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Hybrid water electrolysis is a promising approach for energy-saving hydrogen (H,) generation by replacing
the oxygen evolution reaction with the thermodynamically advantageous sulfion oxidation reaction (SOR).
Herein, we designed iron-modified nickel selenide nanosheet arrays (Fe-Nig gsSe) and used them as an
electrocatalyst in bifunctional hydrogen evolution reaction (HER) and SOR to simultaneously facilitate Hy
production and sulfion conversion into a valuable sulfur product. Fe-NiggsSe requires a low
overpotential of 114 mV for the HER and a working potential of 0.340 V for the anodic SOR to attain 10
mA cm™2. Moreover, the two-electrode hybrid electrolysis cell employing Fe-NiggsSe as the cathode
and anode requires a small voltage of 0.439 V at 10 mA cm™2, which greatly reduces the operating
voltage by 1.186 V compared with that for overall water splitting, realizing energy-saving H, production
and high-value-added sulfur production. Theoretical calculations prove that Fe modification can
accelerate water dissociation, optimize the adsorption behavior of hydrogen adsorption and sulfion, and
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Introduction

Fossil fuel consumption and environmental deterioration have
increased the demand for sustainable and clean energy sour-
ces."? As a leading clean energy source, hydrogen (H,) possesses
the advantages of high energy density and environmental
benignness, which are crucial for future energy transitions.?
Traditional H, production methods face many problems, such
as serious environmental pollution, complicated equipment
processes and large investment/operational expenses. In
comparison, electrocatalytic overall water splitting (OWS) pow-
ered by renewable energy is a promising technology to generate
high-purity H, because of its mild operating conditions and
simplicity.*® However, this technology suffers from high volt-
ages and electricity expenses owing to the presence of the
sluggish oxygen evolution reaction (OER) at the anode, which
results in increased energy consumption.®” At present,
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bifunctional catalytic electrodes for economically viable H, generation and sulfur recovery.

precious-metal-based materials including Pt/C, RuO, and IrO,
are excellent materials used to lower energy expenditure, but
their low reserves and high costs hinder their
commercialization.**° Therefore, it is appealing to exploit high-
efficiency electrocatalytic systems and inexpensive catalysts.
Currently, researchers have adopted hybrid water electrol-
ysis (HWE) by employing the thermodynamically favorable
oxidation reactions of small molecules, including methanol,
glycerol, urea, 5-hydroxymethylfurfural (HMF), and hydrazine,
as substitutes for the OER at the anode, leading to optimized
catalytic systems and reduced energy consumption.'*** Wang
et al. prepared oxygen-vacancy-rich Coz;O, and coupled the
catalytic oxidation of HMF with the hydrogen evolution reac-
tion (HER) to produce FDCA and H, at low voltages.** Similarly,
Duan et al. reported the Au/CoOOH catalyst, which catalyti-
cally converted benzyl alcohol into high-value-added products
while realizing energy-saving H, production.” Among these
alternative reactions, the sulfion oxidation reaction (SOR; S%~
=S+ 2e”, —0.48 V vs. RHE) has the thermodynamic advan-
tage.'>” Meanwhile, toxic sulfion-containing wastewater is
common in many industrial processes and has adverse effects
on human health and the ecological environment. Therefore,
combining the SOR with the HER can simultaneously achieve
low-voltage H, generation and the degradation/conversion of
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sulfur-rich sewage to value-added sulfur without adding other
oxidants.'®*?

As we know, the formation and conversion of polysulfide
intermediates are accompanied by a 16-electron transfer
process during the SOR, resulting in slow catalytic kinetics.”***
Meanwhile, sulfur species can easily poison metallic catalysts,
greatly reducing their activities and stabilities. To resolve these
challenges, researchers have engaged diverse strategies such as
heteroatom doping and heterostructure construction to regu-
late electronic structures and reduce reaction energy barriers for
realizing high catalytic performances.””** However, most
prepared catalysts display monofunctional catalytic perfor-
mances for either the SOR or the HER, which can lead to the
incompatibility and deterioration of catalysts and high prepa-
ration costs when pairing them in an electrolytic cell. Therefore,
relevant studies on bifunctional catalysts for the HER and SOR
to achieve H, production are of great significance.

Herein, we developed hierarchical and efficient bimetallic
selenide (Fe-NiygsSe) nanosheet arrays, which serve as
a bifunctional catalyst to catalyze H, production and sulfion ion
oxidation. As expected, Fe-Ni, gsSe displays remarkable catalytic
activities for the HER and SOR. The combined Fe-Nig g5Se-
based hybrid water electrolyzer possesses good catalytic activity
and durability and needs a low cell voltage of 0.439 V at 10 mA
cm %, achieving energy-efficiency H, production and sulfion
upgradation to valuable sulfur. The outstanding catalytic
performances of Fe-Ni, gsSe are attributed to the regulation of
the composition and electronic structure, which promotes
catalytic intermediate adsorption and decreases the energy
barriers of catalytic reactions.

