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Abstract 

A BaNiO3/g-C3N4 heterojunction was synthesized via green synthesis approach using the Peganum harmala leaf 

extract as reducing agent. A comprehensive characterization of the pristine and nanocomposite photocatalysts was 

performed using XRD, FTIR, EDX, UV–vis DRS, and PL techniques to investigate their physicochemical properties. 

The microstructural data revealed the presence of BaNiO3 and g-C3N4 phases with crystallite sizes ranging from 

approximately 10 to 60nm crystallite size and FTIR results confirmed the coexistence and interaction of characteristic 

functional groups associated with BaNiO3 and g-C3N4. The UV–vis DRS analysis indicated a reduction of the BaNiO3 

bandgap energy from 3.31 to 2.86eV upon incorporation of g-C3N4, indicating improved visible-light absorption and 

optical response of heterojunction. The catalytic activity of developed composite was assessed through the degradation 

of the Aniline blue (AB) dye under visible light irradiation. The nanocomposite achieved 94% removal of AB dye 

within 80min, corresponding to a kinetic rate constant of 0.0273min-1. Its enhanced photocatalytic performance is 

attributed associated with the formation of an intimate heterojunction between the two components, which can 

facilitate interfacial charge separation and suppress electron-hole recombination, as indicated by the PL results. 

Radical trapping experiments further revealed that •OH and •O2− species play important roles in AB dye degradation. 

Keywords: Geen synthesis; Nanocomposite; Photodegradation; X-ray diffraction; Kinetics; Heterojunction 

1. Introduction 

Industrial expansion is pervasively related to the dumping of large quantities of numerous toxic pollutants, which are 

detrimental to the environment, perilous to human and animal health, and difficult to destroy by simple natural routes 

[1-3]. Wastewater from industries such as paper and pulp, chemical, petrochemical, dyeing, etc. comprises injurious 

and persistent organic and inorganic contaminants which can cause harm to the environment [4-6]. Among the many 
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organic pollutants, dyes are the most commonly used types that are released to the aqueous environment [7-9]. They 

are hazardous, cancer-causing, toxic, and negatively impact human health, the atmosphere, and aquatic ecosystems. 

Organic molecules encompass aromatic rings, and particularly their nitro-, sulfo-, and chloro- series are generally 

present in manufacturing effluents and are the primary source of water pollution [10-12]. Humans’ fascination for 

colored uniforms, colored foodstuff, and furniture has led to the indispensable use of colored dyes and pigments [13-

15]. The color wastes from textile and color industries do not only cause the color problem in water bodies but also 

become a source of pollution for aquatic organisms by reducing or even blocking the light and interrupting the food 

chains and oxygen for aquatic life [16-18].  

Aniline Blue (AB) is a triphenylmethane dye that includes three sulfonic acid groups, giving it acidic dye character, 

with λmax = 597 nm. It is regularly used in the fabrics industry to shade a varied range of textiles [19, 20]. It is 

considered xenobiotic due to its discrete chemical structure, which makes it difficult to destroy [21]. AB is an 

extremely toxic dye and gives rise to coughing, breathing troubles, and gastric irritation, while, its long-term contact 

results in impairment of the blood's ability to transport oxygen [22, 23]. 

Several treatment procedures, including physical, chemical, and thermal decontamination approaches, have been 

followed to purify AB-adulterated wastewater. These outdated procedures have drawbacks such as low degradation 

efficacy, high energy usage, sludge generation, expensive and bulky equipment, and long residence time [24, 25]. The 

insufficiency of classical methods in dealing with these challenges made researchers adopt advanced oxidation 

processes (AOPs) [26-28]. These latter have gained significant attention for wastewater treatment due to their ability 

to generate highly reactive oxidizing species, particularly hydroxyl radicals (.OH). These processes include ozonation, 

Fenton and Fenton-like reactions, photocatalysis, electrochemical oxidation, and wet-air oxidation. The strong 

oxidation potential of  .OH (~2.8 V) enables the effective degradation of various organic pollutants. Use of CoFe2O4/g-

C3N4/Bentonite, photo-Fenton in the presence of H2O2 involving the generation of reactive hydroxyl and perhydroxyl 

radicals for AB degradation [29]. The photodegradation of AB using banyan aerial root extract-derived silver 

nanoparticles was achieved with the assistance of the reducing agent NaBH4 [21]. Of late, graphitic carbon nitride (g-

