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A B S T R A C T   

Design of high-efficiency visible light photocatalysts is critical in the degradation of antibiotic pollutants in 
water, a key step towards environmental remediation. In the present study, Mo-doped BiOBr nanocomposites are 
prepared hydrothermally at different feed ratios, and display remarkable visible light photocatalytic activity 
towards the degradation of sulfanilamide, a common antibacterial drug. Among the series, the sample with 2% 
Mo dopants exhibits the best photocatalytic activity, with a performance 2.3 times better that of undoped BiOBr. 
This is attributed to Mo doping that narrows the band gap of BiOBr and enhances absorption in the visible region. 
Additional contributions arise from the unique materials morphology, where the highly exposed (102) crystal 
planes enrich the photocatalytic active sites, and facilitate the adsorption of sulfanilamide molecules and their 
eventual attack by free radicals. The reaction mechanism and pathways are then unraveled based on theoretical 
calculations of the Fukui index and liquid chromatography/mass spectrometry measurements of the reaction 
intermediates and products. Results from this study indicate that deliberate structural engineering based on 
heteroatom doping and morphological control may serve as an effective strategy in the design of highly active 
photocatalysts towards antibiotic degradation.   

1. Introduction 

Antibiotics are a kind of drugs with strong bactericidal effects (S. Li 
et al., 2021; M. Li et al., 2021; W. Li et al., 2021; Wang et al., 2020), and 
have been widely used in hospitals, farms, and animal husbandries (Qin 
et al., 2021; Liu et al., 2020; Wang et al., 2020). Such extensive uses of 
antibiotics have been known to cause the residues to enter the envi
ronment along with industrial wastewater and human and animal 
excrement, which poses an unpredictable impact on the ecosystem and 
human health (B. Li et al., 2019; H. Li et al., 2019; P. Li et al., 2019), such 
as the formation of antibiotic-resistant genes (Du et al., 2020; Hamiwe 

et al., 2019). Sulfanilamide is a common antibacterial drug used in 
clinical treatment (Wang et al., 2019), and residues of sulfanilamide 
have been found in feces, soil and surface water (Zhu et al., 2016). 
Although the residue concentration in the aquatic environment is usu
ally low, the long-term existence can increase the resistance of micro
organisms, and reduce the body’s immunity, resulting in potential threat 
to human health (Senasu et al., 2021a, 2021b; J. Wang et al., 2020; Y. 
Wang et al., 2020). Thus, it is of both fundamental and technological 
significance to develop effective technologies to remove antibiotic res
idues from environmental water (Liu et al., 2021; Younis et al., 2021; 
Senasu et al., 2021a, 2021b). 
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Up to now, a variety of methods have been examined to remove 
sulfanilamide from environmental water, such as biodegradation, 
chemisorption and membrane technology. However, due to the low 
elimination rate of sulfanilamide (thanks to its relatively stable chemical 
structure) and/or the unsatisfactory degradation activity of these 
traditional technologies, their practical applications have remained 
limited (Adamek et al., 2012). Photocatalysis has great prospects in the 
removal of antibiotics from environmental water and sterilization, due 
to its advantages of high efficiency, economic viability, and green nature 
(Han et al., 2021). A range of semiconductor materials have been used as 
photocatalysts, such as carbon nanotubes (Khan et al., 2021), metal 
sulfides (Niu et al., 2020), and metal oxides (Qin et al., 2021). Among 
these, BiOBr is a unique photocatalyst that features a special layered 
structure composed of [Bi2O2]2+ layers sandwiched between two [Br2]2- 

layers, where the interlayer electrostatic field greatly promotes the 
separation and transport of photoexcitons, leading to improved photo
catalytic activity (Wang and Zhuan, 2020; Wang et al., 2020; Senasu 
et al., 2021a, 2021b). Yet, with a rather large band gap (ca. 2.9 eV), 
pristine BiOBr shows only limited absorption in the visible range, poor 
electron transport capacity, and a low number of active sites. Further 
structural engineering of BiOBr is needed to achieve visible-light photo 
absorption and enhance the photocatalytic performance. Currently, the 
commonly used strategies include construction of heterojunctions, 
defect engineering and elemental doping. Table S1 lists the application 
of BiOBr nanocomposites synthesized through different strategies in the 
photocatalytic degradation of antibiotics in recent years. 

