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H I G H L I G H T S    

• The novel metal-free BNQDs/BPS-CN photocatalysts are successfully synthesized.  

• The photocatalysts show superior photocatalytic activities and stability in photodegradation of sulfamethazine.  

• Enhanced visible light absorption and charge transfer from BNQDs/BPS-CN are recorded.  

• A pathway for photocatalytic degradation of sulfamethazine is proposed.  
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A B S T R A C T   

Antibiotics may pose a great risk to ecosystem and human health. Photocatalysis, as a low-cost and en
vironmentally friendly technology is widely used for the removal of antibiotics from wastewater. Graphitic 
carbon nitride (g-C3N4) has shown promising prospects in visible light photocatalysis, while its photocatalytic 
performance is greatly limited because of the sluggish charge separation and transfer. In this work, metal-free 
boron nitride quantum dots (BNQDs) modified bisphenol S (BPS)-doped g-C3N4 nanosheets (BNQDs/BPS-CN) 
heterojunction was synthesized to overcome these defects and applied in photodegradation of sulfamethazine 
(SMZ, a typical antibiotic) under the visible light. Multifarious characterization methods were used to explore 
the structure, porosity, elemental composition, optical performances, photo-electrochemical properties and 
photocatalytic performances of as-prepared BNQDs/BPS-CN composites. The degradation efficiency of SMZ with 
BNQDs/BPS-CN-4 composite reaches 100% within 60 min, and the rate constant is 13.7 times higher than that of 
pure g-C3N4. This phenomenon is because of the shrinking band gap width and the introduction of electro
negative BNQDs, which is conducive to the absorption of visible light and high-efficiency separation of pho
toexcited charge carriers. Meanwhile, the results of free radical trapping experiments and electron spin re
sonance characterization prove that the photogenerated holes and superoxide radicals play predominant roles in 
the photodegradation of SMZ. This study proposes an effective mechanism for the construction of novel visible- 
light-driven photocatalysts using metal-free two-dimensional materials and quantum dots, which can be applied 
in the treatment of organic contaminants.   

1. Introduction 

Antibiotics are widely used in disease prevention and treatment of 

bacterial infection [1]. However, some antibiotics are discharged into 
the environment due to the incomplete metabolism of the organism, 
causing adverse influence and a serious threat to the ecosystem and 
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human health [2,3]. Among the different kinds of antibiotics, sulfona
mides (SAs) have been widely used in animal husbandry, aquaculture, 
and medicine. However, SAs possess stable physicochemical properties  
[4], once discharged into the environment they can be readily accu
mulated in the surroundings. Besides, even if SAs exist in the environ
ment with a relatively low concentration (mg/L to μg/L) [5], the wide- 
ranging residues in the surface water, underground water and the ef
fluent of wastewater treatment plants, still may cause public security 
problem because of their high toxicity. Conventional wastewater 
treatment methods, such as biological treatment [2,6], adsorption 
techniques [7], and chemical reactions [8], suffer from the dis
advantages of low removal efficiency, high cost, complex operational 
process, and serious secondary pollution [9]. Therefore, it is significant 
to exploit a simple, inexpensive, and high-efficiency approach to re
move sulfonamides from wastewater. In recent years, advanced oxi
dation technologies [10,11] including electrochemical treatment [12], 
and photocatalysis technology [13,14], have been successfully applied 
to the treatment for organic pollutants in the wastewater. Among them, 
semiconductor photocatalytic technology is considered as a promising 
treatment method because of the mild reaction condition and utiliza
tion of sunlight [15,16]. 

Graphitic carbon nitride (g-C3N4), as a typical metal-free polymer 
semiconductor, has received tremendous attention due to its out
standing thermal, optical properties, and physicochemical stability  
[17–20]. Moreover, the suitable optical band gap (2.7 eV) makes g- 
C3N4 an excellent visible light response and can be applied for photo
catalytic degradation of organic pollutants [18,21,22]. However, some 
defects including low surface area, sluggish charge dissociation, and 
fast recombination of photogenerated charge carriers restrict the pho
tocatalytic performance of g-C3N4 [23,24]. Therefore, to facilitate the 
separation of photogenerated electron-hole pairs and thus enhance the 
photocatalytic performance of g-C3N4, various methods have been 
adopted to modify it. Stripping bulk g-C3N4 into ultrathin porous na
nosheets and constructing layered nanostructures are promising 
methods to enlarge the specific surface area and shorten the transfer 
route of charge, which give rise to the increasement of active reaction 
sites and charge separation efficiency [25–27]. For instance, Yang et al.  
[17] fabricated the g-C3N4 with ultrathin and porous nanostructures by 
a precursor-surface-etching method, which significantly improved the 
photocatalytic degradation activity of oxytetracycline hydrochloride. 

