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Deciphering Interfacial Charge Transfer Phenomena at
Nickel Nanocluster—Oxide Interface toward Augmented
Efficacy in Electrochemical Water Splitting

Tapu Raihan Gazi, Mrinal Kanti Sikdar, Pijush Sardar, Ahin Roy,*

and Indranath Chakraborty*

The strategic engineering of heterostructure interfaces offers a promising route to
surmount the activation energy barriers in water-splitting processes, thereby
enhancing overall gas evolution efficiency. In this work, a nanoheterostructure
comprising nickel nanoclusters (NCs) anchored on NiO nanosheets (NS) is
synthesized, and electrochemical properties are evaluated. Incorporation of Ni
NCs markedly augments the hydrogen and oxygen evolution reaction activities of
NiO NS, primarily due to the facilitation of charge transfer across the nano-
cluster/oxide interface. Under alkaline conditions, optimal water-splitting per-
formance is observed at NCs loadings upto 20 wt%, beyond which efficiency
declined. Density functional theory calculations and X-ray photoelectron spec-
troscopy analyses reveal that the enhanced catalytic activity stems from electronic
interactions between Ni NCs and NiO NS, which favor the desorption of oxygen
molecules. However, excessive nanocluster deposition impedes the accessibility
of the nanocluster/oxide interface. Additionally, surplus NCs increase the
hydrophobicity of the heterostructure, thereby hindering essential charge transfer
processes. Unlike conventional metal/oxide systems dominated by polydisperse
nanoparticles, this study exploits atomically precise Ni nanoclusters, enabling
well-defined interfacial sites that facilitate charge transfer and optimize *H/*OH
adsorption. This atomic-level control establishes clear structure—property cor-
relations, offering mechanistic insight into interfacial catalysis and facilitating the
deliberate development of efficient water-splitting electrocatalysts.

1. Introduction

hydrogen evolution reaction (HER) and
the oxygen evolution reaction (OER).%
H, has a high gravimetric energy density
and produces negligible emissions when
burned. Water splitting produces extremely
pure H, and O,. Renewable energy sources
like solar, wind, and tidal energy can power
the process for better sustainability.
Developing highly efficient and cost-
effective electrocatalysts for alkaline water
electrolysis>* is essential for sustainable
hydrogen energy generation. High-
performance green hydrogen generation
systems face challenges because of
sluggish HER/OER kinetics in alkaline
electrolytes."”) Therefore, we need to
design effective catalysts to increase the effi-
ciency of water electrolysis and lower related
costs. Pt-based materials are currently the
best electrocatalysts for HER.®® Ru or Ir
oxides are the best electrocatalysts for
OER."" However, their high costand lim-
ited availability hinder widespread use.
Therefore, we need novel electrocatalysts
for HER and OER with effective catalytic
activity and durability derived from abun-
dant, earth-abundant materials.

Atomically precise metal nanoclusters

(NCs) are a novel class of nanomaterials.">™* Such NCs can
comprise tens to hundreds of metal atoms (1-2nm).

[15-18]

Electrochemical water splitting, a key technology for hydrogen
production, represents a cornerstone in the transition toward
sustainable energy sources. It involves two half-reactions: the

This field has evolved drastically, with research mostly centered
on Au, Ag, and Cu based NCs."®"*! Ni NCs protected by thiolate
ligands have garnered much attention lately.?***! Applications
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for such well-defined Ni,(SR),,, nanoclusters in photovoltaics,**
energy conversion,?>?® catalysis,”’ > and sensing?®>*! seem
intriguing. Here, n and m represent the number of Ni atoms
and thiolate ligands, respectively. Well-defined metal nanoclus-
ters with known crystal structures can be model catalysts to estab-
lish atomic-level structure-property correlations. It offers a
deeper comprehension of the process in nanocatalysis compared
to typical larger-sized nanoparticles, where atomic purity is miss-
ing. Thiolate ligand-protected NCs can self-assemble into unique
geometrical structures.*? Also, the self-assembly can improve
the stability of the NCs and prevent them from dissolving or
aggregating, which are crucial characteristics for long-term elec-
trocatalytic activity.**-°)

Due to its abundance on earth, affordability, and adjustable
electrical characteristics, nickel oxide (NiO)?*® has become a via-
ble electrocatalyst for water splitting.*”*® Composite designs,
heterostructuring, and defect engineering all increase its activ-
ity.?**% Compared to conventional precious-metal catalysts, het-
erostructures that combine transition metal NCs with metal
hydroxides or oxides have become highly effective electrocata-
lysts for electrochemical water splitting, providing increased
activity, stability, and affordability.*"*?) Nanoheterostructures
of Ni NCs anchored to NiO nanosheets (Ni NC@NiO) can be
an economical and effective electrocatalyst for electrochemical
water splitting. These systems can improve the HER and OER
processes by using the strong interfacial interactions between
metallic Ni nanoclusters and NiO matrices. However, excessive
NC concentration**** in oxide electrocatalysts for water split-
ting can considerably impair performance by obstructing active
sites and decreasing conductivity.

