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Abstract

The construction of heterojunction photocatalysts was considered to be an 

effective strategy to tackle refractory pollutants. However, most of the reported 

composites lacked precise control of their morphology, resulting in unsatisfactory 

catalytic activity. In this work, we successfully fabricated sulfur doped g-C3N4 hollow 

tubes (SCN) via molecular self-assembly, and then grew the Bi2O2CO3 nanoflakes 

(BOC) in situ parallel on the surface of SCN to construct 2D/1D interfacial phase. 

Within 30 min visible light irradiation, the robust BOC/SCN-3 heterostructure 

showed considerable improvement for tetracycline degradation (82.6%) compared 

with individual components. This enhanced photocatalytic performance derived from 

the synergistic effect of S doping and heterojunction interface contact. The tubular 

structure formed by S doping not only narrowed the bandgap and thus boosting the 

visible light harvesting of CN, but also promoted electrons to travel along the 1D 

longitudinal and radial directions. In addition, the built-in electric field between BOC 

and SCN effectively achieved the spatial separation of electron-hole pairs. 

Mechanism analysis revealed that the h+ and •O2
− radicals played the dominating 

contribution in the photocatalytic process, and a possible Z-scheme mechanism was 

proposed. It was expected that such design route could provide a new perspective on 

hierarchical heterostructure for pollutant removal.

Keywords: Photocatalysis, Bi2O2CO3, S-doped hollow tubular g-C3N4, Z-scheme 

hierarchical heterostructure, Pollutant removal. 



3

1. Introduction

With the improvement of health awareness and the growth of drug production, 

antibiotics have been widely applied in the field of healthcare, animal husbandry and 

aquaculture [1, 2]. Especially for broad-spectrum tetracycline, it has become one of 

the most frequently used antibiotics due to its strong antibacterial effect and low price 

[3-5]. However, tetracycline with stable structure cannot be completely metabolized 

by human or animal body so that it is constantly discharged into water in various 

forms, posing a threat to the ecological environment [6, 7]. Therefore, technologies 

with green and high efficiency to remove residual antibiotics in the water are urgently 

needed. 

Photocatalytic technology has shown great potential in the treatment of 

refractory organic pollutants [8-10]. It utilizes solar energy to degrade antibiotic 

macromolecules into H2O and CO2 or small molecules. Generally, the strong redox 

ability of a semiconductor photocatalyst is related to the high potential of the valence 

band and conduction band, but the enlarged band gap will make it difficult for 

photogenerated carriers to be activated by visible light. One of the effective strategies 

to solve the above problems is to combine two or more semiconductor materials to 

construct heterostructure photocatalysts, which can not only expand the light-response 

range, but also promote the separation of photogenerated electron-hole pairs [11-14]. 

At present, the common heterostructure types include porous structures, core-shell 

structures and hierarchical structures [15-17].

Among diverse semiconductor photocatalysts, as a member of the 
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Aurivillius-related oxide family, Bi2O2CO3 characterized by the alternating Bi2O2
2+ 

and CO3
2– layers has attracted the attention of researchers [18-20]. This unique 

layered stacked structure can form a spontaneous built-in electric field in the 

semiconductor, which has been proven to enhance the charge separation efficiency. 

However, the large band gap (about 3.3 eV) renders pristine Bi2O2CO3 semiconductor 

only to absorb ultraviolet light and thus greatly limiting its practical photocatalytic 

applications. In order to enhance the adsorption of visible light, a feasible approach is 

to couple Bi2O2CO3 with other narrow-band-gap semiconductors, g-C3N4 is 

considered as an excellent candidate due to its adjustable band gap and suitable 

energy band matching [21-23]. Hence, a series of Bi2O2CO3/g-C3N4-based composites 

have been constructed by different synthesis methods and applied for environmental 

remediation (Table 1) [24-26]. However, most of the reported composites lacked 

precise control of their morphology, which resulted in the reduction of surface area 

and active sites as well as the accelerated recombination of photogenerated 

electron-hole pairs, thereby inhibiting the interface reaction. 

Inspired by the preceding discussion, we designed a novel 2D/1D Bi2O2CO3 

nanoflake/S-doped g-C3N4 hollow tube hierarchical heterostructure via hydrothermal 

method. The addition of surfactant cetyltrimethylammonium bromide (CTAB) caused 

Bi2O2CO3 internal layered structure to grow at different axes, resulting in the 

formation of 2D nanostructure [27], where the number of active sites were distributed 

on the surface and a shorter diffusion path could accelerate the separation of excitons. 

In addition, through the self-assembly of melamine and trithiocyanuric acid, the 
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morphology control and element doping of g-C3N4 were achieved simultaneously. 

