J Solid State Electrochem (2012) 16:3267-3274
DOI 10.1007/s10008-012-1765-9

ORIGINAL PAPER

Deposition and characterization of BiVQ, thin films
and evaluation as photoanodes for methylene

blue degradation

M. R. da Silva - L. H. Dall’Antonia - L. V. A. Scalvi -
D. 1. dos Santos - L. O. Ruggiero - A. Urbano

Received: 1 March 2012 /Revised: 27 April 2012 / Accepted: 28 April 2012 /Published online: 17 May 2012

© Springer-Verlag 2012

Abstract Thin films of bismuth vanadate (BiVO,) are depos-
ited through the solution combustion synthesis technique cou-
pled with the dip-coating process. Thermal gravimetric analyis
shows a total mass loss of 71 % besides the formation of the
monoclinic phase, about 300 °C, which is also revealed by
X-ray diffraction. UV—Vis optical absorption spectra show
direct bandgap transition about 2.5 eV for films, in good
agreement with semiconducting monoclinic phase. Scanning
electron microscopic images reveal that thermal annealing time
at 500 °C is a very important parameter to control the thickness
and shape of the particles and yields an average thickness of
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about 800 nm for 10 dip-coated deposited layers, with round-
shaped nanometric-sized particles, homogeneously distributed
on the film surface. Photoelectrochemical degradation of meth-
ylene blue by a bismuth vanadate film deposited on fluor-doped
tin oxide substrate shows up as a very efficient process. The
first-order rate constant for the photoinduced process is about
five times the rate constant for degradation in the dark, showing
the capacity of the BiVO,/fluorine-doped tin oxide film for
electrochemical degradation, mainly in the presence of light.

Keywords Semiconductors - Chemical synthesis -
Thermogravimetric analyis (TGA) - X-ray diffraction -
Electrochemical properties

Introduction

In recent years, seeking for sustainability has become the rule
for government institutions all over the world. Allied to this
concept, the ambient preservation is a fundamental part of a
modern world, leading the scientific community to search
solutions to minimize the impact caused by technological
society. In this direction, photocatalytic materials have earned
deep investigation because they may be used in a wide range of
ambient applications, such as water purification and residual
water treatment [1-3], besides clean energy generation [4].
Among the investigated materials for this goal, the semicon-
ductor bismuth vanadate (BiVO,) has received special atten-
tion, due to its photocatalytic activity in the degradation of
organic compounds and dyes in aqueous media, when irradiat-
ed with A<520 nm [5-8], besides allowing the partial break of
water molecule for oxygen generation, when irradiated with
visible light [9, 10]. This semiconductor material also presents
other interesting properties such as: ferroelasticity [11], ionic
conductivity [12], and photochromism [13].
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The electronic structure of BiVOy, is still a matter of contro-
versy, mainly concerning the direct or indirect transition. Most
recently, Walsh and coworkers [14] have investigated the elec-
tronic structure through first principles calculation and have
concluded that BiVO, is a direct bandgap semiconductor due to
the presence of empty 3d orbital of vanadium coupled to
orbitals 2p of oxygen and 6p of bismuth, resulting in a conduc-
tion band minimum at the Brillouin zone edge, favorable to
low-energy direct transition. This semiconductor compound
may exist in three distinct polymorphic phases, namely tetrag-
onal zircon structure, monoclinic scheelite structure, and tetrag-
onal scheelite structure [15]. The monoclinic phase presents
higher photocatalytic activity when compared to the other two
phases [16], which is related to the narrower bandgap value,
2.4 eV, unlike the tetragonal phase value, 3.1 eV. This smaller
bandgap value allows its application in the photocatalysis in
wider spectra, from visible to the ultraviolet range [17]. There
are few methods for the synthesis of bismuth vanadate, such as
solid state reaction [18], hydrothermal synthesis [19, 20], sono-
chemical method [21], coprecipitation in aqueous media [22,
23], electrochemical synthesis [24], sol—gel [25], and solution
combustion synthesis (SCS) [26]. Among all of these process-
es, the SCS process may be selected due to its simplicity and
versatility for the obtaining BiVO, nanocrystals with mono-
clinic structure and relatively low cost [10, 22]. Several authors
have reported the utilization of SCS method for achieving the
BiVO,4 monoclinic phase with specific application in heteroge-
neous catalysis [23, 24]. For instance, Jiang and coworkers [23]
have synthesized nanocrystals of BiVO, in the monoclinic
phase, used for degradation of methylene blue in aqueous
media with high efficiency. Zhou and coworkers [24] reported
the photoactivity of the composite Co-BiVO, for the degrada-
tion of methylene blue under irradiation with visible light. Their
results show that a composite with 5 % of Co in the BiVO,
matrix leads to degradation of 90 % of the initial concentration
of methylene blue.

