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Experimental section 

1. Chemicals 

Cobalt nanopowder (purity, 99.99%), Nickel nanopowder (purity, 99.99%), iron nanopowder 

(purity, 99.99%) and sulfur powder (purity, 99.99%) were from Aladdin Chemical Co., Ltd. 

Potassium hydroxide (KOH, AR; density, 2.130 g·cm−2) and Nafion binder (Nafion D-521 

dispersion, 5% w/w in water and 1-propanol, ≥0.92 meq/g exchange capacity) were from 

Tianjin Kemiou Chemical Reagent Co., Ltd. 

2. Electrocatalysts synthesis 

Co0.8Fe0.11Ni0.09S2 (henceforth referred to as Fe,Ni-CoS2), Co0.8Fe0.2S2 (henceforth referred to 

as Fe-CoS2), Co0.8Ni0.2S2 (henceforth referred to as Ni-CoS2), CoS2, FeS2, and NiS2 were 

synthesized by the high temperature and high pressure (HTHP) process in a cubic multi-anvil 

device (CS−1B type, Guilin, China). Pyrophyllite pressure medium, a graphite heater, and an 

h-BN capsule were included in the assemblies. W-Re (type C) thermocouples were used to 

calibrate the temperature. The following are the typical synthetic steps: First, in a glove box, 

the stoichiometric Co, Fe, Ni and S powders for Fe,Ni-CoS2, Fe-CoS2, Ni-CoS2, CoS2, FeS2, 

and NiS2 are mixed by hand using agate mortar and pestle no less than 30 min. The mixtures 

are then pre-pressed at 20 MPa into a cylindrical block precursor (five millimeters by three 

millimeters) and encapsulated into h-BN capsules. Finally, the samples are heated to 1500 °C 

under 5.0 GPa for 15 min. The ultrafine powder was obtained through the high-energy 

mechanical milling method. All of the samples were ball-milled for 10 hours under Ar 

atmosphere using a planetary-type high energy ball mill with a ball to power ratio of 20:1 at 

350 rpm. 

3. Morphology and structure analysis 

X-ray diffraction (XRD) patterns of the synthetic electrocatalyst were obtained by a 

PANalytical X’Pert Pro X-ray diffractometer with Cu Kα radiation (λ = 0.15406 nm) at a scan 
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rate of 0.013° min−1. Their morphology was characterized by the field emission scanning 

electron microscopy (FESEM, JSM-7900F) and transmission electron microscopy 

(TEM&HRTEM, JEOL2010, Japan) equipped with X-ray energy-dispersive spectroscopy 

detector (EDS). And the element mapping and high-resolution TEM (HRTEM) were carried 

out at 200 kV. X-ray photoelectron spectroscopy (XPS, AXIS Ultra DLD, Japan) with a 

monochromatic Al Kα X-ray source is used to determine the chemical states of the elements. 

All operando Raman measurements were carried out using a custom-built spectro-

electrochemical cell. The electrochemical reactions were monitored by an electrochemical 

workstation (CHI760E) in a three-electrode configuration (1M KOH). The Pt wire and 

Ag/AgCl electrode were used as the counter electrode and the reference electrode, respectively. 

The working electrodes were prepared by drop-casting the ink (the mixture of 1ml ethanol, 30 

µL Nafion and 4 mg electrocatalysts was sonicated over 30 min) on a specially designed glass 

carbon electrode (diameter is 6 mm) and the mass density of catalyst is about 0.24 mg cm-2. 

The in-situ and ex-situ Raman spectra were acquired using confocal micro-Raman spectroscopy 

(LabRam HR Evolution, Horiba) equipped with a 532 nm laser excitation and an 1800 lines/mm 

grating monochromator. And each spectrum was acquired in 30 s with 3 sweeps from 100 to 

1000 cm-1.  

