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Figure S1. EDS spectra of (a1) FMZ1 and (b1) FMZ2; SEM images of (a2–a4) FMZ1 and (b2–b4) FMZ2.

Figure S2. XRD patterns of FMZ1 and FMZ2.

In Figure S2, the diffraction peaks of FMZ1 correspond to metallic Fe, Mn and MnO (PDF#75–0626), 

where the diffraction peak of MnO is specially marked. After etching, the diffraction peaks of MnO 

disappear while the peaks of both metallic Fe and Mn are retained. The absence of any significant 

metallic Zn peaks both before and after etching is due to the low content, but the Zn content can be 

traced by energy dispersive spectrometer (EDS) spectrum. The proportion of Mn and Zn in FMZ2 

decreases while the proportion of Fe element increases compared to FMZ1 (Figure S1a1 and b1), 

which also indicates that the elements in FMZ1 are selectively etched.



Figure S3. (a) EDS spectra of FMZS2; (b, c) SEM images of FMZS2.



Figure S4. SAED pattern of FMZS2.

Figure S5. High–resolution spectra of Zn 2p for FMZS2.



Figure S6. SEM images of (a1–a3) FZS2, (b1–b3) FMS2 and (c1–c3) FS2; EDS spectra of (a4) FZS2, (b4) 

FMS2 and (c4) FS2.

Figure S7. XRD patterns of FS2, FZS2 and FMS2.



Figure S8. Nitrogen adsorption-desorption isotherms of (a) FMZ2, (b) FMS2 and (c) FMZS2.



Figure S9. Pore diameters of (a) FMZ2, (b) FMS2 and (c) FMZS2.

Figure S10. In–air water (top) and underwater bubble (below) contact angle of (a) FS2, (b) FZS2, (c) 

FMS2 and (d) FMZS2.



Figure S11. Comparison of intrinsic resistance and charge transfer resistance of FMZS2, FMS2, FZS2 

and FS2 according to EIS analysis in 1 M KOH solution.

Figure S12. CV curves in the potential ranging from 0.074 to 0.174 V for (a) FS2, (b) FZS2, (c) FMS2 

and (d) FMZS2 at various scan rates.



Figure S13. HER activity of FS2, FZS2, FMS2 and FMZS2 in 1 M KOH normalized by ECSA.

Figure S14. (a) TOF values as a function of potential for FS2 and FMZS2; (b) TOF values of FS2 and 

FMZS2 at the overpotential of 200 mV.



Figure S15. SEM images of (a, b) FMZS2 after 30 h HER; EDS spectra of (c) FMZS2 after 30 h HER.

Figure S16. XPS survey spectra of FMZS2 after 30 h HER.



Figure S17. XPS spectra of (a) Fe 2p, (b) Mn 2p, (c) S 2p and (d) Zn 2p for FMZS2 after 30 h HER.

Figure S18. OER activity of FS2, FZS2, FMS2 and FMZS2 in 1 M KOH normalized by ECSA.



Figure S19. SEM images of (a, b) FMZS2 after 30 h OER; EDS spectra of (c) FMZS2 after 30 h OER.

Figure S20. XPS survey spectra of FMZS2 after 30 h OER.



Figure S21. XPS spectra of (a) Fe 2p, (b) Mn 2p, (c) S 2p and (d) Zn 2p for FMZS2 after 30 h OER.



Figure S22. (a) Schematic of the electrolyzed water reaction. The cathodic and anodic reaction vessels 

are separated by Nafion membrane (b) Digital photograph of the gas collection device, wherein two 

measuring cylinders are connected to the reaction vessels via gas circuit. (c) Hydrogen and (d) oxygen 

generated at 0, 5, 10, 15, 25 and 30 min, respectively; (e) Experimental and theoretical gas volumes of 

H2 and O2 during water splitting at a current density of 30 mA cm–2 for 30 min, and the corresponding 

Faradaic efficiency of FMZS2.



Figure S23. Top view (top) and side view (below) slab model of FS2.



Table S1 ICP-OES results of FMZS2.

electrocatalyst Fe (ug/mL) Mn (ug/mL) Zn (ug/mL)

FMZS2 1.554051 0.549994 0.038375

Table S2 BET and pore diameters result of FMZ2, FMS2 and FMZS2.

Electrocatalyst BET (m2 g-1) Pore diameter-1 (nm) Pore diameter-2 (nm)

FMZ2 62.40 3.030 4.2772

FMS2 87.5 3.169 4.3502

FMZS2 147.8 2.647 4.2498



Table S3 Comparison of the HER performance of reported electrocatalysts.

Electrocatalyst Electrolyte Overpotential Current density Ref.

