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Abstract 

 
Graphitic carbon nitride (g-C3N4) has emerged as a photocatalyst material of interest due 
to its strong visible-light activity, good stability, and tunable electronic properties, making it 
attractive for environmental and energy-related applications. However, producing high 
quality exfoliated g-C3N4 nanosheets using a simple and low-cost technique remains 
challenging. In this work, bulk g-C3N4 was synthesized through the thermal polymerization 
of melamine and subsequently exfoliated ultrasonically in either deionized water (CN-DI) 
or isopropanol (CN-IPA). Different exfoliation pathways including thermal, chemical, and 
one-step methods were examined to determine their impact on the nanosheets’ structural 
and photocatalytic characteristics. X-ray diffraction (XRD) confirmed that the crystalline 
structure of g-C3N4 remained intact after exfoliation. Transmission electron microscopy 
(TEM) and scanning electron microscope (SEM) analyses showed the formation of ultrathin 
nanosheet-like structures with a layered morphology. The ultrathin nanosheets displayed 
broadened interlayer spacing, as further supported by UV-Vis and photoluminescence (PL) 
results that showed a noticeable red shift, enhanced light absorption, and reduced electron-
hole recombination in CN-DI and CN-IPA compared with bulk g-C3N4. These improvements 
primarily stem from increased surface area, better charge separation, and more effective 
photon utilization achieved through ultrasonic exfoliation. Photocatalytic tests additionally 
revealed that both CN-DI and CN-IPA achieved more than 60% degradation of organic 
dyes under UV illumination. Overall, the findings highlight a straightforward, green, and 
scalable approach for producing high-performance g-C3N4 nanosheets suitable for 
wastewater purification under UV-light environment. 
 
Keywords: g-C3N4 nanosheets; thermal polymerization; ultrasonic exfoliation; photocatalytic 
activity 
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1. Introduction 
 
The rapid growth of industrial activities has led to the excessive use of synthetic dyes in 
numerous manufacturing sectors, including textiles, paper, leather, pharmaceuticals, and 
cosmetics (Ardila-Leal et al., 2021). Among these, methylene blue (MB) is frequently used 
because it is inexpensive, chemically stable, and produces strong coloration. However, the 
direct discharge of MB and similar dyes into natural water systems severely impacts 
environmental quality and human health. Dye effluents reduce light penetration, disturb 
photosynthetic activity in aquatic ecosystems, and contain toxic, mutagenic, and 
carcinogenic compounds (Rubio et al., 2025). Prolonged exposure to such pollutants has 
been associated with respiratory irritation, dermatitis, and allergic reactions (Sun et al., 
2016). Furthermore, the aromatic molecular structures of synthetic dyes make them 
resistant to biological degradation, resulting in long-term persistence in aquatic 
environments (Mabuza et al., 2023).To address dye pollution, several treatment strategies 
have been developed, including adsorption (Crini, 2006), membrane filtration (Rashidi et 
al., 2015),electrochemical oxidation (Brillas & Martínez-Huitle, 2015), and chemical 
coagulation have been developed to remove dyes from wastewater (Robinson et al., 2001). 
However, these approaches generally transfer the contaminants to another phase instead 
of fully decomposing them. In contrast, photocatalytic degradation offers a sustainable and 
efficient solution by using semiconductor materials to generate reactive species that 
convert complex organic pollutants into harmless products like carbon dioxide and water 
(Dassanayake et al., 2021). TiO2 photocatalysts have gained wide attention, but their 
limited visible-light activity has driven efforts to improve their efficiency and modified 
systems such as WO3-coated TiO2 nanotubes and immobilized TiO2 in CPC reactors show 
enhanced charge separation and photocatalytic performance (Chuenkruit et al., 2025). 
Visible-light-active materials like Co-doped TiO2 further expand photocatalytic capabilities, 
enabling effective degradation of commercial dyes (Noonuruk & Wattanawikkam, 2019). 
As a result, photocatalysis continues to attract attention for environmental purification and 
renewable-energy-related applications. 

