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ABSTRACT 

This study focuses on developing a g-C3N4/Sb2S3 heterojunction photocatalyst with different g-

C3N4 to Sb2S3 weight ratios (1:1, 1:3, and 3:1) for degrading tetracycline (TC) pollutants. The 1:3 

ratio (13GS) exhibited optimal photocatalytic performance, achieving 99% TC degradation under 

sunlight within 120 minutes, compared to 78.4% under visible light and 38% under UV light. The 

13GS catalyst demonstrated strong reusability, maintaining 80% degradation efficiency after six 

cycles. Scavenger experiments identified hydroxyl radicals as crucial for TC degradation, with 

DMSO reducing activity by 30%. The photocatalyst also showed high hydrogen production with 

an apparent quantum efficiency (AQE) of 19.8% under standard conditions, and improved AQE 

in acidic (23%) and basic (22.7%) conditions, and with CH3OH (23.2%). This g-C3N4/Sb2S3 

heterojunction offers a promising solution for degrading toxic contaminants and has the potential 

for solar-powered applications. 

 

Keywords: graphitic-carbon nitride/Antimony trisulfide; binary nanocomposite; photocatalysis, 

organic pollutant degradation; photocatalytic hydrogen evolution. 

 

 

 

 

 

 

                                                                                                

 

 

 



 

CHAPTER 1 - INTRODUCTION 

 

1.1 Basic frame 

Water pollution has been identified as a major global concern due to fast population expansion and 

rapid industrialization of cities[1] [2]. Reports suggest that over 2 billion individuals are 

not getting safe water for drinking and that hundreds of thousands die every year from illnesses 

caused by water contamination [3]. Pharmaceutical pollutants like antibiotics are a significant 

hazard to freshwater ecosystems and humans because they discharge into many environmental 

resources, including soil, sediment, surface water, groundwater, and drinking water [4]. 

1.2 Tetracycline (TC) – A colorless pollutant 

Aquaculture and veterinary care extensively use tetracycline (TC), a class of antibiotics. Most of 

them are eliminated in their unmetabolized parent form through feces and urine because of their 

low absorption[5]. Genetic transference and resistance to drugs by bacteria are two potential 

outcomes of TC presence in aquatic environments, which endangers aquatic life and human 

health[6]. The most significant environmental impact of antibiotics is the rise of bacteria resistant 

to all known drugs[7]. Consequently, both human and environmental health must eliminate TC 

antibiotic residues from the environment [8]. The structure of the tetracycline is shown in the 

figure 1. 

 

Figure 1 Structure of tetracycline antibiotic 



 

1.3 Practices for wastewater treatment 

Several methods have been explored for the removal of antibiotics and dyes from water, including 

ion exchange, anaerobic digestion, nanofiltration, adsorption, reverse osmosis, ultrafiltration, 

ozonation, semiconductor photocatalysis (alone and in combination with aerobic treatment), 

photo-Fenton, electrochemical oxidation, biological treatment with advanced oxidation processes, 

and many more[9][10][11][12][13][14][15][16][17][18]. At the very end of the treatment process, 

these approaches produce secondary pollutants, which in turn raise the pressure and temperature 

and diminish their efficacy [19].  For example, since bacteria are becoming more resistant to 

antibiotics, anaerobic biological treatment has not been able to remove antibiotic residue from 

wastewater adequately. This is because the antibiotics either do not degrade completely or adsorb 

to sludge[20]. In addition, conventional methods of wastewater treatment have a hard time 

removing TC and RB19 because of their insoluble molecular structure and poor biodegradability. 

Hence, we need an affordable, highly effective, and green technique to remove antibiotics like TC 

and dyes like RB19 from water. 

1.4 Photocatalytic degradation and some heterojunction photocatalysts 

Photocatalytic degradation is a green and sustainable method that uses UV-visible light to degrade 

the pollutants. Additionally, it does not produce any harmful byproducts. Organic pollutants are 

broken down into smaller molecules or degraded into CO2 and H2O[21] using this approach and 

this method can be used to treat a wide range of pollutants. For photocatalysis to work, creating an 

ideal photocatalyst that becomes active when exposed to UV-visible light is necessary. So, there 

is a need to create an optimum photocatalyst with a low energy band gap, large surface area, and 

lesser rate of recombination of charge carriers. 

Graphitic carbon nitride (g-C3N4), a polymeric semiconductor, has lately garnered considerable 

attention in the domain of photocatalysis[22][23]. With a band gap energy of 3.0 eV and visible 

region activity, it is a frequently utilized material in photocatalysis thanks to its strong 

physicochemical stability, quick and simple synthesis, "earth-ample" character, and the fact that it 

captures the structure of its electronic band[24]. Because of its high rate of electron-hole 

recombination and low light absorption propensity, the effectiveness of its photocatalytic 

degradation is not very high. To minimize the recombination of charges and capture charge 



 

carriers, another photoactive material should be attached with g-C3N4 to create a 

heterojunction[25]. 

