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• The C3N4– BiVO4 mixture showed better 
photoelectrocatalytic properties. 

• The photocurrent of the C3N4– BiVO4 is 
1.5 mA cm− 2 

• The charge mobility increses 10 times in 
the C3N4– BiVO4 mixture. 

• PhEC detoxification and 55 % TOC in 
300 min using C3N4– BiVO4 
photoanode.  
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A B S T R A C T   

Photoelectrochemical systems utilizing solar energy have garnered significant attention for their sustainability in 
remediating contaminated water. This study focuses on advancing photoanode development through the utili-
zation of carbon nitrides (C3N4) and bismuth vanadate (BiVO4), two promising semiconductor materials 
renowned for their efficient electron-hole pair separation leading to enhanced photocatalytic activity. Four 
distinct materials were synthesized and compared: BiVO4 over C3N4, C3N4 over BiVO4, and pristine BiVO4 and 
C3N4. Upon electrochemical analysis, the C3N4–BiVO4 heterostructure exhibited the highest photo-
electrocatalytic charge transfer constant, mobility, and lifetime of charge carriers. Capitalizing on these excep-
tional properties, the composite was applied to remove organic matter real effluent from the textile industry. The 
photoelectrodegradation of the effluent demonstrated substantial removal of Total Organic Carbon (TOC) and 
the generation of low toxicity degradation products, accompanied by low energy consumption. The compelling 
results underscore the high potential of the synthesized C3N4–BiVO4 heterostructure for industrial applications, 
particularly in addressing environmental challenges associated with textile industry effluents.  
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1. Introduction 

Nowadays, wastewater volume grows along with the population 
boost, causing pollution to increase daily. Wastewater treatment plants 
(WWTP) are the main points of industrial waste discharge since they 
cannot efficiently remove most organic contaminants from industry, 
hospitals, and agriculture (Rodriguez-Mozaz et al., 2015). Therefore, 
many research groups have sought alternative methods to remove these 
contaminants (Gutierrez-Urbano et al., 2021). 

Several types of treatment have been studied, such as adsorption 
(Zhuang et al., 2019), biological processes (Wang and Wang, 2018), and 
coagulation (Xu et al., 2021), but they have a high operating cost and 
low removal efficiency, which is why they have not been widely applied. 
(Wang and Zhuan, 2020). In such a way, advanced oxidative processes 
(AOP) have gained prominence since they can transform recalcitrant 
organic compounds into simple molecules with low environmental 
impact (Wang and Wang, 2019). Thus, the use of one or more AOPs has 
been widely studied. Among them, photoelectrochemistry, which com-
bines light and electrical energies, has received great attention; this 
process aims to generate free radicals by photoactivation, which degrade 
organic pollutants (Gonzaga et al., 2021; Ma et al., 2022). 

The use of semiconductors as photoanodes can be very promising 
since they can be low-cost materials and abundant in nature (Sharma 
et al., 2020). Usually, the photocatalytic efficiency depends on the cat-
alyst’s performance, which must have a small band gap for a wide range 
of light absorption, separation, efficient charge transport, and a strong 
redox capability (Sun et al., 2018). However, it is practically impossible 
to gather all these properties in a single catalyst (Yuan et al., 2021). To 
overcome these technology application limitations, several types of 
materials have been developed, such as the construction of 
semiconductor-semiconductor composites (Zhao et al., 2016), catalysts 
(Kang et al., 2019), doping (Zhong et al., 2020), and coupling with 
carbon materials (Ali et al., 2019). 

Bismuth vanadate (BiVO4) has high chemical stability, excellent 
photochemical properties, and a wide range of sunlight excitation. 
Therefore, it is a promising material for application in photo-
electrochemistry (Corradini et al., 2020). However, the use of pure 
BiVO4 has disadvantages, its poor electrical conductivity, sluggish sur-
face kinetics, and the recombination of electron/hole pairs (Lu et al., 
2019; Wang et al., 2022; Xie et al., 2023). On the other hand, carbon 
nitride (C3N4) has been extensively studied, as it is a metal-free semi-
conductor, environmentally friendly, easy to synthesize, and has inter-
esting photocatalytic properties (Cao et al., 2015). Therefore, some 
studies about heterostructures based on BiVO4 and C3N4 were previ-
ously reported in the literature. These have shown that the C3N4–BiVO4 
heterostructure facilitates the separation of photogenerated carriers 
with a promising photoelectrochemical performance (Karthik et al., 
2020; Li et al., 2022; Wu et al., 2018). Although some researchers have 
evaluated this type of electrode and shown that it is promising, none 
have dedicated themselves to using it for the degradation of real efflu-
ents or detoxification, a relevant gap in the literature that must be filled. 

