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A B S T R A C T

Earth-abundant, environmental-benign and durable catalysts are of paramount importance for remediation of
organic pollutants, and graphitic carbon nitride (g-C3N4) is a promising nonmetallic material for this application.
However, the catalytic oxidation on g-C3N4 suffers from low efficiency because of its chemical inertness if not
irradiated with light. Herein, we develop a facile copolymerization strategy for the synthesis of carbon and
oxygen dual-doped g-C3N4 using urea as g-C3N4 precursor and ascorbic acid (AA) as carbon and oxygen sources,
which induces electronic structure reconfiguration. By replacing AA with other organic precursors, a series of C
and O dual-doped g-C3N4 are successfully prepared, demonstrating the generality of the developed methodology.
As a demonstration, the C and O dual-doped g-C3N4 using AA as the organic precursor (CN-AA0.3) exhibits
pronouncedly enhanced catalytic activity in peroxymonosulfate (PMS) activation for organic pollutant de-
gradation without light irradiation compared with pristine g-C3N4 and single oxygen-doped g-C3N4.
Experimental and theoretical results revealed the electron-poor C atoms and electron-rich O atoms as active sites
for PMS activation in terms of simultaneous PMS oxidation and reduction. This work offers a universal approach
to synthesize nonmetal dual-doped g-C3N4 with reconfigured electronic structure, stimulating the development
of g-C3N4-based materials for diverse environmental applications.

1. Introduction

The ever-increasing concern over water deterioration has led to
enormous efforts in the development of economic and efficient water

treatment technologies (Hodges et al., 2018; Shao et al., 2018). In re-
cent years, advanced oxidation processes have held a prominent posi-
tion in the destruction of refractory organic pollutants not only because
they afford the production of reactive oxygen species (ROS) but also
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because they permit the occurrence of catalytic reaction under rea-
sonably mild conditions (Oh et al., 2016). Persulfate such as perox-
ymonosulfate (PMS, HSO5

−) is an emerging alternative oxidant that
finds pervasive application in advanced oxidation processes for organic
contaminant degradation (Anipsitakis and Dionysiou, 2003; Duan et al.,
2015; Yu et al., 2018; Hu et al., 2017; Wang and Wang, 2018;
Wacławek et al., 2017; Wang et al., 2017a). On peroxy bond activation
by various initiators capable of breaking the OeO bond in persulfate,
strongly oxidizing radicals involving sulfate radical (SO4

%−) and/or
hydroxyl radical (%OH) can be generated. Among the well-developed
persulfate activators, transition-metal-based materials with high redox
activity appear to be more efficient heterogeneous catalysts for per-
sulfate activation (Anipsitakis and Dionysiou, 2003, 2004; Hu and
Long, 2016; Lei et al., 2015). Despite the excellent catalytic perfor-
mance, the deactivation and low stability of transition metal catalysts
substantially restrict their implementation for large-scale applications.
Therefore, it is imperative to explore active and sustainable catalysts to
replace transition-metal-based catalysts for the activation of persulfate.

Graphitic carbon nitride (g-C3N4), consisting of earth-abundant
carbon and nitrogen elements, represents an attractive metal-free
polymer that has received considerable attention in the fields of hy-
drogenation, photocatalysis, sensing and separation due to its facile
synthesis and high physicochemical stability (Ong et al., 2016; Lakhi
et al., 2017; Zhou et al., 2016). Due to the visible-light-responsive
characteristic, persulfate activation by g-C3N4 under visible light irra-
diation has been extensively investigated (Tao et al., 2015; Liu et al.,
2017), however, the requirement of energy input seems to be cost-
prohibitive for the potential practical application. On the other hand, in
the absence of visible light illumination, the reactivity of pristine g-
C3N4 in catalytic oxidation reactions is extremely retarded by its che-
mical inertness and inherently poor electron transportation ability (Niu
et al., 2018). To address this issue, activated carbon and mesoporous
material supported g-C3N4 have been developed to boost the catalytic
performance of g-C3N4-based hybrids (Wei et al., 2016; Dong et al.,
2016), but the preparation of hybrid catalysts appears to be costly,
restricting their large-scale applications. On account of polymeric and
conjugated feature, the surface chemistry and electronic structure of g-
C3N4 can be readily tuned by virtue of surface engineering (Ong et al.,
2016). Doping of g-C3N4 with nonmetal heteroatoms is considered as an
efficient approach to regulate its electronic structure, meanwhile
maintain the appealing metal-free nature. The doped g-C3N4 with re-
configured electronic structure presents great electron-transfer cap-
ability, rendering it a potential candidate for non-photochemical acti-
vation of persulfate via electron transport pathway. Our previous work
(Gao et al., 2018) demonstrated that oxygen (O) doping could modulate
the electronic structure of g-C3N4, which ameliorated the electron de-
livery between the oxygen-doped g-C3N4 and PMS, facilitating the
generation of ROS and enhancing the catalytic oxidation of organic
pollutant. However, the catalytic activity of O-doped g-C3N4 is still
unsatisfactory, leaving a lager room for the enhancement of catalytic
performance of g-C3N4-based materials. Recent results suggested that
dual doping of g-C3N4 by two kinds of nonmetallic atoms could exhibit
significantly positive influence on the physiochemical properties in
comparison to single element doping, greatly improving the photo-
reactivity of heteroatoms binary-doped g-C3N4 (Wu et al., 2018a; Wang
et al., 2017b). Inspired by this, it is reasonable to anticipate that the
nonmetal dual-doped g-C3N4 featured optimized electronic structure
can be more active relative to single-doped g-C3N4 toward PMS acti-
vation, which has not yet been reported so far.

