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A novel carbon-rich g-C3N4 nanosheets with large surface area was prepared by facile thermal
polymerization method using urea and 1,3,5-cyclohexanetriol. Plenty of carbon-rich functional groups
were introduced into the surface layers of g-C3N4, which constructed the built-in electric field (BIEF) and
resulted in improved charge separation; therefore, the carbon-rich g-C3N4 displayed superior
photocatalytic activity for amoxicillin degradation under solar light. The contaminant degradation
mechanism was proposed based on radical quenching experiments, intermediates analysis and density
functional theory (DFT) calculation. Moreover, the reusing experiments showed the high stability of the
material, and the amoxicillin degradation under various water matrix parameters indicated its high
applicability on pollutants treatment, all of which demonstrated its high engineering application
potentials.
© 2021 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
The overuse of antibiotics in medical treatment and animal
farming have caused the discharge of huge amount of antibiotics
into natural water environment, leading the propagation of
antibiotic resistance genes (ARGs), and created risks to aquatic
lives and public health [1]. Amoxicillin (AMX) is a widely used
antibiotic, and commonly detected in surface water due to its poor
metabolism by microorganisms [2]. Various technologies have
been developed to remove antibiotics from water, such as
biological technology and advanced oxidation processes (AOPs).
Among various AOPs, the photocatalysis, especially with solar light
active catalysts, has attracted great attention due to its low-cost,
high efficiency and environmental friendliness.

Graphitic carbon nitride (g-C3N4) is one of the most intensively
studied photocatalyst due to its facile synthesis, high stability and
easy functionalization. However, the bulk g-C3N4 shows limited
photocatalytic activity owing to fast electron-hole recombination
rate, relative low surface area and limited active sites [3]. Many
).
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efforts have been devoted to overcome these drawbacks, such as
constructing heterojunctions, doping with metal/non-metal,
adjusting the morphology, etc. Among them, tailoring g-C3N4 by
surface modification has been considered as a new approach to
modify the photocatalysts [4]. Benefit from weak van der Waals
force between layers [5], doping with heteroatoms (S, N, O, etc.) or
introducing function groups in g-C3N4 can be applied tomodify the
electronic structure and bandgap via inducing electron redistribu-
tion and lattice distortion or acting as charge trapping center [6].
Constructing built-in electric field (BIEF) is another modification
method, which could efficiently drive light-induced electrons and
holes to migrate reversely, leading to higher separation efficiency
[7].

Herein, we reported the preparation of a porous carbon-rich g-
C3N4 via pyrolysis of a mixture of urea and 1,3,5-cyclohexanetriol
(90mg of 1,3,5-cyclohexanetriol was added for the optimal
composite and which is denoted as C-CN90). The surface of the
obtained C-CN90 was modified by a functional group of graphited
conjugated construction (p), which offered the material with: (1)
Abundant adsorption sites with plentiful functional groups, (2)
lowered electron-hole recombination rate induced by constructed
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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BIEF. Therefore, the C-CN90 showed superior activity on the
photocatalytic degradation of AMX. In this work, various charac-
terization methods were applied to elucidate the promoted
photocatalytic activity of the material, and radical quenching
experiments, HPLC-MS analysis and density functional theory
(DFT) calculation were conducted to reveal the photocatalytic
degradation mechanism of AMX. Moreover, response surface
methodology (RSM) and material reusing experiments were
applied to assess its environmental application potential.

The X-ray diffraction (XRD) of samples revealed the diffraction
peaks at 13.1� and 27.8� (Fig. S1 in Supporting information),
corresponding to the (100) and (002) planes of g-C3N4 (JCPDS No.
87-1526) [8]. The dramatically decreased peak intensity indicated
weaker crystallinity due to the introduction of carbon-rich
functional groups. Meanwhile, the diffraction peaks of g-C3N4

had no obvious change after five reusing cycles, suggesting that C-
CN90 had favorable stability, whichwas also confirmed bymaterial
reusing tests.