Given this background, a C3N4–BiVO4 heterostructured photo-
electrocatalyst was prepared using a simple and fast method to remove 
organic matter and detoxify real effluent from the textile industry. The 
photoelectrocatalytic properties of the synthesized materials (C3N4, 
BiVO4, BiVO4–C3N4, and the C3N4–BiVO4) were evaluated using a solar 
simulator. Furthermore, after the effluent degradation process, the re-
action solutions’ toxicity was first evaluated using the model with Lac-
tuca sativa (L. sativa). 

2. Experimental 

2.1. Materials 

All reagents used in this work were supplied by Sigma-Aldrich and 
used without prior purification. All aqueous solutions were prepared 

using ultrapure water (Milli-q). Electrochemical analyses were per-
formed with a Methrom Potentiostat with Autolab NOVA 2.1 software. 
An effluent provided by a textile industry located in Araraquara, São 
Paulo, Brazil, was used for degradation tests, and Table S1 shows the 
characteristics of this effluent. 

2.2. Photoanode synthesis 

The synthesis of the BiVO4 solution was performed as previously 
reported by Mascaro et al. (2014). The C3N4 was synthesized according 
to Silva et al. (2021) and later dissolved in PEG300 to prepare a pre-
cursor solution. Initially, the precursor solution was deposited by spin 
coating on a fluorine-doped tin oxide (FTO) electrode, pouring 30 μL of 
the solution into the FTO, and stirring at 2000 rpm for 30 s. Subse-
quently, the films were dried in an oven at 150 ◦C for 15 min, and this 
procedure was repeated 5 times, resulting in 5 layers. However, after the 
sixth and last layer was deposited, the modified electrode was placed in 
an oven for 30 min at 500 ◦C, with a heating rate of 10 ◦C min− 1, from 
the ambient temperature. This process was performed to improve the 
adhesion of the solution to the FTO and facilitate the crystallization of 
the expected oxides. With this, anodes with four different compositions 
are expected to be obtained: BiVO4, C3N4, BiVO4–C3N4, and 
C3N4–BiVO4. Where the pure electrodes have six layers of a single ma-
terial, the heterostructures were made by depositing three layers of each 
material. 

2.3. Physical characterization 

Diffuse reflectance spectroscopy (DRS) analyses were performed 
with a Cary 5E spectrophotometer, scanning from 300 to 800 nm. The x- 
ray diffractograms were obtained from the films on the substrate using a 
Shimadzu diffractometer model XRD6100 with CuKα radiation) 20◦ to 
80◦ with a sweep speed of 2◦ min− 1. Raman spectra from 100 to 2000 
cm− 1 were obtained using a micro-Raman Horiba iHR550 with an 
excitation length of 532 nm (green laser) to study the samples’ vibra-
tional states. 

Still, to evaluate the morphology of the materials synthesized in the 
samples, Scanning Electron Microscopy (SEM) images were performed 
using a FEI Inspect F50 model. To obtain Transmission Electron Mi-
croscopy images, the cathode of the mixture was placed in ultrasound 
with isopropanol for 30 min to then have the particles suspended and 
subsequently transferred to the diffraction grating, after which the im-
ages were obtained in a Jem-2100 Jeon equipment under an acceler-
ating voltage of 200 kV coupled with an INCA energy TEM 200. 

