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CdS nanostep-structured arrays were grown on F-doped tin oxide-coated glasses using a two-step hydrothermal method. The CdS arrays consisted of a straight rod acting as backbone and a nanostep-structured morphology on the surface. The morphology of the samples can be tuned by varying the reaction parameters. The phase purity, morphology, and structure of the CdS nanostep-structured arrays were characterized by X-ray diffraction and field emission scanning electron microscopy. The light and photoelectrochemical properties of the samples were estimated by a UV-Vis absorption spectrum and photoelectrochemical cells. The experimental results confirmed that the special nanostep structure is crucial for the remarkable enhancement of the photoelectrochemical performance. Compared with CdS rod arrays, the CdS nanostep-structured arrays showed increased absorption ability and dramatically improved photocurrent and energy conversion efficiency. This work may provide a new approach for improving the properties of photoelectrodes in the future.
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1. INTRODUCTION

There is a high demand for a sustainable energy source as fossil fuel consumption continues to cause environmental harm. Among the various substitutes for fossil fuel, solar energy is considered to be an ideal candidate because it is inexhaustible, clean, and widely distributed globally (Hisatomi et al., 2014; Ning et al., 2017; Zhang et al., 2020). However, the widespread application of solar energy continues to be a challenge due to its discontinuity (Low et al., 2017; Zhang et al., 2018). To address this issue, great efforts have been made to achieve solar energy conversion and storage. For instance, photoelectrochemical (PEC) water splitting using solar energy aims at converting solar energy into hydrogen and oxygen to create a renewable energy system (Courtin et al., 2014; Ahmed and Dincer, 2019). This technology builds a bridge between solar energy and hydrogen, which is considered green energy, prompting great interest among researchers (Fang et al., 2017; Qi et al., 2018; Hirscher et al., 2020). The key factor in PEC water splitting is the development of highly efficient photoelectrodes based on semiconductors (Jiang C. et al., 2017; Chen et al., 2018).

Many kinds of photoelectrodes, such as Fe2O3, BiVO4, WO3, and CdS (Ji et al., 2016; Sun et al., 2018; Fu et al., 2019; Wang et al., 2019), have been developed since the Fujisha and Hoda reported that TiO2 could be used as a photoelectrode for solar energy conversion (Fujishima and Honda, 1972). There is particular interest in CdS due to its suitable band gap and high absorption coefficient, which results in relatively efficient PEC and photocatalytic performance (Cheng et al., 2018). CdS is a well-known narrow band gap semiconductor that is widely used in lasers, light-emitting diodes, and solar cells (Zhang et al., 2016; Zapf et al., 2017; Bosio et al., 2018). Many researchers have focused on the application of CdS in the field of PEC/photocatalytic water splitting for hydrogen production. For example, Li's group reported an exceptionally high quantum efficiency (93%) of photocatalytic hydrogen production on Pt–PdS/CdS (Yang et al., 2012). Liu et al. (2013) obtained 62% quantum efficiency of solar hydrogen evolution over Cd0.5Zn0.5S without noble metal loading. After further experimentation, they achieved an internal quantum efficiency approaching 100% at 425 nm based on Cd0.5Zn0.5S with NiSx as co-catalyst (Liu et al., 2016). All these studies demonstrated that CdS is a promising semiconductor for high solar energy conversion. Nevertheless, pure CdS still possesses inherent drawbacks, such as rapid charge recombination and poor stability in solution, which limits its practical application (Yan et al., 2009; Xie et al., 2014).

Various strategies have been explored to address the disadvantages of CdS to promote charge carrier separation and to enhance the efficiency of solar energy conversion (Zhang and Lou, 2019; Zheng et al., 2019). Heterojunction design is a common method that has been widely used to improve the separation of photogenerated electron-hole pairs (Li et al., 2018; Wu et al., 2019). Doping CdS with metal or non-metal elements is another measure used to tune the energy band structure and enhance the properties of CdS (Lee et al., 2016). In addition to the above methods, morphology control can be used to improve the PEC performance of CdS (Vaquero et al., 2017). For example, Jing synthesized CdS particles with screw-thread-like nanostep structures and demonstrated that this structure is crucial for enhancing photocatalytic hydrogen production (Jing and Guo, 2006). Chen prepared CdS nanorod arrays without a template and demonstrated their potential applications in optoelectronics (Chen et al., 2011). Liu et al. fabricated porous flower-like, belt-like, and net-like CdS photocatalysts using a mixed-solvothermal strategy. The flower-like CdS exhibited the highest photocatalytic activity for H2 evolution under visible light without any co-catalyst (Liu et al., 2018). Each of the above studies demonstrated a promising approach to improve solar energy conversion based on the morphology control of CdS.

Herein, we report a two-step hydrothermal method to synthesize nanostep arrays as photoelectrodes for improved PEC performance. The CdS arrays consist of a straight rod as the backbone and a nanostep-structured morphology on the surface. The morphology and PEC performance of the samples can be tuned by varying the reaction parameters. Experimental results show that, compared to the sample without the nanostep structure, the CdS nanostep arrays exhibited better PEC performance. This work may provide a new approach for improving the properties of photoelectrodes in the future.