TEM images revealed that g-C3N4 had dense and thick two-
dimension (2D) nanoflakes structure (Fig. 1a), while the C-CN90
was less agglomeration ultra-thin (2D) nanoflakes structure
[(Fig._1)TD$FIG]

Fig.1. TEM images of (a) g-C3N4 [20_TD$DIFF]and (b) C-CN90; (c) TEM image and (d, e) C andN elemen
of g-C3N4 and C-CN90.
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(Fig. 1b), which indicated that the heat etching in the presence of
1,3,5-cyclohexanetriol is favorable for the formation of thinner
layered g-C3N4. This result is consistent with the larger specific
surface area of C-CN90 that revealed by BET analysis (Table S1 in
Supporting information). Fig. 1c was TEM image and the
corresponding EDS elemental mapping images were shown as
Fig. 1d and e. The larger surface area of C-CN90 could provide
more active sites and expedite the mass transfer for photo-
catalytic reactions. The elemental mappings showed that C and N
are homogeneously distributed in the C-CN90, but it is worth
noting that distinctly stronger C signal (in yellow) was observed
on the C-CN90 nanosheets, and the EDS results revealed that the C
ratio of C-CN90 is significantly higher than g-C3N4. This result is in
accord with the obtained C/N atomic ratio by XPS, which is 1.01
for C-CN90 and 0.84 for g-C3N4 (Table S2 in Supporting
information). Therefore, the higher C/N revealed the formation
of carbon-rich functional groups in C-CN90, the interaction
between carbon-rich functional groups and g-C3N4 would be
favorable for the interfacial charge transfer and migration, thus
vastly suppressing the recombination of photo-generated elec-
tron-hole pairs.
ts distributionmapping of C-CN90. (f) The survey spectra, and (g) XPS spectra of C 1s
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Moreover, the adsorption/desorption isotherm (BET) of two
samples can be classified into type IV with H3 hysteresis loop
(Fig. S2 in Supporting information), indicating the presence of
mesopore structures and layered structure [9] as confirmed by
TEM. The larger surface area and abundant carbon-rich functional
group offered more active sites for the photocatalytic degradation
of AMX.

XPS was performed as shown in [23_TD$DIFF]Figs. 1f and g, the peaks in the
survey spectra were assigned to C [24_TD$DIFF]1s, N 1s, O 1s, where the trace O
element (about 2 at%) may result from the calcination of urea [10].
The g-C3N4 peaks located at 288.03 and 286.54 eVwere ascribed to
N��C¼N bonds in N-containing aromatic ring and C��O bonds,
respectively (Fig. 1g) [11]. While the new peak appeared at
284.38 eV for C-CN90 was assigned to the C��C bonds of the
graphitic carbon (p-excitation) [12], indicating the formation of
graphited conjugated construction. The N 1s spectra (Fig. S3 in
Supporting information) of two samples displayed no distinction.
It should be noted that the peaks ascribed to the N��C¼Nof g-C3N4

shifted to lower binding energy for both C 1s and N 1s spectra
(Fig. S4 in Supporting information), implying the interaction of
graphited conjugated construction coupled with g-C3N4, which is
in favor of improving the charge carriers transfer and separation
efficiency thus enhance photocatalytic performance [13].

