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Recently electrochemical synthesis of H,0, through oxygen reduction reaction (ORR) via 2e~ pathway
is considered as a green and on-site route. However, it still remains a big challenge for fabricating novel
metal-free catalysts under acidic solutions, since it suffers from high overpotential due to the intrinsically
week *OOH adsorption. Herein, a co-doped carbon nanosheet (O/N-C) catalyst toward regulating O and N
content was synthesized for improving the selectivity and activity of H,0, electrosynthesis process. The
O/N-C exhibits outstanding 2e~ ORR performance with low onset potential of 0.4 V (vs. RHE) and a se-
lectivity of 92.4% in 0.1 mol/L HCIO,4 solutions. The in situ electrochemical impedance spectroscopy (EIS)
tests reveals that the N incorporation contributes to the fast ORR kinetics. The density functional theory
(DFT) calculations demonstrate that the binding strength of *OOH was optimized by the co-doping of
oxygen and nitrogen at certain content, and the O/N-C-COOH site exhibits a lower theoretical overpoten-
tial for H,0, formation than O-C-COOH site. Furthermore, the promoted kinetics for typical organic dye
degradation in simultaneous electron-Fenton process on O/N-C catalyst was demonstrated particularly

for broadening its environmental application.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Hydrogen peroxide (H,0,) is regarded as one of the 100 most
important fundamental chemicals in the world, which has been
widely used in chemical industry, disinfection, and environmen-
tal treatment [1-3]. Generally, H,0, is produced by the traditional
anthraquinone process with harmful organic solvents at high pres-
sure and temperature, which is unfriendly-environmental, energy-
intensive, and difficult for on-site production [3-5]. Recently, elec-
trochemical 2e~ ORR from O, and H,0 to H,0, at ambient con-
ditions driven by renewable electricity has been regarded as an
emerging alternative of anthraquinone process [6-9]. However, in-
tense competition from the energetically favorable 4e~ ORR path-
way leads to a great challenge to achieve high selectivity of H,0,
production [10-12]. Moreover, H,0, under acidic condition is more
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stable and it is favorable for the industrial production particularly
to commercial proton conducting polymeric membranes [13-15].
For the environmental application, the generated H,0, can be di-
rectly used for high efficient pollutant removal in Fenton reaction,
since it is critical for high active “OH radicals production under
acidic conditions [16,17].

Recently, metal-free carbon-based catalysts are promising can-
didates for ORR due to their low cost, low risk of metallic ion
leaching, high electrochemical stability and adjustable nanostruc-
ture [1,18-21]. Cui et al. reported that oxygen doped carbon nan-
otubes with rich oxygen functional groups exhibited high H,0, se-
lectivity (~90%) and activity in 0.1 mol/L KOH during ORR [22]. The
0O-CNTs were prepared by chemical oxidation of CNTs using con-
centrated nitrate acid, which is environmental-unfriendly. Besides,
the carbon-based electrocatalysts are designed to be porous struc-
ture, which contribute to the mass transfer and expose as many
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active sites as possible. For instance, Liu et al. proposed a template-
assisted pyrolysis route to prepare oxygen-doped carbon nanosheet
catalyst for 2e~ ORR with the onset potential of 0.825 V (vs. RHE)
and mass activity of 14.5 A/g at 0.75 V (vs. RHE) [23]. The chemical
titration experiment proves that C=0 species are the most active
sites for 2e~ ORR. Up to now, most reported metal-free carbon-
based catalysts were performed on ORR under alkaline conditions,
and the poor activity under acidic conditions was attributed to
the relatively high O, adsorption barrier on the catalyst surface
[24-28].

Nonmetal element-doping strategy has also been widely used
to improve the activity of carbon materials for ORR [29,30].
Chen et al. synthesized nitrogen- and fluoride-codoped carbon
nanocages (NF-Cs) through a simple and scalable template method
[31]. The doped N atoms accelerate O, molecule adsorption and
further form the *OOH intermediate on the catalyst surface, and
the F atoms contribute to the desorption of the *OOH interme-
diate, which is critical for HyO, formation. This material is syn-
thesized by calcination of PVDF containing F at high temperatures,
which releases highly toxic gases with certain environmental risks.
However, most reported nitrogen-doped carbon catalysts show 4e~
pathway during ORR under alkaline conditions [32-34]. Therefore,
deep understanding to design and adjust the active nitrogen con-
figuration is still needed for 2e~ oxygen reduction pathways [35].

