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Physicochemical characterization

Methylene blue (MB) absorption experiments were performed using the following procedure:
1.0 g of CTL, 1.0 g of CE-CTL and 1.0 g of HE-CTL were separately immersed in 50 mL of 0.5 mg
mL~! MB aqueous solution and stirred continuously for 24 hours. After that, the resulting supernatants
were diluted 20-fold and their absorbances were measured at 664 nm using a UV-vis spectrometry
(Shimadzu UV-1780). The absorbance data obtained were used to calculate the uptake levels of MB
for samples as follows:

Q= (Co-Cy) V/m
Ci=A4,°Cy/ A
where Q: uptake level, mg g!; Cp: mass concentration of starting MB solution, mg mL~!; C: mass
concentration of sample, mg mL~!; V: volume of MB solution, mL; m: sample mass, g; Ay: absorbance
of standard MB; A4,: absorbance of sample.

Morphologies of samples were presented by transmission electron microscopy (TEM), high-
resolution TEM (HRTEM) and selected area electron diffraction (SAED) using an FEI Tecnai G2
F20 field-emission microscope. Raman spectra were recorded on a Bruker Senterra confocal Raman
spectrometer with a 532 nm laser excitation wavelength. Dinitrogen adsorption-desorption isothermal
measurements were undertaken on a Quantachrome Autosorb-iQ instrument at 77 K. The quenched-
solid density functional theory (DFT) model incorporated in the AsiQwin Software (Version 5.2) was
adopted to investigate the DFT surface areas and nanopore width distributions. Chemical states of
samples were probed by X-ray photoelectron spectroscopy (XPS) using a Thermo Fisher ESCALAB

250Xi spectroscope with an excitation source of Al-Ka radiation (1486.6 eV).
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Electrochemical measurements

Electrochemical experiments in this study were carried out using an Ivium electrochemical
workstation (IviumStat.h, Ivium Technologies) combined with an electrode rotator (AFMSRCE, Pine
Research) at 25 °C in a standard three-electrode cell which was composed of a rotating disk electrode
(RDE) or rotating ring-disk electrode (RRDE) as a working electrode, a reference electrode
(Ag/AgCl, 3.5 M KClI, connected to the main cell via a Luggin capillary) and a counter electrode
(platinum coil).

To make a catalyst ink for the working electrode, biomass-based sample (3.0 mg) or commercial
20% Pt/C (1.0 mg) was blended with isopropanol (70 pL), 5 wt% Nafion perfluorinated resin solution
(10 pL) and ultrapure water (170 pL) under ultrasonication. The resulting ink was transferred to the
polished RDE (disk: glassy carbon) or RRDE (disk: glassy carbon, ring: Pt) by pipette, and the
loadings of the biomass-based sample and Pt/C were controlled to be 0.5 and 0.2 mg cm2,
respectively.

Electrochemical measurements were performed in 0.1 M KOH (pH = 13), 0.1 M potassium
phosphate buffer solution (PBS, pH = 7.0) or 0.5 M H,SO,4 (pH = 0) saturated with pure dioxygen or
dinitrogen gas. All the measured potentials were converted to the reversible hydrogen electrode
(RHE):

Eysrie = Evsagiager™ Eag/ager+ 00591 X pH

Linear sweep voltammograms were recorded at 1600 rpm on the RDE, while cyclic
voltammetric experiments were undertaken with no rotation. Voltammetric measurements on the
RRDE were conducted at 1600 rpm. Chronoamperometric investigations used for the stability and
methanol-tolerance tests were carried out at a rotation rate of 400 rpm with the fixed potentials of

0.67 V vs. RHE (alkaline), 0.57 V vs. RHE (neutral) and 0.50 V vs. RHE (acidic).
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The Koutecky—Levich (K—L) equation was used to calculate the electron-transfer number (#):
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where j is the measured current density (mA cm2), j; is the limiting current density (mA cm2), jx is
the kinetic current density (mA c¢cm2), w is the rotating rate of RDE (rpm), and B is the Levich

constant, which is given by:
B =0.2nFCy(Dy)* v~ 1/°
where F is the Faraday constant (96485 C mol!), C; is the bulk concentration of O, (1.2 ¢ 103 mol
L), Dy is the O, diffusion coefficient (1.9 « 10> cm? s 1), v is the kinetic viscosity (0.01 cm? s1).
In the RRDE measurements, the n values and the percentages of peroxide (peroxide%) produced

were calculated according to the following equations:

Id
I,+ I/N

I/N

peroxide% = 200——
I;+1./N

where /; is the disk current density, /, is the ring current density and N is the current collection
efficiency of the Pt ring (0.37).

