promotes the adsorption energy of water molecules and
the modulation of the electronic structure plays a crucial role in optimizing the
hydrogen binding capabilities of the Ni atoms within the alloy. Additionally, the
electrocatalyst displays high corrosion resistance in seawater, contributing to the good
durability for hydrogen production. This work uncovers a new paradigm to develop

novel electrocatalysts with superior reaction activity in seawater.



1. Introduction

The escalating exploitation and consumption of energy have resulted in severe threats
to human health and survival, including environmental pollution, global warming, and
energy depletion.l'l There is an urgent need to reassess energy strategies and enhance
energy conversion efficiency in order to address these pressing challenges. The
research on electrocatalytic hydrogen production technology holds immense
importance in ensuring energy security and achieving the goal of "double carbon"
policy.”l Electrochemical water-splitting for hydrogen production in a neutral
electrolyte offers numerous advantages, including its environmental friendliness, long
lifespan, and ability to withstand equipment corrosion in both acidic and alkaline
media, ensuring efficient operation.’] To date, the bottleneck in the field of industrial
overall water splitting has been the development of electrocatalytic materials that
exhibit high activity and long cycle stability.[*! In this regard, numerous studies have
been devoted focusing on the composition selection,® structural design,® surface
modification,[”! and fluid collection assistance,®! et.al.,, to develop and explore
high-efficiency electrocatalyst electrode.[®! Despite significant progress, the challenge
of designing electrocatalytic catalysts with reasonable costs, high current densities,
and long cycle stability using abundant metal elements for the commercial production
of hydrogen at a scale beyond the laboratory level remains a substantial obstacle.
High-entropy materials have gained increased attention across various fields due to
their unique microstructures and exceptional mechanical and physicochemical

properties. These materials offer advantages such as corrosion resistance even under



severe conditions and the ability to adjust their properties as needed.l'’! Since the
activities of electrocatalysts are significantly influenced by their composition,
structure, and the intermediate species presented on their surfaces, by employing
alloying techniques, the adsorption energies of molecules can be adjusted, thereby
enhancing the electrocatalytic activity of the catalysts.l'!] The successful advancement
of high-entropy alloys has paved the way for the development of numerous alternative
high-entropy materials that exhibit promising catalytic properties, such as different
nonmetallic oxides, nitrides and sulfides.!'?! However, the majority of research on
high-entropy materials has primarily concentrated on the crystalline solid-solution
phase, characterized by a uniformly disordered atomic distribution within the lattice
structure. While this approach has yielded valuable insights, it can impose significant
restrictions on the potential atomic configurations of the solute metal atoms, thus
limiting the range of achievable properties. The field of high-entropy materials still
faces significant challenges, particularly regarding the control of atoms with
chemically ordered distributions and the identification of atomic configurations that
can optimize the desired structural and functional properties. Additionally, while
much of the research has focused on acidic or alkaline electrolytes, the study of
hydrogen evolution reactions (HER) in neutral or near-neutral electrolytes presents a
more complex scenario. This complexity arises due to the involvement of both H,O
molecules and dissociated H3O" ions, necessitating further investigation and
understanding.

With the advantages of tunable compositions and high stability, high-entropy alloys
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(HEAs) have received extensive attention in the field of catalysis in corrosive
media.'3l However, only a small part of the vast HEA nanoparticles has been
fabricated and utilized in applications in electrocatalysis because of the difficulties in
synthesis.!"* In addition, the high entropy materials have been extensively applied in
HER, but the majority of these materials still require relatively high overpotentials to
achieve the desired current densities, particularly in non-acidic media. Previously, Jia
group prepared a FeCoNiAlTi electrode that exhibited an overpotential of 88.2 mV at
a current density of 10 mA c¢cm™ in an alkaline solution.['% Yao group synthesized
CuAlINiMoFe electrode, which exhibited a high overpotential of 183 mV in nonacidic
electrolytes.l! The relatively high overpotentials for high entropy materials might be
ascribed to the following issues: (1) the absence of electroactive sites for water
dissociation and improper hydrogen binding energy for H* adsorption and
combination;[!'® (2) poor electron transferability/ mass transportability of electrodes
which are using insulative polymer binders to maintain electric contact.!'>! Therefore,
it is necessary to explore novel high entropy electrode materials, especially to
accurate identification of active centers, reduce the energy barrier of the intermediate
transformation and achieve large-scale industrial application in neutral/near-neutral
electrolytes during hydrogen evolution reaction.