Herein, we report a general approach to synthesize a series of
carbon and oxygen dual-doped g-C3N4 via copolymerization using urea
as g-C3N4 precursor and oxygen-rich carbon compounds including as-
corbic acid, D-glucose, D-mannitol and citric acid as carbon and oxygen
sources. X-ray photoelectron spectroscopy (XPS) analysis confirmed the
successful doping of g-C3N4 with carbon and oxygen atoms. Density
functional theory (DFT) calculations revealed that carbon and oxygen

atoms prefer to substitute the three-coordinated and two-coordinated
nitrogen atoms in heptazine units of g-C3N4, respectively, which in-
duces electronic structure reconfiguration in the carbon and oxygen
dual-doped g-C3N4. As a demonstration, the carbon and oxygen dual-
doped g-C3N4 (CN-AA0.3) obtained with ascorbic acid (AA) of 0.3 g
exhibits excellent catalytic activity and stability in PMS activation for
organic contaminant oxidation, which is superior to pristine g-C3N4 and
single oxygen-doped g-C3N4, and even most nitrogen-doped carbon
materials. The PMS activation process on CN-AA0.3 was systematically
investigated by XPS analysis, DFT computations and electron para-
magnetic resonance (EPR) tests, and a unique metal-free PMS activation
mechanism in terms of simultaneous PMS oxidation and reduction was
presented. The universal synthesis of other carbon and oxygen dual-
doped g-C3N4 demonstrates that such facile strategy can be readily
adopted to apply different oxygen-rich carbon compounds as both
carbon and oxygen sources for a wide range of nonmetallic atoms dual-
doped g-C3N4. In view of electronic structure reconfiguration for the
formation of electron-rich and electron-poor atoms, these materials are
anticipated for diverse applications, including heterogeneous catalysis
and photocatalysis etc.

2. Experimental section

The details of chemicals, synthesis procedures, characterization,
catalytic activity evaluation and analyses, and theoretical calculations
are displayed in Supplementary Material. The molecular structures of
oxygen-rich carbon compounds such as ascorbic acid (AA), D-glucose
(DG), D-mannitol (DM), citric acid (CA) are shown in Fig. S1.

3. Results and discussion

3.1. Characterizations

Fig. 1a shows the X-ray diffraction (XRD) patterns of pristine g-C3N4

and CN-AAx samples. Two characteristic (100) and (002) peaks at 13.1°
and 27.4° in g-C3N4 are associated with the in-plane repeated tri-s-
heterocycle packing and the interlayer stacking of graphite-like mate-
rials, respectively (Wang et al., 2011; Moon et al., 2017). In comparison
with g-C3N4, the (100) peaks weaken progressively and even disappear
for CN-AAx upon the increase in the amount of ascorbic acid (AA),
implying the destruction in the in-plane repeated packing of CN-AAx

samples (Wu et al., 2018b; Qiu et al., 2017). In the meanwhile, the
(002) peaks of CN-AAx gradually shift to the lower angle and become
broader and less intense indicating the loosened packing of the con-
jugated systems caused by the introduction of nonmetallic atoms
(Zhang et al., 2010). The Fourier transform infrared (FTIR) spectrum of
pristine g-C3N4 (Fig. 1b) displays the characteristic peaks located at
809, 1200–1700, and 3000–3300 cm−1, which correspond to the vi-
brational absorptions of out-of-plane heptazine rings, aromatic CeN
heterocycles, and terminal amino groups, respectively (Lin et al., 2016).
With the increase of AA in the amount range from 0.1 to 0.5 g, the
intensities of peak at 809 cm−1 in the FTIR spectra of CN-AA0.1, CN-
AA0.3 and CN-AA0.5 reduce gradually. The intensities of peaks at
1200–1700 cm−1 in CN-AA0.1 and CN-AA0.3 show the similarly de-
creasing trend, while such characteristic absorption peaks in CN-AA0.5

almost vanish. When the AA amount was further increased to 1.0 g, the
peak centered at 809 cm−1 in CN-AA1.0 decreases drastically and the
peaks in the range of 1200–1700 cm−1 completely disappear, accom-
panied by the appearance of two new peaks at 1270 and 1610 cm−1,
corresponding to CeN and C]N species, respectively (Li et al., 2015). It
is worthwhile noting that the characteristic vibration modes of CN-
AA0.1 and CN-AA0.3 are similar with that of g-C3N4, signifying the
preservation of the tri-s-triazine-based structure in CN-AA0.1 and CN-
AA0.3. This illustrates that the AA amount has a significant impact on
the structure of CN-AAx.

