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A multiphase nickel iron sulfide hybrid electrode for
highly active oxygen evolution
Pengsong Li†, Xiuping Zhao†, Xinxuan Duan, Yaping Li*, Yun Kuang* and Xiaoming Sun*

ABSTRACT Development of highly active electrocatalysts for
oxygen evolution reaction (OER) is one of the critical issues
for water splitting, and most reported catalysts operate at
overpotentials above 190 mV. Here we present a multiphase
nickel iron sulfide (MPS) hybrid electrode with a hierarchical
structure of iron doped NiS and Ni3S2, possessing a bench-
mark OER activity in alkaline media with a potential as low as
1.33 V (vs. reversible hydrogen electrode) to drive an OER
current density of 10 mA cm−2. The Fe doped NiS, combined
with highly conductive disulfide phase on porous Ni foam, is
believed to be responsible for the ultrahigh activity. Further-
more, density functional theory simulation reveals that par-
tially oxidized sulfur sites in Fe doped NiS could dramatically
lower the energy barrier for the rate-determining elementary
reaction, thus contributing to the active oxygen evolution.

Keywords: multiphase, nickel iron sulfide, topotactic conversion,
oxygen evolution reaction

INTRODUCTION
Hydrogen, with high gravimetric energy density, is con-
sidered as one of the most promising clean energy carriers
[1]. Large-scale electrolysis of water to produce clean
hydrogen fuel offers a sustainable and efficient approach
for the renewable energy storage [2,3]. The electro-
catalytic water splitting consists of two half-cell reactions,
hydrogen evolution reaction (HER) and oxygen evolution
reaction (OER) [4,5]. In the past several years, great
progress has been made on the HER side for the ad-
vancement of cost effective catalysts [6,7]. Earth abundant
materials have been widely used for highly active and
stable electrocatalytic hydrogen generation [8,9]. How-
ever, the OER catalyst requires several-fold higher over-
potential than HER catalyst to trigger the oxygen
generation so far [10,11], mainly because OER is a four-

electron transfer process with many complex inter-
mediates, resulting in extreme difficulty in finding a
catalyst that offers suitable adsorption/desorption sites to
all the intermediates, thus making OER kinetically slug-
gish [12]. Even with highly expensive precious metal-
based catalysts, such as IrO2 and RuO2, a substantial
overpotential (~300 mV) is still required to drive an OER
current density of 10 mA cm−2, a widely used figure of
merit equivalent to ∼12% solar to hydrogen efficiency
[13,14]. Such 300 mV overpotential would result in en-
ergy loss during electrolysis, leading to high electrical
power consumption, which is unacceptable for grid scale
electrolysis.
Aiming to lower the operating overpotential, great ef-

forts have been devoted to OER catalyst design [15]. Due
to the oxygen involved reaction mechanism, oxide/hy-
droxide is the first choice as OER catalysts [16]. Among
various progresses, Ni, Co, Fe based catalysts show much
improved activity, but a significant overpotential is still
required for the state-of-the-art catalysts [17,18]. Very
recently, theoretical simulation indicated that there ex-
isted a ~200 mV overpotential limit for first-row (3d)
transition metal oxide based OER catalyst due to a con-
stant energy barrier between the 2nd step intermediates
and the final state of the catalyst [19]. To breaking such
scaling law, non-3d high-valency metals (such as W)
doped Co, Fe based catalysts show further improved OER
activity through near-optimal *OH energetics for OER
[20], but a ~190 mV overpotential is still required.
Transitional metal doping could tune the electronic
structure of the positive metal sites [21], while anion
exchange from oxide or hydroxide to S, P or Se con-
taining metal compounds [22,23], provides other choices
for OER catalyst design because it could also tune the
surface electronic structure of the negative non-metal
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sites [24]. For instance, NiFe selenide [25], Ni3S2 [26],
NiFeS2 [27] derived oxyhydroxide catalysts show over-
potentials about 190 mV. Other methods including
phosphorization [28–30] also show improved activity,
providing the possibilities to break the energy barrier
limit (~200 mV).
Herein, we report a multiphase nickel iron sulfide

