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A B S T R A C T

A new pathway to develop dye-sensitized solar cells is presented using bixin, lithium perchloride (LiClO4) and 
bismuth vanadate (BiVO4) formed electrochemically. Optical analysis showed the BiVO4 film has a 2.37 eV band 
gap, suitable for visible sunlight. X-ray diffraction (XRD) revealed that the film is crystalline with a monoclinic 
phase. At the same time, morphological characterization carried out by Field Emission Scanning Electron Mi
croscopy (FEG-SEM) showed that the film is porous and formed by particles measuring around 200 nm. Complete 
(photo)electrochemical studies were carried out for the photoanode, electrolyte, and bixin dye solution to 
evaluate the charge transfer energies of each solar cell component. BiVO4/bixin film photovoltaic devices were 
fabricated using iodide/triiodide redox mediators and compared with dye-free BiVO4 cells. Adding LiClO4 to the 
electrolyte enhanced solar cell performance. Thus, the results presented in this paper indicate that solar cells 
formed by BiVO4/bixin can be considered promising devices for converting solar energy into electrical current.

1. Introduction

Historically, humanity has depended on non-renewable energy 
sources such as oil, coal, and natural gas as civilization progressed [1–5]. 
However, the consumption of these energy sources, associated with the 
growth of the world population has generated environmental pollution 
problems that harm life on planet Earth [6–10]. Therefore, recent 
studies have investigated alternative energy sources that are more 
environmentally friendly [11,12].

The shift from polluting conventional energy sources to cleaner en
ergy sources is known as the transition. The objective of changing from a 
polluting energy matrix to a cleaner energy source is to mitigate climate 
change and the problems it causes [12–15]. The cleanest energy sources 
include wind energy [16,17], hydropower [18,19], green hydrogen 
production [20,21], biomass [16,22], and photovoltaic energy. In this 
context, photovoltaic solar cells, also known as solarcells, can convert 
solar radiation directly into electrical current [17], which can be used to 

obtain hydrogen as a fuel source [23,24].
There are three generations of solar cell technologies. The first is 

crystalline silicon (Si) solar cells, with outstanding efficiency (about 30 
per cent) and a life expectancy of up to 30 years. However, the most 
significant disadvantage of this technology is its high cost, which is 
attributed to the need to use high-purity Si [25]. Second-generation 
solar cells, also called thin-film cells, were developed to overcome this 
disadvantage. They are made of amorphous silicon, copper indium 
gallium selenide, cadmium telluride (CdTe), and copper tin sulfide 
[25,26]. Some authors reported that factors such as long-term stability, 
low efficiency, and toxicity are the main drawbacks of this cell type 
[25,26]. The third generation of photovoltaic cells includes quantum dot 
(QDSCs), perovskite (PSCs), organic (OSCs), and dye-sensitized solar 
cells (DSSCs). These new technologies offer several advantages, 
including a reported efficiency rate of up to 15 % [26,27].

Dye-sensitized solar cells (DSSCs), also called Grätzel solar cells 
[28,29], have the advantage of being simpler and cheaper to set up. 
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However, the cost-benefit ratio of these cells is only advantageous when 
more abundant raw materials are used in their manufacture. Thus, the 
type of sensitizing dye is a key material for DSSCs. Higher values of 
conversion efficiency of light into electric current are achieved with dyes 
that contain Ruthenium complexes [27,30,31]. However, DSSCs with 
these dyes are less attractive, considering that ruthenium dyes are 
expensive and harmful to the environment. In this scenario, recent 
research has explored alternative simpler, non-toxic, and biodegradable 
dye options for DSSCs [32,33]. This is why natural dyes are worth 
looking into. They can be extracted from different sources, such as fruits, 
flowers, leaves, and roots [32,33]. For instance, natural dyes norbixin 
and bixin as a sensitizer for DSSC devices were previously investigated 
by our research group [34]. The results showed that bixin was a good 
choice for making solar cells, which had an open circuit voltage (Voc) of 
519 mV and a short circuit current (Jsc) of 0.195 mA [34].

Bixin is a natural reddish carotenoid pigment that can be found in 
annatto seeds. Thisconstitutes up to 80 % of the color of annatto seeds, 
commonly cultivated in tropical regions of the world, including some 
Brazilian states such as Amazônia, Pará, Maranhão, and Piauí. Bixin has 
also been used as a raw material for the food industry, in the production 
of cosmetics and pharmaceutical products [35–37]. As it is a widely used 
and cultivated natural dye, the use of bixin in photovoltaic devices can 
help make this technology cheaper.

