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A B S T R A C T   

Complex tunable visible-light-driven Aurivillius-phase-based micro- and nanostructured photocatalysts were 
fabricated following a novel, scalable, easily implemented sequential process based on electrochemical deposi-
tion and thermal treatment. Regarding its novelty, electrochemistry was the primary tool for synthesis, one that 
constitutes a viable alternative to other complex chemical and physical processes. The parameters of electro-
deposition and thermal conditions promoted different nanostructured Bi2MoO6 and Bi2MoO6@Bi2MoO6–x films. 
The nanostructured homojunction Bi2MoO6@Bi2MoO6–x films obtained after 3 h of calcination showing micro- 
and nanowire morphology emerged as the most effective photocatalyst for degrading and mineralizing the mono- 
and multiantibiotic solutions (i.e., tetracycline, ciprofloxacin, and/or levofloxacin), which achieved near-total 
degradation and exceptionally high mineralization values (>95%) after 180 min of radiation. The materials’ 
proven reusability, low photocorrosion activity, and excellent photocatalytic performance in mineralizing an-
tibiotics can support the implementation of Bi2MoO6@Bi2MoO6–x homojunctions as efficient visible-light pho-
tocatalysts under solar radiation.   

1. Introduction 

The inevitable increase in the consumption of antibiotics derived 
from livestock industries and medicine has continued to alter microbial 
communities and promoted the emergence of antibiotic-resistant strains 
[1–3]. Growing concern over the risk posed by antibiotic-resistant mi-
croorganisms to human health, with an annual death toll estimated to 
rise to 10 million by 2050, have prompted global actions to counter 
antimicrobial resistance [4–6]. Among them, the strategies and tech-
nologies applicable the world over, including in developing countries, 
for removing antibiotic pollution from the environment, especially in 
bodies of water, and consequently reducing the occurrence of 
antibiotic-resistant microorganisms have been pivotal but continue to 
require further development [7,8]. 

Heterogeneous photocatalysis has recently attracted attention 

among researchers for treating different wastewaters. The photo-
catalytic treatment of wastewater is based on the generation of highly 
reactive oxidizing species, including hydroxyl radicals, that can miner-
alize organic matter into carbon dioxide and inorganic salts when the 
semiconductor’s surface absorbs photons with energy equal to or greater 
than the semiconductor’s band gap [9,10]. Semiconductors with large 
band gaps (e.g., ZnO and TiO2), which require UV-light energy and are 
thus inefficient under sunlight irradiation (i.e., ~5% UV, ~43% visible, 
and ~52% infrared), have traditionally been studied [11–13]. Although 
using sunlight to meet both economic and environmental criteria makes 
heterogeneous photocatalysis especially attractive, its potential appli-
cation requires the development of chemically and photochemically 
stable photocatalysts that are efficient, especially under visible-light 
irradiation [11,14,15]. 

Aurivillius-related oxide family (Bi2An–1BnO3n+3), consisting on an 
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intergrowth of (Bi2O2)2+ sheets and perovskite blocks (An–1BnO3n+ 1)2−

that contain a layer of octahedral B sites, are potential visible-light- 
driven photocatalysts for water decontamination [16–18]. In partic-
ular, Bi2MoO6, with a small band gap of 2.5–2.8 eV, exhibits improved 
visible-light photocatalytic activity for mineralizing organic pollutants 
despite the rapid recombination of photoinduced charge carriers [19, 
20]. In past work, thermal treatments as well as the formation of 
Bi2MoO6-based homo- and heterojunctions have significantly improved 
the quantum yield by reducing the recombination process [21–23]. 

To date, Bi2MoO6-based materials have been prepared using various 
physical and chemical techniques, including coprecipitation, sol-
vothermal deposition, hydrothermal deposition, and chemical vapor 
deposition [20,24–26]. However, electrodeposition has rarely been 
employed, despite its simplicity, excellent control of reaction parame-
ters, and modest requirements in terms of technology and cost. To the 
best of our knowledge, few studies have demonstrated the feasibility of 
using electrochemical deposition to synthesize Bi2MoO6, and none have 
involved analyzing or optimizing the electrodeposition process [27–31]. 
Regardless of the route of synthesis, Bi2MoO6 is not directly deposited, 
and thermal treatment is usually required to promote the perpetual 
formation of different Aurivillius phases. However, the duration and 
temperature of thermal treatment are critical factors in forming 
Bi2MoO6, for some Bi oxides can sublimate. Thermal treatment is not 
only a critical stage in the production of Bi2MoO6 but also allows the 
formation of homo- and heterojunction architectures as well as increases 
the surface’s oxygen vacancies. By extension, both effects heavily in-
fluence the separation and migration of photogenerated electrons and 
holes, thereby reducing the recombination losses and consequently 
enhancing the photocatalytic performance compared with bare Bi2MoO6 
photocatalysts [21,23]. The formation of Bi2MoO6/Bi2MoO6− x homo-
junctions and the density of the surface’s oxygen vacancies depend 
significantly on the annealing temperature and duration of the treat-
ment [21–23]. Relatively low temperatures (i.e., low atomic diffusion 
rate across the surface into the bulk) facilitate the formation of an 
equidistribution of oxygen vacancies throughout the Bi2MoO6 structure, 
whereas higher temperatures (i.e., high atomic diffusion rate across the 
surface into the bulk) may enable the formation of an oxygen-deficient 
stoichiometric shell, which consequently results in the formation of a 
Bi2MoO6/Bi2MoO6− x homojunction. In the process, the formation of the 
homostructure of Bi2MoO6/Bi2MoO6− x strongly depends on the dura-
tion of the annealing treatment [21–23]. 

In our systematic study, the sequential synthesis of Bi2MoO6/ 
Bi2MoO6− x homojunction nanostructured films was performed using a 
simple electrodeposition process followed by thermal treatment. The 
synthesized Bi2MoO6/Bi2MoO6− x homojunction films were character-
ized according to various analytical techniques, and their photocatalytic 
performance was evaluated by the photocatalytic mineralization of 
single-pollutant solutions (20 ppm, 100 mL, pH = 7) of the antibiotics 
tetracycline (TET), ciprofloxacin (CIP), and levofloxacin (LEV) and 
multipollutant antibiotic solutions (60 ppm, 100 mL, pH = 7) of TET (20 
ppm), CIP (20 ppm), and LEV (20 ppm) under LED visible-light irradi-
ation. Last, their photochemical stability was investigated during 120 h 
of continuous LED visible-light irradiation to determine the amount of 
Mo and Bi ions in solution. Among the results, the Bi2MoO6/Bi2MoO6− x 
nanostructured films exhibited 7–9 times more photocatalytic activity 
than pure Bi2MoO6, depending on the pollutant, as well as excellent 
reusability for all of the antibiotics and negligible photocorrosion. In this 
paper, the possible photocatalytic mineralization mechanism of the 
Bi2MoO6/Bi2MoO6− x nanostructured films is discussed as well. The 
findings and their implications may advance the electrochemical syn-
thesis of Aurivillius-related oxide photocatalysts for water treatment and 
inspire the development of improved photocatalysts. 

