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ABSTRACT

Nanoporous BiVO, thin films were deposited on fused silica substrate using reactive magnetron sputtering. The
effect of annealing temperature on the microstructure, morphology and optical properties was evaluated. The
samples were characterized by X-ray diffraction (XRD), field-emission scanning electron microscopy (FESEM), energy
dispersive spectroscopy (EDS), ultraviolet-visible spectroscopy (UV-Vis) and X-ray photoelectron spectroscopy (XPS).
XPS demonstrated the Bi** and V*> oxidation states, as well as the adsorbed and lattice oxygen on the film surface.
The as-deposited films proved to be amorphous by the XRD results, while the pure monoclinic scheelite BiVO, crystal
structure was obtained after a post-annealing treatment at 300 and 450 °C. FESEM images displayed a uniform
surface with no grain boundaries for the as-deposited film, whereas nanopores with an average diameter of 20-40
nm were observable in the film annealed at 450 °C as opposed to the film annealed at 300 °C with a dense and
cracked surface. The association of nanoporosity with the efficiency of visible-light absorption was demonstrated by
the UV-Vis spectrophotometry results with the narrowest bandgap (2.5 eV) concerning the film annealed at 450 °C.
The photocatalytic experiment under visible light showed an 80 % photodegradation of Rhodamine-B solution after 7
h, and the recycling experiment proved the stability of the thin films after three cycles. These results show the great
potential of BiVO, thin films deposited by reactive magnetron sputtering in photocatalytic wastewater treatment
applications.
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1. Introduction and inexpensive production [9,10], though, some

Photocatalysis has been extensively studied
in the past decades for various applications e.g.
hydrogen production [1], air purification [2] and
water treatment [3,4]. Semiconductors have been
proven to be effective in the photodegradation of
organic pollutants such as organic dyes of the textile
industry [5], bacteria inactivation [6], antibiotics
in hospital wastewater [7] and industrial phenolic
compounds [8]. TiO, was at the center of the
attention due to high stability, high photoactivity

drawbacks including the lack of photoactivity in
the visible light as a result of having a wide bandgap
(> 3 eV), revealed the absolute need to develop
other semiconductors [11].

Monoclinic BiVO, attracted lots of attention
owing to its interesting properties like low bandgap
(~2.4 V), high photoactivity under visible light,
stability and facile production [12]. Numerous
research could be found in the literature,
synthesizing BiVO, through chemical methods
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such as hydrothermal [13,14], sol-gel [15] and
co-precipitation [16], while the physical methods
like sputtering received less attention. Although
most researchers that studied the photocatalytic
properties of BiVO, utilized the powder form due
to some advantages like high specific surface and
facile production [17], powder form photocatalysts
bring certain downsides like recyclability resulting
in a huge operational cost to separate the powder
from water. Some solutions have been proposed like
core-shell structures for magnetic separation [18]
which also comes with challenges in the synthesis
process. Preparing photocatalysts in thin-film form
is an excellent solution for solving the reusability
and recyclability issues to make the photocatalysis
process more economically feasible. Reactive
magnetron sputtering with many advantages like
being cost-efficient, mass-producible, uniform
products and versatility [19] is ideal to deposit
thin films for photocatalysis applications, though
despite the corresponding upsides, few researchers
employed this technique to produce BiVO, thin
films. Moreover, there are some drawbacks to
BiVO, photocatalysts limiting its performance such
as low carrier mobility, high recombination rate
and low specific surface [20]. These limitations
need to be addressed in order to be able to
prepare the fully functional photocatalyst with
the optimum performance. Researchers proposed
different techniques to remove the mentioned
barriers and enhance photocatalytic activity. Our
team prepared Ag-incorporated BiVO, thin films
by reactive magnetron sputtering [21], and the
results with 99 % RhB photodegradation showed
significant enhancement over pristine BiVO,
due to Ag,V O./BiVO, heterostructure reducing
recombination rate, as well as the plasmonic
effect of Ag nanoparticles enhancing the light
absorption. Ullah et al. [22], using the density
functional theory method proposed that Se-doped
BiVO, with oxygen vacancies enhances the carriers’
mobility, as well as optimizes the bandgap and

could be considered as another suitable solution
that effectively enhances photocatalytic activity
through increasing the photoreaction surface and
active sites, as well as photon entrapment and light
absorption [23]. It could also solve the low specific
surface problem inherent to thin films compared to
powder photocatalysts. However, this solution did
not receive proper attention from the researchers.
This research aims to investigate the influence of
the post-annealing treatment on the nanoporous
morphology of the sputter-deposited BiVO, thin
films since the effect of the annealing temperature
has never been studied on the BiVO, thin films
prepared by reactive magnetron sputtering.
Further, to assess the influence of the post-
annealing treatment and nanoporosity of the
thin films annealed at different temperatures
comparatively on the film properties, e.g., crystal
structure, morphology, porosity, optical properties
and photocatalytic activity. The evaluation of the
stability of the thin films in the acidic pH conditions
could also prove the value of the thin films in
terms of recyclability and reusability for industrial
photocatalytic water treatment applications.