Element doping is another modified approach to adjust the elec
tronic structure and band gap of g-C3N4, which improves the utilization 
efficiency of visible light and promotes the charge separation. Many 
studies have shown that element doping, such as O, N, P, and S can 
effectively straiten the band gap of g-C3N4 and further enhance its 
photocatalytic activity [28–30]. Similar to elemental doping, the 
doping of organic compounds containing aromatic structures can also 
improve the photocatalytic activity of g-C3N4. For instance, naphtha
lene-modified g-C3N4 (GCN) composite was successfully prepared via 
thermal polymerization of urea with naphthoic acid and showed better 
photocatalytic hydrogen evolution performance than that of original g- 
C3N4 [31]. Karjule et al. fabricated the CN polymers with PAHs sites, 
and the CN-PAH polymers exhibited high photocatalytic activity for the 
hydrogen evolution reaction. The improvement of photocatalytic per
formance was attributed to the fact that the conjugation effect of the 
new PAHs groups favored visible light absorption and inhibited the 
recombination of photogenerated electron-hole pairs [32]. Therefore, 
we inferred that incorporating bisphenol S (BPS) containing diphenyl 
ring structure into the g-C3N4 framework might improve its photo
catalytic activity by narrowing the band gap to promote the visible light 
absorption capacity and facilitating the separation of photogenerated 
electron-hole pairs. 

Besides, the construction of heterojunction is an available method to 
enhance the photocatalytic performance of semiconductor photo
catalysts because it can efficiently promote charge transportation and 
restrain the recombination of photogenerated electron-hole pairs  

[33–35]. Hexagonal boron nitride (h-BN), as an attractive two-dimen
sional semiconductor with a similar structure to graphene, has gained 
wide attention because of the unique physicochemical properties, such 
as excellent photoelectric properties, high thermal conductivity, ex
ceptional chemical stability, and high specific surface area [36–38]. 
Recent studies have proved that h-BN as co-catalyst could effectively 
promote the photocatalytic activity of photocatalysts, which makes it 
highly attractive for application in the field of photocatalysis [39,40]. 
Moreover, when the size of semiconductor particle is decreased to the 
quantum dots level, the semiconductor quantum dots as co-catalyst can 
effectively promote the separation of photogenerated charge carriers 
and thus enhance the photocatalytic performance of photocatalysts 
because of the edge effects and defect centers [41,42]. Boron nitride 
quantum dots (BNQDs), a spherical particle at 1–10 nm in diameter, 
exhibited strong electrostatic attraction to photoinduced holes due to 
the presence of negatively charged oxygen-containing groups, which 
beneficial for the separation of photogenerated electron-hole pairs  
[17,43–45]. BNQDs as the co-catalyst could efficiently improve the 
visible-light photocatalytic activity of ultrathin porous g-C3N4. There
fore, we envisioned that combine BNQDs with modified g-C3N4 base 
photocatalyst toward structure a heterostructured photocatalytic 
system for the photocatalysic degradation of organic pollutants. 

Herein, we designed and fabricated the BNQDs modified BPS-doped 
g-C3N4 nanosheet (BNQDs/BPS-CN) heterojunction photocatalysts. The 
behavior of photogenerated charge carriers is investigated by steady- 
state fluorescence analysis and photoelectrochemical technique. The 
photocatalytic degradation performance of sulfamethazine (SMZ) by 
BNQDs/BPS-CN is evaluated. Furthermore, the possible photocatalytic 
mechanism of BNQDs/BPS-CN under visible light irradiation is deeply 
investigated. 

2. Experimental section 

2.1. Materials 

Bisphenol S (BPS, 99.5%) was obtained from Guangzhou 
Hongcheng Biological Technology Co, Ltd (Guangzhou, China). Urea, 
boric acid, melamine and ethanol were bought from Sinopharm 
Chemical Reagent Co. Ltd. All reagents were of analytical purity and 
used directly without further disposal. De-ionized water 
(18.25 MΩ·cm−1) obtained from the Millipore Mill-Q purification in
strument was employed throughout all the experiments. 

2.2. Preparation of photocatalysts 

2.2.1. Preparation of BPS-CN nanosheets 
BPS-CN nanosheets was prepared by a simple calcination method  

[46]. Briefly, 10 g of urea and 15 mg of BPS were mixed thoroughly in a 
mortar. Then the obtained mixture was loaded into 50 mL ceramic 
crucible with a cover. The crucible was tightly wrapped with tin foil 
before heated to 550 °C for 3 h with a heating rate of 3 °C min−1 in the 
muffle furnace and then cooled down naturally. The resulted light 
brown powder was denoted as BPS-CN precursor. Subsequently, the 
precursor was loaded into a rectangle crucible without cover and he
ated to 450 °C for 3 h under a heating rate of 8 °C min−1. The final as- 
synthesized brown sample was the BPS-CN. Besides, pure g-C3N4 was 
prepared with the same process as BPS-CN without adding BPS. 

