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Abstract

Nanoporous BiVO4 thin films were deposited using the reactive magnetron sputtering in Ar 

and O2 atmosphere, on various substrates, employing pulsed direct-current (DC) power 

supplies applied to metallic Bi and V targets for rapid deposition. The procedure was followed 

by a post-annealing treatment in the air to crystallize the photoactive monoclinic scheelite 

structure. The effect of total pressure and substrate is investigated on the crystal structure, 

morphology, microstructure, optical and photocatalytic properties of the films. The 

crystallization of monoclinic scheelite structure deposited on fused silica substrate started at 

250 ˚C and the films were stable up to 600 ̊C. The morphology of the films is rather dense, 

despite the high sputtering pressure (> 2 Pa), with embedded nanopores. Among the thin films 

deposited on fused silica, the one deposited at 4.5 Pa exhibits the highest porosity (52 %), 

with the lowest bandgap (2.44 eV) and it showed the highest photocatalytic activity in the 
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degradation of Rhodamine-B (26 % after 7 h) under visible light irradiation. The film 

deposited on the silicon substrate exhibited the highest photoactivity (53 % after 7 

h). Lack of hypsochromic shift in UV-Vis temporal absorption spectra shows the 

dominance of chromophore cleavage pathway in the photodecomposition.



1. Introduction

Photocatalysis is considered to be one of the most interesting methods of wastewater 

treatment by producing strong oxidizing agents such as hydroxyl radicals (•OH), superoxide 

radicals (•O2
¯), and photogenerated holes in the presence of water and oxygen using solar 

energy [1]. A large number of semiconductors including TiO2, ZnO, Cu2O, CdS, FeS, Fe2O3, 

and perovskites have been studied as photocatalysts [2–4], among which, TiO2 is the most 

popular due to its interesting properties like high photoactivity, good stability, and low cost 

[5–7]. However, its major drawback is being exclusively active in the UV region (only ~ 4 % 

of the solar spectrum) [8]. This has led to the development of photocatalysts with lower 

bandgap to be active under visible light. Bismuth vanadate (BiVO4) with a relatively narrow 

bandgap (Eg ≈ 2.4 eV for monoclinic scheelite structure), along with being low cost, 

chemically stable, and non-toxic has drawn lots of attention [9, 10]. BiVO4 has three main 

crystal forms of monoclinic scheelite (Eg ≈ 2.4 eV) [11], tetragonal scheelite (Eg ≈ 2.3 eV), 

and tetragonal zircon-type structure (Eg ≈ 2.9 eV) [12, 13]. The monoclinic scheelite structure 

shows higher photocatalytic activity thanks to the presence of O 2p and Bi 6s hybrid orbitals 

in the valence band resulting in a lower bandgap making it capable of absorbing visible light 

as opposed to TiO2. It has also been reported that well-dispersed Bi 6s orbital contributes to 

the increase of photogenerated charge carriers [14, 15]. There are some studies available on 

the synthesis of BiVO4 in nanopowder form through methods such as sol-gel [16], 

hydrothermal [17], solid-state reaction [18], and high energy ball-milling [19], which have a 

major drawback regarding recyclability and reusability. Thin films are one of the best 

solutions to this problem making photocatalysis more practical and economically viable. 

There have been some researches on producing BiVO4 thin films, though, few 

publications are focused on physical vapor deposition and sputtering in particular. Magnetron 

sputtering is a widely used thin-film production technique in the industry thanks to its high 

deposition rate, 



uniformity, mass producibility, and clean production tool [20]. It also gives the ability to 

control the morphology by adjusting the deposition parameters [21, 22], which is a key aspect 

in enhancing BiVO4 photoactivity [23] due to its poor photo charge carrier transfer and low 

specific surface [24]. In physical vapor deposition technology, the structural zone diagram 

(SZD), revisited by Anders [25], clearly shows that the morphology of deposited films is 

dependent on the deposition parameters like the normalized kinetic energy flux that affect 

film growth processes. It is shown that in the films deposited with high kinetic energy flux, 

the morphology is dense indicating as the zone T. On the other hand, zone 1 indicates a 

columnar porous morphology for the films deposited with low kinetic energy flux. The total 

pressure is considered as one of the main parameters affecting the normalized kinetic energy 

flux, thus affecting the film morphology. Nanoporous structures are one of the routes to 

overcome the low active surface problem of thin films. Previously, some researchers 

attempted to produce porous films involving low melting elements or alloys e.g. InSb [26], 

GaSb [27], Ge [28], Si1−x Gex [29] through focused ion irradiation. The principle relies on the 

migration of ion-irradiation-induced point defects (Frenkel pairs; interstitial and vacancy), 

thus increasing the surface roughness and formation of porous structure [30]. To this day, no 

research has been focused on the nanoporous structure formation of thin films involving low-

melting elements, Bi in particular, through the sputtering technique.  

