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A B S T R A C T   

The escalating interest in utilizing solar energy for photocatalytic applications to address energy crises has 
spurred extensive research in developing efficient systems. Monoclinic BiVO4 is known for its superior photo
catalytic capabilities; however, challenges like a high recombination rate and an unsuitable conduction band 
potential for the hydrogen evolution reaction limit its application. To overcome these challenges, doping BiVO4 
with W (WB) and forming heterojunctions with graphitic carbon nitride (g-C3N4) are promising strategies to 
reduce charge recombination and increase visible light sensibility. This study shows that the hydrothermal 
treatment of g-C3N4 modifies its morphology and interaction with BiVO4 and W-BiVO4. Notably, our findings 
reveal a significant difference in the photoresponse between the combination of W-BiVO4 with g-C3N4, produced 
upon hydrothermal treatment (MHWB), and the combination with g-C3N4 produced without hydrothermal 
treatment (MDWB). The MHWB combination enhances the photoresponse by twice. Also, MHWB shows a higher 
activity for photocatalytic degradation of tetracycline.   

1. Introduction 

The interest in using solar energy for photocatalytic processes has 
grown, as it is an up-and-coming solution for energy crises [1,2]. A 
system that has attracted much attention is the BiVO4/C3N4 hetero
junction due to its photocatalytic advantages and applications, which 
include water pollutant degradation, water splitting, and carbon dioxide 
reduction [3,4]. 

BiVO4 is attractive due to its low band-gap energy (2.40 eV), sensi
tivity to visible light, good chemical stability, and low toxicity [3–6]. 
However, its high recombination rate of photogenerated charges and the 
fact that its conduction band potential is unsuitable for hydrogen evo
lution reaction limits its application [3–7]. 

To overcome the abovementioned issue, an interesting strategy is 
doping BiVO4 with Mo6+ or W6+. This strategy is interesting because it 
can adjust the electrical properties and Fermi’s level of semiconductors, 
as these ions are electron donors and can interact efficiently with BiVO4 
[8]. 

Formation of heterojunction with materials sensitive to visible light, 
such as Fe2O3/BiVO4 [9], NiO/BiVO4 [10], MnO2/BiVO4 [11], etc. 

Graphitic carbon nitride (g-C3N4) has emerged as a promising material 
for producing this heterojunction. The g-C3N4 is an organic semi
conductor of low band-gap energy and, therefore, sensitivity to visible 
light [3,5–7,12]. Unlike other organic semiconductors, its lamellar 
structure makes it chemically and thermally stable [3,5–7,12]. The po
tential of the conduction band of C3N4 is very negative, which yields 
photo-excited electrons that can form superoxide radicals, which 
improve oxygen reactions for the degradation of pollutants [3]. In 
addition, the heterojunction with BiVO4 causes the bands to align, which 
enhances this charge transfer [5]. 

The most common routes to synthesizing graphitic carbon nitride 
involve thermal methods through pyrolysis of urea, melamine, and 
dicyandiamide [13,14]. Typically, the procedures require calcination 
temperature varying from 500 to 550 ◦C [13,15–19] in one or two steps 
[15,18], from 2 to 4 h [13,14,16,17]. Hydrothermal methodologies have 
been little investigated [20–22]. The resultant particles exhibit irregular 
shapes [15,16], nanosheets [17–19], layered wrinkled structures of 
g-C3N4 [23], fractal layered structures [24], and tubular [25]. 

Combining the produced g-C3N4 with BiVO4 typically involves two 
steps: first, synthesizing graphitic carbon nitride via thermal 
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polymerization. Subsequently, the heterojunction is formed by intro
ducing the prepared g-C3N4 into the reaction media to synthesize BiVO4 
through hydrothermal methods [3,6,7,12], ultrasound-assisted method 
[5], microwave method [4], ultrasonic dispersion method [23] and 
other cost-effective methods [19]. These methods allow the synthesis of 
different morphologies for the same material, thus increasing its effi
ciency for each type of application. 

Here, we show how hydrothermal treatment can enhance the effi
ciency of the W-BiVO4/ g-C3N4 system by modifying the characteristics 
of graphitic carbon nitride. Also, we show that doping BiVO4 with 
tungsten results in a more efficient heterojunction. Hydrothermal 
treatment of melamine before the calcination procedure can affect the 
characteristics of the resultant g-C3N4 and, consequently, the photo 
(electro)catalytic efficiency of BiVO4/C3N4 and W-BiVO4/C3N4 hetero
junctions. It has been observed that the obtaining method of g-C3N4 
plays an essential role in the charge transfer efficiency of the different 
heterojunctions. 

2. Experimental 

2.1. Hydrothermal synthesis of g-C3N4 

The synthesis of g-C3N4 was carried out following the route described 
by Song and co-workers [20,21]. 3 g of melamine was added to 50 mL of 
MilliQ water. The mixture was kept under stirring for 30 min at room 
temperature. Then, the solution was transferred to a PTFE (Polytetra
fluoroethylene) liner, filling 50 % of its volume. The system was posi
tioned inside a stainless-steel autoclave and inserted into a muffle 
furnace. The reaction was kept for 24 h at 180 ◦C with a heating rate of 
10 ◦C min-1. After natural cooling, the material was centrifuged, washed 
twice with MilliQ water, and dried at 60 ◦C in an oven. Finally, the solid 
was calcined at 550 ◦C for 4 h in a closed system. The resultant material 
was named as MH (Hydrothermal Method). 

