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1. General methods

Materials

The dried cattle bone powder was purchased from market in Beijing. Phytic acid (PA),
dicyandiamide (DCDA), thiourea (THU), methanol, ethanol, and KOH were
purchased from Sinopharm. Nafion (5 wt. %) and high-purity Ar gas were brought
from DuPont and Beijing AP BAIF Gases Industry Co., Ltd, respectively. All
chemicals were of analytical grade and applied without further purification. Ultrapure

water (Millipore, 18.2 MQ cm) was used for the material preparation.

Electrochemical measurement
RDE measurement: The transferred electron number for the ORR was estimated by
the Koutecky-Levich (K-L) equation [S1]:
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where, Jk is the kinetic current density, J is the measured current density normalized

to the geometry surface area of the electrode, " is transferred electron number for the

D
ORR process per oxygen molecule, F is the Faraday constant (96485 C mol™!), %2is

C
the diffusion coefficient, V is the kinematic viscosity, 02 represents the bulk

concentration of O,, and @ is the rotation rate. The following values are referred when

D
calculating the transferred electron number: 02 =1.9x 105 cm? s, U=0.01 cm?s,
Co . ) .
2 = 1.2 x 10® mol cm™. The constant of 0.2 is adopted as the rotation rate is

expressed in rpm. According to the K-L equation, ™ can be calculated from the slope

of J ! plotted against @ 1/2. For the Tafel plot, the jx was calculated based on the



following equation:

Xy
Jk=7—
Ja—J )

where, /d is the diffusion limiting current density.
RRDE measurement: For the RRDE measurement, the disk electrode was scanned at

a rate of 5 mV s™! and the ring potential was set constant at 1.5 V. The % HOy and n

were determined by the followed equations:
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where, la1s disk current, /- is ring current, and N is current collection efficiency of the

Pt ring (N=0.40).
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Figure S1. FT-IR spectra at different temperature during the co-pyrolysis process of

N,P-HPC and THU for the preparation of S,N,P-HPC-1.



Figure S2. Representative SEM and TEM images of (a, b) N,P-HPC. (¢) TEM and

corresponding element mapping images of N,P-HPC.

Figure S3. Representative SEM and TEM images of (a, b) S,N,P-HPC-0.5, (c, d)

S,N,P-HPC-1, (e, f) S,N,P-HPC-1.5, and (g, h) S,N,P-HPC-2.
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Figure S4. Raman spectras of S,N,P-HPC-0.5, S,N,P-HPC-1, S,N,P-HPC-1.5 and

S,N,P-HPC-2.
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Figure SS5. (a) Nitrogen adsorption-desorption isotherms of S,N,P-HPC-0.5, S,N,P-
HPC-1, S,N,P-HPC-1.5, and S,N,P-HPC-2 (Inset in (a) is the corresponding DFT pore
size distribution curves). (b) Nitrogen adsorption-desorption isotherms of N,P-HPC,
S,N,P-HPC-1, and N,P-HPC-reheat (Inset in (b) is the corresponding DFT pore size

distribution curves).
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Figure S6. High-resolution XPS spectra of C /s for S,N,P-HPC-0.5, S,N,P-HPC-1,

S,N,P-HPC-1.5, and S,N,P-HPC-2.
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Figure S7. FT-IR spectra of NHPC, N,P-HPC, S,N,P-HPC-0.5, S,N,P-HPC-1, S,N,P-

HPC-1.5, and S,N,P-HPC-2.
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Figure S8. (a) CV curves of S,N,P-HPC prepared with different molar ratios of P/S of
1:2 (denoted as S,N,P-HPC-0.5), 1:1 (S,N,P-HPC-1), 3:2 (S,N,P-HPC-1.5), and 2:1
(S,N,P-HPC-2) in N,- (dotted line) and O, -saturated (solid line) 0.1 M KOH (scan
rate: 50 mV s!). (b) The corresponding RRDE voltammograms of the above samples
and the commercial Pt/C in O,-saturated 0.1 M KOH (scan rate: 5 mV s!; rotation
rate: 1600 rpm). Summary of (c) £, and (d) Ji for S,;N,P-HPC-0.5, S,N,P-HPC-1,

S,N,P-HPC-1.5, and S,N,P-HPC-2.
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Figure S9. (a) CV curves of S,N,P-HPC-1 prepared at different pyrolysis temperature
in N»- (dotted line) and O,-saturated (solid line) 0.1 M KOH (scan rate: 50 mV s!). (b)
The corresponding RRDE voltammograms of the above samples and the commercial
Pt/C in O,-saturated 0.1 M KOH (scan rate: 5 mV s7!; rotation rate: 1600 rpm).
Summary of (c) £, and (d) Ji for S,N,P-HPC-700, S,N,P-HPC-800, S,N,P-HPC-900,

and S,N,P-HPC-1000.
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Figure S10. LSV curves of (a) N,P-HPC, (b) commercial Pt/C, (c) S,N,P-HPC-0.5, (d)
S,N,P-HPC-1, (e) S,N,P-HPC-1.5 and (f) S,N,P-HPC-2 in O,-saturated 0.1 M KOH
(scan rate: 5 mV s7!) at various rotation rates (400-2025 rpm) (Inset shows the

corresponding K-L plots).

3. Supplementary Tables
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Table S1. Pore structure characterization of NHPC, N,P-HPC, N,P-HPC-reheat and a

series of S,N,P-HPC samples.

