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The three-electron oxygen reduction reaction (3e−ORR), which consists of the electrochemical production

of hydrogen peroxide (H2O2) and the subsequent activation, allows for the facile generation of hydroxyl

radicals (cOH) for environmental remediation. However, the current understanding on designing the

corresponding electrocatalyst is not adequate. Herein, carbon-based electrocatalysts are prepared using

bituminous coal as the raw material to obtain a high content of oxygen, which is crucial for H2O2

production, and the oxygen-containing functional groups (OFGs) in the electrocatalyst are modulated to

improve the cOH production efficiency. Experimental and calculation results demonstrate that C]O

groups serve as active sites for not only H2O2 formation but also the activation of H2O2 to produce cOH,

while H2O2 desorption and H2O2 activation are more favorable at COOH and C]O sites, respectively.

Therefore, after deliberately removing COOH groups from the coal-derived carbon surface, the cOH

production efficiency is increased, leading to the fast removal of organic dyes from water. Our results

demonstrate the significance of modulating the surface OFGs on the carbon-based electrocatalyst

toward efficient cOH production from the 3e− ORR, which provides a green and sustainable route

toward organic contaminant removal from water.
1 Introduction

Organic contaminants are ubiquitous in water and pose
signicant threats to the environment and human health.1,2

Therefore, efficient methods to remove organic pollutants from
water are highly desirable for the preservation of the natural
environment.3,4 Advanced oxidation processes (AOPs) have been
extensively explored for generating reactive oxygen species
(ROS) to decompose organics.5–8 Among various ROS, hydroxyl
radicals (cOH) can oxidize most organic pollutants efficiently
and unselectively, without secondary pollution.9,10 In particular,
the Fenton reaction between Fe3+ and H2O2 has been widely
used to generate cOH for treating organic contaminants.11–13
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However, the storage of H2O2 has potential safety hazards, and
the use of Fe3+ may induce secondary pollution. Various
heterogeneous Fenton reaction systems have been proposed to
overcome the above shortcomings.14,15 Recently, it has been
demonstrated that cOH can be produced electrochemically by
the three-electron (3e−) oxygen reduction reaction (ORR).16,17 In
specic, O2 can be reduced to H2O2 by the two-electron (2e−)
ORR,18–22 and the obtained H2O2 molecules can be subsequently
activated to cOH via a one-electron reduction process.23,24

Together, this 3e− ORR pathway enables the production of cOH
without the use of Fe3+ and H2O2, and thus would solve the
challenges facing the Fenton method fundamentally. The key
here is developing an advanced electrocatalyst that can produce
cOH from O2 with high efficiency and selectivity.

For the 2e− ORR, carbon-based electrocatalysts have shown
attractive performance in recent studies,25–28 and oxygen-
containing functional groups (OFGs) such as carboxyl (COOH),
epoxide (C–O–C), carbonyl (C]O), and hydroxyl (–OH) groups
play a signicant role in achieving high activity and selectivity.29–31

To be specic, OFGs can create additional adsorption sites on the
carbon surface, and hence increase the number of active sites for
electrochemical reactions.32–35 Meanwhile, OFGs may modulate
the local electronic structures of the catalyst and regulate the free
energy of OOH* adsorption (DGOOH*),30,36,37 which exerts a signi-
cant impact on the selectivity toward the ORR.38 As for H2O2

activation, common heterogeneous catalysts include transition
J. Mater. Chem. A, 2024, 12, 7227–7236 | 7227
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metals (TMs, i.e. Fe, Co, and Ni), TM oxides, or TM-based
composite materials, and metal species are typical active
sites.39–41 Interestingly, recent studies have shown that carbon-
based materials can also be used for activating H2O2, where
OFGs also play a nonnegligible role.16 Therefore, it is a promising
strategy to develop efficient carbon-based electrocatalysts toward
producing cOH from O2 by increasing the amount and modu-
lating the type of OFGs. However, current understanding on the
relation between the cOH production efficiency and the electro-
catalyst structure is not adequate.