Graphitic carbon nitride (g-C3N4) has become an attractive photocatalyst material 
due to its suitable band gap (~2.7 eV), strong visible-light absorption, and overall structural 
stability (Wang et al., 2008). Since its introduction as a photocatalyst in 2006, g-C3N4 has 
been extensively applied in hydrogen production, CO2 reduction, and the degradation of 
organic contaminants (Fan et al., 2025). Nevertheless, pristine bulk g-C3N4 suffers from 
several drawbacks, including limited surface exposure, fast electron-hole recombination, 
and limited light absorption, which restrict its photocatalytic efficiency (Ismael, 2020). To 
address these limitations, several modification approaches have been investigated, such 
as atomic doping, heterojunction interface engineering, and material morphology tuning 
(Xu et al., 2024). Notably, converting g-C3N4 into two-dimensional (2D) nanosheets has 
been especially effective, as the exfoliation process increases surface area, exposes 
additional active sites, and enhances charge-transport pathways, thereby boosting 
photocatalytic performance (Yang et al., 2013). Different exfoliation techniques have been 
investigated to improve the morphological framework and optical behavior of g-C3N4 
nanosheets. Thermal exfoliation involves high-temperature oxidation to remove surface 
layers and generate porous structures, enhancing light absorption and surface reactivity 
(Tong et al., 2015b; Soe et al., 2026). Chemical exfoliation, often carried out using oxidizing 
acids such as H2SO4 or HNO3, can produce thinner nanosheets but may introduce chemical 
defects and structural damage (Sun et al., 2017). Ultrasonic exfoliation breaks weak 
interlayer van der Waals interactions through acoustic cavitation, producing uniform 
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nanosheets without substantial chemical alteration (Ma et al., 2016). Additionally, one-step 
exfoliation methods, such as the direct calcination of precursors with gas-releasing agents 
(NH4Cl  or citric acid), have been developed to achieve simultaneous polymerization and 
exfoliation (Wang et al., 2019). Although all these techniques can successfully yield 
exfoliated g-C3N4, the resulting structural and photocatalytic properties vary significantly. 
Ultrasonic-assisted exfoliation is particularly attractive due to its simplicity, environmental 
friendliness, and preservation of the g-C3N4 framework, often enhancing photocatalytic 
efficiency under visible-light irradiation (Zhang et al., 2016). Ultrasonic exfoliation has been 
widely used to produce thin nanosheets of graphitic carbon nitride (g-C3N4) with improved 
surface area and photocatalytic performance. However, most previous studies have 
primarily employed ultrasonic bath systems and have focused on single-solvent exfoliation 
processes. The influence of different solvents on the exfoliation efficiency and resulting 
physicochemical properties of g-C3N4 nanosheets has not been systematically 
investigated.  

In this study, DI water and isopropanol (IPA) were used as exfoliation solvents to 
examine the influence of solvent properties on the delamination of bulk g-C3N4. DI water 
provides good dispersion due to its high polarity, while IPA, with lower surface tension, can 
more easily penetrate between stacked layers. Comparing these two solvents helps clarify 
how solvent selection affects the formation of nanosheets and the photocatalytic properties 
of the nanosheets. The choice of solvent significantly influences the exfoliation behavior of 
g-C3N4. Polar solvents help separate interlayer sheets effectively, while organic solvents 
enhance dispersion and limit restacking. The synthesized nanosheets were characterized 
using X-ray diffraction (XRD), transmission electron microscopy (TEM), UV-Vis absorption, 
and photoluminescence (PL) spectroscopy. Photocatalytic performance was assessed 
through the UV irradiation degradation of methylene blue. Overall, this study offers a facile, 
environmentally friendly strategy for producing high-performance g-C3N4 nanosheets and 
provides valuable insight into how solvent-assisted ultrasonic exfoliation enhances charge 
separation and photocatalytic efficiency, supporting the design of sustainable 
photocatalysts for water purification under UV-light environment. 
 

2. Materials and Methods 
 
Melamine (99%) was sourced from SIGMA Co., Ltd. (Germany). Isopropanol (≥99.7 wt.%) 
was obtained from LOBA Chemie Laboratory Reagent & Fine Chemicals Co., Ltd. (India), 
and methylene blue (MB) was purchased from KOSDAQ Co., Ltd. (Korea). All chemicals 
used in this study were of analytical grade. Deionized water was utilized in all experimental 
procedures. 
 
