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ARTICLE INFO ABSTRACT

Keywords: Constructing defective heterojunctions is crucial for enhancing the intrinsic activity of metal-organic framework

HEter"Junmon_ (MOF)-based electrocatalysts for efficient alkaline water splitting, yet it remains a significant challenge. Here, we

](\)A’g’lfe“ \;\e;[cg;mes present a novel oxygen-vacancy-rich MOF-on-MOF heterojunction nanosheet catalyst (Ni NDC@Fe BDC/CP)
on

fabricated on carbon fiber paper through lattice mismatch. Experimental and theoretical analyses reveal that this
catalyst, with an ultra-thin nanosheet morphology (~ 4.3 nm), abundant oxygen defects, and a tightly coupled
heterojunction interface, facilitate interfacial charge transport. It optimizes the d-band center, enhances oxygen-
containing intermediate adsorption, and promotes the formation of highly active Ni(Fe)OOH species, signifi-
cantly boosting OER performance. In comparison to individual Ni NDC/CP and Fe BDC/CP, the obtained Ni
NDC@Fe BDC/CP exhibits competitive OER performance, delivering an overpotential of 192/239 mV at a
current density of 10/100 mA cm ™2 and a small Tafel slope of 38.8 mV dec™!. When coupled with Pt/C/CP in an
overall water splitting device, the Ni NDC@Fe BDC/CP("||Pt/C/CP\™ achieves a cell voltage as low as 1.43 and

Synergistic effect
Water splitting

1.54 V at 10 and 100 mA cm™2, respectively, surpassing benchmark catalysts RuO, and Pt/C.

1. Introduction

Electrochemical water splitting emerges as a viable solution for
hydrogen production in the urgent pursuit of meeting carbon neutrality
targets [1]. This process encompasses two essential half-reactions: ox-
ygen evolution reaction (OER) and hydrogen evolution reaction (HER).
Generally, OER is a complex electron transfer process involving O-H
bond breaking and O—0 bond formation, poses a significant challenge
to water splitting efficiency (OER, 40H —2H20+03+4e ) [2,3].
Currently, Ir/Ru-based catalysts are prevalent for accelerating OER, yet
their high costs and limited productivity necessitate exploration into
alternative cost-effective and efficient electrocatalysts [4]. Despite the
discovery of promising alternatives such as transition metal oxides,
(oxy)hydroxides, nitrides, sulfides, and phosphides, the development of
rationally designed, high-efficiency catalysts remain a formidable
challenge [5-7].

Metal-organic frameworks (MOFs), a class of porous coordination
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polymers renowned for their unique structure, high specific surface
area, and well-defined metal centers, have garnered significant interest
in OER-based electrochemistry [8,9]. Among diverse MOFs-based elec-
trocatalysts, Ni-based variants exhibit considerable research potential
due to the abundance and cost-effectiveness of Ni compared to precious
metal benchmarks, coupled with the advantageous redox properties of
Ni’s active site [10-12]. Nevertheless, numerous efforts have been given
to achieving the optimal catalytic performance. Firstly, the development
of multi-metal MOFs stands out as a prevalent approach to enhance
catalytic performance, with some studies highlighting the significant
nickel-iron synergistic impact on Ni-based MOF catalysis [8,13]. For
example, Zhu et al. demonstrated that the Fe-O-Ni-O-Fe bonding in
Fe-doped-(Ni-MOFs)/FeOOH facilitates OER ability
(210 mV@15 mA cm~2) [14]. Guan et al. proposed a NiFe MOF with low
overpotentials of 189 mV at 10 mA cm ™2 and 260 mV at 500 mA cm 2
for OER [15]. Secondly, coupling MOFs with other functional materials
to form heterojunctions is also a good way to optimize the internal
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Fig. 1. (a) Schematic illustration of the synthesis of Ni NDC@Fe BDC/CP, (b) XRD patterns of simulated Ni MOF, simulated Fe MOF, Ni NDC/CP, Fe BDC/CP and Ni
NDC@Fe BDC/CP, and (c) Raman spectra of Ni NDC/CP, Fe BDC/CP, Ni NDC@Fe BDC/CP and CP.