In this work, coal-derived carbon (bitu@C) is prepared using
bituminous coal as the raw material and is used for producing
cOH from O2 to remove acid orange II (AOII) from water.
Characterization results prove that the as-prepared bitu@C
possesses a large amount of C–O–C and COOH groups due to
the use of high oxygen-containing precursors, in sharp contrast
to the low amount of OFGs in commercial carbon black (CB).
Therefore, bitu@C shows high ORR activity and rapid AOII
degradation performance. Furthermore, the COOH groups are
deliberately removed from bitu@C via an annealing treatment,
leading to the enhanced AOII degradation performance. Theo-
retical calculations prove that the adsorption of OOH* on
COOH groups is weak, which leads to fast H2O2 desorption,
while the electrochemical activation of H2O2 to produce cOH is
more favored on C]O groups. The annealing treatment
induced the conversion of COOH to C]O groups, and therefore
the enhanced cOH production efficiency results in promoted
AOII degradation kinetics. Our work not only demonstrates
a straightforward method for developing oxygen-rich carbon-
based electrocatalysts but also provides fundamental insights
into the relation between the electrochemical generation of cOH
and OFGs. The results would stimulate the development of
versatile, efficient, and environmentally compatible methods
for removing organic contaminants, which is highly desirable
for a green and sustainable society.

2 Experimental procedures
2.1 Materials preparation

2.1.1 Chemicals. Raw bituminous coal powders were
produced in the Shanxi province in China and were purchased
from Henan Zhengzhou Long Yue Filter Material Co., Ltd. Anhy-
drous ethanol (EtOH), KOH, and H2SO4 were purchased from
Sinopharm. Commercial CB was purchased from Nanjing Sunbio
Technology Co., Ltd. Disodium terephthalate (TPA) and Naon
117 solution (5% w/w in water and 1-propanol) were purchased
from Shanghai Macklin Biochemical Technology Co., Ltd. Anhy-
drous Na2SO4 and acid orange II (AOII) were purchased from
Shanghai Aladdin Agent Co., Ltd. Ultrapure deionized water (DIW,
18 MU cm−1) was used in all the experiments. All chemicals were
used as received without further purication.

2.1.2 Preparation of bitu@C. Coal-based carbon (bitu@C)
was prepared by pyrolyzing bituminous coal powders in the
presence of KOH. In a typical synthetic process, 5 g KOH was
dissolved in 50 mL EtOH, and then 2.5 g raw bituminous coal
powders were added to the above solution, and treated with
ultrasonication for 2 h. Then, EtOH was evaporated in an
7228 | J. Mater. Chem. A, 2024, 12, 7227–7236
electric oven at 80 °C for 4 h, and the obtained powders were
placed in a porcelain boat and calcined at 800 °C under a N2

atmosphere for 90 min. Aer cooling to room temperature, the
sample was dispersed in 2 M H2SO4 and treated with ultra-
sonication for 1 h. Finally, the samples were washed with DIW
and EtOH several times, and were collected by centrifugation
and dried at 80 °C for 12 h.

2.1.3 Preparation of aCB. The aCB sample was prepared via
a similar procedure to that of bitu@C, except that commercial
CB was used to replace bituminous coal.

2.1.4 Preparation of bitu@C-300 and bitu@C-800. The
bitu@C-300 and bitu@C-800 samples were prepared by
annealing the as-prepared bitu@C under a nitrogen atmo-
sphere at 300 and 800 °C for 2 h, respectively.

2.2 Material characterization

X-Ray diffraction (XRD) patterns were recorded on a Bruker D8
Advance (Germany) with CuKa radiation (40 kV, 130 mA, l =

0.15406 nm) at a scan rate of 5° min−1. Transmission electron
microscopy (TEM) images were obtained on a JEM-2100
microscope operating at a working voltage of 200 kV. The
specic surface area was analyzed on a Micromeritics TriStar II
PLUS by using N2 adsorption–desorption isotherms using the
Brunauer–Emmett–Teller (BET) method. The pore distributions
were calculated by the non-local density functional theory
method. Raman spectra were collected on a Horiba LabRAMHR
Evolution (Japan) with a laser wavelength of 633 nm. X-ray
photoelectron spectra (XPS) were recorded on a Thermo
Fisher K-alpha XPS spectrometer (America), which employed
monochromatic AlKa radiation as the X-ray source. Thermog-
ravimetric (TG) analysis was conducted on a NETZSCH STA449
thermogravimetric analyzer (Germany). The samples were
treated under a nitrogen atmosphere from 25 to 800 °C with
a heating rate of 5 °C min−1.