C3N4) has attracted a lot of interest owing to its exceptional thermal and chemical stability. In contrast to conventional 

catalysts like TiO2, which are restricted to the 5% UV region, it has a small bandgap (~ 2.7 eV) that enables it to 

absorb visible light, which makes up 45% of the solar spectrum [30, 31]. Furthermore, g-C3N4 is a cost-effective 

alternative to precious metal-based catalysts being formed of much abundant Earth element i.e. nitrogen and carbon 
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[31, 32]. Its special 2D layered assembly facilitates its binding to other metal and non-metal semiconductors. Despite 

its advantages, the practical application of g-C3N4 is hindered by the rapid recombination of photogenerated electron-

hole pairs [33, 34]. Constructing a heterojunction by joining g-C3N4 with another material, like BaNiO3, is expected 

to be an effective approach to get around this. By working as an "electron trap," this interface fruitfully diverts 

electrons away from the holes, extending the charge carriers' lifetime and empowering them to degrade organic dyes 

with strikingly higher efficiency [33, 35]. Because of its outstanding charge-transport capabilities and remarkable 

chemical and thermal stability, the perovskite BaNiO3 was chosen with special consideration [36]. Charge carriers can 

flow more freely with less energy loss thanks to the synergy between BaNiO3 and g-C3N4, which also increases the 

light-absorption range and lowers electron transfer resistance.  

Methods such as sol-gel, metal nitrate decomposition, combustion, and molten salts were employed for obtaining 

BaNiO3 nanoparticles [37, 38]. However, most of the synthesis protocols involve methods that are not economically 

feasible or environmentally friendly, and require multiple stages that generate undesirable by-products. To address 

these problems, an important step toward a sustainable route is the use of Peganum harmala extract in a green 

synthesis method. The bioactive ingredients found in Peganum harmala including alkaloids, flavonoids, triterpenoids, 

and anthraquinones [39, 40], serve as organic capping and reducing agents, covering the nanoparticles to keep them 

from aggregation and assuring a high specific area.  

Without using expensive equipment or harmful precursors, this environmentally benign protocol permits the 

fabrication of high-performance catalysts under mild conditions. In this research, we report the effective fabrication 

of a novel BaNiO3/g-C3N4 composite using a combination of sonochemical and mechanical methods. The leaf extract 

from Peganum harmala was used to manufacture the BaNiO3 component. The prime goals of the study are to assess 

the composite's photocatalytic efficacy against Aniline Blue dye under visible light, describe its structural and optical 

characteristics, and clarify the fundamental mechanism of charge transfer and pollutant destruction. 

2. Materials and Methods 

2.1. Materials 

All reagents were analytical grade and obtained from Sigma-Aldrich, including urea (≥99.5 %, pellets), barium nitrate 

[Ba(NO3)2], and nickel (II) nitrate hexahydrate [Ba(NO3)2·6H2O].  Fresh Peganum harmala leaves were collected from 

the Al-Qassim region. 

2.2. Preparation of Peganum harmala Leaf Extract 
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Fresh leaves of Peganum harmala were hand-picked and dried, then using an Essa®LM2 pulverizing mill, the dry 

leaves were ground for one minute to get a homogenized powder of an average particle size less than 75 µm. About 

30 g of the pulverized plant material was mixed with 300 mL of distilled water in a 400 mL beaker. The mixture was 

heated to 95 °C under continuous magnetic stirring at 800 rpm for 2 h to guarantee the maximal extraction of the 

bioactive ingredients. The obtained solution was allowed to cool naturally, and the extract was filtered using a vacuum 

filter to acquire a clear filtrate (Scheme 1). 

2.3. Preparation of Graphitic carbon nitride (g-C3N4) 

Graphitic carbon nitride (g-C3N4) was prepared by thermal decomposition of urea. Briefly, 4.0 g of urea was heated 

in a muffle furnace at 550°C for 2 h using a heating rate of 10°C/min in air. The resulting yellow solid was cooled to 

room temperature, vacuum-filtered, and dried at 90°C for 12 h. The resulting solid was gently pulverized to powder 

using a mortar and a pestle (Scheme 2). 

2.4. Synthesis of BaNiO₃ Perovskite via Green Route 

The perovskite BaNiO3 was prepared adopting the green synthesis protocol, using the P. harmala leaf extract as a 

sustainable reducing and stabilizing agent. A precursor solution was made by dissolving 3.5 g of each of Ba(NO3)2 

and Ni(NO3)2 in 100 mL total solution consisting of 1:1 plant extract-to-distilled-water ratio in a 150 mL beaker. The 

blend was heated at 75 °C under constant stirring at 800 rpm for 24 h. The lengthy duration was used to ensure that 

the bioactive components of the extract interacted with the metal ions. It led to the slow formation of a brownish 

colloidal precipitate, demonstrating the positive reduction of Ba²⁺ and Ni²⁺ ions and the start of BaNiO3 nanoparticle 

formation. After the stirring process, the obtained suspension was poured into a glass dish and placed in a drying oven 

at 80–90 °C for 24 h. This step was performed to eliminate residual moisture and get a solid precursor. The dried mass 

was brown, to some extent cracked solid, signifying complete water evaporation and partial organic decomposition. 

