
Please cite the Published Version

Viana, GCC, Ratova, M, Dimopoulou, AE , Redfern, J , O’Dowd, K , Kelly, PJ , Pillai,
SC and Amorim, CC (2025) BiVO4 Thin Films Design via Magnetron Sputtering for Water
Treatment: Antimicrobial Activity, Photocatalytic Efficiency, and Toxicity Assessment. Chemical
Engineering Science, 312. 121687 ISSN 0009-2509

DOI: https://doi.org/10.1016/j.ces.2025.121687

Publisher: Elsevier

Version: Accepted Version

Downloaded from: https://e-space.mmu.ac.uk/639818/

Usage rights: Creative Commons: Attribution 4.0

Additional Information: This is an author accepted manuscript of an article published in in Chem-
ical Engineering Science by Elsevier. This version is deposited with a Creative Commons Attri-
bution 4.0 licence [https://creativecommons.org/licenses/by/4.0/], in accordance with Man Met’s
Research Publications Policy. The version of record can be found on the publisher’s website.

Data Access Statement: No data was used for the research described in the article.

Enquiries:
If you have questions about this document, contact openresearch@mmu.ac.uk. Please in-
clude the URL of the record in e-space. If you believe that your, or a third party’s rights have
been compromised through this document please see our Take Down policy (available from
https://www.mmu.ac.uk/library/using-the-library/policies-and-guidelines)

https://orcid.org/0009-0008-9371-8076
https://orcid.org/0000-0003-0958-683X
https://orcid.org/0009-0005-1025-0307
https://orcid.org/0000-0003-1008-4941
https://orcid.org/0000-0001-6132-0866
https://doi.org/10.1016/j.ces.2025.121687
https://e-space.mmu.ac.uk/639818/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
mailto:openresearch@mmu.ac.uk
https://www.mmu.ac.uk/library/using-the-library/policies-and-guidelines


1 
 

BiVO4 Thin Films Design via Magnetron Sputtering for Water 1 

Treatment: Antimicrobial Activity, Photocatalytic Efficiency, and 2 

Toxicity Assessment 3 

Guenther Carlos C. Viana a, Marina Ratova b, Artemis E. Dimopoulou c, James Redfern 4 
c, Kris O’Dowd d, Peter J. Kelly b, Suresh C. Pillai d, and Camila C. Amorim a* 5 

a Research Group on Environmental Application of Advanced Oxidation Processes (GruPOA), 6 
Federal University of Minas Gerais, Engineering School - Sanitary and Environmental 7 
Engineering Department, Av. Antônio Carlos 6627, 31270-901, Pampulha, Belo Horizonte, 8 
Brazil. 9 

b Surface Engineering Group, Department of Engineering, Manchester Metropolitan University, 10 
Manchester M1 5GD, UK. 11 

c Department of Natural Sciences, Faculty of Science & Engineering, Manchester Metropolitan 12 
University, M1 5GD, UK. 13 

d Nanotechnology and Bio-Engineering Research Group & Health and Bio-medical Center, 14 
Atlantic Technological University, ATU Sligo, Ash Lane, Sligo, Ireland. 15 

*camila@desa.ufmg.br 16 

  17 

mailto:*camila@desa.ufmg.br


2 
 

GRAPHICAL ABSTRACT  18 

  19 



3 
 

ABSTRACT 20 

This paper investigates the production of bismuth vanadate (BiVO4) thin film for 21 

photocatalytic water treatment, verifying the effect of operational parameters for BiVO4 22 

thin film production by magnetron sputtering. The samples were characterized and 23 

through photocatalytic assessment, the BiVO4 optimal production condition was 24 

determined as being 4 mTorr of pressure, 100 kHz of pulse frequency, 90% of duty cycle, 25 

and 2 h of deposition time. The BiVO4 antimicrobial proprieties were assessed following 26 

the British Standard ISO 27447:2009 with E. coli. Antimicrobial activity was observed 27 

under visible light, resulting in values under the detection limit (<LD) within 24h. The 28 

material showed activity in the dark, achieving values <LD within 48h. According to ISO 29 

10993–5:2009, different cytotoxicity levels in humane intestinal cells were observed 30 

within the tested concentrations range. This antimicrobial activity is unprecedented, 31 

indicating a significant opportunity for advancement in disinfection and offering a safe 32 

alternative to conventional water treatment. 33 

 34 

1. INTRODUCTION 35 

The availability of sufficient and safe drinking water is a critical public health issue. One 36 

of the United Nations (UN) [1] Sustainable Development Goals is to ensure universal 37 

access to water and sanitation by 2030. Despite the improvements, access to safe drinking 38 

water remains a critical concern. In contrast, the World Health Organization (WHO) [2] 39 

estimates that globally, at least 2 billion people consume drinking water from sources 40 

with microbial contamination. This results in a considerable number of waterborne 41 

infections, causing diarrhea that kills almost one million people per year, primarily 42 

children under five years of age. In conventional water treatment, the microbial 43 

inactivation step is typically carried out using chlorination in the final stages of the 44 

treatment process [3]. Currently, alternatives are being sought due to the formation of by-45 

products of chlorine disinfection that may have carcinogenic properties [4,5]. 46 

Heterogeneous photocatalysis is an Advanced Oxidation Process (AOP) that has been 47 

described as a suitable technology for enhancing safety in water treatment regarding 48 

disinfection [6–8]. However, this technology has faced several challenges, including 49 
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recovery, separation, and recycling of the photocatalyst, thus hindering large-scale 50 

application [9]. Another concern is the toxicity caused by the persistence of these particles 51 

in the treated matrix [10]. To avoid such issues, many researchers have adopted the 52 

strategy of immobilizing catalysts for use in photocatalytic processes [11–19]. 53 

Immobilized catalysts in thin films offer several advantages over suspended materials. 54 