2. Experimental 

2.1. Electrodeposition of nanostructured Bi2MoO6 films 

Bismuth nitrate (Bi(NO3)3⋅5H2O, Sigma- Aldrich, ≥98%), sodium 
molybdate (Na2MoO4⋅2H2O, Fluka, ≥99.0%), and disodium ethylene-
diaminetetraacetate (Na2EDTA⋅2H2O, Sigma-Aldrich, ≥99.0%) were 
used to prepare the electrochemical bath. All the solutions were pre-
pared using MilliQ treated water. The electrochemical bath containing 
4 mM Bi(NO3)3 + 8.5 mM Na2MoO4⋅2 H2O + 5 mM Na2EDTA was 
prepared by dissolving first Bi(NO3)3.5 H2O and Na2EDTA⋅2 H2O in 
water at a fixed temperature of 70 ◦C. After their dissolution, the 
molybdate precursor was added and dissolved. The pH of the solution 
was not adjusted and the temperature was maintained at 70 ◦C during 
the electrochemical study and electrodeposition of nanostructured 
Bi2MoO6 films. The solution was de-aerated by argon bubbling before 
each experiment and maintained under argon atmosphere during it. 

The electrochemical experiments were performed in a three- 
electrode cell system connected to a microcomputer-controlled poten-
tiostat/galvanostat (Autolab PGSTAT30) equipped with NOVA software. 
The working electrode was fluorine-doped tin oxide (FTO) substrate, 
with a geometrical area of 1 cm2, which were cleaned with absolute 
ethanol, rinsed with MilliQ water, and dried with nitrogen gas. The 
counter electrode was a Pt spiral and the reference electrode was a Ag| 
AgCl|Cl- (3 M)|NO3

- (0.5 M) electrode. The nanostructured Bi2MoO6 
films were potentiostatically electrodeposited under magnetic stirring 
(400 rpm) conditions. After the electrodeposition, the samples were 
cleaned exhaustively with MilliQ water, dried with nitrogen gas, and 
subjected to an annealing treatment for 1 and 3 h at 400 ◦C in air at-
mosphere. The annealing treatment was performed using a rapid ther-
mal annealing equipment (Advanced Riko Mila 5050) with a heating 
ramp rate of 10 ◦C min− 1. 

The nanostructured Bi2MoO6 films were characterized using 
different techniques. The surface morphology and architecture of elec-
trodeposits were analyzed by using a field emission scanning electron 
microscopy (FE-SEM; Hitachi S-4800) equipped with an energy- 
dispersive X-ray spectroscopy (EDX) detector. The elemental composi-
tion was determined with an X-ray fluorescence (XRF; Fischerscope® X- 
RAY XDV®-SDD) equipment. The thickness of the films was measured 
using a Leica DCM 3D Confocal and Interferometer. The phase and 
crystallinity of films were established by X-ray diffraction (XRD; Bruker 
D8 Discovery diffractometer) in the Bragg–Brentano configuration with 
CuKα radiation. The Brunauer–Emmett–Teller (BET) specific surface 
areas were determined using the N2 adsorption-desorption isotherms at 
77 K measured using a Micrometrics Tristar-II. The chemical states of 
nanostructured films were explored by X-ray photoelectron spectros-
copy (XPS; PHI 5600 Multitechnique, Physical Electronics) measure-
ments using a monochromatic X-ray source (Al Kα line = 1486.6 eV, 
350 W). In situ electron paramagnetic resonance (EPR) measurements 
were performed using a Bruker 300E ESR spectrometer at 77 K. Raman 
spectra were acquired using a WITec Alpha 300 R confocal Raman mi-
croscope with a 532 nm laser. The optoelectronic properties were 
examined by collecting diffuse reflectance spectra using a Perkin 
Lambda 900 UV spectrophotometer, whereas the photoluminescence 
spectra were examined at room temperature by using a PerkinElmer LS- 
55 fluorescence spectrometer. The photocurrent and Mott–Schottky 
experiments were conducted in a three-electrode cell containing 0.5 M 
Na2SO4. Platinum wire and Ag|AgCl|Cl– (3 M)|SO4

2– (0.5 M) were used 
as counter and reference electrodes, respectively, on a CHI 660 C 
workstation. The prepared nanostructured Bi2MoO6 films were used as 
the working electrodes. The measurement process was performed using 
a potential range from –1.0 to +1.0 V (vs. Ag|AgCl) at a frequency of 
200 kHz and an amplitude of 10 mV. 
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2.2. Degradation and mineralization of tetracycline 

Single-pollutant solutions (20 ppm, 100 mL, pH= 7) of the antibi-
otics TET, CIP, and LEV and multipollutant antibiotic solutions (60 ppm, 
100 mL, pH = 7) of TET (20 ppm), CIP (20 ppm), and LEV (20 ppm) 
were selected to test the photocatalytic activity of nanostructured 
Bi2MoO6 and Bi2MoO6/Bi2MoO6− x films under visible-light irradiation. 
Irradiation was provided by four 6.2 W LEDs (Irradiance =

90 mW cm− 2; Energy consumption= 7 kWh (1000 h)) with an UV cutoff 
filter (λ > 400 nm). The relative intensity in function of wavelength of 
each LED is depicted in Fig. S1. In a typical experiment, 4 pieces of 
1 × 1 cm2 of photocatalyst (approx. 30 mg) were added to 100 mL of 
single-pollutant or multipollutant solutions. 

Prior to irradiation, the photocatalyst was kept in contact to the 
20 mg L− 1 TET, CIP and LEV solutions, respectively, for 1 h in dark 
conditions in order to ensure the establishment of the adsorption/ 
desorption equilibrium. Photolytic experiments were performed in 
absence of photocatalyst also for a period of time of 150 min in the same 
irradiation conditions. A given time points during the adsorption and 
photolytic experiments, the TET, CIP and LEV content in the solution 
was measured by using UV–vis spectrophotometer (PerkinElmer 
Lambda 900 UV) through recording the characteristic absorbance at 
357 nm for TET, 276 nm for CIP, and 286 nm for LEV. 

For the photocatalytic degradation of single-antibiotic solutions, the 
solution containing the photocatalyst, was maintained under magnetic 
stirring (250 rpm) and at fixed temperature of 20.0 ± 0.1 ◦C in all the 
experiments. The temporal evolution of the concentration of TET, CIP 
and LEV solutions, respectively, during 150 min of irradiation in pres-
ence of Bi2MoO6 and Bi2MoO6/Bi2MoO6− x films was determined using a 
UV–vis spectrophotometer (UV-1800, Shimadzu Corporation) and LC- 
MS analyses. Importantly, based on the LC-MS analysis the main in-
termediates of TET, CIP and LEV were identified. The mineralization 
ratio was established by measuring the reduction in the total organic 
carbon (TOC) after 180 min under LED irradiation. The TOC content 
was measured using the high-temperature combustion method with a 
TOC-VCSH equipment (Shimadzu) with a high-sensibility column. All 
experiments were performed in triplicate. 

