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Although recent studies on the oxygen evolution reaction (OER) have

achieved great progress, it remains a great challenge to achieve

a smaller overpotential at high current density. In order to further

improve the performance of the OER, we adopted a novel method to

load Fe nanoparticles on a Ni3S2 nanoplate array grown on nickel foam

(Fe NPs-Ni3S2 NA/NF) which formed an amorphous structure. In

particular, this catalyst exhibited an overpotential of 206mV at 150mA

cm�2, outmatching most non-noble OER catalysts reported so far; it

also operates smoothly in various stability tests.
Introduction

Hydrogen fuel, as a clean-energy resource with zero greenhouse
gas emissions and high energy density, is widely regarded as
a promising alternative to traditional fossil fuels.1–4 Electro-
chemical water splitting is one of the most efficient, sustain-
able, economic and non-polluting approaches to produce
hydrogen energy.5–7 Unfortunately, the oxygen evolution reac-
tion (OER) is the rate-determining step due to its slow
kinetics.8–10 Over the past decade, the most active state-of-the-
art OER catalysts have been compounds containing noble
metals (such as IrO2 and RuO2). However, their application has
been hindered because of their high cost and relative scar-
city.11–13 Therefore, exploring low-cost and ultra-efficient OER
electrocatalysts is critical for future development.14–18

At present, NiSx (e.g., NiS, NiS2, and Ni3S2) have attracted
much attention due to their intrinsic metallic behaviors with
high conductivity.19–25 But NiSx exhibit poor performance in
terms of bad stability and high overpotential (h) for water
neering, Qufu Normal University, Qufu,

liquhn@hotmail.com

icultural Applied Chemistry, College of

anchang 330045, P. R. China. E-mail:

SI) available: Experimental section and
d0se01088j

20, 4, 5498–5502
splitting under alkaline conditions.26,27 Typically, the doping of
metal elements and the construction of heterostructures are
considered to be the two most effective strategies for improving
the catalytic performance.15,28,29 However, the optimized cata-
lytic performance still cannot meet the actual production needs
of enterprises. In order to further improve the activity of the
catalyst, the construction of an amorphous Ni-based catalyst by
introducing foreign elements has attracted our attention. The
incorporation of foreign elements will lead to a relatively
disordered structure, which has a larger surface area and lower
steric hindrance for the adsorption and desorption of hydrogen/
oxygen-containing substances.30–32 Moreover, the amorphous
structure formed by the introduction of foreign elements has
the inherent structural characteristics of long-range disorder
and short-range order and has abundant defects and active
sites.33–35 In recent years, catalysts containing nickel and iron
have exhibited excellent oxygen evolution reaction perfor-
mance.36–40 Although the function of iron (Fe) is still contro-
versial, the presence of Fe is very important for high activity.41

Studies have shown that the presence of Fe can lead to amor-
phous characteristics.42,43 The loading of an appropriate
number of Fe nanoparticles can optimize the local electronic
conguration of the Ni-based active center, thereby making the
catalyst more reactive.44,45 Therefore, we speculate that loading
Fe nanoparticles on NiSx will greatly improve the performance
of the OER, but no catalysts have been reported.

In this work, Fe nanoparticles loaded on a Ni3S2 nanoplate
array grown on nickel foam (Fe NPs-Ni3S2 NA/NF) was success-
fully synthesized via a three-step procedure including a two-step
thermal process and a one-step NaBH4 reduction (Scheme 1). In
order to prevent Fe nanoparticles from being oxidized by air,
reduction of Fe(III) ions was carried out in a nitrogen atmo-
sphere. We successively adjusted the reduction time of trivalent
iron to 5, 10, 15 and 20 minutes, and the resultant products
were referred to as Fe NPs-Ni3S2 NA/NF-5, Fe NPs-Ni3S2 NA/NF-
10, Fe NPs-Ni3S2 NA/NF-15 and Fe NPs-Ni3S2 NA/NF-20,
respectively. Fe NPs-Ni3S2 NA/NF-10 exhibits excellent OER
performance and it only requires 206 mV to drive 150 mA cm�2
This journal is © The Royal Society of Chemistry 2020
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Scheme 1 Schematic illustration of the synthesis process for the Fe
NPs-Ni3S2 NA/NF.
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for the OER. In addition, Fe NPs-Ni3S2 NA/NF-10 presents good
long-term electrochemical durability with the maintenance of
its catalytic activity for at least 30 h at a current density of 80 mA
cm�2. In addition, this catalyst achieves a high turnover
frequency (TOF) of 0.123 mol O2 s�1 at an overpotential of
300 mV.
Results and discussion

The structure and morphology of the as-prepared Ni3S2 nano-
sheet array on Ni foam (Ni3S2 NA/NF) and Fe NPs-Ni3S2 NA/NF-
10 nanosheets can be observed by scanning electron
Fig. 1 SEM image of (a) Ni3S2 NA/NF and (b) Fe NPs-Ni3S2 NA/NF-10.
TEM image of (c) Ni3S2 and (d) Fe NPs-Ni3S2 NA/NF-10. HRTEM image
of (e) Ni3S2 nanosheets and (f) Fe NPs-Ni3S2 NA/NF-10 nanosheets.

