Nano

Resea rch ISSN 1998-0124 CN 11-5974/04
https://doi.org/10.26599/NR.2026.94909174

Component design of Ni-based rock-salt structure oxygen

—
g
e
S
<
=
(%]
S
©
(7]
7]
()]
(-4

evolution reaction catalyst via cluster plus glue atom model

Zhihui Liu"2(=), Qifeng Han!, Chaojie Yan!, Peng Tian', Wenyan Shi', Lei Zhang!, Xiaorui Liang!, Helei Dong!, Wanyu
Ding?, Qiulin Tan'(=)

! Key Laboratory of Micro/nano Devices and Systems, Ministry of Education, North University of China, Taiyuan 030051,
China

2 State Key Laboratory of Tribology in Advanced Equipment, Tsinghua University, Beijing 100084, China

3 College of Mechanical Engineering, Dalian Jiaotong University, Dalian 116028, China

Nano Res., Just Accepted Manuscript ¢ https://doi.org/10.26599/NR.2026.94909174
https://www.sciopen.com/journal/1998-0124 on Sep. 7, 2026

© The Authors(s)

Just Accepted

This is a “Just Accepted” manuscript, which has been examined by the peer-review process and
has been accepted for publication. A “Just Accepted” manuscript is published online shortly after
its acceptance,which is prior to technical editing and formatting and author proofing. Tsinghua
University Press (TUP) provides “Just Accepted” as an optional and free service which allows
authors to make their results available to the research community as soon as possible after
acceptance. After a manuscript has been technically edited and formatted, and the page proofs
have been corrected, it will be removed from the “Just Accepted” web site and published
officially with volume and article number (e.g., Nano Research, 2025, 18, 94906990). Please note
that technical editing may introduce minor changes to the manuscript text and/or graphics which
may affect the content, and all legal disclaimers that apply to the journal pertain. In no event shall
TUP be held responsible for errors or consequences arising from the use of any information
contained in these “Just Accepted” manuscripts. To cite this anuscript please use its Digital Object
Identifier (DOI®),which is identical for all formats of publication.



https://www.sciopen.com/journal/1998-0124

Graphical Abstract:

A rational component-design strategy for nickel-based rock-salt oxygen
evolution reaction (OER) electrocatalysts has been developed using the
cluster-plus-glue-atom model. By selectively substituting second-shell nickel glue
atoms with magnesium in the [Ni—Og]Nis structural unit, the resulting Ni#Mgs
catalyst preserves the active Ni-Os motif while effectively suppressing detrimental
nickel-nickel d—d electronic interactions. Comprehensive structural and spectroscopic
analyses confirm homogeneous incorporation of magnesium at glue-atom sites,
thereby maintaining the integrity of the rock-salt framework. The Ni#Mgs catalyst
showcases a low overpotential of 247 mV at 10 mA-cm™ and exhibits outstanding
durability over 140 hours. Density functional theory calculations indicate that the 2s
orbitals of magnesium introduce an electronic shielding effect that narrows the
bandwidth of nickel 3d states, optimizes the Ni 3d—O 2p hybridization, and lowers the
free-energy barrier for the formation of the *OH intermediate. This study
demonstrates orbital shielding as an effective electronic modulation strategy and

underscores the predictive capability of the cluster-plus-glue-atom model for the

design of high-performance OER
electrocatalysts.
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ABSTRACT

The development of efficient and durable oxygen evolution reaction (OER) electrocatalysts is
crucial for advancing alkaline water electrolysis and enabling sustainable hydrogen production.
Nickel-based oxides with rock-salt structures are particularly promising owing to their earth
abundance and favorable redox properties. However, strong Ni—Ni d—d electronic interactions in NiO
frequently result in excessive *O adsorption, sluggish kinetics, and structural instability under OER
conditions. Herein, we employ the cluster-plus-glue-atom model to rationally design Ni-Mg
rock-salt oxides, with a focus on how Mg substitution at glue-atom sites modulates the electronic
structure of the central Ni active site. The resulting Ni#Mgs catalyst requires an overpotential of only
247 mV to deliver a current density of 10 mA-cm~ and maintains stable performance over 140 h.
Density functional theory (DFT) calculations reveal that Mg atoms at glue-atom sites introduce a

distinctive Mg 2s orbital shielding effect. This effect weakens Ni—Ni d—d coupling, optimizes Ni



3d—0O 2p hybridization, elevates the Ni 3d band center, and reduces the formation energy barrier of
the *OH intermediate. This work establishes orbital shielding as a key electronic modulation strategy
and highlights the predictive power of the cluster-plus-glue-atom model for the rational design of
high-performance Ni-based OER electrocatalysts.

