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Abstract

:

Aiming to achieve enhanced photocatalytic activity and stability toward the generation of H2 from water, we have synthesized noble metal-free core-shell nanoparticles of graphene (G)-wrapped CdS and TiO2 (CdS@G@TiO2) by a facile hydrothermal method. The interlayer thickness of G between the CdS core and TiO2 shell is optimized by varying the amount of graphene quantum dots (GQD) during the synthesis procedure. The most optimized sample, i.e., CdS@50G@TiO2 generated 1510 µmole g−1 h−1 of H2 (apparent quantum efficiency (AQE) = 5.78%) from water under simulated solar light with air mass 1.5 global (AM 1.5G) condition which is ~2.7 times and ~2.2 time superior to pure TiO2 and pure CdS respectively, along with a stable generation of H2 during 40 h of continuous operation. The increased photocatalytic activity and stability of the CdS@50G@TiO2 sample are attributed to the enhanced visible light absorption and efficient charge separation and transfer between the CdS and TiO2 due to incorporation of graphene between the CdS core and TiO2 shell, which was also confirmed by UV-vis, photoelectrochemical and valence band XPS measurements.
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1. Introduction


The burning of fossil fuels to meet the energy demands of modern society is not only increasing global warming exponentially but also leading to the depletion of conventional energy sources which may soon result in a severe energy crisis [1]. To mitigate these serious issues, a renewable and environmentally friendly alternative energy transformation carrier is urgently needed. Photocatalytic hydrogen (H2) generation from water, utilizing solar energy, is considered an appealing approach in the scientific community [2]. In the past few years, extensive efforts have been devoted to explore and investigate new approaches for the development of highly efficient and stable photocatalyst for H2 generation from water. However, there is still a need to find a suitable photocatalyst which will be highly active and stable [3]. Among many different semiconductor-based photocatalysts, cadmium sulfide (CdS), active in the visible range of the light spectrum due to narrow bandgap (ca. 2.3 eV), is a promising catalyst for photocatalytic H2 generation [4]. Despite its fascinating photocatalytic properties, it exhibits a disappointing activity and stability toward the generation of H2 due to the fast recombination of charge carriers and the photo-corrosion of CdS into elemental sulphur caused by the holes (h+) generated in the valence band during the photocatalytic reaction [5]. Numerous efforts have been made to enhance the activity of CdS, including the use of noble metals as co-catalysts, doping of different elements in CdS and manipulating the morphological properties [6,7]. Among all these strategies, the formation of a heterojunction of CdS with another semiconductor is a promising approach in terms of cost-effectiveness and efficient charge separation due to the built-in heterojunction leading to enhanced photocatalytic activity [8]. The use of noble metal loading on the heterojunction binary CdS-based photocatalysts is also an attractive approach that usually exhibits enhanced photocatalytic activity and stability but adds cost to the catalysts [9,10,11]. By combining all these strategies, there is still room to develop a new approach that can achieve enhanced activity and stability of CdS based photocatalysts without the use of noble metals.



In photocatalysis, titanium dioxide (TiO2) has stabile photoelectrical properties with a wide bandgap which can only be active in the UV region of the light spectrum [3]. To overcome this drawback of TiO2, the formation of a heterojunction of CdS with TiO2 in the form of core-shell nanostructure (CdS@TiO2) is attractive due to the dual role played by the shell of TiO2 over the CdS core. The core-shell combination of CdS and TiO2 will lead to the advantages of utilizing a wider solar spectrum along with the formation of a heterojunction providing higher activity and stability due to more efficient charge separation. Furthermore, the layer of TiO2 over CdS will also provide shielding effects during the photocatalytic reaction to attain the stability of CdS [12,13]. Core-shell nanoparticles of CdS and TiO2 have already been reported to exhibit enhanced photocatalytic activity and stability for numerous different photocatalytic applications including phenol photodecomposition, rhodamine B degradation and reduction of heavy metal ions [13,14,15]. We have demonstrated enhanced photocatalytic activity for H2 generation along with promising catalyst stability by synthesizing the core-shell nanoparticles of CdS and TiO2 [16]. The enhanced activity and stability are mainly attributed to the enhanced light absorption, efficient charge separation and the presence of a TiO2 layer over the CdS nanoparticles [16]. In principle, through the formation of a heterojunction, the band bending at the interface of both semiconductors are aligning the fermi levels resulting in the formation of a Schottky-like barrier which provides resistance to the charge flow across the semiconductors and in turn suppress the photocatalytic activity [17,18].



