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Abstract 

Bulk g-C3N4 was synthesized using melamine as a precursor through thermal polymerization followed by high-

temperature quenching. Subsequently, a g-C3N4/PVA heterojunction featuring evenly dispersed PVA on its surface was 

fabricated via in-situ hydrothermal synthesis. The impact of hydrothermal temperature and PVA concentration on the 

light absorption, bandgap energy, specific surface area, and charge carrier transport characteristics of g-C3N4/PVA 

were explored. Experimental findings indicate that PVA modification reduces nitrogen-vacancy defects in the g-

C3N4/PVA heterojunction, thereby enhancing its visible-light photocatalytic activity compared to bulk g-C3N4. 

Specifically, g-C3N4/PVA-3 exhibits a 2.93-fold higher reaction rate for Cr(VI) photocatalytic reduction under visible 

light (0.017 min–1) than bulk g-C3N4 (0.0058 min–1), with a TOF of 0.0079 h–1. Electrochemical tests confirm that the 

enhanced activity arises from improved light-induced charge transfer and separation efficiency. Based on Mott-

Schottky analysis and the identification of •OH and •O2
– as reactive species, a mechanism for Cr(VI) reduction by S-

scheme g-C3N4/PVA heterojunctions is proposed. This study presents an economically viable and efficient method for 

developing high-performance conjugated polymer-modified photocatalysts. 
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1. Introduction  

Chromium (Cr) is a ubiquitous chemical 

element found in natural ecosystems, primarily 

existing in trivalent (Cr(III)) and hexavalent 

(Cr(VI)) forms [1−8]. The hexavalent chromium 

(Cr(VI)) is notorious for its high toxicity, strong 

oxidizing properties, mutagenicity, and 

teratogenicity, which can lead to cell membrane 

damage, pulmonary congestion, and cancer [2,3]. 

* Corresponding Author. 

   Email: lijingxz111@163.com (J. Li) 

It is commonly found in industrial wastewater 

from processes such as leather tanning, pigment 

manufacturing, and metallurgy [7,8]. The toxicity 

of Cr(VI) is reported to be approximately 3000 

times higher than that of Cr(III) [2], which is an 

essential trace element for human health. 

Aqueous Cr(VI) exhibits excellent solubility, 

high mobility, and non-biodegradability [2−6]. 

Therefore, using photocatalytic technology to 

reduce Cr(VI) to Cr(III) is an essential 

environmental protection strategy [2,3]. 

Photocatalytic technology, which harnesses solar 

energy to reduce Cr(VI) to Cr(III), is advantageous 
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due to its cost-effectiveness, chemical stability, 

and high activity. Research indicates that the key 

factors affecting photocatalytic activity include 

[2,9−16]: (i) the energy band structure of the 

photocatalyst, which determines the capacity for 

light absorption; (ii) the generation, separation, 

and transportation of photogenerated charge 

carriers induced by light irradiation of the 

photocatalyst; (iii) the valence band (VB) potential 

and conduction band (CB) potentials of the 

photocatalysts, which determine the active 

species in the photocatalytic reaction and the 

redox ability of the photo-induced charge carriers. 

Therefore, developing high-performance 

photocatalysts is crucial for advancing the 

application of photocatalytic technology. 

Graphitic carbon nitride (g-C3N4) is a two-

dimensional organic semiconductor photocatalyst 

known for its excellent chemical and thermal 

stability. The raw materials for preparing g-C3N4 

are abundant, such as melamine and other 

triazine or heptazine derivatives [10], making it 

suitable for large-scale industrial applications. 

Importantly, g-C3N4 possesses an appropriate 

bandgap energy (~2.7 eV) [11], which allows it to 

be excited and drive photocatalytic reactions 

under visible light. It exhibits excellent 

photocatalytic activity due to its moderate valence 

band and conduction band potentials [12−17]. 

Consequently, g-C3N4 has been widely utilized as 

a photocatalyst across various domains, including 

hydrogen production [19], CO2 conversion [20], 

nitrogen fixation [21], organic synthesis [22], 

antibiotic degradation [12], and reduction of 

heavy metal ions [9]. Unfortunately, the 

photocatalytic efficiency of g-C3N4 produced 

through thermal polymerization is constrained by 

the fast recombination of photogenerated 

electron-hole pairs, a limited specific surface area, 

and a restricted light absorption spectrum [13,14]. 