coordination of MOFs [14,16]. Notably, the assembly of composite
MOF-on-MOF heterostructures has shown surprising catalytic activities
in MOF-based electrocatalysis. For instance, Zhu et al. synthesized
Ni-MOF@Fe-MOF, exhibiting modest electrocatalytic OER activity
(265 mV@10 mA cm~2) [17]. In parallel with the above tactics, intro-
ducing defects in MOFs has proven beneficial for enhancing catalytic
capacity [18]. Creating oxygen vacancies through heteroatom doping
has effectively modulated the surface electronic structure and optimized
hydroxyl adsorption during alkaline OER, thereby improving the cata-
lytic activity and durability of the catalysts [19-21]. Additionally, hy-
bridizing MOFs with self-supporting substrates, such as nickel foam, iron
foam, carbon cloth, and carbon paper, has been reported to accelerate
the OER reaction [22,23]. Unfortunately, most MOF-on-MOF are formed
by lattice matching and this synthetic strategy is limiting as most MOFs
have different unit cell parameters and coordination patterns, which
severely inhibits the diversity of MOF-on-MOF composites [24].
Therefore, developing feasible strategies that permit the construction of
vacancy-rich MOF-on-MOF heterostructures without the limitations of
lattice matching is of great significance.

Based on these considerations, the Ni NDC@Fe BDC/CP hetero-
structure electrocatalyst with abundant oxygen vacancies was success-
fully fabricated using an in situ self-optimizing assembly strategy. Ni
NDC/CP precursors are initially formed through a solvothermal method,
followed by the in-situ construction of Fe BDC on the Ni NDC surface to
form Ni NDC@Fe BDC/CP. This in-situ growth ensures close contact and
strong electronic coupling between heterogeneous interfaces. Experi-
mental results reveal that the catalyst combines the favorable conditions
of multicomponent material hybridization, ultrathin nanosheets, and
defect induction, facilitating accelerated electron transfer/

redistribution and an increased number of active sites, thereby effec-
tively enhancing the intrinsic activity of catalyst. The obtained Ni
NDC@Fe BDC/CP exhibits higher OER activity with a low overpotential
of 192 and 239 mV at a current density of 10 and 100 mA cm ™2, a small
Tafel slope of 38.8 mV dec™!, and maintains long-term stability over
100 h at 100 mA cm ™2 The water splitting device assembled from Ni
NDC@Fe BDC/CP and Pt/C/CP requires only 1.43 and 1.54 V to reach
10 and 100 mA cm ™2, respectively, maintaining a stability of over 50 h
at 100 mA cm 2 without any performance degradation. In situ charac-
terization confirms that Ni(Fe)OOH with abundant oxygen vacancies is
the actual active species in the catalytic reaction, and density functional
theory calculations further elucidate the intrinsic mechanism.

2. Experimental
2.1. Materials

The reagents were supplied by the supplier without purification.
Naphthalene-2,6-dicarboxylic acid (HoNDC, C12HgO4, 98 %), tereph-
thalic acid (HoBDC, CgHgO4, 98 %), nickel (II) chloride hexahydrate
(NiCly-6 H20, 98 %), iron (II) chloride tetrahydrate (FeCly-4 Hy0, 99 %),
and potassium hydroxide (KOH, 90 %) were purchased from Aladdin
Chemical Reagent Co. Ltd. Absolute ethanol (EtOH, 99.7 %), absolute
methanol (MeOH, 99.7 %) and N, N-dimethylformamide (DMF, 98 %)
were purchased from Xilong Chemical Reagent Co. Ltd. The carbon fiber
paper (CP) purchased from Toray Co. Ltd. and was utilized with a
dimension of 2 cm x 1 cm in the experiments. Commercial Pt/C (20 wt%
Pt) and Nafion solution (5 wt%) were purchased from Alfa Aesar. The
RuO, was prepared by directly pyrolysis of RuCls in air at 400 °C and
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Fig. 2. (a) SEM image, (b) AFM image, (c) corresponding height profiles, (d) TEM image, () HR-TEM image, and (f) HAADF-STEM and corresponding EDS mapping
of Ni NDC@Fe BDC/CP. (g) EPR spectra, and (h) Fe 2p and (i) Ni 2p XPS spectra of Ni NDC/CP, Ni NDC@Fe BDC/CP and Fe BDC/CP.

RuCls-3 Hy0 (37 %) were purchased from Inno-chem. The correspond-
ing XRD pattern was indexed to RuO4 (JCPDS: 40-1290), confirming the
successful preparation of RuO (Fig. S1).

2.2. Treatment of CP

The surface of CP was hydrothermally modified with 68 % HNO3 at
120 °C for 180 min, and then cleaned with deionized water and absolute
ethanol.

2.3. Synthesis of Ni NDC/CP

NiCl5-6 H50 (1 mmol) and HoNDC (0.75 mmol) were dissolved in
15 mL of mixed solution (Vpyp: Vmeon=1:1). The resulting solution was
then transferred to a 25 mL Taflon-lined stainless-steel autoclave with
two pieces of modified CP. The autoclave was sealed at 120 °C and kept
for 9 h in an oven. After natural cooling to room temperature, the
samples were washed three times with absolute ethanol and dried 60 °C
for 8 h.

