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Abstract

:

A carbon aerogel (CA)-assisted CdS nanocomposite was prepared by hydrothermal process and was investigated as a photocatalyst towards the photodegradation of methylene blue (MB) dye and colorless phenol under visible light irradiation (VLI). CdS have attracted wide attention due to their relatively narrow band gap for the visible light effect and the suitably negative potential of the conduction band (CB) edge for the neutralization of H+ ions. The obtained characterization results suggest that the CA-assisted CdS nanocomposite has enhanced photophysical properties, a more surface area, and the desired morphology at the nm scale. Under optimization, CdS CA 8% shows superior catalytic activity for degradation compared with other samples. The photocatalytic activities of the as-synthesized samples were examined under VLI through the MB and phenol degradation. Compared with pure CA and CdS, the CA (8%)-assisted CdS nanoparticles (NPs) offer significantly enhanced photocatalytic efficiency for MB and phenol. The mechanism of photocatalytic reaction was examined by adding various scavengers, and the results revealed that the holes generated in CA (8%)-assisted CdS NPs have a crucial impact on the visible light photocatalytic process. The improved photocatalytic degradation was due to the strong interaction between the CA and CdS NPs.
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1. Introduction


A diversity of organic dyes have been extensively utilized in different industries, such as the ink, ceramic, paper, cosmetics, textile, and food processing industries [1,2,3], and these wastewater cause environmental hazards to humans, microorganisms, and animals. The removal of pollutants from wastewater has concerned much consideration in recent years. Therefore, numerous efforts have been made to remove dyes from wastewaters, such as oxidation, carbon adsorption, photodegradation, biodegradation, electrolytic chemical treatment, chemical precipitation, and to processes membrane [4,5,6]. Among the various approaches, photocatalysis is an important process for the organic dyes removal in aqueous media. Semiconductor based materials, such as TiO2, CdS, ZnS and ZnO, have been widely utilized for photocatalytic dye degradation [7,8,9]. Though, the photodegradation efficiency is limited by numerous factors, such as restrictive the absorption light to only UV light and the electrons (e−) and holes (h+) rapid recombination. Organic pollutants can be proficiently degraded via the creation of photoinduced electrons/holes under VLI. In commercial applications, semiconductor materials are hindered by their fundamental defects, such as a low quantum efficiency and the poor electronic properties of nanoparticles [10]. So, modifying a semiconductor with a narrow band gap can increase the photocatalytic behavior by utilizing high solar light, stimulating interfacial transfer of electron and decreasing recombination of charge [11,12,13].



In contrast, sulfide-related photocatalysts have received ample attention in contemporary years due to their outstanding VLI responses and outstanding photocatalytic performance [14,15]. In the past few decades, various metal sulfide-related photocatalysts have been reported for water splitting because the sulfides of transition metals have an appropriate conduction-band locus and an associated narrow band gap; hence, such compounds are used as visible light-responsive photocatalysts [16,17,18], in contrast to other semiconducting wide band gap materials that have played a prominent role in the photocatalytic process, especially cadmium sulfide (CdS) particles, which are prominent photocatalytic materials under visible light irradiation [19,20,21]. Generally, CdS is a direct band gap (2.4 eV) material that exhibits superior photophysical and photochemical properties. Hence, it can efficiently absorb visible light. CdS nanoparticles possess a sufficient conduction band edge and adequate negative reduction potential to replenish H+ ions and retain a narrow band gap [22,23,24]. Nevertheless, there are some difficulties in using CdS, such as the limited light absorption and fast recombination of photoexcited charge carriers [25]. The improvement of the photocatalytic activity of CdS is a vital concern, so many research studies are focusing on improving the catalytic activity of CdS particles through their composition.



On the other hand, the incorporation and composition of CdS nanoparticles in carbon-based materials have received increasing interest [20,26,27]. CdS nanoparticles (NPs) are broadly employed as photoadsorbents due to their unique surface morphology and porosity. Therefore, many scientists have dedicated efforts to investigating new combinations of materials to enhance the nanostructure and porosity properties [19,28]. Xiubing Li et al. prepared a 3D porous aerogel with tungsten oxide nanowires, and the photocatalytic activities against organic dyes were investigated [29]. Similarly, Yuning Jin el.al. also investigated TiO2/carbon aerogel as a catalyst for the removal of dye [30].



In light of the above ideas, we prepared carbon aerogel-assisted CdS photocatalysts with different weight percentages (1–8%) through a simple hydrothermal process. The photodegradation performance and the degradation mechanisms of the carbon aerogel (CA)-assisted CdS nanoparticles were examined against organic dye and colorless phenol under a visible photodegradation process. This work offers an active method for the treatment of wastewater to address environmental pollutants by using CA with CdS NPs.




