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A bimetallic NiFe MOF with ultra-thin two-
dimensional nanosheet structure effectively
accelerates oxygen evolution reaction†

Jiaqi He, Xin Deng, Wenting Sun, Wenjing Shang, Yongbing Lou and
Jinxi Chen *

To address the shortage of fossil energy, the development of affordable and efficient non-precious metal

catalysts for oxygen evolution reaction (OER) from electrocatalytic water splitting is still a crucial chal-

lenge. Herein, the bimetallic NiFe metal–organic frameworks (MOFs) are synthesized by hydrothermal

and electro-deposition. Benefiting from the synergistic effect of Fe and Ni, the catalyst demonstrates

extraordinary activity, which exhibits favorable OER catalytic activity in 1 M KOH solution with an overpo-

tential of 206 mV at 10 mA cm−2. Meanwhile, the obtained NiFe-NDC presents promising stability in the

20 h test at 50 mA cm−2.

1. Introduction

Given the ongoing depletion of fossil fuels,1 hydrogen energy
is of great significance in solving energy supply problems and
reducing environmental pollution.2,3 It can replace traditional
fossil energy sources and thus promotes changes effectively in
the energy system. Electrocatalytic water splitting is an envir-
onmentally friendly and efficient hydrogen production techno-
logy,4 as it can provide clean and sustainable hydrogen fuel
without introducing carbon and other harmful emissions. The
water splitting reaction can be divided into two half-reactions,
which are hydrogen evolution reaction (HER) and oxygen evol-
ution reaction (OER). Compared with HER, the OER is more
complicated. Due to the four-electron dynamics,5 the OER
requires a large overpotential to overcome the potential
barrier, significantly limiting the water splitting rate.
Therefore, there is strong demand for excellent catalysts that
can reduce OER reaction activation energy and increase the
reaction rate. Currently, commercial electrocatalysts for OER
are precious metal-based catalysts, such as RuO2 and IrO2.

6,7

However, the scarcity, high cost, and instability of precious
metal-based catalysts limit their widespread use.8,9 As a result,
developing cheap and efficient catalysts to reduce the OER
reaction energy barrier and improve the efficiency of electro-
lytic water splitting10,11 has become a challenge.

Metal–organic frameworks (MOFs) are structurally tunable
coordination polymers assembled from metal ions and
organic ligands.12 Due to their large specific surface area,
numerous active sites, and high porosity,13,14 MOFs have gar-
nered significant attention in catalysis,15,16 energy storage,17,18

sensing,19 etc. In recent years, it has been confirmed that
MOFs hold great potential as OER electrocatalysts to facilitate
efficient water electrolysis.16,20–22 Compared with single-metal
MOFs, bimetallic MOFs tend to significantly increase the OER
reaction rate due to the synergistic effect between different
metals.23,24 Wang et al.25 reported a variety of MOF designs,
and their DFT calculation demonstrated that introducing the
second metal could make the d-band center close to the Fermi
level and form a more vital binding interaction between the
adsorbates and catalysts, thereby expediting the OER process.
Therefore, developing highly efficient bimetallic MOFs as cata-
lysts for water splitting can significantly enhance the efficiency
of electrocatalytic water splitting.26

Transition non-precious metals, such as Ni, Co, Fe, Zn, Mn,
etc., and their related compounds have gained increasing
attention in OER electrocatalysts.14,27,28 Among these, Fe has
been widely studied and shown stable and active performance
in catalyzing OER reactions.29–32 Due to the incompletely filled
d orbitals, the chemical valence state of the Fe element is
prone to change. With the participation of d orbital electrons
in the catalytic process, the electronic structure of the Fe
surface changes with the valence state, thus reducing the acti-
vation energy of the basic steps in the reaction, such as the
insertion and formation of intermediates. Therefore, Fe has
abundant active sites and good electrical conductivity. The
unsaturated metal center Fe(III) with high energy density can

†Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4dt01656d

School of Chemistry and Chemical Engineering, Jiangsu Engineering Laboratory of

Smart Carbon-Rich Materials and Device, Southeast University, Nanjing 211189, PR

China. E-mail: chenjinxi@seu.edu.cn

12936 | Dalton Trans., 2024, 53, 12936–12942 This journal is © The Royal Society of Chemistry 2024

Pu
bl

is
he

d 
on

 1
8 

Ju
ly

 2
02

4.
 D

ow
nl

oa
de

d 
on

 1
1/

23
/2

02
4 

12
:5

8:
17

 P
M

. 