2.1 Bulk g-C3N4 preparation procedure 
 
Bulk g-C3N4 was produced by heating melamine to induce thermal decomposition. In this 
process, 15 g of melamine was placed inside a covered ceramic crucible and heated at a 
rate of 5°C min⁻¹ until reaching 560°C, where the temperature was held for 5 h under 
ambient conditions. During calcination, melamine undergoes polymerization, releasing 
ammonia and forming graphitic carbon nitride (Molaei & Rahimi, 2021). 
 

 

                3C3H6N6(s) ⟶ 3 g-C3N4 (s) + 6NH3(g) (1) 
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After heating, the crucible was left to cool naturally to room temperature. The 
resulting yellow solid was then crushed and ground to a fine powder using a mortar and 
pestle to yield bulk g-C3N4. This powder served as the precursor for subsequent ultrasonic-
assisted exfoliation. Deionized water (DI) and isopropanol (IPA) were used as solvents to 
prepare both bulk g-C3N4 and exfoliated g-C3N4 nanosheets. Depending on the solvent, 
oxidation-assisted exfoliation produced two types of nanosheets: CN-DI and CN-IPA. 
 
2.2 Dispersion and solvent-assisted exfoliation of g-C3N4 
 
For the exfoliation step, as shown in Figure 1, 100 mg of bulk g-C3N4 was dispersed in 100 
mL of DI water or IPA. Ultrasonic treatment promoted the separation of g-C3N4 layers within 
the suspension. The mixture was sonicated using an ultrasonic homogenizer (BEM-650A, 
220V, 50 Hz) at 40% amplitude for 3h. The suspension was centrifuged using a centrifuge 
(DM0412-50, Ponpe Instrument, China) at 3000 rpm for 10 min. The resulting 2D g-C3N4 
nanosheets were collected from the supernatant and used as the exfoliated samples. 

 
Figure 1. Schematic representation of the preparation for exfoliated g-C3N4 nanosheets 

 
2.3 Characterization 
 
The crystal structures of the synthesized samples were characterized using a Philips X’Pert 
X-ray diffractometer equipped with a Cu Kα radiation source (λ = 0.154 nm), operated at 
40 kV and 30 mA, across a 2θ range of 10-50°. The scans were performed at a rate of 
0.02° s⁻¹. Crystallite sizes were estimated using the Scherrer equation (Villalobos et al., 
2020). 
   

 

D = 0.89λ/(βcos θ)                            (2) 

 
where θ is the Bragg diffraction angle, λ is the X-ray wavelength, and β represents the full 
width at half maximum (FWHM). Fourier-transform infrared (FTIR) spectra were recorded 
at room temperature using a KBr pellet technique, covering the 400-4000 cm⁻¹ range with 
a Bruker Alpha-E spectrometer. Transmission electron microscopy (TEM) was employed 
to investigate the morphological and structural characteristics of the samples, using a JEOL 
JEM-3010F operated at 300 kV. UV-Vis absorption spectra were collected using a 
SHIMADZU UV-1700 spectrophotometer for the 200–800 nm spectrum range. The powder 
samples were dispersed in IPA solvents for the UV-Vis absorption measurement. Tauc 
plots were constructed to determine the optical bandgap, assuming a direct bandgap 
semiconductor (Yang et al., 2017). 
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αℎν = ( ℎν −  E𝑔𝑔 ) 1/2 (3) 
where α, h, ν, Eg represent the absorption coefficient, Plank's constant, the photon 
frequency, and the energy band gap, respectively. Photoluminescence (PL) spectra were 
recorded with a HORIBA fluorescence spectrophotometer at an excitation wavelength of 
350 nm. 
 
2.4 Evaluation of methylene blue photodegradation 
 
The photocatalytic behavior of bulk g-C3N4, CN-DI, and CN-IPA nanosheets was evaluated 
by monitoring their ability to degrade methylene blue (MB) in aqueous solution. The MB 
solution was irradiated using a 365 nm UV lamp (UVGL-58) with an intensity of 1.5 mW 
cm⁻² at a distance of 15 cm. For each experiment, 0.05 g of catalyst was added to 100 mL 
of a 10 mg L⁻¹ MB solution in a glass beaker. The mixture was stirred in the dark for one 
hour to establish adsorption-desorption equilibrium before irradiation with UV light. 

