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Experimental Section

Materials: Carbon nanotubes was bought from graphenechina. Urea, dibasic Sodium 

Phosphate (Na2HPO4), potassium dihydrogen phosphate (KH2PO4), potassium 

hydroxide (KOH), Isopropyl alcohol (IPA) were bought from Aladdin Ltd. Carbon 

paper were bought from Beijing Chemical Corporation. Nafion (5 wt%) were purchased 

from Sigma-Aldrich Chemical Reagent Co., Ltd. The water used throughout all 

experiments was purified through a Millipore system. The purity of the above drugs is 

analytically pure and has not been further purified.

Preparation of N-CNT: First, 20 mg carbon nanotube were ultrasonicated in 40 mL 

deionized water for 30 min. Then, 1 g urea were added under vigorous stirring. After 

being magnetically stirred for 30 min in air at room temperature, the mixture solution 

was transferred to a Teflon-lined stainless-steel autoclave and maintained at 180 °C for 

8 h. After the autoclave naturally cooled down to room temperature, the sample was 

collected by centrifugation and thoroughly washed with deionized water several times, 

then dried in air at 60 °C. 

Characterization: X-ray diffraction (XRD) patterns were collected from a Shimadzu 

XRD-6100 diffractometer with Cu Kα radiation (40 kV, 30 mA) of wavelength 0.154 

nm (Japan). Scanning Electron Microscopy (SEM) images were obtained using a 

Quanta FEG 250 field-emission SEM with an accelerating voltage of 20 kV. 

Transmission Electron Microscopy (TEM) images were obtained from a Zeiss Libra 

200FE transmission electron microscope operated at 200 kV. X-Ray Photoelectron 

Spectroscopy (XPS) measurements were performed on an ESCALABMK II X-ray 

photoelectron spectrometer using Mg as the exciting source.  Raman spectra were 

performed using a Horiba-Xplora Plus confocal microscope with 20 × (0.25 NA) 

objective. A 532 nm laser (1-20 mW) was focused on the electrode, and the Raman 

scattered photons were dispersed by 1,800 g cm–1 grating and collected by a 

spectrometer.

Electrochemical measurements: The electrochemical measurements were performed 
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using an electrochemical workstation (CHI760E, CH Instruments). For the rotating ring 

disk electrode (RRDE) measurements, a three-electrode system was built with an 

RRDE (glassy carbon (GC) disk+Pt ring), a Hg/HgO reference electrode, and a graphite 

rod counter electrode. For the accurate and reproducible measurement of H2O2 

selectivity, it is very important to clean the RRDE thoroughly prior to each experiment. 

The RRDE was polished with 1 um alumina aqueous suspension for 5 min and 0.05 um 

alumina aqueous suspension for 5 min and ultra-sonicated in deionized water for 30 s. 

The catalyst ink was prepared by mixing the catalyst with water, 2-propanol, and Nafion 

(5 wt%) (v/v/v = 4/1/0.02) to form a 4 mg mL−1 suspension. After sonication for 60 

min, 5 ul of the catalyst ink was drop-dried onto a glassy carbon disc (disk area: 0.2462 

cm2 ；ring area：0.1866 cm2). Cyclic voltammetry (CV) was performed between 0.2 

and 1.20 V (vs. RHE) in N2-saturated 0.1 M PBS at a scan rate of 100 mV s−1 for 40 

cycles, in which a steady CV response was obtained. Pt ring was then electrochemically 

cleaned in the same potential range at a scan rate of 500 mV s−1 for 10 cycles. O2 gas 

was purged into the electrolyte for 5 min (caution: if the time interval between the Pt 

ring cleaning and ORR measurement is long, the H2O2 selectivity can be 

underestimated due to the surface passivation of the Pt ring). The H2O2 production 

activity was assessed by linear sweep voltammetry (LSV) from 0.2 to 1.2 V (vs. RHE) 

in O2-saturated 0.1 M PBS at a scan rate of 20 mV s−1 and a rotation speed of 1600 

r.p.m. During the LSV, the Pt ring potential was held at 1.2 V (vs. RHE). Polarization 

curves in nitrogen-saturated electrolytes were also recorded as a reference. 

The H2O2 selectivity was calculated using the following relation:

H2O2 (%) = 200×Ir / N/ (Id + Ir / N)            (1)

where Ir is the ring current, Id is the disk current and N is the collection efficiency (0.35 

after calibration). The collection efficiency (N) was determined using the [Fe(CN)6]3−/4− 

redox system. The catalyst-deposited RRDE was soaked in N2-saturated 0.1 M KNO3 

+ 10 mM K3[Fe(CN)6], and chronoamperometry was performed at -0.3 V (vs. Hg/HgO) 

while the ring potential was fixed at 0.5 V (vs. Hg/HgO) for 50 s. The background 

response was also obtained similarly, but the applied disk potential was 0.5 V (vs. 

