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Development of robust and highly active electrocatalysts for the oxygen evolution reaction (OER) is of

significance for next-generation renewable energy storage and conversion. Herein, for the first time, we

report pyrite-type iron nickel monophosphosulfide (Ni1�xFexPS, x ¼ 0, 0.1, 0.15, 0.2) electrocatalysts with

exceptional OER efficiency and stability under alkaline conditions. Ni0.85Fe0.15PS/NF exhibits

a considerably low overpotential of 251 (314) mV at 10 (100) mA cm�2 with a Tafel slope of 34 mV dec�1,

together with remarkable stability. Moderate Fe regulation in NiPS (Ni0.85Fe0.15PS) is found to stimulate

the activation of high-valence-state Ni/Fe oxyhydroxides during the irreversible surface reconstructions

that form disordered MOOH@MxSOy@MxPOy surfaces under OER conditions, as is established by

microstructural observations, surface-sensitive X-ray photoelectron spectroscopy, Raman spectroscopy

and X-ray absorption spectroscopy. DFT calculations show that the catalytic sites formed by Fe doping

are more nucleophilic than the Ni sites and thus more OER active, due to a facile Fe(II) / Fe(III) oxidation

state change for Fe. Meanwhile, overly stable OER surface species are not formed, as Fe in oxidation

states higher than Fe(III) is not favorable, which leads to a lower barrier for the rate-limiting OER step

than that for the Ni site. The present results shed light on the design and development of high-

performance electrocatalysts in ternary metal monophosphosulfides, as well as providing a fundamental

understanding of their intrinsic active sites.
Introduction

Pyrite-type transition metal suldes are one of the most
important classes of earth-abundant, highly active and durable
electrocatalysts for the hydrogen evolution reaction (HER) and
oxygen evolution reaction (OER), which are critical for renew-
able energy storage and conversion.1–5 Intrinsically, pyrite-type
transition metal suldes lack active sites; hence, extensive
efforts have been devoted to increasing the population of active
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sites so that the electrocatalytic performance of transition metal
suldes can be improved.6 Nanoarchitecture creation, such as
the creation of nanowires, nanosheets and nanospheres, is one
of the most effective strategies to increase the surface area of
a material, which in turn may increase the surface active
sites.7–11 Atomic defect engineering is also an effective strategy,
as it can increase the number of active sites or introduce new
types of active sites by altering the atomic structures.12 More-
over, compositional control, e.g. introduction of heteroatoms
into a material, has been proven to efficaciously enhance the
catalytic activity via activating the inert interface.4,13 However,
the concentration distribution of heteroatoms is practically
uncontrollable in experiments, and thus materials with
uniformly dispersed defects and heteroatoms are unachievable.
In contrast, metal phosphides exhibit high conductivity and
excellent catalytic activity, which inspire a great deal of interest
from researchers who work on developing efficient HER and
OER catalysts.14,15 Nevertheless, the conventional synthesis of
most metal phosphides involves toxic substances, e.g. phos-
phine, and metal phosphides can react with alkali in the cata-
lytic cell, reducing the catalytic stability.16 Therefore, developing
highly active electrocatalysts integrating the excellence of
suldes and phosphides is urgently needed. Pyrite-type CoPS
was found to exhibit excellent activities as the electrocatalyst for
This journal is © The Royal Society of Chemistry 2020
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energy conversion reactions including the HER, the OER and
overall water splitting, due to its adjustable electrical properties
and active sites.17–19 Nevertheless, producing CoPS is a complex
process and not environmentally benign, e.g. the simultaneous
phosphatization and vulcanization would result in highly toxic
PxSy species. To the best of our knowledge, no other metal
monophosphosuldes, e.g. NiPS, have been utilized as electro-
catalysts, which hinders further performance improvement and
mechanistic understanding of this kind of compound. There-
fore, it is challenging and of great interest to develop a powerful
technique to synthesize homogeneousmonophosphosuldes to
provide a material foundation for a deeper understanding of the
electrolysis mechanism of similar catalysts.

High-pressure and high-temperature (HPHT) synthesis can
overcome the high activation barrier of metastable phases and
stabilize new stoichiometric phases by affecting the chemical
reactivity of elements while reordering the atomic orbital energy
levels and changing their occupancy.20–22 The diamond is
a wonderful example of HPHT synthesis in industry and can be
produced in a relatively large amount.23–25 Pyrite-type NiPS can
be synthesized under high-pressure without any toxic by-
products, but there has not been any exploration of its elec-
trocatalytic potential so far.26 Moreover, integration of Fe into Ni
based catalysts may signicantly enhance reaction activity, as
found for Ni-Fe-MOF,27 Fe-b-NiOOH28 and Ni1�xFexS2.29 Herein,
to explore and optimize the electrocatalytic activity of ternary
nickel phosphosuldes, for the rst time, we report the
successful synthesis of pyrite-based iron nickel phosphosulde
(Ni1�xFexPS, x ¼ 0, 0.1, 0.15, 0.2) compounds, which make it
possible to implement structural characterization and perfor-
mance investigations for the OER. Microstructural
Fig. 1 (a) Collected XRD patterns of Ni1�xFexPS (x ¼ 0, 0.1, 0.15, 0.2) with
(c and d) Rietveld refinement of NiPS and Ni0.85Fe0.15PS, respectively. (e) N
of the Ni K-edge EXAFS spectra for Ni1�xFexPS.

