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H I G H L I G H T S

• Fe-doped Ni3S2 nanorods are synthe-
sized by a simple one-step hydro-
thermal method.

• Application of bimetallic composite
foam (FeNi3) avoid the use of iron salt
reagents.

• Fe doping significantly improves the
catalytic performance of Ni3S2.

• Fe-Ni3S2@FeNi3-8 can achieve effi-
cient overall water splitting and urea
electrolysis.
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A B S T R A C T

The development of high-performance and inexpensive bifunctional electrocatalysts to replace precious metal
catalysts for hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) remains a thorny issue in
the field of electrochemical water splitting. Here, a three-dimensional rods array catalysts of Ni3S2 doped with
trace amount of Fe on foam FeNi3 (Fe-Ni3S2@FeNi3) are synthesized. It is found experimentally that Fe-Ni3S2@
FeNi3 has excellent catalytic activity and corrosion resistance in both acidic, neutral and alkaline solutions. In
1.0 M KOH solution, only small overpotentials of 105 mV and 213 mV are required to achieve the current
densities of 10 mA cm−2 for HER and OER respectively. In addition, Fe-Ni3S2@FeNi3-8 also exhibits excellent
catalytic activity in 0.5 M H2SO4 solution (η10 = 48 mV) and 1.0 M PBS solution (η10 = 83 mV) for HER. In
1.0 M KOH and 0.33 M urea solution, Fe-Ni3S2@FeNi3-8 requires only 1.40 V to provide the current density of
10 mA cm−2 for urea oxidation reaction (UOR). As evidenced, doping Fe element into catalyst can significantly
increase the catalytic activities for HER and OER. This work demonstrates a new and facile approach to prepare
novel bimetallic transition metal catalysts as inexpensive alternatives to precious metal catalysts for efficient
hydrogen production.

1. Introduction

Global climate change is a very serious problem that has received
widespread attention from the international community. Therefore,

how humans protect the ecological environment while develop and use
energy has become a global issue. The large amount of greenhouse gas
emission caused by the excessive development and utilization of fossil
energy has become the main cause of global warming [1]. Therefore,
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limiting and reducing greenhouse gas emissions have become an im-
portant issue to mitigate global climate change. Therefore, from the
perspective of the evolution of the energy landscape, the replacement of
traditional energy sources with new clean energy is the general trend.
Zero carbon content hydrogen is a very popular source of energy [2,3].
The product after hydrogen combustion is water, and water can pro-
duce hydrogen by electrochemical water splitting, so hydrogen is ab-
solutely a renewable energy source and in line with our demand for
clean energy [4,5]. To date, the amount of hydrogen produced by
electrochemical water splitting has accounted for only 4% of global
production, which is mainly due to the fact that electrochemical water
splitting requires sufficient potential to drive the progress of HER and
OER. Thus it is necessary to find a highly efficient catalyst to reduce the
overpotential. At present, the most efficient catalysts for HER and OER
are Pt-, Ir- and Ru-based catalysts. However, due to the scarcity and
high cost of these precious metals, their large-scale application is se-
verely limited [6,7]. Therefore, it is an inevitable trend to find in-
expensive and highly efficient non-precious-metal catalysts.

Compared with precious metals, the crustal reserves of transition
metals are much richer, therefore they are low cost. Moreover their
compounds are even more stable in electrolyte solution. Therefore,
transition metals have become a research hotspot in recent years, for
example, transition metal sulfides [8–16], phosphides [17–19], sele-
nides [20,21], oxides [22–26], hydroxides [27,28]. In addition, the
perovskite catalyst also shows excellent catalytic performance [29].
Among them, nickel sulfide catalysts have great development prospects.
Ren et al. synthesized Ni3S4 nanosheets (NiS/NF) on nickel foam by
hydrothermal-vulcanization method. For HER under alkaline condition
of 1.0 M KOH, only the overpotential of 122 mV was required when the
current density reached 10 mA cm−2. While for OER, only an over-
potential of 122 mV was required to achieve a current density of
20 mA cm−2 [30]. Ma et al. synthesized NiS2 (NiS2/NF) on foamed
nickel, which only required an overpotential of 122 mV to reach a
current density of 10 mA cm−2 in 1.0 KOH solution for HER [31]. In
addition, the combination of nickel sulfides with other elements is an
effective way to improve the performance of catalysts. Zhang et al.
synthesized a MoS2/Ni3S2 heterostructure on foamed nickel by a hy-
drothermal method as a high-efficient catalyst for OER. Only an over-
potential of 218 mV was required to achieve a current density of
10 mA cm−2 in 1.0 M KOH solution [32]. Yan et al. reported the pre-
paration of Fe-doped NiS2 (Fe-NiS2) nanosheets as a high-performance
catalyst for HER. Their studies revealed that that the successful doping
of Fe3+ into the surface lattice of the (0 0 2) plane of NiS2 could reduce
the activation energy for generating H2 [33]. Recent studies have also
shown that such 3D structure (such as, Ni foam and FeNi3 foam) as a
carrier is helpful to enhance the performance of the catalyst
[14,34–36]. In addition, many other studies have also shown that the
incorporation of iron ions could significantly improve the performance
of catalysts [37,38]. Although the incorporation of iron ions has made a
great contribution to the improvement of performance, the preparation
process is relatively complicated, and involves more reagents that re-
quire after-treatment with high cost and environmental pollutions.
Therefore, there is a need for a convenient method to develop high
performance catalysts while reducing the environmental protection
pressure. In previous reports, Zou et al. [39] and Pan et al. [40] have
fabricated Ni3S2 on Ni foam via a one-step hydrothermal method. The
difference is that we choose FeNi3 foam as the substrate and raw ma-
terial. Thus, the Fe and Ni elements in the FeNi3 foam can be directly
used as the source of Fe and Ni in the catalyst preparation to synthesize
Fe-doped Ni3S2.

In addition, to find more efficient and inexpensive catalysts to re-
duce the energy required to produce hydrogen, molecules that can be
easily oxidized at the anode (eg, ethanol, hydrazine, urea) can be
substituted for OER to achieve more efficient systems for producing
hydrogen [41,42]. Among them, urea can be oxidized into non-toxic
CO2 and N2 via the following reaction equation: CO(NH2)2 + 6OH− →

N2 + 5H2O + CO2 + 6e−. The main advantage of replacing OER with
UOR is that the equilibrium potential of UOR is 0.37 V, which is much
smaller than the 1.23 V required by OER [43]. Therefore, when using a
two-electrode system to produce hydrogen, urea oxidation reaction
(UOR) is an ideal alternative to OER. In addition, the main component
of eutrophic wastewater is urea [44-46], so UOR is promising for the
treatment of eutrophic wastewater and low-energy production of hy-
drogen (CO(NH2)2 + H2O → N2 + 3H2 + CO2).