Samples for operando XAS measurements were conducted in a custom-made in-situ 

electrochemical cell under the fluorescence model. The custom-made Teflon container (Figure 

S11a-b) with a specially designed window sealed by Kapton tape, which prevents any leakage 

of electrolyte and allows X-rays beam to pass. The carbon rod and Hg/HgO electrode were used 

as the counter electrode and the reference electrode, respectively. The working electrodes were 

prepared by drop-casting the ink (the mixture of 1ml ethanol, 30 µL Nafion and 4 mg 

electrocatalysts was sonicated over 30 min) on carbon paper (thickness was about 500 nm), 

which was fixed by Kapton tape. The operando electrochemical measurements were conducted 

on a computer-controlled electrochemical analyzer. At each potential, the catalyst was allowed 
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to be stabilized 10 min before XAS measurement and the potential was kept constant throughout 

the XAS measurement. Furthermore, the data for XAS was obtained at Beamline 11B Shanghai 

Synchrotron Radiation Facility (SSRF) and Hard X-ray MicroAnalysis (HXMA) beamline 

Light Source in Canadian (CLS). The storage ring is operated at 250 mA mode with a Si (111) 

double crystal monochromator to produce Monochromatic X-rays. The energy calibrations of 

the monochromator are checked by K-edge of Co foil (7709 eV), Fe foil (7112 eV) and Ni foil 

(8333 eV), respectively. All XAS data were processed using the ATHENA program of IFEFFIT 

software packages and analyzed in the WINXAS software. 

4. Electrode preparations. 

All working electrodes were made by using the following procedure. The catalyst ink was 

prepared by mixing 1ml ethanol, 30 µL Nafion and 4 mg as-prepared sulfide catalysts then 

ultrasound treating over 30 min. Then, the as-prepared catalyst suspension of 12 µL was drop-

casted on the surface of the glass carbon electrode (GCE, 5.0 mm in diameter), yielding a 

catalyst mass density of 0.24 mg cm-2. Finally, the catalyst-coated working electrodes were 

dried in the air for over 30 min. For preparation of nickel foam (NF)-supported working 

electrodes, first NF (geometric effective dimensioning:1x1 cm) were rinsed in ethanol under 

ultrasound for over 30 min and then dried. The as-prepared catalyst suspension was drop-casted 

on the support and the loading mass is about 4.0 mg. Finally, these catalyst-coated working 

electrodes were dried in the air over 5 h. 

5. Electrochemical measurements 

All electrochemical measurements are carried out at room temperature on an electrochemical 

workstation (CHI760E), with a typical three-electrode electrochemical system. The typical 

three-electrode electrochemical system consisting the working electrode, Hg/HgO (1.0 M 

KOH) reference electrode, and platinum counter electrode (1x1 cm). All of the tests were 

carried out in a 1.0 M KOH electrolyte. 
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All measured potentials were translated to the reversible hydrogen electrode (RHE) as follows:  

𝐸(𝑅𝐻𝐸) = 𝐸(𝐻𝑔/𝐻𝑔𝑂) + 0.098 + 0.059 × 𝑝𝐻      (1) 

And the overpotential is determined by the formula:  

 𝜂 =  𝐸(𝑅𝐻𝐸)  − 1.23 𝑉         (2) 

Linear sweep voltammetry (LSV) curves were collected at a scan rate of 5 mV s-1 with 85% iR-

compensation. Tafel slopes were determined by fitting the linear portion of the Tafel plots of 

the Tafel equation: 

𝜂 =  𝑏 ∗ 𝑙𝑜𝑔(𝑗) + 𝑎          (3) 

Electrochemical impedance spectroscopy (EIS) tests were carried out at 0.6 V (vs. SCE) in a 

frequency range from 100k Hz to 0.01 Hz. 

Cyclic voltammograms (CV) cures are measured at different scan rates (v=20, 40, 60, 80, and 

100 mV s-1) in the non-Faradic potential range of 0.05 to 0.1 V (vs. RHE).  

The mass activity (MA) is calculated by the equation: 

MA = 𝑗/𝑚           (4) 

Where, 𝑗  is the current density (mA/cm2), and 𝑚 is mass density (mg/cm2). And 𝑚  is 0.24 

mg/cm2 in this work. 

The following equation was used to evaluate the turnover frequency (TOF) of electrocatalysts: 

TOF = (𝑗 × 𝐴)/(4 × 𝐹 × 𝑛)         (5) 

Where 𝑗 is the current density at a given overpotential, A is the electrode's surface area, 4 is the 

number of electrons transferred to produce one mole of O2, F is the Faraday constant, and n is 

the number of moles of metal ions in the working electrode. 

RRDE experiments were carried out using a CHI760E Electrochemical workstation, a speed 

control unit (1600 r.p.m.; Princeton Applied Research Model 636 Electrode Rotator) and a Ring 

disc electrode (GC and Pt ring, Figure S9c). The counter and reference electrodes are graphite 

rod and Ag/AgCl electrode, respectively. In addition, to reduce the O2 produced by the catalyst 

in 1 M KOH, the ring potential was maintained at 0.4 V vs. RHE. 
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The FE was calculated as follow: 

FE = 𝐼𝑟𝑖𝑛𝑔/(𝐼𝑑𝑖𝑠𝑘𝑁)          (6) 

Where, Iring, Idisk and N are ring current, disk current, and current collection efficiency, 

respectively. And the N in here is 0.2. 