2.3 Electrochemical performance measurements

All electrochemical test data were recorded using a computer-
controlled CHI660D electrochemical workstation. The ORR
electrocatalytic performance of the samples was studied in
a typical three electrode system, where a carbon rod and an Hg/
HgO electrode were used as the counter and the reference
electrode, respectively. All obtained potentials were calibrated
to the reversible hydrogen electrode (RHE). The catalyst was
coated on the surface of a rotating disk electrode (RDE, 0.196
cm2, Pine Research Instrumentation, US) and then used as the
working electrode. Typically, 10 mg as-prepared catalyst and 20
mL Naon solution (5 wt%) were dispersed in a solution mixture
containing 300 mL DI water and 700 mL EtOH, and treated with
ultrasonication for 2 h. Then 5 mL of the catalyst ink was drop-
cast onto the RDE, and dried naturally at room temperature.
The electrolyte was O2-saturated 0.05 M Na2SO4 solution, and
the pH was adjusted to 10 using 0.1 M KOH solution. Linear
sweep voltammetry (LSV) curves were obtained at a scanning
rate of 5 mV s−1 and a rotating speed of 1600 rpm. The selec-
tivity of the 2e− ORR was estimated with the RRDE test. The
working electrode was prepared by similar procedures, and the
This journal is © The Royal Society of Chemistry 2024
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surface areas are 0.2472 and 0.1859 cm2 for the disk and the
ring of the used RRDE, respectively. The potential of the Pt ring
electrode was set at 1.2 V vs. RHE for H2O2 detection. The H2O2

selectivity can be calculated by using the following equation:

H2O2 ð%Þ ¼ 200�
IR

N�
ID þ IR

N

�

where IR is the ring current, ID is the disk current, and N is the
collection efficiency of the RRDE (0.37).

The kinetic current (IK) is evaluated by using the Koutecký–
Levich equation.

1

I
¼ 1

IK
þ 1

ID

where I is the overall ORR current and ID is the diffusion
current.

The electron transfer number (n) is calculated by using the
Levich equation

ID ¼ 0:62nFðD0Þ
2
3ðVÞ�1

6u
1
2C0

where F is the Faraday constant (96 485 C mol−1), D0 is the
diffusion coefficient of oxygen (1.93 × 10−5 cm2 s−1), V is the
dynamic viscosity of the solution (1.01 × 10−2 cm2 s−1), u is the
electrode rotation rate (rad s−1), and C0 is the volume concen-
tration of oxygen (1.26 × 10−6 mol cm−3).

For the H2O2 electrochemical activation measurement, LSV
curves were rst obtained in O2-free 0.05 MNa2SO4 solution (pH
= 10). Then, 0.48 mL of 30 vol% H2O2 solution was added to the
above solution, and LSV curves of the samples were collected.
The difference between the two LSV curves can be attributed to
the H2O2 electrochemical activation.

For the detection of cOH, TPA is used as the probe, and the
concentration of the uorescent product hydroxyterephthalate
(hTPA) was evaluated using ultraviolet-visible (UV-vis) spectroscopy.

2.3.1 Organic contaminant degradation measurement. The
degradation of AOII was investigated in a three electrode system,
where a carbon rod and an Hg/HgO electrode were used as the
counter electrode and the reference electrode, respectively. For the
preparation of the working electrode, a certain amount of catalyst
ink was coated on the surface of the carbon cloth or ITO glass
(working area: 1 cm2), and the catalyst loading was controlled at
0.5 mg cm−2. The electrolyte was 50 mL 0.05 M Na2SO4 solution
containing 20 mg L−1 AOII, and the pH was adjusted to 10 using
0.1 M KOH. During the test, the electrolyte was continuously
bubbledwithO2 under stirring, and theworking potential was set at
0.2 V vs. RHE. Aer the predetermined time intervals, 1 mL of the
electrolyte was taken and the concentration of AOII was determined
by using an UV-vis spectrophotometer. The absorbance at 484 nm
of standard AOII solutions with different concentrations was
measured for the linear tting of the AOII concentration.
2.4 Computational methods