Herein, we report O and N co-doped carbon nanosheets
(O/N-C) as highly selective and active catalyst for 2e~ ORR to H,0,
under acidic conditions. The N doping can accelerate the adsorp-
tion of O, molecule to form *OOH intermediate. By O and N co-
doping at certain content, the adsorption of *OOH intermediate on
the catalyst surface was optimized to improve the H,0, selectivity.
The O/N-C exhibits high activity, remarkable selectivity and long-
term stability for the H,0, generation via 2e~ ORR pathway. The
effects of the porous structure and chemical composition of the
O/N-C catalyst on the activity and selectivity were investigated by
physical and chemical characterizations. The in situ electrochemical
tests shows that the N incorporation contributes to the fast ORR
kinetics. Furthermore, based on experimental studies and DFT cal-
culations, we reveal the synergic role of the doped O and N atoms
in the reaction of electrochemical H,0, generation. Moreover, the
environmental application of the obtained catalysts in organic dye
degradation was also demonstrated.

The O/N-C precursor Mn-MOFs was firstly prepared by a hy-
drothermal reaction, and the X-ray diffraction (XRD) results in-
dicate that the Mn-MOFs was successfully synthesized (Fig. S1
in Supporting information). After annealing the Mn-MOFs under
NH3/Ar (1:9, v:v) atmosphere and acid leaching, the Mn species
aggregated into MnO nanocrystals were completely removed and
O/N-C catalyst was obtained. Field-emission scanning electron mi-
croscopy (FESEM) and transmission electron microscopy (TEM)
have been employed to characterize the morphology and struc-
ture of catalyst. The FESEM and TEM images of O/N-C catalyst
show that the catalyst has a thin nanosheet structure with slightly
wrinkled amorphous nature (Figs. 1a and b, Fig. S2 in Supporting
information). The TEM images also show that no obvious metal
nanoparticles were found in the catalyst, indicating the completed
removal of Mn species in the catalyst (Figs. 1a and b). The 0-C
catalyst without N doping was also prepared and the SEM im-
ages show a similar structure (Fig. S3 in Supporting information).
XRD patterns show that graphitic carbon was formed in the O/N-C
and O-C after calcination process with the absence of metallic Mn
species (Fig. S4 in Supporting information). The SEM images and
element mapping images indicate that oxygen and nitrogen are ho-
mogeneously doped in the carbon catalyst (Fig. 1c).

Raman spectrum of O/N-C displays two peaks at 1342 and 1586
cm~!, which are attributed to D band for defects and G band for
graphitic carbon. The Ip/I; ratio of 1.10 for the O/N-C is higher
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Fig. 1. (a, b) TEM image of O/N-C catalyst. (c) SEM image and element mappings
of O/N-C catalyst.
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Fig. 2. (a) Raman spectra of O-C and O/N-C. (b) XPS N 1s spectrum of O/N-C. (c)
XPS O 1s spectrum of O/N-C. (d) N, adsorption-desorption isotherms of O-C and
O/N-C.

