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Experimental

Synthesis of GO
GO was prepared by chemical oxidation and exfoliation of natural graphite under acidic

conditions according to the Hummer’s method.
Synthesis of ACB

Typically, 2 g carbon black (Vulcan XC-72) was acid-treated with concentrated HNO; (120
ml) at 110 °C for 3 hours. Then the solid products were purified by centrifugation, washed
with distilled water and obtained by freeze drying.

Synthesis of NSGCB

12.5 mL ACB solution (2 mg/ mL) was gradually added to the 75 mL GO solution (1 mg/
mL). The mixture solution was ultra-sonication for 1 h to obtain homogenous solution. Then,
the resulting aqueous mixture was rotary evaporated at 70 °C to remove water, and a black
solid was obtained. Subsequently, the solid was crashed in a motar with 1 g thiourea into fine
power. The mixture was then heated at 900 °C for 2 h under the protection of N, to obtain
NSGCB. For the purpose of comparison, NSGs, NSCB, Gs, and CB were also prepared

similarly by using single carbon source or in the absence of thiourea, respectively.
Material Characterization

Scanning transmission electron microscopy (S-TEM) and TEM images were obtained on
STEM (Tecnai G2 F30). Elemental mapping were conducted using EDAX detector attached
on Tecnai G2 F30. Thermal gravimetric analysis (TGA) was conducted on Pyrisl TGA
Instrument at 40-800 °C in a 20 mL min'! N, flow with a heating rate of 5 °C min!. X-ray
photoelectron spectroscopic (XPS) measurements were performed on an AXIS-ULTRA
DLD-600W Instrument. Raman spectra were taken by a LabRam HR800 spectrometer with a

532 nm laser excitation.

Electrochemical Measurements



All the electrochemical measurements were performed using a three-electrode system at room
temperature (298 K) with electrochemical workstation CHI 760e and high speed rotators from
Pine Instruments. A carbon paper and a reverse hydrogen electrode were used as the counter
electrode and reference electrode, respectively. 0.1 M KOH solution was employed as
electrolyte. To prepare the working electrode, 4 mg of samples was dispersed in 1 mL 0.1 wt.
% Nafion solution (diluted with isopropyl alcohol) and sonicated to form a homogeneous ink.
15 uL of the ink was dipped onto a polished 5 mm (0.196 cm?) glassy carbon electrode
uniformly, and dried naturally. The loading quantity of commercial Pt/C is about 25ug cm™.
Cyclic voltammograms (CV) were measured in Ny- or O,-saturated 0.1 M KOH aqueous
solution. The linear sweep voltammetry (LSV) measurements of the samples are operated on
a rotating disk electrode (RDE) in O,-saturated 0.1 M KOH solution at a sweep rate of 5 mV
sl and different rotation rates. The rotating ring-disk electrodes (RRDE) were conducted in
O,-saturated 0.1 M KOH solution at the rotation rate of 1600 rpm. The Koutecky-Levich plots
were obtained by linear fitting of the o2 versus reciprocal current density ;! collected at

different potentials.

Figure S1.(a, b) TEM images of NSGCB nanocomposite; (c) overlap elemental mapping of C

(red), N (blue), and S (green) of NSGCB.
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Figure S2. Thermo gravimetric analysis (TGA) of thiourea tested in N, atmosphere with a

temperature rising of 5 °C/min.
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Figure S3. (a) XPS spectra of NSGs and NSCB, (b) high resolution N 1s spectra of NSGs and

NSCB, (c) high resolution S 2p spectra of NSGs and NSCB.
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Figure S4. Nitrogen adsorption/desorption isotherms of NSGCB, NSGs, and NSCB.
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Figure S5. (a,c) Oxidation reduction Reaction (ORR) curves of NSCB and NSGs at various
rotating speed (sweep rate 5 mv s') in O,-saturated 0.1 M KOH solution. (b,d) Koutecky-

Levich plots (i"! versus ®/?) of NSCB and NSGs at different electrode potential.
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Figure S6. Tafel-plots of NSGCB, NSCB, and NSGs derived from ORR curves and
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Figure S7. The electron-transfer number and H,O, yield for commercially Pt/C catalyst.
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Figure S8. Calibration of Hg/HgO, Ag/AgCl, SCE and RHE reference electrodes.



Table S1. Comparison of the ORR performance of some metal-free carbons reported in

literature.
ORR activity (V vs. RHE)? Loading

Catalysts
ORR Onset Half-wave (mg/cm?) Ref.
peak® potential® potential®

N-carbon 0.66 0.89 0.72 0.238 [1]
N-porous carbon  0.67 0.8 0.73 0.354 [2]
N-porous carbon  0.73 0.86 0.7 0.1 [3]
P-carbon 0.7 0.81 0.72 0.79 (4]
B,N-porous
carbon 0.66 0.68 0.64 unknown [5]
porous polymer 0.64 0.87 0.69 0.6 [6]
N,0-OMC 0.65 0.87 0.68 unknown [7]
N-GNR 0.7 0.77 0.69 0.14 [8]
N-graphene 0.54 mvs!' 0.81 0.67 0.4 [9]
N-graphene 0.66 0.79 0.68 0.14 [10]
N-graphene 0.63mvs! 0.91 0.78 0.6 [11]
P-graphene 0.57mvs! 0.9 0.54 unknown [12]
B,N-graphene 0.69 0.93 0.76 0.28 [13]
B,N-graphene 0.69 0.89 0.72 unknown [14]
B,N-graphene 0.65 0.81 0.65 0.283 [15]
N,S-graphene 0.62 0.86 0.68 unknown [16]
N,S-graphene 0.73 0.85 0.75 0.306 [17]
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@ Conversions of Hg/HgO electrode, Ag/AgCl electrode, and SCE into RHE scale were