This journal is © The Royal Society of Chemistry 2020
observations, X-ray photoelectron spectroscopy, Raman spec-
troscopy, X-ray absorption spectroscopy and DFT calculations
conrm that the formation of active high-valence-state Ni/Fe
oxyhydroxides can be induced by moderate Fe regulation in
NiPS.
Results and discussion

Nickel iron monophosphosuldes (Ni1�xFexPS, x ¼ 0, 0.1, 0.15,
0.2) are synthesized under high-pressure conditions (the
specic synthesis details are shown in the Experimental
section). The recovered samples are analyzed by powder X-ray
diffraction (PXRD) and the results are displayed in Fig. 1a.
NiPS and Fe-regulated NiPS are found to share the same
symmetry and there are no other impurity peaks observed,
suggesting the successful synthesis of high-purity Ni1�xFexPS.
The intensity of diffraction peaks gradually weakens and
a continuous shi to a higher angle is observed with increased
Fe concentration, as displayed in Fig. 1b and S1† (KCl was used
as the internal standard to correct the diffraction angles), which
suggests that Fe regulation suppresses the lattice parameters of
NiPS.30 The introduction of Fe into NiPS with a compressed
lattice may lead to the regulation of the surface electronic
properties which may boost catalytic activity. The PXRD
patterns of NiPS and Ni0.85Fe0.15PS are further analyzed by
Rietveld renement within the Full Prof program,31 as displayed
in Fig. 1c and d. The obtained lattice parameter of 5.551 Å for
pyrite NiPS (space group Pa�3, ICSD No. 646134) agrees well with
that from an earlier synthesis (5.549 Å),26 and comparably,
Ni0.85Fe0.15PS shows a slightly smaller lattice parameter of 5.529
Å (Table S1†). The S–P bond distance of 2.148 Å (2.151 Å) in NiPS
a pyrite structure. (b) The enlarged (200) diffraction peak in Ni1�xFexPS.
i K-edge EXAFS oscillation function, k3[c(k)], and (f) Fourier transforms

J. Mater. Chem. A, 2020, 8, 23580–23589 | 23581
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(Ni0.85Fe0.15PS) is greater than that in the S2 dimer of NiS2 (2.074
Å),32 while the slightly shorter Ni–S(P) bond distance of 2.327 Å
(2.317 Å) in NiPS (Ni0.85Fe0.15PS) suggests a relatively strong
interaction of Ni–S(P) compared with the Ni–S bond distance of
2.394 Å in NiS2. Moreover, the extended X-ray absorption ne
structure (EXAFS) is also studied to understand the local
structure of Ni1�xFexPS. The Fourier transformed (FT) Ni K-edge
k3-weighted c(k) EXAFS spectra of Ni1�xFexPS are plotted in
Fig. 1e to further investigate the occupation site of the Fe
dopant in NiPS. The results show that the short-range ordering
of Ni1�xFexPS is well maintained with Fe regulation, as sug-
gested by the exactly identical proles of the whole Ni K-edge
k3[c(k)] oscillation curves for the pure and Fe-regulated mate-
rials (Fig. 1e).33 The Fourier transformed k3[c(k)] curves within
the Hanning window range (k z 2.7–11.5 Å�1) show the rst
nearest neighbor shell FT peak induced by Ni–S/P backscat-
tering at approximately 1.87 Å and another FT peak induced by
Ni–Ni/Fe scattering at about 3.55 Å (Fig. 1f). The consistency in
the FT peak intensity and position implies similarity in the Fe
local structural environment throughout the sample system at
a certain scale. Similarly, the FT curves of Fe K-edge EXAFS
k3[c(k)] in Fig. S2† also show the presence of Fe–S/P scattering
peaks at around 1.81 Å and Fe–Ni/Fe peaks at around 3.55 Å,
respectively. Nevertheless, the Fe–S/P peak relative intensity
shows a slight downshi with Fe doping, suggesting the
disorder of Ni1�xFexPS due to Fe regulation.34

The OER catalytic performance of Ni1�xFexPS (x ¼ 0, 0.1,
0.15, 0.2) was evaluated using a standard three-electrode system
in an aqueous electrolyte (1 M KOH). As shown in the iR-cor-
rected linear sweep voltammetry (LSV) curves (Fig. S3†),
Fig. 2 (a) LSV curves of Ni1�xFexPS and RuO2measured on Ni foam, respe
10 and 100 mA cm�2. (c) Tafel plots of Ni1�xFexPS and RuO2. (d) TOFs o
Impedance curves of Ni1�xFexPS catalysts, tested at a 290 mV overpoten
1.0 M KOH.