2. Materials and Method


In this experiment, all the reagents and chemicals were attained from Shanghai Chemical Reagent Factory, China and utilized as such without additional purification.



2.1. Preparation of Carbonaceous Aerogel (CA)


The CA was synthesized by a simple hydrothermal technique, and a required amount of chitosan was dispersed in water. The homogeneous chitosan solution was kept in an autoclave and heated at 180 °C for 12 h. After natural cooling, to obtain a carbonaceous hydrogel, the as-obtained black CA was thoroughly rinsed with a 1:1 volume ratio ethanol:water mixture for the removal of impurities. The obtained hydrogel was treated by lyophilization for 36 h using a high-vacuum freeze-drying process at −50 °C.




2.2. Synthesis of CdS/CA


The Cadmimum sulpide/carbon aerogel (CdS/CA) composites were produced by hydrothermal treatment. For instance, Cd (NO3)2·4H2O (5 mmol) and thiourea (TU, 7.5 mmol) were dissolved in 0.05 L of ethylene glycol (EG) under sonication; then, 100 mg of CA was fully immersed into the above solution. The reaction mixture was placed in an autoclave and heated at 160 °C for 12 h. After cooling, the CdS/CA was thoroughly washed with an ethanol and water mixture to remove the impurities on the surface of the CdS/CA. Finally, CdS/CA was obtained by lyophilizing CdS/CA for 36 h using a high-vacuum freeze-drying process at –50 °C. A similar procedure was used to synthesize other composites, viz., 2, 4, 6 and 8 wt %.




2.3. Characterization Details


XRD studies of the as-prepared materials was accomplished on a Bruker AXS (Bruker, Karlsruhe, Germany) diffractometer with a diffraction 2θ range between 5° and 70°. The functional groups of the materials were inspected by FTIR spectroscopy using a Bruker Tensor 27. Raman spectrometry was used to examine the interatomic interactions of the prepared samples by using a Thermo Fisher DXR (USA) equipped with an HeNe laser. Absorption studies was performed by utlizing a UV–Vis-NIR spectrophotometer SHIMADZU 3600 (SHIMADZU, Kyoto, Japan). The surface structure and elemental mapping of the prepared material were inspected through SEM analysis by a Hitachi S-4800 (Hitachi, Chiyoda, Japan) and Horiba EMAX Energy EX-350 (Horiba, Kyoto, Japan), which were operated at 10 kV. The internal morphology of the CdS/CA composites was investigated through TEM analysis with the help of a JEOL-JEM-2010 ((JEOL, Akishima, Tokyo, Japan).




2.4. Photocatalytic Reaction Test


The photocatalytic dye degradation ability of the prepared samples was studied by the degradation of aqueous MB dye under VLI. The reaction mixture was done by dispersing 0.25 g of photocatalyst in 0.1 L of MB dye solution containing an initial con. of 10 mg/L. Light was delivered by a xenon light of 500 W power, and prior to illumination, the photocatalyst and suspension of dye was mixed for 5 min and retained in a dark room for half hour to confirm desorption/adsorption equilibrium between MB and catalyst. After 30 min, 3 mL of the dye was removed by centrifugation to split the catalytic particles from the solution. After, the absorbance of the acquired supernatant dye concentration was measured by a UV–vis–NIR spectrophotometer UV-3600 (Shimadzu, Kyoto, Japan).





3. Results


Figure 1 displays the XRD patterns of CdS/CA samples with various weights. When increasing the concentration of CA, no noticeable variations were found in the XRD patterns. The diffraction patterns of the CdS are well matched to hexagonal CdS (JCPDS card no. 80-0006) [31]. The observed 2θ values for CdS are 25.6°, 23.9°, 27.2°, 35.48°, 42.15°, 46.36°, 50.6°, 50.9°, 56.32°, and 64.32°, which closely match the (100), (002), (101), (102), (110), (103), (200), (112), and (202) crystalline planes of the hexagonal of CdS, respectively. The absence of carbon peaks indicates a relatively low concentration of carbon aerogel, which did not disturb the CdS crystal structure [32]. The CA content in the CdS hybrid aerogels increased with weight ratio up to 8% CA.