It has been demonstrated [13,18,23,24] that 

the photocatalytic activity of g-C3N4 can be 

significantly enhanced through various 

modification strategies such as elemental doping, 

defect introduction, cocatalyst incorporation, 

protonation treatment, and heterojunction design 

[23,24]. However, there are few reports on 

achieving small-sized g-C3N4 via the simple, rapid 

cooling treatment of bulk g-C3N4 synthesized 

through thermal polymerization. Combining g-

C3N4 with other semiconductors to construct 

composite materials represents a straightforward 

and effective strategy [12−17]. This approach 

leverages the heterogeneous interfaces within the 

composites to improve the separation and transfer 

of photogenerated carriers, reduce recombination, 

increase the surface area, and expand the light 

absorption range. 

Polyvinyl alcohol (PVA), as an organic 

polymer with excellent biocompatibility, 

hydrophilicity, and mechanical stability [25], is 

widely used in food processing and biomedical 

fields [25,26]. Recent research has shown that 

treating PVA at high temperatures can generate 

a conjugated structure with enhanced visible light 

absorption and charge transfer efficiency, thereby 

enhancing the photocatalytic performance of 

inorganic semiconductors [27–29]. For instance, 

Wang et al. [27] demonstrated that CPVA/MoS2 

exhibited significantly improved photocatalytic 

activity in chromium (VI) reduction. Gao et al. [28] 

incorporated g-C3N4 into a polyvinyl alcohol 

(PVA) sponge, effectively removing tetracycline 

(TC) and Rhodamine B (RhB) from wastewater. 

Furthermore, Chen [29] employed PVA as a solid 

proton donor to boost the photocatalytic 

performance of graphitic carbon nitride in 

hydrogen peroxide production. However, there is 

limited research on the photocatalytic reduction of 

Cr(VI) using PVA-modified g-C3N4, and a deeper 

analysis of the photocatalytic reaction mechanism 

is needed. This study explores the performance 

and mechanism of visible light photocatalytic 

reduction of Cr(VI) by the g-C3N4/PVA 

heterojunction.  

Although the application of PVA in enhancing 

photocatalytic performance has been reported in 

the literature, few studies have focused on its 

synergistic effect with thermally quenched g-C3N4 

for Cr(VI) reduction. Notably, the combination of 

rapid cooling treatment to mitigate nitrogen 

vacancies and in-situ PVA loading to form an S-

scheme heterojunction represents a novel 

strategy. This approach optimizes the interface 

charge transfer and enhances visible-light 

absorption and surface reactivity. Furthermore, 

the mechanism of PVA in suppressing carrier 

recombination and generating reactive species 

(•OH/•O₂⁻) remains underexplored. Therefore, 

this study aims to explore the properties and 

mechanism of visible light photocatalytic 

reduction of Cr(VI) by g-C3N4/PVA heterojunction. 

g-C3N4 was synthesized through thermal 

polymerization and rapid cooling treatment, and 

g-C3N4/PVA heterojunction was synthesized by 

hydrothermal technology. The effects of reaction 

temperature and PVA load on the photocatalytic 

performance of the composite were studied. The 

structure-activity relationship of the g-C3N4/PVA 

composite was systematically studied by 

combining the photoelectronic performance test 

and the active species capture experiment. This 

study provides a new strategy and theoretical 

basis for treating wastewater containing heavy 

metal ions. 

 

2. Materials and Method 

2.1 Reagents 

The following chemicals were used: Melamine 

(C3H6N6, 99.5%), polyvinyl alcohol (PVA, [-

CH2CHOH-]n, 98.0%), diphenyl carbamide 
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(C13H14N4O), nitric acid (HNO3, 68.0%), acetone 

(C3H6O, 99.5%), sulfuric acid (H2SO4, 98.0%), 

anhydrous ethanol (C2H6O). All reagents were 

purchased from Sinopharm Chemical Reagent Co. 

and were used without further purification. 

 

2.2 Synthesis 

Bulk g-C3N4 synthesis. Initially, 3 g of 

melamine was ground and transferred to a sealed 

corundum crucible. The crucible was then heated 

in a ceramic fiber muffle furnace at a rate of 5 

℃/min to 540 ℃ and held at this temperature for 

3 h. Subsequently, the crucible was rapidly 

removed and quenched in pre-cooled ice water, 

followed by washing the resulting crude product 

with deionized water and drying to obtain g-C3N4. 

