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Fig. S1 High-resolution XPS spectra of RHPC for (a) C 1s and (b) O 1s.

(b)

Fig. S2 SEM images of (a) CoFe@NC and (b) (CogsFeys)S@NC.
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Fig. S3 (a) XRD of Fe@NCNT/RHPC, Co@NCNT/RHPC and
CoFe@NCNT/RHPC; (b) XRD of CoFe@NC and (Cog sFeqs)S@NC.
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Fig. S4 High-resolution  XPS spectra of  CoFe@NCNT/RHPC and

CoFe@(CogsFegs)S@NCNT/RHPC for O 1s.
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Fig. S5 The contents of various doped N and various doped O of
CoFe@NCNT/RHPC and CoFe@(CoqsFeys)S@NCNT/RHPC.
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Fig. S6 CV curves of prepared catalysts in (a) O,-saturated and (b) N,-saturated 0.1
M KOH at a scan rate of 50 mV s,
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Fig. S7 (a) LSV polarization curves for ORR at a rotation speed of 1600 rpm in O,-

saturated 0.1 M KOH with a scan rate of 5mV sl (b) Tafel slopes, (c) LSV

polarization curves for OER with a scan rate of 5mV sl (d) Tafel slopes for

Fe@NCNT/RHPC, Co@NCNT/RHPC and CoFe@NCNT/RHPC.
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Fig. S8 Potential gaps patterns.
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Fig. S9 (a) EIS spectra of CoFe@NC, (CogsFeys)S@NC, CoFe@NCNT/RHPC,
CoFe@(CogsFeys)S@NCNT/RHPC and Pt/C in O,-saturated 0.1 M KOH; (b) EIS
spectra of CoFe@NC, (CogsFeqs)S@NC, CoFe@NCNT/RHPC,
CoFe@(CogsFes)S@NCNT/RHPC and RuO, in 1 M KOH.
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Fig. S10 LSV curves of CoFe@NC, (CogsFeys)S@NC, CoFe@NCNT/RHPC,
CoFe@(CogsFeys)S@NCNT/RHPC and Pt/C using RRDE scanned in O,-saturated 0.1

M KOH aqueous electrolyte at a rotation speed of 1600 rpm.
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Fig. S11 (a, ¢, e LSV curves of Pt/C, CoFe@NCNT/RHPC,

CoFe@(CogsFegs)S@NCNT/RHPC at different rotating speeds; (b, d, f) shows the

corresponding K-L plots at different potentials including the calculated number of

electron transfer (n) per O,.
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Cyclic voltammetry curves at different scanning rates (from 10 to 30 mV

(CopsFeps)S@NC, (¢) CoFe@NCNT/RHPC, (d)

CoFe@(CogsFeps)S@NCNT/RHPC in Nj-saturated 0.1 M KOH.
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ECSA is obtained by Cyq;: ECSA = Cy/C,,! Cs= 0.040 mF cm 2
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Fig. S14 ORR polarization curves of (a) CoFe@NC, (b) (CogsFeps)S@NC, (c)
CoFe@NCNT/RHPC, (d) CoFe@(CogsFeqs)S@NCNT/RHPC before and after 2000
cycles in 0.1M KOH.
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Fig. S15 (a) TEM image and (b) XRD pattern of CoFe@(CogsFeos)S@NCNT/RHPC

after the ORR testing in 0.1 M KOH aqueous solution.
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Fig. S16 (a) TEM image and (b) XRD pattern of CoFe@(CogsFeys)S@NCNT/RHPC
after OER testing in 1 M KOH aqueous solution.

Fig. S17 The atomic charge (the numbers) of NCNT.
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Fig. S18  Models for (a) C(001), (b) CoFe(110), (c) (CogsFeqs)S(110).
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Fig. S19  DFT optimized ORR/OER intermediate structures on C sites for NCNT,
CoFe/NCNT(CoFe@NCNT/RHPC) and
(C005F605)S/NCNT(COFC@(C005Feo5)S@NCNT/RHPC)
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Fig. S20 (a) Front view and (b) top view of differential electron density and bader
charge of CoFe/NCNT(CoFe@NCNT/RHPC) and
(Cog.sFeos)S/NCNT(CoFe@(CogsFeps)S@NCNT/RHPC) structures during

adsorption of the intermediates (*OH and *OOH).

