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A B S T R A C T

Many organic and inorganic compounds have been developed as visible light driven photocatalysts for en-
vironment and energy application. In this work, a metal-free carbon doping–carbon nitride (BCM-C3N4) nano-
composite was synthesized by introducing barbituric acid and cyanuric acid during the polymerization of
melamine. The BCM-C3N4 was characterized by structure, porosity, optical performance, and photoelec-
trochemical properties. Results demonstrated that BCM-C3N4 sample exhibited higher surface area, lower
fluorescence intensity, better photocurrent signals and more efficient charge transfer in comparison to pure
C3N4. The BCM-C3N4 exhibits excellent photocatalytic degradation ability of sulfamethazine (SMZ) under visible
light irradiation. Much superior photocatalytic activity and high pollutant mineralization rate was achieved by
BCM-C3N4, where it was 5 times than that of pristine C3N4. The effect of initial SMZ concentrations on photo-
catalyst was also investigated. Additionally, the trapping experiments and electron spin resonance tests de-
monstrated that the main active species, such as %O2

− and h+, could be produced under light irradiation. This
work might provide an effective approach to the design of low-cost and highly efficient photocatalysis de-
gradation systems for water treatment.

1. Introduction

Water contaminated by antibiotics is becoming a worldwide en-
vironmental issue [1–6]. Potentially negative concerns of these anti-
biotics active compounds contain abnormal physiological processes,
reproductive damage, increased cancer incidences, and enhanced
toxicity of chemical mixtures [7,8]. The contaminants are in low con-
centration at present, but tend to be accumulated in long periods of
time. Sulfonamide antibiotics have been detected at concentrations up
to 900 mg kg−1 in manure, which can be transported to surface water,
groundwater and soils. Sulfamethazine (SMZ 4-amino-N-[4,6-dimethyl-
2-pyrimidinyl] benzenesulfonamide), which belongs to the sulfonamide
group of antibiotics, is commonly used in veterinary industry [9].
Traditional methods, including physical adsorption [10–14], chemical
reactions [15,16], and biological degradation [17–20], may be effective
for remediation. However, pollutants just transfer from water phase to
another phase with these methods, and may cause the secondary pol-
lution if there is no suitable further treatment [21–23].

Semiconductor photocatalysis technique has aroused widespread
concern and has been successfully employed to solve the environmental

problems [24–28]. Also, it is an economic and environmental tech-
nology [29]. The solar photocatalysis process including three steps: (i)
light harvest, (ii) photocarrier separation or transport, and (iii) surface
reaction [30]. Unfortunately, photocarriers are easy to recombine via
the long-distance transportation. To solve the problem and enhance the
solar conversion efficiency, the photocarrier transfer kinetics should be
accelerated to reach fast separation of the photoexcited electron-hole
pairs with novel material or new structural design. Among the nu-
merous photocatalysts, graphic carbon nitride (g-C3N4) has gained
much interest as an innovative material with desirable visible-light
response and medium band gap of 2.7 eV [31,32]. As an earth-abun-
dant, low-cost, biocompatible, and chemically stable photocatalyst, g-
C3N4 can easily be fabricated from melamine, urea, etc. [33]. It has
been developed as a metal-free visible-light sensitive photocatalyst in
2009 and applied in all kinds of photocatalytic branches, such as H2/O2

evolution from water splitting [34,35], contaminant degradation [36],
CO2 reduction [37], and so on. However, g-C3N4 has a low efficiency
under visible light due to the high recombination of photo-generated
electron (e−)-hole (h+) pairs. Thus, different techniques have been
employed to improve the efficiency of g-C3N4. One strategy for
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improving the charge carrier separation and photocatalytic efficiency is
to dope carbon nitride with heteroatoms [38] or heterojunction
[39–41] or metal nanoparticles [42–44].