The sensitization of TiO2 and ZnO with natural dyes to play the role 
of photoanodes in DSSCs has already been demonstrated in a number of 
studies [26,38,39]. Both TiO2 and ZnO are oxides that have a light ab
sorption band in the ultraviolet region of the solar spectrum.

Therefore, the use of these oxides as electrodes for solar cells requires 
their modification with dyes. The dye molecules adsorbed on the oxide 
particles must be capable of absorbing radiation in the visible region of 
the solar spectrum and injecting electrons directly into the conduction 
band of the oxides. There are still very few studies on Grätzel-type solar 
cells, configured from colored oxide films. Recently, our research group 
proposed a dye-free photovoltaic device made up of colored electrodes 
acting as photoanode and photocathode, in a p-n type junction [40]. 
Similarly, other research has been carried out with colored semi
conductor oxides, which include CuWO4 [41], WO3 [39], Cu2O [40] and 
BiVO4 [42] films.

BiVO4 is an n-type semiconducting material with an estimated 
bandgap energy ranging from 2.3 to 2.5 eV [43]. The properties of this 
oxide in absorbing radiation in the visible region of the solar spectrum, 
its low cost, and low toxicity make it a potential material to act as a 
photoanode in solar cells [44]. BiVO4 can be prepared by different 
methodologies, including hydrothermal method [45], sol–gel [46], and 
electrodeposition [47]. The electrochemical method can be considered 
the easiest way to prepare BiVO4 films. Thus, using this methodology, 
the film is prepared directly on the conductive substrate, without 
requiring additional oxide deposition steps. Due to the excellent chem
ical stability of BiVO4, this semiconductor has been used as a photo
catalysis in studies on the photodegradation of organic pollutants in 
aqueous media [48], hydrogen water splitting [49,50], artificial CO2 
photosynthesis [51], supercapacitor systems [52] and solar cells 
[42,45,47]. However, based on the available literature, no studies still 
combine colored semiconductor film and natural dye to increase the 
efficiency of photovoltaic devices. Thus, in this work, we present studies 
on preparing a photovoltaic device configured with BiVO4 film sensi
tized with the natural dye bixin. To support the results presented by the 
BiVO4-bixin solar cell, a complete structural, optical, morphological, 
and photoelectrochemical characterization of the electrode is presented. 
For comparison purposes, the performance of the BiVO4-bixin cell is 
compared with that of a TiO2-bixin cell prepared under the same 
experimental conditions. The results achieved indicate that the solar cell 
investigated, formed by BiVO4/bixin, has the potential for converting 
solar energy into electrical current.

2. Experimental method

2.1. Synthesis of the BiVO4 film by electrodeposition method

BiVO4 film was prepared using the electrodeposition method based 
on previously reported conditions [53,54]. Thin films were prepared on 
glass containing a conductive layer of tin oxide doped with fluorine 
(FTO-glass, from Sigma Aldrich, and resistivity of 7 Ω/sq). Before elec
trodeposition, the substrate was cut to a size of 1.0 × 2.5 cm2, and
cleaned in an ultrasound bath in successive stages of neutral soap and 
water, deionized water, and acetone.

To prepare the BiVO4 film by electrodeposition, initially, 100 mL of 
an aqueous precursor solution composed of 2.92 g of Bismuth III Nitrate 
(Bi5O(OH)9(NO3)4; Perfyl Tech®, 79 %) was prepared, 6 mL of Nitric 
Acid (HNO3; Dinâmica®, 71 %), 20 mL of Monoethylene Glycol 
(C2H6O2; Sigma-Aldrich®, 99.8 %) and deionized water. The electro
deposition process was carried out employing a Potentiostat/Galvano
stat model PGSTAT302N from Metrohm® and NOVA 1.7 software. The 
analysis was performed in a single-chamber electrochemical unit 
equipped with a Teflon cover with three holes to accommodate the 
counter electrode (platinum wire), reference electrode (Ag/AgCl/KCl 
(3.0 mol L− 1)), and working electrode (FTO-glass). During the electro
deposition process, eight chronoamperometric sweeps were applied, 
lasting 6 s each, under a constant potential of − 1.85 V. Next, the for
mation of a dark-gray film was observed on the FTO-glass.

To convert the dark gray film into BiVO4, 50 μL of a 0.1 mol L− 1 

solution of ammonium metavanadate (NH4VO3; Sigma-Aldrich®, 99 %) 
was dripped onto the electrodeposited metallic film. After that, the 
system was heat treated in an electric muffle furnace at 500 ◦C, heated at 
a rate of 2 ◦C min− 1, and maintained for 2 h. To remove the probable 
excess V2O5 formed during heat treatment, the film was immersed in 1.0 
mol L− 1 sodium hydroxide solution (NaOH; from Dynamic®, 98 %) for 3 
min and then washed with deionized water.

