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ABSTRACT: The development of low-cost and efficient electro-
catalysts for oxygen evolution reaction (OER) is of great
importance for producing hydrogen via water splitting. Metal−
organic frameworks (MOFs) provide an opportunity for the facile
preparation of high-efficiency OER electrocatalysts. In this work,
we prepared iron-doped nickel nanoparticles encapsulated in
nitrogen-doped carbon microspheres (Fe-Ni@NC) with a unique
hierarchical porous structure by directly pyrolyzing the MOF
precursor for effectively boosting OER. The Fe doping has a
significant enhancement effect on the catalytic performance. The
optimized Fe (5%)-Ni@NC catalyst represents a remarkable activity with an overpotential of 257 mV at 10 mA cm−2 and superior
stability toward OER in 1.0 M KOH.

■ INTRODUCTION

The current energy crisis and environmental issues make it
particularly important to explore sustainable energy to reduce
the use of fossil energy. Electrochemical water splitting as a
potential solution for green hydrogen production has been
widely studied.1 However, as a multistep proton-coupled
electron transfer process, the kinetics of oxygen evolution
reaction (OER) is very sluggish, which limits the practical use
of electrochemical water splitting.2 To expedite the OER
process, electrocatalysts with high activity and good stability
are needed. Hitherto, noble metal-based catalysts (RuO2 or
IrO2) have been recognized as the most efficient catalysts
toward OER, but their scarcity and high cost impede the wide-
scale industrialization of OER technologies.3−5 Thus, it is
highly imperative to explore cost-effective and reserve-
abundant alternative electrocatalysts for OER.
Presently, transition metals (such as Ni, Co, Fe, and Mn) are

proverbially recognized as potential alternatives for their
reasonable cost and natural abundance.6−9 Among these
systems, Ni-based catalysts have broadly attracted attention
and shown promising activities.10,11 Reasonable composition
control and structure design can further enhance the OER
performance of Ni-based catalysts. For example, recent studies
have proved that Fe doping into Ni-based catalysts can
efficiently adjust the electronic structure, improve the electrical
conductivity, and expose more surface area.12,13 Taken
together, Fe-doped Ni-based catalysts are reasonably expected
to provide more favorable OER performance. However, the
preparation of Fe-doped Ni-based OER electrocatalysts is quite
challenging, and a facile synthetic strategy is highly desired.

Metal−organic frameworks (MOFs) have been widely used
in adsorption, energy storage, drug delivery, catalysis, sensors,
and other fields due to their highly adjustable characteristics in
terms of the composition, structure, and pore size. The
characteristics of MOFs also endow them as very promising
precursors for the preparation of high-efficiency electro-
catalysts.14−17 Herein, we report the synthesis of Fe-doped
Ni nanoparticles encapsulated in nitrogen-doped carbon (Fe-
Ni@NC) hierarchical porous microspheres by directly
pyrolyzing the MOF precursor. The microspherical Ni-based
MOFs containing minor amounts of Fe were first synthesized
by solvothermal reaction,18,19 which were then converted into
Fe-Ni@NC hierarchical porous microspheres by a simple
calcination process. Benefiting from the Fe doping and
hierarchical porous structure, the prepared Fe-doped Ni@
NC electrocatalyst presents remarkable oxygen evolution
catalytic performance in 1.0 M KOH. We also compared the
influence of the Fe doping level on their catalytic properties,
and the optimized Fe(5%)-Ni@NC catalyst can realize an
overpotential of 257 mV at 10 mA cm−2 toward OER.
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■ RESULTS AND DISCUSSION

