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Abstract
Seawater electrolysis powered by surplus renewable energy has garnered significant attention as
part of global efforts towards carbon neutrality and climate change mitigation. Current mainstream
seawater electrolysis primarily relies on alkaline or acidic electrolytes, which presents ongoing
challenges due to their high costs and substantial maintenance requirements. As a result, neutral
seawater electrolysis is emerging as a more attractive alternative, given its abundance. It remains
a challenge due to its high salt content. In this work, we report the direct laser-induced synthesis
of a medium-entropy alloy nanoparticles (MEA NPs), FeNiCoRu, as a bifunctional electrocatalyst
for neutral seawater electrolysis. The unique features of direct laser induction including ultrahigh
temperature, rapid heating/cooling rates enable the formation of homogeneous FeNiCoRu MEA
NPs without phase separation. The FeNiCoRu MEA NPs exhibit the highest catalytic activity for
hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) among their single,
binary, and ternary counterparts. Specifically, overpotentials of -0.368 V and -0.448 V are required
for HER, while overpotentials of 0.559 V and 0.652 V are needed for OER to deliver current
densities of 10 mA/cm? and 50 mA/cm?, respectively. When assembled into an electrolyzer,
FeNiCoRu|[FeNiCoRu demonstrated an acceptable stability with a voltage increase of 0.161 V
after 270 hours of continuous operation. The enhanced performance is attributed to the synergistic
effects of the multi-elemental composition, particularly the role of Ru in reducing reaction barriers.
Our findings demonstrate that direct laser-induced synthesis is a viable approach to develop
advanced multi-component electrocatalysts, presenting a feasible solution for efficient neutral
seawater electrolysis and the large-scale generation of green hydrogen.

Keywords: neutral seawater electrolysis, medium-entropy alloy, direct laser induction



Sustainable Energy & Fuels

1. Introduction

Green hydrogen plays a crucial role in decarbonization by providing a clean, renewable energy
source that can replace fossil fuels in various industries, such as transportation and heavy
manufacturing industry.! Currently, alkaline and acidic electrolysis using freshwater, powered by
surplus offshore renewable energy sources, has the potential to revolutionize the energy
landscape.?> However, the widespread adoption of these technologies is hindered by considerable
challenges, particularly the limited and uneven global distribution of freshwater resources.
Seawater, which comprises 96.5% of Earth’s water resources, represents a more abundant and
potentially sustainable alternative. As such, seawater electrolysis has emerged as a transformative
technology, achieving substantial advancements in recent years.*'© For example, Xie and
colleagues developed a direct seawater electrolysis system that incorporates a self-breathable
waterproof membrane and an self-dampening electrolyte into the electrolyzer.* This innovative
approach effectively addresses side-reactions and corrosion issues, allowing the demonstrated
system to operate stably for over 3000 hours at a current density of 250 mA/cm?. In another
example, Guo et al. introduced a Lewis acid layer of chromium oxide over transitional metal oxides
to modulate the local reaction environment.> This modification facilitates hydrogen evolution
reaction (HER) kinetics while preventing undesirable precipitation. Nevertheless, the high costs
associated with acidic or alkaline chemicals and electrolyzer device present ongoing challenges,
making natural seawater electrolysis more attractive in consideration of the high salt contents.!!-13
Therefore, the development of robust electrocatalysts that exhibit high activity and maintain long-
term stability in neutral seawater is crucial to achieving industrial viability.

Currently, mainstream electrocatalysts mainly focus on noble metal electrocatalysts such as

Pt/C for HER and IrO,/RuO, for oxygen evolution reaction (OER).'* However, However, the high
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cost, scarcity, limited utilization efficiency, and poor durability of noble metals (Pt, Ru, and Ir)
significantly hinder their large-scale commercialization.!> At the same time, the catalytic activity
and selectivity of transition metals (Fe, Ni, and Co) remain insufficient to fully replace noble
metals.!® Alloying an active metal with other inexpensive, stable, and catalytically active metals
represents one of the most effective strategies to enhance catalytic activity, increase noble metal
utilization efficiency, and reduce costs. The rising demand for novel alloys with superior properties
necessitates a paradigm shift in alloy design, moving beyond conventional approaches toward the
development of unconventional alloys.