2.4. Electrochemical characterization and degradation experiments 

The behavior of the photoanodes was evaluated on a three-electrode 
cell to perform the analyses. A Pt plate was used as the counter electrode, 
Ag/AgCl/KClsat as the reference electrode, and the supporting electro-
lyte was 60 mM NaCl. Linear voltammetry was performed at 10 mV s− 1, 
with and without irradiation, using a solar simulator (with 100 mW 
cm− 2 irradiance) as a light source. Electrochemical impedance spec-
troscopy (EIS) experiments were performed from 10 kHz down to 10 
mHz with a signal amplitude of 10 mVrms. The onset potential oxygen 
evolution reaction for each electrode with and without light. Mott- 
Schottky analysis was performed by measuring the impedance spectra 
of the samples over a potential range of 0.7–1.30 V vs. Ag/AgCl, with a 
potential step of − 0.02 V at 1000 Hz. The same electrochemical system 
was also used to degrade the effluent from the textile industry, a volume 
of 70 mL varying the applied current (0.5, 1, and 2 mA cm− 2) for 300 
min. 

The effluent removal was evaluated using the total organic carbon 
(TOC) parameters measured in Sievers InnovOx 900-GE Analytical In-
strument by taking 30 mL of the initial and after-degradation process 
solution. The TOC determination was carried out after mixing a diluted 
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volume of the treated sample with H3PO4 (6 M) and Na2S2O8 (30 % m/ 
V) solutions to determine the inorganic and total carbon, respectively. 
The TOC content was analyzed by subtracting the measured inorganic 
and total carbon values in terms of generated CO2 (Fernandes et al., 
2021; Renda et al., 2021). 

The energy consumption (EC, in kWh (g TOC)− 1) was calculated 
according to Eq. (1), where ECell is the cell potential (V), I is the applied 
current intensity (A), t is the electrolysis time (s), V is the volume of the 
treated solution (L), and ΔTOC is the variation in the TOC removal 
(Garcia-Segura and Brillas, 2016); 

EC=
ECell . I . t
V . ΔTOC

(1)  

2.5. Toxicity assessment 

Photoelectrochemical treatment was evaluated for effluent toxicity 
before and after treatment using the method reported by Dória et al. (A. 
R. Dória et al., 2020a,b) using L. sativa. Briefly, the seeds were cleaned 
with sodium hypochlorite (4 % for 15 min) and then were washed with 
distilled water. Thus, 20 seeds were placed in Petri dishes with filter 
paper in contact with the analysis solutions and sealed for 5 days, kept at 
22 ± 3 ◦C without any exposure to light. After 5 days, the number of 
seeds and roots was measured and used to calculate germination indices 

(GI) and relative growth indices (RGI).via Eqs. (2) and (3): 

GI =
RLS x NGS
RLC x NGC

x 100 (2)  

RGI =
RLS
RLC

x 100 (3)  

Where, RSL and RLC were the relative root lengths of the sample and 
control, respectively. Also, the number of germinated seeds in the 
sample and those in the control are NGS and NGC, respectively. 

3. Results and discussion 

3.1. Morphological, structural, and optical characterization of 
photoanodes 

The XRD patterns of the synthesized materials are shown in Fig. 1a. It 
is noticeable the characteristic peak of carbon nitride (27.6◦) and the 
peaks of monoclinic BiVO4 (28.9◦, 35 and 47◦)(Li et al., 2022). On the 
other hand, the main peaks of the pure materials were shifted for large 
angles in the materials containing C3N4 and BiVO4, indicating the het-
erostructure formation. Alves et al., (2014), state that this displacement 
may be associated with interplanar spacing when considering larger 

Fig. 1. (a) XRD diffraction patterns of synthesized photoanodes with different compositions after thermal treatments in the furnace; SEM images (b) BiVO4, (c) C3N4, 
(d) BiVO4–C3N4 and (e) C3N4–BiVO4 of synthesized photoanodes at 2.5kx magnification (insets represent magnifications of 10kx), (f) Raman spectrum of the 
photoanodes, (g) Transmission electron microscopy (TEM) image and (h) High resolution TEM of the samples. 
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angles. Besides, the shift in the high-intensity peaks regarding the BiVO4 
suggests a preferential formation of a phase induced by the C3N4. Still, it 
was possible to observe that the relative intensities of the peaks are 
similar to those of the standard diffractogram. Araújo et al. (de Araújo 
et al., 2018) found equivalent results and concluded that there was no 
increase in the preference for BiVO4 in the FTO since the relative in-
tensities of the peaks in the synthesized material coincided with those of 
the standard diffractogram. 