To date, researchers have reported that nonmetal element doping g-
C3N4 enhanced visible-light photocatalytic activity, such as doping with
P, B, C, Cl, and S [45–48]. For example, Deng et al. prepared P-doped g-
C3N4 and presented improved photocatalytic activity for the simulta-
neous removal of Cr(VI) and 2,4-DCP under visible light irradiation
[49]. Recently, triazine derivatives doped with melamine through hy-
drogen bonding led to carbon nitride structures attracted widespread
attention owing to its outstanding catalytic and photocatalytic activity.
g-C3N4 can be easily modified by standard organic protocols such as
barbituric acid, which was proposed by Wang et al. [50]. Thomas et al.
using dimethyl sulfoxide as a solvent to synthesize C3N4 based on the
cyanuric acid-melamine (CM) complex, which can exhibited superior
photocatalytic activity when compared with the bulk material [51].
Shalom et al. presented hollow carbon nitride structures for degrada-
tion of rhodamine B dye, using a CM complex in different solvents as a
starting product [52]. Also, Zheng et al. prepared optimized carbon-
doped g-C3N4 and enhanced the reaction rate for the degradation of
phenol and persistent organic pollutants when compared with con-
ventional g-C3N4 [53]. Mesoporous carbon nitride was synthesized
using different nonionic surfactants by Peer et al. [54]. These results
indicated that carbon doped g-C3N4 could act as a good catalyst for
environment management. However, the weak efficiency of carbon
doped g-C3N4 may due to the limited surface area (40–60 m2 g−1)
[55,56]. Furthermore, a few studies are concerning the degradation
system of the typical organic micropollutants in water such as SMZ via
carbon doped g-C3N4.

In this work, we report a high-surface area, high-porosity carbon
nitrides by a facile one-step approach. This technique using the ethanol
as the solvent, taking advantage of both melamine-cyanuric acid and
the barbituric acid as monomers to form supramolecular carbon nitride
(BCM-C3N4) via electrostatic interactions or hydrogen bond. The BET
surface area of BCM-C3N4 was up to 179 m2 g−1. With the high surface
area and porosity, the synthesized carbon nitrides presented desirable
optical properties, and their wide band gap improved visible light ab-
sorption, which made them more suitable for photocatalytic applica-
tions. The photocatalytic activity was tested by measuring the de-
gradation of SMZ under visible light illumination with the presence of
photocatalyst. The chemical structure, morphology, and optical prop-
erties of the resulting carbon nitrides were characterized. The perfor-
mance including degradation efficiency and photocatalytic stability of
the photocatalyst under visible light was observed. The effects of initial
concentration and the removal rate of total organic carbon were also
discussed. The predominant radicals in the photodegradation system
were discussed by radicals trapping experiment and electron spin-re-
sonance spectroscopy (ESR) analysis. Meanwhile, a possible degrada-
tion pathway of SMZ was proposed. It is anticipated that this metal-free
photocatalyst can be a promising candidate for other degradation sys-
tems.

2. Experimental

2.1. Materials

Melamine (> 99%), cyanuric acid (> 98%), barbituric acid
(> 99%), and Sulfamethazine (> 99%) were purchased from
Sinopharm Chemical Reagent Co., Ltd (Shanghai, China). All the re-
agents and materials were of analytical grade and used as received
without additional purification or treatment. De-ionized water
(18.25 MΩ.cm) was used in the whole experiment.

2.2. Characterization

The specific surface area, pore volume and pore size of g-C3N4,

BCM-C3N4 were measured by the Brunauer-Emmett-Teller (BET) ad-
sorption method (Micromeritics Instrument Corporation, TRI-
STAR3020, USA). The photoluminescence (PL) spectra were recorded
with Hitachi F-7000 fluorescence spectrophotometer at an excitation
wavelength of 365 nm. The UV–vis diffuse reflectance spectra (DRS)
were performed on a UV–vis spectrophotometer (Cary 300, USA) with
an integrating sphere. The crystal phase of the samples was determined
by a D/max-2500 X-ray diffractometer (XRD; Rigaku, Japan) using Cu
Kα radiation (λ = 0.15406 nm) in the region of 2θ from 10° to 80°. X-
ray photoelectron spectrum (XPS) of the samples was obtained by using
an ESCALAB 250Xi spectrometer (Thermo Fisher, USA) with Al Kα ra-
diation (hv = 1486.6 eV). Their morphology was examined by trans-
mission electron microscope (TEM, JEOL JEM-2100F). The light irra-
diation source was a 300 W Xe arc lamp (CEL-HXF300, Beijing). The
visible light used in this study was obtained by cutting UV light
(λ < 420 nm) with a filter (Beijing China Education Au-light Co., Ltd).
The total organic carbon (TOC) was applied to analyze the miner-
alization degree of organic contaminants on Analytik Jena AG
(Multi N/C 2100).