Among the various modification approaches, doping is a simple and 
effective strategy, which can easily adjust the electronic structure and 
form new energy levels but without changing the main crystal structure 
(Qiao et al., 2020). In fact, metal ion doping has been exploited exten
sively as an engineering method to reduce the materials band gap and 
extend the absorption to the visible range, leading to enhanced sepa
ration of photocarriers and ultimately photocatalytic performance 
(Wang et al., 2017). For instance, transition metals have been success
fully doped into BiOBr for effective visible light fixation of N2 and 
degradation of organic pollutants (Y. Chen et al., 2021; X. Chen et al., 
2021; Qu et al., 2021). Molybdenum (Mo) is a transition metal with its 
outer orbitals semi-filled with six electrons. As the ionic radius of Mo 
(0.54 Å) is much smaller than that of Bi (1.03 Å), Mo elements can be 
readily doped into the lattice of BiOBr to engineer the band structure 
(Tayebi et al., 2019). Inspired by these earlier results, in the present 
study Mo-doped BiOBr was prepared and used for the first time to 
improve the visible-light photocatalytic degradation of sulfanilamide. 
Note that in comparison with other antibiotics, sulfanilamide is rela
tively stable with a sulfonamide functional group and aniline ring in the 
molecular structure (Ghahremani et al., 2017). Thus, it remains a 
challenge to efficiently remove sulfanilamide residuals from environ
mental water (Wang et al., 2019; Dong et al., 2016). 

The synthesis of BiOBr nanocomposites includes co-precipitation, 
chemical exfoliation, template-assisted, sol-gel and hydrothermal 
methods. The hydrothermal method is considered to be the most suit
able method for preparing composite materials due to its advantages of 
environmental friendliness, ease of operation, and low cost (Hunge 
et al., 2021). Moreover, the size, distribution, and morphology of par
ticles can be improved by changing the hydrothermal conditions (e.g., 
reaction temperature, pH, and reaction time) (Sadjid et al., 2019). 
Herein, Mo-doped BiOBr nanoflowers were synthesized hydrothermally. 
It was found that the resulting samples displayed a narrowed bandgap, 
apparent absorption in the visible range, and improved carrier transport. 
Significantly the photocatalytic performance towards the degradation of 
sulfanilamide was markedly enhanced, in comparison to that of pristine 
BiOBr. 

Notably, density functional theory (DFT) calculations have been 
widely used to explore the quantum properties of organic/inorganic 
molecular structures and evaluate the reaction pathways. For example, 
Ji et al. (2020, 2021), J. Liu et al. (2019), W. Liu et al. (2019) 

investigated the potential reactive sites of various organic contaminants, 
such as sulfamethazine, diclofenac, and ciprofloxacin, according to the 
Fukui function based on DFT calculations. Therefore, in the present 
study, the reaction mechanism and pathways were evaluated by theo
retical calculations of the Fukui index, where the reaction intermediates 
and products were quantified by liquid chromatograghy-mass spec
trometry (LC-MS) measurements. 

2. Experimental section 

The details about chemical reagents, instruments for material 
structural characterization, and theoretical calculations are included in 
the Supplementary Information. 

2.1. Sample preparation 

Mo-doped BiOBr nanoflowers were synthesized hydrothermally (Y. 
Chen et al., 2021; X. Chen et al., 2021). In a typical experiment, two 
solutions were prepared separately. The first solution included Bi 
(NO3)3⋅5H2O (1.94 g) and a calculated amount of Na2MoO4 (varied from 
8.3 to 68.7 mg) in 30 mL of a 1 M HNO3 solution. The other was 0.476 g 
of KBr dissolved into a mixture of 25 mL of deionized water and 20 mL of 
ethylene glycol with the pH set to 7 by NH3⋅H2O. These two solutions 
were then mixed and loaded into a 100 mL Teflon-lined stainless-steel 
autoclave undergoing thermal treatment at 160 ◦C for 24 h. After being 
cooled down to ambient temperature, the resulting precipitate was 
centrifuged, rinsed several times with deionized water and ethanol, 
desiccated overnight in a vacuum oven, and grounded for further use. 
These samples were referred to as x%Mo-BiOBr, with x% being the Mo 
dopant concentration. As a control, undoped BiOBr was prepared in the 
same manner but without the addition of Na2MoO4. 