In order to confirm the important role of AA, the Raman analyses of
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g-C3N4 and CN-AAx samples were carried out. As depicted in Fig. 1c,
pristine g-C3N4 displays the representative fluorescence feature. Under
the low content of AA, the Raman spectra of CN-AA0.1 and CN-AA0.3

resemble that of g-C3N4, indicative of the maintenance of g-C3N4

structure in CN-AA0.1 and CN-AA0.3. When the AA amount was rela-
tively higher, the characteristic D band at 1340 cm−1 and G band at
1580 cm−1 appears in the Raman spectra of CN-AA0.5 and CN-AA1.0,
meaning that CN-AA0.5 and CN-AA1.0 are carbon materials rather than
nonmetal-doped g-C3N4. Besides Raman spectra, X-ray photoelectron
spectroscopy (XPS) analysis was also performed to explore the influence
of AA amount on the composition and structure of CN-AAx. Table S1
shows the element content of g-C3N4 and CN-AAx. The addition of AA in
the low concentration from 0.1 to 0.3 g gradually increases the contents
of C and O atoms but progressively decreases the N content in CN-AAx.
However, when the amount of AA further augments, the increase in the

C and O contents and the decrease in the N content of CN-AA0.5 and CN-
AA1.0 are more significant. Fig. 1d exhibits the high-resolution XPS
spectra of C 1s for g-C3N4 and CN-AAx samples. Notably, when the AA
amount is lower (x = 0.1 and 0.3), the high-resolution XPS C 1s spectra
of CN-AA0.1 and CN-AA0.3 are similar to that of raw g-C3N4, except for
the appearance of CeC/C]C and CeO species. Moreover, the CeN]C
peak gradually shifts and approaches lower binding energies as the AA
amount increases from 0.1 to 0.3 g. This suggests that the low con-
centration of AA induces the occurrence of nonmetal doping at the two-
coordinated N position in g-C3N4, but leads to unobvious destruction to
the fundamental structure of g-C3N4 in CN-AA0.1 and CN-AA0.3. By
contrast, when the concentration of AA further increases to 0.5 and 1.0
g, the characteristic CeN]C peak of g-C3N4 disappears but the C]N
and CeC/C]C species appear in the high-resolution XPS C 1s spectra of
CN-AA0.5 and CN-AA1.0, implying the formation of N-doped carbon

Fig. 1. (a) XRD patterns of g-C3N4 and CN-AAx samples. (b) FTIR and (c) Raman spectra of g-C3N4 and CN-AAx samples. High-resolution XPS spectra of (d) C 1s, (e) N
1s and (f) O 1s for g-C3N4 and CN-AAx.
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materials. The transformation of g-C3N4 to C and O dual-doped g-C3N4

and even to N-doped carbon material can be also visually evidenced by
the body color change from yellow of g-C3N4 to brown of CN-AA0.3 and
even to light black of CN-AA1.0 (Fig. 1d). In addition, the shift of N‒(C)3
peak toward higher binding energy in the high-resolution XPS spectra
of N 1s for CN-AA0.1 and CN-AA0.3 as compared to that for g-C3N4

(Fig. 1e) implies the doping process is also prone to occur on the three-
coordinated N position. Further, the emergence of CeO bond in the
high-resolution XPS O 1s spectra of CN-AA0.1 and CN-AA0.3 (Fig. 1f)
substantiates that O atoms are indeed doped in the matrix. To further
confirm the dual doping of g-C3N4 with C and O atoms, the 13C nuclear
magnetic resonance (NMR) analysis for g-C3N4 and CN-AA0.3 was per-
formed. As displayed in Fig. S2, g-C3N4 presents two characteristic
peaks at 164.0 and 169.9 ppm, which correspond to the chemical shifts
of CN2-NHx and CN3 in the heptazine units, respectively. As for CN-
AA0.3, no new peaks are observed in the NMR spectrum, suggesting the
substitution of N atoms with C and O atoms in the triazine ring (Tian
et al., 2017). However, CN-AA0.3 shows a shoulder at approximately
161.1 ppm, indicating the appearance of new state C atoms in the g-
C3N4 framework (Wu et al., 2018b).