2.2. Direct calcination of melamine 

To verify whether the hydrothermal treatment of melamine in
fluences the properties of g-C3N4, 1.5 g of melamine was calcined at 550 
◦C for 4 h in a closed system. The resulting material was named MD 
(Direct Calcination of Melamine). 

2.3. Synthesis of tungsten-doped bismuth vanadate nanostructures (WB) 
and g-C3N4 composite 

BiVO4 (B) and tungsten-doped BiVO4 (WB) synthesis followed the 
procedure previously described by our group [26]. 

First, 20 mL of Bi(NO3)3 and NH4VO3 0.1 mol L-1 solutions were 
prepared using ethanol as a solvent; the two solutions were stirred for 20 
min. Then, the NH4VO3 solution was added dropwise to the Bi(NO3)3 
solution. To prepare tungsten-doped bismuth vanadate (WB), ammo
nium metatungstate ((NH4)6H2W12O40) was added to the solution with a 
weight percentage of W at 3 %. The use of a capping agent was inves
tigated by adding 1 M in monomeric units of PVP (average mol wt 
40,000). The resultant mixture was stirred for 30 min. Finally, the 
apparent pH was adjusted to 5 or 6 by adding NH4OH aqueous solution, 
and the mixture was stirred for another 15 min. 

The final mixture was transferred to a round-bottom glass, and MD 
and MH were added at a ratio of 60% wt; this ratio was chosen based on 
a previously reported method [4]. The flask was coupled to a reflux 
apparatus and placed in the cavity of a monomode microwave reactor 
(Discover-CEM). Materials were irradiated using 100 W of microwave 
power and kept at 78 ◦C for 30 min. 

The resultant material was transferred to a tube and centrifuged 
thrice for 5 min and 4000 rpm. After each centrifugation, the superna
tant was removed, and the solid was rinsed with ethanol. Finally, the 
samples were dried in the lab oven at 80 ◦C for 24 h. The final materials 

were labeled MHWB and MDWB. 
Composites were also prepared using non-doped bismuth vanadate 

(B), which were obtained through the same procedure described above, 
without the addition of ((NH4)6H2W12O40). The resultant materials were 
labeled as MHB and MDB. 

2.4. Characterization 

Scanning Electron Microscopy images (SEM) were collected on two 
scanning electron microscopes, FESEM JMS-6701F, JEOL and Neoscope 
JCM-5000, JEOL. The samples were analyzed using the pulverized solids 
fixed on the sample holder using conductive carbon tape. Transmission 
electron microscopy (TEM) characterization of the synthesized materials 
was performed on a Talos F200X G2 TEM operated at 200KV and a cold 
field emission gun (FEG-X). X-ray diffractograms were collected in the 
D8 Focus diffractometer (Bruker) with a Cu Kα radiation source oper
ating at 40 kV and 40 mA. To perform the experiment, first, the samples 
were pulverized and suspended in ethanol; then, the suspension was 
dripped into a silicon slab and dried at room conditions for 24 h. The 
crystal structures of the materials were also evaluated by Raman spec
troscopy, using a labRam HR Evolution (HORIBA) spectrometer using a 
785 nm laser. The diffuse reflectance spectra were collected using a Cary 
50Scan spectrometer (Varian) coupled to a fiber optic accessory (Pike). 
Zeta potential was measured on a Zetasizer NanoZS zeta potential 
analyzer (Malvern) at 25 ◦C. 1 mg of each catalyst was added to 5 mL of 
isopropanol and sonicated for 30 min. Then, 1 mL aliquot of the resul
tant suspension was transferred to a falconet, and the volume was 
completed to 10 mL with MilliQ water. The dependence of zeta potential 
on pH was evaluated using suspension with pH ranging from 3 to 10, 
which has been adjusted with aqueous solutions of HNO3 and NH4OH. 
Aliquots of 0.8 mL of each suspension were transferred to a DTS1070 
cuvette and inserted into the equipment for analysis. Fourier-transform 
infrared spectroscopy (FTIR) spectra were collected using a 640-IR-FT 
Varia Fourier transform infrared spectrometer (Agilent) operating with 
micro-ATR (Ge crystal), using the prepared samples. TGA Q500 equip
ment was used for the TGA measurements, where samples weighing 
approximately 20 mg were placed in a platinum sample holder. A flow of 
60 mL min-1 of N2 was used, with an initial temperature of 0 ◦C, a final 
temperature of 400 ◦C, and a heating rate of 10 ◦C min-1. 

The photoluminescence measurements were performed in an FS5 
Spectrofluorometer (Edinburgh Instruments) equipped with a 450 W 
Xenon lamp equipped with singular monochromators at the excitation 
and emission optics. All spectra shown were corrected for the intensity 
profile of the Xenon lamp and detection response. 