These include reduced material usage, ease of recycling due to adhesion to a surface, less 55 

physical interference, and improved long-term performance [13].  56 

Among the deposition techniques available, magnetron sputtering stands out as a 57 

relatively simple, versatile, and easily scalable vacuum-based method used to deposit 58 

various materials onto different supports. This physical deposition method (PDM) is 59 

advantageous in terms of its high productivity and ability to control particle size, when 60 

compared with chemical deposition methods (CDM) [13,20]. CDM usually has some 61 

disadvantages regarding high temperature and material loss in the production process, 62 

difficulties in scaling up production of films with large areas, and low photocatalytic 63 

efficiency [21,22]. In contrast, magnetron sputtering exhibits a high deposition rate at 64 

lower pressures and temperatures, resulting in the formation of resistant and uniform 65 

thickness coatings [23]. This process has undergone significant advancements in recent 66 

decades, becoming a preferred technique for many industrial processes. The driving force 67 

behind this development is the increasing demand for high-quality functional thin films 68 

in large scales across a wide range of sectors [20,24,25]. The technique's versatility is 69 

advantageous because the stoichiometry of the coating can be easily controlled by varying 70 

operational parameters and the chemical composition of the target [23].  71 

Another limitation faced by applying heterogeneous photocatalysis as a water treatment 72 

technique is the applicability of the method under visible light. To address this challenge, 73 

bismuth-based oxides have been reported as promising materials due to their high 74 

photocatalytic activity resulting from enhanced charge transfer [26–32]. More 75 

specifically, bismuth vanadate (BiVO4) has attracted significant interest due to its low 76 

band gap, non-toxicity, and corrosion resistance, resulting in excellent photocatalytic 77 

activity in the degradation of organic pollutants under visible light irradiation [33,34]. 78 

Having good chemical and photo stability, and a band gap of ∼2.4, BiVO4 became a 79 

significant strong candidate for solar energy harvesting [35,36]. However, some studies 80 

suggest that the photocatalytic behavior of pure BiVO4 may need further enhancement 81 
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due to the rapid recombination of photo-induced carriers resulting from the narrow band 82 

gap value. Other limitations in the literature include low specific surface area, low carrier 83 

transfer, and low electron mobility [37]. Different morphology controls, doping with 84 

metallic and non-metallic elements, semiconductor coupling, and exposed reactive facets 85 

have been studied to address this [38–40]. 86 

The production of nanopowder BiVO4 photocatalyst has been reported through various 87 

techniques [41–43]. However, in this form, the material exhibits the aforementioned 88 

disadvantages. In this respect, the design of thin film BiVO4 materials for photocatalytic 89 

applications is one of the most compelling applications that can render the entire process 90 

more practical and economical. The synthesis of BiVO4 thin films could be through RF 91 

sputtering [44], jet nebulizer spray pyrolysis equipment [45], cyclic voltammetry 92 

deposition, [46]. and reactive direct-current magnetron sputtering [47]. Some of these 93 

works used strategies of doping or heterojunction formation to achieve good 94 

photocatalytic activity with BiVO4-based thin films [37,44,48–51]. However, these 95 

mentioned studies tested photocatalytic activity only for dye degradation and did not 96 

analyze the influence of production parameters on the film’s performance. 97 

Despite magnetron sputtering presenting numerous advantages and being an attractive 98 

technique for producing thin films of BiVO4, limited literature explores this method for 99 

producing BiVO4 thin films. On the other hand, this technique's utilization and 100 

optimization can potentially control film properties that impact photocatalytic activity, 101 

such as morphology, porosity, band gap, and crystalline structure [47]. Controlling these 102 

parameters is paramount in overcoming the limitations of BiVO4 catalysts. Thus, the 103 

present work aims to address the observed gap and investigate how operational 104 

parameters for BiVO4 thin film production by magnetron sputtering influence their 105 

chemical, physical, and optical properties and, consequently, their photocatalytic activity. 106 

Furthermore, this work aims to verify its antimicrobial and toxicological properties, 107 

describe its photocatalytic mechanism, and ultimately target applications in water 108 

treatment. 109 

 110 

2. MATERIALS AND METHODS 111 
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2.1 Deposition conditions for BiVO4 thin films  112 

The thin films were deposited in a single step under a high vacuum in a Teer UDP 350 113 

sputtering rig (Figure S1) onto 25 x 75 mm glass slides as substrates. Substrates were 114 

ultrasonically pre-cleaned in isopropanol (99%, Sigma-Aldrich) and then placed in the 115 

vacuum chamber. Two high purity (99.5%) metallic targets, Bismuth (Bi) and Vanadium 116 

(V) were bonded to copper backing plates and used as sputtering targets. Each target was 117 

mounted on a 300 mm X 100 mm type II unbalanced planar magnetron. The magnetrons 118 

were installed through the vacuum chamber walls surrounding the rotating substrate 119 

holder in a closed-field configuration. The distance between the target and the substrate 120 

was 50 mm for the deposition of all samples. The argon flow was kept constant at 40 121 

sccm and the oxygen flow at 20 sccm, and the time-averaged power applied to the 122 

magnetrons were 50 W to Bi and 800 W to V. The magnetrons were powered by a dual-123 

channel Advanced Energy Pinnacle Plus source operating in pulsed DC mode. 124 

A Design of Experiments Taguchi type L9 array was used to determine the optimum 125 

deposition conditions to produce efficient BiVO4 photocatalytic thin films. This design 126 

has been extensively utilized for this purpose in numerous research domains [52]. 127 

Methodology for reactive sputter deposition of bismuth vanadate has been previously 128 

developed by the authors, however no systematic investigation of deposition parameters 129 

on properties of bismuth vanadate coatings. The experimental design utilized in the 130 

present work involved the variation of several parameters and levels, including pressure 131 

