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An ultralow iridium-incorporated Ni–Fe
bimetallic–organic framework for efficient
oxygen evolution reaction†

Zixiong Wang, Zhaoxin Zhou, Qi Zhang, He Zhu * and Shiping Zhu*

The development of electrocatalysts is of vital importance to the OER. In

this work, an optimized MOF electrode, Ir-NiFe-btz/NF, was synthesized

by incorporating ultralow levels of Ir nanoparticles into an ionic bimetallic

MOF. Under alkaline conditions, the prepared MOF electrode demon-

strated outstanding OER activity and stability with a low overpotential of

182 mV to reach 10 mA cm�2 and no obvious increase of overpotential in

a chronovoltammetry test over 100 hours at 100 mA cm�2.

Considering the global energy crisis and numerous environ-
mental challenges caused by the depletion and combustion of
fossil fuels, it is essential to develop clean, sustainable, and
renewable energy alternatives.1,2 Hydrogen, as a novel green
energy source, distinguishes itself through its renewability,
zero pollution after combustion, and wide distribution of
sources.3–5 Among various methods for hydrogen production,
considerable emphasis has been laid on electrochemical water
splitting because of its safety, high efficiency, and capability for
large-scale industrial production.6,7 However, the anodic half-
reaction of water splitting, i.e. the oxygen evolution reaction
(OER), is kinetically sluggish, involving a four-electron-transfer
process that demands high overpotential to drive.8 Developing
cutting-edge OER electrocatalysts has therefore been prioritized
to break the technological bottleneck and fulfill the need for
industrial hydrogen production.

Recent decades have witnessed rapid development and deep
research in metal–organic frameworks (MOFs).9,10 As an emerg-
ing class of porous materials assembled by metal ions and
organic ligands, MOFs have been identified as prospective OER
catalysts because of their abundant active sites, designable
structures, and varied components.11,12 Compared to mono-
metallic MOFs, bimetallic MOFs, especially NiFe-based ones,
possess better OER activity due to the facilitated charge

transport, optimized electronic structure, and strong synergis-
tic effect between metal centers.13 For example, Dong et al.
found the strongest synergistic effect in NiFe-MOF when reg-
ulating the Ni/Fe ratio at 1 : 1, significantly enhancing adsorp-
tion between active sites and species, leading to superior OER
activity.14 Wang and co-workers fabricated a self-supported
Fe-doped Ni-HHTP nanowire array with excellent OER perfor-
mance because Fe sites enabled additional hydrogen bond
formation between intermediates and adjacent layers.15 Zhu
et al. reported the fabrication of ultrathin iron-rich NiFe-MOF
nanosheets, and their great OER activity was attributed to the
combination of the unique nanostructure and the strong
coupling effect between Ni and Fe active sites.16 Although these
results demonstrate the great potential of NiFe-MOFs as OER
electrocatalysts, their wide application is still hampered by
their low intrinsic conductivity and unsatisfactory electro-
chemical stability.

In this study, a NiFe-bimetallic ionic MOF-based electrode
with excellent OER electrochemical activity was designed based
on two aspects. First, the use of ionic MOFs: the presence of
counter ions within the charged framework can not only
enhance the overall intrinsic conductivity of MOFs through
facilitating charge transport within them but also allows for
exchange with the OH� in the electrolyte and promotes contact
between the OH� and active sites.17,18 Second, the incorpora-
tion of iridium (Ir) in MOFs: incorporating small amounts of
noble metals can modulate the chemical and electronic struc-
ture of the catalyst, which effectively enhances the inherent
activity.19 Additionally, the presence of Ir can improve the
corrosion resistance and stability of the electrocatalysts in
alkaline electrolytes, especially at large current densities. Spe-
cifically, NiFe-btz (btz: 1,4-bis(4H-1,2,4-triazol-4-yl)benzene), a
cationic MOF with Cl� as the counterion, was in situ grown on
nickel foam (NF). The obtained NiFe-btz/NF was then incorpo-
rated with ultralow amounts of Ir nanoparticles to prepare the
final electrode (Ir-NiFe-btz/NF), which demonstrated outstand-
ing catalytic properties proved by the low overpotential of
182 mV at 10 mA cm�2 and the small Tafel slope of 38 mV dec�1.
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Its excellent stability was demonstrated by the negligible
increase of overpotential for 100 hours at the large current
density of 100 mA cm�2. Meanwhile, the synergistic effect
brought by the bimetallic system and the reconstructed pro-
ducts after the OER test was thoroughly studied. This work
provides future scope and strategies for developing novel ionic
MOF-based electrocatalysts for the OER.