2.2. Preparation of Pt film as counter electrode

The preparation of the platinum counter electrode (CE) was carried 
out based on previous studies by our research group [34]. Briefly, to 
prepare the CE, 10 μL of a 15 mmol/L solution of chloroplatinic acid 
hexahydrate (H2PtCl6 6H2O; Sigma-Aldrich®, 37.50 %) was dripped 
onto the conductive face of the FTO-glass. Then, the conductive sub
strate was placed in an electric muffle furnace at 400 ◦C for 30 min. 
Subsequently, the CE was washed in an ultrasound bath in three steps: 
(i) mixing diluted neutral detergent and deionized water; (ii) only 
deionized water, and (iii) isopropanol. Before use, the CE was placed in 
an electric muffle furnace and heat-treated again, according to the 
previous configurations.

2.3. Preparation of the solution containing the bixin natural dye

The bixin natural dye was extracted following the methodology 
described by Fontinele et al [55]. The bixin solution was prepared from a 
mass of 0.0020 g of natural dye dissolved in 2 mL of ethanol (C2H6O; 
Dinâmica®, 99.5 %). This solution was maintained in ultrasonic bath 
treatment for one hour. Subsequently, the solution was transferred to a 
5 mL volumetric flask, and the volume was adjusted with ethanol, 
resulting in a solution with a concentration of 1 × 10− 3 mol L− 1.

2.4. Preparation of the electrolyte containing the I− /I−3 pair

The electrolyte was prepared by combining 0.32 g of iodine (I2; 
Vetec, 99.8 %) and 0.36 g of ammonium iodide (NH4I; Sigma-Aldrich®, 
99 %) in a beaker. Thereafter, 15 mL of acetonitrile was added to the 
mixture and subjected to one hour of ultrasonic bath treatment. The 
mixture was then transferred to a 25 mL volumetric flask, and sufficient 
acetonitrile was added to form a solution with a concentration of 0.05 
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molL− 1 of I2 and 0.1 molL− 1 of NH4I. For the electrolyte solution with 
the additive, 0.0106 g of lithium perchlorate (LiClO4; Sigma-Aldrich®, 
95.0 %) was transferred to a 5 mL volumetric flask. Then, a 5 mL aliquot 
of the electrolyte was added, resulting in a solution with a concentration 
of 0.02 mol L− 1 with the additive.

2.5. Characterization of structure, morphology and optics

The structural characterization of the films was carried out by X-ray 
diffraction(XRD), using an X-ray diffractometer, operating with Cu-Kα 
radiation (λ = 0.154 nm) at 40 kV at 30 mA, incident diffraction angle 2θ 
from 10◦ to 90◦ with 0.02◦/min scan speed to assess the crystallinity and 
identify the phase of the sample. The Inorganic Crystal Structure Data
base (ICSD) was then used to compare the diffraction patterns. The 
optical properties of the material were investigated using UV–visible 
spectroscopy, this involved measuring the absorbance of the material 
using a Shimadzu® UV-2600 model spectrophotometer, with FTO-glass 
as reference. The morphology of the FTO|BiVO4 sample was investigated 
with a field emission Scanning Electron Microscope (SEM-FEG, model 
VEGA3 LMU) VEGA3 from TESCAN, which operates with an accelera
tion voltage of 200 V to 30 kV. This equipment also allowed elemental 
analysis to be obtained using energy dispersive spectroscopy – EDS.

The elemental composition, chemical state, and electronic properties 
of the elements on the sample surface were obtained by X-ray photo
electron spectroscopy (XPS) using the K-alpha + model from Thermo 
Fisher Scientific®. The XPS instrument relies on an Al-Kα X-ray source 
and is calibrated concerning the C 1s peak at 284.43 eV.

2.6. Photoelectrochemical characterizations

Electrochemical measurements such as cyclic voltammetry (CV), 
linear sweep voltammetry (LSV), chronoamperometry, and chro
nopotentiometry, were conducted to investigate theperformance of the 
photoanode using a Potentiostat/Galvanostatmodel PGSTAT302N from 
Metrohm. Impedance Spectroscopy Measurements (EIS) were also per
formed using a Bipotentiostat/Galvanostat/Impedance Analyzer (EIS), 
Metrohm model μStat-i 400. These studies were conducted in the 
absence of or under polychromatic light irradiation, using a metal vapor 
lamp (HQI-NDL, 150 W, RX7S) adjusted to 100 mW cm− 2. In the pho
toelectrochemical studies, an aqueous solution of sodium sulfate 
(Na2SO4; Vetec, 99.0 %) 0.1 mol L− 1 (pH 5.6) was used as the supporting 
electrolyte in a single-compartment electrochemical cell. The cell was 
configured with three electrodes, in which the BiVO4 film was used as 
the working electrode, Ag/AgCl as the reference electrode and a Pt wire 
as the counter electrode.

