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Additional experimental information

Characterizations. Scanning electron microscopy (SEM) was performed on Hitachi
SUB100 operating at 5 kV. Transmission electron microscopy (TEM) was performed
by using FEI Talos F200X G2 operating at 200 kV. X-ray diffraction (XRD) patterns
were obtained using a Bruker-AXS D8 Advance diffractometer. Raman spectra were
recorded on scattering Raman spectrometer of Lanram HR Evo. Nitrogen sorption
measurements were conducted on powder samples at 77K using an Autosorb-1 surface
area and pore size analyzer (Gemini V11 2390). The specific surface area was calculated
using Brunauer Emmett Teller method (BET). X-ray photoelectron spectroscopy (XPS)
(Thermo Scientific K-Alpha) was used for the analysis of element/chemical states in

the solid samples.

Simulation calculation. Structure optimization of various geometries based on density
functional theory (DFT) were carried out with B3LYP functional®®s3l and 6-31g** basis
setl*sS1 In order to describe the solvation effect, the SMD (Solvation Model Based on
Density) implicit solvent model was used in all calculations. The vibrational
frequency analysis was carried out for the optimized structure with the same calculation
method to obtain the zero-point energy and free energy corrections. In order to obtain
the electron energy with higher accuracy which has the major impact on the accuracy
of Gibbs free energy, a single point calculation for the optimized structure with m062x
functional™™ and def2TZVP basis set*®! was performed. The single point energy is
added to the free energy correction calculated before to obtain the Gibbs free energy.

All these DFT calculations were performed using Gaussian 16 program suite*]. The



energy of electron can not be calculated directly, therefore the indirect method of
computational hydrogen electrode was applied here to calculate the Gibbs free energy

change of each electrochemical reaction step°l,



Additional data

Figure S1. SEM images of (a) NP!@FHS, (b) NP?@FHS, (c) NP*@FHS and (d)

NP*@FHS.



Figure S2. TEM and HR-TEM images of (a), (b) N@FHS and (c), (d) NP*@FHS.
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Figure S3. (a) FTIR spectra of N@FHS and NP@FHSs; (b), (c) the locally enlarged

FTIR spectra of N@FHS and NP@FHS.



Figure S4. SEM images of (Q)N@CHS, (b)NP!@CHS, (c) NP?@CHS and (d)

NP*@CHS.

Figure S5. TEM (a) and HR-TEM (b) images of N@CHS.



Figure S6. TEM and HR-TEM images of (a), (b) NP!@CHS; (c), (d) NP?@CHS; (e)

(f) NP3@CHS; and (g), (h) NP*@CHS.
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Figure S7. Raman spectra of Cso, N@FHS and NP*@FHS.
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Figure S8. (a) XPS survey spectrum of N@CHS; (b) the high-resolution C 1s XPS of

N@CHS; (c) the high-resolution N 1s XPS of N@CHS.
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Figure S9. (a) XPS survey spectrum of NP!@CHS; (b) the high-resolution C 1s XPS
of NPY@CHS; (c) the high-resolution N 1s XPS of NP*@CHS; (d) the high-resolution

P 2p XPS of NP*@CHS.
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Figure S10. (a) XPS survey spectrum of NP2@CHS; (b) the high-resolution C 1s XPS

of NP2@CHS; (c) the high-resolution N 1s XPS of NP?@CHS:; (d) the high-resolution

P 2p XPS of NP2@CHS.
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Figure S11. (a) XPS survey spectrum of NP*@CHS; (b) the high-resolution C 1s XPS
of NP*@CHS; (c) the high-resolution N 1s XPS of NP*@CHS; (d) the high-resolution

P 2p XPS of NP*@CHS.



Table S1. The content and type of N and P species in N@CHS and NP@CHSs

calculated based on XPS results

N% P%

Sample Oxidized graphitic pyrrolic pyridinic

Total N N N N

Total P-C P-O

N@CHS 8.64 1475 38.85 25.92 20.48
NPI@CHS 445 19.83 40.19 20.65 1933 2.63 5146 4854
NP?@CHS 435 16.88 44.19 20.55 18.38 2.72 5582 44.18
NP]@CHS 344 1021 55.29 17.97 16.53 2.88 57.91 42.09

NP*@CHS 4.64  15.85 41.45 27.42 1528 346 54.27 45,73
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Figure S12. (a) N2 sorption isotherms, (b) pore size distribution curves and the BET

surface areas of NP@CHSs.



Table S2. Comparison of ORR activities of N@CHS, NP@CHSs and Pt/C

Sample Eo (V) Ew2 (V) ju(mA cm2)
Ce0CS 0.763 0.632 2.611
N@CHS 0.791 0.667 3.630
NP!@CHS 0.891 0.742 4,921
NP?@CHS 0.915 0.763 5.103
NP3@CHS 0.954 0.841 5.468
NP*@CHS 0.885 0.726 4.869
Pt/C 0.976 0.840 5.306




Table S3. The comparison of the ORR performance of different reported fullerene-

derived carbons in alkaline medium.

Catalyst Eo (V) Ewz (V)  ju(mAcm?)  Electrolyte Ref.
NP3@CHS 0.954 0.841 5.468 0.1M KOH  This work
PD/N-C 0.911 0.833 5.29 0.1M KOH s11
MFCeg0-130 0.82 0.76 - 0.5M KOH s12
FMN700 0.93 0.81 - 0.1M KOH s13
Fe-MFCgo-150 085 0.78 - 0.5M KOH s14
Cu(15%)-MFCso 0.86 0.76 5.18 0.1M KOH s15
N,S-PCNFs 0.969 0.837 5.50 0.1M KOH s16
N,S-PHCNSs-75 0.954 0.827 5.64 0.1M KOH s17

FPCFs@rGO 0.895 0.762 4.96 0.1M KOH s18
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Figure S13. Tafel plots of (i) NP!@CHS, (ii) NP?@CHS, (iii) NP]*@CHS and (iv)

NP*@CHS.
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Figure S14. LSV curves of (a) CeoCS, (c) N@CHS and (e) Pt/C at different rotation

rates (400-2500 rpm). The K-L plots of (b) CeoCS, (d) N@CHS and (f) Pt/C.
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Figure S15. LSV curves of (a) NP'@CHS, (c) NP2@CHS and () NP*@CHS at
different rotation rates (400-2500 rpm). The K-L plots of (b) NP*@CHS, (d) NP?@CHS

and (f) NP*@CHS.
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