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Abstract In this work, we present the structural, optical

and photocatalytic properties of BiVO4 thin films produced

by a dual-magnetron sputtering process using both Bi2O3

(a-phase, 99.98 % purity) and V (99.9 % purity) targets

under Ar/O2 atmosphere with a ratio of 18:2. The films

were deposited varying the power applied to the targets to

obtain stoichiometric films, and the monoclinic structure

was achieved by post-deposition annealing. The dual pro-

cess was chosen to better control the Bi/V ratio since Bi

and V have very different sputtering yields. In particular,

the influence of a chemical treatment using potassium

hydroxide (KOH) on the optical properties and different

dye discolorations (acid blue 113 and methyl orange) is

discussed. The optical properties were studied by reflec-

tance and transmittance spectroscopy, where the spectra

were fitted to obtain the refractive index dispersion and the

optical band gap of the BiVO4 as a function of the film

structure, as determined by X-ray diffraction and Raman

spectroscopy.

1 Introduction

In recent years, bismuth vanadate, BiVO4 has received a lot

of interest because the material has shown significant vis-

ible-light-driven photocatalytic activity [1–5], but more

important because it has been predicted that the mono-

clinic-BiVO4 (mc-BiVO4) phase could function as an ideal

semiconductor to drive solar water splitting process, with

the subsequent production of hydrogen [6–9]. However,

experimentally, it has been found that the photoelectro-

chemical current densities of unmodified BiVO4 photoan-

odes tested in electrolytes without hole acceptors ranged

only between 0.1 and 1.8 mA/cm2 (AM 1.5G, 1 sun 1.23 V

vs RHE), too far away from values of technological interest

[7, 10]. The low photocurrents have been associated to high

electron–hole recombination, poor charge transport prop-

erties and/or inadequate water oxidation kinetics [7].

Conventionally, BiVO4 has been obtained by solid-state

reaction [10], obtaining BiVO4 nanostructures with a wide

variety of morphologies and sizes, which are later depos-

ited to form photoanodes. One possible explanation of the

low photocurrents is that the film quality attained by these

methods is not ideal for the application. Thus, more

recently, thin film deposition methods such as pulsed laser

deposition [11, 12] and magnetron sputtering [13–16] have

also been applied. Particularly, the deposition by dual-

magnetron sputtering seems to be a promising method [13].

Thalluri et al. [16] found photocurrents of unmodified mc-

BiVO4 of 1.1 mA/cm2, just by processing the sputtered

films using a three-step process: deposition at low substrate

temperature, 2 h annealing at 400 �C, and a chemical KOH

treatment. A brief explanation about the effect of the

chemical treatment was presented in that paper [16], but

definitely not all the details are completely understood yet.

In the present work, further analysis considering the effect
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of the KOH treatment on both the optical properties and

topographical features of the mc-BiVO4 is given. More-

over, considering that the KOH treatment has a strong

effect on the visible-light-driven water splitting, we did

also investigate its effect on the photocatalytic properties

for degrading dye solutions.

2 Experimental details

The films were prepared by dual-magnetron sputtering,

using two targets (200): a-Bi2O3 and vanadium, with purity

of 99.9 and 99.5 %, respectively. The deposition was done

under Ar/O2 reactive atmosphere using a gas flow ratio of

18:2; the total working pressure was 0.7 Pa. Each target

had an independent power supply; this allows setting the

composition of the films. Common glass was used as the

substrates, except for the photoelectrochemical measure-

ments where FTO substrates were used. The preheating

substrates temperatures explored were: RT, 100, 200 and

300 �C. The power applied to the oxide target was either

30 or 50 W using radio frequency (RF), and the V target

power was varied between 100 and 300 W. The films of

each condition set were post-annealed at 400 �C for 2 h in

air. After exploration of the different deposition conditions,

the most adequate conditions to obtain the mc-BiVO4

phase were: 160 and 30 W for V and Bi2O3, respectively,

without preheating of the substrates. After the annealing, to

obtain the monoclinic phase, the films were immersed in

1 M KOH solution for 40 min, and then, they were rinsed

with distilled water for a few minutes and finally were

dried using N2 gas. The structure, roughness and optical

properties of the mc-BiVO4 films were measured before

and after the KOH treatment. The X-ray diffraction (XRD)

