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a b s t r a c t

Electrocatalytic two-electron oxygen reduction reaction (2e� ORR) is a promising strategy to achieve
hydrogen peroxide (H2O2) production, which can replace the anthraquinone method in industrial pro-
cesses. Nitrogen-doped carbon materials are active and selective electrocatalysts for 2e� ORR; however, it
remains challenging to develop N-doped carbons for practical H2O2 production and pinpoint the exact
role of nitrogen functionalities. Here, we examine covalent organic framework-derived nitrogen-doped
carbons with well-defined porous structure and tunable N species for electrocatalytic H2O2 production.
Electrochemical studies show their highest ORR activity and H2O2 selectivity of up to 75% in alkaline
electrolyte. Notably, chronoamperometric bulk electrolysis achieves an unprecedented carbon-catalyzed
H2O2 yield rate of 1286.9 mmol gcatalyst�1 h�1 and a faradaic efficiency of 69.8% at pH 13. X-ray photo-
electron spectroscopy analysis combined with control experiments reveals that graphitic N is responsible
for H2O2 production from 2e� ORR on N-doped carbons. Our work provides insights into the rational
development of heteroatom-doped carbon electrocatalysts for efficient H2O2 generation.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Hydrogen peroxide (H2O2) is a green oxidant and energy carrier
with various applications in pulp bleaching, textile bleaching,
chemical synthesis and environmental remediation [1]. Currently,
large-scale manufacturing of H2O2 is achieved mainly through the
anthraquinone process, reaching an annual production of 5.5
million tons in 2015 [2,3]. However, several limitations make this
process unsuitable for on-demand H2O2 generation and utilization,
such as huge infrastructure, massive volume of waste and safety
issues in the transportation and storage of bulk H2O2. An alternative
route is to directly synthesize H2O2 from H2 and O2 on Pd-based
catalysts, but H2/O2 mixture is highly explosive [4e6]. In this
context, there has been mounting interest to investigate electro-
catalytic two-electron oxygen reduction reaction (2e� ORR) as a
promising route to achieve decentralized H2O2 production [7,8]. By
coupling sustainable energy with chemical synthesis,
electrocatalytic H2O2 synthesis offers several unique advantages
compared with previous processes. In a fuel cell setup where
hydrogen and oxygen are separated, the danger of explosion is
eliminated and the chemical energy released from the reaction is
recovered. Alternatively, if H2O2 is formed in an electrolysis cell, it is
possible to supply the required electricity from renewable power
sources and use water instead of hazardous H2 as proton source.

Electrochemical ORR at cathodes can proceed via either 4e�

(equations (1) and (3)) or 2e� pathway (equations (2) and (4)),
generating H2O or H2O2 (HO2

�) as the final product, respectively.
At pH < 11.6:

O2 þ 4Hþ þ 4e�/2H2OE
o ¼ 1:23V

�
vsRHE

�
(1)

O2 þ 2Hþ þ 2e�/H2O2E
o ¼ 0:70 V

�
vsRHE

�
(2)

At pH > 11.6:

O2 þ 2H2Oþ 4e�/4OH�Eo ¼ 1:23V
�
vsRHE

�
(3)
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O2 þ H2Oþ 2e�/HO�
2 þ OH�Eo ¼ 0:74 V

�
vsRHE

�
(4)

