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Supplementary Fig. 1. Schematic illustration for the synthetic processes of the FeCoNiXRu/CNFs (X=Mn, Cr
and Cu).
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Supplementary Fig. 2. Average diameters of the FeCoNiMnRu HEA NPs supported on CNFs.



Supplementary Fig. 3. (a) HRTEM image of the FeCoNiMnRu HEA NP supported on CNFs. (b, c) Intensity
profile recorded from the area indicated by the quadrate box in panel.
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Supplementary Fig. 4. Line-scan STEM-EDS spectra of a FeCoNiMnRu NP supported on CNFs.
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Supplementary Fig. 5. STEM-EDS mapping of the HEA NPs supported on CNFs.
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Supplementary Fig. 6. Line-scan STEM-EDX spectra of the HEA NPs supported on CNFs.
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Supplementary Fig. 7. FE-SEM images of the (a) FeCoNiCrRu/CNFs and (b) FeCoNiCuRu/CNFs.
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Supplementary Fig. 8. FE-SEM images of the as-prepared (a) FeCoNi/CNFs, (b) FeCoNiMn/CNFs, and (c)
FeCoNiRu/CNFs.
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Supplementary Fig. 9. XRD patterns of FeCoNi/CNFs, FeCoNiMn/CNFs, and FeCoNiRu/CNFs.
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Supplementary Fig. 10. XRD patterns of FeCoNiMnRu/CNFs, FeCoNiCrRu/CNFs, and FeCoNiCuRu/CNFs.
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Supplementary Fig. 11. The enlarged in situ XRD patterns of FeCoNiMnRu/CNFs showing the peak shift of
(200) and (220) planes.
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Supplementary Fig. 12. XRD patterns of FeCoNiMnRu/CNFs obtained after prolonged heat treatment (upper)
and during in situ characterization (lower) at (a) 800 °C, (b) 900 °C, and 1000 °C.
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Supplementary Fig. 13. XRD pattern of FeCoNiMnRu/CNFs (800 °C-3 h) with a scan rate of 0.5°/min and the
corresponding XRD Rietveld refinement.

4

6
k (R

Coin HEA

8 12

6
k (R

Supplementary Figure 14. WT-EXAFS spectra of (a) Co and Ru foil, (b) Co and Ru in FeCoNiMnRu/CNFs.
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Supplementary Fig. 15. XPS survey spectrum of the as-prepared FeCoNiMnRu/CNFs.
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Supplementary Fig. 16. High-resolution O 1s XPS spectrum of FeCoNiMnRu/CNFs.
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Supplementary Fig. 17. High-resolution (a) Mn 2p XPS spectrum of FeCoNiMn/CNFs and FeCoNiMnRu/CNFs,
(b) Fe 2P, (c) Co 2p, (d) Ni 2p XPS spectra of FeCoNi/CNFs, FeCoNiMn/CNFs, FeCoNiRu/CNFs, and
FeCoNiMnRu/CNFs, (e) Ru 3p XPS spectrum of Ru/CNFs, FeCoNiRu/CNFs, and FeCoNiMnRu/CNFs.
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Supplementary Fig. 18. Tafel slopes of the as-prepared electrocatalysts for HER.
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Supplementary Fig. 19. EIS spectra of the as-prepared electrocatalysts.
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Supplementary Fig. 20. Double-layer capacitance per geometric area (Cqi) of the as-prepared electrodes.
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Supplementary Fig. 21. Tafel slopes of the as-prepared electrocatalysts for OER.
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Supplementary Fig. 22. The corresponding histogram of OER overpotentials at 100 mA cm™ and Tafel slopes
obtained on FeCoNi/CNFs, FeCoNiMn/CNFs, FeCoNiRu/CNFs, FeCoNiMnRu/CNFs, and Ru/C in 1.0 M KOH
electrolyte.
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Supplementary Fig. 23. LSV curves of GCE supported FeCoNiMnRu/CNFs and 20 wt% Pt/C for HER normalized
by (a) geometric area and (b) mass loading of noble metal (Ru or Pt). (c) The mass activities of
FeCoNiMnRu/CNFs and 20 wt% Pt/C for HER at overpotentials of 200 and 300 mV. LSV curves of GCE
supported FeCoNiMnRu/CNFs, RuO; powder, and IrO; powder for OER normalized by (d) geometric area and
(e) mass loading of noble metal (Ru or Ir). (f) The mass activities of FeCoNiMnRu/CNFs, RuO; powder, and
IrO; powder for OER at overpotentials of 400 and 450 mV.
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Supplementary Fig. 24. (a) LSV curves, corresponding (b) Tafel plots, and (c) EIS spectra of the as-prepared
FeCoNiMnRu/CNFs, FeCoNiMnRuos/CNFs and FeCoNiMnRu2/CNFs used for HER in 1 M KOH. (d) LSV curves
of the as-prepared FeCoNiMnRu/CNFs, FeCoNiMnRuo.s/CNFs and FeCoNiMnRuz/CNFs used for OER in 1 M