2.5. Photoelectrochemistry 

First, the samples were immobilized on conductive FTO substrates 
(fluorine-doped tin oxide ~7Ω cm-2, Sigma). The FTO substrates were 
washed by soaking the slide in acetone, water, and ethanol; each solvent 
was sonicated for 15 min; the procedure was repeated three times. 
Suspensions of 1 mg mL-1 of each catalyst were prepared in 1-Propanol, 
and then 0.025 mL of Nafion was added. The suspensions were sonicated 
for 30 min. Finally, the material was deposited by dripping two 0.025 
mL of prepared suspension onto the conducting substrate, allowing the 
solvent to evaporate after each drip. After drying the films, linear vol
tammetry measurements were performed in the presence and absence of 
simulated sunlight. The electrochemical measurements were performed 
using a three-electrode system in a cell with a quartz window. FTO films 
were used as working electrodes, Ag/AgCl as the reference electrode and 
a Pt wire as the counter electrode. An aqueous solution of 0.2 M Na2SO4 
and an aqueous solution of 0.1 M Na2SO4 10 % buffer pH 7 were used as 
the electrolytes. The system was positioned at a fixed distance from a 
solar simulator with a filter suitable for simulating sunlight with an A.M. 
1.5 G spectrum at an intensity of 100 mW cm-2, power measured with a 
Newport model 842-PE power meter coupled to an 818-P-001–12 light 
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intensity detector. 
IPCE spectra were obtained using a Newport system. This system 

consists of a 300 W Xe lamp (model 6258) placed in a lamp housing that 
illuminates the entrance slit of a 0.25 m Czerny–Turner monochromator 
(Cornerstone 260), which has a diffraction grating of 1200 lines mm-1 

and band-pass filters to avoid second-order effects. The quasi-mono
chromatic light beam exits the monochromator, and a beam-splitter 
splits the incident light to the sample and a silicon detector, model 
818-UV, which was connected to a virtual power meter, model 841-p- 
USB. For comparison, an electrode made of commercial P25 (Sigma 
Aldrich - nanopowder, <25 nm particle size) was prepared similarly and 
evaluated as a photocatalyst. 

2.6. Photocatalysis 

The photocatalytic activity of the samples was investigated accord
ing to the procedure described in the literature [27]. First, it was prepared 
a solution of 10 mg L− 1 tetracycline (TC), then 3 mg of photocatalyst (B, 
WB, MH, MHB, MHWB, MD, MDB, MDWB) was added into 10 ml of TC 
aqueous solution and stirred in the dark for 30 min to ensure the 
adsorption equilibrium. The system was positioned at a fixed distance 
from a solar simulator with a filter suitable for simulating sunlight with 
an A.M. 1.5 G spectrum at an intensity of 100 mW cm-2, power measured 
with a Newport model 842-PE power meter coupled to an 818-P-001–12 
light intensity detector. An aliquot of the suspension was taken out at 
intervals of 15 min for 1 hour. The concentration of TC was analyzed by 
a UV–vis spectroscopy monitoring λmax = 357 nm. For comparison, 
commercial P25 was also evaluated as a photocatalyst. 

3. Results and discussion 

3.1. Characterization 

Scanning electron microscopy images (Fig. 1) were acquired to 
investigate the morphology of the prepared materials. Pure BiVO4 (B) 
and WBiVO4 (WB) were prepared and characterized previously by the 
group [26]. SEM images of B and WB are reproduced in Fig. 1 (with 
permission), where it is possible to observe that B is composed of 
irregular particles surrounded by a layer of polymeric appearance, 
which is ascribed to a PVP layer. For the WB, the formation of small 
square structures that self-organize into larger squares is observed. 

The SEM image of MH shows that this species has a sharp surface 
appearance with no evidence of nanostructured or controlled 
morphology. Song and collaborators [20] observed the same aspect, 
obtaining C3N4 through hydrothermal melamine treatment for 24 h at 
180 ◦C, followed by calcination at 550 ◦C for 4 h. In the case of MD, the 
material appears to be smoother than MH, yet no morphological control 
is observed either. 

The images of the MHB and MHWB heterojunctions show aggregates 
of globular particles surrounded by smooth structures. A similar aspect 
is observed for the MDB and MDWB samples; however, for these sam
ples, the spherical particles are bigger and appear surrounded by a 
smooth and low conductive structure. Thus, the hypothesis is that the 
presence of MD and MH in the reaction medium affects the adsorption 
capacity of species on the BiVO4 surface. For this reason, the PVP 
polymeric layer does not accumulate on BiVO4; thus, the particles and 
W-BiVO4 cannot self-organize into larger squares. Therefore, we can 
assume that MD and MH interact physically or chemically with the 
surface of (W)-BiVO4. 

Fig. 2 shows TEM images of the MHB, MDB, MHWB and MDWB 
samples. The images show regions of high contrast formed by globular 

Fig. 1. Scanning electron microscopy images of the B, WB [26], MH, MHB, MHWB, MD, MDB and MDWB samples.  
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particles and areas of lower contrast containing a mass of particles with 
no controlled morphology. EDS mapping (Figures S1–4) shows that the 
regions containing globular particles (1) are rich in Bi and V, while 
species with a higher proportion of carbon form the lower contrast re
gions (2). This result reinforces the hypothesis raised by the SEM images. 
It is important to note that detecting W in the MHWB and MDWB 
samples by EDS analyses was impossible, probably due to its low 
concentration. 