The present study aims to demonstrate the feasibility of producing nanoporous BiVO4 

thin films as the visible light active photocatalysts by a novel technique involving low 

melting metals and reactive DC magnetron sputtering using metallic Bi and V targets. 

Monocrystal silicon, fused silica, alumina, and glass, which have different structural, thermal, 

and optical properties were used as substrates. The effect of this synthesis conditions on the 

structure, morphology, porosity, optical and photocatalytic properties has not been studied so 

far. 



Therefore, apart from previous studies, here, the total sputtering pressure and nature of the 

substrate as the parameters affecting the film properties were investigated.

2. Experimental procedure

2.1. Thin film deposition

BiVO4 thin films were deposited by reactive DC magnetron sputtering using Bi and V 

metallic targets (Ø 50 mm × 3 mm, purity 99.9 at. %) in argon-oxygen gas mixtures. The 

sputtering reactor is a 90 L cylinder Alcatel 604 SCM (CIT Alcatel, Annecy, France) pumped 

down via a turbo-molecular-pump system that permits a residual vacuum below 10−4 Pa. The 

chamber was equipped with four circular planar and water-cooled magnetron sputtering 

sources and the rotating substrate holder was parallel to these sources at about 60 mm. The Bi 

and V targets were supplied with a pulsed DC advanced energy dual generator authorizing 

the control of the discharge power. The discharge power was adjusted for both targets to 

control the coating composition. Argon and oxygen flow rates were controlled with Brooks 

flowmeters and total sputtering pressure was measured using an MKS Baratron gauge. The 

details of the reactive magnetron sputtering reactor are described elsewhere [31]. Fused silica 

and glass slides (76 ×26 × 1 mm3) were used as the main substrates to measure the 

composition and optical properties of the films. Alumina pellets and single crystal silicon 

wafers were also utilized as substrates to compare the effect of substrate on photocatalytic 

performance. Before each set, the substrates were cleaned with alcohol and soap and then 

rinsed with water. Then, they were placed on the substrate holder at 50 mm from the rotation 

substrate axis. All of the films were deposited at room temperature (without external heating) 

and at various total pressures. The total pressure was controlled by the Ar flow rate. The film 

thicknesses were controlled with the time of deposition, which could vary depending on the 

total pressure. The main sputtering parameters are summarized in Table 1.

Table 1. Fixed sputtering parameters during the deposition of BiVO4 thin films.



Ar flow rate 
(sccm)

O2 flow rate 
(sccm)

Total pressure 
(Pa) Runtime (min) Drawing 

distance (mm)

100, 200, 200 20 2.5, 4.5, 9.5 112, 240, 300 60

Targets Intensity (A) Power (W) Frequency 
(kHz) Toff (s)

Bi 0.07, 0.07, 0.09 9, 9, 11 70 4

V 0.6, 0.64, 0.66 235, 247, 255 50 4

2.2. Characterization

The structural characterization of thin films was performed by Bragg-Brentano 

configuration XRD using a BRUKER D8 focus diffractometer (Bruker AXS, Karlsruhe, 

Germany) with a cobalt X-ray tube (Co Kα1+α2 radiations λα1 = 0.178897 nm and λα2 = 

0.179278 nm) and equipped with a LynxEye linear detector. Film thickness was measured 

using a step method with an Altysurf profilometer (Altisurf 500), manufactured by Altimet. 

Before each measurement, the calibration of the experimental device was realized with a 

reference sample number 787569 accredited by the CETIM organization. The optical 

transmission and reflectance spectra of the films were measured using a Shimadzu UV-3600 

UV-VIS-NIR spectrophotometer. The morphology was determined by a JEOL JSM 7800F 

FESEM. The chemical composition was analyzed by energy-dispersive X-ray spectroscopy 

(EDS, Bruker Nano, Berlin, Germany). The samples were carbon-coated before measurement 

to ensure sufficient electronic conductivity to avoid charges effect. The Bi and V atomic 

percentages are exclusively determined within the precision of the EDS measurements (the 

relative error is about 1 %) as EDS does not allow a precise estimation of the oxygen content 

in the films. 2.3. Photocatalytic performance 

The photocatalytic activity in the visible light range was evaluated by the photodegradation of 

RhB solution (5 mg/L) in a homemade setup. pH experiments were done to determine the 



(1)ln
𝐶0

𝐶 = k′t

Where t is the time of irradiation in visible light, C0 is the initial concentration, C is the 

concentration of the solution at time t and kʹ is the rate constant. The constant kʹ is therefore 

obtained by plotting ln (C0/C) as a function of t, which is a straight line whose slope 

corresponds to kʹ.