Keywords

oxygen evolution reaction; cluster plus glue atom model; Ni-Mg rock-salt oxide; electronic
modulation
1. Introduction

Electrochemical water splitting represents a cornerstone technology for renewable energy
storage and sustainable hydrogen production, enabling the conversion of intermittent electricity into
storable chemical fuels [1, 2]. In alkaline water electrolysis, the anodic oxygen evolution reaction
(OER) constitutes the primary kinetic bottleneck owing to its complex four-electron transfer
mechanism, which involves multiple oxygenated intermediates (*OH, *O, *OOH) and imposes
substantial overpotential requirements [3]. Transition-metal oxides, particularly nickel-based
materials, have attracted extensive research interest owing to their earth abundance, favorable redox
properties, and demonstrated activity in alkaline electrolytes [4, 5].

Nickel(IT) oxide (NiO), which crystallizes in the rock-salt structure, features Ni?* cations
octahedrally coordinated by O anions, forming a three-dimensional Ni-O-Ni network [6]. This
edge-sharing connectivity gives rise to direct electronic interactions between adjacent Ni 3d orbitals
through oxygen-mediated superexchange pathways [7]. Although such Ni-Ni d—d coupling can
confer metallic-like conductivity under certain conditions, excessive orbital overlap broadens the Ni
3d band and strengthens the adsorption of oxygen intermediates particularly *O thereby elevating the
thermodynamic barrier of the rate-determining step and compromising catalytic kinetics [8, 9].
Addressing this fundamental limitation requires strategies that selectively modulate second-shell

Ni—Ni interactions while preserving the essential Ni-O coordination environment that defines the



active site. Heteroatom substitution has been extensively pursued to modify the electronic structure
of Ni-based oxides [10]. Magnesium, in particular, presents an intriguing alloying element owing to
its similar ionic radius to Ni**, which supports solid-solution formation within the rock-salt lattice,
and its closed-shell 2s* electronic configuration, which renders it electronically inert toward OER
intermediates [11]. However, conventional doping approaches lack rational guidelines for identifying
optimal substitution sites and concentrations, often resulting in random lattice occupation that may
disrupt the active site or introduce undesired structural distortions. The absence of a predictive
structural framework has hindered the systematic optimization of Ni-based OER electrocatalysts
through compositional design.

The cluster-plus-glue-atom model, originally developed for metallic glasses and complex alloy
phases, offers a compelling alternative by describing crystalline structures in terms of
nearest-neighbor clusters embedded within a matrix of glue atoms [12]. When applied to rock-salt
NiO, this framework identifies the fundamental structural unit as [Ni—Os], consisting of a central Ni
atom octahedrally coordinated by six oxygen atoms, with five second-nearest-neighbor Ni atoms
serving as glue atoms that interconnect adjacent clusters [13, 14]. This formulation, expressed as
[Ni—Og|Nis, provides a rational basis for targeted substitution: heteroatoms introduced at glue-atom
sites can modulate second-shell electronic interactions without disrupting the primary catalytic
[Ni-Os] motif.

Here, we employ the cluster-plus-glue-atom model and the sol-gel method to interpret and
synthesize Ni-Mg rock-salt oxides, in which MgO and NiO share the same stable rock-salt structure
[15]. DFT demonstrated a novel Mg 2s orbital shielding effect: when Mg fully occupies the glue
atoms, its presence attenuates the direct Ni-Ni d—d interactions, narrows the Ni 3d bandwidth, and
tunes the adsorption energy into a more favorable range. Moreover, high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM), and X-ray absorption spectroscopy

(XAS) demonstrate that the glue Ni atoms are completely substituted by Mg. The synthesized



Ni#Mg5 catalyst exhibits an overpotential of only 247 mV at a current density of 10 mA-cm-2 and
demonstrates stable operation for 140 h. This work provides new insights into the rapid
compositional design of Ni-based oxides.
2. Materials and methods
2.1 Preparation of Ni-Mg oxides