The chronoamperometric test is carried out with an initial current density of 52 mA·cm−2 (the 

samples are deposited on the nickel foam electrode). The materials (deposited on carbon cloth) 

are measured in the CV model at a rate of 100mV/s from 1.23V vs. RHE to the potential where 

the current density is 100 mA/cm2, after two hours’ reaction, the samples are collected defined 

as after OER. 

6. Particle size effect on XAS modeling  

Notice that what the structural systems intend to reproduce is a sub-nano to nanoscale 

decomposition process of Fe,Ni-CoS2 type of structure throughout the in-situ process versus 

the in-step growth of CoOOH type of structure in the system in roughly the same scale. The 

corresponding XANES modeling upon structure systems is to correlate the particle size effect 

described by structure systems to data trends resolved experimentally by XANES. Here cluster 

radii specified for cluster components of two structure systems are regarding as the kernel 

portion of the corresponding particle which possesses the corresponding Fe,Ni-CoS2 and 

CoOOH types of Co local structure structures. The size of actual particles of Co clusters in the 

sample may be larger than the corresponding specified clusters defined by structure systems if 

having surface attached atoms considered. But since positions of those surface attached atoms 

are often displaced away from the corresponding crystallography prediction because of surface 

effect, their XAFS backscattering is expected to experience a cancellation effect among surface 

atoms, making XANES from particle surface atoms only has a secondary effect on the overall 

XANES. Therefore, XANES contribution from a surface atom is ignored, only the kernel 
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portion of particles which possess Fe,Ni-CoS2 and CoOOH types of structures are considered 

in the reported modeling. 

The modeling also reveals a significant increase in the relative intensity of feature “B” and 

substantial peak drifting and relative intensity increasing of feature “C” from clusters R3Å to 

R4Å. Notice that the structure changing of CoOOH clusters from R3Å to R4Å corresponds to 

a critical point of CoOOH structure extension from 2D to the 3D framework. Notice that 

CoOOH structure is featured by CoO6 octahedron sheets bridged by hydrogen sheets in between 

(Figure S14). For cluster R≤3Å, CoOOH possessed a flake type of particle morphology. For 

cluster R=4Å, Co begins to see the oxygen belonging to neighbored CoO6 octahedron sheets, 

namely CoOOH type of structure begin to extend from 2D flake type of morphology to 3D. For 

cluster R≥5Å, the CoOOH type structure domain grows up to nanoscale particle or lager, 

reaching the XANES detecting limit with the intensity of “C” saturated.  

7. Possible error analysis in LCF  

Possible error in LCF analysis induced by using these two standard spectra still needs to be 

addressed considering at first that two XANES standard spectra were obtained from model 

compound samples long-range ordered, secondly XANES theoretical modeling has revealed 

particle size effect may impact XANES of both Co species (Figure S25-26), and thirdly the 

CoOOH type of Co structure did expect to grow throughout the in-situ process. 

From Fe,Ni-CoS2 XANES perspective, theoretical modeling revealed that the size effect 

constrains to particles with size ranged R≤6Å, featured by changing in intensity and drifting of 

peak position (“A” in Figure S25). But the peak drifting of the feature is not experimentally 

resolved by the in-situ data system (“A”, Figure 3c), indicating that Fe,Ni-CoS2 particles in the 

sample system were constantly ranged R≥6Å throughout the in-situ reaction. Therefore Fe,Ni-

CoS2-Co-OCP is an ideal standard for LCF analysis. From CoOOH XANES perspective, small 

error is expected for LCF by using the standard spectrum from the model compound CoOOH, 
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induced by particle size effect upon features “B” and “C” (Figure S26). The size effect of “B” 

is featured mainly as changing in the peak relative intensity and secondly as peak broadening. 

This broadening effect of “B” is further associated with the peak drifting and line broadening 

of “C”. The XANES modeling also reveals that the effects to “B” and “C” are both mostly 

constrained to CoOOH particles with size ranged R≤4Å in radius, and almost completely 

ignorable for particles size ranged R≥4Å. Even for particles ranged R≤4Å, the overall size effect 

induced intensity changing is rather small, counting for only a few percent of XANES signal of 

the data region. 