In order to prove the photostability and reusability of nanostructured 
Bi2MoO6 and Bi2MoO6/Bi2MoO6− x films, the photocatalysts were reused 
15 times. After each cycle, the photocatalyst was subjected to an 
annealing treatment at 250 ◦C during 30 min to remove the surface 
organics. The surface morphology of nanostructured Bi2MoO6 films was 
examined by FE-SEM observation after the 15 reusability cycles. To 
further investigate the photostability of nanostructured Bi2MoO6 and 
Bi2MoO6/Bi2MoO6− x films the total concentration of bismuth ions in 
solution after 72 h of continuous LED irradiation was determined by 
using inductively coupled plasma-mass spectrometry (ICP-MS) 
measurements. 

In order to identifying the active species involved in the photo-
catalytic degradation of TET, CIP and LEV, trapping experiments were 
performed via selective radical scavengers. Isopropyl alcohol (IPA; 
Sigma-Aldrich, >99.7%), benzoquinone (BQ; Sigma-Aldrich, >99.7%), 
or triethanolamine (TEOA; Sigma-Aldrich, >99%) were added until to 
attain a concentration of 1 mM to the reaction media for evaluating the 
effect of hydroxyl radicals, superoxide radicals, or photogenerated 
holes, respectively. The effect on the photocatalytic degradation of each 
quencher was determined by measuring the maximum absorption peak 
intensity of each pollutant using a UV–vis spectrophotometer (UV-1800, 
Shimadzu Corporation) after 150 min of irradiation. Additionally, the 
electronic spin resonance (EPR) spectra of DMPO-•OH and DMPO-O2

•– 

were also investigated using a Bruker 300E ESR spectrometer. 

3. Results and Discussion 

3.1. Electrodeposition and characterization of nanostructured Bi2MoO6 
and Bi2MoO6/Bi2MoO6–x films 

To identify the most suitable deposition potential to electrodeposit 
Bi2MoO6 films, cyclic voltammetry was systematically used to monitor 
the electrochemical behavior of the bath (Fig. 1). Molybdate- and 
bismuth-free baths were also investigated in order to clarify the possible 
electrochemical process involved in the electrodeposition of Bi2MoO6 
films. The ionic strength of the various electrochemical media was fixed 
and adjusted with KCl. 

The voltammetric study of molybdate reduction under those condi-
tions presented two clear reduction currents centered at − 0.4 V and 
− 0.9 V, represented respectively by R1 and R2 in Fig. 1a. Based on the 

Fig. 1. : Cyclic voltammetry of (a) bismuth-free, (b) molybdate-free, and (c) 
bismuth–molybdate solutions on FTO substrate at 70 ◦C and 50 mV s− 1. 
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XRD and XPS analysis of the deposits prepared at − 0.4 V and − 0.9 V, 
the reduction currents were ascribed to the reduction of MoO4

2- to 
MoxO3x-1, predominantly Mo4O11 (i.e., +6 to +5 oxidation state) and 
MoO4

2- and/or MoxO3x-1 to MoO2 (i.e., +6/+5 to +4 oxidation state), 
respectively. Depending on the pH of the electrochemical bath and the 
operating temperature, the two reduction currents could not be distin-
guished, thereby resulting in a broad reduction current band. When the 
operating temperature dropped below 55 ◦C, only a small signature of 
Mo4O11 could be detected [32,33]. Although the transformation of 
MoO4

2- to Mo4O11 is more important when the operating temperature 
exceeds 55 ◦C, MoO2 is the primary material obtained during the elec-
trodeposition process. Among other results, a clear broad oxidation band 
centered at negative potentials was recorded in the anodic scan, and the 
oxidation current increased as the cathodic limit became progressively 
more negative (i.e., as hydrogen evolution becomes increasingly sig-
nificant) but was minimized under a moderate flow of argon. Those 
dynamics can be attributed to the oxidation of hydrogen formed during 
the reduction process, because molybdenum oxides are excellent 

catalysts for the hydrogen evolution reaction [32–36]. 
By comparison, the voltammetric study of the molybdate-free bath 

revealed a clear reduction peak beginning at − 0.53 V (i.e., R3 in Fig. 1b) 
that corresponded to the reduction of nitrate ions. The copious elec-
trogeneration of hydroxide ions during nitrate electroreduction pro-
moted the formation of Bi(OH)3. However, at temperatures exceeding 
55 ◦C, Bi(OH)3 became dehydrated via a solid–solid phase trans-
formation and thus caused the formation of Bi2O3, as confirmed by XRD 
and XPS analysis. Even so, the formation of Bi(0) was not detected by 
electrodeposition. Several studies have shown that dendrite-like Bi(0) 
deposits can be obtained from diluted nitric acid baths with Bi(NO3)3 
+ Na2EDTA at room temperature [37,38]. Meanwhile, the reverse scan 
revealed the oxidation of the Bi(III) species. 

Last, the voltammetric curves of molybdenum–bismuth bath also 
presented a clear reduction peak beginning at approximately − 0.3 V (i. 
e., R5 in Fig. 1c) that corresponded to the codeposition of a mixture of 
bismuth oxides and molybdenum oxides. The EDS and XPS measure-
ments of deposits prepared at − 0.6 V revealed the presence of bismuth, 

Fig. 2. : FE-SEM micrographs of electrodeposits prepared at (a, c, e, and g) − 0.9 V and (b, d, f, and h) − 1.3 V after circulating (a and b) 1 C cm− 2, (c and d) 
2 C cm− 2, (e and f) 3 C cm− 2, and (g and h) 4 C cm− 2. Scale bar: 500 nm. 

E. Gómez et al.                                                                                                                                                                                                                                  



Applied Catalysis B: Environmental 317 (2022) 121703

5

molybdenum, and oxygen. However, the amount of bismuth deposited 
was significantly less than that of molybdenum. The XRD pattern 
showed poor crystallization, and the weak peaks detected could not be 
clearly indexed to any phase of bismuth molybdates. The reduction 
currents observed in the voltammogram in Fig. 1c are hardly to attribute 
to a single process. For instance, although most bismuth was in the form 
of Bi(III), primarily as Bi2O3, the presence of Bi(0) was also detected by 
XPS at potentials more negative than − 1.2 V. That outcome was not 
observed in the molybdate-free bath, however (Fig. 1b). By contrast, in 
molybdenum’s case, a mixture of Mo(V) and Mo(IV) oxides was 
observed regardless of the potential applied. Although those deposits 
were Mo-rich at potentials lesser than − 0.6 V, the relative amount of 
Mo increased from − 0.9 V to − 1.4 V. All deposits prepared at poten-
tials between − 0.9 V and − 1.4 V exhibited low crystallinity, with weak 
peaks that could not be indexed with any phase of bismuth molybdate. 
Based on those data, potentials of − 0.9 V and − 1.3 V were selected to 
prepare the photocatalysts [27–29]. 

Fig. 2 depicts the morphology and architecture of the prepared films 
at − 0.9 V and − 1.3 V as a function of charge density. On the one hand, 
at − 0.9 V the deposits began to grow in the form of platelets or leaves, 
which facilitated the formation of a spongy architecture as the amount 
of deposited material increased. On the other, at − 1.3 V, despite a 

mixture of micro- and nanowires and small platelets at small charge 
densities similar to those obtained at − 0.9 V, the amount of deposited 
material dominated the presence of micro- and nanowires formed by 
nanocrystals as the circulated charge density increased. Both architec-
tures had high specific surface areas. In the samples prepared at − 0.9 V 
and − 1.3 V and a charge density of 4 C cm− 2 (Fig. 2g and h), BET 
specific surface area values of 33.5 and 46.8 m2 g− 1, respectively, were 
obtained. Electrodeposits prepared at − 0.9 V had a greater relative 
amount of Bi than those prepared at − 1.3 V, and, regardless of the 
potential applied, the relative amount of Bi in the as-deposited films 
increased along with the charge density (Fig. 3a). 