For electrochemical H2O2 synthesis, it is essential to design
electrocatalysts that exhibit high 2e� ORR activity, selectivity and
long-term stability. To date, numerous materials have been iden-
tified as feasible 2e� ORR electrocatalysts, including noble metals
[9e14], transition-metal-based composites [15e18] and metal-free
carbon-based materials [19e25]. Noble metal-based alloys such as
Pt-Hg [10] and Pd-Hg [11] are the state-of-the-art catalysts that
demonstrate extremely high H2O2 selectivity (>90%) and near-zero
overpotential. However, their practical application is limited by the
scarcity of noble metal resources. In comparison, carbon materials
are inexpensive, earth-abundant, highly conductive and electro-
chemically stable, thereby showing great promise for electro-
catalytic H2O2 production. An increasing number of studies suggest
that their H2O2 production performance is intimately correlated
with heteroatom doping, as the introduced dopants can signifi-
cantly tune the electronic properties of adjacent carbon atoms,
which may steer ORR selectivity toward the 2e� pathway
[7,21,26,27]. In particular, nitrogen doping has been recognized as
an effective strategy to improve both 2e� ORR activity and H2O2
selectivity. Despite this progress, however, it is still challenging to
further enhance H2O2 production performance on N-doped carbon
catalysts for commercial applications. Moreover, existing N-doping
methods such as chemical vapor deposition [28e30] and one-step
pyrolysis [27,31,32] fail to establish an unambiguous structure-
performance relationship. As such, it is highly desirable to isolate
the contribution of disparate N species and identify the catalytically
active sites of N-doped carbons. If realized, highly efficient H2O2
production could then be achieved by rational design and synthesis
of N-doped carbons with optimized exposure of intrinsically active
nitrogen functionality.

Herein, we report that covalent organic frameworks (COFs), a
group of porous polymers with well-defined molecular building
blocks and highly-ordered network structures, could serve as pre-
cursors to derive N-doped carbon catalysts and allow the modifi-
cation of catalyst composition and nanoarchitecture for
Fig. 1. Synthesis and characterization of COFDAAQ-TFP and G-COF composite. (a) Schematic dia
TFP and G-COF. (c) 13C NMR spectrum of COFDAAQ-TFP. (d) PXRD patterns of COFDAAQ-TFP and G
electrocatalytic H2O2 production. Electrochemical measurements
show that COF-derived catalysts are most active and selective for
H2O2 synthesis from oxygen reduction in alkaline media. Notably,
chronoamperometric bulk electrolysis reveals that the optimally
pyrolyzed G-COF-950 sample achieves an unprecedented carbon-
catalyzed H2O2 yield rate of 1286.9 mmol gcatalyst�1 h�1 with a fara-
daic current efficiency of 69.8% at pH 13. X-ray photoelectron
spectroscopy (XPS) results together with a series of control exper-
iments contribute to determining that graphitic N is catalytically
active and selective for 2e� ORR. This work provides insights into
the rational development of heteroatom-doped carbon electro-
catalysts for efficient H2O2 generation.

2. Experimental section

2.1. Materials preparation

Synthesis of COFDAAQ-TFP: 2,6-diaminoanthraquinone (DAAQ)
(34 mg, 0.142 mmol) and 1,3,5-triformylphloroglucinol (TFP)
(20 mg, 0.096 mmol) were dissolved in 5 mL mixture of DMA and
1,4-dioxane (1:4) and added to a Pyrex tube. The resulting sus-
pension was briefly sonicated and 50 mL of 6 M acetic acid was
subsequently added. The tube was then evacuated and heated at
90 �C for 48 h. The as-synthesized COFDAAQ-TFP was collected by
washing with DMA, acetone and water three times each, then
freeze-dried under vacuum for 48 h to result in a dark-red colored
powder (70e80% yield).

Graphene oxide (GO) was prepared based on the modified
Hummers’ method [33]. Reduced graphene oxide (rGO) hydrogel
was prepared by one-step hydrothermal reduction of GO dispersion
[34]. For synthesis of G-COF hybrid, rGO hydrogel was dissolved in
DMA and mixed with DAAQ-TFP suspension. The following pro-
cedures were similar to those for COFDAAQ-TFP synthesis. Electro-
catalysts G-COF-T (T ¼ 550, 750 or 950) were derived by pyrolyzing
G-COF powder under Ar atmosphere. The samples were first heated
to 300 �C at a rate of 6 �Cmin�1, kept for 3 h, then heated toT �C at a
rate of 3 �C min�1 and kept for 1 h. The reduced N-doped carbon G-
COF-950-R was obtained under similar conditions as G-COF-950
gram of the synthesis route of COFDAAQ-TFP. (b) FT-IR spectra of COF monomers, COFDAAQ-
-COF. (e) SEM image of G-COF. (A colour version of this figure can be viewed online.)