(MPS) electrode with partial surface oxidation can lower
the OER operating overpotential down to 100 mV level.
The electrode was prepared by sulfuration of NiFe-LDH
(layered double hydroxide) array on Ni foam substrate,
resulting in a hierarchical iron doped NiS and Ni3S2
structure. The synergistic effects between the multiphase
sulfides, combined with highly conductive Ni3S2 phase on
porous Ni foam, are believed to be responsible for the
ultrahigh activity; meanwhile, theoretical simulation
suggests that partially oxidized sulfur sites in (Ni,Fe)S
contributes most to the active electrolysis by lowering the
energy barrier of the OER intermediates dramatically.

EXPERIMENTAL SECTION

Chemicals
All the reagents were of analytical grade and used as re-
ceived without further purification. Ni foam was pur-
chased from China National Pharmaceutical Industry
Corporation Ltd.

Synthesis of NiFe-LDH array, the sulfide nanosheets array
and the Ni3S2 on Ni foam
NiFe-LDH nanosheets array on Ni foam (NiFe-LDH/NF)
was synthesized by a simple hydrothermal method [31].
In a typical procedure, Ni(NO3)2·6H2O (0.67 mmol),
Fe(NO3)3·9H2O (0.33 mmol) and CO(NH2)2 (5 mmol)
were dissolved in 35–38 mL of distilled water and stirred
to form a clear solution. Nickel foam (about 3 cm × 4 cm)
was carefully cleaned with concentrated HCl solution
(37 wt%) in an ultrasound bath for 5 min in order to
remove the surface NiO layer, and then deionized water
and absolute ethanol were used for 3 min each to ensure
the surface of the nickel foam well cleaned. The aqueous
solution and nickel foam was transferred to a 40-mL
Teflon-lined stainless-steel autoclave, which was sealed,
maintained at 120°C for 12 h, and then allowed to cool to
room temperature naturally. A brown thin film on the
metal substrate formed and subsequently was rinsed with
distilled water and ethanol each for 5 min with the as-
sistance of ultrasonication and dried at 80°C for 6 h. We
got the approximate NiFe-LDH mass (2.7 mg cm−2) by
comparing the mass weighed before and after the reac-

tion.
Synthesis of the MPS array on Ni foam by topotactic

conversion through solution reaction. In a typical pro-
cedure, CS2 (35 mL) and sulfur (0.1 g) were put into a
40-mL Teflon-lined stainless-steel autoclave and stirred
until a clear solution was formed. Then NiFe-LDH/NF
films were transferred to the Teflon-lined stainless-steel
autoclave, maintained at 120°C for 24 h. The post treat-
ment of sulfides nanosheets array was similar to those of
NiFe-LDH/NF. Finally, we got the MPS nanosheets array
from NiFe-LDH array in Ni foam, and the approximate
active material mass (5 mg cm−2) of MPS was obtained by
comparing the mass weighed before and after the reac-
tion.
Synthesis of the Ni3S2 on Ni foam was almost same with

that for MPS nanosheets array, except for NiFe-LDH/NF
precursor replaced by Ni foam with clean surface.

Materials characterization
The size and morphology of the samples were char-
acterized using a field-emission scanning electron mi-
croscope (SEM) (JEOL JSM6335) operated at 20 kV.
High-resolution transmission electron microscopy
(HRTEM) measurements were carried out using a JEOL
JEM 2100 system operating at 200 kV. X-ray powder
diffraction (XRD) patterns were recorded on an X-ray
diffractometer (Rigaku D/max 2500) with Cu Kα radia-
tion (40 kV, 30 mA, λ = 1.5418 Å) at a scan rate of
10° min−1 in the 2θ range from 10° to 70°. X-ray photo-
electron spectra (XPS) were carried out by using a model
of ESCALAB 250 and LabRAM Aramis.

