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Abstract Resistive monoclinic bismuth vanadate (BiVO,)
nanocrystals in the form of thin films were obtained by the
solution combustion synthesis coupled with the dip-coating de-
position process. The structure, morphology, and optical prop-
erties of BiVOy nanocrystals were characterized by means of x-
ray diffraction (XRD), scanning electron microscopy (SEM),
and UV-Vis spectroscopy. The photoelectrochemical properties
were obtained by cyclic voltammetry and chronoamperometry
techniques in potassium chloride (KCl) electrolyte solution un-
der distinct visible light sources irradiation condition. Under
blue InGaN light emitting diode (LED) irradiation, the elec-
trode has a better efficiency, faster response time (260 ms),
and faster decay time (65 ms), when compared with the irradi-
ation by dichroic lamp. Besides, the photocurrent density (j,,) is
approximately 39 times higher than j,,;, obtained under dichroic
lamp. The performance analysis based on the methylene blue
degradation reaction has shown that the BiVO, material has
higher electroactivity under InGaN LED irradiation condition,
with estimated ks value of 200 x 10* min ™!, which is a little
higher than the value obtained with dichroic lamp illumination.
In the dark condition, the BiVO, presented much lower photo-
catalytic activity.
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Introduction

In recent years, bismuth vanadate (BiVO,), an n-type semi-
conductor material in the monoclinic phase, has drawn great
attention because of their ability for photocatalysis under sun-
light absorption [1-7]. In the monoclinic BiVOy structure, the
band gap energy is rather narrow, approximately 2.4 eV, due to
the presence of empty 3d orbital of vanadium coupled to 2p
orbital of oxygen and 6p of bismuth, resulting in a conduction
band minimum at the Brillouin zone edge, favorable to low-
energy direct transition [4, 7-9].

Previously published papers have dealt with the photocata-
lytic properties of monoclinic BiVO, phase face to the degra-
dation of organic pollutants in aqueous media, when under
visible light irradiation [7, 10—14]. Besides partial photocatalyt-
ic water splitting reaction has also been accomplished, driving
the oxygen evolution by photogenerated holes on valence band
[8, 15—19]. Recently, nanostructured BiVOy, thin film has been
used as photoanode electrode in a photoelectrochemical system
[7, 10, 20-22]. In the photoelectrochemical configuration sys-
tem, the electrochemical potential applied to the working elec-
trode forces the electron flow, which in this case is
photogenerated by means of visible light irradiation, towards
the counter-electrode, preventing the fast electron—hole recom-
bination—back process [7, 10]. The effect of photogenerated
charge carriers separation with high efficiency is the key to
the high quantum efficiency of the photoanode, leading to an
improved photoelectrochemical performance of system.

Numerous techniques have been employed for obtaining
BiVO, semiconductor material [7, 8, 13, 16, 18, 21, 23].
Among all the available processes, the solution combustion
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synthesis (SCS) technique may be selected due to its simplic-
ity and versatility for obtaining BiVO, nanocrystals with
monoclinic structure and relatively low cost process
[23-29]. However, as many other semiconductor oxides, the
BiVO, obtained by this process presents a rather high electri-
cal resistivity [30-32].

Considering the electrochemical system, the photo-induced
current density is influenced by electrolyte solution and by
excitation energy. Appropriate excitation energy, which in this
case must be about the band gap energy, may lead to stable
photo-induced current density. The electrolyte solution is a
fundamental parameter to investigate the decay profile and
response time of photo-induced current density [7, 10].
Some previously published papers [7, 10, 16] show that the
BiVO, thin film electrode is more electroactive in sodium
sulfate electrolyte solution because ions SO, 2 are more easily
oxidized than other electrolyte solutions and water molecules.

In this context, this paper deals with the investigation of
photoelectrochemical properties of resistive monoclinic
BiVO, nanocrystalline thin films deposited on conducting
fluorine-doped tin oxide (FTO) substrate through the SCS
technique along with the dip-coating deposition process. The
photoelectrochemical properties were investigated by excita-
tion with different visible light sources: a dichroic lamp and a
blue InGaN light emitting diode (LED). Besides, this paper
brings a deep investigation of the decay of photo-induced
current density, carried out through chronoamperometry mea-
surements. To our knowledge, the influence of different visi-
ble light sources on photoelectrochemical properties of BiVO,
electrode has not been used by other research groups. This is
particularly accurate for the decay of photo-induced current
using KCl electrolyte solution, which is analyzed here.