During UV-Vis light exposure, 3 mL of the suspension was collected every 15 min, 
immediately filtered to remove the catalyst, and analyzed using a UV-Vis 
spectrophotometer to quantify the remaining concentration of MB. The degradation 
efficiency was determined using the equation: 

 
%𝑅𝑅 = (𝐶𝐶0−𝐶𝐶𝑡𝑡

𝐶𝐶0
) × 100                  (4) 

 
where %R is the removal percentage, 𝐶𝐶0  is the initial dye concentration, and 𝐶𝐶𝑡𝑡  is the 
concentration at time 𝑡𝑡. 

To analyze the degradation kinetics, ln(𝐶𝐶/𝐶𝐶0) was plotted against irradiation time 
(t), where 𝐶𝐶0  represents the initial dye concentration and 𝐶𝐶0   corresponds to the 
concentration at a given time. The linear relationship obtained from this plot suggests that 
the degradation process follows a pseudo–first-order kinetic model: 

 
 

      ln(𝐶𝐶/𝐶𝐶0) = 𝑘𝑘 𝑡𝑡                  
 

(5) 
 

 
where k is the apparent rate constant (min⁻¹). The pseudo first-order behavior indicates 
that the degradation rate mainly depends on the dye concentration, rather than involving 
simultaneous interactions among multiple reactants as in second-order reactions. Such 
kinetic behavior is commonly observed in photocatalytic systems, where the degradation 
of organic dyes is primarily driven by reactive species generated on the catalyst surface, 
including hydroxyl radicals (•OH) and superoxide radicals (O₂•⁻), which promote the 
breakdown of dye molecules (Tsaviv et al., 2024). 
 

3. Results and Discussion 
 
3.1 Structure characterization 
 
The XRD patterns of the synthesized g-C3N4 materials provide information on the structural 
modifications induced by solvent-assisted treatment with deionized water (DI) and 
isopropanol (IPA), as shown in Figure 2. In agreement with previous reports, the diffraction 
peaks at approximately 27.1° and 13.1° correspond to the (002) and (100) planes of 
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graphitic carbon nitride, respectively (Thomas et al., 2008). The peak near 12.5° reflects 
the in-plane structural repetition of the tri-s-triazine units, while the strong peak around 
27.5° originates from the stacking of aromatic layers associated with the (002) plane (Li et 
al., 2021b). 

The full width at half maximum (FWHM) of the (002) diffraction peak varies among the 
samples, indicating differences in crystallite size. As summarized in Table 1, the bulk g-
C3N4 displays a larger crystallite size than the CN-DI and CN-IPA nanosheets based on 
the Scherrer equation. These variations result from distinct exfoliation behaviors: solvent-
assisted treatment promotes layer separation, yielding smaller crystallites and confirming 
the successful formation of g-C3N4 nanosheets. Furthermore, DI and IPA assisted 
treatments reduce the crystallinity of the bulk material and disrupt its long-range atomic 
ordering. This structural modification is evident from the weakened diffraction intensities of 
both characteristic peaks in the treated samples. 
 

 
Figure 2. XRD results of bulk g-C3N4, exfoliated CN-DI, and CN-IPA nanosheets. 

 
Table 1. Crystallite sizes of the g-c3n4-based photocatalysts calculated using the Scherrer 
equation. 

Sample 
 

Crystallize Size(nm) 
 

Bulk g-C3N4 48 
CN-DI  43 

CN-IPA  41 
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3.2 Phase structure 
 
FTIR analysis was performed in the 400-4000 cm⁻¹ region to investigate the chemical 
structures of bulk g-C3N4 and the exfoliated CN-DI and CN-IPA nanosheets (Figure 3). The 
wide absorption band observed around 3000-3600 cm⁻¹ corresponds to N-H stretching 
vibrations (Duan et al., 2015; Schwinghammer et al., 2014). Characteristic C-N heterocycle 
vibrations are found between 1200 and 1700 cm⁻¹, while the bending mode of the triazine 
ring occurs near 810 cm⁻¹, in agreement with earlier studies on g-C3N4 (Han et al., 2016). 
The triazine-related peaks in CN-DI and CN-IPA display lower intensity compared to the 
bulk material, indicating that solvent-assisted exfoliation disrupts the ordered stacking of 
structural motifs. Moreover, samples treated with DI and IPA exhibit a noticeably broader 
band around 3200-3600 cm⁻¹, which originates from the stretching vibrations of -N-H and 
-O-H groups introduced during the exfoliation process and isopropanol (IPA) results in 
neither elemental doping (Dong et al., 2014) nor the formation of a heterojunction (Dong et 
al., 2013) in the final product. 
 