Although these papers show the application of this semi-
conductor compound for the photocatalytic use, for practical
purposes, the shape of the sample must be adequately chosen.
Thin films of BiVO, seem to be a good option [27] and several
authors report the use of BiVOy, thin films in heterogeneous
photocatalysis [3, 15, 27, 28]. Xie and coworkers [3] synthe-
sized BiVOy thin films with monoclinic structure via chemical
synthesis using the citrate route, for acid Orange 7 degradation
under visible light irradiation. The results show that in 3 h, the
film presents 78.9 % of efficiency and durability for repeated
experiments. Zhou and coworkers [15] synthesized BiVO,
thin films with monoclinic structure via dip coating, for deg-
radation of 2,4-dichlorophenol and bisphenol, also under vis-
ible light irradiation. In this case, 90 % of organic pollutants
were removed in 5 h, with high photocatalytic efficiency. The
thin film operation is also fundamental, where photoelectroca-
talytic processes present some advantages compared to
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photocatalytic processes. In the first case, the applied potential
to the electrochemical system forces the photogenerated charge
carriers towards the electrode, avoiding the electron hole re-
combination, unlike the simply photocatalytic process [27].

The present report proposes the BiVO, synthesis by the
SCS method, coupled to thin film deposition by the dip-
coating technique. The material is characterized by thermal
analysis [differential thermal analysis—thermogravimetric
analysis (DTA-TGA)], X-ray diffraction (XRD), and scan-
ning electron microscopy (SEM). Optical characterization
through UV—Vis absorption is also carried out, in order to
verify the optical transparency and evaluate the material
bandgap. Photoelectrochemical analysis is done by linear
voltammetry and chronoamperometry with visible light irra-
diation. The degradation of methylene blue is investigated in
the dark and under irradiation with visible light, using BiVO,
thin film deposited on fluorine-doped tin oxide (FTO) sub-
strates (BiVO4/FTO electrode).

Experimental
Synthesis of BiVO, thin film

The BiVO, solution is obtained through the SCS technique.
Firstly, 0.48 g of citric acid (Sigma-Aldrich, PA) and 1.21 g of
Bi(NO;)3-5H,0 (Sigma-Aldrich, PA) are dissolved in 50 mL
of HNO; (Merck, PA) 1.5 mol L™'. Concentrated NH,OH
(Merck, PA) is added to this solution very slowly until the
pH reaches 7. This procedure is followed by the addition of 1 g
of urea (Sigma-Aldrich, PA), giving birth to a transparent
solution. In another recipient, 0.48 g of citric acid and 0.29 g
of NH,VO; (Sigma-Aldrich, PA) are dissolved by 50 mL of
deionized water, previously heated to 70 °C, under constant
agitation with a magnetic bar for 30 min, producing a yellowish
solution. Both solutions were mixed and placed in an oven at
80 °C, remaining in this temperature for 20 h. The final product
is a green gel, due to the combustion in solution. This gel is
diluted in 50 mL of deionized water, becoming a lighter green
solution, named here as “work” solution. For the thin film
deposition, the dip-coating technique is used, where the dip-
ping process is carried out into the work solution, with a
dipping rate of 10 cm min'. After each dipping process, the
sample is fired at 400 °C for 10 min in air. A total of 10 layers
were deposited and a final thermal annealing at 500 °C by 1 h
took place. For most of the analyses, the used substrate is soda—
lime glass from Corning, except for the photoelectrochemical
analysis, where an FTO conductor electrode is provided.