Compared with the bulk counterpart, the well-defined 1D hollow tubular structure 

with high length-to-diameter ratio could not only enhance the light-harvesting ability, 

but also possess rapid and direct electronic transport pathway [28]. Moreover, the 

doping of S element could adjust the energy band structure of g-C3N4 to reduce the 

electron excitation energy [29, 30]. Herein, Bi2O2CO3 nanoflakes grew in situ on the 

surface of S-doped g-C3N4 hollow tubes with tight heterojunction interface, and the 

composites displayed highly photocatalytic tetracycline hydrochloride (TCH) removal 

efficiency within 30 min. This work indicated that the rational construction of 2D/1D 

hierarchical heterojunction photocatalyst could maximize the multidimensional and 

synergistic effects of 2D and 1D materials and reinforce the photocatalytic activity. 

2. Experimental section

2.1. Materials

Melamine (C3H6N6), trithiocyanuric acid (C3H3N3S3), bismuth nitrate hydrate 

(Bi(NO3)3·5H2O), sodium carbonate (Na2CO3), CTAB (C19H42BrN) and tetracycline 

hydrochloride were purchased from Alfa or Sinopharm Chemical Reagent Co., Ltd. 

(Shanghai, China). All the chemicals were analytic pure and used directly. The 

deionized water (18.25 MΩ cm−1) was applied throughout the whole experiments.

2.2. Photocatalyst preparation

The S-doped g-C3N4 (SCN) was prepared according to our previous works with 

subtle alteration [31]. In a typical procedure, 0.6 mmol melamine and 0.8 mmol 

trithiocyanuric acid were dissolved in 70 mL deionized water solution under vigorous 
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magnetic stirring for 3 h. Then, the solution was transferred to Teflon lined autoclave 

and heated at 120 °C for 5 h to promote molecular self-assembly. Next, the resulting 

precipitate was filtered with deionized water washing and dried at 60 °C to obtain 

precursor. Subsequently, the precursor was calcined at 550 °C (2.3 °C min−1 rising 

rate) and kept for 4 h under N2 atmosphere. For comparison, the bulk g-C3N4 (CN) 

sample was prepared by directly calcining melamine.

For the preparation of Bi2O2CO3/S-doped g-C3N4 (BOC/SCN) composites, 1 

mmol Bi(NO3)3·5H2O and a certain amount of SCN were added to 20 mL of 1 mol 

L−1 HNO3 aqueous solution (denoted as solution A). At the same time, 5 mmol 

Na2CO3 and 0.1 g CTAB were dissolved in 60 mL deionized water (denoted as 

solution B). Solution A and B were subjected to stir for 30 min, respectively, and then 

solution A was slowly poured into solution B accompanied by steady stirring. After 

30 min of stirring, the resulting suspension was transferred to Teflon lined autoclave 

and heated at 60 °C for 24 h. Finally, the pale-yellow powder was collected by 

filtered, washed with deionized water for three times and dried at 60 °C for overnight. 

According to the mass ratios of SCN to BOC (25 %, 20 %, 15 %, 10 %), the obtained 

samples were recorded as BOC/SCN-X (X = 1, 2, 3, 4), respectively. The pristine 

BOC was synthesized under the same conditions except the addition of SCN. The 

synthetic process of BOC/SCN was illustrated in Scheme 1.

3. Results and discussion

3.1. Morphology structure

The morphology of the as-prepared samples was characterized by SEM and 
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TEM. As depicted in Fig. 1a, CN exhibited typical stacked sheets, and SCN presented 

obvious hollow tubular structure with a diameter of 1-2 μm (Fig. 1b), which 

demonstrated that the self-assembly of melamine and trithiocyanic acid promoted the 

formation of 1D structure and S doping changed the morphology of CN substantially. 

In addition, the SEM image of BOC (Fig. 1c) showed that BOC was composed by a 

great number of nanoflakes (about 30 nm thickness). After coupling with SCN, the 

morphology of BOC was not destroyed or changed, and the nanoflakes grew parallel 

in situ on the surface of SCN (Fig. 1d-e). This parallel growth increased the contact 

area between semiconductors and facilitated the transfer of electrons [32], which laid 

the foundation for efficient photodegradation performance of composite. The 

SEM-EDX element mappings (Fig. 1f) further confirmed that C, N, O, S and Bi 

elements were distributed in the composite, and the specific mass and atomic ratios 

were shown in Fig. S1.

The detailed microstructure of the samples was obtained by TEM and HRTEM. 

Consistent with SEM results, SCN and BOC (Fig. 2a-b) exhibited hollow tubular 

structure and nanoflake structure, respectively, and these two components were 

intimately anchored to fabricate the heterojunction (Fig. 2c). The HRTEM image of 

BOC/SCN-3 showed a region with clear lattice fringes with approximately 0.232 nm 

lattice spacing (Fig. 2d), which corresponded to the (110) crystal planes of BOC [33], 

suggesting that the BOC component in composite maintained a high degree of 

crystallinity. 