Antimony trichloride (Sb2S3) is an exceptional photocatalyst that efficiently absorbs sunlight due 

to its tiny energy band gap of around 1.66 eV. Its exceptional electrochemical, photoelectronic, 

and optical properties are noteworthy, as are its non-carcinogenic qualities. Lithium-ion batteries, 

Gas detectors, photoelectronic gadgets, solar power cells, near-infrared photonic devices, and 

many more applications might benefit greatly from Sb2S3 nano-materials [26][27]. The Sb2S3/α-

Ag2WO4 heterojunction was able to obtain a degradation efficiency of 91.23% of the methylene 

blue dye within 60 minutes of being illuminated by visible light [28]. The degradation rate for 

rhodamine B dye was 77.65% and for thiamethoxam, it was 62% when exposed to sunshine for 

150 minutes through a Sb2S3/PCS (porous carbon spheres) heterojunction [29]. Using 

hydrothermal techniques, Peng et al. synthesized MoS2/g-C3N4 hybrids with a 60% degrading 

efficiency for organic pollutant degradation[30]. The maximum degradation rate of 89% was 

achieved in 60 minutes by Meng et al. when they created g-C3N4 nanorods loaded with WO3-based 

photocatalysts for the removal of rhodamine B dye[31]. To the best of our knowledge, nobody to 

date has tried to use g-C3N4/Sb2S3 nanocomposite. Although pure g-C3N4 and Sb2S3 have been 

created and combined with other materials before, this study takes a novel approach by 

investigating the photocatalytic use of these two together. The synergy resulting from combining 

Sb2S3 and g-C3N4 has demonstrated significant promise in enhancing the photocatalytic activities 

of g-C3N4.  

1.5 Present work 

In this study, various mole ratios of g-C3N4/Sb2S3 nanocomposite were synthesized by the 

hydrothermal technique. An experiment for photocatalytic degradation was conducted to evaluate 

the efficacy of the synthesized photocatalyst against the harmful and colorless pollutant, TC, 

utilizing natural sunlight as the light source. Various tests were undertaken, encompassing 

scavenger studies, pH effects, kinetic analysis, photocatalyst dose manipulation, and reusability 

analysis. The degradation efficacies of TC were tested under various conditions of light. 

Additionally, the photocatalyst’s effectiveness was evaluated by contrasting its degradation 

efficiency to that of the commonly available TiO2-P25. GC–MS was used to examine the produced 



 

disintegrated products. Additional mineralization investigations have also been carried out. 

Finally, the suggested photocatalytic mechanism was presented.  

1.6 Thesis objective 

Our fundamental approach involved the synthesis of such nanocomposite that aimed at effectively 

eliminating toxic organic pollutants present in wastewater. This was achieved by incorporating 

Sb2S3 onto g-C3N4 resulting in the formation of a highly efficient heterojunction nanocomposite 

for wastewater treatment. The nanocomposite's structure and composition were meticulously 

analyzed using advanced techniques such as Brunauer–Emmett–Teller (BET) and X-ray 

Diffraction spectroscopy (XRD). The elemental oxidation state was thoroughly investigated 

through the application of X-ray photoelectron spectroscopy (XPS). To gain insight into its 

morphology, Field Emission Scanning Electron Microscopy (FESEM) was used. Furthermore, 

Photoluminescence spectroscopy (PL) enabled a comprehensive assessment of the 

nanocomposite's electronic properties, providing valuable insights into their efficiency. To 

comprehensively examine and compare the decomposition and adsorption ability of the 

photocatalysts, a range of studies were conducted. By meticulously analyzing these factors, a 

deeper understanding of the photocatalyst's performance and its response to different conditions 

was attained.                                                                                                                                                                                                           

 

 

 

 

 

 

 

 

 



 

CHAPTER 2 – LITERATURE REVIEW 

 

Previous research has successfully developed a range of nanocomposites utilizing g-C3N4, and 

Sb2S3, as core materials. These hybrid nanocomposites exhibit diverse structures, surface 

morphologies, and sizes, and have shown significant potential in various practical applications. 

These applications include the degradation of harmful organic pollutants, detection of hazardous 

heavy metal ions, hydrogen production, and enhancement of nitrification processes. 

The combination of g-C3N4 with Sb2S3 in this nanocomposite has demonstrated notable efficiency 

in degrading antibiotics. Specifically, incorporating Sb2S3 onto the surface of g-C3N4 markedly 

improves the separation of charge carriers generated by light, which results in extended light 

absorption and enhanced photocatalytic performance.  

Berekute et al. (2023) successfully developed a novel binary nanocomposite, P-g-C3N4/α-Bi2O3, 

using a hydrothermal-calcination method. The P-g-C3N4/α-Bi2O3 nanocomposite, with a 25 wt% 

composition, exhibited superior catalytic performance compared to its components in degrading 

4-hydroxybenzophenone (4H-BP) and benzophenone-1 (BP-1). The enhanced photocatalytic 

efficiency of this nanocomposite is largely attributed to the formation of a heterojunction and 

improved light absorption, which significantly boost the separation and mobility of charge carriers 

generated by light. Under visible light, the nanocomposite achieved high degradation rates of 95% 

for BP-1 and 94% for 4H-BP[32]. 

