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Abstract

:

Robust hybrid g-C3N4/ZnO-W/Cox heterojunction composites were synthesized using graphitic carbon nitride (g-C3N4) and ZnO-W nanoparticles (NPs) and different concentrations of Co dopant. The hybrid heterojunction composites were prepared by simple and low-cost coprecipitation methods. The fabricated catalyst was explored and investigated using various characterization techniques such as FTIR, XRD, FESEM and EDX. The surface morphology of the as-prepared hybrid nanocomposites with particle sizes in the range of 15–16 nm was validated by SEM analysis. The elemental composition of the synthesized composites was confirmed by EDS analysis. Photocatalysis using a photon as the sole energy source is considered a challenging approach for organic transformations under ambient conditions. The photocatalytic activity of the heterojunctions was tested by photodegrading methylene blue (MB) dye in the presence of sunlight. The reduced band gap of the heterojunction composite of 3.22–2.28 eV revealed that the incorporation of metal ions played an imperative role in modulating the light absorption range for photocatalytic applications. The as-synthesized g-C3N4/ZnO-W/Co0.010 composite suppressed the charge recombination ability during the photocatalytic degradation of methylene blue (MB) dye. The ternary heterojunction C3N4/ZnO-W/Co0.010 composite showed an impressive photocatalytic performance with 90% degradation of MB under visible light within 90 min of irradiation, compared to the outcomes achieved with the other compositions. Lastly, the synthesized composites showed good recyclability and mechanical stability over five cycles, confirming them as promising photocatalyst options in the future.
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1. Introduction


Extensive adulteration owing to global industrialization, commercialization and agricultural practices causes the excessive release of organic pollutants. Water pollution has become one of the most serious environmental issues due to the massive pollution of freshwater reservoirs. Wastewater discharged from industry and numerous human activities has triggered death-defying environmental impacts [1]. A frightening percentage of individuals suffering everyday unavailability of clean drinking water and this unsophisticated negligence from several industrial units for releasing wastewater without any handling into freshwater streams has posed grave threats to human health. Priorly, conventional remediation techniques such as activated carbon adsorption, filtration, extraction, oxidation, ultrafiltration, electrolysis, chemical oxidation and biological treatment were applied, and usually, the results of incomplete mineralization of pollutants were obtained. The present progressive research in the field of various advanced oxidation technologies has overcome the inadequacies of these conventional techniques [2]. A lot of researchers have made phenomenal exertions to explore more catalysts and innovative materials to degrade toxic organic pollutants of wastewater and have, providentially, found semiconductor photocatalysis technology as a significant treatment to partially solve energy shortages and water pollution problems [3,4]. Among the diverse, sustainable developments of recent years, ultraviolet (UV) and visible light active photocatalyst comprised various semiconductors such as TiO2, ZnS, Fe2O3, CdS, Bi2WO6, InVO4, Ta3N5 and TaON [5] are the best approaches for aquatic decontamination.



While probing for active and visible light dynamic semiconductor photocatalysts, graphitic carbon nitride (g-C3N4) possesses an enthusiastic impression as a next-generation photocatalyst [6,7,8,9,10,11]. The temperature-controlled single-step polymerization of a low-cost and readily available nitrogen-rich precursor leads to the formation of a semiconductor catalyst [12,13,14,15]. g-C3N4 is a metal-free catalyst with the lowest energy band gap (Eg = 2.7–2.8 eV) among its seven polymeric phases because of sp2-hybridised C and N having π-conjugated electronic systems. This substantially small band gap compared to TiO2 is primarily responsible for absorption in the visible spectrum region [16]. Besides all of these advantages, regrettably, pristine g-C3N4 possesses some limitations which hamper the wide-scale usage of g-C3N4 such as sluggish efficacy of solar light utilization and high electron–hole pair’s recombination, which leads to photoexcitation (in picoseconds). Moreover, the non-magnetic nature of carbon nitride has also hindered its practical implementation on industrial scale as it is quite hard to extract non-magnetic catalysts from enormous volumes of treated solutions [17,18]. The above-mentioned drawbacks associated with pristine g-C3N4 can be best addressed by adopting strategies including metal and non-metal doping and coupling carbon nitride with a variety of semiconductor metal oxides (SMO) [19,20,21,22]. Recently, numerous g-C3N4-based semiconductor nanocomposites such as CuFe2O4/g-C3N4 [23], g-C3N4/CeO2 [24], WO3/g-C3N4 [25], SnS2/g-C3N4 [26] and NiTiO3/g-C3N4 [27] have been reported for photocatalytic applications. These binary nanostructures exhibit meaningful enhanced photocatalytic activity compared to pristine nanostructures. This could be attributed to the improved generation of charge carriers, the suppression of the recombination of e−/h+ pairs, and the amended visible light utilization, leading to improved photocatalytic activity. Table 3 Comprised of the MB dye degradation results with the published literature.



