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This research presents a multi-metallic, hierarchical MnCo-LDH@NiS-Ni3S,/NF (MCNS/NF) heterostructure,
prepared via a two-step hydrothermal approach. The XRD, HR-TEM, AC-HAADF-STEM imaging, EELS analysis,
and line-scan elemental mapping confirmed the formation of a well-defined heterostructure framework that
could enhance the intrinsic electrocatalytic efficiency, thereby leading to stellar performance in alkaline water
electrolysis. The as-prepared catalyst exhibited efficient gas evolution during both the hydrogen evolution re-
action (HER) and oxygen evolution reaction (OER), delivering ultralow overpotentials of 83 mV for HER and
230 mV for OER, respectively, at a current density of 10 mA cm 2 in 1.0 M KOH. Additionally, the assembled

two-electrode system achieved a minimum cell voltage of 1.54 V at the same current density, Faradaic effi-
ciencies of 93.02% for Hy & 91.90% for O, and long-term operational stability. Henceforth, these fascinating
outcomes shed light on the rationally designed heterostructure for alkaline water electrolysis application.

1. Introduction

Alongside the emergence of living prototypes and industrial tech-
nologies, there is a rapid depletion of non-renewable resources, pri-
marily fossil fuels [1-3]. Various energy conversion (EC) technologies
have been developed to meet the surge in demand for sustainable energy
in an eco-friendly manner and to reduce reliance on non-renewable re-
sources [4,5]. Hence, EC technologies have sparked significant research
interest in conserving electrical energy from renewable energy resources
[6-11]. The rational design of multifunctional electrocatalysts is crucial
to achieve high-performance water-splitting processes for sustainable Hy
production [12-18]. Recently, the controllable integration of HER, OER,
and OWS electrocatalysts into a single multi-metallic hybrid nano-
structure, leveraging the inherent advantages of each component, has
demonstrated enhanced electrocatalytic performance [19,20]. There-
fore, tuning the subtle balance between water dissociation and the
subsequent chemisorption of reaction intermediates on electrode

surfaces is crucial for assessing the kinetics of HER, OER, and OWS in an
alkaline medium [21-23]. Accordingly, this work focuses on the
development of a bifunctional electrocatalyst with a multi-component
architecture, aiming to improve electrocatalytic activity for alkaline
water splitting by enhancing charge-transfer properties and increasing
the exposure of electrochemically active sites. To date, noble Pt-based
carbon materials and Ru/Ir-based precious electrocatalysts remain the
most efficient for advanced HER and OER applications. However, their
low abundance, high cost, and short-term durability significantly restrict
their use in commercial Hy production [24,25]. Hence, swapping these
noble metals with highly efficient, inexpensive, environmentally
friendly, non-noble-metal-based electrocatalysts holds significant po-
tential in electrocatalysis. In this regard, transition metal sulfides are
emerging materials that have garnered considerable attention due to
their tunable electronic structure, uncompromised electrical conduc-
tivity, and appropriately filled energy gap [26,27]. Surprisingly,
numerous investigations have revealed that transition metal sulfide
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(TMS)-based electrocatalysts are the promising choice for HER catalysis,
owing to their hydrogenase-like catalytic mechanism. However, its OER
performance is significantly restricted, and in turn, reduces its anodic
performance potential due to the lack of abundant active sites. Disso-
lution of sulfur damages the surface reactive sites [28]. Consequently,
there is an urgent need to strategically alter the morphology and
nanostructure of the electrocatalysts to expose abundant surface-active
sites and accelerate electron-transport rates [29]. Therefore, it has
been documented that the selective construction of heterojunctions
cannot only integrate the intrinsic advantages of different components
but also accelerate the transfer of ions and electrons [30]. Furthermore,
coupling the inner-phase material wrapped in the outer phase with a
heterostructured electrocatalyst can also shorten the diffusion path,
thereby enhancing conductivity. Additionally, the outer phase material
can protect the inner phase material and provide a unique morphology,
thereby promoting significant mass transfer efficiency [31,32]. Apart
from the various types of prevalent inner phase-type electrode materials,
two-dimensional (2D) layered double hydroxides (LDHs) have emerged
as a research hotspot owing to their large specific surface area, admi-
rable stability, flexible open electronic structure, most optimal M — O
bond strength, adjustable tunability, rich redox properties, good anion
exchange behaviour, and extraordinary catalytic activity towards OER
[33,34]. However, its metastable structure inherently exhibits poor
electrical conductivity, attributed to the completely occupied MOg.«
center, which is tethered to the tyg orbital, rendering it unattainable to
achieve the theoretical OER kinetics [35]. On the other hand, in the case
of LDHs, the interlayer spacing is constrained, and there is a degree of
steric hindrance and electrostatic attraction between the layers.
Consequently, the restricted interlayer space will affect the diffusion
paths of molecules or ions when they need to diffuse between the layers,
and their electrostatic attraction will trigger the ions or molecules to
interact strongly with the laminates, thereby enhancing the difficulty of
diffusion and resulting in a decrease in mass diffusion rate [36]. Based
on the above discussion, the limitation can be mitigated through hier-
archical heterostructure integration, which brings new potential. This
approach enables breaking bottlenecks and tailoring the electronic
structure to effectively enhance electron-migration kinetics at intimate
sites by reducing interfacial contact resistance. Generally, a 2D-LDH
nanosheet ensures strong integration between the electrode material
and the supporting substrate, offering a large surface area [37]. Mean-
while, the 1D-TMS is employed as an outer phase to provide abundant
surface sites, various oxidation states, and undergo diverse redox re-
actions, which facilitate efficient charge-transfer kinetics and have been
shown to maintain high electrocatalytic activity [38,39]. Such a com-
bination of different dimensionality holds great promise as a material for
interconnected 3D networks, which will be reflected in improved overall
electrochemical efficiency for alkaline water electrolysis. This design
strategy is further supported by recent literature on Ni foam-supported
LDH@metal sulfide heterostructures, as summarized in Table S1. For
instance, Chen et al. reported a Co3S4@NiFe-LDH core-shell hetero-
structure, where the strong synergistic coupling between the sulfide core
and LDH shell effectively enhanced charge-transfer kinetics, delivering
an HER overpotential of 95 mV, an OER overpotential of 235 mV, and
OWS cell voltage of 1.595 V. Similarly, Zhang et al. developed a
three-dimensional walnut-like Mo-Ni3Sa@NiFe LDH catalyst, in which
the hierarchical porous architecture and abundant heterointerfaces
facilitated rapid ion/electron transport and improved catalytic accessi-
bility, resulting in an HER overpotential of 153 mV, an OER over-
potential of 331 mV, and an OWS cell voltage of 1.57 V. Zhao et al.
synthesized a NiAl-LDH/Ni3S; nanocomposite that exhibited highly
efficient bifunctional behavior with an HER overpotential of 53.6 mV,
an OER overpotential of 350.4 mV, and an OWS cell voltage of 1.56 V,
highlighting the synergistic effect of LDH-sulfide coupling for hydrogen
evolution. Furthermore, Ye et al. constructed crystalline-amorphous
NixSy@NiFe LDH heterojunctions, where defect-rich interfacial regions
optimized intermediate adsorption and enhanced catalytic kinetics,
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achieving HER and OER overpotentials of 159 mV and 250 mV (at 100
and 200 mA cm™2, respectively). In addition, Yang et al. fabricated
self-supported NiFe-LDH@Co0Sy nanosheet arrays with a vertically
aligned architecture and strong interfacial contact, promoting efficient
electron transport and gas release and yielding an HER overpotential of
136 mV, an OER overpotential of 206 mV, and an OWS cell voltage of
1.537 V. Moreover, Han et al. developed Ni3S,-Ni,Py@NiFe LDH het-
erogeneous nanoflowers with a well-engineered 3D architecture, deliv-
ering a low OWS cell voltage of 1.54 V due to enhanced mass transport
and abundant active interfaces.

Building on prior research, this work proposed a facile and control-
lable two-step hydrothermal approach to successfully design a novel
multi-component 3D-hierarchical MnCo-LDH@NiS-Ni3Sy/NF hetero-
structure electrocatalyst, composed of MnCo-LDH nanosheets with
vertically stacked hierarchical nanoflower-like NiS-Ni3Sy; hybrids.
Furthermore, the key novelties of the present work are summarized as
follows: (a) A rationally engineered, interface-rich, hierarchical 3D-
interconnected MnCo-LDH@NiS-Ni3So/NF heterostructure is devel-
oped via a facile two-step hydrothermal strategy, as evidenced by PXRD,
HR-TEM, advanced AC-HAADF-STEM imaging, EELS analysis, line-scan
elemental mapping, and HR-TEM measurements, which integrates LDHs
and metal-sulfide phases grown directly on NF. (b) Explicit structural
engineering at the enriched multi-heterointerface is introduced to
induce the conductivity. This heterointerface design generates a large
number of metal-active sites, thereby effectively enhancing the elec-
trochemically active surface area and intrinsic electrocatalytic activity.
(c) In accordance, the bifunctional capability within a single noble-
metal-free electrode has been demonstrated, encompassing efficient
HER and OER. Therefore, the current study proposed a revolutionary
design paradigm for long-term improvement in high-performance
rationally designed heterostructure electrocatalysts to boost industrial-
scale green Hj production, future energy conversion systems, and go
beyond incremental gains over prior efforts.

