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Physicochemical characterization

The morphology and construction of the as-prepared samples were studied by a
scanning electron microscope (SEM, Nova Nano SEM 230), a transmission electron
microscope (TEM), a high resolution transmission electron microscope (HRTEM, FEI
TECNAI G2 F20) and Double Cs Corrector Transmission Electron Microscope
(Themis Z). Atomic force microscopy (AFM, NanoMan VS) was implemented to
ascertain the thickness messages of samples. The crystal structure of catalysts was
analyzed by an X-ray diffractometer (SIMENS d500) and Raman spectra with a
LabRAM Hr800 microscope at excitation laser of 532 nm. The actual Co content in
the catalyst was measured by ICP-OES (inductively coupled plasma optical
emission spectrometer, OPTIMAS8000). The XPS (X-ray photoelectron spectroscopy)
with the K-Alpha 1063 was applied to examine the surface composition and electronic
structure of Co SANC. The specific surface area and pore size distribution of the
samples were determined by N, sorption isotherms at 77 K (ASAP 2460 analyzer).
The X-ray Absorption Fine Structure spectra of Co K-edge were recorded at the
National Synchrotron Radiation Research Center (NSRRC) in Hsinchu. The Co K-
edge XANES data were collected at a fluorescence mode using Co foil, CoO and
Co0304 as references. The collected EXAFS data were processed utilizing IFEFFIT

program.
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Fig. S1 (a) The SEM image of Co SANC-850-0 (without NH4CI under 850 °C), SEM
images of (b, ¢c) Co SANC-850, (d, €) Co SANC-750, (f, g) Co SANC-800 and (h, 1)
Co SANC-900
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Fig. S2 TEM and HRTEM images of (a-c) Co SANC-750, (d-f) Co SANC-800 and
(g-1) Co SANC-900
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Fig. S3 (a) N, absorption/desorption isotherms and (b) pore size distribution plots for
Co SANC-750, Co SANC-800, Co SANC-900 and CoSANC-850
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Fig. S4 AFM images of (a-c) Co SANC-850, (d- f) Co SANC-750, (g-1) Co SANC-
800 and (j-1) Co SANC-900

Table S1 Cobalt contents of the various catalysts determined by XPS and ICP-OES

Sample Co SANC-750 Co SANC-800 Co SANC-850 Co SANC-900
XPS (at%) 0.25 0.17 0.13 0.12
ICP-OES (wt%) 1.50 1.35 1.27 1.02

NC-850

—— Co SANC-750
R _ Co SANC-800

A ___ Co SANC-850

W‘m Co SANC-900

Intensity (a.u.)

T v T T T ¥ T v T
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26 (degree)

Fig. S5 XRD patterns of samples
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Fig. S6 (a-c) the fitting results of Raman spectra for Co SANC-750, Co SANC-800
and Co SANC-900, respectively, (d) C 1s and (e) O ls high-resolution XPS spectra
for Co SANC-750, Co SANC-800, Co SANC-850 and Co SANC-900
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Fig. S7 (a) CV plots of samples in O,-saturated 0.1 M KOH media
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Fig. S8 (a, ¢, e and g) LSV curves at various rotation rates and (b, d, f and h) K-L
plots at different potentials for Co-SANC-750, NC-850, Co-SANC-800 and Co-
SANC-900 in O,-saturated 0.1 M KOH solutions, respectively
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Fig. S9 (a, b) LSV and K-L plots for Co SANC-850, (c) Tafel plot of NC-850 and (d)
Nyquist plots of samples (fitted curves, solid lines; experimental points, symbols).
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Fig. S12 (a, b) TEM and HRTEM images of Co SANC-850 after catalysis
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Fig. S14 (a, ¢) Specific capacities and (b, d) the corresponding energy densities for Co

SANC-850 and Pt/C at 10 mA c¢cm? and 50 mA cm in Al-air battery, respectively
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Fig. S15 Performance of Al-air battery (a) open-circuit voltage, (b) polarization and

power density plots, (c) specific capacities and (d) corresponding energy density at
200 mA cm?, respectively.
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Fig. S16 Discharge curves of primary Zn-air battery for Co SANC-850 and Pt/C.
Theoretical Section
Density functional theory (DFT) calculations about the ORR mechanism were
performed using the Vienna ab initio simulation package (VASP).! The projector-

augmented wave (PAW) method was employed for describing the electron-ion

interaction.? The generalized gradient approximation (GGA) of Perdew-Burke-
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Ernzerhof (PBE) was used for estimating the electron-electron exchange and
correlation functional.? In our calculation, we used plane-wave basis set with 400 eV
kinetic energy cutoff and the Brillouin zone was sampled by the Monkhorst-Pack

method with 3x3x1 k-point grids for Co-Ny4, Graphitic N and Pyridinic N, respectively.

