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1 Sample characterizations

The morphology and microstructure were characterized by field emission
scanning electron microscopy (FESEM, JEOL JSM-7800F) and transmission electron
microscopy (TEM, FEI Tecnai G2 F30). The EDS mapping was detected by field
emission transmission electron microscope (TEM, JEOL JEM-F200). The phase
existence and crystal plane were investigated by X-ray diffraction (XRD) on a
PANalytical/Empyrean with Cu Ko radiation. Raman spectra were obtained using the
Renishaw/INVIA REFLEX spectrometer. N, adsorption-desorption isotherms were
measured by the BELSORP-max instrument. The specific surface area and pore size
distribution were demonstrated by Brunauer-Emmett-Teller (BET) theory and nonlocal
density functional theory (NLDFT), respectively. X-ray photoelectron spectroscopy
(XPS) measurements were performed on a K-Alpha+ spectrometer equipped with a
monochromic Al X-ray source.
2 Electrochemical measurement
2.1 Preparation of the working electrode

5 mg of the sample was dispersed into 1.5 mL of ethanol with 40 puL 5 wt% Nafion
added, and the mixture was sonicated for 30 min. Afterwards, 15 pL of electrocatalyst
ink was dropped on a glassy carbon RRDE disk (®=4 mm, A4y=0.126 cm?
Aing=0.188 cm?, inner/outer-ring diameter=>5.0/7.0 mm) from BAS Inc. The loading of
the catalyst is 0.398 mg cm™.
2.2 Electrochemical evaluations

All potential values are calibrated according to the reversible hydrogen electrode



(RHE). The electrochemical measurement was performed in a three-electrode system
using Ag/AgCl (saturated KCI) as the reference electrode and Pt wire as the counter
electrode, and all test are taken at the temperature of 25 °C. The linear sweep
voltammogram (LSV) test was conducted at different speeds from 625 to 2025 rpm
with a scan rate of 5 mV s!. The accelerated durability test was carried out in an O,-
saturated 0.1 M KOH solution with the scan rate of 100 mV s’! at a potential window
0f 0.2-1.0 V and 1.2-1.9 V for ORR and OER respectively. During the i-t stability test
of ORR, ImL CH;0H was introduced into the electrolyte to measure the anti-toxicity
ability. Commercialized 20 wt% Pt/C (20 pg-cm2) and Ir/C (0.1 pg-cm?) were used as
standard electrocatalysts for ORR and OER, respectively. The electrochemical double-
layer capacitance (Cq) of the electrocatalyst was measured by the CV test, and a
potential range of 0.99-1.09 V was selected for capacitance measurement.
2.3 Calculation of electron transfer number (n) and %HO?* for the oxygen
reduction reaction

The electron transfer number (n) can be determined using Koutecky—Levich (K-

L) equations as given by:

J Bo” U, (1)

in which
B=0.2nFC, (D,)**v"* (2)
J = nFkC, (3)

where J is the measured current density, JK is the kinetic limiting current density,

o is the angular velocity of the disk (o = 2aN, where N is the linear rotation speed),



and n is the overall number of electrons transferred in oxygen reduction. F is the
Faraday constant (F = 96485 C mol!), C, is the bulk concentration of O,, v is the
kinematic viscosity of the electrolyte, k is the electron transfer rate constant, and Dy is
the diffusion coefficient of O, in the electrolyte. The constant 0.2 is adopted when the
rotation speed is expressed in rpm. In this paper, the electron transfer number is
measured from the LSV plots at potentials of 0.3, 0.4 and 0.7 V.