patterns were obtained using a Rigaku Ultima IV diffrac-

tometer at grazing incident angle (1�) with a Cu Ka radi-

ation (k = 1.5418 Å). The Micro-Raman characterization

was performed using an En-Spectra R532 spectrometer at

excitation wavelength of 532 nm. The surface topography

was measured by atomic force microscopy (AFM) using a

Jeol JSPM-5200 microscope. The cantilevers used were

V-shaped silicon model NSC15 with a vertex angle of 20�
and a radius of curvature of 10 nm with a shape of a square

pyramidal. Scanning areas of 10 9 10 and 5 9 5 lm2

were measured. Moreover, the roughness was measured

using a Dektak 150 mechanical profilometer at a scanning

length of 250 lm.

Transmittance (T) and reflectance (R) spectra were

collected with two spectrophotometers. Specular transmit-

tance (Ts) and reflectance (Rs) spectra were recorded using

a Jasco V670 in a configuration that allows measurements

to be taken in the same spot of the sample. Moreover, the

total transmittance Tt including the contribution of the

diffusive transmission was measured by placing the film at

the entrance of the integrating sphere. On the other hand,

diffusive and total reflectance spectra were obtained using

a Cary 5E (Varian) instrument. The spectra were fitted

using commercial software. The R and T spectra of the

glass substrate were separately fitted to increase accuracy

of the film data fits.

As the films exhibited strong light scattering, two dif-

ferent model approaches were tested. In the first one, the

total reflectance and transmittance were analyzed while in

the second one, only the specular spectra of Rs and Ts were

considered adding to the model an amplitude loss function

to take into account the scattering. In both models, a

homogenous bulk layer and a porous surface layer were

assumed. The porous layer was described by an effective

medium approximation using a Bruggeman model [17]

mixing the dielectric function of the bulk layer and air. The

bulk layer was described with a Tauc–Lorentz model [18,

19] and Kim oscillators [20], and the dielectric function

was checked for Kramers–Kronig consistence.

The photocatalytic activity of the mc-BiVO4 films was

evaluated before and after the KOH treatment. The activity

was evaluated by measuring the percentage of discol-

oration of the dye solution by following the absorbance

spectra of the solution every 30 min. Two common organic

dyes were used: methyl orange, MO (C14H14N3NaO3S),

and acid blue 113, AB (C32H21N5Na2O6S2), both from

Sigma-Aldrich. The dye solution concentration was fixed at

1 9 10-5 M for the MO and 0.5 9 10-5 M for the AB,

while two pHs were evaluated: 3.5 and 7.5. The films were

placed in pairs back-to-back inside a vial with 10 mL of the

dye solution and exposed to a UV light lamp (26 Wm-2).

3 Results

Table 1 presents a short summary of the results obtained

when the different powers and substrate temperatures were

used during the deposition. Briefly, the films were amor-

phous when the substrates were not preheated and crys-

talline in the opposite case. For a fixed power of 50 W

applied to the Bi2O3 target, it was found that at low powers

applied to the V target (\150 W), the films were basically

bismuth oxide (Bi2O3) films, while at higher power

([200 W), the samples showed segregated metallic bis-

muth and vanadium oxide. Using 175 W on the V target,

the mc-BiVO4 was found after annealing the films at

400 �C for 2 h in air, but in coexistence with residual

signals from bismuth oxide, indicating an excess of bis-

muth. Therefore, the power applied to the bismuth oxide

target was decreased from 50 to 30 W, which indeed

reduced the presence of the Bi2O3 phase. Nevertheless, the

obtained mc-BiVO4 phase contained residual signal from
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vanadium oxide. Efforts to tune more precisely the com-

position, varying the deposition power of the V target

between 155 and 165 W, while keeping the Bi2O3 target

fixed at 30 W, did not improve the quality of the films.