Experimental
Synthesis of resistive monoclinic phase BiVO, thin film

The monoclinic phase of BiVO,4 was obtained by the solution
combustion synthesis (SCS) technique, adapted from widely
published procedures [23-29]. A scheme showing the exper-
imental procedure of the BiVO, thin films synthesis can be
seen in Fig. la. First, a bismuth precursor solution was pre-
pared by adding 2.5 g of Bi(NO3)3-6H,O (Sigma-Aldrich,
p.a.) and 1.0 g of citric acid (Sigma-Aldrich, p.a.), which were
dissolved in 70 mL of 1.5 mol L' HNO; (Sigma-Aldrich,
p.a.), leading to a colorless solution. Then, the pH of this
solution was adjusted to 7-8 by dripping concentrated ammo-
nium hydroxide (NH,OH, Sigma-Aldrich, p.a.). Finally, 1.5 g
of urea is added, which plays the role of combustible for the
self-sustainable reaction of the SCS technique [25-27]. On the
other hand, as part of the synthesis process, the vanadium
precursor solution was prepared by adding 1.0 g of citric acid
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and 0.5 g of (NH4);VOy (Sigma-Aldrich, p.a.), which was
dissolved in 70 mL of deionized water at 80 °C, remaining
under stirring for 20 min, giving origin to a yellowish solution.
The colorless and yellowish solutions were mixed together
and left in a muffle furnace at 85 °C for 20 h, giving birth to
a material with gel consistency and intense blue-green color.
This blue-green gel was diluted in 50 mL of deionized water,
resulting in a bluish green solution that was called working
solution. The dip-coating process was used to deposit BiVO,
thin film on a fluorine-doped tin oxide (FTO) conductor sub-
strate, where the substrate is sequentially dipped according to
the desired number of layers, by using the dip rate of
10 cm min~'. Between each deposited layer, the sample is
dried for 10 min in room atmosphere, followed by heating at
400 °C for another 10 min. When the desired number of layers
is reached (in the present case, it used ten layers), the film is
thermally annealed at 400 °C for 4 h. Finally, a BiVO, thin
film with yellowish color is obtained. In order to get BiVO,
material in the powder form, the blue-green gel was thermally
treated at 600 °C for 4 h.

Physical characterization

X-ray diffraction (XRD) measurements were carried out using
a PANalytical diffractometer, model X’Pert PRO MPD, with
the CuKa (1.5418 A) radiation, coupled to a nickel filter, in
order to reduce the unfavorable CuK g radiation. The applied
tension was 40 kV and the current was 30 mA. The scanning
range was from 10 to 80 °, with A regular step of 0.05°s .
Scanning electron microscopy (SEM) images were obtained
in a Quanta 200-FEI microscope with 30 kV of applied volt-
age. The optical absorption spectra were determined with the
help of Shimadzu UV-3101 PC equipment within the range
190-900 nm.

Electrical characterization measurements

To perform the electrical measurements on parallel direction
to the substrate, the BiVO, thin film was deposited on non-
conductive substrate (soda-lime glass) the same way that was
deposited on FTO substrate, as discussed in the previous sec-
tion. The BiVQy thin film on soda-lime glass substrate was cut
from the same region of the dipped substrate, corresponding to
slices of about 1.0 x 2.6 cm perpendicular to the dipping
direction. The schematic representations of the sample with
the topographic and side view (cross section) are seen in
Fig. 1b. The use of an insulating substrate avoids leakage
currents through the substrate and allows a configuration mea-
surement perpendicular to the growth direction. As will be
seen by SEM images, the rough nature of the deposited film
would lead to short circuit channels if the applied voltage was
perpendicular to the film surface, in the case that conductive
substrates were used. In order to provide a connection to the
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Fig. 1 a Simplified diagram showing the solution combustion synthesis (SCS) technique and dip-coating deposition process to obtain monoclinic
BiVOy thin film electrodes. b Schematic representations of sample with the topographic and side view (cross section) for the electrical measurements

equipment for the realization of electrical characterization
measurements, indium (In) electrical contacts were deposited
by the resistive evaporation technique on the BiVO, films
surface. The deposition of indium was carried out in an
EDWARDS auto 500 deposition system, under a pressure of
about 2 x 10 Torr, using tungsten crucibles. The thin film
samples were placed very close to each other and the sample
holder rotates in order to assure homogeneous deposition of
the metallic layer. After metal deposition, the samples were
annealed at 150 °C for 30 min. The indium electrodes has
been chosen due to the previous best results obtained for oxide
semiconductor films [33], concerning its ohmic behavior and
low contact resistance. Sample cooling for electrical measure-
ments was performed in a He closed-cycle cryostat from APD
cryogenics, coupled with a Lake Shore Cryotronics tempera-
ture controller with (0.05 °C precision). The applied bias and
the electrical current were measured on a Keithley
Electrometer model 6517 A.

