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S1 Experimental

S1.1 Materials

Lanthanum nitrate hydrate [La(NO3)3·6H2O], ferric nitrate hydrate 

[Fe(NO3)3·9H2O], potassium ferricyanide {K3[Fe(CN)6]}, hexamethylenetetramine 

(hmt), sulfur (S), potassium hydroxide (KOH), ethanol (99.5%) used in the experiment 

were of analytical grade and used without further purification. Commercial nickel foam 

(NF) is purchased from Changsha Lyrun New Material Co.

S1.2 Syntheses of the [LaxFe1-x(H2O)8Fe(CN)6]·2hmt precursors

The synthesis of [La(H2O)8Fe(CN)6]·2hmt is according to the work reported 

previously [1]. The typical procedure is as follows: K3[Fe(CN)6] (1 mmol, 329 mg), 

La(NO3)3·6H2O (1 mmol, 433 mg), Fe(NO3)3·9H2O (1 mmol, 404 mg), hmt (2 mmol, 

280 mg) were mixed with a molar ratio of 1: 1: 1: 2 in 20 mL deionized water, then 

stirred under room temperature overnight. The obtained precipitation was centrifuged 

and washed by deionized water and ethanol for three times, then was dried in an oven 

at 60 ℃ overnight.

[La0.5Fe0.5(H2O)8Fe(CN)6]·2hmt was synthesized under similar condition as 

described above except that 1 mmol La(NO3)3·6H2O was replaced by 0.5 mmol 

La(NO3)3·6H2O and 0.5 mmol Fe(NO3)3·9H2O.

Similarly, in the preparation of [La0.33Fe0.67(H2O)8Fe(CN)6]·2hmt, 0.33 mmol 

La(NO3)3·6H2O and 0.67 mmol Fe(NO3)3·9H2O were utilized instead of 1 mmol 

La(NO3)3·6H2O. And a free-La precursor was also synthesized for comparison, in 

which 1 mmol La(NO3)3·6H2O was completely replaced by 1 mmol Fe(NO3)3·9H2O. 

S1.2 Syntheses of La-doped FeS2/NC and FeS2/NC

La-doped FeS2/NC and FeS2/NC were synthesized by annealing the above precursors 

in the presence of sulfur. The procedure is as follows: 100 mg of the as-prepared 
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precursor and 1.4 g of sulfur powder were placed in two porcelain boats, and the 

porcelain boat with sulfur was located on the upstream side of tubular furnace. Then 

the precursor was heated at 400 °C for 1 hour in N2 atmosphere with a heating rate of 

5 °C per minute. The annealed products of the [La0.5Fe0.5(H2O)8Fe(CN)6]·2hmt, 

[La0.33Fe0.67(H2O)8Fe(CN)6]·2hmt and the free-La precursors are designated as La-

doped FeS2/NC-0.5, La-doped FeS2/NC-0.33 and FeS2/NC, respectively. 

S1.3 Structural characterizations

The X-ray diffraction (XRD) data of all the samples were obtained by using the 

Tongda TD-3500 Diffractometer with Cu Kα radiation (λ = 1.54056 Å). The metallic 

elemental contents were determined by inductively coupled plasma atomic emission 

spectroscopy (ICP GREEN, SPECTRO) with the wavelength range of 163 - 770 nm. 

Raman spectra were collected on a Renishaw invia Raman spectrometer with a laser 

wavelength of 514.5 nm as the excitation source and with a laser output power of 2 

mW. The morphologies and micro-structures of the samples were observed by a Quattro 

S field-emission scanning electron microscopy (SEM) and a JEOL JEM-2100F 

transmission electron microscopy (TEM). Elemental mappings were analyzed by 

energy dispersive X-ray spectroscopy (EDS) with the AMETEK spectrometer (USA) 

attached to Quattro S SEM. Thermogravimetric (TG) curve was measured using the 

Netzsch STA 449F3 instrument in N2 atmosphere with a ramp rate of 14 °C min-1. The 

chemical compositions and valence states of the samples were examined by X-ray 

photoelectron spectroscopy (XPS) (Escalab 250XI) with Al Kα X-ray as an excitation 

source, and the data was calibrated according to the standard C-peak binding energy 

(286.4 eV). The specific surface area and pore size distribution of the material were 

analyzed by nitrogen adsorption/desorption at ultra-low temperature of 77 K.

S1.4 Electrochemical measurements

Electrochemical measurements were conducted on an electrochemical workstation 

(CHI660E) in a 1 M KOH solution with a standard three-electrode system, in which 

Hg/HgO electrode acted as the reference electrode, while the 1 cm × 1 cm platinum 

plate served as the counter electrode, and the sample-modified Ni foam (NF) was used 

as the working electrode. The preparation of working electrode was as follows: 2 mg 

sample was dispersed in 1 mL ethanol with 50 μL of Nafion solution (5 wt %, Sigma-

Aldrich) under ultrasonication to form a homogeneous ink, then was drop-coated and 

pasted on a Ni foam (1 × 1 cm2) dried at 60℃ in an oven. Before the electrochemical 

measurements, the samples were electrochemically preactivated by dozens of cyclic 



voltammetric (CV) scans at a scan rate of 150 mV s-1. After that, oxygen evolution 

reaction (OER) polarization curves, including linear sweep voltammetry (LSV) and 

Tafel plot, were recorded from 0.924 to 1.674 V vs RHE at a scanning rate of 2 mV s-1 

at room temperature to evaluate the catalytic performance of the samples. All the 

obtained potential values are not iR-corrected and converted to the reversible hydrogen 

electrode (RHE) reference scale based on E(vs RHE) = E(vs Hg/HgO) + 0.098 + 

0.059V × pH, and all the current densities (mA cm-2) have been normalized relative to 

1 mg of the sample loading. The electrochemical activity area (ECSA) was estimated 

by CVs at different sweep rates in the potential range of 0.90 V-1.00 V vs RHE. 