2.4. Synthesis of Fe BDC/CP

The Fe BDC/CP was synthesized using a similar method as the Ni
NDC/CP, with only difference being the reaction solution and reaction
time. The reaction solution consisted of 16 mL of a mixed solution
containing 1.25 mmol HyBDC, 0.4 mmol FeCly-4 Hy0, 14 mL of DMF,
1 mL EtOH and 1 mL deionized water (DI). The reaction time was
adjusted to 2 h.

2.5. Synthesis of Ni NDC@Fe BDC/CP

The synthesis of Ni NDC@Fe BDC/CP followed the same method as
Fe BDC/CP, apart from the replacement of pure CP with Ni NDC/CP.
Furthermore, the Ni NDC@Fe/CP and Ni NDC-BDC/CP were prepared
using the exact similar method Ni NDC@Fe BDC/CP, except that the
mixture of HoBDC and FeCl-4 H>0 was changed to a single FeCly-4 H,O
and HyBDC, respectively.
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2.6. Synthesis of RuO,/CP and Pt/C/CP

For comparison, RuO, and Pt/C on CP were also prepared. A ho-
mogeneous catalyst ink is formed by dispersing 2 mg RuO; or Pt/C in
250 pL deionized water/isopropyl alcohol (V / V=1:1) and 25 pL 5 %
Nafion as a binder. The mixture is then dropped on the surface of the CFP
(1 cm x 0.5 cm) and cools to room temperature.

3. Results and discussion
3.1. Structural and morphological characterizations

The synthesis of Ni NDC@Fe BDC/CP nanosheets involved a
straightforward stepwise solvothermal process (Fig. 1a). Initially, Ni
NDC nanosheets were grown on the CP backbone using NiCl,-6 H,O and
HoNDC as precursors. Subsequently, the resulting Ni NDC/CP was
immersed in a secondary growth solution containing FeCly-4 H20 and
HyBDC to form the Ni NDC@Fe BDC/CP. During this process, Ni NDC
released Ni ions under the alkaline conditions introduced by DMF-DI-
EtOH. Considering the similar radii of Ni and Fe, ion exchange
occurred on the surface of Ni NDC, along with coordination between
HyBDC and metal ions. Notably, despite H.BDC and H.NDC being car-
boxylic acid ligands, the synthesized Fe BDCs and Ni NDCs exhibit
markedly different topologies (Table S1). This structural distinction
enables the epitaxial growth of MOF-on-MOF heterojunctions through a
dynamic self-optimization process that accommodates lattice mis-
matches. As reported in the literature, such heterojunction interfaces
can induce interfacial electron redistribution and introduce significant
defects, which are critical in enhancing catalytic performance [25].

The crystal structure of Ni NDC@Fe BDC/CP was analyzed using X-
ray diffraction (XRD). In Fig. 1b, all samples exhibit sharp diffraction
peaks around 26.6° and 54.8°, originating from the CP substrate (JCPDS:
26-1077) [26]. For Ni NDC@Fe BDC/CP, the peaks at around 7.4°, 14.8°
and 15.1° correspond to the (001), (012) and (011) crystal plane of Ni
NDC, respectively [27]. Peaks at approximately 8.8° and 9.4° originate
from the (048) and (139) crystal planes of Fe BDC [28,29]. These results
confirm the synthesis of the MOF-on-MOF heterostructure. Additionally,
compared with Ni NDC/CP, single Fe BDC/CP was challenging to detect
due to the lower loading on CP, and more detailed local amplification of
Fe BDC/CP is shown in Fig. S2. Raman spectroscopy was employed to
investigate the chemical structures of Ni NDC/CP, Fe BDC/CP and Ni
NDC@Fe BDC/CP (Fig. 1c). All materials displayed characteristic peaks
of organic ligands in the range of 1100-1750 cm ™, implying the suc-
cessful preparation of MOFs. For Ni NDC@Fe BDC/CP, in addition to the
original characteristic peaks of HoNDC, a new peak at 875 cm™! is
attributed to the vibrations of the C-H and benzene rings in the H,BDC,
demonstrating the coexistence of the H,NDC and H,BDC ligands.
Meanwhile, the peak of Ni-O bonding vibration in Ni NDC@Fe BDC/CP
is slightly blue shifted compared to that in Ni NDC/CP (partial
enlargement of Fig. 1c), which can be attributed to the phonon
confinement effect induced by the surface oxygen vacancies and also
reveals the reinforced Ni-O bonding in Ni NDC@Fe BDC/CP [30,31].

