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a b s t r a c t

The utilization of an efficient photocatalyst is crucial for the photocatalytic degradation of antibiotics in

water through visible light, which is an imperative requirement for the remediation of water environ-

ments. In this study, a novel Cu-CeO2/BiOBr Z-type heterojunction was synthesized by calcination and

hydrothermal methods, and the degradation rate of sulfathiazole (STZ) antibiotic solution was studied

using simulated illumination (300W xenon lamp). The results indicated that 3% Cu-CeO2/BiOBr achieved

a degradation rate of 92.3% within 90 min when treating 20mg/L STZ solution, demonstrating its poten-

tial for practical water treatment applications. Characterization using various chemical instruments re-

vealed that 3% Cu-CeO2/BiOBr exhibited the lowest electron-hole recombination rate and electron trans-

fer resistance. Furthermore, the utilization of ESR data and quenching experiments has substantiated the

involvement of hydroxyl radicals (•OH) and superoxide radicals (•O2
−) as the primary active species. Con-

sequently, a plausible degradation mechanism has been inferred. These findings offer a prospective ap-

proach for the development of heterojunction materials with appropriate band matching.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Sulfathiazole (STZ) is an essential sulfonamide antibiotic uti-

lized in the treatment and prevention of prevalent human and live-

stock ailments, rendering it an indispensable component of medi-

cal therapeutics [1,2]. However, a limited proportion of antibiotics

demonstrate in vivo efficacy, with the majority being excreted into

the external environment via urine or feces, and subsequently de-

tected in diverse environmental matrices as mother or metabo-

lite. These residues have the potential to foster the development of

drug-resistant genes or bacteria, thereby posing a potential threat

to aquatic organisms and human health [3]. Consequently, the de-

velopment of cost-effective and efficient water treatment technolo-

gies for the removal of STZ from water is of utmost importance.

Currently, the primary methods for eliminating sulfonamides from

water involve a combination of physical, chemical, and biologi-

cal treatment approaches. However, STZ cannot be completely re-

moved from water by conventional methods due to its stable struc-
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ture, high mobility and low biodegradability and long-term re-

sistance [4–6]. Therefore, there is a growing interest in risk-free

methods for the treatment of residual sulfanilamide antibiotics.

In recent years, semiconductor photocatalytic technology has

gained popularity due to its high removal efficiency, use of sun-

light, and strong redox ability [7]. Designing a catalyst with excel-

lent photocatalytic activity and stability is crucial for the successful

application of photocatalytic technology. BiOBr has gained popular-

ity among researchers as a semiconductor material for photocat-

alytic degradation due to its unique layered structure, adjustable

band gap, and ease of modification [8]. However, single BiOBr is

not sufficient to meet actual production needs in the long run due

to the rapid recombination rate of photogenerated e−/h+ pairs and

low visible light response efficiency [9]. To improve the limita-

tions of single BiOBr, one of the most effective strategies is to form

heterojunction structures by combining different semiconductors.

This minimizes the recombination of light-generated e−/h+ pairs

and enhances the absorption capacity of visible light, thereby im-

proving the redox capacity of photocatalytic degradation. The con-

struction of Z-type heterojunction is one of the most effective

ways to improve the photocatalytic activity. For example, Niu et

al. [10] synthesized g-C3N4@Bi/BiOBr Z-type heterojunction by mi-
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crowave solvothermal method, which greatly improved the degra-

dation rate of ciprofloxacin. Xie et al. [11] constructed a Z-type

carrier migration system by uniformly loading carbonized poly-

mer points on BiOBr nanosheets through a low-thermal solid-state

chemical reaction, which greatly improved its reduction rate of

CO2. Liu et al. [12] successfully synthesized direct Z-type BiOBr/CuI

heterostructures using a simple solvothermal method, with a phe-

nol removal rate of 98.4% within 150min. Gao et al. [13] used the

solvent heat method to prepare a Z-type g-C3N4@PDA/BiOBr het-

erojunction nanomaterial that exhibited high degradation activity

for sulfamethoxazole. Optimized photocatalysts have great poten-

tial for future green and solar-driven synthesis and removal of re-

fractory organic pollutants from real water bodies.