Thin film characterization

XRD measurements, in the shallow angle configuration, were
carried out using a PANalytical diffractometer, model X Pert
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PRO MPD, with the CuK,, (1.5418 A) radiation, coupled to a
nickel filter, in order to eliminate the CuKg radiation. The
applied tension was 40 kV and the current was 30 mA. The
scanning range was from 10° to 80°, with regular step of
0.05°s'. SEM images were obtained in a Quanta 200-FEI
microscope with 30 kV of applied voltage. Simultaneous
thermal analyses (DTA/TGA) have been performed in a
STA 409 NETZSCH system. The original material, in the
form of green gel (prior to the dilution in water for thin film
deposition) is placed in an alumina crucible, and an empty
alumina crucible is used as reference. Both crucibles were
submitted to a heating process with rate of 10 °C min™' under
dynamic atmosphere of N,. For the evaluation of the optical
properties, optical absorption spectra were taken in the UV—
Vis, range 190-900 nm, with Cary 1G equipment.

Photoelectrochemical measurements

Conventional three electrodes were used for the photoelec-
trochemical experiments, where an Ag/AgCl (1 mol L™
KCl) electrode is the reference, a platinum wire (10 cm
in length and 0.5 mm in diameter) is the counter-electrode,
and the BiVO, thin film, deposited on FTO conductor
substrate, is the work electrode (the geometrical electrode
area in contact with the solution is set to 1 cm?®). The light
irradiation in the electrochemical system is done through a
Philips dichroic lamp with a power of 50 W at an applied
voltage of 12 V; this light source presents wide spectra
from A>400 nm. It must be mentioned that illumination
was done on the BiVOy surface, in the front part of the
electrode system. The photoelectrochemical profile of
the BiVO, film was obtained with the linear voltammetry
technique, through a potentiostat/galvanostat AUTOLAB
84057, version 4.9, using 5 mL of KCl and Na,SO, solution
(both 0.1 mol L' concentrated) as electrolytes and at
scanning rate of 5 mV s ', in the range 0-1.4 V.

For the 5 mL (10 umol L™") methylene blue electro- and
photoelectrochemical degradation, in Na,SO, 0.1 mol L™
electrolyte, the chronoamperometry technique was used,
with controlled potential of 1.4 V during different degrada-
tion times. The 1.4-V bias was chosen because this value
leads to the highest photogenerated current, as will be
shown in the next section. Then, it allows efficient methy-
lene blue degradation. The photoelectrochemical degrada-
tion was carried out submitting to visible light irradiation
from the Philips lamp, whereas the electrochemical degra-
dation was done in the dark conditions. After degradation,
UV-Vis spectra of the remaining solution were taken and
used to verify the relative (percentage) amount of methylene
blue that had vanished. The adopted parameter was the
decreasing of the methylene blue optical absorption band,
taken at approximately 665 nm. These spectra were taken
just after the chronoamperometry measurements.

Results and discussion
Morphology and structure of BiVO, thin films

DTA and TGA curves were obtained from the green BiVO,
gel (prior to the dilution) and are shown in Fig. 1. A total
mass loss of 71 % was observed, occurring in several steps
related to physical and chemical processes occurring along
with the heating up to 350 °C. The first endothermic peak, in
the region below 120 °C, is associated to the elimination of
free and adsorbed water. The next events are underlined by
the first hachured region and include the range between 122
and 170 °C, where two exothermic peaks are observed and
are probably related to urea decomposition [29]. In the next
hachured region, two distinct exothermic events are taking
place. The first and more intense peak corresponds to the
decomposition of distinct nitrates, including ammonia ni-
trate, which is accompanied with significant mass loss and
has a maximum in about 270 °C. The other exothermic peak
is evidenced from approximately 287 °C and has a maxi-
mum at about 350 °C, which is related to decomposition and
combustion of citrates [29] and, besides, can also be asso-
ciated with the formation of monoclinic phase of BiVO,
[22, 30, 31]. The endothermic peak at 927 °C is related to
the fusion of BiVO,4 [32]. DTA-TGA results yield important
information towards the obtaining of monoclinic phase of
BiVO,, mainly the adequate temperature for sample thermal
annealing, which in the case of the green gel is in the range
300-350 °C. Based on these results, the temperature of
400 °C was chosen for the intermediate thermal annealing
of film layers and 500 °C was chosen for the final thermal
annealing, in order to assure the formation of the monoclinic
phase of BiVO, as the dominant one in the films. The
presence of the monoclinic crystalline phase was confirmed
by X-ray diffraction results as discussed below. The results
obtained in this paper, concerning the DTA-TGA analysis,
are in good agreement with previously published reports
[30, 31]. For instance, the synthesis of BiVO,4 nanocrys-
tals by the SCS technique using sodium carboxymethyl
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Fig. 1 DTA-TGA curve of the precursor gel
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cellulose as combustible and stabilizing agent [31] also
leads to BiVO,4 monoclinic phase formed in the range 200—
300 °C.