2.3. Preparation of samples

2.3.1. Synthesis of g-C3N4

In a typical synthesis process, 10 g of melamine was placed into a
ceramic crucible with a cover and then loaded into the central region of
a muffle furnace. The crucible was firstly heated to 550 °C with a
heating rate of 2.3 °C min−1 and maintained at 550 °C for 4 h, and then
cooled down naturally. After cooling to ambient temperature, the ob-
tained yellow agglomerate (g-C3N4) was ground into powder.

2.3.2. Synthesis of BCM-C3N4

The BCM-C3N4 was prepared from melamine, cyanuric acid, and
barbituric acid by modified method [57,58]. 5.0 g of melamine, 5.0 g of
cyanuric acid, and 0.5 g of barbituric acid were first dispersed in
100 mL of ethanol to form suspension. The suspension was next stirred
at ambient temperature for 2 h, followed by sonication at room tem-
perature for an additional 1 h. The suspension was then dried on a hot
plate at 90 °C until no obvious liquid found. The calcination procedure
was exhibited in the part of 2.3.1. For comparison, CM-C3N4 sample
was obtained without barbituric acid.

2.4. Photodegradation evaluation

The photodegradation activities of obtained samples were in-
vestigated via the degradation of SMZ in aqueous solution under a
300W Xe lamp in an aqueous solution under visible light (> 420 nm).
In photocatalytic degradation experiment, 50 mg of powder photo-
catalyst was dispersed into 50 mL of SMZ (10 mg L−1) solution. Before
illumination, the suspensions were stirred in dark for 1 h to reach the
adsorption-desorption equilibrium. After that, the mixture solutions
were illuminated under visible light. At a given time interval of irra-
diation, aliquots were separated from the suspension. The SMZ con-
centration was determined using an HPLC Series 1100 (Agilent,
Waldbronn, Germany) equipped with a UV–vis detector. The Column
was C-18 column (4.6 × 250 mm) at the temperature of 30 °C. The
mobile phase was water–acetonitrile (80:20, v/v) with 0.1% acetic acid
at the flow rate of 1 mL min−1. The sample volumes for injection were
all 20 μL and the wavelength of detector was 270 nm.

2.4.1. Photoelectrochemical measurement
Photoelectrochemcial tests were carried out on a CHI 660D work-

station in a three-electrode model, utilizing a Pt electrode
(40 × 0.55 mm, 99%) as the counter electrode and an Ag/AgCl elec-
trode as the reference electrode. A 300 W Xe lamp was used as a light
source. Typically, the working electrodes were prepared as follows:
10 mg of the photocatalyst was suspended in 1 mL of 0.5% nafion
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solution to make slurry. Then, 100 μL of the slurry dropped onto a
1 cm× 2 cm FTO slice with an effective working area of 1 cm2. The
electrochemical impedance spectroscopy (EIS) was performed in
100 mL of 0.2 M Na2SO4 aqueous solution with the above three-elec-
trode system.

2.5. Active species trapping experiment

The active species trapping were ethylenediaminetetraacetic acid
disodium salt (EDTA-2Na), benzoquinone (BQ), and isopropanol (IPA),
which were introduced as the scavengers to detect holes (h+), super-
oxide radicals (%O2

−) and hydroxyl radicals (%OH), respectively. The
experiment was analyzed by 1 mM scavengers to degrade SMZ in an
aqueous solution under visible light (> 420 nm) (Table 1).

3. Results and discussion

3.1. Crystal structure and morphology

Direct evidence for the g-C3N4 formation was obtained by FT-IR
spectroscopy, XRD, and XPS. The FT-IR spectra of g-C3N4, CM-C3N4,
and BCM-C3N4 were shown in Fig. 1. According to the FT-IR spectrum
of g-C3N4, several bands in the 1200–1700 cm−1 region are attributed
to the typical stretching vibrations of CeN heterocycles. The peak at
805 cm−1 belongs to the triazine. These results are highly consistent
with the previous reports [59].

