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a b s t r a c t

Tackling the problem of poor conductivity and catalytic stability of pristine metal-organic frameworks
(MOFs) is crucial to improve their oxygen evolution reaction (OER) performance. Herein, we introduce
a novel strategy of dysprosium (Dy) doping, using the unique 4f orbitals of this rare earth element to
enhance electrocatalytic activity of MOFs. Our method involves constructing Dy-doped Ni-MOF
(Dy@Ni-MOF) nanoneedles on carbon cloth via a Dy-induced valence electronic perturbation approach.
Experiments and density functional theory (DFT) calculations reveal that Dy doping can effectively mod-
ify the electronic structure of the Ni active centers and foster a strong electronic interaction between Ni
and Dy. The resulting benefits include a reduced work function and a closer proximity of the d-band cen-
ter to the Fermi level, which is conducive to improving electrical conductivity and promoting the adsorp-
tion of oxygen-containing intermediates. Furthermore, the Dy@Ni-MOF achieves superhydrophilicity,
ensuring effective electrolyte contact and thus accelerating reaction kinetics. Ex-situ and in-situ analysis
results manifest Dy2O3/NiOOH as the actual active species. Therefore, Dy@Ni-MOF shows impressive OER
performance, significantly surpassing Ni-MOF. Besides, the overall water splitting device with Dy@Ni-
MOF as an anode delivers a low cell voltage of 1.51 V at 10 mA cm�2 and demonstrates long-term stability
for 100 h, positioning it as a promising substitute for precious metal catalysts.
� 2023 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published

by ELSEVIER B.V. and Science Press. All rights reserved.
1. Introduction

Electrochemical water splitting, crucial in creating clean and
renewable hydrogen (H2), faces challenges due to the energy-
intensive and sluggish kinetics of oxygen evolution reaction
(OER) [1–3]. By designing efficient electrocatalysts, these issues
can be significantly mitigated. Although noble metal-based
catalysts, like IrO2 and RuO2, have been proven to be effective, their
scarcity and high cost restrict their widespread application [4,5].
Therefore, it is necessary to explore more cost-effective
alternatives, like non-noble metal-based OER catalysts.
A range of transition metal-based compounds including oxides,
sulfides, phosphides, and metal-organic frameworks (MOFs) are
now being investigated as potential OER electrocatalysts [6].
Thereinto, MOFs, crystalline porous materials formed by combin-
ing metal ions with organic linkers [7], offer the advantages of mul-
tiple active metal centers, adjustable microstructures, and
controllable porous structures [8]. Yet, their application as efficient
OER electrocatalysts is limited due to their poor electrical conduc-
tivity and stability [9,10]. Scientists have used methods like photo-
induced lattice strain, pore-space-partition, heterointerface engi-
neering, and heteroatom doping to overcome these limitations
[11,12]. Notably, heteroatom doping has been proven to be effec-
tive in modifying the electronic structure of pristine MOFs, which
enhances surface properties, facilitates charge transfer, and lowers
the reaction energy barrier of the OER process, thereby boosting
catalytic activity [13,14]. Incorporating a second metal into
reserved.
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pristine MOFs can alter the electronic structure of the metal center,
thus improving electrical conductivity [13]. In comparison to 3d
orbitals of transition metals, the unique 4f orbitals of rare earth
(RE) elements can overlap and hybridize with other orbitals,
enabling them to act as electronic modulators, effectively regulat-
ing the electronic structure of catalysts. This modulation leads to a
remarkable enhancement in the electrocatalytic properties and
electrical conductivity of transition-metal-based catalysts [15–
17]. Moreover, the coupling between f-d orbitals forms electronic
ladders, which are advantageous for facilitating charge transfer
and maintaining balanced intermediate adsorption energy
[18,19]. Furthermore, the strong oxyphilic properties of RE ele-
ments enable flexible adjustment of oxygen electrocatalysis when
incorporated into the material [20]. Simultaneously, RE elements
are also considered promising dopants due to their capacity to
reduce the electrical resistance of materials, resulting in increased
electrical conductivity and enhanced electrocatalytic activity [21].
RE oxides typically act as a protective layer during electrocatalysis,
offering corrosion resistance, which aids in bolstering catalyst
stability [22]. Dysprosium (Dy), as an RE element with a +3 valence
of 4f9, is a suitable dopant to address issues related to poor
conductivity and stability in pristine MOFs, thereby leading to
improved electrocatalytic activity [23,24]. Research also suggests
that Dy and Ni spins exhibit ferromagnetic coupling, and Dy can
influence the surface roughness of transition-metal-based catalysts
[25,26]. Hence, doping RE elements into pristine MOFs is a viable
electronic modulation strategy for enhancing the OER activity of
catalysts.