Then, the dried precursor was subjected to multi-stage calcination to achieve complete crystallization of the BaNiO₃ 

perovskite phase. The sample was first calcined at 500 °C for 24 h, followed by grinding fine powder. The powder 

was then calcined once again at 700 °C for 24 h, re-ground, and subjected to a third calcination at 900 °C for another 

24 h. The final product was pulverized and calcined further at 1150 °C for 24 h to ensure complete phase formation 

and enhanced crystallinity of the BaNiO3 perovskite structure (Scheme 1). 

2.5. Synthesis of BaNiO3/g-C3N4 Composite 
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BaNiO3/g-C3N4 composite was synthesized through a combined mechanical and sonochemical route to ensure uniform 

dispersion and strong interfacial interaction between both phases. Initially, 4g of g-C3N4 powder was ground manually 

using an agate mortar for 30 min to reduce its particle size and enhance surface reactivity. Subsequently, 1g of BaNiO3 

powder was added to the ground g-C3N4, and the mixture was further ground for an additional 30 min to obtain a 

homogeneous blend. The resulting powder was transferred to a 150 mL beaker, and a solvent mixture of 50 mL 

deionized water and 50 mL methanol was added. The suspension was stirred magnetically for 15 minutes to ensure 

proper wetting and dispersion, followed by ultrasonication for 30 minutes to achieve nanoscale mixing and exfoliation 

of g-C3N4 layers around BaNiO3 particles. After ultrasonication, the suspension was dried at 75°C for 18 h to remove 

residual methanol, followed by further drying at 120°C for 2 h to eliminate water content. The obtained composite 

powder was stored in airtight vials for subsequent characterization and photocatalytic evaluation (Scheme 1). 

 

Scheme 1. Green synthesis route of BaNiO3 using Peganum harmala extract and the subsequent preparation of the 

BaNiO3/g-C3N4 nanocomposite. 

3. Results and discussions 

3.1. Structural and morphological  

The XRD patterns of the pristine g-C3N4, BaNiO3, and BaNiO3/g-C3N4 composite are shown in Fig. 1. The formation 

of pristine g-C3N4 is evidenced by the emergence of the typical diffraction peaks at 13.1 and 27.62º [41]. The weak 
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peak at 13.1° can be assigned to the (100) plane and is associated with the in-plane structural arrangement of the 

nitride layers, whereas the strong peak at 27.62° corresponds to the (002) reflection and originates from the periodic 

stacking of the layered aromatic g-C3N4 structure [42].  
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Figure 1. The XRD patterns of the synthesized nanostructures. 

The XRD pattern of BaNiO3 exhibits characteristic reflections at 19.00°, 23.82°, 31.27°, 37.22°, 39.50°, 42.13°, 

43.26°, 44.92°, 46.92°, 54.70°, 55.77°, 56.42°, 62.78°, and 68.27°; the principal reflections are consistent with the 

hexagonal BaNiO3 perovskite  structure with P63mc symmetry (JCPDS no. 01-075-1201) [35, 43]. In addition, 

additional reflections attributable to BaNiO3 are observed [44, 45], indicating the presence of a detectable secondary 

phase, possibly associated with incomplete reaction or an excess of the barium precursor. The XRD results support 

the formation of BaNiO3 but do not establish phase purity. For the BaNiO3/g-C3N4 composite, the characteristic 

diffraction features of both BaNiO3 and g-C3N4 are observed, confirming the coexistence of the two components in 

the composite. However, some alterations occurred after incorporating the BaNiO3 perovskite into the nitride matrix, 

such as a shift of the g-C3N4 (002) reflection toward lower diffraction angles, which may indicate an increase in the 

corresponding interlayer spacing [46, 47]. The structural variables including the crystallite size (D), dislocation density 

(δ), interlayer spacing (d), lattice parameters (a, b, c), and lattice strain (ε) are computed to evaluate the structural and 
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microstructural changes associated with composite formation, as summarized in Table 1. From the listed data, only 

limited variations in the calculated lattice parameters are observed, which could be related to local structural 

distortions, oxygen vacancies, point defects, or dislocation-related defects [48]. The increase in the g-C3N4 interlayer 

spacing may be related to interfacial interaction between BaNiO3 and the layered g-C3N4 framework and/or local 

structural modification of the nitride layers [49-51]. 

