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Supporting Information

Calculation details: 

For the construction of the heterojunction model, first we used Ni3S2 with a space group 

of R32 as the base and built a δ-FeOOH with a space group of P m1 on it. In order to ensure 3̅

the stability of the heterjunction, we used the (110) crystal plane of Ni3S2 and the (100) crystal 

plane of δ-FeOOH to build it, and used a coexisting layer of S and O at the position where the 

two interfaces contacted to ensure a smooth transition. After this heterojunction is optimized 

and stabilized, we cut away half of the δ-FeOOH so that we get the place where the catalysis 

takes place.

All periodic slabs have a vacuum layer of at least 15 Å. In calculations, the one bottom 

Ni layers and S layers were fixed at their optimized bulk-truncated positions during geometry 

optimization, and the rest of atoms were allowed to relax. When the heterojunction was cut, 

one side of δ-FeOOH will be fixed to simulate the properties of the bulk. The size of the 

model after optimization is a = 12.38Å, b = 8.93Å, c = 39.79Å, α= β= γ=90°.

Adsorption free energy calculation.

The adsorption energy of reaction intermediates, can be computed using the following 

Equation (1):

                                             (1)∆𝐺𝑎𝑑𝑠 = 𝐸𝑎𝑑𝑠 ‒ 𝐸 ∗ + ∆𝐸𝑍𝑃𝐸 ‒ 𝑇∆𝑆

Where ads = (OH*, O*, OOH* or H*), and ( ) is the binding energy,  is the zero-𝐸𝑎𝑑𝑠 ‒ 𝐸 ∗ ∆𝐸𝑍𝑃𝐸

point energy change,  is the entropy change. In this work, the values of  and  were ∆𝑆 ∆𝐸𝑍𝑃𝐸 ∆𝑆

obtained by vibration frequency calculation.

The Gibbs free energy of the five reaction steps can be calculated by the following four 

Equations (2)-(6):

  𝑂𝐻 ‒ +  ∗ ↔𝐻𝑂 ∗ + 𝑒 ‒

                                       (2)
∆𝐺1 = ∆𝐺

𝐻𝑂 ∗ ‒ ∆𝐺 ∗ ‒ 𝑒𝑈 + 𝑘𝑏ln 𝑎
𝐻 +
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 𝐻𝑂 ∗ + 𝑂𝐻 ‒ ↔𝑂 ∗ + 𝐻2𝑂(𝑙) + 𝑒 ‒

                                        (3)
                                                ∆𝐺2 = ∆𝐺

𝑂 ∗ ‒ ∆𝐺
𝐻𝑂 ∗ ‒ 𝑒𝑈 + 𝑘𝑏ln 𝑎

𝐻 +

𝑂 ∗ + 𝑂𝐻 ‒ ↔𝐻𝑂𝑂 ∗ + 𝑒 ‒

                                (4)
                                                ∆𝐺3 = ∆𝐺

𝑂𝑂𝐻 ∗ ‒ ∆𝐺
𝑂 ∗ ‒ 𝑒𝑈 + 𝑘𝑏ln 𝑎

𝐻 +

𝑂𝑂 ∗ + 𝑂𝐻 ‒ ↔ ∗ + 𝑂2 + 𝐻2𝑂(𝑙) + 𝑒 ‒

                                 (5)
                                                ∆𝐺4 = ∆𝐺

𝑂𝑂 ∗ ‒ ∆𝐺𝑂2
‒ 𝑒𝑈 + 𝑘𝑏ln 𝑎

𝐻 +

𝐻 + +  ∗ + 𝑒 ‒ ↔𝐻 ∗

                              (6)
∆𝐺𝐻 = ∆𝐺

𝐻 ∗ ‒ ∆𝐺 ∗ ‒ 𝑒𝑈 + 𝑘𝑏ln 𝑎
𝐻 +

In this work,  were calculated at U=0 and pH=0.∆𝐺1 ‒ 4,𝐻

Supporting results:

Figure S1. AFM images and corresponding line-scan profiles for a) δ-FeOOH/Ni3S2 

nanosheets, b) Ni3S2 nanosheets, c) δ-FeOOH nanosheets, respectively.

Figure S2. TEM images of a) δ-FeOOH nanosheets, and b) Ni3S2 nanosheets.
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Figure S3. EDX spectrum of δ-FeOOH/Ni3S2 nanosheets with the corresponding elements 

ratio of Ni, Fe, O and S.