2.2.2. Preparation of BNQDs 
The BNQDs was prepared by a typical hydrothermal process [47]. 

Specifically, 0.150 g of boric acid and 0.035 g of melamine were mixed 
and dissolved in 30 mL deionized water and stirring for 20 min. Next, 
the obtained solution was placed into a Teflon-lined autoclave and 
subsequently heated at 200 °C for 20 h. After the hydrothermal reaction 
and cooling down to the room temperature, the solution was filtered 
with a 0.22 μm organic phase ultrafiltration membrane. Then, the filter 
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liquor was dried in a freeze dryer, and the collected sample was denoted 
as BNQDs. 

2.2.3. Preparation of BNQDs/BPS-CN 
The preparation of BNQDs/BPS-CN photocatalysts was as follows: 

0.300 g of BPS-CN was added into 60 mL ethanol followed by ultrasonic 
agitation evenly for 30 min. Next, a suitable amount of BNQDs alcohol 
solution (1 mg L−1) was dropped into the suspension followed by so
nication for 1 h. Subsequently, the mixture solution was stirred at 60 °C 
until the ethanol was evaporated completely. The final powder was 
labeled as BNQDs/BPS-CN-X, where X (2, 3, 4, 5, 6 mL) represented the 
added volume of the BNQDs alcohol solution. 

2.3. Characterization 

The section of characterization is shown in the supporting in
formation. 

2.4. Photocatalytic experiments 

The photocatalytic activities of the as-prepared samples were eval
uated by the SMZ degradation at room temperature under visible light 
irradiation. The 300 W Xe lamp with a 420 nm cut-off filter was em
ployed as the visible light source. In all photodegradation experiments, 
25 mg photocatalyst was added into a quartz reactor containing SMZ 
aqueous solution (100 mL, 20 mg/L). The mixture was stirred ade
quately in the dark for 30 min to achieve the adsorption–desorption 
balance between the photocatalyst and SMZ. Next, the suspension was 
placed under the lamp source. At a certain time interval, 2 mL of sus
pension was centrifuged and filtered through a 0.22 μm organic phase 
filter to separate suspended solids. The concentration of filtrate was 
determined by HPLC (Agilent, Waldbronn, Germany), which furnished 
a UV–vis detector. Kromasil C18 column (5 μm, 4.6 mm × 250 mm) 
was as the column at 30 °C. The mobile phase of SMZ was acetonitrile 
and 0.1% (v/v) of acetic acid aqueous solution (45:55, A/B), and the 
flow rate was 1 mL min−1, the detector was at a wavelength of 270 nm. 

Besides, the intermediate products of SMZ in the photocatalytic 
degradation process were determined by UPLC-MS/MS technology. The 
detail information is described in the supporting Information. 

2.5. Photoelectrochemical experiments 

The photoelectrochemcial studies were conducted on a CHI 760E 
electrochemical workstation with a three-electrode cell. The platinum 
electrode and the saturated calomel electrode (SCE) were used as the 
counter electrode and the reference electrode, respectively. The con
struction process of the working electrode was made as follows: 5 mg 
photocatalyst was dispersed in 1.0 mL mixture solution (ethanol and 
0.05% Nafion), then 0.1 mL suspension was dropped onto the clean and 
dry FTO electrode (1.0 cm × 2.0 cm). The transient photocurrent tests, 
Mott-Schottky plots, and the electrochemical impedance spectroscopy 
of the prepared samples were performed in 0.5 M Na2SO4 solution. 

3. Results and discussion 

3.1. Characterization of photocatalysts 

The synthetic pathways of g-C3N4 and BPS-CN are displayed in  
Scheme S1. During the melamine formation step, BPS was doped into 
the main chain of g-C3N4 by copolymerization. Doped S atoms and 
diphenyl ring structures have appeared in the triazine based structure  
[48]. 

The microstructures of as-prepared samples were detected by 
transmission electron microscope (TEM) and high-resolution transmis
sion electron microscopy (HRTEM). As displayed in Fig. 1a and b, both 
BPS-CN and BNQDs/BPS-CN present a stacked sheet-like structure with 