Preparation of g-C3N4/PVA Composite 

Material. 0.5 g of self-prepared g-C3N4 was 

dispersed in 40 mL of 0.5 mol/L nitric acid solution 

and thoroughly mixed. Next, 5 mg of PVA was 

added, stirring the mixture for 30 min. The 

resulting solution was transferred to a sealed 

stainless steel autoclave and heated in a 

convection oven at 150 ℃ for 10 h. The precipitate 

was filtered, washed with deionized water, and 

dried to obtain the g-C3N4/PVA-1 composite.  

Variations were made in the experimental 

program. Adjusting the heating temperature to 

170℃ and 190℃, g-C3N4/PVA-2 and g-C3N4/PVA-3 

were produced, respectively. Increasing the PVA 

content to 10 mg and 2.5 mg allowed resulted in 

the preparation of g-C3N4/PVA-4 and g-C3N4/PVA-

5, respectively. 

 

2.3 Characterizations 

The composition of the synthesized materials 

was characterized using a variety of techniques. 

X-ray powder diffraction (XRD) was performed 

using an Ultima IV diffractometer (Rigaku 

Corporation, Japan), and Fourier-transform 

infrared spectrometer (FT-IR) was conducted with 

an ALPHA spectrometer (Bruker, Germany). 

Morphological features were examined using a 

scanning electron microscope (SEM, SU8600, 

Hitachi, Japan). The UV-visible-near-infrared 

diffuse reflectance spectra of the photocatalysts 

were recorded using a Lambda750 

spectrophotometer (PerkinElmer, USA). Specific 

surface areas and pore structures were 

determined by Brunauer-Emmett-Teller (BET) 

analysis using an ASAP 2460 instrument 

(Micromeritics, USA). Transient photocurrent 

response (i-t), electrochemical impedance 

spectroscopy (EIS), and Mott-Schottky (M-S) 

measurements were performed using an 

electrochemical workstation (CHI 660E, Shanghai 

Chenhua Instruments Co., Ltd., China) with a 

three-electrode system and Ag/AgCl as the 

reference electrode. Photoluminescence (PL) 

spectra were obtained using an F-2700 

spectrometer (Hitachi, Japan) with an excitation 

wavelength of 370 nm. 

 

2.4 Photocatalytic Activity Investigation 

The photocatalytic activity of g-C3N4/PVA 

was evaluated under the following conditions: 300 

mg of the prepared photocatalyst was added to 

300 mL of aqueous solution containing 30 mg/L 

Cr(VI). Initially, an adsorption-desorption 

equilibrium test was performed in the dark at 

ambient temperature. After this, a 250 W Xenon 

lamp, equipped with a filter to block UV light 

below 420 nm, was turned on to promote the 

photocatalytic reduction of Cr(VI). During the 

experiment, 4 mL of the reaction solution was 

periodically taken out and filtered through a 0.22 

μm cellulose acetate membrane to separate the 

photocatalyst. The concentration of Cr(VI) was 

measured using diphenylcarbazide 

spectrophotometry (λmax = 543 nm). The removal 

efficiency (R%) of Cr(VI) was calculated using 

Equation (1), where c0 and ct denote the 

concentration of Cr(VI) at 0 and t min, 

respectively. All photocatalytic experiments were 

conducted in triplicate under identical conditions 

to ensure repeatability.  

 

𝑅% =
(𝑐0−𝑐𝑡)

𝑐0
𝑥100%    (1) 

 

Based on the initial photocatalytic 

experiment conducted at 25 ℃ (298 K), additional 

experiments were performed at 293 K and 303 K 

to systematically evaluate the influence of 

temperature on the reduction rate of Cr(VI). 

Furthermore, the impact of catalyst dosage on the 

reduction of Cr(VI) was also examined. 

 

3.  Results and Discussion 

3.1. Composition and Structure Analyses 

Figure 1 displays the XRD patterns of the 

synthesized g-C3N4, PVA, and g-C3N4/PVA 

heterojunctions. As illustrated in Figure 1(a), it is 

evident that the graphitic structure of g-C3N4 

displays two prominent diffraction peaks at 13.20o 

and 27.40o, corresponding to the (100) and (002) 

planes of the conjugated aromatic group of g-C3N4 

(JCPDS Card No. 87-1526) [30]. These peaks are 

attributed to the in-plane packing of tri-s-triazine 

segments and the interlayer stacking of 

conjugated aromatic structures [18]. The XRD 

pattern of PVA exhibited a diffraction peak at 

19.3o, assigned to the (101) plane of polyvinyl 

alcohol [31]. The XRD patterns of g-C3N4/PVA 

photocatalysts closely resemble those of g-C3N4, 

with no distinct characteristic peak of PVA 

observed. The Debye-Scherrer formula (Equation 
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(2)) was utilized to determine the crystallite size 