This journal is © The Royal Society of Chemistry 2020
microscopy (SEM) and transmission electron microscopy
(TEM), respectively. Fig. 1a and c show that the prepared Ni3S2/
NF with fewer pores has a sheet-like shape where the nano-
sheets are unavoidably stacked together, hindering the contact
with the electrolyte. In comparison, Fe NPs-Ni3S2 NA/NF-10
newly forms a large number of wrinkled nanosheets with
a smaller size in the nanoscale range, where the surface is
rougher and the pores are more numerous (Fig. 1b and d).
Therefore, in the process of loading Fe nanoparticles on Ni3S2
NA/NF, the stacked large sheets are broken into relatively
dispersed small sheets, which increases the surface area and
greatly increases the number of active sites. In addition, Fig. S1†
displays the SEM image of Fe NPs-Ni3S2 NA/NF-10, suggesting
that numerous nanoparticles are present in the structure. The
energy-dispersive X-ray (EDX) elemental mapping images of Fe
NPs-Ni3S2 NA/NF-10 verify the uniform distribution of Ni, Fe
and S elements (Fig. S2†). In addition, to eliminate the inter-
ference of Ni foam, we also measured the element content
(Fig. S3†). The mass ratio of Fe : Ni is conrmed by inductively
coupled plasma mass spectrometry (ICP-MS). The atomic ratio
of Ni : Fe is identied to be around 8 : 1 (Table S1†). The high-
resolution transmission electronmicroscopy (HRTEM) image in
Fig. 1e conrms the formation of Ni3S2 nanosheets with obvious
crystalline character. The lattice fringe spacing of 0.28 and
0.23 nm can be ascribed to the (110) and (003) planes of Ni3S2
(JCPDS no. 76-1870). Aer Fe nanoparticles were introduced, Fe
NPs-Ni3S2 NA/NF-10 became an amorphous structure, the long-
range atomic arrangement was disrupted, and the quantity of
defect sites increased (Fig. 1f). The SAED pattern of Ni3S2 NA/NF
(Fig. S4a†) shows diffraction spots, which suggests a crystalline
nature. In contrast, the SAED pattern of Fe NPs-Ni3S2 NA/NF-10
(Fig. S4b†) suggests weak crystallinity. We attribute this to the
Fe induced structural disorder of the active nickel site. These
results indicate that Ni3S2 retained its crystal structure and the
Fe NPs-Ni3S2 NA/NF-10 had an amorphous structure.

The X-ray diffraction (XRD) patterns further verify the
amorphous nature of the Fe NPs-Ni3S2 NA/NF-10. Fig. 2a pres-
ents the X-ray diffraction (XRD) patterns for Ni3S2 NA/NF and Fe
NPs-Ni3S2 NA/NF-10. Ni3S2 NA/NF displayed strong diffraction
peaks at around 21.76�, 31.13�, 37.78�, 50.16� and 55.19� which
were indexed to the (101), (110), (003), (211) and (122) planes of
Ni3S2 (JCPDS no. 76-1870), respectively. Three other peaks were
observed at 44.50�, 51.80� and 76.40� due to the presence of
nickel foam (JCPDS no. 04-0850). It is worth noting that as the
loading of Fe nanoparticles increases, the diffraction peaks of
Ni3S2 show different degrees of broadening instead of shiing
(Fig. S5†). This indicates that the loading of Fe nanoparticles
has a great inuence on the crystal structure of Ni3S2, leading to
the distortion of the crystal grains and the increase of lattice
defects, resulting in grain distortion and increased lattice
defects. This phenomenon is also consistent with the conclu-
sions drawn by HRTEM. The X-ray photoelectron spectroscopy
(XPS) survey spectrum further conrmed the presence of Ni, Fe
and S elements (Fig. S6†). The high-resolution Ni 2p spectrum is
shown in Fig. 3b. The spectrum of Ni3S2 NA/NF shows binding
energies (BEs) corresponding to Ni 2p3/2 and Ni 2p1/2 positioned
at 856.0 and 873.7 eV, respectively, which conrm the presence
Sustainable Energy Fuels, 2020, 4, 5498–5502 | 5499



Fig. 2 (a) XRD patterns of Ni3S2 NA/NF and Fe NPs-Ni3S2 NA/NF-10.
XPS spectra in the (b) Ni 2p, (c) Fe 2p and (d) S 1s regions for Fe NPs-
Ni3S2 NA/NF-10.