some folds, which are similar to the structure of g-C3N4 (Fig. S1a). In 
addition, there are many pores in BPS-CN nanosheets. To prove the 
existence of quantum dots, the HRTEM images of BNQDs and BNQDs/ 
BPS-CN were provided. From Fig. S1b, it can be obviously seen that the 
BNQDs present a spherical structure with a profile diameter of about 
3 nm, which compliances with the previous reports [43,47]. As for 
BNQDs/BPS-CN (Fig. 1c), BNQDs are evenly distributed on the surface 
of BPS-CN nanosheets, which demonstrates that BNQDs have been 
successfully introduced onto the surface of BPS-CN. Meanwhile, as 
displayed in the insert image of Fig. 1c, BNQDs have a distinct lattice 
spacing about 0.21 nm, corresponding to the (1 0 0) hexagonal pattern 
for BN [49]. Additionally, EDX analysis of BNQDs/BPS-CN composite 
was performed. As shown in Fig. S2, the as-prepared BNQDs/BPS-CN-4 
composite is consisted of elemental C, N, O, S, B, and the weight per
centages are about 60.58%, 33.50%, 3.46%, 0.98%, 1.48%, respec
tively. The HAADF-STEM element mapping of BNQDs/BPS-CN (Fig. 1d) 
shows the elements (B, C, N, O and S) are all evenly distributed on the 
BNQDs/BPS-CN nanosheets, which further confirms that BPS is suc
cessfully doped into the g-C3N4 framework and BNQDs are well dis
persed on BPS-CN nanosheets. 

The crystalline structures of the as-synthesized materials were in
vestigated by XRD. As displayed in Fig. 2a, g-C3N4 has two main dif
fraction peaks at 2θ = 12.9° and 27.8°, which can be corresponded to 
the (1 0 0) and (0 0 2) crystal planes of g-C3N4 (JCPDS No. 87–1526), 
respectively, associating with the overlap of nonplanar units and the 
periodic stacking of layers in the conjugated aromatic system [18,50]. 
These results prove the successful synthesis of g-C3N4. After doping 
with BPS, the (0 0 2) peak at 27.8° of g-C3N4 shift to 27.1° in BPS-CN 
due to the increase of stacking distance [46]. Besides, the characteristic 
peaks of boron nitride can’t be detected in the BNQDS/BPS-CN com
posite, this may because of the relatively low content of boron nitride  
[17]. In addition, solid-state 13C NMR technique was employed to 
confirm the introduction of the BPS. As shown in Fig. S3, two char
acteristic peaks of heptazine rings at 157.0 ppm and 164 ppm corre
spond to C-N3 and external-NH2 groups (N2C-NH2 unit), respectively  
[32]. New peaks at 125.6 and 127.2 ppm are attributed to the in
corporated aromatic carbon in BPS-CN [51]. The result evidences the 
existence of benzene ring structure in g-C3N4 nanosheets. 

The X-ray photoelectron spectroscopy (XPS) was performed to re
veal the elemental composition and chemical status of the as-prepared 
catalysts. As shown in Fig. 2b, all samples contain C, N, and O elements, 
while BNQDs/BPS-CN also contains B element resulting from the doped 
BNQDs. Besides, there is no obvious characteristic peak of S in the XPS 
spectra of BPS-CN and BNQDs/BPS-CN, which may be due to the low 
doping concentration of BPS [48]. Furthermore, the high-resolution 
XPS spectrums of C 1s, N 1s, B 1s, and S 2p were measured. As dis
played in Fig. 2c, the main peak of C 1s in all samples is centered at 
287.9 eV, which can be ascribed to the NeC]N sp2-hybridized carbon 
atom [52]. When doped with BPS, the other C 1s peak at 285.6 eV is 
shifted to 285.2 eV with a slightly increased intensity, which is due to 
the graphite sp2 carbon (CeC) deriving from the incorporated BPS [53].  
Fig. 2d displays N 1s spectrums in the as-prepared samples. The N 1s 
peaks in g-C3N4 are divided into three peaks. The strongest typical peak 
at 398.7 eV corresponds to the hybridized sp2 aromatic N (CeN]C), 
the peaks located at 400.03 eV and 401.1 eV are assigned to the N-(C)3 

groups of bridging nitrogen atoms and amino functional group (C-N-H), 
respectively [19]. BPS-CN shows similar N 1s XPS spectra to that of g- 
C3N4, but the bridging tertiary nitrogen (400.03 eV) peak intensity of 
BPS-CN is relatively weaker than that of g-C3N4. It may be because that 
BPS doping changes the periodicity of g-C3N4 [46]. Compared with 
BPS-CN, the N 1s peaks at 398.42 eV and 399.92 eV in BNQDs/BPS-CN 
are ascribed to the N–B and C–N–B bond, respectively [54]. Further
more, the high-resolution spectrum of S 2p is displayed in Fig. 2e, the S 
2p spectrum can be deconvoluted into two major components and each 
component can be divided into two peaks. The peaks at 163.4 and 
164.5 eV can be assigned to 2p3/2 and 2p1/2 of C-S-C bonds [55,56]. 
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Meanwhile, the peaks corresponding to 2p3/2 and 2p1/2 of S-O from the 
doping of BPS are positioned at 167.3 and 168.2 eV, respectively  
[57,58]. Besides, in the B 1 s spectrum of BNQDs/BPS-CN (Fig. 2f), the 
peak located at 190.69 eV corresponds to the B–N bond and the other 
peak at 191.48 eV is related to the BeO bond. According to the above 
results, it can be concluded that BPS have been successfully doped into 
the framework of g-C3N4 and BNQDs have been introduced onto the 
surface of BPS-CN nanosheets. 