The rare earth oxide CeO2 has garnered significant interest in

various fields, including photocatalysis, dye cells, oxygen storage

devices, and biomedicine [14]. CeO2 is a photocatalyst material that

is environmentally benign and typically exhibits noteworthy pho-

tocatalytic activity when exposed to ultraviolet radiation, owing to

its proficient oxygen transport capability, abundant oxygen vacan-

cies, and resistance to photodegradation [14–16]. Despite being a

wide-band semiconductor (2.8–3.1 eV), CeO2 exhibits a low utiliza-

tion rate of visible light, thereby limiting its potential application

in the field of photocatalysis [17,18]. To improve the material’s per-

formance under visible light, researchers have made numerous ef-

forts such as changing the crystal lattice structure through element

doping (e.g., Cu, Co, Yb, Fe, Pb, N, and La) and narrowing the band

gap to enhance its photocatalytic activity [19,20]. Shahzadi et al.

successfully doped La into CeO2 quantum dots by hydrothermal

method, and found that CeO2 doped with 6% La showed significant

antibacterial activity against Escherichia coli at a higher concentra-

tion, and showed significant methylene blue catalytic degradation

performance in alkaline media [21]. Cu doping exhibits significant

interfacial redox activity among the elements, owing to the pres-

ence of Cu+/Cu2+ and Ce3+/Ce4+ ions [19]. Moreover, Cu is an es-

sential trace element in the body, which is abundant and low-cost

[22]. Mousavi-Kamazani et al. synthesized Cu-doped CeO2 nanoma-

terials by a simple acoustochemical method. Cu reduced the band

gap value of CeO2, greatly improved the photocatalytic activity of

doped CeO2, and the degradation rate of methyl orange reached

99% in 45 min [19]. Therefore, Cu was used as a dopant of CeO2 to

prepare a visible photocatalyst with a narrower band gap.

Based on the above analysis, combining Cu-doped CeO2 with

BiOBr to form a heterojunction structure will enhance the trans-

port and separation of photogenerated charge, expand the scope

of visible light absorption, and enhance the photocatalytic abil-

ity [23,24]. This study introduces a range of Cu-CeO2/BiOBr nano-

heterogenesis photocatalysts, synthesized through uncomplicated

calcination and solvothermal techniques, with varying Cu-CeO2 ra-

tios. The effectiveness of the catalysts was assessed through an

analysis of the degradation of STZ, a representative pollutant, us-

ing photocatalysis. Results indicate that the removal rate of sul-

fathiazole by 3% Cu-CeO2/BiOBr can reach 92.3% within 90 min of

simulated solar irradiation. Furthermore, the effects of catalyst uti-

lization, solution pH, and antibiotic concentration on STZ removal

were thoroughly investigated, and the repeatability and stability of

STZ degradation were evaluated. The possible degradation mecha-

nism of STZ was established through quenching and ESR capture

experiments.

Detailed information on chemical agents and instruments for

the characterization of the material structure, material prepara-

tion, and photocatalytic degradation experiments are included in

the supporting information.

The surface morphology and microstructure of the catalyst

were analyzed by scanning electron microscopy (SEM), transmis-

sion electron microscopy (TEM), high-resolution transmission elec-

tron microscopy (HRTEM) and selected area electron diffraction

Fig. 1. SEM images of (a) Cu-CeO2, (b) BiOBr and (c) Cu-CeO2/BiOBr. (d) TEM, (e)

HRTEM and (f) SAED images of 3% Cu-CeO2/BiOBr. (g–m) TEM-EDS elemental map-

ping images of Bi, Br, O, Cu, and Ce, with panel (g) showing the combined distribu-

tion.