The XRD patterns of the as-electrodeposited films prepared at 
− 0.9 V and − 1.3 V under a charge density of 4 C cm− 2 appear in 
Fig. 3b. All of the recorded peaks can be indexed well to cubic Bi2O3 
(JCPDS: 16–0564) and orthorhombic Mo4O11 (JCPDS: 65–2473) phases, 
and various peaks corresponded to SnO2 from the FTO substrate. 
Because the molybdenum and bismuth oxides easily transformed into 
bismuth molybdates at temperatures exceeding 400 ◦C, a calcination 
process was required to obtain Bi2MoO6 and/or Bi2MoO6/Bi2MoO6− x 
films [21,39]. The annealing temperature and duration of the thermal 
treatment are key elements for obtaining Bi2MoO6 and for generating 
oxygen vacancies on the surface. They are also critical parameters that 

Fig. 3. : (a) Bismuth atomic percentage of electrodeposited films prepared at (i) − 0.9 V and (ii) − 1.3 V as a function of circulated charge density. (b) XRD pattern of 
electrodeposited films prepared at − 0.9 V (curves i, iii, and v) and − 1.3 V (curves ii, iv, and vi) after circulating 4 C cm− 2 as prepared (curves i and ii) and after 
being annealed for 1 h (curves iii and iv) and 3 h at 400 ◦C in air atmosphere (curves v and vi). FE-SEM micrographs of electrodeposited films prepared at (c) − 0.9 V 
and (d) − 1.3 V after circulating 4 C cm− 2 after being annealed for 3 h at 400 ◦C in air atmosphere, respectively. Scale bar: 500 nm. 
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affect the integrity of deposits, for some bismuth oxides, especially at the 
micro- and nanostructured level, can sublimate at temperatures 
exceeding 350 ◦C. In the study presented here, annealing temperature 
was optimized, 400 ◦C was selected, and the effect of the treatment time 
was analyzed [21]. The solid phase transformation of bismuth and 
molybdenum oxides into different phases of bismuth molybdates, the 
primary one being Bi2MoO6, and the atomic diffusion, specifically of 
oxygen, between the shell and core of the micro- and nanostructures 
allowed directly converting the Bi2MoO6 obtained into a novel core@-
shell Bi2MoO6@Bi2MoO6− x homojunction. After annealing, the charac-
teristic peaks of the orthorhombic Bi2MoO6 (JCPDS: 76–2388) could be 
detected, which confirmed the formation of Bi2MoO6. Comparing the 
diffraction patterns (Fig. 3b) of the samples after 1-h XRD patterns (iii) 
and (iv) and 3-h XRD patterns (v) and (vi) of thermal treatment revealed 
the same peaks. However, those peaks were slightly shifted to higher 2θ 
angles in the magnified XRD patterns due to the temperature-induced 
dislocation of oxygen atoms, which consequently induced a lattice 
contraction. That outcome was attributed to the formation of Bi2MoO6− x 
[21,40]. 

Regardless of the potential applied during electrodeposition, the 
same crystal structure was obtained in both cases. Fig. 3c and d illustrate 
the morphology and architecture of the deposits obtained after the 3 h of 
annealing treatment. The morphology of both films reduced after the 
annealing process and transformed into more rounded, finer shapes. As 
for the films prepared at − 0.9 V, a spongy morphology could be 
observed, whereas the films obtained at − 1.3 V demonstrated a 
network of micro- and nanowires with diameters between 120 and 
300 nm. The BET specific surface area of both samples slightly exceeded 
those before the thermal treatment, with values of 36.4 and 49.8 m2 g− 1 

at − 0.9 V and − 1.3 V, respectively (Fig. S2). Beyond that, some bis-
muth oxides could have been sublimated during annealing. Therefore, 
by modulating the applied potential during electrodeposition, the 
morphology and architecture of bismuth molybdate films could be easily 
modulated using the same solution, which implies another extra 
advantage of electrodeposition over other traditional synthetic 
processes. 

To further analyze the surface chemistry of deposits annealed for 1 h 

and 3 h, the XPS spectra of Bi 4 f, Mo 3d, and O 1 s were investigated 
(Fig. 4). Once the data were calibrated with C as a reference (284.6 eV), 
the oxidation states of Bi and Mo were confirmed to be III and VI, 
respectively, in all samples, and the presence of Bi(II) and Mo(IV) was 
not detected. The high-resolution Bi 4 f XPS spectra of samples annealed 
for 1 h were deconvoluted in two peaks with respective binding energies 
of 159.33 and 164.58 eV and that were respectively assigned to the Bi3+

4 f7/2 and Bi3+ 4 f5/2 signals [41]. However, after 3 h of annealing, the 
binding energy peaks shifted by approximately 0.18 eV for deposits 
prepared at − 0.9 V and by approximately 0.26 eV for deposits prepared 
at − 1.3 V compared with the samples annealed for 1 h due to the for-
mation of oxygen vacancies on the photocatalyst’s surface [42]. Those 
results are consistent with the formation of a core@shell 
Bi2MoO6@Bi2MoO6–x homojunction, being similar to results reported 
for Bi2MoO6–x in the literature [21,22]. The Mo 3d XPS spectra also 
exhibited two peaks centered at respective binding energies of 232.21 
and 235.34 eV, which respectively correspond to Mo 3d5/2 and Mo 
3d3/2. By contrast, in samples annealed for 3 h, the presence of oxygen 
vacancies distorted the Mo–O bond, and the binding energies shifted by 
approximately 0.15 eV for deposits prepared at − 0.9 V and by 
approximately 0.14 eV for deposits prepared at − 1.3 V compared with 
the samples annealed for 1 h [39]. The presence of defects in the surface 
oxygen increased the binding energy of Bi, thereby inducing electron 
transfer from the (Bi2O2)2+ layer to the (MoO4)2– layer and, in turn, 
enhancing the electron cloud density of Mo atoms [40]. As a result, the 
binding energy of Bi 4 f and Mo 3d were higher and lower, respectively, 
for core@shell Bi2MoO6@Bi2MoO6–x homojunction photocatalysts than 
for the Bi2MoO6 photocatalysts. In addition, in samples annealed for 3 h, 
an asymmetric O 1 s peak was observed, centered at binding energies 
greater than those of the broad O 1 s peak observed in samples annealed 
for 1 h. That outcome could be explained as a consequence of the high 
electron-attracting effect of adjacent oxygen vacancies. Moreover, the 
broad O 1 s peak of samples annealed for 1 h was deconvoluted into two 
peaks at respective binding energies of 529.8–529.9 and 530.9 eV cor-
responding to Bi–O and Mo–O coordination. The XPS analysis of samples 
annealed for 1 h revealed a negligible concentration of surface oxygen 
vacancies on the photocatalyst’s surface. By contrast, the asymmetric O 

Fig. 4. : XPS spectra of Bi 4 f, Mo 3d, and O 1 s of electrodeposited films prepared at (i) − 0.9 V and (ii) − 1.3 V after circulating 4 C cm− 2 and being annealed for 1 h 
and 3 h at 400 ◦C in air atmosphere. 
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1 s peak of samples annealed for 3 h was deconvoluted into three peaks 
at respective binding energies of 530.1, 530.9, and 531.7 eV corre-
sponding to Bi–O, Mo–O, and oxygen vacancies. 