In 2022, Xiao and colleagues successfully synthesized a Sb2S3-ZnIn2S4 heterostructure using a 

one-step hydrothermal method. This innovative structure features ZnIn2S4 nanosheets growing 

uniformly on Sb2S3 nanorods, forming a closely bonded interface between the two materials. The 

resulting heterostructure significantly improves several key photocatalytic properties: it enhances 

light absorption, increases the surface area, shortens the electron diffusion path, and facilitates the 

efficient migration and separation of photoexcited charge carriers. The optimized Sb2S3-ZnIn2S4 

heterostructure demonstrated an impressive photocatalytic hydrogen production rate of 1685.14 

µmol/g/h. In addition to its exceptional hydrogen generation performance, this photocatalyst 

exhibited remarkable efficiency in degrading pollutants. It achieved an 85.36% removal rate of 

Tetracycline hydrochloride. Furthermore, it displayed substantial degradation capabilities for 



 

Oxytetracycline (80.52%) and 2-mercaptobenzothiazole (84.30%) under visible light over 

approximately 140 minutes. These results underscore the significant potential of this 

nanocomposite catalyst for applications in environmental remediation, offering an effective 

solution for the treatment of various contaminants[33]. 

When we compare our findings with the studies summarized in Table 1, it is clear that our catalyst 

not only surpasses the performance of those previously reported but also exhibits remarkable 

effectiveness even at lower doses. The integration of g-C3N4 with Sb2S3 emerges as an 

exceptionally effective combination. This blend has demonstrated superior performance in our 

research, highlighting its potential for achieving better results compared to other catalysts studied 

in the past. 

Table 1 List of various g-C3N4, Sb2S3, CuBTC, and PANI-based nanocomposites reported in the 

literature 

Photocatalyst Reaction time (min) Catalytic efficiency (%) Reference 

BiVO4 /Sb2S3 120 88.7 [27] 

Sb2S3 /ZnIn2S4 140 85.36 [33] 

Ag2WO4 /Sb2S3 180 53.06 [34] 

Fe doped g-C3N4/MoS2   120 81.4 [35] 

MoS2/C3N4 180 74 [36] 

g-C3N4 / Sb2S3  120 99 [37] 

 

 

 

 

 

 

 

 



 

CHAPTER 3 – Graphitic Carbon Nitride / Antimony Trisulphide 

 

3.1 Materials and methodology 

3.1.1 Chemicals and materials 

Urea, antimony trichloride (SbCl3), thioacetamide (C2H5NS), and tartaric acid (C4H6O6) were 

acquired from Loba Chemie. The TC powder used in this study was obtained from Sigma Aldrich. 

The solutions were prepared using ultrapure double-distilled water. Pure reagents were used 

without any adulteration.  

3.1.2 Synthesis of graphitic carbon nitride (g-C3N4) 

Initially, urea (40g) was placed into a silica crucible. It was dissolved in 100 mL of water and was 

then subjected to recrystallization by heating it in an oven at a temperature of 90oC. The 

recrystallized urea was then scratched, covered with aluminum foil, and put in the muffle furnace 

for heating. A temperature of 550 °C was achieved and maintained for two hours after being 

increased to 10 °C each minute. Yellow-brown colored precipitates of g-C3N4 were obtained which 

were then ground with a mortar pestle and were identified as GCN [38].  

3.1.3 Synthesis of antimony trisulfide (Sb2S3) 

Antimony trichloride (0.3650 g), tartaric acid (1.5 g), and thioacetamide (0.24 g) were combined 

in a beaker with 80 ml of water. The resulting mixture was hydrothermally treated for 8 hours at 

180oC after being agitated at room temperature for one night. The next step was to dry the product 

in an oven set at 40oC after three washes with water and two with ethanol. Ultimately, the black 

powder of Sb2S3 was obtained and subsequently determined to be SBS [27].   

3.1.4 Synthesis of g-C3N4/Sb2S3 composites 

In a beaker, specific quantities of g-C3N4 were measured (200 mg, 600 mg, and 200 mg for ratios 

of 1:1, 3:1, and 1:3, respectively). Additionally, predetermined amounts of antimony trichloride 

(SbCl3) (0.3650 g, 0.3650 g, and 1.095 g), tartaric acid (1.5 g, 1.5 g, and 4.5 g), and thioacetamide 

(0.24 g, 0.24 g, and 0.72 g) were added as the precursors for Sb2S3 along with 80 mL of water. The 

resulting solution was agitated at room temperature for one night and subsequently subjected to 

hydrothermal treatment at 180°C for 8 hours. Following this, the ratios were subjected to 

centrifugation, washed three times using water and twice with ethanol, and finally dried in a hot 

air oven at 40°C. In this way, composites were prepared and were named 11GS, 31GS, and 13GS 



 

respectively. The synthesis scheme with real images of the g-C3N4/Sb2S3 hybrid is illustrated in 

Scheme 1. 

 

Scheme 1 Synthesis of g-C3N4/Sb2S3 photocatalyst 

  

 

 



 

3.2 Results and discussion 

3.2.1 XRD analysis 

The X-ray diffraction (XRD) patterns of the nanocomposites, as well as the bare photocatalysts, 

are present in Fig 2. 

