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Rational design and atomically precise synthesis of efficiently low-valent single atom catalysts, particularly
those in which isolated transition-metal centers are directly coordinated to highly electronegative oxygen
atoms embedded within layered double hydroxide (LDH) or oxyhydroxide matrices, are pivotal for
surmounting the kinetic bottlenecks of the oxygen evolution reaction (OER). In the present work, low-
valent molybdenum single atoms (Mo SAs) are successfully anchored onto NiFe LDH (“**Mo-NiFe LDH)
through a low-temperature solution-phase reduction process, resulting in a unique unsaturated and
electron-rich Mo—-Q3 coordination configuration. Under identical mass loadings, “**Mo-NiFe LDH
outperforms both pristine NiFe LDH and commercial IrO, in alkaline media, delivering substantially
higher intrinsic activity. The boost stems from robust electronic interactions between low-valent Mo SAs
and the NiFe LDH lattice, which synergistically optimizes the local electronic structure. Remarkably,
when architecturally engineered into a 3D monolithic electrode on nickel foam, this electrode achieves

an ultra-low overpotential of 158 mV at 10 mA cm™2

, ranking it among the most active single-atom-
based OER electrocatalysts yet reported. Post-characterization analyses corroborate that “**Mo-NiFe
LDH retains its atomic architecture and stoichiometry after prolonged operation. Importantly, operando
electrochemical characterization further reveals that the lattice oxygen mechanism pathway serves as
the primary redox partner during the OER. Theoretical calculations reveal that the low-valent Mo SAs
enhance OER activity and identify the rate-determining steps in the OER process. The present work
delivers a universal blueprint for high-performance, low-valent monoatomic catalysts: craft under-
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OER kinetics by combining high activity and long-term stability.
Currently, the scalable deployment of high-performance

1 Introduction

The oxygen evolution reaction (OER), a kinetically sluggish
process involving four coupled proton-electron transfers, is
central to a lot of new kinds of clean-energy technologies and
rechargeable batteries such as hydrogen fuel cells, water
electrolyzers, and metal-air batteries."* This has intensified the
quest for next-generation electrocatalysts that can accelerate
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ruthenium- and iridium-oxide catalysts is hindered by their
elemental scarcity and inadequate corrosion resistance.* The
rational design and scalable synthesis of transition metal
single-atom catalysts (SACs), which maximize atomic utilization
efficiency, offers a highly effective approach to dramatically
reduce or even completely eliminate the need for noble metals.?
The OER activity of SACs is governed by both the density and
intrinsic activity of their single-atom active sites (SAASs). While
raising the metal loading increases site density, most high-
loading SACs reported to date still demand substantial over-
potentials (>200 mV) to deliver 10 mA cm>.*” This is largely
attributed to the relatively low intrinsic activity of each SAAS.
According to the Sabatier principle, an ideal catalytic site of
SACs should possess an optimal binding energy for adsorption
and desorption of OER intermediates (*O, *OH, and *OOH).*°
To enhance the intrinsic activity of SAASs, the adsorption and
desorption balance of OER intermediates must first be secured

© 2026 The Author(s). Published by the Royal Society of Chemistry
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by optimizing the electronic structure, which is largely deter-
mined by the intrinsic electronic configuration of the SAAS and
its local coordination environment.'®** Therefore, concerted
tailoring of both the electronic configuration and the coordi-
nation structure of SAASs is imperative to unlock the full
intrinsic OER potential of transition metal SACs.

Among the burgeoning family of transition metal SACs,
molybdenum SACs (Mo SACs) are attracting intensifying
interest by virtue of their distinctive half-filled 4d°5s" electronic
configuration,*> multiple oxidation states,'* pronounced oxygen
affinity,” and high intrinsic activity.” Many cutting-edge
research studies are directed at increasing the valence state of
Mo single atoms (Mo SAs) to enhance the inherent OER activity
of Mo SACs."**® However, the OER activity and stability of high
valent Mo SAs are still severely limited to thermodynamic
instability, gloomy electron cloud density, and less d-orbital
electrons,'*" which are linked mainly to the influence of the
electron structure and valence state of Mo SAs caused by the
highly electronegative coordination atom of oxygen. A chal-
lenging solution may be to create low valent Mo SAs directly
coordinated with oxygen instead of traditional less-electroneg-
ative atoms (e.g., C, N, and S), which exhibit higher intrinsic
activity and stability than the high valent Mo SAs for the OER.
The solution rationale includes: (i) the differences of electronic
structure and affinity of various transition metals create
different coordination environments that lead to the difference
of oxygen electronegativity in oxygen-containing transition
metal supports;?*** (ii) oxygen atoms with relatively weaker
electronegativity are favorable for strengthening the metal-
oxygen covalency, which can lead to electron transfer from the
lattice oxygen to the metal, and then reduce the oxidation state
of the metal and promote the formation of low valent metal SAs
in the oxygen-containing carriers;*>° (iii) oxygen atoms with
unsaturated coordination, generally located at the defect, edge,
and corner, have lower negativity than the saturated ones.*”>°
Accordingly, developing oxygen-containing transition metal
supports with unsaturated-coordination oxygen sites to reduce
the valence state of Mo SAs is the focus of synthesizing high-
performance low valence Mo SACs for the OER.

