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Abstract 

This study investigates the synthesis and photocatalytic performance of BiVO4-Nigella Sativa/g-C3N4 composites for 

the degradation of methylene blue dye. The composites were synthesized using a coprecipitation method and 

characterized through various techniques, including X-ray diffraction (XRD), Fourier-transform infrared spectroscopy 

(FTIR), UV-Vis diffuse reflectance spectroscopy (DRS), Brunauer-Emmett-Teller (BET) surface area analysis, and 

scanning electron microscopy (SEM) to determine their crystal structure, chemical composition, morphology, 

adsorption and photocatalytic abilities. A variation of mass ratios of BiVO4 to g-C3N4 of 1:2, 1:3, and 1:4 was used in 

this investigation. The photocatalytic test results indicated that the composite with a mass ratio of 1:2 achieved the 

highest methylene blue degradation, reaching 91.73%, which was primarily attributed to an adsorption activity of 

81.12% and a photocatalytic degradation of 10.60%. The photocatalytic activity was significantly enhanced under 

alkaline conditions, particularly at pH levels between 9 and 10, which facilitated the formation of reactive oxygen 

species (ROS). The study highlights the synergistic effects of the BiVO4 and g-C3N4 combination, which promotes 

efficient charge transfer, reduces electron-hole recombination, and expands light absorption due to a decrease in the 

effective bandgap energy. Overall, the findings indicate that BiVO4-Nigella Sativa/g-C3N4 composites have considerable 

potential for application in wastewater treatment, particularly for the remediation of organic dye pollutants. 
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1. Introduction  

Water pollution due to industrial waste 

effluents, especially from the textile, 

pharmaceutical, and paper sectors, is one of the 

most serious environmental challenges [1]. These 

effluents often contain dyes such as methylene 

blue (MB), which are toxic and difficult to degrade 

naturally. These persistent dyes pose significant 

threats to aquatic ecosystems and human health. 

Therefore, effective and environmentally friendly 

effluent treatment methods are needed to 

* Corresponding Author. 

   Email: anung.riapanitra@unsoed.ac.id (A. Riapanitra) 

overcome this problem [2]. Some physicochemical 

methods such as adsorption and coagulation 

require further treatment as they do not degrade 

the dye. One promising method is 

photodegradation, which degrades organic 

compounds using light energy with the help of 

photocatalyst materials. Titanium dioxide is the 

most prominent photocatalyst due to its high 

photocatalytic activity under. It is, however, 

absorbs UV light wavelength, limiting its 

application [3]. Bismuth vanadate (BiVO4) has 

been widely studied as a photocatalyst because it 

has a semiconductor bandgap of about 2.4 eV, 

allowing visible light absorption. In addition, 

BiVO4 has good chemical stability and high 
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oxidizing properties [4]. However, the main 

limitation of BiVO4 is the high recombination rate 

of electron-hole pairs, which reduces its 

photocatalytic efficiency [5]. 

Various efforts have been made to improve 

the performance of BiVO4, one of which is through 

modification with natural materials such as the 

use of Callistemon viminalis [6]. Nigella Sativa 

(NS) seed is a natural material rich in bioactive 

compounds, such as alkaloids, flavonoids, and 

tannins, which can function as morphology 

controllers in material synthesis [7]. Based on 

previous studies, using natural materials in the 

synthesis process can affect the crystal structure, 

morphology and produce photocatalysts with 

smaller particle sizes and larger surface areas, 

thereby improving the degradation efficiency of 

organic pollutants [8]. Researchers have also 

enhanced BiVO₄ photocatalysts through 

elemental doping and semiconductor coupling to 

improve charge separation and photocatalytic 

activity, and one of the prominent candidates is 

graphitic carbon nitride (g-C3N4). g-C3N4 is a 

carbon-based polymeric material with a graphitic 

structure and a bandgap of about 2.7 eV. Although 

the bandgap of g-C3N4 is higher than that of 

BiVO4, this material can separate electron-hole 

pairs and has high thermal and chemical stability   

[9]. Compositing BiVO4 with g-C3N4 can form a 

heterojunction, facilitating charge transfer 

between materials. Based on previous research, 

this heterojunction not only enhances the 

separation of electron-hole pairs but also lowers 

the effective bandgap of the composite system, 

thereby broadening the spectrum of light that can 

be absorbed [10].  

The use of BiVO₄/g-C₃N₄ composites has 

proven effective in degrading organic pollutants 

under visible light. Mu et al. studied S-scheme 

BiVO₄/g-C₃N₄ heterojunctions for 

peroxydisulfate-activated degradation of 

dissolved organic matter in eutrophic lake water, 

achieving 85% degradation in 120 minutes [11]. 