2. Experimental section

2.1. Reagents, physicochemical characterization, and electrochemical
measurements

The electronic supplementary information provides a comprehensive
overview of the materials, chemical reagents, physicochemical charac-
terization techniques, and electrochemical measurement parameters
employed in this study (Section S1-S3).

2.2. Pre-treatment for bare-Nickel foam (NF)

Prior to the growth of electrode materials, the surface oxide layer
was thoroughly removed from commercially available NF. The cleaning
process began with ultrasonication in acetone for 30 min to dissolve
organic contaminants, followed by sequential rinsing with deionized
(DI) water and absolute ethanol to eliminate any remaining residues.
After cleaning, the NF pieces were sealed and stored for subsequent use.

2.3. Synthesis of honeycomb-like MnCo-LDH/NF nanosheet arrays

To synthesize honeycomb-like MnCo-LDH/NF nanosheet arrays,
first, Mn(NO3)2-4H,0 (3 mmol), Co(NO3)3-6H,O (1 mmol), urea
(10 mmol), and tri-sodium citrate (0.33 mmol) were dissolved in 70 ml
of DI water at room temperature. Then, a mixed homogeneous solution
and a piece of pre-treated NF were placed in a 100 mL Teflon-lined
autoclave and heated to 125 °C for 15 h. After natural cooling, the
LDH-coated NF was rinsed several times with DI water and anhydrous
ethanol, then vacuum-dried at 50 °C overnight. The growth process of
the honeycomb-like MnCo-LDH/NF nanosheet arrays is schematically
depicted in Fig. S1. The obtained MnCo-LDH/NF was subsequently
incorporated into hierarchical nanoflower-like NiS-Ni3S; nanoarrays to



U. Phadikar et al.

develop a hybrid heterostructure.
2.4. Synthesis of NiS-Ni3S2/NF and MnCo-LDH@NiS—Ni3S,/NF arrays

Hierarchical nanoflower-like NiS-Ni3So/NF and marigold-flower-
like heterogeneous MnCo-LDH@NiS-Ni3Sy/NF nanoarrays were pre-
pared via a facile one-pot hydrothermal method. To synthesize the
NiS-Ni3Sa/NF nanoarrays, pre-treated NF was used as both a supportive
substrate and a reactant (source of Ni). In brief, 6 mmol of CH4N»S was
added to 60 mL of DI water, and the mixture was stirred for 1 h. Sub-
sequently, a piece of pre-treated NF and the above solution were placed
into a 100 ml Teflon-lined autoclave reactor. Finally, the NiS-Ni3So/NF
was synthesized at 180 °C for 16 h. After the hydrothermal reaction, the
autoclave was cooled naturally to room temperature, and the resultant
hierarchical, black-colored NF containing NiS-Ni3Ss nanoarrays was
rinsed alternately with DI water and anhydrous ethanol to remove re-
sidual debris, followed by vacuum drying overnight at 50 °C. Similarly,
the marigold-flower-like heterogeneous MnCo-LDH@NiS-NisSy/NF
nanoarrays were synthesized using the aforementioned hydrothermal
procedure. Herein, instead of bare pre-treated NF, the synthesized
MnCo-LDH/NF was immersed in a homogeneous solution of CH4N2S
(6 mmol) in a Teflon-lined stainless steel autoclave reactor to grow
NiS-Ni3Sy/NF nanoarrays on the surface of MnCo-LDH/NF nanosheet
arrays. The brownish, heterogeneous electrocatalyst obtained was
designated as MCNS/NF. The developed strategy for preparing these
electrocatalysts is schematically depicted in Fig. 1 and S2.

3. Results and discussion

3.1. Proposed mechanistic insights into electrocatalyst nucleation and
growth

Based on the aforementioned experiment, the overall synthetic
scheme for the marigold-flower-like hybrid heterogeneous MCNS/NF
electrocatalyst is shown in Fig. 1. The fabrication flow chart for the
heterogeneous MCNS/NF electrocatalyst indicates that hierarchical
nanoflower-like NiS-Ni3Sy nanoarrays were inserted into honeycomb-

In-situ
hydrothermal

Optimizing adsorption energy
Flexible electronic structure
High intrinsic activity
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like MnCo-LDH/NF nanosheet arrays, forming a self-supported elec-
trode material and creating a MnCo-LDH/NF-encapsulated NiS-NisS;
heterostructure. Firstly, a plausible growth mechanism for the formation
of uniformly reticulated MnCo-LDH nanosheet arrays on the surface of a
highly interconnected, three-dimensional NF skeleton with a porous
structure is suggested as follows (Equations (1)-(10), and Section S4).

CO(NH,), +3H,0 — 2NH; +CO2™ + 20H" @
(NH4),CO; — 2NH3 1 +CO2 1 + H,0 (2)
NH; +H,0 = NH} + OH~ 3
CO, +H,0 = H" + HCO; = 2H" + CO3~ 4
Mn?* 4+ CO%™ - MnCOs| &)
Co*" +20H™ — Co(OH), (6)
Co(OH), + 2(GsH50,)* = Co[(CsHs505),]*" + 20H" )
Co[(GsHs507),]* = Co** + 2(CsHs0,)* ®)
MnCO; = Mn*" + CO3~ ©)

3Mn*" + Co*" +3C02™ + 60H™ + 6H,0 — [Mn3Co(OH)4(CO3),]-6H,0
(10)
Consequently, the detailed mechanisms of formation and sulfidation

of encapsulated NiS-NigS, phases are presented in Equations (11)-(16)
and Section S4.

CS(NH2)2 +2H20—> 2NH3 +C02 +st (11)
Ni** 4 4NH;— [Ni(NH;),)*" 12)
NH; + H,0 - OH™ + NH; 13)

Hydrothermal
Sulfurization

>

CS(NH,),

-~

7 MCNS/NF

Enhanced efectrical conductivity

Accelerating reaction kinetics

Abundant surface active sites
Tunable electronic structure

S2

&

Fig. 1. Schematic of the synthesis of a hierarchical MCNS/NF heterostructure.



U. Phadikar et al.

H,S+20H™ — S* 4 2H,0 14
[Ni(NH3),]*" + 8% — NiS + 4NH, (15)
3[Ni(NH3),J*" + 282 — NisS, + 12NH; 16)

Another significant aspect is that the structural integrity of the
MnCo-LDH nanosheets phase was preserved during the secondary hy-
drothermal sulfidation, where CH4N3S served as a limited sulfur source,
providing a controlled, slow-release of sulfur source at these mild tem-
peratures (Equation (11)) [33]. In the entire synthesis process, the sulfur
chemical potential is insufficient to drive complete anion exchange or
bulk phase transformation of MnCo-LDH into metal sulfides because,
from a kinetic standpoint, the layered hydroxide lattice of MnCo-LDH

Dot 30 hugg 2534
T 54254
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possesses strong metal-oxygen bonding within the brucite-like layers
and a relatively slow solid-state diffusion rate for sulfur species [40-42].
The transformation of a metal hydroxide into a metal sulfide depends on
the solubility product of LDHs and the activation energy of the phase
transition. As a result, in the two-step hydrothermal approach, sulfu-
ration is surface-limited and diffusion-controlled, occurring preferen-
tially at the labile Ni-precursor species where Ni2* ions readily reacted
with released S~ in the solution to nucleate the thermodynamically
favourable NiS-Ni3S;, phase on the LDH surface [43-45]. Therefore, this
competitive sulfide nucleation on NF further suppresses deep sulfur
penetration into the LDH lattice, stabilizing the LDH phase. Benefiting
from the efficient heterostructure design, the electronic structure was
induced by differences in electronegativity, electronic conductivity, and
bonding environments between the metal-oxygen framework of

gexs

B
1
S L%

JnKat CoKat NiKat

SKat

Fig. 2. FE-SEM images of MCNS/NF heterostructure. electrocatalyst at low and high magnification (a-f); FE-SEM-EDX and associated EDX color mapping for Mn, Co,
Ni, S, and O, respectively (g-m). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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MnCo-LDH nanosheets and the metal-sulfur motif of NiS-Ni3S; nano-
array. When the two phases are coupled, electrons preferentially redis-
tribute from the more metallic and electron-rich NiS-Ni3S; phase
toward the LDH phase, leading to the formation of a heterostructure by
partial oxidation of Ni sites in NiS-Ni3S; and stabilization of
higher-valence Mn/Co sites at the LDH phase. This charge-transfer and
mixed-valence configuration is well known to be electrochemically
more active than its single-valence counterparts. Furthermore, the
intimate contact reduces the charge-transfer resistance, thereby facili-
tating rapid electron transport across the heterojunction. This spatially
integrated hetero-nanostructured framework, inheriting strong electro-
catalytic properties, provided a high electrochemically active surface
area and promoted the exposure of active sites. Benefiting from an
efficient interface design, the prepared hybrid electrocatalyst exhibited
highly bifunctional activity for alkaline water electrolysis. Thus, the
hierarchical 3D heterostructure serves as an ideal model for constructing
high-performance, bifunctional electrode materials for alkaline OWS
application.