Here, we report oxygen-stabilized low valent Mo SAs doped
on an NiFe layered double hydroxide (LDH) support with
abundant unsaturated oxygen sites (“*Mo-NiFe LDH) via
a simple solvothermal reduction process. The quantitative
analysis of the Fourier-transform extended X-ray absorption fine
structure (FT-EXAFS) spectra verifies that the “S*Mo-NiFe LDH
catalyst involves an unsaturated electron-rich Mo-O; motif that
suppresses the Mo valence to a state below that in MoO,.
Importantly, RRDE tests conducted at identical mass loadings
show that "**Mo-NiFe LDH outperforms both the bare NiFe
LDH support and commercial IrO, in the OER activity while
maintaining a Faradaic efficiency (FE) of 99.5%. To fully exploit
the OER potential of the catalyst, we directly grew "**Mo-NiFe
LDH on conductive nickel foam (“**Mo-NiFe LDH@NF) that
demands only 158 mV to reach 10 mA cm ™2 and exhibits a Tafel
slope of 42.8 mV dec™" in basic solution. Ex-situ analyses after
prolonged OER operation corroborate the robust structural and
elemental integrity of “>*Mo-NiFe LDH. Furthermore, operando

© 2026 The Author(s). Published by the Royal Society of Chemistry
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attenuated total reflectance surface-enhanced infrared absorp-
tion spectroscopy (ATR-SEIRAS) and differential electro-
chemical mass spectrometry (DEMS) analyses reveal that the
OER on “**Mo-NiFe LDH proceeds via a lattice oxygen mecha-
nism (LOM) pathway. DFT + U simulations reveal that low-
valent Mo SAs optimize OH™ adsorption energy, activate
lattice oxygen, and promote lattice oxygen vacancy formation,
jointly lowering the energy barrier of the OER rate-determining
steps. This study establishes a versatile strategy for crafting
high-performance, low valent Mo SACs by utilizing Mo-O bonds
to under-coordinated, electron-rich oxygen sites within the NiFe
LDH support.

2 Results and discussion

The "S*Mo-NiFe LDH electrocatalyst was synthesized via
a sequential hydrothermal and solvothermal protocol (Fig. 1a).
First, NiFe LDH was prepared by a one-step hydrothermal
reaction using nickel nitrate hexahydrate, ferrous chloride
tetrahydrate and ammonium fluoride in the presence of urea as
the precipitant. The powder X-ray diffraction (PXRD) pattern
presented in Fig. S1 more closely matches that of the standard
LDH structure (JCPDS # 40-0215) and confirms its high crys-
tallinity.*® Fourier-transform infrared spectroscopy (FT-IR)
shows the stretching and bending vibrations of O-H
(3425 em™") and CO;*~ anions (1359 and 800 cm™ "), indicating
the existence of H,O molecules and CO5*~ anions in the inter-
laminations of NiFe LDH.** The Raman spectrum exhibits
a broad peak (494-579 cm™') and a narrow peak (669 cm %),
corresponding to metal-oxygen bonds (M-O, M = Ni and Fe)
and CO;>~ anions, respectively. Scanning electron microscopy
(SEM) images reveal the presence of nanoparticles with varied
sizes. The high-resolution transmission electron microscopy
(HRTEM) image reveals distinct lattice fringes with a spacing of
0.237 nm, and the selected area electron diffraction (SAED)
pattern displays two diffraction rings at (012) and (110), which
are consistent with the peaks at 34.4 and 59.9° in the PXRD
pattern, respectively. High-angle annular dark field-scanning
transmission electron microscopy (HAADF-STEM) imaging
and corresponding elemental mapping confirm the homoge-
neous distribution of Ni and Fe across the NiFe LDH. All of
these physical characterization studies demonstrate the
successful synthesis of the NiFe LDH support. Subsequently,
Na,MoO, was dissolved in NaOH solution and heated at 120 °C
for 1 h in the presence of NaBH, solution and NiFe LDH support
to prepare the "S*Mo-NiFe LDH target electrocatalyst. Here,
NaBH, serves as a reductant to decrease the valence of the
hexavalent Mo source in the formation of low valent Mo SAs. As
shown in Fig. 1a, the reductive treatment drives Mo SAs to the
edges of NiFe LDH, where they adopt an unsaturated Mo-O;
coordination structure. The HRTEM images (Fig. 1b and S2)
resolve three sets of lattice fringes in the ““*Mo-NiFe LDH
sample, with the spacing of 0.265, 0.223, and 0.198 nm, corre-
sponding to the (101), (015), and (018) planes. The SAED pattern
(Fig. 1Db, inset) exhibits (110) and (101) rings, and the HRTEM
analysis collectively confirm the crystalline nature of the “>*Mo-
NiFe LDH material. This suggests that many high-index planes
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Fig.1 Synthesis protocol and structural characterization of “**Mo-NiFe LDH powder. (a) Schematic flow of catalyst synthesis. (b) HRTEM image
and SAED pattern. (c) The spherical aberration-corrected HAADF-STEM image. (d) Atomic-resolution HAADF-STEM image. (e) Intensity profile of
the single site in Fig. 1d; TM refers to Ni and Fe. (f) EELS spectrum. (g) The spherical aberration-corrected HAADF-STEM image. (h) Elemental
mappings of Ni, Fe, and Mo in “**Mo-NiFe LDH, respectively. Mo SAs are circled with red rings.