Scanning electron microscopy (SEM) and transmission electron mi-
croscopy (TEM) were employed to examine the morphological charac-
teristics of Ni NDC/CP, Fe BDC/CP and Ni NDC@Fe NDC/CP. In the SEM
image, the Ni NDC/CP precursor exhibits a smooth and ultra-thin
nanosheet morphology (Fig. S3). With the absence of Ni NDC/CP pre-
cursors, bare Fe BDC nanoparticles are severely agglomerated on CP
(Fig. S4). For Ni NDC@Fe BDC/CP, the ultra-thin nanosheet morphology
is maintained, but the surface becomes slightly rougher due to the
introduction of Fe BDC. This may be favorable for the mass transfer of O,
and electrolyte during the electrocatalytic process (Figs. 2a and 2d).
Atomic force microscope (AFM) measurements confirm that the Ni
NDC@Fe BDC with an average thickness of about 4.3 nm (Fig. 2b-c). In
the high-resolution TEM (HR-TEM) image, lattice fringe spacings of
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0.99 nm and 0.93 nm correspond to the (048) and (139) crystal planes
of Fe BDC, respectively. Similarly, lattice fringe spacings of 1.18 nm and
0.58 nm correspond to the (001) and (011) crystal planes of Ni NDC.
These observations further confirm the successful synthesis of Ni
NDC@Fe BDC (Fig. 2e) [30,32]. Notably, not all lattice breaks are
continuous, and numerous dislocations and distortions are present in the
Ni NDC@Fe BDC/CP (as shown by the dashed box in Fig. 2e), indicating
the presence of a significant number of defects in the prepared catalyst
[33,34]. Corresponding energy-dispersive X-ray spectroscopy (EDS)
mapping spectra in Fig. 2f clearly show the highly uniform distribution
of O, Ni, and Fe, confirming the presence of ion exchange during the
secondary growth process. The more precise elemental content was
determined by inductively coupled plasma mass spectrometry (ICP-MS),
revealing approximately 12.1 wt% for Ni species and 3.6 wt% for Fe
species (Table S2).

Electron paramagnetic resonance (EPR) spectra were determined to
gain further insight into the nature of the vacancies (Fig. 2g). As re-
ported previously, the broad peak at around 3500 Gauss in both samples
can be assigned to magnetism caused by unpaired electrons, where the
intensity is considered to be related to the amounts of unpaired electrons
and charge localization in materials [35]. Compared to Ni NDC/CP and
Fe BDC/CP, Ni NDC@Fe BDC/CP shows abundant oxygen vacancies and
produces a stronger EPR signal at g= 2.003. This observation is
consistent with the earlier proposal that there are more oxygen va-
cancies at the lattice mismatch growth interface.

X-ray photoelectron spectroscopy (XPS) was conducted to elucidate
the chemical composition and elemental valence of Ni NDC/CP, Ni
NDC@Fe BDC/CP and Fe BDC/CP. In Fig. S5, the full survey spectrum of
Ni NDC@Fe BDC/CP demonstrates the co-existence of O, Ni and Fe,
aligning perfectly with the previous EDS mapping results. The presence
of Ni2* oxidation state is supported by the Ni 2p spectrum (Fig. 2i), with
characteristic peaks at 856 and 873.1 eV assigned to Ni2" 2p, 3 and Ni%*
2p1,2, respectively [36]. In comparison to pure Ni NDC/CP, the Ni 2p
peak of Ni NDC@Fe BDC/CP is shifted to a lower binding energy,
indicating a modification in the electronic local environment of Ni [37].
As for Fe 2p spectrum (Fig. 2h), the peaks located at the binding energy
of 711.8 and 725.9 eV were corresponding to Fe®*, while the peaks at
710.4 and 723.4 eV were attributed to Fe?". Apparently, the ratio of
Fe3t/Fe’™ in Ni NDC@Fe BDC/CP (1.92) is larger than that in Fe
BDC/CP (1.48), signifying an increased presence of Fe>' species in the
MOF-on-MOF heterojunction through the bridging oxygen of organic
ligands, potentially contributing to enhanced electrocatalytic properties
[38]. Similarly, in the O 1 s spectra (Fig. S6), the peaks near 529.8, 531.2
and 532.5 eV have been defined as metal-oxygen bonds (M-O), oxygen
vacancy defects (Oy) and absorbed water, respectively [39]. Notably, the
O 1 s peaks of single metal MOFs were fitted to C-O/C=0, M-O and
H04qs due to the absence of oxygen vacancies (Fig. S7) [8,40]. Overall,
these results indicate the presence of a Ni-Fe synergistic effect and
defective oxygen in Ni NDC@Fe BDC/CP, providing essential conditions
for high-efficiency catalytic performance.