FeMnZn/Mn-FeS 1 M KOH 118 mV 20 mA cm–2 This work

Fe1–xCoxS2/CNT 1 M KOH 120 mV 20 mA cm–2 1

NiOx NPs 1 M KOH 174 mV 20 mA cm–2 2

Co2P 1 M KOH 171 mV 20 mA cm–2 3

CNTs@NiP2/NiP 1 M KOH 137 mV 20 mA cm–2 4

FeCoNi–

LTH/NiCo2O4/CC
1 M KOH 151 mV 20 mA cm–2 5

Cu@Cu2S 1 M KOH 203 mV 20 mA cm–2 6

VC–NS 1 M KOH 120 mV 20 mA cm–2 7

MoP/Mo2N 1 M KOH 165 mV 20 mA cm–2 8

Co2P 1 M KOH 167 mV 20 mA cm–2 3

Ni(OH)2 1 M KOH 170 mV 20 mA cm–2 9

m–NiSx–0.5/NF 1 M KOH 137 mV 20 mA cm–2 10

Ni–NiO/N–rGO 1 M KOH 160 mV 20 mA cm–2 11

CoSx–Ni3S2/NF 1 M KOH 146 mV 20 mA cm–2 12

Ni3S2/Co3S4 1 M KOH 150 mV 20 mA cm–2 13

NiCo2O4 1 M KOH 160 mV 20 mA cm–2 14

Co–B/Ni 1 M KOH 200 mV 20 mA cm–2 15

Co3O4/MoS2 1 M KOH 221 mV 20 mA cm–2 16

MoS2/NiCo–LDH 1 M KOH 130 mV 20 mA cm–2 17

EG/Co0.85Se/NiFe–

LDH
1 M KOH 350 mV 20 mA cm–2 18



Table S4 Comparison of the OER performance of reported electrocatalysts.

Electrocatalyst Electrolyte Overpotential Current density Ref.

FeMnZn/Mn-FeS 1 M KOH 390 mV 100 mA cm–2 This work

Cu(OH)2/Cu 1 M KOH 390 mV 100 mA cm–2 19

MCo2O4@MCo2S4@

PPy
1 M KOH 395 mV 100 mA cm–2 20

CuO NCA 1 M KOH 400 mV 100 mA cm–2 21

Pd 1 M KOH 400 mV 100 mA cm–2 22

N–FeP 1 M KOH 440 mV 100 mA cm–2 23

Fe7S8/NGF 1 M KOH 450 mV 100 mA cm–2 24

Ni2Mo3N/NF 1 M KOH 392 mV 100 mA cm–2 25

MoSe2–Ni3Se2/NF 1 M KOH 395 mV 100 mA cm–2 26

CoFe–LDH 

/CoFe2O4/NF
1 M KOH 400 mV 100 mA cm–2 27

BSeF/Ni(OH)2 1 M KOH 401 mV 100 mA cm–2 28

NiCo–LDH 1 M KOH 410 mV 100 mA cm–2 29

FeNi/NF 1 M KOH 422 mV 100 mA cm–2 30

Co3V2O8 1 M KOH 497 mV 100 mA cm–2 31

Mo/P@Co3O4 1 M KOH 418 mV 100 mA cm–2 32

NiCo2O4–

NiCo(OH)x

1 M KOH 484 mV 100 mA cm–2 33

CuCo–Ni3S2/NF 1 M KOH 400 mV 100 mA cm–2 34

Ni–Mo–Fe 1 M KOH 408 mV 100 mA cm–2 35

FeCoNiBx 1 M KOH 419 mV 100 mA cm–2 36

TiO2/Ti3C2/FeNi 

LDH
1 M KOH 633 mV 100 mA cm–2 37



Table S5 Comparison of the overall water splitting performance of reported catalysts.

Catalyst Electrolyte Overpotential Current density Ref.