(SAED). According to the SEM images (Figs. 1a–c), the Cu-CeO2

compound predominantly manifests as nanoparticles, whereas the

BiOBr structure exhibits a hydrangea-like morphology. This config-

uration facilitates the growth of Cu-CeO2 nanoparticles onto the

surface of the BiOBr flower ball, thereby engendering a hetero-

junction structure of Cu-CeO2/BiOBr. The microstructure of the

nanocomposite can be more clearly observed through the TEM im-

age of 3% Cu-CeO2/BiOBr (Fig. 1d). The connection between Cu-

CeO2 and BiOBr is conducive to the separation and transfer of elec-

tric charge, thus reducing the recombination rate of the photogenic

e−/h+ pair. Additionally, HRTEM images of 3% Cu-CeO2/BiOBr (Fig.

1e) reveal lattice spacing of 0.312nm and 0.282nm for Cu-CeO2

and BiOBr, respectively, corresponding to the (111) crystal plane of

Cu-CeO2 and the (102) crystal plane of BiOBr [25]. Furthermore,

the SAED image in Fig. 1f confirms the existence and orientation of

the material’s crystal plane, consistent with the HRTEM results. The

presence and homogeneous dispersion of copper, cerium, oxygen,

bromine, and bismuth in 3% Cu-CeO2/BiOBr heterojunction mate-

rials were verified through TEM-EDS elemental mapping analysis

(Figs. 1g–m).

X-ray diffraction (XRD) analysis can determine the degree of

purity and crystal phase composition of the synthesized samples.

Fig. 2a shows that the Cu-CeO2 sample shows all diffraction peaks

of CeO2, at 2θ =28.54 °, 33.07 °, 47.43 ° and 56.32 ° correspond-

ing to (111), (200), (220) and (311) crystal planes of CeO2 respec-

tively (JCPDS #43-1002); while the XRD spectrum of BiOBr mainly

shows seven major peaks at 10.83°, 25.11°, 31.62°, 32.17°, 46.23°,
53.51° and 57.19°, which correspond to (001), (101), (102), (110),

(112), (200), (211) and (212) crystal planes of BiOBr (JCPDS #09-

0393) [26]. It is worth noting that the characteristic peaks in the

3% Cu-CeO2/BiOBr sample exhibit a resemblance to those of BiOBr,

which indicates that the Cu-CeO2 coupling has no great impact on

the crystal structure of BiOBr. The weak signal peak of Cu-CeO2

may be attributed to the low content deposited on the surface of

BiOBr and its high dispersion. This phenomenon has been previ-

ously reported in similar studies [27].

The FTIR analysis was conducted within the wavelength range

of 400-4000 cm−1 to investigate the chemical bond vibration char-
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Fig. 2. (a) XRD, (b) FTIR and (c) XPS survey spectra of Cu-CeO2, BiOBr and 3% Cu-CeO2/BiOBr. (d) Cu 2p and (e) Ce 3d spectra of Cu-CeO2 and 3% Cu-CeO2/BiOBr. (f) O 1s

spectra of Cu-CeO2, BiOBr and 3% Cu-CeO2/BiOBr. (g) Bi 4f and (h) Br 3d spectra of BiOBr and 3% Cu-CeO2/BiOBr. (i) VB XPS spectra of Cu-CeO2 and BiOBr.

acteristics of prepared Cu-CeO2/BiOBr nanomaterials, thereby en-

suring successful synthesis. Fig. 2b demonstrates that the asym-

metric tensile vibration of the Ce-O bond accounts for the peaks

observed at 400-1013 cm−1 for Cu-CeO2 and 3% Cu-CeO2/BiOBr

[28], whereas the stretching vibration of the Bi-O bond and the

asymmetric stretching of the Bi-Br bond pertain to the charac-

teristic peaks at 514 cm−1 and 1376 cm−1 of BiOBr and 3% Cu-

CeO2/BiOBr [29]. The stretching vibration and bending vibration

of the O-H bond of water molecules are the underlying causes

of the two noticeable signal peaks, respectively, observed at 1607

cm−1 and 3469 cm−1 [13]. The telescopic vibration of the C-H bond

causes a minor vibration peak that can be observed at 2974 cm−1

[26]. The signal peak of Cu in Cu-CeO2 may fall below the detec-

tion limit of FTIR owing to the low doping content of Cu.