XRD diffractograms (Fig. 3) were collected to understand the resul
tant crystalline structures. The synthesized samples show the same 
diffraction pattern, with a single characteristic peak at approximately 
27.5◦. This peak can be attributed to the (002) plane of the layered 
stacking of C3N4 [17], which can be formed by the interplanar stacking 
of aromatic systems [5]. Monoclinic BiVO4 can also be associated with 
the peak around 28◦ assigned to the (121) plane (ICSD 391,414). In the 
literature, it is reported that the (121) peak of BiVO4 eventually shifts to 
the left with increasing doping with C3N4 due to its strong interaction [5, 
7]. Thus, the observed peak may have contributions of both BiVO4 and 
C3N4, which may increase its intensity [28]. Alternatively, the sup
pression of other characteristic peaks of BiVO4 may have occurred due to 
the large amount of C3N4 that generated a layered stacking on the BiVO4 
surfaces. 

Raman spectra were collected to confirm the presence of BiVO4 in 
the samples. Fig. 4a shows the Raman spectra of B and WB. The 
monoclinic structure of BiVO4 is confirmed by observing bands located 
at 211, 327, 369, 710 and 828 cm-1 [29]. These spectra are dominated 
by an intense band near 810–820 cm-1, attributed to the V-O symmetric 
stretching mode [29–30]. Two bands at 369 and 330 cm-1 correspond to 
the symmetric and asymmetric bending modes of the VO4 tetrahedra, 
respectively [30]. An intense band was observed for both spectra around 
752 cm-1, which can be attributed to V-O’s ν3 asymmetric stretching 
mode (VO4

3-) [31]. Tungsten doping for material causes a decrease in the 
intensity of the bismuth vanadate bands. Fig. 4b shows the Raman 
spectra of MD and MH. A band is observed around 700 cm-1, originating 
from the vibration modes of the CN heterocycles in g-C3N4 [32]. 
Broadband between 1400 and 1530 cm-1 can also be observed when 
there is a symmetrical stretching of trigonal C–N(-C)-C or C–NH–C 
bridging units, commonly designated by the D and G bands [33]. At 
approximately 1500 cm-1, a peak can be associated with a typical 

graphite structure’s D and G bands [32]. At 1530 cm-1, it comes from the 
-NH2 bending modes present in the structure of the material [34]. These 
peaks confirm the formation of C3N4 in the materials. 

The Raman spectra of MHB and MDB materials (Fig. 4c) show a 
combination of the bands ascribed to the monoclinic BiVO4 monoclinic 
and C3N4. Finally, Raman spectra of MHWB and MDWB (Fig. 4d) also 
show the peaks ascribed to the monoclinic BiVO4 and C3N4. However, a 
peak at approximately 300 cm-1 related to the deformation of the W-O- 
W bond 41–43 is observed for the tungsten-doped samples. There is an 
increase in the peak intensity at 810 cm-1, which is also characteristic of 
WO3 nanocrystals in their monoclinic and orthorhombic forms [35–37]. 

Fig. 5a shows the UV–Vis spectra of the obtained samples. All sam
ples exhibit broad absorption bands in the 400 to 700 spectral interval. 
MD and MH absorption is more intense between 400 and 450 nm. The 
composites MDB and MHB show an intensification of the light absorp
tion around 500 nm 500 nm due to the incorporation of the g-C3N4. The 
W-doped samples also increase the absorption in the 450–500 nm range, 
indicating that the tungsten ions play a role in the light absorption, 
probably via charge transfer mechanisms. The band gap energy of the 

Fig. 2. Transmission electron microscopy images of the MH, MHB, MHWB, 
MD, MDB and MDWB samples. 

Fig. 3. X-ray diffractograms of the materials (a) MHWB, MHB, MH and (b) 
MDWB, MDB, MD collected by D8 Focus diffractometer (Bruker) Cu Kα radia
tion source operating at 40 kV and 40 mA. 
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materials was estimated by analyzing the diffuse reflectance spectrum in 
the UV–Vis region. The Tauc-plot method was used to calculate the band 
gap energies, Eq. (1) [38]. 

(αhν)1/2
= A

(
hν − Eg

)
(1)  

where α is the optical absorption coefficient, hv is the photon energy, Eg 
is the transition energy, and A is a proportionality constant. In the 
method described by Tauc, a linear fit is applied to the peak of the 
steepest slope represented in the graphs by the red dotted line (Fitted 
line). In addition, a linear fit is applied using the abscissa axis defined in 
the graph by the blue dotted line (baseline). The two lines are then 
intersected to estimate the band gap energy shown for the MH material 
in Fig. 5b [38]. Tauc plot treatment for the other materials is exhibited in 
Figure S5. 