23582 | J. Mater. Chem. A, 2020, 8, 23580–23589
Ni0.85Fe0.15PS/GC exhibits a better OER catalytic activity with an
overpotential of 322 mV at 10 mA cm�2 (h10 ¼ 322 mV) than
Ni0.8Fe0.2PS/GC (h10 ¼ 335 mV), Ni0.9Fe0.1PS/GC (h10 ¼ 362 mV),
NiPS/GC (h10 ¼ 415 mV) and commercial RuO2/GC (h10 ¼ 407
mV). The catalytic performance of Ni0.85Fe0.15PS is further
enhanced (Fig. 2a) when deposited on Ni foam (NF) (the LSV
curves without iR correction are displayed in Fig. S4†). Ni0.85-
Fe0.15PS/NF requires a very low overpotential of only 251
(314) mV to achieve an anodic current density of 10 (100) mA
cm�2 (Fig. 2b), considerably lower than those of many recently
reported OER electrocatalysts (see Table S2†). In addition,
Ni0.8Fe0.2PS/NF, Ni0.9Fe0.1PS/NF and NiPS/NF exhibit low over-
potentials of 261, 287, and 320 mV at 10 mA cm�2 and 323, 362,
and 411 mV at 100 mA cm�2, superior to those of the
commercial RuO2/NF (Fig. 2b). Remarkably, Fe-regulated NiPS
exhibits a signicant enhancement of catalytic activity
compared with NiPS and commercial RuO2, while the perfor-
mance does not scale linearly with the Fe doping concentration.
The electrocatalytic reaction kinetics is studied using the Tafel
slopes of Ni1�xFexPS/NF and RuO2/NF. As displayed in Fig. 2c,
Ni0.85Fe0.15PS/NF shows a much smaller Tafel slope of 34 mV
dec�1 than Ni0.8Fe0.2PS/NF (41 mV dec�1), Ni0.9Fe0.1PS/NF
(52 mV dec�1), NiPS/NF (75 mV dec�1), and RuO2/NF (100 mV
dec�1), suggesting that Fe regulation plays a critical role in
achieving amore rapid OER rate. The OER faradaic efficiency on
Ni0.85Fe0.15PS is assessed by comparing the collected gases and
theoretical data. It is demonstrated that the Ni0.85Fe0.15PS
presents a faradaic efficiency of over 94.2%, indicating the high
efficiency of electron utilization (Fig. S5†). To evaluate the
intrinsic OER catalytic ability of Ni1�xFexPS, the corresponding
ctively. (b) Comparison of the OER potential for Ni1�xFexPS and RuO2 at
f Ni1�xFexPS at different overpotentials (0.3, 0.35, 0.4 and 0.45 V). (e)
tial. (f) The chronoamperometric curve of Ni0.85Fe0.15PS (on Ni foam) in

This journal is © The Royal Society of Chemistry 2020
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turnover frequencies (TOFs) are calculated (we assume that all
the metals are the active sites) at different overpotentials using
the following function:

TOF ¼ (J � A)/(4 � F � n)

where J is the current density at a certain overpotential, A is the
surface area of the working electrode, 4 implies 4 electrons per
mole of O2, F is the Faraday constant, and n is the number of
moles of metal ions in the working electrode.35 Actually, this
method underestimates the real activity because only surface
metal species serve as active sites for the OER.36 As displayed in
Fig. 2d, Ni0.85Fe0.15PS/NF shows the highest TOFs in compar-
ison to NiPS/NF, Ni0.9Fe0.1PS/NF and Ni0.8Fe0.2PS/NF. For
example, the TOF of Ni0.85Fe0.15PS/NF at a given overpotential of
0.45 V is 0.097 s�1, which is over 4.5 times higher than that of
NiPS/NF and is also higher than those of Ni0.9Fe0.1PS/NF and
Ni0.8Fe0.2PS/NF (the specic values are displayed in Table S3†).
To further understand the origin of the superior performance of
Ni0.85Fe0.15PS, we also investigate the electrochemically active
surface area (ECSA) of the as-prepared Ni1�xFexPS. The detailed
electrochemical cyclic voltammetry (CV) curves of Ni1�xFexPS
with different scanning rates are shown in Fig. S6a–d† and the
electrochemical double-layer capacitances (Cdl) are given in
Fig. S6e.† The Cdl values are derived to be 1.3, 1.0, 1.1, and 1.2
mF cm�2 for NiPS, Ni0.9Fe0.1PS, Ni0.85Fe0.15PS and Ni0.8Fe0.2PS,
respectively. The obtained values suggest that the different OER
performances of the pristine and Fe-regulated NiPS do not come
from signicantly different ECSAs, and therefore the high OER
activity of Ni0.85Fe0.15PS likely benets from the enhanced
intrinsic activity induced by the appropriate Fe doping amount.
Fig. 3 (a) SEM image of Ni0.85Fe0.15PS. (b and e) Bright-field TEM image
after electrocatalysis, respectively. (c) TEM and (d) HRTEM images of the
before and after the OER.