Tran et al. investigated a Z-scheme BiVO₄/g-C₃N₄ 
heterostructure for dye and antibiotic 

decomposition, achieving 95% methylene blue and 

88% rhodamine B degradation in 90 minutes. The 

Z-scheme mechanism improved charge carrier 

dynamics, optimizing redox species generation for 

organic degradation[12]. Shakir et al. explored 

tungsten-doped BiVO₄/g-C₃N₄ composites, 

achieving 80% phenol degradation in 180 minutes 

under visible light. Tungsten doping enhanced 

electronic properties and material interaction, 

boosting photocatalytic efficiency [13]. Also, 

Akechatree et al. developed a Z-scheme BiVO₄/g-

C₃N₄/rGO nanocomposite, achieving over 92% 

degradation of methylene blue and tetracycline in 

120 minutes. The inclusion of rGO and g-C₃N₄ 
improved charge separation and pollutant 

adsorption, increasing photocatalytic activity by 

25% compared to BiVO₄/g-C₃N₄ alone [14].  

To enhance the performance of BiVO4, it was 

composited with Graphitic carbon nitride (g-C3N4) 

material. This research aims to synthesize and 

characterize BiVO4 photocatalyst modified with 

NS extract and composite it with g-C3N4. The 

evaluation of photocatalyst performance is 

performed through methylene blue degradation 

testing, with the hope that the results of this 

study can contribute to the development of 

efficient and environmentally friendly 

photocatalytic-based waste treatment technology. 

 

2.  Materials and Methods 

2.1  Materials 

The materials used in this study include NS 

seed extract, which was obtained from black 

cumin seeds, bismuth(III) nitrate pentahydrate 

(Bi(NO3)3-5H2O) (Merck, Germany), ammonium 

metavanadate (NH4VO3) (Aldrich, USA), sodium 

hydroxide (NaOH) (Merck, Germany), and 

melamine (Loba Chemie, Germany). Methylene 

blue dye (Merck, Germany), demineralized water, 

and distilled water were also used in the synthesis 

and testing process. For other experimental 

purposes, methanol (Merck, Germany), absolute 

ethanol (Merck, Germany), hydrochloric acid 

(HCl) (Merck, Germany), as well as radical-

forming compounds, such as benzoquinone 

(Aldrich, USA), isopropanol (Merck, Germany), 

and ammonium oxalate (Merck, Germany), were 

used. The instruments used were Shimadzu XRD-

7000 X-ray Diffractometer (XRD), JEOL JSM-

6510LA Scanning Electron Microscope (SEM), 

Hitachi U-3010 UV-Visible Diffuse Reflectance 

Spectroscopy (UV-Vis DRS) spectrophotometer 

and Brunauer-Emmett-Teller (BET) 

Quantachrome Nova 1200e surface area analyzer. 

 

2.2  Preparation of BiVO4 via NS 

Black cumin seeds were first rinsed with 

distilled water and air-dried. A total of 10 g of 

black cumin seeds were weighed and ground into 

a fine powder using a clean mortar and pestle and 

placed in a three-necked flask. The seeds were 

then heated in 400 mL of deionized water at 100°C 

for 2 hours with constant stirring. After heating, 

the solution was allowed to cool to room 

temperature. The brownish NS extract was then 

filtered using Whatman No. 1 filter paper to 

separate the solution from the solid residue, 

resulting in a clear filtrate ready for further 

synthesis without further dilution or 

concentration.  

A 1.936 g Bi(NO3)3-5H2O was dissolved in 8 

mL of NS seed extract to form solution one. 

Solution two was prepared by dissolving 0.468 g 

NH4VO3 in 8 mL NS extract. Solution one was 
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slowly added to solution two while stirring with a 

magnetic stirrer for 2 hours at room temperature. 

The mixture produced a yellow solution, which 

was then centrifuged. The precipitate obtained 

was washed three times with ethanol and 

demineralized water. The produced BiVO4 powder 

was then calcined at 400 °C for 4 hours. This 

procedure is modification of previous researcher 

[1].  

 

2.3  Preparation of BiVO4-NS/g-C3N4 

BiVO4-NS/g-C3N4 composites were prepared 

in two steps. After successfully synthesizing 

BiVO4-NS, g-C3N4 was prepared using a thermal 

condensation method. A total of 5 g of melamine 

was placed in a closed alumina crucible and 

heated to 550 °C, which was maintained for 4 

hours. After cooling to room temperature, the g-

C3N4 product was pulverized into fine powder and 

then used to form the BiVO4-NS/g-C3N4 

composite. A total of 0.2 g g-C3N4 was dispersed in 

20 mL of methanol; then, the mixture was stirred 

ultrasonically for 1 hour to exfoliate the g-C3N4. 

Afterward, 0.1 g BiVO4 was added into the g-C3N4 

suspension, and the mixture was stirred using a 

magnetic stirrer in a fume hood until the 

methanol evaporated completely. The BiVO4-

NS/g-C3N4 composite photocatalyst was dried at 

80 °C and calcined at 300 °C for 4 hours. This 

procedure was repeated for samples with a BiVO4-

NS:g-C3N4 mass ratio of 1:3 and 1:4. This 

procedure is modification of previous researcher 

[1].  