than that of O-C (0.94), indicating more defective sites were cre-
ated by nitrogen doping process (Fig. 2a). The X-ray photoelectron
spectroscopy (XPS) is used to distinguish the nitrogen and oxy-
gen functional groups on the prepared samples (Fig. S5 in Sup-
porting information). The full spectra of the catalysts show that
the N is doped into O/N-C. The signal of C 1s spectra can be
deconvoluted into five typical peaks: C-C/C=C (284.6 eV), C=N
(285.5 eV), C-0 (286.3 eV), C=0 (287.6 eV) and 0=C-0 (289.1 eV)
(Fig. S6 in Supporting information). Previous studies have shown
that the electronic properties of carbon can be modified by both
N and O doping, which promotes the electrochemical H,0, pro-
duction [18,35,36]. The N 1s spectra can be deconvoluted into
four typical peaks: pyridinic-N (398.4 eV), pyrrolic-N (399.6 eV),
graphitic-N (400.5 eV) and oxidized-N (402.7 eV) (Fig. 2b) [37,38].
The O 1s spectrum indicates the presence of two O-containing
species: C-0 (531.6 eV) and C=0 (533.1 eV) (Fig. 2c). Benefiting
from the nanosheet structure, the O/N-C exhibits a high Brunauer-
Emmett-Teller (BET) surface area of 576.3 m2/g, which is signifi-
cantly higher than that of O-C (180.4 m?/g, Fig. 2d). The O/N-C
exhibits a typical-I triangular hysteresis and mesopores dominated
in the catalyst. The pore size distributions of O/N-C and O-C in-
dicates that more micro/mesopores are existed in O/N-C sample,
where enormous active sites are exposed for the ORR reaction (Fig.
S7 in Supporting information). The micropores of O/N-C are also
beneficial for reducing the retention time of H,0, product, which
prevents its further reduction to H,O and increase the selectivity
[27,39].
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Fig. 3. (a) Polarization curves of O-C, O/N-C and O/N-C (calcined) on RRDE at 1600
rpm in O,-saturated 0.1 mol/L HCIO, (solid line: disk current; dashed line: ring cur-
rent) and (b) corresponding H,0, selectivity of O-C, O/N-C and O/N-C (calcined).
(c) RRDE voltammograms of O/N-C at different rotating rates in O,-saturated 0.1
mol/L HClO4 and (d) corresponding K-L plots at different potentials. (e) The electro-
chemical production H,0, faradic efficiency (FE) in H-cell by O/N-C in O,-saturated
0.1 mol/L HClO, at different potentials. (f) Stability test of O/N-C at 0.1 V vs. RHE
and 1.2 V vs. RHE for ring and corresponding H,0, selectivity.