To overcome the resistance in the movement of charges between the two semiconductors due to the formation of the heterojunction, a conductive interlayer can be introduced between the two semiconductors for tailoring the photocatalytic properties of the heterojunction materials [19]. The conductive layer will assist easy movements of electrons (e−) and holes (h+) between two semiconductors which can lead to an increase in the charge separation efficiency beneficial for the photocatalytic activity, similar to what was observed by Feng et al. by placing the graphene layer between an α-Fe2O3 core and a BiV1−xMoxO4 shell [20]. Furthermore, carbon-based materials and especially graphene is considered as a promising candidate to achieve high photocatalytic efficiency due to its high electron mobility, transparency, flexibility, and high surface area. Graphene has already been investigated for various applications including dye degradation, phenol removal, photocatalytic hydrogen generation from water and photocatalytic CO2 reduction [21,22,23,24]. The presence of graphene in photocatalysts plays a role in extracting the electrons from the conduction band of the excited semiconductor, which accelerates the photocatalytic activity by enhanced charge separation and thus can act as a promising alternative to noble metals in photocatalysis.



Motivated to avail the benefits of placing the conductor layer in the heterojunction of two semiconductors and to further enhance the photocatalytic activity of our previously developed core-shell nanoparticles of CdS and TiO2 [16], we have introduced a conductive layer of graphene (G) between the CdS core and TiO2 shell (CdS@G@TiO2). The photocatalyst was synthesized by the following three steps: (1) synthesis of CdS nanoparticles by simple hydrothermal method, (2) loading of the G on CdS nanoparticles by sonication (CdS@G) and (3) formation of a TiO2 shell on CdS@G (CdS@G@TiO2) by hydrothermal method. To optimize the G layer in CdS@xG@TiO2 (where x = 20, 30, 40, 50, 60, 80 µL correspond to 100 mg mL−1 concentration of graphene quantum dots (GQD) solution) samples, we vary the content of graphene in the synthesis procedure by adding varying amounts of GQD solution. The synthesized samples were extensively characterized and the role of G in the charge separation and transfer between CdS and TiO2 was investigated by electrochemical measurements. The photocatalytic activity of all the synthesized samples was evaluated in H2 generation from water under simulated solar light with air mass 1.5 global (AM 1.5G) condition.




2. Results and Discussion


2.1. Material Synthesis


The synthesis scheme is based on the fact that CdS nanoparticles possess positive charge on their surface due to non-stoichiometric atomic ratio of Cd and S in CdS [25,26]. The graphene quantum dots (GQD) exhibit negative surface charge due to the presence of –COOH and C=O groups [27]. During the synthesis of graphene-wrapped CdS nanoparticles, first, positively charged CdS nanoparticles (200 mg) were dispersed in DI water along with varying content of GQD solution (~100 mg mL−1) containing negative charge. Thus, GQD are attracted towards the CdS nanoparticles by opposite electrostatic charge and attached to the surface of CdS nanoparticles [27,28,29]. The graphene layer is formed by the stacking of GQD using oxygen containing groups present on GQD, π–π interaction and dipole-dipole attraction which results in the formation graphene-wrapped CdS nanoparticles (CdS@G) [30,31]. To construct the shell of TiO2 over CdS@G, the titanium (Ti) precursor (1.11 mL) is added to the dispersed CdS@G solution in ethanol. After stirring for 30 min, the reaction mixture undergoes hydrothermal treatment to obtain crystalline TiO2 and to construct the heterojunction of CdS@G and TiO2 to form CdS@G@TiO2 nanostructures.




2.2. Material Analysis


X-ray diffraction (XRD) patterns of pure CdS nanoparticles, pure TiO2 and various compositions of core-shell CdS@xG@TiO2 (x = 20, 30, 40, 50, 60, 80 µL of GQD solution with a concentration of ~100 mg mL-1 was used in the synthesis) are shown in Figure 1a and Figure S1. The diffraction pattern of pure TiO2 exhibits peaks which are indexed at 2θ = 25.45, 37.97, 48.16, 54.21, 55.18 and 62.79 corresponding to (101), (004), (200), (105), (211) and (204) planes, respectively, corresponding to JCPDS card no. 83-2243 confirming the anatase phase [10]. The formation of pure wurtzite structure of CdS is confirmed by the appearance of characteristic diffraction peaks at 2θ = 24.97°, 26.62°, 28.29°, 36.77°, 43.85°, 47.97°, 51.12°, 51.98°, 52.94°, 54.67°, 58.54°, 67.01° and 69.53° attributed to the (100), (002), (101), (102), (110), (103), (200), (112), (201), (004), (202), (203) and (210) planes, well matched with JCPDS card no. 80-0006 [32,33]. The formation of a nanocomposite in the form of CdS@xG@TiO2 is confirmed by the presence of the wurtzite structure of CdS and the anatase phase of TiO2 in all the samples. Furthermore, no peak corresponding to graphite is observed in the nanocomposite (Figure 1a and Figure S1) presumably due to the relatively low content of graphene [34]. Raman analysis is also performed to investigate the structure of CdS@50G@TiO2 as shown in Figure S2. The Raman spectrum of the CdS@50G@TiO2 sample exhibits peaks at 148, 401, 516 and 640 cm−1 attributed to the Eg, B1g, A1g and Eg modes of pure anatase [24]. The peaks around 300 and 600 cm−1 represent the longitudinal optical mode (LO-1) and the first overtone of A1 mode (LO-2) of CdS nanoparticles, respectively [35]. In the Raman spectrum, no D and G band of graphene was observed most likely due to the low content of graphene. To further verify the presence of graphene in CdS@xG@TiO2 samples, Fourier-transform infrared spectroscopy (FTIR) is applied and the FTIR spectra of pure CdS and CdS@xG@TiO2 are shown in Figure 1b. All the graphene containing samples exhibited a strong and broad peak in the range 3000–3500 cm−1 consistent with the presence of O-H groups on the graphene due to the stretching vibration of hydroxyl groups [36]. Furthermore, the peaks appearing around 2800 and 1235 cm−1 are attributed to the vibrations from –CH2 and C–OH groups present in graphene [37]. The peaks appearing around 1625 cm−1 is amplified in the graphene containing samples in comparison to pure CdS, which can be justified by the co-existence of C–C of the graphene and the Cd–S vibration from pure CdS, which confirms the presence of graphene in the CdS@xG@TiO2 samples [38].