The Ni-Mg oxides with different ratios of Ni/Mg were synthesized beginning by dissolving
stoichiometric amounts of nickel acetate (97%, Macklin) and magnesium acetate (99%, Macklin) in
deionized water to create a clear metallic salt solution. Citric acid is then added to the mixture in a
1:1.5 molar ratio relative to the total metal ions. The citric acid acts as a chelating agent, binding the
Ni?* and Mg?" ions to prevent them from precipitating unevenly. The solution is heated at 80°C under
constant stirring to evaporate the solvent, gradually increasing the viscosity until a thick, translucent
"citrate gel" forms. This gel is then dehydrated further in an oven to produce a foam at 140 °C for 6 h.
Finally, this precursor undergoes calcination in a furnace at temperatures between 600°C for 4 h.
During this stage, the organic citrate backbone combusts, leaving behind a fine, homogenous Ni-Mg
oxide solid solution.
2.2 Material characterization

The morphology, structure, composition, and chemical property of the samples were
investigated by SEM (ZEISS SUPRA 55), HR-TEM (JEM-3000F), XRD (Empyrean, operated at 40
kV and 40 mA with Cu Ka). Aberration-corrected HAADF-STEM characterization was conducted
on a Cs corrected monochromated TEM (Themis Z) instrument at 300 keV. The X-ray photoelectron
spectroscopy (XPS) spectra were collected at Thermo Scientific K Alpha with an Al K,
monochromatic. The determination of metal concentrations in the samples was carried out using the
inductively coupled plasma-optical emission spectrometry (ICP-OES) method with the Thermo
Scientific iCAP 7000 Series Spectrometer. X-ray absorption spectroscopy (XAS) at the Ni K-edge

was performed at beamline 10C of the Pohang Accelerator Laboratory (PAL) in Korea. The storage



ring was operated at 3.0 GeV, with a ring current of 250 mA. A Si (111) double crystal
monochromator was used to eliminate high-order harmonics by reducing the beamline intensity by
20-30%. A reference Fe metal foil spectrum was used to calibrate the spectra of samples, followed
by analysis using Athena software in the Demeter package.
2.3 Electrochemical measurements

All oxygen evolution reaction (OER) electrochemical measurements were conducted in a
standard three-electrode configuration using a CHI760E. The working electrode consisted of a
platinum clip supporting carbon paper (Toray TGP-H-060), the counter electrode was a graphite rod,
and the reference electrode was Hg/HgO (1 M KOH). Catalyst inks were prepared by dispersing 5
mg of the as-synthesized material in a mixture of 500 pL isopropanol, 500 puL deionized water, and
20 pLNafion solution (5 wt%), followed by ultrasonication for 1 h. Subsequently, 100 puL of the ink
was drop-cast onto the carbon paper substrate within a 1 x 1 cm2 geometric area and allowed to dry.
2.4 DFT calculation

Density functional theory (DFT) calculations were performed using the Vienna Ab initio
Simulation Package (VASP) with the projector augmented wave (PAW) method. The generalized
gradient approximation (GGA) in the form of the Perdew—Burke—Ernzerhof (PBE) functional was
employed to describe the exchange—correlation interactions. A I'-centered k-point mesh of 3 x 3 X 1
and a plane-wave basis set with a cutoff energy of 450 eV were used. All structures were fully
relaxed until the residual forces on atoms converged to less than 0.02 eV A-!. Rock-salt NiO (100)
surfaces, with selective substitution of Ni or Mg atoms, were constructed as slab models to
investigate the electronic structure and adsorption free energies.
3. Results and discussion
3.1 Composition design based on cluster-plus-glue-atom model

The radial distribution function (RDF) of rock-salt NiO displays two dominant coordination

shells corresponding to Ni—O and Ni—Ni interactions (Fig. 1a) [16]. The first intense peak, located at



a shorter interatomic distance, arises from the nearest-neighbor Ni—O coordination within the NiO6
octahedra, confirming that Ni2+ ions are surrounded by six oxygen atoms in an octahedral geometry.
The second prominent peak, at a longer distance, originates from Ni—Ni interactions between
adjacent octahedra, reflecting the edge-sharing connectivity that defines the rock-salt lattice [17].
Since OER activity predominantly occurs at surface Ni sites, selective modulation of the second
coordination shell (Ni—Ni) rather than disruption of the primary Ni—O octahedra offers a rational
strategy for optimizing catalytic performance while preserving the overall crystal framework [19].