Interfacial interactions, structure, morphology, and composi-
tion affect nanocatalysis.*®! Interfacial interactions affect the
electronic band structure at the interface.*”** The band struc-
ture influences the electron transfer process. Wang et al.l*”!
showcased the effect of the d-band center of various metal atoms,
such as Fe, Mn, Ni, and Co, correlating the electronic structure
with the electrochemical behavior of the catalyst. The strong
metal-metal oxide interaction can help to adjust the binding
energy of adsorbed hydrogen (*H) and hydroxyl (*OH) to the
electrocatalyst.”**! Such metal-support interfacial interactions
can induce significant electronic interaction between the support
and metal, which can influence the d-band structure of the cata-
Iytically active center, and thereby facilitate the optimized adsorp-
tion and desorption of the hydrogenated and oxygenated species
during a water splitting reaction.®?) A nanoheterostructure can
be a powerful electrocatalyst for water splitting. A heterostructure
having two-phase solid materials, one of which is 2D and the
other of which is of different dimensions, will be efficient for
maximizing interfacial interactions.”*** Electronic structure
modification and geometric structure engineering can effectively
increase catalyst activity.®> Heterostructure construction of
metal oxide-based catalyst has been strategically employed to
improve charge generation and separation in an electrochemical
process.”® Wang et al. demonstrated that the metallic Ni° sites at
the Ni/NiO interface significantly enhance the hydrogen evolu-
tion process.’”) Sun et al. implemented interface charge distri-
bution modulation of Au@NiO core-shell nanoparticles that
greatly improves the oxygen evolution reaction (OER) by facilitat-
ing interfacial electronic coupling and fine-tuning adsorption
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energetics.’® Zhang et al. demonstrated that electronically
coupled interfaces at Ag(S)@NiO/NF can effectively modulate
the electronic structure of interfacial active sites, which enhances
both the Volmer and Tafel steps, leading to a significant improve-
ment in alkaline HER activity.*®! Even though significant
advances have been made in developing heterostructure
electrocatalysts for water splitting, a critical gap remains in
the atomic-level understanding of their interfacial mechanisms.
The majority of reported heterostructures consist of polydisperse
nanoparticles rather than atomically precise nanoclusters.
Consequently, achieving atomic-level control of interfacial active
sites remains unattainable, which obscures clear structure—
property correlations, limiting mechanistic insight. Atomic-level
understanding of the NC—oxide interface is also lacking, prevent-
ing the systematic tuning of catalytically active sites and electron
transfer pathways. Atomically precise metal NC/metal-oxide
(NC/MO) interfaces are different from conventional metal/
metal-oxide (M/MO) interfaces. M/MO systems typically involve
polydisperse nanoparticles governed by ensemble-averaged inter-
actions, whereas our Ni NC@NiO heterostructures leverage
atomically defined clusters with discrete, superatom-like states
and ligand-tuned perimeters. This precision enables direct
structure—property correlations and reveals how cluster—oxide
contacts modulate charge transfer, *H/*OH adsorption, and cat-
alytic kinetics phenomena largely inaccessible in nanoparticle
systems. Addressing these research gaps through detailed mech-
anistic understanding at the atomic scale will enable the system-
atic design of catalysts with enhanced performance, accelerating
the development of efficient and cost-effective water-splitting
technologies.

This study involves the design and fabrication of atomically
precise Ni NC@NiO heterostructures to enhance interfacial elec-
tron transfer, optimize *H/*OH adsorption, and elevate electro-
catalytic performance. By integrating precise atomic structures
with engineered metal-oxide interfaces, the Ni NC@NiO nano-
heterostructures exhibit strong HER and OER activity under
alkaline conditions. Using a combination of first-principles
calculations and electrochemical experiments, comprehensive
mechanistic insights into the activity have been provided.

2. Results and Discussion

2.1. Material Characterizations

An atomically precise Nig(SCq,Hjs)1, NC was synthesized via a
previously reported method!®” with 1-dodecanethiol (DDT) as a
protecting ligand. The as-prepared NCs were extracted in
dichloromethane (DCM) solvent, and the brown-colored NCs
exhibited molecule-like optical absorption features in their
absorption spectrum (Figure S1, Supporting Information) with
sharp absorption peaks at 337 and 408 nm, and a broad absorp-
tion band at 552 nm. The NC was crystallized by dissolving it in
DCM and kept at 4°C. After 48 h, millimeter-sized, brown-
colored, needle-shaped crystals (Figure S2, Supporting
Information) were obtained for further structural analysis.
Single-crystal X-ray diffraction (SCXRD) measurements revealed
that the NC was crystallized in a triclinic unit cell (Figure S3,
Supporting Information) with the space group of P1. Detailed
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crystallographic datal®! are summarized in the supporting doc-
ument (Table S1-S5, Supporting Information). The NC’s molec-
ular structure (Figure 1a) consists of a cyclic Nig core surrounded
by thiolate shells. Six Ni atoms are connected in a 2D hexagonal
array, and each Ni atom is linked to four bridging S atoms.
Twelve thiolate ligands are present in six SC;;H,s-Ni-SCy1,Hss
staples. Pairs of sulfur atoms are evenly distributed above and
below the plane of the Nis hexagonal ring, forming a crown-like
structure (Figure 1b). The average Ni—Ni bond length (Figure S4,
Supporting Information) is 2.94 A, and that of the Ni—S bond is
2.197 A. Large area crystal packing (Figure 1c) showed ABC...
ABC type packing of NCs through CH...CH nonbonded van
der Waals (vdW) interactions, as shown in Figure 1d. These inter-
molecular noncovalent interactions between ligands help direct
the spatial arrangement of NCs, leading to the formation of
densely packed, ordered (Figure S5, Supporting Information)
self-assembled structures of NCs, often referred to as cluster-
assembled materials (CAMs).[*>*”) The morphology of this
NC-based CAM was analyzed using the field emission scanning
electron microscopy (FESEM) and high-resolution transmission
electron microscopy (HRTEM) images. Figure S6 and S7,
Supporting Information, showed 2D platelike CAMs.
Furthermore, SEM energy-dispersive X-ray spectroscopy (EDS)
elemental mapping (Figure S8, Supporting Information)
revealed the presence of Ni, C, and S elements, which confirms
that these 2D plates are constructed by the ordered assembly of
distinct Nig(SCi2H;3s5)12 NCs (Ni NCs). Nickel oxide (NiO) nano-
sheets (NS) were synthesized using the reported method!®®%"!
and primarily characterized by powder X-ray diffraction
(PXRD). The diffractogram (Figure 2m) contains peaks at
37.1°, 43.2°, and 62.4°, corresponding to the (111), (200), and

%
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(220) crystal planes of the NiO (JCPDS 47-1049). The FESEM
images of the NiO (Figure S9, Supporting Information) showed
uniform nanoflake oxide particles.