(D) of the synthesized photocatalysts [30]. Based 

on the diffraction data from the (002) plane, the 

crystallite sizes of g-C3N4, g-C3N4/PVA-1, g-

C3N4/PVA-2, g-C3N4/PVA-3, g-C3N4/PVA-4 and g-

C3N4/PVA-5 are 5.34, 5.86, 7.54, 7.83, 7.51, and 

8.21, respectively. Notably, with the increase in 

PVA content, the diffraction peak of g-C3N4/PVA 

at 27.40° shifts significantly to a larger angle 

(Figure S1, Supporting Information), suggesting 

that the addition of PVA may reduce the 

interlayer spacing, which is consistent with the 

inverse relationship between the diffraction angle 

and the interlayer spacing (Equation (3)) [33], 

where D is the crystallite size (nm), k represents 

the Scherrer constant (0.90), λ is the X-ray 

wavelength (0.15406 nm), β denotes the full-

width at half maxima, θ is the angle of 

diffraction, d refers to the interplanar spacing, 

and n is the order of reflection. 

 

𝐷 =
𝑘 × 𝜆

𝛽 cos 𝜃
     (2) 

2𝑑 =
𝑛 × 𝜆

𝑠𝑖𝑛 𝜃
     (3) 

 

The structural information of the prepared 

photocatalysts was analyzed using FT-IR 

spectroscopy. Figure 1(b) provides the FT-IR 

spectra of g-C3N4 and g-C3N4/PVA heterojunction 

in the range of 500 cm–1 to 3500 cm–1. The 

absorption peak around 3200 cm–1 observed in all 

samples is attributed to the O-H stretching 

vibrations from adsorbed water on the samples. 

The peak at 806 cm–1 is caused by the breathing 

mode of the tri-s-triazine units in g-C3N4 [10,17]. 

Additionally, the infrared absorption peaks at 

1242 cm–1, 1338 cm–1, and 1456 cm–1 are indicative 

of the stretching vibrations of aromatic C-N single 

bonds. The peak observed at 1635 cm–1 is 

associated with the stretching vibrations of both 

C=N and C=C bonds [27]. These signals indicate 

the presence of a conjugated structure in the g-

C3N4/PVA heterojunction. 

Figure 2 presents the SEM images of the 

synthesized g-C3N4 and g-C3N4/PVA 

heterojunctions. Specifically, Figure 2(a) provides 

the morphology of pure g-C3N4, which exhibits a 

smooth bulk structure on the surface. Figure 2(b) 

to 2(f) demonstrate the morphology of the g-

C3N4/PVA composites synthesized under different 

conditions. These composite materials are similar 

to g-C3N4 in morphology but exhibit a rougher 

surface, which may be due to the formation of a 

covering layer by PVA on the surface of g-C3N4. 

TEM images revealed the layered structure of g-

C3N4/PVA-3 (Figure 2(g)), and the PVA coating did 

not alter the intrinsic layered morphology of g-

C3N4 (Figure 2(h)). Furthermore, HR-TEM images 

confirmed that g-C3N4 and PVA exhibited 

amorphous characteristics, with no distinct 

interface observed at their junction. Figure 2(i), 

Figure S2 (Supporting Information), and Table S1 

(Supporting Information) present the energy-

dispersive X-ray (EDX) spectra and elemental 

mapping images for g-C3N4/PVA-3 and bulk-g-

C3N4. These analyses confirm that g-C3N4/PVA-3 

is composed of carbon (C), nitrogen (N), and 

oxygen (O), with a uniform distribution of these 

elements across the photocatalyst surface, 

thereby validating the elemental composition of g-

C3N4/PVA. The EDX data reveal that the atomic 

ratio of carbon to nitrogen in bulk-g-C3N4 exceeds 

the stoichiometric ratio of 3:4, suggesting the 

presence of nitrogen vacancies in the thermally 

polymerized bulk-g-C3N4. Modifying polyvinyl 

alcohol (PVA) in g-C3N4/PVA-3 has been observed 

to mitigate these nitrogen-vacancy defects to a 

certain extent. According to the 

thermogravimetric analysis results presented in 

Figure S3 (Supporting Information), it is evident 

that pure g-C3N4 demonstrates excellent thermal 

stability below 600 ℃, with a weight loss of 

Figure 1. (a) XRD patterns, and (b) FT-IR spectra of g-C3N4 and g-C3N4/PVA heterojunction 
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approximately 6%. In contrast, the g-C3N4/PVA-3 

composites exhibit significant weight loss 

(approximately 9%) within the temperature range 

of 300-400 ℃, suggesting that the composite 

material remains stable under the photocatalytic 

reaction conditions at temperatures below 100 ℃. 