The FTIR spectra of all the as-prepared materials are shown in Figure 2. The bands located between 3400 and 3600 cm−1 in all the spectra can be attributed to the stretching frequency of adsorbed H2O [33]. Similarly, the peak at 1630 cm−1 can be attributed to the bending vibrations of adsorbed H2O. The characteristic peaks at approximately 1650, 1400, and 1050 cm−1 may be attributed to the natural vibrations due to stretching of C=O/C=C, COO, and C-C-C, respectively [34]. The distinctive bands of absorption at 1115 and 1387 cm−1 are because of the Cd-S bonds stretching vibrations [35]. Likewise, the peaks below 1000 cm−1 represent the stretching modes of metal sulfides, which confirms the formation of M-S in the synthesis [36]. The M-S vibrations, and the C-C stretching vibrations, are indication for the establishment of the CdS CA nanocomposite. The intensity of the absorption peak of CdS is decreased slightly upon enhancing the wt% of CA. The result of the FTIR analysis clearly showed the co-existence of the CdS and CA in the composite.



In the Raman spectra of pristine CA, we observe two optical vibrational modes at around 1575 and 1375 cm−1, which are ascribed to the G and D bands, respectively [34,37]. The CdS CA 8% sample also contains both G and D bands, which slightly moved to lower wavenumbers owing to the interaction between CA and CdS. In Figure 3b, there are two peaks at around 600 and 300 cm−1 due to the overtone (2-LO) and longitudinal optical photon mode (1-LO) of the CdS nanoparticles with CA [28,38,39]. Moreover, compared with the pure CA, a notable upsurge in the amplitude of the D and G bands is detected in the CdS CA 8% composite, which again shows the interaction between the CA and CdS.



The absorption of photons has a substantial role in the catalytic process. The photophysical properties of the as-prepared CdS and CdS–CA composites were studied by UV-vis analysis in the range of 200–800 nm, and the corresponding DRS spectra for a sequence of CdS CA nanocomposites are illustrated in Figure 4. The absorbance in the UV-vis region was increased in the composites containing CA in the CdS. These results clearly show that CA has a significant impact on CdS absorbance in the visible light (λ ≥ 400 nm) region. Upsurge in absorption favors photocatalytic activity.



The UV spectra and band energy gap analysis of the materials are shown in Figure 5. Tauc’s plots were used for prediction. The calculated band gap value of pristine CdS nanoparticles is 2.3, and the energy gap is 2.36 eV for CA-modified CdS nanocomposites. The band gap increased due to the blue shifted absorption. This narrow band gap offers outstanding channels for photocatalysis through the broader photoresponse range in the electromagnetic spectrum. The increased band gap may be attributed to two reasons: (i) the absorption influence from CA and (ii) the electrostatic charge transfer or interaction/binding between CA and CdS. An increased band gap energy within the visible region can increase the separation of h+ and e− and hinder the rapid recombination process of charge carriers.



The morphology of the as-prepared CA and CdS CA 8% NPs were examined by SEM analysis, and the corresponding images are shown in Figure 6. The SEM images of the CA shows a highly porous, 3D porous network with pore sizes in the range of some micrometers. Further, the SEM images of the sample show that the one-dimensional (1D) rods are bundles of nanorods that are oriented randomly. The nanorods have a diameter of approximately 60 nm and a length from 100 nm to approximately 2 µm, and they have a smooth surface along their entire length. Mapping analysis of the as-prepared CdS 8% CA NPs was performed by using the SEM images, and the analysis is shown in Figure S1. From the mapping analysis, the as-prepared CdS 8% CA NPs consisted of Cd, S, and C.



The TEM analysis of the synthesized samples was performed to further study the details of the morphology and microstructure of the CdS–CA 8% NPs (Figure 7). Figure 7b shows that the CdS–CA 8% NPs exhibited rod-like morphology, and the average size was 500 nm in length and approximately 100 nm in thickness. The dark black areas surrounded by gray represent carbon aerogel protected by rod-like CdS NPs. The SAED pattern of CdS CA 8% NPs indicates high crystallinity and agrees with the XRD analysis. Additionally, the TEM results are reliable with the SEM results.



The N2 adsorption/desorption isotherms of CA and CdS CA 8% were examined by Brunauer–Emmett–Teller (BET) analysis and are shown in Figure 8. The result showed a BET surface of 27.67 m2/g, Barrett, Joyner, and Halenda (BJH) collective surface area of 30.95 m2/g, with BJH adsorption and desorption median pore diameter of 34.15 and 29.01 nm, respectively. The adsorption–desorption isotherm for CdS CA 8% displays typical Type IV properties and an H2-type hysteresis loop conferring to IUPAC classification, which is typical of mesoporous solids [40]. The presence of CA at a concentration of 8% in the CdS is revealed by the immediate increase in adsorption at relatively high pressure.



