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1 Materials characterization 

The crystalline phase structure of samples were characterized by powder X-ray 

diffraction (XRD, Bruker D8 advance diffractometer, Cu Kα radiation, λ = 0.15405 nm). 

And the morphological images of samples were acquired by scanning electron 

microscopy (SEM, Hitachi S-4800). The morphology and microstructure of the sample 

was characterised using transmission electron microscopy (TEM, JEOL Ltd. JEM F200). 

The elemental content and distribution of the compounds were analyzed by X-ray energy 

dispersive spectroscopy (EDS) and elemental mapping (FE-SEM, Hitachi SU8010 

microscope). The contents of ingredients were detected by X-ray photoelectron 

spectroscopy (XPS, Escalab 250 Xi, Thermo Fisher Scientific). The degree of 

graphitization of carbon matrix in the samples was characterized by Raman spectroscopy 

(Raman, Bruker Senterra R 200-L). The elemental composition of the sample was 

performed using Elementary Analyzer (EA, Elementar Elementar Vario EL cube). The 

elemental composition of the sample was performed using inductively coupled plasma 

(ICP, Thermo ESCALAB 250 Xi).

2 Electrochemical measurement

All electrochemical tests were all performed at room temperature in a standard 

three-electrode system using a CHI 760E electrochemical workstation. The Ag/AgCl or 

Hg/HgO electrode and graphite rod were used as the reference and counter electrode, 

respectively. All measured potential were converted to the reversible hydrogen electrode 

(RHE) scale according to the Nernst equation (ERHE = EAg/AgCl or Hg/HgO + 0.059pH + Eθ).
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2.1 Working electrode preparation

The working electrode was prepared as follows: 2.5 mg of the catalyst was firstly 

dispersed in a mixed solution (500 μL) of water/ethanol/Nafion with a volume ratio of 

12:12:1, and then sonicated for 1 h to form a uniform catalyst ink. Afterwards, 10 µL of 

catalyst ink was loaded onto a glassy carbon electrode with a diameter of 5.0 mm. After 

drying at room temperature for 0.5 h, a working electrode was obtained.

2.2 Electrochemical test method of ORR

The electrocatalytic ORR performance evaluation was performed in a standard 

three-electrode cell. The electrochemical performance was tested using graphite rods as 

counter electrode, drop-coated catalyst GCE as working electrode, and Ag/AgCl as 

reference electrode using electrochemical workstation CHI 760E. Cyclic voltammetry 

(CV) measurements were performed in N2 or O2-saturated 0.1 M KOH solutions with a 

potential range from 0 to 1.2 V at a scan rate of 50 mV s-1. Linear sweep voltammetry 

(LSV) curves were recorded during the 1600 rpm rotating disk electrode test. The 

stability of the catalysts was assessed by chronoamperometry for 1600 rpm at 0.2 V. 

The electron transfer number (n) was further obtained from LSV curves measured at 

various rotating speeds (400-2025 rpm), and calculated according to Equation (1) and (2).
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And the kinetic current density (jK) was also calculated from equation (3).



4

                                           (3)
L

K
L

j jj
j j





Where j and jL is the measured and diffusion-limited current densities (mA cm-2), 

respectively. ω is the electrode rotating speed (rpm). B is the reciprocal of the slope 

determined from the Koutecky-Levitch (K-L) plots, and n is the number of electrons 

transferred per oxygen molecule. F is the Faraday constant (96485 C mol-1); Co is the 

concentration of O2 (1.2 × 10-6 mol cm-3) in solution; ν is the kinetic viscosity (0.01 cm2 

s-1), and Do is the diffusion coefficient of O2 in 0.1 M KOH (1.9 × 10-5 cm2 s-1).

The n and H2O2 yield for catalysts were examined by rotating ring-disk electrode 

techniques and calculated according to equation (4) and (5).
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Here, ID and IR are the disk and ring currents, respectively, and N (～0.47) is the 

current collection efficiency of the Pt ring.

2.3 Electrochemical test method of OER

The electrocatalytic OER performance evaluation was performed in a standard 

three-electrode cell. The electrochemical performance was tested using graphite rods as 

counter electrode, drop-coated catalyst GCE as working electrode, and Hg/HgO as 

reference electrode using electrochemical workstation CHI 760E. LSV curves were 

obtained in 1 M KOH solution at a scan rate of 5 mV s-1 over a voltage range of 1.0 to 1.8 V. 
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The electrochemical AC impedance spectra (EIS) were obtained using an AC current of 5 

mV in the frequency range of 100000 to 0.1 Hz, tested at voltages corresponding to a 

current density of 10 mA cm-2. The bilayer capacity (Cdl) was used to measure the 

electrocatalytic surface active area of the catalyst. The CV curves of the catalysts were 

tested in 1 M KOH solution at different sweep rates (20, 40, 60, 80, 100 mV s-1) in the 

potential range of 0.97-1.07 V，and Cdl calculated from equation (6).

                                         （6）
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where i is the current density and v is the sweep speed.