3. Results and discussion

3.1. Composition, structure, and thermal stability 

Fig. 1 shows the correlation between the metallic atomic ratio of Bi/V, measured by the 

EDS method, versus the discharge power ratio applied to each metallic target (PBi/PV) for three 

optimal condition of RhB photodegradation by BiVO4 thin films and the results were 

published elsewhere [32]. It was found that the samples exhibit the highest photoactivity at 

pH = 3. Therefore the rest of the experiments were done at pH = 3. The amount of 

photocatalyst used in the experiments was 0.4 cm2/mL, and each took place during 7 h of 

visible light illumination using a xenon light source (150 W, Lot-Oriel) emitting with a 

constant irradiance (150 cd mm−2). A UV-cutoff filter (λ > 400 nm) was used to ensure that 

only the photons with the visible wavelengths reach the photocatalyst. The distance between 

the samples and the light source was fixed at 15 cm, and the photoreactor was placed in a 

water bath to keep the solution at room temperature (25 ˚C). The photocatalysts were 

immersed in the RhB solution 30 minutes before illumination to ensure the adsorption-

desorption equilibrium. Every hour, 3 ml of the solution was retrieved to measure the 

absorbance at the maximum wavelength of RhB (554 nm) using a spectrophotometer (Libra 

S12-UV-Visible (200-999 nm) - BIOCHROM) to determine the concentration of the 

photodegraded sample using the Beer-Lambert law. The photocatalytic degradation reaction 

follows the kinetics of the Langmuir-Hinshelwood model and can be described by a pseudo-

first-order model (Eq. (1)) when the dye concentration is low [33].



Fig. 1. The atomic composition ratio of Bi/V versus the sputtering power ratio applied to each 

metallic target (PBi/PV) for different total sputtering pressures.

The as-deposited films were amorphous and a post-annealing treatment under air was 

necessary to crystallize the films no matter the deposition total pressure. Understanding 

the crystallization step of the films, determining the desired annealing temperature, and 

evaluating the thermal stability of the film, are of critical importance. Therefore, the thin 

films deposited on fused silica and glass substrates with a suitable composition (metallic 

ratio closed to 1:1) 

different total sputtering pressures of 2.5, 4.5, and 9.5 Pa. The desired metallic ratio to obtain 

the stoichiometric BiVO4 is 1:1. Increasing the PBi results in a Bi-richer composition 

as expected, while increasing the total pressure develops V-rich composition, probably 

because of the Bi’s higher atomic radius, consequently a lower mean free path and a lower 

quantity of Bi atoms incident to the growing film [34]. On the other hand, increasing the 

total pressure leads to a decrease in voltage that affects the spatial distribution of each target. 

In this case, we believe the spatial distribution of Bi is flatter than that of V resulting in a 

lower ratio of Bi/V sputtering flux in higher total pressures. According to the data shown in 

Fig. 1, this correlation follows an exponential trend owing to the same principle. The more 

the voltage is increased the less flat the spatial distribution becomes, increasing the atomic 

ratio of Bi/V. For the next parts, the power ratios are adjusted accordingly to achieve a Bi:V 

composition ratio of 1:1.



were treated with a 2 h annealing process at different temperatures under the air atmosphere. 

Fig. 2 (a) provides the XRD patterns for the sample deposited on glass from 250 ˚C to 600 ˚C. 

The crystallization of the film deposited on glass starts at 300 ˚C and developed the desired 

monoclinic structure (m – BiVO4, JCPDS No. 14-0688). However, some diffraction peaks 

were developed at temperatures over 350 ˚C, due to the contamination of the film by the 

diffusion of the sodium present in glass substrates. This new phase is identified as 

NaBi3V2O10 (JCPDS No. 052-1226) [35] whose peaks become more intense as the 

temperature rises, as a result of the increase of sodium diffusion rates in the film, thus more 

contamination occurs. At 500 ˚C the peaks corresponding to monoclinic BiVO4 are entirely 

removed in the XRD patterns. This result indicates that glass substrates are not suitable for the 

annealed BiVO4 thin films because of sodium contamination. These observations are coherent 

with the previous report on the TiO2 thin films sputtered on glass [36]. Fig. 2 (b) illustrates the 