This journal is © The Royal Society of Chemistry 2020
To comprehend the effect of Fe substitution on reaction
kinetics, electrochemical impedance spectroscopy (EIS) is per-
formed at a selected overpotential of 290 mV from 105 to 0.01 Hz
(Fig. 2e). Ni0.85Fe0.15PS shows the smallest semi-circular arc in
the Nyquist plots (the detailed results are displayed in Table
S4†) among the available Ni1�xFexPS electrodes, which suggests
rapid charge transfer kinetics of Ni0.85Fe0.15PS, consistent with
the Tafel analysis. These results conrm that moderate Fe
regulation for NiPS can effectively promote its OER activity.

Long-term stability is another critical parameter for practical
applications of catalysts. The long-time operational stability of
Ni0.85Fe0.15PS is assessed using the chronoamperometric i–t
measurements displayed in Fig. 2f, and the current density
remains above 93% continuously over 50 h at an initial current
density of about 50.4 mA cm�2 (xed overpotential of 294 mV),
suggesting its superior stability. The stability test is also carried
out for NiPS/NF, Ni0.9Fe0.1PS/NF and Ni0.8Fe0.2PS/NF (Fig. S7†),
which further indicates that Fe doping can signicantly
enhance the catalytic stability of NiPS.

The microstructural morphology of Ni1�xFexPS catalysts is
revealed by eld-emission scanning electron microscopy
(FESEM). As shown in Fig. 3a and S8,† the Ni1�xFexPS catalysts
feature interacting irregular nano-particles. The analysis of the
SEM-EDX images in Fig. S9–S12† indicates that Ni1�xFexPS
possess very uniform composition distributions and have an
atomic ratio very close to the stoichiometric ratio, as shown in
Table S5.† Transmission electron microscopy (TEM) and high-
resolution TEM (HRTEM) of Ni0.85Fe0.15PS before and aer the
OER are performed (Fig. 3c–d and S13†). A distinctive core–shell
morphology can be observed in Fig. 3c. The HRTEM
with the corresponding element mapping of Ni0.85Fe0.15PS before and
Ni0.85Fe0.15PS after electrocatalysis. (f) Raman spectra of Ni0.85Fe0.15PS

J. Mater. Chem. A, 2020, 8, 23580–23589 | 23583
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observations from Fig. 3d and S13b† show a nearly amorphous
state on the surface, which may provide more active sites for
catalysts.37 The HRTEM images of Ni0.85Fe0.15PS (Fig. S13a†)
show a thin oxide layer on the surface before the OER. The
lattice fringes obtained from the HRTEM image (Fig. 3d) with
different planar spacings of 0.276 nm and 0.247 nm correspond
to the (200) and (210) crystal planes of Ni0.85Fe0.15PS, respec-
tively. The TEM-EDX maps of Ni0.85Fe0.15PS before and aer the
OER (Fig. 3b and e) also support the highly uniform distribution
of Ni, Fe, P and S elements. It is noted that minor oxidized
species (Fig. 3b and S13†) are observed on the surface of
Ni0.85Fe0.15PS before the OER, which could be helpful for
hydrophilicity and manufacturing vacancies.38,39 Aer the OER,
the oxidized species signicantly increase. In addition, energy
dispersive X-ray (EDX) elemental mapping and the corre-
sponding FESEM-EDX mapping were performed to analyze the
change of chemical composition for Ni0.9Fe0.1PS (Fig. S14†) and
Ni0.85Fe0.15PS (Fig. S15†) aer the OER, showing a signicant
increase of the oxygen content, a reduced sulfur content and an
almost unchanged Ni/Fe ratio. Interestingly, S and P elements
are also distributed in the shell aer the OER, which may
corroborate the presence of disorderedMOOH@MxSOy@MxPOy

hybrids on the near-surface. Confocal Raman microscopy and
PXRD are performed to further conrm the compositional and
structural changes of Ni0.85Fe0.15PS aer the OER. The PXRD
patterns of Ni0.85Fe0.15PS aer the OER (Fig. S16†) show
a signicant decrease in the intensity of diffraction peaks, but
no new diffraction peaks are observed, indicating that the
crystalline Ni1�xFexPS may have evolved into a core–shell
structure aer the OER, consistent with the TEM results. Raman
Fig. 4 (a) XPS results of Ni 2p for Ni0.85Fe0.15PS and NiPS before and after
S 2p spectra for Ni0.85Fe0.15PS and NiPS before the OER. (d) O 1s spectra fo
S 2p for Ni0.85Fe0.15PS after the OER.