The X-ray photoelectron spectroscopy (XPS) technique was em-

ployed to ascertain the surface element composition and electronic

chemical state of Cu-CeO2, BiOBr, and Cu-CeO2/BiOBr. Fig. 2c shows

the survey XPS spectra of Cu-CeO2, BiOBr and 3% Cu-CeO2/BiOBr.

Cu, Ce, Bi, O and Br are present in 3% Cu-CeO2/BiOBr samples.

The regional high-resolution spectra of Cu 2p, Ce 3d, O 1s, Bi 4f

and Br 3d are shown in Figs. 2d–h. In Fig. 2d, it can be observed

that the peaks of Cu-CeO2 at 932.16 eV and 935.62 eV correspond

to Cu+ and Cu2+ of Cu 2p3/2 respectively, while the peaks of Cu-

CeO2 at 951.94 eV and 955.91 eV are Cu+ and Cu2+ of Cu 2p1/2 [19].

In addition, there is a wide signal peak at 942.77 eV, which can be

attributed to the companion peak of Cu2+ [19]. This result con-

firms that the doping of Cu element mainly exists in the form of

Cu+ and Cu2+. As shown in Fig. 2e, the Ce 3d spectrum is pri-

marily composed of the Ce 3d3/2 and Ce 3d5/2 spin orbitals. The

Ce 3d3/2 peak is identified as one of the three characteristic peaks

of u, u", and u"’, while the Ce 3d5/2 peak is identified as one of

the three characteristic peaks of v, v", and v"’. These six peaks be-

long to the characteristic peaks of Ce4+, while u’ and v’ indicate

the existence of Ce3+ [30]. The XPS high-resolution spectrum of

O 1s (Fig. 2f) exhibits characteristic peaks at 530.13 eV/531.48 eV

and 530.05 eV/530.31 eV for Cu-CeO2 and BiOBr, respectively. These

peaks arise from lattice oxygen and hydroxyl groups on the mate-

rial surface [31]. Additionally, the broad peak observed at 533.06 eV

can be attributed to the presence of oxygen atoms adjacent to the

oxygen vacancy in Cu-CeO2 [32]. Fig. 2g shows the two character-

istic peaks corresponding to Bi 4f in the XPS spectrum. The peaks

at 159.26 eV and 164.59 eV correspond to Bi 4f7/2 and Bi 4f5/2 of

BiOBr, respectively [32]. The Br 3d spectrum (Fig. 2h) reveals two

distinct peaks at 68.24 eV and 69.27 eV in the BiOBr spectrum, cor-

responding to the electronic states of Br 3d5/2 and Br 3d3/2, respec-

tively [31]. The high-resolution spectrum survey reveals that the Cu

2p, O 1s, Bi 4f, and Br 3d XPS spectra exhibit a marginal blue shift

in the 3% Cu-CeO2/BiOBr composite, as compared to the individ-

ual Cu-CeO2 and BiOBr. This observation substantiates the forma-

tion of a heterojunction between the materials, leading to an aug-

mented charge concentration [33]. Simultaneously, the maximum

values of the valence band (VB) of Cu-CeO2 and BiOBr were de-

termined by VB-XPS, which were 2.24 eV and 2.59 eV, respectively

(Fig. 2i). Combined with the subsequent UV–vis diffuse reflectance

spectrum (DRS) measurement results (Fig. 3a) and the calculation

formula of the minimum conduction band (CB) (ECB = EVB − Eg),

the minimum conduction band values of Cu-CeO2 and BiOBr were

determined to be −0.23 eV and −0.41 eV, respectively. This finding

provides a foundation for the specific mechanism analysis of pho-

tocatalytic degradation of STZ.