KOH.
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Supplementary Fig. 25. Polarization curves for overall water splitting by FeCoNiMnRu/CNFs Il
FeCoNiMnRu/CNFs and Pt/C Il RuOz in a two-electrode configuration in 1 M KOH at a scan rate of 2 mV/s.
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Supplementary Fig. 26. LSV curves of FeCoNiMnRu/CNFs before and after 10000 CV cycles.
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Supplementary Fig. 27. The chronoamperometric curve for FeCoNiMnRu/CNFs measured at 1.55 V vs. RHE
for 10 h. Inset shows the LSV curves of FeCoNiMnRu/CNFs before and after stability test.
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Supplementary Fig. 28. The chronoamperometric curve for FeCoNiMnRu/CNFs measured at 60 °C and -2.22
V vs. RHE for 100 h in 1 M KOH.
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Supplementary Fig. 29. The chronoamperometric curve for FeCoNiMnRu/CNFs measured at -0.77 V vs. RHE
for 100 hin 10 M KOH.

Supplementary Fig. 30. (a) FE-SEM, (b) TEM and (c) HRTEM images of FeCoNiMnRu/C
long-term stability test.
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Supplementary Fig. 31. Chemical structure of FeCoNiMnRu HEA.
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Supplementary Fig. 32. Atomic configurations on Fe site of FeCoNiMnRu HEA at the three stages (a-c) during
the H,O dissociation into OH* and H*.
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Supplementary Fig. 33. Atomic configurations on Co site of FeCoNiMnRu HEA at the three stages (a-c) during
the H,0 dissociation into OH* and H*.
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Supplementary Fig. 34. Atomic configurations on Ni site of FECoNiMnRu HEA at the three stages (a-c) during
the H,0O dissociation into OH* and H*.
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Supplementary Fig. 35. Atomic configurations on Ru site of FeCoNiMnRu HEA at the three stages (a-c) during
the H,0 dissociation into OH* and H*.

Supplementary Fig. 36. Atomic configurations on (a) Fe, (b) Ni, (c) Co, and (d) Ru sites of FeCoNiMnRu HEA
at the stage of H* absorption.
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Supplementary Fig. 37. Operando electrochemical-Raman spectra collected by FeCoNiMn/CNFs during the
HER process in 1.0 M electrolyte.
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Supplementary Fig. 38. Different atomic configurations of FeCoNiMnRu HEA.
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Supplementary Fig. 39. Different atomic configurations of FeCoNiCrRu HEA.
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Supplementary Fig. 40. Different atomic configurations of FeCoNiCuRu HEA.
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Supplementary Fig. 41. (a) OER polarization curves obtained for FeCoNiXRu/CNFs (X=Cr, Mn, and Cu) in 1.0
M KOH electrolyte. (b) Correlation between the OER overpotentials at 100 mA cm-2, Tafel slopes and the
electronegativities of metals X (Cr, Mn, and Cu).

Supplementary Fig. 42. (a) Charge density difference analysis and (b) Bader charge analysis of FeCoNiMnRu
system.
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Supplementary Fig. 43. (a) Charge density difference analysis and (b) Bader charge analysis of FeCoNiCrRu
system.
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Supplementary Fig. 44. (a) Charge density difference analysis and (b) Bader charge analysis of FeCoNiCuRu
system.
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Supplementary Fig. 45. The atomic configurations on (a) Fe, (b) Co, (c) Ni, and (d) Ru catalytic sites of
FeCoNiCrRu HEA during the water dissociation.
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Supplementary Fig. 46. Reaction energy profile of water dissociation on Fe sites of FeCoNiMnRu, FeCoNiCrRu,
and FeCoNiCuRu HEA surfaces.