3.1. Photocatalytic Activity Evaluation of MB


MB dye was utilized to inspect the photocatalytic performance of the materials under VLI. The CdS CA 8% hybrid photocatalyst showed higher photocatalytic activities compared to the other samples, as depicted in Figure 9. After illumination, the absorption of MB in the visible spectral region (400–700 nm) was observably reduced. Furthermore, there were no peaks observed in the UV region for samples subjected to prolonged irradiation, which is most likely due to the disintegration of the aromatic structures as a whole.



Figure S2 shows the light absorbance (UV-Vis) spectra of MB dye in the occurrence of catalyst at various time intervals. In these results, the pristine CdS NPs showed poor activity, in which approximately 43.27% of MB was decayed after VLI for 180 min. After combining the carbon aerogel with the CdS NPs, the experiments established that the CdS NPs with different percentages of added carbon aerogel were efficient visible light photocatalysts with higher performance than that of the CdS NPs. Notably, the photoactivity of 8% CA-added CdS NPs was around 2.19 times higher than that of CdS NPs, and this material had the best photoactivity. This result may be because combining carbon aerogel with CdS NPs can lead to the better splitting of e−h+ pairs (excitons), thus increasing the photocatalytic activity of the CdS NPs dramatically.



To clearly determine the kinetics of degradation of MB by the synthesized catalysts, the obtained experimental data were fitted with the pseudo-first-order model, ln(C0/C) = kt, where C0 represents the initial conc., C signifies the conc. at time t, and k represents the first-order rate constant (Figure 10) [41].



All plots of ln(C0/C) against time demonstrated a linear fit, and the slope of the linear regression is equal to the first-order apparent rate constant (K). The rate constant, degradation efficiency, and R2 values are given in Table 1.



Figure 11 demonstrates the variation in the percent photodegradation with illumination time for the photodegradation of MB dye by the as-prepared samples. The synthesized CdS 8% CA sample showed a higher degradation efficiency (95.14%) for MB degradation than the bare CA (40.57%), CdS NPs (43.27%), CdS CA 2% (50.24%), CdS CA 4% (70.8%), and CdS CA 6% (80.57%) samples under the same conditions.



Stability and reusability are critical assessment parameters for the environmental friendliness of practical utilization. For each test, the photocatalysts were gathered, washed, centrifuged, dried, and recycled. Figure 12 shows five successive recycling experiments for photocatalytic degradation over CdS CA 8%. The slight catalyst deactivation may be accredited to the loss of material during the cycling runs. The photodegradation efficiency of CdS CA 8% still exceeded 89% after three cycles in comparison with the first cycle (95.14%).



To analyze the function of these reactive species in the CdS CA 8% composite system, the effects of some radical scavengers on the photodegradation of MB were examined (Figure 13).



The photodegradation processes of CdS–CA NPs without and with different sacrificial hole scavengers were studied in the 400–700 nm spectral range (visible light). The extraordinary transformation in photocatalytic performance is shown in Figure 12. The well-known •O2− scavenger benzoquinone (BQ) shows a moderate change in photocatalytic activity. However, 2-propanol (IPA), an •OH scavenger, retained 80.2% photocatalytic activity. This value is comparable with any other scavenger under analogous circumstances, demonstrating that holes and superoxide radicals •O2− are the chief reactive moieties in the CdS CA 8% photocatalyst.




3.2. Photocatalytic Activity Evaluation of Colorless Phenol


The photocatalytic response of the materials was assessed for the photodegradation of colorless phenol as a model pollutant under VLI, and the degradation results are shown in Figure 14. Removal efficiencies of 94.92%, 77.58%, 64.80%, 56.77%, 52.35%, and 39.29% were obtained using CdS CA 8%, CdS CA 6%, CdS CA 4%, CdS CA 2%, CdS NPs, and CA, respectively. Figure S3 shows the UV-Vis light absorbance of phenol in the occurrence of photocatalyst at various time intervals.




3.3. Photocatalytic Reaction Mechanism


The enhanced photocatalytic behaviour of the CdS as-prepared catalyst was extensively related to the photogenerated electron–hole pair. The proposed basic photocatalytic pathways (reaction mechanism) is given in Figure 15. In our case, the catalyst material absorbs the visible light energy equal or greater than that of the band energy gap and can generate an e−h+ (i.e., exciton) pair. The photoexcited e−s move from the VB to the CB of CdS material; subsequently, unpaired h+ is directly involved in the oxidation reaction. simultaneously, the photoexited e− are pumped to CA (function as e− acceptor and donor medium); then, the e− involves the redox reaction [42,43]. Here, the carbon aerogel act as a co-catalyst, which decreases the electron–hole pair recombination. To finish, the superoxide and hydroxyl radicals react with dye molecules and produce the by-products such as Co2, H2O, etc.