2.2. Photocatalysis 

The photocatalytic activities of undoped and Mo-doped BiOBr 
nanoflowers were examined by the degradation of sulfanilamide using a 
300 W xenon lamp (with a UV cut-off filter, > 420 nm) as the simulated 
sun light (FX300, Perfect Light). Specifically, 50 mL of a 10 mg L− 1 

sulfanilamide solution, along with 20 mg of the BiOBr or x%Mo-BiOBr 
obtained above, was added into a quartz tube, and an adsorption/ 
desorption equilibrium was reached by continuous stirring of the solu
tion for 30 min in the dark. Degradation was then initiated by photo
irradiation of the reaction solution with the xenon lamp. An aliquot (2.0 
mL) of the solution was removed from the quartz tube in a time interval 
of 10 min, and the contained photocatalyst was removed by centrifu
gation. The maximum absorption of sulfanilamide at 256 nm was 
measured with a UV–vis spectrophotometer. The initial pH was regu
lated with HCl (0.1 M) or NaOH (0.2 M) to 3, 5, 6 or 10. Radical for
mation was examined by electron spin resonance (ESR) measurements 
with a Bruker ER200-SRC-10/12 spectrometer using 5,5-dimethyl-1- 
pyrroline-N-oxide (DMPO) as the spin-trapping agent, where O•−

2 and 
•OH were generated and collected in H2O and methanol, respectively 
(X. Xu et al., 2021; J. Xu et al., 2021). Photodegradation intermediates 
and products were quantitatively assessed by LC-MS analysis with a 
Thermo Scientific Q Exactive/Focus LC–MS/MS/Ultimate 3000 UPLC 
instrument. 

3. Results and discussion 

3.1. Characterizations 

The sample structures were first analyzed by XRD studies. It can be 
seen from Fig. 1a that undoped BiOBr exhibited five major diffraction 
peaks at 2θ = 10.88◦, 21.84◦, 31.68◦, 39.32◦ and 57.16◦, due to the 
(001), (002), (102), (112) and (212) crystal faces of tetragonal BiOBr 
(JCPDS#09-0393) (Zhang et al., 2014), respectively. Consistent 
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diffraction patterns were observed with the Mo-doped BiOBr samples, 
suggesting that the doping of Mo did not significantly change the crys
talline structure of BiOBr (Wu et al., 2016). The corresponding 
Fourier-transform infrared (FTIR) spectra were shown in Fig. 1b. Again, 
the doped and undoped samples exhibit very similar profiles, attesting 
virtually no change of the chemical structure of the sample upon Mo 
doping (Yan et al., 2018). Several vibrational features can be resolved. 
The peaks at 3435 and 1605 cm− 1 can be ascribed to the O-H tensile and 
bending vibrations of free water (Huang et al., 2020), respectively. The 
vibrations at 1386 and 518 cm− 1 are due to the asymmetric Bi-Br 
stretching and symmetrical stretching of the Bi-O bond in BiOBr (Wu 
et al., 2020). In contrast to the undoped BiOBr, Mo-doped BiOBr was 
observed to show additional vibrations at 821 and 1055 cm− 1, which 
can be ascribed to the Bi–O and Mo–O bonds, respectively (Wu et al., 

2020; Gupta et al., 2017). The formation of Mo–O bonds indicated that 
Mo ions were successfully incorporated into the BiOBr lattice replacing 
part of the Bi ions (Wu et al., 2020). 

Scanning electron microscopy (SEM) measurements were then car
ried out to characterize the morphological details of the undoped and 
Mo-doped BiOBr composites. Fig. 2a and c and S1 show the SEM images 
of BiOBr and 2%Mo-BiOBr at low resolution, both of which exhibit a 
regular and uniform morphology of nanoflowers. From Fig. 2b, the 
undoped BiOBr can be seen to exhibit a uniformly dispersed sheet-like 
structure, and such nanosheets were connected to each other forming 
a porous scaffold. The 2%Mo-BiOBr composite showed a similar struc
ture (Fig. 2d), demonstrating that the introduction of Mo dopants did 
not induce an appreciable change of the BiOBr morphology, in accord 
with results from XRD measurements (Fig. 1a). 

Fig. 1. (a) XRD patterns and (b) FTIR spectra of Mo-doped BiOBr nanocomposites.  

Fig. 2. SEM images of (a and b) undoped BiOBr and (c and d) 2%Mo-BiOBr.  
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From the EDX profiles in Fig. S2, one can see that the undoped BiOBr 
sample consisted of only Bi, Br and O with an atomic ratio close to 1:1:1. 
The 2%Mo-doped BiOBr sample exhibited a similar profile, with the Mo 
content (2.12%) consistent with the initial feed. These observations 
suggest high purity of the samples. 