 

Figure 2 XRD pattern of pure GCN, SBS, 11GS, 31GS, and 13GS composites 

The GCN crystal planes are responsible for the peaks seen at 2θ ~12.7o (100) and 28o (002) (JCPDS 

87-1526). As per the JCPDS card number 00-006-0474, the diffraction peaks of SBS at 2θ ~ 11.04o 

(110), 15.62o (020), 17.58o (120), 22.27o (220), 24.88o (130), 28.4o (230), 29.26o (211), 32.42o 
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(221), 35.5o (240), 43.1o (421), 46.8o (501), and 54.2o (132) are observed, which confirms the 

orthorhombic arrangement of SBS. The photocatalysts probably have a crystalline structure since 

there are clear sharp peaks. The composites also showed both kinds of peaks. It appears that the 

composites were successfully fabricated because no further impurity peak was seen. The very 

nonexistent peak displacement further showed the great degree of purity and two-phase 

composition of the binary heterojunction photocatalysts. 

3.2.2 XPS studies 

The X-ray photoelectron spectroscopy (XPS) technology was used to analyze the elemental 

composition, core electron binding energy, and oxidation states of the elements. Metal ions with 

different binding energies can be identified by XPS as having spin-orbit divided into two different 

states. The original composite survey spectra are shown in Fig 3(a). Based on the peaks, the main 

components of the 13GS composite are nitrogen, sulfur, carbon, and antimony. Deconvolution was 

performed using the least-square Gaussian-fit model. Carbon spectra (C 1s) with deconvoluted 

peaks at binding energies of 284.6 eV, 286.7 eV, and 288.1 eV (Fig 3(b)) can be attributed to 

graphitic carbon or C—N [39], C≡N, and N=C—N2 of striazine ring (C3N3) units or heptazine 

(C6H7) units respectively [40]. The nitrogen (N 1s) spectra display peaks at 398.7 eV, 399.2 eV, 

and 400.7 eV (Fig 3(c)) corresponding to pyridine N, pyrrolic N, and graphitic N respectively [41]. 

Fig 3(d) illustrates 4 peaks of antimony (Sb 3d), out of which the peaks observed at 539.2 eV and 

529.8 eV are due to Sb 3d3/2 and Sb 3d5/2 respectively [42]. The peaks at 540.2 eV and 530.8 eV 

are due to Sb 3d3/2 and Sb 3d5/2 of Sb2O3 due to the presence of Sb2O3 impurity in the Sb2S3 

sample[43]. Fig 3(e) depicts two peaks of sulfur (S 2p) at binding energies 161.5 eV and 162.6 eV 

corresponding to S 2p3/2 and S 2p1/2 respectively [44].  



 

 

Figure 3 XPS spectra of 13GS, (a) survey spectra, (b) C 1s, (c) N 1s, (d) Sb 3d, (e) S 2p, and (f) 

photoluminescence spectra of photocatalysts 



 

3.2.3 Photoluminescence studies 

To analyze the catalytic efficiency, photoluminescence spectra were taken of bare materials as 

well as the composites which are shown in Fig 3(f). Effective charge segregation, a large capacity 

for conveying charge carriers, and a low rate of assimilation are the characteristics of an excellent 

photocatalyst. A straightforward method to measure the rate of recombination of the charge 

carriers is the emission intensity of the PL signal. Diminutive emission enhances photocatalytic 

activity and charge transfer efficiency since this means that the electron and hole reintegration rate 

is lowered [47]. These spectroscopic measurements were conducted with an excitation wavelength 

of 350 nm. Notably, the bare GCN and SBS materials exhibited significantly higher emission 

intensity than the composites, indicating a greater efficiency of the composites relative to the bulk 

materials. Among the various ratios tested, 13GS exhibited the lowest emission intensity, 

indicating the least recombination rate of charge carriers and consequently demonstrating the 

highest catalytic efficiency. The reduced photoluminescence intensity can be attributed to the 

formation of a heterojunction and the synergistic interaction between the two distinct components, 

which aids in effectively separating the charge carriers. 

3.2.4 Surface properties 

We used nitrogen sorption experiments to check the synthesized material's surface area 

characteristics and pore size distribution. Figures 4 and 5, show that the photocatalysts are 

mesoporous, as shown by their type-IV nitrogen adsorption-desorption curve. By utilizing the BJH 

plot, the pore sizes may be determined. The specific surface area, pore diameter, and mean pore 

volume values are summarized in Table 2. The 13GS hetero-composite had the largest specific 

surface area compared to all the other synthesized nanocomposites. Because of their wide surface 

area, heterojunction photocatalysts enhance charge migration by bringing the two components into 

better interfacial contact. With so many surface-active sites exposed, the photocatalytic efficiency 

is boosted, allowing for the adsorption of a huge number of contaminants [45]. 



 

 

Figure 6 BJH plot to determine the pore size of the synthesized photocatalysts Figure 5 BJH plot to determine the pore size of the synthesized photocatalysts 

 Figure 4 BET isotherms 



 

Table 2 Surface characteristics of the synthesized photocatalysts 

Sample Pore diameter 

(nm) 

Specific Surface Area 

(m2 /g) 

Mean Pore Volume 

(cm3 /g) 

g-C3N4 2.62 88.12 0.057 

Sb2S3 8.81 1.56 0.003 

1:1 g-C3N4@Sb2S3 10.18 2.65 0.006 

3:1 g-C3N4@Sb2S3 9.16 1.49 0.003 

1:3 g-C3N4@Sb2S3 18.19 5.08 0.023 

 

3.2.5 Morphological characterization 

To understand the morphological and structural features of the newly designed binary 

nanocomposite, FE-SEM analysis was carried out. Fig 6 illustrates FESEM images of synthesized 

GCN, SBS, and 13GS composite. The results revealed that GCN showed a nano-sheet-like 

structure (Fig 6(a)), and SBS had nano-rods-like morphological characteristics (Fig 6(b)). 

