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Captions for Supporting Information 

Theoretical calculation details; Table S1-S4; Figure S1-S25. (PDF) 

Video S1: Fe17.5%-Ni3S2/NF||Fe17.5%-Ni3S2/NF water electrolyzer at high current 

density. (AVI) 

Video S2: Fe17.5%-Ni3S2/NF||Fe17.5%-Ni3S2/NF water electrolyzer powered by a 

commercial D-type battery. (AVI) 
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Theoretical calculations 

The surface of N3S2 has been cut along the (-2 1 0) direction, and the vacuum 

space along the z direction is set to be 15 Å, which is enough to avoid interaction 

between the two neighboring images. One Fe atom has replaced one Ni atom at sites 1, 

2 or 3, respectively (Figure S14), and only the most stable replaced site has been 

considered. One H atom has been absorbed on the surface of substrates. The first 

principles calculations in the framework of density functional theory, including 

structural, electronic performances, were carried out based on the Cambridge 

Sequential Total Energy Package known as CASTEP.1 The exchange–correlation 

functional under the generalized gradient approximation (GGA)2 with 

norm-conserving pseudopotentials and Perdew–Burke–Ernzerhof functional was 

adopted to describe the electron–electron interaction.3 An energy cutoff of 750 eV was 

used and a k-point sampling set of 5 × 4 × 1 were tested to be converged. A force 

tolerance of 0.01 eV Å -1, energy tolerance of 5.0 × 10-7 eV per atom and maximum 

displacement of 5.0 × 10-4 Å were considered. Each atom in the storage models is 

allowed to relax to the minimum in the enthalpy without any constraints.  

The substituted energy Esub of systems was defined as: 

 Esub = ENi3S2 - ENi3S2/Fe                           (1) 

where ENi3S2 and ENi3S2/Fe denote the energy of undoped and doped surface or bulk.  

Adsorption energy ∆E of H atom on the surface of substrates was defined as:  

∆E = E*H – (E*+ EH)                              (2) 

where *H and * denote the adsorption of H atom on substrates and the bare substrates, 

EH denotes the half of energy of H2.  

Free energy change ∆G of the reaction was calculated as the difference between 

the free energies of the initial and final states as shown below: 

∆G= ∆E + ∆ZPE- T∆S                         (3) 

where E is the calculated energy by DFT, ZPE is the zero point energy, S denotes the 

entropy. The value of (∆ZPE- T∆S) is 0.28 eV,4 so ∆G= ∆E + 0.28eV. 
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Table S1 The comparison of catalytic performances for HER in 1 M KOH between 

Fe17.5%-Ni3S2/NF and other sulfide materials reported in the literature. 

 
η@10 mA cm-2 

mV 

η@20 mA cm-2 

mV 

η@100 mA cm-2 

mV 

Tafel slope 

mV dec-1 
Reference 

Fe17.5%-Ni3S2/NF 47 142 232 95 
This 

work 

Fe0.1-NiS2 NA/Ti ~200 243 ~310 108 5 

Sn-Ni3S2/NF 137 ~200 ~320 148 6 

MoOx/ Ni3S2/NF 106  224 90 7 

CoMoS3 nanotubes 133 ~170  105 8 

NiCo2S4 NA/CC  ~200 305 141 9 

NiS/NF  158 ~200 83 10 

High-Index Faceted 

Ni3S2/NF 
223 ~300   11 

NixCo3−xS4/ 

Ni3S2/NF 
136  258 107 12 

V−Ni3S2−NW(V-do

ped Ni3S2) 
 203 ~350 112 13 

200-SMN/NF(Mo 

doped Ni3S2) 
  278 72.9 14 

MoS2/Ni3S2 

heterostructures 
110 ~120  83.1 15 

Ni3S2/NF covered 

with RGO 
157 ~200  92.8 16 

Co9S8@NOSC-900 320   105 17 

Ni–Co–MoS2 

nanoboxes 
155 ~170  51 18 

CP/CTs/Co-S 190   131 19 

NiCo2S4 NW/NF 210  ~350 58.9 20 

FNHNs/NF 140 ~200  81.63 21 

Zn0.30Co2.70S4 85    22 

Ni/NiS 230 ~260  123.3 23 

N-Ni3S2/NF 110 ~160 ~230  24 

MoS2−Ni3S2 

HNRs/NF 
98 ~120 191 61 25 

NL@NF-1 182   89 26 

NiFeS-1/NF 180 ~210  53 27 

Ni0.9Fe0.1PS3 72 ~100  73 28 

h-NiSx/NF 60  175 99 29 

Ni3S2/AT-Ni foam 200   107 30 

NiS/NF 122  ~200 69 31 
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Table S2 The comparison of exchange current density for HER in 1 M KOH between 

Fe17.5%-Ni3S2/NF and other materials reported in the literature. 