All DFT calculations were performed using the Vienna ab initio
simulation package (VASP).42 The projector augmented wave
This journal is © The Royal Society of Chemistry 2024
(PAW)43 pseudopotential with the PBE44 generalized gradient
approximation (GGA) exchange correlation function was
utilized in the computations. The cutoff energy of the plane
wave basis set was 500 eV and a Monkhorst–Pack mesh of 3 × 3
× 1 was used in K-sampling in the calculation of adsorption
energy and 9 × 9 × 1 was used in the calculation of DOS. All
structures were spin polarized and all atoms were fully relaxed
with an energy convergence tolerance of 10−5 eV per atom, and
the nal force on each atom was <0.05 eV Å−1.

The adsorption energy of reaction intermediates can be
computed using the following eqn (1):

DGads = Eads − E* + DEZPE − TDS (1)

where ads = (O2*, OOH*, O*, OH*), (Eads − E*) is the binding
energy, DEZPE is the zero-point energy change, and DS is the
entropy change. In this work, the values of DEZPE and DS were
obtained by vibration frequency calculations.

The Gibbs free energy of the four reaction steps can be
calculated by using the following four eqn (2)–(5):

* + O2 + e− + H2O = *OOH + OH− (2)

*H2O2+e
− = *OH + OH− (3)

*H2O2 = * + H2O2 (4)

*OH + e− = * + OH− (5)

3 Results and discussion

The bitu@C electrocatalyst was prepared using bituminous coal
powders as the raw material. First, bituminous coal powders were
mixed with KOH with a coal : KOH mass ratio of 1 : 2, and then
were pyrolyzed under a N2 atmosphere at 800 °C for 90 min
(Fig. 1a). Aer acid washing and drying, the bitu@C samples were
obtained. Commercial CB powders were also treated with
a similar KOH activation method for reference, and the obtained
sample was denoted as activated carbon black (aCB). Notably, the
KOH treatment at high-temperature is commonly used to activate
carbon materials owing to the violent reaction of KOH and
carbon,45,46 which would increase the amount of OFGs.

The obtained bitu@C exhibits a sheet-like morphology, as
displayed in the transmission electron microscopy (TEM) image
in Fig. 1b, while the morphology of CB does not show apparent
changes aer the KOH treatment (Fig. S1†). The X-ray diffrac-
tion (XRD) patterns demonstrate that there are a few mineral
impurities including SiO2 and kaolinite in the raw bituminous
coal powders (Fig. 1c), and the thermogravimetric (TG) curve in
Fig. S2a† indicates an ash content of 35.5%. During the prep-
aration of bitu@C, KOH powders reacted with mineral impu-
rities, and the resultant product could be readily removed by
acid washing, and the ash content is dramatically reduced to
6.0%. Therefore, the obtained bitu@C sample shows typical
features of amorphous carbon in the XRD patterns, similar to
those for CB and aCB. The specic surface area (SBET) and the
J. Mater. Chem. A, 2024, 12, 7227–7236 | 7229
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Fig. 1 (a) Illustration of the preparation of an oxygen-rich carbon electrocatalyst using bituminous coal as the rawmaterial. (b) TEM image of the
bitu@C sample. (c) XRD patterns of the samples. (d) XPS survey spectra of different samples. (e) Oxygen content of different samples.
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pore size distribution of the samples were determined based on
the nitrogen adsorption–desorption isotherm measurements
using the Brunauer–Emmett–Teller (BET) theory (Fig. S3†). The
SBET of CB is slightly increased aer KOH activation together
with the increased pore volume and enlarged pore size, while
bitu@C exhibits a much larger SBET but a smaller average pore
size (Table S1†). Furthermore, X-ray photoelectron spectroscopy
(XPS) was employed to investigate the chemical states of the
samples (Fig. 1d). In addition to C and O, there are also Si and Al
elements in bituminous coal powders due to the presence of
SiO2 and kaolinite impurities. These impurities, however, are
barely present in bitu@C. The oxygen content of bituminous
coal powders is very high, and hence the obtained bitu@C
shows a high oxygen content of up to 18.8% (Fig. 1e). In
contrast, the oxygen content in CB is merely 4.2%, and is
slightly increased to 6.5% aer KOH activation. These results
demonstrate that an oxygen-rich carbon-based electrocatalyst
was successfully prepared from the pyrolysis of bituminous coal
powders.

