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Developing efficient and durable non-noble-metal electrocatalysts for alkaline oxygen evolution reaction (OER)
is essential for advancing water electrolysis technologies. Herein, we report a two-dimensional (2D) ytterbium-
doped Fe-NDC metal-organic framework (Ybg4Fe-NDC) directly grown on nickel foam via a one-step sol-
vothermal strategy. Benefiting from ultrathin nanoplate morphology and Yb-induced electronic modulation,
Ybg 4Fe-NDC delivers low overpotentials of 271 mV at 200 mA cm-2, together with a low Tafel slope of 48 mV
dec! and stable operation over 100 h. Operando Raman spectroscopy reveals earlier formation of active FeOOH
species, while operando ATR-FTIR identifies the *OOH intermediate, confirming an adsorbate evolution mech-
anism (AEM) pathway. Density functional theory calculations show that Yb incorporation shifts the Fe p-band
center upward from —1.45 to —1.39 eV, strengthens Fe-*OOH interaction, and lowers the free-energy barrier for
*OOH formation from 1.77 to 1.65 eV. In a two-electrode electrolyzer, the Yb0‘4Fe—NDC(+)| |(’)Pt/C system
achieves low cell voltages of 1.57 and 1.64 V at 200 and 400 mA cm->, respectively, with stable operation for 160
and 128 h. Furthermore, in anion exchange membrane water electrolyzer (AEMWE), it delivers a cell voltage of
2.44Vat 1.0 A em2 at 25 °C and 2.19 V at 60 °C, with stable operation for over 100 h. These findings highlight
rare-earth electronic modulation as an effective strategy for designing high-performance MOF-based OER elec-
trocatalysts with promising practical potential.

1. Introduction Benchmark OER catalysts based on IrO, and RuO; exhibit excellent

catalytic activity but suffer from high cost, limited abundance, and poor

Developing efficient and sustainable energy technologies is essential
to achieve carbon neutrality and meet increasing global energy demands
[1,2]. Water electrolysis offers a promising route for producing storable
and carbon-neutral hydrogen through two half-reactions: the hydrogen
evolution reaction (HER) at the cathode and the oxygen evolution re-
action (OER) at the anode [3,4]. Among the various water electrolysis
technologies, alkaline anion exchange membrane water electrolyzers
(AEMWE) stand out as a promising platform, offering the benefits of a
zero-gap cell configuration and compatibility with dilute KOH electro-
lytes, which together enable cost-effective and scalable hydrogen pro-
duction [5]. However, operating AEMWE systems at high-current
densities (ampere level) imposes rigorous requirements on the catalytic
performance and long-term stability of electrode materials [6].

* Corresponding authors.

stability under alkaline conditions [7]. Moreover, the OER involves
sluggish four-electron transfer kinetics, which remains the major
bottleneck in overall water splitting efficiency. Therefore, the develop-
ment of non-precious-metal electrocatalysts with high activity and
long-term durability is crucial for advancing AEMWE technology to-
ward scalable green hydrogen production. In this regard, various tran-
sition metal-based materials, including chalcogenides, selenides, oxides,
phosphides, tellurides, nitrides, and MOFs, have attracted significant
attention as OER electrocatalysts [8]. Among these candidates, MOFs
hybrid organic-inorganic crystalline materials are particularly attractive
owing to their high surface area, tunable porosity, diverse metal centers,
and tailorable functional groups [9-11]. Their modular architectures
further enable rational catalyst design through the deliberate selection
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of metal nodes and organic ligands [12-14]. Nevertheless, pristine MOFs
generally suffer from poor electrical conductivity and insufficient
long-term stability under harsh electrochemical conditions, severely
limiting their practical application in high-current-density water elec-
trolysis [15-17]. Overcoming these intrinsic limitations while main-
taining structural advantages remains a major challenge.

To address these issues, various strategies, including ligand engi-
neering, elemental doping, and interface modulation, have been exten-
sively explored [18-21]. In particular, Fe-based MOF electrocatalysts
are known to undergo dynamic surface reconstruction under alkaline
OER conditions, typically forming an amorphous Fe oxyhydroxide
(FeOOH) layer that serves as the catalytically active phase [22-24].
Although such reconstruction is generally beneficial for improving
intrinsic activity, excessive reconstruction can induce framework
collapse, accelerated metal dissolution, and loss of structural integrity,
thereby compromising long-term durability [25,26]. Recent studies
have suggested that controlled or partial reconstruction, in which the
parent MOF framework is largely preserved while a thin oxyhydroxide
layer is generated on the surface, offers an effective strategy to simul-
taneously enhance catalytic activity and structural stability [27]. In this
context, heteroatom doping has emerged as a promising approach not
only for tuning the electronic structure but also for regulating the
reconstruction behavior by strengthening the metal-ligand coordination
environment and suppressing excessive metal leaching. However, most
prior studies attribute the performance enhancement of doped Fe-MOFs
solely to electronic structure modulation, without considering whether
the dopant simultaneously influences the dynamic reconstruction
pathway. This narrow focus overlooks the potential of dopants to
dual-functionally modulate both electronic properties and structural
evolution during OER.

Rare-earth elements are particularly attractive because of their
unique electronic configurations, strong oxophilicity, and flexible co-
ordination chemistry. Incorporating rare-earth species into MOFs can
effectively regulate their electronic structures, optimize charge redis-
tribution, introduce additional electroactive sites, and potentially sta-
bilize the catalyst framework during electrochemical reconstruction,
thereby accelerating OER kinetics while improving durability [28]. In
particular, ytterbium (Yb), with its unique 4 f electronic structure, is
expected to strongly influence the electronic environment of neigh-
boring transition-metal centers and modulate adsorption energetics of
oxygenated intermediates [29]. For example, Liao et al. reported a
Ce-doped Co-MOF nanoflower exhibiting an overpotential of 267 mV at
10 mA cm2 and attributed the enhanced activity to Co-O-Ce orbital
coupling [30]. Similarly, Ma et al. demonstrated that a Dy-doped
Fe-MOF achieved a low overpotential of 318 mV at 500 mA cm2 due
to electron donation from Dy to neighboring Fe centers [31]. Despite
these advances, several critical gaps persist in rare-earth-doped MOF
electrocatalysts for OER. Most reported systems are limited to low cur-
rent densities and lack well-defined 2D nanostructures that maximize
active site exposure features critical for achieving high current densities
in practical applications. Moreover, the role of rare-earth dopants has
been primarily interpreted through static electronic modulation, while
their potential to dynamically regulate the reconstruction behavior of
Fe-based MOFs under alkaline OER conditions remains unexplored.
Critically, the translation from half-cell catalyst performance to prac-
tical AEMWE operating at ampere-level current densities has rarely been
demonstrated. In particular, Yb-doped Fe-NDC with a 2D ultrathin
nanoplate architecture has not yet been reported for OER, and the dual
role of Yb in simultaneously tuning the electronic structure, Fe valence
state, adsorption energetics, and reconstruction stability of the MOF
scaffold remains entirely unclear. Thus, a comprehensive investigation
bridging controlled synthesis, operando mechanistic understanding, and
practical AEMWE deployment is urgently needed to advance rar-
e-earth-engineered MOF electrocatalysts toward scalable green
hydrogen production.