The UV–vis DRS analysis (Fig. 2a, Fig. S5 in Supporting
information) showed that the absorption edges of g-C3N4, C-
CN60, C-CN90 and C-CN120 (the C-CNx synthesized with addition
of 60, 90 and 120mg of 1,3,5-cyclohexanetriol) were �423, 449,
474 and 462 nm, respectively. Obviously, the carbon-rich function-
al groups narrowed the optical bandgap (Eg) of C-CN90, enabled
the utilization of solar irradiation to longer wavelength, which
explained why C-CN90 shown superior photocatalytic perfor-
mance than C-CN120 and C-CN60. Generally, the flat-band
potentials (Efb) of the samples weremeasured usingMott-Schottky
plots [14]. Fig. S6 (Supporting information) showedM–S plots of g-
C3N4 and C��CN, and the positive slope indicated that they are n-
type semiconductors [15]. The Efb of g-C3N4 and C-CN90, based on
the x intercept of the linear region, were determined to be �0.45
and �0.50 eV (vs. NHE), respectively. In general, the flat band
potential of a semiconductor is equal to its Fermi level [16]. For n-
type semiconductor, the bottom of the conduction band (CB) is
more negative (about 0.2 eV) than Fermi level [17]. Therefore, the
energy of conduction band (ECB) of g-C3N4 and C��CN were
determined as�0.65 eV and�0.70 eV, respectively. Based on the Eg
obtained byUV–vis DRS, the energy of valence band (EVB) of g-C3N4

and C-CN90 were calculated as 2.35 eV and 1.91 eV, respectively.
The result is close to the XPS valence band spectra (as shown in
Fig. 2b).

The separation efficiency of photogenerated electron-hole pairs
is crucially important for the activity of photocatalyst, and which
was revealed by electrochemical impedance spectra (EIS) and
photocurrent-time curves in Fig. 2c and Fig. S7 (Supporting
information). The EIS Nyquist plots of C-CN90 showed the smallest
arc radius, indicating its highest charge separation efficiency;
[(Fig._2)TD$FIG]

Fig. 2. (a) UV–vis DRS spectra. (b) XPS valence band spectra of g-C3N4 and C-CN90.
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consistently, the C-CN90 also showed the highest current density,
further confirming its fastest charge separation rate during the
photocatalysis process [18]. Moreover, all the C-CNx samples
showed decreased resistance value and promoted photocurrent
density, suggesting the introduction of C elements in g-C3N4 is an
effective approach to accelerate the interfacial charge-carrier
separation. Therefore, the results revealed in Fig. S8 (Supporting
information) indicated that the carbon-rich functional groups in g-
C3N4 narrowed the band gap and facilitated the charge separation,
both of which are beneficial for improving the photocatalytic
activity of the materials. Therefore, the new materials are
supposed to exhibit higher photocatalytic activity on contaminants
degradation.

Based on thematerial characterizations, the scheme of BIEFwas
proposed in Scheme 1, which demonstrated the effectiveness of
surface carbon-rich groups doping on the energy bands. Theoreti-
cally, the surface layer of g-C3N4wasmore likely doping by carbon-
rich functional groups, while the inner layer tends to preserve the
original band structure [19]. It was noted that the fermi levels of g-
C3N4 and C-CN90 were derived as �0.50 eV and �0.45 eV from the
Mott-Schottky plots (Fig. S6), respectively. Therefore, the doped
carbon-rich functional groups could lead to a more negative fermi
level, and the electronwill move from surface layers to inner layers
until achieving Fermi equilibrium [20], resulting in the positive
charged surface layers and negative charged inner layers. Hence,
the construction of internal BIEF was constructed (Scheme 1).
Under solar light irradiation, the BIEF could drive the electrons to
migrate from the inner to the surface layer, however, the light-
induced holes still stayed in original layers because of the high
barrier resulted from the BIEF. Therefore, the separation efficiency
of light-induced electrons/holes was significantly improved by
construction of BIEF, which was confirmed by EIS plots and PL
spectra ([23_TD$DIFF]Figs. 2c and d). Moreover, electrons accumulated on the
surface layer could react with O2 to generate superoxide radicals
(O2

��) (O2 + e�→
�
O2), resulting in the promoted AMX degradation.