Photoelectrochemical measurements

Conventional electrochemical cell with three electrodes were
used for the photoelectrochemical experiments, where an Ag/
AgCl (3 mol L™! KClI) 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 con-
ductor substrate, FTO/BiVOy electrode is the work electrode
(the geometrical electrode area in contact with the solution is
set to 1 cm?). Distinct visible light source were used to verify
the possibility of charge carrier excitation on BiVO, thin film:
(1) 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), (2) a blue InGaN light emitting diode (LED)
with average wavelength of 450 nm and average power of
15 mW. It must be mentioned that illumination was done on
the BiVO, surface, frontal to the electrode system. The
photoelectrochemical characterization procedures are carried
out by cyclic voltammetry and chronoamperometry tech-
niques, through a potentiostat/galvanostat Autolab 84,057,
version 4.9, using 5 mL of 0.1 mol L' potassium chloride
(KCI) as electrolyte solution.

For the methylene blue (MB) degradation tests, 5 mL was
used (10 mmol L") in KCl electrolyte solution (0.1 mol L ™).
The MB degradation evaluation was carried out by
chronoamperometry technique, with controlled potential
of +1.4 V during different degradation times. The
photoelectrochemical degradation was carried out submitting
to visible light irradiation from the dichroic lamp and the
InGaN LED, whereas the electrochemical degradation was
done in dark conditions. After degradation, the UV—Vis spectra
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of the remaining solution were taken and used to verify the
relative (percentage) amount of MB that had vanished. The
adopted parameter was the decreasing of the MB optical ab-
sorption band, taken at approximately 665 nm. These spectra
were taken just after the chronoamperometry measurements by
Shimadzu UV-3101 PC spectrophotometer.

Results and discussion
Physical and electrical characterization

The x-ray diffractograms results to BiVO, powder (black
line), BiVO, thin film deposited on soda-lime glass substrate
(red line), BiVO, thin films deposited on FTO substrate (blue
line), and only the FTO substrate (green line) are shown in
Fig. 2. The monoclinic phase of BiVO,4 powder, obtained by
calcination of blue-green gel at 400 °C/4 h, is observed as
diffracted peaks, shown in Table 1, according to the file
(PDF 75-1867) from PCPDFWIN software, version 2.4,
JCODS-ICDD. The dip-coating deposition thin film process,
adopted in this paper, leads to the monoclinic BiVO, phase
formation as observed by the diffractogram profile. The
diffracted peaks seen in Table 1 confirm the monoclinic
BiVO, phase thin film on soda-lime glass substrate. The
diffractogram for the film deposited on glass substrate allows
identifying only peaks related to BiVO, phase because the
substrate is an amorphous glass, whereas the film deposited
on FTO substrate leads to a diffractogram where, besides the
BiVO, peaks, the FTO diffracted peaks can be also identified.
The obtained diffraction patterns are in good agreement with
previously published reports, with samples either in the form
of powders [23, 27-29], as nanocrystalline thin film 7, 10, 16,
18], obtained by solution combustion synthesis (SCS)

technique.
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Fig. 2 X-ray diffractogram patterns of BiVO, thin film deposited on
conductive FTO (blue line) and non-conductive soda-lime glass

substrates (red line). Besides, it is also shown the diffraction profile of
the BiVOy, in the powder form (black line) and FTO substrate (green line)
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SEM topographic image of BiVO, film deposited on FTO
substrate can be seen in Fig. 3a. The surface image is quite
homogeneous, being formed of round-shaped particles homo-
geneously distributed throughout the investigated area.
Concerning the cross-section image (inset in Fig. 3a), the film
thickness (about 850 nm) can be assumed as rather uniform.
Figure 3b shows the SEM image of a BiVO, sample in the
powder form. Round-shaped particles are clearly observed,
homogeneously distributed throughout the investigated area.
In this case, there is basically a multimodal distribution of
particles, with average size ranging from approximately 100
to 900 nm. Besides, the comparison between the BiVO, par-
ticles from thin films and in the powder form, are quite similar
as seen in Fig. 3a, b, except for the particle size which is
slightly larger for the powder. This difference is probably re-
lated to the final thermal annealing, which is carried out at
higher temperature for the powder (600 °C for 4 h), than for
the film (400 °C for 4 h).

