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Fig. S1. FTIR spectra of original lignosulfonate (LS) and N-S/C_700. Characteristic
anti-symmetry and symmetry stretching vibrations of sulfonic group (1043 cm! and
621 cm™), O-H (3417 em!), C-H (2927 cm!'), C=C (1597 cm™!' and 1420 cm!), and
=C-0O-CHj; (1122 cm!) were observed in the LS [1].
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Fig. S2. Wide-survey XPS spectra of (a) N-S/C_600, (b) N-S/C_700, (c) N-S/C_800,
and (d) N-S/C_900.
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Fig. S3. Nitrogen sorption isotherms of (a) LS and (b) N-S/C_700 at 77 K. Pore size
distribution profiles of (¢) LS and (d) N-S/C_700.



Table S1. Porosity parameters of original lignosulfonate (LS) and N-S/C_700

Pore Volume/cm? g!

Sample Sger/m? gl Vi V micro. Vmeso. Pore Size/nm
LS 7.2 0.0073  0.0028 0.0045 349
N-S/C_700 1165.44 0.71 0.27 0.44 3.89

Table S2. Electrochemical activity parameters of the N-S/C 700 catalyst and some
reported carbon materials for the ORR

En Enet Rotation Rate J
Catalyst Reference Ref. (Year)
(Vvs. RHE) (V vs. RHE) (rpm) (mA cm?)
N-S/C-700 0.75 0.80 400 2.86 Our work
PNCP 0.73 0.80 400 2.3 Carbon [2] (2018)
NC-1000 0.68 0.78 1600 3.6 Adv. Funct. Mater. [3] (2018)
N/S-CNF 0.58 0.70 1600 4.2 Carbon [4] (2016)
N/S-2DPC-60 0.75 0.83 1600 4.7 Adv. Funct. Mater. [5] (2016)
PAC-5S 0.792 0.83 1600 6.19 J. Mater. Chem. A [6] (2016)
NS-3DrGO-950 0.732 0.89 1600 5.23 Carbon [7] 2017)
NS-G 0.665 0.81 1600 2.1 Adv. Mater. [8] (2014)
NS-GP 0.642 0.78 1600 3.72 ACS Appl. Mater. [9] (2016)
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Fig. S4. LSVs of LS annealed at 700 °C (S/C_700) and N-S/C 700 recorded at 400
rpm in O,-saturated aqueous KOH (0.1 M).
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Fig. S5. Correlation of onset potential with content of (a) pyridinic nitrogen and (c)
graphitic nitrogen. Correlation of current density (0.3 V, 0.4 V, 0.5 V and 0.6 V vs.
RHE) with content of (b) pyridinic nitrogen and (d) graphitic nitrogen.
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Fig. S6. Koutecky-Levich plots of (a) LS, (b) ALS, (c) N-S/C_600, (d) N-S/C_800,
and (e) N-S/C_900.
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Fig. S7. Current density of CV experiments of LS, N-S/C 600, N-S/C 700, N-
S/C_800, and N-S/C_900 at 0.65 V (vs. RHE) as a function of scan rate. The slope of

each line shows the double layer capacitor of corresponding catalyst.
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Fig. S8. (a) LSVs of N-S/C_600, N-S/C_700, N-S/C_800, and N-S/C_900 recorded at
400 rpm and 5 mV s’! in oxygen-saturated H,SO4 (0.5 M). (b) Number of electrons
transferred for N-S/C_600, N-S/C_700, N-S/C_800, and N-S/C_900 derived from the
LSV results.
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