3.2. Electrocatalytic performance

In preliminary experiments, Ni NDC@Fe BDC/CP was prepared with
different Fe BDC concentrations by adding 0.5, 1.0, and 2.0 mmol mixed
solutions of Fe BDC. They were named as Ni NDC@Fe BDCy5, Ni
NDC@Fe BDC;, and Ni NDC@Fe BDC,, with OER testing revealing that
Ni NDC@Fe BDC; exhibited excellent OER activity. Subsequently, the
reaction time was varied to 0.5, 2, and 6 h, resulting in Ni NDC@Fe BDC-
0.5, NDC@Fe BDC-2 and Ni NDC@Fe BDC-6. The OER testing results
demonstrated that Ni NDC@Fe BDC-2 displayed the best OER perfor-
mance (Fig. S8). Moreover, OER activity of Ni NDC@Fe BDC/CP under
acidic (0.5 M H3SO4) and neutral (1.0 M phosphate-buffered saline,
PBS) conditions were studied. As illustrated in Fig. S9, Ni NDC@Fe BDC/
CP fails to demonstrate appreciable OER performance under both 0.5 M
HySO4 and 1.0 M PBS. Hence, the catalytic capability of Ni NDC@Fe
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Fig. 3. (a) Linear sweep voltammetry (LSV) curves of Ni NDC@Fe BDC/CP, Ni NDC/CP, Fe BDC/CP, Ni NDC@Fe/CP, Ni NDC-BDC/CP and RuO,/CP in OER, (b)
corresponding Tafel slope derived from the LSV curves, (c) comparison the overpotential at 10 mA cm~2 and Tafel slope with previously reported catalysts, (d)
corresponding Cg values, (e) ECSA-normalized current density at an potential of 1.47 V vs. RHE, (f) Overpotentials at the current density of 1 mA cm™2 and (g) TOF
value of as-prepared samples. (h) Chronopotentiometry curve of Ni NDC@Fe BDC/CP.

BDC/CP was investigated based on Ni NDC@Fe BDC-2 in 1.0 M KOH.
For comparison, Ni NDC/CP, Fe BDC/CP, Ni NDC@Fe/CP, Ni
NDC@BDC/CP, RuO,/CP and the bare CP were also examined with
corrected for 95 % iR using a standard three-electrode system (Fig. S10).

For accurate OER evaluation of Ni-based catalysts, we adopted
reverse scanning, which eliminates oxidation peak interference,
enabling reliable overpotential measurements and clearer insights into
catalytic activity. As shown in Fig. 3a, the optimized Ni NDC@Fe BDC/
CP exhibited overpotential of 192mV at a current density of
10 mA cm’z, which is lower than those of Ni NDC@Fe/CP (214 mV), Ni
NDC@BDC/CP (280 mV), Ni NDC/CP (273 mV), RuO,/CP (298 mV)
and Fe BDC/CP (381 mV). At a current density of 100 mA cm’2, the Ni
NDC@Fe BDC/CP is also good with the overpotential of 239 mV, which
is competitive with other samples (Table S3). Tafel slopes of all prepared
catalysts were calculated to evaluate the kinetics of electrochemical OER
process. Among them, Ni NDC@Fe BDC/CP exhibited lower Tafel slope
value of 38.8mV dec™! than Ni NDC@Fe/CP (46.9 mV dec™!), Ni
NDC@BDC/CP (74.1 mV dec '), Ni NDC/CP (97.4 mV dec 1), RuO,/CP
(77.4 mV dec_l) and Fe BDC/CP (64.6 mV dec_l), indicating fast elec-
trocatalytic dynamics of Ni NDC@Fe BDC/CP (Fig. 3b). It is worth
mentioning that Ni NDC@Fe BDC/CP is also superior to reported other

OER catalysts (Fig. 3c, Table S4). The charge-transfer kinetics was
further investigated by electrochemical impedance spectroscopy (EIS).
The Nyquist plot of the electrode and the associated equivalent circuit
model are shown in Fig. S11, where R; is the solution resistance of the
electrolyte, R is the charge transfer resistance and CPE,; is related to
the electron transport of the catalyst. Compared to other samples, Ni
NDC@Fe BDC/CP deliberate the lowest R, revealing that the Ni
NDC@Fe BDC/CP electrocatalyst has a high conductivity and a quick
electron transfer rate [41].