Fig. 1b schematically illustrates the application of the cluster-plus-glue-atom model to the
rock-salt NiO system [13]. In this framework, the fundamental structural unit is the nearest-neighbor
[Ni-O¢] cluster, and the surrounding second-nearest-neighbor cation positions are defined as
glue-atom sites. Accordingly, pristine NiO is formulated as [Ni-Os]Nis, while Mg substitution at
these second-shell cation/glue sites gives [Ni-Os]Mgs (denoted as Ni#Mgs). This notation is
indicated by the symbol "#", which separates the central [Ni-O¢] motif from the surrounding glue
atoms. Mg?" therefore substitutes on the rock-salt cation sublattice around the central [Ni-Og] motif
rather than replacing the central octahedral Ni site. Because Mg lacks partially filled d orbitals, such
substitution weakens second-shell Ni-Ni electronic interactions while preserving the first-shell Ni-O
coordination.
3.2 Material Synthesis and Characterization

X-ray diffraction (XRD) was employed to characterize the crystal structure of the Ni-Mg oxide
series. The diffraction patterns exhibit a single-phase rock-salt structure across all compositions (Fig.
2a) [7]. All reflections can be indexed to the cubic Fm 3 m space group characteristic of NiO,
confirming that Mg incorporation induces no secondary phases or significant structural distortions
beyond shifts in lattice parameters [15]. With increasing Mg substitution, the diffraction peaks shift
progressively to lower 26 values, consistent with lattice expansion arising from the slightly larger

ionic radius of Mg?" compared to Ni**. The complete absence of impurity peaks demonstrates that



Mg atoms are incorporated substitutionally into the NiO lattice rather than forming a segregated
MgO phase. This structural continuity confirms that glue-atom substitution preserves the overall
crystallographic framework while enabling subtle modifications to the local coordination
environment, thereby supporting the feasibility of controlled electronic modulation without
sacrificing phase stability.

SEM and HAADF-STEM images show that the Ni-Mg oxides consist of uniformly distributed
granular nanoparticles with no obvious large agglomerates or phase-separated domains (Fig. 2b,c and
Figs. S1,S2). STEM-EDS mapping shows homogeneous distributions of Ni, Mg, and O throughout
individual nanoparticles (Fig. 2d and Tab. S1). These results support single-phase and
compositionally uniform Ni-Mg oxide formation. Together with the XAS/EXAFS results discussed
below, they are consistent with the proposed -cluster-plus-glue-atom design, but
XRD/SEM/STEM-EDS alone are not used as sole proof of selective second-shell occupation.

Fast Fourier transform (FFT) analysis of the high-resolution HAADF-STEM images displays
diffraction spots consistent with the cubic rock-salt structure (Fig. 2e) [10]. The symmetry and
spacing of these spots confirm high crystallinity and the absence of detectable structural distortions.
No additional diffraction features indicative of impurity phases are present [28]. This
crystallographic evidence corroborates the XRD results, demonstrating that Mg substitution does not
disrupt long-range structural order. Atomic-resolution HAADF-STEM imaging resolves clear lattice
fringes corresponding to the characteristic interplanar spacings of rock-salt NiO (Fig. 2f) [29]. The
measured d-spacings align closely with those expected for the (200) or (220) planes, depending on
the zone axis, and exhibit a slight expansion relative to pristine NiO, consistent with Mg
incorporation. The uniform brightness distribution across the image indicates homogeneous atomic
dispersion without clustering of heavier elements [30]. Given that HAADF intensity scales
approximately with atomic number (Z-contrast imaging), the subtle contrast variations between Ni

and Mg columns confirm that Mg atoms are atomically dispersed within the lattice rather than