Photocatalysis using a photon as the sole energy source is considered a challenging approach for organic transformations under ambient conditions [28]. Photocatalytic degradation is considered a clean and green purification procedure in wastewater treatment chiefly because of its non-toxic end products, and metal oxide semiconductor photocatalysts play a vital role in the degradation of water pollutants [25,29,30]. Among the different metal oxide semiconductor photocatalytic materials, ZnO and TiO2 are widely applicable for environmental applications because they exhibit high chemical stability and strong oxidizing power and are highly economical [31,32]. B. Dindar et al. investigated ZnO as a promising photoactive material for the degradation of phenol [33,34]. Gouvea et al. found ZnO to be a more effective material for the degradation of organic matter in an aqueous solution [35]. Laziouti et al. studied the band gap, which revealed that ZnO has a high degrading efficiency due to its increased light conversion efficacy [36]. Previous research has shown ZnO to be the most promising photocatalytic material, but its large band gap of 3.37 eV only allows for 3–5% absorption of solar light in the visible region, and fast electron–hole pair recombination has hampered its practical application [37]. Many efforts have been made to overcome the inadequacies associated with ZnO by stretching its adsorption range to the visible light region via doping or coupling with metals, non-metals and carbon-based materials or in heterojunction with some visible band gap semiconductor materials [38,39]. Heterojunction with transition metals is quite beneficial because of their 4f and 5d electronic configuration, which fascinate the charge carriers and delay the recombination of the electron–hole pair resulting in improved degradation efficacy. As reported earlier, among the transition metals, a tungsten (W) heterojunction with ZnO remarkably enhances the photocatalytic activity for maximum use of the solar spectrum. The distinguishing half-filled valance shell and oxidation state corresponding to tungsten metal generate intermediate energy levels between the standard energy level of ZnO, resulting in the enhancement of charge carriers in the ZnO system [40]. It is worth mentioning here that the ionic radii of W+6 (0.64 nm) are relatively smaller than that of Zn2+ (0.74 nm); because of this, W+6 can effortlessly substitute Zn2+ ions in the ZnO lattice. As we can see, the Zn2+ and W+6 atoms have an electronic difference of four, and each tungsten atom has the ability to donate one or more electrons to the lattice, increasing the photocatalytic activity [41].



The current work aimed to improve the photocatalytic competence of nanocomposites by creating a hybrid heterojunction of g-C3N4, ZnO-W and the addition of cobalt metal in various concentrations of g-C3N4/ZnO-W/Cox. The consequence of transition metal doping on the optical properties of g-C3N4 and ZnO has been explored. Transition-metal-doped g-C3N4/ZnO-W/Cox composites have been investigated using various characterization techniques such as XRD, FTIR and SEM. The designed heterostructure exhibits a structure that may hinder the recombination rate of photoinduced electron–hole (e−/h+) pairs and act as mighty adsorbents for the pollutant molecules. The resulting hybrid exhibited outstanding photocatalytic and cycling stability under visible light irradiation. The photoactivity of the as-synthesized g-C3N4/ZnO-W/Cox hybrid heterojunction nanocomposite towards methylene blue (MB) dye solution was evaluated separately for each sample. MB was selected as a model pollutant due to its wide usability in many industries such as the textile, dyeing, printing, paper and plastic industries. It causes mutagenic and carcinogenic effects in living organisms [42,43]. The concentration of Co dopant was varied and its effect on the photocatalytic ability of the synthesized catalyst was systematically investigated. This study proposes an active method that addresses environmental pollutants using hybrid heterojunction nanocomposite-based catalysts for wastewater treatment.