Therefore, CoOOH size effect related LCF analysis error is expected to be ignorable for this in-

situ data system, considering at first that the largest possible size related error from CoOOH 

standard spectrum is expected at the low voltage end of the in-situ reaction, e.g., Fe,Ni-CoS2-

Co-1.1 V. The CoOOH in the sample at this reaction condition is anticipated still at its precursor 

development stage for CoOOH structure, e.g., growth from 2D flake to 3D CoOOH type of 

structure domain (Figure S24). At this stage the intensity of “B” and “C” of the standard 

spectrum might be slightly overemphasized for the CoOOH type of structure in the sample. 

However, the estimated weight of CoOOH at this stage is a minor level of ~ 3% level (Table 

S7). Considering that the underestimation of CoOOH weight induced by overemphasizing the 

signal intensity at “B” and “C” from the standard spectrum is only a few percent of the overall 

CoOOH XANES signal, the error induced by the “B” and “C” size effect at this amount of 

CoOOH, i.e. 3%, is less than 0.1% for total XANES signal, thus the error is ignorable even at 

this data point regarding the overall LCF result. Secondly, XANES modeling further indicates 

that features “B” and “C” induced LCF error can be completely ignored for rest data points of 

the in-situ data system with progressively increasing voltage, considering that “B” and “C” 

quickly reach their peak status when CoOOH structure domain grows up to Nana scale (i.e., R

≥4) (Figure S26). 
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8. Computational details. 

All the density functional theory level first-principles calculations in this study were performed 

using Vienna Ab-initio Simulation Package (VASP).[1-2] The exchange correlation energies 

were approximated by using the Perdew, Burke, and Ernzerhof (PBE) functional.[3] The spin 

polarized electron wave functions expanded in plane wave basis sets with 500 eV energy cutoff 

and pseudopotentials were constructed with the projected augmented wave (PAW) method.[4] 

In addition, the DFT-D3 correction proposed by Grimme is applied to include dispersion 

interactions.[5]  

The cubic-phase CoS2 crystal structure (space group: Pa-3) was first optimized until the forces 

on each relaxed atoms are smaller than 0.01 eV/Å. During the bulk calculations, the lattice 

parameters and atom positions were relaxed. The lattice parameter for the cubic CoS2 is 

predicted as a=b=c=5.509 Å, which is in good agreement with the experiment. 

OER reaction over (102) surface of pure CoS2 and Fe and Ni doped CoS2 were performed. The 

nonpolar (102) slab was cut from cubic-phase CoS2 crystal structure and 1×2 supercell 

(12.312×11.012 Å2) was created. The supercell contains 36 Co and 80 S atoms with a thickness 

of ~11 Å, which is approximately stoichiometric. A vacuum of 20 Å was placed between the 

slab images. Fe and Ni dopants were introduced to replace surface Co atoms, which create four 

doped CoS2 (102) slabs, Co35FeS2, Co35NiS2, Co34NiFeS2-1, and Co34NiFeS2-2, labeled with 

the molecular formula of the supercell. Co34NiFeS2-1 and Co34NiFeS2-2 are two homotops for 

the Fe and Ni co-doped CoS2 (102), where the relative position of the surface Fe and Ni dopants 

differs. For both cases, the Fe and Ni dopants are nearest neighbors connected by an S atom. 

For the slab optimization calculations, the lattice parameters of the optimized bulk systems were 

used and only the positions of the atoms were optimized. A vacuum of at least 20 Å was set for 

all the slab systems. A 1×2 Monkhorst-Pack K-point mesh was used in the DFT calculations.[6] 
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The OER reaction was modeled for the selected active sites, following the 4-electron (or 4-hole) 

mechanism proposed by Nørskov.[7] 

𝑂𝐻− + ∗ → ∗ 𝑂𝐻 + 𝑒−         (7) 

∗ 𝑂𝐻 →  ∗ 𝑂 + 𝐻+ + 𝑒−         (8) 

𝑂𝐻− +∗ 𝑂 → ∗ 𝑂𝑂𝐻 + 𝑒−         (9) 

∗ 𝑂𝑂𝐻 → ∗  + 𝑂2 + 𝐻+ + 𝑒−        (10) 

where the adsorbates including OH, O, and OOH are added to the active site of the slabs (*) 

and the reaction energies were calculated accordingly. Assembling the reaction energies for 

steps (7) to (10) gives the energy profile for OER at a particular site. Subtracting the reaction 

energies by 1.23 V for each elementary charge transfer reaction results in the reaction energy 

barriers under an external bias of 1.23 V and the theoretical overpotential ηDFT can be predicted 

by equation (11) 

ηDFT = max (∆ES (1.23 V))          (11) 

where S indicates an elementary reaction step.  