UV-Vis optical absorption data, recorded for the BiVO,
thin film deposited on FTO substrate, are shown in Fig. 4,
along with the bandgap evaluation shown in the inset. The
fundamental absorption edge starts at about 540 nm, which
is in the visible region of electromagnetic spectrum.
Considering direct band gap transition [9], the value of the
band gap for this film can be evaluated, in good approxima-
tion, by a plot of (chv)? as function of v plot, and taking the
crossing of the slope of the linear part with the x-axis [16, 34].
The obtained result yields a band gap value of about 2.4 eV,
typical of monoclinic BiVO,4 phase, which is in good agree-
ment with reported results for BiVO, in the form of thin films
[7, 16, 18, 19, 22] obtained for SCS technique used here.
Aiming to verify the influence of FTO substrate in optical
absorption of BiVO, film, UV—Vis absorbance measurements
of'the substrate alone was carried out. In this case, it is possible
to observe that the FTO substrate does not influence the opti-
cal absorption of BiVQ,, since the conductive substrate ab-
sorbs in the ultraviolet region.

Electrical characterization data is plotted in Fig. 5. Typical
current—voltage (/ versus V) curve for BiVOy, thin film depos-
ited on non-conductive substrate (soda-lime glass) measured
at room temperature in the dark condition is shown (Fig. 5),
whereas electrical resistivity as function of temperature in the
dark, is shown in the inset of Fig. 5. The 7 versus V' data was
collected under pressure of about 1 x 10~ Torr. The current—
voltage curve behavior is linear, assuring an ohmic behavior
for the system composed of annealed In contacts plus BiVO,
film, which can be visualized as practically a linear metal—
semiconductor—metal (MSM) device. However, even though
an 80 V bias was applied on the sample, the current value
obtained is very low, approximately 72 nA, indicating the high
electrical resistivity of the BiVOy, thin film. The inset in Fig. 5
brings resistivity data in the dark, measured under pressure of
about 1 x 107> Torr. The procedure is as follows: the
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Table 1 Comparison between

experimental diffraction data and Experimental 2-theta

Theoretical 2-theta Miller’s index

the literature for BiVO,

semiconductor material and BiVO, BiVO, film/ BiVO, film/FTO BiVO, monoclinic (hk1)

related planes with respective powder soda-lime glass structure

Miller’s index (hkl)
18.78 18.76 18.77 18.63 (101)
28.82 28.80 28.91 28.95 (112)
30.54 30.69 30.49 30.55 (004)
34.52 34.54 - 3439 (200)
3531 35.29 35.24 35.30 (020)
39.84 - - 39.56 (114)
42.40 - - 4232 (105)
45.74 - - 45.58 213)
46.93 47.24 47.20 4737 024)
50.08 - - 50.30 (220)
53.22 53.14 - 53.31 (116)
58.34 - - 58.39 312)
59.52 - - 59.46 (033)

*Monoclinic BiVOy structure, PDF 75-1867

temperature is lowered down to 30 K, and then, increased data
rate of 5 K/min, and data of resistance were collected every
3 K. The data resistance collected was converted in resistivity
value as evaluated from sample dimensions: conduction

Fig. 3 a SEM topographic image of BiVO, thin film deposited on FTO
substrate. /nset cross-section image. b SEM topographic image of BiVO,
material in the powder form

channel thickness (850 nm), contact width (1.2 cm), and dis-
tance between contacts (0.6 cm), which can be verified again
by inspection of Fig. 1b. As the temperature is lowered down,
an increase of resistivity is observed, a typical semiconductor
material behavior, and expected for the BiVO, material. The
obtained electrical measurements are in good agreement with
previously published works, using nanocrystalline BiVO,4 ma-
terial [30-32]. For example, in the paper of Rettie and co-
workers [32], the authors evaluated the electrical properties
of BiVOy, crystal obtained by solid state reaction. The value
of resistivity obtained to undoped BiVO, crystal was approx-
imately equal to 5 x 10® Q cm. This value of resistivity is
slightly lower than the value obtained in the present paper,
which was approximately 10° Q cm. However, this high
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Fig. 4 UV-Vis optical absorption spectra of BiVO, thin film deposited
on FTO. Inset direct bandgap evaluation. Besides, it is also shown the
UV-Vis optical absorption spectra profile of the FTO substrate
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Fig. 5 a Current—voltage (/ versus V) curve for BiVO, thin film
deposited on non-conductive substrate (soda-lime glass) measured at
room temperature in the dark condition under pressure of about
1 x 107° Torr. b Resistivity as function of temperature curve, obtained
in the dark and under pressure of about 1 x 10> Torr conditions

resistivity of BiVOy, thin film is not considered a problem for
photoelectrocatalysis measurements. In this case, even with a
high electrical resistivity, the increase of charge carrier con-
centration takes place because electrons and holes are gener-
ated by sample photo-excitation process. Besides, the external
potential applied in the photoelectrochemical system causes a
decrease of electron-hole pair recombination process and,
consequently, lead to greater efficiency in the system, as will
be shown.