Finally, BiVO4-bixin solar cells were investigated by LSV under 
illumination at 100 mW cm− 2 (AM 1.5). The linear scan rate was set at 2 
mVs− 1, and the experimental data obtained from LSV curves were short- 
circuit photocurrent (Jsc), open-circuit voltage (Voc), fill factor (FF), 
maximum power (Pmax) and cell efficiency (η%).

3. Results and discussion

3.1. Structural characterization

Structural characterization of the FTO|BiVO4 film was carried outby 
XRD analysis to evaluate the crystallinity and identify the type structure 
of the sample.

The diffractogram presented in Fig. 1 revealed diffraction signals in 
perfect agreement with ICSD card number 100604, for the monoclinic 
structure of BiVO4 [42,56]. In the diffractogram it is possible to identify 
the signals attributed to reflection planes (002), (011), (112), (004), 
(200), (020), (1–21), (015), (123), (204), (220), (116), (312), (132), 
(224), (040) and (136)of BiVO4 [57]. In addition, the diffraction peaks 
identified by asterisk (*) were attributed to the SnO2, which forms 
theconductive layer (FTO) of the substrate (ICSD card number 409393). 

The results of the structural characterization showed that the applied 
synthesis process is well suited for the fabrication of BiVO4 films on FTO- 
glass substrate.

3.2. Morphological and chemical composition studies

The images shown in Fig. 2 were obtained using Field Emission 
Scanning Electron Microscopy (FEG-SEM), which evaluated the 
morphology of the electrodeposited BiVO4 film. The FEG-SEM image 
presented in Fig. 2a with a magnification of 15 k shows that the elec
trode is formed by several small grains (~200 nm) of undefined shape, 
agglomerated into larger particles, forming a porous film. The FEG-SEM 
image inset in Fig. 2a (magnification of 3 k) shows that the electrode
position method forms a very regular film on the glass-FTO substrate. 
The porosity of the film can improve contact between BiVO4 particles 
and the cell electrolyte, facilitating the charge transfer process [58]. The 
porous morphology may have been formed due to the release of volatiles 
and organic compounds such as monoethylene glycol during the heat 
treatment process, and the final treatment of the film with sodium hy
droxide solution (see experimental section). Fig. 2b shows FEG-SEM 
image of the cross-section of the BiVO4 film, where it is possible to 
observe that the non-regular and porous film has a thickness of 
approximately 2 µm.

The FTO|BiVO4film composition was evaluated by energy-dispersive 
X-ray spectroscopy (EDS), which revealed a homogeneous distribution 
of bismuth (Bi), oxygen (O), and vanadium (V) atoms on the surface of 
the BiVO4 sample. The table inserted in Fig. 3 presents the weight per
centage (Wt%) of each element on the film surface, followed by the 
standard deviation (σ). Also, the atomic percentages detected by EDS 
were 15.66, 12.49, and 71.85 % for bismuth (Bi), vanadium (V), and 
oxygen (O), respectively. Theoretically, the atomic percentage ratio for 
[%O/(%Bi+%V)] for BiVO4 should be 2.00 %. Based on the values 
estimated by EDS, the percentage was around 2.56 %. However, this 
higher value may be associated with the oxygen contributions from 
SnO2, from the conducting layer.

Besides that, XPS investigation was developed to examine the 
chemical states of elements present in the film. XPS survey and high- 
resolution spectra depict signals for Bi 4f, V 2p and O 2 s registered in 
the BiVO4 sample. Fig. 4a displays XPS survey spectrum with peaks 
associated with Bi(4f) at 158.08 eV, O(1 s) at 529.08 eV, and V(2p) at 
515.08 eV for the film, confirming the chemical composition of the 

Fig. 1. XRD pattern for the FTO|BiVO4 film calcined at 500 ◦C for 2 h. The 
vertical lines (|) indicate the positions and relative intensities found on the ICSD 
100604 card for the monoclinic structure.
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sample registered early by EDS.
Fig. 4b shows the high-resolution spectrum for Bi 4f5/2 and 4f7/2, 

which exhibit two symmetric peaks with maximum binding energies 
(BE) values centered at 164.27 and 158.9 eV, respectively. These values 
are typical of Bi3+, the valence state found in the BiVO4 material 
[59,60]. The high-resolution spectrum shown in Fig. 4(c) corresponds to 
the BEattributed to electronic states of V5+ 2p3/2 and V5+ 2p1/2, which 
were located at516.57 and 524.05 eV, respectively. The BE value of 
521.08 eV may be associated with vanadium bound to oxygen (V–O) 
[61–63].