Herein, we have incorporated dysprosium (Dy) into a nickel-
based MOF (Ni-MOF), resulting in an effective OER catalyst. Exper-
iments and density functional theory (DFT) calculations reveal that
Dy doping not only ameliorates the surface properties of the Ni-
MOF but also alters its electronic structure. Specifically, the addi-
tion of Dy endows the catalyst with superhydrophilic characteris-
tics, enabling faster OER reaction kinetics. More importantly, Dy
doping induces an intense Ni-Dy electronic interaction and opti-
mizes the d-band center that facilitates the adsorption of
oxygen-containing intermediates and reduces the reaction barrier.
Additionally, Dy incorporation reduces the work function of the
catalyst and brings the valence band closer to the Fermi level,
thereby improving electrical conductivity. With these attributes,
the obtained Dy@Ni-MOF presents outstanding OER performance.
Remarkably, when used as the anode in a two-electrode elec-
trolyzer, the cell voltage outperforms that of a conventional RuO2 +-
Pt/C assembled electrolyzer.
2. Experimental

2.1. Materials

Dysprosium nitrate hexahydrate (Dy(NO3)3�6H2O, 99.99%), 2, 5-
dihydroxyterephthalic acid (DHTA, �98.0%), and salicylic acid (SA,
99.5%) were acquired from Shanghai Aladdin Biochemical Technol-
ogy Co., Ltd. Nickel nitrate hexahydrate (Ni(NO3)2�6H2O, �98.0%),
N, N-dimethylformamide (DMF, �99.5%), and ethanol (C2H5OH,
�99.7%) were purchased from Xilong Science Co., Ltd. Potassium
hydroxide (KOH, 90%) was bought from Shanghai Macklin Bio-
chemical Technology Co., Ltd. Commercial Pt/C (20 wt% Pt) was
obtained from Suzhou Sinero Technology Co., Ltd. Nafion solution
(5 wt%) was obtained from Alfa Aesar. Carbon cloth (CC) was got
from Kunshan Carbon Energy Technology Co., Ltd. RuO2 powder
was synthesized by direct calcination of RuCl3 in air at 400 �C.
All reagents and solvents were of analytical grade and could be
used directly.
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2.2. Synthesis of nanoneedle-shaped Dy@Ni-MOF on CC

Nanoneedle-shaped Dy@Ni-MOF was synthesized via a simple
hydrothermal approach. Before synthesis, a piece of CC (1.5 cm � 3
cm) was ultrasonically cleaned in 0.5 M H2SO4, deionized (DI)
water, and ethanol. Firstly, 0.1 mmol Dy(NO3)3�6H2O, 0.7 mmol
Ni(NO3)2�6H2O, 0.216 mmol DHTA, and 0.216 mmol SA were added
to the 18 mL mixed solution of DI water, ethanol, and DMF of 1:1:1
(v/v/v). After sonication treatment for 30 min, the solution and pre-
treated CC were transferred into a 30 mL Teflon-lined stainless
steel autoclave and heated at 150 �C for 12 h. After natural cooling
to room temperature, the sample was washed several times with
DI water, and dried overnight at 50 �C. The synthesis of Ni-MOF
or Dy2O3 on CC followed a process similar to that of Dy@Ni-MOF,
with the exception that Dy(NO3)3�6H2O or Ni(NO3)2�6H2O was
not added. Additionally, x Dy@Ni-MOF (x = 0.05, 0.1, and 0.2)
was obtained by changing the amount of Dy(NO3)3�6H2O. Unless
otherwise specified, the Dy@Ni-MOF represented 0.1 Dy@Ni-MOF.
2.3. Synthesis of RuO2 and Pt/C on CC

1.9 mg RuO2 or Pt/C was added to the 405 lL mixed solution
(including 200 lL DI water, 200 lL ethanol, and 5 lL 5 wt% Nafion).
The mixture was then ultrasonicated for 30 min to yield a homoge-
neous ink. Finally, the entire ink was pipetted onto the surface of
the CC (1 cm � 1 cm) and dried naturally in the air. The mass load-
ing of RuO2 or Pt/C was approximately 1.9 mg cm�2.
3. Results and discussion