To further investigate the morphology of the obtained catalysts, the 
porosity and BET surface area (SBET) were estimated by nitrogen ad
sorption–desorption isotherms. The results are displayed in Fig. 3 and  
Table S1. As shown in Fig. 3, all samples reveal typical type IV iso
therms, indicating that these samples possess mesoporous structures. In 
addition, BNQDs/BPS-CN has the largest BET surface area about 
172.69 m2 g−1 (Table S1). Generally, a larger SBET can endow more 
reaction sites for photocatalysts. Therefore, BNQDs/BPS-CN has the 
highest photocatalytic activity among the three samples. 

UV–vis DRS was used to identify the optical properties of the sam
ples. As shown in Fig. 4a, the light-absorption edge of pure g-C3N4 

nanosheets is located at 470 nm. After doping with BPS, the absorption 
edge of BPS-CN exhibits an apparent redshift compared with pure g- 
C3N4 nanosheets, which demonstrates that BPS doping into the g-C3N 
framework can greatly broaden the spectral response range. Further
more, the absorption edge of BNQDs/BPS-CN obtained by modifying of 
BPS-CN with BNQDs is similar to that of BPS-CN, while the absorption 
intensity of the sample is slightly increased. The bandgap edge of g- 
C3N4 and BPS-CN can be determined by the Kubelka-Munk equation 
(Supporting information). As presented in Fig. 4b, the Eg of g-C3N4 and 
BPS-CN are calculated to be 2.72 eV and 2.23 eV, respectively. The 
results validate that the doping of BPS can obviously straiten the band 
gap of g-C3N4. The valence band potential (EVB) of g-C3N4 and BPS-CN 

are further analyzed through VB XPS spectra. From Fig. S4, it can be 
seen that the position of the VB edge of BPS-CN is located at about 
1.61 eV, which is similar to that of g-C3N4 (1.65 eV). These results 
demonstrate that BPS doping doesn’t influence the position of VB edge 
of g-C3N4. The position of the conduction band (CB) edge of g-C3N4 and 
BPS-CN can be calculated using the following equation: 

=E E ECB VB g

The calculated CB potentials are −0.98 eV and −0.62 eV for g-C3N4 

and BPS-CN. Further, the flat band potential (Efb) of g-C3N4 and BPS-CN 
were also measured by Mott-Schottky (MS) plots under the frequency of 
500 Hz, 750 Hz, and 1000 Hz, and the value of Efb can be approximated 
as the x-intercept at the intersection of three lines in the MS plot [59]. 
As presented in Fig. 5, the Efb of g-C3N4 and BPS-CN are obtained to be 
−0.81 V and −0.45 V versus an Ag/AgCl electrode (SCE), respectively. 
Since the positive slope curves determine the samples are n-type 
semiconductor, the CB potentials are generally considered to be more 
negative by 0.2 V than Efb (ECB ≈ Efb – 0.2) [16]. Therefore, the ECB of 
g-C3N4 and BPS-CN are −1.01 eV and −0.65 eV, which are consistent 
with the above calculated results. 

The Photoluminescence (PL) spectrum is an effective way to con
duct the migration, transfer and recombination of photogenerated 
electron-hole pairs in photocatalysts. Generally, stronger PL intensity 
represents higher recombination efficiency of the photogenerated 
electron-hole pairs. The catalysts were examined at the excitation wa
velength of 350 nm. As displayed in Fig. 6a, g-C3N4 displays the highest 
PL emission peak at about 463 nm, while BPS-CN possesses a much 
weaker peak intensity at 478 nm. This phenomenon indicates that BPS 
is successfully doped into the g-C3N4 framework and the separation 
efficiency of photogenerated electron-hole pairs is promoted. Further
more, BNQDs/BPS-CN shows the weakest peak intensity among all the 

Fig. 1. TEM images of (a) BPS-CN, (b) BNQDs/BPS-CN; (c) HRTEM image of BNQDs/BPS-CN; (d) HAADF-STEM image and EDS mapping images of BNQDs/BPS-CN.  
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samples, indicating the recombination of photogenerated charge car
riers is efficiently inhibited. This may due to the electronegativity of 
BNQDs attract the photogenerated holes in BPS-CN. 