Beyond that, the surface atomic concentration ratio of Bi 4 f to Mo 3d 
to O 1 s clearly confirmed the depletion of oxygen atoms after 3 h of 
annealing [21]. In sum, after 3 h of annealing treatment, surface oxygen 
vacancies were detected on the surface of the photocatalysts. All of those 
data are consistent with the formation of Bi2MoO6 and core@shell 
Bi2MoO6@Bi2MoO6–x homojunction photocatalysts after 1 h and 3 h of 
thermal treatment, respectively. 

EPR is frequently used to investigate the presence of oxygen defects. 

In various materials such as TiO2, ZnO, and, more recently Bi2MoO6–x, 
the g factor of approximately 2.001 has been attributed to oxygen va-
cancies [43–46]. Based on EPR measurements of deposits annealed for 
1 h and 3 h, Fig. 5a shows that after 3 h of annealing, independently of 
the applied potential during deposition, a sharp, intense EPR signal was 
recorded, that corresponds to a g factor of approximately 2.003, which 
can be attributed to the electron-trapped center at the site of the oxygen 
vacancies [47,48]. However, the same result was also detected, albeit 
with a significantly lower intensity, after 1 h of annealing, which in-
dicates that surface oxygen vacancies also formed after 1 h. Those re-
sults suggest that as the duration of annealing increases, the oxygen 

Fig. 5. : (a) EPR, (b) Raman, (c) UV–vis absorption, (d) PL spectra, and (e) Mott–Schottky plots of both electrodeposited films prepared at (i) − 0.9 V and (ii) − 1.3 V 
after circulating 4 C cm− 2 and being annealed for 1 h and 3 h at 400 ◦C in air atmosphere. (f) Schematic representation of the photocatalytic mechanism of 
core@shell Bi2MoO6@Bi2MoO6–x homojunction photocatalysts prepared at − 0.9 V and − 1.3 V. 
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deficiency on the surface of the photocatalyst increases as well [47]. The 
results of Raman spectroscopy, shown in Fig. 5b, also indicate the for-
mation of core@shell Bi2MoO6@Bi2MoO6–x homojunction photo-
catalysts after 3 h of annealing. Although the positions of the Raman 
peaks were nearly identical after 1 h and 3 h of annealing, the Raman 
intensity of all of the peaks was higher after 3 h of annealing. In addi-
tion, the relative peak intensity, especially for Raman peaks at 278, 321, 
and 348 cm− 1 and assigned to Bi–O stretches and lattice modes, were 
higher after 3 h than 1 h of treatment, which demonstrates the contri-
bution of oxygen vacancies to modify optoelectronic properties of 
photocatalysts. Meanwhile, the relative intensity of peaks located at 
794, 709, and 839 cm− 1, which were assigned to A1g modes of an MoO6 
octahedron, indicate orthorhombic distortions of the octahedron both 
after 1 h and 3 h of annealing, which is also consistent with the for-
mation of oxygen vacancies [46,49,50]. Therefore, XPS, EPR, and 
Raman spectral analyses confirmed the formation Bi2MoO6 during the 
annealing process as well as the formation of oxygen surface vacancies, 
which are more relevant after 3 h of annealing and lead to the formation 
of core@shell Bi2MoO6@Bi2MoO6–x homojunction photocatalysts. 

The UV–vis DRS spectra of samples after 1 h and 3 h of annealing are 
depicted in Fig. 5c. The formation of surface oxygen vacancies, which 
appear after 1 h of annealing but are more prominent after 3 h of 
annealing, clearly affected the optoelectronic properties of Bi2MoO6 
films. Bi2MoO6 exhibited a characteristic absorption sharp edge at 
470 nm but was slightly redshifted in the prepared materials, especially 
after 3 h of annealing, due to the increased density of the surface oxygen 
vacancies. The formation of oxygen vacancies also enhanced absorbance 
in the range of 500–1000 nm, which was more marked in spongy films 
(i.e., prepared at − 0.9 mV). The absorption of samples prepared at 
− 1.3 V, which have a network of micro- and nanowires architecture, 
was similar but slightly shifted after 1 h and 3 h of annealing. The ar-
chitecture also affected the absorption of the photocatalysts, which re-
iterates earlier findings [9,13]. The bandgap energy of each 
photocatalyst was calculated with Tauc plots [3], and the calculated Eg 
values were 2.53 and 2.59 eV for Bi2MoO6 prepared at − 0.9 and 
− 1.3 V, respectively, and 2.64 and 2.67 eV for core@shell 
Bi2MoO6@Bi2MoO6–x prepared at − 0.9 and − 1.3 V, also respectively. 

It is well known that thermally created defects such as oxygen va-
cancies can act as active centers for the adsorption of molecular oxygen 
[21,51]. In turn, molecular oxygen, as an electron scavenger, can react 
with photogenerated electrons and consequently reduce the recombi-
nation rate of photogenerated holes with electrons. That dynamic nor-
mally translates into the considerable enhancement of photocatalytic 
activity. Next, PL spectra were used to qualitatively investigate the 
recombination of the photogenerated electron–hole pairs of Bi2MoO6 
and Bi2MoO6@Bi2MoO6–x. As shown in Fig. 5d, the PL intensity 
decreased after 3 h of annealing, which indicates that the homojunction 
hindered the recombination process, for weak PL intensity normally 
indicates a weak recombination rate of electron–hole pairs. Those re-
sults are consistent with the formation of Bi2MoO6 with a lower density 
of surface oxygen vacancies after 1 h of annealing and the formation of 
core@shell Bi2MoO6@Bi2MoO6–x homojunction photocatalysts after 3 h 
of annealing. 

The Mott–Schottky analysis was performed to calculate the band 
edge positions of each photocatalyst. As shown in Fig. 5e, the positive 
slope of the Mott–Schottky plot suggested that the core@shell 
Bi2MoO6@Bi2MoO6–x homojunction photocatalysts are n-type semi-
conductors. The flat band position, as calculated from the x intercepts of 
the linear region, was –0.265 (deposition potential: − 0.9 V, with 1 h of 
annealing), –0.316 (deposition potential: − 1.3 V, with 1 h of anneal-
ing), –0.567 (deposition potential: − 0.9 V, with 3 h of annealing), and 
− 0.598 V (deposition potential: − 1.3 V, with 3 h of annealing) versus 
Ag|AgCl, with equivalent values of –0.060, –0.111, –0.362 and 
− 0.393 V vs. NHE, respectively. In general, the conduction band po-
tential (ECB) for n-type semiconductors is generally more negative, at 
approximately − 0.1 or − 0.2 V, than its flat band potential. Even so, the 

flat band potential for n-type semiconductors is frequently considered to 
be the conduction band potential as well. Likewise, in the work pre-
sented here, the conduction band potential was approximated to be the 
flat band potential. Beyond that, the valence band potential (EVB) of 
Bi2MoO6 and Bi2MoO6@Bi2MoO6–x was also calculated using Eq. 1: 

