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1. Supplementary experimental methods 

Catalyst fabrication

Chemicals: Cobalt (II) chloride dehydrate (CoCl2.2H2O), Tin (II) chloride dihydrate 

(SnCl2.2H2O), Sodium sulfide (Na2S), Graphite powder, poly(N-vinyl-2-pyrrolidone) (MW = 

40,000), Chloroplatinic acid (H2PtCl6·6H2O), Potassium permanganate (KMnO4), and Nafion 

were obtained with the Sigma-Aldrich. N,N-Dimethylformamide (C3H7ON), ethanol 

(C2H5OH), acetone, sodium hydroxide (NaOH), potassium hydroxide (KOH), sulfuric acid 

(H2SO4), zinc acetate (Zn(OAc)2), and nitric acid (HNO3) were attained from Daejung 

Chemicals. Carbon paper and stainless steel mesh (Spectra carb 2040-A, Fuel Cell Store), and 

Zn plate (Sigma-Aldrich, USA) were used as received. All precursors were used without 

further purifications. Deionized water was utilized as solvent until otherwise specifically 

mentioned. Acquired resources were applied further without distillation.

Synthesis of reference Pt/C catalysts 

H2PtCl6·6H2O was reacted with an appropriate amount of poly(N-vinyl-2-pyrrolidone) (MW 

= 40,000) solution under vigorous stirring, followed by the addition of activated carbon. After 

that, the sodium borohydride (NaBH4) solution was appended to the reaction mixture under 

stirring for 30 min. Finally, the obtained mixture was collected after centrifugation, several 

times cleanings with deionized water, and dried at 60 C for 12 h. 

Synthesis of the RuO2 catalysts 

The 50 mM ruthenium (III) chloride hydrate was dispersed in the mixture of deionized water 

and methyl alcohol (1:1 v/v) under continuous rotations. Further, the 2 M NaOH was injected 

drop-by-drop into the above reaction mixture until the pH of the solution became 7. The 

obtained product was centrifuged, rinsed with deionized water, and dehydrated at 60 C, 

followed by annealing at 500 C for 5 h in air. 

Characterization of the prepared catalysts 

Powder X-ray diffraction (PXRD) patterns were measured on Rigaku Smartlab D/max 

2500Pc diffractometer with Cu K radiation (wavelength of 1.5406 Å). Morphology images 

were performed by field-emission scanning electron microscopy (FESEM, JEOL-6700F). 

Transmission electron microscopy (TEM) images were acquired on a Cs-corrected TitanTM 

80-300 with an accelerating voltage of 80 kV. Elemental composition maps were recorded by 
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an EDS attached to the TEM. Raman spectra were measured on a RM 1000 (Ranishaw, UK) 

spectrometer. X-ray photoelectron spectroscopy (XPS) was performed on a VG SCIENTA (R 

3000) spectrometer equipped with a monochromatic Al Kα source. 

Electrochemical measurements 

The electrochemical performances were performed on an electrochemical workstation (CHI 

760 D, CH Instruments) at room temperature with a typical three-electrode electrochemical 

cell. The Ag/AgCl (with saturated KCl) reference electrode, a graphite rod as the counter 

electrode, a glassy carbon (GC) rotating disk electrode (RDE, 0.196 cm2) coated with the 

catalysts as the working electrode, and 0.1 M aqueous KOH (oxygen-rich) as the electrolyte. 

The working electrode was fabricated with as-obtained SnS2- or CoS1- or CoS1-/SnS2- 

catalysts placed over the GC using Nafion adhesive (5 wt%, 2 l) and then dried at room 

temperature for several hours. For comparison, Pt/C and RuO2 reference materials inks were 

prepared by dispersing 10 mg of catalysts in the propanol of 1.95 ml and Nafion of 50 l. 

Then, 4 L of the prepared inks were evenly loaded on the GC surface and dried at room 

temperature. Mass loading for both fabricated catalysts was fixed to be 0.10 mg cm2 for both 

oxygen reactions. Prior to the ORR/OER measurements, the electrolyte (0.1 M KOH) was 

saturated by oxygen, and nitrogen flow for 30 min. LSV profiles for ORR/OER were 

obtained for 1600 rpm with a scan rate of 5 mV s1 in the potential range of 0.2–2 V vs. RHE. 

Chronoamperometric half-cell reactions durability was evaluated at the respective 

overpotentials for OER and half-wave potential for ORR. The measured potentials were 

referenced to the reversible hydrogen electrode (RHE) according to the Nernst equation, 

ERHE = EAg/Ag/Cl + 0.059 × pH + 0.205 (S1)

Performed current densities were also referenced according to the measured geometric 

surface areas. Electrochemical impedance spectra were obtained for the frequency range of 

100 Hz to 1 MHz with a constant bias of 0.2 V. The long-life durability of the catalysts was 

measured by continuous potentiodynamic sweeps for a scan rate of 100 mV s1. Mass loading 

of CoS1-/SnS2- catalysts, reference Pt/C, and RuO2 has been placed similarly unless 

otherwise stated (0.1 mg cm-2).