Herein, based on the above two aspects, we report the preparation
of a robust Fe-doped rod-shaped Ni3S2 array grown on FeNi3 foam (Fe-
Ni3S2@FeNi3) as a high-performance bifunctional catalyst by one-step
hydrothermal method. The rod-shaped Fe-Ni3S2 is strongly anchored on
the three-dimensional FeNi3 skeleton to form a 3D network structure,
which is beneficial for rapid electron transport. At the same time, the
strong 3D rods array not only provides a large number of active sites
and a large active surface area, but also makes the structure of the
catalyst not easy to collapse, to allow Fe-Ni3S2 have the excellent sta-
bility. The Fe-Ni3S2@FeNi3 can be directly used as an electrode without
the binder, which exhibits excellent catalytic activity in 1.0 M KOH
alkaline electrolyte. For HER, an overpotential of only 105 mV is re-
quired to achieve the current density of 10 mA cm−2. Fe-Ni3S2 also has
good performance in acidic electrolyte of 0.5 M H2SO4 and neutral
electrolyte of 1.0 M PBS. For OER, an overpotential of only 213 mV is
required to achieve the current density of 10 mA cm−2. In addition,
when 0.33 M urea solution is added to a 1.0 M KOH solution, the
electrolysis efficiency can be greatly improved. A potential of only
1.40 V is required to achieve the current density of 10 mA cm−2 for
UOR. When Fe-Ni3S2@FeNi3 is used as anode and cathode for the
overall water splitting and whole urea electrolysis, only the potentials
of 1.59 V and 1.50 V are required to provide the current density of
10 mA cm−2, respectively.

2. Experimental

2.1. Materials

FeNi3 foam was purchased from Suzhou Taili Foam Metal Factory.
Anhydrous ethanol, thioacetamide (TAA), urea and ammonium fluoride
(NH4F) were purchased from Sinopharm Chemical Reagent Co., Ltd.
Deionized water is obtained from the Flom ultrapure water system. All
chemicals are of analytical grade and used without further purification.

2.2. Preparation of the cleaned FeNi3 foam

FeNi3 foam (0.5 × 3 cm2) was washed four times with deionized
water and ethanol for 15 min each time, and then dry in an oven at
60 °C to ensure that the surface of FeNi3 foam is clean enough for later
use.

2.3. Synthesis of Fe-Ni3S2

4 mmol of thioacetamide (TAA), 9 mmol of urea and 4 mmol of
ammonium fluoride (NH4F) were dissolved in 30 ml of deionized water
and sonicated for 5 min to obtain a clear and transparent solution. The
solution was then transferred to 50 ml Teflon-lined stainless-steel au-
toclave, followed by the placement of a clean foam of FeNi3
(0.5 × 3.0 cm). The whole setup was then placed in an electric oven
and heated to 120 °C for 8 h, followed by natural cooling to room
temperature. After that, the sample was taken out, washed three times
with deionized water and absolute ethanol, and then placed in an oven
at 60 °C for 5 min to obtain Fe-Ni3S2@FeNi3-8. The mechanism is that
the raw materials will firstly react with each other to form H+ in the
solution under high temperature and high pressure, and then the FeNi3
foam will be corroded to generate Ni2+ and Fe2+. Finally, a large
amount of Ni2+ and a small amount of Fe2+ will react with HS− to
form Fe-doped nickel sulfides (Fe-Ni3S2@FeNi3). Similar reaction
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mechanisms have been reported before [47].
For experimental comparison, two samples were prepared under the

same condition but with different reaction times of 4 h and 12 h. The
obtained samples were named as Fe-Ni3S2@FeNi3-4, Fe-Ni3S2@FeNi3-
12, respectively. The exact surface loadings of Fe-Ni3S2@FeNi3- (4, 8,
12) were calculated to be 0.79 mg cm−2, 0.82 mg cm−2 and
0.87 mg cm−2, respectively.

2.4. Synthesis of Ni3S2 and Fe(OH)3

The same method was used to clean the Ni foam and Fe foam. The
synthesis of Ni3S2 and Fe(OH)3 is similar to that of Fe-Ni3S2@FeNi3-8.
FeNi3 foam was replaced with Ni foam to prepare Ni3S2, and FeNi3
foam was replaced with Fe foam to prepare Fe(OH)3. The exact surface
loading of Ni3S2 and Fe(OH)3 were calculated to be 0.83 mg cm−2 and
0.80 mg cm−2, respectively.

2.5. Characterizations

The surface morphology of the synthesized sample was character-
ized by scanning electron microscopy (SEM, ZEISS Supra 55) at an
accelerating voltage of 10 kV. Transmission electron microscopy images
(TEM, JEOL JEM-2010) of the synthesized samples were collected on a
JEOL JEM-2010 microscope. The compositions of the synthesized
samples were specifically analyzed by high resolution transmission
electron microscopy (HRTEM). Selected area electron diffraction
(SAED) analysis of the sample was performed at 200 kV on a FEI-Tecnai
F20 transmission electron microscope. The phase composition analysis
of the synthesized samples was carried out on a Bruker D8 advanced X-
ray powder diffractometer with Cu Ka radiation (λ = 1.54056 Å). The
analysis of the specific elemental composition of the synthesized sample
was carried out by X-ray photoelectron spectroscopy (XPS) on a Thermo
ESCALAB 250 using a single-color Al Ka X-ray as the excitation source.
The specific element content of the samples was measured on an Agilent
720ES inductively coupled plasma emission spectrometer (ICP-OES).
The active catalyst was exfoliated from the substrate via a strong and
long-time sonication process and weighed. Then, nitric acid was applied
to completely dissolve the sample to prepare the solutions with dif-
ferent concentrations, which were analyzed by ICP-OES.

2.6. Electrochemical measurements

Electrochemical measurement for the synthesized materials was
carried out using a standard three-electrode system with a CHI-760D
electrochemical workstation (CHI Instruments, Shanghai, China), using
platinum foil as the counter electrode and saturated calomel electrode
as the reference electrode (SCE). When the samples were tested for HER
and OER in 1.0 M KOH, 0.5 M H2SO4 and 1.0 M PBS solutions using
linear voltammetric scanning (LSV) technique, the scan rates were all
controlled at 5 mV s−1. The potentials measured can be converted into
a reversible hydrogen electrode (RHE) scale by the following formula:
ERHE = ESCE + E0SCE + 0.059 pH, where ESCE is the experimentally
measured potential and E0SCE = 0.242 V. In addition, iR compensation
were applied for all electrochemical measurements to eliminate the
effect of ohmic resistance on the as-measured reaction currents ob-
tained from the tests [48]. All the measurements were carried out at
room temperature.