Therefore, it was decided to use the KOH chemical etching

process as a method to preferentially remove the VOx

excess phase to the samples deposited at 160 W (V)–30 W

(Bi2O3). After adjustment of both the concentration and the

etching time, the diffraction patterns for the mc-BiVO4

films obtained before (Bf) and after (Af) the KOH treat-

ment are shown in Fig. 1. The monoclinic BiVO4 phase is

clearly identified in both patterns (JCPDS 01-075-1866);

however, for sample Bf, there are other peaks which cor-

respond to vanadium rich phases, more clearly observed in

the inset of Fig. 1. Similarly, the Raman spectra before and

after the KOH treatment are shown in the Fig. 2. The

spectrum from sample Bf confirms the presence of the

monoclinic phase, but the signals at 328 and 368 cm-1,

corresponding to the symmetric and antisymmetric bending

modes of VO4
3- [21, 22], are not well defined. After the

chemical treatment, all the peaks from the mc-BiVO4 phase

are clearly defined and slightly thinner. These results are in

good agreement with those previously reported for the

BiVO4 samples deposited at 165 W (V)–30 W (Bi2O3) to

which a similar process was applied obtaining an

enhancement in the photocurrent [16]. It is important to

mention that the enhancement in the photocurrent was also

confirmed for the samples studied in this paper.

As stated in the Introduction, in this paper, the interest

was placed on the evaluation of the changes induced in the

photocatalytic, optical and topographical properties of the

mc-BiVO4 films before and after the KOH treatment.

The AFM images are shown in the Fig. 3 (10 9 10 lm),

where it can be seen that after the KOH treatment, the

average roughness of the films was reduced nearly to half

the original value. Such results were consistent with

Table 1 Summary of the deposition conditions, the post-annealing and the identification from XRD and Raman spectroscopy data

V target

DC power (W)

Bi2O3 target

RF power (W)

Grown at RT Grown at 100–300 �C Grown at RT post-annealed (2 h)

100 50 Amorphous Mainly Bi2O3

150 50 Amorphous Predominantly Bi2O3

200, 300 50 Amorphous Bi ? VOx

175 50 Amorphous 100–200 �C: amorphous

300 �C unstable

400 �C: mc-BiVO4 ? Bi2O3 excess

175 30 Amorphous mc-BiVO4 ? excess of V

155–165 30 Amorphous mc-BiVO4 ? VOx

Fig. 1 X-ray diffraction patterns of the sputtered BiVO4 thin films

before (Bf) and after (Af) the KOH treatment. The monoclinic pattern

is the predominant phase in both cases. The inset shows an

amplification of the region where ill-defined VOx signals can be

observed

Fig. 2 Raman spectra for the mc-BiVO4 thin films before (Bf) and

after (Af) the KOH treatment. The spectra were obtained using a

532-nm laser for samples deposited on glass
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measurements taken at lower scale (5 9 5 lm) showing a

reduction in the root-mean-square roughness (RMS) from

52 to 26 nm. Similarly, larger 2D scans (250 lm) were

performed using the profilometer to find a reduction in the

RMS value from 25 ± 9 to 9 ± 1 nm.

Figure 4 presents the transmission spectra of the two

films (Bf and Af). In both cases, specular transmission Ts is

lower than the total transmission Tt, and this difference

decreases with wavelength. When subtracting Ts from Tt, a

curve can be obtained which approximately follows the 1/

k4 law of Rayleigh scattering. However, the effect is sig-

nificantly stronger before the KOH treatment than after.

This difference in the scattering behavior is confirmed by

the reflectance data shown in the inset of Fig. 4. It shows

the pure diffusive reflectance (skipping the specular com-

ponent of reflection) of both films. Diffusive reflectance is

much higher for the Bf sample than for the Af film. For the

first, the reflectance has virtually no specular component

above 500 nm (\3 %).