FeMnZn/Mn-FeS 1 M KOH 1.62 V 10 mA cm–2 This work

NF 1 M KOH 1.65 V 10 mA cm–2 38

Ni3Se2 1 M KOH 1.65 V 10 mA cm–2 39

xNiP@SS 1 M KOH 1.77 V 10 mA cm–2 40

CoP@NF||CoP/CoO

@NF
1 M KOH 1.62 V 10 mA cm–2 41

CoP/VGNHs 1 M KOH 1.63 V 10 mA cm–2 42

CoS2/CC 1 M KOH 1.66 V 10 mA cm–2 43

Co2N/TM/Co–Pi/TM 1 M KOH 1.78 V 10 mA cm–2 44

Co0.4Fe0.6 LDH/g–

CNx
1 M KOH 1.61 V 10 mA cm–2 45

CoFe@N–GCNCs–

700
1 M KOH 1.63 V 10 mA cm–2 46

CoFe2O4 1 M KOH 1.63 V 10 mA cm–2 47

CoNiN@NiFe LDH 1 M KOH 1.63 V 10 mA cm–2 48

CuFe Composite 1 M KOH 1.64 V 10 mA cm–2 49

NiCo2O4 1 M KOH 1.65 V 10 mA cm–2 14

FeCoS/C 1 M KOH 1.66 V 10 mA cm–2 50

DLD–FeCoP@CNT 1 M KOH 1.67 V 10 mA cm–2 51

Ni–Co–S/CF 1 M KOH 1.67 V 10 mA cm–2 52

NiMoP2 1 M KOH 1.67 V 10 mA cm–2 53

FeCoP 1 M KOH 1.68 V 10 mA cm–2 54

Ni/MoN@NCNT/C

C
1 M KOH 1.69 V 10 mA cm–2 55

NiS/MoS2 1 M KOH 1.69 V 10 mA cm–2 56

NiCo2O4 1 M KOH 1.72 V 10 mA cm–2 57

Cu2S–Ni3S2 1 M KOH 1.77 V 10 mA cm–2 58



Co–Fe binary oxide 1 M KOH 1.92 V 10 mA cm–2 59

Ni–Fe–Doped 

K0.23MnO2

1 M KOH 1.62 V 10 mA cm–2 60

Fe–Ni–Cr 1 M KOH 1.64 V 10 mA cm–2 61

Te/Fe–NiOOH 1 M KOH 1.65 V 10 mA cm–2 62

Fe–Ni2P/MoSx/NF 1 M KOH 1.68 10 mA cm–2 63

FexNiy/CeO2 1 M KOH 1.70 V 10 mA cm–2 64

CoFeNiO 1 M KOH 1.96 V 10 mA cm–2 65



Table S6 Experimental volume (EV), theoretical volume (TV) and Faradaic efficiency (FE) of H2 and 

O2.

Time (min) EVH2 (mL) EVO2 (mL) TVH2 (mL) TVO2 (mL) FEH2(%) FEO2(%)

0 2.00 2.00 2.00 2.00 – –

5 3.14 2.56 3.15 2.57 99.13 98.25

10 4.30 3.13 4.31 3.15 99.56 98.25

15 5.45 3.70 5.47 3.73 99.42 98.25

20 6.70 4.26 6.63 4.31 101.51 97.83

25 7.85 4.81 7.78 4.89 101.21 97.23

30 9.00 5.46 8.94 5.47 100.86 99.71



Note S1:

For HER in 1M KOH electrolyte:

2  * ( )H O e H OH Volmer reaction   

2 2* ( ) H O e H H OH Heyrovsky reaction    

2* +* ( ) H H H Tafel reaction

2 22 2 2OH (  )H O e H Total reaction   

For OER in 1M KOH electrolyte (Sabatier's adsorbate evolution mechanism):

2 *H O OH H e   

* *OH O H e   

* *O OH OOH e   

2*OOH O H e   

* and X* represent an adsorption site and an adsorbed X intermediate on the surface, respectively.



Note S2:

TOF values are calculated according to previous method.66

 

total
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NTOF
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where Ntotal is the number of total hydrogen turnovers per geometric area, and Nactive sites is the number 

of active sites per geometric area. The values of Ntotal and Nactive sites are calculated according to the 

equations:
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No of atoms unit cellN

Volume unit cell


For the FeS, the volume of unit cell is 70.515 Å3. the volume of unit cell containing 2 Fe atom and 2 S 

atom. The Nactive sites is determined to be 1.47×1015 atoms cm–2.

dl
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CECSA
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where Cdl and Cs represent the double layer capacitance and specific capacitance, respectively. Cs=40 

μF cm–2.
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At 200 mV overpotential, the current density of FS2 is 16.82 mA cm–2.



15
3 1

15

3.12 10 16.82(FS2) 7.30 10
1.47 10 4887.5

TOF s  
  

 

At the overpotential of 200 mV, the current density of FMZS2 is 56.31 mA cm–2.

15
1

15

3.12 10 56.31(FMZS2) 0.013
1.47 10 9002.5

 TOF s 
 

 



Note S3: 

Faradaic efficiency (FE) values are calculated as:67-69

theoretical
mi t VV

n F
 




exp(%) erimental

theoretical

V
FE

V


where i is the current, t is the time, Vm is the molar volume of gas, n is the number of electrons in the reaction and 

F is the Faraday constant.
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