 

2.4  Photocatalyst Material Characterization 

Characterization of photocatalyst materials is 

performed using various techniques to identify 

their properties. X-ray diffraction (XRD) analysis 

using a Shimadzu XRD-7000 was used to 

determine the crystal structure and phase of the 

material from the resulting diffraction pattern. A 

JEOL JSM-6520LA scanning electron microscope 

(SEM) was used to examine the surface 

morphology by scanning the sample with an 

electron beam to produce images showing particle 

size and shape. In addition, Fourier Transform 

Infrared (FTIR) spectrum analysis was performed 

to identify functional groups and chemical 

interactions in the material. UV-Vis diffuse 

reflectance spectroscopy (UV-Vis DRS) using a 

JASCO V-670 was used to measure the ability of 

the material to absorb UV and visible light and to 

determine the band gap energy. Brunauer-

Emmett-Teller (BET) analysis was used to 

evaluate the specific surface area and pore size 

distribution, which play an essential role in the 

photocatalytic activity of the material. 

2.5  BiVO4-NS /g-C3N4 Photocatalyst Optimization 

The optimization process of photocatalyst 

mass and pH for methylene blue (MB) 

degradation was carried out in two steps. At first, 

0.05 g of BiVO4-NS/g-C3N4 photocatalyst with 

different mass ratios of 1:2, 1:3, and 1:4 was mixed 

into 50 mL of 10 ppm MB solution in a glass 

beaker. The mixture was stirred while exposed to 

visible light for 150 minutes. The absorbance of 

the solution was measured using a UV-Vis 

spectrophotometer to determine the photocatalyst 

ratio that gave the best performance in MB 

degradation. 

The next step was to adjust the pH of the 

solution. A 50 mL solution of 10 ppm MB was 

added to a beaker, and the pH was adjusted to 

values of 3, 5, 7, 9, and 11. The mixture was 

stirred under visible light for a predetermined 

time. Absorbance measurements were taken to 

determine the optimal pH that resulted in the 

highest MB degradation. 

 

3.  Results and Discussion 

3.1  Crystalline Phase Identification of BiVO4-

NS/g-C3N4 

The XRD results presented in Figure 1 for the 

three samples of g-C3N4, BiVO4 NS seed extract, 

and the BiVO4-NS/g-C3N4 composite offer detailed 

insights into the changes in crystallinity following 

composite formation. The  diffraction pattern of 

BiVO4-NS seed extract showed sharp and well-

defined diffraction peaks, such as in the (011), 

(121), (130), and (040) crystal planes in accordance 

with the standard values (JCPDS No. 14-0688) 

[15]. These peaks are typical for the monoclinic 

crystal structure of BiVO4, indicating that the 

material has high crystallinity and good order. 

The presence of NS in BiVO4 is not expected to 

introduce new peaks, as organic components like 

NS are typically amorphous and lack the 

crystalline regularity detectable by XRD. 

Figure 1. X-ray diffraction characterization 



 

 

 

Bulletin of Chemical Reaction Engineering & Catalysis, 20 (2), 2025, 349 

Copyright © 2025, ISSN 1978-2993 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample Crystal Size (nm) 

g-C3N4 6.52 

BiVO4-NS 16.78 

BiVO4-NS/g-C3N4 20.09 

However, NS seed extract may act as a supporting 

agent that affects the particle size or morphology 

of the material, although this is not directly 

reflected in the diffraction pattern [16]. 

Meanwhile, g-C3N4, as a layer-structured 

material, exhibits a dominant diffraction peak in 

the (002) plane around 2θ = 27.4° , representing 

the distance between graphitic layers [17]. This 

peak is the only significant peak observed in the 

XRD pattern of g-C3N4, indicating that the 

material has a semi-crystalline structure with a 

layered nature. This interlayer stacking is 

characteristic of g-C₃N₄ and implies successful 

hybridization with BiVO₄. When the two 

materials, BiVO4-NS and g-C3N4, were combined 

in composite form, there was a significant change 

in the diffraction pattern. The sharp peaks of 

BiVO4-NS that were previously clearly visible 

began to show intensity attenuation and 

broadening. This indicates that the formation of 

the composite caused a reduction in the size of the 

BiVO4-NS crystal domains, which in turn affected 

the intensity of the diffraction peaks. The 

broadening of the peaks can also be caused by 

disrupting the BiVO4-NS crystal order due to the 

presence of g-C3N4. 

Furthermore, the peak corresponding to g-

C3N4 in the (002) plane is also noticeably 

weakened in the composite diffraction pattern. 

This weakening indicates that the interaction 

between BiVO4-NS and g-C3N4 is strong enough to 

disrupt the stacking of g-C3N4 layers. In the 

composite, BiVO4-NS particles tend to be 

dispersed on the surface of g-C3N4, which limits 

the interaction between g-C3N4 layers and 

decreases the intensity of its XRD peaks. The 

presence of NS as an organic component does not 

result in a detectable XRD signal. Still, it most 

likely contributes indirectly by facilitating 

particle distribution or acting as a stabilizing 

agent. NS may also strengthen interactions 

between particles, enhancing the formation of 

unique composite networks. 

Based on Table 1, the crystallite sizes 

obtained from XRD analysis using Scherrer's 

formula show significant variations among the g-

C3N4, BiVO4-NS, and BiVO4-NS/g-C3N4 

composites. The g-C3N4 material has the smallest 

crystallite size of 6.52 nm, which reflects a 

material structure with low crystallinity and 

small particle size. BiVO4-NS has a larger 

crystallite size of 16.78 nm, indicating a more 

ordered crystal structure than g-C3N4. When the 

two materials were combined into a BiVO4-NS/g-

C3N4 composite, the crystal size increased to 20.09 

nm. 