23584 | J. Mater. Chem. A, 2020, 8, 23580–23589
spectroscopy is a very powerful and sensitive tool to understand
the charge–lattice coupling of materials. The Raman spectra of
Ni0.85Fe0.15PS before the OER (Fig. 3f) show ve peaks: two
primary peaks at about 280 and 404 cm�1 are attributed to the
characteristic active modes of libration (Eg) and in-phase
stretching (Ag), and the other three very weak peaks at about
324, 431 and 478 cm�1 belong to Tg(1), Tg(2) and Tg(3) of the
chalcogenide dumbbells.40 Besides, the characteristic active Eg

and Agmodes for Ni0.85Fe0.15PS display a redshiwith respect to
those of NiPS (Fig. S17†), mainly owing to the change of the
local environment of chalcogenide dumbbells with Fe incor-
poration. Aer the OER, several new peaks appeared in the
Raman spectrum of Ni0.85Fe0.15PS (Fig. 3f), which are located at
about 479 and 564 cm�1 (NiOOH or Ni(Fe)OOH),41 676 cm�1

(FeOOH),42 and 620 and 977 cm�1 (close to the tetrahedral
sulfate and phosphate species).43,44

To further investigate the near-surface chemical composi-
tion and valence state, X-ray photoelectron spectroscopy (XPS) is
performed. As shown in Fig. 4a, two core-level peaks with
binding energies of 853.1 eV and 870.3 eV are attributed to Ni–S
or Ni–P bonding in NiPS before the OER.45,46 Two other peaks
located at 856.4 eV and 874.4 eV are attributed to Ni(III) 2p3/2 and
Ni(III) 2p1/2, respectively.47 Two shakeup satellite peaks in the Ni
2p3/2 and Ni 2p1/2 spectra are located at 861.3 eV and 879.9 eV,
which may be related to higher oxidation in NiPS (Ni3+ and Ni2+)
on the near-surface.48 As for the Ni 2p spectrum of Ni0.85Fe0.15PS
(Fig. 4a), two peaks at 853.7 eV and 871.0 eV (assigned to Ni–S/P
bonds) shi positively by about 0.6 eV and 0.7 eV, suggesting the
enhanced interaction of M–S/P in Ni0.85Fe0.15PS.49 Moreover,
a comparison of the Ni 2p spectra of NiPS and Ni0.85Fe0.15PS
the OER. (b) P 2p spectra for Ni0.85Fe0.15PS and NiPS before the OER. (c)
r Ni0.85Fe0.15PS and NiPS after the OER. (e and f) XPS results of P 2p and

This journal is © The Royal Society of Chemistry 2020
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before the OER suggests that the valence state of the Ni atoms
decreases upon Fe substitution, suggesting the interaction
between Ni and Fe.50 The high-resolution Ni 2p spectrum of
Ni0.85Fe0.15PS aer the OER is also shown in Fig. 4a; two peaks
at 856.6 eV and 874.4 eV can be assigned to Ni(III) 2p3/2 and
Ni(III) 2p1/2 accompanied by their shakeup satellite peaks
located at 862.4 eV and 880.6 eV. The peaks at 853.7 eV and
871.0 eV become very weak and almost invisible, indicating the
surface reconstruction of Ni0.85Fe0.15PS.

To understand the interaction of P and S atoms with metal
atoms, we analyze the P 2p and S 2p spectra of NiPS and
Ni0.85Fe0.15PS. Two P 2p peaks of NiPS at 129.5 eV and 130.3 eV
(Fig. 4b) correspond to P 2p3/2 and P 2p1/2 of M–P bonding.51

Another peak at 134.0 eV is ascribed to the formation of metal
phosphate species of POx

y� on the near-surface.52 Compared
with those for NiPS, P 2p peaks for Ni0.85Fe0.15PS shi negatively
by 0.4 eV and 0.3 eV, respectively, suggesting a higher valence
state at the near-surface due to the electron transfer from Fe and
Ni to P. Besides, the peak at 133.6 eV shis negatively by 0.4 eV
compared to that for NiPS, indicating the formation of phos-
phate species. In the S 2p spectra for NiPS before the OER in
Fig. 4c, two peaks at 162.1 eV and 163.3 eV are assigned to S 2p3/
2 and S 2p1/2.53 Interestingly, a new peak of 168.5 eV appears in
the S 2p spectrum of Ni0.85Fe0.15PS, supporting the formation of
sulde species (SOx

y�), which tends to increase the wettability
of materials.54 To further clarify the effects of iron regulation,
characterization of the O 1 s spectra for Ni0.85Fe0.15PS and NiPS
(Fig. 4d) shows that the conspicuous peaks of the two samples
are 531.1 eV (NiPS) and 532.2 eV (Ni0.85Fe0.15PS), suggesting the
presence of chemisorbed oxygen species.55,56 We also nd that
the binding energy of O 1 s for Ni0.85Fe0.15PS is higher by 1.1 eV
than that of NiPS, conrming that iron regulation tends to form
higher valence oxygen species, such as FeOOH and NiOOH. All
the results support the fact that Fe regulation is not only
benecial for forming stable MOOH, but also enables metal
sites with a relatively high valence state. The peak located at
536.1 eV can be assigned to water adsorption and some chem-
isorbed oxygen species.57 The P 2p and S 2p spectra of Ni0.85-
Fe0.15PS aer electrocatalysis are shown in Fig. 4e and f; the
peaks located at about 129.2 eV (Fig. 4e), 162.7 eV and 164.2 eV
(Fig. 4f) correspond to M–P and M–S bonds, and those at
Fig. 5 (a) Normalized Ni K-edge XANES spectra with a magnified inse
Normalized Fe K-edge XANES spectra for FeO, FeOOH and Ni1�xFexPS b
Ni0.85Fe0.15PS after the OER.