 
 

Figure 3. FTIR spectra of bulk g-C3N4, exfoliated CN-DI and CN-IPA nanosheets 
 

3.3 BET surface areas 
 
To determine the surface area of the g-C3N4 materials, nitrogen adsorption-desorption 
experiments were analyzed. The patterns in Figure 4 reveal that all thermally exfoliated g-
C3N4 samples exhibit type-IV isotherms based on the BDDT classification, along with H₃-
type hysteresis loops defined by IUPAC. This indicates the presence of slit-like 
mesoporous structures. The bulk g-C3N4 showed a surface area of 5 m²/g, whereas the 
CN-DI and CN-IPA samples showed increased values of 32 m²/g and 49 m²/g, respectively. 
This enhanced porosity and surface area in the exfoliated samples contribute to their 
improved catalytic performance by providing more active sites and facilitating mass 
transport (Beyhaqi et al., 2021). 
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3.4 Morphology 
 
The morphological characteristics of the bulk g-C3N4   and the exfoliated nanosheets (CN-
DI and CN-IPA) were investigated through scanning electron microscopy (SEM) and 
transmission electron microscopy (TEM), as illustrated in Figures 5 and 6. The bulk g-C3N4 
(Figure 5a) presents a compact and tightly layered architecture, which is typical of materials 
synthesized via the thermal polymerization of melamine. Its closely stacked layers reduce 
the number of exposed active sites and restrict charge migration, leading to relatively weak 
photocatalytic behavior (Linh et al., 2021). 

In contrast, the exfoliated nanosheets (Figures 5b and 5c) display a more open and 
fragmented morphology, with thinner sheets and irregular edges. The CN-DI sample shows 
partially separated layers and a rougher surface texture, while the CN-IPA nanosheets 
exhibit improved delamination and a more porous appearance. These morphological 
features indicate successful exfoliation and greater exposure of reactive sites, which can 
facilitate enhanced photocatalytic activity (Chen et al., 2023).  

TEM images (Figure 6) reveal clear structural differences among the samples. Bulk g-
C3N4 (Figure 6a) exhibits densely stacked layers with strong contrast, indicating a compact 
multilayer structure with limited electron transparency. In comparison, CN-DI (Figure 6b) displays 
partially exfoliated nanosheets with increased transparency, suggesting a more loosely stacked 
layered structure, although some aggregation remains. The CN-IPA sample (Figure 6c) shows 
highly transparent and wrinkled nanosheets, which are characteristic of well-exfoliated few-layer 
structures with significantly reduced stacking. These observations suggest that the exfoliation 
process is more effective in CN-IPA, resulting in thinner and more dispersed nanosheets 
compared with bulk g-C3N4 and CN-DI.  

 

 
 

Figure 4. BET results of bulk g-C3N4, exfoliated CN-DI and CN-IPA nanosheets 
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Table 2. Surface area for bulk g-C3N4, CN-DI and CN-IPA nanosheets 

Sample Surface Area (m²/g) 

Bulk g-C3N4 5 

CN-DI  32 

CN-IPA  49 
 
 

 
Figure 5. SEM results of (a) bulk g-C3N4 (b) exfoliated CN-DI and (c) CN-IPA 

nanosheets 
 

The more effective exfoliation observed for CN-IPA can be attributed to the solvent 
properties of isopropanol. Compared with DI water, IPA possesses lower surface tension 
and moderate polarity, which facilitates the penetration of solvent molecules between the 
stacked layers of bulk g-C3N4 during ultrasonication. This interaction weakens the van der 
Waals forces between adjacent layers and promotes their separation into thinner 
nanosheets. In addition, IPA can provide better dispersion stability and enhance cavitation 
effects during ultrasonic treatment, further assisting the delamination process (Sun et al., 
2017). These observations suggest that the exfoliation process is more effective in CN-
IPA, resulting in thinner and more dispersed nanosheets compared with bulk g-C3N4 and 
CN-DI. 
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Figure 6. TEM results of (a) bulk g-C3N4 (b) exfoliated CN-DI and (c) CN-IPA 
nanosheets 
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3.5 Optical properties 
 