In this work, we report a 2D Yb-doped Fe-NDC electrocatalyst for
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highly efficient OER under high-current-density conditions relevant to
practical water electrolysis. The ultrathin nanoplate architecture facili-
tates exposure of active sites and accelerates mass transport, while Yb
incorporation modulates the electronic environment of Fe centers
through interfacial electronic coupling. Combined operando spectro-
scopic analysis and DFT calculations reveal that Yb doping elevates the
Fe p-band center, strengthens *OOH adsorption, and lowers the free-
energy barrier for *OOH formation, thereby promoting the adsorbate
evolution mechanism (AEM) pathway. The optimized Ybg4Fe-NDC
catalyst delivers a low overpotential of 271 mV at 200 mA cm™2 and
maintains stable operation for more than 100 h. In a two-electrode
electrolyzer configuration (Yb0‘4Fe—NDC(+)| |(’)Pt/C), a cell voltage of
1.64 V at 400 mA cm2 is sustained for over 128 h, outperforming many
previously reported Fe-based MOF electrocatalysts under comparable
conditions. Furthermore, in AEMWE it delivers a cell voltage of 2.44 V at
1.0 A em~2 at 25 °C and 2.19 V at 60 °C, with stable operation for over
100 h at 1.0 A cm™2. This work highlights the effectiveness of rare-earth
engineering for constructing high-performance MOF electrocatalysts
and provides mechanistic insights into electronic modulation strategies
for high-current-density water oxidation.

2. Experimental section
2.1. Materials

Iron(IIl) nitrate nonahydrate (Fe(NO3)3-9 H20, > 99%), ytterbium
(III) nitrate pentahydrate (Yb(NOs3)3-5 H20, > 99%), and 1,4-naphthale-
nedicarboxylic acid (NDC, >99%) were employed as metal and organic
precursors. Solvents such as ethanol (>99.7%), N,N-dimethylformamide
(DMF, >99%), and deionized (DI) water were obtained from Xilong
Science Co., Ltd. Additional reagents, such as sulfuric acid (H2SO4, 37%)
and potassium hydroxide (KOH, >90%), were also used. Ruthenium(III)
chloride hydrate (RuCl3-xH30) was purchased from Shanghai Macklin
Chemical Reagent Co., Ltd. RuO, powder was subsequently prepared by
calcining RuCls in air at 400 °C. Nickel foam (NF, 1.6 mm thickness),
used as the electrode substrate, was obtained from Guang Sheng Jia New
Materials Co., Ltd., and cut into 2 cm x 4 cm pieces for experimental use.
Commercial Pt/C (20 wt%) and Nafion solution (5 wt%) were supplied
by Suzhou Sinero Technology Co., Ltd. All reagents were of analytical
grade and used as received without additional purification.

2.2. Synthesis of Fe-NDC

In a typical synthesis, 1.0 mmol of Fe(NO3)3-9 H20 and 1.5 mmol of
NDC were dissolved in a mixed solvent composed of 25 mL of DMF, 5 mL
of deionized water, and 5 mL of ethanol. The mixture was sonicated for
25 min to obtain a homogeneous precursor solution. A piece of nickel
foam (NF, 2 x 4 cm) was cleaned prior to use by sequential sonication in
0.5 M HyS0y4, ethanol, and deionized water for 10 min each, followed by
drying under vacuum. The cleaned NF was immersed into the precursor
solution, and the assembly was transferred into a Teflon-lined stain-
less-steel autoclave. The autoclave was heated at 125 °C for 8 h and then
allowed to cool naturally to room temperature. The resulting electrode
was washed with ethanol and dried at 60 °C overnight. The mass loading
of Fe-NDC on NF is approximately 3.7 mg cm2.

2.3. Synthesis of Yb-doped Fe-NDC

The synthesis of Yb-doped Fe-NDC followed a similar procedure with
the addition of an Yb precursor. A solution (A) containing 1.0 mmol of
Fe(NO3)3-9 H0 and 1.5 mmol of NDC was prepared in 25 mL of DMF,
5 mL of deionized water, and 5 mL of ethanol, and sonicated for 25 min.
Separately, a solution (B) was prepared by dissolving a desired amount
of Yb(NO3)3-5 HO (0.2, 0.4, or 0.6 mmol) in 15 mL of deionized water.
Solutions A and B were mixed thoroughly, and a cleaned NF substrate
(cleaned as described above) was immersed into the combined mixture.
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The assembly was transferred into a Teflon-lined autoclave and heated
at 125 °C for 8 h. After natural cooling, the sample was washed with
ethanol and dried at 60 °C overnight, yielding YbxFe-NDC/NF. The mass
loadings of Ybg oFe-NDC, Ybg 4Fe-NDC, and Ybg gFe-NDC were deter-
mined to be 3.5, 4.1, and 4.5 mg cm™2, respectively.

2.4. Preparation of working electrode for comparison

For benchmarking, Pt/C and RuO, working electrodes were prepared
via a simple drop-casting method. In a typical procedure, 2.0 mg of
20 wt% Pt/C or RuO; powder was dispersed in a mixture of 220 pL DI
water and ethanol, followed by the addition of 5 pL of 5 wt% Nafion
solution. The suspension was ultrasonicated for 30 min to achieve a
uniform dispersion. The resulting catalyst ink was then drop-cast onto
pre-cleaned NF substrates (1 cm x 1 cm) and allowed to dry under
ambient conditions before electrochemical testing.

3. Results and discussion
3.1. Structural characterization of materials

The fabrication process of the Yb-doped Fe-NDC electrode is sche-
matically illustrated in Fig. 1a. A one-step solvothermal approach en-
ables the direct growth of ultrathin Yb-doped Fe-NDC nanoplates on
nickel foam (NF) through the simultaneous incorporation of Yb into the
Fe-NDC framework. The Fe-NDC metal-organic framework is con-
structed from Fe ions coordinated to NDC linkers. Each carboxylate
group of the naphthalene ring binds to metal centers in a bidentate
bridging mode. In the pristine Fe-NDC structure, the Fe ion is
six-coordinated (octahedral FeOg), bonded to oxygen atoms of the NDC

Nickel foam

N\,
-

@ e Yy @ Fe

l,4-1\'aphthalenedicarboxylic
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carboxylate groups [32-35]. The introduction of Yb modifies the local
electronic environment and coordination characteristics, forming
Fe-O-Yb bridging motifs without disrupting the overall framework to-
pology. Such coordination interactions influence nucleation and crystal
growth behavior, ultimately contributing to the formation of ultrathin
2D nanoplates. The larger ionic radius of Yb induces local lattice
distortion, but the basic octahedral coordination geometry of the Fe
centers is retained [36]. As a result, incorporating Yb into the Fe and
NDC precursor solution leads to a well-defined nanoplate morphology.
The X-ray diffraction (XRD) patterns (Fig. 1b) show that all catalysts
exhibit a characteristic diffraction peak at approximately 26 = 8.41°,
consistent with the simulated Fe-NDC pattern (CCDC#2214948),
thereby confirming successful formation of the MOF structure on the NF
substrate [37]. As the Yb content increases from 0 to 0.6 mM, the in-
tensity of this diffraction peak gradually decreases, indicating that
higher doping levels induce slight structural distortion while preserving
the overall MOF framework. No additional impurity peaks associated
with Yb-based crystalline phases are detected, suggesting successful
incorporation of Yb species into the Fe-NDC framework without phase
segregation. Fourier transform infrared (FTIR) spectroscopy was further
employed to probe the coordination environment and functional groups
(Fig. 1c). A broad absorption band observed at 3300-3500 cm™' is
assigned to the stretching vibration of carboxylic O-H groups, suggesting
the presence of hydrogen-bonded hydroxyl species within the frame-
work. The peaks located in the 1200-1600 cm- region correspond to the
stretching vibrations of C=0, aromatic C=C, and COO groups derived
from the NDC ligand, confirming successful coordination between the
organic linker and metal centers. The band at 783 cm™! is attributed to
C-H vibrations, whereas the low-frequency peak at 493 cm! originates
from metal-oxygen (M-O) or M-O-M bonding vibrations, further