The three Gaussian peaks in Fig. 4d correspond to the O 1 s peaks in 
the 529.6 to 531.5 eV region. These peaks were characteristic of oxygen 
in the B − O − V bond, oxygen vacancies, and oxygen of OH– groups 
present on the surface of the material [64,65]. These hydroxyl groups 
may be associated with the basic solution used to remove excess vana
dium oxide, probably formed during the heat treatment of the films.

3.3. Optical characterization

Fig. 5 shows the optical behavior of the unmodified FTO|BiVO4 film 
with adsorbed natural bixin dye investigated using UV–Vis spectroscopy 
in absorbance mode. As can be seen in Fig. 5a, the BiVO4 film exhibits 
light absorption in the visible region of the spectrum starting at 
approximately 550 nm. The increase in absorbance is due to electron 
transitions in the semiconductor. With the natural dye bixin, visible light 
absorption shifted to higher wavelengths, starting at 600 nm. Further
more, the absorbance intensity was increased, indicating that the 
BiVO4/bixin combination improves the harvest into the visible radia
tion. In TiO2/dye solar cells, the mechanism of action of the dye for the 
operation of the device is presented as the injection of electrons from the 
dye directly into the CB of the TiO2 [29,34]. In the case of the BiVO4/ 
bixin system, the electrons that reach the CB of the semiconductor must 
be the result of contributions from the oxide and the dye. Therefore, the 
colored semiconductor-bixin dye junction can work synergistically to 
convert radiation into electrical current.

Fig. 5(b) shows the optical band gap energy (Egap) for the BiVO4 film 
calculated by the Wood-Tauc function [66,67], as presented in Eq. (1). 
According to this methodology, the Egap is obtained by extrapolating the 
linear part of the graph of (αhv)0.5 as a function of photon energy (hν). 
Considering an indirect transition, the Egapvalue found was 2.37 eV, 
which is in agreement with the literature [42]. 

(αhv)n = C(hv –Egap)                                                                      (1)

When not adsorbed on the BiVO4 film particles, bixin presents a 
maximum absorbance at around 509 nm, as can be seen in Fig. S1 of the 
Supporting Information (SI). This absorption is in agreement with values 
previouslyreported [34,36]. Bixin’s electronic transition is from highest 
occupied molecular orbital (HOMO) to lowest unoccupied molecular 
orbital (LUMO). This 509 nm wavelength of bixin, associated with 
electrochemical measurements, was used to find the energy difference 
between HOMO and LUMO of the dye, following the methodology 
previously investigated by our research group [34].

3.4. Electrochemical and photoelectrochemical analyses

3.4.1. Cyclic voltammograms of the electrolyte solution with I− |I−3 and 
bixin natural dye

The electrolytes used in DSSCs are mainly composed of the redox pair 
I− |I−3 , with acetonitrile as the solvent. The redox couple may be used in 

Fig. 2. a)FEG-SEM image of the surface and b) cross-sectionof FTO|BiVO4 film prepared by electrodeposition method.

Fig. 3. EDS spectrum and mapping of the distribution of Bi, V, and O atoms on 
the surface of the BiVO4 film.
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DSSCs to transfer electrons and regenerate photo-oxidized dyes [68,69]. 
Also, the use of acetonitrile may be linked to the high solubility of iodine 
and iodide salts in this solvent. Thus, iodide ions (I− ) play a significant 
role in the cell’s efficiency, transiting between the photoanode and the 
cathode, undergoing oxidation–reduction, and contributing to the 
photocurrent density presented by the cell [70,71].

Fig. 6 shows Cyclic Voltammogram (CV) for I− |I−3 electrolyte, and 
bixin natural dye in comparison with CV curve registered for the 

solvents. In Fig. 6a, no redox signal was observed for acetonitrile used as 
solvent. However, in the presence of the redox mediator, it is possible to 
observe an increase in anodic current that starts at around 0.50 V and a 
steady current at approximately 0.90 V (Ag/AgCl). In addition, the CV 
curve in the anodic and cathodic directions presents excellent hysteresis. 
The recorded potentials are associated with the redox balance in the 
I2 + I− ⇌I−3 reaction. Potentials recorded with the Ag/AgCl reference 
electrode were converted to RHE and eV using equations 2 and 3 

Fig. 4. XPS survey spectra (a) and high-resolution XPS spectrumof Bi 4f (b), V 2p (c), and O 1s (d).