Scanning electron microscopies (SEM) were performed to analyze 
the photoanodes’ morphology, as shown in Fig. 1b, c, d, and e. In Fig. 1b, 
the micrography of pure BiVO4 is presented. In the insert of the figure, at 
a magnification of 10 kx, it is possible to observe that a granular 
morphology was formed. According to Gombroni et al. (Gromboni et al., 
2016), this structure is promising, as it increases the active area and will 
probably be efficient in the presence of light. In Fig. 1c, the SEM image of 
pure C3N4 is observed; it is possible to state the morphology of crumpled 
paper. Similar morphology was also previously found by Gonçalves et al. 
(2018). Fig. 1d and e shows the micrographs obtained from the two 
heterostructures formed by BiVO4–C3N4 and C3N4–BiVO4, respectively. 
In both cases, the morphologies referring to BiVO4 are mostly predom-
inant. In the heterostructure where BiVO4 is deposited first and then 
C3N4, decomposition probably occurred since this behavior is reported 
in the literature from 450 ◦C onwards (Silva et al., 2021). On the other 
hand, it is possible to notice a third morphology in the heterostructure 
where C3N4 is first deposited. It is probably a result of an aggregation of 
the two morphologies obtained in the pure materials, indicating the 
formation of the heterostructure. 

The Raman spectra of the photoanodes excited by a green laser (533 
nm) are shown in Fig. 1f. It is important to note that in all samples that 
have BiVO4, the characteristic peaks of their vibrational bands: around 
210, 380, 410, and 820 cm− 1. The structural information of BiVO4 is 
given by the band centered at 210 cm− 1. The asymmetric and symmetric 
stretch of [VO4] tetrahedral clusters are given double bands at around 
380 and 410 cm− 1, respectively. Finally, the stretching mode of V–O 
bonds is determined by the band centered at 810 cm− 1. Due to the power 
of the laser used, the C3N4 bands showed little definition, not appearing 
in samples with BiVO4 (Thalluri et al., 2013; Yu and Kudo, 2006). 
However, it is possible to observe the bands centered at 700 and 1200 
cm− 1 due to their intensity in relation to the others (Cao et al., 2016; 
Gonçalves et al., 2018). Furthermore, a significant change in the relative 
intensity of the band at 210 cm− 1 is noted, referring to the structural 
information of BiVO4 in the presence of C3N4, suggesting that changes in 
the properties of the heterostructure may be due to structural changes at 
short-range in the photoactive heterostructure, in turn, the possible 
structural change corroborates the morphological changes observed in 
the SEM images. 

To better observe the interactions of materials in the heterostructure, 
transmission images were obtained and are presented in Fig. 1g. It is 
possible to observe the C3N4 sheets that are almost completely trans-
parent to electrons due to their small thickness, and on top of them are 
located the BiVO4 nanoparticles. In the high-resolution region shown in 
Fig. 1h, where the contact between BiVO4 nanoparticles is observed, the 
encapsulation of these particles with C3N4 sheets can be confirmed. 
Performing the fast Fourier transform (FFT) in this region allows the 
observation of the (312) and (220) planes, with interplanar distances of 
2.58 and 1.88 Å, respectively, corresponding to BiVO4. Additionally, the 
(002) plane of C3N4 with an interplanar distance of 3.36 Å is observed, 
confirming the formation of the heterostructure. 

Fig. 2a shows the bandgap energy values (Eg) determined from the 
UV–Vis diffuse reflectance spectra (DRS), followed by the linear 
extrapolation of the Tauc plot curves. As a result, the Eg values for pure 
C3N4 and BiVO4 were found to be 2.33 and 2.41 eV, respectively, which 
is in accordance with previously works(Cao et al., 2013; Liang et al., 
2019; Pingmuang et al., 2017; Starukh and Praus, 2020). For the 
C3N4–BiVO4 and BiVO4–C3N4 heterostructures, slightly higher Eg values 
were obtained, 2.47 and 2.50 eV respectively. This behavior is due to the 

fact that, in addition to charge transfer between the atoms composing 
each pure material, there is charge transfer at the interface of both 
materials, which can cause variations in this value (Torabi and Star-
overov, 2015). 