Table 1 summarizes the band gap energies calculated for the mate
rials. The values are between 2.30–2.83 eV, where the MDB sample 
exhibits the highest energy and MDWB the lowest. However, it can be 
seen that most of the values were between 2.7 and 2.8, which is ac
cording to the literature, as g-C3N4 has a band gap between 2.7 − 2.8 eV 
even when varying the starting reagent used to synthesize it [39,40]. 
Meanwhile, BiVO4 has a band gap energy of around 2.4 eV [39,41], 
which may have influenced the decrease in the band gap energy of the 
MDWB material. 

The zeta potential values of MH and MD vary from positive to 
negative upon increasing the pH (Figure S6 and Table S1). The zeta 
potential values of MD show a more significant variation (from +15.9 to 
− 15.0 mV), whereas the values found for MH vary from +0.50 to − 6.1 
mV. According to the literature, the zeta potential of g-C3N4 can range 
from 0.91 to − 27 mV, depending on the precursor used for the synthesis 
and the synthesis method [42–46]. For instance, at the same pH, g-C3N4 
produced from melamine, thiourea and urea showed a potential of 
− 17.0, − 30.7 mV and − 19.9 mV, respectively [46]. The same precursor 
has been used; however, the synthesis method has changed. For the 
synthesis of MH, melamine was subjected to a hydrothermal treatment 
before the annealing process; conversely, the MD was produced by the 

direct calcination of melamine. Thus, we can conclude that the variation 
of zeta potentials results from the different synthesis protocols used. The 
smooth surface of MD (see SEM images Fig. 1) may result in a higher 
amount of -NH groups available at the surface responsible for the 
changes of the zeta potential as a function of pH when compared to MH, 
which has a more compact morphology. 

The MHB and MDB zeta potentials became more negative (Figure S6 
and Table S1). This result is consistent with the literature since the zeta 
potential of BiVO4 can range from − 5.21 to − 53 mV [47-49], while the 
value found for BiVO4 modified with g-C3N4 is − 35.5 mV at pH 6 [14,20, 
21,23,24,50,51,52,53,17,54,25,55,18,56,57]. Finally, it was found that 
the zeta potential became slightly more positive for MDWB. For the 
MHWB, the values are like those of the MHB. These results agree with 
those previously reported by our group [49]. 

The FTIR spectra of the samples are shown in Fig. 6. It can be 
observed that all samples exhibit the same pattern with differences in 
the peak intensities. The broad band at around 3000–3400 cm-1 is 
characteristic of the six vibrations of the structure of melamine, which 
presents 3 NH2 groups and 6 N–H bonds; these bonds can be super
imposed on each other to produce two bands at 3414 cm-1 and 3477 cm-1 

[58,59,60]. These peaks can also be ascribed to non-condensed amino 
functional groups in g-C3N4 prepared by melamine at 3130 cm-1 and 
3327 cm-1 [58,59,60]. The peak at 3400 cm-1 is also ascribed to the 
stretching vibrations of the O–H group, which may come from adsorbed 
water molecules [61]. There is also a contribution from C–H asymmetric 
stretching vibrations peaked at 3135 and 2929 cm− 1[62]. 

In addition, an overlap of peaks was observed in the range between 
500 and 2000 cm-1, ascribed to the interactions of the compounds 
involved in the synthesized materials. For better visualization, Figure 6 
(a) shows the FTIR spectrum ranging from 1800 to 500 cm-1 of the 
MHWB material as an example. 

The peak at 1640 cm-1 (a) can be assigned to the C–N stretching of 
tri-s-triazine [58,59,60]. It is observed at approximately 1560–1200 
cm-1 (b-e) bands, which are characteristic of the symmetric stretching of 
the C = N bond [58,59,60,63,64]. At 700–1100 cm-1 (f-i), bands are 
associated with the vibration of the tri-s-triazine ring [58,59,60,63,64]. 

Fig. 4. Raman spectra of the materials (a) B and WB, (b) MH and MD, (c) MHB and MDB, (d) MHWB and MDWB collected in a labRam HR Evolution (HORIBA) 
spectrometer using a 785 nm laser. 
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Finally, around 550 cm-1 (j), a band is observed that can be related to the 
bending of the C3N4 ring [58,59,60,63,64]. The MHB, MHWB, MDB, and 
MDWB samples also show the band at 700–1100 cm-1 (f-i) characteristic 
of the symmetric and asymmetric stretching of the bonds n1(VO4) and 
n3(VO4) [61,65]. In addition, the band at approx. 640 cm-1 (i) can be 
ascribed to Bi-O bending [61]. 

The presence of PVP can also be proved by the observation of the 
bands at 1647 cm-1(a), 1225 cm-1 (e) and 1084 cm-1 (f) to the C–O 
stretching [66]. As previously described, these bands overlap with C–N 
stretching [66]. An increased bandwidth in (b) may be because of the 
C–H group (alkane groups) [66]. Finally, the tungsten (W) present in 
MHWB and MDWB may result in an extra band around 900–1100 (f) 
corresponding stretching of the W = O bonds at the surface [67] 

Fig. 7 shows that the MHB, MHWB, MDB and MDWB materials have 
good thermal stability, with approximately 20 % mass loss even at 400 

◦C. For the MH and MD materials, different mass loss profiles were 
observed as a function of temperature. A constant mass loss is observed 
for MD from 250 ◦C onwards, reaching 100% degradation at around 320 

Fig. 5. (a) Reflectance graph with Tauc plot and (b) Reflectance graph using 
the Tauc indirect electron injection method for the MH. 

