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ABSTRACT: Metal−organic frameworks (MOFs) based
oxygen-evolution reaction (OER) catalyst is an emerging
class of highly porous materials that have become increasingly
attractive to develop a highly active and stable OER catalyst for
overall water splitting. However, it suffers from poor
conductivity and inadequate active sites. Herein, we have
developed a series of hierarchical Fe-mediated Ni-based
metal−organic frameworks (FexNi1−x-MOF) by an adjustable
hydrolysis strategy, where the Ni-MOF is used as a template
that is decorated with NiOOH active sites. Although Ni-MOF
is dissociated during the ion exchange process, the structural
integrity is kept for FexNi1−x-MOF as confirmed by the
electron micrographs. Moreover, the optimized Fe0.38Ni0.62-MOF catalyst not only exhibits a remarkable OER catalytic
performance with a low overpotential of 190 mV at 10 mA cm−2 but also shows a small Tafel slope of 58.3 mV dec−1 and
stability. The excellent OER electrocatalytic activity can be attributed to the unique 3D flower-like structure decorated with
NiOOH active sites induced by Fe3+ species. This novel methodology expands a new way for the construction of highly efficient
alkaline catalytic materials.

KEYWORDS: oxygen-evolution reaction, Fe-mediated Ni-organic framework, hierarchical structure, hydrolysis, coupling effect

■ INTRODUCTION

With the constant depletion of fossil fuels and the increasingly
severe environmental problems, environmentally friendly
energy storage and sustainable energy technologies have
gradually become research hotspots.1,2 The transition-metal-
based organic−inorganic hybrid materials including carbon-
confined or sulfides@graphene hybrid catalyst have been
widely explored for energy storage as well as conversion
applications.3,4 Water splitting in electrochemistry to produce
H2 and O2 is an effective tactic to solve future energy and
environmental problems.5,6 Electrocatalytic water splitting
utilizes oxygen-evolution reaction (OER) as the anode.7

However, the OER catalytic efficiency is minimal by sluggish
kinetics in electrocatalytic oxidation.8 This is associated with
critical electrochemical processes in many energy conversion
devices. Therefore, the anode of water splitting to obtain O2 is
of great significance and challenge.9,10 Up to now, the scarcity
and high costs of IrO2 or RuO2 have limited their widespread
application, although these materials present the most effective
OER activity and reduce high overpotential.11,12 Hence, it is an
extreme challenge to develop high-efficiency, inexpensive,
earth-abundant, and stable non-noble-metal-based OER

catalysts. Interestingly, transition-metal oxides/hydroxides
such as nickel iron oxides, nickel hydroxide, and nickel−iron
bimetallic hydroxide have been studied extensively for their
promising OER properties.13,14 Nevertheless, the insufficient
electrical conductivity and lack of active sites of these materials
are widely recognized as the main challenges to improve their
OER.15

Metal−organic frameworks (MOFs), a promising coordina-
tion complex, has a large surface area and controllable 1D, 2D,
and 3D porous structure, which presents great potential for the
noble-metal-free OER catalysts.16,17 Moreover, MOF can be
easily functionalized by other metal ions to add a new
functionality through methathesis,18−24 such as Zhu and co-
workers’ successfully synthesized 2D Ni-MOF@Fe-MOF
nanosheets that demonstrated a high electrocatalytic perform-
ance toward OER. The outstanding performance was ascribed
to the 2D nanosheet morphology as well as the synergistic
effect between Ni active centers and Fe species.25 Meanwhile,
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Chen and co-workers attested to a series of Hofmann MOFs
with a malty metal ions center and altered OER activity
through the synergistic effects between different metal
ions.26,27 While these exploratory studies demonstrated a
high potential of mixed metal MOF for OER application, the
utilization of MOFs in electrocatalysis was still limited due to
poor conductivity, small pore size, and embedded active metal
centers by organic ligands.28 Besides, the fabrication of highly
active transition-metal MOF-based OER catalysts with the
accelerated kinetics of four-electron (4e−) processes remains a
significant challenge.29 More importantly, insufficient knowl-
edge of the catalytic mechanisms further limits the optimal
design of high-efficiency and low-cost transition-metal MOF-
based catalysts for water splitting.
In this work, we developed a facile route to fabricate a novel