This increase can be attributed to the 

interaction between the two materials during the 

synthesis process, where g-C3N4 can act as a 

matrix for the formation of BiVO4-NS particles. It 

could also indicate the presence of larger crystal 

growth or particle coalescence during the 

composite synthesis process. Despite the larger 

crystal size of the composite, this is not always a 

drawback. In some cases, synergistic interactions 

between the two materials can improve material 

characteristics, such as charge transfer efficiency 

and structural stability [18]. Overall, the changes 

in diffraction patterns and increase in crystal size 

indicate the successful formation of composites 

with synergistic interactions. These changes 

increase the surface area, particle distribution, 

and availability of active sites, which contribute to 

the efficiency of charge transfer and light 

utilization, thus supporting the improvement of 

the photocatalytic performance of the material. 

Furthermore, no impurity phases were 

detected, indicating high phase purity of the 

composites. The preservation of individual phase 

structures alongside the absence of secondary 

phases suggests that the heterojunction is formed 

via physical integration rather than chemical 

transformation, which is beneficial for 

maintaining the intrinsic band structure 

alignment necessary for efficient photocatalytic 

activity. 

 

3.2  Functional Group and Chemical Bond 

Identification 

The FTIR spectra provides important 

information regarding the functional groups in 

the BiVO4-NS, g-C3N4, and BiVO4-NS/g-C3N4 

composite materials. Figure 2 shows that the 

FTIR spectrum of BiVO4-NS shows various 

characteristic peaks that reflect the presence of 

specific functional groups. The peak at around 

3400 cm-1 indicates the presence of O–H 

stretching vibrations, which originate from 

adsorbed water or hydroxyl groups on the surface 

of the material. In addition, peaks in the 3000-

2850 cm-1 region show aliphatic C–H stretching 

vibrations, indicating the presence of residual 

organic residues from NS. C=O stretching 

vibrations were detected around 1700-1600 cm-1, 

indicating the presence of carbonyl groups derived 

from organic compounds. 

The peak at 1380 cm-1 indicates the presence 

of nitrate ions (NO3-), which may come from the 

nitrate-based reagents used in the synthesis. 

Meanwhile, the characteristic V–O vibrations at 

Table 1. Photocatalyst material crystal size 
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800-900 cm-1 and Bi–O at 500-600 cm-1 are typical 

of the BiVO4 crystal structure. The presence of 

these peaks confirmed that the crystalline phase 

of BiVO4 was successfully formed and maintained 

in the BiVO4 -NS composite [19,20]. 

In the spectrum of BiVO4-NS/g-C3N4, no new 

peaks were observed in the spectrum of pure 

BiVO4-NS, indicating the successful formation of 

the composite. The peaks at 3000-3500 cm-1 

indicate wider O–H stretching caused by the 

interaction of hydroxyl groups on the surface of g-

C3N4 with the surrounding environment. A key 

characteristic of g-C3N4 is the presence of C=N 

groups indicated by peaks around 1200-1600 cm-1. 

This group is characteristic of the triazine ring in 

g-C3N4, which contributes to the aromatic 

structure of the material. In addition, strong C–N 

stretching vibrations were detected at around 

1100 cm-1, indicating the presence of nitrogen-

carbon heteroatom chains. Peaks at 2800-3000 

cm-1 indicating aliphatic C–H stretching 

vibrations also indicate organic residues from NS 

or even impurities from the solvent used during 

synthesis. Interestingly, the characteristic peaks 

of BiVO4, namely V-O and Bi-O vibrations, remain 

visible at around 800-900 cm-1 and 500-600 cm-1 

[19]. This indicates that the structure of BiVO4 

remains stable despite having formed a composite 

with g-C3N4. Importantly, a noticeable shift or 

broadening of some bands (especially in the 1200–

1650 cm⁻¹ region) can be observed in the 

composite compared to the individual 

components. This is indicative of interfacial 

interactions, such as hydrogen bonding or 

electronic coupling between g-C₃N₄ and BiVO₄, 
which play a significant role in enhancing 

photocatalytic performance by promoting charge 

transfer across the heterojunction. 

These FTIR data are consistent with the 

results of XRD analysis, which show a weakening 

and broadening of the diffraction peaks of BiVO4 

after composite formation with g-C3N4. In the 

XRD data, the weakening of the intensity of the 

diffraction peaks of the BiVO4 crystal planes (such 

as in the (121) and (040) planes) indicates that the 

integration of g-C3N4 into the BiVO4 matrix 

caused a slight disturbance in its crystal 

structure. Peak intensity weakening also 

observed in the FTIR data, where the peaks of 

BiVO4 remain visible, but with a slightly weaker 

intensity due to inter-molecular interactions. The 

analysis of FTIR and XRD data indicates that the 

formation of BiVO4-NS/g-C3N4 composite 

improves the distribution of interactions between 

BiVO4 and g-C3N4, potentially enhancing the 

photocatalytic activity. The strong C=N and C-N 

groups of g-C3N4 play an essential role in 

enhancing the electron transfer efficiency, while 

BiVO4 still provides the active centre for the 

photocatalytic reaction. 

