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An Fe stabilized metallic phase of NiS2 for the
highly efficient oxygen evolution reaction†
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Dong-Chen Qi,c Freddy E. Oropeza*d and Kelvin H. L. Zhang *a

This work reports a fundamental study on the relationship of the electronic structure, catalytic activity and

surface reconstruction process of Fe doped NiS2 (FexNi1−xS2) for the oxygen evolution reaction (OER). A

combined photoemission and X-ray absorption spectroscopic study reveals that Fe doping introduces

more occupied Fe 3d6 states at the top of the valence band and thereby induces a metallic phase.

Meanwhile, Fe doping also significantly increases the OER activity and results in much better stability with

the optimum found for Fe0.1Ni0.9S2. More importantly, we performed detailed characterization to track

the evolution of the structure and composition of the catalysts after different cycles of OER testing. Our

results further confirmed that the catalysts gradually transform into amorphous (oxy)hydroxides which are

the actual active species for the OER. However, a fast phase transformation in NiS2 is accompanied by a

decrease of OER activity, because of the formation of a thick insulating NiOOH layer limiting electron

transfer. On the other hand, Fe doping retards the process of transformation, because of a shorter Fe–S

bond length (2.259 Å) than Ni–S (2.400 Å), explaining the better electrochemical stability of Fe0.1Ni0.9S2.

These results suggest that the formation of a thin surface layer of NiFe (oxy)hydroxide as an active OER

catalyst and the remaining Fe0.1Ni0.9S2 as a conductive core for fast electron transfer is the base for the

high OER activity of FexNi1−xS2. Our work provides important insight and design principle for metal

chalcogenides as highly active OER catalysts.

1. Introduction

Electrolysis of water to produce H2 and O2 is a promising
pathway for storage of solar or other renewable energies in the
form of chemical fuels.1 However, the overall efficiency is
limited by the sluggish kinetics of the oxygen evolution reac-
tion (OER) that involves a thermodynamically uphill and
complex four-electron/proton transfer process.2 Hence, an
efficient and low-cost OER electrocatalyst becomes the key to
improve the efficiency. Over the past few years, a variety of
transition metal (TM)-based electrocatalysts, including
oxides,3–6 chalcogenides,7,8 nitrides,9,10 and phosphides,11,12

have been explored as OER electrocatalysts. TM oxides are the
mostly studied material system. Similar to the d-band center
theory established for noble metal catalysis, the OER activity is
generally governed by the adsorption binding strength of reac-
tion intermediates on catalyst surfaces, where optimal perform-
ance is achieved when the reaction intermediates bind neither
too strongly nor too weakly.13 The optimal adsorption strength
for the high performance OER has been correlated with various
electronic parameters of TM oxides, such as the number of elec-
trons in the eg orbitals of TM cations (with eg = 1.2 showing the
best OER performance),14 covalency of 3d–O 2p,15 energy posi-
tion of the O 2p band center16 and lattice oxygen.17 This knowl-
edge provides essential guidelines to achieve highly active elec-
trocatalysts by tailoring these electronic parameters through
doping,18–21 strain22–24 and creation of oxygen defects.25

On the other hand, recently TM chalcogenides, nitrides and
phosphides have been shown to exhibit not only higher OER
activity than oxides,26,27 but also superior activity toward the
hydrogen evolution reaction (HER).28–31 One advantage of
these materials over oxides is that they usually show metallic
conductivity because of more hybridization between TM 3d
and anion p orbitals (e.g., S 3p and Se 4p).32–34 Among these
materials, nickel sulfides (NiS2, NiS and Ni3S2) have attracted
extensive attention.35,36 Key strategies to improve the activity
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include nanostructuring to increase the surface area and
doping or creating defects to improve the intrinsic activity. For
example, Liu et al. reported that 10% V doping can induce a
semiconductor to metal transition in NiS2 nanosheets.37 The
metallic V doped NiS2 exhibits extraordinary OER electro-
catalytic performance with an overpotential of 290 mV at 10 mA
cm−2, because of enhanced conductivity for fast electron trans-
fer during the OER. Furthermore, Yan et al. found that Fe3+

doping into the surface lattice of the NiS2 (002) facet can modu-
late the electronic structure of active centers, and lower the acti-
vation energy for the HER.38 A similar doping strategy was also
applied to other material systems such as Ni-based oxides,39

Ni3S2,
40 NiSe41 and Ni2P.