The N2 adsorption-desorption isotherms were displayed in Fig. 3a and the porous 
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parameters were shown in Table 2. It clearly presented that all samples were of type 

Ⅲ isotherm. Obviously, the hysteresis loop of BOC/SCN-3 was broadened than 

pristine BOC, suggesting the presence of more mesopores and macropores. The BET 

surface areas were calculated to be 16.328 m2 g-1 and 28.846 m2 g-1 for BOC and 

BOC/SCN-3, respectively, and the corresponding pore volume from BJH desorption 

were 0.089 cm3 g-1 and 0.108 cm3 g-1, respectively. The enhanced surface area and 

pore volume of composite derived from the construction of 2D/1D heterojunction and 

relatively dispersed BOC nanoflakes, which allowed greater diffusion of antibiotic 

molecules and increased the active sites of catalyst. 

3.2. Crystal and chemical structure

The crystal structures of the as-prepared samples were presented by XRD 

patterns in Fig. 3b. The CN possessed two characteristic peaks at 13.0° ((100) facet) 

and 27.6° ((002) facet), which could be assigned to the in-plane structure packing and 

interlaminar stacking of CN, respectively [34, 35]. After doping with sulfur, the 

intensity of these two main peaks became weaker, indicating that the crystallinity of 

CN was destroyed and the strength of intermolecular hydrogen bonding interaction 

was reduced, which owing to the size-dependent property of hollow structure [36]. All 

diffraction peaks of BOC were highly matched with the standard PDF card of 

tetragonal Bi2O2CO3 (JCPDS #41-1488) without other impurity diffraction peaks 

appearing [37], suggesting that the well-crystallized sample was formed. After 

hybridization with SCN, the XRD patten of BOC/SCN-3 still maintained the 

similarity with the pristine BOC, which meant that SCN did not affect the crystal 
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structure of BOC. Notably, the (002) diffraction peak for BOC was slightly weakened 

in BOC/SCN-3, it was possible caused by the in situ growth of the BOC (001) facet 

on the SCN (002) facet [25]. In addition, no crystal phases of SCN were found in 

composite, this might be due to the amorphous state and low content of SCN [38]. In 

order to clarify the actual mass ratios of SCN to BOC, the contents of BOC in 

composites were performed by ICP-OES. In detail, the mass ratios of BOC in sample 

BOC/SCN-1, BOC/SCN-2, BOC/SCN-3, BOC/SCN-4 were confirmed to be 77.48%, 

81.35%, 84.62% and 89.59%, respectively. The result indicated that the actual mass 

ratios of SCN to BOC (29.06%, 22.93%, 18.18% and 11.62%) were slightly higher 

than experimental designed values (25%, 20%, 15% and 10%), which might be due to 

the incomplete formation of BOC during the hydrothermal reaction.

Fig.3c presented the FTIR spectra of pure components and heterostructured 

composites. The intensive peaks of CN at 800 and 887 cm-1 were accounted for the 

bending mode of the triazine units and the deformation mode of N-H, respectively 

[39]. A series of absorption peaks at a range of 1130 to 1620 cm-1 were assigned to the 

typical stretching vibration of C=N (sp3) and C-N (sp2). Besides, a broad peak 

observed at 3000-3500 cm-1 could be attributed to the N-H stretching vibration [40]. 

The similar FTIR spectrum was also detected in SCN without clear stretching 

vibration of S bond, which might be because the low S content causing the 

corresponding vibration peaks to be insignificant, and further confirming that S 

doping did not affect the chemical structure of pristine CN. As for BOC, the 

absorption peak at 539 cm-1 was belonged to the Bi-O stretching vibration [24]. The 
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bending mode and the antisymmetric vibration mode of CO3
2− were characterised at 

845 and 1370 cm-1, respectively. In addition, the peaks in the region of 2800-3600 

cm-1 were basically known as the O-H vibration of adsorbed water [26, 41]. All these 

peaks of SCN and BOC were existed in the composites, and no impurity absorption 

peaks were observed, indicating that the structure of components remained intactly 

during the preparation process, which was consistent with the XRD results. The 

intensity of SCN characteristic peaks in BOC/SCN was increased with the increment 

of SCN amounts, proving that the successful construction of heterojunction. 

Moreover, since the interaction between BOC and SCN altered the Bi-O bond, it 

could be found a slight blue shift at 539 cm-1 [38].

XPS was implemented to explore the chemical states and elemental composition 

of SCN, BOC, and BOC/SCN-3. As shown in the survey spectra (Fig. 4a), all peaks 

of C, N, O, Bi elements were easily detected in BOC/SCN-3 but without the S peak 

due to the low doping level of S in samples, which also was less prominent in SCN as 

suggested by the XRD and FTIR results. In order to further prove the existence of S, 

its chemical state was confirmed by the S 2p high resolution XPS spectra of 

BOC/SCN-3 (Fig. 4b). There was one S 2p peak at binding energy of 164.3 eV, which 

was attributed to the C-S bond formed via substituting S with lattice N [42]. In the C 

1s spectra (Fig. 4c), the peaks of SCN at 288.5, 288.2 and 286.0 eV could be ascribed 

to the C–O bond, C sp2 of N-C=N and CH-N on the edges of triazine unit, 

respectively, and the peak at 284.8 eV was ascribed to the adventitious carbon [43], 

which was also detected in BOC and BOC/SCN-3. Except for the adventitious carbon 
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peak, the peak of BOC at 289.1 eV was ascribed to the CO3
2- (O=C-O) in BOC [44]. 