(4, 6, and 8 mTorr), pulse frequency (100, 200, and 300 kHz), duty cycle (60, 75, and 90 132 

%), and deposition time (0.5, 1.0, and 2.0 h). The deposition parameters varied have been 133 

earlier demonstrated to have a significant effect on morphological and phase properties 134 

of the materials [20]. The experimental design yielded nine distinct experimental 135 

conditions, which were tested to produce BiVO₄ thin films, identified as BV1, BV2, BV3, 136 

BV4, BV5, BV6, BV7, BV8, and BV9. Each experimental condition can be seen in Table 137 

S1. All the coatings were annealed at 500°C for 1 h in air with a heating ramp of 10°C 138 

min-1 and then allowed to cool gradually to avoid thermal stress formation. The results of 139 

the Taguchi L9 array were analyzed using Minitab 17 statistical software. 140 
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2.2 Characterization of the BiVO4 thin films  141 

The thickness of the samples was measured by covering a portion of the microscope glass 142 

slide with Kapton tape before deposition. The height of the resulting artificial step formed 143 

when the tape was removed after deposition was then measured using a Profilm3D 144 

interferometer from Filmetrics, with a magnification of ×50. The optical absorbance of 145 

the samples was measured, and the optical band gap of BiVO4 was estimated using the 146 

Tauc plot method [53]. The crystallography of the thin films was studied with X-ray 147 

diffraction (XRD) (Panalytical Xpert powder with CuKa1 radiation at 0.154 nm in 148 

grazing incidence mode at 3° over a scan range from 20° to 70° 2θ; the accelerating 149 

voltage and applied current were 40 kV and 30 mA, respectively). The thin films’ 150 

elemental composition was determined with SEM/EDX (EDAX Trident, Edax Co. 151 

installed on a Zeiss Supra 40 VP-FEG-SEM). Surface morphology, roughness, and area 152 

were conducted using a Horiba XPlora Plus atomic force microscopy (AFM) system. The 153 

catalyst load per area was estimated by weighing the coated and uncoated glass slides. 154 

The transmission electron microscopy (TEM) micrographs were obtained using a FEI 155 

Titan Themis FEG STEM; prior to that, a lamella was extracted from the bulk of the 156 

sample using an FEI Helios G4CX FIB-SEM. 157 

2.3 BiVO4 thin films photocatalytic activity assessment 158 

The photocatalytic activity of all BiVO4 thin films produced was evaluated using a 159 

methylene blue (MB) degradation test, measuring the absorbance of the solution at 664 160 

nm. The initial concentration of the testing solution was 2 μmol L-1. The photocatalytic 161 

activity tests were performed using a visible light source with a 60 W daylight bulb. The 162 

emission spectrum of the irradiance source is in Figure S2; the integrated irradiance value 163 

in the 400–800 nm wavelength range was 190 W m-2. For each condition from the 164 

experimental design, a 25 x 15 mm2 sample of BiVO4 thin film was tested. Before the 165 

photocatalytic tests, all BiVO4 thin film samples were immersed in MB solution (the same 166 

concentration as the testing solution) and kept in the dark at room temperature (25°C) for 167 

1 h, with continuous magnetic stirring (≈150 RPM), to reach the adsorption-desorption 168 

equilibrium. After that, the photocatalytic tests were conducted for 1 h for all test runs. A 169 

reference test for MB photolysis was also carried out under the same irradiation source 170 

but in the absence of a photocatalyst.  171 
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Through the results obtained in the photocatalytic tests, the optimum conditions to 172 

produce BiVO4 thin films were defined. Subsequently, the optimal BiVO4 thin film was 173 

submitted to recycling tests for repeated MB degradation cycles. Furthermore, to describe 174 

the photo-degradation reaction mechanism of the optimal BiVO4 thin film, photocatalytic 175 

tests were conducted in the same conditions previously described, in the presence of 176 

different scavengers. The following trapping agents were employed: isopropanol [54–56] 177 

for •OH, 4-hydroxy TEMPO [56,57] for O2
•−, sodium oxalate [58,59] for h+ and sodium 178 

nitrate [60] for e−. The concentration of each scavenger was 7 mmol L-1 [31].  179 

2.4 BiVO4 thin film antimicrobial activity assessment 180 

To test the antimicrobial activity of BiVO4 thin films a slight adaptation of the British 181 

Standard (BS) ISO 27447:2009 was used. Escherichia coli (E. coli) NCTC 9001 was 182 

stored in glycerol stock at −80°C. For experimental work, the microorganism was 183 

subcultured from the stock onto nutrient agar (NA) (BD, Sparks, MD), and incubated 184 

overnight at 37°C. For testing antimicrobial potential, 2–4 colonies of E. coli were 185 

inoculated into 10 mL of 1/500 nutrient broth (NB, Oxoid, Basingstoke) and the solution 186 

was vortexed for 60 s. Once the solution has reached 0.1 optical density at 600 nm 187 

(Jenway 6305 Spectrophotometer, UK), two 10-fold dilutions were performed using 188 

1/500 Nutrient Broth resulting in a standardized bacterial suspension of 2.0 ± 0.7 × 106 189 

CFU mL−1. 190 

All solutions and equipment used in this test were either sterile from the manufacturer or 191 

autoclaved for 20 min at 121°C. A paper filter was placed at the bottom of a sterile Petri 192 

dish, and 5 mL of sterile distilled water was added to ensure high humidity during the 193 

experiment. Sterile glass beads were placed on top of the wet filter paper to avoid direct 194 

contact between the test piece and the water. The uncoated or coated glass samples with 195 