series of hierarchical porous Fe−Ni-based methylimidazole
MOFs (FexNi1−x-MOF). The optimized Fe0.38Ni0.62-MOF
showed a remarkably low overpotential (190 mV at a current
density of 10 mA cm−2) and small Tafel slope (58.3 mV dec−1)
in 1.0 M KOH, which is among the best reported so far.
Furthermore, the crystal structure, microstructure, surface
functional group, thermal stability, and porosity of the
materials are carefully characterized. The catalytic mechanism
analysis found that the contents of Fe/Ni and their different
chemical states played a crucial role in the OER activity, and
the effect of Fe species was also discussed in detail.

■ EXPERIMENTAL SECTION
Synthesis of Ni-MOF. All chemical reagents are used as analytical

grade without further purification. In a facile synthesis, 0.58 g of
Ni(NO3)2·6H2O and 0.05 g of CTAB are uniformly dispersed in 30
mL of methanol and followed by slow injection of 0.66 g of 2-
methylimidazole in 30 mL of methanol under continuous stirring
within 30 min. The resulted dark green solution was transformed into
a Teflon-lined stainless autoclave (90 mL) and kept at 180 °C for 8 h.
After cooling to room temperature, the mixture was centrifuged,
washed with abundant methanol three times, and then vacuum-dried
at 60 °C for 12 h to prepare the product of Ni-MOF.

Synthesis of Iron-Modulated Ni-MOF Composite. A dis-
persion of 50 mg of Ni-MOF and Fe(NO3)3·9H2O in 5 mL of water
was stirred for 1.0 h, and then another 5 mL of 0.234 M NaOH and
0.068 M Na2CO3 were added dropwise. The resulting suspension was
stirred for different times (3, 5, 7, and 11 h) and then centrifuged. The
resulted solids are nominated as FexNi1−x-MOF or abbreviated as
FNM-yh (y = 4, 6, 8, and 12) according to the total soaking times.

Preparation of Catalytic Electrode. Prior to the preparation of
the catalytic electrode, the carbon cloths (CC, 1 cm × 3 cm) were
cleaned ultrasonically in 0.5 M HCl, ethanol, and water, respectively,
and then dried in air.

The fresh FNM-yh composite prepared above was ultrasonically
dispersed into 2 mL of ethanol, and 1 mL of this solution was pipetted
onto both sides of the carbon cloth (1 cm × 3 cm). After drying, 120
μL of 0.5 wt % Nafion was dropped on the surface of the catalytic
materials and then dried naturally to prepare a series of catalytic
electrodes. The catalyst loading is measured to be ∼5.0 mg cm−2 by a
precision balance.

Scheme 1. Schematic Illustration of the Synthesis Process for the FexNi1−x-MOF (FMN-xh)