While for BOC/SCN-3, the peaks positioned at 289.0, 288.0, 286.4 eV were ascribed 

to the CO3
2-, C sp2 of N-C=N and CH-N, respectively. In the N 1s spectra (Fig. 4d), 

the peaks of SCN around 399.6 and 398.6 eV were assigned to the tertiary nitrogen in 

N-(C)3 groups and N sp2 of C=N-C. After coupling with BOC, the N 1s peaks for 

BOC/SCN-3 shifted to higher binding energies (399.9 and 398.7 eV), which was 

probably due to the interaction between C atoms of CO3
2- and N atoms [38]. The O 1s 

spectra (Fig. 4e) displayed three peaks at 532.1, 531.1 and 530.1 eV, corresponding to 

the adsorbed H2O, carbonate ions (C-O) and Bi-O bond, respectively [26], and the 

distinct blue shift of binding energies was found in BOC/SCN-3. In the Bi 4f region 

(Fig. 4f), the spectra could be split into two peaks at 164.6 and 159.3 eV due to the Bi 

4f5/2 and Bi 4f7/2 of Bi3+ [45, 46]. Interestingly, the Bi 4f spectra of BOC/SCN-3 

showed the same shift tendency as the O 1s spectra, the reason would be that Bi and O 

atoms which obtained electrons increased the electron densities and thus possessed 

lower binding energies than pristine materials [47]. From the XPS analysis results 

above, the SCN and BOC were co-existed in the composite and the excellent 

electronic interactions were developed between them. In addition, the shift of 

characteristic peaks was caused by the formation of the 2D/1D heterojunction, which 

was beneficial for the electrons transfer.

3.3. Optical and electrochemical analysis

To investigate the optical response and band gap energy of the obtained samples, 

UV–vis diffuse reflectance spectra and valence band-XPS spectra were carried out. 
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As shown in Fig. 5a, the absorption edge of CN exhibited obvious red-shift in the 

visible range after doping with S (from 463 to 485 nm), confirming that S doping and 

tubular structure with multiple reflections of incident light enhanced the visible-light 

harvesting and produced more light-excited charge pairs. BOC presented a sheer 

absorption edge in the UV region but possessed the weakest visible-light absorption 

among all samples. And after coupling with SCN, the spectra of BOC/SCN were 

significantly shifted toward longer wavelength direction, and the absorbance intensity 

was increased with a wider absorption tail. In addition, with the increase of SCN 

dosage, the absorption range of composites gradually broadened, which was 

inconsistent with our expectations, suggesting that the photocatalytic activity was not 

only affected by the light absorption capacity. The band gaps (Eg) of CN and SCN 

were calculated to be about 2.55 eV and 2.24 eV by the Kubelka-Munk method (Fig. 

5b), respectively. The doping of S atoms into the triazine units of CN formed weak 

covalent bonds with the adjacent N atoms, thereby narrowing the electronic band 

structure of SCN, which was in agreement with the literature reports [40]. With the 

collaborative interaction, the Eg of BOC/SCN-3 became narrower than pure BOC 

(3.20 eV), reaching approximately 2.12 eV. Meanwhile, the valence band (VB)-XPS 

spectra of SCN and BOC were measured in Fig. 5c. By linearly extrapolating the 

leading edge of VB to its intersection with the background count [48, 49], the VB 

edge potentials of SCN and BOC were determined at 1.24 eV and 3.41 eV. Based on 

the values of Eg, their corresponding conduction band (CB) positions were calculated 

to be -1.00 eV and 0.21 eV, respectively. In addition, the Mott-Schottky plots were 
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also measured. As shown in Fig. S2, both SCN and BOC assigned to the n-type 

semiconductors owing to the positive slope and their flat band potentials (Efb) were 

approximately -1.27 eV and -0.05 eV vs saturated calomel electrode (SCE), 

respectively, which were equivalent to -1.03 eV and 0.19 eV vs normal hydrogen 

electrode (NHE, ENHE = ESCE + 0.24 eV) [50]. The CB was generally considered to be 

equal to Efb for n-type semiconductor [51-53], therefore the CB of SCN and BOC 

were -1.03 eV and 0.19 eV, which were close to the results obtained from the 

VB-XPS spectra, further confirming the accuracy of the band positions.

The PL spectrum was used to investigate the excitation and recombination 

efficiency of the photo-generated electron-hole pairs. From Fig. 5d, it was obvious 

that pristine BOC exhibited a strong PL emission intensity centering at approximately 

460 nm under the excitation wavelength of 320 nm, which was attributed to the wide 

energy band gap (3.20 eV) and the direct recombination of photo-induced electrons 

and holes. Compared to BOC, the composite BOC/SCN-3 showed dramatic decrease 

in PL signals, indicating that the formed heterojunction effectively hindered the 

recombination and facilitated the transfer of charges, it was conducive to the 

degradation of TCH. 