2.3. Morphological Analysis


The morphology of pure TiO2, pure CdS, CdS@TiO2 and CdS@50G@TiO2 samples are analyzed using field emission scanning electron microscopy (FE-SEM) and transmission electron microscopy, as shown in Figure 2. Pure TiO2 forms a layer-type structure by agglomeration of small particles as shown in Figure 2a. Figure 2b shows the conical shape of pure CdS nanoparticles having a size of ~70 nm with a clear grain boundary. It can be observed in Figure 2c that the CdS particles are uniformLy covered by the TiO2 nanoparticles forming a core-shell structure, i.e., CdS@TiO2. Figure 2d shows the formation of a core-shell structure of graphene-wrapped CdS and TiO2 (CdS@G@TiO2) in which TiO2 particles are embedded in the graphene layer present on the CdS nanoparticles. EDX elemental mapping corroborates the formation of a core-shell CdS@50G@TiO2 structure by the presence of Cd and S from CdS nanoparticles while Ti and O are distributed over a larger area than Cd and S as shown in Figure S3. Furthermore, the presence of graphene in CdS@50G@TiO2 is supported by the carbon signal in the EDX elemental mapping shown in Figure S3d.



The TEM image of CdS@50G@TiO2 is shown in Figure S4, confirming that CdS particles are wrapped with graphene and TiO2 particles to form the CdS@50G@TiO2 nanostructure. The HR-TEM image displayed in Figure 2e shows that the lattice spacing of CdS at the core of the CdS@50G@TiO2 sample is 0.36 nm which corresponds to the (100) plane of CdS. TiO2 is identified with a lattice spacing of 0.35 nm attributed to the (101) plane in the shell of the CdS@50G@TiO2 nanostructure. Graphene (G) can be seen between the CdS nanoparticles and TiO2 nanoparticles with a thickness of ~3 nm as a clear interface between CdS and TiO2 which confirms the formation of CdS@50G@TiO2 nanostructure.




2.4. Optical Properties


The absorption spectrum of pure graphene quantum dots (GQD) is shown in Figure S5 which exhibits two typical absorption peaks confirming the presence of GQD. Peaks centered around 360 nm and 250 nm are attributed to the electron excitation from ground to excited state, and the π–π* transition of the aromatic sp2 domain [24,39]. The UV-vis diffuse reflectance spectroscopy (DRS) of pure TiO2, pure CdS and CdS@xG@TiO2 are measured to investigate the response of the photocatalysts towards light as shown in Figure 3a and Figure S6. The pure TiO2 exhibits an absorption onset at ca. 380 nm corresponding to its intrinsic bandgap and the excitation of an electron from the valence band to the conduction band [24]. Pure CdS nanoparticles show an absorption edge around 500 nm associated with its bandgap along with strong absorption in visible and UV regions of the spectrum due to the narrow bandgap [40]. The UV-vis DRS spectrum of CdS@TiO2 exhibited enhanced absorption compared to pure CdS and pure TiO2. With the addition of graphene between CdS and TiO2 (CdS@50G@TiO2) the absorption is further increased relative to CdS@TiO2 as shown in Figure 3a. As the amount of GQD is increased from 20 to 50 µL in CdS@xG@TiO2, the absorption in UV-vis DRS spectra also increases. Upon further increase of GQD up to 80 µL in CdS@80G@TiO2, the absorption slightly decreases most likely due to the relatively thicker layer of graphene as shown in Figure S6. The bandgap (Eg) of pure CdS nanoparticles (Figure 3b) and pure TiO2 (Figure 3c) is calculated using the Tauc plots obtained by plotting the (αhν)n vs. Eg (where Eg = hν, h represents Plank’s constant, ν is the frequency, α shows the absorption coefficient, and for the direct bandgap nature of TiO2 and CdS, n = 2) [41,42]. Pure CdS and pure TiO2 showed a bandgap of 2.31 eV and 3.0 eV respectively which is close to the reported values for pure hexagonal CdS and anatase [43,44].