Autoclave Solvothermal Yb*
125°C8h [
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Fig. 1. Synthesis and structural analysis. (a) Schematic illustration of the synthesis of 2D Yb,Fe-NDC nanoplates. (b) XRD patterns of all prepared electrocatalysts
together with the simulated pattern. (c) FTIR spectra of the NDC ligand and all synthesized catalysts. (d) Contact angle measurements of Fe-NDC and Yb, 4Fe-NDC.
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supporting the formation of coordinated metal-ligand structures
[38-40]. Notably, the Yb-doped samples display nearly identical FTIR
profiles to pristine Fe-NDC, indicating that Yb incorporation does not
significantly alter the coordination environment of the NDC ligand and
is effectively accommodated within the original framework. The surface
wettability of the catalysts was evaluated through water contact angle
measurements (Fig. 1d). Pristine Fe-NDC exhibits a contact angle of
13.7°, indicative of a hydrophilic surface. Upon Yb doping, the contact
angle decreases progressively, with YbgoFe-NDC (7.8°), Ybg 4Fe-NDC
(2.5°), and Ybg gFe-NDC (4.1°) showing substantially enhanced hydro-
philicity (Fig. S1). The lowest contact angle observed for Ybg 4Fe-NDC
(2.5°) indicates optimal surface wettability, while a slight increase at
higher Yb content suggests that excessive doping may marginally reduce
hydrophilicity. Such improved wettability is highly advantageous for
electrocatalytic operation at high current densities because it facilitates
electrolyte infiltration, accelerates gas bubble release, and improves
reactant accessibility to active sites, thereby contributing to the
enhanced OER performance of Ybg 4Fe-NDC [41,42].

Scanning electron microscopy (SEM) images reveal the 2D
morphology of the synthesized materials. Pristine Fe-NDC (Fig. 2a) ex-
hibits uniform coverage of interconnected 2D nanoplates on the nickel
foam NF [43,44]. After Yb incorporation (Fig. 2b and Figs. S2a-b), the
catalyst maintains a similar nanoplate morphology, indicating that Yb
doping does not disrupt the overall structural architecture of the Fe-NDC
framework. Transmission electron microscopy (TEM) further confirms
the formation of ultrathin 2D nanoplates (Fig. 2c). The high trans-
parency of the nanoplates suggests nanoscale thickness, which is ad-
vantageous for exposing abundant accessible active sites and facilitating
mass transport during electrocatalysis. High-resolution TEM (HR-TEM)
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analysis of Ybg 4Fe-NDC (Fig. 2d) does not show distinct lattice fringes,
likely owing to the electron-beam sensitivity of MOFs, where weak
metal-ligand coordination and structural flexibility can induce
amorphization under irradiation [45]. Consistently, the selected-area
electron diffraction (SAED) pattern (Fig. 2e) displays diffuse rings
without discernible diffraction spots, further supporting partial
amorphization during electron-beam exposure [46]. The surface
morphology and thickness of the nanoplates were further characterized
by atomic force microscopy (AFM). As shown in Fig. 2f, the AFM image
exhibits distinct height variations across the nanoplates surface. Corre-
sponding height profiles reveal an average thickness of approximately
3.53 nm (Fig. 2g), confirming the ultrathin nature of the 2D architec-
ture. Such a thin nanoplate structure can maximize exposed active
surface area and shorten charge/mass transport pathways, thereby fa-
voring electrocatalytic OER kinetics. The elemental composition and
spatial distribution were subsequently investigated using high-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) coupled with energy-dispersive X-ray spectroscopy
(EDS) mapping (Fig. 2h-1). The HAADF-STEM image clearly demon-
strates the ultrathin nanoplate morphology, while EDS elemental map-
ping confirms the homogeneous distribution of C, O, Fe, and Yb
throughout the nanoplate. Furthermore, the corresponding EDS spec-
trum (Fig. S3) displays characteristic signals of C and O from the NDC
linker together with Fe and Yb peaks, confirming successful incorpora-
tion of Yb into the Fe-NDC framework.

Thermogravimetric analysis (TGA) and derivative thermogravimetry
(DTG) were performed to evaluate the thermal stability and decompo-
sition behavior of the catalysts (Fig. 3a-b). For Ybg4Fe-NDC, four
distinct weight-loss stages are observed. The initial weight loss of 5.7%

100 200 300 400

Distance (nm)

Fig. 2. Microstructure analysis. (a) SEM images of Fe-NDC and (b) Yby 4Fe-NDC. (c) TEM, (d) High-resolution-TEM, (e) SAED pattern, (f) AFM, (g) height profile, (h)
HAADF-STEM image and (i-1) corresponding elemental mapping images of 2D Yb, 4Fe-NDC nanoplates.
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Fig. 3. (a) TG/DTG curves of Ybg 4Fe-NDC and (b) Fe-NDC. (c) Zeta potential of Fe-NDC and Yb, 4Fe-NDC. High-resolution XPS spectra of Fe-NDC and Yb 4Fe-NDC:
(d) Survey, (e) Fe 2p, (f) O 1s, (g) C 1 s and (h) Yb 4d. (i) Relative content of Fe species (%) in Fe-NDC and Ybg 4Fe-NDC.

at 85 °C is attributed to the removal of physically adsorbed solvent
molecules. A second minor weight loss of 4.07% at 352 °C originates
from the release of coordinated species, followed by a 15.2% weight loss
at 391 °C associated with partial decomposition of the organic linker. A
major weight loss of 24.74% occurs at 546 °C, corresponding to
framework collapse and the formation of metal oxides. In comparison,
pristine Fe-NDC exhibits three decomposition stages, including a 6.47%
loss below 100 °C due to solvent removal, a 7.47% loss at 330 °C
associated with coordinated species, and a major framework decompo-
sition of 29.65% at 399 °C [47,48]. Notably, the primary decomposition
temperature shifts to significantly higher values after Yb incorporation,
indicating enhanced structural robustness and thermal stability, which
are beneficial for long-term electrocatalytic durability. Zeta potential
measurements were conducted to investigate the surface charge char-
acteristics of the catalysts (Fig. 3c). All electrochemical measurements
were performed in 1.0 M KOH aqueous electrolyte. Fe-NDC exhibits a
zeta potential of —11.38 mV, indicating a moderately negatively
charged surface with limited electrostatic repulsion that may promote
particle aggregation. After Yb incorporation, the zeta potential of
Ybo 4Fe-NDC decreases substantially to —23.78 mV, indicating
increased surface charge density and improved colloidal stability. This
change is consistent with the successful incorporation of Yb into the
framework, as confirmed by ICP-MS analysis (Table S1), which shows
Yb content increasing systematically with increasing nominal feeding.
This shift likely reflects modifications in surface functional groups and
the electronic environment upon Yb incorporation. In alkaline electro-
lyte, the more negatively charged surface can enhance electrostatic in-
teractions with hydroxide ions, thereby facilitating adsorption of
OER-relevant intermediates and accelerating interfacial reaction ki-
netics [49-52]. X-ray photoelectron spectroscopy (XPS) was employed
to probe the elemental composition and electronic states of the catalysts.
The survey spectra (Fig. 3d) confirm the presence of C, O, Fe, and Yb,
verifying successful incorporation of Yb into the Fe-NDC framework.

