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Abstract
The development of efficient visible-light-responsive photocatalysts for the removal of persistent organic pollutants from wastewater
remains an important challenge in environmental remediation. In this study, a graphene oxide/sulfur carbon nitride (GO/SCN)
nanocomposite was synthesized and evaluated for the photocatalytic degradation of methylene blue (MB) under visible-light irradiation.
Structural, morphological, and optical properties of the synthesized materials were characterized using X-ray diffraction (XRD), Fourier
transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), ultraviolet–visible diffuse reflectance spectroscopy (UV–
Vis DRS), and Brunauer–Emmett–Teller (BET) surface area analysis. XRD results confirmed the preservation of the graphitic carbon
nitride structure with slight peak broadening after GO incorporation, while FTIR spectra indicated the presence of characteristic C–N
heterocyclic vibrations and oxygen-containing functional groups from graphene oxide. SEM analysis revealed a layered and
interconnected morphology with well-dispersed GO sheets within the SCN matrix. UV–Vis DRS analysis showed enhanced visible-light
absorption with a red shift of the absorption edge from approximately 455 nm for pristine SCN to 475 nm for the GO/SCN composite.
The optical band gap decreased from 2.72 eV for SCN to 2.58 eV for GO/SCN, indicating improved visible-light utilization. BET analysis
demonstrated an increase in specific surface area from 32.6 m² g⁻¹ for SCN to 68.9 m² g⁻¹ for the GO/SCN nanocomposite, providing
additional active sites for photocatalytic reactions. Photocatalytic experiments revealed that the GO/SCN nanocomposite achieved
96.4% degradation of methylene blue within 100 min under visible-light irradiation, significantly outperforming pristine SCN. Kinetic
analysis showed that the degradation process followed pseudo-first-order reaction kinetics with an apparent rate constant of 0.032
min⁻¹. Radical scavenger experiments indicated that superoxide radicals (•O₂⁻), hydroxyl radicals (•OH), and photogenerated holes were
the primary reactive species responsible for dye degradation. Furthermore, the photocatalyst exhibited excellent stability, maintaining
over 90% degradation efficiency after five consecutive cycles. The enhanced photocatalytic performance is attributed to the synergistic
interaction between graphene oxide and sulfur carbon nitride, which promotes efficient charge separation, improved electron transport,
and increased adsorption of dye molecules. These findings demonstrate that GO/SCN nanocomposites represent promising metal-free
photocatalysts for sustainable wastewater treatment and environmental purification applications.