Figure 2 shows X-ray diffractograms of the green gel,
treated at different temperatures (Fig. 2a) and of the BiVO,
thin film deposited on FTO-conducting substrate (Fig. 2b),
where the deposited film has 10 layers and final thermal
annealing was carried out at 500 °C by 1 h. These diffracto-
grams present rather noisy profile and broad peaks, which is
typical of materials of nanocrystallized domain. Results
shown in Fig. 2a suggest that for calcination temperatures
of 150 and 200 °C, samples are composed of a phase
mixture. Diffraction peaks at 17.6°, 30.7°, and 35.9° are
probably related to the orthorhombic phase of V,05 (PDF
85-2,422) and peaks at 22.5°, 32.9° are 37.8° may come
from tetragonal (3-Bi4O; (PDF 74-2,352). From 300 °C, the
indexed peaks are associated mainly with the plans of the
monoclinic structure of BiVO,, with space group 12/b.
According to the file PDF 75-1,867 from the software
PCPDFWIN, version 2.4, JCPDS-ICDD, the lattice param-
eters are: a=5.195 A, b=5.093 A, and ¢=11.704 A. For the
film diffractogram (Fig. 2b), besides the monoclinic BiVOy,,
it is also possible to observe the diffraction peaks from the
FTO substrate, as also shown in the lower curve of Fig. 2b.
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Fig. 2 a X-ray diffractograms of the green gel, treated at different

temperatures. b X-ray diffractogram of BiVO, thin film with 10 layers,
deposited on FTO substrate and annealed at 500 °C by 1 h
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It is important to mention that X-ray diffraction data of films
deposited in soda—lime glass were omitted in Fig. 2b, but
they yield diffractograms quite similarly, except for the
absence of FTO substrate characteristic peaks, due to the
amorphous structure of this sort of substrate. An estimation
of the crystallite average size was calculated using the
Scherrer equation [33], for the most intense BiVO, peak,
located at 29.0° and associated with the plan (112), yielding
an average size of 34 nm. The X-ray results shown here are in
good agreement with other combined processes for obtaining
BiVO, [7, 17, 34, 35].

SEM image seen in subpanels a and b of Fig. 3 shows
topographic and cross-section image, respectively, of a
BiVO, film with 10 layers thermally annealed at 500 °C
by 1h. Figure 3a shows a quite homogeneous surface with
round-shaped particles homogeneously distributed through-
out the investigated area, and Fig. 3b shows a rather uniform
thickness of the film. These particles evaluated from the
surface picture, using the magnification bar, yield an aver-
age grain size of about 350 nm, while the crystallite size
determined through the Scherrer equation is about 34 nm, as
mentioned previously. Then, a fair assumption is that these
particles, seen in the SEM image, are composed of smaller
unities, the monoclinic BiVOy crystallites. The film thick-
ness, evaluated the film cross section, seen in Fig. 3b is
about 800 nm. Figure 3c, d show results for films with 10
layers and annealing temperature of 500 °C for 6 h. It is
clearly observed that the thermal annealing time is a very
relevant parameter for film homogeneity and morphology.
SEM picture allows inferring that a sintering process may
have taken place and a grain growth has occurred. In this
case, there is basically a bimodal distribution of particles: a
distribution around 1.0 pwm size and another around 500 nm.
Besides, some voids between grains are observed, though
where it is possible to see the substrate surface. The cross-
section image, Fig. 3d, reveals a quite nonuniform film.
These images suggest that a long thermal annealing is not
recommended for this thin film deposition process. Similar
SEM images can be found in the literature. Zhang and
coworkers [27] synthesize BiVO, films by modified metal-
organic decomposition technique coupled with spin-coating
process on FTO substrate. Although this process is com-
pletely different from the techniques used here, the deposit-
ed film also presents good homogeneity of round-shaped
particle dispersion on the substrate. Moreover, BiVO,4 pow-
der has been obtained with nanometric dimensions such as
nanoribbons [36], nanospheres [17, 29], dendrite crystals
[37], and other similar shapes. Textured films are very
attractive because, like nanoribbons and nanowires, they
would open the possibility of very low electron scattering
in electrical transport processes. Consequently, optimization
of the final thermal annealing should be the next step in
order to improve the alignment of the surface nanoparticles.
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Fig. 3 SEM images of BiVO,
thin film. a Surface and b cross-
section images of thin film
thermally annealed at 500 °C by
1 h and ¢ surface and d cross-
section images of thin film
thermally annealed at 500 °C by
6h