Fig. 2b shows the Mott-Schottky plots for the photoanodes. Where-
with is it possible to find the flat-band potential (Efb) and estimate the 
density of majority charge carriers using the Mott-Schottky equation, 
described in the Supplementary Information SI.1. The values obtained 
for BiVO4 and C3N4 are that expected for the pure semiconductors 
(Aguilera-Ruiz et al., 2017; Wang et al., 2015). Based on Efb and Eg, it 
was possible to construct the potential energy diagram for the samples, 
as illustrated in Fig. 2c. It was observed that the conduction band and the 
valence band of the heterostructures present more positive values 
compared to the corresponding bands of the pure materials. Therefore, 
when the heterostructures are illuminated with simulated sunlight, 
electronic transfer processes are altered by the interface between the 
semiconductors, allowing the excited electrons generated in the con-
duction band to be collected in the FTO. 

Although the two pure materials present almost the same density 
charge carriers, it is known that C3N4 has much greater mobility than 
them, making it an excellent charge carrier. The observed faster move-
ment of charge could favor the rapid separation of the photogenerated 
electron-hole pair in BiVO4 at the interface, decreasing the recombina-
tion rate. Additionally, it is noticeable that the number of charge carriers 
density is found in very close values. This closeness in values might be 
expected, as natural variations could result in differences of hundreds or 
thousands, depending on the composite obtained. In this way, the 
improvement in the performance of the obtained heterostructured ma-
terial is attributed to other factors, which will be described and dis-
cussed further on. 

Table 1 summarizes the electronic parameters calculated by different 
optical and complementary electrochemical techniques. The Efb and the 
Egap information were used to obtain the band diagram of the materials. 
The illumination of material is useful for analyzing the charge transfer 
rate used to generate the necessary species for use in the degradation 
process (Bisquert et al., 2004). The quality of charge carriers also de-
termines the photocatalytic efficiency of materials; the more durable 
and mobile they are, the better they utilize luminous excitation (Gar-
cia-Belmonte et al., 2008). Therefore, if the recombination rate is low, 
the lifetime of the electron-hole pair is extended, making it more mobile 
and capable of reaching the solution electrode interface to react with the 
molecule of interest, resulting in a threefold increase (from 0.174 to 
0.608 ms). Thus, a synergistic effect is observed in the mixture obtained 
between BiVO4 and C3N4. Since carrier mobility is greater than that of 
BiVO4, it leads to better current collection, contributing to less recom-
bination of excitons. A more detailed explanation of these parameters 
and how to obtain them can be found in Supplementary Information 
SI.2. 

According to Rohloff et al., (2019) the pristine BiVO4 at Efb = 0.03 V 
versus the reversible hydrogen electrode (RHE). On the other hand, 
Chowdhury et al., (2023) show Efb = 0.01 V (RHE). In this work, the Efb 
= 0.035V is among the previously reported values. Performance 
improvement strategies in the photocatalytic properties of materials 
involve adjusting the Efb since this is important to verify the fermi level 
compatibility between the electrode and the molecule to be oxidized or 
reduced. Besides, an important feature of C3N4 is its easy modification of 
Efb due to structural changes or doping, making it an excellent platform 
material for photocatalysis (Dong et al., 2014). This fact could also 
explain the band structure change in the heterostructured materials. 

Subsequently, electrochemical characterizations were carried out to 
evaluate the performance of electrodes under illumination and in the 
dark when subjected to electrical polarization. Initially, linear voltam-
metry was carried out (Fig. 3a) in the presence and absence of light to 
obtain the materials’ photocurrent density value in NaCl solution. It can 
be seen that pure C3N4 has no photocurrent (i.e. no photo-
electrocatalytic activity). On the contrary, pure BiVO4 presents a 
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significant photocurrent, achieving 0.9 mA cm− 2 at 1.23 V vs. Ag/AgCl. 
After covering BiVO4 with C3N4, the photocurrent of this material is 
similar to that of pure BiVO4. On the other hand, when the order is 
reversed, i.e., C3N4 is deposited first (C3N4–BiVO4), the photocurrent 
significantly increases by about 1.6-fold at the same potential. This 
result is due to the fact that C3N4 has higher charge carrier mobility, 
reducing the recombination of electron/hole pairs, favoring the process 
in this deposition order. It is still possible to observe a negative shift in 
the photocurrent initiation potential of the heterostructures, corrobo-
rating the better photocatalytic efficiency compared to pure materials. 