Fig. 5. UV–Vis curves in absorbance mode for a) FTO|BiVO4 and FTO|BiVO4 + bixin films and, b) calculated bandgap energy (Egap) by the Wood-Tauc function for 
the FTO|BiVO4 films assuming an indirect transition.
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considering the electrolyte solution’s pH, as presented in a previous 
study [72–74]. The redox potential values for the iodide-triiodide sys
tem were obtained in the range between − 5.53 and − 5.75 eV. The 
absence of diffusional behavior in the CV curve occurs because a 
microelectrode was used to study the redox potential of the electrolyte. 

E (vs, RHE) = E (vsAg/AgCl) + 0.0591 V × pH + 0.199 V              (2)

E(eV) = [− 4.5 eV − eE(RHE)]                                                          (3)

Fig. 6b illustrates the CV curves for the ethanolic solution of bixin 
natural dye. The oxidation potential of bixin was observed atapprox
imately 1.0 V (Ag/AgCl). As presented previously, Eqs. 2 and 3 were 
used to convert this potential in RHE, which corresponds to − 6.04 eV. 
Thus, considering the wavelength of maximum absorbance of bixin 
presented in Fig. S1 and the oxidation potential of the dye, it was 
possible to estimate the HOMO and LUMO of the molecule.

3.4.2. Photoelectrochemical characterization of FTO|BiVO4 electrode
Photoelectrochemical measurements of semiconductor electrodes 

are important to evaluate the capability of the material to convert light 
into charges. The chronopotentiometry curve presented in Fig. S2 shows 
that BiVO4 is an n-type semiconductor, with a negative photopotential 
variation (ΔE < zero). N-type semiconductors make excellent photo
anodes in many light energy conversion systems. The BiVO4 film was 
also subjected to electrochemical impedance spectroscopy (EIS) to 
evaluate the charge transfer behavior at the electrolyte–electrode 
interface. The Nyquist curves for the system in the dark condition 
compared to the irradiated system are shown in Fig. 7a. In both condi
tions, the electrode exhibits a single capacitive arc, which in higher 
frequency regions is associated with the charging of the electrical double 
layer and charge transfer processes. As observed in the FEG-SEM images 
in Fig. 2, the BiVO4 electrode is porous and this porosity facilitates 
contact at the electrode/electrolyte interface, thus improving charge 
transfer. Under illumination conditions, it was possible to observe the 
lowest impedance values and a smaller capacitive arc, observed by the 
smaller semicircle diameter (orange curve), indicating that the electrode 
presented a lower resistance to charge transfer when compared to the 
non-irradiated condition (black curve).

Fig. 7b shows the Linear Sweep Voltammogram (LSV) for the FTO| 
BiVO4 electrode, registered in a potential interval of − 0.1 to 1.2 V, 
with interruption of the irradiation every 10 s and scan rate of 2 mV s− 1. 
In the dark condition, the BiVO4 film presents almost zero current. On 
the other hand, under polychromatic light illumination conditions, the 
photoelectrode shows a gradual increase in photocurrent, reaching 
approximately 75 µA cm− 2 of anodic current at 0.7 V (Ag/AgCl). When 
irradiated, electrons are promoted from CV to CB of BiVO4. In the dark 
condition, electrons return to VB of the material and the recorded cur
rent is almost zero again. From Impedance analyzer, it is possible to 
estimate the flat band potential (Efb) for BiVO4, using the Mott-Schottky 
(MS)described by Eq. (4). 

1
C2

sc
=

2
ε0εrA2eND

(

E − Efb −
KBT

e

)

(4) 

where CSC semiconductor capacitance; ε0 and εr refer to vacuum 
permittivity and relative permittivity, respectively; A is the surface area; 
e is electron charge; ND is the majority carrier density; E is applied po
tential; KB is the Boltzmann’s constant and, T the temperature [75]. 
Fig. 7c shows the value of − 0.045 V (vs Ag/AgCl) for Efb of BiVO4. In n- 
type semiconductors, the Fermi potential (EF) is close to the CB of the 
material. Thus, considering the band edge potential (ECB) ~ Efb, it was 
possible to estimate the ECB of BiVO4, according to Eq. (4), and following 
metrology presented in previous studies by our research group [76,77]. 
Thus, the ECB was estimated at − 0.045 V, which corresponds to − 4.98 
eV.