Electrochemical and photoelectrochemical measurements

Figure 6a shows the cyclic voltammograms of BiVO, thin
film in 6.6 x 10°* mmol cm > potassium ferricyanide
(K3[Fe(CN)g]) solution. The data were collected at various
potential sweep rates (5, 10, 20, 30, 40, 50, 75, and
100 mV s ). Electrochemical and photoelectrochemical mea-
surements are accomplished for BiVOy, thin film deposited on
FTO conductive substrate. From the voltammograms of
Fig. 6a and using the Randles—Sevcik equation [35], shown
below (Eq. 1), the active area of the electrode was estimated.

I, = (2.69 x 10°) n’/* 4 D'* C™y'/? (1)

where 1, correspond to the anodic peak current, 7 is the num-
ber of electrons transferred per ion (in this case is equal 1), 4 is
the surface active area of the electrode, D is the diffusion
coefficient (equal to 6.7 x 107 cm? s "), v is the scan rate,
and C" is the concentration of K3[Fe(CN)g]
(6.6 x 10°* mmol cm™>). The cyclic voltammograms of
BiVOy thin film in potassium ferricyanide solution show that
the anodic and cathodic peak currents are proportional to the
sweep rate at low values (5-100 mV s~ '), which points out to
an electrochemical activity of the surface redox transition. The
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Fig. 6 a Cyclic voltammetry profile of monoclinic BiVO, thin film
electrode in 6.6 x 10~* mmol cm > K4Fe(CN)g at various potential
sweep rates from inner to the outer of 5, 10, 20, 30, 40, 50, 75, and
100 mV s~'. Inset The linear dependence of anodic leak current with
the square root of scan rate. b Photovoltammetric profile of monoclinic
BiVO, thin film under chopped visible light from different sources: a
dichroic lamp and a blue InGaN LED, both in 0.1 mol L' KCl
solution and v=5mV s~

linear dependence of anodic leak current with the square root
of the scan rate is inserted in Fig. 6a. The estimated value of
the electrode active area is equal to 1.15 cm”.

Figure 6b shows the photovoltammetric profile of mono-
clinic BiVO, thin film under chopped visible light from dif-
ferent sources: a dichroic lamp and a blue InGaN LED. This
measurement was carried out by cyclic voltammetry in
0.1 mol L™ KCI solution. In this case, only the anodic sweep
is being showed. Through the photovoltammograms, it is pos-
sible to observe that BiVOy, is sensible to visible light, where a
current jumps under light irradiation and which decays when
the illumination is removed. The increasing anodic photocur-
rent with increasing positive potential indicates the n-type
semiconductor behavior [7, 10, 28]. The inset in Fig. 6b shows
that the photo-induced current is gradually increased with the
increase of potential (anodic sweep) under visible light
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irradiation condition. However, under InGaN LED irradiation,
the photo-induced current is about five times higher than di-
chroic lamp irradiation. For instance, the photo-induced cur-
rent density values, with applied bias of about 1.35 'V, are 118
and 23 pA cm 2 to InGaN LED and dichroic lamp, respec-
tively. This higher photo-induced current value obtained un-
der the LED irradiation condition can be understood by in-
spection of Fig. 7, where the emission spectra of the dichroic
lamp as well as of the InGaN LED are plotted, in relative
intensity (Fig. 7a) as well as in absolute values (Fig. 7b).
The BiVO,4 band gap energy is also indicated for comparison.
As can be clearly seen, the LED band is narrower, and at
higher energy, (in the range 2.7 to 2.8 eV), which is a little
above the band gap energy of BiVO, (about 2.4 eV, as inferred
from optical absorption data Fig. 4). Figure 7a shows the
relative intensity, where the excitation ranges of energy can
be compared, and Fig. 7b shows the absolute intensity, mea-
sured exactly under the same conditions. The area under each
curve is proportional to the photon flux. Then, the measured
current density can be seen under a distinct point of view,
being normalized by the photon flux (®). Considering that
the illuminated area is the electrode active area (1.15 cm?),
which is the same, independent on the light source, the photon
flux of the LED source is given by ®| gp = k. [area under the
spectra (whole band)], whereas the photon flux of dichroic
lamp is given by ®picuroic = k1. [area under the spectra, with
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Fig. 7 a Relative emission spectra of dichroic lamp and of a blue InGaN
LED. BiVO, band gap is indicated for comparison. b Absolute intensity
of these source lights. The spectra are measured under the same
experimental conditions
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Fig. 8 Photochronoamperogram of monoclinic BiVO, thin film
electrode 0.1 mol L™! KCl solution under chopped distinct visible light
irradiation sources. /nset details of as were obtained the
photoelectrochemical parameters: stability of photocurrent density (jpp),
response time (Af,,), and decay time (A#,g) of photocurrent. Controlled
potential at +1.4 V versus Ag/AgCl. The visible light sources utilized
were a dichroic lamp and b a blue InGaN LED

