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ABSTRACT: Exploring non-noble and high-efficiency electrocatalysts is
critical to large-scale industrial applications of electrochemical water splitting.
Currently, nickel-based selenide materials are promising candidates for oxygen
evolution reaction due to their low cost and excellent performance. In this
work, we report the porous nickel−iron bimetallic selenide nanosheets
((Ni0.75Fe0.25)Se2) on carbon fiber cloth (CFC) by selenization of the ultrathin
NiFe-based nanosheet precursor. The as-prepared three-dimensional oxygen
evolution electrode exhibits a small overpotential of 255 mV at 35 mA cm−2

and a low Tafel slope of 47.2 mV dec−1 and keeps high stability during a 28 h
measurement in alkaline solution. The outstanding catalytic performance and
strong durability, in comparison to the advanced non-noble metal catalysts, are
derived from the porous nanostructure fabrication, Fe incorporation, and
selenization, which result in fast charge transportation and large electrochemi-
cally active surface area and enhance the release of oxygen bubbles from the
electrode surface.
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■ INTRODUCTION

With excessive consumption of fossil fuels, great effort has been
made to develop renewable energy sources.1 The clean and
unlimited hydrogen for fuel cells and other energy-related
storage devices can be produced through electrochemical water
splitting (2H2O → 2H2 + O2).

2,3 Oxygen evolution reaction
(OER; 4OH− → O2 + 2H2O + 4e− in base and 2H2O → O2 +
4H+ + 4e− in acid) is a significant half-reaction during water
splitting. However, OER is a kinetically sluggish process with
high overpotential both in acidic and basic media, because it
includes multistep proton-coupled electron transfer and the
formation of O−O bond.4,5 Thus, highly efficient catalysts for
accelerating the reaction are in great demand. As we know,
precious metal-based catalysts, such as Pt, Ru, Ir, RuO2, and
IrO2, have been widely studied and lots of impressive
achievements have been realized, whereas the low abundance,
high cost, and poor long-term stability largely prevent their
widespread applications.6,7 Therefore, it is still a tremendous
challenge to find catalysts with desirable characteristics such as
high electrocatalytic activity, excellent durability, and earth
abundance.
Electrocatalyts based on first-row transition metals (Mn, Fe,

Co, and Ni, etc.) have been widely studied, and most of them
are considered as promising candidates for OER.8−10 Among
them, Ni-based catalysts are extensively investigated due to
their considerable electrocatalytic performance. However, their
catalytic performance is limited by their poor electronic

conductivity and instability.11−13 In order to obtain highly
efficient catalysts for OER, there are several general rules which
need to be followed. One common strategy involves the
rational morphology control to improve the electrochemical
reaction interface. For instance, the construction of nano-
wires,14−17 nanotubes,18,19 nanosheets,20,21 and porous nano-
structures22 can increase the electrochemically active surface
area (ECSA) and promote mass diffusion during electro-
catalytic process. Another effective strategy aims to optimize
the electronic conductivity and tune the electronic structures of
catalytic centers. For example, introducing graphene,10,13,23−25

CNTs,26 and so on or using metal sulfuration,17 seleniza-
tion,14,18,22,27,28 nitridation,29 phosphorization,30,31 and certain
metal incorporation18,32 are effective ways. Notably, active
materials directly grown on three-dimensional (3D) conductive
substrates can also further enhance their electrocatalytic
properties. The 3D free-standing OER electrode can observably
promote the release of oxygen bubbles from the surface,
facilitate electrolyte penetration, and increase conductivity
without binder.18,21,33,34 Xu et al. reported metallic Ni3N
nanosheets for the first time, which exhibited a small Tafel
slope (41 mV dec−1) and high current density (52.3 mA cm−2)
at a low overpotential (350 mV). The better performance was
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mainly on account of the metal-like conductivity and more
active sites derived from the disorderd structure.29 Ma et al.
showed that hybrid Co3O4−carbon porous nanowire arrays
grown on Cu foil possessed a stable current density of 10 mA
cm−2 at 1.52 V and an onset potential of 1.47 V for OER in 0.1
M KOH solution.16 Xia et al. presented the metallic (Ni,
Co)0.85Se nanotube arrays grown on carbon fiber cloth (CFC),
displaying a considerably low overpotential of 255 mV for OER
at 10 mA cm−2 in 1 M KOH solution.18 However, the efficiency
of electrocatalysts mentioned above still needs to be raised to a
higher level.
In the present work, we report a facile method to synthesize