such as (015) and (018) are fully exposed on the “**Mo-NiFe LDH Mo nanoclusters or nanoparticles, ruling out the formation of
sample, which are mostly attributed to the role of fluorine in large Mo species.

significantly decreasing the surface free energy and inducing To verify the existence of Mo SAs at the atomic scale,
isotropic growth along the high-index facet orientation.*>** The spherical aberration-corrected HAADF-STEM was performed on
above analyses also confirm the absence of aggregated metallic the “S*Mo-NiFe LDH sample. Fig. 1c and d present the isolated
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Fig.2 Fine structural and electronic characterization of the “**Mo-NiFe LDH catalyst. (a—d) High-resolution XPS spectra of (a) Ni 2p, (b) Fe 2p, (c)
O 1s, and (d) Mo 3d regions for the “*Mo-NiFe LDH and pristine NiFe LDH powders. () Normalized Mo K-edge XANES spectra of “**Mo-NiFe
LDH and reference compounds. (f) Corresponding average oxidation states of Mo species. (g) Fourier-transform Mo K-edge EXAFS spectra. (h)
Wavelet-transform EXAFS signals for “*Mo-NiFe LDH and reference samples.

bright spots circled in red and ordered matrix of Ni and Fe
atoms along the [110] crystal orientation. The brighter lattice
points in various atomic columns with six arrows can be iden-
tified as Mo SAs because of the higher atomic number (Z) of Mo
relative to Ni and Fe. The undistinguished brightness between
Ni and Fe lattice points is mainly due to the Z values that are
very closely related. According to the Rutherford scattering
theory, the intensity of electron-nucleus interactions scales
with the square of the atomic number;**** Mo atoms with
a bigger Z show higher intensity than the surrounding Ni and Fe
atoms (Fig. 1e). Importantly, the high-resolution electron
energy loss spectroscopy (EELS) exhibits a weak M, 5 signal of
Mo atoms, verifying the existence of low-density Mo SAs in the
'SAMo-NiFe LDH sample (Fig. 1f). These results indicate that
isolated bright spots circled in red represent the Mo SAs
anchored on the NiFe LDH support. Notably, the (015) inter-
planar spacing of the NiFe LDH phase in the “**Mo-NiFe LDH
sample is 0.223 nm (Fig. 1g), slightly smaller than the standard
value of 0.231 nm. And yet the spacing of the NiFe LDH (110)
plane for the "**Mo-NiFe LDH sample (0.153 nm) is already very
close to the normal spacing (0.154 nm). HAADF-STEM mapping
also shows the uniform distribution of Ni and Fe, and

© 2026 The Author(s). Published by the Royal Society of Chemistry

individual spotty distribution of Mo over the entire “**Mo-NiFe
LDH sample. This further confirms that the Mo SAs selectively
doped into the NiFe LDH (015) facet.

Additionally, to elucidate the metal contents, oxidation
states, and electron transfer characteristics, the ““*Mo-NiFe
LDH sample was analyzed by X-ray photoelectron spectros-
copy (XPS). The XPS survey spectra (Fig. S3) verify that the
I$AMo-NiFe LDH sample is formed from Fe, C, Mo, Ni, and O
elements. The quantitative XPS analysis (Table S1) indicates
that the Mo SA content in the "**Mo-NiFe LDH sample is only
0.61 wt%. The high-resolution Ni 2p and Fe 2p spectra of both
LDHs were deconvoluted into spin-orbit doublets correspond-
ing to the 2p,,, and 2p;, components. The fitted peaks unam-
biguously confirm the exclusive presence of Ni** and Fe**
species, respectively.**® Negative binding energy shifts are
observed for the “*Mo-NiFe LDH sample, with the Ni 2p;/, and
Fe 2p3, peaks located at 855.87 and 711.76 eV, corresponding to
shifts of 0.27 and 0.22 eV, respectively, compared to the pure
NiFe LDH. These shifts confirm electron transfer from Mo SAs
to Ni and Fe sites through Mo-O bridging bonds, thereby
inducing an electronic rearrangement which in turn enhances
the intrinsic OER activity of the NiFe LDH.*' The O 1s peak at

Chem. Sci., 2026, 17, 8670-8682 | 8673


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6sc00877a

Open Access Article. Published on 04 March 2026. Downloaded on 6/21/2026 11:56:07 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