Here, a novel and cost-effective high-entropy alloy, namely Nii.iFeCro4Vo3Tio3
with face-centered cubic (FCC) structure, was designed through high throughput
computing and vacuum electric arc melting techniques. Then, the Nii.1FeCro4Vo3Tio3

(Ni-HEA) alloy surface was subjected to laser etching at varying powers. The
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optimized Ni-HEA featured with multiple active centers, abundant porosity, and a
reduced binding energy for H* adsorption/desorption, demonstrated remarkable
electrocatalytic performance in a neutral environment. The Ni-HEA requires a low
overpotential of 37.9 mV (10 mA c¢cm™2) and a low Tafel slope of 36.2 mV dec! in
NaCl electrolyte for HER. In the real seawater electrolyte, it needs 55.9 mV (10 mA
cm?) and 47.3 mV dec”'. DFT calculations provided insights into the active centers of
the NiFeCrVTi alloy, demonstrating that the presence of the Cr atom regulated the
electronic structure of NiFeCrVTi, the adsorption and dissociation energy of water
molecules. The remarkable electrocatalytic performance of Ni-HEA-30 in HER can
be attributed to the exceptional synergistic effect of each alloy element and the unique
structure created through Ilaser etching. Notably, Ni-HEA-30 surpasses the
performance of state-of-the-art nonprecious electrocatalytic materials, further
emphasizing its superior capabilities in HER applications.

2. Results and Discussion

The elemental combination of Ni, Fe, Cr, V and Ti was chosen due to their high solid
solution rate, reasonably high catalyst activity and low cost. Furthermore, Ni and Fe
serve as the main active sties, while the presence of the Cr atom influences the
adsorption and dissociation energy of water molecules. Additionally, Cr and V can
enhance the corrosion resistance, and Ti is incorporated to form the secondary phase.
The composition of Nii.1FeCro4Vo3Tio3 high-entropy alloy was designed and selected
from 200 calculated results through high throughput computing by Pandat 2020

software. Here, we present four typical high throughput computing phase diagrams of
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calculated NiFeCrVTi compositions as samples (Figure 1). Figure 1a shows that the
phase diagrams of the NiFeCrVTi with equal atomic ratios. It can be found that its
matrix has BCC structure and the secondary phase is Laves phase. The content of the
Laves phase is much higher than that of the matrix, suggesting the NiFeCrVTi with
equal atomic ratios is very brittle and not easy to be etched. Figure 1b presents the
phase diagrams of NiosFeosCro4Vo3Tios. It is clear that the increasing atomic ratios of
Ni and Fe lead to the formation of Ni3Ti phase which can be easily etched by laser.
However, the matrix becomes complicated (coexistence of BCC and FCC phases),
suggesting the low mechanical and catalytic properties. As the atomic ratios of Ni and
Fe further increases, the content of the FCC phase increases and the Laves phase
disappears in the matrix of NigsFeosCrosVosTios (Figure 1c). However, the
coexistence of BCC and FCC phases and the low content of Ni3Ti phase suggest the
low mechanical and catalytic properties as well. Figure 1d exhibits the optimized
elemental composition - Nij.1FeCro4Vo3Tio3. It can be found that Nii.1FeCro4Vo3Tio3
possesses a single FCC structure and higher content of NisTi phase (compared with
that of the NigsFeosCro4Vo3Ti03) in the temperature range between 450 and 1200 °C.
Therefore, the high throughput computing predicts that Nij.1FeCro4Vo3Tio3 with the
single FCC matrix phase and high content of the desirable NisTi phase is the best
composition. The temperature range of 450-1200 °C is useful for the optimization of
preparation parameters. The vacuum electric arc melting was employed to fabricate
the Ni1.1FeCro4Vo3Tio3 master alloy to prevent elemental segregation. The atomizing

equipment was subsequently employed to atomize the master alloy ingots in order to
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obtain alloy powders with uniform composition and low impurity. The high heating

and cooling rates of SPS processing can contribute to the fine microstructure of solid

solution matrix, and micro-size Ni3Ti precipitates with uniform size and distribution.
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The obtained NiiFeCro4Vo3Tios was then surface etched by laser at various

powers (0, 10, 20, and 30 W) to prepare Ni-HEA-X (X=0, 10, 20 30) samples. By

increasing the laser power or extending the etching time, significant changes occur on

