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Figure S1. TEM image of WWCNR:s.
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Figure S2. Ramanspectra of S-600 (A), S-700 (B), and S-900 (C) and their

deconvolution into 3 bands.
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Figure S3. Full-scan XPS spectra of S-600 (A), S-700 (B), and S-900 (C).
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Figure S4. High resolution N1s XPS scan of S-600 (A), S-700 (B), and S-900 (C).
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Figure S5. High resolution Cls XPS scans of S-600 (A), S-700 (B), and S-900 (C)
and their deconvolution.
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Figure S6. High resolution P2p XPS scan of S-600 (A), S-700 (B), and S-900 (C).
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Figure S7. High resolution S2p XPS scan of S-600 (A), S-700 (B), and S-900 (C) and
their deconvolution and assignment.



il ~

o 100 < 250

O

coE 80. A - | B

_% | BET Surface Area: 147.4387 m?lg g 200 BET Surface Area: 479.5240 m2lg

60- T ]

-§ 2 150- =

) Q %

2 w " oo S D

< | % o g 10 N

£ oows 3

£ i 2 ] i

R s oo £ 50 %o

= 0- g oo 1] % 0 100
G T T T T T T T T POT?IDiam' S""‘) 10ol 8 T T T T T T T 'Pm Dial“ater (“'m’ T

00 02 04 06 08 10 00 02 04 06 08 10

< 259 Relative Pressure (P/Pq) Relative Pressure (P/Pq)

‘o
o |C

g 200 BET Surface Area: 457.1122 m?lg

e

8 150| »

[ K

(o] £ 24

m :’E 20

2 100 E 16

2 o

"E 50L :g 04

g 30 10 100

L Pore Diameter (nm)
c 00 02 04 06 08 10
Relative Pressure (P/Pq)

Figure S8. N2 adsorption—desorption isotherms of S-600 (A), S-700 (B), and S-900
(C). The inset is the corresponding pore-size distribution of S-600 (A), S-700 (B), and
S-900 (C), respectively.
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Figure S9. (A) CV curves of S-600, S-700, WWCNRs, S-900, and Pt/C in Nj-
saturated, O,-saturated 0.1 M KOH solution at a scan rate of 10 mV s7!. (B) RDE
curves for S-600, S-700, WWCNRs, S-900 in O,-saturated 0.1 M KOH solution at a
scanning rate of 10 mV s™! at 1600 rpm.(C) K-L plots for the ORR in O,-saturated
0.1 M KOH solution for S-600, S-700, WWCNRs, S-900at —0.5 V.(D) Electron
numbers calculated from K—L plots. (E)K-L plots for the ORR in O,-saturated 0.1 M
KOH solution for Pt/C.(F) Electron numbers calculated from K—L plots for Pt/C.
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Figure S10. RDE curves for S-600 (A), S-700 (B), and S-900 (C) in 0.1 M KOH
solution at a scanning rate of 10 mV s™'at different rotation speeds.
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Figure S11. The comparison of the stability evaluation of WWCNRs with that of Pt/C
reference catalyst for 18 000 s in an O,-saturated 0.1 M KOH solution at —0.3 V.



Table S1. Summary of textural parameters obtained from nitrogen adsorption analysis
and chemical composition analysis from XPS and electrochemical properties of the

samples.
Pore Onset

Sger Volumes At% At% A% At% At% o o o Half-wave

SERE mig) ey © ) © @ N NN blle poengal  potenti
S-600 147.4387 0.0826 8237 279 1531 0.20 0.33 37 44 19 1.28 -0.16 -0.32
S-700 479.5240 0.3180 8222 270 1459 019 0.3 38 36 26 1 0.20 0.02
WWCNRs 378.5347 0.2676 8214 150 1567 0.21 049 38 34 28 0.99 0.25 0.11
S-900 457.1122 0.3218 87.37 1.34 1057 0.17 0.55 12 36 52 0.95 0.24 0.08




Table S2.Comparison of experimental conditions and ORR activities and kinetics of
heteroatom-doped nanocarbon catalysts.