To understand the dynamics of Ni NCs at the oxide interface,
these NCs were grafted on NiO NS with a varied concentration of
Ni NCs, which were characterized (Figure S10-S16, Supporting
Information). This NC-NS heterostructure with different NC
concentrations was then deposited on Ni-foam to check its elec-
trochemical performance. Figure 2 summarizes the electron
microscopy and elemental analysis of the Ni NC@NiO hetero-
structure deposited on the Ni foam. The EDS mapping shows
the distribution of S and C, which comes from the NC’s organic
part, and suggests the presence of NC on the electrode surface
without segregation during the electrode formation. To enhance
understanding of the elemental distribution and to verify the
integration of Ni NCs into the heterostructure, ToF-SIMS map-
ping (Figure 2i-k, S13, S14, Supporting Information) was con-
ducted. The spectra and spatial maps distinctly indicate the
existence of Ni and S signals, confirming the effective incorpo-
ration of Ni NCs onto the NiO nanosheets and substantiating the
uniform development of the heterostructure. To investigate the
role of ligands and the thermal stability of the heterostructure,
thermogravimetric analysis (TGA) was performed on Ni NCs
and NiO nanosheets, as well as on the Ni NC@NiO heterostruc-
ture (Figure S16, Supporting Information). The TGA of Ni NCs
exhibits multistep mass losses of ~85-88% between 200 and
650°C, with a final plateau residue of ~12-13%, which is in
excellent agreement with the theoretical Nig content of the nano-
cluster core (12.7 wt%), confirming the stable nature of the Ni
NCs. The significant weight loss noted between 200 and
300°C is attributed to the decomposition of dodecanethiol

b)) « /N

JS @C UH

Figure 1. a) Total structure of Nig(SCy,H75)12 nanocluster crystalized in DCM. b) Different views of the rings with the ligand functionalities. c) Structural
view of a self-assembled large area crystal packing of the Ni NCs, and d) a zoomed view shows different types of vdW interactions between the

nanoclusters.
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Figure 2. a) FESEM micrograph of the Ni NC@NiO nanoheterostructure deposited on Ni foam. b) Schematic illustration of the nanoheterostructure
deposited on Ni foam. c) FESEM micrograph of an area selected for EDS mapping of the nanoheterostructure deposited on Ni foam. d) An overlay of the
selected area EDS mapping and the corresponding elemental mapping of ) C (green), f) O (blue), g) S (yellow), and h) Ni (red). ToF-SIMS elemental
mapping of the 20% Ni NC@NiO heterostructure catalyst dropcasted on a Ni foam. The maps show the spatial distribution of i) Ni, j) S, and k) C
elements across the selected electrode surface. [) HRTEM image of 20% Ni NC@ NiO heterostructure particle surface and calculated lattice fringe.
m) Powder XRD patterns of NiO nanosheet, 20% Ni NC@NiO, and 40% Ni NC@NiO.

(DDT) ligands. NiO nanosheets exhibit significant thermal stabil-
ity, maintaining integrity up to 900 °C, with ~12% weight loss
attributed to the desorption of moisture and hydroxyl groups.
The TGA profile of the Ni NC@NiO heterostructures exhibits
intermediate behavior relative to the two individual components.
The 20% Ni NC@NiO composite demonstrates a final residue of
~73-74% at 900 °C, aligning closely with the theoretical value of
73.6% derived from the neat-component TGAs (NiO residue and
the Nig fraction in Nig(SCq2Hys)12). All of the heterostructures
exhibit a distinct multistep mass loss in the 200-500 °C range,
directly correlating with the coexistence of thiolate ligands.
2D plate-like CAMs were seen under HRTEM (Figure S7,
Supporting Information). The FFT pattern displays several poly-
crystalline rings, which reflect the presence of numerous small
crystallites oriented randomly. Figure 2l and S11, Supporting

Small Struct. 2026, 7, €202500489 €2025004389 (4 of 13)

Information, present the HRTEM images of the 20% Ni
NC@NiO sample, and analysis of its lattice fringes reveals a
spacing of 0.21 nm, attributed to the (200) plane of NiO. X-ray
photoelectron spectroscopy (XPS) analysis was carried out to
investigate the detailed elemental and structural information
of NiO and the resulting heterostructure material. The Ni 2p
spectrum (Figure 3a) consists of two spin multiplets (via spin-
orbit coupling): 2p;/, and 2p,;,, spanning from 852 to 865 eV
and 870 to 880 eV, respectively. For NiO, peaks at 853.49eV,
870.95 eV, and their corresponding satellite peaks are responsi-
ble for the Ni** of the NiO lattice. However, peaks at 855.17 and
872.7 €V and their satellite peaks are assigned to the Ni*" state,
indicating the presence of another NiOOH phase. For Ni
NC@NiO heterostructure material, the peaks corresponding
to Ni*" and Ni*" come at higher binding energy values at
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Figure 3. Deconvoluted XPS spectra of a) Ni 2p, b) O Ts, and c) S 2p for Ni NC, NiO, and Ni NC@ NiO heterostructure.