Electrochemical measurements
The electrochemical measurements were carried out at
room temperature in a three-electrode glass cell con-
nected to an electrochemical workstation (CHI 660e,
Chenghua, Shanghai). The nanosheets array on the nickel
foam substrate (1 cm × 1 cm) was used as working elec-
trode. A carbon rod and a saturated calomel electrode
(SCE) were used as the counter and reference electrodes,
respectively. The IrO2/C/NF electrode was prepared by
the following procedure. First, 10 mg of IrO2/C and 10 μL
of 5 wt% nafion solution were dispersed in ethanol
(990 μL) with the assistance of ultrasonication for at least
1 h to form a homogeneous catalyst ink. Then 500 uL of
the catalyst ink was dropped onto the Ni foam (1 cm ×
1 cm) under an infrared radiation (IR) lamp. A freshly
prepared 1.0 mol L−1 KOH aqueous solution was used as
the electrolyte. The electrolyte was saturated by oxygen
bubbles before and during the experiments. Polarization
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curves were obtained using linear sweep voltammetry
(LSV) with a scan rate of 1 mV s−1. All polarization curves
were corrected for an ohmic drop tested by impedance
spectroscopy. The current density was normalized to the
geometrical surface area. The measured potentials vs. SCE
were converted to a reversible hydrogen electrode (RHE)
scale according to the Nernst equation (ERHE=ESCE+0.2415
+0.0591pH), where 0.2415 V was the standard potential
of SCE. The electrochemical impedance spectroscopy
(EIS) was obtained by alternating current (AC) im-
pedance spectroscopy in 1.0 mol L−1 KOH solution at
open circuit voltage from 105 to 0.1 Hz with an AC vol-
tage of 5 mV to measure the system resistance.

Theoretical calculation
All density functional theory (DFT) calculations were
carried out by Vienna ab-Initio Simulation Package
(VASP). The projector augmented wave pseudopotentials
method was used for describing electron-ion interactions
[32,33]. The Perdew-Burke-Ernzerh (PBE) exchange
correlation functional with the on-site Coulomb Repul-
sion U term was used [34]. In the present work, U = 6.45
for Ni transition metal and U = 5.30 for Fe transition
metal [35,36]. All the atom positions in the bulk sulfides
were optimized by the conjugate-gradient optimization
procedure. The Brillouin zone integrations were per-
formed using a 3 × 3 × 3 Monkhorst-Pack grids for the
bulk. A spin-polarized approach was adopted. The k-
point sampling consists of 3 × 3 × 1 Monkhorst-Pack

points for all slab models. A vacuum of at least 16 Å was
adopted along z-axis. During structure optimization, all
energies change criterion was set to 10−4 eV, the max-
imum force was 0.02 eV Å−1, and the plane wave cutoff
was set to 400 eV.

RESULTS AND DISCUSSION
The MPS electrode was prepared through a two-step
procedure (Fig. 1a). Firstly, NiFe-LDH nanosheets array
was synthesized on the nickel foam substrate by our
previous method [31]. Then, the as-formed NiFe-LDH
nanoarrays were sulfurized to MPS by our newly devised
solvothermal S treatment method in carbon disulfide.
SEM images of NiFe-LDH and MPS show similar 3D
open porous structure with interconnected nanosheets
(Fig. 1b and c) growing vertically on the substrate, and
the MPS electrode shows rough surfaces.
The morphology and crystalline structure of MPS were

revealed by TEM. Fig. 1d shows a single piece of na-
nosheet sonicated off the electrode, revealing a 2D na-
nosheet morphology with rough surface. Selected area
electron diffraction (SAED) pattern of the MPS nanosheet
demonstrates a polycrystalline structure, which is differ-
ent from the crystalline structure of LDH precursor
(Fig. S1). Analysis of the SAED rings indicates a multi-
phase sulfides structure consisting of iron doped nickel
monosulfide and disulfide. HRTEM image reveals a sea-
island structure of the rough surface as evidenced by ty-
pical (300) and (110) lattice fringes of NiS and Ni3S2 with