Results and discussion
Synthesis and characterization

The preparation scheme for Fe-Ni, gsSe is displayed in Fig. 1a.
Initially, the hydrothermal process was adopted to synthesize
NiFe layered double hydroxide (NiFe LDH) on a nickel foam
(NF) substrate, and the corresponding phase was confirmed by
X-ray diffraction (XRD; Fig. S1f). The scanning electron
microscopy (SEM) images show the uniform and inter-
connected growth of NiFe LDH nanosheets with a relatively
smooth surface on the NF (Fig. 1b and c). Subsequently, black
Nig gsSe and Fe-Nij gsSe products were obtained by a hydro-
thermal selenization process. The several typical diffraction
peaks at 33.1°, 44.6°, 50.5°, 59.9°, 61.7° and 69.6° can be
attributed to the (101), (102), (110), (103), (201) and (202) lattice
planes of hexagonal Nij gsSe (JCPDS No. 18-0888), respectively,
confirming the synthesis of NijgsSe and Fe-Ni, gsSe (Fig. 1d).
Although Fe-NipgsSe maintains a similar nanosheet-like
morphology (Fig. 1e and S27), careful observation shows that
the Fe-Nij, gsSe nanosheets are composed of many nanoparticles
with diameters of about 100 nm, which is beneficial for
exposing abundant active sites and promoting rapid mass
transport. Transmission electron microscopy (TEM) was per-
formed to identify the morphology of Fe-Nij, g5Se, which further
confirms its nanosheet structure composed of nanoparticles
(Fig. 1f). In the high-resolution TEM (HRTEM) image (Fig. 1g),
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the interplanar spacing of 0.268 nm is attributed to the (101)
crystal plane of Fe-NijgsSe. The elemental mapping images
(Fig. 1h-k) reveal the presence of Ni, Fe and Se elements, which
are uniformly distributed on the surface of Fe-NijgsSe
nanosheets.

X-ray photoelectron spectroscopy (XPS) tests were carried out
to detect surface chemical states. In Fig. 2a, the survey XPS
spectrum confirms the coexistence of Ni, Fe and Se elements in
the Fe-Ni, gsSe sample. Fig. 2b displays the high-resolution Ni 2p
spectrum of Fe-Ni gsSe, and the two peaks located at 852.5 and
869.9 eV belong to the Ni 2p;, and Ni 2p,, of Ni**, and the
binding energies at 855.5 and 873.1 eV are indexed to the Ni 2p;/,
and Ni 2p,, of Ni*", respectively.?® The remaining two peaks at
861.1 and 879.4 eV are ascribed to satellite peaks. Similarly, the Fe
2p spectrum (Fig. 2c) shows three pairs of 2p;/,/2py, doublet
peaks located at 707.8/721.5, 712.0/725.3 and 716.6/729.7 €V.” For
Se species, the Se 3d spectrum of Fe-Ni, gsSe (Fig. 2d) is decon-
voluted into two peaks at 53.7 and 54.8 eV, which are attributed to
Se 3ds/, and Se 3d;),, respectively, indicating the presence of the
metal-Se bond. The peak at 58.5 eV is attributed to the Se-O
bond, ascribed to the unavoidable slight surface oxidation.?®

Electrochemical performances

The HER performance of Fe-Ni, gsSe was assessed in a three-
electrode system. In Fig. 3a and g, Fe-Nij gsSe displays excel-
lent HER activity and requires small overpotentials of 114 and
365 mV to deliver current densities of 10 and 400 mA cm 2,
lower than those of NijgsSe (138 and 411 mV), respectively,
confirming the crucial role of Fe introduction in improving
catalytic performance of Ni,gsSe. The catalytic activity of Fe-
Niy gsSe also surpasses that of many developed HER catalysts
(Fig. 3d and Table S17).

