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1. DFT calculation.

For HER, The free energy for hydrogen adsorption (ΔGH*) was calculated according to 

the equation as follows:[1]

ΔGH* = ΔEH + ΔEZPE -TΔSH

where * designates a surface adsorbed specie and ΔEH is H chemisorption energy. ΔSH and 

ΔEZPE are the differences in entropy and zero-point energy between the adsorbed H* and gas 

phase H2. The value of ΔEZPE-TΔSH at a temperature (T) of 300 K. [2]

The water dissociation energy was calculated by the following equation: [3]

Edissociation = EH2O*-EH*+OH*

where EH2O* and EH*+OH* represent the total surface energies with H2O that adsorbed on the 

pristine surface and that of H*and OH*, respectively.

For OER process, we calculate the Gibbs free energy of coordinate elementary steps and 

overpotential for OER based on the following 4e mechanism proposed by Norskov for water 

oxidation, which include of the following four elementary steps: [4]  

OH− + * → *OH + e−

*OH + OH− → *O + H2O + e−

*O + OH− → *OOH + e−

*OOH +OH− → * + O2 + H2O + e−

where * denotes the active sites on the catalyst surface. The computational hydrogen electrode 

model was used to calculate the free energies of OER. The free energy of the adsorbed species 

is defined as

ΔGads = ΔEads + ΔEZPE -TΔSads

where ΔEads is the electronic adsorption energy, ΔEZPE is the zero point energy difference 

between the adsorbed and gaseous species, and TΔSads is the corresponding entropy difference 

between these two states. The electronic binding energy is referenced as ½H2 for each H atom, 

and (H2O–H2) for each O atom, plus the energy of the clean slab.
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Fig. S1. SEM images of p-Rh/Fe-Ni3S2/NF synthesized with H2 plasma treatment of 10 min 

(a and b), 20 min (c and d),  and 30 min (e and f), respectively.

Fig. S2. SAED pattern of p-Rh/Fe-Ni3S2/NF.
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Fig. S3. S 2p XPS spectra of p-Rh/Fe-Ni3S2/NF in comparison to Fe-Ni3S2/NF, Rh/Fe-

Ni3S2/NF. 

Fig. S4. Fe 2p XPS spectra of p-Rh/Fe-Ni3S2/NF in comparison to Fe-Ni3S2/NF, Rh/Fe-

Ni3S2/NF. 
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Fig. S5. CV curves of Fe-Ni3S2/NF (a), Rh/Fe-Ni3S2/NF (b), and p-Rh/Fe-Ni3S2/NF (c) with 

scan rates ranging from 20 to 100 mV s-1 after OER test. By plotting the capacitive currents 

(ΔJ, (Ja-Jc)/2) against the scanning rate and following with a linear fit, the Cdl was estimated as 

the slope. (d) Plots of capacitive current vs. scanning rate and calcuated electrochemical 

double-layer capacitanc (Cdl).
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Fig. S6. ECSA-normalized LSV curves of Fe-Ni3S2/NF, Rh/Fe-Ni3S2/NF, and p-Rh/Fe-

Ni3S2/NF in OER. (The Cdl was further converted into ECSA using the specific capacitance 

value for a flat surface of 0.04 mF cm-2).

Fig. S7. SEM image of p-Rh/Fe-Ni3S2/NF after 50 h OER at 100 mA cm-2. 
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Fig. S8. Rh 3d XPS of p-Rh/Fe-Ni3S2/NF after 50 h OER at 100 mA cm-2.

Fig. S9. TEM image of p-Rh/Fe-Ni3S2/NF after 50 h OER at 100 mA cm-2.
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Fig. S10. SAED pattern of p-Rh/Fe-Ni3S2/NF after 50 h OER at 100 mA cm-2.

Fig. S11. DFT calculation of OER process on NiOOH. Side (a) and top view (b) of the model 

surface; Free energy diagrams of OER (c).
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Fig. S12. CV curves of Fe-Ni3S2/NF (a), Rh/Fe-Ni3S2/NF (b), and p-Rh/Fe-Ni3S2/NF (c) with 

scan rates ranging from 20 to 100 mV s-1 after HER test. (d) Plots of capacitive current vs. 

Scanning rate and calcuated electrochemical double-layer capacitanc (Cdl).

Fig. S13. ECSA-normalized LSV curves of Fe-Ni3S2/NF, Rh/Fe-Ni3S2/NF, and p-Rh/Fe-

Ni3S2/NF for HER.
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Fig. S14. XRD pattern of p-Rh/Fe-Ni3S2/NF after 50 h HER at 100 mA cm-2.

Fig. S15. SEM image of p-Rh/Fe-Ni3S2/NF after 50 h HER at 100 mA cm-2.



S11

Fig. S16. XPS survey spectra and (a) Ni 2p spectra (b) Rh 3d spectra (c) S 2p spectra and (d) 

Fe 2p spectra of p-Rh/Fe-Ni3S2/NF after 50 h HER at 100 mA cm-2.

Fig. S17. (a) Side (upper) and top view (bottom) of the model surface of pure Rh (a) and pure 

Rh2S3. Bule and yellow balls represent Rh and S atoms, respectively.
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Fig. S18. The charge density difference of Rh2S3/Rh interface. Bule and yellow balls 

represent Rh and S atoms, respectively.

Fig. S19. XRD pattern of Rh/Fe-Ni3S2/NF-350 synthesized with thermal reduction of Rh/Fe-

Ni3S2/NF precursor in H2/Ar at 350 ℃.
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Fig. S20. OER performance (a) and HER performance (b) of p-Rh/Fe-Ni3S2/NF and Rh/Fe-

Ni3S2/NF-350 in 1 M KOH.

Fig. S21. OER (a) and HER performance (b) of p-Rh/Fe-Ni3S2/NF synthesized with H2 

plasma treatment of different durations in 1 M KOH. The duration is 5, 10, 20, and 30 min for 

p5-Rh/Fe-Ni3S2/NF, p10-Rh/Fe-Ni3S2/NF, p20-Rh/Fe-Ni3S2/NF and p30-Rh/Fe-Ni3S2/NF. 

Fig. S22. HER (a) and OER performance (b) of Rh/Fe-Ni3S2/NF after 30 min Ar plasma 

treatment in 1 M KOH. Both HER and OER activity were slightly enhanced compared to 

Rh/Fe-Ni3S2/NF but are inferior to p-Rh/Fe-Ni3S2/NF, indicating the important role of 

hydrogen plasma.  
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Fig. S23. Volume of gas theoretically calculated and experimentally measured versus time on 

p-Rh/Fe-Ni3S2/NF.
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