This journal is © The Royal Society of Chemistry 2020
133.4 eV and 169.3 eV are attributed to the surface reconstruc-
tion of P and S atoms into POx

y� and SOx
y�, which is also critical

for the enhanced OER performance.58

To further elucidate the local structural changes caused by
Fe regulation, X-ray absorption spectroscopy (XAS) was per-
formed in terms of Ni and Fe. The Ni K-edge X-ray absorption
near edge structure (XANES) spectra of Ni1�xFexPS before and
aer the OER are displayed in Fig. 5a compared with those of
the reference Ni foil and NiO powder. The most striking feature
of the pre-edge (8334 eV) aer the OER is that the intensity
decreases signicantly with respect to those before the OER,
mainly due to the more centrosymmetric absorbing atoms aer
the OER.59 Moreover, there are distinct peaks near 8341 eV
before the OER, corresponding to the transition 1s / 4p +
LMCT (ligand-to-metal charge transfer), suggesting a very
strong covalent bonding of Ni–S/P.60,61 Fig. 5a shows that Ni
mainly presents as Ni(II) in NiPS before the OER; however, Ni in
Ni1�xFexPS (the inset of Fig. 5a) shows a reduced valence state
relative to NiPS, conrming the charge transfer from Fe to Ni
due to the Fe regulation. Fig. 5a also highlights that aer the
OER, Ni prefers a higher oxidation state and Ni in Ni0.85Fe0.15PS
and Ni0.8Fe0.2PS remains in the highest oxidation state. These
results indicate that Fe regulation could lead to the charge
transfer from Fe to Ni, which results in a signicant increase in
the average oxidation state of Ni atoms in Ni1�xFexPS during the
OER. Therefore, the better OER catalytic activity of Ni0.85-
Fe0.15PS may be partly due to the signicant increase of the
average oxidation state of Ni atoms in Ni0.85Fe0.15PS during the
OER.62 The normalized XANES spectra of the Fe K-edge for
Ni1�xFexPS before and aer the OER are shown in Fig. 5b,
together with those for FeO and FeOOH. As displayed in Fig. 5b,
the Fe absorption edge of Ni1�xFexPS before the OER is close to
that of FeO, indicating the presence of mainly Fe(II) in Ni1�x-
FexPS. It is worth noting that the Fe K-edge position of Ni0.85-
Fe0.15PS is at a higher energy than those of Ni0.9Fe0.1PS and
Ni0.8Fe0.2PS, indicating an appropriate doping amount and
more effective charge transfer. Aer the OER, Fe tends to be in
the higher oxidation state; the average valence state of Ni0.85-
Fe0.15PS (close to FeOOH) is higher than the valence states of
Ni0.8Fe0.2PS and Ni0.9Fe0.1PS, indicating that Ni0.85Fe0.15PS may
facilitate the intermediate MOOH formation due to the
t image for Ni foil, NiO and Ni1�xFexPS before and after the OER. (b)
efore and after the OER. (c) Fit (line) to the Fe K-edge EXAFS spectra of

J. Mater. Chem. A, 2020, 8, 23580–23589 | 23585
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moderate Fe doping concentration. These results clearly
support the fact that a moderate Fe doping concentration
(Ni0.85Fe0.15PS) will raise the oxidation states of Ni and Fe atoms
and facilitate formation of the MOOH intermediates, which
contribute to the enhanced OER catalytic activity. The extended
X-ray absorption ne structure (EXAFS) is also analyzed and the
radial distribution functions of Ni and Fe K-edge k3-weighted
EXAFS spectra for NiPS and Ni0.85Fe0.15PS before and aer the
OER are displayed in Fig. S18 and S19,† respectively. The rst-
shell peak (Ni–S/P) (Fig. S18†) aer the OER shis from 1.87 Å
(before the OER) to 1.73 Å mainly due to the formation of
MOOH. And a similar phenomenon also appears in Fig. S19.†
The radial distribution functions of NiPS and Ni0.85Fe0.15PS
before and aer the OER are tted with modied theoretical
models (the details are shown in Fig. 5c, S20, S21, and Table
S6†), which further demonstrate the formation of oxyhydroxides
during the OER. Throughout the above analysis, we demon-
strate that appropriate Fe doping facilitates the formation of
high-valence-state active oxyhydroxide intermediates and leads
to the evolution of the material into the core–shell hetero-
structure containing both the pristine structure and newly
formed amorphous MOOH@MxSOy@MxPOy aer the OER.