2. Results and Discussion


2.1. XRD Analysis


The effect of Co doping and W modification in the crystal phases of the synthesized hybrid heterojunction nanocomposite g-C3N4/ZnO-W/Cox were characterized by the X-ray diffraction (XRD) technique. The XRD pattern of the synthesized hybrid nanocomposite is shown in Figure 1a–f, which indicates that sharp and strong diffraction peaks in the spectral images of synthesized photocatalyst are well matched with ZnO (hexagonal wurtzite, space group: P63mc) and g-C3N4 (hexagonal, space group: P-6m2). There is no additional peak belonging to secondary phases or hydroxides observed in all samples. The intense and sharp diffraction spectral pattern corresponds to the highly crystalline nature of the grown nanocomposites. The XRD spectra of the grown nanocomposites with varied cobalt concentrations showed diffraction peaks of ZnO (JCPDS card No. 00-001-1136) at 2θ = 31.8°, 34.3°, 36.4°, 47.5°, 57.1°, 63.2°, 67.8°, 68.9° and 76.8° with the corresponding Miller indices of (100), (002), (101), (102), (110), (103), (112), (201) and (202) and peaks of g-C3N4 (JCPDS card No. 01-087-1526) at 2θ = 13.1°, 21.6°, 25.3°, 26.5°, 37.9°, 40.3°, 44.0°, 52.1°, 59.3°, 59.5°, 70.0° and 74.1° with the corresponding Miller indices of (001), (100), (101), (002), (110), (003), (200), (202), (104), (210), (301) and (105), respectively. A weak peak observed at 2θ = 13.40° exhibiting Miller indices values of (001) corresponds to a tri-s-triazine unit of carbon nitride. The decrease in the intensity of this peak in some samples may be attributed to more random plane ordering during the condensation reaction to form the g-C3N4 structure. The peak may be reduced with the increasing dopant concentration, indicating strong interaction between the host and dopant species [44,45]. The strong peak at 26.5° is attributed to the long-range interlayer stacking reflection of the conjugated aromatic system and corresponds to graphitic materials. [46]. The diffraction peak of g-C3N4 remains integral, confirming that metal doping does not affect the peaks of carbon nitride, but a decreased peak intensity in the composites corresponds to the effective insertion of the dopant [47]. All of the characteristic peaks of carbon nitride and ZnO are present in the hybrid composite but with lesser intensities suggesting successful synthesis of the crystalline nature composites. The crystallite size of the synthesized composites was determined by the Scherrer equation.


D = (kλ/βhkl cosθ),



(1)




where D is the particle size (nm), λ is the wavelength of the radiation (Å), k is the constant coefficient (0.94), βhkl is the peak width at half-maximum intensity and ϴ is the peak position [48]. In the present research and according to this equation, the crystallite size of all samples was about 15–16 nm. Different structural parameters of g-C3N4/ZnO-W/Cox nanocomposites determined from spectral XRD patterns are shown in Table 1.




2.2. FTIR Analysis


The FTIR spectra of various metal-doped hybrid composites are shown in Figure 2a–f. The FTIR spectra were recorded in the range of 500 cm−1 to 4500 cm−1 for the elucidation of various functional groups existing in the synthesized hybrid nanocomposite. The FTIR analysis revealed all the characteristic transmittance peaks of g-C3N4, ZnO and W, confirming the synthesis of the hybrid composites. The formation of the ZnO wurtzite structure and the effect of W addition in ZnO were characterized by FT-IR spectral analysis, as shown in Figure 2a–f. The peaks in the vicinity of 600–700 cm−1 are attributed to the formation of a metal–oxygen bond and belong to the vibrational bending mode of Zn–O, whereas the absorption peak above 1000 cm−1 corresponds to the stretching mode of the Zn–O bond [49]. The two peaks in the region of 630–780 cm−1 correspond to the O-W-O and W-O-W groups. An absorption peak at 800–850 cm−1 corresponds to the 1,3,5-triazine ring breathing model [50]. The peak in the region of 1200–1600 cm−1 corresponds to the stretching vibrations of CN heterocycles. The absorption band observed at 1630–1640 cm−1 was due to stretching vibrations of C=C [51]. The broad band at 3100 cm−1 belongs to the vibrational mode of the residual N–H group of graphitic carbon nitride, whereas the broad band at 3500 cm−1 and in the range of 1600 cm−1 is attributed to the stretching of water and hydroxyl groups on the surface of the sample molecules [52,53]. An absorption peak observed at 2300–2400 cm−1 was attributed to metal doping in ZnO [54]. A small absorption peak at 2000 to 2100 cm−1 accounts for the additional stretching modes observed due to the interaction of the metal with g-C3N4 and ZnO. The absorption band located at 950–1000 cm−1 corresponds to the symmetric stretching of W=O bond cluster boundaries [55].




2.3. SEM and EDS Analysis


The geometrical shape, morphology and porosity of the synthesized composites are the main factors to determine the degradation efficiency of the photocatalyst and were well evaluated by scanning electron microscopy (SEM). The representative field emission scanning electron microscopy (FESEM) images in the presence of Co dopant are illustrated in Figure 3a–f and show the morphology of the synthesized hybrid composites, revealing a uniform and smooth sheet-like structure with aggregation of particles as an outcome of metal doping on carbon nitride. Firstly, the deposition of W did not affect the rod-like structure, average lengths and diameters of the ZnO nanorods, as shown in Figure 3a–f [56]. It can be seen that the ZnO-W dispersed irregularly in the form of small particles on the surface of g-C3N4. The heterojunction of ZnO-W and g-C3N4 causes no drastic effect on the morphology of ZnO-W [57]. The metal-doped material exhibited a thick micro-size morphology distributed unevenly over the area of the sample. The interface of ZnO with g-C3N4 grew into a slacked interlinked network consisting of elongated fibers and led to the formation of a structure with an increased surface area, which may result from gases that evolved during the thermal polymerization reaction. The SEM study revealed a particle size of 15–16 nm. No prominent difference in the morphology, particle size and shape of the samples with different concentrations of doped metals was observed [58].