EVB = ECB +Eg (1) 

Fig. 5f shows a schematic illustration of the band positions of ECB and 
EVB for the core@shell Bi2MoO6@Bi2MoO6–x homojunction photo-
catalysts. Because the band position of EVB was much greater than that of 
the standard redox potentials of E (•OH/OH–) = +1.99 V versus NHE 
and/or E (•OH/H2O) = +2.38 V versus NHE, the photogenerated hole 
(h+) can be expected to oxidize hydroxyl groups and water into •OH 
radicals. At the same time, the band position of EVB was more negative 
than that of the redox potential of E (O2/•O2

–) = − 0.28 V versus NHE, 
which may have reduced the dissolved oxygen and thus generated •O2

– 

radicals. It should be noted, however, that •OH can also be photo-
chemically generated from •O2

– radicals. Considering the results, it can 
be concluded that the core@shell Bi2MoO6@Bi2MoO6–x homojunction 
system is a typical Z-scheme photocatalytic system, one that can pro-
mote the separation of photogenerated charge carriers, maximize the 
formation of more active radicals, and thus facilitate superior photo-
catalytic degradation and stability. 

Photocurrent measurements are often used to study the electron 
transport migration behavior and electrical conductivity of photo-
catalysts. As shown in Fig. 6, the electron transport migration under the 
visible-light irradiation of core@shell Bi2MoO6@Bi2MoO6–x homo-
junction photocatalysts was significantly higher, approximately 3.7 
times higher, than with Bi2MoO6. All of the films showed a stable 
photocurrent throughout the measurement without any significant 
photocurrent decay. The formation of surface oxygen vacancies favored 
the electron transport migration, which also benefited the photo-
catalytic performance. Based on the UV–vis, Mott-Schottky experiments, 
and PL spectra and photocurrent transients of the prepared films, 
Bi2MoO6@Bi2MoO6–x homojunctions can be used as efficient visible- 
light photocatalysts. 

3.2. Visible–light-driven photocatalytic mineralization of antibiotics 

The photocatalytic activities of the Bi2MoO6 and core@shell 
Bi2MoO6@Bi2MoO6− x homojunction photocatalysts were evaluated by 
degrading and mineralizing 100 mL of single-pollutant solutions con-
taining TET, CIP, and LEV (20 ppm of each compound, 100 mL, pH = 7) 
and 100 mL of multipollutant solutions of TET (20 ppm), CIP (20 ppm), 

Fig. 6. : Transient photocurrent response of both electrodeposited films pre-
pared at (i) − 0.9 V and (ii) − 1.3 V after circulating 4 C cm− 2 and being 
annealed for 1 h and 3 h at 400 ◦C in air atmosphere. 
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and LEV (20 ppm), also at pH = 7, under artificial visible-light irradia-
tion. The adsorption–desorption equilibria of single-pollutant solutions 
was examined before analyzing the photocatalytic performance of the 
Bi2MoO6 and core@shell Bi2MoO6@Bi2MoO6− x homojunction photo-
catalysts. With all materials, the three antibiotics reached a steady state 
in less than 60 min; however, adsorption varied depending on the 
antibiotic and the nature and effective area of the photocatalyst. The 
adsorption values when the adsorption–desorption equilibria were 
reached are summarized in Table 1. 

As shown in Table 1, the antibiotic with the highest affinity for the 
surface of photocatalysts was TET, which can be attributed to the 
chemical nature of the photocatalyst’s surface and the chemical struc-
ture of TET. In the case of TET, the core@shell Bi2MoO6@Bi2MoO6− x 
photocatalysts reached adsorption values approximately 2.3 times 
(E = –0.9 V, 3 h of annealing) and 2.9 times (E = –1.3 V, 3 h of 
annealing) larger than those of the Bi2MoO6 photocatalysts, while the 
effective specific surface areas were only 1.08 and 1.06 times larger in 
the Bi2MoO6@Bi2MoO6− x photocatalysts (E = –0.9 or − 1.3 V, 3 h of 
annealing) than in their Bi2MoO6 counterparts (E = –0.9 or − 1.3 V, 1 h 
of annealing). Therefore, the chemical nature of the photocatalyst’s 
surface strongly determined its interaction with the different antibiotics, 
and the same trend was observed for CIP and LEV as well. At the same 
time, the increase in effective specific surface area when the chemical 
nature was similar clearly translated into an increase in adsorption 
capacity. 

In parallel, the effect of light on the three antibiotics in the absence of 
a photocatalyst was also analyzed. Fig. S3 shows that photolytic 
degradation, over an irradiation period of 240 min, was negligible for all 
three antibiotics. In addition, the persistence of the pollutant in water 
was evaluated for 60 d under solar irradiation (i.e., natural light), and in 
all cases, the persistence of the contaminants was confirmed by re-
ductions in the maximum absorbance less than 2%. Likewise, the TOC of 
all solutions was virtually constant. 

After the adsorption–desorption equilibrium was reached, the irra-
diation of the photocatalyst with visible light began, which promoted 
the formation of reactive species capable of degrading the antibiotic. As 
illustrated in Fig. 7, the Bi2MoO6@Bi2MoO6− x photocatalysts had 
significantly higher photodegradation values regardless of the anti-
biotic; in fact, after only 60 min, degradations of more than 95% were 
reached in all cases. Note that the excellent photocatalytic performance 
for degrading antibiotics, despite being difficult to compare due to 
different experimental conditions, was equal to or even higher than 
state-of-the-art Bi2MoO6-based photocatalysts such as C3N4/Bi2MoO6/ 
carbon and Bi2MoO6/Bi2S3 [52], surface oxygen vacancies modified 
Bi2MoO6 [53], Bi2Sn2O7/Bi2MoO6, TaON/Bi2MoO6 core-shell [54], 
Ag-TiO2/Bi2MoO6 [55], C3N4-Bi2MoO6-Bi [42], CuInS2/ Bi2MoO6 [56], 
and CuBi2O4/Bi2MoO6 [57]. As for the Bi2MoO6 photocatalysts, after 
150 min of visible-light irradiation, the degradation kinetics was 
significantly lower (see Table 2) and photodegradation values exceeded 
95% for TET and CIP but were less than 90% for LEV for 71.9% and 
86.2% of the films prepared at − 0.9 V and − 1.3 V, respectively. The 
ranking of the efficiency of the antibiotic photodegradation observed 
was as follows: Bi2MoO6 (–0.9 V) < Bi2MoO6 (–1.3 V) 
< Bi2MoO6@Bi2MoO6− x (–0.9 V) < Bi2MoO6@Bi2MoO6− x (–1.3 V). The 
photocatalysts prepared at − 1.3 V exhibited superior photocatalytic 
performance to the ones prepared at − 0.9 V favored also by their rela-
tively higher effective specific surface areas. 