2.5. Surface Analysis


The electronic structure of the surface region was investigated using XPS, where the core level spectra of Cd 3d, S 2p, Ti 2p, O 1s, and C 1s are displayed in Figure 4. Cd is mainly in the form of Cd2+ for pure CdS (Figure 4a), where the 3d5/2 and 3d3/2 spin-orbit split peaks have binding energies around 405.1 and 411.8 eV. A minor component at higher binding energies of 406.0 and 412.5 eV was attributed to the surface Cd terminal atoms [45]. In the CdS@50G@TiO2 sample, Cd exhibits similar peaks to the pure CdS sample, however, the intensity is comparably lower indicative of the core-shell nanostructure of the CdS@50G@TiO2 sample. The intensity of the minor component at high binding energy is comparatively larger for the core-shell structure likely due to the interaction of Cd with oxygen-containing groups on the graphene [46]. Figure 4b represents the XPS spectra of S 2p region for pure CdS and CdS@50G@TiO2, where the S 2p peaks have binding energies around 161.4 eV and 162.6 eV, respectively, in agreement with literature values [47]. There is an additional minor contribution at higher binding energy associated with the presence of sulphate groups [48]. The Ti 2p spectrum of the pure TiO2 sample (Figure 4c) exhibits two main peaks at around 458.6 eV and 464.3 eV for the Ti 2p3/2 and Ti 2p1/2 doublet typical of TiO2 [49]. The corresponding O 1s spectra (Figure 4d) show one major peak around 529.8 eV associated with lattice oxygen in TiO2, with a minor tail at the high binding energy side attributed to –OH groups and/or organic O type species [50]. The Ti 2p peaks and O 1s peak of CdS@50G@TiO2 (Figure 4c,d) are slightly shifted towards higher binding energies caused by the interaction with CdS@G, and the shoulder in the O 1s spectrum, has increased in intensity compared to the pure counterpart. The C 1s core level of CdS@50G@TiO2, shown in Figure 4e, which exhibits three peaks around 284.8 eV, 286.3 eV and 288.8 eV attributed to the C–C/C=C of sp3/sp2 hybridized carbon, C–OH groups and other oxygen-containing groups on graphene, respectively [51].




2.6. Photoelectrochemical (PEC) Measurements


To further investigate the photogenerated charge separation and transfer properties, transient photocurrent measurements are performed under dark and simulated solar light with an ON/OFF pattern for 20 seconds each as shown in Figure 5a. Pure CdS and pure TiO2 generate 30 µA cm−2 and 25 µA cm−2 current density under illumination, whereas no current is generated in the dark confirming the activation of TiO2 and CdS by light. With the formation of a heterojunction of pure CdS and pure TiO2, i.e., CdS@TiO2, a photogenerated current density of 65 µA cm−2 is achieved which is higher than in the case of pure CdS and TiO2. The photogenerated current density is further increased to 130 µA cm−2 due to the incorporation of graphene (G) between CdS and TiO2 (CdS@50G@TiO2). This increase in the current density is mainly attributed to the effective generation of electrons (e−) and holes (h+) by the efficient light absorption in CdS@50G@TiO2 as indicated by UV-vis DRS results and the efficient charge separation due to the formation of the heterojunction between CdS and TiO2. Furthermore, the presence of G between the CdS core and the TiO2 shell also contributes to efficient charge separation due to high conductivity and assists the movement of charges from one semiconductor to the other. Such efficient charge separation can lead to higher photocatalytic efficiency.



Electrochemical impedance spectroscopy (EIS) is used to further investigate the interfacial charge transfer mechanism in the synthesized samples. The EIS Nyquist plots of pure CdS, TiO2, CdS@TiO2, and CdS@50G@TiO2 were measured in dark and light, and the results are shown in Figure 5b. The radius of the semi-circles of the EIS corresponds to the overall charge transfer resistance. All the samples show less charge transfer resistance under simulated light than in dark. Pure TiO2 and pure CdS show high charge transfer resistance in light, governed by the radius of the semicircle, leading to lower charge separation efficiency. With the formation of a heterojunction of CdS and TiO2, the charge transfer resistance of CdS@TiO2 in light decreases sharply, indicative of efficient charge transfer by the heterojunction [52]. Furthermore, by incorporation of G between the CdS core and the TiO2 shell, forming CdS@50G@TiO2, the charge transfer resistance in light is further decreased as shown by the radius of the semicircle in the inserted view of Figure 5b. This supports that G acts as a conductor between CdS and TiO2 assisting the photogenerated charge (e− and h+) separation and transfer from both semiconductors by exhibiting a very low charge transfer resistance leading to enhanced photocatalytic activity.