Energy-dispersive X-ray (EDX) is a widely employed tool used by today’s materials scientists and is used in conjunction with SEM (scanning electron microscopy). An EDX detector delivers more supplementary evidence about a sample than SEM alone. EDX spectral analysis generates quick qualitative information as well as a sample. The typical EDS spectrum of g-C3N4/ZnO-W/Cox is shown in Figure 4 and confirms the formation of a carbon nitride–ZnO-W heterojunction with cobalt metal. Peaks attributed to C, N, O, Zn, W and Co reveal quantitative information, enabling researchers to identify both types of elements as well as the percentage of each element’s concentration within the elemental composition of the synthesized hybrid nanocomposites. The reactants used were chlorides and sulphates; hence, the unsolicited peaks attributed to Cl, S and Mn were also experiential, thus corresponding to impurities present within the sample. The high-weight oxygen peak in the spectrum was also observed and belonged to environmental oxygen in the scanned sample [55].




2.4. Optical Analysis/Band Gap Tuning


To understand the optical properties of the prepared nanocomposites, a valuation of optical response was carried out by recording UV visible spectra and then defining the band gap energies of the synthesized hybrid nanocomposites in the range of 200–800 nm. The absorbance spectra and band gap energies of the synthesized nanocomposites with varying cobalt concentrations are shown in Figure 5a–f and Figure 6a–f, respectively. The established heterojunction between carbon nitride ZnO-W and dopant metal cobalt enhanced the light absorption ability of the synthesized composites. g-C3N4/ZnO-W/Co(0.10) exhibited more absorption in the visible region as compared to other cobalt concentrations and possessed the highest photocatalytic activity [41]. It was observed that an increase in the concentration of dopant metal causes increases in light absorption intensity and the number of photogenerated (e−/h+) pairs and thus, the enrichment observed in the number of active species, which enhances the photocatalytic activity of the sample [59].



Using the Tauc plots of the band gap energies of the g-C3N4/ZnO-W/Cox hybrid heterojunction nanocomposites (x = 0.001, 0.003, 0.005, 0.007, 0.009 and 0.01 M), they followed the order of 3.22, 3.10, 2.83, 2.65, 2.32 and 2.28 eV, respectively. These values indicate that a significant decrease in the band gap values of the synthesized hybrid heterojunction composites is observed with an increase in the concentration of cobalt (doped metal) [60]. The hybridization of ZnO-W with g-C3N4 and cobalt triggered a decrease in the band gap energy, and this reduced band gap of g-C3N4/ZnO-W/Co could lead to better absorption of light in the visible region preferring more electron–hole (e−/h+) pair formation and thus resulting in heightened photocatalytic activity. Among the synthesized nanocomposites of varying cobalt concentrations, g-C3N4/ZnO-W/Co(0.010) exhibited the lowest band gap value of 2.28 eV, enabling the hybrid heterojunction nanocomposite to degrade the pollutant more efficiently [61].




2.5. Photocatalytic Activity


The photocatalytic activity of the g-C3N4/ZnO-W composites was analyzed as a function of Cox doping concentration (x = 0.001, 0.003, 0.005, 0.007, 0.009 and 0.010). It is imperative to mention here that all the synthesized composites were found to be photo-catalytically active. The spectral images representing the photocatalytic degradation of the examined dye are shown in Figure 7a–f. The degradation efficiency of g-C3N4/ZnO-W/Cox follows the order g-C3N4/ZnO-W/Co(0.010) > g-C3N4/ZnO-W/Co(0.009) > g-C3N4/ZnO-W/Co(0.007) > g-C3N4/ZnO-W/Co(0.005) > g-C3N4/ZnO-W/Co(0.003) > g-C3N4/ZnO-W/Co(0.001) with 90 %, 87 %, 85 %, 82 %, 78 % and 75 %, respectively, under the irradiation time of 90 min. It is observed that the degradation efficiency of g-C3N4/ZnO-W/Co(0.010) is higher as compared to other composites, thus revealing that an increased concentration of dopant metal increases the surface barrier resulting in a narrower charge region [55]. Consequently, this suppresses the electron–hole pair recombination and the enhancement in degradation activity. The concentration of doped metal plays an important role in the photodegradation mechanism of the as-synthesized catalyst. An optimum increase in the metal concentration provides amended results, but beyond this optimum amount, the excess metal particles cause agglomeration leading to the recombination of electron–hole pairs; thus, this could suppress the transfer rate of photo-induced charges and decrease the photocatalytic activity of the catalyst [45]. The linear fit model was applied to study the kinetics of the photodegradation reaction quantitatively, given as


Ct = C0 e−kt



(2)






−ln(Ct/C0) = kt



(3)




where k is the first order rate constant. By plotting −ln (Ct/C0) on the y-axis and irradiation time (t) on the x-axis, a straight line is obtained, as shown in Figure 9a and k is calculated from the slope. The calculated values of constant rate k for different dyes are shown in Table 2, whereas the R2 values signify that the reaction exhibits first-order kinetics.