The Ir-NiFe-btz/NF electrode was fabricated via a two-step
solvothermal reaction. As illustrated schematically in Fig. S1 (ESI†),
bimetallic NiFe-btz was in situ prepared on NF in a water/DMSO
solution at 120 1C initially, with NF serving as the substrate and the
Ni source, Fe3+ as the etching agent and the Fe source, and btz as
the ligand. Next, the prepared NiFe-btz/NF was immersed into an
aqueous solution of IrCl3�xH2O, which was maintained at 80 1C for
12 hours to incorporate Ir nanoparticles, yielding the final Ir-NiFe-
btz/NF electrode. In addition, monometallic MOF electrodes, Ni-
btz/NF and Fe-btz/NF, with their corresponding Ir-incorporated
electrodes, Ir-Ni-btz/NF and Ir-Fe-btz/NF, were also prepared by
the same procedure for comparison.

The morphology of the as-prepared MOF electrodes was
studied using scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM). SEM images revealed the
distinctive 3D macroporous structure and the smooth surface
of NF after being treated with 1 M HCl solution (Fig. S2, ESI†).
As shown in Fig. S3 (ESI†), a homogenously distributed bulk
structure of NiFe-btz was observed on the surface of NF after
the first solvothermal reaction. Compared with the monome-
tallic MOF/NF electrodes (Fig. S4, ESI†), the bimetallic NiFe-btz
was more densely packed on the substrate, benefitting from the
continuously released Ni2+ from the Fe3+ etching, which effec-
tively confined the nucleation sites close to the NF substrate.
The Brunauer–Emmett–Teller (BET) specific surface area of
NiFe-btz was measured to be B133 m2 g�1, and its pore size
distribution indicated the existence of mesopores, which was
favorable for Ir incorporation and electrochemical reaction
kinetics (Fig. S5, ESI†).

After Ir incorporation, the morphology of Ir-NiFe-btz shown
in Fig. 1a and b perfectly inherited the pristine MOFs without
any obvious differences. The TEM image displayed a multi-
layered stacked bulk structure of NiFe-btz (Fig. S6, ESI†),
consistent with the SEM results, and the lattice spacings of
1.342 nm and 0.813 nm in the high-resolution TEM (HRTEM)
image (Fig. S7, ESI†) were assigned to the (101) and (002) crystal
planes of NiFe-btz, respectively. As seen in Fig. 1c, the incorpo-
rated Ir nanoparticles were firmly anchored and well-dispersed
in the NiFe-btz with an average particle size of B2 nm. The
generation of Ir nanoparticles was verified by a distinct inter-
planar spacing of 0.225 nm (Fig. 1d), which corresponded to the
(111) crystal plane of Ir. Furthermore, the high-angle annular
dark-field scanning TEM (HAADF-STEM) image and energy
dispersive X-ray (EDX) elemental mapping images showed the
uniformly distributed Ir, Ni, Fe, Cl, and N elements in the
selected area (Fig. S8, ESI†), demonstrating the presence of Ni
and incorporated Ir in Ir-NiFe-btz. Inductively coupled plasma
optical emission spectrometry (ICP-OES) was applied to study
the quantity of Ni, Fe, and Ir in the Ir-NiFe-btz, and the result

indicated the Ni/Fe/Ir atomic ratio of 3.8 : 1 : 0.005, proving the
existence of an ultralow level of Ir in the prepared electrode.