Strong scattering behavior in thin films can lead to

misinterpretations of optical data when not carefully ana-

lyzed. Therefore, we modeled the data in two independent

ways: as explained above, either the total Rt and Tt
response were analyzed, or only the respective specular

components for Rs and Ts were considered. Rs and Ts were

fitted by adding a scattering surface model via a simple loss

function of the amplitude,

C1

1þ X
C2

ð1Þ

where C1 and C2 are free parameters and X is the

wavenumber (cm-1). Both models provided very similar

data of the dielectric function with minor differences

(\5 %) for the refractive index n and the extinction coef-

ficient k. Figure 5 exhibits n and k for both films as a

function of the energy (eV) in the investigated spectral

range. At 800 nm, one observes refractive indexes around

2.1 and 2.6 for the Bf and Af samples, respectively.

Absorption (k) starts at lower energies for the Bf sample

and is significantly higher than for the Af film below the

gap. Following the relationship between the absorption

coefficient a and k

a ¼ 4pk=k ð2Þ

one finds values of a above 6000 cm-1 at 1.25 eV for the

Bf sample which is already a rather strong absorption level

for sub-gap energies.

The band edge Eg was estimated through the relation-

ship for direct allowed transitions

ahmð Þ2¼ hm� Eg

� �
ð3Þ

In Fig. 6, a direct band gap can be identified for the Bf film

around 2.65 eV while two gaps are visible for the Af

Fig. 3 Atomic force microscopy images of the mc-BiVO4 thin films

before (Bf) and after (Af) the KOH treatment. The roughness values:

average (Ra) and root-mean-square (RMS) are indicated next to each

figure

Fig. 4 Optical transmittance spectra for both samples (Bf and Af) as

a function of the wavelength. The specular (Ts) and total (Tt) spectra

are presented to show that after the KOH treatment, the surface layer

was strongly modified. The inset shows the Rdiff spectra, where Rdiff is

the difference between the total reflectance, Rt and the specular

reflectance Rs

Fig. 5 Refractive index, n and extinction coefficient, k for the mc-

BiVO4 thin films before (Bf) and after (Af) the KOH treatment
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sample, the 2.65 eV gap but also a lower one around

2.56 eV.

The optical data also gave some insight into the

topography of the films. First, the fits confirmed the change

of film thickness with KOH treatment; the Bf film exhibits

a total thickness of 406 nm compared to 270 nm for the Af

film. These values are consistent with those measured by

profilometry. Moreover, in both films, a porous surface

layer was necessary to obtain best fits. For the Bf sample,

this layer was 87 nm thick with a void volume of 48 %.

Meanwhile, for the KOH-treated sample, the porous layer

thickness was 76 nm (void volume 26 %). Finally, the loss

function, which parameterized the scattering effect for the

specular Rs and Ts spectra reveals a stronger scattering for

the Bf film (Bf: C1 = 1.018, C2 = 81,399 cm-1, Af:

C1 = 1.031, C2 = 160,527 cm-1).

Figure 7 shows the percentage of degradation of the

dyes as a function of the immersion time. The photocat-

alytic activity of the mc-BiVO4 films at nearly neutral pH

was almost negligible, less than 30 % (Fig. 7a), but for

both dyes a slight increment was observed after the KOH

treatment. On the other hand, for the acidic pH (pH = 3.5),

a better photocatalytic performance of the mc-BiVO4 films

was obtained for both dyes. The maximum degradation

obtained was about 50 % for the AB after 180 min using

the mc-BiVO4 films before the KOH treatment. Contrary to

the results at pH = 7.5, the degradation was reduced after

the KOH treatment for both dyes.

4 Discussion

While a lot of diffusive reflectance spectra of BiVO4

powders have been published [23–27], reliable optical data

of BiVO4 thin films are scarce [14, 15, 28, 29]. Theoretical

studies mostly focus on the electronic properties of mon-

oclinic BiVO4 [30–33] as this phase seems to be the most

promising for photocatalytic applications. A direct band

gap is predicted with values varying between 2.15 eV [30,

32] and 2.48 eV [33]. The later value has been confirmed

by diffusive reflectance spectroscopy (Kubelka–Munk

analysis) for powders while X-ray spectroscopy provided

2.38 eV [34]. Cooper et al. [33] found a theoretical gap

about 2.5 eV and compared it to the experimental value of

2.48 eV derived from X-ray absorption spectroscopy

(XAS) and X-ray emission spectroscopy on thin films

grown by chemical vapor deposition [33]. Zhao et al. [31]

calculated the dielectric function for different polarizations

and found a strong anisotropy with gap values between 2.5

and 3 eV and about 2.6 eV for polycrystalline material.