energy > bandgap]. In order to compare the current density, the
normalized photon flux can be assumed as 1 for the dichroic
lamp, since this area is larger, and ®PnormarLizep = Prep/
DpichHroic, for the LED, which corresponds to the area ratio
(0.25). Then, with applied bias of about 1.35 V, the current
densities become 472 and 23 pA cm 2 to InGaN LED and
dichroic lamp illumination, respectively. The excitation of
monoclinic phase BiVO, film with the higher energy of the
InGaN LED meets a high density of empty states at conduction
band bottom, leading to a greater density of charge carriers. On
the other hand, the wide spectra of dichroic lamp (Fig. 7a), with
average energy below the BiVO, band gap, does not

Table 2 Photoelectrochemistry parameters (Afon, Alogr, and jpp)
obtained in KCl electrolyte solution by BiVOj, thin film electrode

Visible light sources Aty (8) Atogr (S) Jph (WA cm 2)
Dichroic lamp 1240 800 7.3
InGaN LED 260 65 284

@ Springer



1534 J Solid State Electrochem (2016) 20:1527-1538
Fig. 9 UV-Vis spectra of MB a d
solution delgradation in or
= . . ) min
?hl mf(l)l Ll KCl1 u.smg BiVO, S 5064 o
in film electrode: a dark © ; 20 min
.- . @©
condition, b under continuous - -
visible light irradiation condition 3 8 0.4
from dichroic lamp, and ¢ under % %
continuous visible light 2 Re!
irradiation condition from a blue 8 8 0.24
InGaN LED. UV-Vis spectra of o e
MB solution degradation in < 0.0 < 00 i
0.1 mol L™' KCl using BiVO, 550 600 650 700 750 550 600 650 700 750

material in the powder form: d
dark condition, e under

Wavelength / nm

Wavelength / nm

continuous visible light
irradiation condition from
dichroic lamp, and f under o]
. L. . . 0.6
continuous visible light ©
irradiation condition from a blue ~
InGaN LED §
@ 0.3
o
—
o
D
e
< 0.0 N\
550 600 650 700 750 550 600 650 700 750
Wavelength / nm Wavelength / nm
c f
0.8
S =0.6 0 min
© . 10 min
— 0.6 f 20 min
[0}
8] 0.4
< 0.4 2
2 3
R0.2] 5021
el 17}
< <
0.0 T T T 0.0 T T T
550 600 650 700 750 550 600 650 700 750

Wavelength / nm

concentrate the necessary energy for efficient excitation of
BiVO,, even though there is a spectra tail above the BiVO,
band gap energy and a high photon flux, leading to a lower
density of charge carriers and consequently, to a lower photo-
induced current. In both cases, the action of the applied electro-
chemical potential in the system leads to the charge separation,
where the electrons are injected on the counter-electrode and
holes on surface of BiVO, material [7, 10], but the higher
excitation energy in the case of the InGaN LED leads to much

Wavelength / nm

more efficient charge carrier generation. Considering compara-
ble integrated power, where the current density is normalized
by the photon flux, the InGaN LED presents to a much more
efficient process compared to the dichroic lamp illumination.
The stability of photo-induced current (photocurrent densi-
ty, jon) Was evaluated by chronoamperometry in 0.1 mol L'
KCl solution with a controlled potential at +1.4 V versus Ag/
AgCl (3 mol L' KCI), under chopped visible light irradiation
condition. The photochronoamperogram illustrated in Fig. 8a,

Table 3 Kinetic parameters (kops

and degradation at 40 min) Experimental BiVO, thin film BiVO, powder
obtained from methylene blue condition
solution degradation by BiVO, kops min ! Degradation at 40 min (%) kops min ! Degradation at 40 min (%)
material in thin film and powder
forms Dark 30 x 107 13 47x 10 17
Dichroic lamp 149 x 10°* 46 79%x10* 26
InGaN LED 200 x 107* 54 98 x 10°* 33
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b, shows the photocurrent decay profile of electrode under
chopped dichroic lamp and blue InGaN LED irradiation con-
dition, respectively. Under dichroic lamp irradiation, a de-
crease of 35 % in the photo-induced current density (j,,) value
is observed during the first 250 s, and after this time, the
photo-induced current density acquires stability, remaining
stable up to the maximum of 600 s. The j,, value (normalized
by the photon flux, as mentioned earlier), that is obtained by
the difference between the current reached under illumination
(light on) and without illumination (light off) [10], is equal to
7.3 pA cm 2, as shown in Table 2. The irradiation with the
blue InGaN LED, in the first 250 s, allows 51 % decrease in
the j,n. However, the ji, does not acquire stability at this time,
and only after 460 s it becomes stable, with a value equal to
284 A cm 2, which is approximately 39 times higher than Jph
obtained under dichroic lamp irradiation.