3. Results and discussion

Scheme. 1 illustrates the stepwise preparation of Fe-Ni3S2@FeNi3
and the detailed procedures are described in experimental section.
Briefly, TAA, urea and NH4F were dissolved in deionized water by ul-
trasonic agitation to obtain a clear and transparent solution. Then, the
solution and a clean FeNi3 foam were transferred into a Teflon-lined
stainless steel autoclave, and maintained at different times and 120 °C

to obtain Fe-Ni3S2@FeNi3. The color of the FeNi3 foam changed from
silvery grey to black after hydrothermal treatment at different times as
shown in Fig. S1.

The surface morphologies of Fe-Ni3S2@FeNi3 samples prepared
from different reaction times are shown in Fig. 1. When the reaction
time is controlled at 8 h, the obtained Fe-Ni3S2-8 has a relatively regular
and closely compacted rod-like array structure (Fig. 1d-f). After short-
ening the reaction time to 4 h, the obtained Fe-Ni3S2@FeNi3-4 is no
longer arranged in rod-like array, but displays the irregular block
structures (Fig. 1a-c). After prolonging the reaction time, the obtained
Fe-Ni3S2@FeNi3-12 sample still presents a regular and compact rod-like
array structure. In addition, a small amount of irregular pine-like sub-
stance adheres on the surface of the rod-like array (Fig. 1g-i). As shown
in Fig. 1d, the size of rod-like Fe-Ni3S2@FeNi3-8 is basically above
200 nm. At the same time, the rods are firmly anchored on the FeNi3
foam to form a very strong 3D structure, which makes Fe-Ni3S2@FeNi3-
8 a very strong and stable catalyst. As control experiments, Ni-free Fe
(OH)3 and Fe-free Ni3S2 were prepared by replacing FeNi3 foam with Fe
foam and Ni foam, respectively, and controlling other experimental
parameters the same as those for preparing Fe-Ni3S2@FeNi3 (Fig. S2). It
can be observed that Ni3S2 exhibits a small amount of irregular un-
smooth structures on the Ni foam (Fig. S2d-f), and a large number of Fe
(OH)3 spheres with different sizes are generated on the Fe foam.

In addition, Fe-Ni3S2 nanorods were characterized by TEM. As can
be seen from Fig. 2a, Fe-Ni3S2@FeNi3-8 sample has a clear rod-like
morphology and these rods have a relatively large diameter to allow the
catalyst to maintain long-term stability during the catalytic process.
Fig. 2c and Fig. 2d show high resolution TEM (HRTEM) images of a
single Fe-Ni3S2@FeNi3-8 rod. It can be seen that the lattice fringes in
the figure are very clear and easy to identify, which fully demonstrates
that Fe-Ni3S2@FeNi3-8 has good crystallinity. In addition, it is im-
portant that the exposed crystal faces of the catalyst are beneficial to
improve the catalytic activity, the lattice spacings are 0.184 nm,
0.238 nm, and 0.288 nm, respectively, which should correspond to the
(1 1 3), (0 0 3), and (1 1 0) crystalline planes of Ni3S2 (PDF
no.44–1418). It is worth noting that the lattice fringe spacing in Fig. 2c
and Fig. 2d is slightly larger than the standard spacings of Ni3S2
(0.183 nm, 0.238 nm and 0.287 nm), which may be due to the small
substitution of Fe for Ni. The bright ring composed of discrete spots in
the selected area electron diffraction (SAED) image of Fe-Ni3S2@FeNi3-
8 in Fig. 3b can well correspond to the (1 1 3), (0 0 3), and (1 1 0)
crystal planes. These characterizations fully demonstrate the successful
formation of Fe-Ni3S2, which are consistent with the characterization of
XRD (Fig. 3). In addition, the energy-dispersive spectroscopy (EDS)
elemental mapping images were used to verify the distribution of Fe,
Ni, S elements in Fe-Ni3S2@FeNi3-8 rods. It can be seen from Fig. 2e-h
that these three elements are evenly distributed in the rods of Fe-
Ni3S2@FeNi3-8. The uniform distribution of the elements is very ad-
vantageous for uniform distribution of the active sites on the catalyst.

The crystal structure of Fe-Ni3S2@FeNi3-8 was further studied by X-
ray diffraction (XRD). As can be seen from Fig. 3a, the diffraction peaks
of Fe-Ni3S2@FeNi3-8 at 21.83°, 31.14°, 37.79°, 49.77°, 55.23°, 73.09°
and 77.93° should correspond to (1 0 1), (1 1 0), (0 0 3), (1 1 3), (1 2 2),
(2 1 4) and (4 0 1) crystalline planes of Ni3S2 (PDF no. 44–1418), re-
spectively. The diffraction peaks at 44.40°, 51.86° and 76.42° can be
assigned to the (1 1 1), (2 0 0) and (2 2 0) crystalline planes of FeNi3. In
addition, no diffraction peaks of other impurity phases were detected,
particularly diffraction peaks of Fe-based sulfides. This also indicates
that the Fe element is likely to be doped in the lattice of Ni3S2 in a
stable state, and the weight percentage of Fe in Fe-Ni3S2@FeNi3-8 was
detected to be 1.06% by ICP-OES. In addition, the Fe contents of Fe-
Ni3S2@FeNi3-(4, 12) were found to be 1.02% and 1.03% by the same
analytical method. Therefore, it can be concluded that a trace amount
of Fe-doped Ni3S2 electrode has been successfully prepared by a simple
one-step hydrothermal method.

XPS was also utilized to characterize the chemical state and
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Scheme 1. Schematic illustration for the stepwise preparation of Fe-Ni3S2@FeNi3-(4, 8, 12) at different reaction times.