Figure 1 (a) Scheme of topotactic conversion from NiFe-LDH array to MPS array on Ni foam substrate. (b, c) SEM images of typical NiFe-LDH/NF
and MPS/NF nanosheets array (scale bar is 200 nm). (d) TEM image of a typical MPS nanosheet (scale bar is 100 nm). Inset shows the electron
diffraction pattern of the marked region. (e) HRTEM image of a MPS nanosheet, showing monosulfide and disulphide phases. Scale bar is 5 nm.
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larger lattice spaces caused by Fe doping (Fig. 1e). En-
ergy-dispersive X-ray spectrometry (EDS) elemental
mapping of the MPS electrode shows uniformly dis-
tributed Ni, Fe and S (Fig. S2), further evidencing Fe
doping in nickel sulfide and disulfide. Moreover, the MPS
electrode contains abundant oxygen (Fig. S3), resulting
from the oxidation of the catalyst surface. The XRD
patterns were employed to investigate the crystalline
phase change during the in situ topotactic sulfuration
process (Fig. 2a). The diffraction peaks of (003), (006),
(012), (015), (110) and (113) were observed for the NiFe-
LDH precursor, while monosulfide (PDF#12-0041) and
disulphide (PDF#44-1418) diffraction peaks could be
found after in situ sulfuration and no LDH peak was
observed, suggesting fully conversion to sulfides. Com-
paring the (111) peak intensities of nickel foam (marked
as “*”) between the precursor and final product (Fig. S4),
the intensity of NiFe-LDH/NF is 1.6 times that of MPS/
NF, indicating the nickel foam is slightly sulfurized in the
same sulfuration process. Control experiment without
LDH on Ni foam surface indicates that the Ni foam is also
sulfurized to Ni3S2 (Fig. S5). However, Ni3S2 (Fig. S5) is a

conducting sulfide with Ni–Ni bond in its crystal, and
thus the sulfuration of the Ni foam would not influence
actual electrochemical performance. XRD pattern
(Fig. S6) of the sulfuration intermediates (reaction at 0, 2,
4, 8, 12, 18, 24 h) shows sulfur signal at the begging, while
sulfides begin to appear after 4 h reaction, suggesting a
sulfur adsorption-intercalation-sulfuration process.
The surface chemical composition and chemical states

of MPSs were analyzed by XPS. Using the NiFe-LDH as
the reference, all the Ni 2p, and Fe 2p peaks were con-
sistent with the characteristics of Ni2+ and Fe3+ in NiFe-
LDH. After topotactic conversion, the valence state of
nickel changes significantly. The Ni2+ peak shifts to low
energy region, suggesting the transformation from Ni–O
bond to Ni–S bond. The appearance of a new Ni0

(853.1 eV) peak evidences the formation of Ni–Ni bonds,
which comes from either the surface Fe doped Ni3S2 or
the bottom Ni3S2. Fe

3+ peak of MPS also shifts to low
energy region, possibly because of lower binding capacity
of sulfur, and thus the metals would have higher electron
cloud density around it. The O 1s spectra (Fig. S7) in-
dicates there are abundant oxygen on the MPS surface,

Figure 2 (a) XRD patterns of NiFe-LDH/NF and MPS/NF electrodes. XPS spectra of (b) Ni and (c) Fe in NiFe-LDH/NF and MPS/NF electrodes. (d)
XPS spectra of S in MPS/NF electrode.
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which is consistent with the previous EDS data. The high-
resolution S 2p spectra could be convoluted into two
peaks locating at 162.5 and 163.7 eV (Fig. 2d) [37], as-
signed to valence states of M–S and M3–S2 (the M stands
for Ni or Fe), further evidencing multiphase sulfides
structure. The peak located at 169 eV represents S=O
bond and the corresponding Raman vibrations of S=O
bond could be detected in Raman spectrum at 985 and
1050 cm−1 (Fig. S8), indicating that the S element was
partially oxidized in the MPS catalysts.
The electrocatalytic OER performance of MPS/NF

electrode was evaluated in 1.0 mol L−1 KOH solution
using a typical three electrode configuration, in which a
carbon rod and a SCE were used as the counter and re-
ference electrodes, respectively. The activity of Ni foam,
Ni foam-supported NiFe-LDH (NiFe-LDH/NF), and
IrO2/C (Fig. S9) were also measured for comparison. OER
polarization curves reveal that MPS/NF electrode exhibits
a remarkable activity. To achieve a current density of
10 mA cm−2, the overpotential required for MPS/NF
electrode is as low as 100 mV, which is much smaller than
that of NiFe-LDH/NF (230 mV) and IrO2/C/NF
(310 mV) in the same current density (Fig. 3b). Actually,
such a small overpotential of MPS/NF electrode is almost