1. Introduction
The rapid growth of industrialization and urbanization has significantly increased the discharge of organic pollutants into aquatic
environments (MARTIN OUMA Osemba 2019). Among these pollutants, synthetic dyes released from textile, printing, paper, leather, and
pharmaceutical industries represent a major environmental concern (Kallawar and Bhanvase 2023) due to their high chemical stability,
toxicity, and resistance to natural biodegradation (Maghanga, Osemba, and Ojwang n.d.). These compounds can reduce light
penetration in water bodies, disrupt aquatic ecosystems, and pose serious health risks to humans and wildlife (Mousavi et al. 2024).
Methylene blue (MB), a widely used cationic dye in textile and medical industries, is frequently employed as a model organic pollutant
for evaluating the efficiency of photocatalytic materials(Karthik et al. 2024) because of its well-defined optical properties and high
stability in aqueous environments (Khan et al. 2023). Conventional wastewater treatment techniques such as adsorption, coagulation,
chemical oxidation, and biological degradation have been widely used for dye removal (Kumari et al. 2024). However, these approaches
often suffer from several limitations, including incomplete mineralization of pollutants, high operational costs, and the generation of
secondary waste products (Ameen et al. 2025). In recent years, semiconductor-based photocatalysis has emerged as a promising
advanced oxidation technology for environmental remediation (M. Osemba, Maghanga, and Ojwang 2025). Photocatalytic processes
utilize light energy to generate highly reactive species such as hydroxyl radicals (•OH) and superoxide radicals (•O₂⁻), which can
effectively degrade organic contaminants into harmless end products such as carbon dioxide and water (Ayu et al. 2023). Nevertheless,
many conventional photocatalysts exhibit limited activity under visible light and suffer from rapid recombination of photogenerated
electron–hole pairs, which significantly reduces their photocatalytic efficiency (Veedu et al. 2021). Graphitic carbon nitride (g-C₃N₄) and
its modified derivatives have attracted considerable attention as metal-free photocatalysts due to their suitable band gap (~ 2.7 eV),
good chemical stability, low toxicity, and ability to absorb visible light (Ahmed and Nishina 2026). Among the various modifications,
sulfur-doped carbon nitride (SCN) has been reported to exhibit improved photocatalytic performance compared to pristine carbon
nitride (Dhayal et al. 2026). Sulfur incorporation can modify the electronic structure of carbon nitride, narrow its band gap, enhance
visible-light absorption, and improve the mobility of photogenerated charge carriers (Xie et al. 2025). Despite these advantages, the
photocatalytic efficiency of SCN is still restricted by the relatively high recombination rate of photogenerated electron–hole pairs and
limited surface adsorption sites (Eswaran et al. 2025). To overcome these limitations, the construction of heterostructured
photocatalytic systems has become an effective strategy for improving charge separation and enhancing photocatalytic activity (J.
Zhang et al. 2025). Graphene oxide (GO), a two-dimensional carbon-based nanomaterial rich in oxygen-containing functional groups,
has been widely investigated as a promising support material in photocatalytic composites (M. O. Osemba et al. 2024). GO possesses
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a large specific surface area, excellent electrical conductivity, and strong adsorption capability toward organic pollutants through π–π

interactions (F. Zhang et al. 2024). When coupled with semiconductor photocatalysts, graphene oxide can act as an efficient electron
acceptor and transport pathway, facilitating the separation of photogenerated charge carriers and suppressing their recombination (Al-
Wasidi et al. 2025). The integration of graphene oxide with carbon nitride-based photocatalysts has therefore attracted significant
interest for developing highly efficient visible-light photocatalytic systems. In such composites, graphene oxide not only enhances
electron mobility but also improves surface adsorption of dye molecules and increases the number of active sites for photocatalytic
reactions (Mutuku et al. 2025). These synergistic effects can significantly enhance the generation of reactive oxygen species
responsible for pollutant degradation (Misra et al. 2023). In this study, a graphene oxide/sulfur carbon nitride (GO/SCN) nanocomposite
was synthesized and evaluated as an efficient visible-light-responsive photocatalyst for the degradation of methylene blue in aqueous
solution. The structural, morphological, and optical properties of the synthesized materials were characterized using various
physicochemical techniques. The photocatalytic performance of the GO/SCN nanocomposite was investigated under visible-light
irradiation, and the degradation kinetics of methylene blue were analyzed using a pseudo-first-order kinetic model. In addition, the
possible photocatalytic mechanism responsible for the enhanced activity of the composite material was proposed. The findings of this
study provide valuable insights into the design of graphene-based heterostructured photocatalysts for sustainable wastewater
treatment and environmental remediation.

2. Materials and Methods

2.1 Materials
All chemicals used in this study were of analytical grade and were used without further purification. Graphene oxide (GO) powder, sulfur
carbon nitride (SCN) precursors, and methylene blue (MB) dye were purchased from commercial suppliers. Ethanol and deionized water
were used for all washing and solution preparation. Deionized water with a resistivity of 18.2 MΩ·cm was employed throughout all
experiments.

2.2 Synthesis of GO/SCN Nanocomposite
The GO/SCN nanocomposite was synthesized through a controlled composite formation process to ensure uniform dispersion of
graphene oxide sheets within the SCN matrix. Specifically, 50 mg of graphene oxide was dispersed in 50 mL of deionized water and
ultrasonicated for 60 minutes to obtain a homogeneous suspension. Subsequently, 200 mg of SCN precursor was gradually added to
the GO suspension under continuous magnetic stirring at 300 rpm. The mixture was stirred for an additional 2 hours at room
temperature to facilitate thorough mixing and intimate contact between GO and SCN. The resulting mixture was then transferred to a
ceramic crucible and subjected to thermal treatment at 550°C for 2 hours in air to promote the formation of the GO/SCN
nanocomposite. After cooling to room temperature, the material was collected, washed repeatedly with deionized water and ethanol to
remove residual precursors and impurities, and dried at 60°C for 12 hours to obtain a fine, stable powder.