Table 1 
Band gap energy of the materials MH, MHB, 
MHWB, MD, MDB and MDWB.  

Material Band gap (eV) 

MH 2.77 
MHB 2.78 
MHWB 2.73 
MD 2.82 
MDB 2.83 
MDWB 2.30  

Fig. 6. Fourier-transform infrared spectroscopy for the materials (a) MHWB, 
MHB, MH and (b) MDWB, MDB, MD. 

Fig. 7. TGA curve in the presence of nitrogen and heating speed of 10 ◦C min-1 

for MH, MHB, MHWB, MD, MDB and MDWB. 
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◦C. For MH, its profile shows different moments that may indicate losses 
of volatiles from 200 ◦C, and mass varies sharply until it reaches 400 ◦C. 
These results support the idea that heterojunction with bismuth vana
date helps to enhance the thermal stability of the materials. 

3.2. Photoelectrochemistry 

Chopped-light chronoamperometry (Fig. 8a, b, c) was used to mea
sure the photocurrent density generated during water oxidation as 
simulated solar light was irradiated on the front side of the film. This is 
an important measure, as the photocurrent is directly proportional to the 
efficiency of electron-hole separation [68]. 

The fast response to the light of the materials studied can be verified 
because they have a constant photocurrent when the light is on and 
decrease rapidly to zero almost immediately when the lamp is turned off 
[23,69]. The only exception is the MH, which exhibits a slow photo
response. One explanation for this behavior could be the significant 
trapping of photogenerated electrons in deep trap states, giving rise to 
long-lived trapped electrons that are slow to respond when illuminated 
[70]. 

Fig. 8a shows the chronoamperometry results of the pristine BiVO4 

(B) and WBiVO4 (WB). Doping with tungsten increased the photocurrent 
measured, indicating lower recombination. Fig. 8b shows that the 
photocurrent generated increases in the following order: MHB< MH<

MHWB. On the other hand, the photocurrent increases in the following 
order for the materials based on MD: MDWB<MD<MDB (Fig. 8c). Thus, 
the heterojunctions MHWB and MDB show greater efficiency in sepa
rating electrons and holes, which reduces the recombination of photo
generated charges. The MHWB material showed consistency with the 
result found in Fig. 8a, where doping with tungsten improved the 
photocurrent of the material. In the literature, the heterojunction be
tween g-C3N4 and BiVO4 is very efficient since the formed interface 
promotes faster interfacial charge transfer, as well as greater separation 
between electrons and holes, which are the main reasons for its 
improved photocatalytic activity [23,68,71]. The fact that MHB exhibits 
lower activity than MH can be due to the formation of an intermediate 
species at the interface that does not allow a favorable charge transfer. 
The same happened for the MDWB material (Fig. 8c). For the MHWB, on 
the other hand, this increase in photogenerated charges works favor
ably. Thus, the hydrothermal treatment plays a critical role in the spe
cies formed at the interface of each heterojunction. Xu and collaborators 
[72] reported a heterojunction formed between 2D g-C3N4 and BiVO4 

Fig. 8. (a) Chopped-light chronoamperometry experiments using B and WB films as working electrodes (b) Chopped-light chronoamperometry experiments using 
MH, MHB, and MHWB films as working electrodes (c) Chopped-light chronoamperometry experiments using MD, MDB, and MDWB films as working electrodes. (d) 
Chopped-light linear sweep voltammetry using B and WB films as working electrodes (e) Chopped-light linear sweep voltammetry using MH, MHB and MHWB films 
as working electrodes. (f) Chopped-light linear sweep voltammetry using MD, MDB and MDWB films as working electrodes. Counter electrode: Pt; Reference 
electrode: Ag/AgCl; Electrolyte 0.1 M Na2SO4 aqueous solution (b,c,e,f) and 0.1 M Na2SO4 10 % buffer pH 7 (a,d). Applied bias 0.8 V in Chopped-light chro
noamperometry and 0.3–1 V in Chopped-light linear sweep voltammetry. 
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and found lower photocurrents than those reported here; however, the 
electrode preparation or photoelectrochemical experimental conditions 
are different. Therefore, we tested commercial P25 under the same 
experimental conditions (Fig. S9) and found that MH and MHWB 
showed higher photocurrents during the chronoamperometry 
experiments. 

The linear scan measurement (Fig. 8d, e, f) was carried out to verify 
the photocurrent response of the synthesized materials, where it was 
possible to see that WB, MH, MHB, MHWB and MDB showed an excel
lent response to light. As can be seen, MHWB was the material with the 
highest photocurrent efficiency among all investigated ones. 