porous (Ni0.75Fe0.25)Se2 nanosheets on flexible and conductive
CFC (Figure 1). First, the ultrathin NiFe-based nanosheet
precursor is synthesized through a general solvothermal
method,34,36,37 and then the porous (Ni0.75Fe0.25)Se2 nano-
sheets are achieved through direct selenization of the precusor
by a secondary hydrothermal process.22,35 The as-synthesized
porous (Ni0.75Fe0.25)Se2 nanosheets exhibit excellent electro-
catalytic activity compared to those of Ni-based nanosheet
precursor, NiFe-based nanosheet precursor, and porous NiSe2
nanosheets. The performance of the (Ni0.75Fe0.25)Se2 nano-
sheets can be attributed to the porous nanostructure, good
electronic conductivity, and large electrochemically active
surface area derived from the Fe incorporation and selenization.

■ EXPERIMENTAL SECTION
Nickel(II) nitrate hexahydrate (Ni(NO3)2·6H2O, >98%), iron(III)
nitrate nonahydrate (Fe(NO3)3·9H2O, >98.5%), ammonium fluoride
(NH4F, >96%), urea (CH4N2O, >99%), ethylene glycol (C2H6O2,
>99%), sodium tetrahydroborate (>90%), and selenium (>99%) were
purchased from Sinopharm Chemical Reagent Co., Ltd., 5 wt %
Nafion solution was purchased from Sigma-Aldrich, and commercial
IrO2 (99.9% Ir) was purchased from Macklin Reagent. Carbon fiber
cloth (CFC) was purchased from Shanghai He Seng Electric Co., Ltd.
Synthesis of the Ultrathin NiFe-Based Nanosheet Precursor.

In a typical synthesis, 0.75 mmol of Ni(NO3)2·6H2O, 0.25 mmol of
Fe(NO3)3·9H2O, 4 mmol of NH4F, and 6 mmol of CO(NH2)2 were
dissolved in 24 mL of deionized water (18.2 MΩ·cm). The solution
was vigorously stirred for 20 min to form a clear solution; then 12 mL
of ethylene glycol (EG) was added into the solution. After stirring for
15 min, the mixed solution was transferred into a 50 mL Teflon-lined
autoclave. A piece of CFC (2.5 cm × 5 cm) was immersed into the
autoclave and heated at 120 °C for 12 h. After cooling to room
temperature, the substrate was washed with deionized water and
ethanol and dried at 60 °C under vacuum. Mass loading of NiFe-based
nanosheet precursor is ∼0.82 mg cm−2.

Conversion of Ultrathin NiFe-Based Nanosheet Precursor
into Porous (Ni0.75Fe0.25)Se2 Nanosheets. A 1.0 mmol amount of
NaBH4 and 0.5 mmol of Se powder were dissolved in 3 mL of
deionized water. After the Se powder was dissolved and formed a clear
solution, 32 mL of deionized water was added into the solution. A
piece of CFC (2.5 cm × 4 cm) covered with ultrathin NiFe-based
nanosheets was immersed into the solution for 1 h and then
transferred into a 50 mL Teflon-lined autoclave. The autoclave was
heated at 180 °C for 24 h and then cooled to room temperature. The
substrate was washed and dried at 60 °C under vacuum for 12 h. Mass
loading of (Ni0.75Fe0.25)Se2 is ∼1.5 mg cm−2.