Figure 1. (a) XRD patterns of Fe modulated Ni-MOF with different reaction times. SEM images of (b) Ni-MOF and (c) Fe0.38Ni0.62-MOF. (d)
TEM and (e) HRTEM images of Fe0.38Ni0.62-MOF. (f) HAADF-STEM image of Fe0.38Ni0.62-MOF and the corresponding elemental mappings of
C, O, N, Ni, and Fe.
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Electrochemical Measurements. All electrochemical measure-
ments were executed in a standard three-electrode system operated by
a VMP3 electrochemical workstation. Catalysts loaded CC was used
as the working electrode, a saturated calomel electrode (SCE) as the
reference, and a graphite sheet as the counter electrode. Polarization
curves were acquired using linear sweep voltammetry (LSV) at a scan
rate of 0.2 mV s−1 in 1.0 M KOH solution. The frequency range of
electrochemical impedance spectroscopy (EIS) is from 200 kHz to 0.1
Hz. The chronopotentiometry has studied the long-term stability of
catalysts. In the current crossed zero (1.040 V), all potentials
measured were calibrated to the RHE to obtain the thermodynamic
potential by the average CV curves of the two potentials in H2-
saturated 1.0 M KOH (Supporting Information Figure S1). The result
is lower than E(RHE) = E(SCE) + 0.241 + 0.059pH = E(SCE) +
(1.049 V) (pH = 13.7). All curves reported were iR compensated, and
all of the electrochemical tests were carried out at room temperature
(25 ± 1 °C). The CV tests on catalysts are measured at varied scan
rates in 1.0 M KOH solution to determine the electrochemical
double-layer capacitance (Cdl) between the non-Faradaic potential
windows. The turnover frequency (TOF) was calculated by the
following formula:

=
JA
Fn

TOF
4 (1)

where J is the current density and A corresponds to the geometric
surface area of the electrode. F is the Faraday constant (96,485 C
mol−1), and n is the moles of all metal atoms loaded on the CC. It is
worth noting that all of the metal atoms were assumed as active
species.30,31

■ RESULTS AND DISCUSSION
Synthetic Strategy Analysis. The series FexNi1−x-MOF

materials were prepared by a simple two-step process including
hydrothermal synthesis of Ni-MOF and subsequent soaking in
Fe(NO3)3 solution (Scheme 1). The pristine Ni-MOF was first
fabricated by hydrothermal treatment of 2-methylimidazole,
Ni(NO3)2, and CTAB in methanol solution at 180 °C for 8 h,
in which the CTAB surfactant regulates the orientation of Ni
species and 2-methylimidazole in coordination to Ni-MOF.32

Thereafter, the Ni-MOF was dispersed in an aqueous solution
of Fe(NO3)3, the Fe ions can be immersed where the Ni
species were partially substituted by Fe species while keeping
the structural integrity of the original MOF. Thereby a series of
FexNi1−x-MOF (FNM-yh, y = 4, 6, 8 or 12) composites were
obtained after optimizing the pH value and reaction time. The
elemental analyzer results revealed that the N contents of the
composites decreased with the prolonged soaking times
suggesting 2-methylimidazole leaching from the Ni-MOF
(Table S1). Besides, the Ni/Fe in different FexNi1−x-MOF
was measured by inductively coupled plasma spectrometer
(ICP, Table S2). The composite of FNM-6h can be expressed
as Fe0.38Ni0.62-MOF as discussed below.

Structures and Characterization Analysis. The crystal
structure changes of different materials are investigated by X-
ray diffraction (XRD) patterns. As shown in Figure 1a, the
XRD patterns are consistent with the previously reported Ni-
MOF.32 After soaking in Fe(NO3)3 solution for different times,
the diffraction peaks of Ni-MOF became weaker and two
additional diffraction peaks, which represent (006) and (105)
of NiOOH (JCPDS No. 06-0075), appeared.33,34 No
diffraction peak of the known Fe species such as FeO or
Fe2O3 was detected; this could be an indirect indication of Fe
replacing Ni in the MOF structure and leaching out Ni to form
NiOOH in the solution.
The morphological of Ni-MOF and the optimal Fe0.38Ni0.62-

MOF were further explored by scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). The
SEM images show that both Ni-MOF and Fe0.38Ni0.62-MOF
have a flower-like structure composed of two-dimensional
nanosheets (Figure 1b), and not detectable damage on the
MOF morphology was observed after the ion exchange process
(Figure 1c). Besides, the SEM images of FNM-yh materials
obtained in different soaking times are shown in Figure S2
which reveal a flower-like structure. However, the flower-like
feature tends to disappear with time.