UV-Vis absorption and photoluminescence (PL) analyses were performed to investigate 
the optical behavior of the bulk g-C3N4 and the exfoliated CN-DI and CN-IPA nanosheets, 
as shown in Figures 7 and 8, respectively. In Figure 7a, the exfoliated nanosheets exhibit 
enhanced absorption intensity in the blue-green region (450-550 nm) compared with bulk 
g-C3N4. This increased absorption in the visible region suggests improved light-harvesting 
capability after exfoliation, which is beneficial for photocatalytic applications. Notably, the 
absorption edge positions of CN-DI and CN-IPA remain close to that of bulk g-C3N4, 
indicating that the intrinsic band gap is only slightly affected by the exfoliation process. The 
Tauc plot (Figure 7b) shows the tailing edge of the nanosheets, which is slightly displaced 
to the visible region at lower energy. The calculated bandgaps for CN-DI and CN-IPA 
nanosheets are 2.80 and 2.75, respectively, while that of bulk g-C3N4 is 2.65 eV, in good 
agreement with previously reported values (Wang et al., 2008). 

The photoluminescence (PL) spectra of the bulk g-C3N4 and exfoliated CN-DI and 
CN-IPA nanosheets under 375 nm excitation exhibit a strong intrinsic emission band 
peaking at around 470 nm, attributed to direct electron-hole recombination near the band 
transition. This emission intensity correlates with the efficiency of separating and 
recombining photogenerated charge carriers in photocatalysts, reflecting their optical and 
electronic properties. Compared with bulk g-C3N4, the exfoliated CN-IPA nanosheets show 
a slight blue shift of the emission peak, which can be attributed to the thinner nanosheet 
structure and quantum confinement effect after exfoliation. In contrast, CN-DI exhibits a 
slight red shift, possibly due to surface defects or structural changes introduced during the 
exfoliation process, which benefits photocatalytic performance (Yan et al., 2012). 

Overall, the UV-Vis and PL results indicate that the CN-DI and CN-IPA nanosheets 
exhibit significantly enhanced photocatalytic behavior compared with bulk g-C3N4. The 
improved performance can be attributed to the broader visible light absorption and more 
efficient charge separation observed in the exfoliated samples. In addition, exfoliation 
typically increases the specific surface area of g-C3N4 nanosheets, thereby providing a 
larger number of exposed reactive sites for photocatalytic reactions. Previous studies have 
reported that the surface area of exfoliated g-C3N4 can increase several times compared 
with bulk materials, which significantly enhances photocatalytic activity. Moreover, the 
lower PL intensity observed for CN-DI and CN-IPA suggests suppressed recombination of 
photogenerated electron-hole pairs, indicating more efficient charge carrier migration (Sun 
et al., 2017; Palanivel et al., 2025). These combined structural and electronic 
improvements promote effective light absorption, charge separation, and surface reaction 
processes, leading to superior photocatalytic performance of the exfoliated samples. 

 
3.6 Photocatalytic degradation performance 
 
In Figure 9, the UV-Vis spectra show a gradual decline in the characteristic absorption peak 
of methylene blue (MB) at approximately 664 nm as irradiation time increases, confirming 
the effective photodegradation of MB by the g-C3N4-based catalysts. The MB peak intensity 
steadily decreases from 0 to 60 min for all samples, indicating continuous photocatalytic 
breakdown of the dye under UV illumination. For bulk g-C3N4 (Figure 9a), the reduction in 
absorbance is relatively small, suggesting limited photocatalytic activity. In comparison, the 
CN-DI (Figure 9b) and CN-IPA (Figure 9c) samples show a more noticeable decrease in 
peak intensity, confirming that the exfoliation treatment enhances the photocatalytic 
performance. Figure 10 further illustrates the degradation behavior of the samples. As 



Soe et al.    Curr. Appl. Sci. Technol.  , Vol. … (No…), e0270271 
 
 

12 

shown in Figure 10a, the C/C₀ value continuously decreases with irradiation time for all 
catalysts, with CN-IPA exhibiting the most rapid decline, followed by CN-DI and bulk g-
C3N4. The corresponding degradation efficiencies after 60 min are summarized in Figure 
10b, where bulk g-C3N4 achieves 31% degradation, while CN-DI and CN-IPA reach 45% 
and 62%, respectively.  
 