Synthesis of the Ultrathin Ni-Based Nanosheet Precursor
and Porous NiSe2 Nanosheet. The synthesis process was the same
as the above-mentioned one without adding Fe(NO3)3·9H2O. A 1
mmol amount of Ni(NO3)2·6H2O was used. Mass loading of Ni-based
nanosheet precursor and NiSe2 is ∼0.86 and 1.4 mg cm−2, respectively.

Preparation of IrO2/CFC Electrode. A 10 mg amount of IrO2
was dispersed in a mixed isopropanol (750 μL) and deionized water
(200 μL) solution, and then 50 μL of Nafion solution (5 wt %) was
added. Sonication for 1 h was needed to form a relatively
homogeneous suspension. Afterward, 150 μL of catalyst ink was
loaded on the CFC (IrO2 mass loading is 1.5 mg cm−2).

Material Characterizations. XRD patterns were collected by a
Bruker D8 Discover X-ray diffractometer with a Cu Kα X-ray (λ =
1.5418 Å) at room temperature. The morphologies of the samples
were characterized with scanning electron microscopy (SEM, JEOL-
7100F) at an acceleration voltage of 15 kV, transmission electron
microscopy (TEM), and high-resolution TEM (HRTEM) images were
recorded by a JEM-2100F microscope. EDS elemental mapping was
recorded by an Oxford EDS IE250 system. X-ray photoelectron
spectroscopy (XPS) analysis was done on VG Multilab 2000.
Brunauer−Emmett−Teller (BET) surface area was measured by
using a Tristar II 3020 instrument. The Ni/Fe ratio in the sample was
characterized by inductively coupled plasma (ICP) test with the
PerkinElmer Optima 4300DV spectrometer.

Electrochemical Measurements. The OER measurements were
conducted at room temperature (25 °C) with a standard three
electrode system (the counter electrode was platinum wire, and the
reference electrode was saturated calomel electrode) and recorded
using a CHI 760d electrochemical workstation. OER measurements
were made in a 1 M KOH electrolyte solution with the active materials
supported on the substrate at a scan rate of 5 mV s−1. Linear sweep
voltammetry (LSV) was measured from 0 to 0.8 V vs saturated
calomel electrode at a scan rate of 5 mV s−1. Electrochemical
impedance spectrum (EIS) was recorded at 1.6 V vs RHE over a
frequency range from 105 to 0.01 Hz.

■ RESULTS AND DISCUSSION

Crystal information on the as-synthesized samples are
investigated by X-ray diffraction. The XRD patterns of Ni-

Figure 1. Schematic illustration of the synthesis procedures for porous (Ni0.75Fe0.25)Se2 nanosheets on CFC.
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based and NiFe-based nanosheet precursors are displayed in
Supporting Information Figures S1 and S2, respectively. The
peaks of Ni-based nanosheet precursor closely match
Ni5(CO3)4(OH)2·4.5H2O (JCPDS Card No. 00-046-1398;
monoclinic phase), and NiFe-based nanosheet precursor can
be indexed to the layer double hydroxide (LDH) for
Ni0.75Fe0.25(CO3)0.125(OH)2·0.38H2O (JCPDS Card No. 00-
040-0215; rhombohedral phase; a = b = 3.08 Å, c = 23.34 Å, α
= β = 90°, and γ = 120°). The XRD patterns of porous selenide
nanosheets are shown in Figure 2a and Figure S3a. The
diffraction peaks of Ni-based porous selenide nanosheets can be
indexed to cubic NiSe2 (JCPDS Card No. 03-065-5016; cubic
phase; a = b = c = 5.961 Å, and α = β = γ = 90°; Pa3). The
XRD pattern of NiFe-based porous selenide nanosheets is
almost the same as that of NiSe2, which means that the Fe
element would have occupied certain positions of Ni in NiSe2-
like crystalline without structural change. From the comaprison
of the peak positions, the relative intensity of the peaks at
30.04° and 33.71° of NiSe2 are lower than those in the pattern
of (Ni0.75Fe0.25)Se2 (Figure S4). This may be attributed to Fe
incorporation. Fe element occupies the Ni lattice sites of NiSe2
and causes the intensity changes. The actual elemental
composition of NiFe-based porous selenide nanosheets is
determined by ICP (Table S1), which shows that the molar
ratio of Ni:Fe:Se is 2.91:1:8.54. The Ni:Fe ratio is consistent
with that of the original NiFe-based nanosheet precursor, while
the much more molar content of Se is derived from SeO2
formed during the selenization process. SeO2 can be dissolved
in basic solution during the process of electrochemical
activation without any further effect to the electrocatalytic
performance. The formula of NiFe-based porous selenide
nanosheets can be denoted as (Ni0.75Fe0.25)Se2.
In order to obtain the morphology and microstructural