View Article Online
View Journal  | View Issue

http://rsc.li/dalton
http://orcid.org/0000-0002-8224-5057
http://orcid.org/0000-0002-9531-9705
https://doi.org/10.1039/d4dt01656d
https://doi.org/10.1039/d4dt01656d
https://doi.org/10.1039/d4dt01656d
http://crossmark.crossref.org/dialog/?doi=10.1039/d4dt01656d&domain=pdf&date_stamp=2024-08-01
https://doi.org/10.1039/d4dt01656d
https://rsc.66557.net/en/journals/journal/DT
https://rsc.66557.net/en/journals/journal/DT?issueid=DT053031


relate to O atoms in organic ligands and form the strong Fe–O
coordination bond bridge,33 strengthening stabilities. Li et al.3

prepared P-Fe3N@NC NSs/IF grown directly on the iron foam
substrate, presenting high electrocatalytic activity and long-
term stability. The introduction of Fe is conducive to charge
transfer, thus improving catalytic activity.34 Meanwhile, Fe is
less toxic than other transition metals such as Co, Ni, etc.35

which has led to more intensive research on Fe-MOFs.36

Considering the factors mentioned above, a NiFe-NDC with
1,4-naphthoic acid (H2NDC) as an organic ligand was designed
and synthesized. The properties of MOFs can be customized
by controlling the synthesis parameters, including starting
materials, synthesis conditions, and various synthesis tech-
niques.37 Electrodeposition is a widely used, cost-effective, and
simple technology.38 The deposition of metals on the surface
of electrode materials has also been widely demonstrated to be
an effective strategy for enhancing the intrinsic activity of elec-
trocatalysts further.39 Therefore, in this work, we chose the
hydrothermal method to synthesize Ni-NDC in situ on NF and
introduced a second metal by electrodeposition to change the
electronic structure of the catalyst and improve its intrinsic
activity. As a result, the obtained NiFe-NDC exhibits an ultra-
thin 2D nanosheet structure. These ultrathin 2D nanosheets
have a high specific surface area and strong quantum confine-
ment of electrons in two dimensions. This facilitates the
exposure of electrochemically active sites through complete
contact between the catalyst and water. NiFe-NDC electrocata-
lyst achieves an overpotential of 206 mV at a current density of
10 mA cm−2 and demonstrates good durability under 24 h
stability test, revealing its superior performance.

2. Experimental section
2.1 Chemicals

Ni foam (NF), ruthenium oxide (RuO2, ≥99.9%), 1,4-naphthoic
acid (H2NDC, ≥99.0%), and potassium hydroxide (KOH,
≥99.9%) were purchased from Aladdin. Nickel nitrate hexa-
hydrate (Ni(NO3)2·6H2O, ≥99.9%) and ferric nitrate nonahy-
drate (Fe(NO3)3·9H2O, ≥99.9%) were supplied by Macklin.
Methanol (CH3OH, ≥99.9%), ethanol (C2H5OH, ≥99.5%), N,N-
dimethylformamide (DMF, ≥99.5%), and deionized water were
obtained in the Nanjing Lattice Chemistry Technology Co. Ltd
(Nanjing, China). All chemicals and reagents are of analytical
grade and need no purification before use.

2.2 Synthesis of Ni-NDC and Fe-NDC

To prepare the mixture, 30 mL of DMF, 1.5 mL of ethanol, and
1.5 mL of deionized water were mixed. Then, 0.1400 g of Ni
(NO3)2·6H2O (0.48 mmol) and 0.1038 g of H2NDC (0.48 mmol)
were added into the above solution and stirred to dissolve.
After adding a piece of NF (2 cm × 3 cm), the mixed solution
was transferred into the autoclave and kept at 125 °C for 12 h.
When the reaction cooled to room temperature, the NF loaded
with Ni-NDC was taken out and washed with methanol and
water to remove surface impurities. The Fe-NDC was prepared

in the same synthesis conditions as Ni-NDC, except for
different proportion of Fe(NO3)3·6H2O (0.1939 g, 0.30 mmol)
and H2NDC (0.1038 g, 0.48 mmol).