2. Experimental procedure
2.1. Film deposition

Bi and V metallic targets were used to prepare
BiVO, thin films on fused silica substrate (50 x 3
mm) in argon and oxygen atmosphere at room
temperature. The synthesis parameters are provided
in Table 1.

A dual pulsed direct current (DC) generator
was utilized to provide the discharge power. The
substrates were fully cleaned by water and soap
before deposition. The discharge power was
adjusted properly to reach a Bi:V atomic ratio of
1 to implement a stoichiometric composition. The
oxygen flow in the chamber provided the necessary
reactive condition to produce the oxide film.

2.2. Characterizations

band edge potentials thus improving photocatalytic The crystal structure of the films was
activity.  Creating nanoporous morphology characterized using the X-ray diffraction (XRD)
Table 1- BiVO, thin films sputtering deposition parameters

Ar flow rate (sccm) 200 Targets Bi \%

O; flow rate (sccm) 20 Intensity (A) 0.07 0.64

Total pressure (Pa) 4.5 Power (W) 9 235

Runtime (h) 3 Frequency (kHz) 70 50

Drawing distance (mm) 60 Toir (Us) 4 4
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method (BRUKER AXS) equipped with a cobalt
X-ray tube (A = 0.178897 nm). The average of
crystallite size of the samples was also calculated
by the Scherrer equation using the XRD data.
X-ray photoelectron spectroscopy (XPS, Thermo
ESCALAB 250Xi) was used to evaluate the
chemical state of the film surface, as well as the
elements’ oxidation states. The XPS spectra were
charge corrected using C 1s at the standard value
of 284.8 eV [24]. The optical transmittance and
reflectance of the films were measured by a UV-Vis
spectrophotometer (UV-3600, Shimadzu). The film
thickness was measured by a profilometer (Altisurf
500, Altimet) using an inductive probe. Field-
Emission Scanning Electron Microscopy (FESEM,
JEOL) was employed to observe the morphology
of the films. It was also equipped with an Energy
Dispersive Spectrometer (EDS, Bruker) to analyze
the chemical composition of the films.

2.3. Photocatalytic experiment

Regarding  the  photocatalytic  activity
experiment, a 150 W Xenon light source was used
with a UV-400 cut-off filter to provide visible light.
For a more intense illumination, a 400 W metal
halide light source was also utilized to obtain
higher photoactivity in an optimum situation.
The sample (8 mm?/ml) was immersed in the
Rhodamine-B (RhB) solution (5 mg/L) with a 15
cm distance from the light source and remained in
the dark for 30 min before illumination to reach
adsorption-desorption equilibrium, and then 2 mL

of the solution sample was retrieved every hour to
analyze the concentration based on Beer-Lambert
principle using a UV-Vis spectrophotometer
(Libra). The pH of RhB solution was set to 3 using
hydrochloric acid since the BiVO, thin films show
the highest photoactivity at pH = 3 [23]. A blank
test was performed to distinguish the effect of
photolysis in the photodegradation process.

The photodegradation of organic pollutions
follows pseudo-first-order kinetics through (eq. 1)
[25].

(1)

Where t is the illumination time under the
visible light, C is the initial concentration and C,
is the concentration at time t, and k' is the rate
constant. Therefore, using this model, the kinetics
of RhB photodegradation by BiVO, thin films were
studied.

3. Results and discussion

The BiVO, thin film with a thickness of 932
nm deposited on fused silica was prepared
using reactive DC magnetron sputtering after
180 min of deposition runtime. The EDS result
related to the as-deposited thin film, shown in
Fig. 1, proves that the films achieved the desired
stoichiometric atomic composition, i.e., 1:1 for
Bi:V in the deposition process. Since the EDS
method does not provide an accurate estimation
for oxygen, the metallic ratio of the elements was

cpsieV.

Element at. %
Bi 50.2
A\ 49.8

Fig. 1- FESEM mappings and EDS result of the BiVQ, sample deposited on fused silica substrate and annealed at 450 °C under the air.
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only considered here. The corresponding FESEM
elemental mappings of the annealed sample at 450
°C demonstrate a proper atomic distribution of Bi,
V and O elements throughout the surface shown
by the red, green and blue colors, respectively. This
shows the homogeneous deposition of the film in
the sputtering process.