3.2. Structural and morphological characterization

3.2.1. Characterization of MnCo-LDH/NF, NiS-Ni3Ss/NF, and MnCo-
LDH@NiS-Ni3S2/NF

The surface morphology, microstructural features, and elemental
composition of the as-prepared electrode materials were investigated
using a field-emission scanning electron microscope (FE-SEM) and
energy-dispersive X-ray spectroscopy (EDX). The FE-SEM and EDX im-
ages of MCNS/NF, MnCo-LDH/NF, and NiS-NigSo/NF are shown in
Fig. 2 & Figs. S3-S6. MnCo-LDH/NF exhibited uniform growth and a
cross-linked, flexible nanosheet structure with vertically oriented hol-
low channels covering the NF substrate after the hydrothermal reaction.
The magnified FE-SEM images revealed the cross-linked nanosheet
structure offering a rich array of electrochemically active sites. It facil-
itated the construction of efficient transport channels for electrolyte
accessibility and charge transfer during electrochemical reactions,
consequently propelling further improvement in electrochemical per-
formance. Furthermore, as shown in Fig. S4, the EDX and corresponding
elemental mapping results from FE-SEM image analysis clearly illus-
trated the uniform distribution of Mn, Co, Ni, C, and O elements
throughout the nanosheet arrays with a stoichiometric composition of
5.71, 3.75, 38.68, 14.91 and 36.95%, respectively, making honeycomb-
like MnCo-LDH/NF nanosheets an ideal template for the growth of
various redox-active materials and validating the co-precipitation
pathway proposed in Equations (1)-(10).

Fig. S5 displays FE-SEM images of hierarchical nanoflowers,
including NiS-NizS,/NF nanoarrays. NiS-Ni3S,/NF nanoflowers possess
a 3D network structure grown on the entire surface of the NF skeleton,
with a greater number of mesoporous channels. Moreover, the higher-
magnification FE-SEM images revealed that these nanoflowers had an
average diameter of 3 pm and relatively smooth surfaces. This feature
not only provided an abundant reaction-active center to accelerate
electrolyte contact but also facilitated gas release, thereby improving the
electrocatalyst's efficiency. Additionally, Fig. S6 shows the EDX spectra
of NiS-NisSy/NF nanoarrays, confirming the existence of Ni, S, and O.
Furthermore, the EDX mapping image of NiS-Ni3S,/NF nanoarrays
showed a homogeneous spatial distribution of Ni, S, and O throughout
the nanoflower structure, corresponding to atomic concentrations of
55.03, 4.25, and 40.72%, respectively, supporting the sulfidation
pathway described in Equations (11)-(16).

Moreover, Fig. 2a—f displays the FE-SEM images of hybrid hetero-
geneous MCNS/NF nanoarrays at different magnifications, revealing
uniform and dense growth on the surface of 3D open nanoporous NF.
The low-magnification images showed that the NiS-Ni3S; nanoarrays
were uniformly anchored to the MnCo-LDH nanosheet architecture,
which consisted of 3D nanoflakes with an average nano-flower diameter
of 14 pm. The high-magnification FE-SEM image revealed that the
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average diameter of the formed nanoparticles was 425-530 nm. Hence,
this 3D hierarchical heterostructure composed of nanosheets arranged
in a flower-like porous heterostructure is expected to function as an
optimal scaffold. Its expanded surface area and interconnected metal
oxo-hydroxide and metal-sulfide networks facilitated efficient electron
and ion transport throughout the electrocatalytic process. Additionally,
elemental distribution of the hetero-nanostructure was further
confirmed by EDX and corresponding mapping analysis (Fig. 2g-m). The
EDX elemental mappings of homogeneously dispersed Mn, Co, Ni, S, and
O elements indirectly confirmed the presence of MnCo-LDH nanosheets
and NiS-Ni3Sy nanoarrays phases in the hybrid MCNS/NF hetero-
structure with an average stoichiometric proportion of 3.11, 1.18,
50.39, 6.17, and 39.15%, respectively. According to the overall out-
comes, it was confirmed that NiS-Ni3Sy nanoarrays were successfully
constructed on the surface of the MnCo-LDH/NF nanosheets without
aggregation, which is in good agreement with the proposed reaction
pathway (Equations (1)-(16)), suggesting that the MnCo-LDH/NF
nanosheets phases can provide more nucleation sites for the growth of
surrounding NiS-Ni3S; nanoarrays during the hydrothermal process.

The accurate crystallographic structures and phase purity of the as-
prepared electrode materials were examined by powder X-ray diffrac-
tion (PXRD). As shown in Fig.3 and S7, both electrode materials dis-
played prominent and sharp diffraction peaks at 20 ~ 44.6, 51.8, and
76.5° corresponding to the peaks of (111), (200), and (220) crystalline
planes of face-center cubic Ni of the NF substrate (JCPDS, card No. 04-
0850), denoted by the symbol (¥), respectively. The characteristic peaks
at 20 =~ 9.81, 24.44, 32.25, 33.32, 38.09, 41.98, 45.89, 59.53, and
61.05° in Fig. S7a, could be well ascribed to (003), (006), (012), (009),
(015), (107), (018), (110), and (113) facets, which confirmed the for-
mation of typical 2D MnCo-LDH phase corresponding to Equation (10),
and are marked with the symbol (4), which was compatible with the
previous study [46]. As illustrated in Fig. S7b and S7c, the well-defined
diffraction peaks at 20 ~ 21.89, 30.79, 37.46, 38.27, 44.33, 49.79,
54.65, 55.45, 68.80, 72.44, and 77.09° can be indexed to (101), (012),
(003), (021), (202), (113), (300), (104), (131), (214), and (401) planes
of rhombohedral structural heazlewoodite Ni3S; phases (JCPDS, card
No. 08-0126), denoted by (W), while the peaks at 26 ~ 30.82, 32.23,
35.67, 37.68, 40.52, 49.82, 52.45, 55.69, 57.30, and 59.53° can be
assigned to (101), (300), (021), (220), (211), (410), (401), (321), (330),
and (012) planes of the standard phase of rhombohedral structural
millerite NiS composition (JCPDS, card No. 12 0041), marked with (),
revealing the formation of hierarchical nanoflower-like NiS-Ni3S,/NF,
predicted in Equations 15 and 16, is a hybrid of NizS; and NiS. More-
over, as shown in Fig. 3a—c, the XRD pattern of the multi-metallic
MCNS/NF heterostructure demonstrated that the diffraction peak in-
tensity became consistently more distinct and well aligned with
MnCo-LDH nanosheets and NiS-Ni3S; nanoarrays. Among these, the
peak intensity of NiS-Ni3S, nanoflower shell-phases was more pro-
nounced compared to MnCo-LDH nanosheet phases, confirming that the
dense nanosheet arrays were tightly wrapped by the shell-nanoflower
arrays with no emergence of Mn-S or Co-S bulk sulfide phases and
also implying excellent surface growth with effective interparticle
interaction on the surface of the NF substrate and a better-defined
crystal structure without impurities (Equations (1)-(16)).

Fourier Transform Infrared (FT-IR) spectroscopy was employed to
examine the functional groups of the electrocatalysts and detect spec-
troscopic changes in their internal chemical bonding. Fig. 3d, and
Fig. S8a and S8b represent the FT-IR spectra of MCNS/NF, MnCo-LDH/
NF, and NiS-Ni3Sy/NF nanoarrays. For the MnCo-LDH/NF nanosheet
array, the broad absorption band at 3150-3650 cm™! can be attributed
to the stretching and bending vibrations of intercalated water molecules
and metal-bonded —~OH groups [47]. Additionally, it can be observed
that the existence of a weaker band at 1680 cm ™! is accompanied by the
—OH bending vibration of the trapped hydroxyl and water molecules of
the LDH layers. The peaks at 1372-1550 and 830 cm™! belonged to the
stretching vibration of the asymmetric and symmetric modes of
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interlayer carbonate ions, which can be attributed to the decomposition
of urea in the precursor solution [48]. The shoulder peak at
1160-1190 cm™! corresponds to the C-O stretching vibration mode of
CO%™ species. The appearance of the sharp absorption peaks at 585, 654,
and 746 cm ! was attributed to the stretching vibration modes of 0-M-O
and M — O bonds, where M = Mn and Co. The FT-IR spectra of hierar-
chical nanoflower-like NiS-Ni3Sy/NF nanoarrays disclosed the
well-defined absorption peaks at 3100-3650 and 1635 cm ™, which are