24



Supplementary Fig. 47. The atomic configurations on (a) Fe, (b) Co, (c) Ni, and (d) Ru catalytic sites of
FeCoNiCuRu HEA during the water dissociation.
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Supplementary Fig. 48. Reaction energy profile of water dissociation on Ni sites of FeCoNiMnRu, FeCoNiCrRu,
and FeCoNiCuRu HEA surfaces.
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Supplementary Fig. 49. Reaction energy profile of water dissociation on Ru sites of FeCoNiMnRu, FeCoNiCrRu,
and FeCoNiCuRu HEA surfaces.
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Supplementary Fig. 50. Gibbs free energy (AGu*) profiles on Fe sites of FeCoNiMnRu, FeCoNiCrRu, and
FeCoNiCuRu HEA surfaces.
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Supplementary Fig. 51. Gibbs free energy (AGu+) profiles on Co sites of FeCoNiMnRu, FeCoNiCrRu, and
FeCoNiCuRu HEA surfaces.
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Supplementary Fig. 52. Gibbs free energy (AGu+) profiles on Ni sites of FeCoNiMnRu, FeCoNiCrRu, and
FeCoNiCuRu HEA surfaces.
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Supplementary Fig. 53. The atomic configurations on (a) Fe, (b) Ni, (c) Co, and (d) Ru catalytic sites of
FeCoNiCrRu for H* absorption.

Supplementary Fig. 54. The atomic configurations on (a) Fe, (b) Ni, (c) Co, and (d) Ru catalytic sites of
FeCoNiCuRu for H* absorption.
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Supplementary Fig. 55. The summarized values of AGu* on Fe-, Co-, Ni-, and Ru-sites in (a) FeCoNiMnRu, (b)
FeCoNiCrRu, and (c) FeCoNiCuRu with different atomic configurations.

29



Supplementary Table 1. The mass loadings of Fe, Co, Ni, Mn, and Ru in FeCoNiMnRu/CNFs measured by ICP-
OES and the corresponding atomic percentages.

FeCoNiMnRu Fe Co Ni Mn Ru
Mass loading (wt. %) 2.97 3.05 2.96 1.78 4.38
Atomic percentage (at. %) 23.00 22.38 21.82 14.03 18.77

Supplementary Table 2. The mass loadings of Fe, Co, Ni, Cr, and Ru in FeCoNiCrRu/CNFs measured by ICP-
OES and the corresponding atomic percentages.

FeCoNiMnRu Fe Co Ni Cr Ru
Mass loading (wt. %) 2.57 2.82 2.67 2.68 4.07
Atomic percentage (at. %) 19.92 20.71 19.67 22.29 17.41

Supplementary Table 3. The mass loadings of Fe, Co, Ni, Cu, and Ru in FeCoNiCuRu/CNFs measured by ICP-
OES and the corresponding atomic percentages.

FeCoNiMnRu Fe Co Ni Cu Ru
Mass loading (wt. %) 2.85 2.95 2.57 2.54 4.13
Atomic percentage (at. %) 22.63 22.21 19.38 17.68 18.10

Supplementary Table 4. EXAFS fitting parameters at the Co and Ru K-edge for various samples.

Sample Shell CNe R(A)® o?(A?)c AEo(eV)? R factor
Co K-edge (S¢°=0.811)
Co foil Co-Co 12* 2.49 0.0063 6.9 0.0023
Co-O 6.0 2.10 0.0106
CoO 1.5 0.0053
Co-Co 12.0 3.01 0.0080
Co-O 6.2 1.91 0.0035
Co304 Co-Co 6.1 2.86 0.0048 -8.1 0.0079
Co-Co 7.4 3.36 0.0048
FeCoNiMn  Co-Co 7.2 2.51 0.0066
Ru/CNFs
before 4.5 0.0059
stability Co-Ru 1.4 2.49 0.0066
test
FeCoNiMn  Co-Co 6.9 2.50 0.0085
Ru/CNFs
after 3.0 0.0071
stability Co-Ru 0.3 2.52 0.0085
test

Ru K-edge (50°=0.816)

Ru foil Ru-Ru 12* 2.67 0.0033 6.6 0.0071
Ru-O 6.0 1.98 0.0035

RuO> Ru-Ru 3.0 3.12 0.0045 2.4 0.0085
Ru-Ru 11.7 3.56 0.0045
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FeCoNiMn
Ru/CNFs
before Ru-Co 6.7 2.52 0.0049 -3.0 0.0059
stability
test

Supplementary Table 5. The summarized binding energies for Ru/CNFs, FeCoNi/CNFs, FeCoNiMn/CNFs,
FeCoNiRu/CNFs, and FeCoNiMnRu/CNFs.