Fig. 3 (a) Linear sweep voltammetry OER curves. (b) Tafel plots of
RuO2/NF, Ni3S2 NA/NF and Fe NPs-Ni3S2 NA/NF-10. (c) Double-layer
capacitance determined by the current density at different scan rates.
(d) Electrochemical impedance spectroscopy (EIS) Nyquist plots.
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of Ni2+.5,46 Interestingly, compared with the Ni 2p3/2 peak of
Ni3S2 NA/NF and Fe NPs-Ni3S2 NA/NF-10, the peak positions of
Fe NPs-Ni3S2 NA/NF-10 shi to higher binding energies
(Fig. S7†). This suggests that a synergistic effect between two
metals occurs when Fe NPs-Ni3S2 NA/NF-10 is formed, which is
not a simple physical adsorption. Fig. 2c shows that the XPS
spectrum of Fe 2p exhibits two chemically different species,
including metallic Fe (707.3 eV and 719.0 eV) and the oxidation
state of Fe species (712.3 eV and 724.3 eV).47 The oxide species of
Fe indicate that the surface of Fe NPs-Ni3S2 NA/NF-10 is partially
oxidized or interacts with the adsorbed O2. In Fig. 2d, the peak
at 162.2 eV is attributed to S2�, while the one at 163.4 eV comes
from the sulfur substance, which is usually the reaction product
of thioacetamide.48,49
5500 | Sustainable Energy Fuels, 2020, 4, 5498–5502
The electrochemical performances of Fe NPs-Ni3S2 NA/NF-10
were analyzed via the linear sweep voltammetry (LSV) technique
using a typical three electrode system with a scan rate of 5 mV
s�1 in 1.0 M KOH. For comparison, the electrocatalytic activity
of Ni3S2 NA/NF, nickel foam (NF), and commercial RuO2 on
nickel foam (RuO2/NF) was tested under the same conditions.
To reect the intrinsic behavior of the catalysts, all experimental
data were corrected with ohmic potential drop (iR) losses
resulting from the solution resistance. In Fig. 3a, the oxidation
peak at a lower potential (1.25 to 1.40 V vs. RHE) corresponds to
the transition from Ni2+ to Ni3+. The introduction of an appro-
priate amount of Fe will inhibit the oxidation of Ni2+.50,51 This is
also the reason why the oxidation peak of Fe NPs-Ni3S2 NA/NF-
10 is lower than that of Ni3S2/NF at lower overpotential (1.25 to
1.40 V vs. RHE). The Fe NPs-Ni3S2 NA/NF-10 exhibits an over-
potential of 206 mV at a current density of 150 mA cm�2, which
is obviously smaller than those of Ni3S2/NF (391 mV) and
commercial RuO2/NF (240 mV). Fe NPs-Ni3S2 NA/NF-10 also
exhibits a superb catalytic performance compared with other
similar catalysts (Table S2†). In order to avoid the inuence of
different scanning speeds on the catalytic performance, LSV
with a scanning speed of 1mV s�1 was performed to prove the
stability of the material at different scanning speeds (Fig. S8a†).
The catalytic performances in 30 wt% KOH and 0.1 M KOHwere
further tested. Fe NPs-Ni3S2 NA/NF-10 needs an overpotential of
139 mV and 440 mV in 30 wt% KOH and 0.1 M KOH, respec-
tively, to drive a current density of 150mA cm�2, as shown in the
result (Fig. S8b†). The Tafel slope evolving from the LSV curve is
essential for evaluating the dynamic characteristics of the OER.
As expected, the lower Tafel slope of Fe NPs-Ni3S2 NA/NF-15
(9.0 mV dec�1) is also lower than those of Ni3S2/NF (21.5 mV
dec�1) and commercial RuO2/NF (14.8 mV dec�1), implying
superior OER catalytic kinetics on Fe NPs-Ni3S2 NA/NF-10
(Fig. 3b). The duration of NaBH4 reduction will affect the iron
content in the catalyst; therefore, the OER performance of the
catalyst will also be affected. And overpotentials of 240, 230 and
250 mV were needed to afford 150 mA cm�2 (Fig. S9a†) along
with larger Tafel slopes of 11.9, 12.4 and 10.3 mV dec�1

(Fig. S9b†) for Fe NPs-Ni3S2 NA/NF-5, Fe NPs-Ni3S2 NA/NF-15
and Fe NPs-Ni3S2 NA/NF-20, respectively.