the surface morphology and structure of the HEA, which are not conducive to

improving the hydrogen evolution. Figure 2a illustrates the concept behind our
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approach. Our hypothesis is that the Ni-HEA-X alloys have the ability to enhance
water adsorption while weakening hydrogen adsorption. This unique property
promotes the formation of hydronium ions near the catalyst's surface, resulting in fast
kinetics during the hydrogen evolution reaction.[”® Figure 2b displays the XRD
diffractograms of Ni-HEA and Ni-HEA-X samples. Among the Ni-HEA-X samples,
Ni-HEA-30 was selected as the representative sample due to its similarity in XRD
diffractograms to the other Ni-HEA-X samples. It is evident that Ni-HEA comprises a
solid-solution FCC phase of Ni, along with a secondary phase of NisTi. However,
only the FCC solid-solution Ni phase is present in the Ni-HEA-30 sample. This
indicates that the Ni3Ti secondary phase was effectively removed or etched by the
laser treatment using a power of 30 W. Raman spectra were used to monitor the
transformation of Ni-HEA before and after laser etching with different powers, and
the results are shown in Figure 2c. After laser etching, the Ni-HEA material shows no
significant changes in its results. However, Ni-HEA-10, Ni-HEA-20, and Ni-HEA-30
exhibit distinct characteristic peaks in their respective results. The peak at 195 cm! is
attributed to Ti-O,!'8! while the peaks around 329 and 753 cm™ could be indexed to
the symmetric stretching mode of V-O-V.['7] The peak appearing around 494 cm™! is
ascribed to Ni-O,I"®! and the broad peak from ~400 to ~700 cm™ represent Ni-O
stretch in defective and disordered Ni(OH),.l'”l The obtained results indicate the
formation of oxides and hydroxides on the surface of the material through laser
etching. This surface modification is expected to be advantageous for the

electrocatalytic HER process. As shown in Figure 2d, SEM images indicate that the

9



Ni-HEA has an uneven surface with pits and includes face-centered cubic (FCC)
Ni1.1FeCro4Vo3Tios solid solution phase with uniformly distributed face-centered
cubic (FCC) NisTi. During laser ablation, the process generates extremely high
temperatures and pressures, which are subsequently followed by rapid cooling upon
laser irradiation, facilitating the formation and stabilization of the material's
morphology. When etched by laser with a power of 10 W, the surface of the
high-entropy alloy displayed a lighter regular nick, like a tic-tac-toe shape in Figure
Sla, Supporting Information. As the laser power increased to 20 W, the tic-tac-toe
shape was more obvious and the surface of Ni-HEA-20 became rougher in Figure S1b,
Supporting Information. When the power was as high as 40 W, the unique structure of
Ni-HEA was destroyed, so we chose 30 W as the best laser etching power. Figure 2e
shows that unlike the concave surface of normal metal plates, the surface of
Ni-HEA-30 is composed of rough and porous surface, and the tic-tac-toe shape was
observed clearly. Such unique porous architecture not only facilitates electron transfer,
but offers high accessibility of the electroactive sites of surface Ni-HEA-30 by virtue
of the large channels and the small nanopores. As shown in the representative
SEM-EDS elemental mapping (Figure S2, Supporting Information), the Ni, Fe, Cr, V,

Ti, and O elements were uniformly distributed along the surface of Ni-HEA-30.
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Figure 2 (a) Schematic illustration of the preparation of Ni-HEA-x and diagram of
mass transfer processes mechanism on Ni-HEA, Ni-HEA-30. EDL: electric double
layer; (b) XRD patterns of Ni-HEA and Ni-HEA-30; (c¢) Raman spectrum of the
prepared Ni-HEA-X electrodes (d) SEM images of Ni-HEA and (e) Ni-HEA-30.