Fig. 1. (a-c) SEM images of Fe-Ni3S2@FeNi3-4. (d-f) SEM images of Fe-Ni3S2@FeNi3-8. (g-i) SEM images of Fe-Ni3S2@FeNi3-12.
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elemental composition of the prepared samples. The two characteristic
peaks at 855.6 eV and 873.4 eV as observed in Fig. 3d should corre-
spond to Ni3/2 and Ni1/2, respectively, while two satellite peaks at
861.3 eV and 879.2 eV belong to the rocking peak of Ni. These ob-
servations all prove that Ni in Fe-Ni3S2 is in the state of Ni2+. Moreover,
a peak at 852.6 eV can be assigned to Ni3S2 or Ni[49,50]. The existence
of Fe element was strongly confirmed by XPS characterization. It can be
seen from Fig. 3e that there are two distinct peaks in the Fe 2p curve
after fitting, which are located at 706.1 eV and 712.3 eV respectively,

indicating the presence of Fe2+ and Fe3+[51,52]. This phenomenon
also strongly demonstrates that the Fe element has been successfully
doped into Ni3S2. As shown in Fig. 3f, the two peaks at 161.7 eV and
162.7 eV can be assigned to the S 2p3/2 and S 2p1/2, evidencing the
presence of S2− in Fe-Ni3S2, respectively. The peak at 168.5 eV can be
attributed to the sulfate species produced by the oxidation of Fe-Ni3S2
in the air[53,54].

In order to explore the effects of reaction time on the performance of
the catalyst, the catalytical performance Fe-Ni3S2@FeNi3-4, Fe-Ni3S2@

Fig. 2. (a) TEM image of Fe-Ni3S2@FeNi3-8 rods. (b) SAED pattern of Fe-Ni3S2@FeNi3-8 rods. (c-d) HRTEM images of Fe-Ni3S2@FeNi3-8 rods. (e-h) STEM image and
the corresponding elemental mapping images of Fe, Ni, and S in Fe-Ni3S2@FeNi3-8.

Fig. 3. (a) XRD patterns of Fe-Ni3S2@FeNi3-8. (b) XRD patterns of Fe-Ni3S2@FeNi3-4, Fe-Ni3S2@FeNi3-8 and Fe-Ni3S2@FeNi3-12. (c) XPS survey spectrum of Fe-
Ni3S2@FeNi3-8. High-resolution XPS spectra of (d) Ni 2p, (e) Fe 2p, and (f) S 2p regions for Fe-Ni3S2@FeNi3-8.
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FeNi3-8 and Fe-Ni3S2@FeNi3-12 obtained from different reaction time
of 4, 8 and 12 h were measured. By observing the polarization curves of
the iR compensation obtained using a standard three-electrode system,
it is found that Fe-Ni3S2-8 has the best catalytic performance (Fig. 4a).
To obtain the current density of 10 mA cm−2, Fe-Ni3S2@FeNi3-(4, 12)
require the overpotential of 174 mV and 136 mV, respectively, which is
much higher than the 105 mV required for Fe-Ni3S2@FeNi3-8 (Fig. 4b),
it is obviously that Fe-Ni3S2@FeNi3-8 exhibits the highest catalytic
activity.

In addition to the intuitive observation of catalyst performance from
the LSV curve, the Tafel slope value is also an important indicator for
evaluating the performance of a catalyst, which can be calculated from
the corresponding LSV curve by the Tafel slope equation (η = b log
j + a, where η represents overpotential, b represents Tafel slope, and j
represents current density). When the electrolyte solution is 1.0 M KOH
solution, the Tafel slopes of Fe-Ni3S2@FeNi3-4, Fe-Ni3S2@FeNi3-8 and
Fe-Ni3S2@FeNi3-12 are 83 mV dec−1, 69 mV dec−1 and 82 mV dec−1,
respectively. It can be found that the value of Fe-Ni3S2@FeNi3-8 is

significantly lower than the other two samples (Fig. 4c), and Fig. S4b
shows that Fe-Ni3S2@FeNi3-8 has a smaller Tafel slope value compared
to Ni3S2 and Fe(OH)3, indicating a faster HER kinetics of Fe-Ni3S2@
FeNi3-8.

In addition to the above characterizations, in order to more fully
explore the performance of Fe-Ni3S2@FeNi3-8 for HER, the stability
tests were also performed. Firstly, the multi-step chronoamperometry
measurement was carried out. As shown in Fig. 4d, the multi-step
chronoamperometry curve reflects that Fe-Ni3S2@FeNi3-8 can respond
rapidly to different current densities and reach a stable level quickly, so
it can be seen that Fe-Ni3S2@FeNi3-8 has good catalytic activity. The
geometric current density gradually increases from 50 mA cm−2 to
100 mA cm−2 with a increasing step of 10 mA cm−2 for every 1000 s.
At the same time, it can be observed from Fig. S15 that when the
current density changes, the response speed of HER does not exceed
0.01 s, indicating that Fe-Ni3S2@FeNi3-8 has a very fast electron
transfer rate[55]. Secondly, the long-term stability test of Fe-Ni3S2@
FeNi3-8 was carried out using the chronopotentiometry. It was found

Fig. 4. Electrochemical HER properties of the electrocatalysts in 1.0 M KOH solution. (a) Polarization curves (iR-corrected) at a scan rate of 5 mV s−1, (b) potentials
corresponding to different current densities (10, 30, 50 mA cm−2) and (c) Tafel plots of Fe-Ni3S2@FeNi3-4, Fe-Ni3S2@FeNi3-8, Fe-Ni3S2@FeNi3-12 and Pt/C. (d)
Multi-current process of Fe-Ni3S2@FeNi3-8. The current density started at 50 mA cm−2 and finished at 100 mA cm−2, with an increment of 10 mA cm−2 every 1000 s
without iR correction. (e) The chronopotentiometry curve of Fe-Ni3S2@FeNi3-8 under a constant current density of 10 mA cm−2 without iR correction. (f)
Polarization curves of Fe-Ni3S2@FeNi3-8 before and after 5000 CV cycles without iR correction. (g) Electrochemical impedance spectra (EIS) of Fe-Ni3S2@FeNi3-4,
Fe-Ni3S2@FeNi3-8 and Fe-Ni3S2@FeNi3-12 electrodes recorded at an applied potential of 0.5 V (V vs. RHE) with a frequency range of 100 kHz to 10 mHz; the inset of
Fig. 4g is the corresponding equivalent circuit diagram. (h) Cyclic voltammograms (CVs) for Fe-Ni3S2-8 at scan rates of 10, 20, 30, 40 and 50 mV s−1. (i) Current
densities determined at a potential of 0.218 V (V vs. RHE) as a function of scan rate for Fe-Ni3S2@FeNi3-4, Fe-Ni3S2@FeNi3-8 and Fe-Ni3S2@FeNi3-12.
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that Fe-Ni3S2@FeNi3-8 could maintain stable catalytic activity at the
current density of 10 mA cm−2 for 40 h, and the overpotential de-
creased slightly (Fig. 4e).