BiVO4 thin films were placed on top of the glass beads in the Petri dishes. 25 µL of 196 

standardized bacterial suspension was pipetted on each test piece, with a sterile 197 

polystyrene film laid on top to ensure even spread across the surface. Then the Petri dish 198 

lid was placed and sealed with parafilm for moisture conservation. This sealing with 199 

parafilm was the modification made to the BS ISO 27447:2009 due to the observation in 200 

the preliminary tests, which showed a visible loss of moisture throughout the test. Both 201 

samples, uncoated and glass coated with a BiVO4 thin film, were tested under the visible 202 

light source and in the dark for 0, 2, 6, 16, 24, 48, and 72 h. For the samples treated with 203 
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visible light, the light source described in topic 2.3 was used. The experiments for each 204 

condition, sample, and time were repeated in triplicate. After its specific time, each 205 

sample was immediately washed out into a stomacher bag with 10 mL of soybean-casein 206 

digest broth with lecithin and polysorbate 80 (SCDLP), as described in the BS ISO 207 

27447:2009. Following 10-fold dilutions up to 10-6 in physiological saline, this washout 208 

solution was used to determine the number of viable cells via enumeration of colony 209 

forming units (CFU). For each series of dilutions, 100 µL was plated in duplicate in Petri 210 

dishes with nutrient agar. The plates were incubated overnight at 37 °C. Finally, colony 211 

numbers were counted in the series of Petri dishes with colony numbers between 30-300. 212 

The whole experiment was repeated three times to ensure reproducibility. 213 

2.5 BiVO4 cytotoxicity assessment 214 

All materials used were of analytical grade. Methanol (CH3OH) was purchased from 215 

Analab. CACO-2 cell line humane intestinal cells were purchased from Sigma. DMEM 216 

medium glucose (Dulbecco’s Modified Eagle Medium)-High Glucose, Fetal Bovine 217 

Serum (FBS), catalase, and Dulbecco’s Phosphate Buffered Saline (PBS) were purchased 218 

from GE Healthcare. Trypsin, 0.25% (1x), with 2.5 g porcine in HBSS, Trypan blue, and 219 

Thiazolyl blue tetrazolium bromide 98% (MTT) were purchased from Fisher Scientific. 220 

Penicillin Streptomycin Sol 100 mL, L-Glutamine 200 mm 100 mL, and DMSO, LC-MC 221 

Grade were purchased from biosciences. T75 and T25Tissue Culture Treated Flasks 222 

(vented caps), 10/25/50 mL Serological Pipette (sterile), individually wrapped, and 223 

1/0.2/0.01 mL pipette tips were purchased from Starstedt. 96 well plates from MSC. Oasis 224 

HLB 5 cc Glass, 200 mg cartridges from waters. 4 mL screw neck vials were obtained 225 

from VWR. IST 20 L VacMaster was obtained from the I.T. stores. A BMG Labteck 226 

FLUOstar Omega microplate reader was supplied by I.T. technical staff. 227 

CACO-2 cells were maintained in DMEM medium containing 20% fetal bovine serum 228 

and 1% pen/strep. Before analysis, a 96 well plate was seeded with a cell concentration 229 

of 7500 cell/well with a volume of 100 µL. After allowing the cells to attach for 24 h the 230 

media was removed and 100 µL of controls were added; a blank (media), a negative 231 

control (media + 1% (v/v) DMSO), and a positive control (media + 10% (v/v) DMSO).  232 

To assess the cytotoxicity of the material, the BiVO4 thin films produced in the best 233 

condition were mechanically peeled from the substrate by friction with a spatula, and the 234 
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powder obtained was used for the tests. Seven concentrations of material were added at 235 

5, 25, 50, 100, 250, 500, 1000 mg L-1. All were exposed for 24 h, after which the media 236 

was removed, and the wells were washed with 100 µL of PBS. 100 µL of fresh media and 237 

10 µL of MTT reagent was added and the plates were incubated for at least 4 h. After 238 

incubation, all contents were removed from the wells and 100 µL of DMSO was added. 239 

The absorbance was read at 580 nm on a BMG Labteck FLUOstar Omega microplate 240 

reader (Ortenberg, Germany) with the shake plate feature on and analyzed for 15 min. 241 

Comparing the absorbance of the control with treated cells can be used to calculate the 242 

percentage viability of the treated cells. Viability of 40% or below is considered strongly 243 

cytotoxic, 40–60% moderately cytotoxic, 60–80% weakly cytotoxic, and above 80% is 244 

seen to be nontoxic as per ISO 10993–5. 245 

 246 

3 RESULTS AND DISCUSSION 247 

3.1 Deposition conditions assay for the BiVO4 thin films 248 

3.1.1 Characterization of BiVO4 thin film  249 

After producing films at each set of array conditions, the resulting BiVO4 thin films were 250 

characterized, and the influence of each designed parameter was assessed. Deposition 251 

time had a strong influence on the thickness of the thin films, as expected (Table S1, 252 

Figure S3). Pressure and pulse frequency also had a linear positive effect on the deposition 253 

rate, but with less influence when compared to the deposition time. Regarding the duty 254 

cycle, the lowest tested value resulted in thicker films (Figure S3). According to [58], the 255 

peak current and power density are higher at low duty cycles. This condition leads to a 256 

higher ionization rate of the gases in the discharge increasing the plasma density and the 257 

deposition rate [62]. It is crucial to underscore that deposition time is the dominant factor 258 

influencing film thickness, with the other parameters exerting a secondary influence. 259 

The XRD patterns (Figure 1) show that the different experimental design conditions 260 

resulted in varying peak intensities. The data from the crystallographic database indicates 261 

that the XRD patterns corresponded mainly to the BiVO4 monoclinic phase (JCPDS 01-262 