XRD patterns of the films deposited on fused silica for the samples annealed at temperatures 

from 200 to 800 ˚C. As shown by the XRD patterns, the films deposited on fused silica started 

to crystallize at 50 ˚C lower than the films deposited on glass. This delay in crystallization 

observed for soda-lime glass was also reported for the sputtering of TiO2 thin films due to the 

diffusion of the alkali elements that inhibits the nuclei formation [36]. The films were stable 

up to 550 ˚C, unlike what Venkatesan et al. [37] reported that the Bi2VO5.5 phase was 

observed after annealing at 410 ˚C in BiVO4 thin film sputtered on a borosilicate glass 

substrate using the radiofrequency sputtering method. Here at 600 ˚C, the orthorhombic 

Bi2VO5.5 (o-Bi2VO5.5) structure with peaks at 2θ = 27.08˚ and 41˚ (JCPDS No. 42-0135) 

evolved along with orthorhombic vanadium pentoxide (o-V2O5), peak at 2θ = 25.26˚ (JCPDS 

No. 41-1426) as secondary phases, which suggests the segregation of vanadium. Fig. 2 (c) 

shows the evolution of the average crystallite size of the monoclinic BiVO4, which was 

calculated by Scherrer’s equation [38], against the temperature. As expected, the crystallite 

size rose linearly, as a consequence of raising the annealing 



Fig. 2. (a) XRD patterns of the sample deposited on glass annealed at 250 to 600 ˚C. 

(b) XRD patterns of the BiVO4 thin films deposited on fused silica substrate annealed at 200

to 800 ˚C. (c) The evolution of the average crystallite size versus annealing temperature.

Fig. 3 demonstrates the EDS spectra of the Bi, V, and O elemental mapping together 

with the corresponding SEM image of the BiVO4 thin-film sample deposited on fused silica 

after 2 h of annealing at 450 ˚C in ambient atmosphere. On the latter, a network of cracks is 

temperature. This investigation shows that 450 ˚C could be a suitable temperature to anneal the 

as-deposited thin films in avoiding secondary phase formation and film densification at higher 

temperatures. 



Fig. 3. FESEM image with the EDS spectrum and elemental distribution maps corresponding 

to a BiVO4 thin film after annealing for 2 h at 450 ˚C in the air.

3.2. Sputtering pressure effect

Fig. 4 (a), (b), (c), and (d) show the FESEM observations of top surface morphology and 

brittle fracture cross-section of the films deposited on fused silica at different total pressures 

(2.5, 4.5 and 9.5 Pa) after annealing at 450 ˚C for 2 h under air, except for the sample shown 

in Fig. 4 (a) which was as-deposited at a total pressure of 4.5 Pa. The thickness of the 

samples for this part is kept in a close range (700 - 800 nm). Fig. 4 (a) exhibits that the as-

deposited 

noticeable, which is not present on the as-deposited film (See Fig. 4 (a)). The formation of 

cracks is thus generated during the annealing and ascribed to the crystallization of the 

monoclinic scheelite phase, and to the difference of linear thermal expansion coefficients 

between the fused silica substrate (0.5 × 10-6 ˚C-1) and the BiVO4 (15.3 × 10-6 ˚C-1) [35], 

which generates stress during the cooling, leading to a stress relaxation mechanism by 

cracking. The Bi, V, and O elemental distribution maps showed that all the elements were 

distributed uniformly throughout the film. This reveals the favorable and uniform formation 

of BiVO4 on the surface. The quantitative chemical analysis obtained by EDS confirmed that 

the atomic ratio of Bi:V was 1:1.



film is dense without apparent cracks and black points which are observable on the annealed 

samples. As for the annealed samples, it is clear that the film morphology changes as a 

function of total pressure. The top surface of the coating deposited at 2.5 Pa looks glassy, and 

for the thin film deposited at 4.5 Pa, it is rather granular, while at 9.5 Pa, the morphology 

seems finer. The cross-section observations of the films deposited at 2.5 Pa exhibit a fairly 

dense morphology with a high relative amount of cracks compared to the films deposited at 

higher total pressure which develop a rather columnar morphology at 4.5 Pa, or which 

surprisingly becomes dense again at 9.5 Pa. It has been mentioned that total pressure can 

strongly affect the mechanism of film growth [25]. However, the morphology change after 

annealing does not correspond to the expected modification with the total sputtering pressure 

increase. According to the well-known structural zone model, the development of a columnar 

morphology leading to a rough surface is expecting at low deposition temperature and high 

total sputtering pressure, which is our case. Furthermore, it is noteworthy that all deposited 

film after annealing shows the presence of nanometric black points (< 100 nm) in secondary 

electrons micrographs showing the presence of nanopores deep enough so that no electrons 

can escape (> ~ 20 nm). The atomic composition being constant during the annealing, 

preferential evaporation of cations cannot explain the formation of the nanopores. The 

formation of similar nanopores was observed in the films having low melting elements [26, 