Table 1. The microstructural parameters of the synthesized nanostructures 

 

 

 

 

 

 

 

The EDX spectra of the synthesized nanostructures are displayed in Fig. 2. The pristine g-C3N4 elemental composition 

consists mainly of C and N, in addition to traces of O. The C/N ratio was ≈ 0.85, which is higher than the stoichiometric 

ratio of 0.75 (Figs. 2 a-b). This deviation may be associated with structural and compositional changes occurring 

during thermal polymerization reactions. The low percentage of O may originate from surface oxygen-containing 

species. The EDX spectrum of BaNiO3 (Figs. 2c-d) reveals the presence of Ba, Ni, and O, together with a trace of 

carbon signal. Considering that the BaNiO3 precursor was subjected to high-temperature calcination, this carbon signal 

cannot be confidently attributed to residual plant-derived organic compounds and may instead originate from the 

carbon-containing mounting medium or carbon tape used during SEM-EDX analysis. Therefore, the carbon signal is 

not considered evidence of residual Peganum harmala extract. The formation of the BaNiO3/g-C3N4 composite is 

verified by the coexistence of N, C, Ba, Ni, and O (Figs. 2e-f) indicating the merger of the BaNiO3 perovskite and the 

g-C3N4. The morphology of the fabricated nanostructures is presented in Fig. 3. The pure g-C3N4 low magnification 

image (Fig. 3a) exhibits an aggregation beside many small particles. The formed aggregation has a rough surface, 

which might be due to the stacked structure of g-C3N4. From the low-magnification SEM image of BaNiO3 (Fig. 3b), 

it is evident that BaNiO3 nanoparticles have agglomeration and roughened surface, which may be associated with 

particle growth, crystallization, and aggregation during the high-temperature calcination process.  

Variable g-C3N4 BaNiO3 
BaNiO3/g-C₃N₄ 

g-C3N4 BaNiO3 𝐷 = 0.9ఒఉ ௖௢௦ఏ (nm) 8.82 59.65 10.57 62.83 ߜ = 1஽2      (nm-2) 0.0129 0.0003 0.0090 0.0002 ݀ = ఒ2 ௦௜௡ఏ (nm) 0.3225 0.3717 0.3236 0.3729 1ௗ2 = 43 (ℎ2+ℎ௞+௞2௔2 ) + ௟2௖2 (nm) 0.6450 
a = 0.5711 
c = 0.4833 

0.6472 
a = 0.5729 
c = 0.4755 ߝ = ఉ4 tan ఏ (%) 0.0178 0.0028 0.0176 0.0024 
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Figure 2. The EDX of g-C3N4 (a, b), BaNiO3 (c, d), and BaNiO3/g-C3N4 (e, f). 

The SEM image of BaNiO3/g-C3N4 (Fig. 3 c) shows morphological features associated with the two consistent 

materials, supporting their coexistence in the composite. The colored elemental mapping (Figs. 3(d–f) corresponding 

to the g-C3N4, BaNiO3 and BaNiO3/g-C3N4 shows the presence and spatial distribution of the constituent elements, 

which is consistent with EDX results. 
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Figure 3. SEM and colored elemental mapping of pure g-C3N4, (a, d) BaNiO3 (b, e), and BaNiO3/g-C3N4 composite 

(c, f). 

The TEM image of the g-C3N4 (Fig. 4a) displays stacked layers of nitride sheets as indicated by the dark contrast color 

of the image. Polygonal nanoparticles of about 100 to 200 nm size are shown by the TEM of the BaNiO3 perovskite 

(Fig. 4 b). The TEM of BaNiO3/g-C3N4 composite (Figs. 4 c - d) exhibits BaNiO3 nanoparticles dispersed on a light 

contract color g-C3N4 sheets, thus confirming the anchoring of the BaNiO3 to the g-C3N4 to form the composite. 
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Figure 4. TEM of pure g-C3N4, (a) BaNiO3 (b), and BaNiO3/g-C3N4 composite (c). 