Tafel plots were fitted from the corresponding polarization
curves to investigate HER kinetics. Fe-Nij, gsSe possesses a small
Tafel slope of 71 mV dec™ ' (Fig. 3b and g), smaller than that of
Nig g5Se (93 mV dec '), implying that the HER process of Fe-
Niy gsSe follows a Volmer-Heyrovsky pathway. The low Tafel
slope of Fe-Nij gsSe suggests that it has quick HER kinetics and
outstanding catalytic activities because of the electronic struc-
ture optimization of Ni,gsSe after Fe doping.”*** To deeply
understand the origin of the high intrinsic activities of Fe-
Nig gsSe, electrochemical impedance spectroscopy (EIS) was
performed. In Fig. 3c and g, the Nyquist plots show that Fe-
Ni, g5Se has a smaller charge-transfer resistance (R.; 0.5 Q) than
Nij g5Se (0.6 Q), implying the key role of Fe doping in promoting
the charge transfer rate. Furthermore, the number of catalytic
sites on Fe-Ni, gsSe can be quantified using the electrochemi-
cally active surface area (ECSA) derived from the electro-
chemical double-layer capacitance (Cgq), which is calculated
from cyclic voltammograms (Fig. S3f). In Fig. 3e and g, the
calculated Cq4; and ECSA values of Fe-Nij g5Se (17.7 mF cm ™2 and
442.5 cm™ %) are higher than those of Ni, gsSe (15.1 mF cm ™ > and
377.5 em?), indicating that Fe-Ni, gsSe has more catalytic sites
than Nij gsSe, in agreement with the remarkable activity of Fe-
Nig gsSe.** In Fig. 3f, the ECSA-normalized curves further reveal
that Fe-NijgsSe still has higher catalytic performances than

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 (a) Schematic of preparation of xFe-Nig gsSe. (b and c) SEM images of NiFe LDH nanosheets. (d) XRD patterns, (e) SEM, (f) TEM, (g) HRTEM,
(h—k) SEM and homologous element mapping images of Fe-Nig gsSe.
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Nij g5Se, indicating that Fe doping can effectively improve the
intrinsic activity of NiygsSe and expose more catalytic sites.
Ni 2p,, Ni 2p Furthermore, long-term stability is a key parameter for catalysts.

/\ Ni 2p,, In Fig. 3h, the chronopotentiometry (v-¢) curve displays that Fe-

A‘V,\\ Nig gsSe has outstanding durability with almost-unchanged

\/\\V'/ - potentials during a 50-h test. Moreover, the nanosheet-like

V morphology of Fe-Ni gsSe does not change greatly (Fig. S47),

= and the Ni, Fe and Se elements are homogeneously distributed

Bing?nsg Energglo V) 900 850 Bi?%%ng Eggorgy (es\?)o on .the surface. of Fe-Ni, g5Se nar'lc?sheets (Fig. S57), indicating
their outstanding structural stability.

Fe 2p Se 3d The OER performance of Fe-Ni, g;Se was further measured.

In Fig. 4a, Fe-Ni, gsSe displays good OER activities and requires

low potentials of 1.485 and 1.577 mV to deliver 50 and 400 mA

em 2, much lower than those required by Ni, gsSe (1.536 and

1.694 mV) and RuO, (1.538 and 1.786 mV), respectively. Even so,

: ' ' the OER potentials for Fe-Ni, g5Se are still high, leading to high
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Fig. 2 (a) Survey XPS, (b) Ni 2p, (c) Fe 2p and (d) Se 3d spectra of Fe-  potential and achieve energy-efficient H, production. The SOR

Nig gsSe. activities were evaluated in 1 M NaOH containing different
concentrations of Na,S (0.5-1.5 M). The SOR activity of Fe-
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Nip gsSe rapidly increases when the concentration of Na,S
increases to 1 M (Fig. S61). In 1 M NaOH containing 1 M Na,S,
Fe-Ni, g5Se displays splendid SOR activities with low potentials
of 0.340 and 0.593 V at 10 and 400 mA cm > (Fig. 4b and d),
smaller than those of Nij, gsSe (0.372 and 0.635 V), RuO, (0.406
and 0.893 V) and most previously developed SOR materials
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(Table S2%), respectively. Moreover, the SOR process on Fe-
Niy gsSe shows greatly reduced potentials compared with the
OER, confirming the feasibility of replacing the OER with the
SOR to realize low cell voltages. The corresponding Tafel plots
(Fig. 4c) manifest that Fe-Ni, g5Se still possesses a smaller Tafel
slope value (81 mV dec ') than Ni,gsSe (104 mV dec™') and
RuO, (179 mV dec '), implying that Fe-Ni, gsSe has fast SOR
kinetics.*” The stability of Fe-NijgsSe was also studied. In
Fig. 4e, Fe-NijgsSe exhibits almost-constant potentials over
a 20-h test, and the corresponding nanosheet-like morphology
(Fig. S7f) and homogeneous distribution of Ni, Fe and Se
elements are well maintained (Fig. S8t), further illustrating its
good durability for the SOR.