 
 

Figure 7. (a) UV absorbance spectra and (b) Tauc plots of bulk g-C3N4, exfoliated CN-
DI and CN-IPA nanosheets 
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Figure 8. Photoluminescence (PL) spectra of bulk g-C3N4, exfoliated CN-DI and CN-

IPA nanosheets 
 

 
Figure 9. Time-dependent absorption spectra of MB aqueous solution degradation by 

(a) bulk g-C3N4, (b) exfoliated CN-DI, and (c) CN-IPA nanosheets under UV 
illumination 
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Figure 10. Degradation of MB aqueous solution by bulk g-C3N4, exfoliated CN-DI, and 

CN-IPA nanosheets under UV illumination: (a) the the C/C₀ value of MB aqueous 
solution over irradiation time, and (b) the degradation efficiency after 60 min of 

irradiation 
 
The photocatalytic degradation kinetics were examined using a pseudo-first-order 

kinetic model based on the Langmuir-Hinshelwood approach shown in Figure 11. The plots 
of ln(C₀/Cₜ) versus irradiation time displayed a good linear relationship for all samples, 
confirming that the degradation reaction follows pseudo-first-order behavior. The rate 
constant k increases from 0.005 min⁻¹ for bulk g-C3N4 to 0.009 min⁻¹ for CN-DI and 0.014 
min⁻¹ for CN-IPA. Notably, the CN-IPA sample exhibited the highest apparent rate 
constant, indicating improved photocatalytic efficiency relative to CN-DI and bulk g-C3N4. 
The enhanced activity of the IPA-assisted nanosheets can be attributed to their larger 
accessible surface area, improved dispersion, and better separation of photogenerated 
electron-hole pairs. These advantages likely stem from residual organic groups introduced 
during IPA treatment. After 60 min of UV light exposure, bulk g-C3N4 showed significantly 
lower MB degradation than CN-DI and CN-IPA, and its performance was even lower than 
some previously reported liquid-exfoliated nanosheets(Huanxin et al., 2014; Tong et al., 
2015a). Both CN-DI and CN-IPA exhibit markedly faster reaction rates than bulk g-C3N4, 
highlighting the advantages conferred by their nanosheet architectures. The increased 
porosity and reduced layer thickness of these materials promote more efficient charge 
transport and facilitate the generation of reactive oxygen species, thereby accelerating MB 
oxidation.  These improvements are closely associated with the enlarged specific surface 
area of the nanosheet structures, which supports effective charge-carrier separation and 
suppresses recombination. The higher surface area further strengthens the interaction 
between reactant molecules and the catalyst surface, promoting improved adsorption and 
subsequent photocatalytic steps. In addition, the porous nanosheet framework enables 
smoother charge transfer, minimizes recombination losses, and facilitates electron 
migration from the bulk to the surface, enhancing interactions with adsorbed MB molecules. 
The results confirm that solvent-assisted exfoliation greatly improves the photocatalytic 
behavior of g-C3N4. Isopropanol (IPA) demonstrates more effective exfoliation due to its 
suitable solvent properties. Its moderate polarity and relatively low surface tension improve 
the dispersion of g-C3N4 layers and allow the solvent to more easily penetrate between the 
stacked sheets. Moreover, during ultrasonication, IPA can intensify cavitation phenomena, 
producing stronger shear forces that assist in separating the layers and lead to the 
formation of thinner nanosheets. Among all tested samples, the CN-IPA nanosheets exhibit 
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the highest efficiency in UV irradiation induced degradation of methylene blue, highlighting 
their strong potential as a promising photocatalyst for wastewater-treatment application.   

The photocatalytic efficiency of the synthesized samples, their performance was 
compared with previously reported g-C3N4 nanosheet-based photocatalysts. The 
comparison is summarized in Table 3.  

