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ABSTRACT
The urea oxidation reaction (UOR) offers a sustainable and thermodynamically favorable alternative to the oxygen evolution
reaction, enabling coupling of urea-richwastewater remediationwith energy-efficient hydrogen production.However, the sluggish
six-electron-transfer kinetics of UOR necessitate advanced electrocatalysts to accelerate reaction dynamics. Heterostructure
engineering provides an effective strategy to regulate interfacial charge redistribution and enhance catalytic activity. Herein, we
report a rationally designed MoS2/Ni3Se2 heterostructure with an intrinsic built-in electric field, constructed on nickel foam via
hydrothermal growth followed by electrodeposition, exhibiting efficient bifunctional electrocatalytic activity toward UOR and
the hydrogen evolution reaction. Density functional theory calculations reveal spontaneous interfacial charge transfer at the
MoS2/Ni3Se2 interface, generating localized electrophilic and nucleophilic regions that facilitate urea adsorption, promote bond
activation, and accelerate decomposition kinetics. Benefiting from this interfacial electronicmodulation, the catalyst requires only
1.20 V vs. RHE to achieve 10 mA cm−2 for UOR in 1 M KOH + 0.5 M urea and an overpotential of 81 mV to reach the same current
density for HER in 1MKOH. Furthermore, the assembled UOR//HER electrolyzer operates at 1.31 V at 10mA cm−2 andmaintains
stable performance for over 100 h. This work advances heterostructure-based urea-assisted hydrogen production for sustainable
electrocatalysis.
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Introduction

ising concerns over energy scarcity and environmental degra-
ation have driven extensive efforts to develop efficient and
ustainable technologies for clean energy conversion [1–3].
mong these, water electrolysis has emerged as a promising
oute for green hydrogen production due to its zero-carbon
missions and environmental compatibility [4, 5]. Nevertheless,
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its overall efficiency is fundamentally limited by the sluggish
oxygen evolution reaction (OER), which requires a substantial
anodic overpotential. To address this limitation, considerable
attention has been directed toward replacing the OER with
more thermodynamically favorable organic oxidation reactions,
including alcohols, aldehydes, hydrazine, and urea, to achieve
energy-efficient hydrogen production [6–9]. Among these alter-
natives, UOR is particularly attractive due to its abundance, low
lligence technologies or similar technologies.
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ost, environmental compatibility, and low oxidation potential.
otably, the thermodynamic potential of the UOR (0.37 V vs.
HE) is substantially lower than that of theOER (1.23 V vs. RHE),
llowing electrolysis at reduced energy input and improved
nergy-conversion efficiency [10–12]. In addition, UOR offers
dual benefit by enabling the remediation of urea-containing
astewater, thereby enhancing both environmental and practical
alue [13–15].

espite these advantages, the practical implementation of UOR
emains challenging due to the intrinsically sluggish six-electron
ransfer kinetics and the strong C─N bond in urea molecules
16, 17]. Ni-based catalysts have been widely recognized as highly
ctive UOR electrocatalysts because Ni species can effectively
acilitate C─N bond dissociation. Nevertheless, the catalytic
ctivity and selectivity are often limited by insufficient control
f interfacial charge distribution and competing adsorption of
ydroxyl species in alkaline media. In this context, heterostruc-
ure engineering has emerged as an effective strategy tomodulate
nterfacial electronic structures and promote catalytic reactions.
ecent advances in heterostructure engineering, crystallinity
odulation, and 2D materials further underscore the pivotal
ole of interfacial electronic-structure regulation in accelerating
ydrogen evolution and charge-transfer kinetics across diverse
atalytic systems [18–20]. For instance, in Ni-modified Co2VO4
eterojunctions, electron transfer from Ni to Co2VO4 gener-
tes high-valent NiOOH and electron-rich Co2VO4, enabling
elective adsorption of urea’s C═O on Co2VO4 and -NH2 on
iOOH, creating opposing electronic pulls that facilitate C─N
ond cleavage [21]. Notably, interfacial charge redistribution
ithin heterojunctions lowers the Gibbs free energy for NiOOH
ormation, pinpointing these sites as the true active centers for
OR. Heterostructures such as NiSe2/MoSe2 [22] and NiF3/Ni2P
23] exhibit markedly reduced pre-oxidation potentials relative
o their single-phase analogues, a consequence of interfacial
lectron modulation.

n alkaline media, UOR proceeds through multiple proton-
oupled electron-transfer steps involving C─N bond cleavage.
owever, excessive adsorption of OH− species on catalyst
urfaces can compete with urea adsorption and promote the
ndesired OER pathway. Notably, urea molecules contain both
lectron-donating amino (─NH2) and electron-withdrawing car-
onyl (C═O) groups, providing opportunities for selective adsorp-
ion on catalytically differentiated sites. Recent studies show
hat heterojunctions comprising componentswith distinct energy
evels spontaneously generate built-in electric fields and stable
ocal electrophilic/nucleophilic sites at the interface, thereby
nhancing electronic migration and promoting selective adsorp-
ion of electron-donating or -withdrawing moieties in urea
24]. For example, Yan et al. demonstrated that CoS1.097/Ni3S2
eterojunctions exhibit enhanced UOR activity, attributed to self-
riven interfacial electron flow between the constituent phases,
hich establishes oppositely charged regions that facilitate urea
dsorption and activation [25]. Jiao and colleagues demonstrated
hat ─NH2 and C═O groups preferentially adsorb on Ni3N and
o2N, respectively, while the Ni3N/Mo2N heterostructure syner-
istically combines the merits of the individual phases, thereby
nhancing urea adsorption [26]. These advances motivate the
ational design of Ni-based systems that concurrently suppress
elf-oxidation and enhance urea adsorption, aiming to achieve
of 18
highly selective UOR catalysts with outstanding activity and
stability at industrially relevant current densities, yet this remains
a formidable challenge.

Inspired by these considerations, we constructed a MoS2/Ni3Se2
heterostructure, and the work function mismatch between
MoS2 and Ni3Se2 in the heterostructure electrocatalyst induces
an intrinsic built-in electric field that facilitates urea-assisted
hydrogen generation. The heterointerface between MoS2 and
Ni3Se2 induces energy-level alignment and interfacial band
reconstruction, generating an internal electric field that facilitates
directional charge migration. In situ Raman spectroscopy reveals
that this structure effectively regulates catalyst self-oxidation
and suppresses excessive NiOOH accumulation during UOR.
Density functional theory (DFT) calculations further reveal that
spontaneous electron migration from Ni3Se2 to MoS2 generates
electrophilic Ni3Se2 sites and nucleophilic MoS2 sites, which
preferentially interact with the electron-donating ─NH2 and
electron-withdrawing C═O groups of urea, respectively. This
interfacial charge redistribution promotes urea adsorption while
limiting excessiveOH− accumulation, thereby favoringUORover
the competing OER pathway. As a result, the MoS2/Ni3Se2 het-
erostructure exhibits highly selective and efficient UOR activity.
These results deliver key insight into the interfacial engineering
of heterostructured electrocatalysts and establish an effective
strategy for achieving energy-efficient hydrogen production via
urea-assisted electrolysis.