The photocatalytic performance of the prepared materials was
evaluated by the degradation of AMX in aqueous phase under
simulated solar or visible light irradiations (experimental details
were included in Text S4, adsorption kinetic was shown in Fig. S9 in
Supporting information). As shown in [23_TD$DIFF]Figs. 3a and b, no significant
decrease in AMX concentration was observed in the absence of
photocatalysts, while all C-CNx samples showed higher activity
than g-C3N4, and follows the order of: C-CN90> C-CN60> C-
CN120> g-C3N4 under both solar and visible light. As demonstrat-
ed in the inset figure of [23_TD$DIFF]Figs. 3a and b, all the degradation kinetics
follow the first-order law, the rate constants are 0.012 and
0.0047min�1, respectively, for C-CN90 under solar and visible
light, which is 2.3 and 3.9 times of g-C3N4 (Fig. 3c). The results
indicated that the incorporation of carbon-rich construction in g-
C3N4 significantly improved the visible light activity, which is well
matched with UV–vis DRS characterization in Fig. 2a. However,
when compared materials with different rich-carbon functional
groups loading, the visible light activity were less varied, but the
(c) EIS Nyquist plots. (d) Photoluminescence (PL) spectra of g-C3N4 and C-CNx.
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Scheme 1. The scheme of BIEF by flattening of fermi levels.

[(Fig._3)TD$FIG]

Fig. 3. Photocatalytic degradation kinetics of AMX by the synthesized materials under (a) simulate solar light, and (b) visible light. (c) AMX degradation rate constants under
solar and visible light. (d) The effects of various scavengers on the photocatalytic degradation of AMX, and (e) the photocatalytic degradation of various antibiotics over C-
CN90. (f) Reusing experiments of C-CN90 for the degradation of AMX in 5 cycles.
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solar light activity for the optimal material was much higher than
other materials, indicating the presence of carbon-rich groups
provided the materials with improved visible light activity [21],
and the dosage of carbon-rich groups had high impact on the
promoted charge separation efficiency as revealed in Fig. 3c.

To further reveal the photocatalytic degradation mechanism by
C-CN90, the contributions of reactive species on AMX degradation
were evaluated with the presence of different radical scavengers
(Fig. 3d). The photocatalytic degradation of AMX was significantly
inhibited by benzoquinone (BQ, a O2

�� scavenger), revealing the
critical role of O2

�� in the photocatalysis system; while the
insignificant decrease in AMX degradation with tert-butanol (TBA,
a

�
[28_TD$DIFF]OH scavenger) indicated that

�
[29_TD$DIFF]OH played a negligible role; and

the weak decreased AMX removal rates in the presence of NaN3 (a
1O2 and

�
[29_TD$DIFF]OH scavenger) and furfuryl alcohol (FFA, a 1O2 quencher)

implied that
�
[29_TD$DIFF]OHwas not involved in the reaction and 1O2 played a

negligible role. The slight decrease in the presence of ammonium
oxalate (AO, an h+ quencher) indicated that h+ had little effect on
AMX removal. Notably, adding AgNO3 (an e� quencher) signifi-
cantly improved the removal of AMX, which can be due to the
trapping of electron by AgNO3, and thus promoted the charge
separation [22]. Therefore, the contribution of radicals in the
photocatalytic system follows the order: O2

�� > e� > h+ > 1O2. The
standard redox potential of O2/[30_TD$DIFF]O2

�� (�0.33 eV) is lower than the CB
of C-CN90 [8], thus the accumulated electrons on the surface of
2790
C-CN90 generated large amount of O2
��. However, the standard

redox potential of
�
[29_TD$DIFF]OH/OH� (2.3 eV) is higher than the VB of C-

CN90 (1.85 eV) [23], therefore,
�
[29_TD$DIFF]OH is not likely to appear in this

photocatalysis system.
The degradation intermediates of AMX were identified using [31_TD$DIFF]

LC–MS, combined with the Fukui index based on the density
functional theory (DFT) calculation, the possible degradation
pathway of AMX was proposed in Fig. S10 (Supporting informa-
tion). Fukui index electrophilic attack (f�) and radical attack (f0 [32_TD$DIFF]) of
atoms on AMX molecule were shown in Table S3 and Fig. S11
(Supporting information), respectively. Specifically, the S44
marked in yellow displayed highest f� and f0, [33_TD$DIFF] suggesting S44 is
vulnerable to both electrophilic attack (f�) and radical attack (f0[34_TD$DIFF]). It
is known that O2