The degradation performance of photocatalysts is significantly

influenced by the interdependent factors of light absorption and

charge separation. To further corroborate the response range of

the prepared samples to visible light, UV–vis DRS analysis was

3
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Fig. 3. (a) UV–Vis DRS of Cu-CeO2, BiOBr and Cu-CeO2/BiOBr (Inset is the corresponding Tauc plot). (b) Photoluminescence spectra. (c) Photodegradation efficiency of Cu-

CeO2/BiOBr. (d) Photocurrent response curves and (e) EIS spectra of Cu-CeO2, BiOBr and Cu-CeO2/BiOBr. (f) The variation of 3% Cu-CeO2/BiOBr absorption with illumination

time. (g) Active species trapping experiments of 3% Cu-CeO2/BiOBr for STZ photodegradation. (h) DMPO-•O2
− . (i) DMPO-•OH of 3% Cu-CeO2 /BiOBr.

conducted. The data presented in Fig. 3a demonstrates that the

absorption edge of Cu-CeO2/BiOBr heterojunction materials ex-

hibited a minor red shift in comparison to single Cu-CeO2 or

BiOBr. This shift suggests an expansion in the visible light re-

sponse range, thereby enhancing the efficacy of visible light utiliza-

tion. Consequently, Cu-CeO2/BiOBr heterojunction materials pos-

sess the potential to significantly enhance visible light utiliza-

tion [34]. Furthermore, according to the Tauc formula, specifically

(αhv)1/n =A(hv−Eg), where α is the molar extinction coefficient, Eg
is the material band gap, v is photon frequency, h is Plank’s con-

stant, A is constant coefficient, and n is determined by the optical

transition type (for indirect semiconductors like BiOBr, n=4) [29].

One can derive the band gap energies of Cu-CeO2 and BiOBr as

2.65 eV and 2.82 eV, respectively. In addition, the UV–vis DRS test

result of pure CeO2 was 2.73 eV (Fig. S1 in Supporting informa-

tion), indicating that the incorporation of Cu narrowed the band

gap of CeO2, thereby improving its light absorption capacity. The

photoluminescence (PL) spectrum depicted in Fig. 3b was utilized

to investigate the charge separation of Cu-CeO2/BiOBr heterojunc-

tion material. The materials exhibit a discernible peak at approxi-

mately 476nm, with the Cu-CeO2 displaying the highest peak in-

tensity, followed by BiOBr, 1% Cu-CeO2/BiOBr, 2% Cu-CeO2/BiOBr,

4% Cu-CeO2/BiOBr, and 3% Cu-CeO2/BiOBr, in that order. The data

reveals that the 3% Cu-CeO2/BiOBr material exhibits the least fluo-

rescence intensity, suggesting a reduced carrier recombination rate

that enhances the photocatalyst’s efficacy [35]. Fig. 3c depicts the

experiment on the photocurrent response cycle. The results indi-

cate that all materials exhibit comparable photocurrent response

curves under four distinct simulated lamp switching conditions.

Notably, the 3% Cu-CeO2/BiOBr material demonstrates the most fa-

vorable photocurrent response, corroborating the findings of the PL

spectrum analysis and indicating a high degree of charge separa-

tion efficiency [36]. The electrochemical impedance spectroscopy

(EIS) data can be utilized to investigate the charge transfer rate of

the material. As depicted in Fig. 3d, it is evident that among the

Cu-CeO2/BiOBr heterojunction materials synthesized, the 3% Cu-

CeO2/BiOBr exhibits the smallest arc radius, indicating a lower in-

terface resistance for charge transfer and superior electron transfer

capability [37]. In conclusion, the significant results from the pho-

toelectric performance tests provide compelling evidence that the

close interface between Cu-CeO2 and BiOBr can reduce the recom-

bination of photoexcited electron-hole pairs [38]. Notably, the 3%

Cu-CeO2/BiOBr composite exhibits superior charge separation and

transport capabilities, thereby promoting the enhancement of pho-

tocatalytic performance.

