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Designing ultrathin MOF-based heterostructural nanosheets with high conductivity and rich active sites
and studying their dynamic structural evolution during the OER remain an ideal but challenging task.
Here, the hierarchical NiFe LDH/MOF structure constructed using an in situ self-dissociation—assembly
strategy exhibits a typical sheet-on-sheet hierarchical morphology with a thickness of approximately
1.5-4 nm. Electrochemical tests indicate that the NiFe LDH/MOF catalyst reveals an impressively low
overpotential of 196 mV at 10 mA cm™2 with a Tafel slope of 32.5 mV dec™ in the OER process, surpass-
ing most recently reported catalysts. The overall water splitting device, incorporating the NiFe LDH/MOF,
achieves competitive current densities at low cell voltages and exceptional stability, emphasizing its
potential as a promising catalyst for efficient and durable water oxidation in sustainable energy conversion.
Studies reveal that the unique 2D ultra-thin self-supporting array structure provides abundant active sites
and high conductivity, as well as strong electronic interactions between different components and
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heterogeneous interfaces that jointly optimize the activation energy of active sites and oxygen-containing
intermediates, thereby improving OER performance. This study also provides insights into the dynamic
active sites, revealing Ni(Fe)OOH as the true active species during the OER process, thereby contributing

rsc.li/frontiers-inorganic to the rational design of heterogeneous catalysts.

their drawbacks, including high cost, limited reserves, and
insufficient stability, hinder their large-scale application.”®

Introduction

Hydrogen energy plays a pivotal role in achieving carbon neu-
trality due to its cleanliness and renewable and low-carbon
energy."” Electrochemical water splitting stands out as a prom-
ising strategy for generating green hydrogen without carbon
emissions.®> Unfortunately, the oxygen evolution reaction
(OER), a critical step in water splitting, involves a complex
four-step proton-coupled electron transfer process with slug-
gish kinetics, significantly impeding the overall energy conver-
sion process.”” Currently, widely used OER catalysts are pre-
cious metal-based catalysts, such as RuO, and IrO,.® However,
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Over the past few decades, various low-cost, high-perform-
ance transition metal-based OER catalysts, such as oxides,
hydroxides, oxyhydroxides, chalcogenides, nitrides, and phos-
phides, have been extensively synthesized and explored."®™*?
Among these electrocatalysts, NiFe-layered double hydroxides
(NiFe LDHs) have attracted extensive attention due to their
unique layered structure and impactful cooperative effect
between Ni and Fe.™® Nevertheless, bulk NiFe LDHs face chal-
lenges such as limited active sites and poor conductivity, sig-
nificantly restricting their catalytic performance.'*" To
address these issues, extensive efforts have been made to opti-
mize the intrinsic structure and chemical components of NiFe
LDHs, including the fabrication of ultrathin nanosheets,
defect engineering, elemental doping, and compound
modification."®'” Additionally, self-supporting electrodes,
achieved by growing materials on conductive substrates, have
been explored to prevent stacking and enhance the conduc-
tivity, stability, and reactivity of catalysts."® However, for single-
component NiFe LDHs, the inevitable self-agglomeration of
the 2D-layered structures hampers the maximization of their
catalytic activities in the alkaline OER."
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Conversely, coupling LDHs with other active materials
(hydroxide, MXene, MOFs) to form heterostructures can com-
pensate for the deficiencies of single-component LDHs.
Notably, LDH/MOF heterojunctions exhibit remarkable OER
performance, inheriting both the active sites of LDHs and the
flexibility and porosity of MOFs.?® Recent studies indicate that
the electron rearrangement at the heterojunction interface of
the LDH/MOF can modulate the electronic structure and
promote the synergistic effect of the LDH and MOF, enhancing
their catalytic ability.>">* For instance, Dong et al. fabricated a
conductive  MOF/LDH heteronanotube, providing excellent
OER activity with overpotentials of 216/227 mV at 50/
100 em™2.>* Chen et al. proposed an in situ semi-sacrificial
strategy, growing MOFs on NiFe LDH to synthesize NiFe LDH/
MOF heterojunction arrays, exhibiting impressive catalytic per-
formance in 1.0 M KOH with a low overpotential of 272 mV at
100 mA cm~? for the OER.>* However, designing ultrathin 2D-
2D NiFe LDH/MOF nanosheet arrays through a facile method
and investigating their dynamic structural evolution during
the OER process remain of paramount importance.