2 Results and Discussion

2.1 Interfacial Electric-Field–Mediated Catalysis
in a MoS2/Ni3Se2 Heterostructure

We envisaged that the semiconducting nature of MoS2 and
the metallic behavior of Ni3Se2 would fundamentally influence
electron distribution at their interface when assembled into a
heterostructure, thereby significantly enhancing catalytic perfor-
mance in urea-assisted water electrolysis. To test this hypothesis,
DFT calculations were performed to elucidate the built-in electric
field (BIEF) effect in the MoS2/Ni3Se2 heterointerface during
urea oxidation. Figure 1a presents a conceptual model illus-
trating the origin of charge redistribution at the MoS2/Ni3Se2
interface. According to band theory, the work-function differ-
ence governs electron transfer across the heterointerface. As
shown in Figure 1b,c, the work function of MoS2 (5.41 eV) is
higher than that of Ni3Se2 (5.12 eV), indicating a clear work-
function mismatch between the two components. Upon contact,
the electrochemical potential difference drives electron transfer
from Ni3Se2 to MoS2 until Fermi-level equilibration is reached,
generating an interfacial electric field. This charge redistribution
results in electron enrichment on MoS2 and hole accumulation
on Ni3Se2, thereby establishing a BIEF at the heterointerface.
The resulting asymmetric charge distribution also creates an
intrinsic interfacial polarity, in which the electron-rich MoS2
and electron-deficient Ni3Se2 generate a directional electrostatic
potential that facilitates charge separation and promotes electron
transport across the heterointerface while suppressing charge
recombination.

Charge-density-difference analysis further confirms pronounced
interfacial charge redistribution in the MoS2/Ni3Se2
Small, 2026
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FIGURE 1 Structural evolution and electronic modulation of the MoS2/Ni3Se2 heterostructure. (a) Schematic representation of interfacial charge
redistribution across theMoS2/Ni3Se2 heterostructure interface. (b)Work-function alignment ofMoS2 andNi3Se2 before and after contact. (c) Formation
of the BIEF at the heterojunction. (d) Charge-density-difference distribution of the MoS2/Ni3Se2 heterostructure. (e) Interfacial charge transfer across
theMoS2/Ni3Se2 interface. (f) Schematic illustration of the adsorption configuration and electrocatalytic pathway for urea oxidation on theMoS2/Ni3Se2
heterostructure. (g) Interfacial activation of urea molecules at the MoS2/Ni3Se2 heterointerface.
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eterostructure. As shown in Figure 1d, electron accumulation
yellow) occurs on the MoS2 side, whereas electron depletion
blue) appears on Ni3Se2, evidencing the formation of a built-
n electric field across the heterointerface. This polarized
nterface provides a continuous driving force for electron
igration across the heterointerface toward the catalytically
ctive surface, thereby enhancing interfacial charge-transfer
inetics during urea oxidation. The redistribution of interfacial
lectrons induces upward electron migration toward the surface,
acilitating efficient urea oxidation (Figure 1e). The electron-rich
oS2 surface strengthens the interaction with urea molecules,
nhancing their adsorption at the catalytic interface and
mall, 2026
facilitating subsequent oxidation steps (Figure 1f). Consequently,
the heterointerface enriches urea molecules and electronically
modulates the active sites, facilitating C─N bond activation and
accelerating the kinetics of urea electrooxidation (Figure 1g).

2.2 Synthesis andMorphological
Characterization of MoS2/Ni3Se2 Heterostructure

Based on the above prediction, the MoS2/Ni3Se2 heterostruc-
tured catalyst was rationally constructed via a hydrother-
mal approach followed by electrodeposition, as schematically
3 of 18
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llustrated in Figure 2a. Specifically, Ni3Se2 nanorods were grown
irectly on nickel foam using a hydrothermal method, with
he substrate serving as both the Ni source and a conductive
caffold. NaBH4 induced the release of Ni ions from the foam
urface, thereby driving the in situ formation of the Ni3Se2
anoarrays. The nanorods form a uniformly aligned architecture
ith strong substrate integration and robust mechanical stability.
ubsequently, MoS2 nanosheets were directly anchored onto the
i3Se2 nanorod arrays via a facile potentiostatic electrodeposition
rocess, using ammonium tetrathiomolybdate as the Mo and
precursor, thereby forming the MoS2/Ni3Se2 heterostructure.
or comparison, individual MoS2 counterparts were synthesized
nder identical conditions. Themorphological features of Ni3Se2,
oS2, and the MoS2/Ni3Se2 heterostructure were systemati-
ally investigated using scanning electron microscopy (SEM)
nd transmission electron microscopy (TEM) to elucidate their
tructural characteristics. The low and high-magnification SEM
mages (Figure 2b,c) and TEM images (Figure 2f; Figure S1)
f Ni3Se2 reveal vertically aligned smooth nanorods uniformly
nchored to the NF substrate, forming a well-defined hierar-
hical architecture. Energy-dispersive X-ray spectroscopy (EDX)
lemental mapping indicates a uniform distribution of Ni and
e within the whole Ni3Se2 phase, corroborating the successful
ormation of phase-pure Ni3Se2 (Figure S1). After electrodeposi-
ion, the SEM image shows a hierarchicalMoS2 with a roughened
urface that was intimately grown on the surface of the Ni3Se2
Figure 2d, e). The TEM image of the hybrid MoS2/Ni3Se2 clearly
hows a Ni3Se2 core and MoS2 shell (Figure 2g). In the absence
f the freestanding Ni3Se2 nanorod, electrodeposition only yields
oS2 nanosheets, indicating that the Ni3Se2 guided the vertical
rowth of MoS2 on the NF substrate (Figure S2). It is pertinent
o note that electrodeposition after one and two cycles formed
nsufficient coverage of the nanorods (Figure S3), while four
nd five-cycle deposition shows aggregation (Figure S4), which
revents fast electrolyte flow and reduces performance, as will
e discussed later. Thus, three-cycle electrodeposition yields the
ptimal performance. Furthermore, a room-temperature growth
f MoS2 on the Ni3Se2 was explored, but irregular and aggregated
oS2 were also visible outside the nanorods (Figure S5), which
educes the electrocatalytic ability, as will be discussed, suggest-
ng that electrochemical deposition is a more beneficial strategy.
he ultrathin nanosheets uniformly coating the nanorod array
oth maximize exposure of active sites for enhanced electrolyte
ccess and provide ample open space to accelerate mass transport
f reactants, urea-derived intermediates, and gaseous products
uring the UOR [27, 28]. To investigate the interplanar distances
fMoS2/Ni3Se2, a fast Fourier transform (FFT) and its inverse FFT
ere executed in the selected regions of the HRTEM (Figure 3a)
singGatanDigitalMicrograph software.HR-TEMreveals awell-
efined, continuous interface between MoS2 and Ni3Se2, directly
onfirming the successful formation of the heterostructure. The
bserved lattice fringe spacing of 0.165 nm is assigned to the (110)
lane of Ni3Se2, while the ordered fringes of 0.276 nm correspond
o the (100) plane of MoS2. The MoS2/Ni3Se2 interface facili-
ates interfacial charge redistribution, generating a stable local
lectrophilic/nucleophilic environment that selectively adsorbs
he electron-donating (─NH2) and electron-withdrawing (─C═O)
roups of urea, thereby accelerating its cleavage and delivering
utstanding UOR performance [29]. EDX elemental mapping
emonstrates a highly uniform dispersion of the predominant
xistence of Se and Ni in the core, while Mo and S dominate the
of 18
shell of the nanorods, evidencing the successful formation of the
MoS2/Ni3Se2 interface (Figure 2h).