Fig. 2. Characterization of COF-derived N-doped carbon catalysts. (aec), SEM images of (a) G-COF-950, (b) G-COF-750 and (c) G-COF-550. (d) SEM mapping photographs of G-COF-
950. (e) Raman spectra of G-COF and the derived N-doped carbon catalysts. (f) N2 adsorption/desorption isotherm of G-COF-950 at 77 K. (g) NLDFT pore size distribution of G-COF-
950. (A colour version of this figure can be viewed online.)
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except using H2(20%)/Ar atmosphere. Pyrolysis at 950 �C was pro-
longed to 3 h to derive G-COF-950-3h.
2.2. Materials characterization

Scanning electron microscopy (SEM) images were obtained on a
Hitachi SU8020 microscope. SEM mapping images were obtained
by combining with IXRF Ultra energy-dispersive X-ray spectros-
copy system. Transmission electron microscopy images were
recorded on a JEOL JEM-2100 microscope. Powder X-ray diffraction
(PXRD) measurements were conducted on a X’Pert PRO MPD
(PANalytical Inc.) with Cu Ka as X-ray source (l¼ 1.5406 Å, 2q range
2�e90�). XPS was carried out on an ESCALAB 250Xi spectrometer
using Al Ka X-ray source. Raman spectroscopy was performed on a
Renishaw inVia-Reflex spectrometer. Fourier-transformed infrared
(FT-IR) spectroscopy was conducted on a ThermoFisher Nicolet
6700. Solid-state 13C NMR data were acquired using cross-
polarization magic-angle spinning technique at a 600 MHz JEOL
JNM-ECZ600R. N2 adsorption-desorption isotherms were
measured at 77 K with a Micromeritics ASAP 2460. The surface
areas were calculated using Brunauer-Emmett-Teller (BET) method
and the pore distribution data were obtained based on non-
localized density functional theory (NLDFT).
2.3. Electrochemical measurements

All electrochemical measurements were conducted on a CHI
660E electrochemical workstation at 25 �C. A glassy carbon (GC), a
Pt wire and an Ag/AgCl electrodewere used as theworking, counter
and reference electrode, respectively. For the working electrode,
1 mg of electrocatalyst was dispersed in 390 mL of ethanol and 10 mL
of 5 wt% Nafion® solution. After sonication for 30 min, 7.5 mL of the
homogeneous suspension was drop-casted onto GC electrode
(0.2475 cm2) to obtain a catalyst loading of ca. 0.08 mg cm�2. Cyclic
voltammetry (CV) was conducted in O2-saturated electrolytes at a
scan rate of 50 mV s�1. In rotating ring-disk electrode (RRDE)
measurements, the disk electrode was scanned cathodically at a
rotation speed of 1600 rpm and a scan rate of 10 mV s�1. The ring
electrode was potentiostated at 1.2 VRHE. The electron transfer
number (n) and H2O2 selectivity were calculated as follows:
n¼4� Id
Id þ Ir=N

%H2O2
�
%HO�

2
�¼200� Ir=N

Id þ Ir=N
¼
�
2�n

2

�
� 100

where Id is the disk current (mA), Ir is the ring current (mA), and N
is the collection efficiency (calibrated by the reversible [Fe(CN)6]4-/
[Fe(CN)6]3- redox couple, N ¼ 0.31).

In-situ bulk electrolysis for H2O2 generation was performed in a
two-compartment cell separated by Nafion® 117 membrane using
chronoamperometry at 0.1, 0.2 or 0.3 VRHE for 120 min. Both
compartments were filled with 150 mL of the same electrolyte. The
catalyst suspension (60 mL) was loaded onto 1.5 cm � 1 cm carbon
fiber paper (Toray, Japan) to prepare the working electrode. The
H2O2 (HO2

�) produced was quantified by Ce(SO4)2 titration method
[22]. The faradaic efficiency of H2O2 production was calculated as
follows:

Faradaic Efficiencyð%Þ¼2CVF
Q

� 100%

where C is the concentration of H2O2 (M), V is the volume of
electrolyte (L), F is the Faraday constant (C mol�1), and Q is the
quantity of charge passed through the cell (C).