However, the nanocomposite has both morphologies, indicating the effective formation of the 

heterojunction (Fig 6(c)). Furthermore, this dual shape provides a multitude of potential sites, 

which increases the catalyst's surface area and enhances the ability to adsorb pollutants and 

degrade them by photocatalysis [46]. The elemental distribution and composition of the 

photocatalyst were evaluated using EDS (Fig 6(d)). The synthesized nanocomposite was found to 

contain C, N, Sb, and S according to the EDS analysis. Figure 6(e) shows the 

nanocomposite's elemental color mapping, which further guarantees the uniform distribution of all 

the components, which helps to boost the photocatalytic efficacy. The results show that the SBS 

is well dispersed onto GCN, which is a great quality of a heterojunction photocatalyst. 

Fig. 7 displays the HRTEM images of the synthesized nanocomposite 13GS, revealing the 

presence of layered g-C3N4 sheets and Sb2S3 particles. In fig. 7, two distinct types of lattice fringes 

can be observed, corresponding to the (020), and (002) planes with d-spacings of 0.566, and 

0.0.319 nm, respectively. These fringes are associated with Sb2S3 (2Ө = 15.62°), and g-C3N4 (2Ө 

= 28°). 

 



 

 

Figure 6 FE-SEM images of (a) GCN, (b) SBS, (c) 13GS nanocomposite, (d) EDS spectrum of the 

13GS nanocomposite with its corresponding FE-SEM image, and (e) elemental mapping of the 13GS 

nanocomposite 



 

Figure 7 HRTEM images of 13GS 

3.2.6 EIS measurements 

EIS measurements were used to assess the charge transfer efficiency in Sb2S3, g-C3N4, and its 

nanocomposite. A smaller arc radius in the Nyquist plot typically signifies enhanced interfacial 

charge transport and improved charge separation. The arc radii observed followed this order: Sb2S3 

> g-C3N4 > 13GS. Fig. 8 shows that adding Sb2S3 and g-C3N4 co-catalysts reduced the arc radius, 

indicating lower electron transfer resistance and reduced electron-hole pair recombination, which 

improved interfacial charge carrier transport. The ternary 13GS composite had the smallest arc 

radius, reflecting its superior conductivity, faster charge migration, and better separation of photo 

induced carriers. These EIS findings align with the PL analysis, highlighting the ternary hybrid's 

13GS crucial role in enhancing charge separation. 

 

Figure 8 Impedance analysis 



 

3.2.6 DRS studies 

Both a small energy gap and high light absorption strength are necessary for a photocatalyst to be 

effective. The adsorption range and band gap were examined using UV-DRS. Equation 1 below 

was used to get the Tauc plot, which allowed us to compute the band gap energy. 

(αhν) 1/2 = hν − Eg                                                                                                                                                                                                         (1) 

In this context, the absorption coefficient (α), Planck's constant (h), light frequency (ν), and band 

gap energy (Eg) are denoted, accordingly. From Fig 9(a), it can be inferred that GCN shows 

maximum absorbance in the UV region but when its composites are made with SB, their 

absorbance increases in the visible region. The Eg values were ascertained by extending the Tauc 

plot to the x-axis, representing photon energy [4]. Consequently, as shown in Fig 9(b), band gaps 

of 3.0 eV for GCN, 1.66 eV for SBS, 1.61 eV for 13GS, 1.68 eV for 31GS, and 1.65 eV for 11GS 

were determined, respectively. Based on these results, the 13GS composite is the best 

photocatalyst that can absorb visible light and has the lowest energy band gap.  

 

 

 

 

 

 

 

                                                                                                                                                

 

 

 

 

 

3.2.7 FTIR analysis 

The FTIR Spectra of GCN, SBS, and their composites are shown in Fig 10. A wide peak at 3000-

3300 cm-1 is seen in GCN, which is caused by the stretching vibration of the N—H bond. As for 
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Figure 9 (a) UV-Visible DRS absorption spectra, and (b) the band gap energies of GCN, SBS, 

13GS, 31GS, and 11GS 



 

the C—N and C≡N heterocycles, there is a strong band from 1200-1650 cm-1 with peaks at 1241, 

1319, 1403, 1465, 1573, and 1634 cm-1. The triazine unit's breathing mode is indicated by the peak 

at 810 cm-1 [48]. In SBS a peak at 673 cm-1 is observed due to Sb—S bond [29]. The 

nanocomposites exhibit absorption peaks corresponding to all these different functional groups, 

which are seen to undergo slight shifts in wavenumber. This observation confirms the successful 

synthesis of the nanocomposites.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2.8 Photocatalytic activity 

The photocatalytic efficacy of 13GS was assessed by degrading the contaminant Tetracycline (TC) 

using natural sunlight. In a subtropical environment in Patiala, India, at the Thapar Institute of 