Powder X-ray diffraction (XRD) analysis (Figure 3b; Figure S6)
was conducted to elucidate the crystallographic structure of the
as-prepared electrocatalyst. The XRD ofMoS2 exhibits diffraction
peaks observed at 2θ = 14.5◦, 33.0◦, 39.3◦, 58.5◦, and 69.7◦,
which can be unambiguously assigned to the (002), (100), (103),
(110), and (201) planes of pure hexagonal MoS2 phase (JCPDS
card no.371492), as previously reported [30, 31]. Likewise, the
prominent peaks that correspond to the (101), (110), (003), (202),
(300), and (024) planes of Ni3Se2 (JCPDS No.19-0841) can be
clearly seen at 2θ = 20.94◦, 29.52◦, 37.15◦, 42.55◦, 52.45◦and 62.29◦.
The XRD of the hybrid MoS2/Ni3Se2 showed distinct peaks for
both Ni3Se2 and MoS2, indicating the successful formation of a
heterostructure.

Given that the oxidation state of metal centers plays a decisive
role in governing electrocatalytic activity, X-ray photoelectron
spectroscopy (XPS) was employed to probe the chemical valence
states and electronic environments within the MoS2/Ni3Se2 het-
erostructure. The XPS survey spectra confirm the presence of all
expected constituent elements, each appearing at its characteris-
tic binding energy position (Figure S7). The XPS deconvolution
of the Ni 2p in MoS2/Ni3Se2 shows distinct peaks at 856.11 and
873.39 eV (Figure 3c), attributed to the spin-orbit doublet of Ni
2p3/2 andNi 2p1/2 orbitals inNi2+ [32]. The observed satellite peaks
located at 856.89 and 875.10 eV suggest the presence of theNi3+ ion
[33]. Compared to pure Ni3Se2, the Ni 2p binding energy reveals
a positive shift of 0.3 eV, indicating the occurrence of an electron
transfer process. Moreover, the Ni3Se2 sample shows a weak peak
at a binding energy of 853.1 eV, indicating the existence ofmetallic
Ni0 in the material. The deconvoluted Mo 3d (Figure 3d) reveals
a pair of peaks at 226.8 and 229.01 eV, which correspond to the
S species bonded to the Mo ion [34]. The two distinct binding
energy signals at 232.02 and 234.91 eV are consistent with the
Mo 3d5/2 and Mo 3d3/2 orbitals, respectively [35]. The Mo 3d
in the hybrid MoS2/Ni3Se2 shows a negative shift of 0.35 eV
relative to that of pure MoS2. The positive shift for Ni 2p and
negative shift for Mo 3d in MoS2/Ni3Se2 indicates that electrons
are transferred from Ni3Se2 to MoS2 across the heterointerface,
which agrees with the DFT result and confirms the existence of
charge redistribution. The Se 3d deconvolution in MoS2/Ni3Se2
reveals the spin-orbit doublet at 54.21 and 55.45 eV (Figure 3e)
that can be assigned to Se 3d5/2 and Se 3d3/2, respectively. The Se
3d in Ni3Se2 shows a negative shift of 0.5 eV relative to that of
MoS2/Ni3Se2. The observed broader peak centered around 58.5 eV
can be attributed to oxidized selenium species (SeOx), which
probably originated from surface oxidation [36].

Given the critical role of surface accessibility in electrocatalysis,
the textural properties of the materials were investigated by N2
adsorption–desorption analysis. Brunauer–Emmett–Teller (BET)
measurements revealed the specific surface areas and pore size
distributions of the samples (Figure S8). All samples exhibit
characteristic type IV adsorption–desorption isotherms with pro-
nounced H3 hysteresis loops, consistent with the presence of
well-developed mesoporous structures. Anchoring intrinsically
microporous MoS2 onto Ni3Se2 induces the formation of sup-
plementarymesopores, producing aMoS2/Ni3Se2 heterostructure
with a BET surface area of 42.14 m2 g−1, which exceeds those of
Small, 2026
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FIGURE 2 Construction and morphological characterization of the MoS2/Ni3Se2 heterostructure. (a) Schematic overview of the stepwise
fabrication of the MoS2/Ni3Se2 heterostructure catalyst. SEM images of (b, c) Ni3Se2 and (d, e) MoS2/Ni3Se2. TEM images of (f) Ni3Se2 and
(g) MoS2/Ni3Se2. (h) HAADF-STEM characterization combined with elemental mapping confirms the uniform dispersion of Mo, S, Ni, and Se across
the MoS2/Ni3Se2 heterostructure, indicating the successful integration of the two components.

Small, 2026 5 of 18
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FIGURE 3 Crystallographic and structural characterization of the MoS2, Ni3Se2, and MoS2/Ni3Se2 heterostructure. (a) HR-TEM image of
MoS2/Ni3Se2. (b) XRD of MoS2, Ni3Se2, and MoS2/Ni3Se2 catalysts. XPS spectra of (c) Ni 2p, (d) Mo 3d, and (e) Se 3d. (f) UPS characterization of
MoS2 and Ni3Se2, indicating their corresponding work functions. (g) Schematic representation of the interfacial electron transfer process betweenMoS2
and Ni3Se2.
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ndividual MoS2 (39.32 m2 g−1) and Ni3Se2 (36.76 m2 g−1). The
nlarged surface area and pore size induced by heterointerface
ormation highlight the effectiveness of interface engineering
n concurrently regulating electronic properties and enhancing
urface accessibility.

he effectiveness of interfacial charge transport is governed
y the ease of electron extraction, which can be quantitatively
valuated through thework function. Thework functions ofMoS2
5.42 eV) and Ni3Se2 (5.16 eV) were obtained from ultraviolet
hotoelectron spectroscopy (UPS) measurements (Figure 3f)
sing the relation work function = 21.22 – (Ecutoff − EF) [37, 38],
here 21.22 eV corresponds to the incident photon energy, Ecutoff
enotes the secondary electron cutoff, and EF is the Fermi level.
he lower work function of Ni3Se2 raises its Fermi level relative
o that of MoS2, thereby driving spontaneous interfacial charge
ransfer from Ni3Se2 to MoS2 and establishing a stable built-in
lectric field (BIEF) at the interface (Figure 3g). The proposed
IEF is further supported by the consistent agreement among
he UPS-derived work-function difference, the XPS binding-
nergy shifts, and the DFT-calculated charge-density-difference
nalysis, collectively indicating spontaneous interfacial elec-
of 18
tron transfer and charge redistribution across the MoS2/Ni3Se2
heterointerface.

To uncover the microscopic origin of the improved electrocat-
alytic performance, conductive atomic forcemicroscopy (c-AFM)
measurements were carried out in ambient, dry conditions under
an applied bias (Figure 4a). Atomic forcemicroscopy (AFM) anal-
ysis and the corresponding height profile along the red dashed
line in Figure 4b reveal a Ni3Se2 nanorod array with a maximum
height of ∼62.72 nm (Figure 4b, c). Similarly, AFM imaging and
height profiling along the red dashed line in Figure 4c confirm
the formation of a MoS2/Ni3Se2 heterostructure with a maximum
thickness of ∼91.97 nm (Figure 4d,e). The Z-height current
maps acquired under a DC bias (Figure 4f,k) reveal conductivity
variations that are closely correlated with surface topography,
with MoS2/Ni3Se2 exhibiting a more spatially homogeneous and
broadly distributed current response across the scanned area. The
spatially resolved current distributions acquired under positive
(Figure 4g,l) and negative (Figure 4h,m) bias reveal markedly
different charge-transport characteristics across the investigated
materials. Ni3Se2 exhibits spatially discrete, bias-dependent
conductive domains, whereas the MoS2/Ni3Se2 heterostructure
Small, 2026
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FIGURE 4 AFM and c-AFM analysis. (a) Schematic representation of the c-AFMmeasurement configuration. (b) AFM image, (c) corresponding
height profile along the red dashed line in (b), revealing a Ni3Se2 nanorod with a maximum height of ∼62.72 nm. (d) AFM image, (e) corresponding
height profile along the red dashed line in (d), revealing a MoS2/Ni3Se2 heterostructure with a maximum height of ∼91.97 nm. (f,k) Z-height current
images, (g,l) corresponding current maps under forward bias, and (h,m) under reverse bias. (i,n) and (j,o) I–V curves recorded at selected points (P1, P2)
on Ni3Se2 and MoS2/Ni3Se2 heterostructure, respectively.
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isplays a markedly more uniform current landscape, reflecting
he formation of an efficient and continuous interfacial charge-
ransport network induced by MoS2 integration. Consistently,
urrent–voltage (I–V) measurements acquired at representative
ocations reveal that, compared with pristine Ni3Se2 (Figure 4i,j),
he MoS2/Ni3Se2 heterostructure (Figure 4n,o) exhibits markedly
teeper and more symmetric I–V responses. These features indi-
ate more efficient charge injection at the local junctions and
pronounced suppression of hysteretic behavior. The enhanced
ocal current response and improved charge injection observed
y c-AFM indicate superior interfacial conductivity within the
eterostructure, providing microscopic evidence for the acceler-
ted electron-transport pathways that facilitate the subsequent
lectrochemical charge-transfer process.