3. Results and discussion

3.1. Materials synthesis and characterization

COFDAAQ-TFP was first synthesized based on Schiff-base
condensation between DAAQ and TFP under solvothermal condi-
tions following a slightly modified literature procedure [35]
(Fig. 1a). We select COFDAAQ-TFP as precursor of N-doped carbon
because its well-defined porous network may favor transport and
activation of oxygen molecules, and its unique heteroatom distri-
bution enables us to probe into the catalytic mechanism [35e38].
G-COF was subsequently prepared via an on-surface synthesis
method to deposit p-conjugated COF onto graphene nanosheets.
This support of COF onto highly dispersed matrix could display
synergic effects in electrocatalysis, including the exposure of more



Fig. 3. Electrochemical voltammetric characterization of COF-derived 2e� ORR catalysts in 0.1 M KOH. (a) Cyclic voltammograms of G-COF-T (T ¼ 550, 750 or 950) at a sweep rate of
50 mV s�1. (b) Tafel plots of G-COF-T catalysts. (c) Rotating ring-disk electrode measurements at a rotation speed of 1600 rpm and a sweep rate of 10 mV s�1. (d) The calculated
electron transfer number (n) and H2O2 selectivity at various applied potentials for G-COF-T catalysts. (e) H2O2 yields determined by chronoamperometric bulk electrolysis of O2-
saturated 0.1 M KOH (pH ¼ 13) at 0.1 VRHE. (A colour version of this figure can be viewed online.)
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catalytically active sites, higher electroactive surface area and
enhanced electron transfer mobility [36]. The molecular composi-
tion and structure of COFDAAQ-TFP and G-COF were characterized by
FT-IR spectroscopy and solid-state 13C NMR spectroscopy, depicted
in Fig. 1b and c, respectively. The appearance of a new CeN
stretching vibration peak at 1250 cm�1 is characteristic of b-
ketoenamine CeN bond in COFDAAQ-TFP. The preferential formation
of the keto form rather than the enol tautomer is further confirmed
by the C¼O stretching vibration at 1615 cm�1 and the absence of
OeH bond resonance in its FT-IR spectrum. The FT-IR spectrum
peaks of G-COF are consistent with those of COFDAAQ-TFP, albeit with
a lower wavenumber of CeN stretching band that is attributed to
the Van der Waals interaction between COF and graphene sheets.
The characteristic signals of ¼CNH (144 ppm) and ketone
(185 ppm) groups in the NMR spectrum agree well with the pro-
posed b-ketoenamine-linked framework structure. In addition, we
performed X-ray diffraction to examine the crystalline structure of
both materials. The PXRD patterns of COFDAAQ-TFP and G-COF
showed four major diffraction peaks at 2q ¼ 3.5�, 5.9�, 7.0� and 27�,
corresponding to (100), (110), (210) and (001) planes, respectively
(Fig. 1d) [35]. These peaks are characteristic of 2-D hexagonal
framework with vertical p-p layered stacking structure that was
retained even after COF-graphene hybridization. As shown in
Fig. 1e, the surface morphology of the as-synthesized G-COF was
characterized using SEM. G-COF revealed a more wrinkled
morphology compared with flake-like smooth surfaces of bare
graphene and an interconnected porous network structure of
COFDAAQ-TFP, implying the successful incorporation of COF moieties
onto graphene layers (Fig. 1e and Fig. S1).

To obtain N-doped carbon electrocatalysts for 2e� ORR, we
performed pyrolysis of G-COF composite at 550, 750 or 950 �C
(denoted as G-COF-T, T ¼ 550, 750 and 950, respectively). After
pyrolysis, it was observed from the SEM images that all samples
consisted of curled ‘petals’ with hierarchically porous features
(Fig. 2aec). In accordance with the SEM results, their microstruc-
tures observed from transmission electron microscopy showed
layered graphitic textures at nanometer scale (Fig. S2). Such unique
morphological features are beneficial to the diffusion of oxygen
molecules in 2e� ORR [19,31,37]. The SEM elemental mapping
photographs revealed a uniform distribution of carbon, nitrogen
and oxygen atoms within the catalysts, with predominantly carbon
signals followed by nitrogen and sparsely distributed oxygen sig-
nals (Figs. 2d and S3). We further performed Raman spectroscopy
to investigate the structural disorder within the N-doped carbons.
The Raman spectra of all N-doped carbons demonstrated two
intense peaks at D-band (1340 cm�1) and G-band (1580 cm�1)
(Fig. 2e). The D-band signifies disorder in graphitic structure,
whereas the G-band can be ascribed to sp2-hybridized carbon [20].
The intensity ratio of D and G peaks (ID:IG) is a qualitative mea-
surement of the degree of disorder (defect) within carbon mate-
rials. The highest ID:IG ratio was observed in G-COF-950 (1.05),
followed by G-COF-750 (0.92) and G-COF-550 (0.83). Therefore,
more defects were introduced with increasing pyrolysis tempera-
ture. Moreover, the PXRD pattern of G-COF-950 showed an amor-
phous structure with no evident diffraction peak (Fig. S4).