Engineering & Technology, the photocatalysis experiment was carried out.  A LICOR 

pyranometer measured the average solar radiation intensity, resulting in a value of 850 W/m2. With 

an estimated intensity of 100 W/m2, a 45 W compact fluorescent lamp (Philips) was used to 

illuminate the solution with visible light. A 100-watt mercury lamp emits light at a wavelength of 

365 nm. The flux density of this lamp's light ranges from 66 to 68 watts per square meter and was 
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Figure 10 FTIR spectra of different as-synthesized photocatalysts 



 

used to irradiate the solution with ultraviolet light. We constructed graphs with error bars that have 

a margin of error of roughly 5% after repeating the photocatalytic tests three times. The maximum 

absorption wavelengths (λmax) were measured at 360 nm for TC when the absorbance spectra were 

checked regularly with a UV-visible spectrophotometer. The degradation efficiency was 

calculated using the equation 2. 

% 𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 =
𝐴𝑜−𝐴𝑡

𝐴𝑜
×  100                                                                                                             (2) 

In this context, % Degradation stands for degradation efficiency, A0 for initial absorbance, and At 

for absorbance at time t. The photolysis experiment involved exposing a solution containing 10 

mL of 5 ppm TC to sunshine for 120 minutes. The greatest degradation rate of 99% was observed 

in the presence of the 13GS photocatalyst. To determine the most effective catalyst dosage for the 

degradation of TC, from 0.1 g/L to 0.6 g/L, we tested various concentrations of the 13GS catalyst. 

(Fig 11(a)). Our findings revealed that the degradation efficiency improved notably as we 

increased the catalyst concentration from 0.1 g/L to 0.2 g/L. However, the efficiency plateaued 

beyond this point, and any further increase in catalyst concentration resulted in only marginal 

improvements. This phenomenon can be attributed to the rising opacity and enhanced dispersion 

of the dye solution at higher catalyst concentrations [49]. This can also be due to the deactivation 

of the active sites, resulting in a loss of their efficacy. We found that 0.2 g/L of the photocatalyst 

was a suitable concentration for future experiments. The experiment was carried out using a 

catalyst concentration of 0.2 g/L to determine the reaction kinetics. Firstly, the solution was stirred 

in darkness for 120 minutes to ensure optimal absorption of the dye. Subsequently, it was exposed 

to sunshine for 120 minutes to undergo photocatalytic degradation. To assess the effectiveness of 

the nanocomposite, a comparative experiment was conducted using GCN, SBS, TiO2 (P25) (a 

commercially available photocatalyst), 11GS, 13GS, and 31GS. We computed the rate constant, 

(k) using the equation 3: 

ln
𝐶

𝐶𝑜
=  −𝑘𝑡                                                                                                                                              (3) 

Here, C0 is the starting concentration, C is the concentration at time t, and k is the rate constant. 

From Fig 11(b-c) it can be concluded that the reaction followed pseudo-first-order kinetics. With 

a rate constant of 0.0304 min-1, the 13GS composite outperformed the bare GCN (0.0075 min-1), 



 

SBS (0.0057 min-1), and ratios of 31GS (0.0142 min-1) and 11GS (0.0064 min-1) in terms of 

efficiency. The degree of synergistic impact in the composites was evaluated by computing the 

synergy factor (R) using the equation 4: 

R= 
𝐾𝐺𝐶𝑁+𝑆𝐵𝑆

𝐾𝐺𝐶𝑁+𝐾𝑆𝐵𝑆
                                                                                                                                                                                                                  (4) 

Here KGCN+SBS, KGCN, and KSBS are the rate constants of 13GS binary composite, pure GCN, and 

pure SBS respectively. Results showed that 13GS composite showed the highest synergy factor 

that leads to maximum photocatalytic degradation efficiency. In Table 3, you can find the rate 

constants and synergy factors for all of the photocatalysts. 



 

 

Figure 11 (a) Concentration impact of 13GS photocatalyst, (b) and (c) kinetics in degrading TC 

under controlled conditions (0.2 g/L catalyst, 10 mL dye solution, pH 7, and 120 minutes of 

sunshine irradiation) 

Table 3 The synergy factors and degradation rate constants attained by photo-catalytic TC 

elimination 

Material Rate constant (min-1) Synergy Factor (R) 

TiO2-P25 0.0051 - 

g-C3N4 0.0075 - 

Sb2S3 0.0057 - 



 

1:1 g-C3N4@Sb2S3 0.0064 0.48 

1:3g-C3N4@Sb2S3 0.0304 2.3 

3:1 g-C3N4@Sb2S3 0.0142 1.07 

 

3.2.9 Influence of light sources 

Ideal conditions were used for comparative photocatalytic studies using different light sources, 

such as UV, visible, and natural daylight. Looking at Figure 12 clearly shows that the TC 

degradation was 38% when exposed to UV light and 78.4% when exposed to visible light. The 

13GS heterojunction photocatalyst attained a maximum elimination rate of 99% under natural 

sunlight. The results indicate that the created photocatalyst can efficiently break down the pollutant 

with the help of natural sunlight. Therefore, natural sunshine is more important for the degradation 

of pollutants compared to artificial light sources. 