083-1699), with very few tetragonal phases (JCPDS 00-014-0133). This response 263 

indicates that the factors, within the applied levels, predominantly result in the formation 264 

of the monoclinic phase of BiVO4. The samples were found to be predominantly 265 
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crystalline, with no amorphous components, as evidenced by their flat, low-noise 266 

baseline. Furthermore, the intensity of the peaks indicated that sample BV3 exhibited a 267 

higher degree of crystallinity compared to the others. In addition, the ratio of exposed 268 

crystal faces of BiVO4 varies between the analyzed conditions. Among them, the ratio of 269 

(121) (2θ = 28.8°) to (040) (2θ = 30.5°) crystal faces of film BV3 is the highest, indicating 270 

that this production condition is conducive to the exposure of (121) crystal faces, which 271 

have a high refractive index [63]. This process can facilitate accelerated oxidation 272 

kinetics, which is beneficial for enhancing the catalytic efficacy [64]. Such desirable 273 

properties were expected to be found at the lower tested pressures (2 mTorr); higher 274 

pressures result in a lower deposition rate, thereby reducing crystal growth [65,66]. This 275 

behavior was indeed observed in the present study. Sample BV9, produced at a higher 276 

pressure (8 mTorr), exhibited markedly low peaks, indicating reduced crystallinity. 277 

Similarly, the deposition time substantially impacts this film’s propriety [67]. The 278 

maximum and minimum levels for this factor were employed in the production of BV3 279 

and BV9 (2.0 and 0.5 h, respectively), thereby influencing the resulting crystallinity 280 

degrees. High crystallinity is advantageous as it positively influences the photocatalytic 281 

performance of semimetals [13,68,69].  282 
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 283 
Figure 1 XRD patterns of BiVO4 thin films resulting from L9 Taguchi design and 284 

annealed at 500°C for 1 h in air with a heating ramp of 10°C min-1. 285 

 286 

The produced thin film demonstrated the desired composition, and a homogeneous spatial 287 

distribution of the compounds Bi, V, and O. The results for the main components - Bi, V, 288 

and O - can be seen in graphs constructed with EDX data (Figure S4). Given that the 289 
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objective was to produce BiVO4, the atomic proportion should be 1:1:4 for Bi:V:O. In 290 

some conditions, the atomic percentage of O was higher than expected. It was particularly 291 

prevalent in the case of very thin films, and the high oxygen contents may be attributable 292 

to the substrate. Values of V seems to be quite low compared to values of Bi. However, 293 

applying the Mann-Whitney statistical test for each sample, the difference between the 294 

atomic percentage of Bi and V are not significantly different (α = 0.05), demonstrating a 295 

consistent result to those expected for BiVO4. Accessing the ratio between Bi and V and 296 

comparing the nine produced samples trough Kruskal-Wallis’s test followed by Dunn’s 297 

test, the difference between them is not statistically significant (α = 0.05) as well. It is 298 

noteworthy that EDX and XRD results show that the material produced under different 299 

conditions is, in fact, BiVO4. However, the impact of the differences between the samples 300 

resulted from the experimental design will become more evident in the photocatalytic 301 

activity of each produced thin film.  302 

The material light absorbance assessed for the band gap calculations resulted in a high 303 

transmission in the visible range (Figure S5). This characteristic is desirable and indicates 304 

that visible light can activate the material and be applied in water treatment processes 305 

with solar radiation. The assessed band gap values (Table S1), calculated through the 306 

Tauc plot method (Figure S6), are similar to those reported in the literature for BiVO4 307 

monoclinic phase ~2.4 eV [37,70]. The results obtained range from 2.29 to 2.47 eV (Table 308 

S1). Analyzing the main effect plots for the band gap energy, the deposition time has the 309 

most decisive influence, which is negative and linear (Figure S7). The duty cycle also had 310 

a significant positive effect on the resulting band gap value (Figure S7). A low 311 

significance was observed with a non-linear effect when evaluating the pressure factor. 312 

Regarding pulse frequency, a negative and linear effect was observed, but with low 313 

significance (Figure S7). The low significance of pressure and pulse frequency being 314 

analyzed individually - which is possible through Taguchi experimental design - is to be 315 

expected for a complex variable such as these. In order to gain a deeper understanding of 316 

the effect of these factors, it is necessary to apply an experimental design that can model 317 

the interactions between the analyzed factors and their non-linearities. 318 

A detailed examination of the SEM images at 50000x magnification of the produced 319 

conditions reveals significant variations between the different production conditions. The 320 

samples subjected to a longer deposition time (BV2, BV4, and BV8) exhibited a denser 321 

coating with a larger crystalline structure, greater homogeneity, porosity, and higher grain 322 
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size (Figure 2). These findings underscore the intricate relationship between deposition 323 

time and the crystalline structure of magnetron-sputtered thin films. As the deposition 324 

time increases, it is observed that there is a notable increase in crystal growth. This 325 

phenomenon can be attributed to the prolonged interaction between the sputtered atoms 326 

and the substrate surface, which allows for enhanced atomic rearrangement and 327 

crystalline growth [23,62]. Grag et al. [67] highlighted that thin films with larger grains 328 

are more efficient photocatalysts. This phenomenon can be attributed to the increased 329 

roughness and surface area, which leads to enhanced interaction with the contaminants. 330 

 331 
Figure 2. SEM 50.000x magnification of the samples resulting from L9 Taguchi design 332 
for BiVO4 thin film production: (a) BV1, (b) BV2, (c) BV3, (d) BV4, (e) BV5, (f) BV6, 333 

(g) BV7, (h) BV8, and (i) BV9. 334 

 335 

The impact of the growth parameters on the characteristics of the film is more clearly 336 

demonstrated through the AFM analysis performed on all samples resulting from the L9 337 