Next, the kinetic analysis of the antibiotic degradations was per-
formed based on the first-order kinetic model (see Figs. S4–S6). For 
example, in the case of TET, the annealing treatment enhanced the ki-
netic constant from 0.024 min–1 (–0.9 V, 1 h of annealing) to 
0.055 min–1 (–0.9 V, 3 h of annealing) and from 0.031 min–1 (–1.3 V, 
1 h of annealing) to 0.107 min–1 (–1.3 V, 3 h of annealing). The kinetic 
constant rose further with the increase of surface oxygen vacancies, 
which in turn favored electron transport migration and reduced the 
recombination processes. However, a comparison of the kinetic con-
stants of the two Bi2MoO6@Bi2MoO6− x photocatalysts prepared at 
− 0.9 V (0.055 min–1) and − 1.3 V (0.107 min–1) revealed that the ki-
netic constant of the photocatalysts prepared at − 1.3 V was approxi-
mately 2 times larger, while the effective specific surface area was 
approximately 1.37 times larger. Those differences align with the op-
toelectronic properties and photocurrent curves of photocatalysts, 
which suggests that the morphology and architecture of the samples 
prepared at − 1.3 V, formed by a network of wires, probably facilitated 
the penetration of light. The same trend was observed for the degrada-
tion kinetics of CIP and LEV. However, comparing the degradation ki-
netics of the contaminants shows that in the case of the Bi2MoO6 
photocatalysts, the antibiotic with the highest degradation kinetics was 
TET. The ranking of the degradation kinetics was thus as follows: TET 
> CIP > LEV. By contrast, in the case of the Bi2MoO6@Bi2MoO6− x 
photocatalysts, the antibiotic with the highest degradation kinetics was 
LEV, followed by TET and CIP. The chemical nature of the antibiotic and 
especially that of the photocatalyst’s surface not only determined its 
interaction but also strongly affected its reactivity. Those differences can 
be explained as deriving from the type and amount of intermediate 
reactive species formed during the irradiation process in each case. 

Following photodegradation, mineralization (i.e., total oxidation of 
the contaminant) was investigated as well. After 180 min of irradiation 
with visible light, TET achieved nearly total mineralization and both CIP 
and LEV more than 90% mineralization with the Bi2MoO6@Bi2MoO6− x 
photocatalysts. LEV’s photodegradation was the quickest. In the case of 
the core@shell photocatalysts, mineralization was slightly less than that 
of TET; however, in terms of the type of catalyst, the trends were similar 
to those of photodegradation. The ranking of the efficiency of antibiotic 
mineralization was as follows: Bi2MoO6 (–0.9 V) < Bi2MoO6 (–1.3 V) 
< Bi2MoO6@Bi2MoO6− x (–0.9 V) < Bi2MoO6@Bi2MoO6− x (–1.3 V). 

Based on the intermediates identified using LC-MS analysis, a 
mineralization mechanism can be proposed for each pollutant (see 
Figs. S7–S9). The proposed mechanisms are based on the MS spectra of 
aliquots of reaction media every 30 min of visible-light irradiation in the 
presence of a Bi2MoO6@Bi2MoO6− x (–1.3 V) photocatalyst. In TET’s 
case (see Fig. S7), according to the charge-to-mass ratio (m/z), two 
possible pathways of the mechanism of mineralization were formulated, 
starting with the formation of the hydroxylated product PTET1 or with 
the N-demethylation process giving rise to the product PTET2. Successive 
attacks by holes and hydroxyl radicals promoted the fragmentation of 
intermediates via water loss, addition reactions, or the opening of rings 
and, in turn, induced the formation of the intermediates PTET3, PTET4, 
and PTET5. Further oxidation resulted in the formation of the products 
PTET6 and PTET7, followed by carbon dioxide and other inorganic mol-
ecules [3,58]. In the case of CIP (see Fig. S8), two different possible 
pathways were formulated according the detected intermediates: (i) the 
gradual oxidative degradation of the lateral ring of piperazine, begin-
ning with the ring-opening process, causing the formation of the product 

Table 1 
Adsorption capacity of TET, CIP, and LEV in relation to each photocatalyst in dark conditions after 60 min.   

Adsorption / %  

Bi2MoO6 (− 0.9 V) Bi2MoO6@Bi2MoO6–x (− 0.9 V) Bi2MoO6 (− 1.3 V) Bi2MoO6@Bi2MoO6–x (− 1.3 V) 

TET (20 ppm) 6.2 ± 0.1 14.3 ± 0.2 9.1 ± 0.1 26.4 ± 0.2 
CIP (20 ppm) 2.1 ± 0.2 4.3 ± 0.2 3.1 ± 0.2 7.8 ± 0.1 
LEV (20 ppm) 4.5 ± 0.1 9.9 ± 0.1 5.9 ± 0.2 13.4 ± 0.1  
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PCIP1 and the subsequent loss of CO, CH2CH2NH2, and COOH groups, 
and resulting in the formation of the intermediates PCIP2, PCIP3, and 
PCIP4; and (ii) the substitution of fluorine by a hydroxyl group (PCIP5) 
followed by decarboxylation (PCIP6) and the opening of piperazine’s 
lateral ring (PCIP7). The above intermediates ultimately oxidized to 
carbon dioxide and other inorganic salts [59–62]. Last, the proposed 
degradation mechanism of LEV (Fig. S9) was based on three different 
pathways: (i) a process starting with the demethylation and hydroxyl-
ation reactions of LEV to form product PLEV1, which subsequently is 
demethylated to product PLEV2; (ii) a process starting with the decar-
boxylation of LEV evolving to product PLEV3, which experiences either 
ring-opening and demethylation reactions to yield product PLEV4 or the 
de-fluorination reaction of PLEV3, thereby resulting in product PLEV5; or 
(iii) the formation of product PLEV6 as a result of the opening of the 
piperazinyl ring and demethylation and oxidation reactions. The above 
intermediates were further oxidized into smaller molecules and miner-
alized into carbon dioxide and simple inorganic species, and the 
mineralization process was confirmed by TOC analysis [54]. All of the 
proposed mechanisms are consistent with the literature [54,58,59,62, 
63]. 

The mineralization of a multipollutant solution of TET (20 ppm), CIP 
(20 ppm), and LEV (20 ppm), also at pH = 7, under 240 min of artificial 
visible-light irradiation using the Bi2MoO6 and Bi2MoO6@Bi2MoO6− x 
photocatalysts was investigated as well (see Fig. 7d). The mineralizing 
capacity of each photocatalyst was highly similar to that observed in the 
single-component solutions, again with the core@shell 
Bi2MoO6@Bi2MoO6− x homojunction photocatalysts being more 
efficient. 

The reusability potential of the core@shell Bi2MoO6@Bi2MoO6− x 
homojunction photocatalysts was also studied in order to evaluate the 
applicability of the materials in real large-scale applications (see Fig. 8). 
To that purpose, reusability experiments were performed based on the 
reuse of photocatalysts within 15 successive photocatalytic runs. 
Although the efficiency of mineralization decreased slightly after 15 
cycles, mineralization was consistently greater than 80% for the 
Bi2MoO6@Bi2MoO6− x photocatalysts (–0.9 V) and greater than 90% for 
the Bi2MoO6@Bi2MoO6− x photocatalysts (–1.3 V). Therefore, the 
decrease was less pronounced in deposits prepared at − 1.3 V, which 
indicates the favorable reusability potential of the as-synthesized pho-
tocatalysts within successive runs of operation. After each cycle, the 
photocatalyst was subjected to 30 min of annealing treatment at 250 ◦C 
in order to remove adsorbed organics as well as regenerate the photo-
catalyst. Without that soft thermal treatment, the photocatalytic activity 
would have fallen approximately 10% faster. In addition, a morpho-
logical analysis of the surface of both catalysts showed no significant 
variations between them after 15 cycles (see Fig. 8b and d). Ultimately, 
after 15 reuse cycles, the phase and chemical nature of the photo-
catalysts showed no important variations (see Fig. S10). 