853.82, 871.17, 855.77, and 873.16 eV, respectively. This positive
chemical shift of Ni 2p in the heterostructure material suggested
a downshift of the d-band center of Ni*?! resulting from the
interaction of thiol groups of the NCs with the surface Ni atoms
of Ni0.?*7% Figure 3b exhibits the deconvoluted XPS spectrum
of O 1s, which contains three distinct peaks for different states of
O. The peak at 529.04eV is ascribed to the Ni—O—Ni of
the NiO crystal structure. The other peak at 530.72eV can be
assigned to the O atoms with the Ni atoms in +3 oxidation states,
which can be created due to a nickel vacancy in the NiO sur-
face.”"”?) Another small peak at 531.82 eV corresponds to the
O—H of the adsorbed oxygen species or adsorbed water.”*
Similar to the Ni 2p spectra, positive chemical shifts for the O
1s spectra in the Ni NC@NiO heterostructure depict significant
charge transfer from NiO to Ni NCs through an interfacial het-
erojunction.’*”* In this case, the peak intensity for the Ni**-O
peak has been enhanced compared to the pristine NiO, which
confirms that the inclusion of NCs causes Ni vacancies and indu-
ces surface defects in NiO that can subsequently improve the
charge transfer kinetics at the interface.?>717275 For Ni NCs,
S 2p high-resolution XPS peak fitting (Figure 3c) also reveals
multiple peaks at 162.27 and 163.35eV corresponding to the
S 2p3; and S 2py ), of Ni-S unit, along with an additional peak
at 169.239¢eV, which is responsible for the oxidized sulfur
species’®# originating from air and moisture exposure.

2.2. Evaluation of the Electrocatalytic Performance

The electrocatalytic performance of NiO nanosheets and the Ni
NC@NiO nanoheterostructure was evaluated in 1 M KOH elec-
trolyte in a conventional three-electrode system at a scan rate of
50mVs~'. For electrocatalytic HER (Figure 4a, S23a, S24a,
Supporting Information), the pristine NiO nanosheet exhibited

Small Struct. 2026, 7, e202500489 €202500489 (5 of 13)

an overpotential of 550 mV for a 100 mA cm ™2 current density.
Meanwhile, the Ni NC@NiO nanoheterostructure improved
performance compared to the pristine NiO. The Ni NC@NiO
displays a significantly lower overpotential of 396mV at
100 mA cm™? current density. This higher HER activity is primar-
ily because of the faster charge transfer across the NiO and Ni NC
heterointerface. The composition of the heterostructure was also
varied by increasing the concentration of the NCs. The electroca-
talytic activity was checked for 10-40% of the Ni NCs loading. The
HER activity increased for the heterostructure up to 20% of the Ni
NC loading, and the performance decreased gradually for higher
NC loading up to 40%. The 20% Ni NC@NiO delivered the best
HER performance among all the heterostructures, exhibiting an
overpotential of 396mV at 100 mA cm™ current density. The
HER overpotential of all the electrodes follows the order: 20%
Ni NC@NiO (396 mV) < 10% Ni NC@NiO (484mV) < NiO
(502mV) < 30% Ni NC@NiO (508 mV) < 40% Ni NC@NiO
(533 mV) < Bare Ni foam (596 mV). Thus, the 20% Ni NC loading
is the optimized concentration for the superior HER activity, and
the overpotential is 106 mV lower than that of NiO. After normal-
izing the LSV curves by the electrochemical surface area (ECSA) to
eliminate the influence of surface area, Figure 4c reveals that 20%
Ni NC@NIiO delivers better HER activity compared to other elec-
trodes. This suggests that the superior performance arises not only
from a larger ECSA but also from the enhanced intrinsic catalytic
activity, which can be ascribed to the optimized electronic
structure.®? The 40% Ni NC-loaded heterostructure, on the other
hand, has the lowest electrocatalytic activity and the highest over-
potential (533 mV). This activity degradation for 40% Ni NC@NiO
can be addressed by decreased electrical conductivity and
increased hydrophobicity in the electrode-electrolyte interface
upon excessive NCs loading, as the NCs are protected by
dodecanethiol ligand.
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Figure 4. Electrocatalytic performance of the Ni NC@NiO nanoheterostructure deposited on NF. a) LSV curves of different nanoheterostructures with
varying Ni NCs loading for HER in T M KOH. b) Corresponding HER Tafel plots of the nanoheterostructures. ¢) ECSA-normalized LSV plots for HER.
d) LSV curves of different nanoheterostructures with varying Ni NC loading for OER in 1 M KOH. e) Nyquist plots for the nanoheterostructures in T M
KOH. (The dots show the experimental points; the solid line shows the fitted curve.) f) Capacitive currents versus scan rates plot and the Cy estimation
for the nanoheterostructures. g) Chronoamperometry plots of the 20% Ni NC@NiO electrode for HER and OER, and the LSV polarization plot before and

after the chronoamperometric stability test for h) HER and i) OER.