3.1. Synthesis and structural analysis

Fig. 1(a) illustrates the preparation of Dy-doped Ni-based metal
organic framework (Dy@Ni-MOF) nanoneedles grown on carbon
cloth (CC) using a one-step hydrothermal method. Briefly, the
inclusion of Dy3+ in a Ni2+, DHTA, and SA mixture led to the forma-
tion of Dy@Ni-MOF. For comparison, a pristine Ni-MOF supported
on CC was also synthesized. The structure of Dy@Ni-MOF was ana-
lyzed through X-ray powder diffraction (XRD). As depicted in Fig. 1
(b), the pristine Ni-MOF exhibits two primary diffraction peaks at
roughly 6.8� and 11.8�, closely matching the theoretical simula-
tions of Ni-MOF [27,28]. Besides, the broad peak near 25.8� can
be assigned to the CC [29]. The Dy@Ni-MOF retains a similar crystal
structure to the Ni-MOF after the Dy doping, demonstrating a low
Dy-doping load. However, the main diffraction peaks of Dy@Ni-
MOF perform a slight negative shift and decreased intensity com-
pared to those of Ni-MOF, which can be attributed to the impact
of Dy incorporation on the coordination between the original Ni
center and the organic ligand, manifesting the successful incorpo-
ration of Dy into the Ni-MOF lattice [14]. Additionally, the XRD pat-
tern indicates that the crystal surface diffraction peaks correspond
to Dy2O3 (PDF#18-0475) when only monometallic Dy is present
(Fig. S1), indicating that Dy atoms cannot actively coordinate with
the ligands to form MOFs under the same preparation conditions.
The characteristic peaks of Ni-MOF and Dy@Ni-MOF were further
analyzed by Raman spectroscopy. As seen in Fig. 1(c), the peaks
at 1321 and 1600 cm�1 are assigned to the D and G bands of the
carbon cloth (CC), respectively [30]. The peaks at 1619, 1556, and
580 cm�1 correspond to the stretching and deformation vibrations
of the benzene ring [31]. The minor peaks at 829 and 420 cm�1 are
ascribed to the C–H bending mode of the benzene ring and the
vibration of the metal–oxygen bond (Ni–O), respectively [28,32].
The COO� vibration occurs at 1493 and 1419 cm�1. The sharp peak
at 1282 cm�1 is attributed to the C–O vibration, owing to the



Fig. 1. (a) Schematic illustration for the formation of the Dy@Ni-MOF on carbon cloth. The cyan and orange balls in the structural model represent Ni and Dy atoms,
respectively. (b) XRD patterns of Ni-MOF and (0.05, 0.1, and 0.2) Dy@Ni-MOF. (c) Raman spectra of carbon cloth, Ni-MOF, and Dy@Ni-MOF.
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deprotonation of the hydroxyl group [33]. These results further
validate the synthesis of the Ni-MOF. The surface functional groups
in Ni-MOF and Dy@Ni-MOF were confirmed by Fourier transform
infrared (FT-IR) spectroscopy (Fig. S2). Both Ni-MOF and Dy@Ni-
MOF possess similar FT-IR spectra, revealing that their molecular
structures are analogous [34]. The presence of COO� vibration sig-
nals (1540 and 1388 cm�1) verifies the existence of metal-organic
coordination bonds, suggesting that some carboxylate groups are
exposed on the Dy@Ni-MOF surface, which is beneficial for water
adsorption during the OER process [35]. Additionally, the absence
of the carboxylic group peak (1654 cm�1) compared to the pure
DHTA ligand confirms the lack of free ligand in Dy@Ni-MOF [35].

Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) were employed to trace the morphology and
microstructure of Ni-MOF and Dy@Ni-MOF. As demonstrated in
Fig. 2(a) and Fig. S3(a), Ni-MOF displays a cotton-like morphology
with significant agglomeration. Interestingly, after successful Dy
doping, a series of Dy-doped Ni-MOF present a nanoneedle
structure (Fig. 2b and Fig. S3b–d), suggesting that Dy incorporation
significantly modifies the morphology of Ni-MOF and prevents
material aggregation. When the doping amount is 0.1, the nano-
needles were grown uniformly on the carbon cloth, which
promotes electrolyte dispersion and bubble release. The
nanoneedle-shaped morphology of Dy@Ni-MOF is further
confirmed by the TEM image (Fig. 2c). As shown in Fig. 2(d), there
are no obvious lattice fringes in the high-resolution TEM (HR-TEM)
image with ambiguous rings-like selected area electron diffraction
(SAED) patterns of Dy@Ni-MOF. This observation may be attribu-
ted to the sensitivity of MOFs to high-energy electron beams, the
buffering effect of hydrogen bonds, as well as the flexibility and
relatively weak coordination between metal ions and ligands
[36–38]. As viewed in Fig. 2(e and f), atomic force microscope
(AFM) measurements also observe the nanoneedle morphology of
Dy@Ni-MOF with an average thickness of about 137 nm. The
high-angle annular dark-field scanning TEM (HAADF-STEM) and
corresponding elemental mapping images reveal the even
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distribution of Ni, Dy, C, and O elements in Dy@Ni-MOF (Fig. 2g–
k), which is a reliable evidence for the successful doping of Dy.
According to the inductively coupled plasma mass spectrometry
(ICP-MS), the Dy content in Dy@Ni-MOF is 2.55 wt% (Table S1).