The crystal structures of the prepared MOF electrodes were
examined by powder X-ray diffraction (PXRD). As seen in Fig. S9
(ESI†), each PXRD pattern of the prepared mono/bimetallic
MOF electrodes matched with the simulated Ni-btz (CCDC no.
1969913),20 indicating that they were all successfully synthe-
sized in a similar structure. After Ir incorporation, the diffrac-
tion peaks of Ir-NiFe-btz shifted a little to the lower angle
region, implying that the Ir incorporation caused an expansion
of the interplanar distance but did not change the original MOF
structure. X-ray photoelectron spectroscopy (XPS) was then
applied to analyze the compositions and chemical states of
NiFe-btz and Ir-NiFe-btz. The presence of C, N, O, Cl, Ni, and Fe
in NiFe-btz, as well as C, N, O, Cl, Ni, Fe, and Ir in Ir-NiFe-btz,
was well demonstrated by the XPS survey spectrum (Fig. S10,
ESI†). In the high-resolution Ni 2p spectrum (Fig. 2a), two
prominent peaks at 855.88 eV (Ni 2p3/2) and 873.72 eV (Ni
2p1/2) were assigned to the Ni2+ from Ir-NiFe-btz, proving the
existence of Ni2+ in MOFs generated from Fe3+ etching. In
addition, the Ni2+ peaks in Ir-NiFe-btz observed a positive shift
of 0.36 eV compared with those from the NiFe-btz. In Ir-NiFe-
btz, charge transferred from Ir to Ni because of the difference
in electronegativity, and the total negative charge slightly
increased. This resulted in a stronger attraction between the
Ni 2p electrons and the nucleus, thus raising the binding
energy of the Ni 2p orbital. The electronic structure modification

Fig. 1 SEM images of (a) and (b) Ir-NiFe-btz in situ grown on an NF
substrate. TEM images of (c) Ir-NiFe-btz (Ir nanoparticles were labelled in
yellow circles), and (d) lattice spacing of Ir incorporated in Ir-NiFe-btz.

Fig. 2 High-resolution XPS spectra of (a) Ni 2p and (b) Ir 4f in NiFe-btz
and Ir-NiFe-btz electrodes.
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of the MOFs proved the strong interaction between Ir nanoparticles
and pristine NiFe-btz, which was expected to enhance the electro-
catalytic performance of Ir-NiFe-btz. Fig. S11 (ESI†) displays two
peaks at 709.1 eV and 723.7 eV assigned to Fe2+. No other peaks were
seen in the spectra, indicating that all Fe elements in the prepared
MOF electrodes were presented in the form of Fe2+, and were
reduced from Fe3+ after oxidizing Ni. The high-resolution Ir 4f area
(Fig. 2b) could be deconvoluted into two peaks at 61.23 eV and
64.43 eV, corresponding to the Ir 4f7/2 and Ir 4f5/2 of Ir nanoparticles.
XPS analysis, together with all previous characterization results,
proved the successful formation of Ir-NiFe-btz.

The OER performances of the as-synthesized NiFe-btz/NF
and Ir-NiFe-btz/NF electrodes, together with Ni-btz/NF, Fe-btz/
NF, Ir-Ni-btz/NF, Ir-Fe-btz/NF, benchmark RuO2 and bare NF,
were next evaluated in 1 M KOH solution. Linear sweep
voltammetry (LSV) curves (Fig. 3a and Fig. S12, ESI†) were
recorded at a scan rate of 5 mV s�1 and those obtained from
the reverse sweep (Fig. S13, ESI†) were employed to identify the
overpotential at 10 mA cm�2 to rule out the influence of the
anodic peak positioned at 1.36 V (versus RHE) that resulted
from the metal oxidation prior to water oxidation. These curves
demonstrated the superior catalytic activity of Ir-NiFe-btz/NF,
needing the smallest overpotential of 182 mV to reach the
current density of 10 mA cm�2, which significantly exceeded
the values of NiFe-btz/NF (225 mV), Fe-btz/NF (257 mV), Ni-btz/
NF (298 mV), Ir-Ni-btz/NF (221 mV), Ir-Fe-btz/NF (203 mV),
RuO2 (400 mV) and bare NF (370 mV) at the same current
density (Fig. S14, ESI†). Furthermore, to achieve a larger current
density of 100 mA cm�2, Ir-NiFe-btz/NF required an overpoten-
tial as low as 232 mV, being 71 mV lower than that of NiFe-btz/
NF and outperforming those of Fe-btz/NF (320 mV), Ni-btz/NF
(440 mV), Ir-Ni-btz/NF (285 mV), Ir-Fe-btz/NF (260 mV) and bare
NF (510 mV), indicating the considerable contribution of Ir
incorporation toward the enhanced OER activity (Fig. S15,
ESI†). The inherent kinetics of MOF electrodes were examined
by analyzing Tafel plots originating from the corresponding
polarization curves. As shown in Fig. 3b and Fig. S16 (ESI†),
Ir-NiFe-btz/NF had the smallest Tafel slope of 38 mV dec�1