Figure 2. (a) FTIR and (b) Raman spectrum of Fe0.38Ni0.62-MOF and Ni-MOF. (c) Thermal gravimetric (TG) analysis and derivative thermal
gravimetry (DTG) curves of Fe0.38Ni0.62-MOF in O2 atmosphere with a rising temperature rate of 2.5 °C min−1. (d) N2 adsorption−desorption
isotherms with the pore size distribution curves by the BJH method (inset) of Ni-MOF and Fe0.38Ni0.62-MOF.
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The TEM image of Fe0.38Ni0.62-MOF shows that the flower-
like structure consists of ultrathin nanosheets and possesses an
average thickness of about 6.1 nm (Figure 1d). The ultrathin
nanosheets not only expose sufficient active sites but also are
advantageous to the charge and mass transfer, thereby
enhancing the OER catalytic performance. The high-resolution
TEM image shows a lattice fringe with a lattice spacing of
approximately 0.21 nm (Figure 1e), which matches with the
(105) crystal plane of NiOOH.33 No lattice fringe of Ni-MOF
was detected, which indicates that Ni-MOF dissociates during
the ion exchange process. The HAADF-STEM and the
elemental mapping images of Fe0.38Ni0.62-MOF prove the
uniformly distribution of C, O, N, Ni, and Fe on the surface of
the composite (Figure 1f).
Fourier transform infrared spectroscopy (FTIR) was used to

study the surface functional groups and formation of
Fe0.38Ni0.62-MOF. Ni-MOF and Fe0.38Ni0.62-MOF have some-
what similar features except for the peak at 1251 cm−1 (Figure
2a) that could belong to the bending vibration of NO3

−.35 The
peak at 3436 cm−1 is assigned to O−H stretching vibration.36

The doublet at 2979 and 2901 cm−1 belong to the stretching of
methyl H and aromatic C−H.37 The three peaks at 1651, 1383,
and 1066 cm−1 are attributed to the adsorbed H2O, CN, and
C−N vibration,38 and the additional two peaks at 880 and 619
cm−1 are the characteristic peaks of metal−oxygen and the five-
membered aromatic ring, respectively.37,39 These typical
functional group vibration peaks confirm the presence of an
MOF bridge-coordinated structure. Moreover, the doublet
(2979 and 2901 cm−1) of Ni-MOF is much weaker than that
that of Fe0.38Ni0.62-MOF, indicating some aromatic C−H have
been protonated during the Fe and Ni ions exchange process
and further suggesting the disintegration of Ni-MOF.
Furthermore, the Raman spectrum of Ni-MOF exhibits three
distinctive peaks at around 734, 1509, and 2974 cm−1, which
are corresponding to the metal−oxygen disordered vibration,
CC stretching mode, and stretching vibrations of C−H
unsaturated bonds of Ni-MOF (Figure 2b).40,41 Interestingly,
the Raman shift of the metal−oxygen vibration in Fe0.38Ni0.62-
MOF was blue-shifted relative to Ni-MOF, indicating that the

soaking of the Fe(NO3)3 solution changes in the metal
coordination bond in Ni-MOF.42

Thermogravimetric analysis (TGA) was further used to
study the mass variation during the pyrolysis of both
Fe0.38Ni0.62-MOF and Ni-MOF under the oxygen atmosphere
(Figure 2c and Figure S3). The mass loss at temperatures
below 120 °C is primarily due to the evaporation of adsorbed
water.43 At higher temperatures, as well as a strong exothermic
peak of 291.6 or 307.7 °C, it is mainly attributed to the
pyrolysis of organic frameworks, oxidation of metal ions, or
dehydration of metal hydroxides.44 It is worth noting that the
mass loss rate of Fe0.38Ni0.62-MOF is 55.1 mass °C−1, which is
much higher than 40.3 mass °C−1 of Ni-MOF in a similar
temperature range. The significant rate loss and the reduced
exothermic temperature on Fe0.38Ni0.62-MOF once again
illustrate the partial damaging of Ni-MOF because of Fe ions
exchange. The Brunauer−Emmett−Teller (BET) gas-sorption
measurements demonstrate that the Ni-MOF material has a
type III isotherm with a distinct hysteresis loop at relative
pressures (P/P0) of 0.43−1.0 (Figure 2d), and the
corresponding BET specific surface area is about 229.0 m2