100 mV lower than that of the state-of-the-art catalysts
reported so far, suggesting a 1–2 magnitude higher OER
activity (Table S1). The possible reason for such a high
activity is fast electron transfer kinetics on MPS/NF
electrode, evidenced by EIS in which a much smaller
charge transfer resistance (Rct, 0.7 Ω) is required for MPS/
NF electrode than that of NiFe-LDH/NF (1.6 Ω) and
IrO2/C/NF (3.8 Ω) during the OER process (Fig. 3c). The
MPS/NF also exhibits higher activity than that of the
mixture of NiS and Ni3S2 (NiSx/NF, Fig. S10), indicating
the iron doping can effectively promote the OER activity.
The electrochemical double layer capacitances (Cdl) reveal
the highest electrochemical surface area (ECSA) of MPS/
NF electrode (16,370 μF cm−2, Fig. S11 and Fig. 3d),
which is about 7 times higher than that of NiFe-LDH/NF
(2110 μF cm−2), suggesting a much faster anion exchange
ability between the electrolyte and catalytic active sites on
MPS/NF electrode. The intrinsic activity of MPS/NF is
higher than that of NiFe-LDH/NF (Fig. S12) when the
current density normalized to the unit Cdl. The single
phase (Ni,Fe)S attaching on the surface of Ni foam was
fabricated by ion exchange of NiFe-LDH/NF in the Na2S
solution. The MPS/NF electrode shows much higher ac-
tivity than the pure (Ni,Fe)S array (Fig. S13), which might

Figure 3 (a) OER performance and (b) comparison of OER overpotential at current density of 10 mA cm−2 for NiFe-LDH, MPS and IrO2/C. (c) EIS
of NiFe-LDH/NF, MPS/NF and IrO2/C/NF. (d) Cdl calculation of NiFe-LDH and MPS nanosheets array. All the tests were carried out in 1.0 mol L−1

KOH solution.
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be attributed to the sea/island multiphase structure. No-
tably, the electrode could work actively under a small
current density (1 mA cm−2, Fig. S14), and high current
density would cause irreversible activity loss (3 and
5 mA cm−2, Fig. S14), because high overpotential causes
severe oxidation of the sulfide surface, which means that a
suitable oxidation state on the surface of the catalyst
could favor the high stable catalytic activity. In order to
investigate what material plays the key role for such high
OER activity, control experiment of single phase Ni3S2
was done on the same Ni foam substrate. Unfortunately,
the OER performance of Ni3S2 is even worse than that of
NiFe-LDH/NF (Fig. S9), and therefore, the monosulfide
should be the active sites for OER. After the OER test, the
MPS/NF still maintains the nanosheet array structure
(Fig. S15a); however, the crystallinity of monosulfide
deteriorates (Fig. S15b), which might be due to the for-
mation of amorphous oxyhydroxide on the surface of the
active species during the OER process.
To further understand the activity behavior of the as-

prepared catalysts, DFT + U computations were applied
to calculate the Gibbs free energy of coordinate elemen-
tary steps and overpotentials for MPS/NF electrode.
(Ni,Fe)3S2 and (Ni,Fe)S were chosen to be the active
material (Figs S16 and S17). A Ni-Fe couple site was se-
lected for iron doped nickel sulfides (Ni,Fe)S and nickel
disulfides (Ni,Fe)3S2. The Gibbs free energy was calcu-
lated under a 4e-mechanism proposed by Norskov et al.
[19]. Both (Ni,Fe)3S2 and (Ni,Fe)S show the same rate
determining step, namely, the deprotonation of surface-
adsorbed superoxide OOH species releasing O2 molecule.
Gibbs free energy plots vs. OER coordinate steps under
the different potentials (U = 0 V and 1.23 V) reveal a low
Gibbs free energy difference value for the rate de-
termining step of (Ni,Fe)S sites (ΔGIV=1.77 eV, Fig. S17),