segregated into distinct domains [31]. The retention of high crystallinity even after complete
glue-atom substitution underscores the structural robustness of the cluster framework and validates
the structural model proposed in Fig. 1. Notably, the octahedral coordination geometry remains intact,
confirming preservation of the first-shell Ni-O environment despite substitution at glue-atom sites
[20]. This retention of the catalytic NiOs motif is essential for maintaining the identity and integrity
of the active sites [32]. The corresponding intensity profile across atomic columns quantitatively
illustrates the periodic lattice arrangement and uniform atomic contrast (Fig. 2g) [33]. The lack of
significant intensity fluctuations further rules out phase segregation and reinforces homogeneous Mg
incorporation [34]. Overall, the preserved atomic ordering shows that Mg substitution modulates
electronic interactions primarily at the second-neighbor level without inducing structural defects or
amorphization [35]. This structural integrity is crucial for reliably attributing subsequent
electronic-structure changes and catalytic performance improvements to the targeted glue-atom
substitution.
3.3 XAS Characterization and Analysis

The Ni K-edge X-ray absorption near-edge structure (XANES) spectra offer direct insight into
the electronic state and local coordination symmetry of Ni centers in the Ni-Mg oxide series (Fig. 3a)
[36]. All samples display absorption edge positions characteristic of Ni?* in an octahedral
environment, confirming that the rock-salt NiO framework is preserved following Mg substitution
[37]. Nevertheless, subtle shifts in the edge position and white-line intensity are evident with
increasing Mg content. Relative to Ni#Ni5, the Ni#MgS5 sample exhibits a slight shift of the
absorption edge to lower energy accompanied by a reduced white-line intensity, suggesting a modest
decrease in the effective Ni oxidation state or a redistribution of electronic density around the Ni
centers [38]. These results indicate that Mg incorporation modifies the local electronic structure
while the main Ni-O coordination feature is largely retained. Linear combination fitting of the

XANES spectra provides a quantitative assessment of Ni oxidation-state distribution across the series



(Fig. 3b) [40]. The fits confirm that Ni remains predominantly in the +2 oxidation state in all samples,
with only minor variations in average valence upon Mg substitution [41]. No detectable contributions
from higher-valent Ni3+ or metallic Ni are present, consistent with the Bader charge analysis results.

Wavelet transform (WT) analysis of the k2-weighted EXAFS spectra provides simultaneous
resolution in R- and k-space, enabling clear differentiation of scattering contributions from distinct
neighboring atoms (Fig. 3c) [22]. In Ni#Ni5, a prominent intensity maximum at higher k values is
observed in the region corresponding to Ni—Ni scattering, indicative of strong second-shell Ni
coordination [16]. After Mg incorporation, the second-shell scattering feature shifts toward lower &
values, consistent with the presence of lighter Mg backscatterers around Ni. Crucially, the
persistence of the Ni-O feature demonstrates that the catalytic NiOs cluster core remains structurally
intact.

Fourier-transformed EXAFS spectra provide quantitative insight into the radial coordination
changes across the Ni-Mg oxide series (Fig. 3d, Fig. S3 and Tab. S2). The first-shell Ni-O peak is
largely preserved, whereas the second-shell cation-scattering feature decreases and shifts slightly
with Mg incorporation. The fitted Ni-Ni coordination number for Ni#Mgs is 10.1 (Tab. S2),
confirming a physically reasonable average second-shell cation-scattering environment for the
rock-salt solid solution. Therefore, the EXAFS results are interpreted as evidence for preservation of
the first-shell Ni-O environment and modification of the second-shell cation environment, rather than
as a literal integer count of isolated Ni-Ni neighbors. Notably, Ni#Mgs is used here to describe a
Ni-Mg rock-salt oxide in which local [Ni-Os]Mgs-like configurations can form statistically around
Ni centers, rather than implying perfectly ordered Mg occupation around every Ni site.

3.4 OER Performance Characterization and Analysis

Linear sweep voltammetry (LSV) curves demonstrate a clear composition-dependent

enhancement in oxygen evolution reaction (OER) activity upon Mg substitution (Fig. 4a) [43].