Table 3 compares the photocatalytic degradation of methylene blue (MB) using 
different g-C3N4 materials reported in the literature. Bulk g-C3N4 generally shows low 
photocatalytic efficiency (~21%) due to its limited surface area and rapid recombination of 
photogenerated electron–hole pairs. Structural modifications such as exfoliation or ball-
milling significantly improve photocatalytic performance by increasing the exposed active 
sites and facilitating charge transfer, under UV irradiation. In this work, the CN-IPA sample 
exhibited 62% MB degradation within 60 min under UV light, which is considerably higher 
than bulk g-C3N4. This improvement can be attributed to the formation of thinner layered 
structures that enhance the availability of active sites and promote photocatalytic reactions. 

 

 
 

Figure 11. The first-order kinetic plots of methylene blue (MB) photodegradation over 
bulk g-C3N4, exfoliated CN-DI and CN-IPA nanosheet under UV illumination 

 
3.7 Reusability and stability of the photocatalyst  
 
The reusability of the prepared scaffolds was evaluated to assess their potential for 
practical dye removal applications. After each cycle, the photocatalyst was recovered from 
the reaction suspension by centrifugation at 4500 rpm for 10 min for 5 times. The collected 
solid was washed several times with ethanol and deionized water to remove residual MB 
molecules and reaction intermediates adsorbed on the catalyst surface. Subsequently, the 
sample was further rinsed with ethanol to eliminate any remaining organic impurities. The 
washed catalyst was then dried in an oven at 60°C for 12 h before being reused in the 
photocatalytic cycle. This washing and drying procedure was repeated after each cycle to 
ensure the stability and reusability of the photocatalyst, as presented in Figure 12. 
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The results demonstrate that the catalyst maintains relatively high activity during 
repeated cycles, although a slight decline in performance is gradually observed. The dye 
removal efficiency decreases from about 62% in the first cycle to 60% in the second cycle 
and further to 55% in the third cycle. This slight reduction in activity is likely associated with 
the accumulation of residual dye species on the catalyst surface, which may block some 
active sites and limit light absorption, thereby affecting the generation and transport of 
photoinduced charge carriers. 
 
Table 3. Photocatalytic performance comparison of g-C3N4 nanosheet photocatalysts 
reported in previous studies 

No Material Pollutant Light 
Source 

Time MB 
Degradation 

Ref 

1 Pure g-C3N4 MB UV-Vis 30 
min 

~21% (Qiu & Li, 
2024) 

2 Sulfuric acid-
treated g-C3N4 
nanosheets 

MB Sunlight 
irradiation 

180 
min 

~ 93.12 % (Solayman 
et al., 
2024) 

3 Exfoliated g-
C3N4 

RhB Light 
irradiation 

60 
min 

~ 93.5 % (Amiri et 
al., 2023) 

4 Tubular g-C3N4 
structure 

MB Visible light 180 
min 

~98% (Li et al., 
2021a) 

5 CN-DI MB UV 60 
min 

~45% This work 

6 CN-IPA MB UV 60 
min 

~62% This work 

 

 
Figure 12. Photocatalytic reusability performance of the CN-IPA sample over three 

consecutive degradation cycles 
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4. Conclusions 
 
In conclusion, we effectively produced 2D g-C3N4 nanosheets using the liquid exfoliation 
approach. The current exfoliation method is straightforward and time-saving because it 
involves mixing calcined g-C3N4 with either IPA or DI water solvents followed by sonication. 
Incorporating DI and IPA into the exfoliation process imparts distinctive properties to the g-
C3N4 nanosheets, including an appropriate band gap energy and efficient electron-hole 
pair recombination. The distinctive properties of g-C3N4 nanosheets contribute to their 
exceptional photocatalytic performance. This research shows an understanding of this 
method of exfoliating polymeric materials into nanosheets. The rate at which MB degrades 
on g-C3N4 nanosheets exceeds that on bulk g-C3N4. The porous structure of g-C3N4 
nanosheets produced with solvents provides their improved photocatalytic performance. 
However, additional optimization may be required to improve performance even further. 
The photocatalytic properties significantly improved due to greater separation efficiency of 
photo-excited carriers and improved light harvesting from the larger available specific 
surface area. Thus, the excellent photocatalytic activity shows that these materials have a 
promising future as high-performance photocatalysts for addressing global environmental 
and energy challenges. 
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