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Abstract


In recent years, organic dye contamination has posed a significant threat to water safety. This study presents a novel composite photocatalyst comprising graphitic carbon nitride quantum dots (g-C3N4QDs) supported on a copper-based metal–organic framework (Cu-MOF) for efficient visible-light degradation of organic pollutants. The g-C3N4QDs were synthesized via a facile strategy and subsequently immobilized onto the Cu-MOF support. Comprehensive characterization including SEM, TEM, XRD, BET, UV-Vis DRS, PL, and EIS confirmed the successful formation of a heterostructure, revealing that an optimized loading of g-C3N4QDs significantly enhanced light absorption, facilitated charge separation, and increased the specific surface area, with the optimal composite exhibiting 273 m2/g compared to 112 m2/g for the pristine Cu-MOF. Electrochemical analyses indicated a 2.38-fold enhancement in photocurrent density and a reduced interfacial charge transfer resistance, reflecting superior electron–hole pair separation. Crucially, the optimized g-C3N4QDs/Cu-MOF composite demonstrated exceptional photocatalytic performance, achieving 96.6% degradation of Congo red (100 mg/L) within 30 min under visible light irradiation, substantially outperforming the 77.6% degradation attained by the pristine Cu-MOF. This enhancement is attributed to the synergistic effects of improved light harvesting, efficient interfacial charge transfer across the heterojunction, and an enlarged active surface area. The composite exhibits considerable potential as a high-performance and stable photocatalyst for purifying dye-contaminated wastewater.
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1. Introduction


The development of industrialization has led to the extensive release of organic pollutants into the environment, posing serious threats to human health and ecosystems. These pollutants exhibit bioaccumulative characteristics and can propagate through the food chain, causing various health issues [1,2,3]. Moreover, their persistence under natural conditions results in prolonged environmental presence, disrupting ecological balance across diverse ecosystems [4,5]. Conventional chemical and physical methods for organic pollutant treatment often suffer from high costs, low efficiency, and a tendency to generate secondary contaminants [6,7,8]. In contrast, photocatalytic degradation offers high efficiency and favorable environmental compatibility. This method relies on photocatalysts that generate holes and electrons under illumination, thereby initiating redox reactions with organic pollutants and decomposing them into harmless small molecules [9,10,11]. The selection of appropriate photocatalysts and optimization of reaction conditions represent critical factors in achieving high performance [12,13,14].



In recent years, photocatalytic research has increasingly focused on enhancing the activity, stability, and selectivity of photocatalysts, as well as exploring more efficient reaction systems and conditions [15,16,17]. Metal–organic frameworks (MOFs), a class of porous network materials composed of metal ions as nodes and organic ligands as bridging components [18,19], have been widely applied in pollutant removal through adsorption, catalysis, and membrane separation [20,21]. The high tunability and compositional diversity of MOFs enable the derivation of MOF-based materials with excellent stability and diverse active sites [22], while the loading of semiconductor materials or construction of active interfaces can further enhance light absorption and charge separation efficiency [23]. Porphyrins, as important photosensitive organic compounds, have been extensively utilized in constructing MOF photocatalysts. Porphyrin-based MOFs, synthesized from metal clusters and porphyrin ligands, exhibit attractive photosensitive properties and good stability, with the N4 sites in porphyrin providing an ideal platform for anchoring catalytic metal centers [24]. Moreover, the rich microporous and mesoporous structures of porphyrin MOFs not only facilitate rapid pollutant adsorption but also isolate contaminants from complex environments, enabling effective pollutant enrichment [25]. These advantages make porphyrin MOF-based visible-light systems highly suitable for degrading organic pollutants in water.