achieved by adopting the calibration results, as shown in Figure S8.

b ORR peak was obtained from cyclic voltammetry measured in O,-saturated 0.1 M KOH

aqueous solution with a sweep rate of 50 mV s! unless otherwise noted.

¢ Onset potential and Half-wave potential were obtained from linear sweep voltammetry

performed on RDE in O,-saturated 0.1 M KOH solution with a rotation rate of 1600 rpm.



[1] Nam, G.; Park, J.; Kim, S. T.; Shin, D. b.; Park, N.; Kim, Y.; Lee, J. S.; Cho, J. Nano Lett.
2014, 14, 1870.

[2] Jiang, W.; Hu, J.; Zhang, X.; Jiang, Y.; Yu, B.; Wei, Z.; Wan, L. J. Mater. Chem. A 2014,
2,10154.

[3] Zhang, P.; Sun, F.; Xiang, Z.; Shen, Z.; Yun, J.; Cao, D. Energy Environ. Sci. 2014, 7,
442,

[4] Yang, D. S.; Bhattacharjya, D.; Inamdar, S.; Park, J.; Yu, J. S. J. Am. Chem. Soc. 2012,
134,16127.

[5] Zhang, Y.; Zhuang, X.; Su, Y.; Zhang, F.; Feng, X. J. Mater. Chem. A 2014, 2, 7742.

[6] Zhuang, X.; Zhang, F.; Wu, D.; Forler, N.; Liang, H.; Wagner, M.; Gehrig, D.; Hansen,
M. R.; Laquai, F.; Feng, X. Angew. Chem. Int. Ed. 2013, 52, 9668.

[7] Silva, R.; Voiry, D.; Chhowalla, M.; Asefa, T. J. Am. Chem. Soc. 2013, 135, 7823.

[8] Liu, M.; Song, Y.; He, S.; Tjiu, W. W_; Pan, J.; Xia, Y.; Liu, T. ACS Appl. Mater.
Interfaces 2014, 6, 4214.

[9] Cao, C. a.; Zhuang, X.; Su, Y.; Zhang, Y.; Zhang, F.; Wu, D.; Feng, X. Polym. Chem
2014, 5, 2057.

[10]Bo, X.; Han, C.; Zhang, Y.; Guo, L. ACS Appl. Mater. Interfaces 2014, 6, 3023.
[11]Wei, W.; Liang, H.; Parvez, K.; Zhuang, X.; Feng, X.; Mullen, K. Angew. Chem. Int. Ed.
2014, 53, 1570.

[12]Zhang, C.; Mahmood, N.; Yin, H.; Liu, F.; Hou, Y. Adv. Mater. 2013, 25, 4932.

[13]Jin, J.; Pan, F.; Jiang, L.; Fu, X.; Liang, A.; Wei, Z.; Zhang, J.; Sun, G. ACS Nano 2014,
8, 3313.

[14]Wang, S.; Zhang, L.; Xia, Z.; Roy, A.; Chang, D. W.; Baek, J. B.; Dai, L. Angew. Chem.
Int. Ed. 2012, 51, 4209.

[15]Zheng, Y.; Jiao, Y.; Ge, L.; Jaroniec, M.; Qiao, S. Z. Angew. Chem. 2013, 125, 3192.
9



[16]Wang, X.; Wang, J.; Wang, D.; Dou, S.; Ma, Z.; Wu, J.; Tao, L.; Shen, A.; Ouyang, C.;
Liu, Q.; Wang, S. Chem. Commun. 2014, 50, 4839.

[17]1Xu, J.; Dong, G.; Jin, C.; Huang, M.; Guan, L. ChemSusChem 2013, 6, 493.

[18]Liang, J.; Jiao, Y.; Jaroniec, M.; Qiao, S. Z. Angew. Chem. Int. Ed. 2012, 51, 11496.
[19]Jeon, I. Y.; Zhang, S.; Zhang, L.; Choi, H. J.; Seo, J. M.; Xia, Z.; Dai, L.; Baek, J. B. Adv.
Mater. 2013, 25, 6138.

[20]Chen, P.; Xiao, T.; Qian, Y.; Li, S.; Yu, S. Adv. Mater. 2013, 25, 3192.

[21]Liang, J.; Du, X.; Gibson, C.; Du, X. W.; Qiao, S. Z. Adv. Mater. 2013, 25, 6226.

10