The sample microstructures were further examined by transmission 
electron microscopy (TEM) studies. From Fig. 3a and d, the nanoflowers 
of undoped BiOBr and 2% Mo-BiOBr can be seen to consist of an as
sembly of nanosheets. In high-resolution TEM measurements (Fig. 3b 
and e), one can see that both samples displayed well-defined lattice 
fringes with an interplanar spacing of 0.173 nm, corresponding to the 
(211) crystalline planes of tetragonal BiOBr. This indicates dominant 
exposure of the BiOBr (102) planes (Y. Chen et al., 2021; X. Chen et al., 
2021). Fig. 3c and f show the associated selected area electron diffrac
tion (SAED) patterns, where the (102) and (104) diffractions can be 
readily identified. Furthermore, in elemental mapping analysis 

(Fig. 3g–l) the elements of Bi, O, Br, and Mo can be seen to exhibit a 
uniform distribution within the 2%Mo-BiOBr sample, indicating suc
cessful and even doping of Mo into the BiOBr lattice (Jiao et al., 2021). 
These samples also exhibit a similar specific surface area of about 
6.43 m2/g, as determined by N2 adsorption-desorption measurements 
(Fig. S3). 

X-ray photoelectron spectroscopy (XPS) measurements were then 
performed to analyze the elemental composition and valence states. 
From the full spectra in Fig. 4a, the Bi, O, Br and Mo elements can be 
readily identified in all Mo-doped BiOBr samples, again, confirming 
successful doping of Mo into the BiOBr lattice (a similar profile was 
observed with undoped BiOBr except for the Mo peak) (B. Ma et al., 
2021; J. Ma et al., 2021; Guo et al., 2019). From the high-resolution XPS 
scan of the Mo 3d electrons in 2%Mo-BiOBr (Fig. 4b), a doublet can be 
identified at 232.46 and 235.76 eV, corresponding to the Mo3+ 3d5/2 
and 3d3/2 electrons (Y. Chen et al., 2021; X. Chen et al., 2021). Fig. 4c 

Fig. 3. (a,b,d,e) TEM and (c,f) SAED images of (a–c) undoped BiOBr and (d–f) 2%Mo-BiOBr. (g) SEM image and (h-l) the associated EDX elemental maps of 2%Mo- 
BiOBr: (i) Mo, (j) Bi, (k) O and (l) Br , with panel (h) showing the combined dirtcibution. 
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depicts the Bi 4f spectra of BiOBr and 2%Mo-BiOBr, both of which 
consisted of a doublet at 159.68/164.84 and 159.56/164.72 eV, 
respectively, due to the Bi3+ 4f7/2 and 4f5/2 electrons (X. Li et al., 2020; 
P. Li et al., 2020; Sun et al., 2021). The corresponding Br 3d spectra are 
shown in Fig. 4d. Again, both samples display a doublet at 68.82/69.84 
and 68.58/69.62 eV, respectively, consistent with the Br– 3d5/2 and 
3d3/2 electrons (Shao et al., 2020). Fig. 4e depicts the O 1 s spectra, 
where two peaks can be deconvoluted for both samples, 
530.32/531.57 eV for BiOBr, and 530.14/531.58 eV. The lower-energy 
peaks were due to the BiOBr lattice oxygen, whereas the higher-energy 
component arose from adsorbed hydroxyl groups on the material surface 
(H. Wang et al., 2021; C.Y. Wang et al., 2021; X. Wang et al., 2021). 
Notably, one can see that in comparison to undoped BiOBr, the binding 
energies of the Bi 4f, Br 3d, and lattice O 1s electrons all exhibited a clear 
diminishment in 2% Mo-BiOBr (X. Li et al., 2020; P. Li et al., 2020), 
suggesting that Mo doping led to electron enrichment in the BiOBr 
matrix (Huang et al., 2020; Lv et al., 2020). 

3.2. Photo absorption and photoelectrochemical analysis 

From the UV–vis diffuse reflectance spectroscopy (DRS) profiles in  
Fig. 5a, one can see that the absorption of undoped BiOBr is primarily 
limited to the UV/blue range (λ < 450 nm), whereas significantly 
enhanced absorption in the visible range can be seen with the Mo-doped 
BiOBr composites (Z. Sun et al., 2021; J. Sun et al., 2021). Among them, 
the 2%Mo-BiOBr sample showed the highest absorption across the entre 
range of 200–800 nm, a key feature that led to the best photocatalytic 