Density functional theory (DFT) computations were conducted to
determine the specific substitution sites of C and O atoms in g-C3N4.
Fig. 2a illustrates that there are three kinds of crystallographically
unique N sites (numbered as N1, N2 and N3) in a unit of g-C3N4, of-
fering six possible substitution cases for C and O dual doping, namely
CN1-ON2, CN2-ON1, ON1-CN3, CN1-ON3, CN2-ON3 and ON2-CN3, where the
subscripted N1, N2 and N3 refer to the substitution sites of N atoms by
both C and O atoms. The calculation results reflect that the C atom
prefers to replace the three-coordinated N atom and the O atom pre-
ferentially substitutes the N atom in the two-coordinated position due
to the lowest formation energy (Ef) of ON2-CN3, which is in accordance
with the above XPS and NMR analysis results. During the thermal
polymerization process, the organic precursor not only serves as carbon
and oxygen sources but also decomposes into carbon gases to induce the
formation of porous structure in the final product (Gao et al., 2018; Qiu
et al., 2017). Scanning electron microscopy (SEM) image in Fig. 2b
shows that pure g-C3N4 manifests the typical stacked lamellar structure
with smooth surface. Nonetheless, the CN-AA0.1 and CN-AA0.3 samples
present obvious porous structure with much rougher surface (Fig. 2c,
d), and CN-AA0.3 possesses more flourishing porous texture. Transition
electron microscopy (TEM) images in Fig. 2e–g demonstrate the
transformation from dense g-C3N4 into porous C and O dual-doped g-
C3N4. The N2 adsorption-desorption isothermals (Fig. S3a) illustrate
typical type IV curves of CN-AA0.1 and CN-AA0.3, suggesting both
micro- and mesoporosity (Tang et al., 2018). The pore size distribution
curves (Fig. S3b) suggest that CN-AA0.3 has more evident mesopores. As
a result, CN-AA0.3 has the largest Brunauer-Emmett-Teller (BET) surface
area of 127.76 m2 g–1, which is 1.75 and 2.33 times higher than that of
CN-AA0.1 (73.17 m2 g–1) and g-C3N4 (54.77 m2 g–1), respectively. The
porous structure and enlarged specific surface area are conducive to
mass and electron transfer, which can facilitate the catalytic reaction.

3.2. Catalytic activity of CN-AA

The catalytic activity of CN-AA was evaluated in the activation of
PMS for oxidative degradation of bisphenol A (BPA) from aqueous so-
lution. Fig. 3a represents the variation of BPA concentration as a
function of reaction time in various systems. Nearly no direct oxidation
of BPA by PMS is noted indicating PMS alone can hardly oxidize BPA. In
the absence of PMS, the removal of BPA on the catalysts is inappreci-
able, which eliminates the contribution of adsorption. Meanwhile, the
insignificant degradation of BPA in the g-C3N4/PMS system demon-
strates the inability of pristine g-C3N4 in PMS activation. In the presence
of PMS, CN-AA0.1 brings about approximately 25% BPA degradation
after 60 min, suggesting the certain catalytic performance of CN-AA0.1.
However, when CN-AA0.3 was introduced into the reaction solution,

complete degradation of BPA is achieved within 45 min, clearly sig-
nifying the excellent catalytic activity of CN-AA0.3 in PMS activation.
This manifests that the ascorbic acid amount of 0.3 g is more suitable
for preparation of C and O dual-doped g-C3N4 with desirable reactivity.
Our previous study (Gao et al., 2018) reported that the oxygen-doped g-
C3N4 fabricated by copolymerization of urea and oxalic acid (OA) could
activate PMS for BPA oxidation. To highlight the merit of dual doping
over single doping, we prepared the O-doped g-C3N4 under the same
synthesis procedure as CN-AA0.3, and denoted it as CN-OA0.3. As shown
in Fig. 3a, CN-AA0.3 exhibits superior catalytic activity over CN-OA0.3

for PMS activation. Moreover, the reaction rate constant (k) fitted by
pseudo-first-order kinetics for CN-AA0.3 is calculated to be 9.21 × 10−2

min‒1, which is approximately 20-fold higher relative to that for CN-
OA0.3 (4.65 × 10‒3 min‒1, Fig. 3b). The superiority of CN-AA0.3 over
CN-OA0.3 in PMS activation is ascribed to (i) the higher specific surface
area of CN-AA0.3 (127.76 m2 g–1) than that of CN-OA0.3 (61.30 m2 g–1)
(Fig. 3c) and (ii) the enhanced electron mobility of CN-AA0.3 as com-
pared to that of CN-OA0.3, as evidenced by the smaller arc radius in the
electrochemical impedance spectroscopy (EIS) spectrum of CN-AA0.3