2.4 Assembly and testing of ZAB

The zinc-air battery (ZAB) was tested in an electrolyte solution containing 6 M 

KOH and 0.2 M Zn(CH3COO)2, zinc foil was used as the anode, and the air cathode was 

made from commercial carbon paper (P2, Changsha Spring New Energy Technology Co., 

Ltd.) coated with catalysts (CoFeS/SNCNT or Pt/ C and RuO2) ink (loading capacity is 1 

mg cm-2). All tests were carried out in CHI 760E. The specific capacity was calculated 

and normalized by using the amount of consumed Zn during discharge.

The Flexible ZAB consist of a 1 mm zinc plate as the anode, gel polymer as the 

electrolyte, and commercial carbon paper that was loaded with CoFeS/SNCNT as an air 

cathode. The gel electrolyte was prepared by the following steps: 3 g polyvinyl alcohol 

(PVA) was dissolved in 30ml water, magnetically stirred at 90℃ for 2 h, and then 3 mL 

18 M KOH + 0.2 M Zn(Ac)2 solution was added. After 1 h, a hot light yellow viscous 
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solution was obtained, which was immediately spread on a watch glass to form a 1-2 mm 

thick gel film, and freeze-dried for 12 h for later use.

Fig. S1. (a, b) SEM images and (c) XRD spectra of Co-FF.

Fig. S2. XRD spectra of (a) CoFe/NCNT-1, CoFe/NCNT-2, CoFe/NCNT-3, and (b) 
CoFe/O.
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Fig. S3. SEM images of (a-c) CoFe/NCNT-1, (d-f) CoFe/NCNT-2 and (g-i) 
CoFe/NCNT-3.

Fig. S4. XRD spectrum of (a) CoFeS/SNCNT and (b) CoFe/S.
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Fig. S5. (a) Adsorption-desorption isotherms and (b) BJH pore size distribution curves of 
CoFeS/SNCNT and CoFe/NCNT-2 (inset: enlarge image). (c) Raman spectra of the 
samples.

Fig. S6. XPS survey spectrum of CoFeS/SNCNT.
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Fig. S7. High-resolution XPS spectrum of C 1s for CoFeS/SNCNT.

Fig. S8. LSV curves at different rotation rates and corresponding K-L plots at different 
potentials for (a, b) CoFeS/SNCNT, (c, d) CoFe/NCNT-2 and (e, f) CoFe/S.
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Fig. S9. (a) ORR polarization curves measured in the rotating ring‐disk experiment, and 
(b) the calculated H2O2 yield and transfer electron number for CoFeS/SNCNT and Pt/C.

Fig. S10. (a) I-t curves and (b) methanol tolerance tests for CoFeS/SNCNT and Pt/C.



11

Fig. S11. SEM image of the CoFeS/SNCNT after ORR I-t test. 

Fig. S12. XRD spectrum of CoFeS/SNCNT after ORR I-t test. 
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Fig. S13. (a) I-t curve and (b) ADT curves of CoFeS/SNCNT.

Fig. S14. SEM image of the CoFeS/SNCNT after OER I-t test.
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Fig. S15. XRD spectrum of CoFeS/SNCNT after OER I-t test.

Fig. S16. CV curves of (a) CoFeS/SNCNT, (b) CoFe/S and (c) CoFe/NCT-2 with 
increasing scanning rate. (d) Calculated Cdl of the samples in the non-faraday interval.
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Fig. S17. (a) Polarization curves of ORR and OER and (b) histogram of ∆E, E1/2 and Ej=10 
for the samples.

Fig. S18. Photograph of a LED device driven by the flexible ZAB@CoFe.
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Table S1 Results of EDS spectrum of CoFeS/SNCNT.

Element Atomic (%) Mass (%)

C 88.1 68.8

N 3.1 2.8

S 2.5 5.2

Fe 5.1 18.4

Co 1.2 4.8
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Table S2  Results of quantitative analysis of elements in CoFeS/SNCNT.

Elements EA (wt%) ICP (wt%)

C 26.74 ——

N 3.24 ——

S 11.04 ——

Co —— 24.80

Fe —— 22.90
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Table S3  Summary of the catalytic activities of the reported transition metal sulfide 
carbon-based electrocatalysts.

Electroatalysts
E1/2

(V vs. RHE)

Ej=10

(V vs. RHE)

ΔE10-1/2

(V vs. RHE)
References

CoFeS/SNCNT 0.87 1.50 0.63 This work

NSC/Co9S8-200 0.83 1.63 0.8 [1]

CoFe/S-N-C 0.86 1.59 0.73 [2]

Co9S8@N, S–C 0.88 1.53 0.65 [3]

CoSx/NCNTs/Ni-2 0.79 1.54 0.75 [4]

CoFe/SN-C 0.84 1.5 0.66 [5]

(Fe,Co)SPPc-900-sp 0.83 1.58 0.75 [6]

Fe1Co1Sx@NSPC 0.82 1.62 0.80 [7]

Co–Fe–S@NSRPC 0.80 1.6 0.80 [8]

Co-Ni-S@NSPC 0.82 1.70 0.88 [9]
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