 

3.3  Morphological Characterization of BiVO4-

NS/g-C3N4 

The results of scanning electron microscope 

analysis (Figure 3) show the morphological 

characteristics of BiVO4, BiVO4-NS, g-C3N4, and 

BiVO4-NS/g-C3N4 composite materials. In the g-

C3N4 material, the observed morphology shows an 

irregular layered structure with overlapping 

layers (Fig 3D). This structure is characteristic of 

graphitic carbon nitride, which has a two-

dimensional planar nature with bonding between 

layers by van der Waals forces. This morphology 

provides a high surface area, allowing good 

contact between the material and the target 

molecules during the photocatalytic process. 

However, the relatively low degree of crystallinity 

of g-C3N4 can limit the charge transfer efficiency 

during the reaction [21]. 

For BiVO4-NS material, SEM image shows a 

rectangular rod-like structure with a relatively 

large particle size [22]. This structure indicates 

directed and controlled crystal growth, supporting 

the monoclinic phase characteristics of BiVO4. 

The smooth surface of the BiVO4-NS crystals 

indicates a high purity of the material, most likely 

achieved by reasonable pH control during the 

synthesis process. However, the larger particle 

size may negatively impact the specific surface 

area, and particle aggregation could diminish the 

material's efficiency in certain applications. In 

contrast, pure BiVO4 typically exhibits a sphere-

grape-like morphology, characterized by rounded, 

clustered particles with generally smooth 

surfaces. This spherical aggregation suggests less 

directional crystal growth and possibly a higher 

degree of agglomeration, which may influence 

photocatalytic activity and surface interaction 

differently compared to the rod-like BiVO4-NS. 

The transformation of BiVO4 morphology from 

spherical to rod-like upon the addition of NS 

extract may be attributed to the role of NS as a Figure 2. FTIR Spectra of BiVO4-NS and BiVO4-

NS/g-C3N4 composites. 



 

 

 

Bulletin of Chemical Reaction Engineering & Catalysis, 20 (2), 2025, 351 

Copyright © 2025, ISSN 1978-2993 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

natural structure-directing agent. Bioactive 

compounds present in the extract, such as 

flavonoids and phenolic compounds, can interact 

with the metal precursors during the synthesis, 

altering the nucleation and growth kinetics of the 

crystals. These interactions promote anisotropic 

crystal growth, leading to the formation of a rod-

like morphology instead of isotropic spherical 

particles. Moreover, the organic molecules in NS 

may act as capping agents, selectively adsorbing 

on specific crystal facets and thus directing the 

crystal growth in a particular orientation. This 

suggests that NS not only influences the purity 

and crystallinity of BiVO4 but also plays a key role 

in tailoring its morphology, which in turn can 

affect its photocatalytic performance. 

 The BiVO4-NS/g-C3N4 composite shows a 

unique blend of the morphologies of both 

materials. SEM results show the rod structure of 

BiVO4-NS fused with the irregular g-C3N4 layer, 

indicating good contact between the two 

materials. The presence of these two materials in 

one composite enables the formation of an 

effective heterojunction, which can accelerate the 

separation process of electron-hole pairs during 

photocatalytic reactions. 

SEM analysis results show that the BiVO4-

NS/g-C3N4 composite successfully combines the 

advantages of each material, namely the good 

surface area of g-C3N4 and the high visible light 

absorption capability of BiVO4-NS. In addition, 

the uniform particle distribution in the composite 

indicates a synergistic interaction between the 

two materials, which can improve the charge 

transfer efficiency by forming an effective 

heterojunction to minimize the recombination of 

electron-hole pairs. The morphology of the g-C3N4 

layer surrounding the BiVO4-NS particles also 

provides better structural stability by preventing 

particle agglomeration while creating more active 

sites on the material surface. This allows for more 

effective interactions with target molecules, such 

as pollutants, improving photocatalytic efficiency. 

In addition, the combination of the layered 

morphology of g-C3N4 and BiVO4-NS rod particles 

improves the optical properties of the material, 

allowing it to absorb and reflect visible light 

optimally. The presence of the g-C3N4 layer also 

provides additional protection against material 

degradation due to aggressive reaction 

environments, increasing the durability of the 

composite in long-term applications. With these 

Figure 3. SEM images of BiVO4 (A), BiVO4-NS (B), g-C3N4 (C),  and BiVO4-NS/g-C3N4 composites (D). 



 

 

 

Bulletin of Chemical Reaction Engineering & Catalysis, 20 (2), 2025, 352 

Copyright © 2025, ISSN 1978-2993 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

various advantages, BiVO4-NS/g-C3N4 has 

excellent potential for use in photocatalytic 

applications such as pollutant degradation or 

other chemical reactions that require high 

efficiency under visible light irradiation. 

