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1. Supplementary Figures
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Fig. S1 The mechanism of 4e- ORR in alkaline medium occurring on the Fe atom single-site of

Fe-N4.
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Fig. S2 The partial density of states (PDOSs) of Fe-3d orbitals in Fe-N,, FeCo-Ng, FeCoFe-Ng and

FeFeCo-Ng.

Fig. S3 SEM images of PPy-NTs.



Fig. S4 TEM image of hNCTs.

Fig. S5 SEM image of Fe4,Co;Ni,@hNCTs.
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Fig. S6 EDX spectrum of the Fe,Co;Ni,@hNCTs.
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Fig. S7 The FT-EXAFS fitting curve of Fe foil at R-space (a) and k-space (c); The FT-EXAFS

fitting curve of Fe,Co;Ni,@hNCTs at R-space (b) and k-space (d).
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Fig. S8 The FT-EXAFS fitting curve of Co foil at R-space (a) and k-space (c); The FT-EXAFS

fitting curve of Fe4Co;Ni,@hNCTs at R-space (b) and k-space (d).
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Fig. S9 The FT-EXAFS fitting curve of Ni foil at R-space (a) and k-space (c); The FT-EXAFS

fitting curve of Fe4,Co;Ni,@hNCTs at R-space (b) and k-space (d).
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Fig. S10 Raman spectra of Fe,;Co;Ni;@hNCTs and hNCTs.
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Fig. S11 N, adsorption-desorption isotherms (inset is pore size distribution curves) of

Fe4CoiNi;@hNCTs and hNCTs.
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Fig. S12 XPS survey spectra of Fe,CoNi;@hNCTs.
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Fig. S13 LSV curves of Fe,Co;@hNCTs, Fe;Co;@hNCTs and hNCTs in 1.0 M KOH at a scan

rate of 10 mV sl
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Fig. S14 LSV curves of the ORR in an O,-saturated 0.1 M KOH solution at the rotation rate of

1600 rpm and a scan rate of 10 mV s-!.
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Fig. S15 OER chronoamperometric response of Fe,CoNi;@hNCTs and IrO, at a constant

potential of 1.60 V (vs. RHE) in 1.0 M KOH.
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Fig. S16 XRD pattern of Fe,Co;Ni,@hNCTs before and after 10 h OER testing.

Fig. S17 SEM images of Fe4,Co;Ni,@hNCTs before (a) and after 10 h OER testing (b).
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Fig. S18 XPS spectra of a) Fe 2p, b) Co 2p and c¢) Ni 2p for Fe,CoNi,@hNCTs after 10 h OER

testing.
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Fig. S19 LSV of Fe,Co;Ni;@hNCTs in 0.1 M KOH with and without KSCN.
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Fig. S20 LSV curves of FesCoNij@hNCTs, FesCoiNiy@hNCTs, Fe;sCoiNiy@hNCTs,

Fe4,Coi@hNCTs and Fe;Co;@hNCTs in 0.1 M KOH at the rotation rate of 1600 rpm and a scan

rate of 10 mV sl

2. Supplementary Tables

Table S1. EXAFS fitting parameters at the Co K-edge for various samples (5,>=0.679 for Fe,

S0?=0.696 for Co, S,>=0.715 for Ni )

Sample Shell CN¢ R(A) (A2 AEW(eVY g factor
Fe-Fel g* 2461+0.0 0.00481+0.001 5.36+2.8
1 9 8
Fe Foil 0.006
Fe-Fe2 6% 2.84+0.0 0.00493+0.002 5.31%4.2
1 9 6
Fe-O 4.6+1.1 1.97+0.01 0.01+£0.004 -6.1+£3.2
Fe,O; Fe-Fe 4.7€1.0 2.97+0.01 0.006+0.0019 -1.5£1.9 0.019

Fe-Fe 3.2+1.4  3.4440.01 0.00006+0.0027  14.1+3.3
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Fe-O 1.5£0.2  2.14+0.01 0.002+0.001 8.33%1.9
FeO 0.018
Fe-Fe 8.6+1.7  3.03+£0.01 0.01+0.002 -0.78+1.8

n n
FeN 12408 1'891—0'0 0.0140.002 5'169— 12.
Sample Fe 0.013
+
FeFe  3.0+04 2%%00  4006+0001 637+1.6

1

0.0061+0.0004 5.9+£0.59 0.004
5

12% 2.49+0.0

Co foil Co-Co )

Co-O 52+0.5 1.91+0.01  0.0025+0.0009 -6.5£1.5

Co304 Co-Co 3.9+1.1  2.84+0.01 0.0027+0.0015 -7.5€2.5 0.006

Co-Co 11.7£3.2 3.35+0.01 0.0079+0.002 -7.8+1.8

+ +
Co-N 1.2+0.6 1'961_0'0 0.002£0.008 6'8485 13
Sample Co 0.009
+ +
Co-Co 62404 2'501_0'0 0.007x0.0009 7'814_ I
Ni Foil Ni-Ni 12* 2.48+0.01  0.005+£0.0002  0.71£0.02  0.002
. +
Ni-O 5.5+0.6 2'081_0'0 0.005x0.001 -1.9t14
NiO 0.003
. s + +
Ni-Ni 12'20_ L 2'941_ 0.0 0.0080.0007  -5.1+0.8
. +
Ni-N 2.1x1.7 1'931_0'0 0.008x0.01 -6.2t11.1
Sample Ni 0.007
- Nt +
Ni-Ni 6.910.6 2.5110.0 0.006+0.0007 7.3x1.0

1

Note: “CN, coordination number; R, distance between absorber and backscatter atoms; ‘o2,
Debye-Waller factor to account for both thermal and structural disorders; 4E,, inner potential
correction; R factor indicates the goodness of the fit. Sy?> was fixed to 0.696 for Co, 0.679 for Fe
and 0.715 for Ni, according to the experimental EXAFS fit of Co foil, Fe Foil and Ni Foil by fixing
CN as the known crystallographic value.

Table S2. Comparison of other reported transition metal-doped electrocatalysts.
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Catalysts Ej-10 Ei Electrolyte AE Ref
1 Fe4CoNi;@hNCTs 1.58 0.83 0.1 M KOH 0.75 This work
2 Co@hNCTs 1.63 0.87 0.1 M KOH 0.76 !
3 Fe;,Co@NC/NCNTs 1.585 0.82 0.1 M KOH 0.765 2
4 C/CoFe-30-650 1.58 0.81 0.1 M KOH 0.77 3
5 Co/NGC-3 1.626 0.85 0.1 M KOH 0.776 4
6 Co/HMSC 1.626 0.84 0.1 M KOH 0.786 3
7 N-CoNi/PCS 1.6 0.8 0.1 M KOH 0.8 6
8 N-GCNT/FeCos 1.73 0.92 0.1 M KOH 0.81 7
9 FeNi-NC 1.64 0.83 0.1 M KOH 0.81 8
10 CoFe@NCNTs 1.68 0.84 0.1 M KOH 0.84 ?
11 CoNi@N-C 1.73 0.82 0.1 M KOH 0.91 10
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