 

Figure 12 Changes in TC degradation induced by different light intensities employing a 13GS 

photocatalyst 

3.2.10 Impact of solution pH 

The degrading effectiveness of the photocatalyst is affected by the pH level of the TC solution, 

which in turn affects its capacity to adsorb contaminants on the composite surface[50].  To find 
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out how the pH of the solution affected the TC antibiotic elimination process, a range of solutions 

with varying pH levels were prepared using 0.1 N HCl and 0.1 N NaOH. The zero-charge state of 

the g-C3N4/Sb2S3 surface, denoted as pHpzc, was found to be 6.93 (Fig 13(a)). TC being an 

amphoteric molecule has three acidity constants (pKa1 = 3.30, pKa2 = 7.7, and pKa3 = 9.80). Each 

of TC's ionizing functional groups has a unique pKa value at a certain pH. TC is available as a 

cationic molecule (TCH2
+ and TCH3

+) when pH ˂ 3.3 reason being the dimethyl ammonium 

group's protonation. When the tricarbonyl or the diketone group of phenol is deprotonated, it exists 

as an anionic species (TCH− and TC2
−) at a pH of around 7.7. Nevertheless, when the pH falls 

between 3.3 and 7.7, it takes on an amphoteric form (TCH±) as a result of the proton being removed 

from the phenol diketone group [51]. The efficiency of TC removal using the 13GS photocatalyst 

was diminished under acidic and alkaline environments, respectively, due to the electrostatic 

interactions between the cationic and anionic forms of TC and the positively and negatively 

charged surface of the photocatalyst. Electrostatic interaction between the zwitterionic pollutant 

and the negatively charged catalyst led to more effective degradation of the pharmaceutical 

pollutant TC. Therefore, the elimination of TC utilizing the 13GS composite was found to be 

maximum at a pH of 7 and showed greater efficacy in an alkaline environment compared to an 

acidic one as shown in Fig 13(b) [27]. 

 

Figure 13 (a) Pzc of 13GS nanocomposite, (b) effect of pH on TC degradation 



 

3.2.11 Reusability studies 

In addition to its catalytic function, it is crucial to evaluate the durability of a photocatalyst for 

real-time applications. The repeatability and photostability of the 13GS photocatalyst were 

assessed by conducting consecutive recycling examinations. These studies aimed to analyze the 

photodegradation of TC under identical experimental circumstances where the catalyst underwent 

many cycles of photochemical reactions. Following each run, the catalyst underwent 

centrifugation, washing, and drying procedures before its utilization in the subsequent cycle. As 

shown in Fig 14(a) after six consecutive cycles of photocatalytic degradation, the degradation 

efficiency is still 80% which implies that 13GS is a reusable catalyst. The catalyst's inevitable loss 

during retrieval might explain the decrease in removal efficiency from 99% to 80%. Some 

untreated intermediates stuck to the catalyst's surface during the cycles may block pores and active 

sites and lower the performance. In addition, the sample (13GS) was examined for structural 

stability using XRD after six cycles (Fig 14(b)). Even after six cycles of usage, the photocatalyst 

crystal structure was visible in the XRD pattern, which revealed that the locations and intensities 

of typical diffraction peaks were stable and that no new diffraction peaks had emerged. In addition, 

FE-SEM examination verified that the composite's morphology was unaltered during the photo-

catalytic degradation trials (Fig 14(c)). Based on the findings, the recently developed 13GS 

nanocomposite has exceptional stability and regeneration capabilities, making it a promising 

photocatalyst for use in a range of photocatalytic processes in the future. 



 

 

 

 

3.2.12 Mineralization studies 

To assess the mineralization capacity of 13GS, TOC, and COD assessment experiments were 

conducted utilizing the titrimetric technique. The total organic carbon (TOC) and the chemical 

oxygen demand (COD) values were calculated using the provided equations 5 and 6, with pure 

water used as a reference sample. 

%𝑇𝑂𝐶 =
𝑇𝑂𝐶𝑖−𝑇𝑂𝐶𝑓

𝑇𝑂𝐶𝑖
 × 100                                                                                                                      (5) 

%𝐶𝑂𝐷 =
𝐶𝑂𝐷𝑖−𝐶𝑂𝐷𝑓

𝐶𝑂𝐷𝑖
 × 100                                                                                                                    (6) 

Here, CODi, CODf, TOCi, and TOCf denote the starting and final values of COD and TOC, 

respectively. At first glance, the presence of elevated TOC and COD values suggested that the 

pollutant TC included a considerable quantity of organic compounds. Following a 120-minute 

exposure to sunshine, the TC compound exhibited reduction efficiencies of 89.5% for TOC and 

Figure 14 (a) Reusability graph, (b) XRD spectra of 13GS composite after photocatalytic use FE-

SEM image of 13GS composite after photocatalytic usage 



 

68% for COD. TOC removal was lower than degradation due to the creation of sequential organic 

intermediate substances during the process. These substances were necessary for the full 

transformation of the targeted TC molecule into carbon dioxide and other simpler byproducts [27]. 

Natural medical/pharmaceutical wastewater could not be used for experiments due to restrictions 

imposed by ethical approvals. Based on the information provided in Fig 15, it can be inferred that 

the solutions underwent nearly full mineralization and included intermediates having a limited 

potential for mineralization. Our catalyst not only beats the previously published experiments but 

also shows remarkable efficacy as can be seen from the comparison of our work with theirs. Based 

on the findings of our research, the combination of g-C3N4 and Sb2S3 is an excellent choice. 