The pore properties of COF-derived N-doped carbons were
characterized by BET surface area, pore volume and N2 adsorption/
desorption tests. While the BET surface area of COF-derived cata-
lysts decreased after pyrolysis probably due to the partial
destruction of their porous structure, their pore volume surpris-
ingly increased, which could be explained by an increase in inter-
particle space (Table S1). The N2 adsorption/desorption isotherms
presented significant N2 sorption at relative pressure of P/P0 < 0.01,
while also showed a small hysteresis loop at high relative pressure
range, which signifies the co-existence of micropores and meso-
pores, respectively (Fig. 2f, Fig. S5a and S5c). Interestingly, it was
found that the pore size distribution of pyrolyzed catalysts centered
around the pore diameter of COFDAAQ-TFP precursor (2.3 nm),
implying the presence of COFDAAQ-TFP framework even after high-
temperature pyrolysis (Fig. 2g, Fig. S5b and S5d). Surface
elemental composition of the N-doped carbon catalysts confirmed
the existence of carbon, nitrogen and oxygen signals, as investi-
gated by XPS survey scans (Fig. S6). Although pyrolysis resulted in
an inevitable loss of nitrogen atoms, the resultant materials still
retained nitrogen content of 3e4% (Table S2). By contrast, however,
the oxygen content significantly fell with increasing pyrolysis



Table 1
Comparison of H2O2 yield rate and faradaic efficiency of COF-derived N-doped carbon with other metal-free carbon-based catalysts reported in the literature in alkaline
electrolyte.

Electrocatalyst Electrolyte pH Applied potential (VRHE) H2O2 yield rate (mmol gcatalyst�1 h�1) Faradaic efficiency (%) Ref.

G-COF-950 13 0.1 1286.9 69.8 This work
N-doped porous carbon 13 0.1 457.3 ~55 [38]
N-doped porous carbon 13 0.2 345.5 ~58 [38]
N-doped porous carbon 13 0.3 323.2 ~67 [38]
N-doped mesoporous carbon 13 0.1 561.7 ~60 [27]
Biomass derived N/C 13 �0.6746 51 40 [31]
rGO/Polyethyleneimine 13 0.74 106.4 90.7 [39]
N-doped graphene 13 0.2 224.8 >43.6 [40]
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temperature from 6.80% in G-COF-550 to 2.85% in G-COF-950.
These results are consistent with the SEM mapping images and
suggest the potential critical role of nitrogen dopants in the elec-
trocatalytic process.
lyst
3.2. Electrocatalytic 2e� ORR for H2O2 production