2.6. Photodegradation Mechanism


Theoretical deliberation of any semiconductor photocatalytic mechanism is based on the knowledge of conduction and valence band potentials and redox potentials. In order to accomplish photocatalytic reactions efficiently, the conduction band potentials must be more negative than the potentials of reduction reactions, while the valence band potentials must be located more positively than the potentials of oxidation reactions [62]. In general, irradiation of light on a photocatalytic material results in photogenerated an electron–hole pair. These electrons and holes combine with oxygen and water molecules resulting in the formation of strong hydroxyl radicals and super oxides, which cause the degradation of toxic organic dyes into non-toxic end products, e.g., H2O, CO2 and some mineral acids [63]. The pristine ZnO exhibits less activity than the W-doped material because the W-ion generates an intermediate energy level between the valance band and conduction band, causing the deception of photo-excited electrons from the conduction band level. This deception of electrons in the intermediate level deferred the recombination of the electron–hole pair resulting in enhanced photocatalytic activity. Another advantage associated with tungsten as a dopant is its ionic state, i.e., W+6. When Zn+2 is replaced by a W+6 number of charge carriers in the ZnO system of semiconductor material increased and an improved degradation efficacy can be attained [64].



The charge transfer mechanism accountable for the photocatalytic activity of the g-C3N4/ZnO-W/Cox heterojunction can be well explained in terms of the configuration of the valance band (VB) and conduction band (CB) positions in g-C3N4 and ZnO using visible light irradiation. The band alignment of carbon nitride and ZnO is verified by determining potential energy level calculations using Equations (4) and (5):


ECB = X − Ee − 0.5Eg



(4)






EVB = ECB + Eg



(5)




where ECB and EVB are the conduction band and valance band edge potentials, respectively, X corresponds to the electronegativity of the semiconductor and Ee represents the energy of free electrons in the hydrogen scale [65]. The X = 5.79 and 4.64 eV for ZnO and carbon nitride, whereas the band gaps of ZnO and g-C3N4 are 3.37 and 2.70 [66] respectively. The calculated ECB and EVB values for ZnO are −0.395 and 2.975 respectively, whereas for g-C3N4, they are −1.21 and 1.49 respectively [67]. When the g-C3N4/ZnO-W/M composite was irradiated with visible light, the electrons shifted from the valence band (VB) of g-C3N4 to its conduction band (CB). These excited electrons floated towards the CB of ZnO because the CB edge potential of g-C3N4 −1.21 eV is more negative than that of ZnO −0.395 eV. The doped metal acts as an electron accepter resulting in a Z-scheme heterojunction, as presented in Figure 8, and it trapped more electrons towards itself, resulting in diminished recombination of charged species in the system and it being responsible for the amplified photocatalytic activity of the synthesized catalyst.




2.7. Active Species Analysis and Reusability Test


To probe the role of the key scavenger for MB degradation by the as-synthesized hybrid composite g-C3N4/ZnO-W/Co(0.010) under sunlight irradiation, ammonium oxalate (AO), isopropanol (IPA) and benzoquinone (BQ) scavengers were used as trapping agents to remove holes (h+), hydroxyl radicals (·OH) and superoxide radicals (·O2−), respectively [51]. The degradation efficiency of MB was suppressed by 92 to 31.28 % when BQ was added to the dye solution. In the same way, the addition of (AO) deteriorated the degradation efficacy from 95 to 75 %. In addition, the dye degradation efficiency was reduced to 61% upon the introduction of (IPA). Thus, it is obvious from the experimental results that the holes act as dominant oxidative species and superoxide radicals correspond to the minor oxidative species in the photodegradation mechanism, whereas the hydroxyl radicals act as a second oxidative species during the photodegradation of methylene blue. The MB dye degradation performance on g-C3N4/ZnO-W/Co(0.010) compared with other catalysts is shown in Table 3.