The electrocatalytic activity towards ORR is systematically in-
vestigated on a RRDE electrode in 0.1 mol/L HCIO4 solution. The
ORR polarization curves of catalysts are shown in Fig. 3a. RRDE
is an effective method to evaluate the generation of H,O, from
ORR test. The O, molecules are first reduced on the disk electrode
to produce both H,0 and H,0,. The obtained H,0, is immedi-
ately thrown by the rotating disk electrode onto a Pt ring elec-
trode and oxidized to O, to produce a ring current, from which
the amount of H,0, can be measured. The solid lines are the disk
current, while the dash lines represent the disk current. The on-
set potential (0.40 V at 0.1 mA/cm? H,0, current density) is ob-
tained for the O/N-C catalyst, which is much higher than that of
0-C (0.03 V at 0.1 mA/cm? H,0, current density). Fig. 3b further
shows the selectivity of O/N-C catalyst. It achieves 92.4% selectivity
at 0.40 V (vs. RHE) and remains relatively high selectivities (>84%)
in a wide range of potential between 0.2 V and 0.5 V, which are
much higher than that of O-C catalyst (31%-59% in the range of
0.2 and 0.4 V). The distinct performance could be ascribed to N
doping and defects in O/N-C catalyst. In the cyclic voltammogram
(CV) curves of O/N-C (Fig. S8 in Supporting information), a reduc-
tion peak of O, starting at 0.6 V (vs. RHE) is observed in the O,-
saturated solution, which is much higher than that of O-C catalyst
under the same conditions (Fig. S9 in Supporting information). Fur-
thermore, the ORR activities of O/N-C catalysts obtained at differ-
ent temperatures from 600 °C to 900 °C (denoted as O/N-C-600,
0O/N-C-700, O/N-C-800, and O/N-C-900) were also evaluated by
RRDE tests. The polarization curves of these catalysts were shown
in Fig. S10a (Supporting information). The O/N-C-600 exhibits poor
ORR activity owing to the low degree of carbonization. The onset
potential and half wave potential increase with the elevated tem-
peratures from 600 °C to 800 °C. However, the O/N-C-700 shows
higher H,0, selectivities than O/N-C-800 at a wide range of poten-
tials (Fig. S10b in Supporting information). Further increase in the
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temperature to 900 °C caused a decreased activity for ORR, which
is related to loss of N dopant under high temperatures (Table S2
in Supporting information). Therefore, O/N-C-700 is the optimized
sample because of the higher activity and selectivity. In addition to
RRDE tests, the selectivity of the catalysts was also tested by rotat-
ing disk electrode (RDE) examination to calculate electron transfer
numbers (n) according to Koutecky-Levich (K-L) equation (Figs. 3c
and d). The calculated n at different potentials (0-0.3 V) by RDE
results are almost identical to the results in RRDE test (Table S1
in Supporting information). Then, the ORR performance of O/N-C
was carried out by the bulk electrolysis in an H-type cell at dif-
ferent potentials (Fig. 3e). The standard curves between Ce** and
absorbance are shown in Fig. S11 (Supporting information). The
Faradaic efficiency (FE) are ~70% at different potentials from 0 V
to 0.15 V (vs. RHE) in the H-cell test. The H-cell test results indi-
cate that the catalyst shows the nearly same selectivity as that in
the RRDE tests. The stability of O/N-C catalyst was measured at
0.1 V (vs. RHE) by RRDE test and the Pt ring was cleaned every 10
min (Fig. 3f) [22]. The ring and disk current of O/N-C are nearly
constant in such a long-term H,0, production. The calculated se-
lectivity is also well maintained, which is slightly lower than the
RRDE test result at 0.1 V (Fig. 3f). It is reported that porous struc-
ture can contribute to electrochemical H,0, production as well.
The porous structure of catalyst can ensure large surface areas to
accelerate the mass transfer process between electrolyte and ac-
tive sites. In addition, the porous structure leads to more active
sites and defects, which both are critical to the electrochemical
activity improvement. Therefore, the electrochemical surface area
(ECSA) of catalysts was also measured by the double-layer capac-
itance (Cq;) method (Fig. S12 in Supporting information). The Cy
value for O/N-C catalyst achieves 17.01 mF/cm?2, which is much
higher than that of O-C catalyst (2.44 mF/cm?, Fig. S13 in Support-
ing information). This result indicates the higher ECSA of O/N-C
catalyst, in which more active sites are obtained.

Besides, the in situ electrochemical impedance spectroscopy
(EIS) tests were also conducted at different potentials to study
the interfacial charge transfer mechanism and reaction kinetics. As
shown in the Nyquist plots (Figs. 4a and b), the impedance of O-C
and O/N-C catalysts under acidic ORR process were tested from
0.60 V to 0.30 V. Obviously, the fitted R of O/N-C catalyst de-
creases faster than that of O-C catalyst (Fig. 4c and Table S2), in-
dicating a faster adsorption of reactants and reaction kinetics with
increasing potentials on O/N-C catalyst during acidic ORR process.
The impedance results are in accordance with the electrochemical
ORR performance. The Bode plot of the EIS spectra is also used to
investigate the charge transition. As shown in Figs. 4d and e, the
phase angle of the Bode plot increases firstly and then decreases
in the frequency region from 100 Hz to 0.1 Hz, and a maximum
characteristic frequency (wp) is seen on the Bode plots of both
0-C and O/N-C catalysts at different potentials. The wp of O/N-C is
shifted to higher frequency with decrease in potential and it is al-
most constant in this potential range with O-C. The time constant
(t) for the charge-transfer relaxation process is calculated with the
following equation: 7 =1/wp. Clearly, the O/N-C catalyst exhibits
better performance in the charge-transfer process over control 0-C
catalyst (Fig. 4f), indicating that the N incorporation contributes to
the fast ORR kinetics.