Among the series, Ni#Mgs exhibits the lowest overpotential of 247 mV at the benchmark current



density of 10 mA  cm2, representing a substantial decrease of 105 mV relative to pristine Ni#Nis
(352 mV) and signifying the most favorable reaction kinetics [1]. Samples with partial Mg
substitution display intermediate overpotentials, consistent with a progressive improvement as
second-shell Ni-Ni interactions are gradually suppressed. The similar onset potentials across all
compositions indicate that the intrinsic redox activation of Ni remains largely unaffected, while the
marked reduction in overpotential for Ni#Mgs reflects optimized adsorption energetics of OER
intermediates. These findings establish that complete glue-atom substitution significantly enhances
catalytic efficiency by electronically isolating the active Ni centers [44]. Tafel plots derived from the
LSV data (Fig. 4b) provide further insight into reaction kinetics and the rate-determining step.
Ni#Mgs shows the smallest Tafel slope (52.22 mV-dec™") within the series, indicative of accelerated
charge-transfer kinetics and more efficient reaction pathways. A lower Tafel slope is typically
associated with improved transformation of intermediates, particularly the *O to *OOH step. In
contrast, pristine Ni#Nis exhibits a larger Tafel slope (71.90 mV-dec™), reflecting sluggish kinetics
likely due to excessive *O binding strength arising from strong Ni—Ni d—d coupling. The systematic
decrease in Tafel slope with increasing Mg content supports the hypothesis that weakening
second-shell Ni-Ni interactions optimizes the electronic structure of the active site, thereby reducing
the kinetic barrier for OER. Mass-normalized activity comparisons (Fig. 4c) further highlight the
intrinsic catalytic efficiency per unit mass of Ni. Ni#Mgs delivers markedly higher mass activity at
both 1.50 V and 1.55 V (vs. RHE) than pristine Ni#Nis and partially substituted samples. This
improvement confirms that the enhanced performance originates from intrinsic electronic modulation
of the Ni active sites rather than from increased surface area. The monotonic rise in mass activity
with Mg content reinforces that glue-site substitution substantially increases the catalytic turnover
frequency of individual Ni centers by mitigating detrimental d—d electronic interactions.

Nyquist plots show that Ni#Mgs has a smaller fitted charge-transfer resistance than Ni#Nis

during OER (Fig. 4d and Tab. S3). This R value reflects interfacial charge-transfer kinetics and



should not be equated with intrinsic bulk electronic conductivity. The uniformly distributed granular
nanoparticles (Fig. 2b,c and Figs. S1,S2) can shorten local transport distances and expose accessible
interfacial sites, while Mg-induced electronic modulation optimizes the Ni active sites. Thus, the
lower R of Ni#Mgs is attributed to nanoscale morphology-assisted interfacial kinetics and
electronic-structure modulation rather than enhanced metallic conductivity.

Chronopotentiometry shows that Ni#Mgs maintains stable operation for 140 h under standard
three-electrode alkaline OER conditions (Fig. 4g). Quantitative ICP-OES data for dissolved Ni and
Mg have been inserted in Fig. 4g to clarify metal leaching during OER. Post-OER XRD and
STEM-EDS characterization (Fig. S5) show retention of the rock-salt diffraction features and
homogeneous elemental distribution, and XPS (Fig. S6) indicates that Ni remains predominantly in
the Ni?* state after testing. However, these ex situ results cannot fully identify the dynamic active
phase under operating conditions; future in situ/operando spectroscopy is still needed to resolve
possible surface reconstruction. Accordingly, the stability result is presented as catalyst-level
evidence under the tested conditions rather than device-level industrial validation. The benchmarking
in Fig. 4h and Tab. S5 is used only for context, and the main significance of Ni#Mgs is its
Ni-efficient glue-atom composition design, as supported by the low Ni atomic content in Tab. S1.

3.5 DFT calculation and mechanism analysis

The electron localization function (ELF) provides a spatial visualization of electron pairing
probability and bonding character (Fig. 5a) [18]. In pristine Ni#Nis, pronounced electron
delocalization is evident between neighboring Ni atoms, reflecting strong metallic-like Ni—Ni d—d
coupling within the second coordination shell. This delocalization broadens the Ni 34 band and
enhances orbital overlap [42]. In contrast, the ELF map of Ni#Mgs reveals a substantial reduction in
inter-Ni electron density following glue-atom substitution. Electrons become more localized along
the Ni—O bonds and around the Mg sites. Since Mg?" adopts a closed-shell 2s? configuration with no

partially filled d orbitals, it does not engage in d—d coupling [49]. The resulting suppression of



inter-Ni electron delocalization directly evidences the weakening of Ni—Ni electronic interactions.
Accordingly, Fig. 5a offers direct orbital-level insight into the Mg 2s shielding effect, confirming that
Mg incorporation electronically isolates the central Ni active site.

