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Fig. S1 Top view of the theoretical models: (a) Co-C-C=0; (b) Co-C-COOH; (¢) Co-
C-COC
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Fig. S2 Calculated band structures of (a) Co-C-C=0; (b) Co-C-COOH; (¢) Co-C-
cocC
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Fig. S3 The top view of the theoretical models with charge density difference of (a)
Co-C-C=0, (b) Co-C-COOH, (¢) Co-C-COC, the yellow and cyan represent electron
depletion and accumulation, respectively
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Fig. S4 DOS plots of O atoms on (a) Co-C-C=0, (b) Co-C-COOH, and (¢) Co-C-

COC models

Fig. S5 The optimized geometrical structures of oxygen-containing intermediates on
(a) Co-C-C=0; (b) Co-C-COOH; (¢) Co-C-COC

S2 /S20


https://www.springer.com/journal/40820

Nano-Micro Letters

—
1Y
—
_—
o
S

[-2]
i

_ ) —— Co-C-COOH 64 —— Co-C-COOH _ B
':_.:W;‘f" ——Co-C-COC —— Co-C-COC m‘

|/

Free energy (eV)

;
;
24 i i
B e 7
%

It
Free energy (eV)
| &

o
-
o

0,9 *OOH *0 “OH OH" OH’ *OH 0 *OOH 0,Q)

Fig. S6 Gibbs free energy polts of the (a) ORR, and (b) OER on Co-C-C=0, Co-C-
COOH, and Co-C-COCatU=0V

Fig. S8 SEM images of (a) Co@C-O-Ch, (b) Co@C-0O-Cv, (¢) Co@C-0O-Cs, (d)
Co@C-O-Ct

S3 /S20


https://www.springer.com/journal/40820

Nano-Micro Letters
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Fig. S9 (a) TEM, (b) HRTEM and (¢) Elemental mapping images of Co@C-O-Ch;
(d) TEM, (e) HRTEM and (f) Elemental mapping images of Co@C-O-Cv; (g) TEM,
(h) HRTEM and (i) Elemental mapping images of Co@C-O-Cf
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Fig. S10 SAED pattern of Co@C-0O-Cs
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Fig. S11 TG and DSC curve of precursor Co?'/CDs
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Fig. S12 (a) TG curve of Co@C-O-Ch, Co@C-0O-Cv, Co@C-0-Cs, and Co@C-O-Cf;
(b) XRD patterns of residual products at 1000 °C.
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Fig. S13 Raman spectra of Co@C-0-Ch, Co@C-O-Cv, Co@C-0-Cs, and Co@C-O-
Cf
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Fig. S14 (a) N, adsorption-desorption isotherms and (b) The pore size distribution of
the Co@C-0O-Ch, Co@C-0O-Cv, Co@C-0O-Cs, and Co@C-O-Cf
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Fig. S15 The maximum oxygen adsorption of the Co@C-O-Ch, Co@C-0O-Cv, Co@C-
O-Cs, and Co@C-O-Cf
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Fig. S16 Contact angle of KOH solution in air
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Fig. S17 Schematic aerophilicity of Co@C-O-Cs catalyst in KOH solution
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Fig. S18 (a-d) XPS surface survey scans and (e-h) C 1s spectra of Co@C-O-Ch,
Co@C-0O-Cv, Co@C-0-Cs, and Co@C-0O-Cf; (i-k) Co 2p spectra and (I-n) O 1s
spectra of Co@C-0O-Ch, Co@C-0-Cv, and Co@C-O-Cf
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Fig. S19 C K-edge XANES spectra of Co@C-0O-Cs and C-O-Cs
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Fig. S20 CV curves of Co@C-0-Cs and commercial Pt/C in Nz-saturated and O»-
saturated 1.0 mol L ™! KOH with a scan rate of 10 mV s
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Fig. S21 Onset potentials and half-wave potentials of C-O-Cs, Co@C-O-Ch, Co@C-
0O-Cv, Co@C-0-Cs, Co@C-0O-Cf, and Pt/C catalysts in an O,-saturated 1.0 mol L™!
KOH solution at a scan speed of 5 mV-s ™! and a rotation rate of 1600 rpm
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Fig. S22 LSV curves at different rotating speeds and corresponding K-L plots at
different potentials: for (a, b) C-O-Cs; (¢, d) Co@C-O-Ch; (e, f) Co@C-O-Cv; (g, h)