Reference Onset ) Half wzzlve Kinetic current
Catalyst Electrolyte electrode a Potential (V Potential (V at 0.7 Vvs RHE Reference
vs RHE) ® vs RHE) (mAcm ?)¢
WWCNRs 0.1 M KOH Hg/HgO 113 0.99 4.88(@ 0.5 V) This study
N-S-HC850 0.1 M KOH Ag/AgCI 0.89 0.78 N/A 1]
PAC/5S 0.1 M KOH RHE 0.86 0.75 4.25 2]
GC-NLS 0.1 M KOH RHE 0.85 0.72 N/A 3]
NPC-0 0.1 M KOH RHE 0.82 0.73 4.16(@ 0.3 V) [4]
N/S-GFs 0.1 M KOH Ag/AgCI 0.73 0.65 N/A 5]
CNT/HDC-1000 | 0.1 M KOH RHE 0.92 0.82 8.3 6]
CNT@NPC-900 | 0.1 M KOH Ag/AgCI 0.80 0.73 N/A [7]
NGR-900 0.1 M KOH Ag/AgCI 0.81 0.72 N/A 8]
CPGA-600 0.1 M KOH SCE 0.93 N/A N/A 9]
N-CC@CNTSs 0.1 M KOH RHE 1.01 0.88 N/A [10]
N-PCs-700 0.1 M KOH Ag/AgCI 0.88 N/A N/A [11]
N-CSs-800 0.1 M KOH Hg/HgO 0.82 0.76 2.86 [12]
N-CSs 0.1 M KOH Ag/AgCI 0.82 0.67 N/A [13]
BCN graphene | 0.1 M KOH SCE N/A 0.67 N/A [14]
S-PGHS 0.1 M KOH Ag/AgCI 0.81 N/A N/A [15]
N-GQDs 0.1 M KOH Ag/AgCI 0.67 0.55 N/A [16]
HNCS 71 0.1 M KOH RHE 0.87 0.82 N/A [17]
B, N-GQD/G- 0.1 M KOH Ag/AgCI 0.91 N/A N/A [18]
B, N-Graphene | 0.1 M KOH Ag/AgCI N/A 0.65 0.26 [19]
S1-AZ-800 0.1 M KOH Hg/HgO 0.90 0.73 3.13 [20]
NSG700 0.1 M KOH SCE 0.84 N/A N/A [21]
’c";'P°r°“5 0.1 M KOH RHE 0.86 0.70 N/A [22]
arbons
N 550-GD 0.1 M KOH Ag/AgCI 0.90 N/A N/A 23]
N, O-OMC 0.1 M KOH RHE 0.71 0.68 0.48 [24]
NPM 0.1 M KOH RHE 0.85 0.69 N/A [25]
g":‘,\f:o@pg;‘;gin 0.1 M KOH Ag/AgCI N/A 0.62 13 [26]
'\N"?C“’gr%‘gr‘l’us 0.1 M KOH Ag/AgCI 0.90 0.79 5.4 [27]
E‘Carbon 0.1 M KOH Ag/AgCI 0.79 0.65 16 28]
anocage
N-Hollow 0.1 M KOH Ag/AgCI 0.84 0.67 0.05 [29]
Carbon NP : : ’ :
N-CDs 0.1 M KOH Hg/HgO 0.88 0.64 N/A 130]

3Conversions of Hg/HgO electrode, Ag/AgCl electrode, and SCE into RHE scale were achieved by

adopting the calibration results;>Half-wave potential was obtained from linear sweep voltammetry

unless otherwise noted.




References:

S1.

S2.

S3.

S4.

Ss.

Sé.

S7.

S8.

S9.

S10.

S1I.

Z, T. Cui, S. G. Wang, Y. H. Zhang and M, H. Cao, J. Power sources, 2014,
259, 138-144.
C.H. You, S.J. Liao, H. L. Li, S. Y. Hou, H. L. Peng, X. Y. Zeng, F. F. Liu, R.
P. Zheng, Z. Y. Fuand Y. W. Li, Carbon, 2014, 69, 294-301.
D. C. Higgins, M. A. Hoque, F. Hassan, J.-Y. Choi, B. Kim and Z. Chen, ACS
Catal., 2014, 4, 2734-2740.
Z. Liu, G. Zhang, Z. Lu, X. Jin, Z. Chang and X. Sun, Nano Res., 2013, 6, 293—
301.
Y. Z. Su, Y. Zhang, X. D. Zhuang, S. Li, D. Q. Wu, F. Zhang and X. L. Feng,
Carbon, 2013, 62, 296-301.
Y. J. Sa, C. Y. Park, H. Y. Jeong, S.-H. Park, Z. H. Lee, K. T. Kim, G.-G. Park
and S. H. Joo, Angew. Chem. Int. Ed., 2014, 53, 4102-4106.
W.-J. Jiang, J.-S. Hu, X. Zhang, Y. Jiang, B.-B. Yu, Z.-D. Wei and L.-J. Wan, J.
Mater. Chem. 4,2014,2,10154-10160.
X. Bo, C. Han, Y. Zhang and L. Guo, ACS Appl. Mater. Interfaces, 2014, 6,
3023-3030.
H. Wei, M.-W. Xu, S.-J. Bao, F. Yang and H. Chai, RSC Adv., 2014, 4, 16979—
16984.
C. Hu, L. Wang, Y. Zhao, M. Ye, Q. Chen, Z. Feng and L. T. Qu, Nanoscale,

2014, 6, 8002—8009.