2. EXPERIMENTAL SECTION


2.1. Raw Materials

All chemical agents were of analytical grade and were used without further treatment. F-doped tin oxide (FTO)-coated glass as substrates (15Ω/square) were purchased from Nippon Sheet Glass Co., Ltd. Acetone (C3H6O), absolute ethanol (C2H6O), hydrochloric acid (HCl), cadmium nitrate (Cd(NO3)2·4H2O), thiourea (CS(NH2)2), and glutathione (GSH) were purchased from Sinopharm Chemical Reagent Limited Corporation. Deionized water was used in all experiments. For synthesis of CdS films on FTO substrates, the FTO substrates were first ultrasonically cleaned in deionized water, acetone, and absolute ethanol alternatively 15 min per step.



2.2. Synthesis of CdS Nanorod Arrays

CdS nanorod arrays were deposited on the cleaned FTO substrate using a hydrothermal method. In a typical experiment, cadmium nitrate (1 mmol), thiourea (3 mmol), and GSH (0.6 mmol) were dissolved in 80 mL deionized water. This solution was poured into Teflon lined stainless steel autoclave containing an FTO glass substrate placed at an angle and partially immersed into the solution. Then, the autoclave was transferred to electricity heat drum wind drying oven and maintained 200°C for 2, 4, and 6 h to determine the optimal reaction time. Finally, the sample was removed from the autoclave and rinsed with deionized water after the autoclave cooled naturally. The obtained samples were denoted as CdS-2h, CdS-4h, and CdS-6h, respectively.



2.3. Synthesis of CdS Nanostep-Structured Arrays

As the sample prepared for 4 h showed the best PEC performance, this sample was used thereafter. CdS nanostep arrays were synthesized by a second hydrothermal approach that was completed by keeping the sample CdS-4h in the autoclave at 200°C for 1, 2, 3, and 4 h with same precursor solution. Finally, the obtained samples were rinsed with deionized water. The samples were denoted as CdS-T-1h, CdS-T-2h, CdS-T-3h, and CdS-T-4h, respectively. To further improve the PEC performance of CdS nanostep arrays, CdS-4h was first treated in 3.7 wt% HCl solution for 30 s before second hydrothermal process. Subsequently, the second hydrothermal process was completed by keeping treated CdS-4h in the autoclave at 200°C for 3 h with same precursor solution. The obtained sample was denoted as CdS-HT-3h.



2.4. Characterization

The sample morphology was observed using a JEOL JSM-7800 scanning electron microscopy (SEM). X-ray diffraction (XRD) patterns were obtained on a PANalyticalX'pert MPD Pro X-ray diffractometer using Ni-filtrated Cu Kα irradiation (wavelength 1.5406°A). The optical spectra of the samples were determined with a Hitachi U-4100 UV-vis-near-IR spectrophotometer using BaSO4 as the reference. Linear sweep voltammetry (LSV) under chopped light illumination was conducted using an electrochemical workstation (CHI 760D) in a three-electrode system.



2.5. PEC Measurements

PEC measurements were carried out in a convenient three electrodes cell. Work electrodes were made up of the sample films. The work electrodes were mounted onto a special designed electrode holder and surface areas exposed to electrolyte were fixed at 0.785 cm2. A saturated calomel electrode (SCE) was used as a reference electrode, and a large area platinum plate was used as a counter electrode. An aqueous solution of 0.5 M Na2SO3 was prepared as the electrolyte. An electrochemical workstation (CHI 760D) from CH Instruments was used for photocurrent measurements under 100 mW/cm2 chopped light illumination. The scanning rate was 10 mV/s, and the scanning direction was from low to high potential. The absolute intensity of the incident light was recorded with an avaspec-2048 fiber optical spectrometer from Avnantes.




3. RESULTS AND DISCUSSION

Figure 1 shows the SEM images of samples prepared through a one-step hydrothermal approach maintained at 200°C for 2, 4, and 6 h. As shown in Figure 1A, a few irregular rods made up of massive nanoparticles were formed. When the hydrothermal time was increased to 4 h, the morphology of the sample changed considerably. The apparent nanorod arrays without nanoparticles are shown in Figure 1B. Through careful observation of the insert picture in Figure 1B, a frustum-like structure can be found at the top of the nanorod arrays, which may relate to the acidity of the precursor. This will be discussed in the following sections. The diameter of the nanorods decreased gradually as the reaction time increased from ~200 nm for 4 h to ~100 nm for 6 h. The thickness (~1 μm) of film fabricated for 4 h is shown in the SEM image of crossing section (Figure 1D). The image also shows that nanorod arrays uniformly disperse on the FTO surface. The (002) peak is higher in intensity compared with other peaks in the XRD patterns (Supplementary Figure 1). This further confirms the synthesis of CdS nanorod arrays through a one-step hydrothermal method at 200°C for 4 and 6 h.
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FIGURE 1. Scanning electron microscopy (SEM) images of (A) sample CdS-2h; (B) sample CdS-4h; (C) sample CdS-6h; (D) crossing-section view of sample CdS-4h; insert pictures are high-magnification SEM image of CdS-2h, CdS-4h, and CdS-6h; (E) Uv-Vis absorbance of CdS-2h, CdS-4h, and CdS-6h; (F) linear sweep voltammetry (LSV) curves of CdS-2h, CdS-4h, and CdS-6h under chopped light illumination.