information on the as-synthesized nanosheet precursors and
porous nanosheets, detailed microscopic characterizations are
performed. As shown in SEM images (Figure 2b,c and Figure
S5), the nickel−iron selenide nanosheets clearly exhibit many
pores on the rough surface. Actually, the porous nanosheets
consist of a large number of small particles, which can be fully
exposed to the electrolyte with high surface area. There is a big
phase shift between cubic phase and rhombohedral phase

together with the removal of carbonate and hydroxyl during the
selenization process. The porous nanostructure may be caused
by strain release due to the crystal mismatch after phase
conversion. The conversion reaction can be written as reaction
2 together with the NaHSe formation reaction (reaction 1).
This is similar to previous studies.22,35

+ +

→ + +

2Se 4NaBH 7H O

2NaHSe Na B O 14H (g)
4 2

2 4 7 2 (1)

· +

→ + +

+ +

Ni Fe (CO ) (OH) 0.38H O 2NaHSe

(Ni Fe )Se 1.75NaOH 0.125Na CO

0.63H O 0.875H (g)

0.75 0.25 3 0.125 2 2

0.75 0.25 2 2 3

2 2 (2)

In comparison, the nickel selenide nanosheets show smaller
pores and cracks on its relatively smooth surface (Figures S3
and S5d). As shown in Figure S7, the porous (Ni0.75Fe0.25)Se2
nanosheets possess a surface area of 60.3 m2 g−1, which is much
higher than those of the NiFe-based nanosheet precursor (24.2
m2 g−1), the porous NiSe2 nanosheets (20.5 m2 g−1), and the
Ni-based nanosheet precursor (16.1 m2 g−1). The lattice space
is measured to be 0.26 nm (Figure 2e) in the HRTEM image,
which is in agreement with the (210) plane of cubic NiSe2
(Figure S3g). This result further confirms that (Ni0.75Fe0.25)Se2
and NiSe2 have the same crystal structure except for
substitution of Ni by Fe element. The EDS mappings (Figure
2f) further reveal that Ni, Fe, and Se are homogeneously
distributed on the nanosheets. In addition, the corresponding
characterizations of commercial precious metal oxide IrO2
catalyst have also been done. As shown in Figure S6a, the
diffraction peaks can be indexed to IrO2 (JCPDS Card No. 01-
088-0288). SEM images (Figure S6c) reveal that IrO2 consists
of nanoparticles. This morphology contributes a high surface
area of 139.8 m2 g−1 (Figure S6b), which provides a high
surface exposure of active sites for the OER. The lattice spaces
are measured to be 0.26 and 0.32 nm from the HRTEM image
(Figure S6d), which is in agreement with the (101) and (110)
planes of IrO2. The polycrystalline nature of the particles is
confirmed by the selected area electron diffraction (SAED)
pattern (Figure S6d, inset).