Oxygen reduction reaction kinetics 

The ORR kinetics were evaluated by using different rotational speed LSV profiles. The 

measured total current density is the sum of the inverse of kinetic current (JK) and diffusion 
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current (Jd). Every atom or ion on the electrode reacts immediately as the applied 

overpotential is sufficiently high. The number of oxygen molecules at the electrode surface is 

almost zero, facilitating a diffusion-limiting plateau. Therefore, the diffusion current is 

related only to the RDE rotational speeds.  

The transferred electron number (n) in oxygen reduction was determined according to the 

Koutecky–Levich (K–L) equationS1-S3:
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where B represents the Levich slope, JK represents the kinetic current, J represents the 

measured total current,  represents the electrode rotation rate, n represents the number of 

electrons transferred for each oxygen molecule, F represents the Faraday constant (F = 96485 

C mol1), DO2 represents the O2 diffusion coefficient in 0.1 M KOH (DO2 = 1.9  105 cm2 

s1),  represents the kinetic viscosity (0.01 cm2 s1) and CO2 represents the concentration of 

O2 (CO2 = 1.2  106 mol cm3). The considered rotation speeds are in rpm, and therefore, the 

constant factor 0.2 is multiplied. The peroxide species during ORR reactions were determined 

by measuring the RRDE polarization profiles for the ring potential of 1.3 V vs. RHE. Based 

on the following expressions, the transferred electron number (n) and peroxide (H2O2) yield 

were evaluated asS4:
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where Ir represents the ring current, Id represents the disk current, and N represents the 

current collection efficiency of the Pt ring. N was determined to be 0.42.

Fabrication of Zn-air batteries (ZABs)

Alkaline Zn–air batteries 

The alkaline rechargeable ZABs were analyzed using the home-constructed electrochemical 

cells. Air cathodes were constructed by uniform mixing of CoS1-/SnS2- catalysts, carbon 

black, and polytetrafluoroethylene binder (8:1:1) and carbon paper was utilized as current 

collectors. Further, for comparison, Pt/C + RuO2 catalyst slurry was fabricated by mixing 



5

carbon black, polytetrafluoroethylene, and the catalysts (1:1:8 w/w) in ethanol/Nafion 

solution. The mass loadings of the CoS1-/SnS2- and reference Pt/C+RuO2 catalysts for 

alkaline ZABs was 1 mg cm2. The mass ratio of reference Pt/C and RuO2 was 1:1. Here, 6 M 

KOH with 0.2 M zinc acetate was used as the liquid electrolyte for the reversible 

electrochemical reactions. Catalyst-loaded (Pt/C+RuO2) carbon paper was used as an air 

cathode and a polished Zn plate (0.5 mm thickness) as anode. 

Flexible solid-state Zn–air batteries 

Flexible ZABs were assembled with CoS1-/SnS2- catalysts coated stainless steel mesh as the 

air cathodes (8:1:1 composition for catalysts, carbon black and polytetrafluoroethylene 

binder), the chitosan biocellulosics (CBCs fabricated as per our previous reference1) as the 

solid electrolyte (70 m), and Zn foil (0.3 mm) as the anode. Then, CoS1-/SnS2- based 

catalysts and zinc foils were situated on the opposite sides of the CBCs electrolyte. Finally, 

the fabricated devices were pressed cautiously and encapsulated with sustainable latex. For 

comparison, Pt/C + RuO2 catalyst slurry was also fabricated by mixing carbon black, 

polytetrafluoroethylene, and the catalysts (1:1:8 w/w) in ethanol/Nafion solution. The mass 

loadings of the CoS1-/SnS2- and reference Pt/C+RuO2 catalysts for rechargeable ZABs was 

2 mg cm2 and electrode area of 2 cm2.