The XRD patterns of g-C3N4, CM-C3N4, and BCM-C3N4 were also
investigated, and the results were depicted in Fig. 2. All samples had a
similar XRD pattern which could be ascribed to a typical graphite-like
structure. The peak of g-C3N4 at 13.1° is ascribed to the (100) inplanar
ordering of tri-s-triazine units. The strong interplanar stacking peak at
27.2° corresponding to the (002) interlayer stacking. Compared to the
g-C3N4, the (100) peak of BCM-C3N4 is significantly weakened, which is
a feature of BCM-C3N4 with mesoporous structure. Also, the (002) peak
of BCM-C3N4 obviously became weaker and broader, which was as-
cribed to the addition of cyanuric acid and/or barbituric acid [60].

XPS test results of C, N, and O for g-C3N4 and BCM-C3N4 were
presented in Fig. 3. The survey of BCM-C3N4 displayed that the

elements of the samples were C, N, and O. The C1 s binding energy
region (284.9 eV) was ascribed to alkyl carbon (C]CeC or CeH), most
likely either adventitious carbon adsorbed on the surface or any sp3

graphitic carbon formed during pyrolysis. The peak at 288.4 eV was
attributed to the signals of sp2 carbon (NeC]N) presented in the
backbone of g-C3N4. These signals are usually observed in the XPS
spectrum of carbon nitrides. The N 1 s peak at 398.8 ± 0.2 eV and
404.1 ± 0.2 eV correspond to sp2 hybridized aromatic N in tri-ring
(CeN]C) and positively charged localization, respectively. The peak
with a high binding energy at 399.7 ± 0.1 eV is assigned to nitrogen
(N-(C)3) at the structural edges of g-C3N4. The peak located at
400.9±0.1 indicated the presence of amino functions (CeNeH), ori-
ginating from the terminal amino groups on the surface [61]. As for O
1 s spectrum, it exhibited the predominant characteristic peak at
529.9 eV. As shown in Table S1, the surface atomic ratio from XPS
revealed that the C/N molar ratio of the BCM-C3N4 nanosheet (0.67)
was much smaller than that of the g-C3N4 (0.94), indicating the pre-
sence of surface carbon vacancies in the BCM-C3N4 nanosheet. The
above results were consistent with the previous reports, confirming the
successful of preparation of g-C3N4 [62].

The morphological of g-C3N4 and BCM-C3N4 have been character-
ized by the TEM images. As shown in Fig. 4a and b, the pristine g-C3N4

presented stacked sheets structure and smooth surface. After addition of
the barbituric acid and cyanuric acid, the BCM-C3N4 obviously dis-
played thin nanosheet structures and randomly distributed mesopores,
which significantly differed from the mainly dense and stacked sheets
of the pristine g-C3N4 (Fig. 4c). As shown in Fig. 4d, many pores, ap-
proximately 5–10 nm, were embedded in a porous BCM-C3N4. These
surface pores existed on BCM-C3N4 can provide a lot of active sites and
improve mass transportation, which can be further utilized for photo-
catalytic degradation.

To further study the surface morphology and pore volume in the as-
prepared samples, the nitrogen adsorption-desorption isotherms ex-
periments have been performed in Fig. S1 and Table 2. The BET surface
area and pore volume of BCM-C3N4 were calculated to be
179.03 m2 g−1 and 0.56 cm3 g−1, respectively. Photodegradation is a
surface reaction. The increase surface area and pore volume may offer
more active sites for the pollutants, enhancing its photocatalytic effi-
ciency. The results mentioned above as supported by the TEM and
further demonstrate the successful preparation of BCM-C3N4 which
possesses nanosheet structure with pores on the surface [63,64].

Table 1
surface area and pore volume for g-C3N4 and BCM-C3N4.

Samples Surface area(m2 g−1) Pore volume (cm3 g−1)

g-C3N4 13.55 0.05
BCM-C3N4 179.03 0.56

Fig 1. The FT-IR analysis of g-C3N4, CM-C3N4, and BCM-C3N4.

