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Figure S1. Photographs of the insoluble powdery solids of FeNi PBA NPs (Fei-
N1x[Fe(CN)eJo.67:yH20).
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Figure S2. (a) XRD patterns of insoluble powdery solids of FeNi PBA NPs (Fei-
«Nix[Fe(CN)sJo.67:vH20). (b) Correlation between the metal composition ratios of x and the
Scherrer particle sizes of the primary NPs estimated from half-height widths of the broadened
XRD signals of (a).
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Figure S3. FT-IR spectra: (a) the insoluble powdery solids of FeNi PBA NPs (Fei-
«Nix[Fe(CN)sJo.67:vH20); (b) hydrolysis forms (Fe1.xNixOHs) transformed from FeNi PBA NPs
in an aqueous solution of KOH (1.0 M); (¢) FeNi LDH (Fe:Ni = 1:3 mole/mole).
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Figure S4. TG-DTA profiles of the insoluble powdery solids of FeNi PBA NPs (Fe:-
xNix[Fe(CN)e]o.67:yH20).
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DLS particle-size distributions of surface-modified FeNi PBA NPs (Fei-
xNix[Fe(CN)sJo.67:vH20) stably dispersed in water.
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Figure S6. Figure S6. A schematic procedure for the immobilization of FeNi PBA NPs, FeNi
LDHs, Mn**, or Ir** on CP. An aqueous dispersion solution of surface-modified FeNi PBA
NPs, an aqueous suspension of FeNi LDHs, an aqueous solution of Mn?*, or an aqueous

solution of Ir** is drop-casted on a sheet of CP (see the experimental section).
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Figure S7. Fe molar ratios of insoluble powdery solids of FeNi PBA NPs (Fei-
xNix[Fe(CN)sJo.67:yH20) (@) and their hydrolysis forms, Fei«NixOHs, isolated from an aqueous
solution of KOH (1.0 M) (e). The Fe molar ratios are expressed by Fe/(Fe+Ni) x 100 (%).
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Figure S8. FE-SEM image of the carbon paper.
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Figure S9. (a) FE-SEM (backscattered electron (BE)) image of surface-modified FeNi PBA
NPs (x = 0.6) and their magnified FE-SEM images on wrinkles of the fiber and a dent of the
binder. (b) SEM-EDS mapping and the point analysis of surface-modified FeNi PBA NPs (x =

0.6).
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Figure S10. (a) FE-SEM (backscattered electron (BE)) image of Feo.4Nio.sOH NPs and their
magnified FE-SEM images on wrinkles of the fiber and a dent of the binder. (b) SEM-EDS
mapping and the point analysis of Feo4Nio.sOH NPs. Red dashed lines indicate the boundaries
between the fiber and the binder.
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Figure S11. Nyquist plots of Fe1xNixOH NPs under the same mole-loading amount of 7.50 x
10 umol on CP in the cases of x = 0, 0.6, and 1, where an applied potential is 1.51 V vs. RHE,
near the OER onset potential catalyzed by Feo.4Nio.cOH NPs (x = 0.6)
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Figure S12. The OER Faraday efficiency: (a) CV at a scan rate of 50 mV s™!' of Feo.4Nio.s LDH
NPs transformed from FeNi PBA NPs (mass-loading amount of 7.38 pg cm™) on CP; (b) a
chronoamperometry measurement at #7ogr = 320 mV (1.55 V vs. RHE); (c,d) gas

chromatographs of evolved gases from a working electrode (O2) and a counter electrode (Hz2).
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Figure S13. The OER catalytic durability: (a) a chronoamperometry measurement at #oer =
330 mV (1.56 V vs. RHE) of Feo.4Nios LDH NPs transformed from FeNi PBA NPs (mass-
loading amount of 7.38 pg cm™) on CP; (b) CVs at a scan rate of 50 mV s™! before (black line)

and after (red line) the chronoamperometric measurement.
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Figure S14. XPS analysis: (a) the binding energies of Ni atoms and (b) the binding energies
of Fe atoms of Feo4NiosOH NPs after the OER -catalytic durability experiment by
chronoamperometry at 77oer = 330 mV (1.56 V vs. RHE) for 24 hours (Figure S13). The XPS
spectra were not changed before (Figure 4b,d) or the OER catalytic durability experiment
(Figure S13), indicating that the electronic structures of Fe and Ni atoms were maintained as
an FeNi LDH structure during the OER experiment. The redox couples between Ni'' and Ni'!
were anodically shifted as the metal composition ratios of Fe increased from x =1 to 0.8. In
the case of Feo.4Nio.sOH NPs (x = 0.6), the Ni atom oxidation wave to Ni'" disappeared due to
its coincidence with the OER catalytic current (Figure 5b). It is thought that the OER active
Ni'l is an intermediate state and is immediately restored to the original stable state of Ni'l after

the evolution of Oz.
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Table S1. Comparison of OER catalytic activities