To better understand OER mechanism of the pure and Fe-
regulated NiPS, DFT calculations are performed. First, we
investigate the OER performance of pristine NiPS (OER-related
species for pristine NiPS can be found in Fig. S22†). On the (102)
surface of NiPS, the OER activity is found to be low, with *O /

*OOH being the rate-limiting electron-transfer step (Fig. 6a).
The Gibbs free energy change for the rate-limiting electron-
Fig. 6 (a) Calculated Gibbs free energy profiles for the OER at the
surface Ni and P sites on the (102) surface of NiPS without external bias
potential (U¼ 0 V). The *O (*¼Ni) and *O (*¼ P) are the same species
with O located at the bridge sites of Ni–P. (b) Calculated Gibbs free
energy profiles for the OER at the surface Fe site on the (102) surface of
the Fe doped NiPS at external bias potentials of U ¼ 0 and U ¼ 1.23 V.
(c) The occupancy change in the Ni/Fe valence 3d orbitals for *OH, *O,
and *OOH for the Ni/Fe 3d occupancy for the unreacted catalyst (*).
The valence occupancy is evaluated based on PDOS integration. (d)
Average lattice parameter as a function of the Fe doping concentration
for the Fe-regulated NiPS.

23586 | J. Mater. Chem. A, 2020, 8, 23580–23589
transfer step DGrls is 3.61 eV at the surface Ni site and 2.98 eV
at the surface P site, implying that the OER is inhibited at Ni
atoms. Note that no terminal *O species are found at the Ni site;
instead, O is located at the bridge site of the surface Ni–P bond.
Moreover, the adsorption of O-containing species at Ni is found
to be less favorable than the adsorption at the surface S and P
sites (Fig. S23†), implying that the formation of oxidized S and P
surface species is likely to dominate the surface reactions,
which might further weaken the OER activity at the Ni surface.
Next, the OER activity of Fe-doped NiPS is calculated (Fig. S24†).
The Gibbs free energy prole shows that *OH / *O is the rate-
limiting step with DGrls ¼ 1.42 eV (Fig. 6b). The overpotential h
for the OER at a particular active site can be evaluated as the
difference between DGrls and the equilibrium potential (U ¼
1.23 V):

h ¼ DGrls

e
� 1:23 V

The predicted h for the Fe site on the (102) surface of the Fe-
doped NiPS is 0.19 V. This suggests that Fe doping onto the
(102) surface of NiPS initiates a valid electrochemical reaction
pathway that can be activated at a low external bias. The
contrast between the OER proles of the Ni and Fe sites on the
(102) surface of NiPS demonstrates that a small amount of Fe
doped into NiPS can signicantly enhance the OER perfor-
mance of the NiPS catalyst.

It is known that the actual NiPS catalyst is covered by an
amorphous overlayer (Fig. 3), and our simplied NiPS model
does not include the amorphous oxide overlayer explicitly and
directly. Nevertheless, the oxidation states of NiPS can be pro-
jected from our DFT results, as the oxidative species including
*O, *OH, *OOH, and *OO at the P, Ni, and Fe sites which
resemble the surface species of the oxide overlayer are carefully
considered in the calculations. The natural and electrochemical
oxidations can be indicated by the free energy minima in the
calculated OER free energy proles at external bias ¼ 0 and
1.23 V, respectively. Fig. 6a shows that at U ¼ 0 V, the Ni and P
sites of the (102) surface of NiPS can be naturally populated with
*OH and *O species, and the P site has a higher oxygen affinity
than the Ni site (Fig. S23†), implying formation of phosphates
and hydrogenated phosphates mainly. At U ¼ 1.23 V (Fig. S27†),
*O is projected to be the dominant species at the Ni and P sites,
so phosphates are expected to be formed under OER conditions
as the overlayer; the overly stable phosphate species could be
detrimental to OER efficiency. In contrast, the hydroxide species
are projected to be formed over the Fe sites on the (102) surface
of NiPS at U ¼ 0, while all the *OH, *O, *OOH, and *OO species
are comparably favorable at U ¼ 1.23 V. The Fe surface sites
prevent formation of overly stable OER intermediate species
under OER operating conditions, which in part accounts for the
improved OER performance with the Fe-dopant. To nd the
origin of the much better per-site OER activity of Fe than Ni in
NiPS, the electronic structures of the pristine and doped cata-
lysts are looked into. The projected densities of states are
compared for a surface Fe of the doped NiPS (102) and a surface
Ni of the pure NiPS. The formation of *OH, *O, and *OOH
This journal is © The Royal Society of Chemistry 2020
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species at Ni of pristine NiPS (102) barely changes the Ni 3d
occupancy (Fig. 6c) as well as the Ni 3d PDOS (Fig. S25†), which
reects that Ni is reluctant to donate an electron to the O-
containing surface species, and thus has a low catalytic reac-
tivity. This can be understood as the electron loss of Ni(II) in *