In addition, the electrochemical active surface area (ECSA) value is
an important standard for visualizing the surface-area activity: a larger
ECSA value means more active sites. The ECSA is linearly proportional
to the double layer capacitance (Cq)), which can be calculated by cyclic
voltammetry test in non-Faraday region with different scan rates
(Fig. S12). As what we expected, the Ni NDC@Fe BDC/CP shows a larger
Cq1 (7.4 mF cm ™) than other samples (Fig. 3d), demonstrating the high
specific surface area of the catalyst. Then, the ECSA normalized LSV
curves were calculated to understand the intrinsic activity of different
catalysts. As shown in Fig. S13, the ECSA normalized LSV curve in-
dicates that the OER ability of Ni NDC@Fe BDC/CP was intrinsically
improved. The ECSA-normalized current density for Ni NDC@Fe BDC/
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of Ni NDC@Fe BDC/CP.

CP was estimated to be 0.56 mA cm 2 at the potential of 1.47 V (vs.
RHE), which was higher than other catalysts (Fig. 3e). Besides, the
overpotential of Ni NDC@Fe BDC/CP at 1 mA cm 2 was only 250 mV,
which was clearly lower than that of pristine Ni NDC/CP (290 mV)
(Fig. 3f). Notably, the turnover frequency (TOF) is also an important
parameter for comparing the intrinsic activity of catalysts [42]. The TOF
values of Ni NDC@Fe BDC/CP were higher than those of the other
compounds, which strongly highlights that the Ni NDC@Fe BDC/CP has
more accessible active sites and higher intrinsic activity (Fig. 3g) [43].
Besides electrocatalytic activity, the stability of catalysts is also critical
for practical applications. The long-term stability of the catalysts was
verified by constant current tests in 1.0 M KOH. At a current density of
100 mA cm 2, Ni NDC@Fe BDC/CP maintained excellent stability with
no significant degradation over 100 h compared to Ni NDC/CP, indi-
cating its excellent stability (Fig. 3h and Fig. S14).

In situ EIS under different voltages was applied to obtain more
detailed information on the enhanced charge transfer kinetics of Ni
NDC@Fe NDC/CP, and the corresponding fitted equivalent circuit
model is shown in Fig. 4a. As seen from the Nyquist plots, it is obviously

that Ni NDC@Fe BDC/CP shows lower charge transfer resistance over
the applied potential range, implying that the strong heterostructure
coupling effect facilitates interfacial charge transfer, which could also
favor surface activation of the catalyst (Fig. 4a and S15a) [44,45]. Ac-
cording to the previous reports, R was used to describe the adsorption
resistance of oxygen-containing reactive species ions, and the change
trend of R revealed the OH* evolution occurring on the catalyst surface
[46]. From the fitting results changes for the R in Fig. S15c, the Rt of Ni
NDC@Fe BDC/CP is lower than that of Ni NDC/CP at any applied po-
tential, which reflects its faster adsorption kinetics of oxygen-containing
intermediates during OER process. Corresponding Bode plots of Ni
NDC@Fe BDC/CP are portrayed in Fig. 4b and S15b. The phase peak for
Ni NDC@Fe BDC/CP at the low frequency interface shows a lower phase
angle at each applied potential, which can be attributed to the faster
deprotonation of intermediates during the OER process and is consistent
with the just-mentioned Cq and ECSA normalized LSV results (Fig. 4c)
[47].

More details on the local environment of the catalyst under operating
conditions were obtained by using in situ Raman spectroscopy (Fig. 4d).
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Clearly, with the gradually increasing applied potential, original MOF
disappears and is supplanted by the characteristic peaks of Ni(Fe)OOH
Eg bending vibration and Ay stretching vibration [48]. Compared to Ni
NDC, the Ni NDC@Fe BDC heterostructure generates MOOH active
phases at a lower potential. This demonstrates that constructing a
defective MOF-on-MOF heterojunction not only enhances the intrinsic
activity of Ni NDC but also accelerates the transformation of precatalysts
into active species during electrochemical processes (Figs. 4e and 4f).
Specifically, this enhanced intrinsic activity can be explained by crystal
field theory (Fig. 4g). In Ni NDC, the ty, orbital of Ni*" is fully occupied,
leading to strong electron repulsion between Ni?" and bridging 0%~
[49]. After introducing Fe BDC, the HoBDC organic ligand with Fe3*
coordination is a strong field ligand, its d-orbital splitting energy is
higher than the pairing electron energy, resulting in the valence elec-
tronic configuration of Fe* being tzgeg with a low spin state [50].
Compared with Ni NDC, the presence of oxygen vacancies at the het-
erojunction interface of Ni NDC@Fe BDC not only fosters the electron
delocalization at the Fe-O bonds, but also allows the ample localized
electrons in Ni-O bonds to migrate to the Ni centers, thus enhancing the
electronic properties and catalytic reactivity via a complex manner [51].
Additionally, when electrons are transferred from Fe to Ni, the electrons
in the Fe 3d orbitals can be rearranged to produce high spin Fe species
[50]. In all, this electron transfer optimizes the electron distribution on

the tyg orbitals and is more favorable for the adsorption of active in-
termediates [52].