The Fe 2p core-level spectra (Fig. 3e) were analyzed to investigate the
oxidation states of Fe and the electronic influence of Yb doping. For
pristine Fe-NDC, the Fe 2ps/, region can be deconvoluted into Fe>* and
Fe>* species located at 711.11 and 713.0 eV, respectively, together with
a satellite peak at 717.11 eV [53]. In the Fe 2p, , region, Fe?* and Fe>*
peaks appear at 724.17 and 725.78 eV, respectively, accompanied by a
satellite peak at 727.81 eV. Following Yb incorporation, the Fe 2p peaks
exhibit an overall positive shift of approximately 0.36 eV toward higher
binding energy. This binding-energy shift reflects reduced core-hole
screening at Fe sites, arising from electron withdrawal through the
Fe-O-Yb network, which is consistent with the electron-withdrawal ef-
fect. Concurrently, the Fe>*/Fe?* ratio increases slightly, indicating that
Yb doping also stabilizes Fe in a higher oxidation state through
strengthened metal-ligand coordination. These observations collectively
demonstrate that Yb®" modulates the electronic environment of Fe
centers via ligand-mediated electronic coupling, optimizing the
adsorption energetics of oxygenated intermediates during OER. The O
1 s spectra (Fig. 3f) can be deconvoluted into three components. The
peak centered at 529.82 eV corresponds to metal-oxygen (M-O) bonds,
while the peak at 531.51 eV is assigned to carboxylate oxygen (O-C—=0)
from the NDC linker. The third peak at 532.88 eV originates from
adsorbed water molecules [54,55]. After Yb doping, the intensities of all
three peaks increase, suggesting enhanced surface oxygen content and
improved hydrophilicity, which is consistent with the contact angle
results and beneficial for OER performance. The C 1 s spectra (Fig. 3g)
are deconvoluted into three components. The peak at 284.58 eV is
assigned to C-C/C—C bonds from the aromatic rings of the NDC linker,
the peak at 285.48 eV corresponds to C-O species, and the peak at
288.90 eV is attributed to carboxylate carbon (C—=O0) from the coordi-
nated -COO groups [56]. The Yb 4d XPS spectrum (Fig. 3h) exhibits a
characteristic multiplet structure associated with trivalent Yb>*. The
spectrum can be fitted into five peaks located at 186.23, 189.00, 193.98,
200.60, and 207.10 eV. Among these, the peaks at 186.23 and
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193.98 eV correspond to the Yb 4ds,2 and Yb 4d3/2 spin-orbit compo-
nents, respectively. The presence of a complex multiplet structure
instead of a simple spin-orbit doublet confirms that Yb predominantly
exists in the + 3-oxidation state within the Fe-NDC framework [57,58].
Importantly, no signals associated with Yb?* species are detected at
lower binding energies (~181-182 eV), indicating the absence of
divalent Yb species. Quantitative analysis of the Fe 2p spectra (Fig. 3i)
reveals that pristine Fe-NDC contains 17.48% Fe?" and 55.48% Fe>*
species, whereas Ybg 4Fe-NDC exhibits substantially altered Fet/Fe3*
ratios of 14.12% and 53.7%, respectively. Together with the observed
positive binding-energy shift, these results demonstrate that Yb incor-
poration significantly modulates the electronic structure and
valence-state distribution of Fe centers, which is expected to play a
critical role in optimizing OER catalytic activity. Multiple complemen-
tary characterizations confirm the uniform incorporation of Yb into the
Fe-NDC crystal lattice. XRD shows preserved MOF crystallinity without
segregated Yb-containing phases, while FTIR reveals no distinct Yb-O
bands associated with Yb oxides or hydroxides. Systematic changes in
wettability and zeta potential further support uniform lattice incorpo-
ration rather than random surface deposition of amorphous Yb species.
Enhanced thermal stability from TGA indicates strengthened
metal-ligand interactions upon Yb doping. ICP-MS confirms Yb reten-
tion close to the nominal composition, and EDS mapping shows a ho-
mogeneous distribution of Yb throughout the nanoplates. Additionally,
the + 0.36-eV positive shift in Fe 2p binding energy indicates a direct
electronic interaction between Yb and Fe centers.
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3.2. Electrocatalytic OER performance

The OER performance of Fe-NDC, YbyFe-NDC (x = 0.2, 0.4, and 0.6),
and RuO; was systematically evaluated in a three-electrode configura-
tion using 1.0 M KOH electrolyte (Fig. 4a). As shown in Fig. 4b, Yb 4Fe-
NDC exhibits exceptional electrocatalytic activity, requiring over-
potentials of only 236, 255, and 271 mV to achieve current densities of
50, 100, and 200 mA cm2, respectively. These values are substantially
lower than those of Ybg gFe-NDC (241, 259, and 279 mV), Ybg oFe-NDC
(248, 267, and 291 mV), and pristine Fe-NDC (269, 288, and 309 mV)
(Fig. 4c). Notably, Ybg4Fe-NDC also outperforms the noble-metal
benchmark RuOj;, which requires overpotentials of 270 mV at
50 mA cm2 and 319 mV at 200 mA cm-2. Control experiments with
bare NF (Fig. S4) confirm that the substrate contributes negligibly to the
OER activity, ruling out any significant contribution from the NF sup-
port. Furthermore, independently prepared electrodes from different
batches of Ybg4Fe-NDC show consistent performance, confirming
reproducibility. The superior activity of Ybg 4Fe-NDC demonstrates the
critical role of optimized Yb incorporation in modulating the intrinsic
catalytic properties of Fe-NDC. To gain further insight into the OER ki-
netics, Tafel slopes were extracted from the corresponding linear sweep
voltammetry (LSV) curves (Fig. 4d). Among all catalysts, Ybg 4Fe-NDC
exhibits the smallest Tafel slope of 48 mV dec‘l, followed by Ybg gFe-
NDC (50 mV dec‘l), Ybg.oFe-NDC (60 mV dec‘l), and pristine Fe-NDC
(72 mV decl). In contrast, RuO, displays a significantly larger Tafel
slope of 80 mV dec!. The markedly reduced Tafel slope of Ybg 4Fe-NDC
indicates substantially accelerated OER kinetics and more favorable
reaction pathways after Yb incorporation. Fig. 4e further compares the
Tafel slopes across different current-density regions, where Ybg 4Fe-NDC
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consistently maintains lower slope values than the other catalyst, sug-
gesting that Yb doping effectively facilitates charge-transfer kinetics and
optimizes the adsorption/desorption behavior of oxygen-containing in-
termediates during OER. The OER activity of Ybg4Fe-NDC compares
favorably with, and in several cases surpasses, those of recently reported
state-of-the-art electrocatalysts under alkaline conditions (Fig. 4 f and
Table S1). Such enhanced catalytic performance can be attributed to the
synergistic effects of ultrathin nanoplate morphology, increased active
surface area, improved charge-transfer capability, and electronic mod-
ulation induced by Yb incorporation.

