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Figure S1. High Resolution Scanning Electron Microscope (HR-SEM) of Co-LC/NC
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Figure S2. High Resolution Scanning Electron Microscope (HR-SEM) of Co
cluster/NC
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Figure S3. High Resolution Scanning Electron Microscope (HR-SEM) of NC
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Figure S4. HAADF-STEM image of Co -cluster/NC
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Figure S5. High-resolution XPS of Co -SAC/NC.
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Figure S6. High-resolution XPS of, Co -cluster/NC,Co -LC/NC and NC of N 1s



Cls
2 | Co-SACNC
o C-C
S’
-
~—
&
=
7]
N
=
[e=
2‘2:’2 Zéﬂ 2é8 22;6 2;34 282
Binding Energy ( ev)
Cls
’; Co-cluster/NC
=
~ C-C
£
7
=
[
N
=
=
202 290 288 286 284 282
Binding Energy (ev)
Cls
~ | coLCNC
= C-C
«
N
>
-
47
=
@
~—
=
(S

292 200 288 286 284 282
Binding Energy (ev)

Figure S7. High-resolution XPS of Co -SAC/NC, Co -cluster/NC and Co -LC/NC for
C Is.
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Figure S8. K3-weighted Co K-edge EXAFS oscillations and FT-EXAFS fitting
patterns of Co-cluster/NC.



—
=]
e’
'S
=
S

Ten
E
&
b5
£ %
= | S
g 200 %
(" ]
-« B
g 2
: o
> e o> @ Desorption
ecoﬂ" ' . , = ixdsorpltion

0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure (P/P“)

(b) 800

o

E

2 h ]

= %

£ 7

5 400 ”

7

= T 9

< " a

2] o °

s S

° o o 5

- %o - @ Desorption

. ‘.’ ' . .9 Adsorption
0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure (P/P°)
(©) 00

Ten

£ 3

3 %

g = ad

e 300 F )

w ]

= [

< g

g e

= ~ .

2 a® @ oo .

- o2 9 Desorption

i ? ' ' @ Adsorption

0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure (PIPO)

Figure S9. Nitrogen adsorption-desorption isotherms of the as-prepared catalysts (a)
Co-SAC/NC (0mg NH4CI), (b) Co-SAC/NC (NH4CI at 700 °C) and (c) Co-SAC/NC
(NH4CI at 400 °C).
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Figure S10. (a) LSV curves of Co-SAC/NC (200mg NH,4CI), Co-SAC/NC (50mg
NH,4Cl) and Co-SAC/NC (0Omg NH4Cl). (b) LSV curves of Co-SAC/NC (NH4CI at 400
°C), Co-SAC/NC (NH4CI at 700 °C and Co-SAC/NC (0mg NH,4CI).
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Figure S11. (a)The CV curves of Co-SAC/NC at different scan rates from 5mVs! to
25mVs-L. (b) The half of current density variation (AJ = (J,- J;)/2) at 1 V plotted against

scan rate.



Figure S12.HR-SEM of Co-SAC/NC after cycling.



Figure S13.HR-STEM of Co-SAC/NC after cycling.



Figure S14. EDS elemental mappings of Co-SAC/NC after cycling.



Figure S15. Aberration-corrected HAADF-STEM images
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Figure S16. (a) Calculated free energy diagrams of ORR at pH =13 and U=0V for
Co single atom and cluster anchoring.
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Figure S17. Total density of states (TDOS) of O*, OOH*, and OH* on Co-SAC/NC



TDOS (a.u.)

TDOS (a.u.)

TDOS (a.u.)

Figure S18. Total density of states (TDOS) of OH*, O*, and OOH* on Co-cluster/NC
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In the Supplementary Material, we examined the effects of DFT+U (Figure S$19) and
implicit solvent (Figure S20) on theoretical calculations. The empirical parameter U
was set to 3.5 eV for Co, which is taken from previous computational studies ! 2. The
VASPsol continuum model 3 with water parameters (¢ = 78.4) was utilized to depict the

solvation status.
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Figure S19. DFT+U.
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Figure S20. Implicit solvation model.



Table S1. The element contents by XPS for different samples.

Samples
C
NC 89.57
Co- 85.42
cluster/NC
Co-LC/NC 86.24
Co-SAC/NC 85.75

XPS (Wt%)

N

7.97

9.92

9.58

9.74

2.46

3.32

3.66

3.25

Co

1.34

0.52

1.26

ICP (wt%)

Co

5.41

1.91

4.12

Table S2. EXAFS fitting parameters at the Co K-edge for Co-SAC/NC (S,°=0.724).

Sample Shell Bond

length
A)
Co- Co-N  1.90+0.02
SAC/NC
Co- Co-N  1.7840.02
cluster/NC

Co-O 2.01£0.02

Co-Co 2.46+0.02

Coordination o2
Number

4.1+0.3

2.1+0.4

2.9+0.5

0.7+0.1

(A?)

0.010+0.003

0.008+0.001

0.005+0.003

0.010+0.008

E, shift R-
(eV) factor
-4.9+£2.7 0.019
-7.5¢4.6  0.005

o2, Debye-Waller factor to account for both thermal and structural disorders; E, shift
(eV), inner potential correction; R factor indicates the goodness of the fitting results.



Table S3. Comparative ORR performance of as-prepared catalyst with other reported

Co single atom-based ORR catalysts

Catalyst

Co-SAC/NC
Co sa-ac @SNC
Co-SAs@NC
Co 5 SA/NC
S-Co/N/C

Co-
SAs/SNPs@NC
Co4SAS/AC@NG

Co SAs@PNCN

Half Wave Relative

Potential

V)

0.91
0.86
0.82
0.874
0.86
0.898

0.89
0.851

Continuously
Current After Operation

cycle (%) (h)
97.4 253
92.2 10
92.2 10
98.6 12.7
94.9 100
96.51 96
94.5 25
95.3 12

Time

Referenc
e

This work

4
5

6

10

Table S4. Comparative TOF and Cdl value of as-prepared catalyst with other reported

single atom-based ORR catalysts

Catalyst

Co-SAC/NC
Coy SA/NC
Fe ; /NC
Sn—N/O—C
Fe-NC-Cor
Fe,,Cu, /NC

TOF
(electron! site! s1)

1.8
1.33

/
0.0033
0.353

Cdl (mF Referenc

cm2)
72.1
33.31
53.2
59.5

/
38.47

(¢

This work

11

12

13

14

15
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