2.3 Synthesis of NiFe-NDC

The NiFe-NDC was synthesized by electrodeposition from the
Ni-NDC obtained above (Scheme 1). In the solution containing
0.01 M Fe(NO3)3·9H2O and 0.04 M NaF, the NF with Ni-NDC
was used as the working electrode, while Pt and Ag/AgCl elec-
trodes were used as counter and reference electrodes, respect-
ively. Then, galvanostatic electrolysis at 1.0 mA cm−2 for 600 s
was applied to synthesize NiFe-NDC coated on the surface of
NF. The Fe3+ irons were exchanged with Ni2+ irons on the Ni-
NDC via electrodeposition. Thus, the NiFe-NDC was
synthesized.

2.4 Material characterization

X-ray diffraction (XRD) was used to characterize the crystal
structure of catalysts. The morphology of the obtained material
was characterized by scanning electron microscopy (SEM, FEI
Inspect F50) and transmission electron microscopy (TEM,
FEIG220). X-ray photoelectron spectrometry (XPS) was applied
to examine the chemical valence of elements. Fourier-trans-
form infrared spectra (FT-IR, Nicolet IS50) were used to
analyze the surface functional group. Thermogravimetric ana-
lysis (TGA) was performed using Netzsch TG 209 F3 Tarsus
under the N2 atmosphere. The Brunauer–Emmett–Teller (BET)
surface area was measured on a Micromeritics ASAP 2460
instrument. The metal contents of NiFe-NDC were determined
by ICP-MS on an Agilent 7800 (MS) instrument.

2.5 Electrochemical measurements

Electrochemical measurements were performed using an
electrochemical workstation (CHI 660D) with a three-electrode
system. The as-prepared NiFe-NDC (1 cm × 1 cm) was used as
the working electrode, the platinum sheet (1 cm × 1 cm) was
the counter electrode, and the Ag/AgCl electrode was the refer-
ence electrode. The electrochemical test was performed in the
1.0 M KOH solution (pH = 13.6). All potentials were converted
to the reversible hydrogen electrode (RHE) according to the
Nernst equation: E_RHE = E_(Ag/AgCl) + 0.197 V + 0.059 × pH.
The linear scanning voltammetry (LSV) measurements were

Scheme 1 The illustration of the synthesis of NiFe-NDC.
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obtained at the scanning rate of 5 mV s−1. All LSV polarization
curves were 90% iR-compensation based on the relevant solu-
tion ohmic resistance. The Tafel slope was derived from LSV
curves and calculated by the formula: η = a + b log j, where η

refers to overpotential, b represents Tafel slope, and j is the
current density, respectively. Stability tested for 20 h was at the
constant voltage of 1.5144 V vs. RHE. The double-layer capaci-
tance (Cdl) value was acquired by cyclic voltammetry (CV) test
at the scan rates of 20, 30, 40, 50, 60, 70, 80, 90, and 100 mV
s−1. The electrochemically active surface area (ECSA) is linearly
proportional to Cdl. Electrochemical impedance spectroscopy
(EIS) was measured over the frequency range from 0.01 to
100 000 Hz at an open circuit voltage.

3. Results and discussion

A certain amount of sample was scraped off from the NF for
an XRD test to examine the crystal structure of the obtained
catalysts. As represented in Fig. 1a, the XRD pattern of NiFe-
NDC was well-matched with that of Ni-NDC and consistent
with the simulation results in the literature.40 The XRD results
indicate successful synthesis of NiFe-NDC. The FT-IR spectrum
further revealed the framework structure and demonstrated
the successful synthesis of NiFe-NDC. In Fig. 1b, the FT-IR
spectrum displayed two peaks at 1587 cm−1 and 1365 cm−1,
corresponding to the antisymmetric and symmetric stretching
vibrations of –COO− respectively.41 The FT-IR spectrum of the
NiFe-NDC represents similar absorption peaks as reported in
the references. These two peaks are slightly shifted in the
direction of lower wave numbers compared to the peaks of
NDC (1678 cm−1 and 1420 cm−1). This is because the car-
boxylic groups in uncoordinated NDC interacted with metal
ions,42 making the charge transfer and leading to the shifting
of the CvO stretching frequency from 1678 cm−1 to
1587 cm−1. The FT-IR spectrum reveals the efficient binding of
Ni and Fe to the ligand. Moreover, the TGA curve (Fig. 2a)
shows the steep weight loss from 109 to 448 °C to give a
26.65% weight remaining, which is due to the removal of
absorbed water molecules and the 1,4-NDC ligand. The ulti-
mate products at elevated temperatures (500–800 °C) are likely
carbonates of iron or nickel oxide. The N2 adsorption–desorp-
tion isotherm (Fig. 2b) was evaluated according to the BET
method indicating a surface area of 645 m2 g−1 for NiFe-NDC.