Similarly, the Fe and Ni co-doped CoS2 (011) and (111) slabs were constructed for OER profile 

analysis. The supercell for the Fe and Ni co-doped CoS2 (011) has a size of 

7.787×11.012×33.627 Å3 (slab thickness is approximately 13 Å), comprising Co30FeNiS60. The 

supercell for the Fe and Ni co-doped CoS2 (111) has a size of 15.574×15.574×29.017 Å3 (slab 

thickness is approximately 9 Å), comprising Co46FeNiS96.  

The bulk doped CoxNiyFezS2 materials, x + y + z = 1, were optimized at the PBE level using 

supercells comprising 32 sulfide units, in order to see the influence of the dopant concentration 

and on the stability of the material. The optimization calculations were carried out with an 

8×8×8 K-point mesh, during which the lattice parameters and the atom positions were fully 

relaxed till energy change is below 0.0002 eV and force change is below 0.002 eV/Å. The 

formation energy per sulfide unit Eform for CoxNiyFezS2 can be evaluated using equation (12): 

Eform = E(CoxNiyFezS2) – x*E(CoS2) – y*E(NiS2) – z*E(FeS2)     (12) 
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where E(CoxNiyFezS2), E(CoS2), E(NiS2), and E(FeS2) are the predicted energy per sulfide unit 

(MS2) at the DFT level for CoxNiyFezS2, CoS2, NiS2, and FeS2, respectively. The lattice 

deformation of CoxNiyFezS2 with respect to the CoS2 lattice is defined by equation (13): 

deformation (%) =  ((
(𝑎𝑏𝑐)𝐶𝑜𝑥𝑁𝑖𝑦𝐹𝑒𝑧𝑆2

(𝑎𝑏𝑐)𝐶𝑜𝑆2

)

1

3

− 1) ∗ 100     (13) 

where a, b, and c denote the lattice parameters. 
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Figure S1: (a,c) Collected XRD patterns of Ni-CoS2/NiS2/CoS2 and Fe-CoS2/FeS2/CoS2 with 

pyrite structure; (b,d) their close look of (200) diffraction peak. 
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Figure S2: (a) Rietveld refinement of CoS2. (b,c) the Raman fitting results of CoS2 and Fe,Ni-

CoS2, respectively. 
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Figure S3: SEM images of CoS2 (a), Ni-CoS2 (b), Fe-CoS2 (c) and Fe,Ni-CoS2 (d) before OER. 
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Figure S4: Energy dispersive X-ray (EDX) elemental mapping and corresponding 

FESEM−EDX spectra for Fe,Ni-CoS2 (a), Fe-CoS2 (b), CoS2 (c) and Ni-CoS2 (d). 
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Figure S5: (a, b) HRTEM and its enlarged image of Fe,Ni-CoS2 pre-catalyst. c) TEM-EDS 

mapping scans of Fe,Ni-CoS2 catalyst. 

  



     

17 

 

 

Figure S6: (a) no iR-corrected LSV curves of the as-prepared sulfides. (b) Tafel plots of as-

prepared sulfide catalysts and RuO2. 
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Figure S7: (a) Impedance curves of as-prepared sulfide electrocatalysts, (b) the partially 

enlarged view of (a). The equivalent circuit is embedded in (b).  
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Figure S8: Electrochemical cyclic voltammograms (CVs) at different scanning rates of CoS2 

(a), Ni-CoS2 (b), Fe-CoS2 (c) and Fe,Ni-CoS2 (d). (e) Double-layer capacitance (Cdl) of CoS2, 

Ni-CoS2, Fe-CoS2 and Fe,Ni-CoS2. (f) ECSA-normalized OER polarization curves of the 

fabricated sulfide catalysts. 
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Figure S9: (a) the mass activity (MA) of the as-prepared sulfide electrocatalysts. The Faradaic 

efficiency for Fe,Ni-CoS2 is determined by drainage method (b) and rotating ring-disk electrode 