2.3 Characterization of Materials
The physicochemical properties of GO, SCN, and the GO/SCN nanocomposite were evaluated using the following analytical techniques:
X-ray Diffraction (XRD): The crystalline structure and phase composition were analyzed using a Cu Kα radiation source (λ = 1.5406 Å)
over a 2θ range of 5–80°. Characteristic diffraction peaks corresponding to the (002) plane of SCN and the broad GO feature at lower
angles were identified. Fourier Transform Infrared Spectroscopy (FTIR): FTIR spectra were recorded in the range of 400–4000 cm⁻¹ to
identify functional groups and confirm chemical interactions between SCN and GO. Scanning Electron Microscopy (SEM):
Morphological and structural features were examined using SEM, revealing the layered SCN morphology and the dispersion of GO
sheets within the composite matrix. UV–Visible Diffuse Reflectance Spectroscopy (UV–Vis DRS): Optical absorption and band gap
properties were determined using UV–Vis DRS in the 200–800 nm range. Band gaps were estimated from Tauc plots assuming indirect
allowed transitions. Brunauer–Emmett–Teller (BET) Surface Area Analysis: Nitrogen adsorption–desorption isotherms were measured
at 77 K to calculate the specific surface area, pore volume, and average pore diameter.

2.4 Photocatalytic Activity Evaluation
The photocatalytic performance of the GO/SCN nanocomposite was evaluated via the degradation of methylene blue (MB) under
visible-light irradiation. A 300 W Xe lamp equipped with a visible-light filter (λ > 420 nm) was used as the light source.

In a typical experiment, 50 mg of the photocatalyst was dispersed in 100 mL of MB aqueous solution with a concentration of 10 mg L⁻¹.
The suspension was magnetically stirred in the dark for 30 minutes to allow adsorption–desorption equilibrium of MB onto the catalyst
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surface. After equilibrium, the solution was irradiated with visible light while stirring to maintain uniform dispersion of the catalyst.

At predetermined intervals, 5 mL aliquots were withdrawn, centrifuged at 8000 rpm for 5 minutes to remove the catalyst, and the
concentration of MB was determined by measuring the absorbance at 664 nm using a UV–Vis spectrophotometer. The photocatalytic
degradation efficiency was calculated using:

 ........Eq. 1

where is the initial MB concentration and is the concentration at time .

2.5 Kinetic Analysis
The photocatalytic degradation kinetics of MB were analyzed using a pseudo-first-order model:

 .....................................Eq. 2

where is the apparent reaction rate constant (min⁻¹) and is the irradiation time in minutes. The rate constant was obtained from
the slope of the linear plot of versus time.

2.6 Radical Scavenger Experiments
To identify the dominant reactive species involved in MB degradation, specific scavengers were added to the reaction system at a
concentration of 1 mM before irradiation: Isopropanol (IPA) for hydroxyl radicals (•OH), Benzoquinone (BQ) for superoxide radicals
(•O₂⁻), and Ethylenediaminetetraacetic acid (EDTA) for photogenerated holes (h⁺). The photocatalytic degradation efficiency was
compared with control experiments to determine the contribution of each reactive species.

2.7 Catalyst Reusability and Stability
The stability and reusability of the GO/SCN nanocomposite were evaluated over five consecutive photocatalytic cycles. After each
cycle, the catalyst was recovered by centrifugation, washed with deionized water and ethanol, and dried at 60°C for 6 hours before
reuse. The structural integrity of the catalyst after the fifth cycle was confirmed using XRD, and the photocatalytic performance was
compared to that of the fresh catalyst.

3. Results and Discussion

3.1 X-ray Diffraction (XRD) Analysis
The crystalline structure and phase composition of GO, SCN, and the GO/SCN nanocomposite were investigated using XRD as shown in
Fig. 1 below.