Co@C-O-Cf
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Fig. S23 Ring and disk current density of Co@C-O-Cs and Pt/C catalysts in RRDE
measurements at a rotation speed of 1600 rpm.
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Fig. S24 (a) Amperometric i-¢ curves of Co@C-0O-Cs and Pt/C tested in Oz-saturated
1.0 mol L™* KOH solution; (b) ORR polarization plots for Co@C-O-Cs and Pt/C
before and after 1000 cycles in O»-saturated 1.0 mol L™ KOH solution at 5 mV-s™!
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Fig. S25 Electrochemical impedance spectra (EIS) of the C-O-Cs, Co@C-O-Ch,
Co@C-0O-Cv, Co@C-0-Cs, and Co@C-O-Cf catalysts at an open circuit potential in
1.0 mol L™* KOH solution
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Fig. S26 (a) Amperometric i- curves of Co@C-0O-Cs and RuO; catalysts tested in O»-
saturated 1.0 mol L™ KOH solution; (b) OER polarization plots for CO@C-O-Cs and
RuO; before and after 1000 cycles in O,-saturated 1.0 mol L™* KOH solution at 5
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Fig. S27 Cyclic voltammograms (CVs) curves at different scan rates of (a) C-O-Cs;
(b) Co@C-0O-Ch; (¢) Co@C-0O-Cyv; (d) Co@C-0-Cs; (e) Co@C-O-Cf
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Fig. S28 (a) TEM, (b) HRTEM and (c) Elemental mapping images of Co@C-0O-Cs
after cycling; (d) XRD patterns of the Co@C-O-Cs after cycling; XPS spectra of (e)
Cls, (f) Co 2p, (g) O 1s of Co@C-0O-Cs after cycling
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Fig. S29 Digital photograph of the chemical cell for using in in-situ Raman
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Fig. $30 AE values (AE = Ej=10— Ey) of C-O-Cs, Co@C-O-Ch, Co@C-O-Cy,
Co@C-0-Cs, Co@C-O-Cf, Pt/C, and RuO; catalysts

P

Filling-port

y .

\

[}

Electrolyte = ~'Air cathode™

Fig. S31 Digital images of the rechargeable liquid Zn-air battery recorded from the
different directions

Table S1 Comparison of ORR activity of Co@C-O-Cs with other ORR catalysts

reported before
1 Co@C-0-Cs 0.82 1.0 M KOH This work
2 NMGF 0.714 0.1 M KOH [S1]
3 N,P-HCS 0.81 0.1 M KOH [S2]
4 CMO/20N-rGO 0.79 0.1 M KOH [S3]
5 Cu-N/C 0.804 0.1 M KOH [S4]
6 Fe-N-CC 0.80 0.1 M KOH [S5]
7 Co@Co3 0.80 0.1 MKOH [S6]
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04/NC-1

N-NiSy 03 HS 0.72 1.0 M KOH [S7]
Mn;04/NiC0,S4 0.81 0.1 M KOH [S8]
N-NiSe,/CC 0.73 0.1 M KOH [S9]

Table S2 Comparison of OER activity of Co@C-O-Cs with other OER catalysts

reported before

1 Co@C-0-Cs 0.294 1.0 M KOH This work
2 NiCo0,04/RGO-1_RGO 0.402 1.0 M KOH [S10]
3 Fe/N/C@BMZIF 0.41 1.0 M KOH [S11]
4 Co-NC@ALLO3 0.41 1.0 M KOH [S12]
5 Y-SNi-Co-Se/CFP 0.3 0.1 M KOH [S13]
6 NiCo/NLG-270 0.34 1.0 M KOH [S14]
7 PPy/FeTCPP/Co 0.38 0.1 M KOH [S15]
8 CoFe-MOF 0.351 1.0 M KOH [S16]
9 Co-Mo,C NPs 0.347 0.1 M KOH [S17]
10 CoPPi nanowires 0.359 1.0 M KOH [S18]