(RRDE) measurement(c). 
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Figure S10: XPS survey spectra for Fe,Ni-CoS2 before and after OER. 
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Figure S11: (a-b) The photo and its schematic configuration of the electrochemical cell for 

operando XAS setup experiments, respectively. ①in-situ electrochemical cell; ②kapton film; 

③working electrode; ④reference electrode (Hg/HgO); ⑤counter electrode (carbon rod); ⑥

post-ionization chamber; ⑦Lytle type detector for collecting the fluorescence signals. (c) The 

XAS comparison of “Fe,Ni-CoS2:Pristine” and “Fe,Ni-CoS2:OCP” (immersion into the 1.0 M 

KOH electrolyte 30 min) show no obvious changes. 
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Figure S12: (a) FT filtered Co K-edge EXAFS k3χ(k) for Fe,Ni-CoS2 at various applied 

potentials. Co K-edge XANES spectra (b) and EXAFS k3χ(k) (c) of Fe,Ni-CoS2 under different 

conditions (immersion into the 1.0 M KOH electrolyte 30 min, 1.1 V, and 1.45 V), and CoOOH. 
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Figure S13: Comparison of experimental and theoretical simulation results (XANES, EXAFS 

in k space and R space) for Fe,Ni-CoS2 and CoOOH, respectively. XAS modeling was 

performed upon Co centered spherical clusters with cluster radius up to 7Å for Fe,Ni-CoS2 

(ICSD-100325) and 6Å for CoOOH (COD, data-9009884), respectively. 
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Figure S14: Co centered spherical cluster system was developed based on the structure of 

CoOOH (COD-9009884), i.e., R3.0, 4.0, 5.0 and 6.0Å. 

  

R3Å cluster

R4Å cluster

R5Å cluster

R6Å cluster
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Figure S15: (a) XANES theoretical Fe,Ni-CoS2 system, A trend is featured as following: 

cluster R≥6Å, no cluster size dependency resolved by the modeling; Cluster R6-5Å is critical 

cluster size range with the trend of (1) signal intensity decreasing and (2) feature peak drifting 

beginning to be resolved; R≤5Å, the trend continued for intensity decreasing and peak drifting. 

(b) XANES theoretical CoOOH system, featured by the following: “B” is not cluster size 

dependent; C progressively changed following particle size changing, feature as following: C 

begins to be resolved at R3.0Å cluster with lower feature intensity at an energy ~3 eV lower vs 

the final position; Intensity of C increases quickly when cluster size is increased, reaching 

feature maximum when R≥5.0Å; In-step with the increasing of feature intensity, peak position 

drifting to the experimentally resolved final C position. 
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Figure S16: Comparison is made between ExpData, LCF fit, and two weighted standards 

throughout the redox process of the Fe,Ni-CoS2 system. 
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Figure S17: (a-c) Operando Co K-edge XANES spectra of Fe-CoS2, Ni-CoS2, and CoS2 at 

varied potentials during the OER process, respectively. (d) Operando Fe K-edge XANES 

spectra of Fe-CoS2 at varied potentials. (e) Operando Ni K-edge XANES spectra of Ni-CoS2 at 

varied potentials. 
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Figure S18: Comparison of Fe K-edge XANES spectra for Fe,Ni-CoS2, Fe-CoS2 at 1.6 V and 

FeOOH. 
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Figure S19: BFT-filtered Co K-edge EXAFS k3χ(k) of Fe,Ni-CoS2 OCP and CoOOH. The k 

space data range for forward Fourier transform and R space window for backward Fourier 

transform filtering were ranged between 2.6-13.9 Å-1 and 1.0-5.6 Å, respectively. Sine window 

function was used for both forward and backward Fourier transform. 
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Figure S20: Fourier transformed k3-weighted Co K edge EXAFS recorded for Fe,Ni-CoS2 at 

open circuit potential (a), 1.1 V RHE anodic (b), 1.2 V RHE anodic (c), 1.3 V RHE anodic (d), 

1.4 V RHE anodic (e), 1.45 V RHE anodic (f), 1.5 V RHE anodic (g) and CoOOH (h). 

experimental data (circle) and the corresponding fitting (line). 
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Figure S21: (a-c) Comparison of Fe, Co and Ni K-edge XANES spectra of Fe,Ni-CoS2, Fe-

CoS2, Ni-CoS2, and CoS2, respectively. 