Ru/CNFs FeCoNi/CNFs FeCoNiMn/CNFs FeCoNiRu/CNFs FeCoNiMnRu/CNFs
Mn2+ 2p3/2 / / 641.6 / 641.6
Mn2+ 2pa2 / / 653.1 / 653.1
Mn3* 2p32 / / 643.4 / 643.4
Mn3* 2pa2 / / 654.6 / 654.6
FeO 2p3/ / 707.2 707.6 707.6 707.1
Fe?* 2p3)2 / 7115 7115 7115 7115
Fe?* 2p1p2 / 724.8 724.8 724.8 724.8
Fe3* 2p3p2 / 7143 714.3 7143 714.3
Fe3* 2p1s2 / 727.3 727.3 727.3 727.2
Co° 2p3/ / 777.6 777.7 777.8 777.8
Co%2p1/2 / 792.1 793.1 792.7 792.7
Co? 2p3/2 / 781.9 781.7 782.2 782.2
Co? 2p1/2 / 796.1 759.9 796.6 796.6
Co3* 2p3f2 / 779.6 779.8 779.7 779.7
Co3* 2p1s2 / 794.9 795.1 795.2 795.1
Ni® 2p3/ / 852.4 851.9 852.6 852.6
Ni® 2p1/2 / 869.7 / 869.9 869.9
Ni2* 2p3/2 / 854.1 853.6 854.4 854.5
Ni2* 2p1/2 / 871.4 870.6 871.7 871.8
Ni3* 2p3/2 / 856.3 855.7 856.7 856.7
Ni3* 2p1/ / 873.4 872.8 874.1 874.2
RUC 3p3/2 462.4 / / 462.0 462.0
RU 3p1/2 484.6 / / 484.1 484.1
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Supplementary Table 6. Summarized overpotentials at 10 mA cm2 (n10) and Tafel slopes of electrocatalysts
for HER in 1.0 M KOH.

Electrocatalysts N1o (MV) Tafel slope (mV dec?) Ref
FeCoNiMnRu/CNFs 5 67.4 This work
CuAINiMoFe 9.7 60 1
FeCoNiAITi 88.2 40.1 2
NiFeMoCoCr 172 66 3
Ru/CoO NRs 55 72 4
FeNiCoCrMn-G 210 105 5
PdPtCuNiP 32 37.4 6
(Ru—Co)Ox 44.1 23.5 7
RuiNi;-NCNFs 35 30 8
RFNOH-10 13 30.0 9
RuO,/NiO/NF 22 31.7 10
Ru-NiFe-P 44 80 11
Ru-MoS,/CC 41 114 12
Ru-NiCo-LDH 28 42 13
NiFe-MOF-5 163 139 14
Ru/NF-2 10 34 15
ECM@Ru 83 59 16
ES-Ru-ZIF-900 21 64 17
Ru/PC 21 46.6 18
Ru—Ru0,/Mo03 CNRs-350 9.2 37 19
Ru/Ni(OH)/NF 25 47 20
Ru1o/NF 47 60 21
RU@NGT/Ni foam 45 81 22
Ru-Co304-NiO-NF 44 53.9 23
Ru-CoV-LDH/NF 32 36.4 24
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Supplementary Table 7. Summarized overpotentials at 10 mA cm2 (n1o) and Tafel slopes of electrocatalysts
for OER in 1.0 M KOH.

Electrocatalysts N1 (MV) Tafel slope (mV dec?) Ref
FeCoNiMnRu/CNFs 145 61.3 This work
FeCoNiPB/(FeCoNi)304« 229 146 25
MnFeCoNi HEA 302 83.7 26
Fe29C0o27Ni23SisB12 ribbon 230 85 27
CoCrFeNiMo-20 Mg 220 59.0 28
MCPS 288 27.7 29
La(CrMnFeCo3Ni)Os HEPO 325 51.2 30
CoCuFeMoOOH@Cu 199 48.8 31
FeNiCoCrMn-G 229 40 5
HEF7 292 39 32
AICrCuFeNi 270 77.5 33
(Ru—Co)O0, 171.2 60.8
RuiNi;-NCNFs 290 /
RuO,/NiO/NF 250 50.5 10
Ru-NiFe-MOF/NF 205 50 34
RusaCoFe,/G 180 51 35
NiFe-MOF-5 168 42 14
Ru/NF-2 330 62 15
Ru-CoV-LDH/NF 230 81.2 24
Ru—NiFe LDH-F/NF 230.0 50.2 36
Co(S)-Fe(S) 355 62 37
Ni:Pi-Fe/NF 220 37 38
Ni,P/(NiFe).P(O) NAs 150 60 39
Cup.81€02.1904 290 65.6 40
NiFe/NF 191 44.1 41