Taguchi design (Figure 3). The surface roughness (Ra) data can be found in Table S1, 338 

and the main effect plot for this response is presented in Figure S8. This data showed that 339 

the factors with the greatest influence on Ra were pressure and deposition time. The 340 

deposition time exhibited a positive and linear effect, resulting in elevated values of Ra 341 

for high values of this factor. Conversely, a lower pressure has been observed to yield a 342 

higher Ra value. As elaborated in the XRD discussion, these conditions (low pressure and 343 
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high deposition time) result in elevated deposition rates, consequently yielding films with 344 

rougher surfaces. Similarly, Zang et al [71] findings indicate that an increase in sputtering 345 

pressure results in the formation of more surface cracks, smaller grain sizes, and a 346 

reduction in the roughness of the film.  347 

 348 

Figure 3. Three-dimensional AFM images of the samples resulting from L9 Taguchi 349 
design for BiVO4 thin film production: (a) BV1, (b) BV2, (c) BV3, (d) BV4, (e) BV5, 350 

(f) BV6, (g) BV7, (h) BV8, and (i) BV9. 351 

 352 

3.1.2 Photocatalytic activity assessment of BiVO4 thin films  353 

Respecting photocatalytic activity, different outcomes result from each sample, ranging 354 

from 6.0 (BV1) to 19 % (BV4) MB degradation efficiency (Figure 4a). The pseudo-first-355 

order kinetic constants varied widely but by the same order of magnitude (10-5) (Figure 356 

4b). In a study published by Grao et al. [65], a Bi12TiO20/Bi4Ti3O12 composite catalyst 357 

was produced via magnetron sputtering, resulting in a k value of 7.76 × 10− 5 s− 1 for MB 358 

degradation. Similarly, Ratova et al. [30] produced bismuth oxide and bismuth tungstate 359 

via magnetron sputtering, achieving k values of 3.75 × 10-5 and 3.09 × 10-5 s-1, 360 
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respectively. In this context, the outcomes of this study are comparable to those of other 361 

bismuth-based compounds produced using the same technique. 362 

 363 
Figure 4. (a) Degradation over time and (b) pseudo-second-order kinetic constants 364 
performed by each sample resulting from L9 Taguchi design for BiVO4 thin film 365 

production. 366 

 367 

A subsequent cross-checking of information regarding the characterization of thin films 368 

and their photocatalytic activity revealed several noteworthy aspects. The materials that 369 

demonstrated lower degrees of crystallinity by XRD analysis (BV1 and BV9) were the 370 

samples with lower activity. Likewise, the sample with lower Ra (BV5, see Table S1) 371 

resulted in lower degradation rates (Figure 4). A strong crystallinity and large surface 372 

roughness are desirable characteristics that are extensively related to the photocatalytic 373 

efficiency of thin films [67,73,74]. 374 

Analyzing the main effect plot for photocatalytic degradation efficiency, a positive and 375 

linear influence of duty cycle and deposition time can be observed (Figure S9). This result 376 

corroborates the answers previously discussed, as higher levels of these factors resulted 377 

in a greater band gap and consequently more consistent photocatalytic activity. This 378 

greater band gap value comes from a bigger distance between the conduction and valence 379 

bands, resulting in less recombination of the charges formed on the surface of the thin 380 

film after its photoactivation. On the other hand, there is a negative linear influence for 381 

pressure. The frequency factor did not show linearity, but the results indicate better 382 

photocatalytic activity associated with the lowest frequency.  383 
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Thus, after studying the physical, chemical, optical, and photocatalytic properties of the 384 

films produced under different conditions, the best conditions for BiVO4 thin film 385 

production were determined: 4 mTorr pressure, 100 kHz pulse frequency, 90% duty cycle, 386 

and 2 hours deposition time. This condition indicates the highest photocatalytic activity 387 

amongst the tested samples, as seen in the photocatalysis main effect plot (Figure S9). 388 

3.2 Optimal BiVO4 thin film assessment 389 

3.2.1 Optimal BiVO4 thin film characterization 390 

The optimal BiVO4 thin film was observed to have a 566 ± 9 nm thickness. This film 391 

showed significant transmission in the visible wavelength range (Figure S10a). Using this 392 

result to calculate the band gap through the Tauc plot method achieved a value of 2.45 393 

eV (Figure S10b). The surface morphology of the optimal BiVO4 thin film was studied 394 

with SEM and AFM; the micrographs are presented in Figure 5a-e. The surface roughness 395 

(Ra) was 41.69 nm. The coating exhibited well-defined crystals with good coverage and 396 

homogeneity. 397 
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 398 
Figure 5. SEM micrographs in different magnifications: (a) 10 000x; (b) 30 000x; and 399 

(c) 50 000x, and AFM micrographs (d) 2D and (e) 3D of optimal BiVO4 thin film, 400 
produced under the best conditions resulted from the Taguchi L9 method. (f) EDX 401 

pattern, mapping of the sample and the main components, bismuth (Bi), vanadium (V), 402 
and oxygen (O), for the samples of optimal BiVO4 thin film. 403 

 404 

The XRD patterns for the optimal BiVO4 thin film exhibited a high degree of crystallinity, 405 

as evidenced by the intense peaks observed (Figure S11). The detected peaks primarily 406 

correspond to the BiVO4 monoclinic phase (JCPDS 01-083-1699), demonstrating the 407 

superiority of this phase as well as the samples from the L9 Taguchi design. It is important 408 

to highlight that the monoclinic phase has higher photocatalytic performance under 409 

visible light due to the lone pair distortion of Bi 6s orbital in the BiVO4 catalyst. The 410 

distinct overlap of the O 2p and Bi 6s orbitals in the valence band (VB) is advantageous 411 

for the mobility of photo-generated charge carriers, resulting in enhanced photocatalytic 412 
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activity [36,40,70,75–78]. The EDX results confirm the composition observed in the 413 

XRD patterns, and a well distributed composition of the main components (Figure 5f). 414 