attributed to the stretching and bending vibration mode of the corre-
sponding -OH groups of the surface-adsorbed water molecules.
Furthermore, the strong characteristic peaks at 2000-2250 cm ™' may be
attributed to intramolecular hydrogen bonding between water mole-
cules. Additionally, the observed peaks at 755, 595, and 1115 em™?
corresponded to the symmetric and asymmetric stretching vibration
modes of Ni-S bonds [49]. The presence of additional peaks at 1405 and
665 cm ™! in the spectrum of NiS-NisS,/NF nanoarrays can be attributed
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to the C=S and O-M-O (M = Ni) vibration modes. The FT-IR spectrum of
MCNS/NF disclosed the peaks at 3100-3650 and 1660 cm ™}, which can
be attributed to the —OH stretching mode of hydrogen-bonded hydroxyl
groups, and the bending vibration mode of the intramolecular
hydrogen-bonded adsorbed ~OH of the metal surface [50]. The signifi-
cant divergence in the broad -OH band range was attributed to the
hydrogen bonding, implying that MCNS/NF was hygroscopic. In addi-
tion, the peaks observed at 1390, 1130, 757, and 580 cm™! were
attributed to the C=S stretching, as well as the symmetric and asym-
metric stretching vibration modes of the Ni-S bond [51]. This partial
sulfurization was further reflected in the increased intensity of the
distinct functional groups, indicating efficient interaction between the
nanosheet phase and the nanoflower array, thereby significantly facili-
tating the transfer of ions and electrons. Furthermore, the peaks that
appeared at 650 and 845 cm ™! were generally due to the vibration mode
of M — O or O-M-O (M = Mn/Co/Ni) groups, and were highly intense
compared to MnCo-LDH/NF nanosheets and NiS-Ni3S;/NF nanoflowers
array, indicating the successful formation of 3D MCNS/NF hetero-
structure [52]. BET surface area analysis revealed that the
MnCo-LDH@NiS-Ni3S, heterostructure exhibited a surface area of
11.87 m? g~1, which is higher than that of MnCo-LDH (6.54 m? g~1) and
NiS-Ni5S (5.30 m? g™ 1). Similarly, the total pore volume increased to
0.021 cm® g’1 for MnCo-LDH@NiS-Ni3Sy compared with 0.012 and
0.011 cm® g’1 for MnCo-LDH and NiS-Ni3S,, respectively (Fig. 3e & f).
This increase indicates the formation of additional interfacial voids
within the heterostructure. Consequently, the optimized pore frame-
work provided more accessible electroactive sites, facilitating efficient
electrolyte penetration and ion transport, thereby contributing to the
observed improvements in electrocatalytic activity.

Moreover, the in-depth microstructural analysis, such as surface
morphology, lattice spacing, crystal defect, heterointerface, and atomic
distribution over the as-prepared electrocatalyst, was further investi-
gated by transmission electron microscopy (TEM), high-resolution TEM
(HR-TEM), selected area electron diffraction (SAED), energy dispersive
spectrometer (EDS), and high-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM). As shown in Fig. S9a-e,
the TEM and HR-TEM images of MnCo-LDH/NF exhibited an irregular
transparent nanosheet-like morphology. HR-TEM and Fast Fourier
Transform (FFT) image analysis displayed the existence of uniform lat-
tice fringes with the interplanar distances of 0.233, 0.275, 0.214, 0.197,
and 0.151 nm, which coincide with the interlayer spacing of the (015),
(012), (107), (018), and (113) planes of the MnCo-LDH/NF (Fig. S9f-j).
The well-defined SAED pattern image further revealed that the hexag-
onal polycrystalline nanosheet-like MnCo-LDH/NF arrays consisted of
five relatively bright diffraction rings indexing to the (015), (018),
(012), (113), and (107) facets, respectively (Fig. S10a). To further
substantiate the polycrystalline nature of the MnCo-LDH/NF nanosheet
arrays, the SAED pattern was quantitatively analyzed by extracting the
corresponding azimuthally integrated intensity line profile. The result-
ing intensity distribution exhibited multiple diffraction peaks, a char-
acteristic of polycrystalline domains composed of randomly oriented
nanoscale crystallites, confirming their defect-rich nature (Fig. S10b).
Each diffraction maximum in the intensity profile can be reliably
indexed to the (012), (107), (018), and (113) crystallographic planes of
the hexagonal MnCo-LDH, in excellent agreement with the interplanar
spacings measured from the HR-TEM lattice fringes and the corre-
sponding FFT analyses. Moreover, the HR-TEM-EDS and the associated
HAADF-STEM elemental mapping images validated the uniform distri-
bution of Mn, Co, Ni, O, and C in the whole MnCo-LDH/NF in
Fig. S10c-j, which supports the above-mentioned urea-assisted hydro-
lysis and co-precipitation reactions described in Equations (1)-(10).
Thus, this defect-rich nanosheet configuration provided a high electro-
chemically active surface area with abundant active sites, facilitating
fast electron transport and improving ion penetration across the elec-
trode surface. These features are advantageous for electrochemical
water splitting applications. As shown in Fig. S11a-d, the TEM and HR-
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TEM images of the synthesized NiS-Ni3Sy/NF nanoflower arrays
revealed a nano-petal-like structure, in which nanoflowers were
composed. The HR-TEM image and IFFT patterns of the selected zone in
Figures S11e & S12a-f showed distinct strips with interplanar spacings of
0.275, 0.294, and 0.224 nm, corresponding to the (300), (101), and
(211) planes of the hexagonal NiS phase. In addition, the lattice fringes
with an interplanar spacing of 0.238, 0.181, and 0.209 nm, which
coincided with the (003), (113), and (202) crystal planes of the hexag-
onal polycrystalline Ni3Sy phase, demonstrated that the NiS-Ni3Sy/NF
nanoflower arrays consisted of the heterojunction between the neigh-
bouring region of NiS and Ni3S,. Furthermore, the lattice fringe analysis
shown in Fig. S12g revealed a heterointerface between the NiS and Ni3S;
phases, marked by a dotted line, visually validating the subsequent
thiourea-assisted sulfidation mechanism (Equations (11)-(16)) for the
formation of a hybrid heterostructure. Thus, the co-existence of distinct
grain boundaries between the NiS and Ni3Sy phases and these coarser
defect surfaces not only optimized the adsorption energy of the elec-
trocatalyst through interface electronic coupling, but also provided
additional charge transfer pathways to the altered surface electronic
structure, drastically reducing charge transfer resistance and boosting
electron transport ability, which in turn improved the electrochemical
performance. Furthermore, the SAED pattern of the hybrid NiS-Ni3Sy/
NF nanoflower arrays shown in Figure S12h confirmed that the green
dashed lines correspond to the (211), (021), and (012) crystal planes of
NiS, while the yellow dashed lines represent diffraction rings indexed to
the (321), (241), and (502) lattice planes of the Ni3S; phase. To further
corroborate the crystallographic nature of the NiS-Ni3S; nanoarrays, the
obtained radial diffraction intensity line profile displayed a series of
continuous diffraction maxima instead of discrete diffraction spots,
which is a characteristic feature of polycrystalline materials consisting
of randomly aligned nano-crystallites (Fig. S13a). The diffraction max-
ima extracted from the intensity profile can be unambiguously indexed
to the characteristic crystallographic planes of the NiS-NisS; phase,
specifically the (021), (211), and (012) planes of hexagonal NiS, along
with the (241) and (502) planes of the hexagonal NizS,, which reflected
the presence of defect-rich grain boundaries in the heterophase struc-
ture. These assignments are fully consistent with the interplanar spac-
ings derived from HR-TEM images, FFT analyses, and XRD results. In
addition, HAADF-STEM-EDS also confirmed the homogeneous spatial
distribution of Ni, S, and O elements throughout the 3D-hybrid nano-
flower arrays, which provided sufficient active centers to speed up the
electrochemical activity (Fig. S13b-g). Fig. S14a-d displays the TEM
image of hierarchical marigold flower-like heterogeneous MCNS/NF
nanoarrays. The HR-TEM images of the heterostructure are shown in
Fig. 4a & b, suggesting the hierarchical, few-layered NiS-Ni3S, nano-
petals grown on thin, single-layered hexagonal MnCo-LDH nanosheets,
confirming the formation of a multi-metallic heterogeneous nano-
structured electrocatalyst. Despite this, the HR-TEM image with 5 nm
resolution revealed periodic crystalline lattice fringes in a specific
orientation. The FFT patterns showed that the measured d-spacing value
of 0.218 and 0.239 nm unambiguously corresponded to the (107) and
(015) facets of the MnCo-LDH phase, respectively (Fig. 4c & d). More-
over, the lattice spacing of 0.221 and 0.247 nm is associated with the
(211) and (220) planes of NiS (Fig. 4e & f). On the contrary, the layered
spacing of 0.230 and 0.213 nm in the outer region corresponds to the
(021) and (202) crystal planes of Ni3Sy, respectively (Fig. 4g & h). In
Fig. 4i-a clear grain boundary was observed between the MnCo-LDH,
Ni3Sy, and NiS phases. In addition, the bright part corresponded to the
MnCo-LDH nanosheets in the inner region, while the relatively dark part
was confined to the outer region, which corresponded to the NizS; and
NiS phases due to overlapping growth between the MnCo-LDH and the
Ni3S; and NiS nanoflower arrays, thereby revealing the multi-
component heterostructure. HR-TEM image analysis suggested that
the nanoflower arrays anchoring on the nanosheet's surface possessed
abundant defects and disorder, which contribute to tailoring numerous
intimate sites for catalyzing the water electrolysis process. Additionally,
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the SAED pattern image shown in Fig. 4j revealed a set of bright rings,
attributed to the characteristic (107), and (110) planes of MnCo-LDH
poly-crystalline phase, along with the (303), (021), and (710) planes
of anchored NiS and (321), and (217) planes of Ni3S; phases, respec-
tively. Moreover, the radial diffraction line profile displayed multiple
continuous and broadened diffraction maxima, which is an inherent
characteristic of a polycrystalline structure comprised of randomly
synchronised nanoscale crystallites, confirming the presence of abun-
dant heterointerfaces coupled with lattice defects and grain boundaries,
consistent with the defect-rich nature of both inner and outer compo-
nents (Fig. S14e). The diffraction peaks in the line pattern might be
reliably indexed to the distinctive planes of the heterostructure, whereas
(107) and (110) planes of the MnCo-LDH phase, and (021), (241), (321),
(303), and (710) planes corresponding to the NiS-Ni3Sy phase. These
outcomes are highly consistent with HR-TEM lattice fringe measure-
ments, FFT estimation, and XRD data. In addition, the TEM-EDS and
HAADF-STEM spectra of the MCNS/NF heterostructure, in Fig. S15a-h,
illustrated that Mn, Co, and O signals were concentrated in the core,
whereas Ni and S elements were predominantly distributed in the outer
phase in the nanoflower structure and minimal incorporation within the
LDH inner phase. These results provided compelling evidence for a
heterostructure rather than complete sulfuration. Furthermore,
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aberration-corrected high-angle annular dark-field scanning trans-
mission electron microscopy (AC-HAADF-STEM) together with spatially
resolved along with electron energy loss spectroscopy (EELS) analysis
clearly demonstrated the co-existence of MnCo-LDH and NiS-Ni3Sy
phases within the multi-component heterostructure, along with the
abundant heterointerface (Fig. 4k-0). These overall findings were well
aligned with the XRD and FE-SEM results. Thus, the above findings
further confirmed the formation of MCNS hybrid nanoflower arrays on
the surface of NF, with artistic hetero-nanostructures.