X-ray photoelectron spectroscopy (XPS) was utilized to exam-
ine the elemental composition and surface chemical valence states
of catalysts. As presented in Fig. S4(a), the XPS survey spectra
reveal the existence of Ni, Dy, C, and O elements in Dy@Ni-MOF.
The high-resolution C 1s spectrum (Fig. S4b) of Dy@Ni-MOF can
be divided into C=C/C–C (284.0 eV), C=O (285.4 eV), and O–C=O
(288.3 eV), respectively [27,34]. For the Ni 2p XPS core-level spec-
trum of Dy@Ni-MOF (Fig. 3a), the peaks at 856.1 and 873.8 eV are
assigned to Ni2+ 2p3/2 and Ni2+ 2p1/2, respectively [39]. Notably, the
observed shift of Ni 2p to higher binding energy in Dy@Ni-MOF
compared to that of Ni-MOF implies that Dy can modulate the cen-
tral electronic state of Ni, thereby forming high-valance Ni state
and inducing an intense Ni-Dy electronic interaction, which is con-
ducive to enhancing the OER activity [40,41]. This interaction
favors adsorption of oxygen-containing intermediates and
enhances OER activity [18]. The high-resolution Dy 4d spectrum
(Fig. 3b) reveals two characteristic peaks at 153.8 and 156.9 eV,
corresponding to the Dy 4d5/2 and Dy 4d3/2 of Dy3+ [23,42], which
confirms the successful Dy doping in Ni-MOF. Besides, the decon-
volution of the O 1s spectrum in Dy@Ni-MOF (Fig. 3c) discloses
three peaks at 530.7, 531.5, and 532.7 eV corresponding to the
metal–oxygen (M�O), O–C=O, and adsorbed H2O molecules (H2-
Oads), respectively [43].

The electronic interaction between Ni and Dy in Dy@Ni-MOF
was comprehensively analyzed through the valence electron struc-
ture of metal ions (Fig. S5) [44]. In the case of the Ni-O-Ni unit, the
p-symmetry d-orbitals (t2g) of Ni2+ are completely occupied, giving
rise to a significant electron-electron (e�-e�) repulsion interaction
between the Ni2+ and bridging O2� [45]. In contrast, the Ni-O-Dy
unit, benefiting from the electronic configuration of Dy3+ [Xe] 4f9,
features numerous unfilled 4f orbitals in Dy3+ that can act as elec-
tron acceptors. The interaction with the bridging O2� via p-



Fig. 2. SEM images of (a) Ni-MOF and (b) Dy@Ni-MOF. (c) TEM, (d) HR-TEM images (inset: the corresponding SAED pattern), (e) AFM image, (f) corresponding height profiles,
(g) HAADF-STEM, and (h–k) corresponding elemental mapping images of Dy@Ni-MOF.

Fig. 3. High-resolution XPS survey spectra of (a) Ni 2p of Dy@Ni-MOF and Ni-MOF, (b) Dy 4d and (c) O 1s of Dy@Ni-MOF. (d) UPS spectra and (e) band structure alignment of
Dy@Ni-MOF and Ni-MOF.
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donation initiates the transfer of electrons from Ni2+ to Dy3+,
thereby converting Ni2+ (t2g6 eg

2) into the higher-valence Ni3+

(t2g6 eg
1), while simultaneously attenuating the e�-e� repulsion with
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the bridging O2� [46,47]. Consequently, Dy3+, functioning as an
electron acceptor, can extract electrons from the Ni sites through
the Ni-O-Dy electronic coupling effect, ultimately leading to the



Z. Huang, M. Liao, S. Zhang et al. Journal of Energy Chemistry 90 (2024) 244–252
transformation of the Ni ions into a high-valence Ni state and the
induction of a strong electron interaction between Ni and Dy.