To better understand the catalytic mechanism, DFT calculations
were performed to identify the possible active sites. Based on
XPS results and previous reports, pyrrolic-N and oxygen-containing
groups are considered to contribute to the efficient 2e~ ORR
[1,36,40]. Herein, the O-C and O/N-C catalysts were modeled with
a super cell of 6 x6 using a graphene nanoribbon model sys-
tem (Fig. S14 in Supporting information). Therefore, two configura-
tions with four considered adsorption sites in the O-C and O/N-C
catalysts were built. The 2e~ ORR pathway proceeds through O,
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activation (Eq. 1) and the desorption of the *OOH intermediate
(Eq. 2):

* +0,+ HO+e~ — x0O0H+ OH-, (1)
*OOH + e~ — HO, + *, (2)
*O0H +H* + e~ — HyO0 + = 3)

According to the above equations, *OOH is the only intermedi-
ate in the 2e~ ORR pathway. In contrast, catalysts with strong oxy-
gen binding energies can easily dissociate the 0—0 bond and form
H,0 as the main product (Eq. 3). Therefore, the binding strength
of *OOH determines the 2e~ ORR activity, which is supported by
Sabatier principle [2]. Herein, four considered active sites of the
two catalysts were performed to calculate the adsorption free en-
ergy of *OOH (AG+qoy) (Fig. 4g), which is widely used as descriptor
to understand the activity trend of catalysts for 2e~ ORR [23,26,27].
The idea value of AG«qoy is ~4.22 eV. The 2e~ ORR volcano plots
are presented in Fig. 4h, in which the limiting potential (U;) plot-
ted as a function of AG«qgy for the four models. Among all the es-
timated adsorption sites, the O/N-C-COOH site is located at almost
the vertex of the volcano plot, indicating its highest activity with
a AG:goy value of ~4.12 eV. The U value of this site is 0.60 V,
achieving a low overpotential of ~0.10 V, which is comparable or
better than those previously reported catalysts [2,41]. In contrast,
the O-C-COOH site without N doping exhibits a AG+«goy Vvalue of
~4.04 eV, indicating N doping is also critical for *OOH adsorp-
tion. It has been proven that *OOH adsorption step is critical for
carbon-based catalysts to achieve high activity under acidic condi-
tions [18,42]. Therefore, the improved activity can be ascribed to
improved *OOH binding by N doping. Fig. 4i shows the Gibbs free
energy profiles of 2e~ ORR pathway at U=0.7 V for the four mod-
els. Compared with O-C-COOH site, the O/N-C-COOH site exhibits
a smaller theoretical overpotential for Hy0, formation, which ex-
plains the better catalytic activity of O/N-C than O-C. This result
agrees well with the distinct selectivity of O/N-C and O-C in the
experiment.

Furthermore, the XPS survey results of different catalysts show
that the high performance of O/N-C is closely linked to the O
and N contents of the catalysts (Figs. S15 and S16, Table S3
in Supporting information). A low degree of carbonization and
fewer N content of O/N-C-600 lead to the poor activity of H,0,
production. O/N-C-700 with the increased carbonization degree
and the highest N content of 8.49% exhibits the best selectivity
of H,0, production among different catalysts. The samples ob-
tained at higher temperatures have lower O or N contents, which
lead to the decreased activity and selectivity of H,0, production
(Figs. S17a and b in Supporting information). More importantly, the
O/N-C samples obtained at different temperature also exhibited N
and COOH content-dependent selectivity to H,0,. Previous stud-
ies have proven that N dopants can modulate the electronic struc-
ture of carbon atoms. Particularly, pyrrolic N plays a critical role
in facilitating the 2e~ ORR pathway [36,40]. Besides, after remov-
ing oxygen functional groups by annealing O/N-C-700 in vacuum,
the obtained O/N-C-700 (calcined) exhibits a similar onset poten-
tial and slightly lower disk current (Fig. 3a). Also, the ring cur-
rent has greatly decreased, which leads to a poor H,0, selectivity
(Fig. 3b). Finally, three commercial carbon black catalysts without
further treatment were selected and measured by RRDE tests for
comparison and the results are shown in Figs. S17c and d (Sup-
porting information). The three commercial samples only contain
oxygen functional groups at low contents. Obviously, they exhibit
poor activity and selectivity towards electrochemical H,O, produc-
tion under acidic conditions. Therefore, both O and N contribute to
the activity and selectivity of H,O, production in this catalyst.