To further elucidate the origin of the enhanced catalytic activity,
electrochemical impedance spectroscopy (EIS) measurements were
conducted (Fig. 4 g). Ybg 4Fe-NDC exhibits the smallest charge-transfer
resistance (R = 1.00 ©) among all investigated catalysts, indicating
significantly accelerated interfacial electron-transfer kinetics after Yb
incorporation. In comparison, YbggFe-NDC and YbgFe-NDC show
slightly higher R values of 1.25 Q and 1.56 Q, respectively. Pristine Fe-
NDC presents a markedly larger Rt value of 2.08 Q, reflecting slower
charge-transfer kinetics. Notably, the R of Fe-NDC remains lower than
that of RuO2 (2.26 Q), highlighting the intrinsically favorable conduc-
tivity of the NDC-based framework. The corresponding equivalent cir-
cuit diagram wused for EIS fitting, which complements the
electrochemical analysis, is shown in Fig. S5. These results demonstrate
that the improved OER activity originates from the synergistic interplay
between Yb-induced electronic modulation and the optimized Fe-NDC
framework. The electrochemically active surface area (ECSA) was sub-
sequently evaluated by measuring the double-layer capacitance (Cgq))
from cyclic voltammetry (CV) curves collected in the non-Faradaic re-
gion at different scan rates (Fig. S6). As shown in Fig. 4 h, Ybg 4Fe-NDC
exhibits a Cg; value of 3.4 mF cm2, which is substantially higher than
that of pristine Fe-NDC (1.8 mF cm~2). Correspondingly, the estimated
ECSA values (Fig. 4i) are approximately 85 cm? for Ybg 4Fe-NDC and
45 cm? for Fe-NDC, indicating that Yb incorporation effectively in-
creases the number of electrochemically accessible active sites. The
enlarged active surface area, together with improved electronic con-
ductivity, contributes significantly to the enhanced OER performance.
To exclude the influence of different mass loadings on the apparent
catalytic activity, the LSV curves were normalized by ECSA to compare
the intrinsic activity of the catalysts. As shown in Fig. S7a, the
ECSA-normalized current density of Ybgy 4Fe-NDC is distinctly higher
than those of the other prepared catalysts. Notably, at a fixed over-
potential of 246 mV, Ybg 4Fe-NDC also delivers the highest ECSA-nor-
malized current (Fig. S7b), confirming its superior intrinsic OER
activity. To further substantiate this, the mass-specific activities of all
catalysts were calculated at the same overpotential (Fig. S8a).
Ybg 4Fe-NDC exhibits the highest mass activity of 17.07 A g}, signifi-
cantly outperforming YbggFe-NDC (13.55A g‘l), Ybg oFe-NDC
(13.42 A g‘l), and Fe-NDC (8.37 A g'l). Additionally, the turnover fre-
quency (TOF) was calculated to assess the intrinsic catalytic efficiency,
assuming all Fe sites (determined by ICP-MS) as the active centers. As
shown in Fig. S8b, Ybg 4Fe-NDC exhibits a significantly higher TOF than
the other catalysts at the same potential, indicating superior intrinsic
OER kinetics. Collectively, the ECSA-normalized, mass-specific, and
TOF results consistently demonstrate that the enhanced OER perfor-
mance of Ybgy 4Fe-NDC originates from Yb-induced electronic modula-
tion rather than differences in catalyst loading. The Faradaic efficiency
(FE) of Ybgy 4Fe-NDC was further evaluated by comparing the experi-
mentally generated oxygen volume with the theoretical value (inset of
Fig. 4j). The catalyst exhibits a FE close to 100%, confirming highly
efficient conversion of electrical energy into oxygen evolution with
negligible side reactions [9,59-62]. Long-term operational stability is
another critical parameter for practical water-electrolysis applications.
Therefore, the durability of Yby4Fe-NDC was assessed by chro-
nopotentiometry measurements at a high current density of
200 mA cm-2. As shown in Fig. 4j, the catalyst maintains nearly constant
operating potential over continuous operation for more than 100 h,
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demonstrating excellent electrochemical stability under strongly alka-
line conditions. These results further highlight the robustness of the
Yb-engineered Fe-NDC catalyst for long-term alkaline OER applications.

Compared with previously reported Fe-MOF-based OER catalysts,
our Ybg 4Fe-NDC presents several distinct advantages. First, the delib-
erate incorporation of Yb into the Fe-NDC framework introduces Fe-O-
Yb bridging motifs that electronically modulate the Fe active sites a
rare-earth doping strategy not yet explored in Fe-MOF systems for OER.
Furthermore, the unique 2D nanoplate morphology maximizes active
site exposure and facilitates rapid mass transport, enabling exceptional
performance at high current densities (271 mV at 200 mA cm-2). Most
notably, the catalyst exhibits outstanding operational stability (>100 h
at 200 mA cm-2), which significantly exceeds the durability of most
previously reported Fe-MOF electrocatalysts [63-67]. This superior
stability is attributed to the strong oxophilic nature of Yb, which stabi-
lizes the active phase and prevents structural degradation during pro-
longed electrolysis. These combined features Yb-induced electronic
modulation, ultrathin 2D morphology, and exceptional durability
distinguish our catalyst from prior Fe-MOF works and highlight the
promise of rare-earth doping for high-current density water oxidation.

3.3. Operando and post-OER analysis

To investigate the interfacial charge-transfer behavior during OER,
operando electrochemical impedance spectroscopy (EIS) measurements
were conducted at various applied potentials. The corresponding
Nyquist plots for Fe-NDC and Ybg 4Fe-NDC are presented in Figs. S9a-b,
respectively, while the associated Bode plots are shown in Fig. 5a
(Ybg.4Fe-NDC) and Fig. 5b (Fe-NDC). Across the entire investigated
potential range, Ybg 4Fe-NDC consistently exhibits lower charge-transfer
resistance (R¢y) than pristine Fe-NDC, indicating substantially enhanced
electronic conductivity and faster interfacial charge-transfer kinetics.
Such improved charge-transfer behavior directly contributes to the su-
perior electrocatalytic OER activity of the Yb-doped catalyst. The phase-
angle evolution with applied potential is shown in Fig. 5c. For both
catalysts, the phase angle gradually decreases with increasing potential,
reflecting accelerated interfacial electrochemical processes during OER.
Notably, the transition point appears at approximately 1.40 V for
Ybg 4Fe-NDC, whereas pristine Fe-NDC exhibits a delayed transition at
around 1.45V. The low-frequency region (0.1-100 Hz) is generally
associated with charge-transfer processes at the catalyst/electrolyte
interface during OER [68]. The earlier transition and lower impedance
response observed for Ybg 4Fe-NDC suggest more rapid electron-transfer
kinetics and facilitated deprotonation of oxygenated intermediates
compared with pristine Fe-NDC. These operando EIS results collectively
demonstrate that Yb incorporation significantly accelerates interfacial
charge-transfer dynamics, thereby promoting enhanced OER kinetics.
To further elucidate the evolution of catalytically active species during
OER, operando Raman spectroscopy was performed under applied po-
tentials ranging from open-circuit potential (OCP) to 1.60 V. As shown
in Fig. 5d, Ybg 4Fe-NDC exhibits characteristic Raman bands in the
400-500 cm? region corresponding to FeOOH species beginning at an
applied potential of approximately 1.30 V [69]. In contrast, similar
FeOOH-related features appear for pristine Fe-NDC only at a higher
potential of approximately 1.45V (Fig. 5e). The earlier emergence of
FeOOH species in Ybg 4Fe-NDC indicates that Yb incorporation facili-
tates partial surface reconstruction of the catalyst surface into oxy-
hydroxide phases at lower applied potentials. This accelerated
formation of FeOOH species, which correlates with the onset of
enhanced OER activity, is a well-documented phenomenon in
MOF-based electrocatalysts [70-72] and is likely a key factor contrib-
uting to the superior OER performance of the Yb-doped catalyst.
Moreover, Raman spectra of bare NF were collected before and after CP
at 200 mA cm-2in 1.0 M KOH (Fig. S10). Pristine NF shows a featureless
baseline, while after CP, two new peaks appear at 345 cm™" (Ni-O) and
590 cm™ (Ni-film), confirming substrate reconstruction [73]. In
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contrast, the operando Raman spectra of Fe-NDC and Ybg4Fe-NDC
exhibit Fe-derived oxyhydroxide peaks at distinctly different fre-
quencies (400-500 cm‘l), confirming that the reconstructed active
phase mainly originates from the catalyst.