A deeper understanding of the accurate chemical composition, sur-
face valence states, coordination environments, and surface electronic
interactions of the prepared electrocatalysts was obtained by using
surface X-ray photoelectron spectroscopy (XPS). XPS measurements
were performed with binding-energy calibration and charge correction
applied, using the adventitious carbon C 1s peak at 284.8 eV as an in-
ternal reference. As shown in Figs. S16a, S16b, and 5a, the XPS survey
spectrum of the resultant electrocatalysts corroborated the occurrence of
Mn, Co, C, and O elements in MnCo-LDH/NF, Ni, S, and O elements in
NiS-Ni3So/NF, and Mn, Co, Ni, S, and O elements in MCNS/NF, without
any additional impurities (Tables S2-S4). These outcomes correspond to
the FE-SEM-EDX, XRD, and HR-TEM-EDS results. As shown in Fig. 5b,
the high-resolution XPS spectra of Mn 2p in the MCNS/NF contained a
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MCNS/NF heterostructure electrocatalyst.
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peak at 639.50 eV, analogous to the Mn?". The other three well-resolved
peaks at 643.39, 646.45, and 649.23 eV can be attributed to Mn3+,
Mn‘”, and the shake-up satellite of Mn 2pl/2 (donated as “sat.”),
respectively. A plausible reason for the existence of the Mn*" state was
ascribed to the lower oxidation potential and inferior chemical stability
of the Mn>" state [53]. The XPS spectra of Mn 2p confirmed the exis-
tence of the Mn?* and Mn>" states in the form of metal hydroxide in the
MnCo-LDH phase without the appearance of Mn-S related peaks, which
indicated the MnCo-LDH framework is chemically stable under the
applied sulfuration conditions [54]. In contrast, for the MnCo-LDH/NF,
the analogous peaks of MCNS/NF shifted positively, and an increased
peak area ratio, suggesting a change in the electronic environment of the
Mn to facilitate the formation of higher valent Mn ions, through transfer
of electrons from Mn to Co and strong electronic interaction on the
heterointerface (Fig. S17, Table S5 & Table S7). Therefore, the
higher-valent Mn ions at the interface act as an electronic buffer, facil-
itating OH™ adsorption and deprotonation kinetics and contributing
dominantly to the multi-electron OER process. Fig. 5c reveals the
deconvoluted core-level XPS spectrum of Co 2p in MCNS/NF, showing
the occurrence of two predominant peaks at 783.17 and 798.99 eV,
corresponding to the Co®". In addition, the low-intensity fitting peaks at
784.99 and 800.39 eV can be attributed to Co>". Similarly, a pair of
accompanied shake-up satellites located at 788.61 and 805.07 eV
(donated as “sat.”), confirmed the coexistence of cobalt ions in both
trivalent and divalent forms within the MCNS/NF heterostructure [55].
More notably, compared with the MnCo-LDH/NF, the Co 2p peak po-
sition of MCNS/NF exhibited a notable shift towards higher binding
energy, implying that the MnCo-LDH phase acts as an “electron donor”
as well as the complete absence of such low-binding energy Co-S sig-
natures implies that Co present in the MnCo-LDH lattice does not un-
dergo bulk sulfuration (Tables S5 and S7). Furthermore, higher-valent
Co ions facilitated the formation of an active oxyhydroxide phase at
the interface, thereby reducing the OER overpotential. Therefore, it is
noteworthy that there is a certain interface region at the junction of
MnCo-LDH and NiS-Ni3S, phases, where a greater number of electrons
are transferred through the MnCo-LDH to the NiS-Ni3S, phase. This
existence will modulate the electronic structure of atoms in the interface
region, ultimately improving electronic conductivity and enhancing
electrocatalytic activity. As shown in Fig. 5d, the high-resolution XPS
spectra of Ni2p in MCNS/NF heterogeneous nanoarrays showed the
spin-orbit splitting into two major peaks positioned at 856.01 and
873.80 eV, typically associated with the Ni2* of the Ni-S bond. Mean-
while, the other set of peaks appeared at 861.57 and 897.61 eV,
accompanied by two shake-up satellites that can be uniquely ascribed to
Ni 2p1/2 and Ni 2pl/2 of the Ni-S bond [56]. Notably, the binding
energy corresponding to the Ni 2p in MCNS/NF had a positive shift,
contrary to the pristine NiS-Ni3So/NF electrocatalyst (Fig.S18, Table S6,
& Table S7). Thus, the above outcomes revealed a favourable transfer of
binding energy from Ni to the NiS-Ni3S, phase, indicating that the
electrons accumulated at the MnCo-LDH region and were depleted at the
electron-acceptor NiS-Ni3S, region. Therefore, Ni ions in the Ni-S bond
are expected to serve as the primary active site for HER, facilitating
proton adsorption and subsequent hydrogen evolution. Such redistri-
bution of electrons between the two constituents may promote efficient
charge transport at the interface, thereby modulating the energy of re-
action intermediates to enhance their reactivity in the multi-component
architecture. The S 2p spectra shown in Fig. 5e can be deconvoluted into
two visible peaks centered at 163.34 and 164.60 eV, corresponding to
the S 2p3/2 and S 2p1/2, manifesting the signals of the Ni-S bond. In
addition, the other doublet of S 2p3/2 and S 2p1/2 at 168.54 and
169.69 eV was associated with the S-O bond that can be indexed to the
oxidized S species on the surface because of the aerial oxidation. Note
that the peak at 161.93 eV can be assigned to the S-S bond, manifesting
the existence of a well-anchored S element on the surface of the
NiS-Ni3S; phase. Meanwhile, compared with hierarchical
nanoflower-like NiS-Ni3So/NF, the S 2p binding energy showed a large
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positive shift (Tables S6 and S7). Surprisingly, the above result indicates
that incorporating the MnCo-LDH phase can regulate the surface elec-
tronic configuration of the NiS-Ni3S; phase, potentially increasing the
oxidation state of Ni/S ions and strengthening interactions of reactants
and/or intermediates with the catalyst surface, thereby improving
electrocatalytic activity in an alkaline medium. On the other hand, as
presented in Fig. 5f, the XPS spectrum of O 1s is due to the inevitable
surface oxidation in the MCNS/NF heterogeneous nanoflower and was
deconvoluted into three peaks at 530.13, 531.36, and 532.44 eV, which
were characterized as metal-oxygen bond, surface ~OH groups, and
adsorbed water molecules, respectively. The heterostructure exhibited
nearly identical O 1s spectra compared to the remaining electro-
catalysts, except for a noticeable positive shift in the metal-oxygen bond,
affirming the existence of higher lattice oxygen-content species on the
heterointerface and superior encapsulation capabilities, which sub-
stantially improved the electron interactivity with reaction in-
termediates. Moreover, in Fig. S17, the narrow scan spectra of the C 1s
signal can be deconvoluted into five surface carbon components at
283.64, 284.91, 286.18, 288.37, and 289.79 eV, which are associated
with the C-C, C-(H), C=, O-C=0, and pi-pi species. The detected peaks
in the C 1s spectra attributed to their constituent components further
provided evidence of the successful formation of the MnCo-LDH nano-
sheet arrays. According to the above XPS analysis, the presence of the
MnCo-LDH phase influenced the formation of the NiS-NisS, phase in the
hierarchical MCNS/NF heterostructure.