The Gibbs free energy change 4G of each elementary step was calculated as:
AG =AE + AZPE — T*AS +AGy

Where T denotes the temperature of 298.15 K, AE is the reaction energy calculated
by the DFT method, AZPE and AS are the changes in zero-point energies and
entropy during the reaction, respectively.* AGy= -neU, it represents the applied
potential (U) effect on reaction concerning electron (e) in the electrode and n is
electron transfer number of elementary reaction.> The over-potential of the ORR can
be determined by computing Gibbs free energies of the reaction at the different
elementary steps. The thermochemistry of these reactions was obtained by DFT
computations along with the computational hydrogen electrode (CHE) model
exploited by Nerskov et al.® The electrochemical investigations have demonstrated
that a 4e- pathway proceeds for ORR and OER on the Co-N,4 based carbon catalyst.
The thermodynamics of elementary reactions under acidic or alkaline environment is
same.’” Therefore, the 4e reaction mechanism about ORR in acidic condition could be
as below:

0,(g) +H" +e+" < "OOH (S1)

*OOH + H* + e« "0 + H,0 (1) (S2)
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*O+H"+e < "OH (S3)

*OH+H'+ e "+ H,0 (I) (S4)
Where * refers to active sites, (1) and (g) stand for liquid and gas phases, separately,
*OOH, "O and "OH represent adsorbed intermediates. As a reverse reaction of ORR,

the mechanism of OER is describe as below:

HO()+" < "OH+H"+e¢ (S5)

*OH < "0+ H +e (S6)
O+ H,O (1) < "OOH + H" + ¢ (S7)
*OOH - O, (g) +H +e+ 7 (S8)

Fig. S17 Configurations of adsorbates on (a) Co-N,, (b) graphitic N and (c) pyridinic
N
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Table S2 EXAFS data fitting outcomes of Co SANC-850

Coordination DW factor AE, .
Sample Path RA) Residue
number (103 A2) (eV)
Co SANC-850 Co-N 4,16 +0.275 1.878+0.007 0.093+0.012 -15.346 0.983

DW factor, Debye—Waller factor; R, the interatomic distance; A E,, inner potential
shift used in the fitting.

Table S3 Zero point energies (ZPE, eV), energy (E, eV) and entropy contribution (TS,
eV) for OH, O and OOH intermediates on Co-Nj structure site

Substrate -278.974
CoNy E ZPE TS
OOH -293.506 0.4426 0.18917
(0) -283.77 0.0595 0.071319
OH -289.041 0.3345 0.162467

Table S4 Zero point energies (ZPE, eV), energy (E, eV) and entropy contribution (TS,
eV) for OH, O and OOH intermediates on Graphitic N structure site

Substrate -293.606
Graphitic N E ZPE TS
OOH -307.545 0.4575 0.150118
(0] -298.339 0.0709 0.021121
OH -303.374 0.389 0.064948

Table S5 Zero point energies (ZPE, eV), energy (E, eV) and entropy contribution (TS,
eV) for OH, O and OOH intermediates on Pyridinic N structure site

Substrate -279.932
Pyridinic N E ZPE TS
OOH -293.623 0.446 0.149128
(0) -284.989 0.0937 0.041039
OH -289.011 0.3977 0.062744

Table S6 Zero point energies (ZPE, eV), energy (E, eV) and entropy contribution (TS,

eV) for H, and H,O
E 7PE TS
H, -6.75 0.27 0.41

H,0 -14.21 0.56 0.67
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Table S7 Reaction free energy (eV) of elementary step for 4 electron transfer ORR at
Urpe=0 V, pH=0 on various active sites

Co-N;  Graphitic N  Pyridinic N

Elementary reactions AG AG AG
0,(g) +H" + e+ "OOH -1.08 -0.7 -0.67
*OOH + H" + e "0 + H,O (1) -1.41 -1.92 -2.48
*O+H'+e < "OH -1.64 -1.32 -0.3

*OH +H' + e * + H,0 (1) -0.98 -1.43 -2.13

Table S8 Reaction free energy (eV) of elementary step for 4 electron transfer ORR at
Urne=1.23 V, pH=0 on various active sites

Co-Ny  Graphitic N Pyridinic N

Elementary reactions AG AG AG
0,(g) +tH" + e+ - "OOH 0.15 0.53 0.56
*OOH + H" + e "0 + H,0 (1) -0.18 -0.69 -1.25
*O+H'+e < "OH -0.41 -0.09 0.93

*OH + H' + e " + H,O (1) 0.25 -0.2 -0.9

Table S9 Reaction free energy (eV) of elementary step for 4 electron transfer ORR at
equilibrium potential, pH=0 on various active sites

Co-N;  Graphitic N  Pyridinic N

Elementary reactions AG AG AG
0,(g) +H" + e+ < "OOH -0.1 0 -0.37
*OOH + H" + e "0 + H,O (1) -0.43 -1.22 -2.18
*O+H'+e < "OH -0.66 -0.62 0
*OH + H' + e * + H,0 (1) 0 -0.73 -1.83