Recently, medium/high entropy alloys, containing three or more principal metals in a single-
phase crystal structure, have demonstrated remarkable performance in various catalytic
applications.!’20 They possess numerous unique features like abundant and active metal-metal
interfaces, continuously changed adsorption energy, inherent thermal and chemical stability, and
outstanding corrosion resistance, thus holding a great promise for the next-generation
electrocatalysts.'® 2! For example, Wang and coworkers prepared TiNbTaCrMo high entropy alloy
(HEA) nanoparticles (NPs) using confinement assisted arc and plasma shock method and explored
it for HER in natural seawater (pH = 8.3).22 TiNbTaCrMo HEA NPs required an overpotential of
0.97 V to deliver a current density of 50 mA/cm?. Kang et al. developed in-situ electrodeposited
spinel-structured high entropy oxides/NiFeCuMoMn HEA multiphase electrocatalysts and showed
an overpotential of 0.371 V at 10 mA/cm?.23 However, the HER performance of these materials
significantly lags behind those achieved in acidic or alkaline electrolytes, hindering the practical
applications. Additionally, the synthesis procedures are often complex, requiring specialized
equipment. Therefore, developing a simple and efficient method for fabricating medium/high-

entropy alloys for effective neutral seawater electrolysis is highly desired.
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Herein, we present direct laser-induced synthesis of a medium entropy alloy (MEA),
FeNiCoRu in the form of nanoparticles (NPs) as a bifunctional catalyst for neutral seawater
electrolysis. The direct CO, laser induction technique offers exceptionally ultrahigh temperatures
(>3200 K) along with ultrafast heating and cooling rates (up to 10° K/s). These conditions enable
the formation of FeNiCoRu NPs with a homogeneous face-centered cubic (FCC) crystal structure.
Material characterizations show no observable phase separation, which is often a limitation in the
synthesis of multi-component alloys. FeNiCoRu NPs show superior electrocatalytic performance
for HER and OER in neutral seawater compared to their single-element, binary, and ternary alloy
counterparts. Specifically, they require overpotentials of only -0.368 V and -0.392 V to achieve
current densities of 10 mA/cm? and 50 mA/cm?, respectively, for HER. For OER, they necessitate
an overpotential of 0.613 V to reach a current density of 10 mA/cm?. When assembled into an
electrolyzer, FeNiCoRu||[FeNiCoRu demonstrated an acceptable stability with a voltage increase
of 0.161 V after 270 hours of continuous operation. The enhanced electrocatalytic performance of
FeNiCoRu NPs can be attributed to the synergistic effects arising from multi-elemental
compositions, particularly the incorporation of Ru playing a critical role in lowering reaction
barriers and improving catalytic efficiency. The combination of multiple transition metals not only
optimizes active site properties but also contributes to improved chemical stability for effectively
mitigating degradation in neutral seawater conditions. This work highlights the promise of

FeNiCoRu NPs in bridging the gap between conventional electrocatalysts and practical, large-

scale neutral seawater electrolysis, offering a pathway towards efficient green hydrogen generation.

It also underscores the potential of direct laser-induced synthesis as a viable approach for

fabricating advanced multi-component catalysts for various applications.
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2. Results and Discussion

As shown in Figure 1a, FeNiCoRu NPs on a carbon paper were synthesized using a direct
CO, laser induction method that we previously demonstrated.?’ The synthesis involved the
following steps: First, a specific volume of metal-citrate complexes, including metal chlorides
(FeCls, NiCl,, CoCl,, and RuCls) along with sodium citrate as a chelating agent, was drop-cast
onto a precleaned carbon paper (Table S1). After allowing the carbon paper to dry, a commercial
CO, laser was employed to irradiate both sides of the carbon paper under predetermined
parameters, facilitating the reduction of metal-citrate complexes and the formation of single-phase
solid solution of FeNiCoRu NPs. This laser-induced synthesis not only ensures efficient energy
input but also enables rapid conversion under ambient conditions. The method achieves an
ultrahigh temperature of > 3200 K and an ultrafast heating and quenching rates of 105 K/s.?° The
induced high temperature enhances atomic mobility, allowing different metal atoms to be
homogeneously distributed within the particales.?- 2* The ultrafast heating rate ensures that the
metal precursors rapidly reach the decomposition temperature, while the rapid quenching rate
helps to stabilize the desired structure without phase separation.?’> 24 These created far-from-
equilibrium conditions are unique in formation of metastable phases and homogeneous solid
solutions in a few seconds, which are hard to be synthesized by traditional approaches. In addition,
far-from-equilibrium conditions can cause abundant defects within the nanoparticles.?>-26 After
laser synthesis, the treated carbon paper was thoroughly washed with deionized water to remove
any unreacted salts or by-products and was then dried for subsequent characterization and
electrochemical testing. This approach effectively combines simplicity and scalability, making it