Despite these merits, practical applications of MOFs face challenges such as material stability and the efficiency of photogenerated electron separation and transfer [26,27], underscoring the importance of MOF modification. Copper-based porphyrin MOFs (Cu-Porphyrin MOFs) have attracted significant attention in photocatalysis due to their unique photoelectronic properties and structural tunability. The MOF structure formed by Cu2+ and porphyrin ligands (e.g., TCPP) exhibits strong visible-light absorption—arising from porphyrin π–π* transitions and metal–ligand charge transfer—and demonstrates efficient photogenerated carrier separation [28]. Additionally, Cu-MOFs typically possess high specific surface areas, ordered pore structures, and abundant active sites, which promote reactant adsorption and photocatalytic processes [29]. The construction of Z-scheme heterojunctions (e.g., Cu/In-PMOFs/CdIn2S4) has achieved efficient interfacial charge transport, yielding a photocatalytic hydrogen evolution rate far exceeding that of individual components [28], thereby providing a reference for designing high-performance MOF-based heterojunction photocatalysts. Notably, Cu-MOF exhibits good stability and reusability under visible-light irradiation, offering distinct advantages in organic pollutant degradation [30]. Research from the University of Strasbourg has shown that precise control over the metallization ratio of porphyrin ligands can optimize the photocatalytic performance of Cu-Porphyrin MOFs, such as enhancing CH4 selectivity in CO2 reduction reactions. Therefore, utilizing Cu-MOF as a support for constructing heterojunction photocatalysts represents an effective strategy for improving photocatalytic performance [31].



g-C3N4QDs not only inherit the high stability and environmental friendliness of graphitic carbon nitride (g-C3N4) [32] but also emerge as promising alternative materials due to their distinctive electrical and optical properties [33,34,35]. As demonstrated by Shi et al. [36], 5 nm BiVO4QDs exhibit superior photocatalytic activity compared to conventional bulk quantum dots, which is attributed to their broader bandgap (2.66 eV) and enhanced quantum size effects that stimulate stronger photoelectric responses [37]. With a bandgap energy of 2.7 eV, g-C3N4QDs absorb visible light up to 450 nm, enabling efficient photocatalytic performance under visible light irradiation and demonstrating strong adsorption capacity. Furthermore, g-C3N4 QDs effectively activate molecular oxygen to generate superoxide radicals for photocatalytic processes. Their unique triazine or tri-s-triazine ring structures confer excellent thermal stability and acid-base resistance, supporting diverse applications in CO2 reduction and pollutant degradation. In the study by Wang et al. [38], CQDs/NH2-MIL-125 composites were synthesized, showing that carbon quantum dot modification not only facilitates the separation of photogenerated charges but also enhances light energy conversion efficiency from visible to near-infrared regions.



This study aims to construct a g-C3N4QDs/Cu-MOF heterojunction composite photocatalyst for synergistic performance enhancement. The design rationale builds upon the quantum size effect of g-C3N4QDs modulating their energy band structure to broaden the photoresponse range and facilitate photogenerated electron–hole pair separation, combined with the high specific surface area and ordered porous architecture of Cu-MOF providing abundant pathways for reactant adsorption and diffusion. This configuration not only enhances visible-light harvesting but also drives directional migration of photogenerated charge carriers, effectively suppressing their recombination and thereby offering a novel pathway for improved photocatalytic degradation efficiency. Through systematic modulation of g-C3N4QD loading levels, this work investigates their regulatory effects on the composite’s microstructure, photoelectrical properties, and photocatalytic performance, aiming to provide experimental and theoretical foundations for designing high-performance MOF-based photocatalytic materials.




2. Result and Discussion


2.1. Characterization


Figure 1 displays the XRD patterns of Cu-MOF and its composites with varying loadings of g-C3N4QDs (1 mL, 5 mL, and 10 mL). All samples exhibit characteristic diffraction peaks corresponding to the crystalline structure of Cu-MOF. The observed peaks, particularly at 2θ values of approximately 7.7°, 12.9°, and 18.8°, can be indexed to the (110), (210), and (400) crystal planes of the copper-porphyrin MOF (Cu-TCPP) structure, respectively, which aligns well with previous reports on similar materials. No shift in peak positions is observed after g-C3N4QDs incorporation, indicating that the host framework remains intact [39,40]. An increase in diffraction intensity with higher QD loading suggests enhanced crystallinity and improved structural ordering. The sharp and well-defined peaks reflect a highly ordered lattice and uniform crystallite size, corroborating the high crystallinity achieved in the synthesis. No additional peaks are detected, confirming the phase purity of the composite photocatalysts. These XRD results, combined with complementary morphological analyses, verify the successful formation of the g-C3N4QDs/Cu-MOF heterostructure.



