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Supplementary Fig. 1 ORR polarization curves of Cu/G and two Cu/CNT samples at different rotating rate, and 

their corresponding K-L plots
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Supplementary Fig. 2 (a) ORR polarization curves and (b) kinetic current density curves for Cu/G and three 

Cu/CNT samples
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Supplementary Fig. 3 Electron transfer number and peroxide yield for Cu/G and Cu/CNT samples 
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Supplementary Fig. 4 (a) Potentiostatic i-t curves measured at 0.65 V and ADTs curves for (b) Cu/G, (c) Cu/CNT-8,

(d) Cu/CNT-4 and (e) Cu/CNT-25
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Supplementary Fig. 5 HRTEM images of (a) Cu/G, (b) Cu/CNT-8 and (c) Cu/CNT-4
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Supplementary Fig. 6 XRD patterns of Cu/G and two Cu/CNT samples
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Supplementary Fig. 7 EDS element mapping of Cu/G and two Cu/CNT samples
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Supplementary Fig. 8 R-space Cu K-edge EXAFS spectra of Cu, Cu2O and CuO
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Supplementary Fig. 9 Best-fitted (left) R-space and (right) k-space Cu K-edge EXAFS spectra of (a-b) Cu/G and 

(c-d) Cu/CNT-8
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Supplementary Fig. 10 Three models used for DFT calculation
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Supplementary Fig. 11 (a) ORR free energy diagram of Cu (111) and (b) illustrations of ORR intermediates 
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Supplementary Fig. 12 Side view and top view of the charge density difference for (a) Cu/CNT-4, (b) Cu/CNT-8 

and (c) Cu/G with OOH*, O* and OH*, where yellow and blue area have higher and lower charge density, 

respectively,
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Supplementary Fig. 13 Best fitting results of in-situ k-space EXAFS of Cu/CNT-8
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Supplementary Fig. 14 Illustration of the model for the geometry analysis

φ1=360-β1=360- (Ca-N1-Cb +  Cb-N1-Cu + Cu-N1-Ca) (1)

φ2=360-β2=360- (Cc-C1-Cd +  Cd-C1-Cu + Cu-C1-Cc) (2)

φ3=360-β3=360- (Ce-C2-Cf +  Cf-C2-Cu + Cu-C2-Ce) (3)

φ4=360-β4=360- (Cg-N2-Ch +  Ch-C2-Cu + Cu-C2-Cg) (4)

φ=Σφi/4 (5)

where β is the sum of the bond angles between every two neighboring bonds, as illustrated in 

Supplementary Fig. 14.
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Supplementary Table 1 Summary of ORR activity of reported Cu- and other metal-based SACs in 0.1 M KOH

Catalyst
rotating speed

/ rpm

loading

/mg·cm-2

Eonset

/V

E1/2

/V

TOF @0.85 V

/e site-1 s-1
Ref.

Cu/CNT-8 1600 0.40 0.933 0.863 0.72
This 

work

Cu-N/C 1600 0.25 0.883 0.804 ~0.074 1

Cu-N-C 1600 0.50 ~0.93 0.869 0.075 2

Cu-N©C 2500 0.30 ~0.90 - ~0.030 3

CPG-900 1000 0.24 ~0.93 - ~0.052 4

Cu ISs/NC-1000 1600 0.2 0.98 0.855 - 5

Cu-N4-C 1600 0.477 - 0.84 - 6

Cu-N-C-ICHP NDs 1600 0.4 0.97 0.85 - 7

Co-N3C1 1600 0.4 0.904 0.824 0.46 (0.8 V) 8

CoSA/N,S-HCS 1600 0.1 0.96 0.85 - 9

Ni-N4/GHSs/ Fe-N4 1600 0.26 0.93 0.83 - 10

Fe1-HNC-500-850 1600 0.2 ~0.9 0.842 - 11

Zn/CoN-C 1600 0.25 1 0.861 - 12
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Supplementary Table 2 Cu content and ORR parameters of of Cu/G and two Cu/CNT samples

ωCu

/wt.%
Eonset /V

E1/2

/V

ik /mA·cm-2 TOF /e site-1 s-1 MA /A mg-1

0.85 V 0.8 V 0.85 V 0.8 V 0.85 V 0.8 V

Cu/G 5.4 0.917 0.851 3.62 24.16 0.11 0.74 0.17 1.12

Cu/CNT-8 2.13 0.931 0.863 9.24 64.08 0.72 4.99 1.08 7.52

Cu/CNT-4 1.99 0.928 0.844 3.88 14.42 0.32 1.2 0.49 1.81
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Supplementary Table 3 Charge analysis results on Cu from three models

Mulliken Population Analysis Hirshfeld Charges

Cu/CNT-4 -0.150 -0.674

Cu/CNT-8 -0.167 -0.685

Cu/G -0.181 -0.700
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Supplementary Table 4 Fitting parameters of best-fitted R-space Cu K-edge EXAFS spectra of Cu/G and Cu/CNT-8

Sample path N R /Å 2 /10-3Å2 E0 /eV R-factor

Cu/G
Cu-C 1.8 1.89 5.3 3.8

0.001
Cu-N 1.9 1.98 5.3 3.8

Cu/CNT-8
Cu-C 2.0 1.87 3.4 0.2

0.001
Cu-N 2.0 1.97 3.4 0.2
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Supplementary Table 5 Free energy change for ORR elementary reactions through different pathway

Reactions
ΔG /eV

SCNT-40 SCNT-80 G

*+ O2(g) --- *O2 -0.10 -0.13 -0.11

O2(g) + 2* --- 2*O 0.91 2.67 2.85

*OOH + e- --*O + OH- -1.54 -0.16 -0.28

*OOH + H2O(l)+ e- --- *HOOH + OH- -0.62 0.26 0.11
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Supplementary Table 6 Adsorption energy of O-containing intermediates on different site on Cu/G

Adsorption site
Ead /eV

O2 OOH O OH

Cu -0.11 -0.35 -2.67 -1.57

C 0.15 -0.2 -2.53 -1.28

N 0.15 -0.14 -2.38
-1.57

(move to Cu)
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Supplementary Table 7 Adsorption energy of OOH on different site for three models.

Adsorption site
Ead /eV

Cu/CNT-4 Cu/CNT-8 Cu/G

Cu -0.06 -0.56 -0.35

C 0.22 -0.31 -0.20

N 0.19 -0.27 -0.14
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Supplementary Table 8 Average Cu-N length of Cu/CNT-8, Cu/CNT-4 and Cu/G in ORR process obtained from 

DFT calculation

dCu-N /Å

(without O2
*)

dCu-N /Å

(with O2
*)

ΔdCu-N/Å

Cu/G 1.909 1.922 0.013

Cu/CNT-8 1.915 1.930 0.015

Cu/CNT-4 1.924 1.945 0.020



25

Supplementary Table 9 Fitting parameters of best-fitted in-situ R-space Cu K-edge EXAFS spectra of Cu/CNT-8

Sample path N R /Å 2 /10-3Å2 E0 /eV R-factor

Cu/CNT-8

(in-situ)

Cu-C 2.0 1.89 3.3 3.2

0.0002Cu-N 2.0 1.99 3.3 3.2

Cu-O 1.0 1.92 3.3 3.2
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Supplementary Table 10 Geometric descriptor φ of CuN2 active site for the three models without and with adsorbed 

O2

CuN2C2 O2-CuN2C2

G CNT-8 CNT-4 G CNT-8 CNT-4

φ1 0.003 0.058 0.266 0.038 0.015 0.206

1 illustrate in Supplementary Fig. 14
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