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Abstract

:

Solar-light-driven N-doped 3C–SiC powder was synthesized via a simple one-step combustion route. SiC–N2 photocatalysts exhibited 205.3 μL/(g·h) hydrogen evolution rate, nearly 2 times that of SiC–Ar(120.1 μL/(g·h)), and was much higher than that of SiC nanowires (83.9 μL/(g·h)), SiC nanoparticles (82.8 μL/(g·h)) as well as the B-doped SiC photocatalysts(166 μL/(g·h)). In cyclic tests, N-doped SiC also performed excellent photocatalytic durability and good structural stability. It can be concluded that the influence of N-doping introduced defects into the SiC photocatalyst by occupation and mixed phase structure, transformed the band structure into the direct band gap, and formed a shallow donor level for trapping holes. Consequently, higher photocatalytic activities and lower recombination was achieved. Furthermore, the carbon on the photocatalyst which was yielded from the substitution of N or which remained after combustion would build constructed efficient interfacial contact with SiC for the quickening of light-driven electron transfer to the surface, and simultaneously strengthen the adsorption capacity and light-harvesting potential.
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1. Introduction


Confronted with the dual pressures of a resource crisis and environmental pollution, the sustainable development and use of clean energy has become a hot issue [1]. The conversion of solar energy into hydrogen via water-splitting using a semiconductor as a photocatalyst has been considered to be an ideal and promising processes for the generation of clean and renewable energy [2,3].



To date, varieties of materials for photocatalytic application have been widely studied since Fujishima and Honda initially reported photoelectrochemical hydrogen production using TiO2 [4]. Similar to TiO2, many other metal oxides are also active for water-splitting, but a wide band gap and low quantum efficiency has a negative impact with regard to the efficient use of sunlight [5]. Non-oxides possess the band gap necessary to absorb visible light, but are generally unstable and prone to photo-corrosion and self-oxidation [6]. Therefore, it is still urgently necessary to develop photocatalysts that can use visible light and that are highly stable, as well as highly efficient and less expensive [7].



Silicon carbide (SiC) had an appropriate and tunable band gap (2.4–3.2 eV) [8] and a relatively negative conduction band position for visible-light-driven photocatalytic hydrogen evolution. Moreover, it exhibits high charge-carrier mobility, excellent thermal and chemical stability, and is environmentally friendly and abundant in low-cost raw materials [9]. However, SiC does not exhibit a satisfying photocatalytic action due to its low hydrogen production efficiency caused by an indirect band gap, lack of active sites, and high recombination rate of photo-excited e−/h+ pairs [10,11]. To address these challenges and improve the photocatalytic performance of SiC catalysts, various engineering strategies, such as morphology or structure control [12,13,14], non-metal doping [15,16], noble metal deposition (Au, Ag, Pt, etc.) [17,18,19], construction of combination and heterostructures (e.g., TiO2/SiC [20], SnO2/SiC [21], MoS2/SiC [22], SiC/CdS [23,24,25], g-C3N4/SiC [26], and SiC/BiVO4 [27], and hybridization of carbon materials (e.g., carbon nanotubes-SiC, graphene-SiC hybrids, and graphitic carbon-SiC [28,29,30,31] have been manufactured. However, the preparation of SiC photocatalyst that is efficient, stable, and visible-light-driven via a simple method remains a challenge. Ion-doping has proved to be a valid and widely used way to improve photocatalytic activity by expanding the light-response range and altering the recombination rate of photo-excited e−/h+ pairs. Nitrogen is widely used as an n-type dopant in silicon carbide due to its similarity in atomic radius compared to a C atom. For N-doped SiC, studies have mainly focused on the diffusion of N in SiC [32] and the dielectric and optical properties of N-doped SiC [33]; the effect of N-doping in SiC for photocatalytic H2 production under visible light has not been reported so far. Along with gradual occupation by N atoms at the C site, Si3N4 is also produced as an important intermediate product during the N-doping process. As the crystallization of SiC is hindered by the formation of Si3N4, the grain size is lessened, which improves chemical activities. At the same time, the reduction of Si3N4 raises the N pressure around the SiC lattice, which urges the occupation of N to form SiCN solid solution and yields graphite C, which enriches the diversity of the phases. The band structure transforms into the direct band gap with band-gap shrinkage due to the capture of unmatched electrons by Si 3p after N substitution. Additionally, separation photoelectron holes, promoted by heterostructure and interfacial contact, form in the photocatalyst.