SEM characterization of samples subjected to long-term stability test
revealed that the sample remained substantially in morphology with
almost no collapse (Fig. S10a), directly indicating that the rod-like
array structure has very good firmness, thereby fully demonstrating the
excellent stability of Fe-Ni3S2@FeNi3-8. In addition, after performing a
40 h long-term stability test on Fe-Ni3S2@FeNi3-8, Fe, Ni, and S ele-
ments can still be found (Fig. S10). Finally, 5,000 cyclic voltammetry
(CV) cycles of Fe-Ni3S2@FeNi3-8 were performed at a scan rate of
5 mV s−1 with the voltage range from 0 to−0.2 V (relative to RHE) in a
1.0 M KOH solution. It can be seen from Fig. 5f that the performance of
Fe-Ni3S2@FeNi3-8 is almost unchanged, and the original catalytic ac-
tivity is maintained. In addition, the XRD peaks were basically con-
sistent before and after HER test, showing that Fe-Ni3S2@FeNi3-8 has a
good stability and long-term durability (Fig. 5i).

In addition, the kinetics at the interface of electrolyte and electro-
catalyst of Fe-Ni3S2@FeNi3-8 were analyzed by electrochemical

impedance spectroscopy (EIS) to further explore the effect of different
reaction times on the activity of catalysts. According to the fitting
equivalent circuit model, the charge transfer resistances of Fe-Ni3S2@
FeNi3-(4, 8, 12) were derived to be 8.39, 3.23 and 4.61 Ω, respectively
(Fig. 4g). By comparison, it can be found that when the experimental
time is extended from 4 h to 8 h, the Rct value is reduced from 8.39 Ω to
3.23 Ω. Whereas, when the experimental time is further extended from
8 h to 12 h, the Rct value increased from 3.23 Ω to 4.61 Ω. These results
indicate that Fe-Ni3S2@FeNi3-8 has the smallest value of Rct, which
indicates that it has the highest charge transfer rate. Fe-Ni3S2@FeNi3-
(4, 12) also have small Rct values, which demonstrates a high-quality
bonding between FeNi3 foam and rod-shaped Fe-Ni3S2. In addition, the
Rct value of Fe-Ni3S2@FeNi3-8 is the smallest compared to the Rct
values of most other catalysts reported recently (Table S8).

The HER catalytic activity of Fe-Ni3S2@FeNi3-(4, 8, 12) was further
evaluated by double-layer capacitance (Cdl). The CV curves of the
samples were recorded at different scan rates (10, 20, 30, 40 and
50 mV s−1 as shown in Fig. 4h and Fig. S6. Based on the CV curve of
each sample collected, the corresponding Cdl of Fe-Ni3S2@FeNi3-(4, 8,

Fig. 5. Electrochemical OER properties of the electrocatalysts in 1.0 M KOH solution. (a) Polarization curves (iR-corrected) at a scan rate of 5 mV s−1. (b) Potentials
at different current densities (10, 30 and 50 mA cm−2). (c) Tafel plots of Fe-Ni3S2@FeNi3-4, Fe-Ni3S2@FeNi3-8, Fe-Ni3S2@FeNi3-12 and RuO2. (d) Multi-current
process of Fe-Ni3S2@FeNi3-8. The current density started from 50 mA cm−2 and finished at 100 mA cm−2, with an increment of 10 mA cm−2 every 1000 s without iR
correction. (e) The chronopotentiometry curve of Fe-Ni3S2@FeNi3-8 under a constant current density of 10 mA cm−2 without iR correction. (f) Polarization curves of
Fe-Ni3S2@FeNi3-8 before and after 3000 cycles without iR correction. (g) The values of TOF of Fe-Ni3S2@FeNi3-4, Fe-Ni3S2@FeNi3-8 and Fe-Ni3S2@FeNi3-12. (h)
Chronoamperomeric curve obtained with Fe-Ni3S2@FeNi3-8 electrode in 1.0 M KOH, and the potential operated on the working electrode is changed intermittently
between −0.14 and 1.51 V versus RHE every 10 min. (i) XRD spectra of Fe-Ni3S2@FeNi3-8 after 40 h long term electrolysis for HER and OER.
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12) were calculated by linear fitting to be 17.7, 43.8, and 27.9 mF
cm−2, respectively (Fig. 4i). Then, the electrochemical surface area
(ECSA) of the sample is calculated according to the equation
ECSA = Cdl / Cs, where ECSA is proportional to Cdl, and Cs is a constant
whose value is reported to be 0.040 mF cm−2. The ECSA values of Fe-
Ni3S2@FeNi3-(4, 8, 12) are calculated to be 442.5, 1095.0 and
697.5 cm2, respectively, among which the ECSA value of Fe-Ni3S2@
FeNi3-8 is the highest. This phenomenon fully demonstrates that Fe-
Ni3S2@FeNi3-8 could expose more catalytical active sites, thus exhibit
more excellent catalytic activity for HER. In addition, it can be seen that
the Cdl value of Fe-Ni3S2@FeNi3-8 is larger than those recently reported
as shown in Table S7, indicating the higher electrochemical catalytic
surface area.

In order to comprehensively understand the performance of Fe-
Ni3S2@FeNi3-(4, 8, 12), we also explored their performance for OER at
a scan rate of 5 mV s−1 in 1.0 M KOH solution and the corresponding
LSV curves are shown in Fig. 6a. The overpotentials of Fe-Ni3S2@FeNi3-
(4, 8, 12) are found to be 250, 213 (The overpotential 213 mV was
obtained from Fig. S19 [21]) and 232 mV respectively to achieve the
current density of 10 mA cm−2. It is obviously that the Fe-Ni3S2@
FeNi3-8 requires the smallest overpotential among these three samples
(Fig. 5b). The oxidation peak at about 1.42 V should be attributed to the
oxidation of nickel in Fe-Ni3S2@FeNi3 during the OER process [56,57].
The peaks position varied with different reaction time of Fe-Ni3S2@
FeNi3 can be attributed to the various electronic transmission capacity
of different Fe-Ni3S2@FeNi3 samples [56,58–60]. Therefore, it can be
concluded that Fe-Ni3S2@FeNi3-8 has the best catalytic activity for OER
in an alkaline environment. According to the LSV curve of Fe-Ni3S2@
FeNi3-(4, 8, 12), the corresponding Tafel slopes are 121, 83 and 109 mV
dec−1, among which Fe-Ni3S2@FeNi3-8 has the smallest Tafel slope
value. Such difference in the performances of Fe-Ni3S2@FeNi3-(4, 8, 12)
can be attributed to the number of active sites and the electron trans-
port capacity of these catalysts with various amount of Fe doping ob-
tained from different reaction time.