X-ray diffraction (XRD) measurements were conducted to
validate the composition and the crystal structure of the
obtained MOF-derived samples. The XRD patterns of Fe(5%)-
Ni@NC show three characteristic diffraction peaks at 44.3,
51.6, and 76.2°, which can correspond well to (111), (200),
and (220) crystal planes of metallic Ni, respectively, (JCPDS
no. 04-0850) (Figure 1a). It is worth mentioning that no
additional diffraction peaks of Fe phases can be observed due
to the similar atomic size as Ni.20 Subsequently, the
morphologies and microstructures of the prepared MOF and
MOF-derived samples were observed by scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM) experiments. Figure 1b shows that the prepared
Fe(5%)-Ni MOF samples are micrometer spheres with a rough
surface. The microspherical structure is believed to be formed
via an Ostwald ripening process, in which PVP also plays a very
critical role.18,19 After the pyrolysis in Ar, the Fe(5%)-Ni MOF

was converted into Fe-doped Ni nanoparticles encapsulated in
nitrogen-doped carbon, and the obtained Fe(5%)-Ni@NC
could perfectly maintain the spherical structure of the Fe(5%)-
Ni MOF without obvious agglomeration or structural collapse
(Figure 1c).21 In addition, Fe(5%)-Ni@NC has a much
rougher surface compared with the Fe(5%)-Ni MOF. TEM
images (Figure 1d,e) show that Fe(5%)-Ni@NC is composed
of many nanoparticles around with carbon layers. HRTEM
(Figure 1f) displays the interplanar of the lattice fringes as
0.202 nm, corresponding to the (111) crystal plane of Ni.
Elemental mapping images in Figure 1g reveal the successful
doping of Fe and the uniform distribution of Ni, Fe, O, and C
in the prepared Fe(5%)-Ni@NC sample. The O element may
come from the adsorbed oxygen and a small amount of metal
oxides in the sample.22

X-ray photoelectron spectroscopy (XPS) was used to
characterize the chemical states of elements in the Fe (5%)-
Ni@NC sample. The survey spectra indicate the co-existence

Figure 1. (a) XRD patterns of both Ni@NC and Fe-doped Ni@NC samples. (b) SEM image of Fe(5%)-Ni MOF. (c) SEM, (d−f) TEM, and
HRTEM images of the Fe(5%)-Ni@NC sample. (g) Elemental mapping images of the Fe(5%)-Ni@NC sample.

Figure 2. (a) XPS survey spectra of Fe(5%)-Ni@NC. The high-resolution XPS spectra of Fe(5%)-Ni@NC in (b) Ni 2p, (c) Fe 2p, (d) C 1s, (e) O
1s, and (f) N 1s regions.
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of Fe, Ni, C, N, and O (Figure 2a). In the high-resolution Ni
2p spectra of Fe(5%)-Ni@NC (Figure 2b), the dominant
peaks centered at 852.7 and 869.9 eV confirm the formation of
metallic Ni,23 and the peaks located at 855.2 and 873.2 eV are
ascribed to Ni2+, which is an indicator of surface oxidation of
metallic Ni. In Figure 2c, the peak at 706.1 eV suggests the
existence of metallic Fe. The Fe 2p spectra also show Fe 2p3/2
and Fe 2p1/2 for Fe

2+ at 712.0 and 724.4 eV, respectively.24 In
the C 1s region (Figure 2d), the peaks of 284.7, 285.8, and
288.8 eV correspond to the CC/C−C, C−O, and O−C
O, respectively. The peaks at 531.4 and 533.1 eV in the O 1s
spectra should be ascribed to the surface-adsorbed hydroxyl
groups and adsorbed water, respectively, and the peak at 529.8
eV should be attributed to lattice oxygen of minor metal oxides

in the sample (Figure 2e).25 The three peaks located at 398.5,
399.3, and 400.6 eV in N 1s spectra should be assigned to
pyridine N, pyrrole N, and graphite N, respectively (Figure 2f).
This result implies that the N element has been successfully
incorporated into carbon.26 The abovementioned results
indicate that Fe-doped Ni@NC hierarchical hollow micro-
spheres have been successfully synthesized via the MOF
conversion strategy.
Linear sweeping voltammetry (LSV) tests were performed in

1.0 M KOH to evaluate the electrocatalytic OER performance
of Fe-doped Ni@NC using a three-electrode system. For
comparison, under the same conditions, Ni@NC, Fe(1%)-
Ni@NC, Fe(2.5%)-Ni@NC, Fe(10%)-Ni@NC, and RuO2

were also tested (Figure 3a). All the MOF-derived Ni-based

Figure 3. (a) LSV curves of Ni@NC, Fe(1%)-Ni@NC, Fe(2.5%)-Ni@NC, Fe(5%)-Ni@NC, Fe(10%)-Ni@NC, and RuO2 in 1.0 M KOH at 5 mV
s−1. (b) Tafel plots of different catalysts. (c) Comparison of the overpotential at 10 mA·cm−2 between Fe(5%)-Ni@NC and some recently reported
similar electrocatalysts. (d) Nyquist plots for Ni@NC and Fe(5%)-Ni@NC.