The N2 adsorption-desorption isotherm 

curves were evaluated using the Brunauer-

Emmett-Teller (BET) and Barrett-Joyner-

Halenda models (BJH) methods. As shown in 

Figure 3(a), both g-C3N4 and g-C3N4/PVA-3 

heterojunction display type IV isotherms with H3-

type hysteresis loops, which suggest the presence 

of a mesoporous structure [34,35]. The BET 

specific surface areas of g-C3N4/PVA-3 and g-C3N4 

were measured to be 12.79 and 29.35 m2/g, 

respectively. Notably, the loading of PVA 

significantly increases the specific surface area, 

which is favorable for providing more active sites 

[34,35]. Additionally, the pore size distribution 

plots in Figure 3(b) further confirms that the pore 

sizes of g-C3N4 and g-C3N4/PVA-3 are mainly 

centered in the range of 2 nm to 20 nm, indicating 

that the obtained photocatalysts are mesoporous 

materials.  

The UV-visible diffuse reflectance absorption 

spectrum  (UV-vis DRS) is an excellent means for 

evaluating the light-harvesting capability of 

materials. As depicted in Figure 3(c), the UV-vis 

DRS of g-C3N4 and g-C3N4/PVA heterojunctions 

indicates that the latter demonstrates 

significantly enhanced absorption in the visible 

light region compared to pure g-C3N4. This 

enhanced absorption suggests improved visible-

light photocatalytic performance for the g-

C3N4/PVA heterojunctions. Moreover, the 

bandgap values (Eg) of the synthesized g-

C3N4/PVA photocatalysts were estimated 

according to the Tauc plot method (Equation (4)) 

[36]. For g-C3N4, an indirect bandgap 

semiconductor [10], a plot of (αhν)1/2 vs. (һν) [10], 

and the linear part in Figure 3(d) is extended to y 

Figure 2. SEM images of (a) g-C3N4, (b) g-C3N4/PVA-1, (c) g-C3N4/PVA-2, (d) g-C3N4/PVA-3, (e) g-C3N4/PVA-

4, (f) g-C3N4/PVA-5, and (g) EDX spectrum and elemental mapping images of g-C3N4/PVA-3, (h)HRTEM of 

g-C3N4/PVA-3, and (i) elemental mapping images of g-C3N4/PVA-3. 
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= 0, yielding the bandgap values for g-C3N4 and g-

C3N4/PVA. The results show that the Eg of g-C3N4 

is 2.66 eV, while those for g-C3N4/PVA-1, g-

C3N4/PVA-2, g-C3N4/PVA-3, g-C3N4/PVA-4 and g-

C3N4/PVA-5 are 2.66, 2.69, 2.73, 2.73, 2.73 and 

2.75 eV, respectively. Where a, h, v, Eg, and A 

denote the absorption coefficient, Planck's 

constant, light frequency, band gap, and 

proportionality constant, respectively. 

 

𝛼ℎ𝜈 = 𝐴(ℎ𝜈 − 𝐸𝑔)
1/2

    (4) 

 

3.2. Photocatalytic Performance Evaluation 

The photocatalytic performance of the 

prepared g-C3N4 and g-C3N4/PVA heterojunctions 

was assessed through the photocatalytic reduction 

of aqueous Cr(VI). At least three parallel 

photocatalytic experiments were conducted under 

each condition to ensure the experimental error 

was maintained within 5%. The relevant 

experimental results are presented in the form of 

error bars in Figure 4(a) and (c). Additionally, the 

rates of the photocatalytic reduction reaction were 

analyzed using a pseudo-first-order kinetic model 

(Equation (5)): 

ln (
𝑐𝑖0

𝑐𝑖𝑡
) = 𝑘𝑡     (5) 

 