Ultraviolet photoelectron spectroscopy (UPS) was applied to
profoundly analyze the electronic property of Dy@Ni-MOF to fur-
ther probe its enhanced intrinsic activity and fast kinetics. From
Fig. 3(d and e), the work function (u) values of Dy@Ni-MOF and
Ni-MOF are calculated to be 3.01 and 4.42 eV, respectively. The
decreased u of Dy@Ni-MOF suggests that the doping of Dy makes
it easier for electrons to be transferred from the interior of the cat-
alyst to the surface to exchange electrons with reactants, thereby
achieving quicker reaction kinetics [48]. In addition, the valence
band maximum (Ev) values of Dy@Ni-MOF and Ni-MOF are found
to be 4.96 and 5.18 eV, respectively. Obviously, the incorporation
of Dy into Ni-MOF brings the valence band closer to the Fermi level
(Ef), indicating better electrical conductivity of Dy@Ni-MOF
[48,49].
3.2. OER performance in alkaline medium

The OER performance of the synthesized catalysts was tested in
1.0 M KOH. All potentials were 100% iR compensated and cali-
brated to the reversible hydrogen electrode (RHE) (Fig. S6). The
optimum 0.1 Dy@Ni-MOF catalyst was obtained when the dosage
of Dy was 0.1 mmol (Figs. S7 and S8). Henceforth, for simplicity,
the 0.1 Dy@Ni-MOF will be referred to as Dy@Ni-MOF. Fig. 4(a)
compares the linear sweep voltammetry (LSV) curves of Dy@Ni-
MOF, Ni-MOF, and RuO2, where Dy@Ni-MOF demonstrates notably
enhanced OER activity compared to Ni-MOF. Furthermore, the
superior catalytic activity of Dy@Ni-MOF compared to RuO2 at cur-
rent density exceeding 50 mA cm�2 can be attributed to its nano-
needles structure, which facilitates electrolyte diffusion and gas
release [50]. Importantly, the oxidation peak of Ni2+ to Ni3+ is
observed at approximately 0.10–0.17 V for Dy@Ni-MOF, demon-
strating the surface reconstruction of MOFs into oxyhydroxides
(e.g., NiOOH) [51]. The increased oxidation peak intensity of
Dy@Ni-MOF manifests the presence of more active species to
Fig. 4. OER activity of prepared catalysts in 1.0 M KOH solution. (a) LSV polarizatio
10 mA cm�2 and Tafel slope with previously reported OER catalysts. (d) Electrochemica
Dy@Ni-MOF before and after 1000 cycles (inset: chronopotentiometry of Dy@Ni-MOF a
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enhance OER activity [52]. To delve deeper into the OER kinetics,
the corresponding Tafel slopes were derived from polarization
curves (Fig. 4b). The Tafel slope value of Dy@Ni-MOF (96.5 mV
dec�1) is significantly lower than that of Ni-MOF (129.4 mV dec�1)
and comparable to that of RuO2 (94.6 mV dec�1), illustrating that
Dy-introduction considerably accelerates OER kinetics. Addition-
ally, the prominent OER performance of Dy@Ni-MOF surpasses
most recently reported OER catalysts (Fig. 4c and Table S2). Elec-
trochemical impedance spectroscopy (EIS) was employed to assess
the charge-transfer capacity. As illustrated in Fig. 4(d), Dy@Ni-MOF
possesses a lower charge transfer resistance (Rct = 1.8 X) than Ni-
MOF (Rct = 5.1 X) and RuO2 (Rct = 3.1 X), demonstrating faster
charge transfer and better electrical conductivity of Dy@Ni-MOF
[53]. As depicted in Fig. S9, the synthesized Dy2O3 exhibits very
poor OER performance, which is significantly inferior to that of
Dy@Ni-MOF. Additionally, the turn frequency (TOF) was used to
better understand the intrinsic OER activity (Fig. 4e). The TOF value
(0.0168 s�1) of Dy@Ni-MOF is significantly higher than that of Ni-
MOF (0.0037 s�1), attesting its splendid intrinsic OER activity.
Noteworthily, the enhanced OER activity is not linked to the elec-
trochemically active surface area (ECSA) [54,55]. As viewed in
Fig. S10, the polarization curves normalized by ECSA further testify
that the intrinsic activity of Dy@Ni-MOF immensely exceeds that
of Ni-MOF. Therefore, these results certify that Dy doping plays a
role in enhancing OER activity. In addition, the polarization curves
show inappreciable changes after 1000 cycles (Fig. 4f), implying
the extraordinary cycling stability of Dy@Ni-MOF. Simultaneously,
Dy@Ni-MOF can operate continuously at a current density of 10
and 100 mA cm�2 for nearly 80 h without performance degrada-
tion (inset of Fig. 4f), proving its remarkable long-term stability.
3.3. Analyzing surface characteristics and active centers of Dy@Ni-
MOF