According to the XRD, TEM, EPR and XPS analyses were conducted
on the stability-tested Ni NDC@Fe BDC/CP. The XRD spectra shows the
disappearance of the characteristic MOF peaks, and the newly appeared
peaks can be assigned to the NIOOH (JCPDS: 06-0075), suggesting the
formation of (oxy)hydroxides (Fig. Sl6a) [53,54]. TEM image in
Fig. S16b illustrated that the catalyst maintains the lamellar morphology
after high current stabilization and HR-TEM image showed the lattice
fringes of NiOOH, which is consistent with the XRD results (Fig. S16c).
The corresponding EDX spectra shows a well distributed C, O, Ni and Fe
elements after the OER stability test (Fig. S16d). The HR-TEM images
and EPR spectra confirm that Ni NDC@Fe BDC/CP retains oxygen va-
cancies after the stability test (Fig. S17). As a control, EPR spectra of Ni
NDC/CP post-stability testing were also analyzed, revealing that the
reacted Ni NDC/CP lacks vacancies and exhibits poor catalytic activity.

Ni 2p XPS spectra after the stability test show new peaks at binding
energies of 858.6 and 873.7 eV, corresponding to Ni® *, indicating par-
tial conversion of Ni** to high-valence Ni® *, which forms more active
sites (Figs. S18a and S19) [55,56]. Moreover, a significant increase in
the amount of Ni® * is observed in the post-OER state of Ni NDC@Fe
BDC/CP compared to Ni NDC/CP. This further suggests that incorpo-
rating Fe BDC promotes the formation of a greater amount of
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high-valence Ni species. In the Fe 2p XPS spectra, the Fe®*/Fe®* peak
ratio for Ni NDC@Fe BDC/CP increases to 2.45 after the stability test,
suggesting the generation of more Fe® * species (Fig. S18b) [57]. From a
valence electron perspective, the orbitals of Ni** and Fe** overlap and
hybridize with the p-orbitals of bridging oxygen atoms in Ni(Fe)OOH,
forming the distinctive Ni-O-Fe bond. Within this microenvironment,
the relatively low electronegativity of Ni** and Fe?*, compared to the
strong electronegativity of oxygen atoms, causes the electron cloud to
naturally shift from Ni** and Fe** toward the oxygen atoms, facilitating
electron transfer from Ni** and Fe? to the oxygen atoms [58,59]. More
detailed, the relative ratio of Oy;/M-O can be used to evaluate the relative
amount of oxygen vacancies; higher ratios indicate more oxygen va-
cancies available at the surface. In the O 1 s XPS spectra, the relative
ratio of Oy/M-O has decreased from 5.68 to 1.45 (Fig. S18¢c, Table S5),
whereas can be explained by O, in the Ni(Fe)OOH being easily filled
with OH™ to generate active OOH* intermediate species during OER
process [60]. Based on the above analysis, it can be concluded that ox-
ygen defects play a critical role in OER by enhancing reactant activation
and maintaining stability. Moderate defects prevent structural destabi-
lization, while EPR and XPS tests confirm that although oxygen va-
cancies decrease in the catalyst during the OER process, they remain
present. The synergy of Fe doping and oxygen vacancies underpins
catalyst’s superior performance.

3.3. Catalytic mechanism analysis

To elucidate the interplay between electronic structure and intrinsic
catalytic mechanism, theoretical investigations based on density