Hg/HgO). The collection efficiency could be calculated as follows: 
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           N = (|ir - ir,bg|) / id                              (2)

where ir, bg stands for the background ring current. The result yields that the collection 

efficiency is 35%. The kinetic current (Ik) was extracted by correcting the mass 

transport losses, according to the equation:

          1/Im = 1/Il + 1/Ik                         (3)

where Im indicates the measured total current and Il is the diffusion-limited current. 

Usually, it is difficult to determine the value of the limiting current, usually determined 

from the highest steady current measured in the entire potential range, in most of the 

carbonaceous catalysts. Thus, we calculated the limiting current from the Levich 

equations with the total electron transfer number (n) obtained from our RRDE system. 

The Levich equation is: 

  Il = 0.62nFADo
2/3ω1/2υ−1/6Co            (4)

F, A, Do, ω, υ and Co indicate the Faraday constant (96,485 C mol−1 ), geometric 

area of the disk electrode (0.2462 cm2), diffusion coefficient of O2 in the electrolyte at 

298 K (1.85 × 10−5 cm2 s–1), electrode rotation speed (rad s–1), kinematic viscosity of 

O2 (0.89 × 10−2 cm2 s–1) and O2 concentration (1.21 × 10−6 mol cm–3). The mass activity 

was calculated at 0.65 V and at 0.75 V with an electrode rotation speed of 1,600 r.p.m.

Electrogeneration of H2O2: The electrogeneration of H2O2 were conducted in flow 

cell setup in a two-compartment cell with nafion 117 membrane as separator. Cathode 

was prepared by depositing catalyst ink (0.05 mg cm–2) on a carbon paper (1 by 1 cm) 

and platinum wire is used as anode.

To quantify the H2O2 produced, the samples was collected at certain time and 

mixed with same volume of titanium oxysulfate solution (6 g L–1). The H2O2 yield was 

measured by using the indicator of titanium oxysulfate. The generated complex 

compound solution was detected with UV-vis spectrophotometer (UV-8000, 

METASH.) at the maximum absorption wavelength λ= 406 nm. The FE for H2O2 

generation in H-cell was calculated as follows:

          (5)
𝐹𝐸% =

𝑚𝑜𝑙𝑒 𝑜𝑓 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝐻2𝑂2 × 2 × 96485

𝑡𝑜𝑡𝑎𝑙 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 𝑐ℎ𝑎𝑟𝑔𝑒 (𝐶)

Computational Details: The spin-polarized density functional theory (DFT) 
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calculations were performed with Vienna ab initio simulation package (VASP).1 The 

interactions between the valence electrons and the ion cores were described by the 

projected augment wave (PAW) pseudopotential2 and the exchange-correlation effects 

by the Perdew, Burke, and Ernzerhof (PBE) functional.3 The van der Waals (vdW) 

interaction was included by using the DFT+D3 method.4 The plane-wave basis was 

used with a kinetic energy cutoff of 450 eV. The convergence criteria for the total 

energy and the Hellmann-Feynman force are 10-5 eV and 0.02 eVÅ-1, respectively. To 

consider the edge effect, two typical graphene nanoribbons have been adopted: the 

armchair and zigzag graphene nanoribbons, with the ribbon widths of ~ 14 Å, denoted 

as AGNR and ZGNR, respectively. In addition, the pristine graphene sheet with the 

(6×6) supercell (denoted as Gr) is also investigated. For all the models, the vacuum 

layers were set to be larger than 15 Å, to avoid the interaction between slabs. The 

Brillouin zone was sampled using the Monkhorst-Pack grids5 of (1×2×1), (2×1×1), and 

(2×2×1), respectively, for AGNR, ZGNR, and Gr. 

The binding strength for the OOH* (ΔGHOO*) is considered to be the best descriptor to 

evaluate the activity of 2e– ORR.6-9 For the calculation of ΔGHOO*, we have adopted the 

computational hydrogen electrode (CHE) model,10 using the equation: ΔG = ΔE + 

ΔEZPE – TΔS, where E, EZPE, and S denotes the total electronic energy, zero-point 

energy, and entropy of the relevant systems, respectively, and T is taken as 298.15 K. 

EZPE and S of the adsorbed intermediates were obtained from DFT calculations, while 

those of the free molecules (H2 and H2O) taken from the NIST databases.11 It is noted 

that the solvation effect may bring a small stabilization on the adsorbed OOH, while 

the reported activity trend should keep unchanged without the solvation correction. In 

fact, although in the previous works on the 2e– ORR6-9 DFT calculations did not 

consider the solvation effect, the good agreement between the experimental and 

theoretical results were observed. Therefore, as previous works,6-9 herein we did not 

consider the solvation effect in determining the value of ΔGHOO*, which in turn allows 

us to make a direct comparison with the previous results.6-9
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Fig. S1. SEM image of N-CNT.