The stability test was also performed for more comprehensive eva-
luation of the performance of Fe-Ni3S2@FeNi3-8 for OER, in the same
manner as the performance test for HER. The multi-step chron-
oamperometry was used to test the stability of Fe-Ni3S2@FeNi3-8 at a
starting current density of 50 mA cm−2. It can be seen from Fig. 5d that
after reaching each of the set current density, the required overpotential
can be stably maintained for 1000 s. Similar to HER, it can be seen from
Fig. S15 that when the current density changes, the response time is less
than 0.01 s, indicating Fe-Ni3S2@FeNi3-8 has the fast kinetics. When
the current density reaches 100 mA cm−2, the catalyst still maintains
good stability. Similarly, Fe-Ni3S2@FeNi3-8 is able to maintain 93% of
its initial catalytic activity after maintaining the current density of

10 mA cm−2 for 40 h in 1.0 M KOH (Fig. 5e), which indicates Fe-
Ni3S2@FeNi3-8 has the excellent catalytic stability for OER. SEM
characterization of samples subjected to long-term stability test re-
vealed that the sample remained substantially in morphology with al-
most no collapse and the distribution of Fe, Ni, S is also very uniform
(Fig. S11). In addition, Fe-Ni3S2@FeNi3-8 can maintain ultra-high cat-
alytic performance after 3,000 CV cycles (Fig. 5f). Furthermore, the
position of this oxidation peak moves slightly to a lower potential after
a 3000 cycles tests, which can be attributed to the mild activation
during the long-time usage, leading to the faster electron transfer with
the catalyst. Based on these test results, it can be clearly seen that Fe-
Ni3S2@FeNi3-8 has an extremely high catalytic performance and ex-
cellent stability. There are two main reasons why Fe-Ni3S2@FeNi3-8 is
stable after long-term oxidation in OER: Firstly, the combination of rod-
shaped Fe-Ni3S2 and FeNi3 foam is strong enough; Secondly, Fe-Ni3S2@
FeNi3-8 has a stable crystal structure, its phase was not destroyed as
evidenced by the XRD patterns of the samples before and after the long-
term stability test (Fig. 5i).

In addition, it can be noted from Fig. S7 that there are two reversible
redox peaks of Ni3+/Ni2+ in the potential range from 1.1 V to 1.6 V,
from which the turnover frequency (TOF) values of Fe-Ni3S2@FeNi3-(4,
8, 12) are calculated to be 0.048, 0.145 and 0.082 s−1, among which
Fe-Ni3S2@FeNi3-8 has the highest TOF value (Fig. 5g). The higher value
of TOF reflects that the catalyst has the better intrinsic activity, in-
dicating that the catalyst has more active sites and better catalytic
performance. This phenomenon also confirms that Fe-Ni3S2@FeNi3-8
has the best kinetics of OER.[61,62] XPS characterization of samples
subjected to long-term stability tests for OER showed that a new peak
appears at 724.7 eV, which can be attributed to Fe 2p1/2, showing that
part of Fe2+ ions have been converted into Fe3+ ions (Fig. S12). In
addition to this, XRD characterization for Fe-Ni3S2@FeNi3-8 after OER
revealed that iron-based hydroxide was newly formed (Fig. 5i).
Therefore, it can be concluded that it should be Fe element that con-
tributes to the improvement of catalyst performance in the form of iron-
based hydroxide in the process of OER.

In 2015, Martindale and Reisner proposed an innovative concept for
electrochemical regeneration of the active sites on iron oxide/hydro-
xide composites to improve the long-term stability of the electrode, thus
demonstrating the relationship between OER and HER has a stable re-
versibility [63]. Based on this concept the reversibility of the Fe-Ni3S2@
FeNi3-8 electrode was also studied. Wherein, the bias of the polariza-
tion applied on the Fe-Ni3S2@FeNi3-8 working electrode was inverted
every 10 min between –0.14 and 1.51 V versus RHE for HER and OER,
respectively, to obtain the corresponding current density (j), through
which the stability of electrode can be directly assessed. It can be ob-
served from Fig. 5h that when a potential of −0.14 V is applied to the

Fig. 6. (a) Polarization curves (without iR compensation) for water electrolysis of Fe-Ni3S2@FeNi3-8∥Fe-Ni3S2@FeNi3-8 and Pt∥RuO2 in a two-electrode config-
uration at a scan rate of 5 mVs−1. (b) Chronopotentiometric response curve of Fe-Ni3S2@FeNi3-8∥ Fe-Ni3S2@FeNi3-8 at a current density of 10 mA cm−2 for 80 h. All
experiments were carried out in 1.0 M KOH solution. Inset: optical photograph of the Fe-Ni3S2@FeNi3-8∥ Fe-Ni3S2@FeNi3-8.
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Fe-Ni3S2@FeNi3-8 electrode for HER, the current density of
20 mA cm−2 is rapidly generated and then quickly stabilized. When a
potential of 1.51 V was applied to the Fe-Ni3S2@FeNi3-8 electrode for
OER, a large positive current density was also quickly generated, and
stabilized at 20 mA cm−2. It can be seen that during the reversibility
test, Fe-Ni3S2@FeNi3-8 can produce a relatively stable current density
of 20 mA cm−2 for 54 cycles of HER and OER. This phenomenon fully
illustrates Fe-Ni3S2@FeNi3-8 has excellent reversibility.