Fig. 6 Estimation of the direct optical band gap for the mc-BiVO4

thin films before (Bf) and after (Af) the KOH treatment

(a)

(b)

Fig. 7 Percentage of dye discoloration as a function of the immersion

time. The experiment was done illuminating the samples with UV

light and for two different pHs; a pH = 7.5 and b pH = 3.5. The dye

concentrations were for acid blue 113, AB (0.5 9 10-5 M), and for

the methyl orange, MO (1 9 10-5 M). The results for the samples

before (Bf) and after (Af) the KOH treatment are shown for both pHs
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From diffuse reflectance spectra of mc-BiVO4 powder

samples, band gaps are reported around 2.4–2.5 eV [23, 24,

26, 34] while for zircon-like tetragonal phase is about

2.9 eV [23, 25, 27]. For polymorph samples with mixed

phases, the gap can vary from 2.4 to 2.9 eV [25, 27].

The value Eg of 2.65 eV found for the Bf film is slightly

higher than what is observed for pure mc-BiVO4 powders.

Luo et al. [28] found 2.54 eV for mc-BiVO4 thin films

prepared by a polymer-assisted chemical solution

approach, but Singh et al. [15] measured 2.68 eV in RF

sputtered films exhibiting XRD and Raman characteristics

of mc-BiVO4. A hypothetical contribution of a weak

tetragonal phase which could explain the higher band gap

value is unlikely in view of our XRD patterns. However,

the Raman spectra clearly show that some of the peaks are

ill defined for the Bf sample (the asymmetric and sym-

metric deformation modes of VO4
3- tetrahedron are not

well resolved). Furthermore, the red shift of the stretching

V–O mode (around 825 cm-1) suggests a longer V–O bond

length. It is now well established that the band gap is

governed by the Bi 6s, O 2p and V 3d atomic orbitals [30,

32, 33]. Thus, a slight increase in Eg could be caused by a

smaller delocalization of the electron and hole pairs and a

smaller overlapping between the Bi 6s and O 2p orbitals, as

observed by Thalluri et al. [26] and Hernandez et al. [29].

When KOH treatment is applied, the Raman and XRD

peaks show a better-defined mc-BiVO4 and the gap shifts

toward a lower value of 2.56 eV which is closer to the

reported literature value (although there is still a 2.65 eV

component detectable). The refractive index of 2.6 (at

800 nm) is also in a better agreement with the literature

data for mc-BiVO4 [31, 35] in contrast to the value of 2.1

for the sample before the KOH treatment. Finally, the sub-

band region also provides a hint about the microstructure.

Admittedly, mc-BiVO4 is known for exhibiting a soft rise

of a below the gap, resulting from a range of weak valence

to conduction band transitions [30], so the much higher

absorption observed for the Bf sample can be linked to the

poor crystal quality compared to the KOH-treated film.

The photocatalytic activity of mc-BiVO4 has been

extensively reported for nanostructures and less for thin

films. Moreover, comparison of results is difficult since the

conditions used are specific of each experiment. In general,

good (above 60 %) visible-light photodegradation of a

variety of organic molecules has been demonstrated, being

the organic dyes the most commonly used contaminants.

One feature that has been studied is the dependence of the

photocatalytic activity on the morphology (shape and size)

and obviously the associated surface area [2]. It has been

shown that the morphology of the nanoparticles changes

the crystallographic facets that are preferentially exposed

on the surface and, for example, NPs that exhibited more

facets of the {010} planes have been found to improve the

adsorption and degradation of the organic molecules [36,

37]. Such results have been explained in terms of the

atomic density of such facets and/or the dangling bonds at

the surface [31], as well as to the relative fraction of acidic/

basic sites on the surface [38]. These results remind us that

the photocatalytic process proceeds at the surface of the

photocatalyst; therefore, even for the same basic material,

different activities can be obtained depending on the sur-

face properties [37, 39].