The above results were also verified by electrochemical measurements. As 

expected, the photocurrent response density of all samples reached steady-state under 

the light irradiation and the values dropped rapidly when the light was turned off (Fig. 

5e), which was ascribed to the intrinsic photoresponse of semiconductor [54, 55]. In 

contrast to both BOC and SCN component, the BOC/SCN-3 heterojunction presented 



14

the highest photocurrent intensity, manifesting that the optimal separation rate of 

carriers was existed in composite. EIS was another important indicator for 

investigating the charge transfer dynamic. According to the Nyquist plots in Fig. 5f, 

the sequence of arc radii of three electrodes was BOC > SCN > BOC/SCN-3. This 

confirmed that BOC/SCN-3 had the lowest charge transfer resistance, thus speeding 

up the interfacial charge separation. Based on these characterization results, the 

excellent optical and electrochemical properties of BOC/SCN-3 were derived from 

the interaction between BOC and SCN through the 2D/1D heterostructure. The 

intimate contact in two components promoted the charge migration from single phase 

to composite phase and elevated spatial separation efficiency of electron-hole pairs at 

material interface.

3.4. Photocatalytic activity

3.4.1. Photocatalytic degradation of TCH

The photocatalytic performance of the synthesized catalysts was assessed 

towards TCH degradation under visible light irradiation, and the prepared solutions 

were stirred in the dark for 30 min to achieve adsorption-desorption equilibrium 

before the irradiation reaction. As shown in Fig. 6a, only 23.9% TCH was eliminated 

by CN within 30 min, while SCN exhibited 59.0% TCH degradation under the 

identical conditions, implying that the tubular structure formed by S doping 

effectively enhanced the photocatalytic activity of CN. In fact, the work function 

(WF) of CN was changed after S doping. Fig. S3 exhibited the UPS spectra of CN and 

SCN at an excitation energy (hν) of 21.20 eV. The secondary electron cutoff (SEC) of 



15

CN was 17.21 eV, and that of SCN was 18.04 eV. Hence, the calculated work 

functions of CN and SCN were 3.99 eV and 3.16 eV, respectively (WF = hν - SEC) 

[56]. The lower work function indicated that the photogenerated electrons of 

semiconductor had a stronger escape ability [57], resulting in SCN had higher 

photocatalytic activity than CN. All composites showed superior adsorption capacities 

for TCH than bare BOC, which could be due to the increase in surface area provided 

more active sites. The degradation efficiency of composites was significantly 

enhanced and BOC/SCN-3 displayed the optimal degradation performance (82.6%) 

compared with BOC (38.2%). The increased photocatalytic activity was due to the 

enlarged light response range, well-matched band structure and rapid separation of 

electron-hole pairs caused by the construction of heterostructure. It was worth 

emphasizing that when the mass ratios of SCN to BOC gradually declined, the 

degradation trend of composites emerged a climb and then fell. Low content of SCN 

had negative effect on improving the photoresponse ability of BOC and promoting 

interface charge transfer, while excessive SCN could inhibit the crystal growth of 

BOC. In addition, compared with the pseudo-first-order kinetic model, the 

pseudo-second-order kinetic model produced a better fit to the degradation process 

(Fig. S4), and BOC/SCN-3 held the largest rate constant (0.01525 min-1), which 

further proved that BOC/SCN-3 was an outstanding photocatalyst.

In order to further evaluate the complete removal efficiency for TCH of 

photocatalysts, the mineralization capacity was tested by TOC. Fig. 6b integrated the 

mineralization efficiency and photodegradation efficiency of BOC, SCN and 
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BOC/SCN-3. It could be seen that the mineralization efficiency was inferior to the 

corresponding photodegradation ones within 30 min irradiation time. In detail, the 

BOC/SCN-3 hybrid performed the 46.9% TOC removal in TCH aqueous solution, 

which was 2.2 and 1.5 times than that of BOC (21.3%) and SCN (30.1%), indicating 

that the hybrid had more effective degradation ability and more organic molecules 

were mineralized during the degradation process.

The reusability of photocatalyst was also a crucial index for the actual 

photocatalytic applications. To investigate the stability of BOC/SCN-3, it was 

checked in five sequential cycles of TCH photodegradation and the sample was 

filtered, washed and then dried after each cycling reaction. From the consequence of 

repeated experiments (Fig. 6c), the TCH degradation ratio still remained at 74.5% 

(fresh 82.6%) after five cycling runs, implying that BOC/SCN-3 heterojunction 

effectively avoided photocorrosion during the reaction and possessed long-term 

stability. The slight damage of photocatalytic activity might be owing to the inevitable 

mass loss of catalyst during each cycle test. In addition, the morphology and 

crystalline structure of BOC/SCN-3 after photocatalytic reaction were characterized. 

As shown in Fig. S5, the SEM and TEM images revealed that the morphology of 

BOC/SCN-3 remained unchanged after five times recycle experiments, and BOC still 

kept strong interfacial contact with SCN. The intensity of partial peaks in the XRD 

pattern after the reaction was slightly decreased than that before the reaction, which 

might be due to the mechanical damage caused by repeated washing. These results 

further proved the excellent reusability and photostability of the as-prepared 
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BOC/SCN-3.