In order to more objectively assess the catalytic activity of the cat-
alyst, a number of control experiments were also carried out for Pt/C,
RuO2, FeNi3, Ni3S2 and Fe(OH)3. Among them, Pt/C and RuO2 are
powders, which need to be deposited on FeNi3 foam as working elec-
trodes, and their loadings at the electrodes are found to be 0.83 and
0.82 mg cm−2, respectively. As shown in Fig. 4a, the commercial Pt/C
exhibits superior catalytic activity for HER, requiring only an ultra-low
overpotential of 87 mV to provide the current density of 10 mA cm−2,
and the value of Tafel slope is only 40 mV dec−1 (Fig. 4c). It can be seen
that Fe-Ni3S2@FeNi3-8 exhibits comparable catalytic activity to that of
Pt/C. As shown in Fig. 5a, the commercial RuO2 for OER requires an
overpotential of 293 mV to provide a current density of 10 mA cm−2

and the value of Tafel slope is 103 mV dec−1 (Fig. 5c). Obviously, Fe-
Ni3S2@FeNi3-8 has superior performance to commercial RuO2. In ad-
dition, the catalytic activities of Fe-Ni3S2@FeNi3-8 for HER and OER
are comparable or superior to other metal catalysts recently reported as
summarized in Table S1 and Table S2. For HER, for example, Liu et al.
prepared (Ni, Fe)S2/MoS2 through an interfacial engineering strategy
that required an overpotential of 130 mV to provide the current density
of 10 mA cm−2 [64]. In addition, Yu et al. also constructed a nanosheet
structure of Sn-Ni3S2/NF by doping Sn element into Ni3S2. To achieve
the current density of 10 mA cm−2, an overpotential of 137 mV is re-
quired [65]. For OER, Xiong et al. prepared a (Fe0.5Ni0.5)S2 nano-
crystal/carbon black composite that required an overpotential of
270 mV at the current density of 10 mA cm−2 [38]. Joang et al. syn-
thesized 2D ultra-thin ternary FeNiS2 nanosheets (NSs) that required an
overpotential of 310 mV to achieve the current density of 10 mA cm−2

[66]. The catalytic activities of these catalysts are significantly lower
than that of Fe-Ni3S2@FeNi3-8 in this paper. FeNi3 requires an over-
potential of 472 mV to provide a current density of 10 mA cm−2 for
OER, while Fe-Ni3S2@FeNi3-8 requires only 213 mV (Fig. 5a). In ad-
dition, Ni3S2 was prepared without Fe element as a control group by the
same experimental parameters for Fe-Ni3S2@FeNi3-8, but replaced
FeNi3 foam with Ni foam. It can be found that for HER and OER, Ni3S2
requires overpotential of 161 mV and 282 mV to provide the current
density of 10 mA cm−2, respectively (Fig. S4a and Fig. S4d), these are
much higher than that of Fe-Ni3S2@FeNi3-8. Fe doping in Ni3S2 can
adjust the electronic structure of Ni3S2, improve the conductivity of the
catalyst and form more active sites [67], therefore Fe-Ni3S2@FeNi3-8
has better catalytic performance. Fe foam was used as a substrate, and a
control sample was prepared by the same method. By analyzing the
composition of the sample prepared from Fe foam, it was found that Fe
(OH)3 was synthesized. Through testing using a three-electrode system,
Fe(OH)3 requires overpotentials of 203 mV and 292 mV to achieve the
current density of 10 mA cm−2 for HER and OER, respectively (Fig. S4a
and Fig. S4b), which are much larger than 105 mV and 213 mV re-
quired by Fe-Ni3S2@FeNi3-8. Table S3 and Table S4 compare othe
catalytic performances of our catalyst and other materials reported in
the literature for HER and OER.

Since Fe-Ni3S2@FeNi3-8 has excellent catalytic properties for HER
and OER, it can be considered as a cathode and an anode assembled
into one two-electrode system for overall water splitting in 1.0 M KOH
solution. In addition, the performance of a two-electrode system com-
posed of Pt/C as a cathode and RuO2 as an anode for HER and OER was
also tested under the same conditions. It can be seen from Fig. 6a that
the Fe-Ni3S2@FeNi3-8∥ Fe-Ni3S2@FeNi3-8 system only needs a poten-
tial of 1.59 V to provide the current density of 10 mA cm−2. In contrast,
the Pt/C∥RuO2 system requires a voltage of 1.64 V to deliver the

current density of 10 mA cm−2. The total hydrolyzing activity of Fe-
Ni3S2@FeNi3-8 is not only better than the precious metal Pt/C∥RuO2

system, but also superior to most of the materials recently reported. For
example, Feng prepared EG/Ni3Se2/Co9S8 that required a voltage of
1.62 V to provide the current density of 10 mA cm−2[68]. NiCo2S4
nanowire array synthesized by Shanmugam required a higher voltage of
1.68 V to provide the current density of 10 mA cm−2[69]. In addition,
it can be clearly seen in Fig. 6b that the bubbles of H2 and O2 are
continuously emerging on the cathode and anode. In addition, the
durability of the overall water splitting of Fe-Ni3S2@FeNi3-8 was tested.
It can be seen from Fig. 6b that after durability test for 80 h, 93% of the
initial catalytic activity was still maintained.

The performances of samples for HER were tested in 0.5 M H2SO4

solution. Fe-Ni3S2@FeNi3-8 only requires overpotential of 48 mV to
provide the current density of 10 mA cm−2 (Fig. S8a). This is due to the
fact that HER kinetics are more favorable at lower pH conditions[70].
The activities of samples follow the trend of Pt/C (η10 = 45 mV) > Fe-
Ni3S2@FeNi3-8 (η10 = 48 mV) > Fe-Ni3S2@FeNi3-12
(η10 = 58 mV) > Fe-Ni3S2@FeNi3-4 (η10 = 70 mV) > Ni3S2
(η10 = 114 mV) (Table S5). The catalytic activity of Fe-Ni3S2@FeNi3-8
under acidic conditions is better than most of the previously reported
materials (Table S1). In addition, the values of Tafel slope and Rct of Fe-
Ni3S2@FeNi3-8 are also lower than those of Fe-Ni3S2@FeNi3-(4, 12)
(Fig. S8). After 40 h of long-term stability test, Fe-Ni3S2@FeNi3-8 still
maintains 95% of the initial catalytic activity. Fe-Ni3S2@FeNi3-8 still
maintains the regular rods array structure after 40 h of testing as evi-
denced by the SEM analysis (Fig. S13a) and Fe, Ni, S elements can still
be detected by element mapping technology (Fig. S13b-e). In addition,
the XRD peaks of Fe-Ni3S2@FeNi3-8 did not change substantially (Fig.
S8i), which evidenced that Fe-Ni3S2@FeNi3-8 had excellent catalytic
stability in 0.5 M H2SO4 solution.