In this study, we have systematically synthesized hierarchi-
cal NiFe LDH/MOF nanosheet arrays via a straightforward self-
dissociation-assembly strategy. The resulting NiFe LDH/MOF
heterostructure features an ultrathin cross-linked sheet-on-
sheet morphology, providing more accessible active sites and a
larger contact area with the electrolyte. Studies reveal that the
surface of the NiFe LDH/MOF rapidly reconstructs into Ni(Fe)
OOH, acting as the actual active sites during the OER process,
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demonstrating an overpotential of 196 mV to deliver 10 mA
cm ™ with admirable durability for 100 h. Meanwhile, the NiFe
LDH/MOF/CP™||Pt/C/CP) achieves an ultra-low cell voltage of
1.47 and 1.65 V at 10 and 100 mA cm™?, respectively, and exhi-
bits good durability of 60 h at 100 mA cm ™2 in 1.0 M KOH.

Results and discussion

The self-dissociation-assembly mechanism of electrocatalysts
is depicted in Fig. 1a. Initially, the NiFe LDH precursor is culti-
vated on the pre-treated hydrophilic CP using a standard
hydrothermal method. Subsequently, the previously obtained
NiFe LDH, serving as the self-supporting template and metal
source, is immersed in a mixed NDA-DMF-water solution for
a solvothermal reaction. Notably, by adjusting the reaction
time, the resulting products can be efficiently controlled. A
NiFe LDH/MOF heterojunction is achieved after 24 hours of
reaction, while a fully transformed NiFe MOF is obtained after
48 hours.

The crystal structures and phase compositions of the NiFe
LDH, NiFe LDH/MOF and NiFe MOF are examined by X-ray
diffraction (XRD). In Fig. 1b, it is observed that all samples
exhibit two prominent peaks at 26.6° and 54.8°, corresponding
to the (005) and (0010) planes of CP (PDF# 26-1077).>* For the
NiFe LDH precursor, the peaks located at 11.5°, 23.3° and
34.6° align with the main diffraction peaks of NiFe LDH (PDF#
51-0463).>*° In the NiFe LDH/MOF, in addition to the charac-
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(a) Schematic illustration of the synthesis of the NiFe LDH/MOF. (b) XRD patterns and (c) Raman spectra of the NiFe LDH, NiFe LDH/MOF, and
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teristic peaks of NiFe LDH, new peaks at 7.4°, 14.8°, 29.0° and
30.5° can be indexed to the (001), (111), (210) and (032) planes
of the NDA-based MOF (CCDC 231755).>° When the reaction
time is further extended to 48 h, only the peaks of the NiFe
MOF could be observed, indicating the complete conversion of
NiFe LDH into the NiFe MOF. In addition, Raman spec-
troscopy also confirmed the formation of the composite cata-
lyst. As shown in Fig. 1c, the peaks at around 1400-1800 cm ™"
can be attributed to NDA organic ligands while the peaks
located at 447 and 533 cm™" correspond to the M-O bonds of
NiFe LDH.*” Obviously, the characteristic peaks of both NiFe
LDH and the NiFe MOF in the NiFe LDH/MOF can be detected,
further indicating the successful synthesis of the NiFe LDH/
MOF heterojunction. Fourier transform infrared (FT-IR) spec-
troscopy (Fig. S1t) supports these findings, showing distinct
peaks for surface functional groups in the NiFe LDH/MOF.

To examine the in situ growth process, scanning electron
microscopy (SEM) and atomic force microscopy (AFM) were
employed to investigate sample morphologies and thicknesses.
For the NiFe LDH precursor, smooth-surfaced 2D nanosheets
can be observed to grow vertically and uniformly on the CP
(Fig. 2a). The thickness of NiFe LDH is approximately 6 nm
(Fig. 2d). After reacting with NDA organic ligands for 24 h, the
obtained NiFe LDH/MOF shows a typical sheet-on-sheet hier-
archical morphology (Fig. 2b), with the geometric area of the
NiFe MOF notably larger than that of NiFe LDH. The thick-
nesses of NiFe LDH and the NiFe MOF are 4 nm and 1.5 nm,
respectively (Fig. 2e). Extending the reaction time to 48 hours
(Fig. 2c) results in the complete transformation of NiFe LDH
into a sheet-like NiFe MOF, adhering to the CP surface with a
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constant thickness of 1.5 nm (Fig. 2f). The formation mecha-
nism of the NiFe LDH/MOF heterojunction is speculated to
involve the dissolution of NiFe LDH, leading to a decrease in
its thickness from 6 nm to 4 nm. Subsequently, NDA ligands
coordinate with metal ions released by NiFe LDH, forming an
ultra-thin NiFe MOF with a thickness of 1.5 nm on the NiFe
LDH surface. This confirms the heterojunction formation via a
dissolution—crystallization mechanism.