The electron transfer number (n) and the corresponding peroxide yield (HO? in
alkaline solution) can also be determined on the basis of the disk and ring currents using

the following equations:

n=4x [di.vk
Idisk + lring / N (4)
2]rin / N
peroxide% =100 x ———4——
[dixk + Iring / N (5)

where Igig and Ly, are the Faraday disk and ring currents, respectively. N is the
collection efficiency of the ring electrode, which is determined to be 0.43 here. The
disk electrode was scanned at a rate of 5 mV s°!, and the ring potential was constant at
0.5V.
2.4 Zinc-Air battery tests

The performance of zinc-air batteries was evaluated in self-made batteries with the
air cathode constructed by dispersing the electrocatalyst on 1.5 cm % 5 cm gas diffusion
layer of 1.0 mg cm and the anode of Zinc plat. 6.0 M KOH mixed with 0.2 M Zn(Ac),
was used as an electrolyte. As a comparison, mechanical mixture of commercial Pt/C

and Ir/C (mass ratio = 1:1) was used as a control group. The long-term charging ability



of the Zn-air battery was evaluated by constant current charge and discharge at a current
density of 2 and 5 mA cm2, 20 minutes for (10 minutes for charging and 10 minutes
for discharging). These constant current charge/discharge curves were recorded by

LAND battery test station (CT2001A)



Fig. S1. The photo of precursor Ce.
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Fig. S2. SEM image of (a) Co/Ce-ZIF, (b) Co-ZIF and (c) CoySg/Co-NC.



Fig. S3. TEM image of (a) the carbon nanotubes grown on the CoySg/CeO,/Co-NC
nanosheets and (b) HRTEM image of the carbon nanotube with nanoparticle
encapsulated on the top. (c) EDS element mapping images of the nanoparticle

wrapped in the CNT. (d) TEM image of CoySg/CeO,/Co-NC obtained after sulfidation.
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Fig. S4. S 2p spectrum of the CogSg/Co-NC.
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Fig. S5. N 1s spectra of the (a) CeO,/Co-NC and (b) CoySg/Co-NC.
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Fig. S6. (a) CV curves for Pt/C, CogSg/CeO,/Co-NC, CeO,/Co-NC and CoySg/Co-NC

in O,-saturated 0.1 M KOH solution in the potential window of 0.2-1.2 V at a scan

rate of 5SmV s7!; (b) LSV curves of the CoySg/CeQ,/Co-NC electrocatalyst at various

rotation rate and the inset is the corresponding K-L plot; (c) The percentage of

peroxide in the total oxygen reduction products and the number of electron transfers

for the C0¢Sg/CeO,/Co-NC, CeO,/Co-NC and CogSg/Co-NC electrodes.
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Fig. S7. Cyclic voltammograms in the region of 0.99-1.09 V vs. RHE at various scan
rates and the corresponding linear fitting of the capacitive currents vs. scan rates to
estimate the Cy. (a) and (b) for CoygSg/CeO,/Co-NC; (¢) and (d) for CogSg/Co-NC; ()

and (f) for CeO,/Co-NC; the calculated Cg4 values are shown in the pictures.
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Fig. S8. LSV curves of Ir/C and CoySg/CeO,/Co-NC before and after 2000 CV cycles

at a potential range of 0.2-1.2V versus RHE at a sweep speed of 100 mV s,
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Fig. S9. LSV curves for the ORR and OER at 1600 rpm in 0.1 M KOH at a scan rate
of 5 mV s! of CogSg/Ce0,/Co-NC obtained (a,b) under different mass ratio at the oil
bath heating temperature of 90°C ;(c,d) under different oil bath heating temperature

when the mass ratio is the same and (e,f) under different input molar ratios of Co/Ce.
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Fig. S10. Galvanostatic cycling stability tests of the Zn—air battery with the

Co09Sg/Ce0,/Co-NC electrocatalysts at a current density of 2 mA cm 2.

Fig. S11. (a) SEM and (b) TEM images of CoySg/CeO,/Co-NC after the

charge/discharge cycling test.
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Table S1. XPS results analysis for the samples prepared under different input molar

ratios of Co/Ce (at. %).

Co/Ce Co2p Ce3d S2p N1s Ols Cls
Sample (input molar (at.%) (at.%) (at.%) (at.%) (at.%) (at.%)
ratio)
1:1 4.23 1.69 421 3.41 17.04 69.41
CoySy/Ce0, 2:1 5.16 1.63  4.57 3.35 14.97 70.32
/Co-NC
1:2 431 2.96 3.71 3.00 17.51 68.51

Table S2. Bifunctional activities for ORR and OER of the samples synthesized under

different mass ratios when the oil bath heating temperature is 90°C.