To further explore the separation and transfer process of photo
generated charge carriers, time-resolved photoluminescence (TRPL) 
decay spectra were used. These decay curves (Fig. 6b) can be well fitted 
by a biexponential decay function: 

= +R t A t A t( ) exp exp1
1

2
2 (2) 

where τ1 and τ2 are the fluorescent lifetime, A1 and A2 are the corre
sponding PL amplitudes. The fitting parameters of g-C3N4, BPS-CN, and 
BNQDs/BPS-CN are listed in Table S2. The average charge carrier 
lifetime (τave) of the samples are calculated by the following equation: 

= A A/ave i i i i
2

(3)  

The average charge carrier lifetime of g-C3N4, BPS-CN, and BNQDs/ 

BPS-CN are then calculated to be 5.08, 3.35 and 1.26 ns, respectively, 
indicating that the charge separation and transfer in g-C3N4 is effec
tively improved after introducing BPS and BNQDs. This observed 
shortening of average lifetime reveals the emergence of an additional 
nonradiative quenching pathway in BNQDs/BPS-CN composite due to 
the presence of doped BNQDs as a hole trap. The results are well con
sistent with those of PL measurement. 

The transient photocurrent measurement was also employed to in
vestigate the separation properties of photogenerated charge carriers in 
photocatalysis. The transient photocurrent response curves of the 
samples change orderly with the visible light irradiation on or off. The 
higher photocurrent density indicates higher separation efficiency of 
the photogenerated charge carriers. From Fig. 6c, the photocurrent 
density of BPS-CN is about 2 times higher than g-C3N4 nanosheets. As 
expected, BNQDs/BPS-CN composite exhibits the highest photocurrent 
density, inferring that the introduction of BNQDs can also accelerate 
the charges transportation. 

Electrochemical impedance spectra (EIS) were used to further 

Fig. 2. (a) XRD patterns of different samples; XPS spectra of g-C3N4, BPS-CN and BNQDs/BPS-CN samples: (b) total survey, (c) C 1s, (d) N 1s, (e) S 2p, (f) B 1s.  

Q. Zhang, et al.   Chemical Engineering Journal 405 (2021) 126661

5



investigate the enhanced photogenerated charge transfer behavior. 
Generally, a smaller semicircle diameter in the Nyquist plot reflects a 
higher efficiency of interfacial charge transfer [26]. As shown in  
Fig. 6d, the semicircle diameter of the catalysts is arranged as follows: 
g-C3N4  >  BPS-CN  >  BNQDs/BPS-CN, which reveals that BNQDs/ 
BPS-CN possesses the highest charge transfer efficiency. 

3.2. Photocatalytic activity and photocatalytic stablity 

The photocatalytic activities of all as-prepared samples were eval
uated by the degradation experiments of SMZ under the visible light. 
SMZ is a kind of synthetic sulfonamides that is hard to degrade under 
natural conditions [9]. Before illumination, the suspension was ade
quately stirred for 30 min in the dark to achieve the equilibrium of 
dissolution and adsorption. As shown in Fig. 7a, the adsorption rates of 
all materials towards SMZ are low (less than 4% after 30 min). When 
exposed to visible light for 60 min, SMZ is hardly removed in the ab
sence of photocatalyst, verifying its recalcitrance to visible light pho
tolysis. Only 24% SMZ is removed with pure g-C3N4 nanosheets as the 
photocatalyst after 60 min of irradiation. When BPS doped g-C3N4 na
nosheets (BPS-CN-30) is used as the photocatalyst, the removal of SMZ 
is increased to 40% under the same reaction conditions (Fig. S6). 
Strikingly, when using 1 mL of BNQDs alcohol solution (1 mg L−1) 
decorated BPS-CN as a photocatalyst, more than 97% of SMZ is re
moved. Meanwhile, when the volume of BNQDs alcohol solution is 

increased from 1 mL to 4 mL, the removal efficiency of SMZ has in
creased accordingly to 100%. 

The mineralization rates of SMZ with different samples were also 
studied. As displayed in Fig. 7b, only 10.6% TOC is removed with pure 
g-C3N4 as the photocatalyst after 60 min of irradiation. However, the 
TOC removal is increased to 40.2% in the presence of BPS-CN-30 after 
1 h of irradiation. When BNQDs/BPS-CN-4 is used as the photocatalyst, 
the TOC removal is further increased to 67.3%. According to the above 
results, we can indicate that BNQDs/BPS-CN-4 composite is an efficient 
photocatalyst for SMZ degradation. 

The degradation kinetics of SMZ was studied by fitting the reaction 
kinetics curve, which was simulated by the following equation: 

=C C ktln( / )t 0 (4) 

where Ct and C0 are the SMZ concentration after t minutes of illumi
nation and the initial concentration of SMZ, respectively; k is the ap
parent pseudo-first-order rate. 

As displayed in Fig. 7c, the k for SMZ degradation with BNQDs/BPS- 
CN-4 as the photocatalyst is 0.0247 min−1, which is 7.06, 13.72 times 
higher than that of with BPS-CN-30 (0.0035 min−1) and g-C3N4 

(0.0018 min−1), respectively. The results demonstrate that the BPS 
doping and the introduction of BNQDs can significantly enhance the 
photocatalytic performance. In addition, the HPLC chromatogram of 
SMZ degradation is shown in Fig. S8. It can be seen the retention time of 
SMZ is about 4.10 min. The intensity of the characteristic peak is de
creased with the increase of light duration, and the peak completely 
disappears after 60 min of irradiation. At the same time, a new peak 
with a retention time of 4.2 min appears, implying that SMZ is trans
formed into some new substances. 