531.15 €V for the "**Mo-NiFe LDH sample, ascribed to the M-
OH (M = Ni and Fe) group, exhibits a slightly positive shift of
0.08 eV compared to the pristine NiFe LDH sample (Fig. 2c).
This can be attributed to the formation of the Mo-O lattice bond
(529.70 eV) and the electron transfer from the lattice oxygen to
Mo SAs, which are favorable for lowering the valence state of Mo
SAs and optimizing the electron distribution at the Mo SA
sites.’” Furthermore, the Mo 3d spectra (Fig. 2d) are divided into
two wide peaks at 228.97 and 231.97 eV, corresponding to the
Mo 3ds,, and Mo 3d;, doublets, respectively.*® The binding
energy of Mo 3ds, for the “**Mo-NiFe LDH sample is slightly
less than 229.32 eV for Mo™ 3d;,, and greater than 228.62 eV for
Mo° 3ds,,* illustrating that the chemical valence of Mo SAs for
the “*Mo-NiFe LDH sample ranges from 0 to +3. These results
suggest that Mo SAs have lower valence than high-valent
molybdenum oxide (e.g., MoO, and MoO;) reference samples
but is never too low and even close to zero. This intermediate
oxidation state can be attributed to electronic interactions
within the NiFe LDH support, where Ni and Fe act as electron-
accepting centers, while lattice oxygen donates electron density,
as evidenced by XPS analysis. Instead, if Ni, Fe, and O atoms all
act as electron donors within the NiFe LDH support, the
resulting electron transfer to the Mo SAs would result in
a reduction of the Mo oxidation state, bringing it closer to zero.

To further identify the oxidation state, local atomic struc-
ture, and coordination structure of Mo SAs, we carried out X-ray
absorption near-edge spectroscopy (XANES) and FT-EXAFS
spectra on the "**Mo-NiFe LDH electrocatalyst (Fig. 2e-h). The
normalized XANES spectra (Fig. 2e) are found by taking the first
derivatives with respect to energy, and the Mo K-edge positions
of the "**Mo-NiFe LDH material and reference samples (e.g., Mo
foil, M0O,, and MoO3) are determined by the maximum value of
the derivative, respectively (Fig. S4). The Mo K-edge absorption
energy of “**Mo-NiFe LDH (20 015.4 eV) lies between those of
Mo foil (20010.0 eV) and MoO, (20024.5 eV), indicating an
average oxidation state of Mo SAs between 0 and +4, which is in
good agreement with the XPS results. In view of the function
that the absorption edge energy is linearly related to the
oxidation state,*** the theoretical fitting (Fig. 2f) further verifies
that the average oxidation state of Mo SAs in “*Mo-NiFe LDH is
as low as +1.9. Furthermore, FT-EXAFS spectra (Fig. 2g) are
devoted to revealing and analyzing the local atomic structures
and coordination configuration of Mo SAs in the “*Mo-NiFe
LDH sample, and getting the information of the bond length
and coordination numbers between molybdenum and bonding
oxygen atoms. Compared to reference samples, the “*Mo-NiFe
LDH sample exhibits a strong Mo-O scattering peak around
1.32 A at the first shell but no Mo-Mo bond (2.42 A), confirming
the individual dispersion of Mo SAs and the inexistence of
metallic Mo nanoclusters or nanoparticles in “S*Mo-NiFe LDH,
which is in line with the spherical aberration-corrected HAADF-
STEM results. The Mo-O bond in the three samples shows
different distances (1.32, 1.58, and 1.28 A), which indicate that
the “*Mo-NiFe LDH sample does not contain any of molyb-
denum oxides such as MoO, and MoOj;. High-resolution wavelet
transform EXAFS (WT-EXAFS) of Mo K-edge for “*Mo-NiFe
LDH and reference samples also proves the above analysis
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more intuitively (Fig. 2h). Moreover, the quantitative fittings of
FT-EXAFS spectra of Mo K-edge for “**Mo-NiFe LDH and all
reference samples in R space are shown in Fig. S5. Table S2
summarizes the fitting parameters and their reliability can be
ensured by the smaller R factors. The bond length of Mo-O (1.78
A) in the “*Mo-NiFe LDH sample is shorter than that in MoO,
(2.02 A) and MoO; (1.85 A), revealing the higher bond energy of
Mo-O in the “*Mo-NiFe LDH catalyst. This shortened bond
length suggests enhanced bonding strength between Mo single
atoms and oxygen, which contributes to improved structural
and compositional stability during the oxygen evolution reac-
tion. The average coordination number of Mo-O in “*Mo-NiFe
LDH is 2.85 + 0.53, which illustrates that each Mo atom is
coordinated with approximately three oxygen atoms, yielding an
unsaturated Mo-O; electron-rich coordination configuration in
the "*Mo-NiFe LDH catalyst. These results confirm that low-
valent Mo SAs are tightly anchored at the pristine NiFe LDH
support by bonding with the oxygen atom with high electro-
negativity forming the Mo-Oj; configuration.