 
Exchange current density (j0) 

mA cm-2 
Reference 

Fe17.5%-Ni3S2/NF 0.77 This work 

MoS2/Ni3S2/NF 0.107 32 

EG/Ni3Se2/Co9S8 0.27 33 

CP/CTs/Co-S 0.39 19 

a-Ni3S2@NPC 0.786 34 

MoNi4/NF 1.24 35 

FeNi-N/CFC 1.21 36 

EG/H-Co0.85Se|P 0.17 37 

np-(Co0.52Fe0.48)2P 0.12 38 

EG/Co0.85Se/NiFe-LDH 0.22 39 

FeB2 0.245 40 

FeMnP/GNF 0.78 41 

 

Table S3 Comparison of HER performance in 1.0 M PBS (pH=7) for 

Fe17.5%-Ni3S2/NF with other non-noble-metal HER catalysts. 

 
Current Density 

mA cm-2 
η / mV 

Tafel slope 

mV dec-1 
Reference 

Fe17.5%-Ni3S2/NF 
10 145 

114 
This 

work 100 337 

high-index-faceted 

Ni3S2/NF 
10 170 n.a. 11 

FeMoS4 NRA/CC 10 204 128 42 

a-Ni3S2@NPC 2 193 n.a. 34 

CoMoS4 NTA/CC 10 104 77 43 

Co9S8/CC-2 10 175 n.a. 44 

Co0.6Fe0.4P/CNT 10 105 78 45 

CoP NW/Hb 100 ~400 106 46 

Co/CoP-5 50 ~410 72.3 47 

HF-MoSP-800 10 456 n.a. 48 

CoB 10 251(0.5 M PBS) 75 49 

Co-NRCNTs 10 540 n.a. 50 
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Table S4 The comparison of catalytic performances for OER in 1 M KOH between 

Fe17.5%-Ni3S2/NF and other sulfide materials reported in the literature. 

 
η@10 mA cm-2 

mV 

η@20 mA cm-2 

mV 

η@100 mA cm-2 

mV 

Tafel slope 

mV dec-1 
Reference 

Fe17.5%-Ni3S2/NF 214 222 249 42 
This 

work 

Fe-Ni3S2/FeNi 282 ~320  54 51 

Fe0.1-NiS2 NA/Ti   231 43 5 

Fe11.8%-Ni3S2/NF   253 65.5 52 

MoOx/Ni3S2/NF 136  310  7 

200-SMN/NF(Mo 

doped Ni3S2) 
  ~400 45.5 14 

NixCo3−xS4/Ni3S2/NF 160  320 95 12 

MoS2/Ni3S2 

heterostructures 
218  ~290 88 15 

High-Index Faceted 

Ni3S2/NF 
260 ~280   11 

N-Ni3S2/NF   ~340 70 24 

MoS2−Ni3S2 

HNRs/NF 
249  341 57 25 

NiS/NF   ~370 89 10 

FNHNs/NF 290 320 445 62.38 21 

Ni/NiS  ~320 ~390 109.8 23 

FeNiS2 NSs 310   46 53 

NL@NF-1 340   150 26 

NiFeS/NF 65  189 119.4 54 

NiFeS-1/NF   230 55 27 

Zn-Ni3S2/NF   300 87 55 

Ni0.9Fe0.1PS3  329  69 28 

h-NiSx/NF 180  220 96 29 

NiS/NF  315  71 31 

CoMoS3 nanotubes ~320 ~370   8 

NiCo2S4 NA/CC  280 340 89 9 

HF-MoSP-900 119    48 

CP/CTs/Co-S 306   72 19 

NiCo2S4 NW/NF 260   40 20 

NiFeMo LDH/NF   ~276  56 

Ni5Fe LDH@NF 210 ~230 ~270 59 57 
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Figure S1 Photograph of (a) NF, (b) NiFe LDH/NF-3, (c) Fe17.5%-Ni3S2/NF, (d) 

Ni(OH)2·0.75H2O/NF and (e) Ni3S2/NF. 

 

 

 

 

 

Figure S2 (a-c) SEM images of NiFe LDH/NF-3 and (d) XRD patterns of NiFe 

LDH/NF with different Fe content (see Table 1). Inset of (a) shows the EDS spectrum 

of NiFe LDH/NF-3. 
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Figure S3 (a-c) SEM images and (d) XRD pattern of Ni(OH)2·0.75H2O/NF.  