Additionally, AC-HAADF-STEM combined with EDS line-scan anal-
ysis was performed to probe the spatial elemental distribution and the
presence of a heterointerface across the MCNS/NF heterostructure
(Fig. 6a—-i). The AC-HAADF-STEM image clearly revealed a well-defined
heterostructure architecture with a distinct boundary area between the
inner MnCo-LDH and the outer NiS-Ni3S, phases. The corresponding
line-scan spectrum showed that Ni and S signals were strictly confined to
the outer region, while Mn, Co, and O were predominantly localized
within the core. This architecture enabled boosted reaction kinetics for
the incorporation of metal-oxyhydroxide and metal-sulfur phases within
the interior or at the surface. Furthermore, the multiple defect states and
numerous heterointerfaces could contribute to the electrical conduc-
tivity of the NiS-Ni3Sy phase and deliver electrons to the MnCo-LDH
phase through the close contact of the as-fabricated electrocatalyst.
Thus, these features make the hetero-nanostructure a promising, highly
efficient electrocatalyst for alkaline OWS.

3.3. Electrocatalytic activity evolution for alkaline water electrolysis

3.3.1. Alkaline HER performances

The HER catalytic activities of the developed electrocatalysts were
measured using a standard three-electrode (conventional electrode)
setup in 1.0 M KOH at room temperature. As shown in Fig. S19, the
schematic depicts the possible HER mechanism in an alkaline environ-
ment. Fig. 7a shows the 100% iR-corrected linear sweep voltammogram
(LSV) of the as-prepared electrocatalysts compared with state-of-the-art
20 wt% Pt/C, measured at a scan rate of 5.0 mV s7! to evaluate their
intrinsic electrocatalytic activity. To achieve a current density of
10 mA cmfz, MCNS/NF exhibited a small overpotential () value of
83 mV, which, although higher than that of 20% Pt/C/NF (29 mV) re-
mains significantly lower to its other counterparts, specifically,
NiS-Ni3Sy/NF (132 mV), MnCo-LDH/NF (195 mV), and bare NF
(204 mV), respectively (Table S8). Additionally, at a current density of
10 mA cm 2, the 1 histogram showed comparable performance between
MCNS/NF and other electrocatalysts (Fig. 7b). The exceptionally low 1
of the MCNS/NF heterostructure was attributed to the combined effect
of MnCo-LDH and NiS-Ni3S; phases. Furthermore, the intrinsic elec-
trocatalytic activity and the reaction kinetics of the as-prepared elec-
trode materials can be verified using the Tafel slope. As shown in Fig. 7c,
the MCNS/NF electrocatalyst revealed the smallest Tafel slope value of
52 mV dec’l, close to that of 20% Pt/C/NF (36 mV dec™!) and
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Fig. 6. AC-HAADF-STEM image (a & b); the Overlay EDS elemental mapping (c); line-scan spectrum (d); and the corresponding EDS elemental mapping of individual

elements (e-i) for MCNS/NF heterostructure electrocatalyst.

significantly lower than those of NiS-Ni3Sy/NF (63 mV dec’l), MnCo-
LDH/NF (75 mV dec™!), and bare NF (85 mV dec™!) (Table S8). The
outstanding HER cathodic process on the surface of the MCNS/NF het-
erostructure electrocatalyst followed the Volmer-Heyrovsky mecha-
nism, with the Heyrovsky step as the rate-determining step (RDS) in the
overall reaction pathway. This indicates that after the initial water
dissociation and hydrogen adsorption, the subsequent electron-transfer-
coupled hydrogen desorption governed the overall reaction rate. This
suggests that the MCNS/NF electrocatalyst effectively facilitated water
dissociation and promoted efficient electrochemical hydrogen desorp-
tion. Additionally, the charge-transfer coefficient (), derived from the
Tafel slopes, further supported the accelerated HER kinetics of the
electrocatalysts. The calculated o values followed the order 20% Pt/C/
NF (1.64) > MCNS/NF (1.14) > NiS-NizS,/NF (0.94) > MnCo-LDH/NF
(0.79) > bare NF (0.70), indicating progressively improved electron-
transfer efficiency. In particular, the relatively high o value of MCNS/
NF (1.14) reflects rapid charge transfer and more favourable electron-
transfer behavior for the rate-determining Heyrovsky step (Table S8).
This observation confirmed that the heterostructure effectively facili-
tated electron-transfer-coupled hydrogen desorption, thereby enhancing
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overall HER kinetics. In addition, to further examine the interfacial
charge-transfer mechanism, the charge-transfer resistance (R.) at the
electrode-electrolyte interface and the internal resistance of the elec-
trochemical system were evaluated by electrochemical impedance
spectroscopy (EIS). After the EIS study, the fitted Nyquist plot and cor-
responding equivalent circuit model were proposed to identify the Rt of
the prepared electrocatalyst (Fig. 7d, & Table S9). The semicircle of
MCNS/NF was consistent with the R of only 6.30 Q, which was higher
than that of the 20% Pt/C/NF (3.19 Q), yet significantly lower than
those of NiS-NigSy/NF (11.48 Q), and of the other comparatives of
MnCo-LDH/NF (21.80 Q), and bare NF (34.90 Q), respectively. The
significantly lower R, of MCNS/NF demonstrated rapid electronic
transmission at the heterointerface in the hierarchical multi-component
MCNS and the alkaline electrolyte, thereby promoting reaction kinetics
and enhancing HER electrochemical performance. Furthermore, the
electrochemically active surface area (ECSA) was considered a powerful
indicator of the electrochemically active sites, which are highly
responsible for the electrocatalyst's intrinsic electrocatalytic activity.
The ECSA of 20% Pt/C/NF, MCNS/NF, NiS-Ni3S,/NF, MnCo-LDH/NF,
and bare NF were obtained from the electrochemical double layer
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capacitance (Cq;) value by performing the cyclic voltammetry (CV) in
the non-faradaic potential region (Fig. S21). As displayed in Fig. S22 and
Table S10, MCNS/NF showed a superior Cg value of 3.2 mF em™2 as
compared to those of NiS-Ni3Sy/NF (2.8 mF cmfz), MnCo-LDH/NF
(1.64 mF cm_z), bare NF (1.2 mF cm_z), and closer to the benchmark
20% Pt/C/NF (3.68 mF cm™~2), respectively. Importantly, to distinguish
between geometric and intrinsic catalytic activity, the HER LSV curves
were further normalized to ECSA (Fig. S22). After normalization,
MCNS/NF still exhibited superior HER performance, which arose not
only from the increased number of active sites but also from improved
intrinsic activity per active site. To further evaluate the intrinsic cata-
lytic activity, the turnover frequency (TOF) values were calculated at an
n of 100 mV based on the estimated number of active sites derived from
CV integration (Fig. S23a). The MCNS/NF electrocatalyst exhibited a
significantly higher TOF value of 4.32 x 107% + 1.2 x 107> s71,
compared to 1.392 x 107* £ 1.5 x 107> 57! for NiS-Ni3Sy/NF and
2.82 x 107° £ 3 x 107® s7! for MnCo-LDH/NF. This pronounced
enhancement confirmed that the superior HER performance of MCNS/
NF originated from intrinsically higher catalytic efficiency per active site
(Fig. S23b). Mass activity analysis further supported the intrinsic cata-
lytic efficiency of the prepared active materials (Section S5). At n of
100 mV, MCNS exhibited a high mass activity of 1.86 + 0.0025 A g},
which is significantly higher than NiS-NisS, (0.91 + 0.04 A g~1) and
MnCo-LDH (0.13 + 0.3 A g’l), confirming superior utilization of elec-
troactive sites and enhanced intrinsic HER performance (Fig. S24a).
These outcomes indicated that the distinct advantage of the electro-
catalysts for HER electrochemical activity stemmed from the exceptional
electroactive sites and surface roughness of the marigold flower-like
heterogeneous MCNS/NF during the cathodic reaction. Moreover, to
investigate cyclic reliability, the comparative analysis of LSV curves for
MCNS/NF showed no noticeable variation in current response or 1 after
3000 CV cycles, further demonstrating the outstanding consistency and
resilience of the electrocatalyst during long-term alkaline HER operation
(Fig. 7e). Likewise, the long-term operational stability of the electro-
catalyst played a critical role in evaluating the practicability under high
current density. A 24 h chronoamperometric study was performed at
50 mA cm ™2 to assess catalyst stability under higher current density
conditions (Fig. 7f). Additionally, multi-current chronopotentiometry
measurements were further conducted at varying current densities of 10,
20, 30, 40, and 50 mA cm 2 for HER over prolonged operation (25 h) to
comprehensively evaluate the durability of the electrode under practical
working conditions (Fig. S25a). The catalyst exhibited negligible po-
tential fluctuation and maintained stable electrochemical performance
across all applied current densities, confirming its excellent long-term
operational stability. Furthermore, Fig. 7g exhibited the chro-
noamperometric response of the MCNS/NF electrocatalyst recorded at a
fixed overpotential of —0.2 V vs. RHE for continuous operation in 1.0 M
KOH. The catalyst exhibited a highly stable current density with a
negligible degradation rate of 0.063% h™! during the initial 35 h of
operation. To further evaluate long-term durability under prolonged
electrochemical conditions, an extended chronoamperometric stability
test was conducted for 110 h at a fixed applied potential of —0.25 V vs.
RHE, with a retention percentage of 96.8%, as presented in Fig. S26a.
These features prevented structural degradation and maintained reac-
tion kinetics under prolonged, high-current operation, quantitatively
confirming the robustness and practical applicability of the MCNS/NF
electrocatalyst for alkaline HER. This analysis indicated that the MCNS/
NF heterostructure electrode achieved remarkable HER performance,
surpassing those of other most recently reported electrocatalysts
(Table S11).