In addition, to better understand the catalytic activity, the
electrochemically active surface area (ECSA) was estimated from
the double-layer capacitance (Cdl).52,53 Specically, the Cdl was
obtained using the equation i ¼ vCdl where i denotes the
cathodic charging current in CV obtained with different scan
rates v in a non-faradaic region (Fig. S10†).54 As observed in
Fig. 3c, Fe NPs-Ni3S2 NA/NF-10 demonstrates a higher Cdl than
Ni3S2 NA/NF. As we all know, the ECSA is positively correlated
with the Cdl of the catalyst.55 Then the ECSA was estimated from
the equation ECSA ¼ Cdl/Cs where Cs is the specic capacitance
(0.04 mF cm�2).56,57 The ECSA value of Fe NPs-Ni3S2 NA/NF-10
(610 cm�2) is better than that of Ni3S2 NA/NF (510 cm�2),
indicating that Fe nanoparticle loading effectively improves the
roughness of Ni3S2 NA/NF nanosheets and is benecial for
exposing more active sites. Electrochemical impedance spec-
troscopy (EIS) tests also uncovered that the appropriate
contents of Fe introduced can increase electrical conductivity
This journal is © The Royal Society of Chemistry 2020
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and enhance the catalytic performance (Fig. 3d). The best way to
compare the intrinsic activity of catalyst materials is through
their turnover frequency (TOF), that is, the number of O2

molecules evolved per second per active site.13,57 As presented in
Fig. S11,† the TOF value (0.123 O2 s

�1 h ¼ 300 mV) of Fe NPs-
Ni3S2 NA/NF-10 is also higher than that of Ni3S2 NA/NF (0.03 O2

s�1 h ¼ 300 mV), implying superior OER catalytic kinetics on Fe
NPs-Ni3S2 NA/NF-10. The TOF value of Fe NPs-Ni3S2 NA/NF-10 is
superior to those of most reported OER catalysts (Table S3†).

Stability is a key factor to measure whether the catalyst with
excellent performance can be used in actual production.25,58 The
LSV curve of Fe NPs-Ni3S2 NA/NF-10 aer 1000 cycles shows
a negligible decline, demonstrating excellent catalytic stability
(Fig. 4a). It was proved that the material aer 1000 cycles still
maintained the same content ratio of Ni : Fe obtained by ICP-
MS (Table S1†), the characteristics of sulde and the nano-
sheet structure as observed through the XRD (Fig. S12a†), SEM
(Fig. S12b†) and TEM (Fig. S12c†) compared with the original
materials, which demonstrated the stability of the material.
Besides, Fe NPs-Ni3S2 NA/NF-10 is demonstrated to have excel-
lent mass transport properties (inset in Fig. 4a). In addition, the
long-term stability of the Fe NPs-Ni3S2 NA/NF-10 toward the
OER was estimated by chronopotentiometry measurements. As
shown in Fig. 4b, the constant current density of 80 mA cm�2

remains unchanged under the operating conditions for 30 h,
proving the satisfactory stability. The faradaic efficiency of this
electrode for the OER was determined to be 100% (Fig. S13†),
implying that the current density is proportional to oxygen
generation.59,60

In summary, a series of amorphous Fe NPs-Ni3S2 NA/NF
fabricated with different contents of Fe have been successfully
synthesized and further investigated as catalysts for the OER.
The optimized catalyst Fe NPs-Ni3S2 NA/NF-10 exhibits a lower
overpotential (206 mV at a current density of 150 mA cm�2) and
excellent long-term stability (strong current density for 30 h
without fading). Besides, this catalyst achieves a high turnover
frequency (TOF) of 0.123 mol O2 s�1 at an overpotential of
300 mV. The performance of Fe NPs-Ni3S2 NA/NF-10 is better
than that of almost all non-noble metal OER electrocatalysts so
far. This work helps us to further improve the performance of
Fig. 4 (a) Polarization curves for Fe NPs-Ni3S2 NA/NF-10 before and
after 1000 cycles (the inset shows the multi-step chronopotentio-
metric curve of Fe NPs-Ni3S2 NA/NF-10. The current density started at
80 mA cm�2 and ended at 280 mA cm�2, with an increment of 20 mA
cm�2 after every 500 s). (b) Long-term stability test results of the Fe
NPs-Ni3S2 NA/NF-10 at a constant current density of 80 mA cm�2 for
30 h.

This journal is © The Royal Society of Chemistry 2020
OER catalysts and may provide a universal route towards design
and fabrication of ultra-low overpotential OER electrocatalysts.
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