g−1. However, the relative BET specific surface area of
Fe0.38Ni0.62-MOF is approximately 11.8 m2 g−1, further
indicating structural collapsing of Ni-MOF. Although the
value of BET is somewhat smaller than Ni-MOF, Fe0.38Ni0.62-
MOF exhibits excellent OER performance. This result
indicates that the surface morphology is the critical factor
but not the only element to define OER performance where we
should also consider the number of active sites that resulted by
NiOOH as well as the synergy between Ni and Fe species. In
another words, the OER activity of the optimized catalyst is the
fruit of the combined effect of the various factors mentioned
above. Meanwhile, the average pore size distribution of the
Fe0.38Ni0.62-MOF is also slightly larger than that of Ni-MOF.
The surface compositions and chemical states of the as-

prepared series of FexNi1−x-MOF and Ni-MOF materials are
detected by X-ray photoelectron spectroscopy (XPS). The
Fe0.38Ni0.62-MOF material is composed of the elements of C,
O, N, Ni, and Fe (Figure S4a). The high-resolution C 1s
spectrum fitted to C−C (284.8 eV) and C−O (286.0 eV) was

Figure 3. High-resolution XPS spectra of (a) Ni 2p and (b) Fe 2p from FNM-4h (Fe0.32Ni0.68-MOF), FNM-6h (Fe0.38Ni0.62-MOF), and FNM-8h
(Fe0.46Ni0.54-MOF), respectively.
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used as the calibration standard (Figure S4b).45 The high-
resolution O 1s spectrum is shown in Figure S4c, where the O
species at 530.3 and 531.1 eV are corresponding to the metal−
oxygen (M−O) and M−OH bonds, respectively.46 The O
species at 532.8 eV is typical for the adsorbed H2O.

47 In
addition, it can be observed that the ratio of Ni2+/Ni3+ in the
high-resolution Ni 2p region is 4.92 (Figure S4d), and the
high-resolution N 1s spectrum only contains pyridinic-N
(398.5 eV) and pyrrolic-N (399.9 eV) in the pristine Ni-MOF
(Figure S4e) as reported in literature.48 The peak fittings of Ni
2p from FexNi1−x-MOF are revealed in Figure 3a where the
peaks at 855.0, and 872.8 eV belong to Ni2+ species, those at
856.2 and 874.7 eV are attributed to Ni3+ species, and the third
pair of peaks are assigned as satellite peaks.49,50

It is worth noting that the Ni2+/Ni3+ ratios of FexNi1−x-MOF
decrease when the soaking time increases and the values are
significantly lower than that of Ni-MOF (4.92), suggesting a
great deal of dissociation of Ni-MOF during the soaking step.
In addition, Fe species are also detected on series of FexNi1−x-
MOF materials (Figure 3b). Four pairs of peaks are fitted in
the high-resolution XPS spectra of Fe 2p, in which the binding
energies at 710.2 and 723.8 eV are assigned to Fe2+ species and
those at 712.3 and 725.8 eV originate from Fe3+ species, while
the other two pairs of peaks belong to satellite.51 Contrary to
the Ni, the Fe2+/Fe3+ ratio increased with the increasing
Fe(NO3)3 soaking times. Some Fe3+ ions are reduced to Fe2+

species (Fe3+ + e− → Fe2+, φΘ = +0.77 V), while Ni2+ species
are oxidized to Ni3+ species (NiOOH + H2O + e− → Ni(OH)2
+ OH−, φΘ = +0.49 V) with the increasing soaking times
pointing to the formation of FexNi1−x-MOF with different
redox states of Fe/Ni species.52