Additional photoelectrochemical studies also revealed that even 
under biaspotential, BiVO4 films show electron-hole charge recombi
nation. Fig. 3Sa shows the chronoamperometric curve recorded for the 
system polarized at 0.70 V (Ag/AgCl) in light–dark conditions. In the 
dark, it can be observed that the current density is nearly zero, as 
registered in CV curves. However, immediately after light illumination, 
ananodic photocurrent peak is observed, which can be attributed to the 
separation and accumulation of charges in the CB of the semiconductor. 
It is then evident that the photocurrent reduces exponentially until it 
reaches a stationary state. This reduction in photocurrent can be 
attributed to the recombination kinetics of the photogenerated charges. 
Based on the methodology previously presented by our research group 
[72,76,77]. The recombination time of the electron-hole pair was esti
mated at 27 s. Another important observation is that the photocurrent 
intensity remains practically unchanged throughout the repeated 
light–dark cycles, suggesting a good resilience of BiVO4 to 
photocorrosion.

From the ECB and Egap values (presented in Fig. 2b) it was possible to 

Fig. 6. CV curves for a) electrolyte solution to verify the I− |I−3 redox pair, and 
b) solution containing the natural dye bixin obtained at a scan rate of 2 mV/s 
using a 10 µm diameter Pt microelectrode as the working electrode.
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estimate the value of the valence band edge potential (EVB). Considering 
the ECB, Egap, and EVB values, it was possible to construct the diagram 
displayed in Fig. 8. According to the diagram, the energy values of the 
electrolyte, dye, and semiconductor are suitable for the application of 

the system in solar energy conversion, since the solar cell allows an 
adequate transfer of charges.

As illustrated in the diagram shown in Fig. 8, when the solar cell 
based on BiVO4/bixin is irradiated, the bixin dye has electrons excited 

Fig. 7. a) Nyquist diagrams for the FTO|BiVO4 electrode obtained in the absence of and under polychromatic irradiation, b)LSV curve for the FTO|BiVO4electrode 
under interrupted polychromatic light irradiation every 10 s and scan rate 2 mVs− 1, obtained in 0.1 molL− 1 Na2SO4aqueous solution as support electrolyte and c) 
Mott-Schottky plots for the FTO|BiVO4 electrode under dark conditions.

Fig. 8. Diagram illustratingthe energy levels of the constituents of the solar cell, with the positions of the CB and VB of the FTO|BiVO4 film electrode; the HOMO and 
LUMO of the dye, and the redox level of the electrolyte constituting the solar cell.
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from HOMO to LUMO. As BiVO4 displays an ECB positioned above that of 
the LUMO of the bixin dye, the transfer of electrons excited in the dye to 
the CB of the semiconductor occurs. To regenerate the oxidized dye, the 
redox potential of the electrolyte must exceed the HOMO. As BiVO4 is 
colored, the electrons that reach the CB of the material may also have 
been injected from the VB of the semiconductor. As observed for the dye, 
the electrolyte has a redox potential above the EVB and can regenerate 
the lost charge. Thus, based on the estimated potentials, it is possible to 
propose that the mechanism that explains the photocurrent in the 
BiVO4/bixin solar cell arises when, under irradiation, electrons are 
excited from the HOMO to the LUMO of the dye, being subsequently 
injected into the BiVO4 BC. Thus, these electrons reach the external 
circuit and arrive at the platinum counter electrode. During this process, 
the electrolyte has adequate potential to restore the dye or the gap left in 
the VB of the semiconductor.

3.5. Photoelectrochemical characterizations of BiVO4/bixin solar cells

Fig. 9 shows the photoelectrochemical characterization of solar cells 
prepared from the FTO|BiVO4 film modified or not with the natural 
current bixin. Photocurrent versus voltage measurements were recorded 
under a polychromatic light source adjusted to 100 mW cm− 2 (1.5AM). 
A BiVO4 solar cell without bixin had a Voc of 302 mV and a Jsc of 0.315 
mA cm− 2. Similar efficiency (η %) was registered by Daemi et al [78] for 
dye-free BiVO4solar cell prepared with liquid electrolyte. In our study, 
whenthe BiVO4 film was modified with bixin, the solar cell showed 
higher Voc and Jsc values. This result corroborates the UV–Vis data that 
indicated the superior capacity of the BiVO4/bixin photoanode to absorb 
polychromatic radiation.

As discussed earlier, from the energy level diagram, the redox level of 
the electrolyte is suitable for the regeneration of the dye, which in turn is 
capable of injecting electrons into the CB of BiVO4. The BiVO4/bixin 
solar cell was also evaluated in the presence of lithium perchlorate 
(LiClO4) as an electrolyte additive. Fig. S4 shows CV curve of the elec
trolyte containing LiClO4, with a higher current value, compared to the 
iodide/triiodide systemwithout the presence of the additive. As seen in 
Fig. 9, the LiClO4 contributed to increasing the Jsc and Voc of the solar 
cell. As can be seen in Fig. S4, the organic solvent acetonitrile used in the 
preparation of the electrolytic solution does not present a redox signal in 
the investigated potential region. In addition, the acetonitrile and LiClO4 
system also does not present a current signal in the cyclic voltammogram 
shown in Fig. 4S. This result suggests that the additive functions as an 

electrolytic salt, increasing the ionic conductivity of the electrolyte and 
decreasing the charge transfer resistance in the solar cell.