To study the reaction kinetics of the HER, the Tafel slope was
determined using the HER polarization curve (Figure 4b). The
Tafel slope gives information about the charge transfer kinetics
and rate-limiting step of the HER reaction on the electrode sur-
face.”?#% From the Tafel slope analysis, it is evident that the
20% Ni NC@NiO showed a Tafel slope of 104 mV dec *,
which is relatively less than the pristine NiO nanosheets
(120mVdec™'). The lower Tafel slope of the 20% Ni
NC@NiO electrode suggests that the charge transfer reaction
kinetics become faster with the addition of the
Nig(SC12H,5)12 NCs. The Tafel slope value (104 mV decfl) of
the 20% Ni NC@NiO electrode indicates that the HER is con-
trolled by a coupled Volmer-Heyrovsky type mechanism,®"
with the Volmer step being predominantly the rate-determining
step (RDS) for the electrochemical HER reaction in the alkaline
medium. The electrocatalytic OER efficiency of the Ni NC-based
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heterostructure (Figure 4d and S25, Supporting Information)
was also investigated in a 1 M KOH solution. The pristine
NiO nanosheets showed an overpotential of 638 mV at
100 mA cm % current density. In this case, the 20% Ni
NC@NIiO heterostructure displayed significantly better OER
activity than other NiO and heterostructures. The overpotential
of the 20% Ni NC@NiO nanoheterostructure was 586 mV for a
100 mA cm ™2 current density. A similar trend of electrocatalytic
activity was observed for OER. With 40% of the NCs loading, an
overpotential of 656 mV was obtained, 70 mV higher than
the best-performing heterostructure. The optimized 20% Ni
NC@NiO heterostructure has competitive overpotentials
at 100mA cm > when compared (Figure $26, Supporting
Information) to benchmark catalysts Pt/C (HER) and RuO,
and IrO, (OER), highlighting its potential as a cost-effective
substitute for noble-metal catalysts.[B>5*
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The electrochemical behavior of the Ni NC-based heterostruc-
ture was further investigated by electrochemically active
surface area (ECSA). The ECSA is related to the electrodes’
double-layer capacitance (Cg)."***! The Cy was determined by
measuring cyclic voltammograms (CV) at different scan rates
(100-140mVs ™) in a non-faradaic region. Cy values were
obtained using the CV plots’ slopes (Figure S22, Supporting
Information) and the cathodic and anodic current densities. >4
The A] versus scan rate plot (Figure 4f) revealed that the 20% Ni
NC@NIO electrode has a Cy value of 1.06 mF cm 2, the highest
of all the electrodes. So, the C4; value suggested that the 20% Ni
NC@NIiO heterostructure possesses more active sites and active
surface area for facilitating the electrochemical reactions in the
electrode-electrolyte interface. The obtained Cg values for other
electrodes are 1.03, 0.835, 0.775, 0.73, and 0.675 mF cm ™2 for
10% Ni NC@NiO, NiO, 40% Ni NC@NiO, 30% Ni NC@NiO,
and Bare Ni foam, respectively. These values align with the
observed electrocatalytic  HER and OER activity trend.
Electrochemical impedance spectroscopy (EIS) was also
performed to study the charge-transfer kinetics at the electrode.
The Nyquist plot (Figure 4e, S23b, S24b, Supporting
Information) shows that the 20% Ni NC@NiO heterostructure
electrode displays the smallest semicircle among all the electro-
des, offering a lower charge transfer resistance (R.) value of
2.51Q. As a result, the charge transfer kinetics at the 20% Ni
NC@NiO electrode interface are much faster, mainly due to
the facile electronic interaction between the NiO and the Ni
NC. Upon increasing NCs loading, the R, value gradually
decreases up to 20% of the NCs loading. But there is a rise in
R value for higher NCs loading, which can be addressed as
the reduced interfacial interaction of the Nig(SCi,Hjs)1, NCs
with the NiO nanosheets because of the long-chain bulky hydro-
carbon ligand of the NC. So, the activity loss for HER and OER
results from poor electrical conductivity upon excessive NCs
loading.

The stability of the electrode is another crucial element that
evaluates an electrocatalyst’s performance. Thus, chronoamper-
ometry measurements (Figure 4g) were carried out for the 20%
Ni NC@NiO heterostructure at a fixed potential to investigate the
long-term stability of the electrode. The heterostructure electrode
delivered a very steady performance for 78000 s and maintained
~75% of the initial current density for both HER and the OER,
confirming the durability of the heterostructure under prolonged
electrocatalysis experiments. Furthermore, poststability charac-
terizations were investigated to assess the structural integrity
of the catalyst. SEM imaging, along with EDS elemental mapping
(Figure S17-S19, Supporting Information) of the electrode, indi-
cates that both Ni nanoclusters and NiO nanosheets remain
intact and uniformly distributed on the Ni foam support. The
electrodes preserve the nanosheet morphology of the hetero-
structures, confirming their morphological stability under
extended electrochemical conditions. EDS mapping again con-
firms the presence of well-distributed Ni, O, S, and C elements,
corresponding to the NiO and Ni NCs. ToF-SIMS analysis
(Figure S20-S21, Supporting Information) further confirms
the presence of Ni, S, C, and O signals in positive and negative
modes, indicating the structural integrity of the heterostructure
during electrocatalysis. Further, we have also performed post-
stability electrochemical experiments such as LSV and EIS plots
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(Figure 4h,i and S27, Supporting Information) after 78000 s of
chronoamperometry, revealing a modest rise in charge-transfer
resistance and a minor shift in overpotential relative to the initial
electrode. These findings indicate that the catalyst retains most of
its electrochemical activity even after extended operation, further
validating the robustness of the heterostructure electrocatalyst.
Additionally, a CV cycling stability test (Figure S28, Supporting
Information) was carried out over 3500 consecutive cycles to
assess the long-term durability of the catalyst. The post-CV polar-
ization curves (Figure S29, Supporting Information) also validate
the durability and stable catalytic activity for the Ni NC@NiO
heterostructure electrode.