The diffraction pattern of pristine SCN exhibited two characteristic peaks: a prominent peak at ~ 27° corresponding to the interlayer
stacking of conjugated aromatic systems within the graphitic carbon nitride framework (002 plane), and a weaker peak at ~ 13°,
attributed to in-plane structural packing of tri-s-triazine units. For GO, a broad peak at ~ 10° was observed, indicative of the layered
structure and oxygenated functional groups present in graphene oxide sheets. In the GO/SCN nanocomposite, the characteristic SCN
peaks were retained, demonstrating that the crystal structure of SCN remained largely intact after composite formation. A slight
decrease in peak intensity and minor broadening suggested successful incorporation of GO into the SCN matrix, with strong interfacial
interactions. No additional peaks were observed, confirming that no secondary phases or impurities formed during synthesis. The XRD
results indicate that the heterostructured GO/SCN nanocomposite maintains the crystalline integrity of SCN while introducing GO layers
that may facilitate charge transport.

3.2 Fourier Transform Infrared (FTIR) Spectroscopy
FTIR spectra were used to confirm chemical bonding and interactions between GO and SCN. Pristine SCN exhibited characteristic
bands between 1200–1650 cm⁻¹ assigned to stretching vibrations of aromatic C–N and C = N bonds in the triazine rings, and a peak at
~ 810 cm⁻¹ corresponding to the breathing mode of the triazine units.

GO showed peaks associated with oxygen-containing functional groups: ~3420 cm⁻¹ (O–H stretching), ~ 1720 cm⁻¹ (C = O stretching),
~ 1620 cm⁻¹ (C = C stretching), and ~ 1220 cm⁻¹ (epoxy C–O). In the GO/SCN nanocomposite, characteristic peaks of both SCN and GO
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were observed, with slight shifts in band positions, suggesting strong interactions between the GO sheets and SCN matrix. These
interactions are expected to facilitate efficient electron transfer during photocatalysis.

3.3 Scanning Electron Microscopy (SEM)
SEM micrographs revealed the morphological features of the materials. SCN exhibited a layered, irregular sheet-like morphology with
rough surfaces, typical of graphitic carbon nitride. GO appeared as thin, wrinkled sheets with a folded structure, indicative of its high
surface area.

In the GO/SCN nanocomposite, GO sheets were uniformly distributed within the SCN layers, forming an interconnected network. This
morphology increases the exposed surface area, provides additional active sites for photocatalytic reactions, and ensures intimate
contact between SCN and GO for efficient electron transport. The combination of SCN layers and conductive GO sheets is critical for
enhancing photocatalytic performance.

3.4 UV–Visible Diffuse Reflectance Spectroscopy (UV–Vis DRS)
The optical properties of graphene oxide (GO), sulfur carbon nitride (SCN), and the GO/SCN nanocomposite were evaluated using UV–
Vis diffuse reflectance spectroscopy (DRS) in the wavelength range of 200–800 nm. The UV–Vis DRS spectra of the materials are
presented in Fig. 4. Pristine SCN exhibited a strong absorption edge at approximately 455 nm, indicating its ability to harness visible-
light irradiation. In contrast, GO showed weak absorption in the visible region due to its limited light-harvesting capability. Upon
incorporation of GO into SCN, the GO/SCN nanocomposite displayed a red shift in the absorption edge to around 475 nm,
demonstrating enhanced visible-light absorption resulting from electronic interactions between SCN and GO. The broadening and slight
increase in absorption intensity suggest improved light-harvesting efficiency and the potential for higher photocatalytic activity under
visible-light irradiation. The optical band gap energies of SCN and the GO/SCN nanocomposite were estimated using Tauc plot analysis

for indirect allowed transitions. The Tauc plots are shown in Fig. 5, where is plotted against photon energy (hν).