To further confirm that the enhanced electrical conductivity of
Dy@Ni-MOF is associated with Dy-doping, a digital multimeter
n curves. (b) Corresponding Tafel slopes. (c) Comparison of the overpotential at
l impedance spectroscopy. (e) Turnover frequency values. (f) Polarization curves of
t 10 and 100 mA cm�2).
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and a four-point probe were used to measure the material resis-
tance and electrical conductivity, respectively. As shown in Fig. 5
(a), the resistance of Dy@Ni-MOF is 37.90 X, significantly lower
than that of Ni-MOF (169.09 X). Furthermore, Dy@Ni-MOF dis-
plays an electrical conductivity of 9.174 S cm�1 (Table S3), which
is substantially higher than Ni-MOF (4.85 � 10�2 S cm�1). These
results testify that Dy doping can significantly improve the electri-
cal conductivity, in agreement with the UPS and EIS analysis
results discussed previously. Besides, the contact angle was mea-
sured to investigate the surface property changes after Dy doping
in Ni-MOF. As displayed in Fig. 5(b), the contact angle decreases
from 21� (Ni-MOF) to 0� (Dy@Ni-MOF), suggesting that the surface
properties of Ni-MOF change after Dy incorporation, making
Dy@Ni-MOF superhydrophilic. The superhydrophilicity facilitates
tight contact between the electrolyte and the catalyst, thereby
accelerating the reaction kinetics [56].

To further ascertain the practical active centers of Dy@Ni-MOF
during the OER process, the microstructure, composition, and
chemical state of Dy@Ni-MOF after OER test were investigated by
SEM, XRD, TEM, XPS, and electrochemical in-situ Raman. As viewed
in Figs. S11 and S12(a), the nanoneedle-shaped morphology of
Dy@Ni-MOF remains essentially intact after OER test. Moreover,
energy dispersive X-ray detector (EDX) elemental mappings dis-
close the uniform distribution of Ni, Dy, O, and C (Fig. S12b–e).
The XRD results (Fig. S13) clearly demonstrate that Dy@Ni-MOF
undergoes deep phase reconstruction after the OER test, resulting
in the formation of low-crystallinity Dy2O3 and amorphous NiOOH.
According to XPS analysis (Fig. S14), the peaks of Ni3+ at 857.3 and
875.4 eV emerge in the Ni 2p spectrum of Dy@Ni-MOF after OER
test, which can be attributed to the generation of NiOOH, acting
as active species [57]. Additionally, the characteristic peaks of
Dy2O3 remain detectable in the Dy 4d high-resolution XPS spec-
trum of Dy@Ni-MOF after the OER test. Subsequently, electro-
chemical in-situ Raman spectroscopy was conducted to monitor
the structural evolution of Dy@Ni-MOF during the OER (Fig. 5c
and Fig. S15). As evident in Fig. 5(d), when the potential is main-
Fig. 5. (a) Photographs of Ni-MOF and Dy@Ni-MOF measuring resistance with a digital m
electrochemical in-situ Raman cell. Electrochemical in-situ Raman spectra of (d) Dy@N
operating potentials from 1.3 to 1.4 V (vs. RHE). (f) Illustration of Dy@Ni-MOF reconstru
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tained between 1.1 and 1.3 V (vs. RHE), the Raman spectra exclu-
sively feature the characteristic peaks of MOFs. However, as the
potential is raised, these MOF peaks progressively diminish. Nota-
bly, upon reaching 1.4 V (vs. RHE), the MOF characteristic peaks
vanish, and two distinct peaks appear at 474 and 554 cm�1, asso-
ciated with the Ni–O vibration of NiOOH [51,52,58]. To further
ascertain the conversion potential of NiOOH, the potential was
adjusted between 1.3 and 1.4 V (vs. RHE) with an interval of
0.02 V. As seen in Fig. 5(e), Dy@Ni-MOF in situ transforms into
the Dy@Ni-MOF/NiOOH complex at a potential of 1.36 V (vs.
RHE), which generally aligns with the LSV curves. Ultimately, when
the potential reaches 1.4 V (vs. RHE), the surface undergoes com-
plete restructuring to Dy2O3/NiOOH. As a result, these findings
conclusively indicate that Dy@Ni-MOF experiences surface recon-
struction during the OER process, with the in-situ formed NiOOH
serving as the actual active centers for OER (Fig. 5f).