2.3. DFT Simulations for the Catalysis Mechanism

The nickel NC (NiG(SCuHZS)lz)[GO] considered in this experiment
contains a closed nickel-sulfur cage containing six Ni and twelve
S atoms, functionalized with 12 dodecyl groups linked with the
12 S atoms. To model the NC through first-principles simulation,
we considered 6 Ni atoms caged with 12 S atoms followed by the
actual nanocluster. But instead of functionalizing the S atoms
with dodecyl group, we rather used methyl groups to terminate
six non-adsorbing S atoms, forming NigS;,(CHj3)e structure, and
the structure was optimized in density functional theory (DFT)
simulation (Figure 5b). To look into the steric effects, we have
also calculated the C,Hs group passivated single unit Ni NC
in contrast to the CH; group, and the d-band profiles do not vary
significantly, as shown in Figure S31, Supporting Information.
Hence, to probe electronic interactions, we proceed further with
the CHj passivation. Also, according to literature,®”! the Ni0-100
surface is the most stable (Figure S30, Supporting Information),
with the least surface energy. Hence for further simulations, we
have used the NiO-(100) as our model surface. Adsorption of the
NC onto the NiO (100) surface leads to strong binding and sur-
face reconstitution for the NiO. The charge density difference
plotillustrated in Figure 5e validates strong electronic interaction
of the Ni nanocluster with bare NiO surface. The charge density
difference calculation at the NiO surface due to nanocluster
adsorption was done utilizing the formula

Pdif = Ptotal — Psurface — Pmolecule (1)

where p,,, represents the total charge density of the nanocluster
adsorbed NiO system and pgyfce and Prolecule COrrespondingly
represent the charge density of bare NiO and isolated nanoclus-
ter unit. The HER and OER activities were modeled with these
two systems to understand the differences in the activity of NiO
and NCs-adsorbed NiO toward water splitting in alkaline
medium. Figure 5a,b shows the relaxed structures of NiO-
(001) surface and the modeled Ni-based cluster, respectively.
The NC-adsorbed structure of the NiO surface is shown in
Figure 5c.

The calculation of free energy changes of HER intermediates
in alkaline medium involved the following steps®®

Step-1: *H,0 — *OH + *H

Step-2: *OH + *H — OH™ + *H

Step-3: OH™ + *H — OH™ + 1/2 H,

Figure 5d shows the energy landscape of the reaction for bare
NiO surface and NCs-adsorbed NiO surface; the corresponding
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Figure 5. a—c) The bare NiO surface (100), modeled unit of Ni NCs, and NiO (100) surface after NCs adsorption. Plot (d) illustrates the free energy
difference diagram of HER intermediates for both the bare and NC-adsorbed NiO surface in alkaline medium; e) charge accumulation-depletion on the
NiO surface showing strong interaction of NC with the surface—the isosurface level for the plot is 0.01e~ A2,

optimized structures are shown in Figure S33, Supporting
Information. For HER in the alkaline medium, H,O adsorption
has been carried out on different systems, viz. NC adsorbed NiO
surface, bare NiO surface, and free NC have been calculated. Our
calculations reveal that H,O adsorption is not feasible on free
NC. Figure S34, Supporting Information, shows the H,O-bound
structures of NiO and Ni NC@NiO. We have computed further
steps with the two systems. Compared to bare NiO, Ni NCs-
adsorbed NiO shows a lower free energy barrier for all the inter-
mediate steps of HER in alkaline medium. Remarkably, the bar-
rier decreases significantly for the NCs adsorbed surface (by
3.53 eV) for the last step. This indicates NC adsorption-mediated
enhancement of the HER performance of bare NiO by facilitating
the H, desorption. The other part of the water splitting, that is,
oxygen evolution reaction (OER), was modeled through a 4 e~
pathway®”! as the experiments were carried out in alkaline
medium

40H™ — O, + 2H,0 + 4e~

The four intermediate steps considered for this reaction are
the following

Step-1: * + OH™ — *OH + e~

Step-2: *OH + OH™ — *O 4+ H,0 + e~

Step-3: *O + OH™ — *OOH + e~

Step-4: *OOH + OH™ — * 4+ O, + H,0 + e~

Small Struct. 2026, 7, €202500489 €202500489 (8 of 13)

The change in free energy for all these four intermediate steps
(Figure 6h) was calculated, and it was evident that Ni NCs
adsorbed NiO show an energetically downhill process for
OER, whereas for the bare NiO surface, the formation of the
*OOH intermediate and subsequently O, formation are energet-
ically uphill process. This renders the NC-adsorbed surface a bet-
ter catalyst for both HER and OER.

To understand the electronic origin of the better OER activity
upon cluster adsorption, I-decomposed atom projected density of
state analysis was done over the d-orbitals of the surface Ni atom
for the case of both bare NiO and NCs adsorbed NiO along with
the d-band center, utilizing the formula®”

B ¢ g(E)EdE
Ji: g(E)dE

where g(E) represents the density of states of the d-band electrons
within the energy interval E; to E, with respect to the Fermi level.
Upon calculating the d-band center, we found a —0.35 eV shift in
the d-band center (Figure 6g) when we consider NCs adsorption
on top of bare NiO. This suggests reduced reactivity of surface Ni
atoms of NiO due to cluster adsorption, hence better OER
performance.