.3 Electrocatalytic Performance Evaluation for
he HER

o reveal the structural benefits of MoS2/Ni3Se2 heterostruc-
ures for HER, we systematically assessed the electrocatalytic
ctivity of NF, MoS2, Ni3Se2, Pt/C, and MoS2/Ni3Se2 in 1.0 M
OH using a standard three-electrode setup. The linear sweep
mall, 2026
voltammetry (LSV) for Ni3Se2 nanorods and different MoS2
depositions is shown in Figure S9. We observed better catalytic
performance with three-cycle depositions; hence, it was selected
for further study. The HER LSV profiles (Figure 5a) reveal
that the MoS2/Ni3Se2 heterostructure delivers exceptional HER
performance, reaching 10 mA cm−2 at an overpotential of merely
81 mV, markedly lower than NF (362 mV), MoS2 (290 mV),
Ni3Se2 (210 mV), and even commercial Pt/C (120 mV). The
overpotentials measured at 10, 50, and 100 mA cm−2 (Figure 5b)
further underscore the exceptional catalytic performance of the
heterostructures. The kinetic characteristics of the electrocat-
alytic process were further elucidated through Tafel analysis of
the corresponding polarization curves (Figure 5c). MoS2/Ni3Se2
heterostructure exhibits a markedly reduced Tafel slope of
31.75 mV dec−1, significantly lower than those of NF (152.11
mV dec−1), MoS2 (124.98 mV dec−1), Ni3Se2(95.74 mV dec−1),
and Pt/C (54.22 mV dec−1), highlighting its enhanced reaction
kinetics and revealing the hydrogen evolution reaction primar-
ily follows a Volmer-Heyrovsky pathway [39]. The interfacial
charge-transport characteristics were further investigated by
electrochemical impedance spectroscopy (EIS), providing insight
into the electron-transfer process at the electrode-electrolyte
boundary. The Nyquist plots in Figure 5d reveal that MoS2/Ni3Se2
7 of 18
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FIGURE 5 Alkaline hydrogen evolution electrocatalysis: (a) LSV polarization curves; (b) Overpotentials at 10, 50, and 100 mA cm−2; (c) Tafel
slopes of NF, MoS2, Ni3Se2, Pt/C, and MoS2/Ni3Se2 heterostructures. (d) Electrochemical impedance plots (EIS); (e) Cdl values of MoS2, Ni3Se2, and
MoS2/Ni3Se2, respectively. (f) Comparative assessment of the MoS2/Ni3Se2 heterostructure and representative state-of-the-art electrocatalysts reported
in the literature at 10 mA cm−2. (g) Chronopotentiometric stability test at 10 mA cm−2. (h) LSV polarization of MoS2/Ni3Se2 before and after stability
test.
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ossesses a markedly lower Rct than NF, MoS2, Ni3Se2, and Pt/C,
videncing accelerated charge transport at the heterointerface
nd more favorable reaction kinetics during electrocatalysis.
his electrochemical behavior is fully consistent with the c-
FM observations, where the homogeneous current distribution
nd steeper local I–V characteristics demonstrate enhanced
nterfacial conductivity, thereby establishing a direct correlation
etween the microscopic charge-transport behavior and the
educed charge-transfer resistance responsible for the superior
ER kinetics. To evaluate the density of accessible catalytic sites,
he electrochemically active surface area (ECSA) was quantified
sing the double-layer capacitance (Cdl) obtained from cyclic
oltammetry recorded in the non-Faradaic potential window
Figure S10). MoS2/Ni3Se2 heterostructure displays a remarkable
dl of 13.67mF cm−2, exceeding those ofMoS2 (4.52mF cm−2) and
i3Se2 (7.31mF cm−2) (Figure 5e), suggesting a greater abundance
f catalytically accessible active sites, which facilitate hydrogen
dsorption and thereby enhance HER kinetics. It is pertinent
o note that the rise in current density can be linked to either
nhanced ECSA or intrinsic activity in the catalyst composition
40, 41]. It is important to look at the ECSA-normalized current
ensity compared to the geometric-normalized density in the
of 18
most catalytically active MoS2/Ni3Se2 (Figure S11a). The com-
parative analysis of overpotential for the ECSA-normalized and
geometric-normalized specific current density at (5 mA cm−2)
of MoS2/Ni3Se2 (Figure S11b) shows significant enhancement in
catalytic performance for the ECSA-normalized, suggesting that
the intrinsic composition of the catalyst has a dominant role in
the increase in surface area.

Moreover, the MoS2/Ni3Se2 electrocatalyst exhibits outstanding
activity and long-term stability, surpassing numerous recently
reported non-noble-metal systems and positioning itself among
the most efficient low-overpotential, high-stability catalysts
(Figure 5f; Table S1). The durability of the heterostructure was
further validated by long-term chronopotentiometry at 10 mA
cm−2, during which no appreciable increase in the operating
potential was observed over 150 h of continuous electrolysis
(Figure 5g). Such sustained activity reflects the exceptional
structural integrity and chemical stability of the engineered
heterointerface under extended operating conditions. The negli-
gible deviation between the initial and post-stability polarization
curves (Figure 5h) underscores the outstanding durability of the
MoS2/Ni3Se2 heterostructure, confirming its ability to maintain
Small, 2026
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re
atalytic performance during extended operation. Overall, the
uperior electrochemical behaviour of the MoS2/Ni3Se2 het-
rostructure originates from accelerated charge-transfer kinetics,
bundant accessible active sites, and strong interfacial electronic
nteractions that collectively facilitate the catalytic process. To
nable direct comparison with the UORmeasurements, the HER
ctivity of the MoS2/Ni3Se2 heterostructure was systematically
ssessed in 1 M KOH containing 0.5 M urea (Figure S12). The
inimal effect of urea on intrinsic HER activity confirms the
easibility of coupling UOR and HER in a common alkaline urea
lectrolyte, thereby simplifying cell architecture and reducing
abrication costs for practical urea electrolysis systems.