Fig. 2. The XRD pattern of g-C3N4, CM-C3N4, and BCM-C3N4.
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Fig. 3. The XPS spectra of g-C3N4 and BCM-C3N4: (a) survey spectra, (b) high resolution C 1s, and (c) high resolution N 1s.

Fig. 4. TEM images of as-prepared photocatalysts:
(a) low and (b) high resolution of g-C3N4, (c) low and
(d) high resolution of BCM-C3N4.
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3.2. Optical property, photoluminescence, and photo electrochemical
properties

DRS were used to study the optical absorption properties of the g-
C3N4, CM-C3N4, and BCM-C3N4 samples. As shown in Fig. 5a, g-C3N4

has an adsorption at 453 nm which fitted with the previous report [65].
After doping the barbituric acid and cyanuric acid with melamine, the
absorption edge gradually moved to longer edge, which can sig-
nificantly enhance the visible light absorption. The energy band gap of
semiconductors can be determined from the intercept of the tangents to
the plots of (αhv)2 versus hv [66]. As presented in Fig. 5b, we can obtain
that the band gap of CM-C3N4 and BCM-C3N4 are 2.32 eV and 2.02 eV,
respectively, which are narrower than the g-C3N4 (2.68 eV). The carbon
doping of BCM-C3N4 could change its band gap obviously. Furthermore,
the conduction band and valence band of the samples could be calcu-
lated by the equation as following [67]:

ECB = X-EC-1/2Eg (1)

EVB = ECB + Eg (2)

Where X is the eletronegativity of the semiconductor, and the value for
g-C3N4 is 4.72 eV, EC is the energy of free electrons on the hydrogen
scale (about 4.5 eV vs NHE). According the data above, the ECB and EVB
of BCM-C3N4 are calculated to be −0.79 eV and +1.23 eV, respec-
tively. The ECB and EVB of g-C3N4 are calculated to be −1.12 eV and

+1.56 eV, respectively.
To confirm the photo-response ability and photogenerated charges

recombination efficiency in the photocatalyst, the transient photo-
current measurement was introduced. As shown in Fig. 5c, it can be
seen that all the electrodes exhibited rapid and stable photocurrent
response under light illumination. The transient photocurrent of BCM-
C3N4 increased by 2.5 times compared to pristine g-C3N4. Large en-
hancement of transient photocurrent in the BCM-C3N4 sample was in-
deed observed, indicating that the better separation of photogenerated
charges carriers and more efficient electron transportation at the in-
terfaces. EIS is another method to explain the electron-transfer effi-
ciency at the electrodes. Fig. 5d presented an overview of the semi-
circular Nyquist plots for the samples, and g-C3N4 showed the bigger
diameter, which implied that the poor electrical conductivity may in-
hibit the electron transfer. The BCM-C3N4 shows smaller arc radius than
g-C3N4, which could be attributed to the doping of barbituric acid.

PL was measured to study the separation efficiency of photo-
generated charge carriers of as-fabricated semiconductor photocatalyst.
The samples were excited by the wavelength of 360 nm, because the
light in this wavelength could initiate both the bandgap transition of
photocatalyst. The PL intensities of BCM-C3N4 are found to be greatly
lowered in comparison with that of g-C3N4 in Fig. 6a, which reflect the
charge carrier may be suppressed by doping cyanuric acid and barbi-
turic acid.

For better understanding the process of charge separation and
transfer in the samples, fluorescence decay time was provided. As
shown in Fig. 6b, the change in the tendency of decay time can be
determined. It could be clearly seen that, when cyanuric acid and
barbituric acid were integrated with the pristine g-C3N4, the emission
lifetime of BCM-C3N4 was decreased from 7.45 ns to 5.12 ns (shown in
Table 2). The reduced decay lifetime and quenched PL suggest more
effective charge-carrier formation and faster interfacial charge transfer
occurring in the doping photocatalyst due to the emergence of non-

Table 2
Dynamics analysis of emission decay for the different samples.