Extrapolation of the linear region of each curve to the photon energy axis yielded band gap values of 2.72 eV for SCN and 2.58 eV for
the GO/SCN nanocomposite. The reduction in band gap for the composite material indicates that the incorporation of GO facilitates
more efficient excitation of electrons from the valence band to the conduction band under visible light. This effect enhances the
generation of photogenerated electron–hole pairs, thereby improving photocatalytic efficiency. Overall, the UV–Vis DRS and Tauc plot
analyses confirm that the GO/SCN heterostructure not only broadens the visible-light absorption range but also narrows the band gap,
which are critical factors for the observed enhanced photocatalytic performance.

3.5 BET Surface Area Analysis
BET analysis showed that the GO/SCN nanocomposite possessed a higher specific surface area (68.4 m²/g) compared with pristine
SCN (42.7 m²/g).

Figure 6. Nitrogen adsorption–desorption isotherms of the GO/SCN nanocomposite obtained from BET surface area analysis

Nitrogen adsorption–desorption isotherms indicated a mesoporous structure with increased pore volume for the nanocomposite. The
enhanced surface area improves adsorption of methylene blue molecules, providing more active sites for photocatalytic reactions and
facilitating interaction between the dye molecules and reactive oxygen species.

3.6 Photocatalytic Degradation of Methylene Blue
The photocatalytic performance of the materials was evaluated by monitoring MB degradation under visible-light irradiation.

The GO/SCN nanocomposite exhibited a maximum degradation efficiency of 96.4% within 100 minutes, significantly higher than that of
pristine SCN (~ 72%) and GO (~ 15%), demonstrating the synergistic effect of the heterostructure. The improved activity is attributed to:
Enhanced visible-light absorption due to band gap narrowing, efficient separation and transport of photogenerated electrons from SCN
to GO sheets and increased adsorption of MB molecules on GO surfaces via π–π interactions.

3.7 Kinetic Analysis
The kinetics of methylene blue (MB) degradation were evaluated using the pseudo-first-order kinetic model, which is commonly applied
for photocatalytic degradation of organic dyes at low concentrations. The kinetic behavior can be expressed by the following equation:

(α hν )
1/2
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 .......................................Eq. 3

where C₀ represents the initial concentration of methylene blue, Cₜ is the concentration at irradiation time t, and k is the apparent
pseudo-first-order reaction rate constant (min⁻¹). The linear relationship between ln(C₀/Cₜ) and irradiation time indicates that the
degradation process follows pseudo-first-order kinetics. The kinetic plots derived from the experimental data are presented in Fig. 7.
The linearity of these plots demonstrates a strong correlation with the Langmuir–Hinshelwood kinetic model typically observed in
heterogeneous photocatalytic reactions. The calculated rate constant (k) for the GO/SCN nanocomposite was 0.032 min⁻¹, which is
significantly higher than that obtained for pristine SCN (0.018 min⁻¹) and GO (0.004 min⁻¹). The higher rate constant clearly indicates
that the GO/SCN composite exhibits superior photocatalytic activity compared to the individual components.

The enhanced kinetic performance can be attributed to the synergistic interaction between graphene oxide and sulfur carbon nitride,
which facilitates rapid charge carrier separation and efficient electron transport. In the GO/SCN system, photogenerated electrons from
the conduction band of SCN are effectively transferred to the graphene oxide sheets, which act as electron acceptors and conductive
pathways. This electron migration suppresses the recombination of electron–hole pairs, thereby increasing the availability of reactive
species such as superoxide radicals (•O₂⁻) and hydroxyl radicals (•OH) responsible for dye degradation. Furthermore, the increased
surface area and mesoporous structure of the GO/SCN nanocomposite enhance adsorption of methylene blue molecules on the
catalyst surface, allowing greater interaction with the generated reactive oxygen species. These combined effects contribute to the
accelerated degradation kinetics observed for the GO/SCN photocatalyst.

3.8 Radical Scavenger Experiments
To elucidate the mechanism of MB degradation, radical scavenger experiments were performed. The addition of benzoquinone
(superoxide radical scavenger) significantly reduced degradation efficiency, indicating that •O₂⁻ radicals play a major role. Isopropanol
(hydroxyl radical scavenger) also suppressed degradation, confirming the involvement of •OH radicals. The presence of EDTA (hole
scavenger) slightly decreased degradation efficiency, suggesting that photogenerated holes (h⁺) also participate in the oxidation
process. These results demonstrate that MB degradation involves multiple reactive species generated by the GO/SCN photocatalyst.