 

3.4  BET Surface Area and Porosity Analysis 

The BET analysis results shown in Figure 4 

for the BiVO4-NS/g-C3N4 sample indicate that the 

nitrogen adsorption-desorption isotherm curve 

belongs to type IV, which is typical for materials 

with mesoporous structure (pore diameter 2-50 

nm). The presence of significant hysteresis at 

relatively high pressures (P/P₀ > 0.8) indicates the 

presence of a pore system with good 

interconnection, which is common in composite 

materials. This phenomenon reflects the ability of 

the material to reversibly absorb and release gas 

in sufficiently large pores, supporting the 

diffusion of target molecules such as organic 

pollutants or water molecules in photocatalytic 

applications [23]. It is also shown that the 

synthesis strategy based on NS and g-C3N4 

successfully produces materials with efficient pore 

structures without losing the structural integrity 

of BiVO4 as the main photocatalyst. 

The pore size distribution analyzed by the 

Barrett-Joyner-Halenda (BJH) method shows a 

significant peak at an effective diameter of 3.826 

nm, confirming that mesoporous pores dominate 

this material. Pores in this size range are ideal for 

photocatalytic applications as they allow the 

absorption of organic molecules such as dyes, 

phenolic compounds, or small to medium-sized 

gases. These pores create an optimal diffusion 

path that not only facilitates the uptake of target 

molecules onto the active surface but also allows 

for the rapid release of degradation products. This 

feature minimizes the risk of catalytic inhibition 

caused by the accumulation of target molecules or 

reaction products within the pores. This is often a 

problem in materials with tiny pores. 

The material-specific surface area of 24.098 

m2/g, although not very high compared to other 

mesoporous materials, is sufficient to support 

photocatalytic performance, especially 

considering the combination of pore size 

distribution and surface character. This surface 

area indicates that the synthesis of this composite 

has succeeded in creating a material with a 

sufficient number of active sites to support the 

interaction between the photocatalyst and the 

target molecules. In the context of photocatalytic 

applications, the combination of moderate surface 

area and optimal mesoporous structure is a key 

factor in optimizing degradation efficiency since 

the material depends not only on its surface area 

but also on the ability of its pores to provide 

accessibility to active sites. The BET 

characterization results show that BiVO4-NS/g-

C3N4 possesses porosity properties that are highly 

supportive for photocatalytic applications under 

visible light. The mesoporous structure increases 

the diffusion rate of target molecules towards the 

active surface, while the uniform pore size 

distribution helps to avoid inhibitory effects due 

to electron-hole recombination [24–26].  

 

3.5 Optical Properties and Bandgap 

Determination 

The DRS test results in Figure 5 show that 

the bandgap energy of the g-C₃N₄, BiVO₄-NS, and 

BiVO₄-NS/g-C₃N₄ composite samples varies 

significantly. The g-C₃N₄ material has a bandgap 

of 2.48 eV, which reflects its ability to absorb 

visible light at specific wavelengths. On the other 

hand, BiVO₄-NS has a smaller bandgap of 2.28 eV, 

which allows it to absorb a broader spectrum of 

visible light. This smaller bandgap is due to the 

electronic structure of the BiVO₄ material, which 

intrinsically has a higher valence band (VB) 

energy level due to the contribution of 6s orbitals 

from Bi³⁺ ions. However, like g-C₃N₄, BiVO₄ also 

has limitations in charge transfer due to the low 

charge carrier mobility. 

Figure 4. BET and pore structure analysis of BiVO4-NS/g-C3N4 composite. 
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In the BiVO₄-NS/g-C₃N₄ composite, there is a 

decrease in the bandgap value compared to the 

single material, with the lowest value recorded at 

a ratio of 1:2 (2.13 eV). This decrease can be 

explained by forming a type-II heterojunction 

between the two materials. In a type-II 

heterojunction, the energy levels of the conduction 

band (CB) and valence band (VB) of both 

materials are arranged in such a way as to allow 

electron transfer from the g-C₃N₄ conduction band 

to the BiVO₄-NS conduction band. Conversely, 

holes from the valence band of BiVO₄-NS can 

transfer to the valence band of g-C₃N₄. This 

process creates more efficient charge separation, 

reduces the recombination rate of electron-hole 

pairs, and improves photocatalytic performance 

[27]. 

In addition, chemical interactions at the 

interface between BiVO₄-NS and g-C₃N₄, such as 

hydrogen bonding or electrostatic interactions, 

create new interface energy levels. These energy 

levels narrow the effective bandgap of the 

composite, which explains the decrease in 

bandgap value compared to single materials. The 

electron density adjustment due to the presence of 

BiVO₄-NS can also change the charge distribution 

on g-C₃N₄, broadening the visible light absorption 

spectrum. This increases electron excitation, 

which is essential in the photocatalytic process. 

The ratio between BiVO₄-NS and g-C₃N₄ 
affects the efficiency of the synergistic formed. At 

a ratio of 1:2, a higher proportion of g-C₃N₄ 
material provides a sufficient number of active 

sites to create a strong interaction with BiVO₄-
NS, thereby increasing the charge transfer 

efficiency. However, at higher ratios (1:3 and 1:4), 

the dominance of BiVO₄-NS reduces the 

proportion of interaction with g-C₃N₄ so that the 

bandgap value of the composite is closer to that of 

BiVO₄-NS. This shows that the optimum ratio of 

the composite occurs at 1:2, where the synergistic 

interaction between the two materials is at its 

maximum. 