Tab. S1 Specific surface area, pore volume, and pore size of RHPC, CoFe@NC,



(CogsFey5)S@NC, CoFe@NCNT/RHPC and CoFe@)(Cog sFe, 5)S@NCNT/RHPC.

Samples Specific Micro pores Meso pores Total Average
surface area  volume volume pores pore size
(m2g™) (mLg™) (mLg™) volume (nm)

(mLg™)

RHPC 2266.3 0.88 0.52 1.40 0.80

CoFe@NC 71.0 0.02 0.09 0.11 1.12

(CogsFeps)S@NC 29.1 0.02 0.04 0.06 1.35

CoFe@NCNT/RHPC 495.4 0.17 0.30 0.47 0.76

CoFe@(CogsFeps)S@  510.2 0.18 0.32 0.50 0.74

NCNT/RHPC

Tab. S2 The atomic composition of RHPC, CoFe@NCNT/RHPC and

CoFe@(CogsFeqs)S@NCNT/RHPC obtained from XPS spectra.

Samples Cls N 1s S2p O1ls Fe 2p Co2p
(At.%) (At.%) (At%) (At%) (At%) (At%)

RHPC 96.39  0.86 2.75

CoFe@NCNT/RHPC 83.90 7.26 0.18 7.60 0.41 0.66

CoFe@(CogsFeps)S@NCNT/RHPC 8198  7.57 1.57 7.27 0.69 0.93

Tab. S3 Summary of the ORR/OER bifunctional performance of transition metal-based

electrocatalysts reported recently.



Catalyst E 12 Ej:l 0 AE Ref.

(vs. RHE)  (vs. RHE) %)
CoFe@(CoosFeys)S@NCNT/RHPC  0.882  1.496 0.614  This work
CoFe@NCNT/RHPC 0861  1.542 0.681  This work
CoFe@NCS-24 0.88 1.57 0.69 2
Fe,Co,N-C 0.90 1.64 0.74 3
FeCoMoS@NG 0.83 1.468 0638 4
HHPC 0.78 1.58 0.80 5
e-N/P-C-700 0867  1.66 0.76 6
NCo;04@NC-2 0.77 1.50 0.78 7
Co@hNCTs-800 0.87 1.63 0.76 8
Fe/Co-N/S-Cs 0.835 1515 0680  °
Nig sFeo s@NCNTs 0.84 1.5 0660 10
FeNiNCNT/NCS 0.84 1.59 0.75 n
FegC0y,-NC-800 0.820  1.632 0812 2
Fe-Nx@NSCST-ZL 0.92 1.71 0.79 13
CoS/Fe3S4@SNCP 0.85 1.50 0.65 14
SA-Fe-SNC@900 0876  1.632 0756 15
Fe-SAs@N/S-PCSs 0.90 1.68 0.78 16
Fe-N/S-CNT-GR 0.91 1.60 0.69 1
Fe,Coy ,Ss-NHCS-V 0.80 1.53 0.73 18
CoFe/S-N-C 0.855  1.588 0733 1
FeCo-NCNTs 0.90 1.55 0.65 20
PB@ Met-700 0855  1.56 0705 2

Tab. S4 EIS calculation parameters of all samples for ORR in 0.1 M KOH.

CoFe@NC (CopsFeps)S@  CoFe@NCN  CoFe@(CogsF  Pt/C

NC T/RHPC €0.5)S@NCNT/
RHPC
Rs(Qem2) 8.50 8.88 8.19 10.59 9.57
Ru(Qem™) 4.68 3.69 3.50 3.46 3.65
Ry (Qcm™) 35.84 33.68 28.67 13.64 18.37
Cu(F cm™2) 0.001 0.021 0.007 0.008 0.004
CL(F cm™) 0.009 0.060 0.052 0.075 0.032

Tab. S5 EIS calculation parameters of all samples for OER in 1 M KOH.