27, 30] after their ionic irradiation in reason of local temperature elevation, and also in 

bonding formed from solid-liquid interdiffusion [39–41]. The annealing temperature largely 

exceeding the Bi melting point (271 ˚C), Bi melts allowing a fast diffusion of V and O atoms 

into the molten Bi, leading to the solidification of BiVO4 [42], and to the vacancies 

coalescence to form nanopores [43] along with tensile stress which adds to the thermal stress. 

This could imply that Bi is not fully oxidized during the sputtering process, subsequently, the 

small submicron regions in the film structure remain in the metallic state which abide by their 

metallic properties, including having 



Fig. 4. FESEM images of the top surface and brittle-fracture cross-section of the thin films 

deposited on fused silica substrate at different total pressures of (a) As-deposited at 4.5 Pa 

and annealed films at 450 ˚C in air deposited at (b) 2.5, (c) 4.5, and (d) 9.5 Pa.

To assess the effect of the morphology on the film properties, caused by the change 

in sputtering pressure, the UV-Vis spectrophotometric technique is employed to obtain 

the transmission/reflectance spectra, and to determine the absorption coefficient, band 

gap, 

a relatively low melting point. This allows them to melt during post-annealing treatment. As a 

result, this phenomenon could be responsible for the difference in morphology predicted by 

the structural zone model.



(2)α(λ) =
1
t ln (1 ― R(λ)

T(λ) )
Where t is the film thickness, , ,  are the absorption, reflectance, and  α(λ)  R(λ) T(λ)

transmission values, respectively as a function of wavelength. The absorption edges for the 

samples deposited at 2.5, 4.5, and 9.5 Pa are 470, 508, and 490 nm, respectively. Thus, the 

sample deposited at 4.5 Pa absorbs more visible-light photons, consequently harvesting solar 

energy more effectively. The inset graph depicts the Tauc plot of the samples, which is 

employed to calculate the bandgap values through the following equation [20]: 

(3)(αhν)
1

n = A(hν ― Eg)

refractive index, and porosity values. Fig. 5 shows the optical properties of the samples 

deposited at 2.5, 4.5, and 9.5 Pa, and annealed at 450 ˚C after 2 h in air. Fig 5. (a) shows the 

transmission spectra of the samples as a function of wavelength. The oscillations in the spectra 

in the NIR (Near-Infrared) and visible range are due to the interference of incident light after 

passing through different mediums (superstrate, film, and substrate), and it mainly depends on 

the refractive index and thickness of the thin films. The sudden fall in the transmission spectra 

in the visible region near 500 nm is the result of electronic interband absorption. The inset 

graph exhibits the reflectance spectra that underwent the same oscillations due to the 

interference of light as well. The comparison of the transmittance and reflectance spectra before 

and after annealing shows that not only the crystallization of the films decreases the 

transparency of the film but also the amplitude of fringes, which is primarily related to the 

refractive index of the film. The reduction of the transparency after annealing and the behavior 

of the transmission and reflectance close to the absorption edge could be ascribed to the 

formation of porosity, and hence to the scattering of light in the film by the nanopores and the 

related roughness. Fig. 5 (b) shows the absorption spectra of the films as a function of 

wavelength in the UV-Vis range, which were calculated using the following equation [20]:



Here, hν is the energy of the photons (h is the Planck constant and ν is the photon's 

frequency), A is a constant, and Eg is the bandgap energy of the material. Based on the literature, 

BiVO4 is assumed to be a direct bandgap [44], thus the n is set to 0.5. The sample deposited at 

4.5 Pa enjoys the lowest bandgap (2.44 eV) comparing to those deposited at higher or lower 

total pressures (2.64 and 2.53 eV, respectively). Fig. 5 (c) shows the pore size distribution for 

films deposited in different sputtering pressures. It can be seen that the average pore size for 

each sample is in the 20-40 nm range. Fig. 5 (d) displays the correlation of the porosity and the 

refractive index with the sputtering pressure. For calculating the porosity two technique is 

utilized. The image processing program method (IPM) is used to calculate the porosity and 

pore size distribution based on the SEM top surface micrographs. A downside to this technique 

is the incapability to take the depth of pores or closed pores into account. The 

spectrophotometric method (SM) was also used to calculate the porosity, thickness, and 

refractive index of the thin films. It relies on the interference in the experimental 

transmission/reflectance spectra to fit with an optical model of the refractive index which in 

this case is a two-term Cauchy’s equation valuable for low absorption range ( > 1000 nm in 

our case), assuming that the light absorption is insignificant and the light diffusion has a 

negligible effect in this wavelength range (1000-2600 nm) [45]:

(4)n(λ) = C1 + 
C2

λ2

Where n is the refractive index as a function of wavelength, λ is the wavelength of the 

incident light, and C1 and C2 are constants. The refractive index far from the absorption edge 

is then about 2.4 except for the annealed film deposited at 4.5 Pa (1.85). This value is in 

agreement with the refractive index range determined from density functional theory 

calculations (2.5 – 2.7) [35]. 