The decrease of bandgap in the composite 

indicates that this material can absorb more 

visible light than the single material, enhancing 

electron excitation, which plays an essential role 

in the photocatalytic process. These overall 

results indicate that BiVO₄-NS/g-C₃N₄ 
composites, especially at a 1:2 ratio, have great 

potential in visible light-based photocatalytic 

applications, with the interaction mechanism 

favouring better charge transfer efficiency and 

electron-hole pair separation. 

 

3.6 Optimization of Mass for Enhanced 

Degradation Efficiency 

In this study, the BiVO4-NS/g-C3N4 composite 

was tested for its performance in methylene blue 

degradation with variations in mass ratio (1:2, 

1:3, and 1:4). The results in Figure 6 show that 

sample A (1:2) gave the most optimal performance 

with a total removal of 91.73%. This performance 

was supported by a high adsorption activity of 

81.12%, while the photocatalytic activity was at 

10.60%. The dominance of adsorption activity in 

sample A indicates that g-C3N4 plays an essential 

role in capturing methylene blue molecules 

through physicochemical interaction mechanisms. 

Carbon-based materials such as g-C3N4 have a 

large surface area and good porosity, allowing 

effective interaction with methylene blue 

molecules through hydrogen bonding, van der 

Waals forces, or -  interactions between the 

aromatic ring of methylene blue and the surface of 

g-C3N4 [28]. In addition, the presence of functional 

groups such as amines and imines on the g-C3N4 

surface favours electrostatic interactions with dye 

molecules. This interaction results in a high 

concentration of Methylene Blue molecules 

around the composite surface, which indirectly 

increases the efficiency of the photocatalytic 

process. 

Although the photocatalytic activity of 

sample A is lower than its adsorption activity, the 

presence of BiVO4-NS still makes an essential 

contribution to the degradation of methylene blue. 

As a semiconductor, BiVO4-NS can absorb visible 

light and produce electron-hole pairs (e--h+) when 

exposed to light. Electrons (e-) formed in the 

conduction band react with oxygen (O2) to form 

superoxide radicals (O2
−). In contrast, holes (h+) in 

the valence band can oxidize water molecules into 

hydroxyl radicals (-OH) [29]. These two reactive 

oxygen species (ROS) are very effective in 

breaking the chemical bonds in the methylene 

blue molecule, which ultimately decomposes it 

into simpler compounds. In sample A, the good 

balance between the adsorption surface area of g-

C3N4 and the ability of BiVO4-NS to generate ROS 

was the main factor supporting the high 
Figure 5. The band gap energy of BiVO4-NS and 

BiVO4-NS/g-C3N4 composites. 
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degradation performance. In contrast, in samples 

B (1:3) and C (1:4), the total degradation 

decreased to 88.40% and 85.29%, respectively, 

although the photocatalytic activity slightly 

increased, which was 17.74% in B and 16.14% in 

C. The reduced adsorption activity can be due to 

the agglomeration of BiVO4-NS/g-C3N4 at a higher 

mass ratio. Increasing the mass of g-C3N4 tends to 

block the active area of the composite surface, 

thus reducing the number of adsorbed methylene 

blue molecules. In addition, excess g-C3N4 can 

produce a screening effect, which blocks the 

penetration of light to BiVO4-NS, thereby 

reducing the efficiency of electron excitation and 

increasing the recombination rate of electron-hole 

pairs. 

Overall, the interaction between g-C3N4 and 

BiVO4-NS in these composites creates an effective 

heterojunction capable of favoring the separation 

of electron-hole pairs and prolonging the lifetime 

of the generated ROS species. However, this 

phenomenon is only optimal at a particular mass 

ratio in sample A (1:2). Thus, the balance between 

adsorption surface area and photocatalytic 

efficiency becomes a key factor in determining the 

degradation performance. The findings of this 

study highlight the significance of designing 

composites that account for both adsorption 

capacity and photocatalytic ability to enhance 

overall degradation efficiency. 

 

3.7  Impact of pH on Degradation Efficiency 

Optimization 

The effect of pH on the photocatalytic 

performance of BiVO4-NS/g-C3N4 composite in 

Figure 7 showed that alkaline pH (pH of 9-10) 

gave the highest methylene blue degradation 

efficiency, reaching more than 96%, while at low 

pH (pH of 3-5) the degradation efficiency was 

much lower. These results are closely related to 

the material properties of BiVO4 and g-C3N4 and 

their response to acidic and alkaline 

environmental conditions, as well as the role of NS 

used as a solvent in the synthesis of BiVO4. BiVO4, 

with its monoclinic structure and narrow band 

gap energy (2.4 eV), is stable in neutral to alkaline 

environments. However, under acidic conditions, 

the surface of BiVO4 tends to be protonated, 

generating a positive charge that causes 

electrostatic repulsion with positively charged 

methylene blue molecules. This decreases the dye 

adsorption efficiency on the photocatalyst surface 

and inhibits the transfer of molecules to the active 

site. Furthermore, the acidic environment 

restricts the formation of reactive oxygen species 

(ROS), such as hydroxyl radicals (·OH), due to 

insufficient concentration of OH- ions necessary 

for reacting with holes (h+) in the valence band of 

BiVO4 [19-30]. In contrast, at alkaline pH, the 

BiVO4 surface is negatively charged due to the 

adsorption of OH- ions, which facilitates 

electrostatic interaction with methylene blue and 

favours the formation of ROS, including ·OH 

radicals and superoxide radicals ( O2
− ). This 

accelerates the degradation of Methylene Blue. 