To assess the antibiotic elimination efficiency of catalysts pre-

pared in different proportions, a 20mg/L (Fig. S2 in Supporting

information) STZ solution (solution pH 7± 0.2 (Fig. S3 in Sup-

porting information); catalyst dosage: 15mg/L (Fig. S4 in Support-

ing information)) was employed as the model system to evaluate

the photocatalytic degradation in this study. Fig. 3e demonstrates

that adsorption-desorption reached equilibrium within 40 min

prior to the photodegradation reaction. After 90 min of simu-

lated visible light irradiation, it was observed that the concen-

tration of STZ remained nearly unchanged in the control group

without any catalyst, whereas pristine Cu-CeO2 and BiOBr only

achieved approximately 38.6% and 51.8% STZ removal, respec-

tively. The Cu-CeO2/BiOBr heterojunction materials exhibit vary-

ing removal capacities, with the order of effectiveness being 1%

Cu-CeO2/BiOBr (70.2%) < 2% Cu-CeO2/BiOBr (79.3%) < 4% Cu-

CeO2/BiOBr (86.1%) < 3% Cu-CeO2/BiOBr (92.3%). This suggests

that the 3% Cu-CeO2/BiOBr material demonstrates superior cat-

alytic performance. Furthermore, the absorption value of 3% Cu-

CeO2/BiOBr at 257/281nm exhibits a time-dependent behavior, as

illustrated in Fig. 3f. Over time, the peak intensity gradually di-

minishes, and the highest peak undergoes a slight shift, potentially

attributed to the degradation of STZ molecules into smaller molec-

ular species. In addition, due to the possible presence of anionic
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interferences in urban water (Fig. S5 in Supporting information),

we also conducted a Box-Behnken (Table S4 in Supporting infor-

mation) analysis to determine the optimal conditions for STX re-

moval. Among them, the concentration of Cl− is 37.50mg/L, NO3
−

is 12.5mg/L, CO3
2− is 135.00mg/L and SO4

2− is 15mg/L(Tables S5

and S6 in Supporting information).

To specifically analyze the photodegradation mechanism of

the Cu-CeO2/BiOBr system. The quenching experiment of 3%Cu-

CeO2/BiOBr degradation STZ was carried out. Consequently, three

different scavengers, namely ammonium oxalate (AO), isopropanol

(IPA) furfuryl alcohol (FFA) and benzoquinone (BQ), were used to

quench h+, •OH, 1O2 and •O2
−, respectively (Fig. 3g). The analysis

showed that in the presence of AO, IPA, and BQ, the 3% Cu-CeO2

/BiOBr degradation rates of STZ decreased from 92.3% to 70.1%,

28.6%, 89.6% and 39.2%, respectively. Hence, it can be deduced that

the degradation reaction is primarily facilitated by •OH and •O2
−

as the active free radicals, while h+ and 1O2 also contribute to the

elimination of STZ. ESR capture experiments were conducted on

3% Cu-CeO2/BiOBr samples, and the corresponding ESR data was

recorded in Fig. 3. As shown in Figs. 3h and i, no signal peaks

were found in the dark condition at the beginning. After 5min of

visible light irradiation, signal characteristic peaks of DMPO-•O2
−

(AN =14.0G, AH =11.0G) and DMPO-•OH (AN =AH =14.9G) were

immediately displayed [39]. As the illumination time extended, the

intensity of signal peaks become higher and higher, and the ratios

of signal intensity of •O2
− and •OH ratio was 1:1:1:1 and 1:2:2:1

[40]. These results demonstrated the generation of •O2
− and •OH

during the photodegradation experiment.