will lead to a frustrated Ni(III) oxidation state while Ni(III) is in
principle much less thermodynamically favourable than Ni(II).
This is implied by the extremely high ionization potential of
Ni(II)63 (35.187 eV vs. 30.651 eV for Fe(II)),64 and is also consistent
with the fact that Ni(II) oxide is the only stable oxide formed
under normal conditions for Ni whereas both Fe(II) and Fe(III)
oxides exist. In contrast, for the OER at Fe in Fe-regulated NiPS,
the Fe 3d occupancy is notably changed upon formation of the
*OH, *O, and *OOH species, as compared to the Fe 3d occu-
pancy for the unreacted catalytic site. The decreases in the Fe 3d
occupancy for *OH, *O, and *OOH (* ¼ Fe) are 0.20, 0.40, and
0.13 e. Therefore, Fe(II) of * for the Fe-regulated NiPS (102) can
lose electrons to O-containing OER species and be further
oxidized. Fe(II) can readily react with the aqueous (H2O-related)
species to form *OH and *OOH, which likely leads to Fe
oxidation states between II and III. In addition, the overly stable
formation of *O is avoided as +3 is likely the highest oxidation
state allowed for Fe, so the *O / *OOH does not become the
rate-limiting step with an insurmountable barrier height (as
found for the surface Ni site) (Fig. 6a and b). It is noted that our
OER calculations are based on equilibrium structures in the
absence of an external bias, so the conclusions drawn from the
modelling results will underestimate the extent of the surface
oxidation under working conditions of the cell. Nevertheless,
DFT modelling reveals that Fe is the superior OER catalytic site
to Ni because Fe can readily adsorb OH and OOH and the overly
stable *O species are not formed at Fe. The suitable oxidation
state changes of Fe during the OER might account for the
superior OER performance of the Fe-regulated NiPS.

Our DFT results have shown that Fe dopant sites are likely
superior to the Ni sites for OER catalysis on NiPS, and naturally
one would expect that a higher Fe doping concentration is
benecial for the OER. The experimental results so far show
that a 15% doping concentration gives optimal OER perfor-
mance. To explain the doping concentration dependence of the
OER performance, bulk structures of doped NiPS with different
doping concentrations are optimized at the DFT level, with the
lattice parameters and ion positions fully relaxed. The 2 � 1 � 1
supercell comprising 8 FexNi1�xPS units were used, and the
corresponding XRD spectra are predicted (Fig. S26†). The 2q
value of the diagnostic (200) peak increases as the doping
concentration increases, as a consequence of reduced lattice
parameters, which agrees well with the experimental observa-
tions. In addition, the cell symmetry ion positions are essen-
tially invariant to the doping concentration, which suggests that
doping does not cause any phase changes, which is consistent
with the experimentally observed structurally similar XRD
spectra for the pure and Fe-regulated NiPS. The evolution of the
average lattice parameter as a function of doping concentration
is illustrated in Fig. 6d. It is found that at a low doping
concentration (Fe% < 25%), the lattice parameters of the doped
NiPS are comparable to those of the pure NiPS (mismatch < 1%),
This journal is © The Royal Society of Chemistry 2020
while at higher doping concentrations (Fe% > 25%), the lattice
parameters become noticeably smaller than those of the pure
NiPS (mismatch > 1%). We opine that the lattice mismatch
between these components could lead to deformation and
stacking faults that can be detrimental to the electrical
conductance of the electrode material. The lattice mismatch
becomes severe at high doping concentrations, which might
account for the decreased OER performance at Fe% > 15%.

Conclusions

In summary, iron nickel monophosphosuldes (Ni1�xFexPS, x¼
0, 0.1, 0.15, 0.2) were synthesized by utilizing the high
temperature and high pressure method. Fe-regulated NiPS
showed signicantly enhanced OER activity, especially Ni0.85-
Fe0.15PS with a considerably low overpotential of 251 mV at 10
mA cm�2 and high catalytic stability. Through analysis of
microstructural observations, surface-sensitive X-ray photo-
electron spectroscopy, Raman spectroscopy and X-ray absorp-
tion spectroscopy, we found that a moderate Fe doping
concentration facilitates the formation of high-valence-state Ni/
Fe oxyhydroxides with high activity during irreversible surface
reconstruction. The DFT results suggested that surface Fe sites
from doping were more OER active than Ni sites, with
a remarkably low theoretical overpotential. The excellent OER
activity of Fe sites, with favourable adsorption strengths for all
OER intermediate species, was ascribed to the facile II / III
oxidation state change of Fe while such a change was thermally
difficult for Ni. We hope that our results can provide guidance
for the development of high-performance electrocatalysts in
ternary metal monophosphosuldes.
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