Also, the shift in the d-band center was calculated for all four
reaction intermediates in the case of both the bare and Ni

)

d-BC
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Figure 6. a—c) The OER intermediates (*O, *OH, and *OOH) adsorbed over the bare NiO surface. d—f) The same, but over the Ni NCs adsorbed NiO
surface. g) Projected density of states plot of the surface Ni atom for both bare NiO and NCs adsorbed NiO. h) The free energy difference plot of OER
intermediates for both surfaces accordingly. i,j) The shift in the d-band center of the surface Ni atom of NiO due to *OOH adsorption over both NCs

adsorbed NiO and bare NiO.
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Table 1. Shiftin d-band center due to the adsorption of OER intermediates
for both the bare and Ni NCs adsorbed NiO surface.

Bare NiO surface Ni NCs adsorbed on the NiO surface

Adsorbed Shift in d-band Adsorbed Shift in d-band
intermediates center [eV] intermediates center [eV]
*OH -0.157 *OH -0.276

*O -0.397 *O -0.145
*OOH 0.033 *OOH -0.163

NCs-adsorbed NiO surfaces. The corresponding values are
reported in Table 1. From Figure 6i,j, we found that for bare
NiO, *OOH adsorption leads to a positive shift of the d-band cen-
ter of the surface Ni atom, while the same goes toward a negative
direction due to Ni NCs adsorption. This inversion of the d-band
center shift significantly highlights the enhanced OER activity of
NiO due to NCs adsorption. For the other two OER intermedi-
ates, we found a more negative d-band shift during O adsorption
for the bare NiO surface. In contrast, during OH adsorption, this
trend goes opposite (Figure S35, Supporting Information). The
charge density difference plots for OER intermediates in bare
and Ni nanocluster-activated NiO surfaces are given in
Figure S36, Supporting Information, to understand the reaction
pathway better. In summary, for both the HER and OER, owing
to the electronic interaction of the adsorbed cluster and the NiO
surface, the catalytic activity improves, rendering the adsorbed
system a better catalyst.

However, when NCs are densely packed, they can hinder the
diffusion of reactants to active sites.’’?! Excessive Ni NC load-
ing onto the NiO nanosheet matrix can block the active Ni
NC@NiO interface. Ligands play a crucial role in stabilizing
NCs and tuning their electronic properties. However, excess
ligands can also block active sites or interfere with reactant
adsorption, hindering electrocatalytic performance. So, excessive
NCs can hinder electron transport due to increased resistance or
blockage of pathways, leading to slower reaction kinetics and
reduced performance. Thiolated NCs can be hydrophobic, partic-
ularly when the thiol groups are attached to long alkyl chains.*!
These long chains increase the overall hydrophobicity of the clus-
ter, making it insoluble in water and more soluble in nonpolar
solvents. However, thiol groups themselves are not inherently
hydrophobic; they are slightly polar and can form weak hydrogen
bonds, but the attached alkyl chains’ hydrophobic nature domi-
nates the cluster’s overall behavior. So, excessive clusters can also
increase the overall hydrophobicity of the heterostructure and
decrease the catalytic performance. In the presence of excess
NCs, the sulfur can also block the nickel in NiO. The strong
sulfur-metal bond can lead to a substantial or complete loss of
catalytic activity. Hence, optimizing the concentration of NCs
is critical to maximizing the catalytic activity of such nanoheter-
ostructure materials.

3. Conclusion
A Dbase-stable Nig(SC1,H;s5)12 NC was synthesized, and its crystal

structure was resolved via single-crystal X-ray diffraction. The
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NCs self-assemble through intermolecular noncovalent ligand
interactions. Incorporating these Ni NCs onto NiO nanosheets
enabled us to evaluate their electrocatalytic activity, revealing that
a 20 wt% NCs loading on NiO achieves optimal HER and OER
performance in 1 M KOH. DFT calculations indicate strong
binding between the NCs and the NiO surface, with a notable
shift in the d-band center of surface Ni atoms upon cluster
adsorption enhances electrocatalytic activity. However, higher
loadings can increase hydrophobicity at the interface, impeding
HER and OER processes. This work offers detailed insights into
the mechanisms governing HER and OER in oxide/thiol-
protected non-noble metal NC heterostructures. Importantly,
these findings advance our understanding of charge transfer
dynamics at the nickel NC-oxide interface, revealing how
interfacial electronic interactions and their modulation govern
catalytic activity. Optimizing key parameters of atomically precise
metal nanocluster-based catalysts, such as their structural
features, the orientation of organic ligands, nanocluster concen-
tration, and catalyst selectivity, could open new pathways for
developing next-generation electrocatalysts. The deliberate
design of nanocluster architectures combined with tailored inter-
facial ligand chemistry aims to fully unlock the catalytic potential
of Ni nanocluster-based heterostructures, facilitating the creation
of cost-effective and advanced electrocatalysts.

4. Experimental Section

Chemicals and Materials: Nickel(ll) acetylacetonate [Ni(acac);
(Ni(CsH;0,),)], oleylamine (OAm), and 1-dodecanethiol (DDT, 98%)
were obtained from Sigma—-Aldrich. Ni(NOs),-6H,0, urea, ethylene glycol,
dichloromethane (DCM), and ethanol were obtained from SRL chemicals.
Ultrapure Milli-Q water (18.2 MQcm) was used throughout the entire
experiment.