Besides, investigations were implemented to evaluate the influences 
of initial pH and coexisting inorganic salts on the degradation of SMZ. 
As shown in Fig. 7d, the photodegradation of SMZ can efficiently occur 
at a wild pH range from 5 to 11, with the removal efficiency of above 
96% after 60 min of illumination. However, when the initial pH is 3, the 
removal of SMZ is only 63% at the same time. This may be because SMZ 
exists in a molecular form at pH 3, which is more difficult to be de
graded than SMZ− ions [60]. Fig. 7e shows the influence of inorganic 
anions (5 mmol/L) on SMZ degradation. The presence of SO4

2−, 
PO4

3−and Cl− slightly inhibits the degradation of SMZ, which may be 
because these anions compete with SMZ for the free radicals produced 
in the reaction. On the contrary, CO3

2− and NO3
− promote the de

gradation of SMZ. Although CO3
2− consumes the free radicals produced 

in the reaction, it reacts more readily with the aniline moiety of SMZ 
molecule and thus makes up for the consumption of free radicals  
[61,62]. Besides, CO3

2− as a pH buffer can maintain the solution at a 

Fig. 3. N2-sorption isotherms and the pore size distribution (insert).  

Fig. 4. (a) UV–vis diffuse reflectance spectra of g-C3N4, BPS-CN and BNQDs/BPS-CN, (b) Tauc's plots of (αhv) 1/2 vs. photon energy (hv).  
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relatively higher pH environment which is beneficial to the reaction  
[1,63]. Under the light irradiation, NO3

− can absorb photons and react 
with water to produce active substances such as nitroso and %OH, which 
can promote the photodegradation of SMZ [64,65]. 

Subsequently, LC-MS was employed to confirm the possible de
gradation intermediates in the degradation process of SMZ over 
BNQDs/BPS-CN-4 composite. The corresponding MS spectra and pos
sible intermediates are shown in Fig. S9. High signal intensity can be 
found at m/z 279, corresponding to SMZ (Fig. S9a). Based on the 
confirmed intermediate products and pertinent literatures, three 

possible photocatalytic degradation pathways of SMZ are speculated 
and shown in Fig. 8. Pathway 1 is mainly the hydroxylation process. 
The aniline moiety of SMZ is oxidized by OH· to form P1 (m/z 295) and 
then the S-N bond is induced to breakage to generate sulfanilic acid 
labeled as P2 (m/z 189), finally, P2 is oxidized to P3 (m/z 110) via 
hydroxylation reactions [66]. Pathway 2 mainly includes the detach
ment of the sulfonyl group and the cleavage of the C-N bond. SMZ lost 
the sulfonyl group and change to P4 (m/z 215) [14], and then the C-N 
bond in P4 is oxidized and cleaved to form P5 (m/z 109) and P6 (m/z 
124). Pathway 3 mainly contains the cleavage and of the S-N bond in 

Fig. 5. The Mott–Schottky plots of (a) g-C3N4 and (b) BPS-CN samples.  

Fig. 6. (a) The PL spectra, (b) time-resolved photoluminescence decay spectra, (c) Transient photocurrent response curves, (d) EIS Nyquist plots of g-C3N4, BPS-CN 
and BNQDs/BPS-CN. 
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SMZ. The S–N bond in SMZ cleaves to form P6 (m/z 124) and P7 (m/z 
174), and then P7 is changed to P5 via oxidation reaction. These results 
indicate that the detectable degradation products are mainly bisphenol 
A, p-aminophenol, and other inorganics, which are easier to biodegrade 
than SMZ. 

The reusability and stability of the obtained BNQDs/BPS-CN com
posite was also investigated. Fig. 7f shows the removal of SMZ can still 
reach more than 95% even after five cycles, which implies the good 
stability of the BNQDs/BPS-CN composite. In addition, the XRD pat
terns of fresh and used BNQDs/BPS-CN are almost identical (Fig. S10). 
These results further demonstrate that the as-prepared BNQDs/BPS-CN 
catalyst is sufficiently stable during the photodegradation of SMZ. 