Other two important photoelectrochemical parameters that
can be obtained from the photochronoamperogram curve
shape (inset in Fig. 8a, b), are: response time (which in this
case was arbitrarily called At,,) and decay time (called Afg).
The response time of electrode was assumed as the necessary
time for obtaining the maximum value of the photo-induced
current after the system has been illuminated, and the decay
time of photo-induced current was assumed as the necessary
time for photocurrent decay back for the dark condition after
the light is off. These values are very important concerning the
photoelectrochemical behavior for the use of the electrode in
technological applications [10, 36]. The evaluated value of
these parameters is shown in Table 2. It is observed that the
response time of electrode is faster when illuminated with the
InGaN LED (1240 and 260 ms, for dichroic lamp and InGaN
LED, respectively). The decay time of photo-induced current
is also faster when the electrode is illuminated with the LED,
800 and 65 ms, for dichroic lamp and InGaN LED, respec-
tively. The photocurrent transient curve shape is a typical fin-
gerprint of electron-hole recombination-back processes at
BiVOy, thin film surface [36]. Furthermore, from the obtained
photoelectrochemical parameters, it is possible to conclude
that the choice of adequate visible light sources is fundamental
to obtain the best response from BiVOy, thin film electrode.

The performance of the BiVO, thin film electrode was also
investigated by using a 10 mmol L™' MB solution in
0.1 mol L™" KCI electrolyte solutions. MB degradation anal-
ysis was performed by the chronoamperometric technique at
+1.4 V versus Ag/AgCl controlled potential. The electro-
chemical degradation was evaluated in the dark, only by the
applied potential, and the photoelectrochemical degradation
was carried out under continuous visible light irradiation from
the same sources, along with applied potential. The results
shown in Fig. 9a—c, correspond to the degradation in dark
condition, under continuous visible light from dichroic lamp
and under continuous visible light from InGaN LED, respec-
tively. In the dark condition (Fig. 9a), only by the applied

external potential effect, the BiVO, thin film electrode has
low degradation percentage of MB solution, only 13 %, as
deduced from the decrease of the absorption band intensity
of the MB molecule at 665 nm. Under visible light irradiation
condition, a high degradation percentage of MB by BiVO,
thin film electrode is observed, in spite of the short electrolysis
time (40 min). When the system is irradiated by the dichroic
lamp, the degradation percentage is about 46 %, whereas the
irradiation with InGaN LED leads to a degradation percentage
of 55 %. This superior performance for illumination with
InGaN LED can be considered even better when we recall
that the photon flux with above band gap energy is higher
for illumination with the dichroic lamp. These degradation
percentages are summarized in Table 3. The effect of visible
light irradiation is quite significant and the degradation per-
centage under visible light irradiation is considerably larger
than the degradation accomplished in the dark. In this case, the
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Fig.10 Decay curves of MB concentration at different degradation times
in KCl solution in the dark, under continuous visible light irradiation from
dichroic lamp and under continuous visible light irradiation from a blue

InGaN LED, conditions: a monoclinic BiVOy, thin film electrode and b
monoclinic BiVO4 powder catalyst
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photo-induced effect on the excitation of the semiconductor
film, coupled with the external potential applied effect to the
working electrode, provides greater system efficiency, due to
generation of a higher density of charge carriers and decrease
of electron-hole pairs recombination effect. BiVO, presents n-
type conductivity, which means electric conduction done pref-
erentially by electrons. Light irradiation occurs on the film
surface and then the photogenerated electrons on the conduc-
tion band of BiVO,4 may travel through the film width, and are
injected on FTO conductor substrate and transferred to the
counter-electrode of the electrochemical system. On the other
hand, the photogenerated holes on the valence band of the
BiVO, surface have enough lifetime, in order to create a den-
sity of holes on the surface relatively high, preventing the fast
electron—hole recombination—back process. This high density
of surface holes can oxidize water molecules to "OH-type
radicals that are fundamental in the MB degradation process,
due to the attack to the chromophore group of the molecule [7,
10, 27, 37], as already mentioned.