The microscopic morphology of NiFe-NDC was characterized
by SEM. As shown in Fig. 3a, the Ni-NDC synthesized by the
hydrothermal method presents an irregular block shape.
Meanwhile, the NiFe-NDC grown in situ on NF is in the form
of ultrathin nanosheet arrays and uniformly distributed over
the entire NF surface. Fig. 3b and c depict the uniformly dis-
tributed nanosheets observed in the scanning SEM of the syn-
thesized NiFe-NDC. From Fig. 3a and b, the modifying effect
of introducing metal Fe on the MOF morphology can be seen.
After introducing the Fe element, the original bulk MOF is
changed into an ultrathin sheet-like structure. These ultrathin
2D nanosheets increase the specific surface area of the
catalyst,43,44 resulting in a larger contact area between the cata-
lyst and the electrolyte. Meanwhile, these nanosheets also
provide a large number of electroactive sites, suggesting that
the electrolyte ions can diffuse to the surface of the active
material more quickly.45 At the same time, due to their nano-
meter thickness, this facilitates mass transport and fast elec-
tron transfer.46,47 The microstructure of NiFe-NDC was further
investigated using TEM. In Fig. S1,† the nano-array structure
of NiFe-NDC can also be further confirmed in the TEM image.
The elemental mapping of NiFe-NDC (Fig. S2†) shows that Ni,
Fe, and O are uniformly distributed on the NF. This demon-
strates the successful binding of metallic Fe to Ni-NDC by
electrodeposition.

The electronic structure of elements in NiFe-NDC was inves-
tigated by X-ray. Fig. S3† displays the high-resolution O 1s
spectrum. It can be fitted by three peaks; the peaks at 530.6,
531.9, and 534.2 eV are related to the (Fe)Ni-O-R, O–CvO, and
O–H, respectively. In Fig. 4a, the peaks at 711.9 and 725.2 eV
are attributed to Fe 2p3/2 and Fe 2p1/2,

48 proving the existence
of Fe3+. At 716.5 and 730.7 eV, the peaks can be assigned to
the shakeup satellite peaks of Fe3+. The high-resolution XPS

Fig. 1 (a) XRD patterns of samples. (b) FT-IR spectrum of catalysts.

Fig. 2 (a) TGA profile of the NiFe-NDC. (b) N2 sorption isotherm of
NiFe-NDC.

Fig. 3 (a) SEM image of Ni-NDC. (b and c) SEM images of NiFe-NDC.
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spectrum of Ni 2p exhibits four fitting peaks and two satellite
peaks corresponding to Ni2+. Two satellite peaks can be
observed at 862.3 and 880.9 eV. Peaks at 858.2 and 876.1 eV
are allocated to the Ni-OH bands, while the peaks at 855.6 and
873.3 eV are from the Ni–O bands. It is noteworthy that the
peak of Ni in NiFe-NDC has shifted to higher binding energies
compared to Ni-NDC. In contrast, the binding energies of Fe
2p energy spectra are shifted to negative binding energies than
Fe-NDC. As shown in Fig. 4b, the binding energies of Ni(O)
2p3/2 and Ni(O) 2p1/2 increased by 1.0 and 1.1 eV, while the
binding energies of Ni(OH) 2p3/2 and Ni(OH) 2p1/2 were
increased by 1.5 and 1.7 eV, respectively.49 The result suggests
that the electron density of Ni decreased while the positive
charge increased after introducing the second metal.50,51 It
can be inferred that during the bimetallic doping process, the
electrons in the catalyst system are transferred from Ni to Fe,52

and there is a strong coupling between the two.53,54 The inter-
action between Fe and Co also implies the successful construc-
tion of NiFe-NDC, effectively adjusting the local electronic
structure of the catalyst. The coupling effect between Ni and Fe
is conducive to modulating the electronic environment and
improving the electrocatalytic activity of the material.14