suitable for synthesizing metal alloy NPs with potential applications in catalysis and energy storage.
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The scanning electron microscope (SEM) image in Figure 1b reveals that FeNiCoRu NPs
possess a porous, three-dimensional interconnected structure and microscale roughness. This
unique morphology is highly advantageous, providing a high surface area that enhances the
accessibility of active sites and increases the number of available reaction points—critical factors
for catalytic applications.?’ The interconnected porous structure facilitates diffusion of reactants
and promotes contact of the reactants with the catalyst. More importantly, the microscale
roughness of the FeNiCoRu NPs plays a crucial role in electrochemical performance.?®2° It allows
for effective electrolyte infiltration, enhancing wettability and ensuring the uniform distribution of
the electrolyte throughout the porous structure, which significantly boosts the catalytic reaction
rate. Additionally, the rough surface promotes the release of gas bubbles (hydrogen and oxygen).
By effectively dislodging gas bubbles from the catalyst surface, it prevents the blockage of active
sites and reduces the risk of detachment of FeNiCoRu NPs, which can otherwise reduce
electrocatalytic activity and long-term stability.

The high-resolution transmission electron microscope (HRTEM) image shows ordered lattice
fringes with an interplanar spacing of 0.22 nm (Figure 1c), corresponding to the (111) plane of
the face-centered cubic (FCC) structure of FeNiCoRu NPs, further confirming the crystalline
nature of the synthesized NPs. Additionally, the corresponding elemental mapping image reveals
a homogeneous distribution of the four metal elements—Fe, Ni, Co, and Ru—without any evident
phase separation or segregation (Figure 1d). This uniform distribution is crucial for consistent
catalytic performance. It suggests that the direct CO, laser induction method effectively produced
a stable, single-phase solid solution. Such a homogeneous distribution of metal elements, coupled

with the porous structure,!! makes FeNiCoRu NPs a promising candidate for an electrocatalyst.
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Figure 1. (a) Schematics showing synthesis steps of FeNiCoRu NPs using a CO; laser. (b) SEM,
(¢) TEM, (d) high-angle annular dark-field STEM (HAADF-STEM) and energy dispersive X-ray

(STEM-EDX) elemental mapping images of FeNiCoRu NPs.

X-ray diffraction (XRD) patterns were conducted to investigate the crystallinity and phase
composition of FeNiCoRu NPs. As shown in Figure 2a, FeCoCrRu NPs exhibit four diffraction
peaks, with the first two at 42.8 and 49.7 corresponding to the (111) and (200) planes of an FCC
structure (JCPDS 04-0850), and the other two at 44.4 and 53.7 are attributed to graphic carbon
paper.33! Close observation shows that the introduction of Co and Ru into FeNi to form
FeNiCoRu NPs causes a significant blue shift of the (111) plane, indicating presence of abundant
lattice distortion in FeNiCoRu crystal structure.?’ This distortion is primarily due to lattice
mismatch and changes in bond distances resulting from the partial substitution of Ni sites with Fe,
Co, and Ru atoms.?® Moreover, the absence of the peaks related to separated metals or their oxides
in all three samples strongly confirms the direct CO, laser induction is a powerful technique for