Electrochemical impedance (EIS) was measured at 1.57 V vs RHE in the frequency 

range of 0.01-105 Hz with an amplitude of 5 mV. The long-term durability was 

evaluated by chronopotentiometry test, which was carried out at a current density of 20 

mA cm-2 for 60 h.

S1.5 Density functional theory (DFT) calculations

The DFT calculations were performed in the Vienna ab initio simulation package 

within a general gradient approximation (GGA) parametrized by projector augmented 

wave (PAW) pseudopotentials and Perdew-Burke-Ernzerhof (PBE) exchange 

correlation functional [2, 3]. The ionic forces were converged within 0.05 eV Å-1, the 

convergence threshold for the total energy was 10–5 eV, while a plane-wave energy cut-

off was set as 400 eV. The Brillouin zone was sampled with a 4 × 4 × 4 Monkhorst-

Pack k-point mesh. Based on the crystallographical data of FeS2 (ICSD No. 53529), a 

La-doped FeS2 (200) slab with a thickness of three layers is built in comparison with 

an undoped FeS2 (200) slab to calculate density of states (DOS) and the interaction 

between adsorbate and catalyst. The atoms in the top layer were relaxed, while the 

middle and bottom layers were fixed. The vacuum space was 20 Å to avoid any artificial 

effect.
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Fig. S1 EDS and elemental mappings of (a) FeS2/NC, (b) La-doped FeS2/NC-0.33 and 

(c) La-doped FeS2/NC-0.5.



Table S1 The element contents of La and Fe in La-doped FeS2/NC-0.33 and La-doped 

FeS2/NC-0.5.

Sample Element μg mL-1 μmol mL-1

La 10.7 0.077La-doped 
FeS2/NC-0.33 Fe 15.6 0.279

La 13.3 0.096La-doped 
FeS2/NC-0.5 Fe 12.8 0.229

Fig. S2 TG curve of La-doped FeS2/NC-0.33.

(a)                                 (b)

Fig. S3 (a) Nitrogen adsorption/desorption isotherms and (b) pore-size distribution of 

La-doped FeS2/NC-0.33.



Table S2 Comparison of OER performances of different iron sulfide-based catalysts

Catalyst

Overpotential 

(mV) @ 

current density

(mA cm-2)

Tafel 

slope

(mV

dec-1)

Electrolyte Reference

La-doped FeS2/NC-0.33 139@10 54 1 M KOH This 
work

FeS2/TiO2 590@10 48.8 0.1 M 
KOH [4]

FeS2CL@WS2NS 260@10 54 1 M KOH [5]

FeS2@MXene 240@10 58.7 1 M KOH [6]

Ni-FeS2-0.5 250@10 34 1 M KOH [7]

FeS2/C 350@10 65.6 1 M KOH [8]

Co–FeS2/CoS2 278@10 73 1 M KOH [9]

Fe3O4/FeS2-2.5 253@10 48 1 M KOH [10]

FeS2/TiO2 230@100 47 1 M KOH [11]

FeS2-MoS2@CoS2-MOF 211@20 64.5 1 M KOH [12]

FeS2 189.5@10 71 1 M KOH [13]

Co0.6Fe0.4S2@N-
CNTs/rGO 248@10 58.3 1 M KOH [14]

FeS2/MCoNiSe2/NF 230@10 54.1 1 M KOH [15]

CoS2–FeS2 210@10 46 1 M KOH [16]

Fe3O4/FeS2-2.5 253@10 48 1 M KOH [17]

Co0.25Fe0.75S2 324@10 50 1 M KOH [18]



Table S3 The values for the parameters in the simulated equivalent circuit for La-doped 

FeS2/NC-0.33 before and after 60h-electrolysis and FeS2/NC.

Sample Rs

(Ω cm-2)
Rct

(Ω cm-2) CPE-T CPE-P

La-doped FeS2/NC-0.33 1.571 0.257 0.029724 0.7139

La-doped FeS2/NC-0.33 after 
60 h-electrolysis 1.502 0.283 0.026546 0.7538

FeS2/NC 3.136 0.872 0.023389 0.7071

(a)                                 (b)

(c)

Fig. S4 CV curves of (a) La-doped FeS2/NC-0.33, (b) FeS2/NC and (c) RuO2 measured 

in 1 M KOH solution at different scan rates of 20 to 200 mV s-1.



Fig. S5 EDS and elemental mappings for La-doped FeS2/NC-0.33 after 60 h- 

electrolysis.

Table S4 The DFT calculation results for La-doped FeS2 and FeS2.

La-doped FeS2 FeS2

△GM-OH* (eV) -0.041 0.859

△GM-O* (eV) 0.081 1.128

△GM-OOH* (eV) 1.708 2.700

△G1 (eV) 0.792 1.692

△G2 (eV) 0.955 1.102

△G3 (eV) 2.460 2.405

△G4 (eV) 4.045 3.053

(a)                                  (b)

Fig. S6 Total and Partial DOS for (a) La-doped FeS2 and (b) FeS2, in which s, p and d 

orbitals are denoted in blue, red and green, respectively. The position of the Fermi level 

is indicated by a black dotted vertical line at 0 eV.
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