Figure 2. (a) XRD pattern of porous (Ni0.75Fe0.25)Se2 nanosheets on CFC. (b, c) SEM, (d) TEM, and (e) HRTEM images and (f) the
corresponding elemental mapping of porous (Ni0.75Fe0.25)Se2 nanosheets on CFC.
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The surface element chemical states of the samples are
determined by XPS analysis (Figure 3 and Figure S8). For

(Ni0.75Fe0.25)Se2, the Ni 2p XPS spectrum (Figure 3a) shows
that the peaks at 853.45, 855.84, 870.58, and 873.88 eV
correspond to Ni2+2p3/2, Ni

3+ 2p3/2, Ni
2+ 2p1/2, and Ni3+ 2p1/2,

respectively. Meanwhile, the satellite peaks are preserved in the
Ni 2p region.18,28 The appearance of the peaks at 857.53 and
876.68 eV may be attributed to γ-NiOOH on the surface, which
is a significant active phase for OER in the Ni-based catalysts.38

In the Fe 2p XPS spectrum (Figure 3b), the binding energy
peaks at 705.78 and 712.52 eV are attributed to Fe2+ 2p3/2 and
Fe3+ 2p3/2 signals, respectively.26,39 The ratio of Fe3+:Fe2+ is
∼1.7. In addition, the peak fitting of Se 3d shows that peaks at
54.95 and 55.78 eV correspond to Se 3d5/2 and Se 3d3/2 (Figure
3c). The peaks at 59.2 and 59.7 eV are attributed to Se−O
bonding structures which confirm the surface oxidation of Se
species (SeO2).

18,39 The O 1s peak at 530.96 eV is attributed to
oxygen in -OH groups which increases the hydrophilicity of the
electrode (Figure 3d).18,34

The electrocatalytic OER activities of the products are
measured with a standard three electrode system in 1 M KOH.
As comparison, the CFC substrate and the benchmark IrO2
(deposited on CFC with the same mass loading) are also tested
in the same condition. Figure 4a shows the iR-corrected LSV
curves of as-prepared and control samples at a scan rate of 5
mV s−1. As shown in Figure 4a, the current density of the bare
CFC control sample is almost zero even with the increase of
potential, which means that the bare CFC has no contribution
to the OER activity. Meanwhile, all of the as-prepared samples
exhibit considerable OER activity and certain oxidation
reactions are observed before the onset of OER. For the Ni-
based nanosheet precursor, an anodic peak can be observed at
1.42 V (vs reversible hydrogen electrode, RHE), which
corresponds to the reversible reactions of Ni(II)/Ni(III).
Upon selenization, the corresponding peak of NiSe2 shifts to
lower position of 1.39 V vs RHE. The same phenomenon can
be seen in NiFe-based samples. The anodic peak shifted from
1.47 to 1.45 V vs RHE after the selenization of NiFe-based
nanosheet precursor. The oxidation peaks of selenides are

broadened and shifted toward negative direction, suggesting
that the catalysts possess low polarization. The redox potential
shift may be attributed to the strength of charge transfer after
selenization. Electrode materials will possess low polarization
with more favorable charge transport kinetics. This can be
drawn from previous studies.14,47,48 It should be pointed out
that there is a positive shift in the redox potential for NiFe-
based samples compared with Ni-based samples. It indicates
that the electrochemical oxidation of Ni(OH)2 to NiOOH is
suppressed by the presence of Fe, which is also observed in
previous studies.40−42 It seems more difficult to oxidize Ni2+ to
Ni3+ with Fe incorporation, which needs more oxidizing energy,
and thus possibly strengthen OER kinetics. The enhanced
performance after selenization and Fe incorporation is clearly
shown from the LSV (Figure 4a). Specifically, porous NiSe2
nanosheets exhibit an overpotential of 323 mV at the current
density of 10 mA cm−2. Meanwhile, the overpotential of Ni-
based nanosheet precursor is located at 368 mV at the same
current density of 10 mA cm−2. At a higher current density of
35 mA cm−2, porous (Ni0.75Fe0.25)Se2 nanosheets exhibit a
lower overpotential of 255 mV, which is 57 mV less than that of
the benchmark IrO2 on CFC. In comparison, the overpotential
of NiFe-based nanosheet precursor is 281 mV at the same
current density. Moreover, even at a much larger current
density (such as 100 mA cm−2), the overpotential of porous
(Ni0.75Fe0.25)Se2 nanosheets is still as low as 277 mV. In
comparison, the porous NiSe2 nanosheets exhibit significantly
inferior OER activity which reveals that the high catalytic
activity is due to the synergistic effect between nickel and iron
in the selenides.40,42,44 Mass activity is a relatively suitable
activity parameter as reported by Fabbri et al.46 The mass
activity of the (Ni0.75Fe0.25)Se2, NiFe-based nanosheet
precursor, NiSe2, Ni-based nanosheet precursor, and IrO2
catalysts at 1.6 V vs RHE is shown in Figure S14. The results
reveal the same trends in catalytic activity as the LSV curves.
The Ni/Fe ratio of nickel−iron selenide is 3, which is