Generally, the light absorption and PEC performance of the samples are the primary concerns for energy conversion. Figure 1E shows the absorbance of the three samples that possess the specific absorption property of CdS (Ai et al., 2018). For the sample prepared for 2 h, the absorption edge is approximately 520 nm, corresponding to 2.38 eV in the band gap as calculated by the equation Eg = 1,240/λ (Humayun et al., 2018). When the hydrothermal time was increased, the absorption edge of the sample shifted to 560 nm (4 h) and then moved back to 540 nm (6 h), corresponding to 2.21 and 2.30 eV in the band gap. The changes in the band gap of the samples may be influenced by the crystal size, i.e., quantum confinement effect (Chen et al., 2019). In Figure 1A, it is clear that the sample prepared for 2 h is composed of many particles that are the smallest in size of the three samples. Therefore, it exhibits the largest band gap. The sample prepared for 4 h has the smallest band gap because of its large crystal size, which is beneficial for PEC performance. This is because a semiconductor with a smaller band gap can absorb light energy in a wider range of the solar spectrum (Samsudin and Abd Hamid, 2017). Upon further observation of the absorption curve, it is notable that the absorption of sample CdS-4h is dramatically stronger than that of other two samples, particularly in wavelengths between 500 and 800 nm. The enhancement of the absorption capacity is ascribed to the multi-scattering and light-trapping effect created by the nanorod arrays. (Cho et al., 2011). Based on the above analysis, it is expected that the sample CdS-4h would have better PEC performance, and this was confirmed by the PEC results shown in Figure 1F. The photocurrent density of the sample CdS-4h is higher than that of the other two samples in the entire applied bias region, reaching a value of 1.08 mA/cm2 at 0 V, 10 times that of the sample prepared for 2 h. The significant improvement in PEC performance may be due to better light absorption capability and facile transportation of chargers arising from straight CdS nanorods (Wang W. et al., 2018).

As the sample prepared for 4 h showed the best PEC performance (Figure 1F), this sample was used as the base to synthesize CdS nanostep arrays. Figure 2 shows the SEM images of samples that were prepared by second step hydrothermal approach at 200°C for 1, 2, 3, and 4 h. As shown in Figure 2A and in the inset picture, bulky pyramid-like rods are composed of tiny particles with ~10 nm in diameter, and no nanostep CdS arrays were found. When the second hydrothermal time was increased to 2 h, polycrystalline CdS rods transformed into pyramidal and frustum-like rods (Figure 2B). This transformation was also found by Li's group when the reaction time was increased above 1 h (Yang et al., 2013). Upon further increasing the reaction time to 3 h, an obvious nanostep structure was formed on the surface of the CdS rods. The nanostep structure may be beneficial for enhancing the light absorption due to the multi-scattering and reflection effect of light (Bera et al., 2018). However, the nanostep structure disappeared as the time was extended to 4 h. In this case, the CdS rod was transformed into a thinner and irregular rod (Figure 2D), only ~100 nm in diameter, in contrast with the nanostep structural rod with a ~600 nm in diameter. The evolution of the rod diameter with time is also observed in Figures 1A–C. This change in rod diameter and morphology may be caused by the synergistic effect of GSH used as a capping agent and the acidity of the precursor solution. Li's and Chen's group reported that thiol and dicarboxylic groups in GSH played a vital role in forming CdS crystal particles and nanorod arrays. The thiol and dicarboxylic groups may selectively absorb on the low-index faces of CdS, leading to slow growth along that side and then forming CdS nanorods (Chen et al., 2008; Yang et al., 2013). The CdS rod may be etched during the hydrothermal approach due to the acidity of the hydrothermal solution containing GSH as an acidic polypeptide (Tummanapelli and Vasudevan, 2015). Under these conditions, the high-energy face of the CdS rod could be etched first to shape the nanostep structure on the rod surface. The etching process will be continued with hydrothermal time, eventually resulting in a reduction in the diameter of the rods. Thus, there is a specific amount of time needed to obtain a CdS rod with a nanostep structure.
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FIGURE 2. Scanning electron microscopy (SEM) images of (A) sample CdS-T-1h; (B) sample CdS-T-2h; (C) sample CdS-T-3h; (D) sample CdS-T-4h; insert picture is high-magnification SEM image of CdS-T-1h.


The XRD patterns of the as-prepared samples are shown in Figure 3A. It is evident that all diffraction peaks correspond to the hexagonal wurtzite CdS phase (JCPDS No. 77-2306) (Shengyuan et al., 2012). There are no other peaks to be found, demonstrating the purity of all CdS samples synthesized by a two-step hydrothermal process. Furthermore, the differences between the samples can be confirmed by comparing the peak intensity of the (002) facet. The peak intensity of the (002) facet has an overwhelming advantage over other peaks for the CdS-T-2h, CdS-T-3h, and CdS-T-4h, but not for CdS-T-1h, indicating preferential growth along the [002] direction for the CdS-T-2h, CdS-T-3h, and CdS-T-4h (Jiang J. et al., 2017). Considering the SEM images in Figure 2, it can be concluded that CdS particles are formed first after a short reaction time, and the polycrystalline CdS will gradually transform into CdS rods when the reaction time increases.
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FIGURE 3. (A) X-ray diffraction (XRD) patterns of samples CdS-T-1h, CdS-T-2h, CdS-T-3h, and CdS-T-4h; (B) Uv-Vis absorbance of samples CdS-T-1h, CdS-T-2h, CdS-T-3h, and CdS-T-4h; (C) linear sweep voltammetry (LSV) curves of samples CdS-T-1h, CdS-T-2h, CdS-T-3h, and CdS-T-4h under chopped light illumination; (D) applied bias photon-to-current efficiency (ABPE) curves of samples CdS-T-1h, CdS-T-2h, CdS-T-3h, and CdS-T-4h under chopped light illumination.