Herein, a simple combustion synthesis process combining ion-doping and carbon-coating was adopted to prepare N-doped SiC. The as-prepared N-doped 3C-SiC photocatalyst was obtained with an enhanced activity as high as 205.3 μL/(g·h) for H2 production under solar light, which is nearly 2 times that of SiC–Ar (120.1 μL/(g·h)), and was much higher than that of SiC nanowires (83.9 μL/(g·h)), SiC nanoparticles (82.8 μL/(g·h)), and the B-doped SiC photocatalysts (166 μL/(g·h)). The chemical state, morphology, phase structure, optical properties, and the band structure of N-doped SiC were also investigated to evaluate the impact of N-doping on the photocatalytic activities. The strategy in this work provides a widely used reference for SiC-based systems to improve related photocatalysis.




2. Results and Discussion


2.1. Synthesis and Characterization


The X-ray diffraction (XRD) patterns of the as-prepared samples are shown in Figure 1. The characteristic diffraction peaks at 2θ = 35.8°, 41.3°, and 60° which are indexed as the (111), (200), and (220) facets of cubic SiC (JCPDS, No. 29–1129) appear in both samples, which implies that the main phase structure of SiC does not change significantly after N-doping. For the N-doped sample, the intensities of the peaks mentioned above decrease; additionally, the characteristic peaks of graphite C and Si3N4 weakly appear, indicating that the traces of residual carbon and Si3N4 appear in the product. This is accompanied by the direct formation (1) of SiC:


Si (l, s) + C (s) = SiC (s)



(1)







Si3N4 also came out as an intermediate product as shown in reaction (2),


3Si (s) + 2N2(g) = Si3N4 (s)



(2)




which not only retarded the generation of SiC owing to its more thermodynamic activity under 1550 °C [34], but also resulted in higher local N pressure in the SiC lattice, which accelerated the occupation by N atoms on C atoms and produced a SiC(N) solid solution. Consequently, the excess C, which is replaced by N, yielded graphite C in the final product. When the carbon was sufficient under an inert atmosphere and above the boundary temperature 1450 °C, the conversion from Si3N4 to SiC would be continuous until complete (3) [35].


Si3N4 (s) + 3C = 3SiC (s) + 2N2 (g)



(3)







The existence of peaks assigned to graphite C and Si3N4 is evidence of the unfinished process.



The detailed enlargement of the peak at 41° corresponding to (200) plane displays a shift towards the higher 2θ angle in the SiC–N2 sample, compared to SiC–Ar, suggesting a narrowed interplanar distance d, and a consequently reduced lattice constant a. Calculated by Jade 5.0 software, the lattice constant corresponding to 3C–SiC of SiC–N2 is 4.20 Å, whose value is much smaller than the standard value 4.36 Å of 3C–SiC, which is consistent with the result of the peak shift. The reason for the above change can be summarized as follows: (1) owing to its priority formation below the boundary temperature and drop in the combustion temperature when decomposed, Si3N4 restricts the generation of 3C–SiC and weakens its crystallinity; (2) the transformation between Si3N4 and SiC urges the occupation by smaller N atoms (radius: 0.080 nm) on C sites (radius: 0.086 nm), and forms the SiC(N) solid solution; (3) along with the substitution of N and further formation of Si–N bonds, a point crystal defect with negative electricity occurs, due to the residual unmatched electrons being captured by Si 3p [36]. The change of lattice constant a is listed in Table 1.



X-ray photoelectron spectroscopy (XPS) was used to determine the chemical state and surface properties of the catalysts, as shown in Figure 2 and Table 2, which can resolve SiC and Si3N4 using distinct binding energies owing to the distinction in the electronegativities of N and C. The component of C 1s at the lowest binding energy (283.2 eV) is due to C–Si bonds [37]. The peak at around 284.8 eV s ascribed to amorphous carbon left after combustion or contaminant carbon. The additional C 1s peaks from 285.2 to 287.1 eV are reported to refer to CNx [38,39,40]. The N 1s signals obtained from the samples are consistent with the trend of C 1s mentioned above. From the XPS spectra of N 1s (Figure 2e,f), the peak centered at 397.8 eV represents the fraction N–Si, whereas that the peak at 399.9 eV is assigned to N–C. Associated with the C 1s, N–C bonds are expected to come either from SiCN metastable [37] or a reaction between N2 and free carbon. SiC and CNx are expected to react as follows:


3Si + 2N2 + 5C→3SiC + 2CNx + (2 − x) N2



(4)







The Si 2p spectra consisted of three peaks—99.7, 101.7, and 103.8 eV—which can be attributed to Si–C, Si–N, and silicon oxide, respectively. On the one hand, the silicon oxide came from the oxygen adsorption during the combustion; on the other hand, the silicon oxide formed as a protective layer on the surface of Si3N4 by passivation oxidation [41], so the peak area ratio of Si–O apparently changes with the growth of Si–N amounts. The crystallization of SiC weakened by the formation of Si3N4 also can be observed by the contrast to the Si 2p data. Consequently, based on the XPS report, the final product of SiC–N2 was the mixture of SiC, Si3N4, and SiCN nano-ordered structure, whose multiple-phase structure and generated defects would enhance photocatalytic activities.