Transmission electron microscopy (TEM) provides insights
into the 2D morphology and heterojunction interface of the
NiFe LDH/MOF. As depicted in Fig. 2g, it is apparent that the
NiFe LDH/MOF heterojunction is composed of interconnected
ultra-thin NiFe LDH and the NiFe MOF. The selected area elec-
tron diffraction (SAED) image in Fig. 2h shows diffraction
rings corresponding to the (012) and (113) facets of NiFe LDH
and the (032) and (240) facets of the NiFe MOF. The high-
resolution TEM (HR-TEM) image in Fig. 2i shows the lattice
spacings of 0.26 nm and 0.21 nm, matching well with the
(012) facet of NiFe LDH and the (032) facet of the NiFe MOF,
respectively, which is in agreement with the SAED results and
further indicates the successful synthesis of the NiFe LDH/
MOF heterojunction. Besides, the HAADF-STEM image and
elemental mappings (Fig. 2j) demonstrate the uniform distri-
bution of Fe, Ni, and O in NiFe LDH/MOF heterojunction
nanosheets, with a Ni and Fe content of around 30.6 wt% and
45.3 wt%, respectively (Table S17), as determined by ICP-MS.

X-ray photoelectron spectra (XPS) were used to analyze the
surface composition and element valence states of samples. In
detail, the C 1s binding energy of the original data was cor-
rected to 284.8 eV as the standard, and then the high-resolu-

Fig. 2 (a—c) SEM and (d—f) AFM images of the NiFe LDH (a and d), NifFe LDH/MOF (b and e) and NiFe MOF (c and f). (g) TEM image, (h) SAED
pattern, () HR-TEM image, and (j) HAADF-STEM image and the corresponding elemental mappings of the NiFe LDH/MOF.
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tion O 1s, Ni 2p, and Fe 2p XPS spectra were fitted using peak
splitting rules. All XPS survey spectra of different catalysts
show the coexistence of C, O, Ni, and Fe elements (Fig. 3a),
which is consistent with the theoretical values. In the O 1s
spectra (Fig. 3b), three peaks at 530.8 eV, 531.8 eV and 533.2
eV corresponded to the metal-O, C-O/C=0 and H,O,qs,
respectively.”® In the Ni 2p spectra (Fig. 3c), the peaks located
at 855.5 eV and 857.1 €V can be assigned to Ni** and Ni*",
respectively. It can be observed that the area ratio of Ni**/Ni**
gradually increases from the NiFe MOF (0.78) and NiFe LDH/
MOF (0.91) to NiFe LDH (1.23), indicating that the NDA ligand
can gain more electrons from Ni-O bonds.>**° For the Fe 2p
spectra (Fig. 3d), the characteristic peaks at 712.5 and 709.8 eV
can be traced back to Fe** and Fe**, and the other set of peaks
are their corresponding satellite peaks.’*> Similarly, the area
ratio of Fe**/Fe®" decreased from NiFe LDH (2.06) and the NiFe
LDH/MOF (1.19) to the NiFe MOF (0.75), indicating electron
transfer from Ni species to Fe species through bridging
oxygen, resulting in enhanced Fe®" specificity and electron
redistribution.*®

The catalysts were thoroughly characterized using various
techniques. X-ray diffraction (XRD) confirmed the crystal struc-
tures, with distinct peaks for CP, NiFe LDH, and the NiFe
MOF. Raman spectroscopy supported composite formation,
capturing NDA organic ligand peaks. Fourier transform infra-
red (FT-IR) spectroscopy revealed surface functional groups in
the NiFe LDH/MOF. Scanning electron microscopy (SEM) and
atomic force microscopy (AFM) showcased morphological
changes, emphasizing sheet-on-sheet heterojunction for-
mation. Transmission electron microscopy (TEM) and high-
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resolution TEM illustrated the well-defined crystal interface in
the NiFe LDH/MOF heterojunction. X-ray photoelectron
spectra (XPS) detailed the surface composition and valence
states, highlighting electron transfer dynamics between Ni and
Fe species.