Figure 3. High-resolution (a) Ni 2p, (b) Fe 2p, (c) Se 3d, and (d) O
1s XPS spectra for porous (Ni0.75Fe0.25)Se2 nanosheets.

Figure 4. Electrochemical performances of Ni-based nanosheet
precursor, porous NiSe2 nanosheets, NiFe-based nanosheet precursor,
and porous (Ni0.75Fe0.25)Se2 nanosheets for OER. (a) iR-corrected
polarization curves in 1 M KOH solution at 5 mV s−1. (b)
Corresponding Tafel plots. (c) Charging current density differences
plotted vs scan rates. The linear slope is twice that of the Cdl. (d)
Chronopotentiometric curves of Ni-based nanosheet precursor and
porous NiSe2 nanosheets at 15 mA cm−2, and NiFe-based precursor
and porous (Ni0.75Fe0.25)Se2 nanosheets at 35 mA cm−2.
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consistent with the outstanding bimetallic (Ni, Fe) catalysts in
previous studies.43,44

The OER kinetics is estimated by the Tafel slope (Figure
4b). The Tafel slopes are 47.2, 66.2, 83.6, 86.0, and 63.3 mV
dec−1 for porous (Ni0.75Fe0.25)Se2 nanosheets, NiFe-based
nanosheet precursor, porous NiSe2 nanosheets, Ni-based
nanosheet precursor, and IrO2, respectively. The porous
(Ni0.75Fe0.25)Se2 nanosheets exhibit the smallest Tafel slope,
which implies more favorable reaction kinetics during the OER
process than the other samples. The improved kinetics is
attributed to the richer active sites on the porous nanostructure,
which can further be confirmed by the ECSA. The ECSA is
evaluated through electrochemical double layer capacitance
(Cdl). As shown in Figure 4c and Figure S9, it can be observed
that porous (Ni0.75Fe0.25)Se2 nanosheets have the largest Cdl
value (about 30.2 mF cm−2 at a potential window of 0.15−0.25
V vs saturated calomel electrode) when compared with the
other products (16.4 mF cm−2 for NiFe-based precursor, 4.1
mF cm−2 for porous NiSe2 nanosheets, 3.3 mF cm−2 for Ni-
based precursor, and 1.4 mF cm−2 for CFC). The Cdl value of
CFC is very small and can be ignored compared with
(Ni0.75Fe0.25)Se2 catalyst. The (Ni0.75Fe0.25)Se2 catalyst with
porous nanostructure has a larger ECSA, revealing that the
number of active sites for catalyzing the oxygen evolution
reaction are increased obviously after Fe incorporation and
selenization. The porous nanostructure formed by the trans-
formation from ultrathin NiFe-based nanosheet precursor
brings larger contact area between oxygen electrode and
electrolyte, and the mass transport is enhanced. Meanwhile, the
active sites can be abundantly exposed to the electrolyte. In
addition, the charge transport kinetics would have been
strengthened by the selenization process. This can be
concluded from the EIS (Figure 5), which indicates that the

porous (Ni0.75Fe0.25)Se2 nanosheets exhibit the lowest charge
transfer resistance (Rct) in comparison with the other samples
(Table S4). It is worth mentioning that a low Rct can endow an
efficient pathway for electron transportation on the interface
between electrode and electrolyte.18