(Fig. 3d). This attests the advantage of C and O dual doping over single
O doping of g-C3N4 for the enhancement of catalytic performance in
PMS activation. Considering that (i) thermal treatment of g-C3N4 in the
presence of air can oxidize itself to afford oxygen groups and (ii) the
carbonized organic precursor may act as the PMS activator, we directly
calcined the as-prepared g-C3N4 or ascorbic acid under the same con-
dition as CN-AA0.3, however, no solid products were obtained due to
their complete decomposition during the heating process. On the other
hand, in consideration of the emerging N-doped carbon materials as
efficient metal-free catalysts for PMS activation, the reactivity of CN-
AA0.3 was compared with that of currently reported N-doped carbo-
naceous materials by using the rate constant per surface area as the
evaluation index (Gao et al., 2019). As can be seen from Table S2, the
rate constant per surface area for CN-AA0.3 toward PMS activation is
higher than that of recently reported N-doped carbon-based catalysts,
suggesting the admirable catalytic performance of CN-AA0.3 in the ac-
tivation of PMS. Apart from catalytic activity, the stability of CN-AA0.3

was also assessed to meet the requirement of practical application. As
depicted in Fig. 3e, no noticeable deactivation in BPA degradation is
detected after five successive cycles, demonstrating the robust stability
of CN-AA0.3. In addition, the XRD pattern of used CN-AA0.3 after cata-
lytic reactions remains almost unchanged (Fig. 3f), which further cor-
roborates the good durability of CN-AA0.3, rendering CN-AA0.3 a po-
tential metal-free catalyst for PMS-mediated water decontamination.

3.3. Interaction mechanism of CN-AA0.3 and PMS

The PMS activation process generally involves the generation of
various reactive oxygen species. The electron paramagnetic resonance
(EPR) technique with 5,5-dimethyl-pyrroline-oxide (DMPO) as the spin
trapping agent was utilized to check the generation of radicals in the
course of PMS activation on CN-AA0.3, where the detection of %OH/
SO4

−% and superoxide radical (O2
%−) was carried out in the aqueous

and methanol media, respectively. As displayed in Fig. 4a, in the pre-
sence of DMPO, characteristic EPR signals of DMPO-%OH adduct (aN =
aH = 14.9 G) (Buettner, 1987) and DMPO-SO4

%− adduct (aN = 13.8 G,
aH = 10.1 G, aH = 1.42 G, aH = 0.83 G) (Buettner, 1987) are both
noted for the CN-AA0.3/PMS system, suggesting the formation of %OH
and SO4

%−. From Fig. 4b, very slight signals are observed in the spectra
of CN-AA0.3/PMS and PMS alone, excluding the capability of CN-AA0.3

in activating PMS to generate O2
%−. In the meanwhile, the undetectable

signal of DMPO-O2
%− adduct in the mixture of CN-AA0.3 and methanol

implies no occurrence of electron transfer from CN-AA0.3 to the dis-
solved oxygen. Surprisingly, in the presence of 2,2,6,6-tetramethyl-4-
piperidinol (TMP), a typical spin trapping reagent for singlet oxygen
(1O2), an apparent three-line signal with equal intensities (aN = 16.9 G)
(Song et al., 2006) belonging to the oxidative product of TMP by 1O2
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arises in the spectrum of CN-AA0.3/PMS (Fig. 4c), suggesting the pro-
duction of 1O2 during PMS activation over CN-AA0.3. The generation of
%OH, SO4

% and 1O2 can be also testified by the quenching experiment
results in terms of conspicuous inhibition of BPA oxidation in the pre-
sence of L-histidine and moderate suppression of BPA degradation upon
the exposure to tert-butyl alcohol (TBA) or ethyl alcohol (EtOH) as well
as insignificant restraint of BPA elimination with the addition of ben-
zoquinone (BQ) (Fig. 4d), where L-histidine, TBA, EtOH and BQ were
used as chemical scavengers for 1O2, %OH, SO4

%−
2
%−, respectively.

Moreover, the presence of L-histidine nearly completely inhibits the
catalytic oxidation of BPA, revealing 1O2 as the dominant reactive

species in the CN-AA0.3/PMS system. However, Lee and co-authors (Yun
et al., 2018) recently reported that the inhibitory effect of L-histidine in
the carbon nanotube (CNT)-activated PMS process was attributable to
the rapid PMS depletion, and that the CNT-mediated electron transfer
from the pollutant to PMS mainly contributed to organic contaminant
degradation. In an effort to confirm the origin of 1O2 in the CN-AA0.3/
PMS system, we measured the 1O2 generation in the presence of deu-
teroxide (D2O) as the lifetime of 1O2 could be significantly prolonged
(Luo et al., 2019). As can be seen from Fig. S4a, the 1O2 signal intensity
in the D2O-based CN-AA0.3/PMS system is markedly enhanced than that
in the H2O-based one. Moreover, to explore whether the electron