3.4.2. Effect of initial TCH concentrations

In actual wastewater, the concentration of pollutants varied extensively and the 

effect of initial TCH concentrations on photocatalytic activity of photocatalyst should 

be discussed. Therefore, the degradation experiments with different TCH 

concentrations (5-30 mg L-1) over BOC/SCN-3 sample were performed and the 

results were shown in Fig. 6d. The degradation efficiencies were 84.7% and 82.6% at 

the initial TCH concentrations equaled to 5 and 10 mg L-1. With the TCH 

concentrations further increased to 15, 20 and 30 mg L-1, the corresponding 

degradation efficiencies were greatly reduced to 70.1%, 57.1% and 50.3%, 

respectively, illustrating that the high initial TCH concentrations had perceptible 

negative effect on the photodegradation process, and BOC/SCN-3 was more suitable 

for treating low-concentration TCH wastewater. This phenomenon could be explained 

by the visible light transmittance and the intermediates accumulation. Specifically, 

high concentration of pollutants inevitably caused low light penetration, and the less 

photon inhibited the excitation of charges on the catalyst. Besides, the increased 

intermediates generated during the reaction intensified the adsorption competition on 

the surface of catalyst with parent TCH molecules and thereby leading to the 

hindrance of TCH degradation.

3.4.3. Effect of inorganic anions

    Normally, the removed target pollutants coexisted with common inorganic 

anions in actual wastewater, which would interfere with the photocatalytic activity. 
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Therefore, the effect of inorganic anions (CO3
2−, Cl−, SO4

2−) on the degradation 

process was simulated by BOC/SCN-3 catalyst and relevant sodium salts (0.05 M) 

were employed in order to avoid the influence of extra cations. It could be seen from 

the Fig. 6e that these three anions had different degrees of impact on the degradation 

efficiency. The presence of CO3
2- promoted the adsorption and final degradation 

efficiency of TCH, which could be ascribed to the HCO3
2− and OH− generated by the 

hydrolysis of CO3
2- increased the alkalinity of the solution [31]. A significantly 

inhibition effect on TCH degradation was found within Cl− and SO4
2− electrolytes due 

to the competitive adsorption between ions and antibiotic molecules. In addition, 

SO4
2− could act radical scavengers for •OH and h+ [58], the limited number of radicals 

accounted for the largest negative effect on TCH degradation of SO4
2−.

3.4.4. Effect of reaction pH

It was well-known that TCH existed as three forms (TCH+, TCH0 and TCH−) 

under different pH conditions (pH < 4, 4 < pH < 7.5 and pH > 7.5) [59, 60]. The 

reaction pH would affect the production of reactive oxygen species and then 

change the degradation activity of pollutants. In this study, the pH value of pristine 

TCH solution was 4.86, and other pH of the reaction system was adjusted by NaOH 

(0.1 M) or HNO3 (0.1 M). The Zeta potentials of BOC/SCN-3 gradually decreased as 

pH increases and turned from positive to negative when the pH was around 7.6 (Fig. 

S6).

According to the degradation curves of TCH over BOC/SCN-3 in different pH 

solutions (Fig. 6f), the adsorption capacity and degradation efficiency decreased 
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visibly under strong acid conditions (pH = 3), which was ascribed to the increased 

repulsive force between the TCH+ and the catalyst with positively charges. Under 

alkaline conditions, the catalyst exhibited superior adsorption capacity, implying that 

the surface complexation was more intensive than the repulsive force and played a 

leading role in absorbing TCH [61]. However, the degradation efficiency significantly 

decreased from 86.6% to 74.4% when the pH regulated from 9 to 11, it might be 

because excessive antibiotic adsorption suppressed the utilization of photons. Besides, 

redundant OH− could consume partial •OH and h+ [62], which was also responsible 

for the restrained photocatalytic performance. The above results indicated that the 

weak acid or weak alkali conditions were more favorable for the TCH 

photodegradation. 

3.5. Photocatalytic mechanism

The reactive radicals would generate in the reaction system and be expected to 

play crucial roles in the photocatalytic process. In order to clarify the reaction 

mechanism, the reactive radicals trapping experiments over BOC/SCN-3 catalyst 

were carried out by adding sacrificial agents, in which disodium edetate (EDTA-2Na), 

4-hydroxy-TEMPO (HTEMPO) and isopropanol (IPA) acted as h+, •O2
− and •OH 

scavengers, respectively. As shown in Fig. 7a, the degradation efficiency of TCH was 

most reduced after the addition of EDTA-2Na among the four control groups, 

suggesting that h+ was the predominant active species for TCH degradation. It could 

be observed a slight decrease in the photocatalytic activity by the introduction of 

HTEMPO, indicating that •O2
− was also involved in the reaction process. However, 
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an ignorable trapping effect was exhibited by IPA, which meant that the hybrid hardly 

produced •OH. Hence, it could be preliminarily considered that h+ and •O2
− both 

contributed to the TCH degradation and the former played a major role.