performance of sulfanilamide degradation (vide infra). This suggests 
dramatic impacts of Mo doping on the BiOBr electronic energy structure. 
More insights can be obtained from the corresponding Tauc plots 
depicted in the panel inset (Chen et al., 2020), (αhν)1/n = A(hν− Eg), 
with α being the molar extinction coefficient, Eg the material band gap, ν 
photon frequency, h Planck’s constant, and A constant coefficient. n is 
determined by the optical transition type (for indirect semiconductors 
like BiOBr, n = 4) (Tang et al., 2021). One can see that Mo doping led to 
an apparent diminishment of the BiOBr band gap, decreasing from 
2.81 eV for undoped BiOBr to 2.59 eV for 0.5%Mo-BiOBr, 2.52 eV for 
1%Mo-BiOBr, 2.13 eV for 2%Mo-BiOBr, and 2.26 eV for 3%Mo-BiOBr, 
consistent with the increased absorption in the visible range (Y. Chen 
et al., 2021; X. Chen et al., 2021). The is likely due to the formation of 
structural defects and additional band states (Shahid et al., 2020). 
Notably, the 2%Mo-BiOBr sample can be seen to exhibit the smallest 
bandgap among the series, corresponding to the best photocatalytic 
performance, as observed below (the fact that 3%Mo-BiOBr actually 
exhibited a slight increase of the bandgap was probably because of 
agglomeration of Mo dopants on the BiOBr surface, Huang et al., 2019). 

To further explore the influence of Mo doping on the material energy 
structure, XPS valence band analysis was carried out to determine the 
valence band maximum (VBM). From Fig. 5b, the undoped BiOBr and 
2%Mo-BiOBr can be seen to exhibit a VBM of 2.54 and 1.75 eV, 
respectively. In conjunction with the band gap determined from the 
above UV–vis DRS measurements (Fig. 5a), the conduction band mini
mum (CBM) was estimated to be − 0.27 eV for the undoped BiOBr and 
− 0.38 eV for 2%Mo-BiOBr. The corresponding band structures are 

Fig. 4. (a) XPS survey spectra of pristine and Mo-doped BiOBr. (b) Mo 3d spectrum of 2%Mo-BiOBr. (c) Bi 4f, (d) Br 3d, and (e) O 1s spectra of BiOBr and 2%Mo- 
BiOBr. Dotted curves are experimental data and shaded peaks are deconvolution fits. 
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shown in the inset to Fig. 5b. 
The corresponding photoluminescence emission profiles are shown 

in Fig. 5c. At 310 nm excitation, the sample series can all be seen to 
display an emission centered at 472 nm, but the emission intensity 
varied in the order of BiOBr > 0.5%Mo-BiOBr > 1%Mo-BiOBr > 3% 
Mo-BiOBr > 2%Mo-BiOBr, suggesting that the recombination rate 
decreased with Mo doping and was the lowest with the 2%Mo-BiOBr 
sample, a characteristic conducive to charge separation and photo
catalytic activity. Indeed, from time-resolved photoluminescence 
(TRPL) measurements (Fig. 5d), the average fluorescence lifetimes (τave, 
Table S2) of BiOBr, 0.5%Mo-BiOBr, 1%Mo-BiOBr, 2%Mo-BiOBr, 3%Mo- 
BiOBr were estimated to be 8.39, 11.22, 11.42, 12.97 and 11.81 ns, 
respectively, suggesting that doping of Mo markedly boosted the effi
ciency of electron-hole separation, a unique feature for enhanced pho
tocatalytic performance (X. Xu et al., 2021; J. Xu et al., 2021). Notably, 
2% Mo-doped BiOBr exhibited a longer τave than other samples in the 
series. 

Consistent behaviors were observed in photocurrent measurements. 
From Fig. 5e, one can see that under visible light irradiation, the Mo- 
doped BiOBr samples all exhibited a higher photocurrent response 
than undoped BiOBr, and 2%Mo-BiOBr stood out with the highest 
photocurrents, again, suggesting most efficient electron-hole separation 
(Shang et al., 2021; Fu et al., 2021). The charge transfer properties were 
then investigated by electrochemical impedance spectroscopy (EIS) 
measurements. Curve fitting of the Nyquist plots in Fig. 5f with the 
Randles’ equivalent circuit shows that the charge-transfer resistance 
(RCT) was 337.9 Ω for undoped BiOBr, and decreased substantially to 
185.4 Ω for 0.5%Mo-BiOBr, 135.5 Ω for 1%Mo-BiOBr, 79.1 Ω for 2% 
Mo-BiOBr, and 147.8 Ω for 3%Mo-BiOBr. The fact that the 2%Mo-BiOBr 
sample exhibited the lowest RCT suggests the most efficient charge 
transfer (Guo et al., 2020), which was conducive to photo-induced 
carrier transport. Taken together, these results indicate that Mo 
doping led to a drastic change of the electronic energy structure of 
BiOBr, as manifested with a diminished bandgap, enhanced absorption 

in the visible range, improved separation of photogenerated 
electron-hole pairs, and reduced charge-transfer resistance (Fei et al., 
2021). Consequently, marked enhancement of the photocatalytic ac
tivity was observed towards the degradation of sulfanilamide, as 
detailed below. 