2.8. Reusability Test


The stability of the fabricated hybrid composite g-C3N4/ZnO-W/Cox was analyzed by conducting recyclability and reusability experiments for five cyclic runs, as shown in Figure 9d. The photocatalyst used was re-collected via centrifugation at the end of every experimental run, rinsed thrice with distilled water and dried using an oven at 70 °C. After each catalytic cycle, the catalyst was weighed and examined for its efficacy in degradation. The catalyst was reused for the next cycle by keeping the other conditions identical. The photocatalytic degradation efficiency was found to be almost the same for all reactions, and a minor abatement in activity with every cyclic run was attributed to the loss in the amount of photocatalyst during the process of recollection. This demonstrates that the reported hybrid heterojunctions exhibit high mechanical stability and reusability.





3. Materials and Methods


3.1. Materials


Urea (NH2CONH2) 99%, cobalt acetate tetrahydrate (Co(CH3COO)2.4H2O) 99%, sodium hydroxide (NaOH) 98%, sodium tungstate (Na2WO4) 97.0%, zinc sulphate heptahydrate (ZnSO4.7H2O) 99%, hydrochloric acid (HCl) 37%, ethanol (analytical grade), methylene blue and distilled water. All materials are from a commercial source (Sigma Aldrich, St. Louis, MO, USA) and were used without extra purification.




3.2. Synthesis of g-C3N4


The g-C3N4 was synthesized by temperature-controlled single-step polymerization of nitrogen-rich compound urea as a precursor. Approximately 10 g of urea was placed into a crucible. Then, the sample was heated using a temperature-controlled programmed up to 550 °C for 5 h. The yellow-coloured g-C3N4 was collected in solid form and ground to form fine powder in a mortar and then used for further modification [44].




3.3. Synthesis of ZnO (NPs)


ZnO (NPs) was prepared by dissolving 5 mmol of zinc sulphate heptahydrate (1.485 g) in 50 ml of deionized water. Then, an equimolar amount of NaOH (0.2 g dissolved in water) was added dropwise and the pH was maintained at 9. The mixture was then stirred for 12 h. Yellowish precipitates of zinc oxide were obtained by filtration and then dried at 100 °C in a furnace for 2 h. The obtained product was ground to form a fine powder and calcined at 500 °C for 5 h. As a result, zinc oxide nanoparticles were obtained [44].




3.4. Synthesis of the g-C3N4/ZnO-W Composite


The g-C3N4/ZnO-W (W = tungsten) was synthesized by dissolving 1 g of previously prepared g-C3N4 in 40 mL of deionized water. Then, 0.05 g of ZnO NPs and 0.01 g of sodium tungstate were dispersed in 30 mL of deionized water, and the solution was ultrasonicated for 30 min. Both solutions were mixed together and transferred to a round bottom flask. Approximately 10 mL of 0.1 M NaOH was added dropwise to the mixture solution and stirred vigorously for about 8 h. The final product g-C3N4/ZnO-W formed was washed with deionized water and ethanol several times and dried at 60 °C for about 48 h [44].




3.5. Synthesis of the g-C3N4/ZnO-W/Cox Nanocomposites


For the preparation of g-C3N4/ZnO-W/Cox, 1 g of the synthesized g-C3N4/ZnO-W composite was dissolved in 50 mL of deionized water. After that, Co (CH3COO)2.4H2O with different concentrations (x = 0.001, 0.003, 0.005, 0.007, 0.009 and 0.01 M) was added and sonicated for 30 min. The pH of the solution was maintained at 9 by dropwise addition of NaOH. Then, the whole solution was shifted to a round bottom flask and stirred for 8 h. After that filtration, the product obtained was subsequently dried at 100 °C for 12 h. The schematic representation of the synthesis of the g-C3N4/ZnO-W/Cox hybrid composites is shown in Figure 10 [44].




3.6. Photocatalytic Activity


The photocatalytic activity of the synthesized nanocomposites for methylene blue was examined by using a UV–visible spectrophotometer (Shimadzu UV-1240, Shimadzu Europe). The photocatalytic experiment was carried out on consecutive sunny days between 10 a.m. to 1 p.m. in the month of March (Pakistan). The flux density of the sunlight was determined using a digital flux meter with 20 min time intervals. The calculated flux density was 64,520 ± 100 This result confirms that sunlight intensity remains constant during the experiments. Firstly, a 10 ppm solution of MB dye was prepared in distilled water where 0.05 mg of the synthesized composite was dispersed. The solution was allowed to stir continuously for 1 h under dark conditions to attain adsorption–desorption equilibrium between the catalyst and dye. After this solution was continuously stirred for 90 min under sunlight illumination and after every 15 min interval, the sequential samples were investigated to record the UV visible absorption spectrum at λmax = 665 nm to estimate the degradation efficiency of the catalyst [74,75]. The percentage degradation was calculated using the mathematical expression (6).


Degradation efficiency (η) = C0 − Ct/C0 × 100



(6)




where C0 is the initial concentration of the dye solution and Ct is the concentration of the dye solution measured at different time intervals during the photocatalytic reaction.