synthesizing single-phase solid solution NPs under the ambient conditions.
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X-ray photoelectron spectroscopy (XPS) was used to determine the chemical composition and
valence states of FeNiCoRu NPs. The survey spectrum in Figure 2b validates the existence of Fe,
Ni, Co, Ru, C, and O elements. Regarding the high-resolution Fe 2p spectrum (Figure 2¢), the
peaks at 709.6 eV and 718.3 eV correspond to metallic Fe® 2ps,, and Fe? 2p, ), respectively.?0: 3!
Four additional peaks at 711.0 eV, 722.0 eV, 712.9 eV, and 723.9 eV, along with two satellite
peaks at 715.3 eV and 725.7 eV, indicate the presence of Fe?" and Fe3* oxidation states. For high-
resolution Ni 2p spectrum (Figure 2d), the peaks at 853.3 eV and 870.7 eV correspond to metallic
Ni? 2p;/, and Ni° 2py,, respectively. Peaks at 855.6 eV and 872.4 €V, along with satellite peaks at
861.8 eV and 879.9 eV, can be indexed to Ni?" 2ps3,, and Ni** 2p;, respectively.?%- 32 The high-
resolution Co 2p spectrum in Figure 2e was split into two components: metallic Co? (781.0 eV
and 796.8 e€V) and oxidized Co*" (786.5 eV, and 803.2 e€V).2% 32 The high-resolution Ru 3p
spectrum shows the presence of metallic Ru and ruthenium oxides (Figure 2f). The peaks at 461.9
and 483.8.4 eV correspond to Ru’ 3ds, and Ru® 3d;,,, respectively, and the other two peaks at
464.7 eV and 485.7 eV are attributed to Ru®" 3ds;, and Ru®" 3ds),, respectively.??- 33 Notably, Ru
predominantly exists in the metallic state compared to Fe, Ni, and Co, which enhances the number
of electroactive Ru sites, potentially improving catalytic activity.>* In addition, the high-resolution
O 1s spectrum (Figure S1) was deconvoluted into three subpeaks, correlating to lattice oxygen in
amorphous metal oxides (530.1 eV), vacancy oxygen (530.8 eV), and adsorbed oxygen (532.0
eV), respectively.?%- 3! These results reveal that FeNiCoRu NPs possess both oxidized and metallic

states.
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Figure 2. (a) XRD pattern of FeNiCoRu, FeNiCo, and FeNi NPs. (b) Full spectrum, high-

resolution XPS spectra of (b) Fe 2p, (¢) Co 2p, (d) Ni 2p, (e) Cr 2p, and (f) Ru 3p.

The electrocatalytic performance of the FeNiCoCrRu NPs for HER and OER were first
evaluated using a typical three-electrode configuration in a neutral electrolyte (0.5 M NaCl), a
simulated seawater electrolyte. All potentials were calibrated to the reversible hydrogen electrode
(RHE) with 95% iR-correction. Cyclic voltammetry (CV) was conducted to electrochemically
activate and stabilize the electrocatalysts followed by linear sweep voltammetry (LSV). As
anticipated, the carbon paper alone exhibits negligible HER activity (Figure 3a), highlighting its
inefficacy as a catalyst under the tested conditions. Pure Fe electrocatalyst demonstrates modest
HER performance (Figure 3a and Table S2), requiring significant overpotentials of -0.640 V and
-0.687 V to achieve current densities of -10 and -50 mA/cm?, respectively. This high overpotential
indicates limited efficiency, likely due to sluggish reaction kinetics and unfavorable adsorption