3.3.2. Alkaline OER performances

To employ the as-prepared electrocatalysts as bifunctional electrodes
for water electrolysis, the multi-step OER performance was further
assessed in the same configuration. Firstly, Fig. S19 illustrates the
possible reaction pathways during the alkaline OER process. Fig. 8a
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displays 100% iR-corrected LSV polarization curves of all as-synthesized
electrode materials along with the commercial RuO». At a current den-
sity of 10 mA cm ™2, the MCNS/NF heterogeneous nanoarrays exhibited
an excellent OER performance with a lower n of 230 mV, which was
better than the other controlled electrocatalysts, such as RuOy/NF,
MnCo-LDH/NF, NiS-NigSy/NF, and bare NF at 270, 285, 297, and
345 mV, respectively. For comparison, Fig. 8b shows the OER 1 histo-
gram for the controlled electrode materials at a 10 mA cm ™2 current
density (Table S12). As expected, the MCNS/NF heterostructure
exhibited better performance due to the strong electronic interaction in
the multi-component lattice, thereby considerably enhancing OER ki-
netics. Fig. 8c illustrates that the subsequent Tafel slopes were used to
monitor in-depth OER dynamics of the designed electrocatalysts. A Tafel
slope of 95 mV dec™! was obtained for the MCNS/NF, which was
remarkably smaller than those of RuOy/NF (116 mV dec’l), MnCo-
LDH/NF (137 mV dec 1), NiS-Ni3Sy/NF (152 mV dec™ 1), and bare NF
(163 mV dec_l), demonstrated the rapid kinetic rate of MCNS/NF sug-
gesting that the reaction proceeds through a favourable adsorbate evo-
lution mechanism (AEM), where the formation and transformation of
oxygenated intermediates represent the rate-limiting processes
(Table S12). Moreover, the o values calculated from the corresponding
Tafel slopes further confirmed the enhanced OER kinetics of the MCNS/
NF electrocatalyst. The a values decreased in the sequence of MCNS/NF
(0.62) > RuOy/NF (0.51) > MnCo-LDH/NF (0.43) > NiS-Ni3Sy/NF
(0.39) > bare NF (0.36), indicating progressively improved electron-
transfer behavior (Table S12). The relatively higher a value of MCNS/
NF (0.62) reflected more efficient electron transfer during the formation
and transformation of oxygenated intermediates, thereby supporting the
favourable AEM process. To further investigate the ion/electron trans-
port kinetics at the electrode/electrolyte interface and the electrical
properties during the OER, EIS was performed. The MCNS/NF hetero-
structure demonstrated the lowest R¢ value of 10.6 Q, as depicted in the
fitted Nyquist plot using the equivalent circuit model (Fig. 8d, &
Table S13), indicating minimal resistance to the interfacial charge
transfer redox, and enhanced electrolytic conductivity compared to
RuO;,/NF (16.0 Q), MnCo-LDH/NF (27.8 Q), NiS-Ni3S;/NF (40.0 Q),
and bare NF (70.0 Q), respectively. The OER superiority of the MCNS/
NF heterostructure over the other as-prepared electrocatalysts was
further examined through the ECSA by performing the CV technique at
the non-redox area (Fig. S25). As shown in Fig. 526 and Table S14, the
MCNS/NF exhibited the catalytically relevant ECSA with a Cq of
7.24 mF cm™2, which was superior to the other comparatives of RuO,/
NF (6.2 mF cm™2), MnCo-LDH/NF (5.72 mF cm™2), NiS-Ni3Sy/NF
(5.44 mF cm’z), and bare NF (3.92 mF cm2). To further distinguish
between geometric and intrinsic electrocatalytic activity, the OER LSV
curves were normalized to ECSA (Fig. S29). The ECSA-normalized OER
LSV curves revealed that MCNS/NF maintained superior intrinsic ac-
tivity relative to the control electrocatalysts, confirming that its
enhanced OER performance originated from intrinsically more active
catalytic sites. Furthermore, to assess the intrinsic OER catalytic activity,
the TOF values were calculated at an 1) of 250 mV based on the active site
density estimated from CV integration (Fig. S23a). The MCNS/NF
electrocatalyst delivered a TOF of 3.408 x 10™* + 0.9 x 1075 s,
surpassing those of MnCo-LDH/NF (1.908 x 10°%+1.2x10°s Hand
NiS-NisSy/NF (1.218 x 107* £ 0.6 x 107> s7Y), respectively. This
behavior was consistent with the observed OER performance, suggesting
that the enhanced activity of MCNS/NF mainly stems from improved
intrinsic catalytic efficiency at its active sites (Fig. S23c). Importantly,
the intrinsic catalytic efficiency was further validated through mass
activity analysis. At n of 250 mV, MCNS/NF delivered a high mass ac-
tivity of 3.02 = 0.04 A g1, which is significantly higher than MnCo-LDH
(1.9 +£ 0.06 A g’l) and NiS—Nis3Ss (1.46 + 0.02 A g’l), confirming
efficient utilization of active sites and superior intrinsic OER perfor-
mance (Fig. S24b). This analysis demonstrated that broadening the
electroactive sites in the MCNS/NF heterostructure improved alkaline
OER performance. Moreover, the chronoamperometric test and CV
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Fig. 8. Electrochemical OER characterization of the different developed electrode materials in 1.0 M KOH electrolyte conditions. LSV polarization profiles (a);
comparison of overpotential histogram at 10 mA cm ™2 (b); estimated Tafel slopes observed by replotting corresponding LSV profiles (c); estimated EIS profiles using
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cycling test were performed to investigate the long-term stability of the
MCNS/NF heterostructure. As shown in Fig. 8e, after 3000 CV cycles, the
post-polarization LSV curve exhibited no significant change in OER
overpotential at 10 mA cm ™2, confirming the material's excellent dura-
bility in an alkaline medium. The catalyst performance under higher
current density conditions was evaluated through a 24 h chro-
noamperometric study at 50 mA cm~2 (Fig. 8f). Moreover, the MCNS/
NF heterostructure electrocatalyst exhibited no discernible fluctuation
with a degradation rate of 0.29% h~! in current density during contin-
uous operation for 35 h at a fixed applied potential of 1.6 V vs. RHE
(Fig. 8g). In order to verify the long-term operational stability, a pro-
longed chronoamperometric OER test was conducted for 110 h at a
constant applied potential of 1.7 V vs. RHE, achieving a retention rate of
85.3%, as shown in Fig. S26b. Multi-current chronopotentiometry
measurements for OER were performed at current densities of 10, 20,
30, 40, and 50 mA cm 2 over prolonged operation (25 h) to assess the
long-term durability of the electrocatalyst (Fig. S25b). The catalyst
demonstrated a stable potential response with negligible fluctuation
across all applied current densities, confirming its excellent operational
robustness under anodic conditions. This outstanding stability can be
attributed to the robust hierarchical architecture. These characteristics
effectively prevented surface reconstruction or structural degradation,
confirming the practical applicability of the MCNS/NF electrocatalyst
for prolonged, high-current-density OER in alkaline conditions. These
findings manifested that the MCNS/NF can provide a facile delivery of
the produced Oy due to its unique heterogeneous architecture, which
served as a novel active center; thus, it outperformed most other pre-
viously reported bifunctional electrocatalysts for OER (Table S15).
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3.3.3. Alkaline bifunctional-OWS performances

Encouraged by the excellent capabilities of the hierarchical MCNS/
NF heterostructure electrocatalyst towards alkaline HER and OER. A
symmetric self-standing two-electrode electrolyzer system based on
MCNS/NF||MCNS/NF was constructed to examine the near-real OWS
activity in 1.0 M KOH (Fig. 9a). Impressively, the constructed water
electrolyzer system required a cell voltage of 1.54 V to achieve a current
response of 10 mA cm 2 (Fig. 9b). Additionally, Table S16 presents a
comparative analysis of the cell potential at 10 mA cm 2 for the MCNS/
NF||MCNS/NF electrode configuration, along with other recently re-
ported non-precious transition-metal-based heterogeneous bifunctional
alkaline electrolyzers. To further verify the electrochemical robustness
of the MCNS/NF||MCNS/NF symmetric cell electrolyzer for practical
utilization, chronoamperometric stability measurements were conduct-
ed at different applied voltages of 1.65, 1.7, 1.75, and 1.85 V corre-
sponding to high current densities of 100, 150, 300, 500 mA cm 2 for
35 h. As illustrated in Fig.9c and S28a, there was no substantial loss in
current density after prolonged operation, demonstrating its exceptional
durability, mechanical integrity, and strong electrode-electrolyte inter-
facial stability in alkaline medium. Additionally, the resulting post-
stability LSV curves exhibited negligible voltage shifts and nearly
overlapping polarization profiles across the entire current density range,
including the high-current-density region (>100 mA cm™2)
(Fig. S28b-S28d). To further evaluate long-term operational durability,
the MCNS/NF||MCNS/NF electrolyzer was additionally subjected to an
extended chronoamperometric stability test for 110 h at 10 mA cm™2
(1.54 V), as presented in Fig. S32. The negligible variation in current
density throughout the entire operation, with a degradation rate of
0.04% h™!, confirmed its outstanding long-term stability and structural
robustness under practical alkaline OWS conditions. The MCNS/NF||