3.7. Characterisation


Structural parameters of the synthesized composites such as the average crystallite size (D), lattice parameters (a and c) and unit cell volume (Vcell) were investigated by a JEOL X-ray diffraction meter fortified with CuKα radiations (wavelength = 1.5418 Å) (Tokyo, Japan). An Alpha-Bruker Fourier transform infrared spectrophotometer (FTIR) (Mannheim, Germany) was used for structural elucidations of the synthesized hybrid nanocomposites. Meanwhile, energy-dispersive X-ray spectroscopy (EDX) spectra of the samples were obtained using INCA 100 (Oxford, UK, JEM-2100). The morphological analysis of the synthesized composites was affirmed by a scanning electron microscope (JEOL, Japan JSM5910). On the other hand, a UV–visible spectrophotometer (Cecil CE 7400, Waltham, MA, USA) was used to record the absorbance of the dye solutions.





4. Conclusions


This research aimed to investigate the effect of cobalt doping on the electronic, optical, morphological, physical and photocatalytic properties of g-C3N4 and ZnO. The series of g-C3N4 /ZnO-W materials doped with various concentrations of cobalt were synthesized via the coprecipitation method. The XRD and FTIR analyses indicated the formation of hybrid heterojunctions g-C3N4/ZnO-W/Cox composites. The analyses revealed that pristine ZnO exhibits less activity as compared to the W-doped material because the W-ion generates an intermediate energy level between the valance band and the conduction band, causing the deception of photo-excited electrons from the conduction band level. This deception of electrons in the intermediate level deferred the recombination of the electron–hole pair resulting in enhanced photocatalytic activity. Another advantage associated with tungsten as a dopant is its ionic state, i.e., W+6. When Zn+2 is replaced by W+6, the number of charge carriers increases in the ZnO system of the semiconductor material, and an improved degradation efficacy can be attained. The structural and optical analyses were used to study the doping effect of metal which revealed greatly improved charge carrier separation and suppressed their recombination. The effective consequences were in favor of the remarkably enhanced light absorption, photodegradation and reusability efficiencies of the synthesized materials for organic dye.
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Figure 1. XRD patterns of the g-C3N4/ZnO-W/Cox hybrid heterojunction nanocomposites: (a) g-C3N4/ZnO-W/Co(0.001), (b) g-C3N4/ZnO-W/Co(0.003), (c) g-C3N4/ZnO-W/Co(0.005), (d) g-C3N4/ZnO-W/Co(0.007), (e) g-C3N4/ZnO-W/Co(0.009) and (f) g-C3N4/ZnO-W/Co(0.01). 
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Figure 2. FTIR spectra of the g-C3N4/ZnO-W/Cox hybrid heterojunction nanocomposites: (a) g-C3N4/ZnO-W/Co(0.001), (b) g-C3N4/ZnO-W/Co(0.003), (c) g-C3N4/ZnO-W/Co(0.005), (d) g-C3N4/ZnO-W/Co(0.007), (e) g-C3N4/ZnO-W/Co(0.009) and (f) g-C3N4/ZnO-W/Co(0.01). 
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Figure 3. SEM micrographs of the g-C3N4/ZnO-W/Cox hybrid heterojunction nanocomposites: (a) g-C3N4/ZnO-W/Co(0.001), (b) g-C3N4/ZnO-W/Co(0.003), (c) g-C3N4/ZnO-W/Co(0.005), (d) g-C3N4/ZnO-W/Co(0.007), (e) g-C3N4/ZnO-W/Co(0.009) and (f) g-C3N4/ZnO-W/Co(0.01). 
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Figure 4. (a) EDS spectrum of the g-C3N4/ZnO-W/Co(0.01) hybrid heterojunction composite. (b–g) elemental mapping images of C, N, W, Zn, O and Corespectively. 
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Figure 5. Absorbance spectra of the g-C3N4/ZnO-W/Cox hybrid heterojunction composites: (a) g-C3N4/ZnO-W/Co(0.001), (b) g-C3N4/ZnO-W/Co(0.003), (c) g-C3N4/ZnO-W/Co(0.005), (d) g-C3N4/ZnO-W/Co(0.007), (e) g-C3N4/ZnO-W/Co(0.009) and (f) g-C3N4/ZnO-W/Co(0.01). 
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Figure 6. The Tauc plots of the g-C3N4/ZnO-W/Cox hybrid heterojunction nanocomposites with different doping (cobalt) concentrations: (a) g-C3N4/ZnO-W/Co(0.001), (b) g-C3N4/ZnO-W/Co(0.003), (c) g-C3N4/ZnO-W/Co(0.005), (d) g-C3N4/ZnO-W/Co(0.007), (e) g-C3N4/ZnO-W/Co(0.009) and (f) g-C3N4/ZnO-W/Co(0.01). 
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Figure 7. Photocatalytic degradation of the different g- C3N4/ZnO-W/Cox hybrid heterojunction composites: (a) g-C3N4/ZnO-W/Co(0.001), (b) g-C3N4/ZnO-W/Co(0.003), (c) g-C3N4/ZnO-W/Co(0.005), (d) g-C3N4/ZnO-W/Co(0.007), (e) g-C3N4/ZnO-W/Co(0.009) and (f) g-C3N4/ZnO-W/Co(0.01). 
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Figure 8. Hybrid Z-scheme heterojunction in dopant (Co)’s presence. 
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Figure 9. (a) Linear fit. Model kinetics plots for the MB dye. (b) Influence of radical scavengers on the photodegradation of MB. (c) % degradation of the g-C3N4/ZnO-W/Cox hybrid composite. (d) Reusability experiment of the hybrid composite g-C3N4/ZnO-W/Cox for the photocatalytic degradation of MB dye. 
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Figure 10. Schematic representation of the synthesis of the g-C3N4/ZnO-W/Cox hybrid heterojunction nanocomposites. 
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Table 1. Geometric parameters of g-C3N4/ZnO-W/Cox nanocomposites determined by XRD analysis.
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	Sample
	a (Å)
	c (Å)
	Volume (Å)3
	Crystallite Size (nm)
	Strain ε