Fig. 2. (a) Calculated formation energy (Ef) of CN-AA by substituting N atoms with C and O atoms. (C, N and O are presented by gray, blue and red spheres,
respectively). SEM images of (b) g-C3N4, (c) CN-AA0.1 and (d) CN-AA0.3. TEM images of (e) g-C3N4, (f) CN-AA0.1 and (g) CN-AA0.3. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article).
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transfer process from the contaminant to PMS mediated by the catalyst
makes a contribution to BPA oxidation, we further investigated the
interaction of CN-AA0.3 and PMS (CN-AA0.3 was premixed with PMS in
the solution for reaction. Subsequently, BPA solution was added into
the suspension of CN-AA0.3 and PMS after 10 min). If CN-AA0.3 just acts
as the electron transfer mediator between BPA and PMS, the mixture of
CN-AA0.3 and PMS in advance would hardly weaken BPA degradation.
On the other hand, if CN-AA0.3 is capable of activating PMS to produce
1O2 as main reactive species, the BPA degradation efficiency would
decrease with the constant consumption of PMS and 1O2 (Luo et al.,
2019). From Fig. S4b, premixing CN-AA0.3 and PMS for 10 min ob-
servably impairs the degradation of BPA, which excludes the con-
tribution of CN-AA0.3-mediated electron transfer process from BPA to
PMS to BPA degradation, confirming the origin of 1O2 from PMS

activation by CN-AA0.3. To get insights into the PMS activation process
over CN-AA0.3, the XPS analysis of CN-AA0.3 before and after catalytic
reaction was conducted. Fig. 4e shows the high-resolution XPS spectra
of C 1s for CN-AA0.3 and the used CN-AA0.3. After catalytic reaction, the
CeO peak shifts toward lower binding energy by 0.31 eV, while the
positions of CeN]C and CeC/C]C peaks undergo negligible change,
suggesting the involvement of CeO bond in PMS activation. Moreover,
a negative shift of CeO peak by 0.24 eV is also observed in the high-
resolution XPS spectra of O 1s for the used CN-AA0.3 compared with
that for CN-AA0.3 (Fig. 4f), supporting that the CeO bond involves in
the activation of PMS.

The above XPS analysis and DFT calculations demonstrate the oc-
currence of C and O doping on the N positions in the heptazine units of
g-C3N4. The substitution of N atoms by C and O atoms with different

0 15 30 45 60

0.0

0.2

0.4

0.6

0.8

1.0

0 15 30 45 60

 

!
/!

0

Time (min)

 PMS
 g-C

3
N

4

 CN-AA
0.1

 CN-AA
0.3

 g-C
3
N

4
/PMS

 CN-AA
0.1

/PMS

 CN-AA
0.3

/PMS

(a)

 CN-OA
0.3

/PMS

 CN-AA
0.3

/PMS

0 15 30 45 60

-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0 (b)

 CN-OA0.3/PMS

 CN-AA0.3/PMS

0

2

4

6

8

10

CN-AA
0.3

/PMS

 

 

 

! 
(

 1
0

2   m
in

1 )

CN-OA
0.3

/PMS

!  = 9.21  10 2 min 1, R2 = 0.997

!  = 4.65  10 3 min 1, R2 = 0.995

ln
 ("

/"
0)

Time (min)  

0.0 0.2 0.4 0.6 0.8 1.0

0

100

200

300

400
(c)

V
ol

u
m

e 
(c

m
3  g

-1
 S

T
P

)

Relative pressure (P/P
0
)

 CN-OA0.3

 CN-AA0.3

0 3000 6000 9000

0

10

20

30

40
(d)

 CN-OA0.3

 CN-AA0.3

-Z
" 

(
10

3  
)

Z' ( )  

1 2 3 4 5
0

20

40

60

80

100 (e)

R
em

ov
al

 e
ff

ic
ie

n
cy

 (
%

)

Cycle number

10 20 30 40 50 60

(f)

In
te

n
si

ty
 (

a.
u

.)

2  (degree)

CN-AA0.3

used CN-AA0.3

 
Fig. 3. (a) Removal of BPA in various systems. (b) Pseudo-first-order kinetics of BPA oxidation on CN-OA0.3 and CN-AA0.3 via PMS activation. (c) N2 adsorption-
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electronegativities can induce electronic structure reconfiguration in
CN-AA0.3, which can be evidenced by the EPR spectra. As shown in
Fig. 5a, g-C3N4 delivers a tiny EPR signal with a g-factor of 2.003, which
is assigned to the unpaired electrons of atoms within the π-bonded
aromatic rings (Zhang et al., 2012). As regards CN-AA0.3, a significantly
enhanced signal appears in the paramagnetic spectrum, indicating the
electron redistribution in CN-AA0.3 after dual doping process (Liang
et al., 2016). The two-dimensional valence-electron density color-filled
maps of g-C3N4 and CN-AA0.3 (Fig. 5b) further verify the electron
structure reconfiguration in CN-AA0.3. In particular, the electron den-
sity of C atoms is dramatically decreased in CN-AA0.3 in comparison
with that in g-C3N4. Meanwhile, more electrons are accumulated
around the substitutional O atom due to its higher electronegativity,