Figure 3B presents the light diffuse reflectance spectra of samples with different morphologies. To better distinguish these curves, we only show the spectrum between 450 and 600 nm in wavelength (the spectrum between 300 and 800 nm in wavelength is also presented in the Supporting Information, Supplementary Figure 2). As with other's reports (Bu et al., 2013; Wei et al., 2017), all curves show good visible light absorption of CdS, and the absorption edge is approximately 550 nm, corresponding to 2.25 eV in the band gap. Nevertheless, there is a slight difference between all spectrums. It was found that sample CdS-T-3h exhibits better absorption properties than the other samples, which may be ascribed to the rod arrays with a nanostep structure, as discussed in the previous section. Under these conditions, it is expected that sample CdS-T-3h may have better PEC performance than the other samples. The PEC performance of the samples is displayed in Figure 3C. The photocurrent density of all samples increased steadily with increasing applied bias, and gradually reached saturation, indicating the efficient separation of photogenerated chargers in the film (Wang F. et al., 2018). As expected, the photocurrent density of sample CdS-T-3h is highest in all samples at whole applied bias range and is approximately two times that of sample CdS-T-4h at 0 V (vs. SCE). Furthermore, the applied bias photon-to-current efficiency (ABPE), defined in Equation (1), is developed to characterize the energy conversion efficiency under an applied bias (Chen et al., 2010):

[image: image]

where jph is the photocurrent density obtained under an applied bias Vb. Ptotal is incident illumination power density. As the ABPE curves shown in Figure 3D demonstrate, the ABPE value of all samples increased with increasing applied bias, indicating that the separation of chargers is generated by radiation. The ABPE value reaches a maximum at 0.1 V (vs. SCE), 4.09% for CdS-T-3h, and 1.77% for CdS-T-4h, confirming again that CdS-T-3h has the best PEC performance among the samples. The improvement in the PEC performance of the sample CdS-T-3h may be attributed to its unique rod arrays with a nanostep structure. The rod arrays provide a direct path for the transportation of chargers (Tak et al., 2009). The nanostep structure not only enlarges the contact area between the film and the electrolyte (Iwase et al., 2004), but also enhances the separation of chargers, which promotes surface reaction and improves the PEC performance of the samples (Shi et al., 2014; Cai et al., 2017).

In order to further improve the PEC performance of the sample, CdS-4h was immersed in 3.7 wt% HCl solution for 30 s before second hydrothermal process in order to remove the organic group that may absorb to the film surface during the first hydrothermal process. Then, CdS-4h treated with hydrochloric acid was placed in an autoclave containing the same precursor at 200°C for 3 h. The obtained sample is denoted as CdS-HT-3h, and the SEM image of the CdS-HT-3T is shown in Figure 4A. A noticeable nanostep structural morphology is observed in the SEM image, similar to sample CdS-T-3h. In addition, large branches were distributed around the CdS backbone, forming a three-dimensional CdS structure, which could further enhance the light absorption of the sample (Dinh et al., 2014). Figure 4B provides evidence that CdS nanostep arrays with branches show slightly better light absorption in the spectral range of 300–800 nm, except for 510–540 nm, compared to CdS-T-3h. Exceptions at 510–540 nm may originate from the difference in crystal size between CdS-HT-3h and CdS-T-3h. With hydrochloric acid treatment, the sample CdS-HT-3h has a relatively smaller rod diameter than that of CdS-T-3h (compare Figure 2C with Figure 4A), which leads to a blue shift of the absorption edge discussed in the previous section. Subsequently, the LSV performance under chopped light was compared for the following structures: CdS rod arrays, CdS rod arrays with nanostep, and CdS rod arrays with nanostep and branches, as shown in Figure 4C. It is evident that CdS-HT-3h and CdS-T-3h both show significantly improved PEC performance when compared to the sample CdS-4h. The photocurrent density reaches 3.34 mA/cm2 at 0 V (vs. SCE) for CdS-HT-3h and 3.24 mA/cm2 for CdS-HT-3h, 3.3 and 3.2 times that of CdS-4h without nanostep structure. We also examined the ABPE curves of the three samples to further study energy conversion, and we found that they again confirm the advantage of the sample with the nanostep structure.
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FIGURE 4. (A) Scanning electron microscopy (SEM) image of sample CdS-HT-3h; (B) Uv-Vis absorbance of samples CdS-4h, CdS-T-3h, and CdS-HT-3h; (C) LSV curves of samples CdS-4h, CdS-T-3h, and CdS-HT-3h under chopped light illumination; (D) applied bias photon-to-current efficiency (ABPE) curves of samples CdS-4h, CdS-T-3h, and CdS-HT-3h under chopped light illumination.