Here, cit and ci0 denote the concentration of 

aqueous Cr(VI) at time t and the initial moment 

(0 min) under light irradiation, respectively. As 

illustrated in Figure 4(b), the rate constants for 

the photocatalytic reduction of Cr(VI) using 

various photocatalysts were determined from the 

plot of ln(ci0/cit) versus time. As shown in Figure 

4(a) and Figure 4(b), pure g-C3N4 achieved a 

photocatalytic reduction rate of 38.2% for Cr(VI) 

after 120 min of exposure to visible light, with a 

corresponding reaction rate constant of 

approximately 0.0058 min−1. In contrast, the g-

C3N4/PVA heterojunction all exhibited enhanced 

photocatalytic activities, with g-C3N4/PVA-3 

showing the highest activity, achieving a 

photocatalytic reduction rate of 80.2%, which is 

2.93 times that of pure g-C3N4. Additionally, it 

was found that the introduction of 0.5 mol/L 

formic acid solution as a hole scavenger in the 

reaction system significantly improved the 

photocatalytic efficiency.  

Figure 3.  (a) N2 adsorption-desorption isotherms, (b) pore size distribution curves, (c) UV-vis DRS spectra, 

and (d) bandgap values of the g-C3N4 and g-C3N4/PVA heterojunction. 
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As depicted in Figure S4(a) (Supporting 

Information), the photocatalytic reduction 

efficiency of g-C3N4/PVA-3 for Cr(VI) was 

investigated with varying catalyst dosages 

ranging from 200 mg to 500 mg. The Cr(VI) 

reduction rate gradually increased as the catalyst 

dosage was augmented. Notably, the reduction 

rate improved progressively when the catalyst 

dosage reached 500 mg. This observation 

indicates that increasing the catalyst dosage can 

effectively enhance reaction efficiency. Figure 

S4(b) (Supporting Information) presents the 

photocatalytic reduction efficiency of g-C3N4/PVA-

3 and g-C3N4 for Cr(VI) under different 

temperature conditions. The experimental 

findings reveal that Cr(VI) reduction rate by both 

g-C3N4/PVA-3 and g-C3N4 increases with rising 

temperature. Based on the Arrhenius equation, 

the activation energies for Cr(VI) reduction by g-

C3N4/PVA-3 and g-C3N4 were calculated to be 53 

kJ/mol and 87 kJ/mol, respectively. These results 

demonstrate that PVA modification significantly 

reduces the reaction energy barrier, enhancing 

the photocatalytic reduction efficiency of Cr(VI). 

Figure 4(c) showed that the addition of 1.0 mL of 

formic acid solution almost eliminated Cr(VI) in 

water after 120 min of illumination. To reveal the 

active species in the photocatalytic reduction of 

Cr(VI) by g-C3N4/PVA, isopropanol (IPA) and 

benzoquinone (BQ) were introduced as molecular 

quenchers for hydroxyl radicals (•OH) and 

superoxide radicals (•O2–), respectively. Figure 

4(d) revealed that the presence of IPA and BQ 

inhibited the reduction rate of Cr(VI) to 53.2% and 

37.7%, respectively, indicating that both •OH and 

•O2– radicals played important roles in the 

photocatalytic reduction of Cr(VI). Therefore, it 

can be inferred that h+, •OH, and •O2– act as 

active radicals in the photocatalytic reaction. 

Furthermore, it was observed that 

introducing a 0.5 mol/L formic acid solution as a 

hole scavenger in the reaction system significantly 

enhanced the photocatalytic efficiency. As 

illustrated in Figure 4(c), adding 1.0 mL of formic 

acid solution nearly eliminated Cr(VI) from the 

water after 120 minutes of illumination. To 

identify the active species involved in the 

photocatalytic reduction of Cr(VI) by g-C3N4/PVA, 

isopropanol (IPA) and benzoquinone (BQ) were 

employed as quenchers for hydroxyl radicals 

(•OH) and superoxide radicals (•O₂–), 

respectively. Figure 4(d) shows that the presence 

of IPA and BQ reduced the Cr(VI) reduction rate 

to 53.2% and 37.7%, respectively, indicating that 

both •OH and •O₂– radicals play crucial roles in 

the photocatalytic reduction process. 