Textile dye wastewater is an important source of water
pollution that is difficult to degrade.47 Therefore, acid orange II
(AOII) was used to evaluate catalytic performance of the carbon-
based catalysts toward the 3e− ORR. The measurement was
performed using a three-electrode setup where catalysts coated
on carbon cloth (CC) were employed as the working electrode.
Details about the experiments can be found in the experimental
section. Fig. 2a shows the concentration of AOII based on the
treatment time. The AOII concentration is decreased by 38%
aer 1 h treatment using the bare CC as the working electrode,
and the value is slightly increased to 43% and 47% for CB and
aCB, respectively. In contrast, the concentration of AOII
decreased by 73% at the end of the test using bitu@C. The
degradation kinetics of AOII in the rst 30 min was tted by
using the pseudo-rst-order reaction, and the obtained
7230 | J. Mater. Chem. A, 2024, 12, 7227–7236
apparent rate constant (k) is 0.034 min−1 for bitu@C (Fig. 2b),
much higher than that of CB (0.014) and aCB (0.016). Mean-
while, the contribution of physical adsorption was also evalu-
ated (Fig. S4†). The physical adsorption using bitu@C is slightly
enhanced probably due to the increased specic surface area,
but it cannot fully account for the substantially increased AOII
degradation degree by the 3e− ORR. Thus, the major contribu-
tion should be attributed to the electrochemically produced
cOH species. Detailed electrochemical measurements were
performed to investigate the reason for the catalytic perfor-
mance enhancement. First, the samples were coated on the
surface of indium–tin oxide (ITO) conductive glass to exclude
the inuence of the CC substrate. The results in Fig. 2c also
demonstrate the apparently higher degradation rate of bitu@C
than that of CB and aCB. Second, the ORR activity of the
samples and the corresponding selectivity toward the 2e− ORR
are evaluated using the rotating ring disk electrode (RRDE)
measurement. In Fig. 2d, the disk current density (jdisk) illus-
trates the overall ORR activity of the samples, and the ring
current density (jring) is derived from the oxidation of the
generated H2O2. Thus, the selectivity toward the 2e−ORR can be
calculated, and the results are displayed in Fig. 2e. CB exhibits
high selectivity toward the 2e− ORR, but the overall activity is
low. Aer KOH activation, the aCB shows improved ORR activity
but decreased 2e− ORR selectivity. As for bitu@C, the catalyst
shows the highest overall ORR activity and the lowest 2e− ORR
selectivity. Third, linear sweep voltammetry (LSV) curves are
obtained with and without the presence of H2O2 to evaluate the
H2O2 electrochemical activation performance of the samples
(Fig. 2f). The electrochemical H2O2 activation activity of bare CB
is relatively low and is barely improved for aCB. In contrast,
bitu@C exhibits substantially improved H2O2 activation
performance. These results can explain the varied AOII degra-
dation performances of different catalysts. In spite of the high
This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Electrochemical performance of CB, aCB, and bitu@C. (a) Degradation of 20mg L−1 AOII by the 3e−ORR. Error bars are based on standard
errors. (b) The calculated rate constant for the degradation of AOII using different catalysts. (c) Degradation of AOII using bitu@C as the catalyst
(conductive glass as the substrate). (d) The polarization curves measured by using a rotating ring disk electrode (RRDE). (e) The calculated
selectivity toward the 2e− ORR based on the polarization curves. (f) Polarization curves with and without the presence of H2O2, demonstrating
the H2O2 electrochemical activation performance.
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2e− ORR selectivity, bare CB exhibits low ORR activity, and the
produced H2O2 cannot be activated efficiently, thereby leading
to the poor AOII degradation performance. As for aCB, although
the ORR activity is somewhat increased, the H2O2 electro-
chemical activation is not improved, and hence the AOII
degradation performance is barely changed. The increased
overall ORR activity of aCB should be attributed to the increased
selectivity toward the 4e− ORR. When it comes to bitu@C, the
above electrochemical measurements demonstrate high ORR
activity with balanced H2O2 production and H2O2 activation
performance, which leads to the rapid generation of cOH and
hence the fast AOII degradation.