characteristics on the Fe surface. HER activity improved incrementally as alloying elements were
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introduced. The binary alloy FeNi and the ternary alloy FeNiCo both showed slightly better
catalytic activity compared to pure Fe, indicating a synergistic effect due to the increased
heterogeneity and potentially more favorable electronic structures brought by alloying.3! However,
the improvement was still moderate, suggesting that further compositional optimization was
needed to achieve competitive performance. A significant leap in HER activity was observed upon
the introduction of Ru into the FeNiCo alloy, forming the quaternary alloy FeNiCoRu NPs, which
required overpotentials of only -0.368 V and -0.448 V to deliver current densities of 10 and 50
mA/cm?, respectively. Remarkably, the HER activity of FeNiCoRu NPs approaches that of the
benchmark Pt/C catalyst with overpotentials of -0.354 V and -0.457 V at 10 and 50 mA/cm?,
respectively, suggesting that the strategic incorporation of Ru creates active sites that are
energetically favorable for the HER process. Our previous study indicated that Ni and Ru active
sites stabilize different intermediates, with Ni facilitating H,O adsorption and dissociation while
Ru simultaneously accelerating combination of H* to H,.2%35-36 This marked improvement can be
attributed to Ru's well-known intrinsic HER activity, as well as its capability to modify the
electronic environment of the alloy, enhancing hydrogen adsorption and desorption kinetics.?% 3!
The Tafel slopes provide further insight into their reaction mechanisms (Figure 3b and Table
S2).37-38 The Fe, FeNi, and FeNiCo electrocatalysts exhibit relatively high Tafel slopes (181.8
mV/dec for Fe, 189.4 mV/dec for FeNi, and 158.3 mV/dec for FeNiCo), indicative of slow reaction
kinetics and substantial energy barriers for HER. In contrast, the FeNiCoRu exhibits a notably
lower Tafel slope (104.4 mV/dec), suggesting improved charge transfer and enhanced reaction
kinetics. This reduction in Tafel slope underscores the beneficial impact of Ru, as it not only lowers
the overpotential but also facilitates a more efficient catalytic pathway, closely resembling the

behavior of Pt/C.3! To quantify the exposed active sites on the electrocatalysts, electrochemical

10
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surface area (ECSA) was determined from the double-layer capacitance in the non-Faradaic region
(Figure 3c and Figure S2). Among these electrocatalysts, FeNiCoRu exhibits the highest ECSA
value of 865.1 cm?, significantly surpassing the values observed for FeNiCo (411.2 cm?), FeNi
(729.4 cm?), and Fe (415.1 cm?). A higher electrochemically active surface area (ECSA) reflects
a higher density of active sites, which is directly associated with enhanced catalytic performance.

Furthermore, underpotential deposition of hydrogen (Hypp) was conducted to explore
hydrogen adsorption. Hypp is a process where hydrogen atoms are adsorbed onto the surface of
the electrocatalyst at potentials more positive than the equilibrium potential for hydrogen evolution,
which provides valuable information about the surface structure and binding properties of the
electrocatalyst.’® As shown in Figure S3, no peaks corresponding to the oxidation and reduction
of Ru-based oxides are observed.?® The Hypp peak of FeNiCoRu is stronger than those of Fe, FeNi
and FeNiCo, implying a higher hydrogen adsorption capacity on FeNiCoRu.4-4! Specifically, the
favorable adsorption of H,O leads to the formation of lots of hydrogen adsorbed on FeNiCoRu
NPs, enhancing proton supply and subsequently promoting the hydrogen production process.

The OER activities of all electrocatalysts were evaluated under identical conditions to ensure
comparability (Figure 3d-3f, and Table S2). The catalytic activity demonstrates a clear trend,
following the order: FeNiCoRu > RuO, > FeNiCo > FeNi > Fe (Figure 3d). This sequence
highlights that the incorporation of Ru into the catalyst structure significantly enhances the OER
activity. Specifically, the introduction of Ru appears to favor a reaction pathway toward reduced
energy barriers in the rate-determining step, thus improving overall reaction kinetics.3! Specifically,
FeNiCoRu requires overpotentials of 0.559 V and 0.710 V to deliver current densities of 10 and
80 mA/cm?, respectively. Moreover, as illustrated in Figures 3e, the FeNiCoRu exhibits a notably

small Tafel slope of 75.4 mV/decade, indicative of faster reaction kinetics and efficient charge

11
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transfer. Furthermore, it possesses the largest ECSA (141.4 cm?) (Figure 3f and Figure S4),
suggesting a higher number of active sites available for electrocatalysis. This increased ECSA
enhances the exposure of catalytic sites, contributing to the outstanding OER activity observed.