Figure 3a,b presents the scanning electron microscopy (SEM) images of the as-prepared samples. It can be seen that both the samples display similar granular structures and morphologies with dissimilar average size of ≈ 100–200 nm and ≈ 200–300 nm for SiC–N2 and SiC–Ar, respectively. The grain size of the doped samples is obviously smaller with rougher surface compared to the other one. Consistent with the XRD results, the narrowed size is mainly associated with Si3N4, which hindered crystallinity. Additionally, the substitution of N atoms into a SiC lattice yields residual carbon, which gathers to shape the rough surface. The Transmission Electron Microscope (TEM) Image in Figure 3c clearly displays the morphology of the SiC–Ar particle with a slippery surface. However, the SiC–N2 shows a dissimilar appearance whose surface is tightly covered by irregular sheet-like carbon, as shown in Figure 3d. More details about the structure and chemical composition of the samples is given by high-resolution transmission electron microscope (HRTEM) and EDS characterizations. As shown in Figure 3e, the clear lattice fringes with an interplanar lattice spacing of 0.25 nm corresponds to the (111) facet of SiC, whereas the lattice fringes with d spacing of about 0.33 nm can be indexed as the (004) plane of carbon. The interlaced structure of lattice formed by (004) planes of carbon and the (111) planes of SiC indicates the superior contact between them, at which the interfacial interaction plays a key role in photocatalytic activity. Element mapping for N and Si shows that the N element exists uniformly but rarely, which implies the doping of N atoms within the SiC framework using this simple strategy.



To understand the origin of charge separation, optical absorption behavior of the as-prepared samples was investigated by UV-Vis spectroscopy. As is evident in Figure 4a, both photocatalysts had wide photoabsorption; moreover, SiC–N2 exhibited a notable enhancement of absorption in the visible region (>400 nm), and its absorption edge (592 nm) appeared as a red shift compared with SiC–Ar (535 nm). Based on the widely accepted equation Eg = 1240/λ, the band-gap energy (Eg) can be estimated at 2.09 eV and 2.32 eV for SiC–N2 and SiC–Ar, respectively. The band gap can also be calculated more accurately using the following formula:


αhν = A(hν − Eg) n/2



(5)




where α, h, ν, A, and Eg are the absorption coefficient, Plank constant, photon frequency, proportionality constant, and band-gap energy, respectively. Among them, the value of exponent n was determined by the nature of the transition in the semiconductor (n = 1 for a direct transition and n = 4 for an indirect transition). From the plot of (αhν) n/2 vs. hν (Figure 4b,c), a good approximation of band-gap energies (Eg) can be obtained from the intersection between the extrapolated linear portion and the baseline. Although the absorption was not steep in the indirect band-gap semiconductor, the intersection with the baseline would be regarded as the Eg [43]. Considering that the type of the transition is unknown, the Eg is calculated on both conditions, as shown in Figure 4b,c. Assuming SiC–Ar to be an indirect band-gap semiconductor, the band-gap energy (Eg = indirect) of the as-prepared pure SiC–Ar was 2.34 eV; conversely, the band gap as direct transition (Eg = direct) was estimated to be 2.52 eV. For the doped-sample SiC–N2, the Eg = indirect and Eg = direct was 2.56 eV and 2.12 eV, respectively. By matching the Eg value with the result concluded from the absorbance, the characteristics of the transition for SiC–Ar was proved to be indirect, and SiC–N2 had a direct band gap. After N-doping, the band gap was shortened so that the value decreased from 2.34 eV (SiC–Ar) to 2.12 eV (SiC–N2). The nature of N-doped SiC transforms from an indirect transition to a direct transition with band-gap shrinkage after the C atom is substituted by the N atom, which is also mentioned in previous studies [36]. Mott–Schottky plots were employed to further study the relative position of the band structure after N-doping, as shown in Figure 4c. Both the plots have a linear relationship over the voltage range with positive slopes, which indicates the n-type conductive behavior of the samples. The flat band potentials Efb of SiC–Ar and SiC–N2 are estimated to be −0.67 and −0.49 V (vs. Ag/AgCl), respectively. It is known that Efb is strongly related to the position of the conduction band (CB) and is considered to be located just below the bottom of the CB in n-type semiconductors. Accordingly, the CB position of SiC–N2 is down-shifted from −0.47 to −0.29 eV (vs. NHE) compared to SiC–Ar. It is worth mentioning that after N-doping, the characteristic of SiC-N2 transforms from an indirect transition to a direct transition, and the band gap is reduced due to the CB bottom shifted below. Obviously, SiC–N2 enhances the photo-absorption properties by adjusting band structure, and shows potential for H2 production under visible-light irradiation.