In addition to the produced cOH species via the 3e− ORR,
there are two additional potential reasons for AOII degradation,
i.e., the direct oxidation of AOII and the generation of cOH via
the 2e− water oxidation reaction at the anode side. In particular,
carbon-based materials have great promise for the 2e− water
oxidation reaction.48 The working potential of the carbon rod
plays a central role in both cases. Therefore, the LSV curve of the
carbon rod electrode is obtained to evaluate the electrode
potential at the anode side during the reaction (Fig. S5†). Then,
the contribution of the direct oxidation of AOII and the two-
electron water oxidation reaction at the anode side are evalu-
ated by holding the carbon rod electrode at a specic electrode
potential without O2 bubbling. As shown in Fig. S6,† the
contributions of the anode are 5.7%, 11.5%, and 20.2% at
a working potential of 1.5, 1.7, and 1.9 V in 30 min, respectively.
During the AOII degradation measurement, the typical working
current of the catalysts is 2–4 mA, while the electrode potential
of the carbon rod is 1.50 V at a working current of 5 mA. These
This journal is © The Royal Society of Chemistry 2024
results indicate that the contribution of the anodic oxidation of
AOII and the 2e− water oxidation to AOII degradation is small in
our case but cannot be neglected at higher electrode potentials.

Detailed structure characterization studies were performed
to provide insights into the role of OFGs in the 3e− ORR. Fig. 3a
and b show the TG and differential thermal analysis (DTA)
results, respectively, where the mass loss of carbon materials is
mostly derived from the removal of adsorbed water and the
decomposition of OFGs.49,50 The CB catalyst shows no signi-
cant mass loss up to 800 °C, while the mass loss is increased to
13.5% for aCB. Noteworthily, the mass loss of bitu@C reaches
as high as 40% at 800 °C, highlighting the obvious variations in
the surface structure. The peak between 0–150 °C in the DTA
curve for bitu@C can be ascribed to the removal of the adsorbed
water which accounts for a mass loss of 15.3%. Another well-
dened peak can be observed between 150 and 350 °C for
bitu@C, which is not present in either CB or aCB. This peak is
mainly derived from the pyrolysis of COOH groups,51 and
contributes to a mass loss of 17.1%. In the temperature region
higher than 350 °C, the mass loss can be attributed to the
decomposition of C–O–C, OH, and C]O groups.51 The TG and
DTG results demonstrate that bitu@C possesses a higher
content of OFGs, i.e. mostly COOH groups, compared with CB
and aCB. The Raman spectra in Fig. 3c demonstrate the similar
degrees of graphitization for CB, aCB, and bitu@C. Further-
more, near-edge X-ray absorption ne structure (NEXAFS)
spectra of the samples at the O–K edge are obtained to provide
insights into the electronic structure of the samples. As dis-
played in Fig. 3d, the peaks located at 530.0–535.5 eV are
ascribed to the p* excitation of C]O, and the peaks at 537.5–
J. Mater. Chem. A, 2024, 12, 7227–7236 | 7231
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Fig. 3 Structure characterization of the samples. (a) TGA analysis, (b) DTG analysis, (c) Raman spectra, and (d) NEXAFS of CB, aCB, and bitu@C. (e)
High-resolution C 1s XPS spectra of bitu@C. (f) Illustration of the structure of bitu@C.
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540 eV and 541.5–548.0 eV correspond to the s* excitation of C–
O and the s* excitation of C]O, respectively.52,53 The results
indicate that the major OFG in CB is COOH and C]O groups,
and more C–O groups are found aer KOH activation. As for
bitu@C, the spectra show a prominent peak for C–O(s*),
consistent with the XPS and TG results that additional COOH
and C–O–C groups are formed in bitu@C. High-resolution XPS
spectra are analyzed to explore the electronic states of C and O.
The C 1s XPS spectra of CB and aCB are shown in Fig. S7 and
S8,† respectively. The tting results demonstrate the increased
C–O containing groups and the decreased C]O containing
groups aer KOH activation. Fig. 3e shows the C 1s XPS spectra
of bitu@C, suggesting a high content of both COOH groups and
C–O groups. The tting results for the O 1s XPS spectra of CB,
aCB, and bitu@C are displayed in Fig. S9,† in accordance with
the increase in C–O containing groups. Thus, an illustrative
structure model for bitu@C is proposed and displayed in Fig. 3f.