The 2D-2D NiFe LDH/MOF heterojunction nanosheets pre-
serve the crystal structure of LDH and the MOF while inducing
notable changes in the electronic structure and surface chemi-
cal composition, resulting in an effective enhancement in
charge and mass transfer capacity. In a typical three-electrode
system, the NiFe MOF, NiFe LDH, NiFe LDH/MOF and RuO,/
CP were used as working electrodes to evaluate the electro-
catalytic OER performance. All LSV test data were manually
compensated using ohmic potential drop (iR). Notably, at a
current density of 10 mA cm™?, the potential of the NiFe LDH/
MOF heterojunction was 196 mV, lower than that of the NiFe
MOF (207 mV), NiFe LDH (204 mV) and RuO,/CP (295 mV)
(Fig. 4a). Tafel slopes are used to judge the OER kinetics of cat-
alysts. As shown in Fig. 4b, the Tafel slope of 32.5 mV dec ™"
for the NiFe LDH/MOF is much lower than those of the NiFe
MOF (54.8 mV dec ™), NiFe LDH (39.2 mV dec™ ') and RuO,/CP
(111.2 mV dec™"), showing the fast reaction kinetics of the
NiFe LDH/MOF. Moreover, the NiFe LDH/MOF heterojunction
nanosheets exhibited competitive OER performance compared
to some previously reported LDH-based heterojunctions
(Fig. 4c, Table S2t). In terms of charge transfer kinetics, the
electrochemical impedance spectroscopy (EIS) test was per-
formed with the pre-set test voltage (1.48 V) and disturbance
voltage (5 mV) in 1.0 M KOH solution, and the impedance data
are fitted and analyzed using Zview software. The NiFe LDH/
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(a) XPS survey spectra and high-resolution (b) O 1s, (c) Ni 2p, and (d) Fe 2p XPS spectra of the NiFe LDH, NiFe LDH/MOF and NiFe MOF,
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Fig. 4 (a) Linear sweep voltammetry (LSV) curves of the as-prepared catalysts for the OER in 1.0 M KOH, (b) the corresponding Tafel slope derived
from the LSV curves, (c) comparison of the overpotential at 10 mA cm™2 and the Tafel slope with previously reported catalysts, (d) EIS curves at 1.48

V vs. RHE, (e) the corresponding Cq values, (f) TOF value of the as-prepared catalysts, (g) multi-step galvanostatic stability at 20-200 mA cm

~2 and

(h) chronopotentiometry curve of the NiFe LDH/MOF (inset: polarization curves for the initial and after 10 000 CV cycles).

MOF has the lowest R, (1.1 Q cm?) compared with NiFe LDH
(1.3 Q cm®) and the NiFe MOF (2.6 Q ¢cm”), which means that
the NiFe LDH/MOF has the fastest charge transfer ability and
better OER performance (Fig. 4d). In addition, the improved
OER activity of the heterojunction can also be attributed to the
increased number of active sites. To explain this, cyclic voltam-
metry at different scan rates was performed to calculate Cyj,
which is a parameter that can estimate the electrochemical
active surface area (ECSA). Obviously, the NiFe LDH/MOF has
larger Cq (1.3 mF em™?) compared to other control catalysts,
indicating that the NiFe LDH/MOF exposes more catalytic sites
(Fig. 4e, Fig. S27). The intrinsic activity of the samples was
further investigated by turnover frequency (TOF).** As shown
in Fig. 4f, the NiFe LDH/MOF has the largest TOF value, indi-
cating optimal intrinsic activity. These results collectively
demonstrate that the remarkable catalytic ability of the NiFe
LDH/MOF arises from faster electron transfer rates and more
accessible active sites compared to individual NiFe LDH and
NiFe MOF. The stability assessment using a multi-step galva-
nostatic stability (ISTEP) test at different current densities
(20-200 mA cm™?) revealed that the potential of the NiFe LDH/
MOF electrode increased immediately but remained stable
across a range of low to high current densities, underscoring
its impressive mass transport properties, conductivity, and
mechanical robustness.*® Notably, upon adjusting the current
density back to 20 mA cm™>, the overpotential remained con-
sistent, further confirming the superior stability of the NiFe
LDH/MOF. Additionally, as demonstrated in Fig. 4h, the NiFe
LDH/MOF catalyst exhibits impressive durability over 100 h at
a current density of 10 mA cm™>, further indicating its excel-
lent catalytic stability. Furthermore, 10000 consecutive CV

This journal is © the Partner Organisations 2024

scans on the NiFe LDH/MOF showed almost no change in the
OER activity before and after scanning (inset in Fig. 4h), high-
lighting the excellent electrocatalytic activity and stability of
the NiFe LDH/MOF due to its unique composition and struc-
tural characteristics.