X-ray photoelectron spectroscopy (XPS) was employed to further analyze the

outermost layer of Ni-HEA-X. Given the similarity in the XPS spectra configurations
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of Ni-HEA-10, 20, and 30, we have selected Ni-HEA-30 for detailed discussion. The
XPS survey spectrum confirms Ni, Fe, V, Cr, Ti, and O in Ni-HEA-30 (Figure S3,
Supporting Information). The Ni 2p spectrum of Ni-HEA-30 in Figure 3a displays
metallic Ni’ 2ps2 (852.3 eV) which stems from the Ni-HEA matrix, Ni** 2ps; (855.3
eV) which originates from NiO,, and a satellite peak Ni 2ps (860.2 eV) that indicates
the oxidation state of nickel is Ni?>*3*.[201 The content of Ni’ is lower than the content
of Ni?* because of the high chemical activity of Ni.[*al The Fe 2p spectrum in Figure
3b shows two peaks at 710.5 eV and 723.7 eV which can be attributed to Fe 2p3» and
Fe 2pin, respectively, and a little Fe peak corresponding to its internal atoms.¢ 2!l In
terms of Cr, two characteristic peaks at 576.4 and 573.5 eV can be assigned to Cr**
and metallic Cr°,2%] respectively (Figure 3¢). Figure 3d demonstrates that the peak of
Ni-HEA-30 situated at 516.8 eV is indexed to V3" species and the peak at 515.6 eV
correspond to V#*[22l Figure 3e presents the high-resolution Ti 2p spectrum of
Ni-HEA-30, in which the two peaks at 457.9 and 463.8 eV are assigned to Ti 2p3»
and Ti 2pi orbitals of Ti*".[>3] For the oxygen element, as shown in Figure 3f, it is
obvious that O 1s peak can be fitted into three peaks at 529.7, 531.2 and 532.2 eV,
corresponding to M-O (lattice oxygen species), Ni-O and H-O (hydroxyl species OH"),
respectively. The peaks of the O 1s band located at 532.2 eV are attributed to the
defects and hydroxyls and chemisorbed oxygen at the surface of the catalysts.[>¥]
These results also indicate that the oxides and hydroxides are formed on the surface of
the material by laser etching, which would benefit the electrocatalytic HER process in

NaCl electrolyte and seawater.
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Figure 3 XPS spectra of (a) Ni 2p, (b) Fe 2p, (c) Cr 2p, (d) V 2p, (e) Ti 2p, and (f) O

1s.

To evaluate the performance of HER in a neutral electrolyte, we employed the alloy
electrodes directly as working electrodes for electrochemical measurements. Initially,
the electrocatalytic performance of various samples was evaluated in a 3.5% NaCl
solution at room temperature. While all Ni-HEA electrodes possess high conductivity
and a unique structure that facilitates electron transfer, it is the Ni-HEA-30 electrode
that demonstrates exceptional electrocatalytic performance for neutral HER. This
electrode exhibits the lowest overpotentials across various current densities, ranging
from 10 to 100 mA cm™. Figure 4a illustrates the polarization curves comparing
Ni-HEA, Ni-HEA-10, Ni-HEA-20, and Ni-HEA-30 with commercial Pt/C in terms of
their performance towards HER. The LSV curve of the Ni-HEA-30 catalyst displays a
low overpotential of 37.9 mV at the current density of 10 mA c¢cm™ (normalized to the
electrode area), which is far superior to Ni-HEA (485 mV), Ni-HEA-10 (185.2 mV),
Ni-HEA-20 (73.9 mV), and close to the performance of Pt/C (17.6 mV). In
comparison of Ni-HEA (657 mV), Ni-HEA-10 (275 mV), and Ni-HEA-20 (211 mV),
Ni-HEA-30 delivers a low overpotentials of 174 mV at the current densities of 50 mA
cm, and requires a low overpotential of 199 mV at the large current density of 100
mA cm? towards HER (Figure 4b). The observed enhancement in performance during
the electrocatalytic process can be attributed to two possible factors: surface

restructuring and the etching of less-stable elements, such as NisTi, from the HEA
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catalyst. Figure 4c shows the corresponding Tafel plots of various electrocatalysts.
The better activity of Ni-HEA-30 can also be supported by its lower Tafel slope (36.2
mV dec) than that of Ni-HEA (121.5 mV dec™!), Ni-HEA-10 (109.4 mV dec),
Ni-HEA-20 (56.5 mV dec!) and Pt/C (68.7 mV dec!) suggesting the intrinsically
distinguished activity and improved catalytic kinetics of Ni-HEA-30, which
demonstrates that the Ni-HEA-X catalyst greatly boosts HER kinetics after laser
etching. The kinetic process of the HER process could be inferred by the Tafel
slope.[?) HER in neutral/near-neutral electrolytes exhibits distinct characteristics
compared to strong acidic or alkaline electrolytes. Instead of a single-step reduction
(Volmer reaction) process involving H3O" ions in strong acidic electrolytes or H.O
molecules in alkaline electrolytes, HER in neutral/near-neutral electrolytes is
characterized by diffusion-controlled kinetics at relatively low overpotentials and a
switch in reactants from H3O" ions to H,O molecules at high overpotentials. These
unique features define the electrochemical behavior of HER in neutral/near-neutral
electrolytes.l?! According to the HER kinetics model, the determined theoretical
values of Tafel slopes could be divided into three steps: the Volmer (120 mV dec™),
Heyrovsky (40 mV dec!), and Tafel reactions (30 mV dec'). The Tafel slopes of
approximately 40 mV dec”! for HEA-30 in both NaCl and seawater indicate that the
rate-controlling step is the Volmer-Heyrovsky reaction process, whereas others
mechanism follow the Volmer-Tafel pathway. This suggests that the mechanism of