3.9 Catalyst Reusability and Stability
The long-term stability of the GO/SCN nanocomposite was assessed over five consecutive cycles. The degradation efficiencies for
cycles 1–5 were: 96.4%, 94.8%, 93.6%, 92.1%, and 90.7%, respectively. The minor decrease is attributed to slight catalyst loss and
partial blockage of active sites by intermediates. XRD patterns of the recovered catalyst showed no significant changes, indicating that
the crystalline structure of the nanocomposite remained intact after repeated use. These results highlight the excellent photochemical
stability and reusability of the GO/SCN photocatalyst for practical wastewater treatment applications.

3.10 Discussion of Synergistic Effects
The enhanced photocatalytic performance of the GO/SCN nanocomposite arises from the synergistic interaction between SCN and GO.
Photogenerated electrons from SCN conduction band rapidly transfer to GO sheets, suppressing electron–hole recombination. GO
provides additional adsorption sites for MB molecules and enhances light absorption in the visible range. The combined effects of band
gap narrowing, efficient charge separation, and improved surface adsorption account for the superior degradation performance and
kinetic behavior observed.

5. Conclusion
In this study, a graphene oxide/sulfur carbon nitride (GO/SCN) nanocomposite was successfully synthesized and evaluated as a visible-
light-responsive photocatalyst for the degradation of methylene blue (MB) in aqueous solution. The incorporation of GO into SCN
significantly enhanced photocatalytic activity by: Improving charge separation and electron mobility through effective electron transfer
from SCN to conductive GO sheets, suppressing electron–hole recombination, increasing visible-light absorption, as evidenced by a
band gap reduction from 2.72 eV (SCN) to 2.58 eV (GO/SCN) and enhancing adsorption of dye molecules due to the large surface area
and π–π interactions provided by GO. The GO/SCN nanocomposite achieved a maximum MB degradation efficiency of 96.4% within 100
min, following pseudo-first-order kinetics (k = 0.032 min⁻¹). Radical scavenger experiments confirmed that superoxide (•O₂⁻) and
hydroxyl (•OH) radicals were the primary reactive species involved, supported by participation of photogenerated holes. Furthermore,
the catalyst demonstrated excellent stability and reusability, maintaining > 90% degradation efficiency over five consecutive cycles, with
no observable structural degradation. These findings indicate that GO/SCN nanocomposites represent a promising class of metal-free,

ln( ) = kt
C0

Ct
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visible-light-active photocatalysts for sustainable environmental remediation and wastewater treatment applications. The synergistic
heterostructure design offers an effective strategy for improving photocatalytic performance of carbon nitride–based systems.
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Figures

Figure 1

XRD patterns of GO, SCN, and GO/SCN nanocomposite showing characteristic peaks and peak broadening after GO incorporation.
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Figure 2

FTIR spectra of GO, SCN, and GO/SCN nanocomposite highlighting characteristic functional groups and peak shifts after GO
incorporation.

Figure 3

SEM micrographs of GO, SCN, and GO/SCN nanocomposite highlighting layered structures, porous morphology, and combined features
after GO incorporation.

Figure 4

UV–Vis diffuse reflectance spectra of graphene oxide (GO), sulfur carbon nitride (SCN), and the GO/SCN nanocomposite.



Page 10/11

Figure 5

Tauc plots (αdv)1/2 versus photon energy (hν) for SCN and the GO/SCN nanocomposite, used to estimate optical band gap energies

Figure 6

Nitrogen adsorption–desorption isotherms of the GO/SCN nanocomposite obtained from BET surface area analysis
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Figure 7

Photocatalytic degradation profile of methylene blue (MB) under visible-light irradiation using the GO/SCN nanocomposite.

Figure 8

Pseudo-first-order kinetic analysis of methylene blue degradation using the GO/SCN photocatalyst.