The electrocatalytic 2e� ORR activity and H2O2 selectivity of the
as-synthesized COF-derived catalysts were studied by electro-
chemical voltammetric measurements. We evaluated their activity
using cyclic voltammetry in O2-saturated electrolytes and deducted
the background current density measured in Ar-saturated electro-
lytes to derive net current density (jO2 - jAr). In alkaline electrolyte
(0.1 M KOH, pH ¼ 13), well-defined cathodic oxygen reduction
peaks were observed for G-COF-550, G-COF-750 and G-COF-950
(Fig. 3a). G-COF-950 demonstrated the highest peak current den-
sity of 1.62 mA cm�2, while G-COF-750 had the most positive peak
potential of 0.61 VRHE. Tafel plots were obtained to gain more in-
sights into their ORR mechanisms, where faster electrode ORR ki-
netics were reflected in the lower Tafel slopes of G-COF-950 (82 mV
dec�1) and G-COF-750 (82 mV dec�1) as opposed to that of G-COF-
550 (89 mV dec�1) (Fig. 3b). These results indicate that G-COF-950
and G-COF-750 are promising candidates for electrocatalytic alka-
line ORR. To further examine their selectivity toward 2e� ORR
mechanism for H2O2 production, we carried out RRDE measure-
ments in the same electrolyte with fixed potential at ring electrode
so that only H2O2 oxidation currents are detectable. As can be seen
from Fig. 3c, COF-derived N-doped carbons have typical sigmoidal
polarization curves with rapidly increasing ring currents (top) and
disk currents (bottom) until diffusion-limited currents are reached
below 0.4 VRHE. It is noteworthy that the onset potentials of all
three catalysts, defined as the applied potential at which a current
density of 0.1 mA cm�2 is reached, are near the thermodynamic
equilibrium potential of 0.74 VRHE, indicating very small over-
potential for alkaline 2e� ORR process. The onset potentials for all
catalysts are in good conformity with the CV results. At the po-
tential range of�0.1e0.5 V, the calculated electron transfer number
per oxygen molecule on G-COF-950 is 2.5e2.6, which corresponds
to a high H2O2 selectivity of 70e75% and indicates the dominance
of 2e� ORR mechanism over this wide applied potential window
(Fig. 3d). The H2O2 selectivity of G-COF-950 is higher than that of G-
COF-750 (60%) and G-COF-550 (35e60%) at all potentials. These
results reflect the enhanced ORR activity and H2O2 selectivity by
tuning the structure and composition of N-doped porous carbon
catalysts through pyrolysis condition of the COF precursor. It has
been previously reported that the chemical disproportionation of
H2O2 to form H2O and O2 and subsequent electroreduction of the
generated oxygen would have pronounced effect on the amount of
H2O2 detected on ring electrode, which may result in under-
estimated H2O2 selectivity measured by RRDE method [37]. Thus,
our results may only represent the minimum intrinsic selectivity
toward H2O2.
To shed more light on the effect of electrolyte pH on H2O2

production performance, we also carried out voltammetric exper-
iments in neutral (0.1 M Na2SO4, pH ¼ 7) and acidic electrolytes
(0.1 M HClO4, pH ¼ 1). The 2e� ORR activities of three catalysts are
generally in the order of alkaline > neutral > acidic electrolyte, as
shown by the correspondingly declining onset potential, peak
current density and peak potential (Fig. 3a, Fig. S7a and S8a).
Similar ORR kinetic trends evaluated by Tafel slopes in Na2SO4 (in
the range of 118e139 mV dec�1) and HClO4 (in the range of
281e344 mV dec�1) also suggest a more sluggish ORR process with
lower electrolyte pH (Figs. S7b and S8b). Moreover, it is shown from
the RRDE results that moderately high H2O2 selectivity (up to 70%)
is maintained for G-COF-950, while lower values are obtained for
G-COF-750 and GeCOF-550 in neutral solution (Fig. S9). However,
in acidic solution, the H2O2 selectivity of G-COF-750 (65%e70%) is
reversely higher than that of G-COF-950 (45%e50%), and a smaller
applied potential-dependence compared with pH-neutral condi-
tion is observed (Fig. S10), which could be attributed to the
enhanced decomposition or further reduction of H2O2 at high
active site density [27]. These findings collectively demonstrate the
significant electrolyte pH-dependence of COF-derived N-doped
carbons for electrochemical H2O2 production, and imply that the
COF-derived catalysts would be most promising for H2O2 produc-
tion in an alkaline environment.