FTIR analysis was performed to identify the characteristic functional groups in g-C3N4, BaNiO3, and g-C3N4 /BaNiO3 

heterojunction (Fig. 5a). For BaNiO3, the bands between 400–700 cm–1 can be attributed to Ba–O and Ni–O vibrations, 

while the band at 1431 cm–1 is associated with O–H bending on the surface [52]. In the g-C3N4 vibrations, the broad 

absorption band at 3080–3248 cm–1 corresponds to  N–H/NH2 stretching vibrations, whereas the bands observed at 

1233–1636 cm–1 arise mainly from C–N and C=N vibrations within heterocyclic framework [30]. Additionally, the 

peaks at 800 and 876 cm–1 are ascribed to the breathing mode of the triazine units and N–H deformation [42]. After 

the BaNiO3 and g-C3N4 there was prominent alteration in the wavenumbers as evidenced by the shift in the peaks 

towards higher wavenumber values indicating the insertion of the BaNiO3 into the g-C3N4 matrix. 

The DRS technique was employed to investigate the optical features of the samples. The DRS analysis findings have 

important implications in its photocatalytic activity. Hence, DRS analyses of the g-C3N4, BaNiO3 and BaNiO3/g-C3N4 

were performed, and the findings are displayed in Figs5 b - d. Pristine has a band gap absorption edge of 415 nm 

which indicate its visible light absorption activity, where the BaNiO3 band edge was 370nm making it less visible 

light active. The absorption edge of the BaNiO3/g-C3N4 heterojunction shifted toward longer wavelengths, reaching 
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434nm, indicating enhanced visible light absorption after coupling BaNiO3 with nitride. The optical band-gap energy 

was subsequently determined using the Tauc relation [53]: 

ݒℎߙ = ݒℎ)ܤ − ௚)௡ܧ
  (1) 

In Tauc equation, α represents the absorption coefficient, h is the Planck’s constant, ν denotes the photon 

frequency, Eg is the optical band-gap energy, and B is a proportionality constant. The exponent n depends on the type 

of the electronic transition, with values of 1/2 and 2 corresponding to direct and indirect transitions, respectively. The 

band-gap energy was determined from the intercept of the linear portion of the (αhν)1/2 versus hν plot with the energy 

axis, following the Tauc method [53]. At room temperature, the calculated Eg values were 2.89 eV for g-C3N4, 3.31 

eV for BaNiO3, and 2.86 eV for the BaNiO3/g-C3N4 heterojunction (insets of Figs. 5b – d). Evidently, combining the 

g-C3N4 and BaNiO3 led to the development of low band gap energy composite capable of efficient photocatalytic 

decomposition of organic dyes [54, 55]. Fig. 5e displays the PL emission spectra of the prepared g-C3N4, BaNiO3 and 

BaNiO3/g-C3N4 where the samples were excited by radiation with ߣexcitation = 325 nm. In the PL emission spectrum, 

g-C3N4 exhibited very high PL intensity, which is indicative of rapid recombination of the photogenerated holes and 

electrons [56, 57].  
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Figure 5. The FTIR spectra (a), UV-Vis and bandgap energy for g-C3N4 (b), BaNiO3 (c), and g- BaNiO3/g-C3N4 (d), 

and PL (e).  
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A look at the PL spectrum of the BaNiO3/g-C3N4 composite divulges a diminution in the PL intensity, denoting that 

the charge carriers are effectively parted, preventing the recombination of the photogenerated electron–hole pairs [58, 

59]. Facile generation of the electron–hole pair, along with the high conductivity of g-C3N4 is expected to promote 

better efficiency of the photocatalytic degradation. Furthermore, the interfacial amalgamation between g-C3N4 and 

BaNiO3 in BaNiO3/g-C3N4 created an appropriate heterojunction, which was also advantageous for charge separation, 

thus boosting the photocatalytic performance [60]. The PL spectrum of g-C3N4 exhibited a stronger emission than that 

of BaNiO3, which showed a comparatively weaker signal, suggesting more effective charge-carrier separation in the 

latter. A similar behavior was reported by Kalidasan et al. [61], who observed that WO3 exhibited more efficient 

charge-carrier transfer than g-C3N4, as evidenced by its weaker PL emission. 

3.2. Photocatalytic Degradation 

The photocatalytic removal of AB dye was evaluated under visible light irradiation for up to 75 min at room 

temperature. Experiments were conducted in a 250 mL Pyrex glass reactor containing 100 mL of 50 ppm AB solution 

and 50 mg of photocatalyst under continuous magnetic stirring. Before illumination, the suspension was kept in the 

dark for 30 min to establish adsorption-desorption equilibrium. Visible-light irradiation was provided by a TOSHIBA 

LDA14L-G/100W lamp equipped with a UV cutoff filter (Y-44, HOYA) to exclude wavelengths below 400 nm.  The 

lamp was positioned above the reactor during irradiation; however, the irradiance at the reactor surface, photon flux, 

and wavelength-resolved spectral distribution after the cutoff filter were not directly measured in the present study. 