We then examined how low-valent Mo SAs modulate the
inherent OER activity of NiFe LDH. Electrochemical tests were
performed at controlled mass loadings using a standard three-
electrode system, with catalyst-coated glassy carbon (GC)
rotating disk electrode (RDE) as the working electrode in O,-
saturated 1.0 M KOH solution (details in the SI). All polarization
curves were [R-corrected to account for solution resistance, with
validation data provided in Fig. S6. Fig. 3a exhibits the corrected
linear scanning voltammetry (LSV) curves swept from high to
low potential, from which we discover that the “**Mo-NiFe LDH
catalyst has smaller overpotential (119, 228 mV) reached at 10
mA cm ™ than pristine NiFe LDH (293 mV) and commercial IrO,
(331 mV) samples, which indicates that low-valent Mo SAs can
significantly reduce the extent of polarization of the “**Mo-NiFe
LDH modified glassy carbon electrode, making it closer to an
equilibrium potential, finally lowering the activation energy
barrier during the OER.** Remarkably, as Mo SAs are anchored
on the NiFe LDH matrix, the Ni**/Ni** redox peak (located at
1.335 V vs. reversible hydrogen electrode, RHE) moves nega-
tively by 61 mV toward the low potential in comparison to NiFe
LDH (1.396 V vs. RHE), demonstrating strong electronic
coupling between Mo SAs and Ni species that effectively opti-
mizes the electronic structure of "*Mo-NiFe LDH, thereby
facilitating the interconversion of Ni**/Ni**.*>* The enhanced
peak area can be attributed to the increased concentration of
redox-active Ni species, which are effectively activated by the
presence of low-valent Mo SAs. This result indicates that the
introduction of low-valent Mo single atoms promotes an
increased density of catalytically active sites in NiFe LDH.**
Tafel analysis and electrochemical impedance spectroscopy
(EIS) are combined to investigate the role of Mo SAs in OER
kinetics. As illustrated in Fig. 3b, the Tafel slope exhibits
a significant reduction upon the decoration of Mo SAs, which
can be rationally ascribed to the substantial increase in cata-
lytically active sites. The "“S*Mo-NiFe LDH catalyst displays
a substantially lower Tafel slope (75.8 mV dec™!) than the
pristine NiFe LDH counterpart (118.4 mV dec™ '), suggesting the
faster reaction kinetics for the OER. EIS spectra (Fig. S7) show

© 2026 The Author(s). Published by the Royal Society of Chemistry
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a lower charge transfer resistance (R) for the "**Mo-NiFe LDH
catalyst (4.3 Q, Table S3) compared to pure NiFe LDH without
Mo modification, which reveals that the Mo SA decoration
effectively facilitates interfacial electron transfer, thereby
accelerating the OER kinetics. The electrochemically active
surface area (ECSA) is a key index for quantifying accessible
active sites participating in the OER at LDH-modified electrode
interfaces. We used the cyclic voltammetry (CV) method to
measure electrochemical double-layer capacitance (Cq;) which
is half of the ECSA. The “**Mo-NiFe LDH has higher Cq (423.5
uF cm?) than the pristine counterpart (Fig. 3c), indicating that
the anchored Mo SAs effectively introduce Mo sites or activate
more Ni or Fe sites for the OER. To decouple geometric effects
and accurately evaluate the intrinsic OER activity, the LSV
curves and Tafel plots for two LDHs were normalized by their
ECSA (Fig. 3d and S8). Even after ECSA normalization, “*Mo-
NiFe LDH maintains superior activity, exhibiting the lowest
overpotential (74, 209 mV) and smallest Tafel slope (100.0 mV
dec™') among the tested catalysts, demonstrating that the
stabilized Mo SAs significantly enhance the intrinsic OER
activity of the NiFe LDH host. To ensure the reliability of the
aforementioned OER activity metrics (7,4, Tafel slope, and Cy),
we conducted multiple tests with at least three independent
samples for each LDH. The excellent reproducibility and high

© 2026 The Author(s). Published by the Royal Society of Chemistry

reliability of these indicators are clearly evidenced in Fig. 3e and
S9. The turnover frequency (TOF) is an important metric for
evaluating the intrinsic catalytic activity and was calculated
according to the relevant equations (see details in the SI). The
LSAMo-NiFe LDH catalyst exhibits a TOF of 1.1 s~* at an over-
potential of 300 mV, which is significantly higher than that of
pristine NiFe LDH (0.6 s~ ). This result highlights the enhanced
intrinsic activity of “**Mo-NiFe LDH.

After elucidating the critical role of Mo SAs in boosting the
intrinsic electrocatalytic activity, we further investigated the
electrochemical stability of the “*Mo-NiFe LDH catalyst and
evaluated the average transferred electron number (N) and
reaction selectivity to gain deeper mechanism insights into its
catalytic behavior. Initially, the long-term stability was assessed
by galvanostatic testing at a fixed current density of 10 mA cm ™.
Fig. 3f exhibits only a marginal overpotential decrease (~2.5%)
after 12 h of operation, highlighting its exceptional activity
retention. The slight decay is ascribed to the tenuous mechan-
ical adhesion between the “*Mo-NiFe LDH powder and the GC
substrate: even with Nafion as a binder, prolonged operation
still induces partial detachment of the catalyst into the elec-
trolyte. Subsequently, the N and reaction selectivity of “>*Mo-
NiFe LDH for the OER were quantified using rotating RDE
(RRDE) measurements (details in the SI). The Pt ring electrode
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was held at a constant potential of 1.50 V (vs. RHE) to ensure
complete oxidation of the peroxide intermediate (e.g., OOH )
generated at the disk electrode. As evidenced in Fig. 3g, the
measured ring current (4.29 pA) exhibits a negligible value
which is at least three orders of magnitude lower than the disk
current (18.2 mA), strongly suggesting the absence of detectable
peroxide intermediates during the OER. Quantitative analysis of
the ring-disk current ratio yields an N of 3.98 + 0.02, remarkably
close to the ideal four-electron process (N = 4), confirming the
predominant O, generation through an efficient four-electron
pathway on the “*Mo-NiFe LDH. The reaction selectivity of
'SAMo-NiFe LDH for catalyzing the OER was quantitatively
assessed through Faradaic efficiency (FE) measurement in a N,-
saturated alkaline electrolyte. By applying 0.40 V (vs. RHE) to the
ring electrode, oxygen generated at the disk electrode was fully
reduced via the reverse reaction (2H,0 + O, + 2¢~ — 20H +
H,0,), while the N, atmosphere prevented dissolved oxygen
interference. Calculations based on a disk current of 0.273 mA
and ring current of 50.23 pA yielded an ultrahigh FE of 99.5%
(Fig. 3h), unambiguously confirming the catalyst's remarkable
preference (>99%) for the four-electron water oxidation mech-
anism (4OH  — 4e” + 2H,0 + O,) with negligible side
reactions.