Supplementary Table 8. Summarized overpotentials at 10 mA cm=2 (n10) and Tafel slopes of electrocatalysts
for OWS in 1.0 M KOH.

Electrocatalysts cell voltage @ 10 mA cm™ Ref
FeCoNiMnRu/CNFs 1.452 This work
FeNiCoCrMn-G 1.63 5
(Ru—Co)Oy 1.488 7
RuiNi1-NCNFs 1.564 8
RuO2/NiO/NF 1.5 10
Ru-NiFe-P 1.47 11
NiFe-MOF-5 1.57 14
Ru/NF-2 1.56 15
Ru/Ni(OH),/NF 1.50 20
Ru-CoV-LDH/NF 1.50 24
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Supplementary Table 9. AGy+ of Fe-, Co-, Ni-, Ru-sites in FeCoNiMnRu with various atomic configurations.

Structure Site H Free Energy (eV)
Fe -0.22954
Ni -0.23571
Configuration 1
Co -0.25067
Ru -0.21156
Fe -0.20215
Ni -0.30751
Configuration 2
Co -0.20661
Ru -0.11792
Fe -0.25743
Ni -0.18365
Configuration 3
Co -0.21365
Ru -0.21036
Fe -0.13054
Ni -0.27281
Configuration 4
Co -0.43812
Ru -0.07115
Fe -0.32153
) ) Ni -0.34089
Configuration 5
Co -0.26261
Ru -0.25932
Fe -0.31425
_ _ Ni -0.21751
Configuration 6
Co -0.20561
Ru -0.206913
Fe -0.305413
Ni -0.215841
Configuration 7
Co -0.236172
Ru -0.213653
Fe -0.31423
Ni -0.25361
Configuration 8
Co -0.21454
Ru -0.20361
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Supplementary Table 10. AGy+ of Fe-, Co-, Ni-, Ru-sites in FeCoNiCrRu with various atomic configurations.

Structure Site H Free Energy (eV)

Fe -0.29541

] ) Ni -0.25816
Configuration 1

Co -0.29615

Ru -0.26035

Fe -0.39654

) . Ni -0.33263
Configuration 2

Co -0.31951

Ru -0.20592

Fe -0.32542

] ) Ni -0.20654
Configuration 3

Co -0.29234

Ru -0.26015

Fe -0.21879

_ _ Ni -0.34942
Configuration 4

Co -0.60138

Ru -0.14727

Fe -0.30413

] ) Ni -0.36581
Configuration 5

Co -0.27156

Ru -0.26571

Fe -0.32474

Ni -0.25415
Configuration 6

Co -0.26027

Ru -0.22941

Fe -0.341552

Ni -0.245913
Configuration 7

Co -0.263512

Ru -0.289521

Fe -0.30355

i ) Ni -0.26304
Configuration 8

Co -0.20148

Ru -0.23651
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Supplementary Table 11. AGy+ of Fe-, Co-, Ni-, Ru-sites in FeCoNiCuRu with various atomic configurations.

Structure Site H Free Energy (eV)
Fe -0.3136
Ni -0.2715
Configuration 1
Co -0.2815
Ru -0.2715
Fe -0.32695
Ni -0.37994
Configuration 2
Co -0.38255
Ru -0.26513
Fe -0.31361
Ni -0.27156
Configuration 3
Co -0.28154
Ru -0.26556
Fe -0.29566
Ni -0.40929
Configuration 4
Co -0.52791
Ru -0.23708
Fe -0.32551
_ _ Ni -0.32692
Configuration 5
Co -0.29647
Ru -0.28691
Fe -0.33691
_ _ Ni -0.27571
Configuration 6
Co -0.29617
Ru -0.33654
Fe -0.35691
Ni -0.29657
Configuration 7
Co -0.27891
Ru -0.28952
Fe -0.36694
Ni -0.22656
Configuration 8
Co -0.29651
Ru -0.26015
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