To further verify whether h+, •O2
− and •OH existed in the photocatalytic system, 

the ESR technology with TEMPO and DMPO spin-trapping was employed in 

acetonitrile solution and methanol solution, respectively. Fig. 7b displayed the ESR 

signals of TEMPO-h+ at dark and irradiation conditions. A triplet ESR signal could be 

visibly observed in dark, which was derived from the signal generated by TEMPO 

itself [63]. The TEMPO would react with h+ to generate the spin-adduct and then 

decrease the signal intensity of ESR, namely, the weakened signal of TEMPO-h+ 

indicated the generation of h+ [64]. Compared to the dark condition, the all ESR 

signals of TEMPO-h+ were reduced after 10 min light irradiation, and the composite 

exhibited the lowest signal strength among the three materials, indicating that 

BOC/SCN-3 had the optimal electron-hole pairs separation efficiency and more h+ 

was generated. Different from TEMPO, DMPO could not produce ESR signal by 

itself, it would form ESR signal after reacting with active species [65]. As shown in 

Fig. 7c, no obvious DMPO-•O2
−  signal of individual BOC was found, which 

attributed to its CB potential (0.21 eV vs NHE) was more positive than the O2/•O2
− 

potentials ( − 0.33 eV vs NHE) [66]. Remarkably, the signal intensity of SCN was 

stronger than that of BOC/SCN-3, the decrease of •O2
− might be due to the more 

singlet oxygen was produced by BOC/SCN-3 during the molecular oxygen activation 

[67]. Meanwhile, four characteristic peaks of DMPO-•OH for SCN and BOC were 
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probed in Fig. 7d, based on their VB potentials, the generation of •OH for SCN was 

derived from the reduction of •O2
− [68]. However, there was no obvious DMPO-•OH 

signal for BOC/SCN-3, which was probably because the h+ reacted directly with 

pollutants instead of oxidizing H2O or OH− to generate •OH [69]. These results 

proved that both h+ and •O2
− were involved in the BOC/SCN-3 reaction system, which 

were corroborated the conclusion of the reactive radicals trapping experiments.

Therefore, combined with the previous analysis, the possible mechanism for 

TCH degradation at the interface of BOC/SCN heterojunction was put forward. The 

suitable overlapping band structure of SCN (CB = −1.00 eV, VB = 1.24 eV vs NHE) 

and BOC (CB = 0.21 eV, VB = 3.41 eV vs NHE) could construct an effective 

heterojunction. For the traditional type II heterojunction, the photo-excited electrons 

would accumulate in the CB of BOC, whose potential was positive than the O2/•O2
− 

potential and the electrons could not reduce the dissolved O2 to •O2
− [63]. Meanwhile, 

most photo-generated holes would be located in the VB of SCN, the weak oxidizing 

ability was contrary to the decisive role of holes in the degradation process. In fact, 

according to the XPS results, the N 1s spectra and the Bi 4f spectra of BOC/SCN-3 

respectively shifted positively and negatively compared with that of SCN and BOC 

component, manifesting that SCN surface possessed positive charges and BOC 

surface possessed negative charges, and thus a built-in electric field was created at the 

heterojunction interface [70]. In view of this, the photo-excited electrons would 

transfer from the CB of BOC to the VB of SCN through the driving force of 

interfacial electronic interaction. As a result, the Z-scheme charge migration system 



22

was more in line with expectation of photocatalytic mechanism (Fig. 8). After being 

excited by the visible light, the electrons transferred from the CB of BOC quickly 

recombined with the holes in the VB of SCN. Hence, the electrons generated from 

SCN were mainly concentrated in the CB of SCN, and they effectively reduced the 

dissolved O2 to •O2
− to degrade TCH. The holes generated from BOC were still stored 

in the VB and directly participated in the reaction. The impressive reducibility and 

oxidizability of Z-scheme heterojunction could degrade TCH into H2O, CO2 and other 

small molecules with high efficiency. The major possible reactions were described as 

follows:

BOC + hν → eCB
− (BOC) + hVB

+ (BOC) (1)

SCN + hν → eCB
− (SCN) + hVB

+ (SCN) (2)

eCB
− (BOC) + hVB

+ (SCN) → recombination (3)

eCB
− (SCN) + O2 → •O2

− (4)

hVB
+ (BOC) + •O2

− + TCH → products (5)

In summary, the enhanced photocatalytic activity of BOC/SCN binary 

photocatalytic system was owing to the following aspects. Firstly, the morphology,  

bandgap and work function of CN were regulated by S doping, and SCN boosted the 

visible light harvesting and electrons escape ability. Secondly, BOC was grown in situ 

on SCN surface, the intimate contact and strong binding strength between them 

accelerated the migration of photo-induced carriers. Furthermore, the 2D/1D 

Z-scheme heterojunction formed by the well-matched energy level promoted 

electrons to travel along the 1D longitudinal and radial directions, so that the 

http://www.youdao.com/w/morphology/#keyfrom=E2Ctranslation
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recombination of charges was restrained sufficiently. Last but not least, the enlarged 

BET surface area was favorable for pollutants adsorption and intermediates diffusion. 