Samples A1 (%) τ1 (ns) A2 (%) τ2(ns)

g-C3N4 45.98 2.14 54.02 7.45
BCM-C3N4 48.63 1.48 51.37 5.11

Fig. 5. (a) UV–vis adsorption spectra and digital photograph of the as-prepared samples, (b) the plots of (αhv)1/2 vs photon energy (hv), (c)transient photocurrent response for the
samples, and (d) the EIS for the samples.
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radiative quenching pathways.

3.3. Photocatalytic activity and photocatalyst stablity

The photocatalytic activities of as-prepared g-C3N4, CM-C3N4, and
BCM-C3N4 samples composites were evaluated by the decomposition of
the micropollutant SMZ under visible light irradiation. Before irradia-
tion, the dark adsorption test was carried out. The adsorption efficiency
of samples was added in Table S1. There was no obvious increase of
adsorption for all the samples after 60 min dark reaction. As revealed in
Fig. 7a, when all the samples were exposed to visible light, the BCM-
C3N4 showed a photocatalytic degradation rate over 90% for SMZ.
However, the degradation rate of pristine g-C3N4 was 20%, which was
the lowest removal efficiency among those there photocatalysts. It
suggested that BCM-C3N4 showed excellent photocatalytic perfor-
mance, which may due to the high efficient of photoinduced electron-
hole pairs separation.

Different initial concentrations of SMZ (5–100 mg L−1) were also
applied to test the activities of the photocatalysts (Fig. 7b). With the
increasing concentration, the removal efficiency was decreased from
98% (5 mg L−1) to 22% (100 mg L−1) in 1 h. This negative effect ex-
plained that a higher concentration of SMZ would decrease the photon
adsorption on catalyst. The results indicated that lower SMZ

concentration was more beneficial to gain higher removal efficiency.
Also, in the practical wastewater treatment, dilution was essential in
the process of pretreatment.

The ability to deep mineralize organic pollutants is crucial for en-
vironmental governance. In this work, the mineralization for SMZ could
be measured by TOC analysis. As shown in Fig. 7c, the removal effi-
ciency of TOC in SMZ aqueous solution was slower than that of SMZ
decomposition, about 60% of TOC could be removed for 2 h visible
light irradiation. The result demonstrated that BCM-C3N4 exhibited
superior photocatalytic activity in the SMZ degradation with a favor-
able mineralization ability.

To discuss the stability of BCM-C3N4, the sample had been per-
formed four reaction runs under the same conditions. For each cycle,
the catalyst was collected after the centrifugation, washing, and drying
for the next test. Compare fresh BCM-C3N4 with aged BCM-C3N4, little
inhibition was observed in SMZ degradation. As presented in Fig. 7d,
photodegradation efficiencies of SMZ solution exhibited no obvious
reduction, even after four circles. To further demonstrate the stability of
the BCM-C3N4, the FT-IR and XRD of the fresh and used samples have
been provided for comparison in Fig. S2 and Fig. S3.

Fig. 6. (a) photoluminescence (PL) spectra and (b) the fitting curves of fluorescence decay of samples.

Fig. 7. (a) Photodegradation rate of SMZ on different
photocatalyst samples, (b) effect of initial con-
centration of SMZ on BCM-C3N4, (c) The photo-
degradation and TOC removal curves of SMZ on
BCM-C3N4, and (d) The cycling runs in the photo-
degradation of SMZ over BCM-C3N4 under visible
light irradiation (> 420 nm).
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3.4. Degradation mechanism of BCM-C3N4

To identify main reactive species involved in photocatalytic de-
gradation process, scavenger tests were conducted. ethylenediaminte-
traacetic acid disodium (EDTA-2Na), 1,4-Benzoquinone (BQ), and iso-
propanol (IPA), were adopted as the scavengers of hole (h+), super
oxide radical(%O2

−), and hydroxyl radical (%OH), respectively [68,69].
As depicted in Fig. 8a and 8b, it is obvious that the photocatalytic
performance decrease after adding the EDTA-2Na or BQ. The activity
was inhibited by 1 mM EDTA-2Na and the degradation rate of SMZ
decreased from 98.09% to 25.93%. This result suggested that EDTA-
2Na acts as h+ scavenger, which will consume the reactive species and
further reduce the activity of BCM-C3N4. With the addition of BQ, the
photocatalytic activity of BCM-C3N4 decreased from 98.09% to 35.85%,
which implies the %O2

− was also the major species in the degradation of
SMZ. However, in the presence of IPA, the photodegradation rate of
SMZ exhibited no obvious decrease, revealing that %OH active species
were the minor factor in the photocatalytic reaction. Based on the
above results, it could be deduced that the h+, %O2

−, and %OH played
an important role in the photodegradation of BCM-C3N4.