Optical characterization and bandgap evaluation of BiVO,
thin films

UV-Vis optical absorption data, recorded for the thin films,
are shown in Fig. 4, along with the bandgap evaluation seen in
the inset. The fundamental absorption edge starts at about
527 nm as seen by the extrapolation (dotted line) of the
absorption spectra. Considering the bandgap transition nature
as direct [14], the value of the bandgap for this film can be
evaluated, in good approximation, by the (chv)® vs. (hv) plot
and the crossing of the slope of the linear part with the “x” axis
[21, 38]. The obtained result, shown in the inset of Fig. 4,
yields a bandgap value of about 2.5 eV, typical of BiVO,
monoclinic phase, and in good agreement with published
reports for thin films obtained by other techniques [3, 15,
27,28, 30] as well as nanocrystalline powders [7, 22, 26, 29].

BiVOy, thin film photoelectrochemical characterization
The photoelectrochemical behavior of the BiVO, thin film,

deposited on FTO substrate, was evaluated through linear
voltammetry with chopped (5 min long pulse) visible light

(A>400 nm), which generates both the dark current and the
photocurrent during a single linear sweep. One must recall that
light irradiation was directed to BiVO, film surface, in the
front part of the electrode system, since illumination in the
back may lead to distinct results. The result is presented in
Fig. 5 and shows that the sensibility of investigated film to
visible light, where a current jumps under light irradiation is
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Fig. 4 UV-Vis optical absorption spectra of BiVO, thin film. Inset:

direct bandgap evaluation
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observed, which decays when the illumination is removed.
This effect of visible light irradiation is related to the light
energy range, with values above the BiVO, bandgap (about
2.5 eV), promoting electrons from the valence band (orbital Bi
6s) to the conduction band (orbital V 3d), leading to an
electrical current increase, due to generation of higher amount
of charge carriers [21]. The increasing anodic photocurrent
with increasing positive potential indicates n-type semicon-
ductor behavior. It can be related with electron migration to
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Fig. 6 UV-Vis optical absorption spectra of methylene blue solution

by the BiVOy thin film. a After electrochemical degradation. b After
photoelectrochemical degradation
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the FTO contact and holes to the BiVO, film surface, in order
to oxidize water at the interface electrode/solution through
OH’ radicals, which play a fundamental role in the methylene
blue degradation, more specifically on the compound discol-
oration, related to the attack to the molecule chromophore
group [11]. The curves exhibit distinct differences upon
changing the potential sweep direction (results not shown).
Besides, the photoresponse is strongly influenced by the sort
of used electrolyte. In the Na,SOy, 0.1 mol L', the current is
higher than in the KCl electrolyte, in the same concentration,
all over the potential window used (0—1.4 V vs. Ag/AgCl). At
about 1.37 V, the photoinduced current observed for the
BiVO, film, in the Na,SO, electrolyte, is about twice the
value of the higher current measured in the KCI electrolyte,
suggesting that charge recombination is partially suppressed
by fast hole oxidation of these substrates in different electro-
lytes. The higher photogenerated current in Na,SO, electro-
lyte, when compared to NaCl, may be related to easier
oxidation of sulfate group (SO, %) when compared to water
and chloride ions (Cl") in the applied potential window (0—
1.4 V) [38]. The results shown here, concerning the high
photocurrent in Na,SO, electrolyte, are in good agreement
with previous reports for BiVO, films obtained by other
techniques [39, 40]. For instance, Kho and coworkers [41]
analyzed BiVO, films deposited on ITO substrate by spray
pyrolysis and the cyclic voltammetry results in Na,SO, solu-
tion at 0.8 V vs. Ag/AgCl show a photoinduced current

Table 1 Kinetic

parameters for methy- Electrodes Kinetic parameters
lene blue degradation
kobs! Degradation
min % at 40 min
BiVO4FTO 0.003 13
(dark)
BiVO4/FTO 0.015 46
(light)
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density of 3 pA cm 2. Under practically the same experimen-
tal conditions, except the substrate, which in our case is FTO,
the photogenerated current density is of the same magnitude,
and in our case, it is rather higher, about 5 pA cm 2.