the HER process in NaCl and seawater is identical.[*! The enhanced HER kinetics
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might be attributed to the introduction of oxygen and the synergistic effect between
the elements.

In General, the electrochemically active surface areas (ECSAs) is regarded as an
estimation of active sites and is proportional to the double-layer capacitance (Ca). To
better access the catalytic activity of Ni-HEA-X catalysts, their electrochemically
active surface area (ECSA) is calculated and used to normalize the currents (Figure
S4, Supporting Information). Logically, Ni-HEA-30 shows the highest areal
capacitance (1.48 mF cm™), higher than that of Ni-HEA-10 (0.708 mF c¢m) and
Ni-HEA-20 (0.744 mF c¢cm2). This observation further underscores the advantages of
utilizing high-entropy electrocatalysts. Furthermore, it is essential to consider the
durability of the electrocatalyst, as it plays a critical role in practical applications. To
study the stability of the Ni-HEA-X catalysts in neutral electrolyte, 3000 CV scans
were executed. As displayed in Figure S5 and S6, Supporting Information, there is no
obviously change of the LSV curves after 3000 cycles, demonstrating the high
durability of Ni-HEA-X electrocatalysts in a long-term HER process under neutral
conditions. Furthermore, the electronic states of Ni-HEA-X did not significantly
change after stability test in NaCl, which were confirmed by XPS in Figure S7 and S8.
Considering the aforementioned analysis, it can be inferred that the synergistic effect
of alloy atoms and the distinctive morphology plays a crucial role in optimizing
charge transfer and catalytic active sites. As a result, the hydrogen evolution reaction

(HER) process is significantly enhanced.
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To gain a deeper understanding of the practical applicability of Ni-HEA-X as
electrocatalysts for the hydrogen evolution reaction (HER), we conducted a series of
electrochemical tests in seawater to assess the HER activity and stability of Ni-HEA,
Ni-HEA-10, Ni-HEA-20, and a commercially available Pt/C catalyst. As shown in
Figure 4d, the Ni-HEA-30 electrocatalysts demonstrated outstanding electrocatalytic
activity with a low onset potential. The overpotential of Ni-HEA-30 is 55.9 mV at a
current density of 10 mA cm, while Ni-HEA, Ni-HEA-10, and Ni-HEA-20 exhibited
much higher overpotentials of 95.4, 594.5 and 707.2 mV, respectively, but still less
active than the commercial Pt/C (32.6 mV). The dramatically reduced overpotential of
Ni-HEA-30 reveals the extraordinary HER catalytic activity of high-entropy
alloy-based catalysts. The improved HER performance in seawater is contributed by
the multi-active centers, abundant porosity and reduced banding energy of H*
adsorption/desorption. As shown in Figure 4e, Ni-HEA-30 presents lower
overpotentials of 127 mV at the current densities of 50 mA c¢cm? compared to Ni-HEA
(875 mV), Ni-HEA-10 (803 mV) and Ni-HEA-20 (188 mV), and delivers a large
current density of 100 mA ¢cm2 at 129 mV. As shown in Figure 4f, the Tafel slopes of
Ni-HEA, Ni-HEA-10, Ni-HEA-20, Ni-HEA-30 and Pt/C are 261.9, 242.3, 69.4, 47.3
and 67.8 mV dec’!, respectively, which demonstrates that the Ni-HEA-X catalyst
greatly boosts HER kinetics in seawater, indicating the short charge transfer length
and efficient charge transfer. To better understand the HER performance of the
Ni-HEA-X catalysts, we tested the electrochemical double-layer capacitance in Figure