To elucidate the properties of these materials more completely, 
electrochemical impedance spectroscopy (EIS) with the presence and 
absence of light was performed (Fig. 3b and c). According to Li et al., a 
smaller semicircle arc in the Nyquist graph is related to lower resistance 

to electron transfer and an effective separation of the photogenerated 
electron-hole pairs (Li et al., 2015). Also, when evaluating the imped-
ance data obtained, a simulation was performed using a combination of 
the ohmic resistance of the electrolyte (Rs) in series with the charge 
transfer resistance for the reaction in the material (Rct), which is asso-
ciated with the size of the semicircles formed and Q elements (may be 
related to capacitance) (Aline R. Dória et al., 2020a,b). Thus, the com-
parison between Fig. 3a and b is extremely important. 

The impedance spectra of the materials with simulated solar irradi-
ation show a smaller semicircular arc than those conducted in the dark. 
This behavior occurs due to a photogenerated current, which decreases 
resistance to charge transfer (Xie et al., 2019). Therefore, the greater the 
photocurrent, the decrease in arc size compared to the spectrum in the 
dark. Furthermore, the heterostructures have the smallest arc compared 

Fig. 2. (a) Tauc Plott, (b) Mott-Schottky plot, and (c)Band diagrams of the photoelectrodes.  

Table 1 
Calculated electronic properties for obtained materials.  

Material Bandgap (eV) Flat-band potential (V vs. RHE) Charge-transfer constant (s-1) Majority charge carrier 

Density ( × 1017cm− 3) Mobility (cm2 V− 1 s− 1) Lifetime (ms) 

BiVO4 2.25 − 0.006 77.6 2.03 1.09 0.174 
C3N4 2.15 − 0.441 172 1.97 1.60 0.255 
BiVO4–C3N4 2.37 0.144 256 1.61 0.307 0.049 
C3N4–BiVO4 2.35 0.109 275 3.42 3.80 0.608  
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to the pure electrodes, which indicates that the improved separation of 
photoexcited electrons/holes and the faster interfacial charge transfer 
occurred over the surface of the mixtures (Ansari et al., 2016). Addi-
tionally, it is important to comment that, in the dark, the hetero-
structures have a greater resistance to charge transfer when compared to 
the pure compounds. This occurs because the separation of the elec-
tron/hole pair needs light irradiation to occur and thus improve the 
performance of the materials. Thus, this result corroborates the linear 
voltammetry (Fig. S1), where heterostructures in the dark showed lower 
current density and OER onset at a higher potential. 

After analyzing the physical and electrochemical characterizations, 
it was possible to observe that the material with the C3N4–BiVO4 het-
erostructure has better physical and electrochemical properties when 
compared to other materials. Due to the promising efficiency, this ma-
terial was applied in the degradation of a real effluent to analyze the 
viability of a future industrial application. 

3.2. Photoelectrocatalytic detoxification using C3N4–BiVO4 
heterostructure 

The application of photoelectrocatalysis for treating real effluents is 
a great challenge since they are extremely complex matrices. Here, the 
C3N4–BiVO4 photoanode was chosen due to the better photo-
electrocatalytical properties aiming at the degradation and detoxifica-
tion of a real effluent provided by the textile industry. The real effluent 
provided for the study consists of wastewater from washing, bleaching, 
dyeing, tanning, and degumming processes in the textile industry. The 
effluent treatment experiments were conducted in an electrochemical 
cell, and the applied current was varied by 0.5, 1, and 2 mA cm− 2. 
Finally, the mineralization efficiency was evaluated from the amount of 
total organic carbon removed (Fig. 4), where all experiments were 
performed in triplicate. 