suggesting easy electron transfer during OER process,
which means the (Ni,Fe)S has a higher activity than
(Ni,Fe)3S2 and the (Ni,Fe)S maybe act as the active center
and the (Ni,Fe)3S2 serves as the conductive network in the
multiphase sulfides electrode, consistent with the pre-
vious electrochemical analysis. Furthermore, in order to
uncover the influence of oxidation degree with the S
element in the catalyst, some deeper computational si-
mulations were carried out (Fig. S18). Fig. 4a, b and
Fig. S19 show the proposed OER pathway for (Ni,Fe)S
structure with 25% S oxidized and the calculated OER
free energy diagram on the Ni-Fe couple site in the (Ni,
Fe)S model with different amounts (0%, 25%, 50% and
75%) of S oxidized. The rate determining step will move
to the deprotonation of the surface-adsorbed OH on the
active sites with 25% S oxidized, corresponding to the
decrease of overpotential, and subsequently, the genera-
tion and deprotonation of superoxide OOH species will
be accelerated, which reveals mild oxidation of S in MPS/
NF electrode favors the reducing of kinetic resistance for
OER processes. With increasing degree of S oxidation, the
kinetics will slow down with the rate determining step
switching to the generation of superoxide OOH species
(Fig. 4d and Fig. S19), and thereby, the MPS/NF electrode
will have obvious activity loss after excess oxidation,
which is consistent with the electrochemical stability test
(Fig. S14). That is to say, the suitable oxide interface is
important not only in metal catalysts but also in sulphides
for electrocatalytic performance enhancement. However,
the repeatability of MPS/NF activity is challenging be-
cause it is hard to control the oxidation degree of S during
the electrochemical process.

CONCLUSIONS
In summary, we developed a multiphase sulfides elec-

Figure 4 (a) Proposed OER pathway for (Ni,Fe)S structure with 25% S oxidized with the Ni-Fe couple site as the active site. (b) The calculated OER
free energy diagram on the Ni-Fe couple site in (Ni,Fe)S model with different amounts (0%, 25% and 50%) of S oxidized. The η stands for the
overpotential of determining step (dotted box) and the lower free energy value suggests a higher OER intrinsic activity.
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trode for highly active OER. The MPS electrode afforded
an extremely low overpotential (~100 mV) to achieve a
current density of 10 mA cm−2. The electrochemical
analysis and DFT simulation reveal that partially oxidized
sulfur in (Ni,Fe)S could dramatically lower the energy
barrier for OER process combining with highly con-
ductive network of Ni3S2 phase. Such a highly active OER
electrode provides an opportunity for grid-scale hydrogen
generation with high energy efficiency.
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基于多相硫化镍铁的高效析氧电极材料
李鹏松†, 赵秀萍†, 段欣璇, 李亚平*, 邝允*, 孙晓明*

摘要 开发高效和低成本的析氧电极材料是工业电解水制氢技术
发展道路上至关重要的技术难题. 本文利用溶剂热方法将镍铁水
滑石阵列转化为具有铁掺杂的多相硫化镍(NiS和Ni3S2)阵列, 制备
出一种具有高效析氧性能的电极材料. 粗糙的纳米片表面有利于
高活性位点的暴露. 电化学分析表明其仅需要100 mV的过电位就
可以达到10 mA cm−2的电流密度, 相对于镍铁水滑石阵列降低了
130 mV. 我们进一步通过密度泛函理论计算来揭示其活性提升机
理, 发现具有部分S氧化的Fe掺杂NiS可以极大地降低析氧反应中
间体形成的阻力, 从而加快催化反应进行, 提高催化活性. 另一方
面, (Ni,Fe)S和(Ni,Fe)3S2与三维多孔泡沫镍结构有很好的结合作用,
反应电子可以通过金属性的二硫化镍相进行高效传输, 进一步加
速析氧催化进程.
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