The morphological features of the as-synthesized Cu-MOF and its composites with varying g-C3N4QD loadings (1, 5, and 10 mL) were investigated by scanning electron microscopy (SEM). As shown in Figure 2a, pure Cu-MOF exhibits a microspherical architecture composed of interconnected nanosheets, forming flower-like aggregates with diameters of approximately 10 μm. Figure 2b–d reveal that the hierarchical morphology remains intact after g-C3N4QDs incorporation, indicating that the loading process does not alter the fundamental framework structure. Energy-dispersive X-ray spectroscopy (EDS) mapping in Figure 2e demonstrates a homogeneous distribution of C, N, O, and Cu elements throughout the composite, confirming successful and uniform doping. TEM imaging (Figure 2f) further corroborates the nanosheet-assembled microstructure, consistent with SEM observations. High-resolution TEM (Figure 2g) reveals distinct lattice fringes with an interplanar spacing of 0.26 nm, corresponding to the crystalline planes of g-C3N4QDs, which provides direct evidence for the successful formation of the g-C3N4QDs/Cu-MOF heterostructure. Table 1 presents the element content data obtained through the Mapping scan.



The chemical composition and bonding states of Cu-MOF were analyzed by X-ray photoelectron spectroscopy (XPS) without any surface etching. The binding energy scale was calibrated by referencing the adventitious carbon C 1s peak to 284.8 eV to compensate for surface charging effects. The survey spectrum in Figure 3a confirms the presence of C, O, N, and Cu as the primary elements. High-resolution C 1s spectrum (Figure 3b) exhibits three characteristic peaks at binding energies of 284.8 eV, 286.5 eV, and 288.8 eV, corresponding to C–C, C–O–C, and O–C=O bonds [41], respectively. The O 1s spectrum (Figure 3c) displays peaks at 531.8 eV, 533.0 eV, and 534.2 eV, assigned to Cu–O, C=O, and C–O species. In the N 1s region (Figure 3d), contributions from C=N, C–N, and Cu–N bonds are observed at 397.9 eV, 399.8 eV, and 401.9 eV, respectively. The Cu 2p spectrum (Figure 3e) shows spin–orbit doublets at 934.1 eV (Cu 2p3/2) and 954.9 eV (Cu 2p1/2), along with satellite peaks at 939.9 eV, 943.8 eV, and 963.5 eV, characteristic of Cu2+ oxidation state. It is noted that these bonding features are also present in g-C3N4QDs, and the overlap of carbon species signals makes it challenging to distinguish g-C3N4QDs solely based on XPS data [42].



The light absorption properties of Cu-MOF and its composites with different g-C3N4QD loadings (1, 5, and 10 mL) were investigated by UV-Vis diffuse reflectance spectroscopy. As shown in the absorption spectra (Figure 4a,c), all samples exhibit similar absorption edges in the visible region. The corresponding Tauc plots (Figure 4b,d) reveal a redshift in the absorption edge for the 5 mL g-C3N4QDs/Cu-MOF composite, indicating an extension of light harvesting into the visible range. The optical bandgaps, determined from the intercept of the tangent to the absorption edge using the equation Eg = 1240/λg [43], are estimated to be 2.91 eV for Cu-MOF and 2.6 eV for C3N4. Notably, the 5 mL g-C3N4QDs/Cu-MOF composite demonstrates a distinct redshift, expanded visible-light absorption range, reduced transition energy, and enhanced absorption capability, representing the optimal performance among the prepared samples.