3.3. Photocatalytic performance 

3.3.1. Sulfanilamide degradation 
Sulfanilamide was used as the illustrating example to test the pho

tocatalytic activity of the samples obtained above. Experimentally, a 
calculated amount of the undoped and Mo-doped BiOBr (0.3 g L− 1, 
Fig. S4) was dissolved in a 10 mg L− 1 (Fig. S5) sulfanilamide solution at 
pH = 6.2 (Fig. S6). The solution was let undisturbed in the dark for 
30 min to acquire an adsorption-desorption equilibrium, prior to the 
exposure to visible light illumination (Wang et al., 2019, 2018). From  
Fig. 6a, one can see that sulfanilamide exhibited virtually zero 
self-degradation in the absence of any photocatalyst; yet in the presence 
of BiOBr, apparent degradation occurred, and after visible photo
irradiation for 80 min, the sulfanilamide concentration decreased by ca. 
18.5%. The photocatalytic performance was further improved with the 
Mo-doped BiOBr samples, and 2%Mo-BiOBr emerged as the best catalyst 
among the series. For instance, after visible light illumination for 
80 min, the remaining sulfanilamide concentration was only 48.3% for 
0.5%Mo-BiOBr, 33.8% for 1%Mo-BiOBr, 12.5% for 2%Mo-BiOBr, and 
20.1% for 3%Mo-BiOBr. This performance is highly com
parable/superior to results of leading catalysts reported recently in the 
literature (Table S3). To examine the degree of photocatalytic miner
alization of sulfanilamide, the total organic carbon concentration of the 
suspension before photoreaction (TOC0) and after 80 min of visible light 
irradiation (TOCe) were measured and compared. As shown in Fig. S7, 
the TOCe/TOC0 ratio varied in the order of 2%Mo-BiOBrb(0.65) < 3% 
Mo-BiOBr (0.69) < 1%Mo-BiOBr (0.86) < 0.5%Mo-BiOBr (0.92) <
BiOBr (0.98), indicating effective mineralization of the sulfanilamide 

Fig. 5. (a) UV–vis DRS spectra of BiOBr and Mo-doped BiOBr. Inset is the corresponding Tauc plot. (b) VB XPS spectra of BiOBr and 2%Mo-BiOBr. Inset is the band 
structure. (c) Photoluminescence spectra, (d) time-resolved photoluminescence spectra, (e) transient photocurrent responses and (f) Nyquist plots of BiOBr and Mo- 
doped BiOBr. 
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molecules during the photocatalytic process, and the mineralization rate 
was the highest with 2%Mo-BiOBr. 

Note that the undoped BiOBr exhibited a water contact angle of 
41.2 ± 2◦ (Fig. S8a), which decreased drastically to 20 ± 2◦ for 2%Mo- 
BiOBr (Fig. S8b). This suggests that Mo doping significantly improved 
the hydrophilicity of the BiOBr surface, which may be due to the for
mation of hydrophilic oxygen-containing species on the sample surface 
after Mo-doping (S. Li et al., 2021; M. Li et al., 2021; W. Li et al., 2021). 
Such enhanced water wettability is conducive to the adsorption of sul
fanilamide molecules, a critical first step in the photocatalytic degra
dation (J. Liu et al., 2019; W. Liu et al., 2019; Li et al., 2021). 

3.3.2. Free radicals 
To evaluate the contribution of free radicals to sulfanilamide 

degradation, ammonium oxalate (AO), isopropanol (IPA), and benzo
quinone (BQ) (X. Xu et al., 2021; J. Xu et al., 2021; Di et al., 2019) were 
added to the solution as respective scavengers for holes (h+), ∙OH, and 
O•−

2 . From Fig. 6b, it can be seen that upon the addition of BQ and IPA, 
the efficiency of sulfanilamide degradation was reduced significantly by 
55.5% and 63.5%, whereas no obvious inhibitory effect was observed 
with AO, suggesting that ∙OH and O•−

2 radicals played a crucial role in 
the catalytic reaction, while minimal contributions from h+. 

Consistent results were obtained in ESR measurements with DMPO 
as the radical trap. From Fig. 6c and d, one can see that in the dark, 
undoped and Mo-doped BiOBr exhibited only a featureless profile (Zhou 
et al., 2021), whereas two quartets can be readily identified upon visible 
light irradiation, with a 1:1:1:1 and 1:2:2:1 signal intensity ratio. These 
were consistent with the DMPO-O•−

2 and DMPO-⋅OH adducts (Yang 
et al., 2020; Li et al., 2021), respectively, indicating effective generation 
of O•−

2 and⋅OH radicals by the photocatalysts. It is worth noting that 2% 

Mo-BiOBr exhibited the greatest peak-to-peak amplitudes among the 
sample series, in coincidence with the highest photocatalytic activity, as 
manifested in Fig. 6a. 