To gain deeper mechanistic insight into the OER pathway, operando
attenuated total reflectance Fourier-transform infrared (ATR-FTIR)
spectroscopy was further conducted under applied potentials ranging
from OCP to 1.75 V (Fig. 5f-g). At OCP, no obvious infrared absorption
bands are observed for either catalyst. Upon increasing the applied po-
tential, a distinct absorption peak gradually emerges at approximately
1207 ecm™!, which is assigned to the *OOH intermediate, a key reaction
intermediate in the OER process [74,75]. The intensity of this *OOH--
related peak continuously increases with increasing potential, indicating
progressive accumulation of *OOH species during water oxidation. The
integrated intensity of the *OOH peak as a function of applied potential
is shown in Fig. 5h. Compared with pristine Fe-NDC, Ybg 4Fe-NDC ex-
hibits a significantly steeper increase and consistently higher *OOH
intensity across the entire potential range, indicating more efficient
formation and stabilization of the *OOH intermediate. These results
suggest that Yb incorporation optimizes the adsorption energetics of
oxygenated intermediates and accelerates the proton-coupled electro-
n-transfer steps involved in OER. Importantly, the observation of *OOH
intermediates rather than direct *OO species suggests that the OER
proceeds through the conventional associative adsorbate evolution
mechanism (AEM), involving four sequential proton-coupled electro-
n-transfer steps, rather than through direct O-O coupling pathways [76].
To further distinguish between the AEM and the lattice oxygen mecha-
nism (LOM), tetramethylammonium hydroxide (TMAOH) was
employed as a chemical probe in combination with operando

spectroscopic analysis. Peroxide-like (O%‘) and superoxide-like (O27)
species are generally considered representative intermediates of the
LOM and AEM pathways, respectively. Because peroxide-like *0% spe-
cies are thermodynamically more stable and can strongly interact with
TMA™ ions, the addition of TMAOH can selectively suppress OER ac-
tivity for catalysts operating through the LOM pathway [77,78]. The
schematic illustration shown in the inset of Fig. 6a demonstrates this
principle, where TMA" selectively complexes with peroxide-like in-
termediates, blocks active sites, and suppresses catalytic activity when
the LOM pathway dominates. As shown in Fig. 6a, the LSV curves
recorded in KOH electrolyte with and without TMA™" exhibit negligible
differences in OER activity. The absence of obvious activity suppression
indicates that peroxide-like lattice oxygen intermediates are not
involved in the reaction process. To further elucidate the oxygen evo-
lution mechanism on the Ybg 4Fe-NDC electrocatalyst, operando 8o
isotope-labeling differential electrochemical mass spectrometry (DEMS)
was conducted. Fig. 6b displays the mass signals monitored at m/z = 32
(*0'0), 34 (*°0'0), and 36 (**0'®0) for the '®0-labeled
Ybo.4Fe-NDC during OER in 1.0 M KOH prepared with H%0. A strong
signal corresponding to m/z = 32 is clearly observed, while the signals
at m/z = 34 and 36 remain below the detection limit [79]. The absence
of 16080 and 18080 species is consistent with an AEM, indicating that
the evolved oxygen predominantly originates from the electrolyte water,
with no detectable contribution from the catalyst lattice oxygen under
the investigated conditions. The TMAOH chemical probe experiments
and the 180 isotope-labeling DEMS results provide complementary ev-
idence that strongly supports the AEM pathway on Ybg 4Fe-NDC. The
absence of TMA'-induced activity suppression rules out the involve-
ment of peroxide-like (*0%) intermediates, while the dominant
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detection of 320, is consistent with the evolved oxygen originating
primarily from the electrolyte water. Collectively, these findings
strongly support that the OER on Ybg 4Fe-NDC proceeds predominantly
via the conventional AEM rather than the LOM. This mechanistic
assignment is further corroborated by the operando ATR-FTIR results,
which reveal the formation of *OOH intermediates during the OER
process.

To assess the structural and chemical stability following prolonged
OER operation, comprehensive post-catalysis characterization was
conducted on Ybg4Fe-NDC following the CP test. The SEM images
(Fig. S11) reveal that the original 2D nanoplate morphology is largely
retained, though slight surface roughening and minor structural densi-
fication are observed, consistent with structural evolution during pro-
longed electrochemical operation. TEM (Fig. S12a) further confirms the
retention of the ultrathin nanoplate architecture, indicating that the
nanoscale thickness and high active surface area are maintained during
extended electrolysis. HR-TEM analysis (Fig. S12b) shows no distinct
lattice fringes, consistent with above HR-TEM results. HAADF-STEM
(Fig. S12c¢) demonstrates uniform elemental distribution within the
nanoplate. Importantly, the corresponding elemental mapping
(Figs. S12d-g) and the post-reaction EDS spectrum (Fig. S12h) confirm
the homogeneous distribution of C, O, Fe, and Yb, with no detectable
loss or aggregation of the metal species. To quantitatively evaluate
elemental stability, ICP-MS was performed on both the recovered
catalyst and the post-reaction electrolyte (Table S2). The results show a
slight decrease in Fe content and a much more pronounced depletion of
Yb, with the dissolved metal ions quantitatively recovered in the elec-
trolyte. This preferential leaching of Yb suggests that the Yb-O coordi-
nation bonds are less stable under anodic alkaline conditions, leading to
its gradual dissolution from the framework. Notably, despite this partial
loss of Yb from the bulk, the post-reaction SEM and TEM data confirm
that the overall 2D nanoplate architecture remains uncompromised,
underscoring that the Fe-NDC backbone acts as the primary structural