.4 Urea Oxidation Electrocatalysis

s the anodic process governs water electrolysis and direct water
plitting poses a significant challenge due to sluggish OER, the
nodic OER was replaced with the UOR. The synthesized mate-
ials were tested as UOR anodes in a standard three-electrode
etup at room temperature to probe their electrocatalytic perfor-
ance. To elucidate the effect of urea concentration on reaction
inetics, theUORactivity of theMoS2/Ni3Se2 heterostructurewas
xamined in 1.0 M KOH over a range of urea concentrations,
evealing its concentration-dependent catalytic behavior. Figure
13 demonstrates the strong urea oxidation capability of the
oS2/Ni3Se2 heterostructure in an alkaline electrolyte. Increas-

ng the urea concentration from 0.1 to 0.5 M promotes UOR, as
videnced by a substantial increase in anodic current density.
eyond this optimum concentration, the activity progressively
ecreases, likely owing to the excessive surface coverage of urea
pecies that restricts OH− adsorption at catalytic sites, thereby
indering C─N bond cleavage and slowing the overall reaction
inetics. These results demonstrate that electrolyte composition,
articularly urea concentration, plays a critical role in governing
he UOR performance by balancing urea availability and OH−

dsorption at the active interface. To distinguish the reaction
inetics of UOR from those of OER, LSV profiles were recorded
n 1.0 M KOH with and without the addition of 0.5 M urea.
s shown in Figure 6a, urea significantly enhances the anodic
urrent density and shifts the polarization curve cathodically
elative to OER. Notably, the current density of MoS2/Ni3Se2 is
0 mA cm−2 at 1.20 V compared to 1.48 V for OER, suggesting
aster kinetics and a lower energy barrier of UOR, which reduces
he anodic potential and enhances energy efficiency. Figure 6b
ompares the UOR polarization behavior of MoS2/Ni3Se2, MoS2,
i3Se2, bare NF, and the benchmark RuO2 catalyst in 1.0 M
OH containing 0.5 M urea. The corresponding OER activity was
valuated in urea-free 1.0 M KOH, with the LSV curves shown in
igure S14. Remarkably, MoS2/Ni3Se2 demonstrates the highest
OR performance, achieving the lowest onset potential of 1.20 V
cross all examined catalysts. Compared with pristine MoS2,
i3Se2, and RuO2, the heterostructure attains 10, 50, and 100 mA
m−2 at markedly lower overpotentials, highlighting its enhanced
lectrocatalytic efficiency (Figure 6c). Tafel analysis (Figure 6d)
ndicates that the MoS2/Ni3Se2 heterostructure displays a signifi-
antly reduced slope of 12.54 mV dec−1, substantially lower than
hose of NF (98.73 mV dec−1), MoS2 (62.44 mV dec−1), Ni3Se2
56.81 mV dec−1), and RuO2 (19.54 mV dec−1), reflecting markedly
nhanced reaction energetics. The EIS results corroborate the
uperior charge-transfer kinetics of the heterostructure. As
mall, 2026
shown in Figure 6e,MoS2/Ni3Se2 exhibitsmarkedly lower charge-
transfer resistance (Rct), indicating enhanced electron transport
at the electrode-electrolyte interface. As shown in Figure 6f
and Table S2, the MoS2/Ni3Se2 catalyst exhibits superior UOR
activity compared with recently reported electrocatalysts. Recent
advances in heterostructured and hierarchical electrode architec-
tures have demonstrated enhanced electrocatalytic performance
by regulating interfacial charge transport, optimizing active-site
exposure, and improving operational stability under practically
relevant current densities[42-45]. However, these strategies pre-
dominantly focus on activity enhancement through structural
optimization, while the rational manipulation of interfacial elec-
tronic states remains insufficiently explored. In this work, the
MoS2/Ni3Se2 heterostructure introduces a work-function-driven
built-in electric field that enables directional charge redistribu-
tion, which is systematically elucidated through combined UPS,
XPS, DFT calculations, and operando structural investigations.
This integrated approach establishes a direct correlation between
interfacial electronic modulation and sustained catalytic activity
with exceptional long-term durability. Beyond intrinsic catalytic
activity, the long-term operational stability, an essential criterion
for practical applications, was evaluated through chronopoten-
tiometry measurements. Notably, the MoS2/Ni3Se2 heterostruc-
ture delivers outstanding electrochemical robustness, sustaining
stable operation with virtually no discernible loss in activity over
200 h at a current density of 10 mA cm−2 (Figure 6g). Induc-
tively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES)
analysis of the sample drawn from the electrolyte after long-
term durability test shows negligible elemental leaching (Table
S3). The retention of virtually identical polarization behavior
following long-term testing (Figure 6h) underscores the excellent
electrochemical durability of the catalyst in 1 M KOH containing
0.5 M urea. To evaluate the structural resilience of the catalyst
under UOR conditions, post-operando analyses were conducted
following extended electrolysis. The recovered MoS2/Ni3Se2 het-
erostructure was comprehensively characterized by XRD, XPS,
SEM, and TEM (Figures S15–S17), providing insight into the
preservation of its crystalline structure, surface chemistry, and
morphology after prolonged operation.

The preserved crystallographic signatures in XRD confirm that
the original MoS2 and Ni3Se2 phases remain intact without
detectable phase transformation during long-term UOR opera-
tion. Furthermore, the unchanged XPS chemical states indicate
that the heterointerface effectively suppresses excessive surface
oxidation and irreversible reconstruction under strongly alkaline
and oxidative conditions. SEM and TEM analyses further reveal
that the nanoscale morphology and intimate interfacial contact
between MoS2 and Ni3Se2 are maintained after 200 h of elec-
trolysis, providing direct structural evidence for the mechanical
robustness of the heterointerface. These observations demon-
strate that the strong interfacial coupling between MoS2 and
Ni3Se2 prevents interfacial separation, structural collapse, and
degradation of active sites during prolonged operation.

The preserved crystallographic signatures, invariant surface
chemical states, and unchanged morphological features collec-
tively demonstrate that the MoS2/Ni3Se2 heterostructure main-
tains its structural coherence and interfacial integrity under
extended electrochemical operation. The excellent agreement
between the electrochemical durability and the post-operando
9 of 18
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FIGURE 6 Electrocatalytic activity and operational durability toward UOR. (a) Comparative OER and UOR LSV profiles of the MoS2/Ni3Se2
electrocatalyst. (b) LSV profiles of UOR; (c) Potentials corresponding to benchmark current densities of 10, 50, and 100 mA cm−2; (d) Tafel plots; and
(e) Nyquist plots of the synthesized electrocatalysts. (f) Performance comparison of the MoS2/Ni3Se2 heterostructure with representative advanced
electrocatalysts previously reported for similar reactions. (g) Long-term chronopotentiometric stability measured at a constant current density of 10 mA
cm−2. (h) LSV profiles of MoS2/Ni3Se2 before and after the stability test.
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tructural characterization confirms that the robust MoS2/Ni3Se2
eterointerface effectively resists structural degradation and
nterfacial deterioration during prolonged UOR, thereby main-
aining efficient charge transfer and sustained catalytic activity.
hese observations substantiate that the heterointerface, iden-
ified as the genuine catalytic locus, remains structurally and
hemically stable throughout the reaction process.

n the basis of the above results, Scheme 1 depicts the proposed
eactionmechanism for urea electrooxidation at theMoS2/Ni3Se2
eterointerface. Charge transfer from Ni3Se2 to MoS2 induces
built-in interfacial electric field, giving rise to electrophilic
i3Se2 and nucleophilic MoS2 domains. During UOR, urea is
symmetrically adsorbed at the MoS2/Ni3Se2 interface, with its
mino groups binding to electrophilicNi3Se2 sites and its carbonyl
oiety interacting with nucleophilic MoS2 domains, driven by
nterfacial electrostatic forces. Such heterointerface-driven elec-
ronic regulation enhances the activation of urea molecules and
0 of 18

le C
r

weakens the C─N bond, thereby promoting the reaction kinetics
of urea electrooxidation.