3.4. OER mechanism investigation based on DFT calculations

DFT calculations were employed to investigate the impact of Dy
doping on Dy@Ni-MOF during the OER process. Meanwhile, in
order to make the theoretical simulation closer to the real catalyst
surface, we considered the structural reconstruction. Therefore,
based on the above ex-situ and in-situ analysis results, Dy2O3/
NiOOH and NiOOH models with Ni sites as active sites were estab-
lished and analyzed by DFT calculations (Fig. S16). The differential
charge density maps (Fig. 6a and b) demonstrate that there is con-
siderable charge accumulation at the interface of NiOOH and
Dy2O3 whereas substantial electron depletion around Ni, suggest-
ing the existence of strong electronic interactions between Ni
and Dy species [7,59], which is in good agreement with the XPS
results. The density of states (DOS) was calculated to gain further
insight into the electronic structure changes of catalysts (Fig. 6c).
For Dy2O3/NiOOH, there are ample DOS near the Fermi energy level
(Ef), manifesting its higher electrical conductivity and faster charge
transfer capability [7,13]. Moreover, the d-band center (ed) has
ultimeter. (b) Contact angles of Ni-MOF and Dy@Ni-MOF. (c) Schematic diagram of
i-MOF at operating potentials from 1.1 to 1.7 V (vs. RHE) and (e) Dy@Ni-MOF at
ction during OER reaction.



Fig. 6. DFT theoretical calculations. (a) The local structures and differential charge density and (b) two-dimensional (2D) charge density maps of Dy2O3/NiOOH. Yellow and
cyan regions represent charge accumulation and depletion, respectively. (c) The calculated DOS and (d) PDOS of Ni 3d and O 2p for Dy2O3/NiOOH and NiOOH. (e) Schematic of
the OER catalytic mechanism for Dy2O3/NiOOH. (f) OER Gibbs free energy diagrams for Dy2O3/NiOOH and NiOOH.
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been recognized as a reliable indicator of the binding strength
between catalysts and oxygen-containing intermediates (⁄O,
⁄OH, and ⁄OOH), where the adsorption between catalysts and
the oxygen-containing intermediates will be stronger when the
ed approaches the Ef [60]. Remarkably, the ed value of Dy2O3/
NiOOH (�0.13 eV) is higher than that of NiOOH (�1.55 eV). This
indicates an upshift of ed energy levels and an elevation of anti-
bonding energy states following Dy doping, which is conducive
to enhancing the adsorption of oxygen-containing intermediates
during the OER process [61]. Additionally, the calculated partial
density of states (PDOS) demonstrates a robust orbital overlap
between Ni and adsorbed oxygen intermediates in close proximity
to the Ef (Fig. 6d), suggesting a strong electron coupling between Ni
3d orbitals in Dy2O3/NiOOH and O 2p orbitals of adsorbed oxygen
intermediates [62].

The Gibbs free energy (DG) for each OER step is calculated
based on the following four-electron transfer mechanism [63].

�+ OH� !�OH + e� ð1Þ

�OH + OH� !�O + H2O + e� ð2Þ

�O + OH� !�OOH + e� ð3Þ

�OOH + OH� !�+ O2 + H2O + e� ð4Þ
where ⁄ represents the active site and ⁄O, ⁄OH, and ⁄OOH are the
three oxygen-containing intermediates. Fig. 6(e) and Fig. S17 dis-
play the OER pathways and optimized OER intermediate adsorption
configurations for Dy2O3/NiOOH and NiOOH, respectively. The opti-
mized adsorbed molecules are all found on the Ni sites, indicating
that Ni sites act as the primary active sites for the OER, which is
in mutual agreement with the experimental results. To intuitively
comprehend the OER reaction kinetics, the DG of each OER step
was calculated without the additional potential (U = 0 V), where
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the step with the most significant change in DG is considered as
the rate-determining step (RDS) [64]. As described in Fig. 6(f), the
RDS for Dy2O3/NiOOH and NiOOH is the transformation of ⁄O
into ⁄OOH [65], where the DG3 value (1.56 eV) of Dy2O3/NiOOH is
much lower than that of NiOOH (1.85 eV), indicating its faster
OER kinetics [66]. Therefore, Dy doping can greatly optimize the
electronic structure of the active Ni sites and produce a strong elec-
tron interaction, which is conducive to optimizing the adsorption of
oxygen-containing intermediates and accelerating the OER kinetics,
thereby enhancing OER activity.
3.5. Electrocatalytic performance for overall water splitting