In this work, we have shown that the photocatalytic

activity of the mc-BiVO4 thin films is not as good as their

nanostructured counterparts. The maximum degradation

obtained was 50 % in 180 min for the AB (0.5 9 10-5 M)

in acidic solutions using the Bf sample. The lower degra-

dation in comparison with the reported mc-BiVO4 nanos-

tructures could be associated with the lower surface area of

the thin films. However, it is important to mention that in

our group, higher percentages have been achieved using

Bi2O3 thin films evaluated under the same experimental

conditions [40]. Our expectations were that the photocat-

alytic activity could be improved after the KOH treatment

since the measured photocurrents suggested lower elec-

tron–hole recombination and/or better transport charge

properties. However, the results were disappointing. For

the pH = 3.5, the photodegradation activity was reduced

after the KOH treatment for both dyes, which could be

ascribed as a secondary effect of the reduced surface area.

Profilometry and AFM showed that a major consequence of

the KOH treatment was the modification in the surface

topography, lower roughness which is in agreement with

the larger porosity detected by optical measurements of the

Bf sample (48 %) in comparison with the Af sample

(26 %). These two data suggested a lower surface area and

therefore a reduced surface for the adsorption of the dye

molecules. Nevertheless, other factors, such as the fraction

of acidic/basic sites or the preferential surface planes could

have been also modified by the KOH treatment. The

thickness was strongly reduced, and the chemical etching

process could also occur through preferential crystallo-

graphic planes. Moreover, the role played by the acidic

sites was confirmed by the measured different response for

the two pHs. At more acidic pH, the dye molecules can be

easily adsorbed on the surface due to the protonation of the

acidic sites, explaining the larger degradation, this is a

well-known phenomenon. The interesting result here is that

the photocatalytic activity after the KOH treatment was

slightly increased at pH = 7.5, while at pH = 3.5, it was

reduced. Such a different behavior is an indication that the

KOH treatment did also modify the surface charges of the

films. As a confirmation, a titration experiment [41] was

performed to evaluate the point of zero charge (pzc; the pH

at which the surface charge is neutral) of the mc-BiVO4

films before and after the KOH treatment, finding that there
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was a slight reduction from 8.4 (Bf sample) to 7.2 (Af

sample). Above the pzc, the surface charge is positive and

vice versa, it is negatively charged below the pzc, i.e., more

acidic sites [42].

Summarizing, the photocatalytic properties are often

balanced between crystallinity quality, available surface

area and the surface electronic structure of the topmost

surface layer. While the first is crucial for uphill reactions

such as water oxidation, the latter becomes more important

for downhill reactions such as pollutant degradation. This

competition between bulk-surface properties may explain

why the KOH treatment of our mc-BiVO4 films leads to

significant reduction in the photocatalytic activity, while

promoting the photoelectrochemical current density.

5 Conclusions

The KOH treatment implemented to improve the pho-

tocurrent obtained from the sputtered mc-BiVO4 photoan-

odes induced variations in both the optical and surface

properties.

From the optical properties, we can conclude that the

KOH treatment can be considered as a chemical etching

process that reduces the film thickness, but also increases

the crystal quality of the monoclinic BiVO4 phase.

The analysis of the surface topography indicated that the

surface roughnesswas reduced to about half of its initial value,

decreasing therefore the specific surface area of the films.

The photocatalytic properties of the sputtered mc-

BiVO4 are lower than other oxide thin films, and the KOH

treatment could not be used to significantly enhance the

photocatalytic degradation of organic pollutants. One

possible explanation for the lower degradation at acidic pH

is the reduced specific area which leads to less adsorption

of the molecules. However, the slight increment observed

at neutral pH coupled with the reduction in the pzc after the

KOH treatment indicates that other surface properties were

also modified.
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