In Fig. 4a it is possible to observe the mineralization degree after 
treatment at different current densities. Note that the 

Fig. 3. (a) Linear voltammetry curves conducted at 5 mV s− 1 from the composition electrodes in NaCl 60 mmol L− 1 and Nyquist diagrams recorded photoanodes in 
the OER for (b) dark (c) light. As the inset figure, the Equivalent circuit is used for data adjustment. 
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photoelectrochemical degradation at 1.0 mA cm− 2 could remove more 
organic matter (55 %). Still, it can be stated that 0.5 mA cm− 2 is not a 
sufficient current density to conduct this reaction; there was only 7 % 
removal of organic matter. On the other hand, increasing current density 
to 2 mA cm− 2 led to lower TOC removal (40 %), probably due to the 
preferential occurrence of undesirable parallel reactions (for example, 
the evolution of oxygen and the oxidation of active chlorine to ClO3

− and 
ClO4

− ) instead of oxidation reactions. Additionally, energy consumption 
was calculated based on the removed TOC. It is observed that the 
experiment conducted with a current density of 1 mA cm− 2 needs less 
energy to remove a greater amount of organic matter. 

In Fig. 4b, it is possible to observe the decay of TOC as a function of 
experiment time. Thus, it is possible to state that over time, around 55 % 
of the initial TOC was removed. Furthermore, the results obtained were 
adjusted to the kinetic model, and, as can be seen in Fig. 4c, the 
degradation of the real effluent adjusted well to the kinetics of the 
pseudo-first-order reaction. It is also important to mention that the 
removal of organic compounds present in the real matrix can occur 
through two different mechanisms. A direct route, where strong radicals 
(mainly •Cl and •OH) are formed on the surface of the electrode by 
photoexcitation from simulated solar irradiation, and the organic com-
pound diffuses to the surface of the anode, where the strong radicals 
oxidize it formed (Young et al., 2018). An indirect route is still possible 
since it was observed that there is around 20 ppm of chlorine in the 
textile effluent (table s1), mainly due to the action of HClO/ClO (Dória 
et al., 2023), formed by the chlorine evolution reaction. A representative 
figure of the mechanisms can be seen in Fig. S2. Finally, the reuse of the 
C3N4–BiVO4 film was studied by repeating the degradation of the real 
effluent for four cycles applying 1 mA cm− 2 during 5h, using the same 
electrode. As depicted in Fig. 4d, the degradation percentage is reduced 
by about 10 % after the second cycle and 30 % after the fourth cycle, 
indicating satisfactory reusability and stability for the C3N4–BiVO4 film. 

Mane et al. (2022) synthesized a BiVO4 decorated with C3N4 nano-
sheets. In simulated lighting, they obtained a photocurrent of 1.14 mA 
cm− 2, and the material was applied to the degradation of a model dye, 
methyl orange. By applying 1.23V for 75 min, they removed the color of 
a dye, which does not mean removing the dye. To confirm that the dye 
was removed, chromatographic measurements would be necessary. 
Thus, directly comparing these results is difficult due to the different 
experimental conditions tested. Table 2 summarizes the experimental 
conditions and the main reported results in treating real textile effluents. 

The reduction of toxicity after the treatment of effluents is crucial in 
the direction of achieving a real application of electrochemical tech-
nology. Only organic compound removal is often assessed, and toxicity 
assessment is underestimated in this effluent. Thus, determining a sub-
stance’s toxic potential by measuring a living organism’s response using 
ecotoxicity tests allows us to evaluate the possibility of reuse of the 
treated water, for example, for crop irrigation. Therefore, it is extremely 
important to evaluate the detoxification capability of the proposed 
photoelectrochemical system to treat real textile effluent. At this point, 
under optimal operational conditions, the ecotoxicity of the effluent was 
evaluated using L. Sativa. Thus, as the reaction conducted by applying 
only 1 mA cm− 2 achieved a satisfactory removal of more than 50 % of 
TOC, the ecotoxicity was evaluated before and after the treatment 
(Fig. 5). 

Fig. 5 shows the GI and (RGI) before and after treatment. According 
to the literature, when the GI values obtained are between 0 and 40 %, 
40–80 %, and 80–120 %, respectively, severe, mild, and insignificant 
inhibitions are considered (Assis et al., 2022; A. R. Dória et al., 2020a,b). 
High GI and RGI are observed after treatment; thus, the effluent was 
extremely toxic, with severe inhibition before treatment. After treat-
ment, the inhibition became non-significant. The results showed that the 
synthesized electrodes efficiently remove organics in real effluents, and 
their by-products are not toxic to the environment. 