It is well-known that the PEC performance of a sample is highly dependent on three factors: the efficiency of charge generation, the efficiency of charger collection (transfer) at the electrode/electrolyte interface, and the efficiency of charge transport within the film (Ren et al., 2016). The efficiency of charge generation is closely related to the light absorption ability. The efficiency of charger collection and the efficiency of charge transport are related to the structure and electrical properties of the semiconductor. In the present experiment, the CdS rod arrays with a nanostep structure enhanced the light absorption arising from multiple reflection effects (Sun et al., 2014). Compared to the sample CdS-4h without the nanostep structure, both CdS-HT-3h and CdS-T-3h with a nanostep structure have large surface-to-volume ratios that provide sufficient reaction sites. Additionally, the photogenerated electrons and holes can readily migrate to the edge and groove sites of the nanostep structure on the surface of the CdS arrays due to the different charge densities between the edge and groove sites (Ding et al., 2018). These two factors increase the efficiency of charge separation and collection at the electrode/electrolyte interface. In terms of the efficiency of charge transport, the CdS rod arrays supply a direct pathway for photoinduced carrier transportation (Zhao et al., 2015; Qiu et al., 2019; Xu et al., 2020). All the above factors improve the PEC performance and enhance the light energy conversion of the sample. It is worth noting that sample CdS-HT-3h with branches on the surface only slightly improved its PEC performance compared to sample CdS-T-3h, which may not be consistent with our previous expectations. However, this is not the aim of this article. The goal of this work is to provide a new approach for synthesizing rod arrays with a nanostep structure on the surface. Based on this unique structure, the PEC performance of the photoelectrode can be continuously improved.



4. CONCLUSION

CdS rod arrays with a nanostep structural surface were grown on FTO-coated glasses through a two-step hydrothermal method. The morphology of the samples can be tuned by varying the reaction parameters, such as hydrothermal time and surface treatment. Compared to CdS rod arrays without a nanostep structure, the CdS nanostep structural arrays showed enhanced absorption ability and dramatically improved photocurrent and energy conversion efficiency, both of which contributed to the multiple reflection effect of light in the arrays and the enhanced charge transportation and collection.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



AUTHOR CONTRIBUTIONS

JJ designed the experiments. HW carried out the experiments. HA analyzed the experimental results. GD gave helpful discussions to the conclusions. JJ wrote the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This study was supported by the State Scholarship Fund of China Scholarship Council (201906305029) and Doctoral Scientific Research Foundation of Northwest A&F University (Nos. Z109021814, Z1090219099).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fchem.2020.577582/full#supplementary-material



REFERENCES

 Ahmed, M., and Dincer, I. (2019). A review on photoelectrochemical hydrogen production systems: challenges and future directions. Int. J. Hydrogen Energy 44, 2474–2507. doi: 10.1016/j.ijhydene.2018.12.037

 Ai, Z., Zhao, G., Zhong, Y., Shao, Y., Huang, B., Wu, Y., et al. (2018). Phase junction CdS: high efficient and stable photocatalyst for hydrogen generation. Appl. Catal. B Environ. 221, 179–186. doi: 10.1016/j.apcatb.2017.09.002

 Bera, S., Lee, S. A., Kim, C.-M., Khan, H., Jang, H. W., and Kwon, S.-H. (2018). Controlled synthesis of vertically aligned SnO2 nanograss-structured thin films for SnO2/BiVO4 core-shell heterostructures with highly enhanced photoelectrochemical properties. Chem. Mater. 30, 8501–8509. doi: 10.1021/acs.chemmater.8b03179

 Bosio, A., Rosa, G., and Romeo, N. (2018). Past, present and future of the thin film CdTe/CdS solar cells. Solar Energy 175, 31–43. doi: 10.1016/j.solener.2018.01.018

 Bu, Y., Chen, Z., Li, W., and Yu, J. (2013). High-efficiency photoelectrochemical properties by a highly crystalline CdS-sensitized ZnO nanorod array. ACS Appl. Mater. Interfaces 5, 5097–5104. doi: 10.1021/am400964c

 Cai, X., Mao, L., Zhang, J., Zhu, M., Fujitsuka, M., and Majima, T. (2017). Charge separation in a nanostep structured perovskite-type photocatalyst induced by successive surface heterojunctions. J. Mater. Chem. A 5, 10442–10449. doi: 10.1039/C7TA02379K

 Chen, D., Liu, Z., Guo, Z., Yan, W., and Xin, Y. (2018). Enhancing light harvesting and charge separation of Cu2O photocathodes with spatially separated noble-metal cocatalysts towards highly efficient water splitting. J. Mater. Chem. A 6, 20393–20401. doi: 10.1039/C8TA07503D


 Chen, F., Qiu, W., Chen, X., Yang, L., Jiang, X., Wang, M., et al. (2011). Large-scale fabrication of CdS nanorod arrays on transparent conductive substrates from aqueous solutions. Solar Energy 85, 2122–2129. doi: 10.1016/j.solener.2011.05.020

 Chen, F., Zhou, R., Yang, L., Shi, M., Wu, G., Wang, M., et al. (2008). One-step fabrication of CdS nanorod arrays via solution chemistry. J. Phys. Chem. C 112, 13457–13462. doi: 10.1021/jp802745b


 Chen, Y.-C., Yang, K.-H., Huang, C.-Y., Wu, Z.-J., and Hsu, Y.-K. (2019). Overall photoelectrochemical water splitting at low applied potential over ZnO quantum dots/nanorods homojunction. Chem. Eng. J. 368, 746–753. doi: 10.1016/j.cej.2019.03.024

 Chen, Z., Jaramillo, T. F., Deutsch, T. G., Kleiman-Shwarsctein, A., Forman, A. J., Gaillard, N., et al. (2010). Accelerating materials development for photoelectrochemical hydrogen production: standards for methods, definitions, and reporting protocols. J. Mater. Res. 25:3. doi: 10.1557/JMR.2010.0020