To calculate the film porosity, the volume averaging theory model is employed which is 

described via the following equation [45]:

https://en.wikipedia.org/wiki/Planck_constant


2n2
eff,λc= Φn2

dc+ (1 ― Φ)nc (5)

In this equation, the film is assumed as a composite of a continuous phase and a dispersed 

phase (air). The neff, nc, and nd are the refractive indexes of the composite, reference BiVO4, 

and air respectively and Φ is the film porosity. Although this measurement is only semi-

quantitative, the determination of the porosity from the optical properties is certainly more 

accurate taking the wider range of nanosize pores into account, unlike the IPM. The 

spectrophotometric results concerning the porosity are in agreement with the SEM 

observations in Fig. 4, which shows the highest value of porosity for the sample deposited at 

4.5 Pa (52 % SM, 36% IPM) comparing to the other two, which are less than 10 %. It is well 

accepted that the sputtering pressure affects the deposition rate in agreement with the 

previous report [46]. Here, the mean deposition rate for the processes at 2.5, 4.5 and 9.5 Pa 

are around 6, 4 and 2.5 nm/s. On the other hand, the sputtering pressure and subsequently the 

deposition rate could have an impact on the crystallinity [46] and growth mechanism [25]. 

Therefore, various deposition rates might lead to a variety of distributions and quantities of 

the aforementioned submicron metallic regions, resulting in different values of porosity. 



Fig. 5 (a) The transmittance spectra of the samples deposited at different total pressures. The 

inset graph shows their reflectance spectra, (b) the absorption spectra of the samples and the 

inset graph shows the bandgap using Tauc plot, (c) the pore size distribution, and (d) shows 

the porosity (left axis) and the refractive index in 1000-2600 nm range (right axis) as a 

function of sputtering pressure.

Fig. 6 (a) shows the photodegradation rate of RhB in a visible-light-driven photocatalytic 

experiment at pH = 3 for the samples deposited at 2.5, 4.5, and 9.5 Pa on fused silica substrate 

after 2 h of annealing at 450 ˚C in air. The inset graph exhibits the linear regression of ln C0/C 

against time, in which rate constants of the photoreactions are extracted from its slope. Fig 6 

(b) depicts the kʹ values corresponding to each photocatalyst as a function of total pressure. 

The thin film deposited at 4.5 Pa managed to photodegrade 26 % (kʹ = 0.041 h-1) of the 

concentration of the solution in 7 h, while this value for the thin films deposited in higher or 

lower total pressure was less than 7 % (kʹ = 0.0123, 0.005 h-1, respectively). Separate 

experiments were conducted to ensure that the results are exclusively related to the 

photocatalytic degradation process. No activity has been observed without the catalysts under 

illumination (the blank test). The results obtained from Fig. 6 and Fig. 5 share some key 

features. The most photoactive sample (deposited at 4.5 Pa with 26 % degradation after 7 h) 

also enjoys the lowest bandgap combined with the highest percentage of nanosize porosity. In 



Fig. 6 (a) The RhB degradation rate under visible light irradiation in the presence of the 

photocatalysts deposited at 2.5, 4.5, and 9.5 Pa. The inset graph shows the linear regression 

of the Ln (C0/C) versus time. (b) The kʹ values of the photodegradation of the thin films 

against total pressure. 