 

Figure 15 Analysis of TOC and COD levels before and after degradation 

3.2.13 Scavenger impacts and a potential charge transfer pathway  

Superoxide and hydroxyl radicals, as well as electrons in the conduction band (CB) and holes in 

the valence band (VB), are key players in the degradation process [19]. Scavenger research was 

carried out to identify the species that significantly contribute to the deterioration process. 

Hydroxyl radicals (OH·), electrons (e-), superoxide radicals (O2·
-), and holes (h+) were captured 

by several scavengers, including dimethyl sulfoxide (DMSO), isopropyl alcohol (IPA), 

benzoquinone, and methanol (CH3OH), respectively [52]. Maximum degradation of 99% was 

shown by the TC in the absence of a trapping agent. However, adding those scavengers to the 

reaction mixture slowed down the photocatalytic degradation rate. Fig 16 shows that the 

photocatalytic effectiveness of the 13GS composite was significantly affected by the addition of 



 

DMSO. Based on these results, it seems that OH· radicals were the main species responsible for 

the breakdown of TC. Just as h+ plays a small but substantial part in removing the antibiotic, 

although to a lesser extent, the degradation process was also affected by the presence of methanol. 

The band gap values of pure GCN and SBS are calculated as 3.0 eV and 1.66 eV respectively 

[38][27]. The semiconductor's electrons moved from their valence bands to their conduction bands 

as they were exposed to light. To stop photo-generated charge carriers from reuniting, the presence 

of both semiconductors causes holes to move from the more positively charged valence band of 

GCN to the less positively charged valence band of SBS. In addition, electrons go from SBS's 

negatively charged conduction band to GCN's less negatively charged conduction band. The 

surface electrons on GCN can react with the O2 molecules that have been dissolved, creating 

superoxide radical anions (O2
•-). These anions can then combine with water molecules to form 

hydroxide radicals (OH•). There are also protons in SBS's valence band that undergo a reaction 

with water, producing (OH·) hydroxide radicals. The oxidative species effectively break down TC, 

converting it into H2O, CO2, and other degradation products with reduced toxicity. This potential 

mechanism is depicted in the scheme 2. The likely reaction stages associated with the 

photocatalytic process are given in equations 7-10. 

g-C3N4 / Sb2S3 + hv → e- + h+                                                                                                                                                                         (7)           

e- 
CB + O2 → O2

·-                                                                                                                                                                                                        (8) 

O2·
- + H2O → HOO· + OH·                                                                                                                                                                             (9) 

h+ VB + OH- → OH·                                                                                                                                                                                           (10) 

OH· / h+ + Pollutant → Degraded products                                                                                         (11) 



 

 

Figure 16 Effect of various scavengers on TC deterioration 

 

 

Scheme 2 The proposed route for the photodecomposition of contaminants by 13GS 

nanocomposite 
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CHAPTER 4 – CONCLUSION AND FUTURE SCOPE 

 

Using the environment-friendly hydrothermal method, new heterojunction g-C3N4/Sb2S3 

photocatalysts with different mole ratios were synthesized. Numerous analytical techniques, such 

as XRD, FE-SEM, EDS, XPS, UV-DRS, and BET analysis, were utilized to confirm the material's 

effective synthesis. FE-SEM analysis demonstrated that a heterojunction was efficiently produced 

when smaller SBS nanorods were placed onto bigger GCN nanosheets. To test how well the 

synthesized samples worked, they were subjected to natural sunlight for the photocatalytic 

breakdown of TC. The manufactured photocatalyst in terms of the rate constant, which is 

the highest was 13GS, which showed the greatest photocatalytic decomposition efficacy. The 

composite's low charge recombination rate and sufficient band gap allowed it to efficiently degrade 

the pollutants when exposed to natural sunshine, according to PL, BET, and UV-DRS 

examinations. Catalyst dose, pH studies, kinetics studies, the effect of various light sources, 

scavenger analysis, and reusability studies were some of the parameters that we investigated in our 

series of tests on photo-catalytic degradation. The primary factor affecting the pollutant's 

breakdown, as shown by trapping experiments, was OH. Throughout six cycles, the composite's 

photocatalytic elimination of organic pollutants was remarkably effective. The results of the XRD 

and FE-SEM analyses showed that the TC physically adsorbed onto the composite, preserving its 

original properties. Our catalyst outperforms industry physicochemical approaches, as evidenced 

by higher percentages of COD and TOC removal. The photodegradation experiment’s byproducts 

and intermediates were investigated using GC-MS analysis. This study introduces g-C3N4/Sb2S3 

as an innovative binary composite that has potential uses in a wide range of solar-driven processes.  

These catalyst presents significant promise for addressing complex pollutants and treating 

industrial wastewater on a large scale. Their cost-effectiveness, ease of use, and environmental 

friendliness make them highly suitable for a range of wastewater treatment applications. By 

utilizing this catalyst, we can effectively combat the persistent accumulation of harmful toxic 

substances in aquatic systems. Its ability to provide a practical and sustainable solution highlights 

their potential to significantly improve water quality and protect environmental health. 
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