42 These reports agreed in that modu-
lation of electronic structures, e.g. an increase of electronic con-
ductivity, can improve the activities for the OER and HER.
However, there are limited studies elucidating how the elec-
tronic structures are modulated by doping. Furthermore, it has
been recognized that TM chalcogenides, nitrides and phos-
phides tend to transform into their corresponding (oxy)hydrox-
ides at least near the surface region of the catalysts due to the
strongly oxidizing conditions of the OER. The transformed TM
(oxy)hydroxides are the actual active phase for the OER.43–45

However, interestingly, the transformed TM (oxy)hydroxides
show much better OER activity than TM (oxy)hydroxides syn-
thesized directly. The origin of this enhanced activity is an
important question to address, since it could provide a basis for
rational design of high-performance electrodes.

In this work, we address these questions by combining
detailed electrochemical characterization with experimental
determination of the electronic structure of NiS2. We synthesized
Fe doped NiS2 (FexNi1−xS2 with x = 0, 0.05, 0.10, 0.15 and 0.20) by
sulfidation of FeNi layered double hydroxide (LDH) nanosheets.
The evolution of the electronic structure of FexNi1−xS2 with x was
investigated by high-resolution X-ray photoelectron spectroscopy
(XPS) and X-ray absorption spectroscopy (XAS). The valence band
spectra of FexNi1−xS2 suggest that Fe doping introduces Fe 3d
states near the Fermi level, thus improving electronic conduc-
tivity. Meanwhile, Fe doping significantly increases the OER
activity of FexNi1−xS2 with the optimum found for Fe0.1Ni0.9S2,
exhibiting an overpotential of 260 mV at 10 mA cm−2 and much
better stability in 1 M KOH solution. Detailed characterization
after different cycles of CV measurement for the OER reveal that
the surface of FexNi1−xS2 is gradually converted to NiFe (oxy)
hydroxide which is the actual active phase that promotes the
OER, whereas the crystalline pyrite core acts as a conductive
channel for electron transfer during the OER. It was found that
Fe doping retards the process of transformation because of a
stronger Fe–S bond than Ni–S, explaining the much better
electrochemical stability and activity of Fe0.1Ni0.9S2.

2. Experimental section
2.1. Synthesis of Ni and FeNi based layered hydroxides

FexNi1−x LDH nanosheets were synthesized by a one-step
hydrothermal method.39 Ferric nitrate (Fe(NO3)3) and nickel

chloride (NiCl2) were used as precursors. FexNi1−x LDH with
different x values was prepared by mixing Fe(NO3)3 with NiCl2
with an appropriate molar ratio in a beaker with 72.4 mL de-
ionized (DI) water. 5.6 mL 0.5 M urea aqueous solution and
2 mL 0.01 M trisodium citrate (TSC) aqueous solution were
added into the beaker in sequence with magnetic stirring. The
mixed solution was transferred into a 100 mL Teflon lined
stainless steel autoclave for hydrothermal reaction at 150 °C
for 24 hours and cooled to room temperature naturally. The
precipitate products were collected by centrifugation, washed
with DI water three times and finally dried at 60 °C for
12 hours in a vacuum.

2.2. Synthesis of FexNi1−xS2 nanosheets

The FexNi1−xS2 nanosheets were synthesized following similar
procedures reported by Liu et al.37 Briefly, 1 g sulfur was
placed at the farthest upstream position and 0.05 g as-syn-
thesized FexNi1−x LDH nanosheets (x = 0, 0.05, 0.10, 0.15 and
0.20) were placed at the downstream position. The sulfuriza-
tion process was continued for 2 hours under an argon atmo-
sphere at a temperature of 200 °C at the upstream position
and 300 °C at the downstream position.

2.3. Materials characterization

The crystal structure was characterized by X-ray diffraction
(XRD) with Cu Kα radiation. Surface morphology was exam-
ined by using a ZEISS Sigma field emission scanning electron
microscope (SEM). For transmission electron microscopy
(TEM) measurements, samples were dispersed in absolute
ethanol solution and then dropped on a Cu grid. A monochro-
matic Al Kα1 X-ray source (hν = 1486.6 eV) equipped with a
SPECS PHOIBOS 150 electron energy analyzer was used for
high-resolution XPS measurements. The total energy resolu-
tion was 0.50 eV. The binding energy (BE) was calibrated using
polycrystalline Au foil in direct contact with the samples. The
samples were loaded in the XPS chambers without any further
treatment. The valence band (VB) spectra were collected in the
binding energy range of −2–12 eV at normal emission. XAS
measurements were performed at the soft X-ray spectroscopy
beamline of the Australian Synchrotron. The concentration of
Fe in FexNi1−xS2 was measured by inductively coupled plasma
mass spectrometry (ICP-MS) measurement.