Motivated by the eminent HER and SOR performances of Fe-
Nig gsSe (Fig. 5a), traditional and hybrid two-electrode electro-
lyzers were assembled. In Fig. 5b, the HWE electrolyzer can
output current densities of 10 and 200 mA cm 2 at low cell
voltages (Vy and V,g0) of 0.439 and 0.811 V, respectively, lower
than those needed in the conventional OWS system (1.625 and
1.998 V). In Fig. 5¢, the stability test curve shows that Fe-Nij g5Se
operates steadily for 100 h with negligible voltage degradation,
confirming its outstanding durability. After the durability test,
the relevant electrolyte was acidified with sulfuric acid, and
yellow powders were obtained, which are verified to be
elemental sulfur (Sg, PDF#77-0145, Fig. 5d), implying high
valuable sulfur recovery. These results indicate that the substi-
tution of the OER by the SOR not only significantly decreases
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Fig. 6 Structural models of (a) Nig gsSe and (b) Fe-Nig gsSe. (c) Water ad
profiles of the stepwise SOR of Nig gsSe and Fe-Nig gsSe. (g) Schematic
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sorption, (d) activation energy, (e) AG« comparison, and (f) free energy
of the HER and SOR processes.
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the cell voltages of H, production but also affords a high-value
sulfur product in sulfion-rich wastewater.

Theoretical analysis

To reveal the origin of the high HER and SOR performances of
Fe-Nij gsSe, we carried out density functional theory (DFT)
simulations to illustrate its reaction mechanism. The structure
models are displayed in Fig. 6a and S9t. The adsorption and
dissociation of H,O and free energy change of H* (AGy+) for the
HER were analyzed. In Fig. 6b, Fe-Ni, gsSe shows a lower H,O
adsorption energy (Ey,o; —0.81 €V) than NijgsSe (—0.16 eV),
indicating that H,O molecules are easily adsorbed on the
surface of Fe-Ni, gsSe for the subsequent dissociation process.**
For Nij g5Se, the H,O dissociation and adsorbed hydrogen (H*)
generation energy barriers are calculated to 1.36 and 1.18 eV,
respectively. After Fe doping, the corresponding energy barriers
of Fe-Ni, gsSe decrease to 1.13 and 0.99 eV, respectively, indi-
cating that the H,O dissociation process of Fe-Ni, gsSe is more
thermodynamically favorable to produce H* than Ni, gsSe.**
Meanwhile, the AGy+ value of Fe-Nig g5Se is calculated to be
0.61 eV (Fig. 6e), which is close to thermoneutrality compared
with that of Nij g5Se (0.77 eV), indicating the fast H, production
capacity of Fe-Nij gsSe.*” The structure models of H,O dissoci-
ation and H* on NijgsSe and Fe-NiggsSe are displayed in
Fig. S10-127. Additionally, DFT analysis of the SOR process was
carried out, and the intermediate energy changes of the step-
wise oxidation of §*~ to Sg (S*~ —>S$*—S; >S5, >S5, >S; —S)
on Nij gsSe and Fe-Ni, g;Se were estimated on Ni, g;Se and Fe-
Nip gsSe (Fig. 6f and S13t). Notably, Fe-NiggsSe has a more
negative energy barrier value for S>~ adsorption (AG:g, —0.51
eV) than NiggsSe (—0.36 eV), implying the favorable S>~
adsorption for Fe-Ni,gs;Se, which is vital for the subsequent
desulfurization process.***” According to calculated free energy
changes (Fig. 6f), the desorption process from *Sg to Sg is
identified as the rate-determining step (RDS) for Nij gsSe,
requiring a high energy barrier of 1.56 eV. After Fe doping, Fe-
Niy gsSe has a low free energy barrier of 1.00 eV for desorbing *Sg
to Sg, which effectively increases SOR performances. These
results indicate that Fe introduction not only promotes water
dissociation and optimizes the thermodynamic efficiency of H*
during the HER but also speeds up the oxidation process of $>~
for the SOR, consistent with the above-discussed high HER and
SOR performances of Fe-Nij gsSe.

Conclusions

In summary, we constructed an Fe-Ni, gsSe catalyst via hydro-
thermal and selenization strategies, which exhibited splendid
catalytic activities towards the HER and SOR in an alkaline
electrolyte due to the synergistic effect of Fe incorporation and
uniform nanosheet arrays. The resultant Fe-Ni, g5Se realizes the
10 mA cm 2 at a low overpotential of 114 mV for the HER and
a potential of 0.340 V for the SOR. Meanwhile, the assembled
Fe-Ni, gsSe-based electrolyzer achieves energy-saving H,
generation and sulfion upgradation to a value-added sulfur
product, which needs low cell voltages of 0.439 and 0.811 V to
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reach 10 and 200 mA cm™ > DFT calculations reveal that Fe
incorporation plays vital roles in increasing HER and SOR
performances, which can enhance the adsorption of catalytic
reactants and intermediates and lower energy barriers for the
HER and SOR. This study offers a new scheme for the efficient
preparation of H, and sulfur in sulfion-containing wastewater.
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