The aforementioned electrocatalytic H2O2 production perfor-
mances were verified by in-situ chronoamperometric electrolysis
of bulk electrolyte in a two-chamber H-type cell over 2 h at fixed
potentials of 0.1, 0.2 and 0.3 VRHE. The amount of generated H2O2
was determined by spectroscopic measurements and then
normalized by catalyst loading and electrolysis time to obtain the
mass yield rates. As can be seen in Fig. 3e, at 0.1 VRHE, the
normalized H2O2 yields are in the order of G-COF-950
(1286.9 mmol gcatalyst�1 h�1) > G-COF-750 (961.9 mmol gcata�1

h�1) > G-COF-550 (863.7 mmol gcatalyst�1 h�1) in alkaline solution
(0.1 M KOH), which is in great agreement with the voltammetric
results (vide supra). Increases in H2O2 yield rates are also discov-
ered as the applied potential shifts negatively for each individual
catalyst, demonstrating their applied potential dependence (Fig. 3e
and Fig. S11). Notably, the highest H2O2 yield rate (1286.9 mmol
gcatalyst�1 h�1) was achieved for G-COF-950 at 0.1 VRHE, exceeding the
ever-reported values for carbon-based catalysts under similar
conditions (Table 1). A fairly high faradaic efficiency of 69.8% was
calculated for this scenario, close to the H2O2 selectivity evaluated
by RRDE method. We therefore envisage this COF-derived N-doped
carbon as a low-cost, feasible catalyst for cleaner production of
alkaline H2O2 (HO2

�) with practical applications in paper and pulp
bleaching processes [41].

Furthermore, H2O2 yield rates were found to be strongly pH-
dependent at the optimal applied potential (0.1 VRHE). In neutral
(0.1 M Na2SO4) and acidic (0.1 M HClO4) solutions, the H2O2 yield



Fig. 4. XPS N 1s spectra of (a) G-COF-950, (b) G-COF-750 and (c) G-COF-550. (d) Percentages and amount of nitrogen functionality present in catalysts. (A colour version of this
figure can be viewed online.)

Fig. 5. Proposed mechanism of electrochemical 2e� ORR on COF-derived N-doped carbon catalysts. Red: oxygen; white: hydrogen; grey: carbon; blue: nitrogen. (A colour version of
this figure can be viewed online.)
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rates on N-doped carbons are far lower than in alkaline solution
(Figs. S13 and S14). However, they invariably follow the trend G-
COF-950 > G-COF-750 > G-COF-550, suggesting that the activity
and selectivity are governed by inherent differences among N-
doped carbons. For G-COF-950, H2O2 yield in alkaline solution is
2.9-fold and 6.5-fold higher than that in neutral and acidic
solutions, respectively (Fig. S14), which implies a significant pH
dependence of electrochemical H2O2 production. Nevertheless, the
H2O2 yields in neutral and acidic solutions are still comparable to
those of the state-of-the-art carbon-based catalysts (Tables S3 and
S4), making the COF-derived carbon equally attractive for on-site
H2O2 production in its versatile protonated form. Additionally,
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the catalytic stability of H2O2 production is also a crucial factor to be
considered from a practical standpoint. In all solutions, the H2O2
production revealed pseudo first-order kinetics over 2-h electrol-
ysis as depicted by the nearly linear plots of H2O2 yield versus time,
suggesting the excellent stability of the catalysts and availability of
catalytically active sites.

3.3. Origin of H2O2 production performance

A series of control experiments were conducted to trace the
origin of electrocatalytic H2O2 production on N-doped carbon cat-
alysts. RRDE results of G-950, prepared by pyrolysis of reduced
graphene oxide matrix at 950 �C, showed more affinity to 4e� ORR
mechanism (n ¼ 3.1) compared with G-COF-950 in alkaline media,
which confirmed the enhanced 2e� selectivity by incorporating
COF moieties within the G-COF composite (Fig. S15). Furthermore,
it has been previously reported that oxygen functional groups in
carbon materials are active for electrocatalytic H2O2 generation
[22]. To investigate the effect of oxygen in the present work, we
performed pyrolysis of G-COF precursor in a reductive H2/Ar at-
mosphere. XPS results of the obtained G-COF-950-R confirm that
the oxygen percentage significantly declines to 0.31% as compared
with 2.85% in G-COF-950 (Fig. S16). Nevertheless, there is no
obvious difference between the two catalysts in terms of H2O2 yield
rate and kinetics. Therefore, we rule out the possibility that oxygen
is the determinant of H2O2 production performance on N-doped
carbons.