Tafel slopes were calculated according to the Tafel equation:

E=a+blogj,

where E is the applied potential, a is a constant, b is the Tafel slope and j; is the kinetic current density.
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Table S1. Methylene blue uptake capacities of CTL, CE-CTL and HE-CTL.

Material CTL CE-CTL HE-CTL

Uptake Capacity (mg g ™) 9.82 19.48 16.87

S5



Fig. S1. TEM images of (a-c) PC, (d-f) CE-PC and (g-1) HE-PC.
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Table S2. SSAs and volumes of nanopores in PC, CE-PC and HE-PC according to the QSDFT model. ¢

. SQSDFT VQSDFT Smicro Vmicro Smeso Vmeso
Material
m*g’) (m’g’) (m*g) (em’g!) (m’g’) (em’g)
PC 38.21 3.67*%102 26.06 9.67*%103 12.15 2.70*%102
CE-PC 17.43 2.84*102 0.39 3.85*10+ 17.04 2.80*102
HE-PC 18.98 3.10*%102 0.34 3.34*%10+ 18.64 3.07*102

@ Sosprr: QSDFT specific surface area; Vosprr: QSDFT total nanopore volume; Spicro: specific
surface area of micropores; Viyicro: pore volume of micropores; Spyeso: Specific surface area of

mesopores; Vieso: pore volume of mesopores.
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Table S3. SSAs and volumes of segmented nanopores in NDPC-900, CE-NDPC-900 and HE-NDPC-900 according

to the QSDFT model. ¢

SQSDFT VQSDFT S<0.7nm V<0.7nm Seffmicro Veffmicro Smeso Vmeso
Material
m’gh)  (m’gh) (m’g") (em’g!) (m’gl) (emigl) (m*gl) (em’g)
NDPC-900 1208.10 0.72 350.17 0.09 447.88 0.22 410.05 0.41
CE-NDPC-900 1317.07 0.81 384.92 0.10 492.37 0.25 439.78 0.46
HE-NDPC-900  1507.04 0.89 459.22 0.12 556.48 0.28 491.34 0.49

@ Sosprr: QSDFT specific surface area; Vosppr: QSDEFT total nanopore volume; S<g7mm: specific surface area of

micropores with width <0.7 nm; ¥V <¢ 7,m: pore volume of micropores with width <0.7 nm; Setr micro: Specific surface

area of micropores with width from 0.7 to 2 nm; Vet micro: pore volume of micropores with width from 0.7 to 2 nm;

Smeso: sSpecific surface area of mesopores; Vieso: pore volume of mesopores.
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Table S4. Brunauer-Emmett-Teller (BET) specific surface areas and total pore volumes of NDPC-900, CE-NDPC-

900 and HE-NDPC-900. ¢

SBET VBET
Material
(m* g™t (cm® g 1)
NDPC-900 1301.29 0.91
CE-NDPC-900 1423.44 1.11
1616.77 1.12

HE-NDPC-900

2 Sget: BET specific surface area; Vggr: total pore volume.
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Table S5. Contents of carbon, nitrogen and oxygen of NDPC-900, CE-NDPC-900 and HE-NDPC-900 and their

relative contents of pyridinic-N, pyrrolic-N, graphitic-N and oxidized-N.

Carbon  Nitrogen  Oxygen Pyridinic-N  Pyrrolic-N  Graphitic-N  Oxidized-N

Material
(at) % (at) % (at) % (7o) (%) (%) (%)
NDPC-900 90.80 2.00 7.21 20.12 28.71 26.79 24.38
CE-NDPC-900  89.90 3.54 6.56 30.52 31.46 21.39 16.63
HE-NDPC-900  88.91 4.13 6.96 32.84 27.19 28.78 11.19
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Table S6. Absolute amounts of pyridinic-N, pyrrolic-N, graphitic-N and oxidized-N in NDPC-900, CE-NDPC-900

and HE-NDPC-900.