Catalysts (Fe/Ni molar Electrodes Mass-loading Tafel slopes TOFs (s @ Mass activities(A g') @ Overpotentials, Refs.
ratios) amounts (ug cm~  (mV dec.!) overpotentials, Mo Overpotentials, 7o (MV) 710 (MmV)
’) (mV)
Feo4Nips LDH (0.67)  CP 7.38 15.1 0.023@250 157@250 269 This
0.15@260 974@260 work
0.36@270 2,400@270
1.57@300 10,600@300
. CP 200 40.3 0.09@300 --- 249
FeNi LDH (0.5) Nifoam 200 195 !
FeNi LDH/CNT (0.2) CFP 250 31 0.56@300 10@228 247 2
FeNi LDH (0.6) GC 50 21.2 --- 200@260 260 3
FeNi LDH (0.33) GC 70 40 0.05@300 --- 302 4
. GC 161.6 --- 0.013@300 26.6@300 ---
FeNi LDH (0.52) Nifoam 1,000 52.8 224 >
FeNi LDH/rGO (0.33)  Ni foam 250 39 0.99@300 206 6
a-FeNiOH (1.51) CP 1.56 28 1.36@300 9,170@300 290 7
a-FeNiOH (0.97) Ni foam 2,100 77 0.0004@250 0.79@250 323 8
Z’(;F;I;“OH/ FeNiP Nifoam 1,800 39 0.036@250 93.3@250 199 8
Feo.55Nio.0450x (1.22) GC ~5 35 0.14@300 600@300 320 9
NixMnO; GC 280 60 0.061@400 46@400 400 10
NiCo LDH GC 70 41 0.01@300 --- 334 4
. GC 285 45 --- 572@500 ---
Ni;N cc 41 256 1
NiCeOH/G GC 10,000 22 0.008@270 34.6@270 177 12
NiCeOH GC 200 25 0.23@270 406.8@270 207 12
GC 163.2 0.0075@300 17.7@300
FeCo LDH Nifoam 1,000 92.0 288 5
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. GC 129.3 0.0054@300 16.2@300
Feli LDH Nifoam 1,000 104.0 277 >
FeCoNiP GC 60 66 0.47@300 200 13
CoS; NPs/N,S-doped - 250 75 37.1@390 380 14
GOx
C0304/NiC0y04 Nifoam 1,000 84 0.0287@350 320 5
CuCosSs GC 700 86 0.143@310 14.29@310 310 16
YBaCo4075 GC 51 58 38.9@400 450 17
BaoAssI‘()jCOo‘gFeoAzOya Ni foil 1.4 70 -—- 9,006@500 490 18
. GC 160 0.0036@300 7.5@300 5

Nifoam 1,000 145.0 289
RuO, GC 200 47 0.006@270 26@270 290 13

a-; amorphous, CNT; carbon nanotube, G; graphite, GOx; graphene oxide, rGO; reduced graphene oxide, CP, carbon paper, GC, grassy carbon, CFP, carbon fiber
paper, CC, carbon cloth. The following attached figure shows a schematic comparison of the OER catalytic activities based on the extracted data from Table S1,
where a relationship between the applied overpotentials (70:x) and the parameter values of mass activity, TOF, and Tafel slope is shown. The Tafel-slope values
are relatively indicated by circle diameters, and the TOFs are indicated by color gradation. The smallest-diameter reddish circle located at the largest mass activity

of this work means the highest intrinsic OER activity at an applied potential of 7o =300 mV.
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Figure S15. (a) CVs of the plasma-treated CP (black lines) and Mn-immobilized CP (red lines)
after Ar bubbling (dash line) or Oz bubbling (solid line). The insert figure shows the onset
potential. (b) LSVs and onset potentials of Mn-immobilized CP at different scan rates.
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Figure S16. XRD patterns of the Fe-Ni-Mn ternary-metal species precipitated from FeNi PBA
NPs (x = 0.6) mixed with an aqueous solution of Mn*" after the addition of an aqueous solution
of KOH (1.0 M), where the metal-based molar ratios are Mn/(Fe+Ni+Mn). In the absence of
Mn?* and FeNi PBA NPs, Mn/(Fe+Ni+Mn) is 0 and 1, respectively.
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Figure S17. a) CVs of Mn-immobilized CP depending on mass-loading amounts calculated as

Mn304. (b) Magnified ORR currents of (a). (¢) The relationship between overpotentials at -0.5

mA-cm and the mass-loading amounts.
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Figure S18. Pseudo bifunctional OER and ORR activities of a Mn-Fe-Ni ternary-metal CP
electrode: (a) iR-corrected LSVs in an OER applied potential range at a scan rate of 5 mV s™!
for Feo.sNio.s LDH NPs on a CP electrode and a Mn-Fe-Ni ternary-metal CP electrode; (b) plots
of normalized OER overpotentials, 7, (x), and Tafel-slop values (®) estimated from (a); (c) iR-
corrected LSVs in an ORR applied potential range at a scan rate of 50 mV s! for Mn3O4 on a
CP electrode and a Mn-Fe-Ni ternary-metal CP electrode; (d) full-range iR-corrected CV with
OER and ORR catalytic currents at a scan rate of 5 mV s for a Mn-Fe-Ni ternary-metal CP
electrode showing a pseudo OER and ORR bifunction.
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Figure S19. (a) FE-SEM (backscattered electron (BE)) image of the Fe-Ni-Mn ternary-metal
CP electrode and their magnified FE-SEM images on wrinkles of the fiber and a dent of the
binder. (b) SEM-EDS mapping and the point analysis of the Fe-Ni-Mn ternary-metal CP
electrode. Red dashed lines indicate the boundaries between the fiber and the binder.
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