2.4. Electrochemical measurements

All electrochemical measurements were performed using a
three-electrode system controlled by using an electrochemical
workstation (CHI 750E) connected with a glassy carbon rotat-
ing disk electrode (RDE) configuration (Pine Research
Instrumentation). For OER tests, Hg/HgO (1 M KOH) was used
as the reference electrode, and a graphite rod was used as the
counter electrode. It has been shown that a small trace
amount of Fe impurities in the electrolyte can significantly
enhance the OER activity of Ni-based materials.46 In order to
exclude the interference of Fe impurities, we purified the KOH
electrolyte using the following purification method. Firstly, 1 g
Ni(NO3)2·6H2O (purity, >99.999%) and 4 mL DI water were
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added in a H2SO4-cleaned polypropylene centrifuge tube. After
dissolution, 20 mL 1 M KOH was added. The mixture was
shaken and centrifuged to obtain high-purity Ni(OH)2. The
high-purity Ni(OH)2 was washed three times using 1 M KOH.
Then 25 mL 1 M KOH were added to the tube for purification.
This mixture was shaken for 15 minutes for re-dispersion, fol-
lowed by resting for 8 hours. Finally, the purified KOH super-
natant was filtered using a filter tip (0.2 μm) and stored in a
H2SO4-cleaned polypropylene bottle for the following electro-
chemical measurements.

1 M KOH electrolyte was purged with a flow of O2 (purity,
99.9%) to ensure its continuous O2 saturation. To prepare the
working electrode, 2.5 mg FexNi1−xS2 samples and 25 μL 5%
Nafion solution were put in a 2 mL mixture of water/isopro-
panol with a volume ratio of 3 : 1 and ultrasonicated for
60 minutes to form a homogeneous ink. 40 μL catalyst ink was
dropped onto a glassy carbon electrode (GCE) with a diameter
of 5 mm and dried in air to form a mass loading of 0.25 mg
cm−2. Cyclic voltammetry (CV) tests were carried out at a scan
rate of 50 mV s−1. Linear sweep voltammetry (LSV) polarization
curves were acquired at a scan rate of 5 mV s−1 in the potential
range from 0.1 to 0.8 V (vs. Hg/HgO). Electrochemical impe-
dance spectroscopy (EIS) was performed at 1.63 V (vs. RHE)
in the frequency range of 100 kHz to 1 Hz. Electrochemical
active surface area (ECSA) was determined from capacitance
measurements in the potential region of no faradaic process
at different scan rates of 10, 20, 40, 60, 80, 100, 120 and
200 mV s−1. The potentials were converted to the reversible

hydrogen electrode (RHE) using ERHE = EHg/HgO + 0.059 pH +
0.098 V.

3. Results and discussion
3.1. Structure and electronic structure

The FexNi1−xS2 (x = 0, 0.05, 0.10, 0.15 and 0.20) nanosheets
were synthesized via gas-phase sulfidation of layered nickel
iron hydroxide (details in the Experimental section). Both
NiS2 and FeS2 adopt cubic pyrite structures with lattice para-
meters of aNiS2 = 5.687 Å and aFeS2 = 5.405 Å, which favors the
formation of solid solutions. The XRD patterns shown in
Fig. 1a confirm that all FexNi1−xS2 have a single pyrite phase
(PDF#88-1709). A shift of diffraction peaks toward higher 2θ
angles with increasing Fe content was observed. Fig. 1b sum-
marizes the change of lattice parameters with Fe content. The
systematic decrease of lattice parameters is attributed to the
shortened Fe–S bond length, and suggests the success of
doping Fe at the Ni lattice site. ICP-MS was performed, con-
firming that the actual x values in FexNi1−xS2 are in agree-
ment with the intended doping concentrations (Fig. 1c and
Table S1†). Moreover, the surface morphology and atomic
structure were further studied by SEM and TEM. The SEM
images in Fig. 1d show that the as-synthesized FexNi1−xS2
samples have a sheet-like morphology with a size of a few
hundred nm and a thickness of ∼20 nm. The large-area TEM
image in Fig. 1e indicates that the sheet structure is com-