In addition, we further studied the catalytic properties of samplesfor
HER in 1.0 M PBS neutral solution. Similarly, it can be seen from Table
S6 that the order of the catalytic activity of samples for HER follows Pt/
C (η10 = 64 mV) > Fe-Ni3S2@FeNi3-8 (η10 = 83 mV) > Fe-Ni3S2@
FeNi3-12 (η10 = 132 mV) > Ni3S2 (η10 = 139 mV) > Fe-Ni3S2@
FeNi3-4 (η10 = 159 mV) > Fe(OH)3 (η10 = 225 mV). The catalytic
performance of Fe-Ni3S2@FeNi3-8 in neutral solutions is also superior
to some of the materials that have been reported recently as listed in
Table S1. In addition, Fe-Ni3S2@FeNi3-8 has lower values of Tafel slope
and Rct (Fig. S9). After a long period of stability test for 40 h, Fe-
Ni3S2@FeNi3-8 still maintained 90% of the initial activity. The rod-like
array structure of Fe-Ni3S2-8 remains almost intact after long-term
stability testing (Fig. S9f) and the XRD peaks of Fe-Ni3S2@FeNi3-8 did
not change substantially (Fig. S8i). In addition, Fe, Ni, S elements can
still be detected (Fig. S14). These phenomena proved that the sample
had excellent long-term stability in 1.0 M PBS solution.

Due to its slow reaction kinetics and high thermodynamic voltage,
OER encounters a major obstacle to affect the efficient hydrogen pro-
duction in two-electrode system, therefore UOR with lower thermo-
dynamic voltage can be a good alternative. In the presence of 0.33 M
urea solution, Fe-Ni3S2@FeNi3-8 exhibited excellent HER performance
which was similar to that without urea (Fig. 7a). The catalytic activity
of Fe-Ni3S2@FeNi3-8 for UOR was studied using LSV. It can be observed
that the catalytic activity of catalysts for UOR are still ranked from high
to low in the order of Fe-Ni3S2@FeNi3-8 (η10 = 1.40 V), Fe-Ni3S2@
FeNi3-12 (η10 = 1.44 V), and Fe-Ni3S2@FeNi3-4 (η10 = 1.45 V), and the
starting voltage of UOR is less than that of OER. In addition, after
modification by Fe-Ni3S2, the catalytic activity of Fe-Ni3S2@FeNi3-8 is
much higher than that of FeNi3 (Fig. 7b).

The catalytic activity of Fe-Ni3S2@FeNi3-8 for UOR and HER were
further tested by multi-step chronoamperometry from 20 to
90 mA cm−2, with an increasing step of 10 mA cm−2 for every 1000 s.
For every current density changes, Fe-Ni3S2@FeNi3-8 can quickly re-
spond and stabilize (Fig. 7d and Fig. S16b). Fe-Ni3S2-8 has a fast re-
sponse speed of less than 0.01 s for HER and UOR (Fig. S17). In the
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presence of urea, Fe-Ni3S2@FeNi3-8 was assembled into a two-electrode
system to test the catalytic performance of Fe-Ni3S2@FeNi3-8 for whole
urea electrolysis. Obviously, Fe-Ni3S2@FeNi3-8 only requires 1.50 V to
provide the current density of 10 mA cm−2 in the presence of urea,
which is lower than that required in 1.0 M KOH solution (η10 = 1.59 V)
(Fig. 7e). After testing, the catalytic activity of Pt/C∥RuO2

(η10 = 1.53 V) is also inferior to that of Fe-Ni3S2@FeNi3-8∥Fe-Ni3S2@
FeNi3-8 (Fig. S16c). In addition, after a long-term stability test of 40 h,
it can be seen that Fe-Ni3S2@FeNi3-8 has almost maintained its original
activity (Fig. 7f). In addition, Fe-Ni3S2@FeNi3-8 still maintains its ori-
ginal rod-like array structure, and Ni, Fe and S elements can still be
detected from it (Fig. S18). After XRD characterization, it was found
that the XRD peaks of Fe-Ni3S2@FeNi3-8 remained basically intact after
the multi-step chronoamperometry test (Fig. S16d).

The excellent catalytic activity of Fe-Ni3S2@FeNi3-8 can be attrib-
uted to the following points: (1) The Fe-Ni3S2 nanorods are closely
connected each other, which significantly contributes to the rapid
transfer of electrons; (2) The regular rod-shaped array exposes a large
number of active sites, thereby exhibits enhanced catalytic activity; (3)
The doping of trace amount of Fe makes great contribution to the
catalytical performance; (4) Fe-Ni3S2 is directly grown on the foam
FeNi3 with complete coverage, which can prevent corrosion of the 3D
skeleton during the catalytic process, thereby prolonging the life time of
the catalyst.

4. Conclusions

All in all, we have developed a Ni3S2 3D rod array structures doped
with trace amount of Fe by a simple and quick one-step hydrothermal
method, which are used as novel non-precious metal catalysts. The
catalysts can be used as self-supporting electrodes with excellent cata-
lytic activity for HER and OER in 1.0 M KOH solution. In addition, it
also has excellent catalytic activity for HER in 0.5 M H2SO4 and 1.0 M

PBS solution. The catalyst not only has an ultra-low overpotential but
also excellent catalytic stability. The robust rod-like array structure not
only exposes more active sites, but also stabilizes the performance of
the catalyst. In addition, when Fe-Ni3S2@FeNi3-8 is directly used as a
bifunctional electrode in an alkaline electrolytic cell, it can reach the
current density of 10 mA cm−2 with a potential of only 1.59 V and
exhibits ultra-stable catalytic activity. In addition, in 0.33 M urea and
1.0 M KOH solution, a potential of only 1.40 V is required to achieve
the current density of 10 mA cm−2. After replacing the OER with a low-
energy UOR, the reconstituted two-electrode system can provide the
current density of 10 mA cm−2 with a potential of only 1.50 V. This
work provides a quick and easy way to prepare a bifunctional catalyst
for efficient overall water splitting.
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Fig. 7. (a) Electrochemical (a) HER and (b) UOR properties of the electrocatalysts in 0.33 M urea and 1.0 M KOH solution. Polarization curves (iR-corrected) at a scan
rate of 5 mV s−1. (c) Tafel plots of Fe-Ni3S2@FeNi3-(4, 8, 12) and FeNi3 for UOR. (d) Multi-current process of Fe-Ni3S2@FeNi3-8. The current density started at
20 mA cm−2 and finished at 90 mA cm−2, with an increment of 10 mA cm−2 every 1000 s without iR correction for UOR. (e) Polarization curves (without iR
compensation) for water electrolysis of Fe-Ni3S2@FeNi3-8∥ Fe-Ni3S2@FeNi3-8 in a two-electrode configuration at a scan rate of 5 mVs−1 in 0.33 M urea and 1.0 M
KOH solution, 1.0 M KOH solution. (f) Chronopotentiometric response curve of Fe-Ni3S2@FeNi3-8∥Fe-Ni3S2@FeNi3-8 at a current density of 10 mA cm−2 for 40 h. All
experiments were carried out in 0.33 M Urea and 1.0 M KOH solution.
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