The above analysis reveals that the photocatalytic degrada-

tion of STZ is predominantly facilitated by free radicals. Therefore,

the theoretical calculation of the Fukui index was utilized to in-

vestigate the active sites and regional selectivity of sulfathiazole

molecules.

The highest occupied molecular orbital (HOMO) of the STZ

molecule (Figs. 4a and b) indicates the easy escape of electrons,

making it susceptible to electrophilic attack [41]. The lowest un-

occupied molecular orbital (LUMO) represents the region with the

ability to acquire an electron (Fig. 4c). However, this does not of-

fer a quantitative assessment of the reactivity for each individual

atom. Fig. 4d illustrates the distribution of electrostatic potential

(ESP) on the van der Waals surface of the STZ molecule, where

atoms with negative (or positive) ESP indicate electron-rich (or

electron-deficient) regions [40]. The sulfamide group with negative

ESP is considered highly susceptible to electron loss, thereby facili-

tating oxidation and elimination processes. Further, the considered

Fukui index is used to quantitatively describe the reaction reactiv-

ity of each atom (Fig. 4e). The primary ROS in this reaction system,
•OH is widely considered as an electrophilic radical, while •O2

− is

considered as a weak nucleophilic radical [42,43]. The results indi-

cate that the N1 (f – =0.082), C3 (f – =0.062), C11 (f – =0.139) and

S12 (f – =0.088) atoms with the highest electrophilic attack Fukui

indexes are the most reactive sites inclined to be attacked by •OH.

Besides, the N1 (f 0 = 0.075), C2 (f 0 = 0.061), C5 (f 0 = 0.063), C11

(f 0 = 0.079) and S12 (f 0 = 0.112) atoms with the highest radical

attack Fukui indexes are the most reactive sites inclined to be at-

tacked by •O2
−. Moreover, •O2

− also can be considered as a weak

nucleophilic radical, then the Fukui index for nucleophilic attack

(f+) is further explored. The C2 (f+ =0.088), C5 (f+ =0.075), S12

(f+ =0.136), O14 (f+ =0.068) and C15 (f+ =0.067) atoms with the

highest f+ values are the most reactive sites for nucleophilic attack.

In comparison, •O2
− is superior in attacking S site in the thiazolyl

group, as a weak nucleophilic specie, especially the S12 site. While
•OH prefer to attack the C site in the thiazolyl group and N site in

the terminal amino group.

LC-MS analysis was conducted to detect the degradation inter-

mediates of STZ, and their retention time and m/z values are pre-

Fig. 4. (a) Chemical structure, (b) highest occupied molecular orbital (HOMO), (c)

lowest unoccupied molecular orbital (LUMO), and (d) electrostatic potential (ESP)

distribution of STZ. (e) Natural population analysis (NPA) charge distributions and

condensed Fukui index (f –, f+ and f0) of STZ. (f) The proposed STZ degradation

pathway.

sented in Table S6. The photocatalytic degradation of STZ primarily

occurs through mechanisms involving chemical bond breaking, ox-

idation, and substitution [44]. Fig. 4f illustrates the potential degra-

dation pathway of STZ to 3% Cu-CeO2/BiOBr under xenon lamp ir-

radiation, in conjunction with theoretical calculations. The initial

step involves the cleavage of a chemical bond, resulting in the

formation of P1 (m/z=173) from the C-N bond cleavage and P2

(m/z=93) from the S-C bond breaking, leading to the generation

of P3 (m/z=125) [45,46]. This is consistent with the DFT results. In

the subsequent stage, the thiazole ring is attacked by •OH resulting

in the production of SO4
2− and short chains of organic acids, giving

rise to P4 (m/z=216). P4 undergoes persistent oxidation, resulting

in the formation of xanthamide P1 (m/z=173) through the dissoci-

ation of the N-C=O bond. Ultimately, the oxidative degradation of

these compounds culminates in the disintegration of the aromatic

ring, concomitant with the generation of H2O, CO2, and inorganic

salt ions, including NH4
+, NO3

−, and SO4
2− [47]. To further under-

stand the degradation performance of the 3% Cu-CeO2/BiOBr sys-

tem, we measured the residual total organic carbon (TOC) content

in the 3% Cu-CeO2/BiOBr system. As shown in Fig. S6 in Supporting

information, the 3% Cu-CeO2/BiOBr system achieves a TOC removal

efficiency of about 49%.