The g-C3N4 material also contributes 

significantly to the performance of the composite, 

especially in alkaline environments. Under 

alkaline conditions, the pores of g-C3N4 become 

more extensive, increasing the specific surface 

area and the number of active sites available for 

photocatalytic reactions [20]. In addition, the 

abundant OH- ions under alkaline conditions 

favor the formation of ROS and enhance the 

electron transfer from g-C3N4 to BiVO4-Nigella 

Sativa across the composite interface. This 

electron transfer prevents the recombination of 

electron-hole pairs (e-/h+), prolongs the lifetime of 

Figure 6. The effect of volume variation of mass ratio of BiVO4-NS/g-C3N4 composites on MB 

photodegradation. 
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Photocatalysts 
Light 

source 

Time 

(min) 

Removal 

percentage (%) 
Refs. 

ZnO/Bentonite UV 180 ~71 [31] 

BiVO4/NiFe2O4 Visible 180 80 [32] 

TiO2/Fe3O4/GO Visible 90 76 [33] 

WO3/BiVO4/Graphene Visible 120 63 [34] 

g-C3N4/WO3/rGO Visible 180 76 [35] 

g-C3N4/BiVO4/NS Visible 150 91 This work 

active ROS species, and improves the degradation 

efficiency of methylene blue. Thus, the synergistic 

interaction between BiVO4-NS and g-C3N4 in an 

alkaline environment resulted in high 

degradation efficiency. 

NS, although used as a solvent in the 

synthesis of BiVO4, can affect the final properties 

of the material. Active compounds in NS, such as 

polyphenols, can interact with the BiVO4 

precursor during the synthesis process, helping to 

create a more ordered morphology or structure of 

the material [21]. This resulting structure 

contributes to the adsorption efficiency of 

methylene blue and the transfer of molecules to 

active sites in the photocatalytic reaction. At 

alkaline pH, the optimal synergistic interaction 

between BiVO4, g-C3N4, and the influence of NS on 

the material results in maximum photocatalytic 

activity. In contrast, less favorable electrostatic 

interactions at low pH, limited ROS formation, 

and low molecular transfer efficiency lead to 

suboptimal photocatalytic performance. These 

findings underscore the significance of pH in 

optimizing the performance of BiVO4-NS and g-

C3N4-based photocatalysts, particularly in organic 

waste degradation. Based on these results, the 

selected BiVO4-g-C3N4  composites were compared 

among various reported investigations on MB 

degradation which are summarized in Table 2. 

 

4. Conclusion 

In conclusion, this study on BiVO4-Nigella 

Sativa/g-C3N4 composites demonstrates 

significant advancements in photocatalytic 

materials for dye degradation, specifically 

targeting methylene blue. The research identified 

an optimal mass ratio of 1:2, which resulted in a 

remarkable degradation efficiency of 91.73%. This 

high efficiency is attributed to the dominant 

adsorption process (81.12%) coupled with a 

notable photocatalytic activity of 10.60%. The 

findings highlight the critical role of material 

composition, as the incorporation of Nigella Sativa 

enhances the structural integrity and 

photocatalytic performance of the BiVO4/g-C3N4 

composites. The study further emphasizes that 

optimal degradation occurs under alkaline 

conditions (pH of 9-10), where enhanced reactive 

oxygen species (ROS) formation significantly 

contributes to the degradation process. XRD 

characterization confirmed the formation of a 

monoclinic structure of BiVO4 and a stable BiVO4-

NS/g-C3N4 composite.  SEM results showed 

Figure 7. The effect of pH variation of BiVO4-NS/g-C3N4 composites on MB photodegradation (blue light). 

Table 2. Comparison between previous and current studies for MB removal using photocatalytic 

degradation. 
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regular morphology with increased porosity, 

which supported the enhancement of active 

surface for adsorption and photocatalytic 

processes. FTIR and UV-Vis DRS showed a 

significant interaction between BiVO4-NS and g-

C₃N₄, which enhanced the separation of electron-

hole pairs and prolonged the reactive life of the 

species, thus supporting more efficient methylene 

blue degradation. These findings are significant 

as they advance the development of eco-friendly 

photocatalytic systems for wastewater treatment, 

addressing a pressing environmental concern 

related to dye pollution. Future research 

directions should focus on optimizing synthesis 

parameters to further enhance the photocatalytic 

efficiency and stability of these composites. 

Additionally, exploring the integration of other 

natural materials and varying operational 

conditions could provide deeper insights into 

maximizing the performance of photocatalytic 

systems. This study lays a strong foundation for 

future investigations aimed at refining composite 

technologies and improving their applicability in 

real-world wastewater treatment scenarios. 
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