S7

Fig. S2. SEM images of CNT.
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Fig. S3. HRTEM image of CNT.
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Fig. S4. Tafel plots of CNT and N-CNT for ORR in 0.1 M PBS.
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Fig. S5. Calculated electron transfer numbers of CNT and N-CNT in 0.1 M PBS.
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Fig. S6. Nitrogen adsorption–desorption isotherms of CNT and N-CNT. Inset: relevant 

pore-size distribution.
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Fig. S7. Influence of reaction time on electrochemical performance. (a) RRDE 

voltammograms and (b) calculated selectivity of N-CNT for H2O2 production in 0.1 M 

PBS.



S13

Fig. S8. (a) TEM and (b) HRTEM images for N-CNT after ORR stability test.
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Fig. S9. Deconvoluted N 1s spectra of N-CNT after ORR stability test.
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Fig. S10. (a) RRDE voltammograms and (b) Calculated selectivity of CNT and N-

CNT for the ORR and H2O2 production in 0.1 M KOH.
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Fig. S11. (a) Tafel plots and (b) Calculated electron transfer numbers of CNT and N-

CNT in 0.1 M KOH.
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Fig. S12. (a) RRDE voltammograms after 5000 cycles at 1600 rpm in O2-saturated 

0.1 M KOH, and (b) corresponding H2O2 selectivity.
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Fig. S13. Polarization curve of N-CNT catalyst for producing H2O2 in 0.1 M PBS.
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Fig. S14. (a) Polarization curve of Bare CPE and CNT catalyst for producing H2O2 in 

0.1 M PBS. (b) FEs and H2O2 yields over CNT at various potentials in 0.1 M PBS.
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Fig. S15. Atomic structures of the adopted graphene nanoribbon models (AGNR in (a) 

and ZGNR in (b)), where the black solid lines denote the boundary of the supercell. 

Dark blue and pink spheres denote C and H atoms, respectively.
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Table S1 The influence of elemental content on the H2O2 selectivity of N-CNT.

Sample N by EDX (at. %) C by EDX (at. %)
O by EDX (at. 

%)

H2O2 selectivity (%)

at 0 V vs. RHE

N-CNT-12h 6.08 86.98 6.94 51.6

N-CNT-8h 4.52 88.36 7.12 >90

N-CNT-4h 1.27 88.99 9.74 64.6

CNT / 96.29 3.71 60.8
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Table S2 Comparing the performance of recently reported electrocatalysts 
for oxygen reduction to H2O2.

Electrocatalyst Electrolyte
Selectivity 

[%]

Onset potential 

vs RHE
Reference

N-CNT 0.1 M PBS 92.5 0.78 This work

HPC 0.1 M Na2SO4 70.8 0.16 12

AC Deionized water 26.5 0.31 13

Carbon fiber Ultrapure water 52.0 0.51 14

NCMK3IL50_800T 0.1 M K2SO4 75.7 0.2 15

MCHS-9:1 0.1 M PBS >90 0.57 16

Bi2Te3 NPs 0.1 M KOH 100 ~0.75 17

Co1-NG(O) 0.1 M KOH 82 0.8 18

0.1 M HClO4 / 0.7 18

0.1 M PBS ~60 0.3-0.4 18

N-FLG-8 0.1 M KOH 95 0.8 19

Co-POC-O 0.1 M KOH 84 0.79 20

MOF NSs-300 0.1 M KOH 99 0.75 21

Co-N-C 0.1 M KOH ~60 ~0.82 22

0.5 M H2SO4 ~80 ~0.78 22

Mo1/OSG-H 0.1 M KOH 95 0.8 23

O-CNTs 0.1 M KOH 90 0.8 24

0.1 M PBS

F-mrGO(600) 0.1 M KOH 100% 0.7 25

BN-C1 0.1 M KOH 90% 0.8 26



S23

Table S3 H2O2 productivity comparison.

Electrocatalyst Electrolyte Productivity Reference

N-CNT 0.1 M PBS ~4.45 mmol L-1h-1 This work

HPC 0.1 M Na2SO4 110.2 mmol h-1 g-1 12

AC Deionized water 74.2 μmol h-1 13

Carbon fiber Ultrapure water 57 μg h-1 mg-1 14

NCMK3IL50_800T 0.1 M K2SO4 561.7 mmol gcatal.
-1 h-1 15

MCHS-9:1 0.1 M PBS / 16

Bi2Te3 NPs 0.1 M KOH 6.36 mmol L-1 h-1 17

Co1-NG(O) 0.1 M KOH ~418 mmol g-1 h-1 18

N-FLG-8 0.1 M KOH ~9.66 mol gcat
-1h-1 19

Co–POC–O 0.1 M KOH 813 mg L-1 h-1 20

MOF NSs-300 0.1 M KOH ~6.5 mol gcat
-1h-1 21

Co−N−C 0.1 M KOH ~4.33 mol gcat
-1h-1 22
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