2.5 In Situ Electrochemical Raman Spectroscopy

In situ electrochemical Raman spectroscopy was employed to
monitor the real-time compositional evolution of the catalyst
under operating conditions, thereby elucidating the electrochem-
ical pathways and catalytic mechanisms of the UOR and OER.
Figure 7a–c presents the in situRaman spectra of theMoS2/Ni3Se2
heterostructure collected in 1 M KOH containing 0.5 M urea
over an applied potential window of 1.20–1.60 V vs. RHE. During
UOR catalysis, two broad vibrational bands emerge in the 400–
580 cm−1 region at potentials below 1.40 V. Upon increasing the
applied potential beyond 1.35 V, these initially broad features
evolve into well-defined doublet peaks centered at 453 and
565 cm−1. These bands are assigned to the Ni-O bending and
Small, 2026
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SCHEME 1 Illustration of the heterointerface-regulated UOR process onMoS2/Ni3Se2, showing the synergistic electronic interactions that govern
intermediate adsorption and reaction kinetics.
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rea
tretching modes, respectively, signifying the electrochemical
ransformation of Ni(OH)2 to NiOOH. Concurrently, a distinct
and centered at ∼1000 cm−1, attributed to the C─N stretch-
ng vibration of urea, progressively decreases in intensity with
ncreasing potential, indicating potential-driven oxidation of the
mide bond within the urea molecule. The in situ generation
f NiOOH, together with the pronounced suppression of the C–
stretching vibration, provides direct evidence for the anodic

xidation of Ni species (Equation 1) and the subsequent NiOOH-
ediated oxidation of urea, ultimately resulting in cleavage of
he C─N bond (Equation 2). The simultaneous evolution of the
iOOH and C─N Raman bands indicates that the electrochemi-
ally generatedNiOOH is continuously involved in urea oxidation
ather than undergoing excessive accumulation on the catalyst
urface, thereby supporting the preferential UOR pathway under
perating conditions.

6𝑁𝑖(𝑂𝐻)2 (𝑠) + 6𝑂𝐻− ↔ 6𝑁𝑖𝑂𝑂𝐻 (𝑠) + 6𝐻2𝑂 (𝑙) + 6𝑒− (1)

𝑂(𝑁𝐻2)2 (𝑎𝑞) + 6𝑁𝑖𝑂𝑂𝐻 (𝑠) +𝐻2𝑂 (𝑙) → 𝑁2 (𝑔) + 𝐶𝑂2 (𝑔)

+ 6𝑁𝑖(𝑂𝐻)2 (𝑠) (2)
mall, 2026
During OER conditions (Figure 7d–f), the characteristic C─N
stretching vibration is absent, while the Ni─O Raman feature
becomes discernible only at an applied potential of 1.45 V. This
delayed emergence indicates that NiOOH formation occurs at
higher potentials in the absence of urea, confirming that urea
oxidation is initiated at significantly lower potentials and exhibits
more favorable kinetics than the OER under identical conditions.

To elucidate the influence of the heterostructure on urea adsorp-
tion behavior, open-circuit potential (OCP) and temperature-
programmed desorption (TPD) measurements were conducted
on MoS2, Ni3Se2, and the MoS2/Ni3Se2 heterostructure [37, 46].
The exchange of OH− ion in the Helmholtz layer occurs at
the surface of the electrode following the adsorption of organic
molecules, which leads to a decrease in OCP. The OCP mea-
surement for MoS2/Ni3Se2, Ni3Se2, and MoS2 was carried out
to verify the adsorption behavior of urea on the electrocatalyst
(Figure 7g). The OCP of the catalyst was tested in 1 M KOH for
100 s, followed by the injection of 0.5 M urea and another 100 s
of testing. The hybrid MoS2/Ni3Se2 shows a larger OCP reduction
(0.268 V) compared to Ni3Se2 (0.241 V) andMoS2 (0.163 V), which
11 of 18
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FIGURE 7 Mechanistic investigation of the electrocatalytic process. In situ Raman spectra and corresponding contour maps, together with in situ
FTIR spectra of adsorbed urea species on the MoS2/Ni3Se2 heterostructure, were recorded under applied potentials during the urea oxidation reaction
(a–c) and oxygen evolution reaction (d–f), revealing the evolution of reaction intermediates and potential-dependent surface reconstruction. (g) OCP
measurements of MoS2, Ni3Se2, and MoS2/Ni3Se2 were measured in 1.0 M KOH electrolyte, followed by the injection of 0.5 M urea into the electrolyte
at 100 s. TPD adsorption profiles of MoS2, Ni3Se2, and MoS2/Ni3Se2 heterostructures measured under (h) butylamine/He and (i) CO atmospheres.
(j) Theoretical free-energy profiles of Ni3Se2 and MoS2/Ni3Se2 heterostructure. (k) Reaction intermediates and corresponding elementary steps along
the UOR pathway on MoS2/Ni3Se2. Gray, purple, yellow, light green, red, dark brown, light blue, and light pink spheres represent Ni, Mo, S, Se, O, C, N,
and H atoms, respectively.
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uggests enhanced urea adsorption capacity in the heterostruc-
ure. Furthermore, the adsorption properties of functional groups
n MoS2/Ni3Se2, Ni3Se2, and MoS2 were studied via TPD testing
Figure 7h,i). The urea molecule comprises two characteristic
unctional groups, namely a carbonyl group (C═O bond) and
pair of amino groups (─NH2). The preferred adsorption sites
Ni or Mo) on MoS2/Ni3Se2 were revealed by carrying out the
PD experiments in CO and NH3 atmospheres, respectively. In
2 of 18
the presence of a butylamine/He atmosphere, Ni3Se2 exhibits
a higher desorption temperature of 320.6◦C compared to MoS2
(293.7◦C), indicating that Ni3Se2 possesses stronger adsorption
behavior toward the ─NH2 group. On the other hand, MoS2
exhibits a higher desorption temperature (296.5◦C) in the pres-
ence of CO compared to Ni3Se2 (279.2◦C), suggesting a stronger
adsorption capacity ofMoS2 towardC═O. The desorption temper-
ature of the heterostructure MoS2/Ni3Se2 is unexpectedly higher
Small, 2026
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han the individual components, both in the presence of ─NH2
nd C═O, which could be attributed to synergistic enhancement
f adsorption capacity by the heterojunction interface.