Motivated by the exceptional OER performance of Dy@Ni-MOF,
a two-electrode system was assembled with Pt/C and Dy@Ni-MOF
as cathode and anode (labeled as Dy@Ni-MOF(+)||Pt/C(�)) to drive
the overall water splitting (Fig. 7a). As shown in Fig. 7(b),
Dy@Ni-MOF(+)||Pt/C(�) displays splendid overall water splitting
performance in 1.0 M KOH, which can deliver ultra-low cell volt-
ages of 1.51 and 1.67 V at 10 and 100 mA cm�2, respectively, out-
performing commercial RuO2

(+)||Pt/C(�). Moreover, the outstanding
overall water splitting performance of Dy@Ni-MOF transcends
most previously reported electrocatalysts (Fig. 7c and Table S4).
More importantly, the overall water splitting activity of Dy@Ni-
MOF can maintain stable for 100 h at 10 and 100 mA cm�2

(Fig. 7d), proving its excellent stability.
The excellent OER performance can be explained as follows rea-

sons. Firstly, the introduction of Dy doping confers superhy-
drophilic properties to the catalyst, which is in favor of the
intimate contact between the electrolyte and catalyst, thereby pro-
moting the rapid penetration and mass transfer of electrolyte in
the Dy@Ni-MOF catalyst [67,68]. Additionally, Dy doping into Ni-
MOF causes electronic structure perturbation that contributes to
optimizing the valence band and decreasing the work function,



Fig. 7. (a) Schematic diagram of overall water splitting in a two-electrode system. (b) LSV curves of overall water splitting for Dy@Ni-MOF(+)||Pt/C(�) and RuO2
(+)||Pt/C(�) in

1.0 M KOH. (c) Comparison of the cell voltage of Dy@Ni-MOF at 10 mA cm�2 with recently reported catalysts. (d) Chronopotentiometry test at 10 and 100 mA cm�2.
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thus expediting electron transfer and improving electrical conduc-
tivity. More importantly, Dy incorporation leads to charge redistri-
bution of Ni metal centers, creating strong 3d-4f orbital coupling
effects, which can mediate the ionic and covalent competition of
oxygen-containing intermediates to produce more up-shifted elec-
tronic states [20], thereby optimizing the adsorption of oxygen-
containing intermediates and accelerating the proton-coupled
electron transfer kinetics. Consequently, Dy as a dopant of transi-
tion metal MOF-based catalysts can induce valence electronic
modulation and thus enhance OER activity.
4. Conclusions

In summary, we successfully fabricated rare-earth element Dy-
doped Ni-MOF nanoneedles (Dy@Ni-MOF) on carbon cloth (CC)
using a unique Dy-induced valence electronic perturbation
method. The introduction of Dy substantially improves the surface
properties of pristine Ni-MOF, making it superhydrophilic and thus
achieving favorable electrolyte wettability. Additionally, Dy doping
effectively modulates the electronic structure of the Ni active cen-
ter, which not only induces an intense electronic interaction
between Ni and Dy but also reduces the work function and valence
band maximum, which is beneficial to expediting charge transfer
and improving electrical conductivity. The in-situ/ex-situ tech-
niques demonstrate that in-situ generated Dy2O3/NiOOH serves
as the true active species during the OER process. The DFT calcula-
tions show that the introduction of Dy in Dy2O3/NiOOH shifts the
center of the d-band center towards the Fermi level, which is favor-
able to enhance the adsorption of oxygen-containing intermediates
and reduce the reaction energy barrier of RDS, thus improving the
OER activity. As a result, the Dy@Ni-MOF presents eminent OER
performance with a low overpotential (246 mV at 10 mA cm�2)
251
and small Tafel slope (94.6 mV dec�1), superior to pristine Ni-
MOF. Furthermore, the Dy@Ni-MOF(+)||Pt/C(�) just requires an
ultra-low cell voltage of 1.51 V to drive 10 mA cm�2, outperform-
ing the RuO2

(+)||Pt/C(�). Meanwhile, the Dy@Ni-MOF-based elec-
trolyzer also exhibits impressive stability during a 100 h
durability test, implying its promising commercial application pro-
spects. This work provides an effective strategy for incorporating
rare-earth elements into pristine MOFs to develop high-
performance and stable rare-earth-doped MOFs-based OER
electrocatalysts.
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