Physical properties of carbon materials, such as pore size, de-
fects in the carbon matrix and conductivity, may also exert influ-
ence on the electrocatalytic activity and selectivity. The pore size
distribution indicates that pyrolysis remarkably increases the
mesopore volume and creates a hierarchically porous structure
(Table S1), which could facilitate the mass transport and reduce the
residence time of as-generated H2O2 [21]. Furthermore, we pre-
pared G-COF-950-3h catalyst by prolonging the duration of pyrol-
ysis to 3 h, which allows significant graphitization and alteration of
physical properties. Indeed, the degree of defect reflected in ID:IG
ratio is increased from 1.05 to 1.11 (Fig. S17a). In addition, G-COF-
950-3h shows similar mass-transfer resistance but enhanced
charge-transfer mobility as indicated by the Nyquist plots
(Fig. S17b). However, G-COF-950-3h is inferior to G-COF-950 in
terms of H2O2 yield rate (Fig. S18), indicating that high degree of
defect and conductivity have little impact on selective H2O2
production.

The above results lead us to hypothesize that nitrogen func-
tionality plays a mechanistic role in 2e� ORR process. To under-
stand the active site of N-doped carbon, we characterized the
nitrogen species by using XPS. In the present study, the deconvo-
lution of XPS N 1s spectra shows that three types of N functionality
exist in catalysts (Fig. 4aec), namely pyridinic N (~398.4 eV), pyr-
rolic/pyridonic N (~400.2 eV) and graphitic N (~401.2 eV). Although
total nitrogen content decreases with pyrolysis temperature (vide
supra), graphitic N content surprisingly increases from 0.51% (G-
COF-550) to 1.86% (G-COF-950), and the relative percentage of
graphitic N increases from 13.5% (G-COF-550) to 60.7% (G-COF-
950). In contrast, both pyridinic N and pyrrolic/pyridonic N
demonstrate the opposite trend. These unique observations help
explain the differences in H2O2 production performance; specif-
ically, graphitic N atoms are the catalytically active composition
that efficiently drives 2e�ORR. Moreover, the graphitic N content in
G-COF-950-R (2.03%) and G-COF-950-3h (0.77%) leads to the huge
difference in their H2O2 yield rates (Figs. S16 and S18), which
further corroborates our conclusion.

Based on the findings above, we proposed a possible mechanism
of electrocatalytic 2e� ORR on COF-derived N-doped carbons
(Fig. 5). A graphitic N atom could induce a charge redistribution by
donating an electron to the p-conjugated system, resulting in
enhanced oxygen adsorption on the adjacent a-C atom. Then, 2e�

ORR is initiated by one proton-coupled electron transfer, and the H
atom is bonded with the oxygen outside. However, after the addi-
tion of H atom to form HOO*, the unstable structure tends to bal-
ance its charges and release hydroperoxide ion (HOO�) as the final
product [42]. The second electron will be added to the graphitic N
to balance its positive charge. In the final step, HOO� is directly
released in alkalinemedia or bondedwith Hþ to formH2O2 in acidic
and neutral media. Therefore, densely populated and highly reac-
tive graphitic N contributes to the efficient H2O2 production on N-
doped carbons.

4. Conclusions

In conclusion, we have synthesized N-doped carbon catalysts
derived from covalent organic framework for efficient electrosyn-
thesis of H2O2 from 2e� ORR. Electrochemical voltammetric mea-
surements show that the COF-derived catalysts reach the highest
2e� ORR activity and H2O2 selectivity of up to 75% in alkaline
environment. Strong effects of electrolyte pH on reactivity can be
observed in the order of alkaline > neutral > acidic H2O2 production
performance. These results have been further verified by chro-
noamperometric bulk electrolysis experiments, reaching a record-
high carbon-catalyzed H2O2 mass yield rate of 1286.9 mmol
gcatalyst�1 h�1 and the corresponding faradaic efficiency of 69.8% for
G-COF-950 in 0.1 M KOH solution. Based on XPS findings and
control experiments, we demonstrate that graphitic N plays a vital
role in H2O2 synthesis from 2e� ORR process. Our work provides
insights into the rational design and synthesis of heteroatom-
doped carbon-based catalysts for H2O2 production from electro-
reduction of oxygen.
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