Fig. 1 (a) XRD patterns of FexNi1−xS2 (x = 0, 0.05, 0.10 and 0.20) nanosheets; the right panel shows the zoom-in region around the (200) reflection
peak, showing a systematic shift of the peak toward higher 2θ angles with increasing Fe content. (b) Lattice parameters extracted from XRD patterns
as a function of x; the inset shows the schematic crystal structure of pyrite FexNi1−xS2. (c) Fe contents in FexNi1−xS2 determined from ICP-MS. (d) SEM
image of the as-synthesized Fe0.1Ni0.9S2 nanosheets; the inset shows a magnified image. (e) TEM image of the as-synthesized Fe0.1Ni0.9S2
nanosheets; the inset shows a magnified image.

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2019 Nanoscale, 2019, 11, 23217–23225 | 23219

Pu
bl

is
he

d 
on

 0
5 

N
ov

em
be

r 
20

19
. D

ow
nl

oa
de

d 
by

 X
ia

m
en

 U
ni

ve
rs

ity
 o

n 
2/

4/
20

20
 8

:4
1:

21
 A

M
. 

View Article Online

https://doi.org/10.1039/c9nr07832k


posed of several nano-size sheets with different crystalline
domains. The high-resolution TEM image (inset) shows an
interplanar spacing of 0.28 nm which matches well with
pyrite NiS2.

A comprehensive combination of high-resolution XPS and
XAS spectra was used to study the effect of Fe doping on the
chemical states and electronic structure of FexNi1−xS2. Fig. 2a
shows the Ni 2p XPS spectra for NiS2 and x = 0.10. The Ni 2p
spectra show two peaks at binding energies (BEs) of 854.0 eV
and 871.4 eV, corresponding to the spin–orbit doublet of Ni
2p3/2 and 2p1/2. The BEs and line shapes of Ni 2p and S 2p
(Fig. S1†) are in agreement with those for NiS2.

34 Fe doping
does not induce significant changes in the Ni 2p and S 2p
spectra. Furthermore, a comparison of Fe 2p spectra with
those of FeS2 and Fe2O3 (Fig. 2b) suggests doped Fe is in the
+2 oxidation state. The +2 state of Ni and Fe in FexNi1−xS2 is
further confirmed using Ni L-edge and Fe L-edge XAS spectra
as shown in Fig. S2.†

XPS VB and S K-edge XAS spectra were used to examine the
effect of Fe doping on the electronic structures of NiS2. XPS VB
measures the occupied density of states (DOS) weighted by the
cross-sections of contributing orbitals. S K-edge XAS measures
the transition from the S 1s core level to unoccupied states
and can be qualitatively related to unoccupied DOS. In the
pyrite structure of NiS2, each Ni2+ cation is octahedrally co-
ordinated by six S2

2−, which split the Ni 3d8 into a lower
energy t2g state fully occupied by six electrons and a higher
energy eg state occupied by two electrons47 (inset in Fig. 2d).
Despite the half-filled eg states, NiS2 is semiconducting with a
bandgap of 0.3 eV due to electron correlations in Ni 3d.48 As
shown in Fig. 2c, the XPS VB spectrum of NiS2 (left panel) con-

sists of four features marked as A–D. Based on the above-men-
tioned electronic configuration and previous literature,49 fea-
tures A and B are attributed to Ni eg and t2g states with certain
hybridization with S 3p, whereas C and D are mainly S 3p6

states hybridized with Ni 3d. On the other hand, feature E in S
K-edge XAS is assigned to the unoccupied Ni eg state hybri-
dized with S 3p.50 Fe doping does not induce significant
changes in the line shapes of the VB and S K-edge, except that
the intensity of feature A increases with increasing the Fe
doping level. Because the doped Fe is in 3d6 low spin
configuration,47,50 the increase of feature A originates from the
six electron occupied Fe t2g states (inset of Fig. 2d and e).
Fig. 2d plots the peak area of feature A as a function of Fe
doping. The increased intensity of feature A, i.e. density of
states near the Fermi level (EF), suggests improved electronic
conductivity with Fe doping. As seen from the direct compari-
son of the VB and S K-edge spectra of NiS2 and Fe0.1Ni0.9S2
shown in Fig. 2e, there is a certain amount of DOS across the
EF for Fe0.1Ni0.9S2, indicating a metallic state induced by Fe
doping.