Based on the above analysis results, we proposed the potential

mechanism of 3% Cu-CeO2/BiOBr photocatalytic enhancement, as

shown in Fig. 5. Under light conditions, both Cu-CeO2 and BiOBr

can be excited by light to produce e− and h+ substances. In gen-

eral, e− tends to migrate to positions where the potential is cor-

rected, and h+ tends to migrate to positions where the poten-

tial is more negative. However, the conduction position of BiOBr

(−0.23 eV) was more correct than that of O2/
•O2

− (−0.33 eV), and

the valence band position of Cu-CeO2 (2.24 eV) was more neg-

ative than that of H2O/
•OH (2.38 eV), which could not produce

active free radicals •O2
− and •OH that degraded STZ. This con-

tradicts our degradation efficiency and ESR results [48]. There-
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Fig. 5. Possible mechanism of photocatalytic degradation of 3% Cu-CeO2/BiOBr.

fore, Z-type heterojunction is more suitable for the photocatalytic

degradation mechanism of 3% Cu-CeO2/BiOBr photocatalyst, that

is, electrons in BiOBr conduction band and h+ in Cu-CeO2 valence

band to form an internal electric field, so that h+ and e− are re-

tained in the conduction band of Cu-CeO2 and the valence band

of BiOBr, respectively. Thus, the recombination of photogenerated

e− and h+ is inhibited. Because the conduction position of Cu-

CeO2 (−0.41 eV) is more negative than that of O2/
•O2

− (−0.33 eV),

the valence band position of BiOBr (2.59 eV) is more correct than

that of H2O/
•OH (2.38 eV). Consequently, 3% Cu-CeO2/BiOBr has

a high redox potential, which can simultaneously produce ac-

tive substances such as •O2
−, •OH and h+ [49]. Ultimately, these

active radicals with strong oxidation–reduction ability decom-

pose STZ molecules into CO2, H2O and some harmless inorganic

substances.

To summarize, Cu-CeO2/BiOBr Z-type heterojunction photocat-

alyst can be directly synthesized by calcination and solvothermal

method. Compared to pristine Cu-CeO2 and BiOBr, Cu-CeO2/BiOBr

has shown significantly enhanced photocatalytic degradation per-

formance towards sulfathiazole under visible light irradiation. No-

tably, 3% Cu-CeO2/BiOBr exhibits the greatest photocatalytic activ-

ity, with STZ removal exceeding 92% within 90min of visible light

irradiation. After five cycle experiments, 3% CuO2/BiOBr still has a

high degradation rate, indicating that the material has a certain cy-

cle stability (Fig. S7 in Supporting information). At the same time,

the degradation rate of STZ in tap water can reach 76% (Fig. S8 in

Supporting information), and it also has a good effect in actual wa-

ter bodies. This is primarily due to the formation of a heterojunc-

tion between Cu-CeO2 and BiOBr, which boosts charge transfer and

separation. Moreover, the presence of Cu-CeO2 greatly adjusts the

energy band structure, enhances the visible light absorption capa-

bility of Cu-CeO2/BiOBr, and generates more active species. Fur-

thermore, the experiment revealed that the photocatalyst is con-

siderably stable and exhibits exceptional photodegradation perfor-

mance even after five repeated uses. To conclude, this study not

only proposes a viable photocatalytic system for eliminating STZ

from environmental wastewater, but also offers a novel approach

for designing distinctive heterojunction nanomaterials based on

BiOBr in the future.
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