4. Conclusions


CA-assisted CdS nanorods were produced by a hydrothermal route and investigated as a photocatalyst for the degradation of MB dye and colorless phenol under VLI. The CA (8%)-assisted CdS nanoparticles show good photocatalytic activity toward MB dye; good stability is still shown after three cycles, and the activity exceeds 89% that of the first cycle. On the other hand, the photocatalytic activity changes substantially when adding holes and superoxide radicals, which demonstrates that holes and •O2− are the chief reactive moieties in the CdS CA 8% photocatalyst. The CdS CA 8% photocatalyst not only degrades dye but also degrades colorless phenol by nearly 94.92% within 240 min. From this investigation, we conclude that increasing the CA content in CdS nanorods also increases the photocatalytic activity through the enhanced UV-vis light absorption and large surface area.
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Figure 1. XRD patterns of (a) Pristine carbon aerogel (CA), (b) cadmium sulfide (CdS) 8%, (c) CdS CA 6% (d) CdS CA 4% (e) CdS CA 2% and (f) Pristine CdS. 
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Figure 2. FTIR spectra of (a) CA, (b) CdS nanoparticles (NPs), (c) CdS CA 2% (d) CdS CA 4% (e) CdS CA 6%, and (f) CdS CA 8%. 
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Figure 3. Raman spectra of (a) pristine CA and (b) CdS CA 8%. 
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Figure 4. UV-DRS of (a) pure CA, (b) pristine CdS, (c) CdS CA 2%, (d) CdS CA 4% and (e) CdS CA 8%. 
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Figure 5. Tauc’s plots for (a) pristine CdS, (b) CdS CA 2%, (c) CdS CA 4% and (d) CdS CA 8%. 
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Figure 6. SEM pictures of (a) CA, (b) CdS CA 8% (low magnification), (c) CdS CA 8% (high magnefication). 
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Figure 7. (a–c) TEM images and (d) SAED pattern of CdS CA 8% NPs. 
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Figure 8. Nitrogen isotherms of the CA and CdS CA 8 wt% composites. 
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Figure 9. Photocatalytic degradation of methylene blue (MB) (a) CA, (b) CdS, (c) CdS CA 2% (d) CdS CA 4% (e) CdS CA 6% and (f) CdS CA 8%. 
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Figure 10. Pseudo-first-order kinetics fitting data for MB photodegradation by (a) CA, (b) CdS NPs, (c) CdS CA 2% (d) CdS CA 4% (e) CdS CA 6% and (f) CdS CA 8%. 
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Figure 11. MB dye degradation efficiency of (a) CA, (b) CdS NPs, (c) CdS CA 2%, (d) CdS CA 4%, (e) CdS CA 6%, and (f) CdS CA 8%. 
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Figure 12. Cycling experiments for the degradation of MB by the as-prepared CdS CA 8% composite under visible light irradiation (VLI). 






Figure 12. Cycling experiments for the degradation of MB by the as-prepared CdS CA 8% composite under visible light irradiation (VLI).



[image: Crystals 10 00300 g012]







[image: Crystals 10 00300 g013 550] 





Figure 13. Effects of various scavengers on the degradation of MB in the presence of the CdS CA 8% photocatalyst under VLI. 
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Figure 14. Photocatalytic phenol degradation by (a) CA, (b) CdS NPs, (c) CdS CA 2%, (d) CdS CA 4%, (e) CdS CA 6%, and (f) CdS CA 8%. 
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Figure 15. The schematic illustration of probable photodegradation mechanism over CdS–CA photocatalysts under visible light. 
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Table 1. Experiential pseudo-first-order rate constants (Kapp), resultant correlation coefficients (R2), and highest dye degradation (%) of the as-prepared nanoparticles.
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	Samples
	Kapp (min−1)
	R2
	Maximum Dye Degradation (%)
	Degradation Time (min.)





	CA
	0.0029
	0.97654
	40.57
	180



	CdS NPs
	0.0036
	0.98182
	43.27
	180



	CdS 2% CA
	0.0030
	0.99318
	50.24
	180



	CdS 4% CA
	0.0066
	0.91638
	70.8
	180



	CdS 6% CA
	0.0089
	0.97728
	80.57
	180



	CdS 8% CA
	0.0140
	0.98056
	95.14
	180
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