The OER activity of NiFe-NDC was measured in the conven-
tional three-electrode system in an alkaline solution (1 M
KOH) using linear sweep voltammetry (LSV). NiFe-NDC grown
in situ on NF was measured and used directly as the working
electrode. Fig. 5a illustrates the LSV polarization curves of pure
NF, Ni-NDC, Fe-NDC, NiFe-NDC, and RuO2 under the same
conditions. Based on the LSV polarization curves in the figure,
it can be quickly concluded that the overpotential of NiFe-NDC
(206 mV) is much lower than that of the commercial catalysts
RuO2 (240 mV), Ni-NDC (383 mV), Fe-NDC (388 mV), and NF
(427 mV) at a current density of 10 mA cm−2, indicating its
excellent electrochemical activity. NiFe-NDC outperforms
many MOF-based and reported bimetallic OER catalysts
(Table S1†). This could be attributed to the bimetallic combi-
nation in NiFe-NDC, as well as its two-dimensional lamellar
structure,55 which significantly improves the OER activity of
the catalyst. Based on the LSV polarization curves, the overpo-
tential and the Tafel slope can be calculated (Fig. 5b). The
Tafel slope can provide an essential basis for studying the
kinetic mechanism and rate-determining steps of electron
transfer in electrocatalytic processes.56 The superior OER per-

formance of NiFe-NDC was evidenced by the smaller Tafel
slope (24.64 mV dec−1) derived from the LSV curves of NiFe-
NDC compared to RuO2 (50.93 mV dec−1), Ni-NDC (74.95 mV
dec−1), and Fe-NDC (98.31 mV dec−1). A smaller Tafel slope
indicates a faster increase in current density with a minor
change in overpotential, which is a sign of the promising
electrocatalyst.57

The double-layer capacitance (Cdl) was linearly proportional
to the electrochemically active surface area (ECSA).58 The ECSA
of NiFe-NDC, Ni-NDC, and Fe-NDC was evaluated based on Cdl

(Fig. 5c). The CV curves of Ni-NDC, Fe-NDC, and NiFe-NDC are
shown in Fig. 5e and f. The Cdl value is calculated via CV
curves and the results suggest that NiFe-NDC possesses a
higher Cdl value (7.35 mF cm−2) than that of Ni-NDC (5.64 mF
cm−2) and Fe-NDC (5.00 mF cm−2). This indicates that NiFe-
NDC has a larger active surface area and more efficient utiliz-
ation of electroactive sites. The higher Cdl of NiFe-NDC can be
attributed to the introduction of bimetallic and its ultrathin
two-dimensional nanosheet structure, which increases the
specific surface area and facilitates the exposure of more active
sites. SEM images of both Ni-NDC and Fe-NDC show a bulk
structure. Compared with the bulk structure, the nanosheet
structure is more favorable for the exposure of active sites and
complete contact with the solution.59 Electrochemical impe-
dance spectroscopy (EIS) reveals the charge transfer kinetics of
the OER process.60 As shown in Fig. 6a, the radii of the impe-

Fig. 4 High-resolution XPS spectrums of (a) Fe 2p for Fe-NDC and
NiFe-NDC, (b) Ni 2p for Ni-NDC and NiFe-NDC.