Figure S4. FTIR spectrum of commercial FeS and Fe-S bonds[1, 2]. 
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Figure S5. a) LSV polarization curves of OER for δ-FeOOH/Ni3S2/NF prepared with 

different Ni/S ratios; b) LSV polarization curves of OER for δ-FeOOH/Ni3S2/NF prepared 

with different δ-FeOOH deposition times.

Figure S6. CV curves of a) δ-FeOOH/Ni3S2/NF, b) Ni3S2/NF and c) δ-FeOOH/NF for oxygen 

evolution obtained with scanning rate of 5 mV s-1, 10 mV s-1, 15 mV s-1, 20 mV s-1 and 25 

mV s-1, respectively. d) Slope values Cdl of ΔJ=(J1-J2)/2 for all as-obtained catalysts plotted 

against scan rates, current density as a function of the scan rate for all as-obtained catalysts.
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Figure S7. OER polarization curves of δ-FeOOH/Ni3S2/NF, Ni3S2/NF and δ-FeOOH/NF 

which are normalized into ECSA.

Figure S8. a) LSV polarization curves of HER for δ-FeOOH/Ni3S2/NF prepared with 

different Ni/S ratios; b) LSV polarization curves of HER for δ-FeOOH/Ni3S2/NF prepared 

with different δ-FeOOH deposition times.
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Figure S9. CV curves of a) δ-FeOOH/Ni3S2/NF, b) Ni3S2/NF and c) δ-FeOOH/NF for 

hydrogen evolution obtained with scanning rate of 5 mV s-1, 10 mV s-1, 15 mV s-1, 20 mV s-1 

and 25 mV s-1, respectively. d) Slope values Cdl of ΔJ=(J1-J2)/2 of all as-obtained catalysts 

plotted against scan rates, current density as a function of the scan rate for all as-obtained 

catalysts.
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Figure S10. HER polarization curves of δ-FeOOH/Ni3S2/NF, Ni3S2/NF and δ-FeOOH/NF 

which are normalized into ECSA.

Figure S11. XPS spectra of δ-FeOOH/Ni3S2 after OER and HER testing for a) Ni 2p, b) Fe 

2p, c) O 1s, and d) S 2p, respectively.
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Figure S12. XRD patterns of δ-FeOOH/Ni3S2/NF before and after electrochemical test

Figure S13. a) FTIR spectra and b) Raman spectra of δ-FeOOH/Ni3S2 after OER and HER 

testing, c) FTIR spectra of δ-FeOOH/Ni3S2, Ni3S2 and δ-FeOOH after HER testing, d) Raman 

spectra of δ-FeOOH/Ni3S2 after HER testing.
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Figure S14. Structure model and schematic illustration of the OER pathway for Ni3S2.

Figure S15. Structure model and schematic illustration of the dissociation of water pathway 

for Ni3S2 in HER process.
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Figure S16. The Ni3S2(110) is used as substrate and FeOOH(100) is supported, the model is 

used to analyze the charge density difference at the interface, (a) front view, (b) side view. 

Yellow and blue indicate electron-rich and electron-deficient areas, and 3.5*10-3 e per Bohr3 

was used as the isosurface unit.



  

12

Table S1. Comparison of OER performance in alkaline media for δ-FeOOH/Ni3S2/NF and 

other OER electrocatalysts.

Catalyst Electrolyte ŋ (mV)
@j (mA cm−2) Electrode References

δ-
FeOOH/Ni3S2/N

F
1.0 M KOH 187 mV @ 10 mA cm-2 Ni foam This work

Fe0.33Co0.67OOH 
PNSAs 1.0 M KOH 266 mV @ 10 mA cm-2 Carbon fiber 

cloth [3]

FeOOH/Co/FeO
OH HNTAs

1.0 M 
NaOH 250 mV @ 20 mA cm-2 Ni foam [4]

N-CoFe LDHs 1.0 M KOH 233 mV @ 10 mA cm-2 Ni foam [5]

h-NiFeCr 1.0 M KOH 220 mV @ 100 mA cm-2 Ni foam [6]

NiFe ANTAs 1.0 M KOH 220 mV @ 10 mA cm-2 Carbon fiber 
cloth [7]

CS-NiFeCu 1.0 M KOH 180 mV @ 10 mA cm-2 Ni foam [8]