S9, Supporting Information. The results show that the electrochemical double-layer
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capacitance of Ni-HEA-30 (0.145 mF cm™), higher than that of Ni-HEA-10 (0.064
mF c¢m?) and Ni-HEA-20 (0.117 mF c¢m), indicating that Ni-HEA-30 can expose
more active sites. Moreover, the HER activity of all the LSV curves after 3000 cycles,
demonstrating the high durability of Ni-HEA-X in a long-term HER process in
seawater (Figure S10 and S11, Supporting Information). The XPS analysis reveals
that there is no significant structure change of the samples after stability testing

(Figure S7 and S12, Supporting Information).
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Figure 4 (a-c) HER catalytic performance in NaCl: (a) HER polarization curves, (b)
overpotentials at typical current densities, (c) Tafel slopes of Ni-HEA, Ni-HEA-10,
Ni-HEA-20 and Ni-HEA-30; (d-f) HER catalytic performance in seawater: (d) HER
polarization curves, (e) overpotentials at typical current densities, (f) Tafel slopes of

Ni-HEA, Ni-HEA-10, Ni-HEA-20 and Ni-HEA-30.

The high-entropy alloy electrodes prepared in this study demonstrate outstanding
catalytic activity and stability for HER in electrolytes containing chloride ions. To
assess the electrocatalyst's resistance against chloride corrosion, we conducted a
comprehensive analysis using typical potentiodynamic tests, electrochemical
impedance spectroscopy measurements, and open circuit potential tests. These
investigations aimed to investigate the corrosion behaviors of Ni-HEA, Ni-HEA-10,
Ni-HEA-20, and Ni-HEA-30 in electrolytes containing CI- ions. Figure 5a shows that
the corrosion current in NaCl of Ni-HEA-30 (4.27x107 A) is smaller than that of
Ni-HEA (1.239x10% A), Ni-HEA-10 (1.061x10° A) and Ni-HEA-20 (8.726x107 A).
The corrosion current in seawater (Figure 5b) of Ni-HEA-30 is 1.232x10° A, which
is smaller compared with Ni-HEA (2.088x10° A), Ni-HEA-10 (1.344x10°% A) and
Ni-HEA-20 (1.265x10% A). The above results demonstrate that Ni-HEA-30 has a
higher corrosion resistance than Ni-HEA, Ni-HEA-10, and Ni-HEA-20 in the CI
containing electrolyte. Oxygen was induced by the laser etching in this work, leading
to the formation of increased Ni/Fe oxides. These oxides layers serve as passive films.
The stable open circuit potential (OCP, Figure S13, Supporting Information) value

observed in the Ni-HEA-30 sample indicates the formation of a dense and protective
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surface passive film. The higher value of OCP is linked to reduced corrosion
tendencies, attributed to the presence of a more compact and stable passivation
film.[27]

This conclusion is further supported by the impedance results in Figures 5c and S14,
Supporting Information, in which the semicircle of the Nyquist plots for Ni-HEA-30
is larger than that of Ni-HEA, Ni-HEA-10, and Ni-HEA-20. Figure 5d shows the
good catalytic stability in the HER process, and the stability of the as-prepared
electrode was also supported by the OCP results. Meanwhile, according to the
previous reports, the higher value of OCP should be attributed to a more compact and
stable passivation film.?’?) Compared with Ni-HEA, Ni-HEA-10, and Ni-HEA-20, the
chronopotentiometric curves in NaCl (Figure 5e) and in sweater (Figure 5f) of
Ni-HEA-30 as an electrode indicate the important role of the metal oxide/hydroxide

layer as the actual corrosion-proof layer, which can effectively limit the undesired

corrosion caused by the CI- participation.
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Figure 5 Tafel plots of Ni-HEA, Ni-HEA-10, Ni-HEA-20 and Ni-HEA-30 (a) in
NaCl and (b) in seawater; (c¢) Electrochemical impedance spectroscopy (EIS) of
Ni-HEA, Ni-HEA-10, Ni-HEA-20 and Ni-HEA-30 in NaCl; (d) LSV curves before
and after 2000 cycles of Ni-HEA-30; Chronopotentiometric curves of Ni-HEA-10,
Ni-HEA-20 and Ni-HEA-30 recorded at a constant cathodic current density of 10 mA
cm? in NaCl (e); and in seawater ().