OER Catalytic Performance. The OER performance of a
series of FexNi1−x-MOF, Ni-MOF, RuO2/CC, and CC

catalysts are evaluated in a 1.0 M KOH solution, and all
LSV polarization curves are processed by iR compensation and
RHE correction. The electrochemical impedance spectroscopy
(EIS) results of all catalysts are shown in Figure S5, where the
optimal Fe0.38Ni0.62-MOF exhibits much lower charge-transfer
impedance (Rct = 2.40 Ω) than those of Fe0.32Ni0.68-MOF (Rct
= 2.45 Ω), Fe0.46Ni0.54-MOF (Rct = 4.56 Ω), and RuO2 (Rct =
4.60 Ω). Prior to testing the LSV curves, the CV curves were
measured up to five cycles until the curves have a reasonable
overlap. Since the FexNi1−x-MOF and Ni-MOF catalysts have a
pair of distinctive Ni2+/Ni3+ redox peaks in the overpotential
range of 0.1−0.2 V (Ni(OH)2 + OH− ↔ NiOOH + H2O +
e−),34,53 a low scan rate (0.2 mV s−1) was used to reduce the
effect of the scan rate. As shown in Figure 4a, the FexNi1−x-
MOF catalyst only requires 190 mV overpotential to deliver
current density of 10 mA cm−2, which is far lower than all
control catalysts including the RuO2/CC (253 mV). In
addition, the Fe0.38Ni0.62-MOF also shows the smallest Tafel
slope of 57.4 mV dec−1, suggesting fast reaction kinetics and a
superior OER activity (Figure 4b).19 Notably, the OER activity
of Fe0.38Ni0.62-MOF is further highlighted by comparing to the
high-performance MOF-based catalyst as well as other OER
catalysts reported in alkaline media (Figure 4c, Table
S3).16,18,54,55

In general, a favorable OER catalytic activity relates with a
large electrochemical active surface area (EASA) which is
proportional to Cdl. The EASAs of the catalysts were calculated
according to the following equation:

=
C
C

EASA dl

s (2)

where the Cs is the specific capacitance in an alkaline
electrolyte and Cdl is obtained from the cyclic voltammetry

Figure 4. OER catalytic performance of different catalysts in 1.0 M KOH. (a) LSV curves with a scan rate of 0.2 mV s−1. (b) Tafel slopes calculated
from LSV curves. (c) Summarized overpotentials of the recently reported catalysts at 10 mA cm−2 and the corresponding Tafel slopes (Table S2).
(d) Summarized double-layer capacitance (Cdl) of different catalysts.
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(CV) curves within the non-Faradaic region at different scan
rates (10, 20, 40, 60, 80, and 100 mV s−1) (Figure S6). The Cdl
value equals the slope of the linear relationship between the
scan rate and current density. As shown in Figure 4d, the
experimentally optimized Fe0.38Ni0.62-MOF catalyst possesses
the highest Cdl of 2.39 mF cm−2, and it is ca. 4.35- and 2.57-
fold higher than those of Fe0.32Ni0.68-MOF and Fe0.46Ni0.54-
MOF. Besides the EASA, the TOF value also reflects the
intrinsic OER activity. As shown in Figure S7, Fe0.38Ni0.62-
MOF displays a TOF value as high as 3.65 s−1 at 250 mV,
which is higher than those of Fe0.32Ni0.68-MOF (1.39 s−1) and
Fe0.46Ni0.54-MOF (0.77 s−1). Notably, these catalysts exhibit
similar TOF trends when different overpotentials are used as a
reference, implying that the active site of Fe0.38Ni0.62-MOF has
robust catalytic activity.
To investigate the potential industrial application, we

explored the overall water splitting in a two-electrode
configuration, in which Fe0.38Ni0.62-MOF/CC was used as
the anode oxygen-generating catalyst and the commercial Pt/
C-modified CC was selected as the cathode hydrogen-
producing catalyst in1.0 M KOH electrolyte (Figure 5a).