C-0O-Cs

Co@C-0O-Ch

Co@C-0O-Cv

Co@C-0-Cs

Co@C-O-Cf

Table S3 Summary of the impedance fitting data for catalysts during OER process

13.60 117.10 2.95x10* 0.87434
9.77 79.08 4.43x104 0.87308
9.55 43.48 4.86x10* 0.87315
6.54 15.15 9.85x10* 0.84716
8.87 25.73 5.84x10 0.76717

Rs represents solution resistance in the electrolyte, R represents charge-transfer
resistance and CPE represents constant phase elements.

Table S4 Comparison of the bifunctional OER and ORR activity of Co@C-O-Cs.

1 Co@C-0O-Cs 1.524 0.82 0.704 This
work
2 Co-N-PC-800 1.65 0.83 0.82 [S19]
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3 CoFe@N-CNWF 1.55 0.80 0.75 [S20]
4 FeCo/Se-CNT 1.65 0.9 0.75 [S21]
5 C0304@NiC0,04 1.65 0.81 0.84 [S22]
6 Co/ZnCor04@NC- 1.6 0.9 0.70 [S23]
CNTs
7 Co/N CCPC-3 1.631 0.832 0.799 [S24]
8 NiCo-NC 1.636 0.856 0.78 [S25]
Co/Co-N-C 1.640 0.882 0.758 [S26]
10 CoDNG900 1.613 0.863 0.75 [S27]

Table S5 Comparison of the power density and the performances of liquid Zn-air
battery driven by Co@C-O-Cs with recently reported Zn-air batteries

1 Co@C-O- 60MKOH+ 921 700.1 This
Cs 0.2 M Zn(Ac): work
2 Co3;04/NHP 6.0 M KOH + 80 795 [S28]
C 0.2 M Zn(Ac)
3 Co-N-C 6.0M KOH + 78.75 763.2 [S29]
0.2 M Zn(Ac),
4 N- 6,0MKOH+ 978 872.2 [S30]
GCNT/FeC 0.2 M Zn(Ac)
0-3
5 NGM-Co 6.0 M KOH + 152 749.4 [S31]
0.2 M ZnCl,
6 Co-MOF 6.0 M KOH + 86.2 - [S32]
0.2 M Zn(Ac)
7 NiFeOx/NP 6.0 M KOH + 82.5 688 [S33]
-C-800 0.2 M Zn(Ac),
8 FeCo-N/C 6.0 M KOH + 89.9 - [S34]
0.2 M Zn(Ac)
9 MCO/CNF 6.0 M KOH 75 718 [S35]
s@NC
10 3C-900 6,0MKOH+ 97 727 [S36]
0.2 M ZnCl»

Table S6 Comparison of the power density and the performances of flexible solid-
state Zn-air battery driven by Co@C-O-Cs with recently reported Zn-air batteries

1

Co@C-O-
Cs

18.0 M KOH +
0.2 M Zn(Ac)

1.434

59.1

This work
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Co/N@CN 1.0 M KOH + 1.4 26.5 [S37]

Ts@CNMF  0.02 M Zn(Ac),

Fe-NC 1.0 MKOH + 1.424 45 [S38]

SAC 0.2 M Zn(Ac),

Fe- 1880 MKOH+ 1.34 72 [S39]

Co4dN@N- 0.2 M Zn(Ac),

C

(Zn,Co)/NS 18.0MKOH+ 1.56 15 [S40]

C 0.2 M Zn(Ac),

CC-AC 18.0 MKOH + 1.367 52.3 [S41]
0.2 M Zn(Ac)

Co- 1.0 MKOH + 1.419 82 [S42]

FeCo/N-G 0.2 M Zn(Ac),

N, S-CC 18.0 MKOH + 1.247 47 [S43]
0.2 M Zn(Ac)

NGM-Co 18.0 MKOH + 1.439 28.2 [S31]
0.2 M Zn(Ac),

FeCo/Se- 18.0 MKOH +  1.405 37.5 [S21]

CNT 0.2 M Zn(Ac),
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