3.2. OER performance and mechanism

The OER activities of FexNi1−xS2 were investigated by compara-
tive sweep voltammetry in O2-saturated 1.0 M iron-free KOH.
The electrochemical data with 80% iR correction are shown in
Fig. 3a. NiS2 exhibits a high OER overpotential of 380 mV to
achieve a current density of 10 mA cm−2, which is in agree-
ment with previous results for pure NiS2.

51 Fe doping signifi-
cantly enhances the OER activity, with optimum performance
at x = 0.10. As summarized in Fig. 3b, the Fe0.1Ni0.9S2 electrode
only requires a low overpotential of 260 mV to achieve a

Fig. 2 (a) Ni 2p XPS spectra for the NiS2 and Fe0.1Ni0.9S2. (b) Fe 2p XPS spectra for Fe0.1Ni0.9S2, and FeS2 and Fe2O3 as references, suggesting that Fe
and Ni are in the +2 oxidation state. (c) The XPS valence band (VB) spectra (left) and S K-edge XAS spectra (right) of FexNi1−xS2 (x = 0, 0.05, 0.10 and
0.20). (d) Intensity of peak A marked in (c) as a function of x. The inset shows the schematic electronic configuration of Fe2+ and Ni2+ in pyrite FeS2
and NiS2. (e) Schematic diagram of electronic structures of NiS2 and Fe0.1Ni0.9S2. The results suggest that Fe doping introduces Fe 3d states near the
Fermi level, thus improving the electronic conductivity.
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current density of 10 mA cm−2. Furthermore, the Tafel slope
for NiS2 is 91 mV dec−1, and is reduced to 50 mV dec−1 for x =
0.05 and 46 mV dec−1 for x = 0.10. The significant reduction of
the Tafel slope indicates that Fe doping optimizes the reaction
energetics for the OER due to the modulation of the electronic
structure. Because all samples have a similar morphology
(Fig. S3a†) and roughly the same ECSA (Fig. S3b†), the
improved OER performance of Fe doped NiS2 should result
from improved intrinsic activity, not from the variation of the
surface area. EIS measurements were performed to study the
kinetics of charge transfer at the electrode/electrolyte interface
(Fig. 3c). Fe0.1Ni0.9S2 displays the smallest Nyquist semicircle,
suggesting the lowest charge transfer resistance (Rct1 + Rct2) for
faster electron transfer during the OER process. Fig. 3d shows
the chronopotentiometric stability test of NiS2 and Fe0.1Ni0.9S2,
indicating that Fe doping also significantly increases the
electrochemical stability of the NiS2 catalysts. Meanwhile, we
can see from Fig. S5† that the performance of NiS2 degrades
rapidly after 5 hours. This is likely caused by the peeling-off/
dissociation of NiS2.

It has been reported that many TM chalcogenides, nitrides
and phosphides tend to transform into their corresponding
TM oxides/hydroxides due to the highly oxidizing OER con-
ditions. The TM oxides/hydroxides are the actual active phase
for the OER.43 The trend of increased OER activity by Fe

doping in NiS2 seems to be in accordance with the case of
substantially enhanced activity by Fe doping in Ni
hydroxides.46,52 However, it remains unclear how the phase
transformation proceeds during the OER and how it corre-
lates with catalytic activity. To address this question, we per-
formed a comparative study of the transformation process of
NiS2 and Ni0.1Fe0.9S2 after different cycles of OER measure-
ments. For this purpose, we deposited the NiS2 and
Ni0.1Fe0.9S2 on carbon paper, because carbon paper provides
supporting substrates for XRD, XPS and XAS measurements
after different cycles of CV measurements. The NiS2 and
Ni0.1Fe0.9S2 exhibit similar structures, electronic structures
and trends of OER activities to those of nanosheet powder
(ESI Fig. S6†). Fig. 4a–d show the evolution of the large-scale
morphology (SEM) and atomic structures (TEM) for the NiS2
and Fe0.1Ni0.9S2 catalysts after 5 and 50 cycles of OER
measurements. The morphology of NiS2 (Fig. 4a) is dramati-
cally changed after 5 cycles, whilst Fe0.1Ni0.9S2 maintains its
sheet-like morphology even after 50 cycles (Fig. 4b).
Furthermore, TEM images (Fig. 4c) show that most of the
crystalline NiS2 transforms into an amorphous phase after 5
cycles, whist for Fe0.1Ni0.9S2 only a few nm thick amorphous
phase forms in the surface region (Fig. 4d) and the inner core
still retains a crystalline structure. Furthermore, the phase
transformation is also correlated with OER performance. As