compared to NiFe-btz/NF (56 mV dec�1) and was comparatively
lower than those of Fe-btz/NF (68 mV dec�1), Ni-btz/NF
(85 mV dec�1), Ir-Ni-btz/NF (69 mV dec�1), Ir-Fe-btz/NF
(52 mV dec�1), RuO2 (193 mV dec�1) and bare NF (104 mV dec�1),
proving its more rapid charge transfer and improved OER
kinetics. Combining the overpotential at 10 mA cm�2 and Tafel
slope for comparison, Ir-NiFe-btz/NF surpassed many pre-
viously reported Ir-based and NiFe-MOF-based OER catalysts
(Fig. 3c and Table S1, ESI†).

To further evaluate the electrochemical kinetics and conduct
a deeper analysis of the improved OER performance, electro-
chemical impedance spectroscopy (EIS) was applied on MOF
electrodes in the frequency range of 0.1–105 Hz. Based on the
Nyquist plots measured at 1.55 V (versus RHE), Ir-NiFe-btz/NF
revealed the lowest Rct value of 1.2 O, which distinguished itself
from NiFe-btz/NF (1.8 O), Fe-btz/NF (2 O), Ni-btz/NF (7.7 O), Ir-
Ni-btz/NF (1.8 O), Ir-Fe-btz/NF (1.4 O), RuO2 (8.7 O) and bare NF
(11.9 O) (Fig. 3d and Fig. S17, ESI†). The reduced Rct value
suggested a more efficient electron transport and the OER
process was therefore expected to be comparatively smooth.
Besides, cyclic voltammetry (CV) scanning at varying rates was
used to study the electrochemical surface areas (ECSA) derived
from the double-layer capacitance (Cdl) (Fig. S18–S21, ESI†). As
depicted in Fig. 3e, Ir-NiFe-btz/NF exhibited the largest active
surface area with a Cdl value of 12.6 mF cm�2, almost twice that
of NiFe-btz/NF (6.5 mF cm�2) and was nearly four times that of
bare NF (3.2 mF cm�2). This suggested that the incorporated Ir
nanoparticles could serve as active species that enhanced the
intrinsic OER activity of the MOF electrode, which corre-
sponded to the smallest Rct value above as well. Besides,
through the comparison of the performances between the
monometallic and bimetallic MOF electrodes, incorporated
with Ir or not, it could be concluded that the synergistic effect
brought by Ni and Fe in the MOF was also crucial for boosting
the OER activity, as indicated by the overall better performance
of the bimetallic MOF electrodes over monometallic ones
(Fig. S22–S24, ESI†).

The catalytic stability of NiFe-btz/NF and Ir-NiFe-btz/NF
was thereafter examined by chronovoltammetry test at
100 mA cm�2 for 100 hours (Fig. 3f). Throughout the whole
process, the overpotential of NiFe-btz/NF increased by 78 mV.
As for Ir-NiFe-btz/NF, its overpotential remained at 450 mV with
a negligible fluctuation of 5 mV up and down. In addition,
Ir-NiFe-btz/NF after the stability test still had a polarization
pattern similar to the one before the test without practical
current density reduction (Fig. S25, ESI†). These results sug-
gested the remarkable sustainability of the Ir-NiFe-btz electrode
brought from the Ir incorporation.