CoFe@NC (CogsFegs5)S CoFe@NCN  CoFe@(Cops RuO,
@NC T/RHPC Feos5)S@NC




NT/RHPC

Rg(Qem2) 0.96
Ret(Qcm™2) 232.8

0

Yo(Ssecem™?)  0.004

n 0.683

0.99

103.20

0.008
0.860

1.11
7.34
0.060
0.769

1.26
6.15
0.040
0.744

1.21
9.17
0.002
0.935

Tab. S6 Charge and discharge voltages

and efficiencies

CoFe@(CoqsFeqs)S@NCNT/RHPC at different turn numbers.

of Zinc—air

battery with

Number of battery cycles 100 200 400 600 800
Discharge voltage (V) 1.12 1.12 1.13 1.08 1.03
Charge voltage (V) 2.10 2.09 2.10 2.09 2.12
Charge and discharge 53.2 53.8 53.8 51.6 48.5

efficiency (%)

Tab. S7 Comparisons of liquid rechargeable Zn-air batteries performances for state-of-the-art

catalysts.
Catalyst Maximum  power Catalyst Cycling Cycling Specific Ref.
density (mW cm™2)  Loading Stability Stability capacity
(mg @5 @ 10 (mAh
cm™?) mA mA g
cm™? cm2 @ 10
(min) (min) mA
cm™2
CoFe@(CogsFegs)S@NCNT/RHPC 136 1 10000 813.6 This
work
Fe/Co-N/S-Cs 102.63 1 1600 0
FeNi@NCNT/NCS 103 1 687.4 1
FegCo(,-NC-800 124.9 1.14 18660 704 12
Fe-Nx@NSCST-ZL 778 13
SA-Fe-SNC@900 218.6 2 9600 798.7 15
Fe-N/S-CNT-GR 123 1 18000 912 17
CoFe/S-N-C 120 1 6000 814 19
PB@ Met-700 148 2 5400 781 21
FeCo-NSC 152.8 2 7200 782.1 2
FeSA-FeNC@NSC 259.88 6000 811.03 2
MIL/ZIF-4-700 °C-NHj; 176.3 2 30000 893.5 24
NSCA/FeCo 132 1 5000 804.5 2



Y -Fe;,O3@CNFs-12 99.06 1 661.6 26

FeNi-NCS-2 109.8 1 1000 639.71 27
Co@N-HPCF-800 136.2 1 3000 723 28
Ni SAs-NC 172 2 18000 2
FeSA-S/N-C 128.35 0.6 30000 800.92 30
CoP@NC-Ru 175 1.5 3000 780 3l
NiFeO,@VACNTs 194 3.5 90000 800 32
Fe/Fe;C@Fe-Ny ¢ 147 1 12000 3
3D SAFe 156 0.48 4800 815 4
FeNCFs-x 173 1 9900 717 »
CoFe@HNSs 131.3 0.5 8400 36
FeNC-900-8 124.9 1 816.4 37
FeCo-N-C 196.3 2 4620 728.6 38
SA-Fe-3DOMC 140 2 786.6 3
Fe-NP/MNCF 111.6 1 10800 794.8 40
POP-Fe/Ni-900 256 1.25 7200 740 4l
Fe-SAs/S,N-C/rGO 127.36 37200 817.23 ¥

Tab. S8 Gibbs free energy change (AG) of NCNT, CoFe/NCNT(CoFe@NCNT/RHPC) and

(CopsFe5)S/NCNT(CoFe@(Cog sFeps) S@NCNT/RHPC) at different potentials during OER.



AG | Uu=o0v U=123V
(eV) CoosFeq<)S/ CoysFeq<)S/
NCNT  CoFe/NONT  \CoosFeosIS venr copenent  (CO0steos)

NCNT NCNT

Step1 | 1460 0475 1331 0230  -0.755 0.101

Step2 | -0215 0491 0.654 1445 0739 -0.576

Step3 | 1200  1.798 1.388 0.060  0.568 0.158

Step4 | 2385  2.156 1.548 1155 0.926 0318

Tab. S9 The bond length parameters of C-O, O-O and O-H of CoFe/NCNT(CoFe@NCNT/RHPC)

Bond CoFe/NCNT- (CopsFeps)S/INCNT- CoFe/NCNT- (CopsFeps)S/NCNT-
length(A) OH OH OOH OOH

C-O 1.45 1.48 1.47 1.54

0-0 - - 1.47 1.46

O-H 0.98 0.98 0.99 0.98

and (CogsFeys)S/NCNT(CoFe@(CogsFeps)S@NCNT/RHPC) absorbed *OH and *OOH.
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