Table 1 summarizes the results of open circuit voltage (Voc), short- 
circuit current density (Jsc), maximum power (Pmax), fill factor (FF), 
and efficiency (η) of the solar cells presented in these studies. It is 
possible to note that the presence of LiClO4 in the electrolyte increased 
the overall efficiency of the photovoltaic device by approximately 1.75 
times, while the presence of the dye contributed to an increase of 
approximately 1.89 times. The highest efficiency observed was 1.11 % 
for solar cells made of BiVO4/bixin film and LiClO4 as an additive. In 
comparison to the dye-free solar cell, the overall efficiency of the best 
device was approximately 3.96 times.

The theoretical capacity of a photovoltaic cell to convert light to 
current can be monitored through several parameters, which include fill 
factor (FF), short-circuit current density (Jsc) and open-circuit voltage 
(Voc). In a J versus V curve, the maximum power point (Pmax) is obtained 
at values of Jmax and Vmax. FF is a parameter that relates Pmax, Jsc and 
Voc, according to Eq. (5): 

FF =
Pmax

Jsc × Voc
=

Jmax × Vmax

Jsc × Voc
(5) 

In principle, the highest value obtained for FF is unity, when the 
values of Jsc and Voc are equal to Jmax and Vmax, respectively. The fill 
factor (FF) of a solar cell is a measure of how rectangular its cur
rent–voltage (J-V) curve is. A higher FF indicates a more rectangular 
curve, while a lower FF indicates a flatter curve. Thus, a rectangular J-V 
curve indicates that the value of Jsc remains almost constant even under 
reverse bias conditions of the photovoltaic device.

The efficiency (η%) of conversion of incident light power (Pin) into 
photocurrent is another important parameter to evaluate the quality of a 
solar cell. This efficiency can be calculated according to Eq. (6): 

η(%) =
Pmax

Pin
× 100 =

Jmax × Vmax

Pin
× 100 =

Jsc × Voc × FF
Pin

× 100 (6) 

The parameters obtained for all investigated devices and presented 
in Table 1 indicate that the cell prepared with BiVO4, modified with 
bixin and having LiClO4 as an additive is the best photovoltaic device.

4. Conclusion

BiVO4 films were successfully prepared from the electrochemical 
deposition of metallic bismuth followed by heat treatment in the pres
ence of a vanadium source. The films presented excellent adhesion to the 
FTO-glass substrate. The structural characterization of the sample 
showed that the material has a monoclinic phase, while FEG-SEM im
ages revealed the presence of clusters of particles measuring around 200 
nm. Photoelectrochemical measurements demonstrated that BiVO4 
forms an n-type semiconductor electrode with a photocurrent density of 
approximately 75 µA cm− 2, at 0.7 V (vs Ag/AgCl). The estimated value 
of the optical Egap for the material is in agreement with values reported 
in the literature and indicates that the material absorbs light in the 
visible region of the solar spectrum. This light absorption region and 
intensity were enlarged for the BiVO4/bixin system, which is an ideal 
condition for good DSSC performance. The energy level diagram ob
tained for all components of the solar cell indicated that the charge 

Fig. 9. Jsc × Voc curves for cells not sensitized (black curve) and sensitized with 
the Bixin dye in the presence (orange curve) and absence (blue curve) of the 
additive (LiClO4).

Table 1 
DSSC parameters (Jsc, Voc, FF, Pmax, and η(%)) extracted from the graph shown 
in Fig. 9.

Parameters FTO|BiVO4- 
Electrolyte

FTO|BiVO4/bixin- 
Electrolyte

FTO|BiVO4/bixin- 
Electrolyte + LiClO4

Voc (mV) 302 454 500
Jsc(mA) 0.315 0.449 0.646
FF 0.297 0.260 0.344
Pmax (mW) 28.22 52.65 111
η (%) 0.28 0.53 1.11
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transfer kinetics is favored in the solar cell formed with the BiVO4/bixin 
electrode, having the iodide/triiodide redox pair in the electrolyte. The 
diagram also showed that the bixin dye is suitable for injecting electrons 
into the CB of the semiconductor. The studies presented also demon
strated that the incorporation of LiClO4 as an additive increased the 
photocurrent density of solar cells. Thus, the results indicate that the 
BiVO4 film sensitized with bixin dye can be considered a promising 
material for use as a photoanode in a photovoltaic device.
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