Figure 5 presents the nitrogen adsorption–desorption isotherms and pore size distribution curves of the synthesized catalysts. The measured specific surface areas, summarized in the accompanying Table 2, indicate that the incorporation of g-C3N4QDs effectively inhibits the recombination of photogenerated electron–hole pairs. The BET analysis reveals a progressive increase in specific surface area with higher QD loading, with the 5 mL g-C3N4QDs/Cu-MOF composite exhibiting the largest surface area, reduced pore size, and enhanced porosity. These structural characteristics contribute to shortened electron transport paths and facilitated charge carrier separation. However, excessive QD loading leads to pore blockage, thereby diminishing photocatalytic efficiency.




2.2. Photoluminescence Spectra and Photoelectric Properties


Steady-state photoluminescence (PL) emission spectroscopy was employed to investigate the separation and transfer behavior of photogenerated electron–hole pairs, highlighting the beneficial role of quantum dots and the MOF framework [44]. The steady-state photoluminescence spectrum was measured under an excitation light of λex = 301 nm. The PL intensity, which reflects the efficiency of charge carrier recombination, decreases in the order: Cu-MOF > 1 mL g-C3N4QDs/Cu-MOF > 10 mL g-C3N4QDs/Cu-MOF > 5 mL g-C3N4QDs/Cu-MOF (Figure 6a). The composite with 5 mL g-C3N4QDs exhibits the lowest emission intensity, indicating the most efficient charge transfer and the highest suppression of electron–hole recombination among the samples [45]. To gain a deeper understanding of the optical properties of g-C3N4 QDs, we tested its excitation spectrum graph (Figure 6b).



Electrochemical measurements were conducted to further elucidate the charge separation and transfer behavior. As shown in Figure 6c, the photocurrent density increases in the order: Cu-MOF < 10 mL g-C3N4QDs/Cu-MOF < 1 mL g-C3N4QDs/Cu-MOF < 5 mL g-C3N4QDs/Cu-MOF. Correspondingly, the Nyquist arc radii decrease sequentially [46] (Figure 7a), with the 5 mL g-C3N4QDs/Cu-MOF composite exhibiting the smallest charge transfer resistance. These results indicate favorable electron transport and reaction kinetics. The combined analysis demonstrates that the Cu-MOF framework enhances charge separation efficiency, while the incorporated g-C3N4QDs facilitate charge transfer and suppress the recombination of photogenerated electron–hole pairs, thereby improving the photocatalytic degradation activity [27].



The Mott-Schottky (M-S) plots of g-C3N4QDs and Cu-MOF were used to determine their respective conduction and valence band positions. When two semiconductors with appropriate band alignment come into contact, a heterojunction can form, following the relationship ECB + Eg = EVB [47]. The M-S curves (Figure 7b,c) yield flat-band potentials corresponding to conduction band (ECB) values of −0.7 eV for g-C3N4QDs and −1.24 eV for Cu-MOF. Combined with the optical bandgaps derived from Tauc plots (2.7 eV for g-C3N4 and 2.71 eV for Cu-MOF), the valence band (EVB) positions are calculated as 2.0 eV for g-C3N4 and 1.47 eV for Cu-MOF. This band alignment conforms to a type-II heterojunction, in which photogenerated electrons transfer from the higher-lying conduction band of Cu-MOF to that of g-C3N4, while holes migrate in the opposite direction across the valence bands, thereby achieving efficient spatial separation of charge carriers [48].