It is well-established that the catalytic performance is influenced by the structural
configuration and surface composition of the catalyst. Density functional theory (DFT)
calculations were conducted to explore the underlying mechanism behind the
improved hydrogen evolution reaction (HER) performance of Ni-HEA-30. In this
study, laser etching was employed to modify the microstructure and elemental
composition on the surface of Ni-HEA. Given that the atomic positions of the
elements are randomly occupied, the Monte Carlo method was employed to optimize
the distribution state of elements, as illustrated in Figure S15, Supporting Information.
Furthermore, the adsorption energy comparison in Figure S16, Supporting
Information, revealed that oxygen molecules tend to preferentially adsorb at hollow
sites on the metal surface following laser etching.

The Ni-HEA-30 structure with oxygen layers and adsorption of H>O on the
different active sites in Figure 6a and Figure S17 and S18, Supporting Information,
has been applied due to the highest stability. To deepen our understanding of the
electronic structures, we have provided the density of states (DOS) plots for each

element in Ni-HEA-30, as shown in Figure S19, Supporting Information. Furthermore,
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the corresponding density functional theory (DFT) calculations in Figure 6b and
Figure S20, Supporting Information, illustrate that Ni, Fe, Cr, V, and Ti exhibit
unique DOS characteristics around the Fermi level. Notably, the Ni-d orbital exhibits
a higher electron charge density near Ev -1.306 eV, suggesting that the combination
of Ni and oxygen, particularly after the etching process, is likely responsible for
enhancing electrical properties and serving as an electron reservoir during reduction
processes such as HER.?®) Both Cr-d and Fe-d orbitals dominate the bands near Ep,
which locate at Ev 0.721 eV and -1.871 eV, respectively. Based on the d-band theory,
a lower position of the d-band center most likely results in a weaker binding
interaction between the catalysts and adsorbates,!””! which contributes to the
enhancement of HER activity of Ni-HEA-30. In the context of the HER, the
efficiency of water splitting and subsequent proton transfer relies heavily on the initial
adsorption process of water. A more favorable HER reaction occurs when the
adsorption energies of H* are closer to zero, indicating a more favorable proton
transfer process.[**l During our calculations, the adsorption/disadsorption energy of
H>O and H at various metal sites on the alloy surface was illustrated in Figure S21
and S22, Supporting Information. As shown in Figure 6c, the calculated H>O
adsorption free energies for Ni-HEA-30 on Cr (-1.10353 eV) and Ni sites (-0.72692
eV) are higher than that on Fe (-0.30574 eV), V (-0.61325 eV) and Ti sites (-0.40321
eV), which activates the dissociation of water molecules. Meanwhile, the Ni and Cr
sites show the relatively preferred H* adsorption after the water dissociation, leading

to the stabilization of H in the hollow sites surrounded by Ni and Cr. Due to the Cr
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atoms possess less 3d orbital electrons, the interaction between Cr and H is very weak
H compared with that between Ni and H,!?°! thus the actual active sites for hydrogen
evolution are Ni sites. Furthermore, to provide insights into the neutral hydrogen
evolution reaction (HER) catalytic pathways, we have calculated and presented the
energy barriers of the reaction, along with the corresponding structural information, in
Figure 6d. It is evident that H,O exhibits a preference for occupying the active sites of
Ni and Fe in Ni-HEA-30, primarily due to the presence of oxidation layers of
Ni/Fe-OOH on the surface. The cleavage of HO-H bond goes through a transition
state (TS1) with an energy barrier to form an intermediate which with H* on O site
and adsorbed OH (HO*) on Ni and Fe sites. The energy barrier on the Fe and Ni
active sites dramatically decreases to 1.17 and 1.18 eV, respectively, suggesting that
the change of electric charge density could lower the energy barrier of H>O adsorption
and dissociation reaction at interface after laser etching. The HO* prefers to form OH-
that would rapidly migrate from the catalyst surface into the solution in an
endothermic manner, leaving the H>* on the catalyst surface. The rate-determining
step was observed on the Ni active site with an energy barrier of 0.10 eV, while Fe
active site displayed an energy barrier of 0.78 eV. This emphasizes that the presence
of heterointerfaces enables the HER catalysis to occur on a significantly lower
potential energy surface. Based on the aforementioned results analysis, the presence
of Cr in Ni-HEA-30 serves to modulate the electronic structure by shifting the d-band
center of Ni atoms further away from the Fermi level. Additionally, the introduction

of oxygen atoms through laser etching facilitates the formation of local nickel oxide
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and hydroxide species. Notably, NIOOH exhibits a strong binding ability with OH,
thereby promoting the dissociation of water and facilitating the production of *H
intermediates, ultimately enhancing the hydrogen evolution reaction (HER) activity.3!]
The obtained results demonstrate that the Ni-HEA-30 catalyst exhibits a dual

enhancement in both the catalytic activity and stability for HER.
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Figure 6 (a) Schematic shows stable distribution of elements in alloys and adsorption

of H>O on Ni sites of Ni-HEA-30; (b) The projected density-of-states of d orbitals of