Another factor that can strongly inhibit a photocatalyst’s usability is 
photocorrosion and the consequent dissolution of the material, which 
results in the pernicious introduction of new inorganic pollutants into 
bodies of water. For all of the photocatalysts explored, the amount of 
bismuth and molybdenum was undetectable after 72 h of visible-light 
irradiation if an excess of antibiotic was added to the medium, which 
confirms that the dissolution of the photocatalysts resulted from a 
photoelectrochemical process involving charge carrier and not from a 

Fig. 7. : (a) Chemical structure of TET, CIP, and LEV. (b) Photodegradation and (c) mineralization of TET, CIP, and LEV (20 ppm of each compound, 100 mL, pH = 7) 
under 150 min of visible-light irradiation at 20 ◦C using electrodeposited films prepared at (i, ii) − 0.9 V and (iii, iv) − 1.3 V after circulating 4 C cm− 2 and being 
annealed for (i, iii) 1 h and (ii and iv) 3 h at 400 ◦C in air atmosphere. (d) Mineralization of a multipollutant solution of TET (20 ppm), CIP (20 ppm), and LEV 
(20 ppm) at pH = 7 under 240 min of visible-light irradiation at 20 ◦C using electrodeposited films prepared at (i, ii) − 0.9 V and (iii, iv) − 1.3 V after circulating 
4 C cm–2 and being annealed for (i, iii) 1 h and (ii and iv) 3 h at 400 ◦C in air atmosphere. 
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purely chemical process. However, an examination of the amount of 
bismuth and molybdenum in pure water (i.e., in the absence of organic 
pollutants) after 72 h of visible-light irradiation showed that the pho-
tocatalysts prepared at − 1.3 V exhibited less photocorrosion than those 
prepared at − 0.9 V, especially in relation to bismuth, whose dissolved 
values ranged from 6% to 8% (–0.9 V) to undetectable amounts (–1.3 V). 
By contrast, molybdenum’s dissolution was greater in the case of films 
prepared at − 0.9 V for the Bi2MoO6 photocatalysts but practically 
identical in the case of the structure of the Bi2MoO6@Bi2MoO6− x pho-
tocatalysts regardless of the potential for preparation. That distinction 
demonstrated the potential of Bi2MoO6@Bi2MoO6− xto be used to elim-
inate contaminants. The same phenomenon was observed for other 
photocatalysts, in which organic contaminants acted as traps for charge 
carriers and other reactive species and consequently inhibited photo-
corrosive processes [3,64,65]. Ultimately, after the 72-h irradiation 
process, the specific surface areas of all of the photocatalysts were 
slightly reduced (see Fig. 8g). However, the non-detection of bismuth 
and molybdenum ions after 10 days of immersion in pure water in the 
dark or of any single- or multipollutant solutions, the maintenance of 
Bi2MoO6@Bi2MoO6− x’s photocatalytic performance in degrading and 
mineralizing antibiotics after those experiments, and the BET surface 
areas reinforce the proposal that the loss of stability of the 
Bi2MoO6@Bi2MoO6–x was a consequence of photocorrosion-related 
phenomena. 

To investigate the role of reactive species of the core@shell 
Bi2MoO6@Bi2MoO6− x homojunction photocatalysts, trapping experi-
ments were conducted by adding IPA, BQ, and TEOA as scavengers of 
•OH, •O2

− , and h+, respectively (see Fig. 9a and b). The TET degradation 
efficiency of core@shell Bi2MoO6@Bi2MoO6–x homojunction photo-
catalysts, of –99.1% and 99.3% for photocatalysts prepared at –0.9 and 
− 1.3 V, respectively, decreased to approximately 29% (–0.9 V) or 26% 
(–1.3 V), 50% (–0.9 V) or 70% (–1.3 V), and 42% (–0.9 V) or 48% 
(–1.3 V) in the presence of hydroxyl radicals, superoxide radicals, and 
hole scavengers, respectively. The marked decrease after IPA was added 
demonstrates that the dominant factor during the degradation process 
was the hydroxyl radicals. Although •OH was the predominant reactive 
species during photocatalytic degradation, the role of •O2

− and h+ war-
rants consideration as well. Similar trends were observed for the other 
antibiotics analyzed. To further investigate the formation of reactive 
active species, EPR measurements were performed. After 5 min of 
visible-light irradiation, the signals of the DMPO–•OH and DMPO–•O2

– 

adducts could be observed, which confirmed the formation of •OH and 
•O2

− radicals during the reaction system. These findings are consistent 
with the previous results presented of the radical-scavenging experi-
ments and confirm the important role of •OH and •O2

− in degradation 
and mineralization. 

4. Conclusions 

Bi2MoO6 and core@shell Bi2MoO6@Bi2MoO6–x homojunction pho-
tocatalysts were synthesized via a simple process involving sequential 
electrodeposition and thermal treatment. The applied potential, the 
charge density, the annealing temperature, and the calcination time 
were found to influence the characteristics of the material. The opti-
mized lower applied potential (–0.9 V) promoted platelet–sheet 
morphology, whereas micro- or nanowires were obtained at − 1.3 V, the 
compositions of which exhibited different combinations between the 
oxides. After 1 h of calcination at 400 ◦C, a Bi2MoO6 structure was 
formed, while after 3 h, a novel complex core@shell 
Bi2MoO6@Bi2MoO6–x homojunction was obtained. The core@shell 
Bi2MoO6@Bi2MoO6–x homojunction photocatalysts exhibited excellent 
photocatalytic performance in degrading and mineralizing single- and 
multiantibiotic solutions (i.e., TET, CIP, and/or LEV), in which almost 
complete mineralization (>95%) was achieved after 180 min of radia-
tion, especially using the deposit showing micro- or nanowire 
morphology. They also exhibited high reusability and low Ta
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photocorrosion. Considering the conditions explored, the antibiotic 
mineralization ranking was as follows: Bi2MoO6 (–0.9 V) < Bi2MoO6 
(–1.3 V) < Bi2MoO6@Bi2MoO6–x (–0.9 V) < Bi2MoO6@Bi2MoO6–x 
(–1.3 V). That ranking shows that the oxygen vacancies play an 
important role in the process by promoting the adsorption of molecular 
oxygen, which, as an electron scavenger, interacts with photogenerated 
electrons to reduce the rate of the pernicious recombination of photo-
generated holes with the electrons. The electrodeposition method 
combined with thermal treatment presented is thus a new method of 
preparing customized bismuth–molybdenum Aurivillius deposits with 
effective photocatalytic capabilities. The proven reuse and the low 
photocorrosion observed in the presence of the contaminant are other 

added values that recommend further work on the photocatalyst’s 
implementation in real cases using solar radiation. 
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