The Ir-NiFe-btz after the OER test (post-Ir-NiFe-btz) was
characterized by PXRD, XPS, SEM, and TEM to unveil its
detailed structural and compositional information. As shown
in Fig. S26 (ESI†), the PXRD pattern indicated a reduced
crystallinity of post-Ir-NiFe-btz, with only two peaks located at
11.01 and 26.01 that could be assigned to the pristine MOF. At
the same time, the two new peaks at 20.01 and 25.01 repre-
sented the generation of NiOOH, and the new peak at 22.01

Fig. 3 Electrocatalytic performance of the prepared electrodes. (a) LSV
curves. (b) Tafel plots. (c) OER activity comparison of Ir-NiFe-btz/NF with
recently reported bimetallic NiFe-MOF-based and Ir-based electrocata-
lysts. (d) Nyquist plot. (e) Double-layer capacitance (Cdl). (f) Chronovol-
tammetry curve of NiFe-btz/NF and Ir-NiFe-btz/NF at 100 mA cm�2 for
100 hours.
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corresponded to the generation of FeOOH.21 The XPS survey
spectrum (Fig. S27, ESI†) of post-Ir-NiFe-btz revealed the
presence of Ir, Ni, Fe, C, N, Cl, and O, which was the same as
the pristine MOFs. In the high-resolution Ni 2p spectra
(Fig. 4a), two extra peaks denoting Ni3+ were seen, proving that
NiOOH was generated during the OER test.22 Similarly, a new
peak, identified as Fe3+, emerged in the high-resolution Fe 2p
spectrum at 714.1 eV (Fig. 4b), signifying the iron oxidation and
the possible formation of FeOOH during the OER. As for the Ir,
a pair of new peaks at 63.6 and 66.8 eV was attributed to Ir4+ in
its high-resolution 4f spectrum (Fig. 4c), proving that metallic Ir
had been partially oxidized to IrO2 upon the OER. After the
water oxidation, the SEM image (Fig. S28, ESI†) showed that the
original MOF morphology was partially maintained but with a
rougher surface. This was because NiOOH and FeOOH were
generated and covered on the surface during the OER process,
resulting in a long-range disordered and short-range ordered struc-
ture. The HRTEM image further revealed the generation of metal
oxyhydroxides after water oxidation, where clear lattice fringes of
0.20 nm represented the (102) lattice plane of NiOOH and 0.154 nm
was aligned to the FeOOH (002) plane (Fig. 4d). Overall, it could be
concluded that part of the MOF crystals transformed into NiOOH
and FeOOH during the OER process, which was similar to the
previously reported MOF-based OER catalysts.22

In summary, a two-step solvothermal process was rationally
designed for the in situ fabrication of Ir-NiFe-btz on a NF
substrate. The ionic framework of Ir-NiFe-btz improved the
overall conductivity of the MOF electrode, the incorporated Ir
nanoparticles reduced the OER kinetic barrier by modifying the
electronic structure of pristine NiFe-btz, and the synergistic
effect between Ni and Fe species contributed to the enhanced
OER performances. As a result, Ir-NiFe-btz showed exceptional
alkaline OER activity, reaching 10 mA cm�2 current density at a
low overpotential of 182 mV with a small Tafel slope of
38 mV dec�1. Its remarkable stability was demonstrated by
the subtle increase in overpotential throughout the 100 hour
stability test. After the OER test, Ir-NiFe-btz was thoroughly

characterized and the XPS, SEM and TEM results verified the
altered valence states, reconstructed surface structure, and metal
oxyhydroxide generation. This work provided a novel approach for
designing and fabricating 3D MOF electrodes using the ionic
framework with the highly dispersed ultralow level of Ir, broad-
ening the horizons of applying MOFs as OER catalysts.
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