.6 DFT Calculations

he enhanced UOR and HER activities of the MoS2/Ni3Se2 het-
rostructure were elucidated by DFT calculations, which reveal
trong interfacial coupling accompanied by pronounced charge
edistribution and electronic interactions governing the reaction
echanisms. These DFT results provide atomistic mechanistic
nterpretations that complement the experimentally observed
lectrocatalytic performance and are discussed separately from
he experimental observations. For comparison, theoretical mod-
ls of pristine MoS2 and Ni3Se2 were constructed based on the
RTEM and XRD data, and the optimized atomic structure of
he MoS2/Ni3Se2 heterostructure is shown in Figure 8a. The
FT model was established using the experimentally observed
oS2(100)/Ni3Se2(110) interface to represent the synthesized
eterostructure. Since the built-in electric field originates from
he intrinsic work-function mismatch between MoS2 and Ni3Se2,
lternative interface orientations are expected to cause only
inor variations in the calculated energetics without changing
he overall trends in charge transfer and catalytic activity. The
dsorption energetics of urea and OH* at the MoS2/Ni3Se2
eterointerface were first systematically assessed (Figure 8b). As
hown in Figure 8b, the substantially lower adsorption energy
f urea (−1.85 eV) compared to OH− (2.71 eV) reveals a pro-
ounced preferential surface affinity for urea, thereby favoring
inetically acceleratedUORover the competingOER, in excellent
onsistency with the electrochemical results. To clarify how
nterfacial adsorption governs catalytic reactivity, the adsorption
nergies associated with the carbonyl (C═O) and amino (─NH2)
roups of urea were calculated on MoS2 and Ni3Se2, respectively
Figure S18). The results reveal a complementary adsorption
reference: Ni3Se2 favors ─NH2 binding, whereas MoS2 exhibits
stronger affinity for the C═O group, highlighting synergistic
nterfacial effects relevant to urea activation. In addition, as illus-
rated in Figure S19, the MoS2/Ni3Se2 heterostructure exhibits a
ubstantially more negative urea adsorption energy (−1.85 eV)
han pristine MoS2 (−0.99 eV) or Ni3Se2 (−1.12 eV), indicating
hat heterointerface construction synergistically integrates and
mplifies the intrinsic advantages of the individual components,
hereby optimizing urea adsorption.

or alkaline HER, the rate-determining steps involve water
issociation and subsequent hydrogen adsorption on the catalyst
urface. Guided by Sabatier’s principle, an ideal hydrogen-
volution catalyst features a near-thermoneutral Gibbs free
nergy of hydrogen adsorption (ΔGH*), motivating the calculation
f ΔGH* for the catalyst to assess its H* binding characteristics.
igure 8c depicts the Gibbs free-energy profiles for H* adsorption
n MoS2, Ni3Se2, and MoS2/Ni3Se2 catalysts. For MoS2/Ni3Se2,
FT calculations reveal site-dependent hydrogen adsorption,
ithΔGH* values of−0.11 eV at the Ni site and−0.08 eV at theMo
ite, highlighting near-thermoneutral H* binding at the Mo site.
his is expected since theMoS2 component of the heterostructure
s negatively charged while the Ni3Se2 component is positively
harged, creating a highly polarized interface that facilitates the
apacity of H+ to selectively adsorb on the Mo site. By contrast,
mall, 2026
pristine MoS2 and Ni3Se2 display appreciably positive hydrogen
adsorption free energies (ΔGH* = 0.35 and 0.15 eV, respectively),
indicative of intrinsically weak binding of the H* intermediate.
In MoS2, the Mo sites serve as the primary HER active centers,
whereas in the MoS2/Ni3Se2 heterostructure, the Mo and Ni sites
become the dominant catalytic sites due to the built-in electric
field at the heterostructure, which drives electron transfer from
Ni3Se2 to MoS2 and induces interfacial electron redistribution.
Consequently, theΔGH* at theMo site inMoS2/Ni3Se2 approaches
thermoneutrality, establishing an ideal balance between hydro-
gen adsorption and desorption [47, 48].

To elucidate the origin of the enhanced conductivity, we per-
formed partial density of states (PDOS) (Figure 8d–f). PDOS
confirms that MoS2 preserves its characteristic semiconducting
behavior, exhibiting a bandgap of ∼2.01 eV. By contrast, Ni3Se2
exhibits a substantial electronic-state accumulation in the vicinity
of the Fermi level, indicative of enhanced charge-carrier trans-
port and more efficient interfacial electron-transfer processes.
Compared with single-phase MoS2 and Ni3Se2, the MoS2/Ni3Se2
heterostructure exhibits a higher electronic-state density near
the Fermi level, thereby facilitating superior conductivity and
accelerated charge-transfer kinetics [49]. This facilitates robust
electronic coupling between the adsorbed reaction intermediates
and the MoS2/Ni3Se2 surface throughout the HER and UOR
processes. The d-band center (Ed) iswidely recognized as an effec-
tive descriptor of the adsorbate-catalyst interaction. As shown
in Figure S20, the calculated Ed values for MoS2/Ni3Se2, MoS2,
and Ni3Se2 are −1.20, −1.32, and −1.19 eV, respectively, with an
intermediate Ed for MoS2/Ni3Se2 that enables an optimal balance
between adsorption and desorption of reaction intermediates,
thereby underpinning its enhanced HER and UOR performance.

The efficiency of interfacial charge transfer is fundamentally
dictated by the electronic propensity of charge carriers to
migrate across the interface, a characteristic that is quantitatively
reflected by the work function (𝚽) [50]. The calculated work
functions of MoS2 and Ni3Se2 are 5.41 and 5.12 eV, respectively,
facilitating spontaneous electron transfer across the MoS2/Ni3Se2
interface (Figure 8g,h). Owing to themismatch inwork functions,
electrons spontaneously transfer from Ni3Se2 to MoS2, resulting
in interfacial charge redistribution and the establishment of a
built-in electric field until the Fermi levels of the two components
become aligned (Figure 8i) [34]. This interfacial charge trans-
fer induces electron depletion in Ni3Se2 while simultaneously
enriching MoS2 with electrons, rendering the latter electron-
rich. The resulting interfacial band alignment, together with
the built-in electric field at the MoS2/Ni3Se2 junction, drives
pronounced charge redistribution. Consequently, the electron-
rich MoS2 surface provides energetically favorable sites for the
adsorption and activation of urea-derived intermediates, thereby
significantly enhancing the catalytic performance.