The accumulated H,0, can be applied to organic dye removal
in an electro-Fenton system. There representative organic dyes, in-
cluding RhB, MB and MO, were chosen to demonstrate the feasi-
bility of our obtained catalyst for organic dye degradation. A three-
electrode H-type cell was used for dye pollutant removal (Fig. S18
in Supporting information). The bright colors of RhB and MO dis-
appeared with 10 min, while the bright colors of MB disappeared
within 20 min (Fig. S19a in Supporting information) (inset: color
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changes). The dye degradation efficiencies of RhB, MB and MO
were 100.0%, 99.8% and 98.9% in 20 min, respectively, which proves
that the obtained O/N-C catalyst has great potential in the organic
pollutant degradation field. In comparison, the obtained O-C cat-
alyst exhibited obviously slower degradation performance in RhB
removal under the same conditions (Fig. S19b in Supporting in-
formation). The pseudo-first-order rate (k) increased from 0.1578
min~! to 0.4564 min~! when the cathode was changed from O-C
to O/N-C catalyst in the system, which increased 2.9 times under
the same conditions. The degradation mechanism of RhB was also
investigated by comparison experiments and the results are shown
in Fig. S19¢ (Supporting information). In the absence of Fe?*, the
removal efficiency of RhB was only 17.6% while the value was 99.3%
with Fe?t adding in 10 min under the same condition. Therefore,
the generation of hydroxyl radicals (‘OH) from H,0, production
and Fe?* adding in the system plays the main role in the degra-
dation of RhB (Egs. 4-6) [43]. On the other hand, 100 mmol/L
methanol (MeOH) was added to the system as scavengers of hy-
droxyl radicals to further prove the mechanism. The methanol sig-
nificantly inhibited the degradation of RhB and only 8.2% of RhB
was removed in 10 min under the same conditions (Fig. S19¢). The
above results indicates that *“OH are the main active species in the
dye degradation in this system. The degradation of RhB under dif-
ferent initial pH was also evaluated in H-cell and single cell un-
der the same conditions. In the H-cell, the degradation efficiency of
RhB quickly decrease with the increase of initial pH, which caused
by the precipitation of Fe2+ with the quickly increased pH value
during the reaction time in the cathode cell (Fig. S20 in Supporting
information). In the single cell, the degradation efficiency of RhB is
a little lower than in the H-cell when the initial pH is 2 (Fig. S19d
in Supporting information). This might be caused by the oxidation
of Fe?* and H,0, on the anode, which would decrease the produc-
tion of ‘OH. On the other hand, with the increase of initial pH, the
system could maintain relatively high efficiency for RhB removal in
the single cell, which is beneficial for further environmental appli-
cations.

H,0, + Fe** — Fe?* + OH~ + OH: (4)
RH + OH:- — R + H,0 (5)
Fe3* + e~ — Fe?* (6)

In this study, we synthesized O and N co-doped carbon
nanosheets to completely reduce O, to H,O, by the 2e~ path-
way in acidic solution. The catalyst was prepared by simple hy-
drothermal reaction and pyrolysis treatments. After the optimiza-
tion in annealing temperatures, the O/N-C obtained at 700 °C is
determined to be the optimal catalyst with the onset potential of
0.40 V (vs. RHE) and H,0, selectivity of 92.4% in 0.1 mol/L HClO,.
Moreover, the O/N-C also showed robust stability under acidic con-
ditions. This study sheds light on understanding the relationship
between dopants in carbon catalysts and, the activity and selec-
tivity for electrochemical H,0, production in acidic solutions. Fur-
thermore, the O/N-C also shows a high removal efficiency toward
three organic dye degradation. This study will contribute to the ex-
ploration of the ORR process using metal-free catalysts and provide
new insights on developing efficient catalysts for other electrocat-
alytic reactions.
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