 Cheng, L., Xiang, Q., Liao, Y., and Zhang, H. (2018). CdS-based photocatalysts. Energy Environ. Sci. 11, 1362–1391. doi: 10.1039/C7EE03640J

 Cho, I. S., Chen, Z., Forman, A. J., Kim, D. R., Rao, P. M., Jaramillo, T. F., et al. (2011). Branched TiO2 nanorods for photoelectrochemical hydrogen production. Nano Lett. 11, 4978–4984. doi: 10.1021/nl2029392

 Courtin, E., Baldinozzi, G., Sougrati, M. T., Stievano, L., Sanchez, C., and Laberty-Robert, C. (2014). New Fe2TiO5-based nanoheterostructured mesoporous photoanodes with improved visible light photoresponses. J. Mater. Chem. A 2, 6567–6577. doi: 10.1039/C4TA00102H

 Ding, J., Li, X., Chen, L., Zhang, X., Yin, H., and Tian, X. (2018). Site-selective deposition of reductive and oxidative dual cocatalysts to improve the photocatalytic hydrogen production activity of CaIn2S4 with a surface nanostep structure. ACS Appl. Mater. Interfaces 11, 835–845. doi: 10.1021/acsami.8b17663

 Dinh, C.-T., Yen, H., Kleitz, F., and Do, T.-O. (2014). Three-dimensional ordered assembly of thin-shell Au/TiO2 hollow nanospheres for enhanced visible-light-driven photocatalysis. Angew. Chem. 126, 6736–6741. doi: 10.1002/ange.201400966

 Fang, M., Dong, G., Wei, R., and Ho, J. C. (2017). Hierarchical nanostructures: design for sustainable water splitting. Adv. Energy Mater. 7:1700559. doi: 10.1002/aenm.201700559

 Fu, J., Xu, Q., Low, J., Jiang, C., and Yu, J. (2019). Ultrathin 2D/2D WO3/g-C3N4 step-scheme H2-production photocatalyst. Appl. Catal. B Environ. 243, 556–565. doi: 10.1016/j.apcatb.2018.11.011

 Fujishima, A., and Honda, K. (1972). Electrochemical photolysis of water at a semiconductor electrode. Nature 238, 37–38. doi: 10.1038/238037a0

 Hirscher, M., Yartys, V. A., Baricco, M., von Colbe, J. B., Blanchard, D., Bowman, R. C. Jr., et al. (2020). Materials for hydrogen-based energy storage-past, recent progress and future outlook. J. Alloys Compounds 827:153548. doi: 10.1016/j.jallcom.2019.153548


 Hisatomi, T., Kubota, J., and Domen, K. (2014). Recent advances in semiconductors for photocatalytic and photoelectrochemical water splitting. Chem. Soc. Rev. 43, 7520–7535. doi: 10.1039/C3CS60378D

 Humayun, M., Fu, Q., Zheng, Z., Li, H., and Luo, W. (2018). Improved visible-light catalytic activities of novel Au/P-doped g-C3N4 photocatalyst for solar fuel production and mechanism. Appl. Catal. A Gen. 568, 139–147. doi: 10.1016/j.apcata.2018.10.007

 Iwase, A., Kato, H., Okutomi, H., and Kudo, A. (2004). Formation of surface nano-step structures and improvement of photocatalytic activities of NaTaO3 by doping of alkaline earth metal ions. Chem. Lett. 33, 1260–1261. doi: 10.1246/cl.2004.1260

 Ji, M., Cai, J., Ma, Y., and Qi, L. (2016). Controlled growth of ferrihydrite branched nanosheet arrays and their transformation to hematite nanosheet arrays for photoelectrochemical water splitting. ACS Appl. Mater. Interfaces 8, 3651–3660. doi: 10.1021/acsami.5b08116

 Jiang, C., Moniz, S. J., Wang, A., Zhang, T., and Tang, J. (2017). Photoelectrochemical devices for solar water splitting-materials and challenges. Chem. Soc. Rev. 46, 4645–4660. doi: 10.1039/C6CS00306K

 Jiang, J., Ren, W., Chen, Y., Du, G., and Guo, L. (2017). Insight into carrier transportation and hydrogen production activity of two novel morphological CdS films. Int. J. Hydrogen Energy 42, 28710–28717. doi: 10.1016/j.ijhydene.2017.08.197

 Jing, D., and Guo, L. (2006). A novel method for the preparation of a highly stable and active CdS photocatalyst with a special surface nanostructure. J. Phys. Chem. B 110, 11139–11145. doi: 10.1021/jp060905k

 Lee, C.-H., Shie, J.-L., Yang, Y.-T., and Chang, C.-Y. (2016). Photoelectrochemical characteristics, photodegradation and kinetics of metal and non-metal elements co-doped photocatalyst for pollution removal. Chem. Eng. J. 303, 477–488. doi: 10.1016/j.cej.2016.05.140

 Li, L., Chen, R., Zhu, X., Liao, Q., Ye, D., Zhang, B., et al. (2018). A ternary hybrid CdS/SiO2/TiO2 photoanode with enhanced photoelectrochemical activity. Renew. Energy 127, 524–530. doi: 10.1016/j.renene.2018.05.019