2.7. Photocatalytic Activity Tests for H2 Generation from Water


To evaluate the photocatalytic activity of the synthesized samples, photocatalytic H2 generation from water is carried out under simulated solar light with AM 1.5G conditions in the presence of hole scavengers, i.e., 0.125 M Na2S and 0.175 M Na2SO3. Figure 6a and Figure S7 represent the photocatalytic hydrogen generation rate on synthesized samples. Pure TiO2 and pure CdS yield 565 and 673 µmole g−1 h−1 of hydrogen respectively under irradiation. The amount of H2 generation is increased to 954 µmole g−1 h−1 by forming a heterojunction of CdS and TiO2 (CdS@TiO2). The amount of hydrogen generated is further increased by the incorporation of G between CdS and TiO2 (CdS@xG@TiO2) as shown in Figure S6. As the amount of GQD increases from 20 to 50 µL, the amount of generated H2 is also increased and the most active sample yields 1510 µmole g−1 h−1 (CdS@50G@TiO2) which is ~2.7 times and ~2.2 times higher than pure TiO2 and pure CdS, respectively. The hydrogen generation decreases with further increase in the amount of GQD in the samples due to the restriction of light absorption by the semiconductors with the presence of a thicker layer of G, as confirmed by UV-vis. Photocatalytic H2 generation from all samples along with the calculated apparent quantum efficiency (AQE) is tabulated in Table S1 and the most active sample (CdS@G@TiO2) exhibits AQE of 5.78. The achieved activity using core-shell particles of graphene-wrapped CdS and TiO2 is promising compared to the reported values employing CdS-TiO2 based heterojunction materials (Table S2). Furthermore, the current activity is also competitive to recently reported photocatalysts (Table S3) without the use of any noble metal, which is a significant step in increasing the activity of cost-effective photocatalysts. A control test was also conducted employing CdS@50G@TiO2 in dark which did not generate any detectable hydrogen, confirming that the hydrogen generation under light is mainly due to the photocatalytic reaction.



To investigate the stability, CdS@TiO2 and CdS@50G@TiO2 were run for 40 continuous hours in photocatalytic H2 generation tests using the same setup as the normal photocatalytic activity testing. Both samples display quite stable behavior in photocatalytic H2 generation for 40 h as shown in Figure 6b. The high stability can be attributed to the efficient charge separation taking place between CdS and TiO2. The holes (h+) which are responsible for the CdS photo-corrosion, are being efficiently neutralized. Furthermore, the shell of TiO2 on CdS@G protects the samples from physical degradation.




2.8. Reaction Mechanism


To understand the underlying reaction mechanism employing the CdS@xG@TiO2 samples, Mott–Schottky plots of pure CdS and pure TiO2 are measured to find the position of the conduction band potentials. Figure 7a,b represents the Mott–Schottky plots of pure CdS and pure TiO2 respectively confirming the n-type behavior of both semiconductors by exhibiting a positive slope of the plot [53,54]. The position of the conduction band of the n-type semiconductor is considered very close to the flat bandgap of the semiconductor, and hence the conduction band potential (ECB) of pure CdS and pure TiO2 is estimated to be −0.31 V and −0.05 V (vs. SHE, pH = 0) respectively as shown in Figure 7a,b. By using the relationship of ECB and bandgap (Eg), the valence band potential (EVB) was calculated for pure CdS and pure TiO2 which appeared at 2.00 and 2.95 V (vs. SHE, pH = 0) as summarized in Table S4. The valence band maximum (EVBM) is also evaluated by measuring the valence band region of pure CdS and pure TiO2 using XPS as shown in Figure 7c. The EVBM of pure CdS and pure TiO2 appears at 1.6 and 2.5 eV below the Fermi level (Ef). The difference of EVBM of pure CdS and pure TiO2 using valence band XPS is 0.9 eV close to the estimated difference of EVB (0.95 eV) using the Mott–Schottky plot and Eg values (See Table S4). The band alignment at the interface of CdS@50G@TiO2 samples is also determined by calculating the valence band offset (ΔEv) and conduction band offset (ΔEc) employing the following equations [55,56]:


   Δ Ev  =  E  V B M  b  −  E  V B M  a  +  E  C L  a  −  E  C L  ( i )   a  +  E  C L  b  −  E  C L  ( i )   b   



(1)






   Δ Ec  =  E g b  −  E g a  +  Δ Ev   



(2)







