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Experimental Section

Chemicals

All chemical reagents were analytical grade and used directly without further purification. A 

piece of nickel foam (NF, 4 cm × 3 cm) was pretreated by 3 M HCl under sonication and washed by 

deionized water and alcohol three times, respectively.

Materials Synthesis

Synthesis of Cr-Co precursor

Typically, 1.746 g Co(NO3)2·6H2O, 0.296 g NH4F, 1.441 g urea, and 0.036 g Cr(NO3)2·9H2O 

were added into 60 mL of deionized water under stirring for 30 min to form a transparent solution. 

Then, the mixture was transferred into a 100 mL Teflon-lined stainless-steel autoclave with the clean 

NF at 120 °C for 8 h. The Cr-Co precursor was gained after being washed with absolute ethanol three 

times to remove impurities and dried at 60 °C overnight in a vacuum.

Synthesis of Cr-Co3S4 nanorods

The homogeneous solution was prepared with 0.27 g thioacetamide dissolved in 60 mL of 

absolute ethyl alcohol under stirring for 30 min to form a transparent solution. The solution was 

transferred into a 100 mL Teflon autoclave with an as-prepared Cr-Co precursor and maintained at 

120 °C for 4 h. Cr-Co3S4 was obtained after being washed with absolute ethanol three times to remove 

impurities and dried at 60 °C overnight in a vacuum.

Synthesis of P-Co3S4 nanorods

A piece of Co3S4/NF and 15 mg NaH2PO2·H2O were heated at 300 ℃ in N2 atmosphere for 1 h 

to obtain P-Co3S4.

Synthesis of Cr, P-Co3S4 nanorods



A piece of Cr-Co3S4/NF and 15 mg NaH2PO2·H2O were heated at 300 ℃ in N2 atmosphere for 

1 h to obtain Cr, P-Co3S4.

For comparison, Co3S4, Cr-Co3S4, P-Co3S4 was synthesized by the same method. Co3S4, Cr-

Co3S4 were further annealed at 300 °C for 1 h with a heating rate of 5 °C min−1 in N2 atmosphere to 

improve the crystallinity of the material. The loading masses of Co3S4, Cr-Co3S4, P-Co3S4 and Cr, P-

Co3S4 were of 11.58, 6.95, 11.57 and 7.69 mg cm−2, respectively.

Materials Characterizations

The morphologies and structures were characterized by scanning electron microscope (SEM, 

FEI Inspect F50), transmission electron microscope (TEM) and high-resolution TEM (HRTEM, FEI 

TECNAI G2 20) with the energy dispersive spectrometer mapping analysis. The crystal structure was 

analyzed by X-ray diffraction (XRD, Ultima Ⅳ). The X-ray photoelectron spectroscopy (XPS, AXIS 

Ultra) was used to detect surface bonding.

Electrochemical Measurements

All electrochemical measurements were carried out on the electrochemical workstation (CHI 

760E) in 1.0 M KOH. The OER performance was recorded using a three-electron system with a 

graphite rod as a counter electrode and a standard calomel electrode (SCE) as a reference electrode.

Linear sweep voltammetry (LSV) curves were collected at a scan rate of 2 mV s-1 with 90% iR 

compensation. Tafel slopes were obtained from the curves of the overpotential versus the logarithm 

of current density according to LSV curves. All potentials were converted to a reversible hydrogen 

electrode (RHE) using the equation: . The Cdl values were ERHE =  ESCE +  0.241 V +  0.059 ×  pH

evaluated based on cyclic voltammetry (CV) curves under non-Faradaic region. Electrochemical 

active surface area (ECSA) was calculated as following equation: , Cs means a ECSA = Cdl / Cs

general specific capacitance (0.04 mF cm-2). Electrochemical impedance spectroscopy (EIS) was 

monitored with an amplitude of 5 mV and the frequency range from 10 kHz to 0.01 Hz. The 

multicurrent processes and chronopotentiometry curve were investigated without iR compensation.