The XRD characterization was utilized to
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Fig. 2- XRD patterns of the BiVO, samples deposited on fused
silica substrate and annealed at different temperatures in air.

investigate the crystallographic structure of the thin
films. As it can be seen in Fig. 2, the as-deposited
sample is amorphous. Therefore, to achieve the
monoclinic crystalline phase that is desired for
photocatalytic activity, the sample underwent a
post-annealing treatment for 2 h at 300 and 450 °C.
While, at both temperatures, the desired crystalline
phase was achieved (monoclinic scheelite structure,
JCPDS No.14-0688), the average of crystallite
size values showed slightly enhanced crystallinity
towards the film annealed at 450 °C with a 48 nm
crystallite size compared to 45 nm concerning the
film annealed at 300 °C. The higher intensity of the
peak concerning the (121) crystallographic plane
at 20 = 33.7° verifies this statement. No secondary
phase was detected in the XRD patterns.

The XPS technique was employed to evaluate
the surface chemistry of the thin film annealed
at 450 °C. The XPS results are provided in Fig. 3.
The survey graph depicted in Fig. 3 (a) shows the
existence of Bi, V, O and C elements, which are
in agreement with the EDS results in Fig. 1. The
peaks representing Bi 4f and Bi 4f  at 159.3
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Fig. 3- XPS results of the thin film annealed at 450 °C, (a) survey, (b), (c) and (d) high-resolution
spectra of Bi, V and O, respectively, and the inset graph is C 1s.
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and 164.6 eV [26], respectively, are shown in
Fig. 3 (b) proving the existence of Bi exclusively
in Bi** oxidation state. The two peaks at 516.8
and 524.3 eV, in Fig. 3 (c), represent V 2p, and
V 2p,, [27], respectively, belonging to the V*°
oxidation state with no detection of V** oxidation
state. The peak related to O 1s depicted in Fig. 3
(d), was deconvoluted to the peaks at 529.9 and
530.9 eV, corresponding to lattice and adsorbed
oxygen [28], respectively. The inset graph in Fig.
3 (d), shows the C Is spectrum, due to carbon
contamination, which is used to calibrate all the
XPS spectra for charge correction.

The morphology of the thin films was
observed by FESEM and the images are shown
in Fig. 4. The as-deposited thin film, shown in
Fig. 4 (a), demonstrates a uniform surface with
no observable cracks and separate domains.
Fig. 4 (b) shows that the film annealed at 300
°C consists of large cracks with an average size
of approximately 2 um. This could stem from
the difference between the thermal expansion
coefficient of the substrate (fused silica, 0.5 x 10°°
C") and the film (BiVO,, 15.3 x 10° C") [29],
causing cracks due to stress relaxation. The top
surface morphology of the film annealed at 450
°C is shown in Fig. 4 (c). The average crack size
was slightly decreased, while nanometric pores
formed on the surface in the shape of black
dots in the range of 20-40 nm. The formation
of nanopores has been observed in the case of
low melting alloys after ion irradiation due to the

rise of temperature in local regions [30]. Herein,
the Bi melting point is around 271 °C, while the
annealing temperature concerning the thin film
shown in Fig. 4 (c) is 450 °C. This results in the
formation of local Bi molten areas, which then
leads to the fast diffusion of V and O into these
molten Bi through the interface of solid/liquid
[31]. Therefore, this phenomenon results in the
formation of the nanopores as a result of the
coalescence of vacancies behaving according to
the Kirkendall principle [32].

The influence of post-annealing treatment
on the optical properties of the thin films was
investigated using UV-Vis spectrophotometry
and the results are shown in Fig. 5. The
transmittance and reflectance of the as-deposited
thin film along with the films annealed at 300
and 450 °C can be observed in Fig. 5 (a) and the
inset graph. As the post-annealing temperature
was raised, the transmission of light decreased,
while the reflectance rose with more emphasis
on the lower wavelength region. The absorbance,
shown in Fig. 5 (b), was calculated using the (eq.
2) [19], and the bandgap was achieved using the
Tauc plot given by (eq. 3) [19], and the results are
shown in the inset graph Fig. 5 (b).