3.3. Substrate effect

Fig. 7 provides information about the thin films deposited on different substrates 

(alumina, silicon, and fused silica) at a total pressure of 4.5 Pa after 2 h of annealing at 450 

˚C in the air with a thickness of 705 ± 10 nm, and their respective photodegradation rate of 

the RhB solution under visible light irradiation at pH = 3. The thin film deposited on silicon 

managed to 

photodegrade the solution by 53 % in 7 h, which was more than 4 times the photodegradation 

catalytic reactions, the porous materials are advantageous and preferred, since, on one hand, 

porosity provides a larger surface for the reaction to occur, provided the solution can wet the 

open pores to benefit the large surface area. On the other hand, in thin films, the porosity affects 

light absorption through light scattering in the film, making the absorption of photons more 

effective. It may be worth mentioning that the crystallite size for the samples deposited in 2.5, 

4.5, and 9.5 Pa are 47, 47, 59 nm respectively, concluding that the photocatalytic performance 

is not necessarily controlled by the microstructure.



by the film deposited on alumina (12 %), and this amount was almost two-fold comparing to 

the photodegradation achieved the film deposited on fused silica (26%). The inset graph 

shows the linear regression of the ln (C0/C) versus time, whose slope gives the rate constant. It 

clearly shows the superiority of the film deposited on silicon (kʹ = 0.099 h-1) comparing to the 

other substrates (kʹ = 0.019 and 0.042 h-1 for alumina and fused silica substrates, respectively). 

It is interesting to compare these results with those in the literature. Zhang et. al. [47] 

synthesized Y-doped BiVO4 thin films by a polymeric method and evaluated the 

photodegradation of RhB solution (100 mL, 0.2 mg/L) under visible light (Xe-300 W, λ > 420 

nm). They observed 18 % of photodegradation after 3 h of illumination in their optimal 

condition. Zhou et. al. [48] produced BiVO4 thin films for photoelectrochemical purposes by 

dip-coating technique and observed 10 % degradation of bis-Phenol (75 mL, 10 mg/L) under 

5 h of visible-light illumination (Xe-150 W) as their best photocatalytic performance. Silver-

doped BiVO4 powders have also been synthesized by chemical routes for photodegradation of 

RhB and Methyl Orange (100 ml, 10 mg/L) and achieved 31 % (3 h, Xe-300 W) [49] and 24 

% (4 h, Xe-500 W) [50] photodegradation, respectively concerning their pristine BiVO4 

samples. This proves that producing BiVO4 thin-film photocatalysts via reactive magnetron 

sputtering is interesting considering the aforementioned advantages including stable low-cost 

high throughput industrial productions. The XRD patterns for each sample are presented in 

Fig. 7 (b), which exhibit the crystal structure of the films. Since the silicon substrate has a 

very intense peak at 33.41˚ corresponding to (111) crystallographic plane, the XRD patterns 

are presented in the 2θ range of 35 to 60˚. The XRD patterns are similar for all of the 

substrates. The average crystallite size of BiVO4 deposited on alumina, silicon, and fused 

silica are 52, 56, and 47 nm, respectively. There is no pronounced change in the preferential 

orientation of the film. The monoclinic BiVO4 phase is successfully formed on the alumina, 

silicon, and fused silica substrates after 2 h of annealing at 450 ˚C in the air with no 

observations of contamination, 



unlike the glass substrate that was discussed earlier. Fig. 7 (c) shows the pore size distribution 

using IPM and the average value is in the 20-40 nm range. Fig. 7 (d) exhibits the porosity 

employing IPM. It can be seen that the film deposited on silicon enjoys a porosity as high as 

the film deposited on fused silica (36 %). Spectrophotometric technique results for the 

samples deposited on alumina and fused silica cannot be obtained due to the lack of 

transparency and inability to measure the transmission/reflectance spectra. The FESEM 

observations of the top surface and brittle fracture cross-sections of the alumina and silicon 

samples are provided in Fig. 7 (e), and in Fig. 4 (b) for the sample deposited on fused silica. 

The film deposited on silicon enjoys a very high porosity, unlike the film deposited on 

alumina which exhibits a more corrugated surface. The coefficients of thermal expansion of 

silicon, fused silica, and alumina substrates being 2.6 × 10-6 ˚C-1, 0.5 × 10-6 ˚C-1 and 8.1 × 10-6 

˚C-1, respectively, and relating to the BiVO4 (see section 3.2 sputtering pressure effect) show 

that the film develops tensile stress and cracks in the cooling mainly for silicon or fused silica 

substrates, but do not explain the efficiency of the silicon substrate. The thermal conductivity 

of silicon is about 100 and 10 times greater than that of fused silica and alumina. This would 

lead to a faster thermal equilibrium for silicon substrate, and thus to a more efficient 

diffusional process. Moreover, the silicon has a reflective surface that makes the incident 

photons pass through the films more than the other substrates raising the chance of photon 

absorption by the film. Based on the investigation in this part, the silicon is proved a superior 

substrate for BiVO4 thin films in photocatalytic activity. Therefore, the sample deposited on 

silicon is chosen for the study of the effect of pH on photocatalytic degradation. 