The steady-state polarization curves of the coupled Fe0.38Ni0.62-
MOF(+)//Pt/C(−) on CC requires only a cell voltage of 1.53 V
to reach a current density of 10 mA cm−2, superior to most of
the previously reported two-electrode catalytic systems.52,56−58

In addition, the long-term stability of the Fe0.38Ni0.62-MOF/
CC catalyst was tested at a constant current of 10 mA cm−2 in
the three-electrode system (Figure 5b), and the catalyst
showed an outstanding stability within 20 h of testing. Since
the Ni and 2-methylimidazole coordinate MOF was destroyed
during the soaking process, there are no apparent changes on
the SEM morphology of the Fe0.38Ni0.62-MOF (Figures S8 and
S9). On another hand, we observed a drastic change on the
morphology of Ni-MOF/CC. Electrochemical stability studies
showed that the overpotential of the control catalyst increased
slowly in a 1.0 M KOH solution at a constant current of 10 mA
cm−2 for 20 h (Figure S10). At the same time, the SEM images

showed that the morphology of MOF-Ni catalyst changed
greatly before and after the OER reaction, indicating the
dissociation of Ni-MOF structures (Figure S11). From this
phenomenon, one can conclude that although Ni-MOF is
destroyed during the soaking, the MOF-based scaffold of
Fe0.38Ni0.62-MOF keeps its structural integrity during the OER
test. Notably, the ratio between the different valence states of
the Ni and Fe species in the Fe0.38Ni0.62-MOF/CC were altered
after 20 hours of stability testing due to the intrinsic chemical
instability of Ni and Fe species,59 shedding of partial catalyst,
and the chemical corrosion (Figure S12).
The OER mechanism of the Ni-based catalytic materials has

been studied in detail, and three intermediate-state catalytic
steps are widely accepted,53,60 described as follows.

+ ↔ +− −NiOOH OH NiO(OH) e2 (3)

+ → + +− −NiO(OH) 2OH NiOO 2H O 2e2 2 2 (4)

+ → + +− −NiOO OH NiOOH O e2 2 (5)

overall:

→ + +− −4OH O 2H O 4e2 2 (6)

where step 5 is the rate-determining step of the catalytic
process where the active NiOOH promotes the OH−

oxidation; moreover, a high-valence Fe impurity with strong
electron acceptability induces the formation of the high-
valence Ni species (NiOOH), thereby accelerating the OER
process.61−64 In the case of MOF-based OER catalyst, the high
surface area 3D flower-like MOF structure not only exposes
more active sites but also promotes the gas release from the
catalyst surface.65,66 However, the MOF structure collapses
with the formation of NiOOH; therefore, there is a diligent
balance between NiOOH content and structural integrity of
the MOF support to have optimal OER performance. The
optimal results were achieved after 6 h of Fe(NO3)3 soaking.

■ CONCLUSIONS
In summary, a novel and high-performance Fe0.38Ni0.62-MOF
catalyst was prepared using Ni-MOF as the porous template.
This method is feasible and straightforward; meanwhile, no
calcining is required. The catalytic test and characterization
results indicate that it is essential to keep the structural
integrity of the MOF while increasing the NiOOH content to
achieve high performance. The optimized Fe0.38Ni0.62-MOF
catalyst exhibited the lowest overpotential (190 mV) and the
smallest Tafel slope in alkaline media as compared to other
FexNi1−x-MOFand Ni-MOF. A two-electrode configuration
composed of Fe0.38Ni0.62-MOF(+)//Pt/C(−) on CC requires
only a cell voltage of 1.53 V to reach a current density of 10
mA cm−2 and shows high stability, demonstrating a promising
application for overall water splitting.
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Figure 5. (a) Overall water splitting of Fe0.38Ni0.62-MOF and
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