Furthermore, the differential charge density analysis clearly
demonstrates substantial charge redistribution at the interface,
with electrons preferentially flowing from Ni3Se2 toward MoS2,
resulting in electron depletion within Ni3Se2 and concomitant
accumulation on MoS2 (Figure 8j). Quantitative Bader charge
analysis confirms a net transfer of∼2.34 e across theMoS2/Ni3Se2
interface, evidencing strong electronic interaction and intimate
interfacial coupling between the two components. To elucidate
13 of 18
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FIGURE 8 DFT elucidation of theMoS2/Ni3Se2 heterostructure. (a) Optimized Structural models of theMoS2/Ni3Se2 heterostructure. (b) Relative
adsorption energies of urea and OH− on MoS2/Ni3Se2 heterostructure. (c) The Gibbs free energies of adsorption for the MoS2/Ni3Se2 heterostructure
and its constituent components. PDOS of (d) MoS2, (e) Ni3Se2, and (f) MoS2/Ni3Se2 heterostructure. Calculated work functions of (g) MoS2 and
(h)Ni3Se2. Schematic band structures ofMoS2 andNi3Se2 (i) before and after the formation of the interface. (j) Differential charge density ofMoS2/Ni3Se2
heterostructure at equilibrium, with yellow and cyan isosurfaces (1.21 × 10−3 e bohr−3) indicating electron accumulation and depletion, respectively.
Charge redistribution and Bader charge analysis of urea adsorption on the surface of (k) MoS2, (l) Ni3Se2, and (m) MoS2/Ni3Se2 heterostructure.
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he correlation between functional-group adsorption and cat-
lytic performance, charge-density-difference and Bader charge
nalyses were carried out on urea adsorption on MoS2, Ni3Se2,
nd the MoS2/Ni3Se2 heterostructure (Figure 8k–m). Bader
nalysis reveals that urea gains a significantly higher negative
harge on MoS2/Ni3Se2 (−1.25 e) compared with pristine Ni3Se2
−0.98 e) and MoS2 (−0.36 e), indicating that the heterostructure
nriches electron density on the adsorbed intermediate, thereby
trengthening urea binding and reducing the UOR overpotential.
4 of 18
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The strong electronic coupling at the MoS2/Ni3Se2 interface
facilitates the tailored adsorption and desorption of reaction
intermediates, offering an effective strategy to enhance the
stepwise UOR kinetics. Next, the Gibbs free energy changes
(ΔG) were computed to elucidate the mechanistic pathway of
the UOR. Figure 7j presents the ΔG profiles for each UOR step
on MoS2/Ni3Se2 and Ni3Se2, revealing that the rate-determining
step (RDS) for both catalysts is the third dehydrogenation step
(CO(NH2⋅N)*→ CO(NH⋅N)*). Importantly, the formation of the
Small, 2026
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FIGURE 9 Electrocatalytic performance of urea and water electrolysis. (a) Schematic illustration depicting the complete urea electrolysis process.
(b) LSV profiles of MoS2/Ni3Se2 at varying scan rates (inset: current densities at 1.40 V). (c) LSV comparison of MoS2/Ni3Se2 in 1.0 M KOH with and
without 0.5 M urea. (d) Cell voltage required to deliver current densities of 10, 50, 100, 200 mA cm−2; (e) Corresponding Tafel slopes of the UOR//HER
system under both conditions. (f) Cell voltages at 10 mA cm−2 for MoS2/Ni3Se2 as both anode and cathode in contrast to earlier transition-metal-based
bifunctional electrocatalysts reported in the literature. (g) Stability of MoS2/Ni3Se2 under dual-electrode configuration. (h) Schematic of the HER and
UOR mechanisms on MoS2/Ni3Se2.
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oS2/Ni3Se2 heterostructure markedly reduces the thermody-
amic barrier to 1.67 eV, in sharp contrast to the substantially
igher value of 2.06 eV for pristine Ni3Se2, underscoring the
eterointerface-driven lowering of the reaction energy barrier. On
oS2/Ni3Se2, the RDS at the Ni sites displays a markedly reduced
nergy barrier compared to the single-phase electrocatalyst,
uggesting that the abundantMoS2/Ni3Se2 interfaces facilitate the
mall, 2026
adsorption–desorption dynamics of key intermediates during the
UOR process (Figure 7k). Collectively, these DFT results provide
a mechanistic interpretation of the experimentally observed
enhanced electrocatalytic activity of the MoS2/Ni3Se2 system
by elucidating the roles of interfacial charge redistribution,
optimized adsorption energetics, and reduced reaction-energy
barriers.
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.7 Overall Urea Electrolysis Performance

otivated by the excellent HER and UOR activities of the
oS2/Ni3Se2 heterostructure, a two-electrode electrolyzer was
onstructed to assess its overall urea electrolysis performance,
singMoS2/Ni3Se2 as a bifunctional catalyst in 1MKOH contain-
ng 0.5 M urea (Figure 9a). LSV measurements were conducted
ver a range of scan rates (5–40 mV s−1) to investigate the electro-
hemical behavior of the MoS2/Ni3Se2 heterostructure under the
pecified conditions (Figure 9b). The UOR performance shows
o significant dependence on scan rate over the full range of
pplied current densities, suggesting highly efficient interfacial
harge-transfer kinetics and minimal contribution from capac-
tive processes during bifunctional operation. For comparison,
he performance of overall water splitting was tested under
dentical conditions in 1 M KOH (Figure S21). As illustrated in
igure 9c, the urea-assisted electrolyzer delivers a current density
f 10 mA cm−2 at a remarkably low cell voltage of 1.31 V, which
s significantly lower than the 1.55 V required for conventional
ater electrolysis under identical conditions. This pronounced
ecrease demonstrates that replacing the anodic OER with urea
xidation substantially reduces the thermodynamic energy bar-
ier, thereby enabling a more energy-efficient pathway for HER.
oreover, the MoS2/Ni3Se2//MoS2/Ni3Se2 electrolyzer delivers
urrent densities of 50, 100, and 200 mA cm−2 at exceptionally
ow cell voltages of 1.34, 1.37, and 1.41 V, respectively, which are
arkedly lower than the corresponding voltages of 1.65, 1.72, and
.79 V required for OER-driven operation (Figure 9d). Tafel slope
nalysis reveals distinctly different reaction kinetics between the
wo configurations. The HER//OER system shows a significantly
arger slope of 147.88 mV dec−1 compared to 85.73 mV dec−1 for
he HER//UOR system (Figure 9e), indicating slower charge-
ransfer kinetics in the former. Remarkably, the MoS2/Ni3Se2
evice delivers urea electrolysis at an ultralow cell voltage while
aintaining a stable current density of 10 mA cm−2, thereby
anking among the most energy-efficient systems reported to
ate (Figure 9f). Finally, the MoS2/Ni3Se2 catalyst demonstrates
utstanding stability under UOR//HER operation, sustaining a
onstant potential with negligible current decay during contin-
ous electrolysis at 500 mA cm−2 for 100 h (Figure 9g). The
enerated gases during urea electrolysis were collected and ana-
yzed using a gas chromatograph at 20min intervals. This analysis
evealed that only hydrogen and nitrogen were produced (Figure
22). The amount of gases was found to have linearly increased
ver time, with a hydrogen production rate of 8.28.7 µmol/hr
nd an N2 production rate of 6.89 µmol/hr. The average Faradaic
fficiency for H2 and N2 production was found to be 97.8% and
1.98%, respectively.

he intrinsic factors responsible for the superior HER and UOR
erformance of MoS2/Ni3Se2 are schematically illustrated in
igure 9h. In theMoS2/Ni3Se2 heterostructure, electron-deficient
i sites exhibit enhanced d-p hybridization coupling with the O
p states of urea, with Ni 3d states positioned below the Fermi
evel, identifying these sites as the primary active centers forUOR.
n contrast, the Mo 3d orbitals show higher electron occupation
nd preferential hybridization with H 1s states, rendering Mo
ites predominantly active for the HER. Furthermore, in the
oS2/Ni3Se2 heterostructure, water dissociation preferentially
ccurs at the Mo sites, where the resulting H* intermediates
re stabilized through Mo-H bonding and receive electrons from
6 of 18

e

the Mo centers. Thus, the presence of dual catalytically active
sites, together with their synergistic interplay arising from an
optimized d-band center and strong d-d electronic coupling,
endows the systemwith exceptional UOR andHER performance.

3 Conclusion

In summary, a MoS2/Ni3Se2 heterostructure electrocatalyst fea-
turing an intrinsic built-in electric field was rationally con-
structed via a combined hydrothermal and electrodeposition
strategy. The intimate MoS2/Ni3Se2 interface induces a strong
built-in electric field arising from interfacial band alignment,
which modulates the surface electronic structure. This configu-
ration facilitates interfacial charge transfer, increases accessible
surface area, and enhances the density of electrochemically active
sites, thereby accelerating reaction kinetics. As a result, the cata-
lyst delivers a current density of 10mA cm−2 at low overpotentials
of 81mV for theHERand 1.20V forUOR in 1.0MKOHcontaining
0.5 M urea. DFT calculations indicate that asymmetric interfacial
charge redistribution tunes the hydrogen adsorption free energy
toward thermoneutrality (ΔGH* ≈ 0), thereby promoting HER
activity, while simultaneously lowering the energy barrier of
the rate-determining step in UOR. Furthermore, a two-electrode
electrolyzer employing MoS2/Ni3Se2 as both cathode and anode
achieves a cell voltage of 1.31 V at 10 mA cm−2, comparable
to or better than many reported transition-metal-based bifunc-
tional electrocatalysts. Overall, this work highlights built-in
electric-field-driven heterostructure engineering as an effective
strategy for designing efficient bifunctional electrocatalysts for
sustainable hydrogen production.
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