functional theory (DFT) calculations were conducted. Previous experi-
mental investigations have demonstrated that Ni NDC@Fe BDC func-
tions as a precatalyst, with the in-situ generated Ni(Fe)OOH acting as the
active site for OER. Accordingly, two models were constructed for
analysis: Ni(Fe)OOH with oxygen vacancies (Oy) and a pure NiOOH
phase without Oy (Fig. 5a and Fig. S20). The charge density presents that
there are strong electronic interactions between Ni, Fe and O, and the
charge accumulation around the O atoms in Ni(Fe)OOH with Oy proving
that electrons are transferred from Ni/Fe to O atoms and is in line with
the XPS results (Fig. 5b). The calculated density of states (DOS) in Fig. 5d
shows that Ni(Fe)OOH with O, displays a heightened DOS near the
Fermi level, indicating that more charge carriers are directly partici-
pating in the catalytic reaction, thus significantly improving the OER
performance of the catalyst [61]. Meanwhile, compare to NiOOH
without Oy (-1.25 eV), the d-band center (ggq) of Ni(Fe)OOH with O,
(-1.23 eV) is closer to the Fermi level, which was beneficial for exposing
active sites and adsorbing active intermediates (Fig. 5e). According to
the d-band center theory, the electronic interaction between adsorbates
and electrocatalysts can be interpreted as the coupling between the
valence states of adsorbate and the d-band center of the transition metal,
resulting in the formation of split bonding and antibonding states
(Fig. 5¢) [62]. The bonding states lower than the Fermi level are usually
filled, whereas the antibonding state of NiOOH rises after introducing Fe
doping and oxygen vacancies, leading to a higher adsorption capacity
for reaction intermediates in the OER process. Subsequently, based on
the widely accepted AEM mechanism under alkaline OER process and
the prior experimental results, the optimal models of *OH, *O and *OOH
intermediates of Ni(Fe)OOH with Oy, are shown in Fig. 5g, in which Ni
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site was considered as adsorption site [63]. Firstly, OH™ is absorbed at
the Ni sites to form the Ni-OH group (AGy). This is followed by the first
deprotonation of the Ni-OH group to form the Ni-O group (AGsy). Then
the Ni-O group combines with OH™ to form the superoxide species
Ni-OOH (AG3). At last, the Ni-OOH reacts with the OH™ and underwent
deprotonation to produce Oy and Hy0 (AGy). As shown in Fig. 5f, the
conversion of *O to *OOH is the rate-determining step (RDS) for Ni(Fe)
OOH with Oy and NiOOH without Oy. And the AG3 of Ni(Fe)OOH with
Oy (1.54 eV) was lower than that of NiOOH without O, (1.88 eV), sug-
gesting that the former has better OER dynamics.

3.4. Overall water splitting

Considering the remarkable OER performance of Ni NDC@Fe BDC, a
two-electrode device using Ni NDC@Fe BDC/CP as the anode and Pt/C/
CP as the cathode was constructed to evaluate the catalytic performance
in overall water splitting (OWS) (Fig. 6a). As illustrated in Fig. 6b, Ni
NDC@Fe BDC/CPH)”Pt/C/CP(’) needs cell voltage of 1.43 as well as
1.54 V at 10 and 100 mA cm ™2, individually, slightly lower than the of
commercial Rqu/CP(+)| |Pt/C/CP(’) and other previously published
catalysts (Fig. 6¢, Table S6). At high current densities, the polarization
curves exhibit slight instability, which may be attributed to the forma-
tion and accumulation of gas bubbles on the electrode surface. As the
current density increases, the electrochemical reaction rate on the
electrode surface accelerates, resulting in increased hydrogen genera-
tion and rapid bubble formation. The operation of the electrolyzer is
depicted in the inset digital photographs in Fig. 6d. The chro-
nopotentiometry curve of Ni NDC@Fe BDC/CP™"||Pt/C/CP) at
100 mA cm 2 was maintain for more than 50 h, thus confirming its high
durability for OWS. These results reinforce the potential of Ni NDC@Fe
BDC/CP for sustainable energy applications.

4. Conclusions

In summary, we successfully engineered a vacancy-rich Ni NDC@Fe
BDC/CP self-supporting electrode using an in situ self-optimization
approach. It exhibits low overpotentials of 192 mV at 10 mA cm™2
and 239 mV at 100 mA cm’z, outperforming Ni NDC/CP, Fe BDC/CP,
and commercial RuO/CP. The Tafel slope of 38.8 mV dec™! and the
lowest charge transfer resistance among tested samples highlight its
superior kinetics and conductivity. DFT calculations reveal a heightened
density of states near the Fermi level and a favorable d-band center,
facilitating active intermediate adsorption. The two-electrode device
using Ni NDC@Fe BDC/CP and Pt/C/CP achieved current densities of 10
and 100 mA cm ™2 at 1.43 and 1.54 V, respectively, with stability over
50h at 100 mA cm 2. In a word, Ni NDC@Fe BDC/CP demonstrates
exceptional OER performance and stability driven by its unique struc-
ture and electronic properties, making it a promising candidate for
efficient hydrogen production and sustainable energy applications. This
study elucidates the potential mechanism of lattice mismatch in the
epitaxial growth of MOF-on-MOF structures and presents a novel
approach for designing high-performance MOF-based materials for
electrocatalysis.
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