3.3.3. Influence of co-existing ions on sulfanilamide degradation 
As actual water body may also contain a range of inorganic ions, 

their impacts on the photodegradation efficiency need to be examined. 
Experimentally, the Box-Behnken experimental design method was used 
to investigate the impacts of co-existing ions on the photocatalytic 
elimination of sulfanilamide (Yi et al., 2021). According to relevant 
literature, inorganic cations (e.g., K+, Na+, Ca2+ and Mg2+) in water 
show little influence on the actual degradation reaction (Yi et al., 2021; 
Zhao et al., 2020). Thus, only inorganic anions, e.g., Cl-, NO−

3 , SO2−
4 and 

H2PO−
4 , were examined in the present study. Table S4 and S5 list the 

concentration variables of the different ions (4 factors) and the experi
mental results of sulfanilamide removal (29 runs). Analysis of variance 
based on the quadratic polynomial model demonstrated the relationship 
between the sulfanilamide removal efficiency and different ion con
centration variables can be reflected in the following equation, Effi
ciency% = 79.58 + 0.33 A - 0.42B + 1.77 C - 0.26D + 1.46AB 
+ 0.32AC + 0.15 CE + 0.59 BCE - 0.92BD + 2.7CD + 0.78A2 - 1.26B2 - 
2.84 C2 + 2.15D2. 

Table S6 lists the results of the detailed analysis of variance. The r2 

and r2
adjusted values were 0.9886 and 0.9773, respectively, confirming a 

significant correlation between the actual and theoretical values. 
Furthermore, on the basis of the F-value in Table S5, the effects of the 
four anions on sulfanilamide elimination can be identified as A (7.74), B 
(12.98), C (225.47), and D (4.85). It is evident that NO−

3 and SO2−
4 have 

the most significant effects on sulfanilamide removal, followed by Cl- 

and H2PO−
4 . The response surface diagrams are displayed in Fig. 7, 

Fig. 6. (a) Degradation of sulfanilamide photocatalyzed by pristine and Mo-doped BiOBr. (b) Effect of scavengers on the degradation of sulfanilamide by 2%Mo- 
BiOBr. ESR spectra of (c) DMPO-O•−

2 (in H2O) and (d) DMPO-∙OH (in methanol) generated by different catalysts in the dark and under visible light irradiation. 
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where SO2−
4 can be seen to show an inhibitory effect on sulfanilamide 

removal, while H2PO−
4 actually promoted the photocatalysis. Practi

cally, to mitigate the negative effect of co-existing anions, one can 
appropriately increase the degradation time and/or increase the amount 
of catalysts. 

4. Mechanism and reaction pathways of sulfanilamide 
degradation 

As the photocatalytic degradation of sulfanilamide was primarily 
driven by radicals (Fig. 6), the active sites and regional selectivity of the 
sulfanilamide molecules were analyzed by theoretical calculations of the 
Fukui index (f0, details in the Supplementary Information) (Ji et al., 
2020). Fig. 8a and b show the chemical structure of sulfanilamide, and 
the associated lowest unoccupied molecular orbital (LUMO) and highest 

occupied molecular orbital (HOMO). In general, as the binding of elec
trons to HOMO is relatively weak, HOMO becomes easy to be attacked 
by free radicals (Wang et al., 2018). The Fukui index of electrophilic 
attack (f+) and nucleophilic attack (f− ) to the sulfanilamide molecule 
was then calculated by natural population analysis (NPA) charge dis
tribution (B. Li et al., 2019; H. Li et al., 2019; P. Li et al., 2019; Demi
rcioglu et al., 2015; Dang et al., 2020; Pan et al., 2021), from which the 
possible attack sites by free radicals can be identified (Ji et al., 2021; Ma 
et al., 2021). From Fig. 8c, one can see that in the sulfanilamide mole
cule, the f0 values of C1 (0.1158), C5 (0.1260) and N17 (0.1104) were 
markedly higher than others, suggesting that these were the atomic sites 
most likely attacked by free radicals. 

LC-MS measurements were conducted to identify and examine the 
photocatalytic degradation intermediates (Fig. S9). In conjunction with 
results from DFT calculations, the photocatalytic degradation paths 

Fig. 7. Response surface plots of Cl-, NO−
3 , SO2−

4 and H2PO−
4 concentrations on the photocatalytic degradation of sulfanilamide.  