Notably, the FeNiCoRu NPs are superior or comparable to the recently reported electrocatalysts

for HER and OER (Table S3).
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Figure 3. Neutral seawater electrolysis over Fe, FeNi, FeNiCo, FeNiCoRu, Pt/C, RuO, and carbon
paper in 0.5 M NaCl electrolyte. LSV curves of (a) HER and (d) OER at a scan rate of 10 mV/s

with 95% iR compensation. Tafel slope plots of (b) HER and (e) OER. ECSA and TOF plots of

(¢) HER and (f) OER.

Finally, the overall neutral seawater electrolysis was compared in two assembled full
electrolyzers: FeNiCoRu|[FeNiCoRu and Pt/C|[RuO,. As depicted in Figure 4a, the
FeNiCoRu||[FeNiCoRu electrolyzer requires the voltages 0of 2.272 V and 2.422 V to achieve current

densities of 10 and 20 mA/cm?, respectively, which is comparable to those of the Pt/C|[RuO,

12
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electrolyzer (2.204 V and 2.347 V, respectively). To determine the Faradaic efficiency of the
FeNiCoRu|[FeNiCoRu electrolyzer, the hydrogen gas generated at the cathode was collected
(Figure 4b), resulting in a calculated Faradaic efficiency of 98.2%. To evaluate the feasibility of
the electrocatalysts for industrial applications, a long-term stability test was conducted on both
FeNiCoRu|[FeNiCoRu and Pt/C|[RuO, electrolyzers using chronopotentiometry at a constant
current density of 10 mA/cm? (Figure 4e). This stability is crucial for the development of
economically viable electrolyzers for large-scale applications, as it directly impacts operational
costs, energy efficiency, and the overall durability of the system. The results demonstrate that both
electrolyzers exhibit comparable stability for neutral seawater electrolysis, with only a minimal
increase in the applied voltage over time. Specifically, the FeNiCoRu||[FeNiCoRu electrolyzer
experiences a voltage rise of 0.161 V after 270 hours of continuous operation. Additionally, the
comparable performance between the FeNiCoRu|[FeNiCoRu and the Pt/C||[RuO, electrolyzers
underscores the potential of the FeNiCoRu NPs as a cost-effective alternative to precious metal-
based catalysts, particularly in scenarios where scalability and cost-efficiency are key
considerations. Such results are promising for the advancement of neutral seawater electrolysis
technology, emphasizing the practical applicability of FeNiCoRu NPs. Future work would explore
optimization strategies, including electrode architecture and electrolyte management, to enhance

the stability and efficiency of these systems under industrial conditions.
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Figure 4. (a) LSV curves of FeNiCoRu|[FeNiCoRu and Pt/C||RuO, electrolyzers in a simulated
neutral seawater electrolyte (0.5 M NaCl). (b) The Faradaic efficiency for H, production. (c)

Chronopotentiometry curves of FeNiCoRu|[FeNiCoRu and Pt/C||RuO, electrolyzers at 10 mA/cm?.

3. Conclusion

In summary, medium entropy alloy FeNiCoRu NPs were rapidly synthesized via a direct CO,
laser induction technique under ambient conditions. The resulting material exhibits a porous, three-
dimensional interconnected structure with microscale roughness, alongside a single-phase FCC
crystal structure without evidence of phase separation or segregation. FeNiCoRu NPs showed
superior electrocatalytic performance for both HER and OER during neutral seawater electrolysis,
offering overpotentials of -0.368 V for HER and 0.559 V for OER at a current density of 10

mA/cm?. When assembled into an electrolyzer, the FeNiCoRu|[FeNiCoRu required voltages of

14
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2.272 V and 2.422 V to deliver current densities of 10 mA/cm? and 20 mA/cm?, respectively,
demonstrating acceptable stability with a voltage increase of 0.161 V after 270 hours of continuous
operation. The enhanced electrocatalytic activity of FeNiCoRu NPs primarily originates from the
entropy-stabilizing effects, their porous and interconnected structure, and the multi-elemental
composition, especially the incorporation of Ru. The synergistic effects lead to a reduction in
reaction barriers and an improved catalytic efficiency. This work highlights the promise of
FeNiCoRu NPs in bridging the gap between conventional electrocatalysts and practical, large-
scale neutral seawater electrolysis, offering a pathway towards efficient green hydrogen generation.
To advance these systems for industrial applications, future efforts will prioritize optimizing
electrode structures and managing electrolyte composition to maximize both efficiency and

stability.