In order to check the catalytic activity of BiVO, semicon-
ductor material, two tests were realized without applying elec-
trochemical bias: one test under dark condition and another
test under visible light irradiation, using dichroic lamp and
InGaN LED. BiVO, powder samples obtained by solution
combustion technique were used for these catalytic tests.
Tests were performed in a conventional photocatalytic quartz
cell under magnetic stirring, inside a wooden box
(60 x 60 x 60 cm) coated with an aluminum foil. The visible
light sources (dichroic lamp and InGaN LED) were positioned
inside the box at a distance of 20 cm from the photocatalytic

Fig. 11 Schematic drawing
illustrating the charge separation
diagram of BiVOj, electrode
under distinct visible light sources

X -
S Pt wire
[

Light
Source

@ Springer

cell. Then, 10 mmol L™" MB in 0.1 mol L™! KCI electrolyte
solution and 1 g L™ of BiVO, catalyst were used. Figure 9d
shows the catalytic activity of BiVO,4 powder through the
absorption spectra of methylene blue degraded solution,
where after 40 min, the BiVOy, catalyst can degrade 17 % of
MB solution in the dark condition. Under dichroic lamp and
InGaN LED irradiation condition, the BiVO,4 powder can de-
grade 27 and 34 % of MB solution, Fig. 9e, f, respectively.
These degradation percentages are summarized in Table 3.
These results confirm the catalytic activity of n-type BiVO,4
semiconductor material to degrade the MB molecule.
Comparing the degradation percentage of MB with BiVO,
thin film and BiVO, powder under visible light irradiation
condition, it is possible to observe that with BiVO, thin film,
the degradation percentage of MB is higher than BiVO, pow-
der. It is related with the applied electrochemical potential to
the system, using thin film, which forces the migration of
photogenerated electrons to FTO substrate and holes to
BiVO, surface, suppressing the fast electron-hole recombina-
tion process and consequently causing the increase of system
efficiency [38].

The degradation profile curves, both in the dark and under
visible light irradiation, is evaluated though the graphic of In
(4bs/Abs,) as function of time can be seen in Fig. 10a (for
BiVOy thin film). It suggests that both processes follow
pseudo-first-order kinetics [7, 10, 27, 28]. The ks estimated
value, which can be obtained from the slope of the In (4bs,/
Abs,) as function of time curve, was equal to 149 x 10~ min™"'
under dichroic lamp irradiation and 200 x 10* min~" under
InGaN LED irradiation, while the dark conditions the
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estimated value of ks was equal to 30 x 10* min"'. The
estimated values of ks are also shown in table 3. It is ob-
served that the rate of MB degradation under visible light
effect is higher than the degradation rate in the dark.
Considering the BiVO, powder, which can be seen in
Fig. 10b, the k,,s estimated value was equal to
79 x 10" min~" under dichroic lamp irradiation and
98 x 10* min"! under InGaN LED irradiation, whereas in
the dark condition, the estimated value of k.., was equal to
47 x 10* min"". In conclusion, it was observed that under
InGaN LED irradiation condition, the FTO/BiVO, electrode
showed better performance in MB degradation, as inferred
from degradation percentage and estimated ks values. This
better performance can be explained by charge separation di-
agram illustrated in Fig. 1 1. In this case, under LED irradiation
condition, larger quantities of charge carriers are
photogenerated, leading to a larger degradation percentage
of MB.

As mentioned before [39, 40], the photocatalytic activity of
semiconductor materials can be influenced by many factors, in
which surface area of electrode, the hydroxyl radical forma-
tion on electrode surface, the light irradiation sources used,
and charge separation efficiency are considered as some key
factors. Considering the results obtained in this paper, it may
be concluded that the combination of these key factors must
contribute to the excellent catalytic performance of BiVO,4
material in the MB degradation reaction.

Conclusions

The solution combustion synthesis technique, concomitant
with the dip-coating deposition process, was quite efficient
in obtaining monoclinic BiVO, semiconductor material in
the form of thin film and powder, as demonstrated by the
characterization measurements carried out by XRD, SEM,
and UV-Vis techniques.

Although the BiVOy thin film has shown high electrical
resistivity, in the photoelectrochemical system, this is not con-
sidered a problem due to the high photoactivity presented by
the electrode. The photoelectrochemical parameters obtained
in KCI electrolyte solution show the FTO/BiVO, electrode
efficiency, under distinct visible light sources irradiation con-
dition. InGaN LED irradiation leads the electrode to a better
efficiency, fast response time (260 ms), and fast decay time
(65 ms), when compared with the irradiation by dichroic lamp.
Besides, the photocurrent density (j,,,), normalized by the pho-
ton flux, obtained under LED irradiation is approximately 39
times higher than the j,;, obtained under dichroic lamp
illumination.

The performance analysis based on the MB degradation
reaction has shown that the BiVO, material has higher
electroactivity under InGaN LED irradiation condition, with

estimated kg value of 200 x 10~ min!, which is a little
higher than dichroic lamp condition.

Overall, the results presented here allow concluding that
BiVOy, thin film deposited on FTO conductive electrode
stands as an important methodological tool with technological
potential to be used directly in environmental preservation,
specifically in the decontamination of surface water and
wastewater.
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