Fig. 7 (a) The RhB photodegradation rate under visible light irradiation for the 

photocatalysts with different substrates (alumina, fused silica, and silicon). The inset graph 

shows the linear regression of the ln (C0/C) versus time. (b) The XRD patterns corresponding 

to the film with different substrates and (c) the pore size distribution, (d) the porosity values 

using the IPM method, and (e) FESEM observations of the top surface and brittle fracture 

cross-section for the thin films deposited on the alumina and silicon substrates.

3.4. Photodegradation mechanism of RhB

Fig. 8 (a) illustrates a schematic view of the photocatalytic degradation of RhB by 

BiVO4 thin films under visible light illumination. Photodecomposition of RhB follows 

two main pathways: N-deethylation and chromophore cleavage [51]. During the N-

deethylation process, a hypsochromic shift is always observed due to absorption 

characteristics of the byproducts whereas no shift is prompted by the chromophore 

cleavage [52, 53]. In 

consideration of temporal UV-Vis absorption spectra shown in Fig. 8 (b), it can be verified that 



hVB
+ + H2O → H+ + •OH + e¯ (6)

hVB
+ + OH¯ → •OH + e¯ (7)

hVB
+ + RhB → Oxidation products (8)

The estimation of conduction and valence band edge position is also calculated  with the 

equation 9 and 10:

ECB =   – E0 – 0.5Eg (9)

EVB = ECB + Eg           (10)

Here, ECB, EVB, , and E0 are conduction band edge potential energy (0.31 V), valence band 

edge potential energy (2.75 V), the electronegativity of the bulk BiVO4 (6.035), and the energy 

of a free electron in the hydrogen scale (-4.5 eV), respectively [57–59].

the photodecomposition of RhB by the BiVO4 thin-film photocatalysts at pH = 3, follows the 

chromophore cleavage pathway since no hypsochromic shift is observed in the spectra. The 

mechanism experiments in the literature using scavengers show a collective agreement that the 

photogenerated holes and hydroxyl radicals play the most important role in 

photodecomposition of organic pollutants by BiVO4 photocatalysts thanks to a well-positioned 

valence band, whereas the •O2
¯ is much less effective due to the positive potential of the 

conduction band [54–56]. The formation of the oxidative species involved in BiVO4 

photoactivity are suggested in the literature via the reactions of 6 to 8 [57]:



(1) Nanoporous BiVO4 thin films were successfully synthesized via a novel route using the

reactive DC magnetron sputtering deposition method, comparatively at various total

pressures and on a variety of substrates, followed by a post-annealing treatment in the

air at different temperatures to crystallize the photoactive monoclinic scheelite phase.

(2) The crystal structure started to form at 250 ̊C for the film deposited on fused silica, it 

was stable up to 600 ̊C. The film deposited on glass crystalized at 300 ˚C but soon 

started to disintegrate at 350 ˚C due to sodium contamination. The crystallite size 

increased by the rise of temperature.

(3) The films were deposited at 2.5, 4.5 and 9.5 Pa on fused silica and annealed at 450 ˚C

to investigate the effect of total sputtering pressure on the film properties.

(4) FESEM observations, spectrophotometric results, and photocatalytic experiments

exhibited that the film deposited at 4.5 Pa with nanoporous morphology had the highest

porosity (52 %), fewer cracks, lowest bandgap value (2.44 eV), and highest

photoactivity under visible light illumination (26 % of RhB photodegradation in 7 h).

(5) The nature of the substrate was also investigated as a deposition parameter. In addition

to glass and fused silica, thin films were also deposited on silicon and alumina.

(6) XRD results showed the proper formation of the monoclinic scheelite structure of the 

films deposited on both silicon and alumina annealed at 450 ̊ C with no contamination.

Fig. 8 (a) schematic of photocatalytic degradation of RhB solution by BiVO4 thin films 

deposited on silicon and fused silica substrates at pH = 3 under visible light illumination. (b) 

temporal UV-Vis absorption spectra of RhB photodegradation at pH = 3 by BiVO4 thin-film 

photocatalyst deposited on silicon

4. Conclusions

The following conclusions can be made from this work:



While FESEM results exhibited that the film deposited on silicon formed a 

higher amount of porosity, the morphology of the film deposited on alumina was 

rather corrugated than porous. 

(7) The film deposited on silicon showed superiority in terms of photocatalytic performance

(53 % after 7 h) probably owing to higher porosity and light absorption efficiency due

to the reflective surface of the substrate.

(8) Lack of hypsochromic shifts verified the chromophore cleavage process as the dominant

pathway of RhB photodegradation by BiVO4 thin films deposited on silicon substrates

at pH = 3.
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