Besides the improved electrocatalytic performance discussed
above, it should be noted that the durability of the electrodes is
also an important factor to evaluate the oxygen evolution
performance. As shown in Figure 4d, the stability of NiFe-based
precursor and porous (Ni0.75Fe0.25)Se2 nanosheets is tested at a
constant current density of 35 mA cm−2 by chronopotentio-
metric measurement. In comparison, the stability of Ni-based
precursor and porous NiSe2 nanosheets is tested at a current
density of 15 mA cm−2. Obviously, the (Ni0.75Fe0.25)Se2

nanosheets possess superior stability. This is probably due to
the more obvious porous nanostructure (consists of a large
number of small particles) and larger surface area in
comparison with other samples, which can minimize the gas
bubble growth and promote the detachment of small bubbles
from the electrode. The electron transfer is temporarily blocked
when the surface of the catalyst is covered by gas bubbles. That
will generate a high local current density and damage the
structure of the catalyst, which may result in materials loss from
the electrode during the stability test.46 In fact, the nickel−iron
bimetallic selenide has a superior catalytic activity in
comparison with non-noble metal catalysts as previously
reported (Table S5).
The composition of selenide catalysts after OER electrolysis

was probed by XPS and ICP measurement. As shown in Figure
S10a, the high-resolution Ni 2p XPS spectrum exhibits two
peaks at 855.18 and 872.92 eV, corresponding to the Ni3+ 2p3/2
and Ni3+ 2p1/2 binding energies, respectively. The appearance
of the peaks at 857.41 and 874.79 eV can be attributed to
oxyhydroxide.14,18,38 The valence state of nickel changes during
the OER process, which varies from mixed valence (Ni2+/Ni3+)
to +3. The high-resolution Fe 2p spectrum displays two peaks
at 705.82 and 712.64 eV, corresponding to the Fe2+ 2p3/2 and
Fe3+ 2p3/2 binding energies, respectively (Figure S10b). In the
meantime, it reveals that the ratio of Fe3+and Fe2+ increases
from 1.7 to 4.3 after OER. This indicates that Fe2+ species is
also oxidized during OER electrolysis. In addition, the peak
intensity of O 1s increases (Figure S10d,e). Some selenide
species still remain on the catalyst surface, which can be
attributed to (Ni0.75Fe0.25)Se2. All of this information suggests
that most of the surface of (Ni0.75Fe0.25)Se2 is oxidized into
oxyhydroxides. It probably generates Ni1−xFexOOH on the
surface, which corresponds to the reaction (Ni1−xFex)

2+ +
3OH− → Ni1−xFexOOH + H2O + e−. This is similar to other
Fe-doped Ni-based catalysts in previous studies.40,41,44 The
Ni1−xFexOOH/(Ni0.75Fe0.25)Se2/CFC serves as the real active
sites in the electrolysis. Meanwhile, (Ni0.75Fe0.25)Se2 can play a
significant role in maintaining the electronic conductivity
between the electrode and active oxyhydroxide layer and thus
provides an effective electron path, which contributes to the
great OER activity. Moreover, the XRD pattern of
(Ni0.75Fe0.25)Se2 after OER electrolysis exhibits broad peaks
(Figure S12). This means the catalyst has low crystallinity and
some structure changes occur after OER test, while the ratio of
Ni and Fe has no change during the OER process (Figure S13
and Table S1−S3). The reason for the loss of Se may be
attributed to the oxidation process. In comparison, the XPS
characterization of post-OER NiSe2 has also been done, which
shows results similar to those of (Ni0.75Fe0.25)Se2 (Figure S11).
Furthermore, Trotochaud et al. reported that Fe increases the
conductivity of NiOOH, which might result in the enhanced
activity of Ni1−xFexOOH relative to NiOOH.44 It may exert a
partial charge transfer activation between Ni and Fe and modify
the electronic properties of the Ni centers. Friebel et al.
provided operando X-ray absorption spectroscopy (XAS)
measurements to prove that Fe acts as the OER active site in
(Ni, Fe) oxyhydroxide catalysts.45 Combined with the above
information, it is clear that the Fe incorporation plays an
important role in the bimetallic (Ni, Fe) catalysts, which can
significantly increase the electrocatalytic activity for OER.