Fig. 3 (a) Linear sweep voltammetry (LSV) polarization curves of FexNi1−xS2 (x = 0, 0.05, 0.10 and 0.20) and IrO2 measured in 1 M KOH solution. (b)
Comparison of potentials for driving 10 mA cm−2 current density and Tafel slopes. (c) Nyquist plots of EIS measurements at 1.63 V (vs. RHE) in a
sweep frequency range of 100 kHz to 1 Hz. The inset shows the equivalent circuit for fitting the data, consisting of an electrolyte resistance (Rs), a
charge transfer resistance (Rct1) caused by electron transfer from the electrolyte to the catalyst, and a resistance (Rct2) caused by electron transfer
from the FexNi1−xOOH layer to the FexNi1−xS2 layer. (d) Chronopotentiometric curves of NiS2 and Fe0.1Ni0.9S2 measured under a constant current
density of 10 mA cm−2.
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shown in Fig. 4e, the overpotential to drive 10 mA cm−2

current density for NiS2 increases much faster than that for
Fe0.1Ni0.9S2, indicating that Ni0.1Fe0.9S2 possesses better stabi-
lity and activity than NiS2. In order to understand the
relationship between stability and the reconstruction process,
EIS spectra after different cycles of OER measurements were
collected and fitted by using an equivalent circuit model
shown in Fig. 3c and Fig. S7.† Rct2 refers to the resistance
resulting from the transformed FexNi1−xOOH layer and is pro-
portional to its thickness. Fig. 4f plots the change of Rct2 with
different cycles of OER measurements. It can be seen that the
Rct2 for NiS2 increases much faster than that for Fe0.1Ni0.9S2,
suggesting that the transformation rate for NiS2 is faster than
that for Fe0.1Ni0.9S2, which corresponds to the XRD patterns
of catalysts after the V–t test (Fig. S8†). These results confirm
that Fe doping enhances the phase stability of NiS2 and
retards the phase transformation process.

Detailed XPS measurements were also performed to track
the evolution of compositions and chemical states of the cata-
lysts. The probe depth of XPS is around 2–4 nm.53 As shown in
Fig. 5a and b, the intensity of the S 2p peak substantially
decreases after the OER, while a slight shift of O 1s to lower
BEs with increasing OER measurements is observed because
of the transformation from adsorbed oxygen to lattice oxygen
(Ni–OH or Fe–OH),54 suggesting the transformation of metal
sulfides into NixFe1−xOOH species. For the first 5 cycles, the O
1s (Fig. 5b) and Ni 2p (Fig. 5c) spectra are in the stage of inter-
mediate chemical states. After 50 cycles, the O 1s and Ni 2p
spectra maintain similar line shapes and BEs until 200 cycles.
The Ni 2p3/2 peak (Fig. 5c) after the OER was shifted from
853.5 eV to a higher BE of 855.1 eV, corresponding to the BE of
NixFe1−xOOH.55 Similar OER-induced oxidation has been
observed in other Ni-based electrocatalysts.44,56 Interestingly,
as shown in Fig. S9,† a certain amount of S is still observed on

Fig. 4 (a) SEM images of the as-synthesized NiS2 and NiS2 after 5 and 50 cycles of OER measurements; (b) SEM images of the as-synthesized
Fe0.1Ni0.9S2 and Fe0.1Ni0.9S2 after 5 and 50 cycles of OER measurements; (c) HRTEM images of the as-synthesized NiS2 and NiS2 after 5 and 50 cycles
of OER measurements; (d) HRTEM images of the as-synthesized Fe0.1Ni0.9S2 and Fe0.1Ni0.9S2 after 5 and 50 cycles of OER measurements; (e) change
of the overpotential for driving 10 mA cm−2 current density, and (f ) resistance resulting from the transformed (oxy)hydroxide layer (Rct2) as a function
of cycles of OER measurements.