     

33 

 

 

Figure S22: High-resolution XPS spectra of Co 2p for Fe,Ni-CoS2, Fe-CoS2, Ni-CoS2 and CoS2 

before OER. 
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Figure S23: The *, *OH, *O, *OOH OER intermediates for the (102) surfaces of (a) Fe-doped 

CoS2 (b) Ni-doped CoS2 (c, d) Fe and Ni co-doped CoS2 (Co34NiFeS80-1 and Co34NiFeS80-2 

respectively). 
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Figure S24. (a) The *, *OH, *O, and *OOH OER intermediates at the Fe site of the Fe and Ni 

co-doped CoS2 (011) surface. (b) Calculated OER profiles at the DFT level for Fe site of the Fe 

and Ni co-doped CoS2 (011) surfaces at an external bias of 0 V and 1.23 V. 
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Figure S25. (a) The *, *OH, *O, and *OOH OER intermediates at the Fe site of the Fe and Ni 

co-doped CoS2 (111) surface. (b) Calculated OER profiles at the DFT level for Fe site of the Fe 

and Ni co-doped CoS2 (111) surfaces at an external bias of 0 V and 1.23 V. 
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Figure S26. (a) Formation energy of CoxNiyFezS2, x + y + z = 1, with respect to the pure MS2. 

(b) The lattice parameter deformation (∆(abc)1/3) for CoxNiyFezS2 for the pure CoS2. 
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Table S1: Crystal-structural parameters of the Fe,Ni-CoS2 and CoS2 from Rietveld 

refinement. 

Composition Fe,Ni-CoS2 CoS2 

Space group Pa-3 (205) Pa-3 (205) 

Phase structure Cubic Cubic 

a=b=c (Å) 5.535 5.534 

V (Å
3

) 169.591 169.561 

Z 4 4 

Atom 

site 

Co (0.000, 0.000, 0.000) (0.000, 0.000, 0.000) 

Fe (0.000, 0.000, 0.000) / 

Ni (0.000, 0.000, 0.000) / 

S (0.389, 0.389, 0.389) (0.388, 0.388, 0.388) 
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Table S2: Chemical compositions detected by the energy dispersive X-ray (EDX) elemental 

mapping. 

Samples Elenmets Weight (wt%) Atom (at%) 

CoS2 
Co K 47.2 32.9 

S k 26.6 67.1 

Ni-CoS2 

Co K 41.4 27.5 

Ni K 4.2 7.3 

S K 26.3 65.2 

Fe-CoS2 

Co K 41.1 28.4 

Fe K 6.6 7.2 

S K 26.3 64.4 

Fe,Ni-CoS2 

Co K 36.3 27.2 

Fe K 1.1 3.6 

NiK 27.5 3.1 

S K 26.4 66.1 
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Table S3: Comparison of OER electrocatalysts in 1.0 M KOH for similar reported systems. 

Catalyst 
mass density 

(mg cm-2) 
j (mA cm–2) 

η 

(mV) 

Tafel slope 

(mV dec-1) 
Electrolytes Ref. 

Fe,Ni-CoS2 0.24 

10 242 

35 1.0 M KOH This work 

100 295 

CoFe0.2Sx 0.14 10 320 48.7 1.0 M KOH [8] 

B-TS-H@T-B 0.22 50 392.4 64 1.0 M KOH [9] 

ZnCoS-

NSCNT/NP 
0.21 10 270 73 1.0 M KOH [10] 

CoFeWS 0.21 10 286 38 1.0 M KOH [11] 

CoS-

Co(OH)2@MoS2+x 
0.20 10 410 68 1.0 M KOH [12] 

c-FeCo2Sy/carbon 0.28 10 247 35 1.0 M KOH [13] 

CoS2 MBs 0.50 10 308 41.4 1.0 M KOH [14] 

NiS2/CoS2/C 0.20 20 310 78 1.0 M KOH [15] 

Fe3O4@Co9S8/rG

O-2 
0.25 10 320 54.5 1.0 M KOH [16] 

FeS2/NiS2 / 10 233 64 1.0 M KOH [17] 

V-NiS2 0.272 10 290 45 1.0 M KOH [18] 

Co@CoFe-P NBs 0.30 10 266 26.94 1.0 M KOH [19] 

Ni-Fe 

disulfide@oxyhyd

roxide 

0.126 10 230 42.6 1.0 M KOH [20] 

Ti-CoSx HSS 0.255 10 245 45.5 1.0 M KOH [21] 

P-doped Ni-Fe-S 0.28 10 264 48 1.0 M KOH [22] 
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Table S4: Comparison of long-term stability of OER electrocatalysts in 1.0 M KOH for 

similar reported systems. 