2 - 3 -
Smicro (m g Vtotal (cm g

2 o [}) V )

Samples  “7*TT Vi e’ gy "

) 1 1
) )

NHPC 2165 1278 1.869 0.7345 60.7
N,P-HPC 1516 1076 0.9834 0.4415 55.1
N,P-HPC- 1482 999 0.8349 0.4208 49.6

reheat

S,N,P-HPC-0.5 1517 1188 0.9586 0.5052 473
S,N,P-HPC-1 1533 1165 0.8903 0.4932 44.6
S,N,P-HPC-1.5 1582 1191 0.9515 0.5071 46.7
S,N,P-HPC-2 2378 1769 1.429 0.7502 475

Table S2. Element contents of NHPC, N,P-HPC and a series of S,N,P-HPC samples

determined by XPS.
Atomic composition (at.%)
Samples

C 0] N P S

NHPC 80.09 17.41 2.50 0 0

N,P-HPC 76.00 16.84 3.20 3.96 0
S,N,P-HPC-0.5 81.37 10.79 3.69 2.59 1.56
S,N,P-HPC-1 80.35 11.31 4.35 2.96 1.29
S,N,P-HPC-1.5 81.32 9.36 4.46 33 1.56
S,N,P-HPC-2 80.36 11.19 3.62 3.52 1.3
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Table S3. The relative contents of different N species from high-resolution N 1s

spectra.

Relative content of different N species to total N (%)

Samples —
Pyridinic N Pyrrolic N Graphitic N Oxidized

pyridinic N
NHPC 43.67 26.84 10.68 18.81
N,P-HPC 55.65 17.08 10.24 17.03
S,N,P-HPC-0.5 31.28 9.24 34.96 24.52
S,N,P-HPC-1 49.37 8.20 33.35 9.08
S,N,P-HPC-1.5 33.21 4.49 30.77 31.53
S,N,P-HPC-2 27.98 7.52 33.99 30.51

Table S4. The relative contents for different P species from high-resolution P 2p

spectra.
Relative content of different P species to total P (%)

Samples
P-C P-O
N,P-HPC 66.88 33.12
S,N,P-HPC-0.5 52.69 47.31
S,N,P-HPC-1 79.36 20.64
S,N,P-HPC-1.5 65.15 34.85
S,N,P-HPC-2 58.33 41.67

Table S5. The relative contents for different S species from high-resolution S 2p

spectra.

Relative content of different S species to total S (%)

Samples
-C-S-C- -C=S- -C-S0,-C- -C-S0;-C- -C-S0O4C-

13



S,N,P-HPC-0.5 26.70  38.63 13.53 16.68 4.46

S,N,P-HPC-1 2407  58.71 4.83 7.27 5.12
S,N,P-HPC-1.5 41.01 25.39 13.47 17.27 2.86
S,N,P-HPC-2 45.80  25.67 13.23 11.56 3.74

Table S6. Summary of ORR performance in alkaline electrolyte (0.1 M KOH) for

recently reported metal-free electrocatalysts in the literatures.

Ji
Electrocatalyst (Il‘l(;ai;nzg) 1(5\1]/)2 (mé@c(:ls_;) Ref.

\%
P,S-CNS 150  ~0.870 12.170 ~4 [S1]
LY-1000 - 0.760 1.262 3.78 [S2]
CNPS-900 152 0.6472 0.102 2.992 [S3]
NPS-CNS-300-1000 600 0.800 0.941 3.8-4.0 [S4]
PS-CNF 200 0.860 8.584 ~4.02 [S5]
NPS-C-MOF-5 102 0.765° 0.724b 3.5-3.9° [S6]
NSP-PC-2 400 0.850 5.5 3.84 [S7]
NSC/MPA-5 250 0.760 0.809  3.58-3.99  [S8]
PSNG1:10 280  0.9031*  16.467% 3.812 [S9]
GNSP-31 - 0.805° 2911b ~4b [S10]
CDs/M-rGO 102 0.8022 0.9992 3.7-4.00  [SI1]
NPSC 204 0.753 0.890  3.83-3.92  [S12]
WWCNRs - 0.99¢ 5.876¢ 3.6-3.8° [S13]
yolk-CN-800 354 0.765° 0.010° ~4.0P [S14]

BNPS-Gr 300 0.765° 0.455b ~3.7° [S15]
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BNPGA-1000-15 600 0.775° 1.119b 3.7° [S16]

NPBC-2 100 07622 0563  ~3.6°  [S17]
BNP-GnPs 283 0.625°  0.001° 3.9 [S18]
NBCNHm 1132 0.625°  0.001 4.0b [S19]

GO-PANi31-FP _ 0.72 0.430 3.85 [S20]

N-S-B-CNTs 224 0.765>  0.010 3.98-4.02b [S21]
N.,S,0-OMC 150 0.750 3.42 35 [S22]
NHPC 800  0.740  0.081 3.30 This
work

N,P-HPC 800 0853  6.049 4.00 This
work

S.N.P-HPC-0.5 800 0.873  9.908 3.97 This
work

S.N,P-HPC-1 800 0.881 14.680  4.00 This
work

S.N.P-HPC-1.5 800 0865  7.679 3.92 This
work

S.N,P-HPC-2 800 0.856  5.930 3.90 This
work

Commercial Pt/C 400 0.841  3.826 4.00 This

work

Note: All the SCE?, Ag/AgCl® and Hg/HgO*¢ potentials have been converted to the
RHE potential.
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