8676 | Chem. Sci., 2026, 17, 8670-8682

Building upon the demonstrated intrinsic activity, stability,
and selectivity of the two-dimensional (2D) “**Mo-NiFe LDH
catalyst on a glassy carbon (GC) electrode for the OER, we
further sought to enhance mechanical robustness and achieve
improved overall, device-relevant performance.* To this end,
three-dimensional (3D) integrated electrode architecture was
developed by directly anchoring “$*Mo-NiFe LDH onto
a conductive nickel foam (NF) scaffold with high surface area,
affording a robust, binder-free electrode denoted as “**Mo-NiFe
LDH @NF. Fig. S10 presents the comprehensive structural and
compositional characterization of the "*Mo-NiFe LDH@NF
electrode through XRD, SEM, and EDS analyses. As shown in
Fig. 4a, “*Mo-NiFe LDH@NF requires an ultralow over-
potential of only 158 mV to reach 10 mA cm ™2, which is mark-
edly lower than that of IrO,/NF. More critically, the Tafel slope
of "*Mo-NiFe LDH@NF is 42.8 mV dec™?, nearly half that of
IrO,/NF (81.8 mV dec™ ") (Fig. 4b). This combination of metrics
ranks it among the most active oxygen evolution catalysts re-
ported, particularly in the family of single-atom-modified LDHs
(Table S5). The substantially reduced Tafel slope indicates
significantly accelerated reaction kinetics and suggests a more
favorable rate-determining step with reduced kinetic barriers.
In contrast, the larger Tafel slope of IrO,/NF reflects sluggish

© 2026 The Author(s). Published by the Royal Society of Chemistry
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charge-transfer kinetics and less optimized adsorption ener-
getics of oxygenated intermediates. Furthermore, the 3D NF-
supported architecture plays a critical role in performance
enhancement. The Cy, of “**Mo-NiFe LDH@NF reaches 7.4 mF
cm ™ (Fig. 4c), corresponding to a dramatically enlarged elec-
trochemically active surface area relative to the 2D GC electrode
(423.5 uF cm™?). While IrO,/NF also benefits from the conduc-
tive NF scaffold, its comparatively lower capacitive response
suggests fewer accessible active sites and/or inferior interfacial
charge-transfer characteristics. Fig. 4d also shows the high
reproducibility of the OER performance metrics, with minimal
deviation across multiple tests. Notably, the 3D electrode
exhibits unprecedented long-term stability, maintaining its
initial potential at 10 mA cm > with only 1.1% deviation
throughout an 85 h durability test - significantly outperforming
the GC-supported counterpart (Fig. 4e). This primarily origi-
nates from the robust mechanical coupling between the “*Mo-
NiFe LDH nanosheets and the NF scaffold. Post-stability char-
acterization using SEM and XPS confirms the retention of both
structural integrity and chemical composition in the "*Mo-
NiFe LDH@NF electrode. As evidenced by the inset in Fig. 4e,
the electrode morphology remains essentially unaltered
following extended testing, demonstrating remarkable archi-
tectural preservation. High-resolution XPS analysis of the post-
OER ""*Mo-NiFe LDH@NF electrode reveals nearly identical
spectral profiles for Ni 2p, Fe 2p, and Mo 3d regions (Fig. 4f-h),
confirming the structural integrity and stable chemical
composition of all metallic constituents throughout the
stability test. Further quantitative XPS analyses (Fig. 4i and
Table S6) also suggest that each metal element is little etched

© 2026 The Author(s). Published by the Royal Society of Chemistry

and corroded in the basic electrolyte during OER operation.
Notably, the XPS binding energies of all metallic constituents
undergo discernible shifts following stability testing, suggest-
ing reversible redox evolution of their oxidation states during
prolonged oxygen evolution operation. Specifically, the Mo 3d
peaks shift toward higher binding energies, while the Ni 2p and
Fe 2p signals migrate in the opposite direction to lower ener-
gies. These observations suggest electron transfer from Mo to
neighboring Ni and Fe atoms leading to partial surface oxida-
tion of the “**Mo-NiFe LDH structure, which is evidenced by the
increased content of high-valent Mo®" cations (235.66 eV) after
OER stability measurement. This unique electron transfer
stabilizes Ni and Fe against further oxidation under harsh OER
conditions, thereby rationalizing the inconsistent oxidation
state changes of Ni and Fe observed in previously reported NiFe-
based catalysts.**