(a) H,0 (b) S ——OWS (MCNS/NF)
H,0 H,0 o
g
(‘ H,0 ') g
H 2 OH" E 6004
Efficient hydrogen spillover & ‘g Efficient oxygen spillover - 4004
and evolution and evolution =
i g
Hoavcition g 0, evolution 5 2004
~ ¢ e ©
- NF Support "3 0 -
Alkaline Overall Water Electrolysis 12 13 14 15 16 17 18 19 20 21
Potential (V)
(©)
£
o 1000 T -
< 1 ——MCNS/NF@OWS
= 800
‘:‘_:, 600 4 _ 100 % 96.2 %
n; - = - - 5
2 400 _- —
) 14" ¢ Potential @ 1.7V
S 200]%, 2000 200 R — N
= J
3 0- - T T T T T T T T L T ¥
H 0 5 10 15 20 25 30 35
&

Elapsed Time (h)

Fig. 9. Electrochemical OWS activity of the constructed symmetric self-standing two electrode alkaline MCNS/NF||MCNS/NF electrolyzer system in 1.0 M KOH
electrolyte conditions. Graphical presentation of the hydrogen & oxygen spillover process from cathodic & anodic end (a); estimated bifunctional LSV profile of self-
standing two-electrode device (b); and long-term OWS-chronoamperometric stability assessment of the fabricated MCNS/NF||[MCNS/NF electrolyzer system (c).
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MCNS/NF electrolyzer maintained stable catalytic activity and favour-
able reaction kinetics under sustained high-load operation, thereby
confirming the exceptional robustness, mechanical integrity, strong
electrode-electrolyte interfacial stability, and reliability of the hierar-
chical electrode architecture in alkaline medium. Additionally, to eval-
uate the faradaic efficiency (FE) of the MCNS/NF||MCNS/NF
electrolyzer system, a lab-made H-cell setup was used to capture the
evolved Hy and O gases (Fig. S29). The chronoamperometric approach
was implemented on the cell device at a constant voltage of 1.9 V for 1 h.
During the experiment, rapid gas bubble production was clearly
observed and accumulated in the cylinders, exhibiting a linear upward
trend over time, which was nearly consistent with the theoretical stoi-
chiometry of water splitting (Figs. S30-S32). As a consequence, the
calculated faradaic efficiencies of the system were found to be 93.02%
for Hy, and 91.90% for O,, along with the Hy and O, volume ratio close
to 2:1, confirming predominant utilization of electrical energy to pro-
duce Hy and O, via the MCNS/NF heterostructure electrocatalyst for
alkaline OWS process.

In light of the obtained outcomes, the heterogeneous nanostructure
electrode emerged as a promising electrocatalyst for excellent OWS
performance that could be ascribed to the following factors: (i) The
design of an exceptional multi-component heterogeneous nano-
structure, and the combined effect between the MnCo LDH and
NiS-Ni3S, phases, which reinforced the electrochemical water redox
activity by optimizing the electronic properties of the catalytically active
centers. (ii) The contribution of multiple transition metals (Mn, Co, and
Ni) and non-metal (S) could tailor the electronic structural integrity,
which leads to efficient charge transfer capacity and enhanced the
resistance to degradation, allowing for both accelerating the OWS re-
action kinetics and the ability to withstand long-term structural integ-
rity. (iii) The concentrated coupling in this heterogeneous system
facilitated the equilibrium adsorption of a negatively charged oxygen
atom in the positively charged MnCo-LDH nanosheets; alternatively,
negatively charged NiS-Ni3S, nanoarrays have an excellent potential for
creating hydrogen bonds with adsorbed hydrogen intermediates, which
efficiently enhanced mass diffusion and generated synergism to assist
the cleavage of H-OH bonds. Thus, this electronic reconstruction
enhanced electrical conductivity and charge transfer kinetics, thereby
lowering the required overpotentials and Tafel slopes, while simulta-
neously reducing the charge-transfer resistance observed in EIS. As a
consequence, these characteristics indicate that the hierarchical MCNS/
NF heterogeneous system has substantial potential for alkaline OWS
applications, suggesting a feasible approach for green Hy generation
(Tables S17-S18).

3.4. Analysis of post-studied electrode materials

Considering the excellent alkaline HER, OER, and OWS electro-
chemical performance along with the outstanding durability of the
MCNS/NF hybrid heterostructure, further post-physicochemical char-
acterizations were performed to examine the structural, morphological,
and chemical states of the well-designed electrode material. As shown in
the FE-SEM, EDX, HR-TEM, SAED, and HAADF-STEM results shown in
Figs. S37-S44, it was found that there is no significant change in the
geometrical morphology, as well as in lattice fringes along with the
interplanar distances, thereby confirming pronounced structural sta-
bility of the electrocatalyst with the preserved elements of Mn, Co, Ni, S,
and O throughout the nanoflower structure. Furthermore, the post-XRD
pattern and post-FT-IR results showed no discernible variation in the 20
degree and chemical bonding of the functional groups, along with no
emergence of new crystalline phases, suggesting consistency in its phase
purity and its limited susceptibility to the reaction conditions that pre-
vailed over an extended period of operation (Figs. S45-S47). In addition,
the supremacy of the heterogeneous electrocatalyst, as well as the
chemical states of the metal components, was further recognized by XPS
analysis. The XPS survey spectra for both post-HER and post-OER
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materials revealed no obvious variation in peak positions of the
respective elements compared to the virgin one (Fig. S48 &
Tables S19-22). The high-resolution XPS spectra of Mn 2p, Co 2p, Ni 2p,
S 2p, and O 1s displayed no noticeable change in binding energy,
compared to the pre-HER state, governing the inherent conservancy in
the chemical configuration as well as the surface chemistry throughout
the HER testing process (Fig. S49, Table S19, & Table S21). Neverthe-
less, as shown in Fig. S50 and Table S22, the XPS spectra of Mn 2p, Co
2p, and S 2p demonstrated a noticeable diminution of peak intensities,
which depicts the partial dissolution of the metal ions under the highly
oxidative OER process in alkaline conditions, and is also attributed to
the generation of oxyhydroxide (-OOH) reactive species in conjunction
with the heterointerface. In addition, Mn 2p, Co2p, Ni 2p, S 2p, and O 1s
XPS spectra showed a slight shift towards a lower binding energy after
long-term OER operation; this phenomenon corresponded to the mild
surface reconstruction, but inferred an increase of Oy (lattice oxygen)
species, which, improve the synergistic effect, thereby facilitating the
commendable anodic activity, along with outstanding electrochemical
stability (Fig. S50, Table S20, & Table $22). Thus, these overall findings
highlight the exceptional electrochemical robustness and excellent
intrinsic electrocatalytic activity of the MCNS/NF heterostructure for
alkaline water splitting to produce green Ho.

4. Conclusions

In the overview, a typical electrocatalyst engineering strategy was
executed to develop a defect-rich 3D hierarchical MCNS/NF electro-
catalyst with an artistic heterogeneous nanostructure using a controlled
two-step hydrothermal process. Morphological and structural charac-
terizations using techniques such as FE-SEM, EDX, PXRD, FT-IR, HR-
TEM, and SAED, combined with advanced AC-HAADF-STEM imaging,
EELS analysis, and line-scan elemental mapping, confirmed the suc-
cessful formation of a multi-component heterostructure. The NiS-Ni3Ss
nanoarrays integrated with MnCo-LDH nanosheets provided abundant
and accessible electroactive sites. This architecture delivered excep-
tional performance in diverse electrochemical applications, functioning
as an efficient bifunctional electrocatalyst for both HER and OER in
sustainable energy conversion. As a result, the MCNS/NF hetero-
structure achieved an n of 83 and 230 mV for HER and OER at a current
density of 10 mA cm ™2, in addition to smaller Tafel slopes of 52 and
95 mV dec”}, along with excellent durability in 1.0 M KOH, respectively.
Notably, when the multi-component heterostructure was effectively
employed as a two-electrode system assembly for OWS, the electrolyzer
cell delivered a cell voltage as small as 1.54 V at the respective current
density of 10 mA cm~2 with remarkable faradaic efficiencies of 93.02%
for Hy & 91.90% for O2, and exceptional durability that was superior to
that of the earlier reported dual-functional noble metal-free transition
metal-based electrocatalysts in 1.0 M KOH. By persisting in research,
this work may pave the way for new insights into the development of
highly efficient electrocatalysts and their engineering strategies, which
would be promising for next-generation bifunctional applications in
energy conversion systems to meet future energy demands.
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