scaffold. Furthermore, EDS mapping confirms that the remaining Yb,
along with Fe, is still uniformly distributed throughout the structure.
This combination of structural preservation and homogeneous
elemental dispersion rationalizes the sustained catalytic activity and
excellent durability observed during the long-term high-current-density
test. Beyond bulk composition and morphology, the evolution of surface
chemical states was investigated via post-reaction XPS (Fig. S13). The O
1 s spectrum (Fig. S14a) shows a slight decrease in the intensities of all
three components (M-O, O-C=O0, and H30,4;) after prolonged opera-
tion, indicating partial loss of surface oxygen species and organic
linkers. In the Fe 2p spectrum (Fig. S14b), a small negative shift (toward
lower binding energy) is observed compared to the fresh catalyst, sug-
gesting further oxidation of Fe species and the formation of active (oxy)
hydroxide phases [80]. Importantly, the Yb 4d spectrum (Fig. S14c)
retains the characteristic multiplet structure of Yb>*, with peaks corre-
sponding to an oxide-like coordination environment. This observation
unambiguously confirms that Yb maintains its + 3-oxidation state and
remains stably anchored within the partially reconstructed surface
layer, contrasting with the dynamic changes observed for Fe. Collec-
tively, these post-catalysis analyses establish that Ybg4Fe-NDC un-
dergoes a favorable partial surface reconstruction into an active (oxy)
hydroxide phase, while its 2D morphology and the trivalent state of Yb
are effectively preserved. The ICP-MS results show that approximately
61% of the initial Yb remains incorporated after prolonged OER oper-
ation, indicating that Yb is not merely a sacrificial promoter but con-
tinues to play a structural role within the reconstructed surface layer.
This retained Yb, confirmed by post-catalysis XPS to remain in
the + 3-oxidation state, likely contributes to the electronic stabilization
of the FeOOH-rich active phase. Meanwhile, the partial leaching of Yb
(~39%) suggests that a fraction of Yb initially accelerates the surface
reconstruction process, promoting the formation of the catalytically
active oxyhydroxide species at lower potentials. Thus, Yb serves a dual
function: it acts as a promoter that facilitates early reconstruction into
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the active FeOOH phase, while the fraction that remains integrated into
the reconstructed layer contributes to long-term structural and elec-
tronic stability. This synergy between beneficial surface transformation
and structural robustness underpins the outstanding long-term dura-
bility of Ybg 4Fe-NDC.

3.4. DFT calculations

Density functional theory (DFT) calculations were performed on the
optimized structures of Fe-NDC and Ybg 4Fe-NDC to elucidate the elec-
tronic modulation induced by Yb incorporation (Figs. S15a-b). The total
density of states (DOS) analysis reveals that Yb doping shifts the p-band
center of the Fe active sites upward from —1.45 eV in pristine Fe-NDC to
—1.39 eV in Ybg4Fe-NDC (Fig. 6¢) [81]. According to p-band center
theory, an upward shift of the p-band center toward the Fermi level
strengthens the interaction between the catalyst surface and
oxygen-containing intermediates by reducing the occupation of anti-
bonding states formed between Fe d orbitals and adsorbate orbitals [82].
Consequently, the adsorption energetics of key OER intermediates,
including *OH, *O, and *OOH, become more favorable. In addition, the
projected density of states (PDOS) analysis demonstrates significantly
enhanced orbital hybridization between Fe 3d and O 2p states near the
Fermi level in Ybg 4Fe-NDC compared with pristine Fe-NDC (Fig. S16).
The strengthened Fe 3d-O 2p hybridization indicates increased
metal-oxygen covalency, which can facilitate interfacial electron trans-
fer and optimize the binding strength of oxygenated intermediates
during OER.

To further investigate the interaction between the active sites and the
key *OOH intermediate, crystal orbital Hamilton population (COHP)
analysis was conducted for the Fe-*OOH bond (Fig. 6d). The integrated
COHP (ICOHP) value for Ybg 4Fe-NDC is calculated to be —3.25 eV,
which is substantially more negative than the value of —2.75 eV ob-
tained for pristine Fe-NDC. This result confirms a significantly stronger
bonding interaction between the Fe active centers and *OOH after Yb
incorporation, consistent with the upward shift of the Fe p-band center
[83]. The stronger Fe-*OOH interaction facilitates stabilization of the
key reaction intermediate and promotes subsequent proton-coupled
electron-transfer processes during OER. This enhanced interaction is
reconciled with the XPS observation of a + 0.36 eV positive shift in Fe
2p binding energy, which together with DFT reveals that electron
withdrawal from Fe coexists with an upshifted p-band center. This
combination is explained by electronic modulation through the Fe-O-Yb
bridging motif. The highly Lewis acidic Yb polarizes the bridging oxy-
gen, strengthening the Yb-O interaction and altering the Fe 3d-O 2p
hybridization. This ligand-field modification raises the Fe p-band energy
despite net electron depletion at Fe, consistent with electronic effects
reported for rare-earth-doped transition metal oxides and MOFs
[84-87]. Consequently, the upshifted b-band center strengthens
Fe-*OOH interactions and facilitates oxygen intermediate adsorption.
The Gibbs free-energy profiles for OER following the AEM pathway are
presented in Fig. 6e. Both catalysts follow a conventional four-electron
AEM pathway, in which the transformation from *O to *OOH is iden-
tified as the potential-determining step. Notably, Yb incorporation
substantially reduces the free-energy barrier (AGgs) of this step from
1.77 eV for pristine Fe-NDC to 1.65 eV for Ybg4Fe-NDC [88]. This
reduction indicates that Yb doping significantly facilitates the formation
of the *OOH intermediate, thereby accelerating overall OER kinetics.
The optimized adsorption configurations of all OER intermediates on
Fe-NDC and Ybg 4Fe-NDC are presented in Figs. S17-S18. The coordi-
nation structures show that the intermediates bind to the Fe site via
oxygen, with Yb doping inducing subtle structural changes that optimize
intermediate adsorption and lower the *OOH formation barrier. The
detailed AEM pathway in alkaline electrolyte is schematically illustrated
in Fig. 6f. The OER proceeds through four sequential proton-coupled
electron-transfer steps occurring on the catalyst surface. Initially, hy-
droxide ions (OH-) adsorb onto the active sites to form *OH
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intermediates (AGj). Subsequent deprotonation generates *O species
(AGy), followed by nucleophilic attack of another OH™ ion to form the
*QOH intermediate (AGg). Finally, the *OOH intermediate undergoes
deprotonation and O-O bond cleavage to release O; and regenerate the
active site (AGy) [89]. The proposed AEM pathway is strongly supported
by operando Raman and ATR-FTIR results, which directly identify the
formation of *OOH intermediates during OER. Moreover, TMA™ probe
experiments exhibit negligible suppression of catalytic activity, ruling
out significant LOM participation, while DEMS analysis confirms that
the evolved O, (m/z = 32) originates from water oxidation via the AEM
pathway. Collectively, the DFT calculations and operando spectroscopic
results demonstrate that Yb incorporation modulates the electronic
structure of Fe active centers through upward shifting of the d-band
center, enhanced Fe 3d-O 2p hybridization, and strengthened *OOH
adsorption. These electronic effects, together with the accelerated sur-
face reconstruction, improved kinetics, and structural advantages of the
2D morphology, synergistically optimize the adsorption energetics of
oxygen intermediates and accelerate OER kinetics via the AEM pathway.
This multifaceted synergy ultimately accounts for the superior electro-
catalytic performance of Ybg 4Fe-NDC.

3.5. Performance in water electrolyzers device

The development of highly efficient and durable electrocatalysts is
essential for advancing overall water splitting and sustainable hydrogen
production. To evaluate the practical applicability of Ybg 4Fe-NDC, a
two-electrode alkaline water-electrolysis system was assembled using
Ybg 4Fe-NDC supported on NF as the OER anode and commercial Pt/C
on NF as the HER cathode. The schematic illustration in Fig. 7a depicts
the overall water-splitting process and highlights the potential utiliza-
tion of the generated green hydrogen in various applications, including
hydrogen refueling stations, chemical manufacturing, fuel cells, gas
turbines, residential heating, industrial processes, and maritime trans-
portation. This demonstration highlights the practical relevance of the
Yb0,4Fe—NDC(+)| |(_)Pt/C electrolyzer toward the development of a sus-
tainable hydrogen economy.