Synthesis of Nig(SCi12H32s)12 Nanoclusters: This study implemented the
wet-chemical synthesis approach to synthesize the atomically precise Ni
NC protected by a T-dodecanethiol ligand.®® For the NC synthesis,
0.1 mmol of Ni(acac), was dissolved in 10.0 mL OAm under ultrasonica-
tion. The reaction mixture was heated at 120 °C for 15 min with vigorous
stirring, and the color of the solution turned light green from light blue.
Then 1-dodecanethiol (250 uL, 1 mmol) was added dropwise into the
round-bottom flask under constant stirring. The color of the solution
changes from light green to brown after 5 min. Subsequently, the solution
was stirred at 120 °C for 6 h, cooled to room temperature, and a substan-
tial quantity of ethanol was introduced to the dark-brown reaction mixture
to produce a red-brown precipitate. The Nig(SCi2H2s)12 NCs were col-
lected through centrifugation at 10000 rpm and washed with ethanol.
Finally, a dark brown NC solution was obtained by extracting the product
with dichloromethane.

Synthesis of NiO Nanosheets: Ni(NOs),-6 H,O (400 mg) and urea
(165.2 mg) were dissolved in 30 mL of EG. Continuous stirring added
20 mL of Milli-Q water to the above solution. The reaction mixture was
transferred into a 100 mL Teflon-lined stainless-steel autoclave and heated
at 140°C for 7 h. After cooling to room temperature, the green-colored
product was centrifuged, washed with water and ethanol several times,
and dried at 60 °C overnight. The powder was calcined in air at 300 °C
for 3 h to produce the NiO nanosheets.[*®¢

Synthesis of Ni NC@ NiO Heterostructure: For the preparation of the Ni
NC@NiO heterostructure, 8 mg of NiO nanosheets were dispersed in
2 mL of Nig(SCq2H25)12 nanocluster solution (1 mg mL’1) with continuous
stirring. The mixture was treated under ultrasonic treatment for 30 min to
enhance the uniform interaction and anchoring of Ni nanoclusters on the
NiO nanosheet surface. The product was isolated through centrifugation,
subsequently washed with DCM, ethanol, and deionized water to eliminate
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excess ligands, and finally dried under vacuum conditions. The successful
integration of Ni NCs into NiO was characterized through TGA, SEM—EDS
elemental mapping, and ToF-SIMS analysis.

Preparation of the Working Electrode for Electrocatalytic Water Splitting:
First, the commercially purchased Ni foam (NF) was pretreated by wash-
ing with acetone, followed by T M HCI for 15 min each to remove any
surface oxides. Then, these Ni foams were again rinsed with water and
ethanol, dried in a vacuum oven, and used for electrode fabrication.
The working electrode was prepared by mixing 10 mg of catalyst material
(NiO nanosheet powder) and 2 mg of PVDF. This mixture was finely
ground, and 100 pL of NMP was added to make the slurry and coated
on the Ni foam over an area of 0.5cm” To prepare the 20% Ni
NC@NIO heterostructure electrode, 1mL of Ni NC solution
(2mgmL™") was added to the 8 mg NiO and ground in a mortar and
pestle along with PVDF for 45min. These uniformly coated
electrodes were dried overnight at 50°C in a vacuum oven for further
electrochemical measurements. The Ni NCs loading was controlled by
adding different amounts of nanocluster solution into the NiO
powder. The average loading for the working electrode was maintained
at ~2mg cm™2,

Electrochemical Measurements: A CHI1708E electrochemical workstation
was used to record all the electrochemical measurements ina 1 M KOH
solution. The HER and OER performance were measured using a conven-
tional three-electrode system with the catalyst-coated Ni foam as the work-
ing electrode, graphite rod as the counter electrode, and an Ag/AgCl (1 M
KCl) as the reference electrode. This study’s potential values were con-
verted to a reversible hydrogen electrode (RHE) scale using the equation
Erne = Eag/agait(0.22 V+0.059 pH). The linear sweep voltammetry (LSV)
measurements were recorded with a scan rate of 50 mVs™". To find the
electrochemical active surface area (ESCA), CV were taken in the
non-Faradic potential range of 0.746-1.106V versus RHE with a
100-140 mV s~ scan rate. Electrochemical AC impedance spectra were
recorded in the frequency range from 10° to 0.1 Hz with 10 mV amplitude.
The resulting impedance spectra were fitted using an analogous circuit
model to find the solution and charge transfer resistance. A chronoam-
perometric measurement was used for 78000 s at a fixed potential to con-
duct the long-term durability tests. All the data were reported without any
iR-correction.

Computational Methodology: All the calculations were performed using
first-principles DFT as implemented in Vienna Ab Initio Simulation
Package (VASP).P*®8 The projection operators were evaluated in real
space utilizing Projector Augmented Wavel® potentials and the
Perdew—Burke—Ernzerhof® generalized gradient approximation as
exchange-correlation functional. Structural optimization was performed
without symmetry constraints, and the structures were considered con-
verged upon reaching an interatomic force below 0.01eVA™" with a
self-consistent energy convergence limit of 107*eV. Plane wave basis-
set cutoff energy was considered to be 500 eV during the calculations.
The reciprocal space integration across the 2D irreducible Brillouin zone
was performed using the Monkhorst—Pack!'® of 3 x 3 x 1 k-mesh. For
molecule and cluster optimization, we used I'-centered k-grid distribution.
The Gaussian smearing method was used throughout the calculations
with valence electronic configuration'®® 'l of nickel (3d® 4s?), oxygen
(252 2p*), sulfur (3s® 3p*), carbon (2s® 2p?), and hydrogen (1s). We con-
sidered the NiO (100) surface with a (3 x 3 x 3) supercell; the number of
atoms for adsorbed systems in the NiO-slab state and in the adsorbed
state is 216 (108 Ni and 108 O atoms). 12 A vacuum space was added
along the transverse direction to mitigate the interactions between peri-
odic replicas. We considered a NigS12(CH3)e geometry for the nanocluster
to model the interaction of S with the NiO surface. The structures were
optimized in all three directions without any constraints.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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