Charge density difference plots further quantify the electronic redistribution induced by Mg
substitution (Fig. 5b). In pristine Ni#Nis, regions of electron accumulation and depletion between
neighboring Ni atoms indicate strong orbital overlap and significant electron sharing. Upon Mg
substitution in Ni#Mgs, electron density redistributes predominantly along the Ni—O bonds, with
only minimal accumulation around the Mg centers. This pattern implies that Mg functions primarily
as an electronically inert spacer rather than an active redox center [50]. Bader charge analysis shows
that the charge on the central Ni atom increases modestly from +1.098 |e| to +1.204 |e| between the
two configurations, demonstrating that the observed catalytic enhancement does not stem from
substantial charge transfer or a change in Ni oxidation state [38]. Instead, the primary effect arises
from a modification of the electronic coupling topology. The diminished direct Ni—-Ni charge
interaction supports the hypothesis that Mg 2s orbitals act as an electronic buffer, spatially disrupting
d—d overlap and thereby stabilizing the electronic structure of the active Ni site.

The projected density of states (PDOS) of Ni#Nis exhibits strong overlap between Ni 3d and O
2p orbitals near the Fermi level, indicative of pronounced covalent character in the Ni—O bonds (Fig.
5¢) [16]. However, the Ni 3d band remains relatively broad, reflecting substantial d—d interactions
among neighboring Ni atoms [39]. The elevated density of states near the Fermi level strengthens the
adsorption of oxygen intermediates, particularly the *O species. Although moderate adsorption
facilitates catalytic turnover, excessive binding elevates the thermodynamic barrier for *OOH
formation, thereby hindering overall OER kinetics [3]. Thus, the PDOS of pristine NiO highlights
the intrinsic limitation arising from strong Ni—Ni coupling. In Ni#Mgs, the PDOS reveals a marked
narrowing of the Ni 3d band relative to Ni#Nis (Fig. 5d) [36]. The d-band center shifts slightly

downward with respect to the Fermi level, signifying moderated adsorption strength for oxygen



intermediates [19]. Notably, the Mg 2s states lie well below the Fermi level and contribute negligibly
within the relevant catalytic energy window, confirming that Mg does not directly participate in the
reaction but instead indirectly modulates the electronic environment of the active site. The reduced
3d bandwidth is consistent with the suppression of inter-site Ni—Ni coupling observed in ELF
analyses. As a result, the adsorption energies of the OER intermediates are shifted toward a
thermodynamically more optimal regime, effectively balancing the adsorption and desorption steps.
Accordingly, Fig. 5d provides clear electronic-structure evidence that Mg 2s orbital shielding
effectively fine-tunes the d-band characteristics of the active Ni center.

To further quantify the effect of Mg substitution on Ni—Ni bonding interactions, crystal orbital
Hamilton population (COHP) analysis was performed for the d-d interactions between the central Ni
atom and its neighboring Ni (or Mg-substituted) sites (Fig. Se, f). For pristine Ni#Nis, the -COHP
curve displays pronounced bonding states below the Fermi level and corresponding antibonding
states above it, indicative of strong Ni 3d-Ni 3d orbital overlap characteristic of the edge-sharing
network in rock-salt NiO. The integrated COHP (ICOHP) value, which serves as a measure of bond
strength, reveals substantial d-d bonding character that contributes to the broadening of the Ni 3d
band and excessive stabilization of adsorbates. In contrast, upon complete substitution of glue-atom
Ni with Mg in Ni#Mgs, the -COHP intensity associated with Ni—Ni interactions is markedly
diminished. Since Mg lacks partially filled d orbitals, the primary Ni—-Ni d-d coupling pathways are
disrupted, resulting in a significantly reduced ICOHP value. This quantitative bonding analysis
corroborates the ELF and PDOS findings, confirming that Mg atoms at glue sites act as electronic
insulators that physically and electronically separate the active Ni centers, thereby attenuating
detrimental d-d interactions.