Battery testing

Note all the measurements were carried out in ambient conditions. The galvanostatic 

discharge and charge voltage profiles were conducted on a WONATEC multichannel battery 

testing system. The cycling for alkaline and flexible solid ZABs was performed for 10 min 

per cycle (charge: 5 min; discharge: 5 min) for current densities of 10 and 25 mA cm−2, 

respectively. The specific capacities were determined using the galvanostatic discharge 

profiles standardized to the utilized mass of Zn. The energy efficiency was calculated from 

the ratio of discharge to charge voltages. The power densities of both ZABs were calculated 

by expression as P = V I. 
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Supplementary Figures

Figure S1. Microscopic characterizations. SEM images for fabricated pristine SnS2 and 

CoS catalysts. 
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Figure S2. Microscopic characterizations. (a-e) SEM images, (f-j) EDS spectra, and (k) 

XRD patterns for fabricated Co0.2S1-/Sn1.8S2-, Co0.6S1-/Sn1.4S2-, Co1.0S1-/Sn1.0S2-, Co1.4S1-

/Sn0.6S2-, and Co1.8S1-/Sn0.2S2- hetero-interface based catalysts with varying composition 

from 0.2 to 1.8 for Co and Sn, respectively. 
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Figure S3. Spectroscopic characterization. Raman spectra for SnS2, CoS, and CoS1-/SnS2- 

catalysts.

Figure S4. BET characterization. (a) Nitrogen sorptions and (b) pore distributions for SnS2, 

CoS, and CoS1-/SnS2- catalysts.
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Figure S5. Electrochemical performance. (a) Disc and ring current LSV polarizations for 

CoS1-/SnS2- and reference Pt/C catalysts. (b) Electron transfer numbers and peroxide yield 

of CoS1-/SnS2- and reference Pt/C materials from 0.2 to 0.7 V.
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Figure S6. ORR electrochemical kinetics. (a) Electrochemical impedance spectra (EIS) for 

the SnS2, CoS, and CoS1-/SnS2- catalysts. (b) Equivalent circuit. 

Figure S7. Electrochemical kinetics. Scan rate-dependent current density for CoS, SNS2, 

and CoS1-/SnS2- catalysts.
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Figure S8. Electrochemical OER stability tests. (a) Comparison of i-t polarizations for 

CoS1-/SnS2- and RuO2 for their relevant overpotentials. (b) LSV polarizations for CoS1-

/SnS2- and RuO2 catalysts for initial and after 8,000th cycles.
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Figure S9. Electrochemical activity. Tafel slopes of different catalysts for HER reactions.



13

Figure S10. Post-characterizations. (a) XRD pattern, (b) Raman, spectra, (c) HRTEM 

image, and EDS contents of CoS1-/SnS2- after OER. Scale- 5 nm
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Figure S11. Post-characterizations. (a) XRD pattern, (b) Raman, spectra, (c) HRTEM 

image, and EDS contents of CoS1-/SnS2- after ORR. Scale- 5 nm
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Figure S12. (a) CoS, (b) SnS2, (c) CoS1-/SnS2, and (b) CoS/SnS2- structures with all 

possible HER and OER/ORR active sites. Green and red circle indicates S and S defect site. S 

defect exposes Co and Sn sites.
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Figure S13. OER free energy diagrams (FEDs) for the (a) S site of CoS, (b) S site of SnS2, 

(c) S site of CoS1-/SnS2, (d) Sv (Sn site) of CoS1-/SnS2, (e) S site of CoS/SnS2-, and (f) Sv 

(Sn site) of CoS/SnS2-.
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Figure S14. Four-step ORR free energy diagrams (FEDs) for the (a) S site of CoS, (b) S site 

of CoS1-/SnS2, (c) Sv (Co site) of CoS1-/SnS2, and (d) Sv (Sn site) of CoS/SnS2-. The O2 

binding on S sites of CoS/SnS2- and SnS2 has physisorption leading to an inefficient ORR 

process, and thus, they are excluded.
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Figure S15. Two-step ORR free energy diagrams (FEDs) for the (a) S site of CoS, (b) S site 

of CoS1-/SnS2, (c) Sv (Co site) of CoS1-/SnS2, and (d) Sv (Sn site) of CoS/SnS2-. The O2 

binding on S sites of CoS/SnS2- and SnS2 has physisorption leading to an inefficient ORR 

process, and thus, they are excluded.
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Figure S16. (a) Charge density difference of Co sites generated by S defect and the 

isosurface level is 0.0015 eÅ-3. Cyan and yellow colors indicate hole and electron, 

respectively. (b) Partial Density of states (PDOS) for Cod-orbitals of CoS1-/SnS2 structure. Red 

and blue dashed lines represent the d-band center for Co site of CoS and CoS1-/SnS2, 

respectively.
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Figure S17. Alkaline cell design. Schematic illustration for alkaline secondary ZABs. 
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Figure S18. Alkaline ZABs electrochemical performance. Charge-discharge cycle 

operations for Pt/C + RuO2 based aqueous ZABs. (Conditions: Current density = 20 mA 

cm−2, electrolyte = 6 M KOH + 0.2 M Zn acetate)

55%
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Figure S19. Post microscopic characterizations. HRTEM image of CoS1-/SnS2- cathode 

after 1008 discharge and charge cycles at 20 mA cm-2 for alkaline ZABs. 



23