To further confirm the reactive oxygen species evolved in the pho-
tocatalysis over BCM-C3N4 nanocomposite, the ESR with 5,5-dimethyl-
1-pyrroline N-oxide (DMPO) in aqueous solution was performed [39].
As shown in Fig. 8c, four obvious signals with BCM-C3N4 in methanol
were produced, which could be assigned to DMPO-%O2

− under light
illumination. There is no %O2

−− signal in the dark, but an increasing
signal of DMPO-%O2

−− could be observed with visible light irradiation.
Moreover, the signal of %OH was also detected in DMPO system when
exposed to light in Fig. 8d. The scavenger test and ESR result confirmed
that %O2

−and %OH exist in the BCM-C3N4 system under visible light
irradiation.

On the basis of the above results, a possible mechanism is proposed
to explain the high photocatalytic activity of the as-prepared BCM-C3N4

in Fig. 9. BCM-C3N4 has higher specific surface area and numerous
active sites for the reaction process. Under visible light irradiation, the
BCM-C3N4 could generate electrons and holes. The electrons on the CB
of BCM-C3N4 (-0.79 eV), which are more negative than E (O2/%O2

−)
(−0.33 eV), are a good reductant that could efficiently reduce oxygen

molecules adsorbed on the surface of the photoanode to %O2
−. More-

over, super-oxide radicals %O2
− are the most important oxidizing spe-

cies and then induces the SMZ degradation. The standard redox po-
tential of %OH/OH− is +2.38 eV, which is more positive than the VB
position of BCM-C3N4 (+1.23 eV). Thus, the photogenerated hole (h+)
cannot react with H2O to produce %OH over BCM-C3N4 nanosheet. The
generated %OH may attributed to the conversion of the %O2

−. In con-
clusion, the predominant active species (%O2

− and h+) as well as the
converted products (%OH) could effectively degrade SMZ into CO2 and
H2O, etc. According to the above analysis, the reaction process can be
list as following equations:

BCM-C3N4+ hv → BCM-C3N4 (h+ + e−) (3)

O2 + e− → %O2
− (4)

%O2
− + e−− + 2H+ → H2O2 (5)

H2O2 + e− → OH− + %OH (6)

(%O2
−, h+ and %OH) + SMZ→ degradation products (CO2 + H2O)

(7)

4. Conclusion

In conclusion, a visible light driven mesoporous catalyst has been
successfully prepared via carbon doping and thermal process. We have
shown that the optical and electronic properties of carbon nitride
polymer can be easily modified by nonmetal doping. Under visible light
irradiation, the BCM-C3N4 composite could remove 98% of SMZ in 1 h,
which was more efficient than that of pristine C3N4 (removed 20% of
SMZ in 1 h). The PL, transient photocurrent, and fluorescence decay
time studies revealed that effective electron–hole separation in the
excited state made it an effective photocatalyst. The active species %

O2
−, h+ and %OH were produced and were deduced by scavenger tests

and ESR in the catalyst system. Furthermore, the visible light photo-
activity of the as-prepared photocatalyst under different pollutant
concentration was also investigated. The study may provide new insight
into the strategies for the design and utilization of highly efficient and

Fig. 8. The photocatalytic degradation plots of SMZ
over BCM-C3N4 (a, b) with the addition of hole, %
O2

− and %OH radical scavenger under visible light
irradiation and ESR spectra of radical adducts
trapped by DMPO in the BCM-C3N4 dispersion under
both the dark and visible light irradiation
(> 420 nm) condition: (c) in methanol dispersion
for DMPO-%O2

−; (d) in aqueous dispersion for
DMPO-%OH.
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stable non-metal photocatalyst for visible light driven degradation of
pollutants.
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