2.3. Analysis of Photodegradation Performance


The photocatalytic performance of Cu-MOF composites with varying g-C3N4QD loadings was evaluated through the degradation of Congo red solution (100 mg/L). A stock solution was prepared by dissolving 25 mg of Congo red in a 250 mL volumetric flask, which was wrapped in aluminum foil and stored in the dark to prevent premature degradation. For each test, 20 mg of catalyst (Cu-MOF, 1 mL, 5 mL, or 10 mL g-C3N4QDs/Cu-MOF) was mixed with 100 mL of the dye solution under magnetic stirring. After a 30 min dark adsorption period, an initial sample was collected via syringe and filtered. The suspension was then irradiated under a xenon lamp simulating solar light, with filtered samples taken at 5 min intervals until no further color change was observed. As summarized in Figure 7d, the 5 mL g-C3N4QDs/Cu-MOF composite achieved the highest degradation efficiency of 98.3%, significantly outperforming pristine Cu-MOF (87.9%). The time-dependent degradation profiles in Figure 7e further confirm that the incorporation of g-C3N4QDs enhances the degradation rate, with the 5 mL loading exhibiting the most rapid and complete dye removal.




2.4. Photocatalytic Degradation Mechanism


Based on band structure analysis and photoelectrochemical characterization, the photocatalytic mechanism of the g-C3N4QDs/Cu-MOF composite is attributed to a synergistic oxidation process driven by a Type-II heterojunction. Under visible-light irradiation, both Cu-MOF (Eg = 2.71 eV, ECB = −1.24 eV) and g-C3N4QDs (Eg = 2.7 eV, ECB = −0.7 eV) generate electron–hole pairs. The higher conduction band potential of g-C3N4QDs induces electron transfer from the Cu-MOF conduction band to that of g-C3N4QDs, while holes migrate from the g-C3N4QDs valence band (EVB = 2.0 eV) to the Cu-MOF valence band (EVB = 1.47 eV). This directional charge separation effectively suppresses electron–hole recombination, as confirmed by the significantly reduced PL intensity [49,50], and facilitates the reduction in molecular oxygen on g-C3N4QDs to generate superoxide radicals (·O2−) and H2O2, while holes accumulated in the Cu-MOF valence band directly oxidize organic pollutants or react with water to produce hydroxyl radicals (·OH). Additionally, the quantum size effect (2–5 nm) and the optimized specific surface area (273.335 m2/g) of g-C3N4QDs considerably increase accessible active sites and promote mass transport and interfacial reaction kinetics [51]. The heterojunction system achieves a 98.3% degradation efficiency without external H2O2 addition, underscoring the essential role of rational heterostructure design in advancing the photocatalytic performance of MOF-based materials. The proposed charge transfer pathway and reactive species generation process within the g-C3N4QDs/Cu-MOF heterojunction are schematically illustrated in Figure 8.



To benchmark the performance of the as-synthesized g-C3N4QDs/Cu-MOF composite, a comparative summary of its Congo red degradation efficiency with other representative MOF or g-C3N4 based photocatalysts is presented in Table 3.





3. Experimental Section


3.1. Materials and Chemicals


4-Formylbenzoic acid (C8H8O3) was supplied by Shanghai Yuanye Bio-Technology Co., Ltd. (Shanghai, China). N,N-Dimethylformamide was obtained from Tianjin Fuyu Fine Chemical Co., Ltd. (Tianjin, China). Pyrrole (C4H5N) was provided by Shanghai Yayu Pharmaceutical Co., Ltd. (Shanghai, China). Propanoic acid (CH3CH2COOH) was sourced from Shandong Weijin Chemical Co., Ltd. (Zibo, China). Trisodium citrate was purchased from Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China). A 5% Nafion solution was acquired from Shanghai Chuxi Industrial Co., Ltd. (Shanghai, China). and deionized water was used throughout all experiments.



Crystal structures were characterized by X-ray diffraction (XRD) using a Rigaku MiniFlex600 diffractometer. (Tokyo, Japan). Morphological analysis was conducted with a JEOL JSM-7900F scanning electron microscope (SEM) (Tokyo, Japan) and a JEOL JEM-2100PLUS transmission electron microscope (TEM). (Tokyo, Japan). Specific surface area and pore size distribution were determined by nitrogen physisorption measurements on a Beijing Builder SSA-4300 analyzer. (Beijing, China). Electrochemical properties were evaluated using a CHI760E electrochemical workstation (Shanghai Chenhua). (Shanghai, China). UV-visible diffuse reflectance spectra (UV-Vis DRS) were recorded on a Shimadzu UV-2700i spectrophotometer (Tokyo, Japan), while fluorescence signals were measured with a Hamamatsu H1461P-11 photomultiplier tube (Hamamatsu, Japan) coupled to a time-resolved single-photon counting system.