The overall water-splitting performance of the
Yb0A4Fe—NDC(+)| |(’)Pt/C system was evaluated in 1.0 M KOH and
benchmarked against the Ru0$5”||‘Pt/C electrolyzer (Fig. S19). As
shown in Fig. 7b, the Ybg 4Fe-NDC-based electrolyzer requires a cell
voltage of only 1.46 V to achieve a current density of 50 mA cm-2, which
is lower than the 1.49 V required for the RuO,-based system. More
importantly, under high-current-density conditions, the performance
advantage of Ybg 4Fe-NDC becomes increasingly pronounced. At current
densities of 200 and 400 mA cm2, the Ybg 4Fe-NDC"||Pt/C system
requires cell voltages of only 1.57 and 1.64 V, respectively, whereas the
RuOS5P||CPt/C electrolyzer requires significantly higher voltages of
1.63 and 1.73 V (Fig. 7c). These values compare favorably with those of
recently reported MOF-based water-splitting electrocatalysts, high-
lighting the outstanding performance of the Yb-engineered Fe-NDC
system (Fig. 7d and Table S4). Long-term durability under continuous
operating conditions is another critical requirement for practical water
electrolysis.  Therefore, the operational stability of the
Ybg 4Fe-NDC™||CPt/C  electrolyzer was systematically evaluated
under continuous high-current-density electrolysis. At a current density
of 200 mA cm2, the system maintains stable operation for over 160 h
without obvious performance degradation (Fig. S20a). Even under the
more demanding condition of 400 mA cm2, the electrolyzer remains
highly stable for 128 h (Fig. S20b). The excellent durability demon-
strates that the Yb-doped Fe-NDC anode can effectively with stand
prolonged exposure to harsh alkaline OER conditions while maintaining
high catalytic activity.

To further assess the practical feasibility of the as-prepared electro-
catalyst, the Ybg 4Fe-NDC is directly served as the anode and commercial
Pt/C as the cathode (Ybg4Fe-NDC™P||Pt/C) for assembling the
AEMWE (Fig. 7e). The electrolyzer was investigated at different
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Fig. 7. (a) Schematic illustration of the two-electrode system for water electrolysis and green hydrogen utilization. (b) LSV curves of Ybg sFe-NDC"||"Pt/C and
RuO$”||“Pt/C for water electrolysis. (c) Cell voltage comparison at different current densities (50, 100, 200 and 400 mA cm-2). (d) Comparison with recently
reported MOF-based electrocatalysts. (e) Schematic illustration of the anion exchange membrane water electrolyzer (AEMWE) configuration. (f) Polarization (LSV)
curves of the AEMWE recorded in 1.0 M KOH at 25 and 60 °C. (g) Comparison of the AEMWE cell voltages measured at 25 and 60 °C. (h) Benchmark comparison of
the AEMWE performance with recently reported MOFs-based electrocatalysts. (i) CP stability test of the Ybo sFe-NDC"||-Pt/C electrolyzer operated at a constant

current density of 1 A cm™2 under ambient conditions.

temperatures in a 1.0 M KOH electrolyte; enhanced performance was
observed when the operating temperature increased from 25 °C to 60 °C.
Notably, a cell voltage of 2.44 V achieves a current density of 1.0 A cm™2
at 25 °C, and this is further reduced to 2.19 V at 1.0 A cm2 when the
temperature is increased to 60 °C (Fig. 7f). The improved performance at
elevated temperature arises from accelerated reaction kinetics and
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enhanced ionic conductivity. For comparison, a benchmark
RuO5”||Pt/C electrolyzer requires 2.63 V at 25 °C and 2.39 V at 60 °C
to achieve 1.0 A cm™2, underscoring the superior activity of Ybg 4Fe-NDC
(Fig. 7g). This performance surpasses many previously reported MOF-
based AEMWE systems under comparable conditions (Fig. 7h and
Table S5). The AEMWE exhibits excellent stability, with negligible
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voltage increase over 100 h of continuous operation at 1.0 A cm~2 at
room temperature (Fig. 7i), confirming the robust durability of the
Yb 4Fe-NDC anode at ampere-level current densities.

3.6. Origin of the superior OER performance

The superior OER performance of Ybg4Fe-NDC originates from a
synergistic combination of structural, electronic, mechanistic, and
computational factors. (i) Morphologically, the ultrathin 2D nanoplates
architecture maximizes active site exposure and facilitates rapid mass
transport and gas bubble detachment, essential for high-current-density
operation. (ii) Electronically, the incorporation of Yb>* shifts the Fe 2p
binding energy to higher values, modulating the electronic environment
of iron centers to optimize the adsorption energy of oxygenated in-
termediates, an effect supported by DFT calculations, which reveal that
Yb doping upshifts the Fe d-band center from —1.45 eV to —1.39 eV,
strengthens the Fe-*OOH bond (-ICOHP from 2.75 eV to 3.25 eV), and
lowers the *OOH formation barrier from 1.77 eV to 1.65 eV. (iii) Oper-
ando Raman spectroscopy shows that the active FeEOOH phase emerges
at a lower potential (1.30 V for Yby 4Fe-NDC vs. 1.45 V for Fe-NDC),
enabling earlier formation of catalytically competent sites. (iv) Mecha-
nistically, operando ATR-FTIR, TMA™" probing and DEMS confirm that
the reaction follows the AEM with *OOH as the key intermediate,
excluding the lattice oxygen pathway and ensure stability. (v) Kinetic
efficiency is reflected in a low Tafel slope of 48 mV dec! and signifi-
cantly reduced charge transfer resistance, indicating faster electron
transfer at the catalyst-electrolyte interface. (vi) Finally, practical
robustness is demonstrated by stable operation exceeding 100 h at
200 mA cm? and a two-electrode system (Ybg 4Fe-NDC(||)Pt/C)
that delivers 1.64 V at 400 mA cm~2 with over 128 h of durability.
Moreover, in AEMWE, the catalyst achieves cell voltages of 2.44 V at
25°Cand 2.19 Vat 60 °Cat 1.0 A cm~2, with stable operation exceeding
100 h, highlighting its practical potential for high-current-density
electrolysis. Collectively, these findings demonstrate that rare-earth
doping plays a crucial role in simultaneously optimizing the structural
and electronic properties of MOF-based catalysts for practically relevant
water oxidation.

4. Conclusion

In summary, we have developed a 2D Yb-doped Fe-NDC electro-
catalyst via a one-step solvothermal strategy for efficient alkaline OER
and overall water splitting. Benefiting from the ultrathin nanoplate
morphology and Yb-induced electronic modulation, the optimized
Yby 4Fe-NDC exhibits a low overpotential of 271 mV at 200 mA cm
and a small Tafel slope of 48 mV dec™!, with stable operation exceeding
100 h. Operando spectroscopy confirms the adsorbate evolution mech-
anism via *OOH intermediates, and DFT calculations reveal that Yb
upshifts the Fe d-band center, strengthens Fe-OOH interaction, and
lowers the *OOH formation barrier. In a two-electrode electrolyzer, the
Ybg 4Fe-NDC™H||C)Pt/C system achieves cell voltages of 1.57 V at
200 mA cm~2 and 1.64 V at 400 mA cm~2, with durable operation for
160 and 128 h, respectively. Furthermore, in AEMWE, it delivers a cell
voltage of 2.44 V at 1.0 A cm™ at 25 °C and 2.19 V at 60 °C, with stable
operation for over 100 h, demonstrating its practical potential for
high-current-density water electrolysis. This work establishes rare-earth
electronic modulation as an effective strategy for designing high-
performance MOF electrocatalysts for high-current-density water
splitting.
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