1 /1-RQ)
(ahv)/n = A(hv — Ey) (3)

Here, a(\), R(A), T(\) are the absorption,

Fig. 4- FESEM images of the thin films (a) as-deposited, and annealed at (b) 300 and (c) 450 °C.
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Fig. 5- (a) Transmittance and reflectance as inset, (b) absorbance and inset bandgap values of BiVO, thin
films annealed at different temperatures.
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Fig. 6- (a) Photocatalytic experiment at pH = 3 by the as-deposited BiVO, thin film and the films annealed at
300 and 450 °C using 150 W light source and (b) the photocatalytic activity of the optimum sample utilizing
a 400 W light source. The inset graphs are pseudo-first-order kinetics of the photoreactions.

and transmission  coeflicients,
respectively, as a function of wavelength, t
represents the film thickness, h is the Planck
constant, v is the photon frequency, A is a
constant, and Eg is the bandgap energy. n is
set to 0.5, given BiVO, is a direct bandgap
semiconductor [33]. The thin film annealed at
450 °C, exhibits higher absorption of visible light
photons with a bandgap of 2.5 eV, which agrees
with the data published in the literature [26],
while the values regarding the film annealed at
300 °C and the amorphous film are higher with
2.7 and 2.8 eV, respectively. This proves the visible
light active characteristics of monoclinic BiVO,.
Meanwhile, it shows the effect of the nanoporous
structure of the film in light absorption probably
due to photon entrapment and light scattering
inside the film.

The experiment of the photocatalytic
degradation of RhB was conducted at pH = 3
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to comparatively evaluate the post-annealing
treatmenteffect on the photocatalytic performance
of BiVO, thin films, employing a 150 W Xenon
light source and the results are illustrated in
Fig. 6. The kinetics results are also provided in
the inset graphs. It can be seen in Fig. 6 (a) that
only the sample annealed at 450 °C showed
photoactivity (55 % photodegradation of RhB
after 7h, k' = 0.11 h''), whereas other samples did
not manage to photodegrade the RhB solution.
This is probably due to superior light absorption
and lower bandgap (2.5 eV) exhibited in Fig. 5,
as well as the nanoporous morphology shown in
Fig. 4 (c). The film with superior photoactivity
was selected for an experiment in a more intense
illumination to evaluate its performance in the
optimum condition. Fig. 6 (b) demonstrates 80 %
(k" = 0.22 h'") photodegradation of RhB solution.
The 9 % decrease in the concentration concerning
the blank test is the result of photolysis due to
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Fig. 7- (a) a 3-cycle (3 x 7 h exploitation) recycling experiment with a 150-W light source, (b) FESEM image

of the sample after the experiment.

the intense illumination. These results show
remarkable photoactivity of the BiVO, thin film,
produced by reactive DC magnetron sputtering.

The recycling test was performed to evaluate
the stability of the nanoporous BiVO, thin-
film photocatalyst in the photodegradation of
RhB in acidic conditions (pH = 3). Therefore,
the experiment with three consecutive cycles
(3 x 7 h of exploitation) was conducted under
visible light provided by a 150 W Xe light
source, and the results could be seen in Fig. 7.
The photodegradation performance after three
cycles shows a negligible decrease by only 3
%, illustrated in Fig. 7 (a), which is considered
to be insignificant and therefore concludes a
stable performance after 21 h of exploitation in
acidic pH. While the FESEM image depicted
in Fig. 7 (b) shows that slight corrosion of the
grain boundaries might have happened due to
the acidic condition at pH = 3, the microscopic
integrity of the film is still completely intact, and
no changes could be observed in the nanoporous
morphology and pore sizes compared to the
corresponding image related to the experiment
before recycling shown in Fig. 4 (c). These results
verify the stability of the BiVO, thin films in
the photocatalysis process for the wastewater
treatment application.

4. Conclusions

BiVO, thin-film photocatalysts were deposited
on fused silica by reactive DC magnetron
sputtering, and the photoactive monoclinic
structure was achieved after a post-annealing
treatment, which was verified by XRD.

XPS analysis verified the exclusive oxidation
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states of Bi** and V**, as well as the existence of
both lattice and adsorbed oxygen on the film
surface.

The effect of post-annealing treatment on film
properties was investigated by annealing the thin
films at 300 and 450 °C. The film annealed at 450
°C had a nanoporous morphology unlike the
one annealed at 300 °C. Raising the annealing
temperature also decreased the bandgap values.

The highest photocatalytic activity was
demonstrated by the thin film annealed at 450 °C
with a nanoporous morphology, with the higher
average of crystallite size (48 nm), lowest bandgap
(2.5 eV) and highest visible light absorption.

The photocatalytic experiment showed a
remarkable 80 % photodegradation of RhB
solution (k"= 0.22 h™') after 7 h, and the recycling
experiment proved the stability of the thin films
after three consecutive cycles (21 h exploitation).

The results obtained in this research prove
that nanoporous BiVO, thin films prepared by
the magnetron sputtering method could be good
candidates for industrial and environmental
wastewater treatment applications.
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