Consequently, it can be concluded that h+, •OH, 

and •O₂– serve as the primary active species in the 

photocatalytic reaction. The stability of g-

C3N4/PVA, which exhibits the highest 

photocatalytic activity, was evaluated, and the 

results are presented in Figure 4(e). The g-

C3N4/PVA-3 can still remove approximately 77.8% 

of Cr(VI) from an aqueous solution after five cycles 

of photocatalytic experiments. This value is only 

slightly lower than the initial Cr(VI) removal rate 

Figure 4. (a) Comparison of photocatalytic activities, (b) the reaction rate constants (k) for the 

photocatalytic reduction of Cr(VI) derived from ln (ci0/cit) vs. ti plots, (c) Influence of formic acid dosageas 

as a trapping agent on the efficiency of Cr(VI) reduction, and (d) radical scavenging experiments during 

the Cr(VI) reduction by g-C3N4 and g-C3N4/PVA heterojunctions. (e) The photocatalytic stability of g-

C3N4/PVA-3, (f) XRD patterns of g-C3N4/PVA-3 heterojunction before and after photocatalysis. 
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of 80.2%, demonstrating that g-C3N4/PVA 

possesses outstanding photocatalytic stability. 

The XRD patterns of g-C3N4/PVA-3 after the 

photocatalytic reaction, as depicted in Figure 4(f), 

have hardly changed compared to the freshly 

synthesized g-C3N4/PVA-3. This observation 

indicates that the crystalline phase of g-

C3N4/PVA-3 is preserved throughout the 

photocatalytic experiment. 

We prepared three independent batches of g-

C3N4/PVA-3 and evaluated their performance in 

the photocatalytic reduction of Cr(VI) to ensure 

the reproducibility of the experimental results. As 

depicted in Figure S5 (Supporting Information), 

the deviation in the experimental results was less 

than 5%, which substantiates the reliability of the 

synthetic protocol. To further assess the 

photocatalytic efficiency, we calculated the Turn 

Over Frequency (TOF) for the g-C3N4/PVA-3-

mediated photocatalytic reduction of Cr(VI), 

yielding a value of 0.0079 h–1. This figure is 

comparable to the reported TOF values of 0.0081 

h–1 for U(VI) reduction by ZnFe2O4/g-C3N4 [9] and 

0.0082 h–1 for Cr(VI) reduction by CPVA/ZnFe2O4 

[31]. These findings indicate that g-C3N4/PVA-3 is 

an effective photocatalyst. 

 

3.3 Mechanism of Enhanced Photocatalytic 

Activity of g-C3N4/PVA 

To elucidate the enhanced photocatalytic 

performance of g-C3N4/PVA, electrochemical 

impedance spectroscopy (EIS), transient 

photocurrent response (TPC), and 

photoluminescence (PL) measurements were 

employed to assess the migration behavior and 

separation efficiency of photogenerated charge 

carriers in the semiconductor. The Nyquist plots 

indicated that a smaller semicircle diameter 

correlates with reduced carrier transfer resistance 

in the sample. As shown in Figure 5(a), the 

Nyquist plots indicate that the charge transfer 

resistance of all g-C3N4/PVA heterojunctions is 

less than that of pure g-C3N4, with the g-

C3N4/PVA-3 exhibiting the lowest charge transfer 

resistance. The transient photocurrent results in 

Figure 5(b) show that g-C3N4/PVA-3 has the 

highest photocurrent density, approximately 3.5 

times that of pure g-C3N4, confirming its fastest 

photogenerated carrier separation efficiency.  

Research has demonstrated that a relatively 

weak photoluminescence (PL) peak generally 

signifies a reduced recombination rate of h+ and e– 

in semiconductor photocatalysts [14,18]. As shown 

in Figure S6 (Supporting Information), the PL 

emission spectra indicate that the PL peak 

intensities for g-C3N4/PVA heterojunctions are 

uniformly lower than those of pure g-C3N4. 

Specifically, the g-C3N4/PVA-3 sample displays 

the lowest PL peak intensity, implying that the 

recombination of photogenerated charge carriers 

is markedly suppressed in this composite 

material. This finding further corroborates that 

the g-C3N4/PVA heterojunction improves the 

separation efficiency of charge carriers, effectively 

minimizing the direct recombination of h+ and e–, 

thus enhancing photocatalytic performance. 

The band structure of the g-C3N4 and g-

C3N4/PVA heterojunctions were evaluated 

according to their Mott-Schottky plots. The Mott-

Schottky plots in Figure 6, which are positively 

sloped for both g-C3N4 and g-C3N4/PVA-3, 

suggesting that they are n-type semiconductors 

[37], and the loading of PVA did not alter the 

semiconductor type of g-C3N4. According to the 

extrapolation method where 1/C2 = 0, the flat band 

potentials (EFB) of g-C3N4 and g-C3N4/PVA-3 (vs. 