 Liu, M., Chen, Y., Su, J., Shi, J., Wang, X., and Guo, L. (2016). Photocatalytic hydrogen production using twinned nanocrystals and an unanchored NiSx co-catalyst. Nat. Energy 1, 1–8. doi: 10.1038/nenergy.2016.151

 Liu, M., Jing, D., Zhou, Z., and Guo, L. (2013). Twin-induced one-dimensional homojunctions yield high quantum efficiency for solar hydrogen generation. Nat. Commun. 4, 1–8. doi: 10.1038/ncomms3278

 Liu, Y., Ma, Y., Liu, W., Shang, Y., Zhu, A., Tan, P., et al. (2018). Facet and morphology dependent photocatalytic hydrogen evolution with CdS nanoflowers using a novel mixed solvothermal strategy. J. Colloid Interface Sci. 513, 222–230. doi: 10.1016/j.jcis.2017.11.030

 Low, J., Yu, J., Jaroniec, M., Wageh, S., and Al-Ghamdi, A. A. (2017). Heterojunction photocatalysts. Adv. Mater. 29:1601694. doi: 10.1002/adma.201601694

 Ning, C.-Z., Dou, L., and Yang, P. (2017). Bandgap engineering in semiconductor alloy nanomaterials with widely tunable compositions. Nat. Rev. Mater. 2, 1–14. doi: 10.1038/natrevmats.2017.70

 Qi, J., Zhang, W., and Cao, R. (2018). Solar-to-hydrogen energy conversion based on water splitting. Adv. Energy Mater. 8:1701620. doi: 10.1002/aenm.201701620

 Qiu, Y., Pan, Z., Chen, H., Ye, D., Guo, L., Fan, Z., et al. (2019). Current progress in developing metal oxide nanoarrays-based photoanodes for photoelectrochemical water splitting. Sci. Bull. 64, 1348–1380. doi: 10.1016/j.scib.2019.07.017

 Ren, X., Sangle, A., Zhang, S., Yuan, S., Zhao, Y., Shi, L., et al. (2016). Photoelectrochemical water splitting strongly enhanced in fast-grown ZnO nanotree and nanocluster structures. J. Mater. Chem. A 4, 10203–10211. doi: 10.1039/C6TA02788A

 Samsudin, E. M., and Abd Hamid, S. B. (2017). Effect of band gap engineering in anionic-doped TiO2 photocatalyst. Appl. Surface Sci. 391, 326–336. doi: 10.1016/j.apsusc.2016.07.007

 Shengyuan, Y., Nair, A. S., Peining, Z., and Ramakrishna, S. (2012). Electrospun TiO2 nanostructures sensitized by CdS in conjunction with CoS counter electrodes: quantum dot-sensitized solar cells all prepared by successive ionic layer adsorption and reaction. Mater. Lett. 76, 43–46. doi: 10.1016/j.matlet.2012.02.055

 Shi, H., Chen, G., and Zou, Z. (2014). Platinum loaded NaNbO3−xNx with nanostep surface nanostructures toward enhanced visible-light photocatalytic activity. Appl. Catal. B Environ. 156, 378–384. doi: 10.1016/j.apcatb.2014.03.036

 Sun, Q., Wang, N., Yu, J., and Yu, J. C. (2018). A hollow porous cds photocatalyst. Adv. Mater. 30:1804368. doi: 10.1002/adma.201804368

 Sun, X., Li, Q., Jiang, J., and Mao, Y. (2014). Morphology-tunable synthesis of ZnO nanoforest and its photoelectrochemical performance. Nanoscale 6, 8769–8780. doi: 10.1039/C4NR01146E

 Tak, Y., Hong, S. J., Lee, J. S., and Yong, K. (2009). Fabrication of ZnO/CdS core/shell nanowire arrays for efficient solar energy conversion. J. Mater. Chem. 19, 5945–5951. doi: 10.1039/b904993b

 Tummanapelli, A. K., and Vasudevan, S. (2015). Ab initio MD simulations of the bronsted acidity of glutathione in aqueous solutions: Predicting pka shifts of the cysteine residue. J. Phys. Chem. B 119, 15353–15358. doi: 10.1021/acs.jpcb.5b10093

 Vaquero, F., Navarro, R., and Fierro, J. (2017). Influence of the solvent on the structure, morphology and performance for H2 evolution of CdS photocatalysts prepared by solvothermal method. Appl. Catal. B Environ. 203, 753–767. doi: 10.1016/j.apcatb.2016.10.073

 Wang, F., Yang, H., and Zhang, Y. (2018). Enhanced photocatalytic performance of CuBi2O4 particles decorated with ag nanowires. Mater. Sci. Semiconductor Process. 73, 58–66. doi: 10.1016/j.mssp.2017.09.029

 Wang, L., Su, J., and Guo, L. (2019). Hierarchical growth of a novel Mn-Bi coupled BiVO4 arrays for enhanced photoelectrochemical water splitting. Nano Res. 12, 575–580. doi: 10.1007/s12274-018-2256-9

 Wang, W., Jin, C., and Qi, L. (2018). Hierarchical CdS nanorod@ SnO2 nanobowl arrays for efficient and stable photoelectrochemical hydrogen generation. Small 14:1801352. doi: 10.1002/smll.201801352