Having established the exceptional OER activity and long-
term durability of the ““*Mo-NiFe LDH@NF electrode, we
carried out operando electrochemical spectroscopy character-
ization in tandem with theoretical calculations to elucidate the
reaction pathway and mechanism, clarify the contribution of
low-valent Mo SAs to the enhanced catalytic performance, as
well as identify the rate-determining steps (RDSs) in the OER
process. Operando ATR-SEIRAS was employed to probe OER-
relevant intermediates generated during the electrocatalytic
process on both "**Mo-NiFe LDH and pristine NiFe LDH cata-
lysts at varying applied potentials (Fig. 5a-c and S11). For
LSAMo-NiFe LDH (Fig. 5a and S11a), the operando ART-SEIRAS
spectra display four distinct stretching vibrational bands at
1098, 1223, 1641, and 3165 cm ™', which are assigned to the 0-O

Chem. Sci., 2026, 17, 8670-8682 | 8677
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of adsorbed OOH species (*OOH,qs), O-O of *O-O species, the
metal-oxygen stretching vibration (M-O*), and O-H of adsor-
bed hydroxyl species (OH,qs), respectively.***” The simultaneous
detection of *O-O and *OOH,qs intermediates suggests the
coexistence of both the lattice oxygen mechanism (LOM) and
adsorbate evolution mechanism (AEM) pathways. Crucially, the
*0-0 peak exhibits significantly higher intensity than *OOH,4s,
indicating that LOM dominates the OER process on “**Mo-NiFe
LDH. In contrast, pristine NiFe LDH (Fig. 5b and S11b) also
displays similar vibrational bands, with a comparable intensity
difference between *O-O and *OOH,q,, consistent with litera-
ture reports of LOM involvement.*** However, “**Mo-NiFe LDH
shows a markedly stronger *O-O signal and a substantially
weaker *OOH,q, signal than NiFe LDH (Fig. 5¢), demonstrating
that low-valent Mo SA doping facilitates the LOM pathway
during OER catalysis. Additionally, the enhanced OH,q5 signal
intensity for “**Mo-NiFe LDH (Fig. S11c) indicates stronger
hydroxide adsorption and enrichment at oxygen vacancy sites,
which arise from lattice oxygen participation in oxygen evolu-
tion. This illustrates that low-valent Mo SAs promote lattice
oxygen generation, further favoring the LOM-dominated OER
pathway.*® Furthermore, operando DEMS coupled with '*0

8678 | Chem. Sci., 2026, 17, 8670-8682

isotope labelling (Fig. 5d) was used to precisely elucidate the
OER pathway and mechanism in the case of the “**Mo-NiFe
LDH catalyst by quantifying the evolution of oxygen iso-
topologues (*20,, **0,, and *°0,). The "**Mo-NiFe LDH catalyst
was isotopically labeled with '®0 through 20 cycles of CV in
1.0 M KOH solution enriched with *®0 (details in the SI). As
shown in Fig. 5e, mass spectroscopy analysis of the evolved
gases during the OER process revealed three distinct oxygen
species: *°0, (**0'%0), **0, (**0'°0), and *?0, (*°0'°0).
Remarkably, the signal intensity of *°0, surpassed those of **0,
and >0, by an order of magnitude, respectively. This striking
predominance of *°0, unequivocally demonstrates that the
oxygen evolution primarily originates from two %0 atoms
within the labeled "*Mo-NiFe LDH catalyst (Fig. 5f). The
detection of **0, can be explained by the coupling between "0
from the unlabeled alkaline electrolyte and *®0 from the labeled
catalyst. The overwhelming contribution of *°0, (**0'%0)
provides definitive evidence for lattice oxygen participation in
the OER pathway. These results strongly support the conclusion
that the OER on “**Mo-NiFe LDH proceeds via an LOM pathway.

Based on the above identified LOM pathway, we conducted
DFT + U calculations on the (100) plane of both LDHs to

© 2026 The Author(s). Published by the Royal Society of Chemistry
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investigate the role of low-valent Mo SAs and the RDS. As
illustrated in Fig. 6a and S12, the LOM proceeds as follows. The
nucleophilic attack by *°OH~ from the electrolyte on an exposed
lattice oxygen (**0) of the *®0 labeled LDH forms an *'*0'°OH
intermediate (Step 1). Following this, deprotonation of the
intermediate (Step 2) results in the release of gaseous 0, and
the formation of a surface oxygen vacancy (Step 3). The vacancy
is subsequently replenished by an oxygen atom (*°0) from
'®0OH~ ion in the electrolyte, yielding an '°O labeled LDH
surface (Step 4). The cycle concludes with the adsorption and
deprotonation of another '*OH~ from the electrolyte to regen-
erate the original metal-oxo species (M-'°0"), completing the
catalytic cycle (Step 5). The role of low-valent Mo SAs in
enhancing OER activity was systematically investigated through
three key aspects:

(1) Adsorption energy. The OH™ adsorption energies shown
in Fig. 6b reveal a pronounced contrast between ““*Mo-NiFe
LDH (—0.25 eV) and pristine NiFe LDH (0.38 eV), demon-
strating a significantly more optimized OH™ binding strength
for the "*Mo-modified catalyst. This enhanced adsorption
behavior is primarily facilitated by the low-valent Mo SAs, which
act as favorable adsorption sites for OH™ species. We propose
that low-valent Mo SAs effectively capture and subsequently
channel OH™ groups to the NiFe LDH matrix, thereby
promoting the regeneration of lattice oxygen (Step 4, Fig. 6a)
within the LOM process. Moreover, this accelerated regenera-
tion process efficiently mitigates structural degradation that
would otherwise result from excessive lattice oxygen evolution.*®

(2) Bonding interactions and orbital hybridization. The
projected crystal orbital Hamilton population (pCOHP) analysis
was performed to investigate the metal-oxygen (M-O) bond
strength that can represent the OER activity (Fig. 6c). The
integrated COHP (ICOHP) was evaluated for occupied states
below the Fermi level (E;), where positive values denote bonding
(stabilizing) interactions and negative values represent anti-
bonding (destabilizing) states. Notably, the ICOHP values for
the M-O bond are —1.56 eV (“**Mo-NiFe LDH) and —1.80 eV
(pristine NiFe LDH), revealing that Mo SA doping increases
electron occupation in antibonding orbitals. This electronic
configuration weakens the M-O bond strength, which in turn
promotes oxygen vacancy formation and facilitates O, release
during the LOM process. Furthermore, the O 2p band center
(e0-2p) analysis reveals significant electronic structure modifi-
cations induced by low-valent Mo SA doping in NiFe LDH. The
£o0-2p exhibits a significant 3.98 eV upward shift from —4.18 eV
(pristine NiFe LDH) to —0.20 eV (***Mo-NiFe LDH) upon Mo SA
incorporation (Fig. 6d), moving closer to the Fermi level—
a critical descriptor for OER activity.** This shift strengthens
the hybridization between O 2p states and the Fermi level,
which enhances electron depletion from oxygen sites under an
anodic potential and promotes lattice oxygen activation. The
elevated O 2p band position facilitates deeper Fermi level
penetration into the O 2p band, lowering the energy barrier for
oxygen vacancy formation and thereby favoring the LOM. These
electronic modifications collectively enhance lattice oxygen
participation in the OER, demonstrating how Mo SA doping

© 2026 The Author(s). Published by the Royal Society of Chemistry
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optimizes the catalyst's electronic structure for improved
activity.

(3) Electron transfer pathway. Charge density difference
analysis (Fig. 6e and S13) demonstrates substantial electron
transfer from oxygen atoms to coordinated Mo sites through
Mo-O bonds, with partial electron redistribution to neigh-
boring Ni and Fe atoms. This electron redistribution pattern,
consistent with XPS results, elucidates the low-valent state of
Mo SAs and highlights their role in establishing synergistic
electronic interactions within the NiFe LDH matrix. And finally,
Gibbs free energy calculations (Fig. 6f) corroborate these find-
ings, showing that the RDS (oxygen vacancy formation) requires
a substantially lower theoretical overpotential in “*Mo-NiFe
LDH (0.40 eV) compared to pristine NiFe LDH (0.64 eV), con-
firming the crucial role of low-valent Mo SAs in optimizing the
OER kinetic pathway.

3 Conclusion

In summary, we have precisely anchored low-valence Mo SAs on
the (015) plane of the NiFe LDH matrix (“**Mo-NiFe LDH)
through a solution-phase reductive deposition route. FT-EXAFS
analysis conclusively identifies the unique coordination envi-
ronment of Mo SAs, revealing an unsaturated Mo-O; configu-
ration that stabilizes electron-rich Mo centers with an
exceptionally low average oxidation state (+1.9), and signifi-
cantly lower than the conventional +4 or +6 states. The as-
prepared ““*Mo-NiFe LDH exhibits extraordinary intrinsic
OER activity that outperforms both benchmark NiFe LDH and
commercial IrO, catalysts, coupled with a Faradaic efficiency of
99.5%. This is due to the synergistic electronic interactions
between the low-valence Mo SAs and the NiFe LDH lattice.
When assembled into a freestanding electrode on nickel foam
(**Mo-NiFe LDH@NF), the catalyst demands only 158 mV to
reach 10 mA cm™? in 1.0 M KOH, placing it among the top-
performing transition metal-based SAC OER electrocatalysts
reported to date. Comprehensive post-catalytic characterization
studies, including SEM and XPS, confirm the structural integrity
and preservation of the low-valent Mo species after prolonged
OER operation. Crucially, operando ATR-SEIRAS and DEMS
studies provide direct evidence that the “*Mo-NiFe LDH
follows the LOM pathway during OER catalysis. DFT + U
calculations demonstrate that low-valent Mo SAs enhance OER
activity by optimizing OH™ adsorption energy, facilitating
lattice oxygen activation and oxygen vacancy formation, thereby
substantially lowering the energy barrier of rate-determining
steps. Overall, the present work establishes a general design
principle for developing advanced low-valence SACs through
the strategic construction of unsaturated coordination envi-
ronments between transition metal SAs and electronegative
oxygen ligands, opening new avenues for the rational design of
high-performance OER electrocatalysts.
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