4. Materials and Methods
4.1 Chemicals

Iron chloride (FeCl;-6H,0, Sigma), nickel chloride (NiCl,-6H,0, Fisher), cobalt chloride
(CoCl,-6H,0, Sigma), ruthenium chloride hydrate (RuCl;-xH,O, Aldrich), sodium citrate
(Na;C¢Hs07:2H,0, Sigma), Pt/C (20 wt%, Alfa Aesar), ruthenium oxide (RuO,, Alfa Aesar),
Nafion (D520, Fisher), ethanol (200 proof, Decon Labs), and sodium chloride (NaCl, Sigma) were
all used as received without further purification. Carbon paper (AvCarb MGL370) was obtained
from FuelCell.
4.2 Preparation of FeNiCoRu NPs

Carbon paper, measuring 1 cm x 1.2 cm, was thoroughly washed with deionized water and

ethanol to remove any inorganic and organic residues. Next, a metal precursor solution containing
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Fe, Ni, Co, Ru, and sodium citrate was drop-cast onto the carbon paper. After drying, the carbon
paper was processed using a commercial CO, laser (Universal Laser Systems VLS3.50/60DT) and
subsequently washed with deionized water. The laser power and scan rates were set to be 18 W
and 10 cm/s, respectively. For comparison, three additional samples including FeNiCo, FeNi, and
Fe samples were prepared under identical conditions, with only the compositions of the metal
precursor solutions varying. Additional details can be found in Table S1.

4.3 Preparation of Pt/C and RuQO,

For comparison with conventional benchmarks, commercial Pt/C and RuO, electrocatalysts
were also prepared. First, 4 mg of commercial electrocatalysts (Pt/C or RuO,) was ultrasonicated
in 1 mL of the mixture solution containing deionized water, ethanol and Nafion (v/v/v = 19/5/1)
for 4 h. Then, 150 pL of the dispersion mixture was drop-cast onto CP and dried at 90 °C on a
hotplate. The loading mass of Pt/C and RuO, was calculated to be 0.5 mg/cm?.

4.4 Material Characterization

PANalytical X Pert Materials Research Diffractometer (A = 0.15406 nm) was used to analyze
the crystallinity of FeNiCoRu NPs. Helios 5 Hydra Dual Beam scanning electron microscope was
employed to observe the surface morphology of FeNiCoRu NPs. FEI Tecnai F20 STEM was
utilized to characterize the nanoparticle size and diffraction patterns. Kratos Axis 165
Photoelectron Spectrometer was used to analyze the surface chemical composition of FeNiCoRu
NPs.

4.5 Electrochemical Measurements

Electrochemical measurements were conducted using a Biologic SP-200 electrochemical

workstation in a three-electrode setup, with FeNiCoRu NPs acting as the working electrode,

graphite as the counter electrode, and Ag/AgCl as the reference electrode. The electrolyte was a
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0.5 M NaCl solution to replicate seawater conditions. All potentials were referred to the reversible
hydrogen electrode (RHE), using the relationship Eryg = E(Ag/AgCl) + 0.635 V. To activate the
electrocatalysts, cyclic voltammetry (CV) was performed at a scan rate of 100 mV/s, while linear
sweep voltammetry (LSV) was conducted at a scan rate of 10 mV/s. To analyze the impedance
properties, electrochemical impedance spectroscopy (EIS) was employed at an overpotential of
0.3 V, with a frequency range from 0.1 Hz to 100 kHz and an AC amplitude of 5 mV. To estimate
the double-layer capacitance (C ), CV measurements were carried out within non-Faradaic regions
at various scan rates. The value of C, was determined by plotting the current density difference
(4J = J,— J.) at specific potentials against the scan rate. The electrochemical active surface area
(ECSA) was then calculated using the equation ECSA = Cu/(Cy x A), where C; represents the
specific capacitance of an atomically smooth planar surface (0.04 mF/cm?) and A represents the
geometric area of the electrode (1 cm?). To assess the long-term stability, chronopotentiometry

was measured at a constant current density of 10 mA/cm?.
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