Photoelectrochemical degradation of methylene blue

Figure 6 shows UV—Vis absorption spectra of the methylene
blue solution after electrochemical degradation (Fig. 6a) and
after photoelectrochemical degradation (Fig. 6b) with the
BiVO, films. The photoelectrochemical degradation of the
BiVO, thin film was done by chronoamperometry, with a
controlled potential of 1.4 V vs. Ag/AgCl, under visible light
irradiation. Previously to light irradiation, the degradation of
methylene blue was carried out in the dark, with the same
applied potential. In this case, the film has shown as electro-
active, degradating about 13 % of methylene blue in 40 min, as
can be inferred from the UV-Vis spectra shown in Fig. 6a,
where the maximum absorption at 665 nm is used as an
evaluation parameter for degradation, recalling that the optical
absorption of methylene blue at 665 nm is related to solution
discoloration, caused by OH" radical attack, formed at films
surface, to molecule chromophore groups. Under light influ-
ence, the degradation has reached 46 % evaluated at 40 min. It
has been reported that both forms of degradation, electrochem-
ical as well as photoelectrochemical, are more efficient when
compared to photocatalytic process [15], where the catalyst is
in the form of powder, dispersed in the material to be degra-
dated. This higher efficiency of the photoelectrochemical com-
pared to photocatalytic is attributed to the combination of the
effect of visible light irradiation with the applied potential in
the films, which is not possible when the catalyst is in the form
of powder. The light incidence increases the charge carrier
generation and the applied bias forces the photogenerated
electrons to flow towards the counter-electrode, preventing
the fast electron hole recombination-back process. Then, the
surface-photogenerated holes in the BiVO, film lead to the
methylene blue oxidation with higher efficiency.

Figure 7 shows the decrease in methylene blue concen-
tration as a function of reaction time. The inset in Fig. 7
shows the degradation percentage for a fixed time around
40 min, comparing both processes. As already mentioned,
the photoelectrochemical process shows higher efficiency
for the degradation by the BiVO, film, when compared to
the dark procedure. The decay profile of the curves suggests
that both processes follow first-order kinetics. The rate con-
stant of the reaction (k) can be evaluated by Eq. 1 [42]:

In(Abs;/Abs,) = —kobst (1)

where Abs, and Abs; correspond to the methylene blue optical
absorption before and after the reaction, respectively, and 7 is
the reaction time. The kinetic parameters, rate constant and

degradation percentage, are summarized in Table 1. The rate
constant of the photoelectrochemical degradation reaction by
the BiVOy, film is about 15x 107> min"', which is approxi-
mately five times the rate constant for electrochemical degra-
dation (about 3x 10> min ).

Conclusions

DTA/TGA curves of the precursor green gel along with X-
ray diffraction data of thin films show that the SCS tech-
nique coupled to the dip-coating process is an efficient tool
for obtaining monoclinic phase of BiVOy, thin films. SEM
images show that the thermal annealing time is fundamental
in order to get homogenous thickness and particle distribu-
tion. When the time is appropriately controlled, the film is
composed of a uniform distribution of round-shaped grains.
UV-Vis optical absorption data of thin films reveal a direct
bandgap transition of about 2.5 eV, typical of the monoclinic
phase of BiVO,.

The thin film voltammetry profile shows a good perfor-
mance of the BiVO, in Na,SO, electrolyte, with about twice
higher photocurrent, when compared to KCl electrolyte. The
photoelectrochemical degradation of methylene blue by
BiVO, films leads to a rate constant five times higher than
the electrochemical degradation carried out in the dark.

The results shown in this paper are a very good indication
that the SCS/dip-coating technique combination is very
adequate for obtaining the direct bandgap BiVO, semicon-
ductor. Besides, it can be stated that this compound in the
form of thin film presents a high potential application for the
degradation of organic pollutants in aquatic environments.
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