3.3. Possible photocatalytic mechanism 

To illustrate the photocatalytic degradation mechanism of SMZ with 
BNQDs/BPS-CN photocatalyst, the main active species trapping ex
periments were executed. The isopropanol (IPA), benzoquinone (BQ), 
and ethylenediamine tetra acetic acid disodium salt (EDTA-2Na) are 

used as the hydroxyl radical (%OH) scavenger, superoxide radical (% 

O2
−) scavenger and hole (h+) scavenger, respectively [67]. As ex

hibited in Fig. 9a, the removal of SMZ is significantly reduced from 
100% to 28.1% with the addition of BQ and to 11.8% in the presence of 
EDTA-2Na, implying that %O2

− and h+ play the major roles in the 
photodegradation of SMZ. Whereas, there is only a slight decrease in 
SMZ degradation in the existence of IPA, indicating that %OH only has a 
slight influence on SMZ degradation. According to these above results, 
it can be inferred that h+ and %O2

− are the main reactive species in the 
degradation process of SMZ with BNQDs/BPS-CN. 

To further verify the generation of the related active species in the 
photocatalytic system, the electron spin resonance (ESR) spin-trap 
technique with the signals of %O2

− and %OH radicals was performed. 
And the radical generation experiments of g-C3N4, BPS-CN, BNQDs/ 
BPS-CN were conducted in darkness, 5 min and 10 min irradiation 
conditions. As shown in Fig. 9b and c, there is no obvious signal in the 
dark, however, when exposed to visible light, the characteristic signals 
of DMPO-%O2

− can be found and the signal intensity increases with 
prolonging the irradiation time, suggesting that %O2

− is formed in the 

Fig. 7. (a) Photodegradation curves, (b) TOC removal of SMZ and (c) reaction kinetic curves under visible light irradiation (λ  >  420 nm) for different samples; (d) 
photodegradation curves of SMZ at different pH condition and (e) with different anions (f) cycling test for the photocatalytic degradation for BNQDs/BPS-CN. 
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photocatalytic system. Meanwhile, it is obvious that the DMPO-%O2
− 

signal in the BNQDs/BPS-CN system is stronger than that in the g-C3N4 

or BPS-CN system. This may be due to the excellent photo-induced 
carrier separation ability of BNQDs/BPS-CN, leading to the generation 
of more %O2

−. Moreover, more photogenerated electrons in the 
BNQDs/BPS-CN system make the DMPO-%OH signal also stronger than 
that in the g-C3N4 or BPS-CN system. 

Base on the above experimental results and analysis, a tentative 
photocatalytic degradation mechanism SMZ over BNQDS/BPS-CN was 
put forward. As illustrated in Fig. 10, the EVB and ECB of BPS-CN are 
calculated to 1.57 eV and −0.65 eV, respectively. When exposed to 
visible light, BPS-CN nanosheets can absorb more photons due to the 
narrower band gap and thus more electrons at valence band are easily 
excited and transferred to the conduction band. Meanwhile, BNQDs on 
the surface of BPS-CN can efficiently attract and transfer the photo- 
excited holes, effectively inhibiting the recombination of electron-hole 
pairs and improving the photogenerated charge carriers separation. 
(Eq. (5)). Moreover, the doping of BPS and the introduction of BNQDs 
increase the surface area of g-C3N4, which offers more reaction sites and 
further improves the photocatalytic activity of g-C3N4. During the 
photocatalytic degradation process, photogenerated electrons react 
with molecules adsorbed on the catalyst surface to form %O2

−, owing to 
the CB potentials of BPS-CN (−0.65 eV) is more negative than the O2/% 

O2
− potential (−0.33 eV vs. NHE) (Eq. (6)). Then the electrons and % 

O2
− reacts with H+ to generate H2O2 (Eq. (7)) and further produces % 

OH (Eq. (8)). Therefore, the reactive species such as h+,%O2
− and %OH 

on the surface of BNQDs/BPS-CN collectively lead to the degradation of 

SMZ (Eq. (9)). 

+ ++BNQDs/BPS CN hv h e (5)  

+e O ·O2 2 (6)  

+ ++·O 2H e H O2 2 2 (7)  

+ +H O e OH ·OH2 2 (8)  

+ +(·O , h ,·OH) SMZ product2 (9)  

4. Conclusions 

In summary, metal-free BNQDs/BPS-CN heterojunction photo
catalysts were successfully synthesized by a convenient approach. The 
BNQDs/BPS-CN composite exhibits excellent photocatalytic activities 
and photostability for SMZ degradation under visible light irradiation. 
The removal of SMZ reaches 100% after 60 min of irradiation, and the 
rate constant is 13.7 times higher than pure g-C3N4. PL, TRPL and 
photoelectrochemical tests illustrate a remarkable enhancement in the 
separation and transfer of photogenerated charge carriers of BNQDs/ 
BPS-CN composite. The results of active species trapping experiments 
and ESR analysis identify that the photogenerated holes and superoxide 
radicals play major roles in the photocatalytic degradation of SMZ. This 
study develops a promising non-metal photocatalyst for the removal of 
organic pollutants under visible light. 

Fig. 8. A possible photocatalytic degradation pathway of SMZ.  
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