Mass ratio AE(Ej=10-E112)
Electrocatalyst (precursor:TAA) Ej=10 (V) E12(V) Eonset(V) V)
30:60 1.68 0.80 0.943 0.88
CosSy/Ce0,/Co 30:70 1.60 0.875 0.946 0.725
-NC
30:80 1.75 0.847 0.945 0.903
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Table S3. Bifunctional activities for ORR and OER of the samples synthesized under

different oil bath heating temperature when the mass ratios is 30:70.

Oil bath heating AE(Ej=10-E12)
Electrocatalyst temperature Ei-10 (V)  Epa(V) Eonset(V) V)
80°C 1.64 0.840 0.945 0.80
C0yS4/Ce0,/Co 90°C 1.60 0.875 0.946 0.725
-NC
100°C 1.73 0.823 0.925 0.907

Table S4. Bifunctional activities for ORR and OER of the samples synthesized under

different input molar ratios of Co/Ce.

Co/Ce
Electrocatalyst (input molar Ej-10 (V) E (V) Eonset(V) (A\IIE)(EHO-EUZ)
ratio)
1:1 1.80 0.81 0.885 0.99
C0555/Ce0,/C 21 1.60 0875  0.946 0.725
o-NC
1:2 / 0.735 0.878 /
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Table S5. Bifunctional activities for ORR and OER of as-prepared catalysts.

AE(Ej=10-E172)

Electrocatalyst Ej=10 (V) Ei2(V) Eonset(V) V)
Co0ySg/Ce0,/Co-NC  1.60 0.875 0.946 0.725
Co/Ce0O,-NC 1.83 0.83 0917 1.00
Co/CoSg -NC 1.64 0.85 0.946 0.79

PYC-Ir/C 1.62 (for Ir/C) 0.85 (for Pt/C) 1.00 (for PUC)  0.77
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Table S6. The catalytic performance of various Co or/and Ce-based electrocatalysts

from literatures.

ORR OER AE
Electrocatalyst Literature
Eonset (V) E12(V)  Ej=10 (V) (Bj=10-E12) (V)

CoySg/CeO,/Co-NC 0.946 0.875 1.60 0.725 This work
Coln,S4/S-rGO 0.93 0.82 1.60 0.78 !
IOSHs-NSC-CoySg 0.92 0.82 1.64 0.82 2
CoSy@PCN/rGO 0.89 0.78 1.57 0.79 3
Ce-LaCo0O5(5.6 %) 0.78%* 0.72 1.68 0.96 4
Co9Sg-NSHPCNF 0.88* 0.82 1.58 0.76 >
N-CoySs/G 0.941 0.78* 1.639 0.859 6
CeO,@NC-900 0.905 0.854 1.643 0.789 7
CO'SS%%?& 096 083 / / g
Co,P/CoN-in-NCNTs 0.96 0.85 1.65 0.80 0
Ce0O,-Co-NC 0.922 0.797 / / 10
Ce-NiO-E / / 1.612 / i
CoySg(600)/N,S-GO 0.95 0.75 1.63 0.88 12
Co-CNNs_ 7 0.875 0.803 1.67 0.867 13

* Not mentioned in the literatures but derived from the LSV curves.
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Table S7. The survey of the performance of rechargeable Zn-air batteries with

various electrocatalysts.

Peak
power
Electrocatalyst density Stability Literature
(mW cm-
%)
Co09Ss/Ce0,/Co-NC 168 2,226 cycles of 668 h at 5 mA cm This work
CoIn,S.4/S-rGO 133 150 cycles of 50 h at 10 mA cm? 1
CoS,@PCN/rGO N/A 394 cycles of 43.8 h at 50 mA c¢cm 3
Ce-LaCo05(5.6 %) 60 160 h at 2 mA cm™ 4
CoySg-NSHPCNF 113 1000 cycles of 166 h at 2 mA cm 3
CeO,@NC-900 118.2 140 h at 5 mA cm™ 7
Co,P/CoN-in- 5 9
NCNTSs 194.6 96 h at 5 mA cm
Co-CNNs_ 7 85.3 1000 cycles of 183 h at 10 mA cm™ 13
Co-N-CNTs 101 130 cycles of 15 h at 2 mA~2 14
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