Considering that CB, aCB, and bitu@C possess a similar
crystalline structure and graphitization degree, the varied elec-
trochemical performances thereby should be attributed to the
OFGs. Therefore, the OFGs in bitu@C were further modulated
to provide insights into the enhanced 3e− ORR performance.
The as-prepared bitu@C samples were annealed under an argon
atmosphere at 300 and 800 °C, and the obtained samples were
denoted as bitu@C-300 and bitu@C-800, respectively. The
results in Fig. 4a indicate that the AOII degradation perfor-
mance of bitu@C is enhanced aer the annealing treatment,
while bitu@C-800 exhibits slightly superior performance to
bitu@C-300. Similar results are obtained using ITO glass as the
substrate (Fig. 4b). The stability of the catalysts is evaluated by
refreshing the electrolyte every 30 min. The results in Fig. S10†
suggest decent stability of bitu@C, bitu@C-300, and bitu@C-
800. Fig. 4c and d show the results for RRDE measurement
7232 | J. Mater. Chem. A, 2024, 12, 7227–7236
and the 2e− ORR selectivity, and the electrochemical H2O2

activation performance is shown in Fig. 4e. Both the overall
ORR current and the 2e− ORR selectivity are decreased aer the
annealing treatment; however, the H2O2 activation performance
is enhanced, which might be the primary reason for the
enhanced AOII degradation performance. Moreover, the cOH
generation during the reaction is evaluated using terephthalate
(TPA) as the probe molecule.54 The catalysts were held at the
same working current, and the uorescent product hydrox-
yterephthalate (hTPA) was detected. The results in Fig. S11†
suggest enhanced cOH production selectivity of bitu@C-300
and bitu@C-800 compared with bitu@C. Furthermore, the
electron transfer number of the reaction using different elec-
trocatalysts is evaluated based on the Koutecky–Levich (K–L)
equation,55 and the results are shown in Fig. 4f. At a working
potential of 0.2 V, the electron transfer number for bitu@C is
3.5, suggesting that the 4e− ORR accounts for a large proportion
of the overall ORR current.

Fig. S12† shows the XRD patterns, and bitu@C-300 and
bitu@C-800 exhibit a similar structure to bitu@C. The TG and
DTG curves are displayed in Fig. 5a and b. The overall mass loss
is 16.7% and 4.0% for bitu@C-300 and bitu@C-800, and the
removal of adsorbed water contributes 11.7% and 2.3%,
respectively. In the DTG curves, bitu@C-300 shows merely
a small peak at around 350 °C, indicating that the content of
COOH groups is substantially decreased as compared with that
of bitu@C. As for bitu@C-800, the annealing treatment at 800 °
C removes most OFGs, and therefore the sample exhibits
a constantly low decomposition rate in the temperature range of
300–800 °C without the COOH removal peak. The N2 adsorp-
tion–desorption isotherm curves are shown in Fig. S13.† The
sample exhibits slightly enhanced SBET aer the removal of
surface OFGs (Table S2†). Raman spectra in Fig. 5c also
This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Electrochemical performance of bitu@C, bitu@C-300, bitu@C-800, and Ni-bitu@C. (a) Degradation of AOII by the 3e− ORR with catalyst
loading on carbon cloth, and error bars are based on standard errors. (b) Degradation of AOII by the 3e−ORRwith catalyst loading on conductive
glass. (c) The polarization curves of the samples measured by using a RRDE. (d) The calculated selectivity toward the 2e− ORR based on the
polarization curves. (e) Polarization curves for H2O2 electrochemical activation. (f) The calculated electron transfer number at various electrode
potentials.