Figure 5. Nyquist plots of Ni-based precursor, NiSe2, NiFe-based
precursor, and (Ni0.75Fe0.25)Se2 at 1.6 V vs RHE, respectively.
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■ CONCLUSIONS

In this work, porous (Ni0.75Fe0.25)Se2 nanosheets uniformly
grown on CFC were successfully synthesized by direct
conversion of NiFe-based nanosheet precursor. This oxygen
evolution electrode exhibits efficient catalytic activity during
OER: a small overpotential of ∼255 mV at a current density of
35 mA cm−2; a Tafel slope as low as 47.2 mV dec−1; and
excellent durability. The impressive performance of the nickel−
iron bimetallic selenide is attributed to the porous nanostruc-
ture, good electronic conductivity, and high electrochemically
active surface area derived from the Fe incorporation and
selenization. The porous nanosheets consist of a large number
of small particles, which can be fully exposed to the electrolyte
with high surface area. Meanwhile, it can facilitate oxygen
bubbles release from the electrode surface and prevent them
from clustering and harming the catalysts. During the OER
process, the Ni2+ and Fe2+ in the (Ni0.75Fe0.25)Se2 are oxidized
into higher valence. It probably generates Ni1−xFexOOH on the
surface, which serves as the real active material in the
electrolysis. Meanwhile, the good conductivity of (Ni0.75Fe0.25)-
Se2 contributes to the high-efficiency electron transport
between electrode and reactive sites. Therefore, our work
provides a simple and effective strategy to prepare nickel−iron
bimetallic selenide with porous nanostructure, which would be
beneficial for constructing a cost-effective and highly efficient
bimetallic OER electrode.
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Bein, T.; Fattakhova-Rohlfing, D. Iron-Doped Nickel Oxide Nano-
crystals as Highly Efficient Electrocatalysts for Alkaline Water Splitting.
ACS Nano 2015, 9, 5180−5188.
(42) Corrigan, D. A. The Catalysis of the Oxygen Evolution Reaction
by Iron Impurities in Thin Film Nickel Oxide Electrodes. J.
Electrochem. Soc. 1987, 134, 377−384.
(43) Burke, M. S.; Zou, S.; Enman, L. J.; Kellon, J. E.; Gabor, C. A.;
Pledger, E.; Boettcher, S. W. Revised Oxygen Evolution Reaction
Activity Trends for First-Row Transition-Metal (Oxy)hydroxides in
Alkaline Media. J. Phys. Chem. Lett. 2015, 6, 3737−3742.
(44) Trotochaud, L.; Young, S. L.; Ranney, J. K.; Boettcher, S. W.
Nickel-Iron Oxyhydroxide Oxygen-Evolution Electrocatalysts: The
Role of Intentional and Incidental Iron Incorporation. J. Am. Chem.
Soc. 2014, 136, 6744−6753.
(45) Friebel, D.; Louie, M. W.; Bajdich, M.; Sanwald, K. E.; Cai, Y.;
Wise, A. M.; Cheng, M.; Sokaras, D.; Weng, T.; Alonso-Mori, R.;
Davis, R. C.; Bargar, J. R.; Nørskov, J. K.; Nilsson, A.; Bell, A. T.
Identification of Highly Active Fe Sites in (Ni,Fe)OOH for
Electrocatalytic Water Splitting. J. Am. Chem. Soc. 2015, 137, 1305−
1313.
(46) Fabbri, E.; Habereder, A.; Waltar, K.; Kötz, R.; Schmidt, T. J.
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