resulting in the increase of electron density of the O atom. Bader charge
analysis was further performed to explore the exact electron density of
C and O atoms in CN-AA0.3. As depicted in Fig. 5c, in an optimized unit
of CN-AA0.3, the O atom presents the highest electron density with the
Bader charge of 7.036 e (marked in the red dotted circle), while the C1
atom adjacent to the O atom delivers the lowest electron density with
the Bader charge of 2.478 e (marked in the gray dotted circle). This
means that the C1 and O atoms can be recommended as preferable
active sites for PMS accessibility and successive activation via electron
transfer pathways, which is consistent with the above XPS results
confirming the involvement of CeO bond in PMS activation. To gain
theoretical insights of the C1 and O atoms into PMS activation, DFT
calculations were further conducted with the correspondingly
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calculated adsorption energies (Eads) presented in Fig. 5d. The negative
Eads values signify the feasibility of PMS adsorption onto the both sites,
while PMS is more prone to be bonded with the C1 atom owing to the
higher adsorption energy. In order to elucidate the electron transfer
process between the C1 or O atom in CN-AA0.3 and PMS, the Bader
charges of C1 and O atoms after PMS adsorption were analyzed. From
Table S3, the Bader charge of the C1 atom increases by 0.262 e after
PMS adsorption, indicating the tendency of electron transfer from PMS
to the C1 atom. By contrast, after the adsorption of PMS, the Bader
charge of the O atom decreases by 0.033 e, meaning the trend of
electron delivery from the O atom to PMS. The dual function of PMS as
both an oxidant and a reductant (Oh et al., 2016) empowers PMS oxi-
dation on the electron-poor C1 atom and PMS reduction over the

electron-rich O atom in CN-AA0.3. In particular, PMS reduction results
in the formation of %OH and SO4

%−, whereas PMS oxidation gives rise to
the production of PMS anion radical (SO5

%−). Subsequently, the SO5
%−

radical reacts with water molecules rapidly to produce 1O2 (Zhang
et al., 2008).

To furnish evidence to support PMS oxidation on the electron-poor
C1 atom and PMS reduction over the electron-rich O atom, we in-
vestigated the influence of different organic pollutants with dissimilar
charge density on ROS generation in the CN-AA0.3/PMS system. The
BPA containing electron-donating group (e.g., phenolic hydroxyl
group) and diphenhydramine (DP) without such group in its molecule
were selected as model compounds (see Fig. S5 for their molecular
structures) (Gao et al., 2018). As can be seen from Fig. 5e, the 1O2 signal

Fig. 5. (a) Solid EPR spectra of g-C3N4 and CN-AA0.3. (b) Two-dimensional valence-electron density color-filled maps of g-C3N4 and CN-AA0.3. (c) Bader charge of an
optimized unit of CN-AA0.3. (C, N and O are indicated by gray, blue and red spheres, respectively). (d) Adsorption energy of PMS on C1 and O atoms in CN-AA0.3. EPR
spectra of NC-AA0.3/PMS for (e) %OH/SO4

%− and (f) 1O2 in the absence and presence of organic pollutants. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article).
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intensity in the CN-AA0.3/PMS system is pronouncedly attenuated after
the addition of BPA, but remains nearly unvaried upon adding DP into
the catalytic system. On the other hand, the injection of BPA enhances
the intensity of %OH/SO4

−% signals in the CN-AA0.3/PMS system,
however, the addition of DP into the suspension of CN-AA0.3 and PMS
hardly changes the intensity of %OH/SO4

−% signals (Fig. 5f). This can be
attributed to the presence of phenolic hydroxyl group in the molecule of
BPA, which renders BPA to be complexed with the electron-poor C1
atom in CN-AA0.3, as verified by the higher adsorption energy of BPA on
the C1 atom as compared with that on the O atom (Table S4). The
complexation of BPA to the C1 atom hinders electron transfer from PMS
to the C1 atom, weakening PMS oxidation for the demotion of 1O2

production. Meanwhile, the complexed BPA is inclined to donate
electron to the O atom through the CeO bond, as confirmed by the
slight increase in the Bader charge of O atom after BPA adsorption on
the C1 atom (Table S4), which would promote PMS reduction over the
electron-enriched O atom toward the enhancement in the generation of
%OH/SO4

−%. When DP containing no electron-donating group was
added into the CN-AA0.3/PMS system, insignificant alteration in the
intensity of 1O2 and %OH/SO4

−% signals is noted, indicative of no oc-
currence of complexation of DP with the C1 atom in CN-AA0.3. As an-
ticipated, the CN-AA0.3/PMS system is highly effective for BPA oxida-
tion but ineffective for the degradation of DP (Fig. S6). On the basis of
above experimental and theoretical results, a distinct mechanism be-
hind PMS activation by CN-AA0.3 in terms of PMS oxidation over the
electron-poor C1 atom for the generation of 1O2 and PMS reduction
around the electron-rich O atom toward the yield of %OH and SO4

−% can
be proposed in Fig. 6.