For comparison, the RuO2 and Ni foam were evaluated. The working electrodes of RuO2 was 

prepared by dispersing 2 mg powders into a water–ethanol solution containing 10 μL Nafion and 



sonicating for 1 h to form a homogeneous catalyst ink. Then the catalyst ink was cast onto Ni foam 

and dried in air at room temperature.

Density Functional Theory Calculations

The difficulty of doping can be determined by the value of defect formation energy (ΔEf). The 

defect formation energy can be calculated by the following equation:

ΔEf =  Ef – E (supercell) – ∑  ns
i μ

s
i 

where Ef is the total energy of a supercell with the defect; E (supercell) is the energy of the perfect 

supercell;  is the number of atoms of type s that were added or removed to create the defect;  is 𝑛𝑠
𝑖 𝜇𝑠

𝑖

the chemical potential of atomic specie s.

The theoretical calculations based on density functional theory (DFT) were carried out using the 

Vienna ab initio simulation package (VASP).1 The projected augmented wave (PAW) 

pseudopotential was used to depict the ion-electron interactions. The exchange-correlation energy 

was described by Perdew-Burke-Ernzerhof functional within the generalized gradient approximation 

(GGA-PBE).2 The slab models were based on (220) plane to evaluate the surface properties.

OER process was considered as a four-electron reaction pathway in alkaline.

OH -  +  *  → * OH +  e -

* OH +  OH -  → * O +  H2O (l) +  e -

* O +  OH -  → * OOH +  e -

* OOH +  OH -  → *  +  O2 (g) +  H2O (l) +  e -

where * means an active site on the catalyst surface. *OH, *O, and *OOH are the adsorbed 

intermediates.

The change of Gibbs free energy (ΔGi, i means 1, 2, 3, 4) for each OER step should be calculated 

as followings:

ΔGi =  ΔE +  ΔEZPE +  TΔS

where ΔE means the total energy difference between the reactant and product models in each step. 

ΔEZPE and ΔS are the differences in the zero-point energy and entropic contribution.

The theoretical overpotential (η) can be calculated by the following equation:

η =  max {ΔG1, ΔG2, ΔG3, ΔG4} / e – 1.23 V



The transport properties of the system can be regulated effectively when impurity atoms are 

mixed into semiconductor materials.

Fig. S1. Model of (a) Cr-Co3S4 and (b) P-Co3S4. Color codes: Co- blue, S- yellow, Cr- grey, P- purple.

Fig. S2. Corresponding intermediate configurations of OER process are displayed in side views of 

Co3S4, Cr-Co3S4, P-Co3S4 and Cr, P-Co3S4. Color codes: Co- blue, S- yellow, Cr- grey, P- purple, 

adsorbed O species- red, and H- white.



Fig. S3. Schematic illustration for the synthesis of Cr, P-Co3S4.

Fig. S4. SEM images of (a) Co3S4, (b) Cr-Co3S4, (c) P-Co3S4, (d) Cr, P-Co3S4.



Fig. S5. (a) TEM and (b) HRTEM image of Co3S4; (c) Electron diffraction pattern of Co3S4; (d) 

Integrated elemental mapping image of Co3S4; EDS elemental mapping of (e) Co, (f) S. 

Fig. S6. XRD patterns of Co3S4, Cr-Co3S4, P-Co3S4 and Cr, P-Co3S4.



Fig. S7. XPS survey patterns of Co3S4, Cr-Co3S4, P-Co3S4 and Cr, P-Co3S4.

Fig. S8. Nitrogen adsorption-desorption isotherms for Co3S4 and Cr, P-Co3S4 nanorods (inset: pore 

size distribution curve for Cr, P-Co3S4).



Fig. S9. CV curves of (a) Co3S4, (b)Cr-Co3S4, (c) P-Co3S4 and (d) Cr, P-Co3S4.

Fig. S10. A summary of OER performance for Co3S4, Cr-Co3S4, P-Co3S4 and Cr, P-Co3S4.



Fig. S11. Chronoamperometric (i-t) curves at 50 mA cm-2 (inset: comparison LSV plots before and 

after measurement of Cr, P-Co3S4).