 

 

 

Figure S4 (a-c) SEM images and (d) EDS spectrum of Ni3S2/NF. 
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Figure S5 (a-e) SEM images of Fe- Ni3S2/NF with different Fe doping level. (f) XRD 

patterns for Fe4.9%- Ni3S2/NF (1), Fe7.9%- Ni3S2/NF (2), Fe17.5%- Ni3S2/NF (3), Fe25.9%- 

Ni3S2/NF (4), Fe36.6%- Ni3S2/NF (5) and Fe24%-Ni3S2/NF(w/o Ni(NO3)2) (6). 
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Figure S6 HRTEM images of Fe17.5%- Ni3S2 nanosheet. 
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Figure S7 (a) TEM and (b) HRTEM images of Ni3S2 nanosheet. 

 

 

 

 

 

Figure S8 EIS curves of Fe17.5%-Ni3S2/NF and Ni3S2/NF recorded during hydrogen 

evolution at η = 333 mV (without iR correction). The inset shows the equivalent 

circuit. 
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Figure S9 (a) HER polarization curves of Fe17.5%-Ni3S2/NF and NF in 1 M 

phosphate-buffered saline (PBS, pH=7). (b) OER polarization curves of 

Fe17.5%-Ni3S2/NF and NF in 1 M KHCO3 (pH=8.3). 

 

 

Figure S10 (a) EDS spectrum and (b) element mapping of Fe17.5%-Ni3S2/NF after 

HER catalysis for 20 h. 
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Figure S11 Raman spectra of Ni3S2/NF, Fe17.5%-Ni3S2/NF and Fe17.5%-Ni3S2/NF after 

durability testing for HER. 

 

 

 

 

 

100 200 300 400 500 600 700 800

Fe17.5%-Ni3S2/NF-after HER 20h

Ni3S2/NF

Fe17.5%-Ni3S2/NF
In
te
n
s
it
y
 /
 a
.u
.

Raman Shift / cm-1



S14 
 

 

Figure S12 (a-g) CV curves of Ni3S2/NF and Fe-Ni3S2/NF with various Fe doping 

level. (h) Double layer capacitance (Cdl) for Ni3S2/NF (1), Fe4.9%- Ni3S2/NF (2), 

Fe7.9%- Ni3S2/NF (3), Fe17.5%- Ni3S2/NF (4), Fe25.9%- Ni3S2/NF (5) and Fe36.6%- 

Ni3S2/NF (6).  
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Figure S13 j/Cdl for various electrodes at η =50 mV during HER process. 

 

 

 

 

 

Figure S14 The side view of (a) Ni atom-terminated and (b) S atom-terminated Ni3S2 

58 plane with three possible doping sites of Fe atom and the corresponding substituted 

energy. 
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Figure S15 Schematic illustration of the speculated reaction mechanism for 

transition-metal sulfide during the HER process in alkaline media. 

 

 

 

Figure S16 Calculated density of states of Fe-Ni3S2 and Ni3S2.  

 

The continuous states crossing Fermi level suggests the metallic behavior of 

Ni3S2,
11, 51 which is maintained after Fe doping, indicating a high conductivity of 

materials, which is an important property for electrocatalyst. 
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Figure S17 (a, b) SEM images of Fe17.5%-Ni3S2 powder. (c, d) Polarization curves for 

(c) HER and (d) OER of Fe17.5%-Ni3S2/NF and Fe17.5%-Ni3S2 powder/NF. 

Fe17.5%-Ni3S2 powder/NF was prepared by dipping slurry containing Fe17.5%-Ni3S2 

powder, Nafion and ethanol on NF at the same catalyst loading with that of 

Fe17.5%-Ni3S2/NF. 

 

 

Figure S18 LSV curves of Fe-Ni3S2/NF with different Fe doping level  

for OER in 1 M KOH. 
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Figure S19 EIS curves of Fe17.5%-Ni3S2/NF and Ni3S2/NF recorded during oxygen 

evolution at η = 370 mV (without iR correction). The inset shows the equivalent 

circuit. 

 

 

 

 

Figure S20 (a) EDS spectrum and (b) element mapping of Fe17.5%-Ni3S2/NF after 

OER catalysis for 20 h. 
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Figure S21 High-resolution Ni 2p XPS spectrum for Fe17.5%-Ni3S2/NF after OER 

catalysis for 20 h. 

 

 

 

  

Figure S22 The effect of KSCN on the OER current of Fe17.5%-Ni3S2/NF and 

Ni3S2/NF under potentiostatic conditions. 
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Figure 23 Polarization curves of Ni3S2/NF and Fe-Ni3S2/NF water electrolyzers in 1 

M KOH at a scan rate of 5 mV s-1; the curves are shown after iR correction. 

 

 

 

 

Figure S24 Photograph of electrolytic cell after durability testing for Pt/C||IrOx 

couple. The black powder at the bottom may be the catalyst peeled off from the NF 

substrate caused by the impact of generated gas bubbles. 
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Figure S25 Fe17.5%-Ni3S2/NF||Fe17.5%-Ni3S2/NF electrolyzer powered by a commercial 

D-size battery (~1.5 V) in 1 M KOH. 
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