(nm−2)
	Dislocation Density
	Lattice Spacing





	g-C3N4/ZnO-W/Co(0.001)
	3.432
	6.029
	61.523
	15.183
	2.424 × 10−6
	4.337 × 10−6
	2.731



	g-C3N4/ZnO-W/Co(0.003)
	3.265
	5.748
	53.092
	15.811
	2.353 × 10−6
	3.999 × 10−6
	2.742



	g-C3N4/ZnO-W/Co(0.005)
	3.392
	5.964
	59.454
	15.823
	2.351 × 10−6
	3.994 × 10−6
	2.715



	g-C3N4/ZnO-W/Co(0.007)
	3.306
	5.820
	55.113
	15.840
	2.349 × 10−6
	3.985 × 10−6
	2.794



	g-C3N4/ZnO-W/Co(0.009)
	3.312
	5.829
	55.412
	15.786
	2.356 × 10−6
	4.012 × 10−6
	2.793



	g-C3N4/ZnO-W/Co(0.010)
	3.231
	5.689
	51.440
	15.826
	2.351 × 10−6
	3.992 × 10−6
	2.721
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Table 2. Degradation efficiency (%), kinetic rate constant (k) and R2 values of the hybrid heterojunction nanocomposites.
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	Sample
	Dye
	Degradation Efficiency %
	Rate Constant (k)

(min−1)
	R2
	Band Gap

(±0.1 eV)





	g-C3N4/ZnO-W/Co(0.001)
	MB
	75
	0.024
	0.989
	3.22



	g-C3N4/ZnO-W/Co(0.003)
	MB
	78
	0.025
	0.985
	3.10



	g-C3N4/ZnO-W/Co(0.005)
	MB
	82
	0.027
	0.996
	2.83



	g-C3N4/ZnO-W/Co(0.007)
	MB
	85
	0.029
	0.988
	2.65



	g-C3N4/ZnO-W/Co(0.009)
	MB
	87
	0.031
	0.988
	2.32



	g-C3N4/ZnO-W/Co(0.010)
	MB
	90
	0.037
	0.993
	2.28
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Table 3. Comparison of the MB dye degradation results with the published literature.
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	Catalyst
	Catalyst (g/L)
	Irradiation Time
	Irradiation Source
	% Degradation
	Reference





	Ca0.5Pb0.5−xYbxZnyFe12−yO19
	0.5 g/L
	90 min
	Visible light
	96.1%
	[68]



	ZnO/PMOS
	10 mg/30 mL
	60 min
	Visible light
	48%
	[69]



	Urea and [Zn(hmp-H)2(H2O)(μ-Cl)Zn (μ-Cl)(Cl)3]
	0.02 g/L
	150 min
	Visible light
	84%
	[70]



	g-C3N4-PANI
	100 mg/L
	160 min
	Visible light
	92%
	[71]



	Ag/g-C3N4 hybrid catalyst
	1 g/L
	300 min
	300 W Xe lamp
	58%
	[72]



	g-C3N4/TiO2 films
	NM
	180 min
	50 W Halogen Lamp
	68%
	[54]



	ZnO/rGO
	1.5 g/L
	250 min
	Hg lamp, 500 W
	88%
	[73]



	g-C3N4/ZnO-W/Co(0.010)
	0.05 mg/L
	90 min
	Visible light
	90%
	Present work
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