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Experimental section

Materials: Zn foil (degreased, ≥99.95%, 80 µm thickness) was supplied by Grillo. 

ZnSO4*7H2O (puriss., ACS reagent, ≥99.5%), Zn(OAc)2*2H2O (ACS reagent, ≥98%), ZnO 

(puriss., p.a., ACS reagent, ≥99.0%) and 13CH3
13COOH (99% at. 13C) were supplied by Sigma 

Aldrich. Zn(OTf)2 (98%) was supplied by Acros Organics. Ketjenblack EC300J, Ketjenblack 

EC600JD and Sigracet 39BB carbon paper were supplied by Fuel Cell Store. 

Polytetrafluoroethylene preparation (60% dispersion in H2O) was purchased from Sigma 

Aldrich. Deionized water (18.2 MΩ cm) was used for electrode and electrolyte preparation. 

Isopropanol (HPLC PLUS Gradient grade) was purchased from CARLO ERBA reagents. 

Whatman glass microfiber (GF/A grade) was used for separators.

Electrolyte preparation: To prepare 1M solutions of ZnSO4, Zn(OAc)2 and Zn(OTf)2, 2 

mmol of respective salts (ZnSO4*7H2O, Zn(OAc)2*2H2O and Zn(OTf)2) were dissolved in 

water, and total volume of the solutions was adjusted to 2±0.1 mL. Preparation of 2M and 3M 

solutions was similar: 4 or 6 mmol of the salts were dissolved in H2O, the resulting volume of 

the solutions was adjusted to 2±0.1 mL. To prepare 1M solution of 13C-labeled zinc acetate, 

2.0 mmol of ZnO (162.8 mg) were mixed with 4.0 mmol of 13CH3
13COOH (248.2 mg) and 

1000 µL of H2O. The mixture was heated to 50-60 °C in a closed vial for 2-3 min until complete 

dissolution of ZnO. After cooling down to room temperature, the total volume of the solution 

was adjusted to 2±0.1 mL with water.

Positive electrode preparation: Ketjenblack EC300J (150 mg) was mixed with H2O (300 

µL) and polytetrafluoroethylene (15 mg, dispersed in H2O) in an agate mortar, after which 

isopropanol (750 µL) was added, and the components were mixed once again. The resulting 

slurry was tape-cast onto the microporous side of carbon paper (Sigracet 39BB). The electrodes 

were dried at 100 °C, then roll-pressed and cut into disks (d = 11 mm). For EC600JD, the 

procedures were similar but 600 µL of H2O and 1500 µL of isopropanol were used per 150 mg 
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of carbon black. The loading of carbon blacks in the resulting electrodes was from 8.9 to 9.3 

mg cm−2.

Zn-air cell assembling and electrochemistry: Custom-made two-electrode cells with 

Swagelok valves, which accommodate ~16 mL of air (Fig. S6),1 were used for electrochemical 

cycling. The cells were assembled in ambient air. Zinc foil (d = 13 mm disks) was used for 

negative electrodes, glass fiber (d = 21 mm disks) was used for separators, 120 µL of electrolyte 

was added to each cell. Before cycling, the cells were kept at rest for 5 h. All electrochemistry 

was performed at room temperature using BioLogic VMP3.

OEMS measurements: Analysis of gas composition was carried out with HPR-20 eight-

channel mass spectrometer (Hiden Analytical). SEM detector was used for signal acquisition. 

The cell outlets were connected to the OEMS capillaries in an air-tight way using Swagelok 

fittings with PTFE ferrules.

Characterization: Raman spectroscopy measurements were performed with Horiba 

LabRAM Soleil Raman microscope; the laser excitation wavelength was 532 nm, the laser 

power was 0.79 mW, the grating was 1800 lines mm−1 for monitoring carbon D/G band ratio 

and 600 lines mm−1 for other measurements. X-ray diffraction patterns were measured with 

Bruker D8 diffractometer using CuKα radiation. X-ray photoelectron spectra were measured 

with a PHI 5600 Multi-Technique System that has an Al Kα monochromatic source (1486.6 

eV); peaks were calibrated by setting the binding energy of the major C1s peak to 285.0 eV; 

two measurements were made for each sample to check reproducibility; peak deconvolution 

was carried out with Thermo Scientific Avantage software. Scanning electron microscopy 

studies were performed using an FEI Magellan 400L high-resolution scanning electron 

microscope.
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Fig. S1. Cell voltage and current density vs. time, evolution of CO2 partial pressure and its 

derivative during a prolonged OEMS measurements with 1M Zn(OAc)2 (a) and 1M ZnSO4 (b).

S4



Fig. S2. Cell voltage and current density vs. time, evolution of CO2 partial pressure and its 

derivative during the OEMS measurements with ZnSO4 (a), Zn(OAc)2 (b) and Zn(OTf)2 (c) 

solutions as electrolytes.
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Fig. S3. Cell voltage and current density vs. cumulative capacity (a), evolution of CO2 partial 

pressure (b) and its derivative (c) during the OEMS measurements with different applied 

current rates. The electrolyte was 1M Zn(OAc)2, the active material was EC300J.
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Section S1. Charge-discharge mechanisms

As reported in our previous study1 and other reports,2, 3 Zn(OAc)2- and ZnSO4-based 

electrolytes enable four-electron oxygen reduction according to the following equations:

5Zn2+ + 2O2 + 2OAc− + 6H2O + 8e− ⇆ Zn5(OH)8(OAc)2*2H2O (1)

4Zn2+ + 1.5O2 + 2SO4
2− + (n+3)H2O + 6e− ⇆ Zn4(OH)6SO4*nH2O (2)

As seen in Fig. S4, trends of oxygen partial pressure during OEMS measurements are similar 

for the acetate-, sulfate- and triflate-based electrolytes. This indicates that the four-electron 

oxygen reduction mechanism is also relevant for the triflate-based electrolyte.

Fig. S4. Derivatives of O2 partial pressure measured during cycling with various electrolytes. 

Ketjenblack EC300J was used as a cathode material.

Raman spectrum of the cathode that was discharged with 1M Zn(OTf)2 electrolyte contains 

peaks that correspond to triflate anions (Fig. S5a).4 No peak of O–O stretching vibration2, 5 

(840 cm−1) is observed, so there is no evidence of two-electron oxygen reduction. Peaks of 

ZnO2 are also not seen in the X-ray diffraction pattern (Fig. S5b).2, 5 The XRD signals could 

not be assigned to a known phase, but the pattern looks similar to zinc hydroxyacetate 

Zn5(OH)8(OAc)2*2H2O. The data suggest that formation of zinc hydroxytriflate hydrate6 

occurs upon discharge.
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Fig. S5. Characterization of cathodes from Zn-air cells with 1M Zn(OTf)2 electrolyte: (a) 

Raman spectrum of the discharged cathode with peaks assigned according to ref.4; (b) XRD 

patterns of pristine, discharged and charged electrodes compared to XRD pattern of zinc 

hydroxyacetate from ref.1.
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Fig. S6. Scheme of the cell used for electrochemical tests. Screws and valves of the upper 

lid are not shown for clarity. Photos of the cell in assembled and disassembled states are 

available in ref.1 SS = stainless steel, PTFE = poly(tetrafluoroethelene).
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