Therefore, these parameters are not reported as quantitative values. The nominal lamp specification is reported as 

provided by the manufacturer and should not be interpreted as the actual optical power delivered to the reactor. The 

reaction was conducted at room temperature, although the temperature variation during irradiation was not 

independently monitored. At 10 min intervals, 5 mL aliquots were collected and centrifuged at at 10,000 rpm for 5 

min to remove the photocatalyst. The residual AB concentration was determined from the supernatant using a UV-vis 

spectrophotometer at its maximum absorption wavelength (λmax = 596 nm). A photolysis experiment without 

photocatalyst was also performed under identical conditions for comparison.  

The degradation kinetics were analyzed using the Langmuir–Hinshelwood (L–H) model developed by Turchi and 

Ollis [62], expressed as:  
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0ݎ = − ௗ஼ௗ௧ = ௞௄஼1+௄஼    (2) 

In this equation, r0 denotes the initial degradation rate, k represents the reaction rate constant, while 

K and C correspond to the adsorption equilibrium constant and reactant concentration, respectively. When the initial 

reactant concentration (C0) is sufficiently low, its expression can be reduced to: 

݈݊ (஼0 )஼೟ = ݐܭ݇ = ݇௢௕௦(3)   ݐ 

During photocatalytic degradation, the relative absorbance of AB (At/A0) can be used to represent the corresponding 

change in dye concentration (Ct/C0), assuming the Beer–Lambert law applies. The calculated degradation percentage 

(Figs. 6a – c) were 6, 58.7, 37.3, and 94.2 % for photolysis, g-C3N4, BaNiO3 and BaNiO3/g-C3N4, respectively. The 

insignificant degradation through photolysis indicated the stability of the AB dye and reflect the role of the prepared 

naonstructure in the process [63]. The linear relationship between ln(A/A0) and irradiation time (t) confirms that AB 

degradation follows pseudo-first-order kinetics (Fig. 6b)  [64]. The BaNiO3/g-C3N4 composite exhibited a rate 

constant (k1) of 0.0273 min–1, approximately 5 and 25 times higher than those of g-C3N4 and BaNiO3, respectively 

(Table 2).  

Table 2. The kinetics parameters of the visible light driven AB dye photodegradation by BaNiO3/g-C3N4  

 

 

 

The corresponding half-life, calculated from 1/2ݐ = ݈݊2/݇1, was about 25 min, further demonstrating the superior 

photocatalytic efficiency of composite [65]. The relatively high degradation activity of the composite could be related 

to the lower band gap energy, the efficient charge carriers’ separation (PL analysis). The influence of experimental 

parameters; AB dye concentration, photocatalyst dose and medium pH were explored to determine the optimal 

conditions for the degradation process. 50, 100, and 200 ppm of the dye were used to test the effect of the amount of 

dye of the degradation as shown in Figs. 6(d, e). The degradation percentage was 94.2, 67.3, and 55.3 % when the 50, 

Photocatalyst t1/2 (min) k1 (min-1) R2 RSS 

Photolysis 990 0.0007 0.9150 0.0003 

Pure g-C3N4 126 0.0055 0.9851 0.0029 

BaNiO3 630 0.0011 0.9994 0.0004 

BaNiO3/g-C3N4  25.4 0.0273 0.9928 0.0345 
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100, 1nd 200 ppm were respectively used. The decrease in the photodegradation percentage with the rise in the colored 

dye concentration may be due to the screening effect of the dye color that restricts the radiation from reaching the 

photocatalyst surface [66]. 

The uploading of photocatalyst provides more pore site for the adsorption of the dye molecules before getting 

destroyed. This is manifested by the increase of adsorption rate from 56, 64.8, 77.3 and 94.3 % when the BaNiO3/g-

C3N4 dose was respectively 10, 20,30, and 50 mg (Fig. 6f). The maximum activity was attained using 50 mg of the 

catalyst as beyond this threshold the solid nanoparticles get agglomerated and the adsorption sites are blocked [67].  

The influence of solution pH on AB degradation was investigated at pH = 3, 5, 7, 9, and 11, as depicted in Fig. 7a. 