Catalyst 
j (mA 

cm–2) 

η 

(mV) 

Stability 

time (hours) 
Electrolytes Ref. 

Fe,Ni-CoS2 52 285 500 1.0 M KOH This work 

MoOx/Ni3S2 17 230 200 1.0 M KOH [23] 

CuCo2S4 NS 10 310 12 1.0 M KOH [24] 

Co-S 168 440 20 1.0 M KOH [25] 

Co9S8@NOSC 10 340 10 1.0 M KOH [26] 

NiCo2S4 10 -- 30 1.0 M KOH [27] 

CoS-

Co(OH)2@MoS2+x 
10 380 27.8 1.0 M KOH [12] 

MnCo2S4 NW 50 -- 100 1.0 M KOH [28] 

Zn-Ni3S2 52 300 20 1.0 M KOH [29] 

Co9S8 NPs/CNS 10 300 10 1.0 M KOH [30] 

Fe3O4-Co3S4 NS 10 270 24 1.0 M KOH [31] 

S-Co NPs/CNS 10 330 12 1.0 M KOH [32] 

Ni3S2 L 22.5 450 12 1.0 M KOH [11] 

NiS@N/S-C 10 420 10 1.0 M KOH [33] 

NiS/Ni foam 20 290 20 1.0 M KOH [34] 

NiCo2S4 NW/NF 5.5 297 50 1.0 M KOH [35] 
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Table S5: Fitting parameters of LCF of Fe,Ni-CoS2-OCP-CoOOH in-situ system 

Fe,Ni-CoS2 
Fe,Ni-CoS2-Co OCP  CoOOH 

R-factor 
Weight E0  Weight E0 

1.10 0.97 -0.04  0.03 -2.6 0.000025 

1.20 0.89 -0.09  0.11 -0.57 0.000089 

1.30 0.69 -0.12  0.31 0.04 0.000070 

1.40 0.25 -0.16  0.75 0.29 0.000165 

1.45 0.15 -0.16  0.85 0.35 0.000210 

1.50 0.14 0.29  0.86 0.56 0.000776 
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Table S6: Fitting parameters of in-situ Co K-edge EXAFS spectra for Fe,Ni-CoS2 catalyst 

Fe,Ni-CoS2 

 path CN[a] R (Å)[b] ΔEo (eV)[c] σ2(10-3Å2)[d] 

OCP Co – S  5.9 (1) 2.31 (2) 0.48 (2) 4.8 (1) 

1.10 V 
Co – S  5.8 (2) 2.31 (1) 

0.66 (1) 
4.7 (2) 

Co – O 0.1 (4) 1.89 (2) 5.0 (1) 

1.20 V 
Co – S  5.2 (4) 2.32 (1) 

0.79 (2) 
5.1 (1) 

Co – O 0.6 (1) 1.87 (2) 4.8 (1) 

1.30 V 

Co – S 3.6 (5) 2.32 (1) 

1.80 (1) 

5.0 (4) 

Co – O 2.2 (3) 1.89 (3) 5.0 (2) 

Co – Co(CoOOH) 2.3 (3) 2.84 (3) 8.9 (3) 

1.40 V 

Co – S 0.8 (3) 2.33 (2) 

-5.40 (2) 

2.0 (1) 

Co – O 4.2 (2) 1.89 (4) 5.1 (2) 

Co – Co(CoOOH) 3.3 (4) 2.82 (4) 6.3 (4) 

1.45 V 

Co – S 0.5 (2) 2.35 (1) 

-5.97 (3) 

5.0 (2) 

Co – O 4.7 (7) 1.89 (5) 4.9 (1) 

Co – Co(CoOOH) 3.3 (7) 2.82 (2) 5.0 (1) 

1.50 V 

Co – S 0.4 (3) 2.33 (2) 

-6.1 0(1) 

6.8 (2) 

Co – O 4.7 (2) 1.86 (2) 4.5 (3) 

Co – Co(CoOOH) 3.6 (4) 2.82 (1) 4.4 (3) 

[a] the average coordination number CN (CN was set as the theoretical value during a fitting before OER). 

[b] Debye-Waller factor σ2 was set in a range of 0.004 to 0.01. [c] inner potential shift ΔEo was set to equal 

and in a range of -6 to 6 eV. [d] R is the interatomic distance from the central scattering atom. 
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