Here, a and b represent pure CdS and pure TiO2, respectively. ΔEv is the energy difference between the valence band maximum of CdS and TiO2 and ΔEc is the energy difference of the conduction band minimum of CdS and TiO2 at the junction after band bending.    E  V B M  b  ,    E  V B M  a  ,    E  C L  a  ,    E  C L  ( i )   a  ,    E  C L  b     and     E  C L  ( i )   b    represent valence band maximum of pure TiO2 (2.5 eV), valence band maximum of pure CdS (1.6 eV), core level binding energy of Cd 3d in pure CdS (405.1 eV), core level binding energy of Cd 3d in CdS@50G@TiO2 (405.1 eV), core level binding energy of Ti 2p in pure TiO2 (458.6 eV) and core level binding energy of Ti 2p in CdS@50G@TiO2 (458.8 eV) respectively. The    E g b     and     E g a    are the bandgap energy of pure TiO2 and pure CdS, respectively. The ΔEV and ΔEC appeared at 0.7 eV and 1.39 eV, and the bands will be bending upwards due to the n-type nature of both semiconductors. Furthermore, the work function (ΦG) of graphene appears at 0.1 V (vs. NHE, pH = 0) [24] which is between the ECB of CdS and TiO2. The proposed band bending diagram of CdS@50G@TiO2 is shown in the in-set of Figure 7c which is in accordance with the reported band diagram of CdS-Au-TiO2 [57]. Under illumination, the electrons will be excited to the conduction band of TiO2 and CdS, and the photogenerated electrons in the conduction band of CdS will migrate toward the conduction band of TiO2 by passing through the graphene layer due to the difference of the ECB potential. The presence of graphene between CdS and TiO2 plays a role in decreasing the potential of the Schottky barrier [18] which allows easy transfer of electrons from the conduction band of CdS to the conduction band of TiO2. The excited electrons in the conduction band of TiO2 undergo a redox reaction to convert H+ ions from water to generate H2 (H+/H2 = 0 V, vs. NHE, pH = 0) as shown in Figure 7d. On the other hand, photogenerated holes in the valence band of TiO2 migrates to the valance band of CdS by passing through the graphene layer and undergo oxidation and become neutralized by the hole scavenger present in the reaction mixture. The photocatalytic activity depends on the surface area of the CdS@TiO2 nanocomposite as confirmed by our previous results [16]. With the incorporation of graphene between CdS and TiO2 to form CdS@xG@TiO2, no change in the surface area is observed relative to CdS@TiO2 as shown in Table S1, which confirms that the photocatalytic activity of CdS@xG@TiO2 is independent of the surface area of the composite. Based on the optical properties of the material, electrochemical impedance, Mott–Schottky plots and valance band XPS measurements, the increase in the photocatalytic activity for H2 generation is attributed to the enhanced light absorption, effective net charge separation and charge migration between CdS and TiO2.





3. Materials and Methods


3.1. Materials and Reagents


Titanium (IV) isopropoxide (TTIP, 98%), cadmium acetate dihydrate (Cd (OOCCH2)2·2H2O, 98%), and citric acid (CA, ACS. ≥ 99.5%) were ordered from Sigma-Aldrich (Munich, Germany). Thiourea (SC(NH2)2, ACS. ≥ 99%), sodium hydroxide (NaOH, ≥ 99%) and absolute ethanol (C2H5OH) were purchased from Alfa Aesar (Kandel, Germany), Millipore (Darmstadt, Germany), and VWR CHEMICALS (Langenfeld, Germany ) respectively. Sodium sulfite (Na2SO3, 98%) and sodium sulfide nonahydrate (Na2S·9H2O, ACS. 98%) were procured from Alfa Aesar (Kandel, Germany). All the chemical reagents were used without any further modification and deionized (DI) water is used during the synthesis process.




3.2. Synthesis of CdS Nanoparticles


A hydrothermal method [16] was applied for the synthesis of pure CdS nanoparticles. In brief, a clear solution of 1.8 g of cadmium acetate dihydrate and 5.26 g of thiourea is made in 60 mL of DI water and transferred to a Teflon-lined hydrothermal autoclave (volume = 90 mL) after stirring for 10 min. Then, the autoclave filled with the resultant solution was kept in a box furnace at 180 °C for 18 h. With the completion of the reaction, CdS nanoparticles of orange color were collected from the naturally cooled autoclave and washed with DI water several times. After drying at 80 °C for 12 h, pure CdS nanoparticles were obtained.




3.3. Synthesis of Graphene Quantum Dots (GQD)


Graphene quantum dots (GQD) were synthesized by the pyrolysis of citric acid as reported previously [24,58]. Briefly, citric acid (2 g) was melted at 180 °C until the color of the liquid citric acid changed to orange and the obtained melted product was then added in 20 mL of a water solution containing 1 g NaOH under vigorous stirring. A mixture of G in H2O was obtained with a concentration of ~100 mg mL−1 and extensive characterization of such GQD has already been reported [24].




3.4. Synthesis of CdS@Graphene@TiO2 Samples (CdS@G@TiO2)


For the synthesis of CdS@G@TiO2, a mixture of 300 mg of CdS nanoparticles, 2 mL of DI water and a specific amount of GQD solution was dispersed properly by sonicating for 30 min in a glass vial. After sonication, the mixture was dried at 80 °C in an oven to obtain the CdS@G samples. To make a shell of TiO2 over the CdS@G samples, 200 mg of CdS@G was again dispersed in C2H5OH (40 mL), sonicated for 30 min and 1.11 mL of TTIP was added to achieve uniform suspension. After that, 20 mL of DI water was added dropwise under vigorous stirring. The mixture was then transferred to a Teflon-lined hydrothermal autoclave and kept in the hydrothermal reactor at 180 °C for 18 h in the furnace. After cooling down to room temperature, the core-shell particles of graphene wrapped CdS and TiO2 (CdS@G@TiO2) are collected and washed with DI water several times followed by drying at 80 °C overnight. According to stoichiometric calculations, the mass ratio of CdS and TiO2 in the obtained mixture was kept at 2:3 which was optimized in our previous work to obtain the highest photocatalytic activity for H2 generation for the CdS@TiO2 samples without G [16]. To find the effect of the graphene layer between the CdS core and the TiO2 shell, a series of samples were synthesized by varying the content of GQD solution in the synthesis process (20, 30, 40, 50, 60, 80 µL correspond to 100 mg mL−1 concentration of graphene) to obtain the CdS@20G@TiO2, CdS@30G@TiO2, CdS@40G@TiO2, CdS@50G@TiO2, CdS@60G@TiO2, and CdS@80G@TiO2 samples. Pure TiO2 and CdS@TiO2 were also synthesized by following the same procedure without CdS@G and G, respectively.