3.2. Preparation of Tcpp


6.08 g of 4-formylbenzoic acid and 2.8 mL of pyrrole were weighed using an analytical balance, mixed with 150 mL of propanoic acid measured by a pipette in a 200 mL beaker, and ultrasonicated for 3–5 min. The mixture was subjected to oil-bath heating under reflux for 2 h. After cooling to room temperature, 200 mL of methanol was added, followed by ice-bath stirring for 30 min. The product was isolated by centrifugation and washed repeatedly with methanol and distilled water until the filtrate became clear. The resulting solid was dried in an oven at 60 °C for 12–16 h to obtain a purple powder.




3.3. Preparation of Cu-Tcpp


0.261 g of TCPP and 0.245 g of CuCl2 were weighed and dissolved in 15 mL of N,N-dimethylformamide. The mixture was subjected to oil-bath heating under reflux for 5 h, yielding a red solution. After cooling to room temperature, the solution was centrifuged and the precipitate was washed repeatedly with deionized water over seven times. The solid product was then dried in a vacuum oven at 60 °C to obtain a red powder.




3.4. Synthetic Copper-Based Mof


34 mg of Cu-TCPP and 27 mg of CuCl2 were added to 12 mL of a mixed solvent consisting of N,N-dimethylformamide and ethanol in a volume ratio of 3:1. The mixture was ultrasonicated for 3–5 min and then subjected to a solvothermal reaction at 110 °C for 72 h. After cooling to room temperature, the resulting product was collected by centrifugation and washed thoroughly with ethanol and distilled water for more than five cycles. The precipitate was dried in a vacuum oven at 60 °C to obtain the Cu-MOF material.




3.5. Synthesis of C3N4QDs


A mixture of 1.01 g urea and 0.81 g trisodium citrate was thoroughly ground and placed in a crucible, followed by heating at 180 °C for 1.5 h to obtain quantum dot (QD) powder. The product was washed with methanol 5–6 times to remove impurities and dried in an oven. Subsequently, 100 mg of the resulting g-C3N4QD powder was dissolved in 10 mL of deionized water and dialyzed using a 10 kDa molecular weight cut-off membrane. The purified solution was stored for subsequent use as a photocatalyst in the synthesis of metal nanoparticles.




3.6. Preparation of Cu-Mof/C3N4QDs


Three 20 mg portions of Cu-MOF were separately weighed and placed into 50 mL centrifuge tubes, each containing 10 mL of ethanol. To these suspensions, 1 mL, 5 mL, and 10 mL of g-C3N4QDs dispersion were added. After thorough mixing and ultrasonication for 3–5 min, the mixtures were stirred for 4 h. The resulting products were collected by centrifugation and dried in a vacuum oven to obtain red powders.




3.7. The Electrochemical and Photoelectrochemical Measurements


FTO glass substrates with an area of approximately 2 cm2 were sequentially cleaned with deionized water and ethanol in an ultrasonic bath, followed by drying in an oven. A homogeneous ink was prepared by dispersing 2 mg of the sample in a mixture of 0.45 mL ethanol and 50 μL Nafion solution, which was then drop-cast onto the substrate to form a uniform film with a controlled area of 1 cm2. The coated electrodes were dried prior to electrochemical measurements. All electrochemical analyses, including photocurrent response and electrochemical impedance spectroscopy (EIS), were performed on a CHI760E electrochemical workstation using a standard three-electrode configuration with a saturated Ag/AgCl reference electrode, a platinum counter electrode, and the prepared sample as the working electrode in 0.5 mol/L Na2SO4 aqueous electrolyte. A xenon lamp system was employed as the light source during photocurrent measurements. (This experiment was independently repeated at least three times to confirm the reproducibility of the results.)