 Wei, R.-B., Kuang, P.-Y., Cheng, H., Chen, Y.-B., Long, J.-Y., Zhang, M.-Y., et al. (2017). Plasmon-enhanced photoelectrochemical water splitting on gold nanoparticle decorated ZnO/CdS nanotube arrays. ACS Sustain. Chem. Eng. 5, 4249–4257. doi: 10.1021/acssuschemeng.7b00242

 Wu, Y., Liu, Z., Li, Y., Chen, J., Zhu, X., and Na, P. (2019). Construction of 2D-2D TiO2 nanosheet/layered WS2 heterojunctions with enhanced visible-light-responsive photocatalytic activity. Chin. J. Catal. 40, 60–69. doi: 10.1016/S1872-2067(18)63170-5

 Xie, Y. P., Yu, Z. B., Liu, G., Ma, X. L., and Cheng, H.-M. (2014). CdS-mesoporous ZnS core-shell particles for efficient and stable photocatalytic hydrogen evolution under visible light. Energy Environ. Sci. 7, 1895–1901. doi: 10.1039/c3ee43750g

 Xu, S., Jiang, J., Ren, W., Wang, H., Zhang, R., Xie, Y., et al. (2020). Construction of ZnO/CdS three-dimensional hierarchical photoelectrode for improved photoelectrochemical performance. Renew. Energy 153, 241–248. doi: 10.1016/j.renene.2020.02.001

 Yan, H., Yang, J., Ma, G., Wu, G., Zong, X., Lei, Z., et al. (2009). Visible-light-driven hydrogen production with extremely high quantum efficiency on Pt-PdS/CdS photocatalyst. J. Catal. 266, 165–168. doi: 10.1016/j.jcat.2009.06.024

 Yang, C., Liu, S., Li, M., Wang, X., Zhu, J., Chong, R., et al. (2013). The role of glutathione on shape control and photoelectrical property of cadmium sulfide nanorod arrays. J. Colloid Interface Sci. 393, 58–65. doi: 10.1016/j.jcis.2012.10.035

 Yang, J., Yan, H., Wang, X., Wen, F., Wang, Z., Fan, D., et al. (2012). Roles of cocatalysts in Pt-PdS/CdS with exceptionally high quantum efficiency for photocatalytic hydrogen production. J. Catal. 290, 151–157. doi: 10.1016/j.jcat.2012.03.008

 Zapf, M., Ronning, C., and Röder, R. (2017). High temperature limit of semiconductor nanowire lasers. Appl. Phys. Lett. 110:173103. doi: 10.1063/1.4982629

 Zhang, F., Wang, S., Wang, L., Lin, Q., Shen, H., Cao, W., et al. (2016). Super color purity green quantum dot light-emitting diodes fabricated by using CdSe/CdS nanoplatelets. Nanoscale 8, 12182–12188. doi: 10.1039/C6NR02922A

 Zhang, P., and Lou, X. W. (2019). Design of heterostructured hollow photocatalysts for solar-to-chemical energy conversion. Adv. Mater. 31:1900281. doi: 10.1002/adma.201900281

 Zhang, P., Lu, X. F., Luan, D., and Lou, X. W. (2020). Fabrication of heterostructured Fe2TiO5-TiO2 nanocages with enhanced photoelectrochemical performance for solar energy conversion. Angew. Chem. 132, 8205–8209. doi: 10.1002/ange.202000697

 Zhang, P., Yu, L., and Lou, X. W. (2018). Construction of heterostructured Fe2O3-TiO2 microdumbbells for photoelectrochemical water oxidation. Angew. Chem. Int. Ed. 57, 15076–15080. doi: 10.1002/anie.201808104

 Zhao, M., Li, H., Shen, X., Ji, Z., and Xu, K. (2015). Facile electrochemical synthesis of CeO2@ Ag@ CdS nanotube arrays with enhanced photoelectrochemical water splitting performance. Dalton Trans. 44, 19935–19941. doi: 10.1039/C5DT03661E

 Zheng, N.-C., Ouyang, T., Chen, Y., Wang, Z., Chen, D.-Y., and Liu, Z.-Q. (2019). Ultrathin CdS shell-sensitized hollow S-doped CeO2 spheres for efficient visible-light photocatalysis. Catal. Sci. Technol. 9, 1357–1364. doi: 10.1039/C8CY02206B

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Jiang, Wang, An and Du. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/math_1.gif
Jpu(mA[em™) x [1.23 — [Vy|] (V)

x100 (1)
PrdmW o)

ABPE(%) =





OPS/images/fchem-08-577582-g003.gif





OPS/images/fchem-08-577582-g004.gif
PR

b5y

E=N a

A
A

LAkl

il

Appied!






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Controlled Growth of CdS Nanostep Structured Arrays to Improve Photoelectrochemical Performance



		1. Introduction



		2. Experimental Section



		2.1. Raw Materials



		2.2. Synthesis of CdS Nanorod Arrays



		2.3. Synthesis of CdS Nanostep-Structured Arrays



		2.4. Characterization



		2.5. PEC Measurements







		3. Results and Discussion



		4. Conclusion



		Data Availability Statement



		Author Contributions



		Funding



		Supplementary Material



		References

















OPS/images/cover.jpg
’ frontiers
in Chemistry

Controlled Growth of CdS Nanostep
Structured Arrays to Improve
Photoelectrochemical Performance





OPS/images/fchem-08-577582-g001.gif





OPS/images/fchem-08-577582-g002.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Chemistry