Ni, Fe and Cr sites with aligned Fermi level in Ni-HEA-30; (c) Free energies of H.O

and H adsorption on various active sites. (d) Rate determining step of Ni, Fe and Cr

sites of Ni-HEA-30.
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Raman spectroscopy was conducted to investigate the interfacial electrocatalytic
behavior of the hydrogen evolution reaction (HER) during the electrochemical
process in NaCl (Figure 7a) and seawater (Figure 7b). In the presence of NaCl, the
Ni-HEA material exhibits no significant changes. However, in the case of Ni-HEA-30,
a distinctive peak at approximately 522 cm is attributed to the presence of Fe-OH
species.[*] The reaction was much more complicated in seawater and the peak at ~841
cm’! was attributed to Cr-OH.[*3 For Ni-HEA-X electrocatalysts in Figure 6a and 6b,
the peak at ~275 cm! corresponds to a-Fe>Os, and the broad peak from ~400 to ~700
cm! represent Ni-O stretch in defective and disordered Ni(OH),.I""! Nevertheless,
when comparing the Ni-HEA-X electrodes before and after the HER process, a
noticeable reduction in the peak intensity within the 200-600 cm™' range is observed.
This reduction suggests a phase homogenization and amorphization of the material
following the HER test. The remaining strong peak at ~700 cm’! suggests that more
octahedral Ni-O structures are produced and such saturated oxygen coordination is
known to be beneficial for the electrocatalytic activity.['> 32] The results of Raman
indicate that the active NIOOH and Fe-OH intermediate phases are easier to form
during the HER process, which contribute to the electrocatalytic activity. SEM images
of Ni-HEA-30 after HER process in NaCl and seawater were also obtained. As can be
seen in Figure 7c, the surface of Ni-HEA-30 after electrochemical testing in NaCl still
remains the clear tic-tac-toe shape. And the surface was corroded mildly and
composed of rough and porous structure (Figure 7d). The surface of Ni-HEA-30 after

electrochemical testing in seawater was corroded more seriously than in NaCl, but the
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surface morphology was destroyed less significantly and appeared some corrosion

products (Figure 7e and 7f). The SEM results indicate the high durability of

Ni-HEA-30 in a long-term HER process in NaCl and seawater.
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Figure 7 (a-b) Raman spectroscopy of Ni-HEA-30 after the HER process in different

electrolytes: (a) NaCl and (b) seawater; (d-f) SEM images of Ni-HEA-30 after the

HER process in different electrolytes: (c-d) NaCl and (e-f) seawater.
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3. Conclusion

In summary, we designed a novel Ni1.1FeCro4Vo3Tios high-entropy alloy (Ni-HEA)
via high throughput computing and prepared the non-noble NiFeCrVTi
multicomponent alloy employing SPS and laser etching for HER. Both theoretical and
experimental approaches were utilized to investigate the catalytic role of this alloy,
and we believe that the alloy composition and the morphology work synergistic and
have great influence on the electrocatalytic hydrogen evolution. The Ni-HEA-30
variant exhibited exceptional electrocatalytic performance in a neutral environment,
including high catalytic activity, stability, and specificity for HER, along with
remarkable resistance to chloride corrosion. Ni-HEA-30 demonstrated a low
overpotential of 37.9 mV (at 10 mA c¢cm™) for HER and a low Tafel slope of 36.2 mV

dec™!

in NaCl electrolyte. In seawater, it exhibited even better performance with a
lower overpotential of 55.9 mV (at 10 mA c¢cm?) and a lower Tafel slope of 47.3 mV
dec’!. DFT theoretical calculations revealed that the outstanding HER performance of
Ni-HEA-30 can be attributed to the synergistic effect of each alloy element. Notably,
the presence of Cr optimized the hydrogen adsorption free energy (AGH*) for
efficient electron transfer. Additionally, NIOOH exhibited strong OH binding ability,
promoting water dissociation and the production of *H intermediates, which further
improved the HER activity. The excellent HER electrocatalytic performance of

Ni-HEA-30 can be attributed to the exceptional synergistic effect of each alloy

element and the unique structure created by laser etching.
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