Fig. 8. (a) Chemical structure, (b) HOMO and LUMO, and (c) NPA charge distribution and Fukui index of sulfanilamide.  
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were proposed in Fig. 9, which mainly entailed two pathways: (i) C3-S11 
cleavage, and (ii) C6-N17 cleavage. Specifically, the attack of O•−

2 
and⋅OH radicals led to the cleavages of the C-S and C-N bonds of sul
fanilamide, forming unstable intermediates B (m/z = 90.53), C (m/ 
z = 130.16), D (m/z = 110.02) and F (m/z = 156.01). Further attack 
of⋅OH resulted in the breaking of the phenyl rings of intermediates D and 
F generating E and G (m/z = 113.96), which were finally converted into 
H (m/z = 102.03). Intermediate H was ultimately decomposed into low- 
molecular-weight species, e.g., formic acid and oxalic acid, and miner
alized into CO2, H2O and mineral acids (Yu et al., 2021; Feng et al., 
2016). 

On the basis of the test results presented above, the plausible 
mechanism of sulfanilamide degradation is shown in Fig. 10. The 
improved photocatalytic performance most likely arose from Mo doping 
and the dominant exposure of the (102) surface of the BiOBr nanosheets 
(Y. Chen et al., 2021; X. Chen et al., 2021; Li et al., 2019). Notably, Mo 
doping narrowed the BiOBr band gap, improved the utilization of visible 
light (J. Liu et al., 2019; W. Liu et al., 2019), promoted electron-hole 
separation and charge transfer (S. Li et al., 2021; M. Li et al., 2021; W. 
Li et al., 2021). In photocatalytic reaction, the e- on the catalyst surface 
was excited to the conduction band (CB) from the valence band (VB), 
generating h+ in the VB (Lv et al., 2020; Li et al., 2019), and the h+

accumulated in the VB can directly oxidize the sulfanilamide molecules 
(Cui et al., 2021). Note that as the VBM of 2%Mo-BiOBr (1.75 eV) lies 
above the oxidation potential of H2O to ⋅OH (2.38 eV vs NHE),⋅OH 
radicals were unlikely to be produced by h+ oxidation of water (Cui 
et al., 2021). Instead, as the CBM (− 0.37 eV) of 2%Mo-BiOBr is more 
negative than the reduction potential of O2 to O•−

2 (− 0.33 eV vs. NHE), 
the e- on the catalyst surface can capture O2 to form O•−

2 , leading to the 
generation of⋅OH through a series of subsequent reactions (e-+ O2 → 
O•−

2 , O•−
2 + 2 H+ → H2O2, H2O2 + e- →⋅OH + OH-). These free radicals 

then attacked the active sites of the sulfanilamide molecule, leading to 
the breaking of the chemical bonds, and finally effective degradation of 
the molecule (H. Wang et al., 2021; C.Y. Wang et al., 2021; X. Wang 
et al., 2021). 

5. Catalyst reusability 

The repeatability and stability of the catalysts represents another 
essential factor in the actual photocatalytic application. Fig. 11a shows 
the degradation of sulfanilamide by the same 2%Mo-BiOBr catalysts in 5 
repeated cycles. One can see that the removal efficiency remained 
virtually unchanged (with a decrease < 2% after 5 cycles). Significantly, 
no obvious variation was observed in SEM (Fig. 11b), XRD and XPS 
measurements (Fig. 11c and d). This signifies the robust structure of the 
nanocomposite catalysts. 

6. Conclusions 

In summary, Mo-doped BiOBr nanocomposites were readily syn
thesized hydrothermally, which featured a three-dimensional lamellar 
structure, consistent with the undoped counterpart. Remarkably, the 
Mo-doped BiOBr exhibited a markedly enhanced performance in the 
photocatalytic elimination of sulfanilamide under visible light illumi
nation, as compared to undoped BiOBr. This was ascribed to Mo doping 
that led to a significant change of the BiOBr electronic energy structure, 
as reflected in a narrowed bandgap, enhanced absorption in the visible 
range, improved electron-hole separation, as well as enhanced interfa
cial charge separation and transfer. With photogenerated free radicals 
responsible for the degradation activity, the Fukui index was calculated 
for the various atomic sites of the sulfanilamide molecule, from which 
the active sites for radical attacks were identified. The reaction path
ways were finally proposed in conjunction with LC-MS measurements 
where the reaction intermediates and products were detected and 
analyzed. Results from this study suggest that structural engineering 
based on deliberate doping can serve as an effective strategy in the 
design of high-performance photocatalysts based on BiOBr. 
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