Fig. 5 (a) LSV curves of NF, Ni-NDC, Fe-NDC, RuO2, and NiFe-NDC, (b)
corresponding Tafel plots, (c) Cdl value, (d) CV curves of Ni-NDC, (e) Fe-
NDC, and (f ) NiFe-NDC.
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dance spectra in the Nyquist plots of Ni-NDC, Fe-NDC, and
NiFe-NDC were used to compare the magnitude of the resis-
tance values of the active materials. The plots show that NiFe-
NDC has the smallest semicircle among all the samples, indi-
cating that it has the smallest Rct value and its charge transfer
and OER reaction kinetics are faster.61 This result confirms
that bimetallic doping promotes charge transfer, and doping
Fe into it facilitates the increase of the conductivity of the
MOF, further reducing the resistance and effectively improving
the efficiency of the OER reaction, thus enhancing the electro-
catalytic activity of NiFe-NDC. In addition, a two-electrode alka-
line water electrolyser was constructed comprising NiFe-NDC//
NiFe-NDC electrodes. As illustrated in Fig. 7, the NiFe-NDC//
NiFe-NDC electrodes required a potential of only 1.46 V to
drive a current density of 10 mA cm−2. This demonstrated the
bifunctional electrocatalytic performance of the electrodes.

The durability and stability of NiFe-NDC were evaluated by
the prolonged chronopotentiometry test to determine the

effectiveness of catalyst application in practice. NiFe-NDC
maintained stability throughout the 20 h test at 50 mA cm−2.
Fig. 6b and c reveal that the catalyst shows a stable current
response in chronoamperometric testing lasting 20 h. As
shown in Fig. 6d, 1000 CV cycles were conducted on NiFe-
NDC, and its LSV curve largely overlaps with that before the
1000 CV cycles, further revealing the stability of NiFe-NDC.

To further investigate the reason for the high OER
activity of NiFe-NDC, its microstructure and electronic
changes after electrolysis were investigated by XRD, SEM,
XPS, and TEM tests. The powder XRD pattern (Fig. S7†)
indicates that the intensity of the diffraction peaks of NiFe-
NDC is diminished and the crystallinity is also diminished
after the stability test. This may be attributed to the gene-
ration of MOOH during the reaction process. After the stabi-
lity test for 20 h, the two-dimensional sheet structure grown
on the surface of NF becomes thicker (Fig. S4†). Still, the
original morphology is maintained, proving good stability of
NiFe-NDC.

The electronic changes on the electrode surface during the
OER process were determined by XPS, and according to the
spectra of the XPS investigation in Fig. S5,† the metals Ni and
Fe both shifted towards higher binding energies, suggesting
that the metals may be oxidized during electrolysis to form
MOOH substances, which increased the oxygen adsorption
capacity. MOOH is often considered the active center of the
OER process.62,63 To further confirm the presence of the gener-
ated MOOH, the microcrystalline structure of NiFe-NDC after
reaction was investigated by high-resolution TEM (HRTEM).
Fig. S6† shows the HRTEM images of NiFe-NDC after OER.
Fig. S6a† shows the uniformly distributed state of NiFe-NDC. It
can be clearly observed through Fig. S6b† that NiFe-NDC
shows lattice streaks with a streak distance of 0.251 nm, con-
sistent with the (101) crystal plane of FeOOH (PDF#26-0792).
The TEM results further confirm the generation of FeOOH
during the OER process, while FeOOH plays a vital role in the
reaction and improves catalytic activity.

4. Conclusions

In summary, the obtained NiFe-NDC performs outstandingly
in electrochemical performance testing. The lower overpoten-
tial and minor Tafel plot demonstrate its high activity and
excellent OER reaction kinetics. The ultrathin two-dimensional
structure of the NiFe-NDC significantly increases specific
surface area and promotes the exposure of unsaturated metal
coordination active centers on the surface. The synergistic
interaction between the bimetal effectively optimizes the local
electronic structure and accelerates the electron transfer, thus
improving the catalytic activity. Meanwhile, FeOOH is gener-
ated during the OER process and serves as the catalyst’s active
substance. The nano-array of NiFe-NDC, the synergistic inter-
action between the two metals, and the active substance
FeOOH enhance the OER reactivity. This research offers
insights into the rational design and synthesis of MOFs.

Fig. 6 (a) EIS curves. (b) Chronopotentiometric curves of NiFe-NDC in
the 20 h test at 50 mA cm−2. (c) LSV plot of NiFe-NDC before and after
stability test. (d) LSV plot of NiFe-NDC initial and after 1000 cycles CV.

Fig. 7 LSV curves of NiFe-NDC//NiFe-NDC couples for water
electrolysis.
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