3.4. Demonstration for general synthesis of C and O dual-doped g-C3N4

Taking inspiration from the simplicity and general applicability of
the present copolymerization strategy, we easily extend it to prepare a
series of C and O dual-doped g-C3N4 using other oxygen-rich carbon
compounds including D-glucose (DG), D-mannitol (DM) and citric acid
(CA) (see Fig. S1 for their molecular structures) as carbon and oxygen
sources. XRD patterns, FTIR and high-resolution XPS C 1s spectra
(Fig. 7a–c) prove that CN-DG0.3, CN-DM0.3 and CN-CA0.3 share the si-
milar structure to g-C3N4. The main preservation of CeN]C peaks and
the emergence of CeC/C]C and CeO peaks in the high-resolution XPS
spectra of C 1s for CN-DG/DM/CA0.3 (Fig. 7c) as well as the increase in
the C and O contents and decrease in the N content in CN-DG/DM/CA0.3

compared with those in g-C3N4 (Table S5) suggest that CN-DG/DM/
CA0.3 are C and O dual-doped g-C3N4, as also verified by their brown
body colors (Fig. 7c). The obviously enhanced EPR signal corre-
sponding to the unpaired electron in CN-DG/DM/CA0.3 as compared to
that in g-C3N4 (Fig. 7d) validates the reconfigured electronic structure
of CN-DG/DM/CA0.3. The exploration for the application of C and O
dual-doped g-C3N4 is expected in view of electronic structure re-
configuration for the formation of electron-poor C atoms and electron-
rich O atoms as active sites. As expected, CN-DG/DM/CA0.3 are all ef-
fective in PMS activation for organic pollutant degradation (Fig. 7e),
demonstrating the universality of such copolymerization strategy for
synthesis of carbon and oxygen dual-doped g-C3N4 as green catalyst
toward sustainable environmental remediation.

4. Conclusion

In summary, a copolymerization strategy was developed to prepare

Fig. 6. Proposed mechanism of PMS activation by CN-AA0.3. (H, C, N, O and S are indicated by white, gray, blue, red and yellow spheres, respectively). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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carbon and oxygen dual-doped g-C3N4 as a novel metal-free catalyst.
The dual doping of g-C3N4 with carbon and oxygen atoms was evi-
denced by various techniques. DFT calculations revealed that carbon
and oxygen atoms prefer to substitute the three-coordinated and two-
coordinated nitrogen atoms, respectively, which induces electronic
structure reconfiguration in the C and O dual-doped g-C3N4. With this
merit, the C and O dual-doped g-C3N4 prepared by using ascorbic acid
as the organic precursor (CN-AA0.3) exhibits excellent catalytic activity
and stability in PMS activation for organic contaminant oxidation in the
absence of light illumination, which is superior to pristine g-C3N4 and
single oxygen-doped g-C3N4, and even most nitrogen-doped carbon
materials. XPS analysis revealed that the CeO bond involves in PMS
activation. DFT computations and EPR measurements further

uncovered the electron-poor carbon atoms and electron-rich oxygen
atoms as active sites, and a unique PMS activation mechanism in terms
of simultaneous PMS oxidation and reduction was proposed. The uni-
versal syntheses of other C and O dual-doped g-C3N4 (CN-DG/DM/
CA0.3) using D-glucose, D-mannitol and citric acid as both carbon and
oxygen sources demonstrate that such strategy can be easily adapted to
apply different oxygen-rich carbon compounds for a wide range of C
and O dual-doped g-C3N4. These findings are of significant importance
in persulfate-based environmental process, with the implication that
the nonmetallic atoms binary-doped g-C3N4 is able to achieve sa-
tisfactory catalytic performance without the need of light irradiation,
broadening the application of g-C3N4-based materials. Moreover, the
present synthesis strategy is facile and versatile, and thus meets the

Fig. 7. (a) XRD patterns of g-C3N4 and generally prepared carbon and oxygen dual-doped g-C3N4. (b) FTIR, (c) high-resolution XPS C 1s and (d) solid EPR spectra of
g-C3N4 and generally prepared carbon and oxygen dual-doped g-C3N4. (e) Catalytic activity of generally prepared carbon and oxygen dual-doped g-C3N4 for PMS
activation. Reaction conditions: [BPA] = 0.1 mM; [catalyst] = 0.5 g L–1; [PMS] = 5 mM; [Temp] = 30 °C; initial pH = 6.7.
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requirements of the in-depth research nowadays.
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