Table S10 Reaction free energy (eV) of elementary step for 4 electron transfer OER
at Urye=0 V, pH=0 on various active sites

Co-Ny Graphitic N Pyridinic N

Elementary reactions AG AG AG

H,O (1) +* < *OH+H" + ¢ 0.98 1.43 2.13
*OH & *O+H" + ¢ 1.64 1.32 0.3
*O+H,0 (1) & *OOH + H* + ¢ 1.41 1.92 2.48
*OOH < O, (g) +Hf +e + "~ 1.08 0.7 0.67

Table S11 Reaction free energy (eV) of elementary step for 4 electron transfer OER
at Urye=1.23 V, pH=0 on various active sites
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Co-Ny Graphitic N Pyridinic N

Elementary reactions AG AG AG

H,O (1) +* < *OH+H" + ¢ -0.25 0.2 0.9
*OH & *O+H" + e 0.41 0.09 -0.93

O+ H,0 (1) & *OOH + H + ¢ 0.18 0.69 1.25
*OOH < O, (g) +Hf +e +~ -0.15 -0.53 -0.56

Table S12 Reaction free energy (eV) of elementary step for 4 electron transfer OER
at equilibrium potential, pH=0 on various active sites

Co-N; Graphitic N  Pyridinic N

Elementary reactions AG AG AG

H, O +* < *OH+H + ¢ -0.66 -0.49 -0.35

*OH & *O+H' + ¢ 0 -0.6 -2.18
*O+HO () »"O0OH+H"+e -0.23 0 0

*OOH < O, (g) +HY +e+ " -0.56 -1.22 -1.81

Table S13 Comparative summary of the performance for primary Al-air batteries
with the present work

Discharg Current  Peak power Energy
Electrolyte

Catalyst e voltage  densities density density Ref.
W) (mA cm?) (mWcem?) (Whkg!)
6 MKOH +0.01 M This
Co SANC-850 Na,Sn0O;+ 0.0005 M 1.33 200 494 2387 work

In(OH);+ 0.0075 M ZnO
6 MKOH +0.01 M
Na,SnO; + 0.0005 M

Co304/N-KB 1.50 50 161.1 \
In(OH);+ 0.0075 M
/n0O
6 MKOH+0.01 M
Cu-Fe-N-C Na,SnO;+ 0.0005 M 1.64 20 \

In(OH); + 0.0075 M ZnO
6 MKOH +0.01 M
Na,SnO; + 0.0005 M
CuNC/KB 1.53 40 \ \
In(OH); + 0.0075 M
ZnO
6 MKOH + 0.01 M

Na,SnO; + 0.0005 M

Ag/Fe;04/N-KB 1.49 50 \ \
In(OH); + 0.0075 M
ZnO
6 MKOH +0.01 M
NiC0,04/CNTs Na,SnO; + 0.0005 M 1.20 200 \ \

In(OH); + 0.0075 M
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Ag/CNT sheets

Ag/MIl02

CO304-C602/KB

C03O4/N-KB

Cu-N-KB

Ag-CeO,/VXC-72

Zn0O
PVA + PEO + KOH +
Zn0O + Na,SnO;
(hydrogel)
4 M KOH
6 MKOH+0.01 M
Na,SnO3 + 0.0005 M
In(OH); + 0.0075 M
ZnO
6 MKOH+0.01 M
Na,SnO3 + 0.0005 M
In(OH); + 0.0075 M
ZnO
6 MKOH+0.01 M
Na,SnO3 + 0.0005 M
In(OH); + 0.0075 M
ZnO
4 M KOH

1.29

1.31

1.27

1.52

1.47

1.50

0.5

100

50

20

50

100

1.33

204

345

1168

13

Table S14 Comparative summary of the performance for rechargeable Zn-air

batteries with the present work

. .. Cycling
Open circuit . Current Initial
Discharge ) . current
Catalyst voltage density (mA  round-trip . Ref.
voltage (V) . density (mA
V) cm?) efficiency 5
cm?)
This
Co SANC-850 1.48 1.21 10 60.8 % 10
work
This
Pt/C+RuO, 1.45 1.21 10 60.5 % 10
work
Co-N,B-CSs 1.43 1.20 10 58 % 5 19
FeNC-S-Fe,C/Fe 1.41 1.21 10 55.6 % 2 20
NiO/CoN PINWs 1.46 0.19 10 37.5% 3 21
A-Co@CMK-3-D \ 1.1 10 50 % 10 2
NGM-Co \ 1.12 20 48.9 % 5 23
CoO/N-CNT+FeNi
\ 1.2 50 65 % 20 24
LDH/CNT
Co(OH),/CoPt/N-CN \ \ \ 60 % 10 2
Co-N,/C NRA 1.42 \ \ 64.8 % 5 26
1 nm-CoO,/N-RGO 1.39 \ \ 68.7 % 6 27
NCN-1000-80 1.44 1.21 10 61.1 % 10 23
Co SA@NCF/CNF 1.41 \ \ 67.6 % 6.25 2
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