Pyridinic-N Pyrrolic-N Graphitic-N Oxidized-N

Material
(at%) (at%) (at%) (at%)
NDPC-900 0.40 0.57 0.54 0.49
CE-NDPC-900 1.08 1.11 0.76 0.59
HE-NDPC-900 1.36 1.12 1.19 0.46
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Table S7. Key parameters of ORR for NDPC-900, CE-NDPC-900, HE-NDPC-900 and 20% Pt/C. “

Alkaline Neutral Acidic
Material Eonset  Ein Jr Eonset Eyp Jr Eonset Eyp JL
\'% \'% mA cm? \'% \'% mA cm? \'% \'% mA cm™2
NDPC-900 0.98 0.81 4.87 0.88 0.67 4.78 0.82 0.60 4.48
CE-NDPC-900 i 0.99 0.84 5.11 0.89 0.70 5.28 0.83 0.71 5.07
HE-NDPC-900 | 1.01 0.85 5.48 0.91 0.73 5.55 0.88 0.73 5.62
20% Pt/C 1.00 0.80 5.30 0.94 0.65 5.38 0.88 0.62 5.30

@ Eonset: Onset potential; E,: half-wave potential; J; : limiting current density. All the potentials were converted into

reversible hydrogen electrodes (RHE).
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Fig. S2. LSVs of (a) NDPC-900, (b) CE-NDPC-900 and (c) HE-NDPC-900 at different rotation rates and K-L plots

of (d) NDPC-900, (e¢) CE-NDPC-900 and (f) HE-NDPC-900 in O,-saturated 0.1 M KOH.
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Table S8. Average n values and peroxide yields of NDPC-900, CE-NDPC-900, HE-NDPC-900 and 20% Pt/C in

0.1 M KOH (0-0.9 V vs. RHE), 0.1 M PBS (0.1-0.8 V vs. RHE) and 0.5 M H,SO4 (0.1-0.8 V vs. RHE).

Alkaline Neutral Acidic
Material
n peroxide%s n peroxide%s n peroxide%s
NDPC-900 3.91 4.46 3.87 6.69 3.86 7.02
CE-NDPC-900 3.93 343 3.91 4.38 3.88 5.96
HE-NDPC-900 3.95 2.65 3.93 3.52 3.94 2.77
20% Pt/C 3.96 2.18 3.91 4.72 391 4.43
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Fig. S3. LSVs of (a) NDPC-900, (b) CE-NDPC-900 and (c) HE-NDPC-900 at different rotation rates and K-L plots

of (d) NDPC-900, (¢) CE-NDPC-900 and (f) HE-NDPC-900 in O,-saturated 0.1 M PBS.
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Fig. S4. LSVs of (a) NDPC-900, (b) CE-NDPC-900 and (c) HE-NDPC-900 at different rotation rates and K-L plots

of (d) NDPC-900, (e¢) CE-NDPC-900 and (f) HE-NDPC-900 in O,-saturated 0.5 M H,SO,.
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Fig. S5. Chronoamperometric responses for methanol tolerance tests on HE-NDPC-900 and 20% Pt/C in (a) 0.1 M

PBS and (c) 0.5 M H,SOy; durability measurements of HE-NDPC-900 and 20% Pt/C in (b) 0.1 M PBS and (d) 0.5
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Table S9. Comparisons of ORR kinetic parameters of HE-NDPC-900 with other recently reported carbon-based

electrocatalysts. ¢

0.1 M KOH 0.1 M PBS 0.5 M H,SO,
Electrocatalyst
Eonset E1/2 JL Eonset E1/2 JL Eonset El/2 JL
HE-NDPC-900 1.01 0.85 5.48 0.91 0.73 5.55 0.88 0.73 5.62
Co/N-C [S1] 0.96 0.83 5.45 — — — — — —

CNTs-NC-CCC [S2]  0.96 0.83 5.55 — — — — — —
Co—N/S—C-3.5 [S3] 0.87 0.80  4.00 — — — 0.85 0.75 3.70
D-PC-1(900) [S4] 1.01 0.83 5.43 — — — 0.82 0.60 4.60
Fe@BC-800 [S5] 1.01 0.85 5.30 0.86 0.68 4.20 0.86 0.70 4.70
Fe-N-CA-NH; [S6] 0.98 0.85 5.10 0.86 0.65 5.00 0.92 0.65 4.50
CPNC-5-850 [S7] 0.97 0.84  4.96 0.87 0.65 4.90 0.80 0.64 4.60
NOPC [S8] 1.00 0.87 5.38 0.91 0.75 5.20 0.84 0.65 5.27

PS-900 [S9] 1.00 0.85 5.84 0.90 0.73 5.52 0.82 0.70 5.10

@ Eonser: ONset potential (V); Ey: half-wave potential (V); J: limiting current density (mA cm2). All the potentials
are converted into reversible hydrogen electrodes (RHE).
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