3.5. Material Characterization Techniques


The crystal structure of all the samples was analyzed by powder X-ray diffraction (XRD) and patterns were recorded in the range of 2θ = 10–70° by employing an X-ray diffractometer (D8 A25 DaVinci, Bruker, Cambridge, United Kingdom) with Cu Kα radiation (λ= 1.54 Å). Raman analysis was performed with a micro-Raman spectrometer (InVia Reflex Spectrometer System, Renishaw, Järfälla, Sweden) equipped with a 532 nm wavelength laser. Fourier transform infrared (FTIR) spectra of the samples were measured by using a Thermo Scientific NICOLET iS50 FT-IR instrument (Dreieich, Germany). The morphological analysis of the synthesized samples was performed with an in-lens cold field emission electron microscope FE-S(T)EM, (Hitachi S-5500, Hitachi, Japan) equipped with a Bruker EDX-system and a transmission electron microscopy (Jeol JEM 2100—LaB6, Tokyo, JAPAN) operating at 200kV. The textural properties of the samples were analyzed by N2 sorption isotherms Micromeritics (TriStarII3020, Norcross, GA, U.S.A.) apparatus. The optical behavior was investigated by measuring the UV–vis diffuse reflectance spectra (DRS) of the samples on a spectrometer (AvaSpec-3648, Avantes, Apeldoorn, The Netherlands) connected to an integrated sphere (AvaSphere-30-REFL, Avantes, Apeldoorn, The Netherlands) and light source (Avalight-DHS, Avantes, Apeldoorn, The Netherlands) with optical fibers. The baseline of the spectrometer was first set against BaSO4 before measuring the DRS. The surface analysis of the samples was performed with X-ray photoelectron spectroscopy (XPS) (Axis Ultra DLD XP spectrometer, Kratos Analytical, Manchester United Kingdom) using a Al Kα (1486.6 eV) monochromated source. All the peaks of the samples were calibrated against C 1s of the adventurous carbon at 284.8 eV and core level spectra are measured with a pass energy of 10 eV. All the XPS data are fitted using CASA XPS software.




3.6. Photoelectrochemical (PEC) Measurements


The standard three-electrode configuration setup is used to measure the photoelectrochemical properties by employing Princeton Versa STAT potentiostat analyzer (Princeton Applied Research, Cambridge, United Kingdom) under dark and simulated solar light using a 150 W Xenon solar simulator (SCIENCE TECH SS150 with AM 1.5 G filter, London, Canada). For PEC measurements, working electrodes were prepared by coating 1 cm2 area of the fluorine-doped tin oxide (FTO) with uniformLy dispersed photocatalysts in ethanol by the doctor’s blade technique. A Pt wire and Ag/AgCl were used as the counter electrode and the reference electrode, respectively and aqueous 0.1 M Na2S (pH = 13) is used as the electrolyte. The transient photocurrent response was recorded in light and dark with an interval of 20 s at 0 V (vs. Ag/AgCl) bias. The Nyquist plots were obtained by measuring the electrochemical impedance (EIS) in dark and light by applying 0 V (vs. Ag/AgCl) with AC amplitude of 10 mV in a frequency range of 0.5 Hz–0.1 MHz. To find the valence band position of pure CdS and TiO2, Mott–Schottky plots were recorded in dark with a frequency of 1–20000 Hz and voltage range of −1.5 to 1 V.




3.7. Photocatalytic H2 Generation Setup


For the photocatalytic H2 generation tests, a previously reported setup was used [16] and presented in Figure S8. For photocatalytic reactions, 600 mL of DI water containing 0.125 M Na2S and 0.175 M Na2SO3 acting as hole scavengers, and 40 mg of the photocatalysts were dispersed by sonication. The photoreactor containing the reactants was sealed, and to remove any absorbed oxygen, Ar gas was purged at 100 mL min−1 through the reactor for 30 min in dark. After degassing, the photoreactor was irradiated with simulated solar light from 150 W Xeon solar simulator (SCIENCETECH SS150, London, Canada) equipped with SCIENCETECH FRSS AM 1.5 G. The photogenerated H2 during the reaction was measured after every 15 min from the effluent of the reaction by using an on-line micro-Gas chromatograph (Agilent Technologies 3000, Santa Clara, CA, United States). The apparent quantum efficiency of all the photocatalytic samples was calculated using the method described in the supplementary materials (S1).