Firstly, in Fig. 8e, we see that the onset potential of the B material is 
around 0.2 V, while for the WB material, it is around 0 V. Fig. 8e shows 
that the onset potential of MH is about 0.3 V, whereas MHB is 0.2 V and 
MHWB is 0.0 V. This result indicates that doping the BiVO4 with tung
sten reduces the potential required for water oxidation. MD showed an 
onset potential close to 0.2 V (Fig. 8f). In contrast, MDB showed an onset 
of around 0.1 V. Following the low photoactivity observed in the 
chronoamperometry experiments, the MDWB does not show photo
response upon the linear sweep voltammetry. This material exhibits a 
less crystalline XRD pattern, which could suggest that the crystalline 
connection between the composite components does not favor the 
charge transfer process. 

Electrochemistry measurements were also carried out by controlling 
the pH at 7 using a buffer solution (Fig. S7). However, the photocurrents 
are lower than those obtained without pH control (Fig. 8). Only MHB 
material showed better results even under a low bias of 0.2 V in pH 7. 
This result indicates that pH control favors bismuth vanadate in the 
heterojunction with graphitic carbon nitride. Still, when doped with 
tungsten, it does not show the best results compared to when pH control 
is not applied. 

IPCE measurements were performed under open circuit conditions 
(Fig. 9a). The results can be expressed from Eq. (2), i.e., as a function of 
the electron injection quantum efficiency ΦEI, the electron collection 
efficiency in the external circuit, ηEC and the light-harvesting efficiency, 
LHE, at a given wavelength [73]. 

IPCE(λ) ΦEI . ηEC . LHE (2) 

As seen in Fig. 9, the IPCE results showed a maximum value of 
around 33 % for the BiVO4 and MHB materials at 400 nm, and these two 
materials also showed the best results over the wavelengths swept from 
400 nm to 700 nm. The IPCE results differ from those observed in the 
photoelectrochemistry experiments because they were carried out in an 
open circuit. Thus, BiVO4 and MHB showed interesting results since they 
showed good photocatalytic response under visible light. 

Fig. 9b shows the photoluminescence of all materials reported here. 
The emission spectra of the g-C3N4 show a broad band from ca. 425 to 
600 nm, with a maximum of 458 (MD) and 468 nm (MH). The emission 
is assigned to the optical band gap related to the sp2 clusters [74]. The 
shift of the emission peak of the g-C3N4 can be attributed to the method 
of preparation that induces the condensation of the melamine at 
different temperatures. The hydrothermally treated material contains 
adsorbed solvents and volatile species that can alter the temperature of 
condensation, leading to different optical band gaps. 

The emission spectrum of the BiVO4 material is composed of a broad 
band with a maximum of 445 nm (2.78 eV) assigned to the band-to-band 
transition. The W-doping promotes a drastic emission quenching, indi
cating a slow e--h+ recombination process. The doping process usually 
creates energy levels within the band gap that activate different energy 
relaxation pathways. The quenching in the emission band of the W- 
doped samples is consistent with the increase in the anode photo
response since the radiative recombination competes with the observed 
photocurrent; if the generated photocarrier suffers radiative recombi
nation, it is no longer available to generate photocurrent in the circuit. 

The combination of the MH and BiVO4 in a composite yields a very 
intense emission band centered at 463 nm, consistent with the optical 

band gap transition of g-C3N4. Similarly, the W-doping leads to a drastic 
quenching of the emission band, as discussed above. 

The composites prepared with MD and BiVO4 show a reversed 
behavior, where the W-doping increases the emission intensity. The 
results corroborate the decrease in the photocurrent generation. The 
results indicate that the MH generates a well-aligned energy band that 
optimizes the photocurrent generation. 

3.3. Photocatalysis 

Tetracycline (TC) was used as an organic model to evaluate the 
photocatalytic activity of the materials reported here. It is a widely used 
antibiotic to treat bacteria-related diseases in humans and animals; 
however, it is completely metabolized by humans or animals. Therefore, 
a significant fraction is excreted and accumulates in aquatic environ
ments [72,75]. Thus, developing a method to eliminate such residues 
from wastewater is critical. Fig. 10 shows the TC degradation rate using 
B and WB (Fig. 10a); MH, MHB and MHWB (Fig. 10b); MD, MDB and 
MDWB (Fig. 10c) and P25 (Fig. 10d) as photocatalysts under simulated 
sunlight irradiation. It can be observed that after 1 h of sunlight expo
sure, B is more active than WB (Fig. 10a); this result is opposite to the 
trend observed for the photocurrent measurements. A possible 

Fig. 9. (a) IPCE as a function of the electron injection quantum efficiency ΦEI, 
the electron collection efficiency in the external circuit, ηEC and the light- 
harvesting efficiency, LHE, at a given wavelength for the materials B, WB, 
MH, MHB, MHWB, MD, MDB and MDWB films as working electrodes. Counter 
electrode: Pt; Electrolyte 0.1 M Na2SO4 10 % buffer solution pH 7. (b) Pho
toluminescence spectra of the investigated materials. 
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explanation is the higher IPCE values observed for B (Fig. 9a), which can 
be associated with its charge separation capacity. Also, the differences in 
the surface compositions of B and WB may induce different chemical 
interactions with the TC since changes in the appearance of the UV–vis 
spectra (Figures S11 and S12) suggest an instability of the molecular 
structure during the adsorption process [76]. For the MH, MHB and 
MHWB materials, the dye degradation efficiency after 1 h of simulated 
sunlight irradiation follows the same trend as that observed for the 
photocurrents (Fig. 8b), which can be ascribed to a suitable band 
alignment as suggested by the photoluminescence study. Also, the 
UV–Vis spectra suggest different interactions of each catalyst with the 
TC (Figures S13–15). Finally, MD shows higher photoactivity than MDB 
and MDWB (Fig. 10c), which does not match the trend of photocurrent 
generation (Fig. 8c). Also, it can be explained by a unique interaction of 
TC with MD since the UV–Vis spectra of the supernatant are very 
different from those observed when MDB and MDWB are used as pho
tocatalysts (Figures S16–18). 