The maximum degradation was achieved when the solution pH was 7. At pH below 7 the amino groups of the 

composite and the sulfonate get protonated which lead to a repulsion that reduce the photodegradation [68]. This effect 

is more pronounced pH = 3 which is highly acidic. On the other hand, at pH 9 and 11 the anionic AB dye repulsion 

with the OH- covered photocatalyst minimizes the degradation percentage [69]. Hence, pH = 7 was found to be the 

best for the AB dye degradation. To delineate the active species in control for the photocatalytic degradation of AB 

dye, a sequence of radical quenching tests [70] were carried out employing certain scavengers Fig. 7b. 
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Figure 6. The photocatalytic efficiency (a, c), adsorption kinetics (b). effect of AB concentration (d, e), and composite 

dose (f) on the AB photodegradation. 
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The scavengers employed in the study included EDTA to quench photogenerated holes (h+), isopropanol (IPA) to 

capture (•OH), AgNO3 to trap photogenerated electrons, and ascorbic acid (ASC) to scavenge superoxide radicals 

(•O2−) [71, 72]. Among them, EDTA and ASC exhibited the utmost repressive influence on the degradation efficacy 

by sequentially decreasing the degradation rate to 18.8 and 21.5 % from 94.2 %, inferring that (h+) and •O2− were the 

leading reactive species in the photocatalytic process. A considerable effect of the IPA on diminishing the 

photodegradation to 49.8 % which indicate the moderate involvement of the (•OH) radical in the degradation process 

[73, 74]. The very minor decrease in the degradation process (≈10 %) indicates no direct role of the electrons in the 

process.   

 

Figure 7. The pH effect (a) and scavengers’ tests (b) on the AB photodegradation.  

Table 3 compares of the photocatalytic efficiency of the BaNiO3/g-C3N4 composite developed in this study with 

various photocatalysts reported in the literature for the degradation of azo dyes. As can be observed, the BaNiO3/g-

C3N4 heterostructure exhibits a higher apparent reaction rate constant (0.0273 min-1) under visible-light irradiation 

than several previously reported photocatalysts, including those operating under UV irradiation. Furthermore, the 

degradation process was achieved within a relatively short reaction time and under environmentally friendly condition 

(pH7), highlighting the practical applicability of the developed material for wastewater treatment.  

The superior photocatalytic performance of BaNiO3/g-C3N4 is mainly associated with the establishment of a direct Z-

scheme heterojunction at BaNiO3/g-C3N4 interface. This heterostructure facilitates the efficient separation and 

migration of photogenerated charge carriers while preserving the strong redox potential and directional transfer of 

photogenerated charge carriers while maintaining the strong reduction and oxidation capabilities of the two 

semiconductor components. As a result, the recombination of photogenerated electron-hole pairs is markedly 
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inhibited, thereby favoring the formation of reactive oxygen species, particularly •OH and •O2−, which contribute 

substantially to the degradation of the dye. In addition, the intimate interfacial contact, enlarged active surface area, 

and synergistic adsorption-photocatalysis effect contribute to the remarkable performance of the composite compared 

with many conventional photocatalysts reported in the literature.   

The proposed photocatalytic degradation mechanism of the BaNiO3/g-C3N4  nanocomposite is based on the 

respective valence-band (VB) and conduction-band (CB) positions of BaNiO3 and g-C3N4, which were estimated 

employing the Butler-Ginley equation [85]: 

௏஻ܧ = ܺ − ௖ܧ +  ௚   (4)ܧ0.5

஼஻ܧ = ௏஻ܧ −  ௚   (5)ܧ

Here, (Ec) denotes the energy of a free electron on the hydrogen scale, while (X) represents the absolute Mulliken 

electronegativity of the semiconductor. The absolute electronegativity of BaNiO3 was calculated using the formula ܺ஻௔ே௜ை3 = √ܺ஻௔1 . ܺே௜1 . ܺை35   where the absolute  

electronegativity for the Ba, Ni, and O is respectively 2.4, 4.4, and 7.54 and it was found to be 5.385. For the g-C3N4 

the X is 4.73. The VB and CB for the BaNiO3 were 2.54 and - 0.77 eV respectively, where g-C3N4 has VB = 1.675 

eV and CB = - 1.215 eV.  

Table 3. A comparison of the AB dye photodegradation by BaNiO3/g-C3N4 with other nanostructures. 

Catalyst pH 
Dye  

(ppm) 
Kinetic 

Rate 

(min-1) 
Source Ref. 