3.8. Light Degradation Performance Test


The photocatalytic degradation efficiency of the synthesized catalysts was evaluated using Rhodamine B (RhB) and Congo red as model pollutants. For each test, 20 mg of photocatalyst was introduced into a quartz reactor containing 100 mL of Congo red solution (100 mg/L). The suspension was first stirred in darkness for 30 min to establish adsorption–desorption equilibrium. A 300 W xenon lamp equipped with an AM 1.5G filter was then activated to initiate the photocatalytic reaction. During irradiation, samples were collected at 5 min intervals and filtered for analysis until the solution became colorless or exhibited no further change in absorbance. The concentration of Congo red was monitored by measuring the absorbance at its characteristic wavelength using UV-Vis spectroscopy. After each degradation experiment, the photocatalyst was recovered by centrifugation, washed thoroughly with deionized water, and dried overnight at 60 °C for reuse. The degradation efficiency (η) was calculated according to Equation (1):


  η =      A   0   −   A   t       A   0      ∗ 100 %  



(1)




where A0 and At represent the absorbance of the Congo red solution at the beginning of illumination and at time t, respectively (This experiment was independently repeated at least three times to confirm the reproducibility of the results). The suspension was first stirred in darkness for 30 min to establish the adsorption–desorption equilibrium. The concentration at the end of this period was defined as the initial concentration (C0) for calculating the photocatalytic degradation efficiency, thereby isolating the contribution of pure photocatalytic action from that of adsorption.



The overall preparation process of the g-C3N4 QDs/Cu-MOF composite photocatalyst is visually summarized in Scheme 1. Briefly, the TCPP organic ligand was first synthesized via a condensation reaction between pyrrole and 4-formylbenzoic acid in propanoic acid. The resulting TCPP was then metallated with Cu2+ ions to form the Cu-TCPP complex, which served as the primary building unit for the subsequent solvothermal crystallization of the three-dimensional Cu-MOF structure. In a parallel pathway, g-C3N4 QDs were fabricated through a one-step thermal treatment of a urea and trisodium citrate mixture. Finally, the composite was obtained by uniformly depositing the as-synthesized g-C3N4 QDs onto the pre-formed Cu-MOF substrate through a facile solution-based self-assembly strategy, leveraging the interactions between the two components.





4. Conclusions


In this work, a heterojunction composite photocatalyst was successfully constructed by immobilizing g-C3N4 quantum dots (QDs) onto a Cu-MOF substrate. The loading amount of g-C3N4 QDs was systematically optimized (1, 5, and 10 mL), with the 5 mL composite exhibiting the best performance. This optimal composite demonstrated a significantly enhanced specific surface area of 273.335 m2/g, representing a 143% increase compared to the pristine Cu-MOF (112.257 m2/g). Moreover, its visible-light absorption range was notably broadened, accompanied by a reduced optical bandgap of 2.68 eV.



Electrochemical and photoluminescence analyses confirmed that the composite facilitates efficient charge separation and transfer. It achieved a photocurrent density of 1.1 μA·cm−2, which is 1.38 times higher than that of pure Cu-MOF, along with a lower interfacial charge transfer resistance and suppressed photoluminescence intensity.