Fig. 5 Structure characterization of the samples. (a) TGA, (b) DTG, and (c) Raman spectra of bitu@C-300 and bitu@C-800. (d and e) High-
resolution C 1s XPS spectra of (d) bitu@C-300 and (e) bitu@C-800. (f) Illustration of the structure change in bitu@C after annealing.

This journal is © The Royal Society of Chemistry 2024 J. Mater. Chem. A, 2024, 12, 7227–7236 | 7233
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demonstrate a similar graphitization degree for bitu@C-300
and bitu@C-800. The C 1s XPS spectra of bitu@C-300 and
bitu@C-800 are displayed in Fig. 5d and e, and the corre-
sponding O 1s XPS spectra are shown in Fig. S14.† The tting
results show decreased C–O, C]O, and COOH species in
bitu@C-300, consistent with the partial decomposition of
COOH groups. As for bitu@C-800, the shoulder peak between
289 and 291 eV disappeared, and the relative ratio of C]O
species is somewhat increased. Such a structure variation can
be ascribed to the decomposition of COOH that leads to the
formation of additional C]O species, as illustrated in Fig. 5f.

Furthermore, theoretical calculations based on the density
functional theory (DFT) are employed to explore the role of
OFGs in the 3e− ORR process. Fig. 6a displays the DGOOH* of
various active sites, and the corresponding models are illus-
trated in Fig. 6b. The COOH groups possess a higher DGOOH* as
compared with C]O and –OH groups. In general, for the
reduction of O2 to H2O2, a high DGOOH* indicates that the
product can readily desorb from the catalyst and the reaction is
controlled by the activation of O2.17 In contrast, a low DGOOH*

indicates that the catalyst binds OOH* strongly and the reaction
kinetics is limited by the desorption of H2O2. Moreover, the free
energy for the H2O2 activation process is also calculated. As
illustrated in Fig. 6c, the one-electron reduction of H2O2 to
produce cOH rather than H2O2 desorption is more favorable on
C]O sites. In contrast, the H2O2 desorption process is more
favorable on COOH sites (Fig. 6d), and hence the produced
H2O2 can readily desorb from the catalyst before further acti-
vation to cOH. Therefore, the above results can fully account for
the 3e− ORR performance of the catalysts. The OFG content is
low for CB and aCB, leading to an unsatisfactory AOII degra-
dation performance. The bitu@C achieved a high oxygen
content of up to 18.8% and hence exhibited a high overall ORR
activity. Moreover, the increased COOH groups in bitu@C
promote the rapid desorption of H2O2 molecules, resulting in
Fig. 6 Theoretical calculation of the samples. (a) Free energy diagrams
of the 2e−ORR for different OFGs. (b) The structure for the calculation.
Free energy diagrams of H2O2 activation and H2O2 desorption for (c)
C]O and (d) COOH.

7234 | J. Mater. Chem. A, 2024, 12, 7227–7236
decreased selectivity toward the 2e− ORR. The annealing treat-
ment induced the conversion of COOH to C]O groups, and
therefore the H2O2 activation kinetics is accelerated.
4 Conclusions

To sum up, oxygen-rich carbon-based electrocatalysts have been
prepared using low-cost bituminous coal as the raw material,
and the OFGs in the electrocatalyst are modulated to explore the
role of OFGs in the 3e−ORR. The as-prepared bitu@C possessed
a high content of OFGs including COOH and C–O–C groups,
and the catalyst exhibits more balanced electrochemical H2O2

production and activation activity compared with CB and aCB,
which enables the efficient production of cOH and the rapid
degradation of AOII. Moreover, the H2O2 electrochemical acti-
vation performance and the contaminant removing efficiency of
bitu@C are promoted aer an annealing treatment, which
induces the conversion of COOH to C]O groups. Theoretical
results prove that COOH groups are conducive to the H2O2

desorption process, while the H2O2 activation process is kinet-
ically more favored at C]O sites. Our work not only demon-
strates a straightforward method for synthesizing oxygen-rich
carbon-based electrocatalysts but also reveals the crucial role
of OFGs in carbon-based electrocatalysts for the 2e− ORR and
H2O2 activation. The results would provide a fundamental basis
and practical techniques for green and efficient organic
contaminant removal and are particularly valuable for realizing
a green society in the future.
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