NiCeOxHy 1.0 M KOH 177 mV @ 10 mA cm-2 Graphite [9]

FeS2/CoS2 NSs 1.0 M KOH 302 mV @ 100 mA cm-2 Ni foam [10]

Ni3S2 1.0 M KOH 242 mV @ 10 mA cm-2 Ni foam [11]

CoSx/Ni3S2 1.0 M KOH 280 mV @ 20 mA cm-2 Ni foam [12]
(Ni0.33Co0.67)S2 

NWs 1.0 M KOH 295 mV @ 100 mA cm-2 Carbon fiber 
cloth [13]

Table S2. Comparison of HER performance in alkaline media for δ-FeOOH/Ni3S2/NF and 

other HER electrocatalysts.

Catalyst Electrolyte ŋ (mV)
@j (mA cm−2) Electrode References

δ-
FeOOH/Ni3S2/N

F
1.0 M KOH 106 mV @ 10 mA cm-2 Ni foam This work

NiP2/NiO NRs 1.0 M KOH 131 mV @ 10 mA cm-2 Carbon fiber 
paper [14]

Ni/NiO NSs 1.0 M KOH 110 mV @ 5 mA cm-2 Ni foam [15]

Ni(OH)2-CoS2 1.0 M KOH 99 mV @ 20 mA cm-2 Carbon fiber 
cloth [16]

MoS2/Fe5Ni4S8 1.0 M KOH 120 mV @ 10 mA cm-2 FeNi foam [17]
MoS2−Ni3S2

HNRs 1.0 M KOH 98 mV @ 10 mA cm-2 Ni foam [18]

Co(S0.71Se0.29)2 1.0 M KOH 122 mV @ 10 mA cm-2 Ni foam [19]

Co9S8@MoS2 1.0 M KOH 143 mV @ 10 mA cm-2 Ni foam [20]
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FeS2/CoS2 NSs 1.0 M KOH 78.2 mV @ 10 mA cm-2 Ni foam [10]
(Ni0.33Co0.67)S2 

NWs 1.0 M KOH 334 mV @ 100 mA cm-2 Carbon fiber 
cloth [13]

Fe0.1-NiS2 NA 1.0 M KOH 250 mV @ 10 mA cm-2 Ti mesh [21]
NiFe 

LDH@NiCoP 1.0 M KOH 120 mV @ 10 mA cm-2 Ni foam [22]

Table S3. Comparison of overall water splitting performance in alkaline media for δ-

FeOOH/Ni3S2/NF and other two-electrode devices.

Catalyst Electrolyte ŋ (V)
@j (mA cm−2) Electrode References

δ-
FeOOH/Ni3S2/N

F
1.0 M KOH 1.525 V @ 10 mA cm-2 Ni foam This work

FeOOH 1.0 M KOH 1.62 V @ 10 mA cm-2 Ni foam [23]

NiFe2O4 
NPs/NiFe LDH 1.0 M KOH 1.535 V @ 10 mA cm-2 Ni foam [24]

NiS 1.0 M KOH 1.64 V @ 10 mA cm-2 Ni foam [25]

Fe-Ni@NC-
CNTs 1.0 M KOH 1.72 V@ 10 mA cm-2 Ni foam [26]

NiFe 
LDH/NiCo2O4

1.0 M KOH 1.60 V@ 10 mA cm-2 Ni foam [27]

Co0.13Ni0.87Se2 1.0 M KOH 1.62 V@ 10 mA cm-2 Ti mesh [28]

Multishelled 
Ni2P

1.0 M KOH 1.57 V@ 10 mA cm-2 Carbon fiber 
paper [29]

Ternary Ni-Fe-P 
Porous NRs 1.0 M KOH 1.52 V@ 10 mA cm-2 Ni foam [30]

NiFe LDH-
NS@DG10 1.0 M KOH 1.5 V@ 20 mA cm-2 Ni foam [31]

NiCo2S4 NWs 1.0 M KOH 1.68 V@ 10 mA cm-2 Ni foam [32]

Ni0.7Fe0.3S2 1.0 M KOH 1.625 V@ 10 mA cm-2 Ni foam [33]

3D Se-
(NiCo)Sx/(OH)x 

Nanosheets
1.0 M KOH 1.60 V@ 10 mA cm-2 Ni foam [34]
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