3.2.2 Optimal BiVO4 thin film photocatalytic recycling test 415 

In the optimal condition, the photocatalytic property of the BiVO4 thin film was tested 416 

and yielded a kinetic constant (k) equal to 3.65x10-5 s-1. This optimal BiVO4 thin film was 417 

tested for 15 consecutive cycles without a significant efficiency reduction (Figure S12), 418 

as assessed using Kruskal-Wallis’s test followed by Dunn’s test (α = 0.05). It is worth 419 

noting that no thermal treatment was carried out in the film in between each test cycle. 420 

Grao et al. [65] testing Bi12TiO20/Bi4Ti3O12 composite catalyst via magnetron sputtering 421 

obtained stability during fifteen cycles as well. Yoon et al. [70] produced a BiVO4 via the 422 

dip-coating method and tested its recyclability until the 25th cycle, achieving stability 423 

only until the 5th cycle. Lopes et al. [71] produced carbon-supported BiVO4 using a 424 

chemical bath deposition method but were unable to achieve stability. The tests were 425 

conducted until the 3rd cycle and the efficiency reduced drastically. The fact that optimal 426 

BiVO4 thin film, produced in this investigation, maintained its efficiency up to the 15th 427 

cycle confirms the quality of the thin film produced using the optimized conditions 428 

determined for magnetron sputtering. This characteristic is of the utmost importance to 429 

enable the application of photocatalytic processes in water treatment on a larger scale. 430 

3.2.3 Photocatalytic degradation mechanism investigation 431 

Through the reaction in the presence of different trapping agents, the mechanism behind 432 

the photocatalytic degradation of pollutants was assessed Figure 6a. The reactions in the 433 

presence of 4 hydroxy-TEMPO significantly reduced the photocatalyst's activity, 434 

indicating that the superoxide radicals (O2 -•) are the main oxidizing species acting in the 435 

reaction mechanism. It was observed in the literature that in the study of other BiVO4-436 

based catalysts, the O2 -• was the most active species [27,81,82]. These radicals are formed 437 

by the reaction between the oxygen present in the medium and the electrons (e-) formed 438 

in the conduction band (CB) [8,83]. There was an efficiency reduction in the reactions in 439 

the presence of isopropanol and sodium oxalate, indicating the participation of hydroxyl 440 

radical (OH•) and holes (h+) in the reaction mechanism, but to a lesser extent.  441 



20 
 

 442 
Figure 6. (a) MB degradation by the optimal BiVO4 thin film under visible light 443 

irradiation in the presence of scavengers, isopropanol for OH•, 4-hydroxy TEMPO for 444 
O2

•−, sodium oxalate for h+, and sodium nitrate for e−. (b) Schematic of proposed 445 
photocatalysis mechanism in BiVO4 thin film. 446 

 447 

This analysis indicates that the BiVO4 photocatalytic thin film activation process results 448 

in the transfer of e- from the valence band (VB) to the CB, thereby generating electron-449 

hole pairs (e-/h+). The dissolved oxygen in the media reacts with the e- formed in the CB, 450 

forming O2 -•, which are reductive species, leading to indirect pollutant reduction. This 451 

proved to be the primary mechanism responsible for the efficiency of the process as 452 

previously described. The pollutant reacts directly with the e- in the CB, resulting in a 453 

direct reduction. In the VB, the holes (h+) formed react with the pollutant, leading to direct 454 

oxidation. In the same way, water (H2O) molecules react with h+ getting hydroxyl radicals 455 

(OH•) which leads to indirect pollutant oxidation. This proposed mechanism for the 456 

photocatalytic degradation of pollutants by BiVO4 thin films is illustrated in Figure 6b. 457 

3.3 Optimal BiVO4 thin film antimicrobial activity assessment 458 

To assess the antimicrobial propriety of the optimal BiVO4 thin film, it was tested under 459 

visible light. To ensure accurate comparisons, control tests were conducted with the 460 

optimal BiVO4 thin film in the absence of light, as well as uncoated glass in both light 461 

and dark conditions. There was a reduction in the concentration of E. coli over time, from 462 

a high initial inoculum reaching values lower than the method's limit of detection (<LD) 463 

within 48 h (Figure 7a). In the presence of light, the superoxide radical (O2 -•) formed - as 464 

described in topic 3.2.3 - reacts with hydrogen to form hydrogen peroxide (H2O2) [84,85]. 465 

The concentration gradient generated due to hydrogen peroxide causes cell disruption, 466 

deformation, and disorganization [86]. Furthermore, in the dark control tests, there was 467 
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an antimicrobial activity of BiOV4, reaching values <LD within 72 h (Figure 7b), 468 

suggesting some innate antimicrobial action. The average result after 24 h in the light and 469 

48h in the dark had a major associated error because the value was very close to the LD, 470 

there was no growth in some samples. 471 

 472 

Figure 7. Number of microbial cells (CFU mL-1) recovered from the samples of glass 473 
and BiVO4 thin films, until 72 h, (a) irradiated with the visible light; and (b) in the dark. 474 

Data represents triplicate samples which were repeated twice. 475 

 476 

Ratova et al. [30] assessed the antimicrobial activity of bismuth tungstate (Bi2WO4), 477 

bismuth oxide (BiO), and titanium dioxide (TiO2) thin films produced by magnetron 478 

sputtering under visible light. Values <LD just were achieved after 48 h with BiO, whilst 479 

Bi2WO4 after 72 h and TiO2 did not reach concentrations <LD in 72 h tested. Sharma et 480 

al. [78] reported the inactivation of E. coli by monoclinic BiVO4 powder of 96% within 481 

2 h with a photocatalyst concentration of 80 ppm under visible light illumination, where 482 

almost 100% degradation was achieved after 8 h. Ekthammathat et al. [77] by 483 

synthesizing BiVO4 powder through the hydrothermal method, had no antimicrobial 484 

activity in tests with E. coli, only a reduction in concentration in tests with S. aureus. 485 