Fig. 4. (a) TOC removal from real effluent and energy consumption per mg of TOC removed in 5h. (b) TOC removal by applying 1 mA cm− 2 (c) TOC decomposition 
kinetics versus treatment time by applying 1 mA cm− 2 (d) Recycling of the C3N4–BiVO4 electrode for treatment of real effluent from the textile industry in 5h in 
each cycle. 
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As evidenced in Tables 2 and it is noteworthy that only a few works 
focused on the treatment of real effluents from the textile industry. It is 
still possible to observe that, applying low current density, the results 
are excellent since it removes more than 50 % of the TOC and yields 
degradation products with lower toxicity compared to the effluent. 
Thus, it is possible to state that it is an attractive material for use in 
industrial applications since it is easily synthesized with low-cost ma-
terials that are abundant in the environment. 

4. Conclusions 

This study reported the successful synthesis of heteorstructures 
containing BiVO4 and C3N4 using spin coating for deposition. The 
deposited thin films were homogeneous, regardless of the materials’ 
composition and order of deposition. However, it was possible to 
observe that when C3N4 was deposited first and followed by BiVO4, the 
photoanode showed better electrochemical properties, such as photo-
current density. Still, the heterostructures have a higher charge transfer 

constant value when evaluating the charge transfer than pure materials. 
On the other hand, when calculating the charge carriers, it was possible 
to detect that the charge mobility increased more than 10-fold in the 
C3N4– BiVO4 compared to the BiVO4–C3N4. Thus, due to its excellent 
characteristics, the C3N4–BiVO4 photoanode was applied in the photo-
electrochemical degradation and detoxification of a real effluent from 
the textile industry, applying 1 mA cm− 2 of current density. When car-
rying out the tests, a photodegradation of ~50 % of TOC and a drastic 
reduction in effluent toxicity were assessed towards L. Sativa. Thus, it is 
possible to affirm that the photoanode proposed in the photo-
electrochemical system is very efficient in removing organic pollutants 
from complex effluents, especially at very low current densities 
compared to other works in the literature. Therefore, it is a competitive 
material and sustainable for industrial applications. 
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Table 2 
Comparison of the performance of different systems for the degradation of the effluent textile industry.  

Process Anode Conditions Removal Reference 

EPhA TiO2/Ti Pollutant: RTE +0.1 M NaCl 
E = 1V 
T = 150 min 
Irradiation: UV 250W 

20 % TOC Zainal et al. (2007) 

EPhA Ti/Ru0.3Ti0.7 O2 Pollutant: RTE + 0.1 M NaCl j: 40 mA cm− 2 

T = 600 min 
Irradiation: UV 250W 

61 % color 
64 % DQO 

Alves et al. (2014) 

EPhA Ti/Ru0.3Ti0. 7 O2 Pollutant: STE j: 1 mA cm− 2 

T:300 min 
Irradiation: UV 

90 % TOC 
86 % DQO 

de Mello Florêncio et al. (2016) 

SPEF DDB Pollutant: RTE pH: 4 
j: 40 mA cm− 2 

T:30 min 
Fe2+:0.3 mM. 
Irradiation: Solar 

70 % TOC 
80 % DQO 

GilPavas et al. (2018) 

PhEC BiVO4/g-C3N4 Pollutant: Dye j: 1.34 mA cm− 2 

T: 75 min 
Irradiation: Solar simulation 

90 % color Mane et al. (2022) 

PhEC C3N4–BiVO4 Pollutant: RTE pH:6.8 
j: 1 mA cm− 2 

T: 300 min 
Irradiation: Solar simulation 

55 % TOC 
~100 % Toxicity 

This Work 

EPhA: Electrochemical Photo-assisted; RTE: Real Textile Efluente; STE: Simulated Textile Efluente E: Potential Applied; Solar Photo ElectroFenton; PhEC: 
Photoelectrochemical. 

Fig. 5. Ecotoxicity assessment of real effluent with Lactuca Sativa before and 
after 5h treatment applying 1.0 mA cm− 2 of current. 
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Dória, A.R., Gonzaga, I.M.D., Santos, G.O.S., Almeida, C.V.S., Silva, D.C., Silva, R.S., 
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