4. Conclusions


With the motivation of developing noble metal-free and cost-effective photocatalyst with enhanced photocatalytic activity and stability, core-shell particles of graphene-wrapped CdS particles and TiO2 (CdS@xG@TiO2) were synthesized with a facile synthesis approach. The layer thickness of the graphene between the CdS core and the TiO2 shell is optimized by varying the content of graphene quantum dots in the synthesis procedure to obtain enhanced light absorption and efficient charge transfer, due to the presence of conductive graphene between the CdS and TiO2. The presence of graphene between CdS and TiO2 behaves as an electron reservoir and charge transmitter which induces shorter Schottky barriers to move the photoinduced charges between CdS and TiO2. The enhanced light absorption and efficient charge transfer in the photocatalysts were further confirmed by UV-vis DRS and electrochemical measurements. The improved photocatalytic properties of the most optimized sample (CdS@50G@TiO2) gave high photocatalytic activity towards H2 generation from water with promising catalyst stability. The layer of TiO2 and graphene over CdS provide a shielding effect from photo-corrosion of CdS by efficiently transferring the holes from CdS toward TiO2 leading to high stability. The dual core-shell approach by tuning the conductive role of graphene between two semiconductors is shown to be a promising approach for achieving high photocatalytic activity and stability.








Supplementary Materials


The following are available online at https://www.mdpi.com/2073-4344/10/4/358/s1, S1: Calculation steps for Apparent Quantum Efficiency (AQE), Figure S1: XRD pattern of CdS@xG@TiO2 (x = 20, 30, 40, 50, 60, 80 µL of GQD solution with a concentration of ~ 100 mg mL−1 were used in the synthesis), Figure S2: Raman spectrum of CdS@50G@TiO2 sample, Figure S3: EDX elemental mapping images of CdS@50G@TiO2 sample which shows the presence of Cd, S, C, O and Ti in the sample, Figure S4: TEM image of CdS@50G@TiO2 sample, Figure S5. UV-vis spectrum of pure graphene quantum dots (GQD), Figure S6: UV-vis DRS spectra of CdS@xG@TiO2 samples, Figure S7: Photocatalytic H2 generation from water employing CdS@TiO2 and CdS@xG@TiO2 samples under simulated solar light with 1.5 AM filter, Figure S8: Schematic diagram of photocatalytic H2 generation setup in which Ar gas (a) was bubbled through mass flow controller (b) from the photoreactor (c) (V = 1.2 L) filled with a uniform reaction mixture consisting of 40 mg photocatalyst in aqueous Na2S and Na2SO3 solution. The photoreactor is illuminated with a solar simulator (d) equipped with AM 1.5 G filter and the effluent of the photoreactor is analyzed by a micro-gas chromatography unit (e). Table S1: BET surface areas, H2 production rates and apparent quantum efficiencies (AQE) of all the photocatalytic samples; Table S2: Comparison of various CdS-TiO2 with carbon and noble metal based photocatalysts reported for photocatalytic H2 generation from water; Table S3: Comparison of various photocatalysts recently reported for photocatalytic H2 generation from water; Table S4: Estimated values of valence band potential (EVB), conduction band potential (ECB) bandgap (Eg) and the difference in the valence band potential (ΔEVB) for pure CdS and pure TiO2 nanoparticles. The valence band maximum (EVBM) measured by valance band XPS.
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Figure 1. (a) XRD patterns of pure TiO2, CdS and CdS@XG@TiO2 samples and (b) FTIR spectra of pure CdS and CdS@XG@TiO2 samples. 
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Figure 2. FE-SEM images of pure TiO2 (a), pure CdS (b), CdS@TiO2 (c), CdS@50G@TiO2 (d) and HR-TEM images of CdS@50G@TiO2 with lattice spacing (e). 
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Figure 3. UV-vis DRS spectra of pure TiO2, pure CdS, CdS@TiO2 and CdS@50G@TiO2 (a), bandgap measurements by using Tauc plots of pure CdS (b) and pure TiO2 (c). 
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Figure 4. High resolution XPS analysis of Cd 3d in pure CdS and CdS@50G@TiO2 (a), S 2p (b), Ti 2p (c), O 1s (d) of pure CdS and CdS@50G@TiO2 and C 1s of CdS@50G@TiO2 (e). 
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Figure 5. Transient photocurrent response (a) and EIS Nyquist plots (b) of pure TiO2, pure CdS, CdS@TiO2 and CdS@50G@TiO2 in light and dark. 
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Figure 6. Photocatalytic activity tests for hydrogen generation from water employing different samples (a) and stability tests under the same conditions (b) employing 40 mg of catalysts dispersed in 600 mL DI water with 0.125 M Na2S and 0.175 M Na2SO3 acting as hole scavengers illuminated with simulated solar light. 
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Figure 7. Mott–Schottky plots of pure CdS (a), pure TiO2 (b), valence band XPS along with band diagram of CdS@xG@TiO2 (c) and schematic photocatalytic reaction mechanism (d). 
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