Given the exceptional performance of the NiFe-LDH/MOF
in the OER, we further combined the NiFe-LDH/MOF with Pt/
C to create a comprehensive OWS system (Fig. 5a). The polariz-
ation curve reveals that the NiFe-LDH/MOF only requires low
cell voltages of 1.47/1.65 V to realize a current density of 10/
100 mA cm ™ in 1.0 M KOH, which is competitive among OER-
based catalysts (Fig. 5b and c, Table S37). The durability test
demonstrated the robust and stable potential of the NiFe LDH/
MOF for 60 h at 100 mA cm™> (Fig. 5d), affirming its promising
prospects for commercial applications.

Examining the electronic and microstructural changes in
post-reaction catalysts is crucial for understanding the OER
mechanism. In Fig. 6a, the diffraction peaks of the NiFe MOF
disappeared, while the XRD peaks of NiFe LDH persisted,
accompanied by new FeOOH and NiOOH diffraction peaks
after 100 hours of the OER. Raman analysis also supported the
generation of Ni(Fe)OOH after the stability test (Fig. S31).%°
Fig. 6b reveals a single layer of interlaced nanosheets in the
SEM image, which is in contrast with the initial double layer
where the upper NiFe MOF layer is absent. The ultrasound-
exfoliated catalyst exhibits a sheet-like structure in HR-TEM
images, exhibiting lattice stripe spacings matching NiOOH,
FeOOH, and NiFe LDH crystal planes (Fig. 6¢). The fitted high-
resolution Ni 2p XPS spectrum revealed that the ratio of Ni**/
Ni** increased from 0.91 to 1.08 compared to the original NiFe
LDH/MOF, attributed to the formation of NiOOH species
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(Fig. 6d).>”*° As shown in the Fe 2p spectrum (Fig. 6e), the
ratio of Fe*'/Fe?" increased from 1.19 to 2.82, and the for-
mation of this high valence state of Fe also favors the OER.*>*!
In situ Raman spectra (Fig. 6f) reveal Ni(Fe)OOH formation
during the OER process, evidenced by peaks at 473 and
545 cm™' as the voltage increases.”>*® Additional peaks at
640 cm™ ! indicate the presence of Fe species.”* These results
indicate that NiFe MOF/LDH underwent surface reconstruction
during electrochemical testing, yielding Ni(Fe)OOH as the true
active site (Fig. 6g). The proposed catalytic adsorbate evolution
mechanism is as follows:

*+OH™ — HO % +e~ (1)

OH™ + HOx — HyO+ O +e~ (2)
OH™ + Ox — HOO x +e~ (3)

OH™ + HOOx — %+ 0, + H,O + e~ (4)

The outstanding OER performance of the NiFe LDH/MOF
can be attributed to several factors: (1) the sheet-like array
structure maximizes active site exposure, increases the elec-
trolyte contact area, and facilitates efficient electrolyte trans-
port and gas emissions.*>*® (2) The in situ grown self-sup-
porting catalyst exhibits robust structural integrity, enhan-
cing conductivity and avoiding the need for adhesives that
could mask active sites, thereby improving durability of the
catalyst.”””*® (3) The carboxylic acid-based ligand of the MOF
dissolved in the electrolyte promotes proton transfer on the
catalyst surface, leading to superior kinetics.*® (4) The hetero-
junction interface and strong electronic interaction between
Ni and Fe components redistribute electrons in the hybrid
catalyst, optimizing the electronic structure.”®>' This optim-
ization reduces the activation energy between active sites and
oxygen-containing intermediates, ultimately enhancing OER
catalysis.>*"*

Conclusions

In summary, ultrathin 2D-2D NiFe LDH/MOF heterojunction
nanosheets were fabricated using an in situ self-dissociation-
assembly strategy, serving as a pre-catalyst for the OER in an
alkaline environment. The hierarchical NiFe LDH/MOF, with
its ultrathin 2D nanosheets and unique sheet-on-sheet struc-
ture, offers a larger accessible surface area, a faster electron
transfer rate, and more accessible active sites. The obtained
results reveal an impressive overpotential of only 196 mV at
10 mA cm >, coupled with a low Tafel slope of 32.5 mV dec .
Moreover, the NiFe LDH/MOF-based overall water splitting
device achieves current densities of 10 and 100 mA cm™* at
only 1.47 and 1.65 V, respectively, and remains stable for
60 hours at 100 mA ¢cm™?, demonstrating excellent durability.
The identification of Ni(Fe)OOH as the true active species
during the OER process further enhances our understanding
of dynamic active sites. This work not only contributes to the
rational design of heterogeneous catalysts but also unveils the

This journal is © the Partner Organisations 2024
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intricate details of the evolution of active sites during the OER
process.
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