K. Zhou, W. Zhou, X. Liu, Y. Wang, J. Wan and S. Chen, ACS Appl. Mater.



Interfaces, 2014, 6, 14911-14918.

S12. S. Gao, Y. Chen, H. Fan, X. Wei, C. Hu, H. Luo and L. Qu, J. Mater. Chem. A,
2014, 2, 3317-3324.

S13. K. Ai, Y. Liu, C. Ruan, L. Lu and G. Lu. Adv. Mater., 2013, 25, 998-1003.

S14. S. Wang, L. Zhang, Z. Xia, A. Roy, D. W. Chang, J.-B. Baek and L. Dai,
Angew. Chem. Int. Ed., 2012, 51, 4209-4212.

S15. X. Chen, X. Chen, X. Xu, Z. Yang, Z. Liu, L. Zhang, X. Xu, Y. Chen and S.
Huang, Nanoscale, DOI: 10.1039/c4nr04783d.

S16. Y. Li, Y. Zhao, H. Cheng, Y. Hu, G. Shi, L. Dai and L. Qu, J. Am. Chem. Soc.,
2012, 134, 15-18.

S17. J. Sanetuntikul, T. Hang and S. Shanmugam, Chem. Commun., 2014, 50,
9473-9476.

S18. H.Fei,R. Ye, G. Ye, Y. Gong, Z. Peng, X. Fan, E. L. G. Samuel, P. M. Ajayan
and J. M. Tour, ACS Nano, DOI: 10.1021/nn504637y.

S19. Y. Zheng, Y. Jiao. L. Ge, M. Jaroniec and S. Z. Qiao, Angew. Chem. Int. Ed.,
2013,52,3110-3116.

S20. S. Gao, H. Fan, Y. Chen, L. Li, Y. Bando and D. Golberg, Nano Energy, 2013.
2, 1261-1270.

S21.  X. Wang, J. Wang, D. Wang, S. Dou, Z. Ma, J. Wu, L. Tao, A. Shen, C.
Ouyang, Q. Liu and S. Wang, Chem. Commun., 2014, 50, 4839-4842.

S22. P. Zhang, F. Sun, Z. Xiang, Z. Shen, J. Yun and D. Cao, Energy Environ. Sci.,

2014, 7, 442-450.



S23. R.Liu, H. Liu, Y. Li, Y. Yi, X. Shang, S. Zhang, X. Yu, S. Zhang, H. Cao and
G. Zhang, Nanoscale, 2014, 6, 11336-11343.

S24. R. Silva, D. Voiry, M Chhowalla and T. Asefa, J. Am. Chem. Soc., 2013, 135,
7823-7826.

S25. H.-W. Liang, W. Wei, Z.-S. Wu, X. Feng and K. Miillen, J. Am. Chem. Soc.,
2013, 135, 16002—-16005.

S26. J. Liang, Y. Zheng, J. Chen, J. Liu, D. Hulicova-Jurcakova, M. Jaroniec and S.
Z. Qiao, Angew. Chem. Int. Ed., 2012, 51, 3892—-3896.

S27.  W. Yang, T.-P. Fellinger and M. Antonietti, J. Am. Chem. Soc., 2011, 133,
206-209.

S28. S. Chen, J. Bi, Y. Zhao, L. Yang, C. Zhang, Y. Ma, Q. Wu, X. Wang and Z.
Hu, Adv. Mater., 2012, 24, 5593-5597.

S29. G. Ma, R. Jia, J. Zhao, Z. Wang, C. Song, S. Jia and Z. Zhu, J. Phys. Chem. C,
2011, 115, 25148-25154.

S30. S. Gao, Y. Chen, H. Fan, X. Wei, C. Hu, L. Wang and L. Qu, J. Mater. Chem.

A4.,2014, 2, 6320-6325.