�� react with AMX via radical attack [24], and two
AMX decomposition pathways were proposed. The pathway 1
begun based on the fact that the two atoms of double bond (C¼O,
C24 and O28) displayed higher f�, suggesting the double bond
(C¼O) was easy to be attacked by electrophilic attack. In the
reaction, the hydrolysis of AMX firstly led to the formation of AMX
penicilloic acids (P1, m/z [35_TD$DIFF]383), which was assigned based on their
characteristic fragmentation peaks at m/z [36_TD$DIFF]349 and m/z160. The
double bond (C¼O) attached on the β-lactam ring was then
attacked by O2

��, leading to the generation of P2 (m/z [37_TD$DIFF]340). In the
pathway 2, deamination reaction occurred due to the loss of –NH2

and the intermediates P3 (m/z [38_TD$DIFF]349) was produced. The further
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oxidation formed intermediates with smaller carboxyl groups, i.e.,[39_TD$DIFF]
the intermediate with m/z of 116, and gradually mineralized into
CO2 and H2O after sufficient reaction time.

The engineering application potential of synthesized material
was evaluated by conducting photocatalysis experiments with
various antibiotics, under various water parameters, and material
reusing experiments. As typical antibiotic species of quinolones,
sulfonamides and cephalosporins, the pefloxacin (PFC), sulfathia-
zole (SFZ) and cefalexin (CFX) showed comparable photocatalytic
degradation efficiency with AMX under identical conditions
(Fig. 3e), revealing that C-CN90 also owns superior performance
on removing other pharmaceutical pollutants. The C-CN90 can be
easily recycled by simple filtration, and its photocatalytic activities
on AMX degradation only slight decreased after five reusing cycles
(Fig. 3f). The XRD patterns (in Fig. S1) revealed that the peak
intensity of the used C-CN90 did not significantly change,
confirming its good stability. The Box-Behnken experimental
design methodology was used to reveal the effects of water
parameters on the photocatalysis performance (Tables S4 and S5 in
Supporting information). The quadratic model (Y = 0.0064 ‒

0.0038A ‒ 0.0044B + 0.016A2, where Y is the AMX degradation
rate constants) was obtained based on the experimental results.
Small P values (P< 0.05) and high F values fromANOVA (Table S6 in
Supporting information) assured that the model is significant [25].
According to the F values, the contributing factors of various water
parameters on photocatalysis follows the order of:
HA> pH> SO4

2�. Notably, there was not significant interaction
between any two factors (AB, AC, BC for P> 0.05), and the 3D
response surface and its corresponding 2D contour plots were
produced in Fig. S12 (Supporting information). Therefore, the AMX
removal was more remarkably affected by pH, especially the
neutral pH (5�7) significantly decreased the AMX removal, which
can be due to the improved electrostatic attraction between the
negatively charged AMX [26] and the positively charged AMX at
pH< 5.4 [21,27], and the faster hydrolysis of AMX under alkaline
conditions (pH 7�10) [28]. The SO4

2� or DOM did not significant
affect the photocatalysis performance of C-CN90. Therefore, the C-
CN90 owned excellent stability and applicability, and had great
engineering application potential.

In summary, a highly active g-C3N4 was synthesized by
introducing graphited conjugated construction into the surface
of g-C3N4, the interaction between g-C3N4 and graphited
conjugated construction narrowed the band gap and improve
the separation of photogenerated electron-hole pairs, resulting in
the enhanced photocatalytic performance of AMX degradation.
The photocatalytic degradation mechanism and its engineering
application potential were thoroughly investigated. This study
provided an effective approach to synthesize highly active
2791
photocatalyst coupling with carbon-rich functional groups for
water remediation.
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