Fig. S12. SEM images of Cr, P-Co3S4 after 48h.



Fig. S13. (a) XRD and (b)XPS patterns of Cr, P-Co3S4 after 48 h. XPS spectra of (c) Co 2p (d) S 2p 

(e) Cr 2p (d) P 2p for Cr, P-Co3S4 after 48 h.



Table S1. Atomic ratio (%) of Cr and P in Cr, P-Co3S4 by ICP analysis

Elements Cr, P-Co3S4

Cr 1.06

P 1.78

Table S2. The corresponding overpotential at 10, 100 and 250 mA cm−2.

Overpotential (mV)
Electrocatalyst

10 mA cm-2 100 mA cm-2 250 mA cm-2
Tafel slope (mV dec-1)

Co3S4 287 384 441 73.8

Cr-Co3S4 272 358 414 50.2

P-Co3S4 275 362 425 59.7

Cr, P-Co3S4 257 328 377 44.0

Table S3. Comparison of OER performance between the catalyst prepared in this work with other 

sulfide electrocatalysts in 1 M KOH.

OER performance
Electrocatalyst

η10 (mV) Tafel slope (mV dec-1)
References

Cr, P–Co3S4 257 44.0 This work

N-CoS2/G 260 56.3 3

Fe3O4/Co3S4 270 56.0 4

CoS2/MoS2@CC 274 57.5 5

Co9S8-HCT 277 54.0 6

N-CoS2 YSSs 278 56.0 7

Co3S4/MoS2 NR 280 52.0 8

H-Fe-CoMoS 282 58.0 9

P-CoS 283 87.6 10



Table S4. OER performances of the Cr, P-Co3S4 compared with other advanced transition

metal-based electrocatalysts in 1.0 M KOH alkaline solution.

CoS2–MoS2 MSHSs 288 44.2 11

CoP/CN@MoS2 289 69.0 12

NiCoS@CNT 295 78.0 13

CoMo2S4 306 66.0 14

Co9S8@Co/Mn-S, N-PC 320 50.2 15

MoS2@Fe-N-C 360 98.2 16

CoS2-C@MoS2 391 46.0 17

OER performance
Electrocatalyst

η10 (mV) Tafel slope (mV dec-1)
References

Cr, P–Co3S4 257 44.0 This work

NiPS3/Ni2P 260 78.0 18

NiO/Co3O4 262 58.0 19

N1-CoP@NPCNFs 266 70.0 20

Co3O4-Ag@B 270 62.0 21

Co/CoO@COF 278 81.12 22

Mo-Co3O4/CNTs 280 63.0 23

NiO@CFs 280 62.0 24

Fe-CoO NT 282 78.26 25

Co/CoO@NC@CC 284 76.0 26

Mn-CoP 288 77.2 27

CoP/BP 300 56.0 28

P-CoP-NPs 320 73.76 29

Ru-CoP/NC 330 65.0 30

NP/NiO 332 65.6 31

Mn3O4/CoP 360 51.8 32



Table S5. The corresponding EIS parameters of the as-prepared Co3S4, Cr-Co3S4, P-Co3S4 and Cr, 

P-Co3S4 catalysts.

Co3S4 Cr-Co3S4 P-Co3S4 Cr, P-Co3S4

Rs (ohm) 4.23 1.58 2.97 1.43

R1 (ohm) 6.04 3.05 4.81 1.65

R2 (ohm) 2.16 1.13 1.41 1.05

CPE1-T 2.30 2.01 1.23 1.06

CPEI-P 0.31 0.75 0.62 0.29

CPE2-T 2.07 2.33 1.69 1.34

CPE2-P 0.92 0.73 0.86 0.97

Table S6. Average resistivity and conductivity of the as-prepared catalysts.

Catalysts Average resistivity (mΩ cm-1) Average conductivity (S cm-1)

Cr, P-Co3S4 0.57 1778.50

Cr-Co3S4 0.62 1662.75

P-Co3S4 1.07 951.35

Co3S4 2.01 541.18
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