Fig. 5 XPS core levels spectra of (a) S 2p, (b) O 1s and (c) Ni 2p for the as-synthesized Fe0.1Ni0.9S2 and Ni 2p for Fe0.1Ni0.9S2 after 5, 50, and 200
cycles of OER measurements.
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the catalysts even after 25 hours of stability test. Recently, Niu
et al. reported that Se doped FeOOH lowers the energy barrier
for the rate determining step from Fe–O to Fe–OOH for the
OER, and thus significantly increases the OER activity.57 It is
an interesting open question whether the remaining S in NiFe
(oxy)hydroxides (i.e., S doped FexNi1−xOOH) can facilitate the
reaction energetics of the OER, which has important impli-
cations for explaining the phenomenon that the transformed
NiFe oxides/hydroxides from Fe0.1Ni0.9S2 pre-catalysts exhibit
better activity than oxides/hydroxides synthesized directly.

The above detailed characterization clearly demonstrates
that the FexNi1−xS2 pre-catalysts gradually transform into
FexNi1−xOOH as the actual active species for the OER, and the
Fe0.1Ni0.9S2 pre-catalysts have much higher OER activity and
better stability than NiS2. We propose two possible reasons for
this improvement. Firstly, the real catalyst is the transformed
Ni–Fe (oxy)hydroxides. It has been established that Fe doping
in Ni (oxy)hydroxides significantly improves the OER activity,
with 5–10% Fe showing the highest. Secondly, the Fe0.1Ni0.9S2
has better phase stability against being transformed into
Fe0.1Ni0.9OOH. The better phase stability of Fe doped NiS2 is
attributed to a shorter Fe–S bond length of 2.259 Å in compari-
son with the 2.4 Å for Ni–S (details in Table S2†).58,59 The
shorter Ni/Fe–S bond lengths suggest larger binding energies
and higher energy barriers to break bonds for phase trans-
formation. We speculate that the formation of a surface layer
of FexNi1−xOOH as an active OER catalyst (but insulating46)
and the remaining Fe0.1Ni0.9S2 as a conductive core to enable
fast electron transfer is the base for the high OER activity of
FexNi1−xS2. As illustrated by the schematic diagram in Fig. 6,
NiS2 nanosheets quickly transform into NiOOH during the
first few cycles of OER measurements, and the insulating
NiOOH phase limits the electron transfer for the OER. On the
other hand, Fe doping in NiS2 enhances the phase stability of
NiS2 and retards the process of transformation due to stronger

Fe–S bonding. The thin layer of Fe0.1Ni0.9OOH serves as an
active catalytic center for the OER and the remaining
Fe0.1Ni0.9S2 as a conductive channel for fast electron transfer.
More generally, our results imply an important principle for
design of a highly active TM chalcogenide OER catalyst, a
material with structural flexibility to form a surface layer of
active (oxy)hydroxides while having good stability to retain the
original structure for electron conduction.

4. Conclusions

In summary, we have investigated the effect of Fe doping on
the electronic structure, OER activity, and phase reconstruc-
tion process of pyrite NiS2. Fe doping introduces more density
of states at the top of the valence band and therefore increases
the electronic conductivity. We identified that the Fe0.1Ni0.9S2
exhibits the highest OER activity with an overpotential of
260 mV at 10 mA cm−2 in 1 M KOH solution. We performed
detailed characterization of the evolution of the structure, mor-
phology and chemical states of the catalysts after different
cycles of OER measurements. Our results further confirmed
that the FexNi1−xS2 pre-catalysts gradually transform into
FexNi1−xOOH during the OER. The FexNi1−xOOH is the actual
active species for the OER. Interestingly, we found that Fe
doping retards the process of transformation because of stron-
ger Fe–S bonding, explaining the much better electrochemical
stability of Fe0.1Ni0.9S2. These results suggest that the for-
mation of a surface layer of FexNi1−xOOH as an active OER
catalyst and the remaining Fe0.1Ni0.9S2 as a conductive core to
enable fast electron transfer is the base for the high OER
activity of FexNi1−xS2. Our work offers an important insight
into metal–chalcogenide electrocatalysts for understanding the
real active phase for the OER and the principle for design of
highly active catalysts.

Fig. 6 Schematic illustration for phase transformation and OER activity. The NiS2 nanosheets (left panel) completely transform into NiOOH at the
beginning of a few cycles of OER measurements. The insulating NiOOH limits electron transfer and hence OER activity. In contrast, Fe doping in
NiS2 (right panel) enhances the phase stability due to stronger Fe–S bonding and retards the process of transformation. The Fe0.1Ni0.9S2 catalyst can
maintain its own metallic phase as a conductive channel for fast electron transfer and the thin layer of Fe0.1Ni0.9OOH serves as an active catalytic
phase for the OER.
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