Figure 4. CVs of (a) Ni@NC and (b) Fe(5%)-Ni@NC at scan rates of 20, 40, 60, 80, and 100 mV s−1 in 1.0 M KOH. (c) Corresponding
capacitive currents at 0.01 V versus Hg/HgO as a function of scan rates for Ni@NC and Fe(5%)-Ni@NC. (d) Polarization curves of Fe(5%)-Ni@
NC before and after 2000 cycles in 1.0 M KOH, and the inset is a chronoamperometric curve of Fe(5%)-Ni@NC at 1.50 V (vs RHE) for 20 h. XPS
spectra of Fe(5%)-Ni@C after stability test in (e) Ni 2p and (f) Fe 2p regions.
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catalysts show good OER catalytic performances, in which the
hierarchical hollow microstructure should contribute much in
affording numerous active sites and achieving fast mass
transfer.18,19 More importantly, the Fe-doped Ni@NC samples
exhibit even lower overpotentials and smaller Tafel slopes than
the pure Ni@NC sample (Figure 3a,b), indicating that the Fe
dopant further enhances the electrocatalytic activity of Ni@
NC. Fe doping can efficiently modulate the electronic structure
of materials, thus improving the intrinsic catalytic activity of
Ni-based catalysts.12,13 We should emphasize that Fe(5%)-
Ni@NC exhibits the smallest overpotential of 257 mV at 10
mA cm−2 among the prepared Ni@NC catalysts, even
outperforming the RuO2 catalyst at high current density. The
Tafel slope of Fe(5%)-Ni@NC is identified to be 54.6 mV
dec−1, which is smaller than that of other Ni@NC catalysts
(Figure 3b). It reveals the very fast OER kinetics on Fe (5%)-
Ni@NC. Compared with the recently reported similar
electrocatalysts (Figure 3c), Fe(5%)-Ni@NC also exhibits
comparable and even better OER performance under alkaline
conditions.27−34 In addition, the electrochemical impedance
spectroscopy (EIS) data (Figure 3d) show that Fe(5%)-Ni@
NC possesses a smaller radius of the semicircle than Ni@NC,
implying that Fe(5%)-Ni@NC has a lower charge transfer
resistance and thus faster OER kinetics.35

Furthermore, the double-layer capacitances (Cdl) were
measured in the non-faradaic voltage range to estimate the
ECSA of the Fe(5%)-Ni@NC and Ni@NC samples (Figure
4a−c). The Cdl of Fe (5%)-Ni@NC is 5.58 mF cm−2;
meanwhile, the Cdl of Ni@NC is only 2.68 mF cm−2.
Therefore, the ECSA of Fe(5%)-Ni@NC is higher than that
of Ni@NC, resulting in the more catalytic active sites for
Fe(5%)-Ni@NC. These results indicate that Fe doping into
Ni@NC is also beneficial to boost the electrocatalytic activity
via improving the charge transfer and providing more active
sites.
The electrochemical stability is another important indicator

to evaluate the performance of the electrocatalyst.36 As shown
in Figure 4d, after 2000 consecutive cyclic voltammetry (CV)
scanning cycles at 100 mV s−1 between 1.3 and 1.8 V [vs
reversible hydrogen electrode (RHE)], the OER electro-
catalytic performance of Fe(5%)-Ni@NC shows no apparent
change. Moreover, the chronoamperometric measurement for
Fe(5%)-Ni@NC was performed constantly at 1.50 V (vs
RHE). The inset of Figure 4d shows that Fe(5%)-Ni@NC
maintains its current density for least 20 h without clear
deterioration, implying that Fe(5%)-Ni@NC has excellent
catalytic durability. The XPS spectrum in the Ni 2p region of
the catalyst after the stability test showed that the peaks at
855.2 and 873.2 eV increased significantly (Figure 4e), which
should be caused by the formation of NiOOH active sites
during the electrolysis process. In the Fe 2p region (Figure 4f),
the characteristic peaks of 706.6 eV are obviously reduced, and
it should be due to the formation of high-valence Fe, which in
turn leads to the electronic structure optimization of Ni and
the enhancement of OER activity.37