The synergistic effect of these aspects forcefully explained the excellent 

photocatalytic performance of BOC/SCN catalyst.

4. Conclusion

Herein, a novel visible-light responsive 2D/1D Bi2O2CO3 nanoflake/S-doped 

g-C3N4 hollow tube hierarchical heterostructure was constructed by in situ 

hydrothermal method. The BOC nanoflakes grew parallel on the surface of SCN and 

possessed strong interfacial contact with SCN. The binary photocatalytic system 

exhibited 82.6% TCH degradation efficiency within 30 min irradiation, which was 2.2 

and 3.5 times higher than pristine BOC and CN. Both S doping and the hierarchical 

heterostructure were crucial reasons for the improvement of photocatalytic 

performance. Based on various characterization techniques, the BOC/SCN-3 was 

found to possess outstanding morphology, optical and electrochemical properties. 

Mechanism analysis revealed that due to the well-matched energy level and built-in 

electric field, the formed Z-scheme structure extremely promoted the transfer of 

interface charges and achieved the spatial separation of electron-hole pairs. This work 

pointed out a new route to develop Z-scheme heterojunction photocatalyst with 

unique structure for efficient antibiotic degradation.

http://www.youdao.com/w/sufficiently/#keyfrom=E2Ctranslation
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Table 1 Comparison of different Bi2O2CO3/g-C3N4 photocatalytic systems for 

pollutants degradation.

Pollutant Concentration (mg L-1) Dosage (mg) Light source Time (min) Removal (%) Synthesis Ref.

MO 20 100 500 W W lamp 300 70 Calcination [71]

RhB 10 50 300 W Xe lamp 100 99 Ultrasonic-assisted [72]

RhB 8 20 500 W Xe lamp 300 98 Ultrasonic-assisted [41]

RhB 10 50 500 W Xe lamp 420 99 Planetary milling [73]

RhB 4.8 50 1000 W Xe lamp 240 46 Calcination [74]

TCH 44.4 50 300 W Xe lamp 240 98 Calcination [75]

TCH 10 30 300 W Xe lamp 60 82 Calcination [67]

TCH 20 20 1000 W Xe lamp 360 96 Hydrothermal [38]

TCH 10 30 300 W Xe lamp 30 82.6 Hydrothermal This work
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Table 2 The porous parameters of SCN, BOC, and BOC/SCN-3.

Sample BET surface area (m2 g-1) BJH pore volume (cm3 g-1) BJH average pore size (nm)

SCN 54.903 0.199 16.145

BOC 16.328 0.089 22.516

BOC/SCN-3 28.846 0.108 16.341



33

Scheme 1. Illustration for the synthetic process of 2D/1D BOC/SCN composites.
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Fig. 1. SEM images of (a) CN, (b) SCN, (c) BOC, (d-e) BOC/SCN-3 and (f) EDX 

element mapping analysis of BOC/SCN-3.
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Fig. 2. TEM images of (a) SCN, (b) BOC and (c) BOC/SCN-3; HRTEM image of (d) 

BOC/SCN-3.
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Fig. 3. (a) N2 adsorption-desorption isotherms of SCN, BOC and BOC/SCN-3 (inset: 

the related pore size distribution); (b) XRD patterns and (c) FTIR spectra of all the 

as-prepared samples.
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Fig. 4. XPS spectra of SCN, BOC and BOC/SCN-3. (a) Survey, (b) S 2p, (c) C 1s, (d) 

N 1s, (e) O 1s and (f) Bi 4f.
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Fig. 5. (a) UV–vis spectra of the as-prepared samples; (b) the bandgaps of CN, SCN, 

BOC and BOC/SCN-3; (c) the VB-XPS spectra of SCN and BOC; (d-f) PL, 

photocurrent and EIS of BOC, SCN and BOC/SCN-3, respectively.
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Fig. 6. (a) Photocatalytic TCH degradation of the as-prepared samples under visible 

light irradiation; (b) mineralization efficiency, (c) recycle experiments and (d-e) 

effects of initial TCH concentrations, inorganic anions and reaction pH over 

BOC/SCN-3 for TCH degradation.
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Fig. 7. (a) Radicals trapping experiments over BOC/SCN-3; ESR spectra of SCN, 

BOC and BOC/SCN-3 at dark and 10 min visible light irradiation conditions: (b) 

TEMPO-h+, (c) DMPO-•O2
− and (d) DMPO-•OH.
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Fig. 8. Schematic illustration of the possible charge transfer pathway and degradation 

mechanism by BOC/SCN-3 heterojunction. 
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• Sulfur doped hollow tubular g-C3N4 was prepared through molecular self-assembly.
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• A noval 2D/1D BOC/SCN hierarchical heterostructure was constructed.

• BOC/SCN composites exhibited outstanding photocatalytic activity and stability for 

TCH degradation.

• A possible Z-scheme charge transfer pathway and degradation mechanism were 

proposed.