Among all investigated materials, MHWB had the highest photo
catalytic activity. We are unaware that another study has been reported 
involving heterojunctions between W-doped BiVO4 and g-C3N4 for 
tetracycline photodegradation. However, Kang and coworkers [77] have 
prepared Na+- doped BiVO4 and g-C3N4 heterojunction and applied it to 
TC degradation using a 300 W Xenon lamp equipped with a UV cut-off 
filter (< 420 nm), which showed 60 % efficiency after 40 min of irra
diation. Xu and collaborators [72] reported a heterojunction between 
2D g-C3N4 and BiVO4. They found a photocatalytic activity towards TC 
degradation of ~65 % after 1 h of irradiation of a 500 W Xe lamp with a 
cut-off filter (λ ≥ 420 nm). Although these two studies reported higher 
activities than the one found in this work, it is essential to highlight that 
the irradiation power used here is much lower. Thus, to better compare 
our results with the literature, we submitted commercial P25 to the same 
photocatalytic conditions and found that the efficiency of MHWB was 
very similar to that of P25. However, the maximum degradation rate is 
reached faster for MHWB than P25. These results reinforce how the 
hydrothermal treatment of melamine before the calcination to produce 
g-C3N4, combined with the W-doping of BiVO4, are successful strategies 

to improve the photocatalytic activity of the heterojunction. 

4. Conclusions 

In conclusion, this study systematically examined the morphological 
characteristics, crystalline structures, and photocatalytic performances 
of heterojunctions involving BiVO4 and W-BiVO4 with graphitic carbon 
nitride (g-C3N4) produced through distinct synthesis routes. The first 
method involved submitting melamine to a hydrothermal treatment 
before the annealing process (MH); the second involved the direct 
annealing of melamine (MD). 

SEM images revealed that MD shows an irregular shape with sharp 
edges, whereas the MD exhibits an irregular and very smooth shape. 
Thus, the hydrothermal treatment affected the way g-C3N4 aggregates. 
Images of pristine BiVO4 and W-BiVO4 show irregular and square 
shapes, respectively. The combination of BiVO4 and W-BiVO4 with MH 
and MD shows that none of the pristine morphologies was retained 
during the synthesis of the heterojunction. This observation suggests (i) 
that there is an interaction between (W)-BiVO4 and g-C3N4 and (ii) that 
the g-C3N4 and (W)-BiVO4 are homogenously distributed onto each 
other. 

Photoelectrochemical experiments show that doping BiVO4 with 
tungsten enhances the photoresponse of the anode three times. This 
result is expected since it is recognized from the literature that the 
insertion of W into the BiVO4 reduces the recombination sites. 
Combining W-BiVO4 with MH increases the photocurrent 3.3 times 
(compared to pristine W-BiVO4). On the other hand, the photocurrent 
obtained using the system MHB (MH and BiVO4) is two times higher 
than BiVO4 but two times lower than pristine MH. Conversely, when MD 
is used, the photocurrent of MDB (MD and BiVO4) is almost four times 
higher than MDWB (MD and W-BiVO4). Another interesting observation 
is that the photocurrent obtained by MH is five times higher than that 
obtained by MD. However, the photoresponse of MD is faster than MH, 
which exhibits deep trap states. 

Photodegradation tests reveal that the synthesis methods may affect 
the surface of the photocatalysts and, as a result, the adsorption of 

Fig. 10. Tetracycline photodegradation using the following catalysts: B and WB (a); MH, MHB and MHWB; MD, MDB and MDWB (c); and P25 (d).  
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tetracycline (organic model). Still, MHWB was the best photocatalyst, 
degrading 40 % of TC after 1 h of simulated sunlight irradiation, which 
was comparable to the activity of commercial P25 tested under the same 
conditions (Figs. 10d and S19). 

These results suggest that the hydrothermal treatment influences the 
structure and surface characteristics of g-C3N4, affecting how the ma
terial aggregates and interacts with BiVO4 and W-BiVO4. The MH pro
motes a heterojunction that enhances the charge processes with W- 
BiVO4. On the other hand, the MD results in a more favorable hetero
junction with BiVO4. However, overall, higher currents were obtained 
when MH was used. 

Thus, we can conclude that introducing a hydrothermal treatment of 
melamine before the calcination step resulted in the formation of het
erojunctions with W-BiVO4, resulting in photoanodes with enhanced 
response. 
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B. Vajna, K. Varga-Josepovits, K. László, A.L. Tóth, P. Baranyai, M. Leskelä, 
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