■ CONCLUSIONS
In summary, we report a simple synthesis of MOF-derived Fe-
doped Ni@NC with a hierarchical hollow structure. Due to the
positive effects of Fe doping and the hierarchical porous
structure, the prepared Fe(5%)-Ni@NC catalyst represents
remarkable activity and durability toward OER in 1.0 M KOH.
It can reach 10 mA cm−2 only by delivering an overpotential of

257 mV, and the Tafel slope is only 54.6 mV dec−1. Such a
performance is very comparable with that of the commercial
RuO2 catalyst. The facile and low-cost preparation, along with
the high OER electrocatalytic activity and long-term stability,
makes the prepared Fe-doped Ni@NC catalyst hold a potential
application in electrochemical water splitting.

■ EXPERIMENTAL SECTION

Preparation of Ni@NC. Ni MOFs were synthesized by a
hydrothermal method.17,18 Typically, 3 mmol NiCl2·6H2O, 1.5
mmol Trimesic acid, and 3 g of PVP were dispersed into 60
mL of the mixed solution (ethanol: DMF: ultrapure water =
1:1:1) with stirring for 30 min. The clarified solution was
transferred to a 100 mL Teflon-lined stainless-steel autoclave.
It was heated at 150 °C for 9 h. Subsequently, the products
were centrifuged and washed with ethanol several times and
dried at 60 °C for 12 h to obtain the Ni MOF precursor.
Finally, to prepare Ni@NC, Ni MOFs were annealed at 450
°C in an argon atmosphere for 2 h.

Preparation of Fe-Doped Ni@NC. In the synthesis of
Fe(X %)-doped Ni MOFs, different molar contents (X = 1/
2.5/5/10 % × 3.0 mmol) of FeCl3·6H2O were added to 3.0 ×
(1 − X) mmol NiCl2·6H2O, 1.5 mmol trimesic acid, and 3.0 g
of PVP. The other steps are the same as in the synthesis of
Ni@NC. Finally, the Fe (1/2.5/5/10%)-Ni@NC was
obtained.

Material Characterization. XRD patterns were detected
on a DX2700 equipment (Dandong, China). SEM experiments
were performed on a JSM-7001F (JEOL, Tokyo, Japan)
microscope. TEM images were acquired on a JEM-2100F
microscope with an accelerating voltage of 200 kV (JEOL,
Tokyo, Japan). XPS was performed on an ESCALABMK II
spectrometer. The analyses of XPS data were completed with
XPSPEAK. The charge correction was performed using the
binding energy of C 1s (284.8 eV) as the reference. Before
fitting, a proper baseline was added to the spectra. The
following protocols were obeyed during peak fitting. According
to the standard library, the distances were fixed for two peaks
of the same chemical state and the half peak width was kept
consistent. All peak positions were determined from the
literature. Finally, each area was carefully adjusted to make the
fitted data close to raw data.

Electrochemical Measurements. The electrochemical
testing instrument is an electrochemical workstation (VSP-300,
BioLogic, France). It adopts a three-electrode system: the
catalyst-loaded glassy carbon electrode (0.07065 cm−2),
platinum wire, and Hg/HgO electrode are the working
electrode, counter electrode, and reference electrode, respec-
tively. iR correction was applied to all the LSV curves, and all
potentials were converted into the RHE.

= + +E E 0.098 V 0.0592pHRHE Hg/HgO

Preparation of the catalyst ink: 5 mg of the catalyst was
spread in a 1 mL solution (the volume ratio of ethanol and
water is 1:1) containing 20 μL of Nafion, which was then
sonicated for several hours to obtain a uniformly dispersed
catalyst ink. The working electrode was prepared by dropping
5 μL of ink on the glassy carbon electrode. EIS test was
performed at open-circuit voltage with an amplitude of 5 mV
and frequencies ranging from 106 to 0.01 Hz.
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