Ag/AgCl) were determined to be −0.60 and −0.79 

eV, respectively. According to the conversion EFB

（vs. NHE） = EFB（vs. SCE） + 0.222 + 0.0592 × 

pH [38], with the potential of the reference 

electrode AgCl/Ag is 0.222 V, and knowing that 

the ECB (vs. NHE) for n-type semiconductors is 

Figure 5. (a) Electrochemical impedance spectra, (b) Transient photocurrent response of g-C3N4 and g-

C3N4/PVA heterojunction. 
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0.10 to 0.30 eV lower than EFB (vs. NHE) (this 

article takes 0.3). The ECB (vs. NHE) for g-C3N4 

and g-C3N4/PVA-3 were calculated to be −0.264 eV 

and −0.454 eV, respectively. Furthermore, 

according to EVB = Eg + ECB, the ECB (vs. NHE) for 

g-C3N4 and g-C3N4/PVA-3 were determined to be 

+2.396 and +2.276 eV, respectively. 

According to the literature, the highest 

occupied molecular orbital (HOMO) and the 

lowest unoccupied molecular orbital (LUMO) of 

polyvinyl alcohol (PVA) are reported to be 1.9 eV 

and −0.5 eV, respectively [25]. In a conventional 

type II g-C3N4/PVA heterojunction, 

photogenerated electrons tend to accumulate in 

the conduction band of g-C3N4, while 

photogenerated holes localize in the valence band 

of PVA at 1.9 eV. Given that the conduction band 

edge of g-C3N4 (−0.264 eV) is less negative than 

the reduction potential of O₂/•O₂– (−0.33 eV), and 

the LUMO energy level of PVA (1.9 eV) exceeds 

the oxidation potentials of •OH/H₂O (2.37 eV) and 

Cr(VI)/Cr(III) (1.99 eV), it would suggest that the 

effective generation of •O₂– and •OH radicals 

within this type II heterojunction should not be 

feasible. However, this theoretical prediction 

contradicts the experimental findings from the 

radical trapping experiments. 

Based on the band structure and the analysis 

of active species, an S-scheme photocatalytic 

mechanism for the g-C3N4/PVA heterojunction in 

the reduction of Cr(VI) is proposed, as shown in 

Figure 7. At the closely integrated heterointerface 

between g-C3N4 and PVA, photogenerated 

electrons from g-C3N4 and holes from PVA 

recombine at the interface. This process reduces 

bulk recombination within the individual 

components and retains photogenerated electrons 

with strong reducing capabilities in the LUMO of 

PVA and holes with strong oxidizing capabilities 

in the valence band of g-C3N4. Unlike conventional 

type II heterojunctions, such as BiOI/g-C3N4 [7], 

the S-scheme charge transfer mechanism in g-

C3N4/PVA sustains a high REDOX potential by 

efficiently recombining inactive carriers at the 

interface. This process significantly enhances the 

generation of •O2– and •OH (Figure 4d), directly 

increasing the TOF of the target reaction. 

 

4. Conclusion 

In summary, a novel S-scheme g-C3N4/PVA 

heterojunction was successfully fabricated via in-

situ hydrothermal modification combined with 

hot-quenched bonding. Among the prepared 

samples, g-C3N4/PVA-3 exhibited a markedly 

enhanced visible-light-driven photocatalytic 

reduction rate for Cr(VI), achieving a rate 

constant of 0.017 min–1, which is approximately 

2.93 times higher than that of pristine g-C3N4, 

with a TOF value of 0.0079 h–1. Structural 

characterization and photoelectrochemical 

analysis revealed that the synergistic effects of 

nitrogen vacancy defect suppression, extended 

visible light absorption, decreasing activation 

energy, and efficient S-scheme charge separation 

contributed to its superior performance. The 

primary active species identified were •OH and 

•O2–. Moreover, the g-C3N4/PVA composite 

retained 95% of its initial photocatalytic activity 

after five consecutive cycles, demonstrating 

excellent stability. This study not only proposes a 

cost-effective approach for designing high-

performance photocatalysts but also elucidates 

the critical role of the polymer-semiconductor 

interface in regulating charge transfer processes. 
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