In Fig. 5g and Fig. S7, the Gibbs free-energy profiles indicate that the largest uphill step in our
model is the initial *OH formation. For Ni#Ni5, this step requires 1.643 eV, whereas Ni#Mgs lowers

it to 1.507 eV through modulation of the Ni d-band center and Ni 3d-O 2p interaction. We



acknowledge that the *O-to-*OOH step is often rate-limiting on Ni-based oxides; in the present
surface model this step is not the maximum barrier, but it remains an important kinetic step and the
DFT results are therefore used mainly for relative comparison between Ni#Nis and Ni#Mgs. The
enhanced structural stability imparted by Mg substitution was further assessed through calculations
of Ni vacancy formation energy (Fig. 5h). For Ni#Nis, the vacancy formation energy is 5.78 eV,
whereas Ni#Mgs increases this value to 6.05 eV, indicating a higher energetic cost for Ni loss when
the active Ni site is surrounded by Mg in the second coordination shell.
4. Conclusions

In conclusion, this work presents a rational component-design strategy for Ni-based rock-salt
oxygen evolution reaction (OER) electrocatalysts by applying the cluster-plus-glue-atom model, with
a particular focus on regulating second-shell electronic interactions. Selective substitution of
glue-site Ni atoms with Mg preserves the integrity of the primary [Ni—Os] catalytic cluster while
effectively suppressing Ni—Ni d—d coupling. Comprehensive structural characterizations confirm
homogeneous incorporation of Mg at second-shell positions without disrupting the overall rock-salt
framework. Electrochemical evaluations demonstrate that the fully substituted Ni#Mgs catalyst
achieves a substantially reduced overpotential of 247 mV at 10 mA-cm2, a smaller Tafel slope, lower
charge-transfer resistance, and superior long-term durability relative to pristine NiO. Density
functional theory calculations reveal that Mg 2s orbitals, positioned well below the Fermi level,
function as electronic shielding centers that attenuate Ni—Ni orbital overlap, narrow the Ni 3d
bandwidth, and optimize Ni 3d-O 2p hybridization. This orbital-level decoupling moderates the
adsorption strength of oxygen intermediates, lowers the free-energy barrier for the rate-determining
*OH formation step, and balances the overall reaction energetics. These results establish the
suppression of transition-metal d—d coupling as a fundamental mechanism for OER performance
optimization and underscore the predictive power and generalizability of the cluster-plus-glue-atom

model as a robust framework for the rational design of advanced transition-metal oxide



electrocatalysts.
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Fig. 1 (a) RDF of Ni-O and Ni-Ni in NiO. (b) Schematic illustration of composition design of

rock-salt oxide catalysis based on cluster-plus-glue-atom model.
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Fig. 2 (a) XRD patterns of Ni-Mg oxides. (b) SEM (c) HAADF-STEM images (d) STEM-EDS
of Ni#Mgs. (e) FFT image (f) atomic resolution HAADF-STEM image and (g) surface plot of

Ni#Mgs.
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Fig.3 (a) Ni K-edge XANES spectra, (b) Oxidation state fitting from Ni K-edge XANES spectra
(c) Wavelet transforms for the k?>-weighted EXAFS for Ni-Mg oxides. (d) Fourier transform spectra

of k?-weight Ni K-edge EXAFS spectra, and (¢) Ni-Ni/Mg bond length of Ni-Mg oxides.
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Fig. 4 Electrocatalytic OER performance evaluation for Ni-Mg oxides in 1 M KOH. (a) LSV

polarization curves, (b) Tafel plot. (c) Ni mass activities of Ni-Mg oxides at potentials at 1.50 and

1.55 V (vs RHE). (d) Nyquist plots of EIS and fitting result. (¢) Electrical double-layer capacitor. (f)

ECSA normalized activities of Ni-Mg oxides at potentials at 1.50 and 1.55 V (vs RHE). (g)

Chronopotentiometric curve of Ni#Mg5 (Inset: The amount of Ni and Mg dissolved). (h)

Comparison of the OER activity for various reported Ni based electrocatalysts.
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Fig. 5 (a) Electron location function (b) Charge density difference and bader charge calculation

of Ni#Mgs and Ni#Nis. (¢, d) PDOS of Ni 3d, O 2p and Mg 2s for Ni#Mgs and Ni#Nis. (e, f) COHP

of center Ni 3d-3d for Ni#Mgs and Ni#Nis. (g) Gibbs free energy diagrams on Ni site at U =0V

Ni#Mgs and Ni#Nis. (h) Ni vacancy formation energy of Ni#Mgs and Ni#Nis.
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