Xiang et al. [48] synthesizing β-AgVO3/BiVO4 powder by hydrothermal method, 486 

achieved values <LD of P. aeruginosa under visible light. It is worth noting that none of 487 

these or other studies report any antimicrobial activity of the BiVO4 in the dark; on the 488 

contrary, in the absence of light, the works reported inactivity. 489 

A number of investigations have demonstrated the antimicrobial activity of bismuth-490 

based compounds under different light sources [88–90]. Outside of applications in 491 
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photocatalysis and water treatment, bismuth has been employed as an antimicrobial agent 492 

in pharmaceutical compounds. The interaction between bismuth and other antimicrobial 493 

agents can be enhanced by coordination, as exemplified by bismuth conjugates with 494 

fluoroquinolone, including norfloxacin and ciprofloxacin [91,92]. In the same way, other 495 

antimicrobial applications of vanadium-based compounds have been investigated [93–496 

95]. The antimicrobial activity of both compounds separately, and in different 497 

applications, adds to the previously unparalleled results obtained in the field of 498 

photocatalysis and water treatment suggests new possibilities for a safe drinking water 499 

disinfection. 500 

3.4 BiVO4 cytotoxicity assessment 501 

The different concentrations of BiVO4 that the cells were exposed to result in different 502 

effects, ranging from non-toxic to strongly cytotoxic according to ISO 10993–5 (Figure 503 

8). From the concentrations tested, up to 10 ppm resulted in nontoxic. In concentrations 504 

of 25 and 50 mg L-1, the material starts to show some toxicity to the CACO-2 cells, being 505 

considered weakly cytotoxic and reaching moderate toxicity at 100 mg L-1. The maximum 506 

toxicity level was achieved at 250 mg L-1 of the material, falling under strongly cytotoxic. 507 

An unexpected behavior was observed which was confirmed by the repetition in the 508 

biological replicates, the reduction in cytotoxicity with the increase in concentration from 509 

250 mg L-1. Thus, the cells exposed to 500 and 1000 mg L-1 were considered to be 510 

moderately cytotoxic. This may result from the particles becoming entangled within the 511 

cells as they grow and not being removed during the wash phase. Any additional 512 

absorbance from BiVO4 may appear as absorbance from cells and thus increase the cell 513 

viability %. 514 
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 515 
Figure 8. Viability of CACO-2 cells in the cytotoxic test of BiVO4 at concentrations 516 

ranging from 5 to 1000 ppm with its negative (NC) and positive (PC) controls according 517 
to ISO 10993–5. 518 

 519 

Same papers tested the BiVO4 cytotoxicity with different cells, Mohamed et al. [87] with 520 

human rhabdomyosarcoma cells and human laryngeal carcinoma cells and Ghotekar et 521 

al. [88] with a breast cancer cell line. They achieved strong toxicity with concentrations 522 

up to 125 mg L-1; a similar result as found in the present work. It is important to note the 523 

distinction between this and those works that have been applied in film form, which 524 

makes it safer to apply to water treatment. The TEM images of the optimal BiVO4 525 

immediately after production, and this film, after both antimicrobial and 15 consecutive 526 

cycles of MB degradation tests, provides valuable insights (Figure 8). When comparing 527 

these three situations, no significant differences were observed. The BiVO4 thin film is 528 

therefore safe to use in water treatment, as it remains stable throughout the treatment 529 

cycles. There was no evidence that the material had been taken away, which would have 530 

allowed it to be ingested with the treated water. This further supports the need to advance 531 

the techniques for producing and applying photocatalytic thin films with a view to treating 532 

drinking water. 533 
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 534 

Figure 9. TEM images of the (a) optimal BiVO4 thin film, (b) optimal BiVO4 thin film 535 
after the antimicrobial test, and (c) optimal BiVO4 thin film after 15 consecutive cycles. 536 

 537 

3. CONCLUSION  538 

The bottom line is that the use of a design of experiments tool, such as the Taguchi 539 

method, proved crucial in identifying the best operating conditions for producing thin 540 

films via magnetron sputtering for water treatment. However, it is important to emphasize 541 

that more robust experimental designs can be employed to achieve a more refined 542 

adjustment of the tested factors and levels, as well as to better account for interactions 543 

and non-linearities. Therefore, this stage was essential to obtain functional films that 544 

effectively fulfill their intended purpose. Based on the evaluated factors and levels, the 545 

optimal conditions for producing thin BiVO4 films for water treatment under visible light 546 

were determined to be a pressure of 4 mTorr, a pulse frequency of 100 kHz, a 90% duty 547 

cycle, and a deposition time of 2 h. Films produced under these conditions exhibited 548 

antimicrobial activity under both light and dark conditions and demonstrated high 549 

photocatalytic stability across multiple cycles.  550 

The observed antimicrobial activity is unprecedented and represents a significant 551 

opportunity for advancements in the field of disinfection. Such developments could 552 

provide a safer alternative to conventional drinking water treatment methods, which have 553 

been associated with health risks due to disinfection by-products from chlorine. The 554 

prospect of further investigations is eagerly anticipated, as the implementation of the 555 

photocatalytic process in real-life water treatment is full of various complex challenges. 556 

To that end, it is recommended that future research incorporate this photocatalytic thin 557 

film into scalable reactors, thereby facilitating its application. It is imperative to 558 

acknowledge the numerous challenges that must be addressed for this application to be 559 

realized, including the reaction temperatures, the complexity of bacterial species, variable 560 
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pH values, and the interactions of other elements. Achieving breakthroughs in alternative 561 

disinfection methods has the potential to catalyze the formulation of public policies that 562 

aim to redirect the field by establishing new legal guidelines.  563 
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