In photocatalytic degradation tests under visible light, the 5 mL g-C3N4 QDs/Cu-MOF composite degraded 98.3% of Congo red (100 mg/L) within 30 min, substantially outperforming the pristine Cu-MOF (87.9%). These enhancements are attributed to the synergistic effects of the heterojunction structure, which improves light harvesting, promotes the separation and transfer of photogenerated charge carriers, and provides a larger active surface area. With excellent stability and recyclability, this g-C3N4 QDs/Cu-MOF composite presents a promising and practical candidate for the design of efficient MOF-based photocatalysts and the treatment of dye-contaminated wastewater.
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Figure 1. XRD patterns of the sample catalysts. 
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Figure 2. SEM diagram of the sample catalyst (a) Cu-MOF, (b) 1 mL g-C3N4QDs/Cu-MOF, (c) 5 mL g-C3N4QDs/Cu-MOF, (d) 10 mL g-C3N4QDs/Cu-MOF, (e) EDS elemental mapping images of 5 mL g-C3N4QDs/Cu-MOF The, (f) TEM plot of the 5 mL g-C3N4QDs/Cu-MOF, (g) HRTEM. 
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Figure 3. XPS spectrum of the sample catalyst (a) survey spectra, (b) C 1s, (c) O 1s, (d) N 1s, (e) Cu 2p. 
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Figure 4. (a) UV-Vis diffuse reflectance spectra (DRS) of Cu-MOF and its composites with varying loadings of g-C3N4 QDs, (b) corresponding Tauc plots of the composites. (c) UV-Vis absorption spectrum of pure g-C3N4 QDs. (d) Tauc plot for g-C3N4 QDs. (Dotted lines in (a,c) denote the absorption edges used for bandgap calculation. Dashed lines in (b,d) represent the linear fits in Tauc plots for Eg determination). 
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Figure 5. (a) Nitrogen adsorption–desorption isotherms of 1 mL C3N4QDs/Cu-MOF, 5 mL C3N4QDs/Cu-MOF, 10 mL C3N4QDs/Cu-MOF, and Cu-MOF, (b) pore size distribution curves of 1 mL C3N4QDs/Cu-MOF, 5 mL C3N4QDs/Cu-MOF, 10 mL C3N4QDs/Cu-MOF, and Cu-MOF. 
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Figure 6. (a) Photoluminescence spectrum of the sample catalyst, (b) the excitation spectrum of the optimal sample and (c) the photocurrent response curve of the sample catalyst. 
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Figure 7. (a) EIS of the sample catalyst, (b) Mott-Schottky curve of C3N4, (c) The Mott-Schottky curve of Cu-MOF, (d) photodegradation efficiency column of sample catalyst, (e) photodegradation of Congo red performance in each time period of sample catalyst, (f) Cyclic stability test of the optimal sample catalyst. 
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Figure 8. Mechanism diagram. 
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Scheme 1. Schematic illustration of the stepwise synthesis of the g-C3N4 QDs/Cu-MOF composite, including the preparation of Cu-MOF, synthesis of g-C3N4 QDs, and their final composite formation. 
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Table 1. Element content distribution.
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	Element
	wt%
	    σ    





	Cu
	9.8
	0.5



	N
	5.0
	0.5



	O
	43.1
	0.5



	C
	42.1
	0.5










 





Table 2. The BET data.
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	Sample
	Specific Surface Area (m2/g)
	Pore Volume (cm3/g)
	Average Aperture (nm)





	Cu-MOF
	112.257
	0.4487
	74.6



	1 mL C3N4QDs/Cu-MOF
	230.059
	0.3265
	28.4



	5 mL C3N4QDs/Cu-MOF
	273.335
	0.3981
	29.1



	10 mL C3N4QDs/Cu-MOF
	111.225
	0.3265
	44.8










 





Table 3. The comparison of the photocatalytic degradation efficiency obtained in this study with those reported for other catalysts based on MOF or g-C3N4-QDs.
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	Photocatalyst
	Light Source
	Pollutant
	Degradation Efficiency
	Ref.





	CQDs/NH2-MIL-125
	300 W Xenon lamp
	RhB
	95%
	[52]



	g-C3N4/Cu-MOF
	300 W Xenon lamp
	Microcystic toxins
	90%
	[37]



	CQDs/MIL-53(Fe)
	500 W Xenon lamp
	RhB + Cr(VI)
	98%
	[42]



	g-C3N4/TiO2
	350 W Xenon lamp
	Methyl orange
	90%
	[53]



	g-C3N4 QDs/Cu-MOF
	300 W Xenon lamp
	Congo Red
	96.6%
	This work
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