ZnO/CuO/GO 6 150 PFO 0.0235 UV [75] 
CoFe2O4 7 10 PFO 0.0132 Solar [76 ]  

BiPO4 - 20 PFO 0.0113 UV [77] 
TiO2/Anthocyanins 3 1 mM PFO 0.0035 UV [78] 

SnO2 5.6 100 PFO 0.0171 UV [79 ]  
TiO2 3 1 mM PFO 0.0038 Visible [78 ]  

g-C3N4 7 50 PFO 0.0098 Visi. [80] 
BiVO4 7 20 PFO 0.0154 Vis. [81] 

ZnO/ g-C3N4 7 25 PFO 0.0197 Vis. [82] 
Ag3PO4/ g-C3N4 6.5 20 PFO 0.0216 Vis. [83] 
Bi2WO6/ g-C3N4 7 20 PFO 0.0245 Vis. [84] 

BaNiO3/g-C3N4 7 50 PFO 0.0273 Vis. This work 
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Based on the scavenger experiments and the estimated EvB and ECB values of BaNiO3 and g-C3N4, the photocatalytic 

degradation of AB dye is proposed to proceed through a Z-scheme charge-transfer mechanism [86], as schematically 

illustrated in Fig. 8. This mechanism is supported by the suitable band positions of the two semiconductors: the 

conduction-band (CB) potential of g-C3N4 is sufficiently negative to reduce O2, whereas the valence-band (VB) 

potential of BaNiO3 is sufficiently positive to promote the oxidation of H2O to .OH. Upon visible-light irradiation, 

both BaNiO3 and g-C3N4 are photoexcited, generating electrons in their respective CBs and holes in their VB, 

respectively [87, 88]. Owing to the favorable energetic alignment between CB of BaNiO3 and the VB of g-C3N4 

electrons from the BaNiO3 CB can recombine preferentially with holes in the and the g-C3N4 VB. This selective 

interfacial charge transfer constitutes the characteristic Z-scheme pathway in the BaNiO3/g-C3N4 heterojunction, 

thereby preserving the highly reducing electrons and strongly oxidizing holes while enhancing the spatial separation 

of the remaining charge carriers [89, 90].  

 

Figure 8. The proposed Z-scheme for the AB dye degradation. 

At pH=7, The standard redox potential for superoxide radical •O2−) generation is approximately −0.033 eV versus the 

normal hydrogen electrode (NHE); hence, the CB potential of the photocatalyst should be more negative than this 

value to enable O2 reduction to •O2− [91]. In contrast, the generation of  •OH requires a highly positive potential of 

approximately +2.3 V versus NHE at pH 7 [92]. Accordingly, the photoexcited electrons located in the CB of g-C3N4 
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can reduce dissolved O2 to produce •O2− species. Conclusively, coupling g-C3N4 with BaNiO3 to form heterojunction 

facilitates interfacial charge migration, provides a greater number of accessible surface-active sites, and consequently 

enhances the photocatalytic degradation performance. The generated holes (h+) can immediately interact with the 

OH– in the solution, to form •OH radicals, the dissolved O2 in solution may absorb the formed electron (e–) and change 

into (•O2−), the superoxide ion (•O2−) can react to form the •OH radicals [93, 94]. The reactive radicals •O2− and •OH 

degrade the dye molecules [95]:  

ℎ+ + −ܪܱ →  .ܪܱ
݁− + ܱ2 → ܱ2.− 

ܱ2.− + +ܪ →  .2ܱܪ
.2ܱܪ2 → ܱ2 +  2ܱ2ܪ 

2ܱ2ܪ + ܱ2.−+ → .ܪܱ  +  −ܪܱ + 2ܱ

−.2ܱ/.ܪܱ  + → ݁ݕ݀  ݏݐܿݑ݀݋ݎ݌ ݊݋݅ݐܽ݀ܽݎ݃݁݀ ݁ݕ݀

4. Conclusions 

In this study, a BaNiO3/g-C3N4 heterojunction nanocomposite was successfully developed from BaNiO3 and pristine 

g-C3N4 and evaluated for the visible-light-driven degradation of AB dye. The resulting photocatalyst achieved 94% 

degradation of AB within 80 min, demonstrating enhanced photocatalytic activity compared with the individual 

components. This improvement was primarily associated with the formation of the BaNiO3/g-C3N4 heterojunction, 

which can facilitate interfacial charge separation and reduce electron-hole recombination, consistent with the PL 

results. The apparent reaction rate constant of the BaNiO3/g-C3N4 was approximately 25 and 5 times higher than those 

of pristine BaNiO3 and g-C3N4, respectively. Radical scavenging experiments further confirmed the importance of 

•OH and •O2- reactive species in AB degradation. The findings demonstrate that constructing a BaNiO3/g-C3N4 

heterojunction is a promising strategy for improving visible-light photocatalytic performance and demonstrates 

potential for dye-contaminated water treatment. 
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