2.2. Photocatalytic, Kinetic, and Photoelectrochemical Properties


The photocatalytic properties of SiC–Ar and SiC–N2 for solar-to-H2 conversion were assessed in the presence of sacrificial agents under simulated solar light irradiation. The time curve of the produced hydrogen accumulation on the SiC samples is given in Figure 5a, in where it nearly linearly increases in the reaction region, signifying good photochemical stability. No apparent decline of hydrogen evolution is observed in Figure 5b after three repeated runs over 15 h, indicating that SiC–N2 exhibited satisfactory stability and cyclability during the photocatalytic hydrogen production process. SiC–N2 exhibited average photoactivity with a rate of (205.3 μL/ (g·h)), which is much higher than that of SiC nanowires (83.9 μL/ (g·h)), SiC nanoparticles (82.8 μL/ (g·h)) [14], or B-doped SiC photocatalysts (166 μL/ (g·h)) [16].



These results can be ascribed to the narrowed band gap, favorable chemical activity, and low recombination of carriers. The residual carbon in the final product not only promotes the light harvest under visible light but also leaves a rougher surface and sharper edges, so that higher specific surface area and a greater number of dangling bonds is achieved. Thanks to the reduced crystallinity, the narrowed grain size increased the reaction area, while the point defects enriched the reaction sites. The reason for the enhancement in separation of light-induced carriers can be outlined as follows: (1) the carriers can be excited easily due to direct band-gap structure, and separated through the heterostructure and interfacial bonding brought on by the mixed phase structure; the photo-induced electrons are further transited to the carbon covering of the SiC and react efficiently with the solution. (2) The defects caused by occupation of the N on the C site in the SiC lattice became the traps that captured the holes, and the recombination of carriers is inhibited.



The photo-generated charge separation and migration were validated by photoelectrochemical measurement. As is evident in Figure 6, the transient photocurrent density of SiC–N2 (about 0.34 μA/cm2) was nearly twice as big as that of un-doped SiC–Ar (about 0.16 μA/cm2), revealing an enhanced ability to generate and transfer charges. The improvement of separation efficiency in SiC–N2 was attributed to the narrowed band gap and the hole trap brought on by N-doping, thereby increasing the solar-light use and decelerating the recombination of photo-generated e−/h+ pairs.



To achieve further insight into the transport capability and internal resistances of photocatalysts, electrochemical impedance spectroscopy (EIS) measurement was performed. It can be clearly seen from Figure 6b that N-doping leads to a smaller arc radius on the Nyquist plot as compared to un-doped SiC–Ar, suggesting a lower transfer resistance, and further reflecting a quicker charge transfer and better carrier mobility. The promoted transport performance of photo-induced carriers was achieved in SiC–N2, owing to the interfacial interaction among the mixed phase structure and the high conductivity offered by carbon-covered photocatalysts.




2.3. Reaction Mechanisms


Here, a feasible mechanism of PHE over SiC–N2 base on those reported properties above is proposed in Figure 7. Thanks to the narrowed band gap and direct transition, the photo-induced electron-hole in SiC–N2 was prone to be excited by solar-light irradiation. Owing to the Fermi level of carbon, part of the photo-generated electrons would be injected through the rectifying interface into the carbon surface of the SiC, whose adsorption capacity and chemical activity would accelerate the reaction in solution. Despite the wide band-gap material, Si3N4 remained in the SiC–N2 sample, the excited electrons can transfer to SiC–N2 via the heterostructure and be involved in the reaction, leaving the holes on the value band to react with the sacrificial agent. The phase transformation forms superior contact among them, where the interfacial interaction plays a key role in the photo-generated h+/e− pair transmission. Additionally, the replacement of the C atom by the N atom would form a shallow donor as hole traps and a crystal defects, preventing the recombination of photo-excited electrons and hole pairs.





3. Experimental


3.1. Chemicals and Materials


All the reagents used in this research were analytically pure and applied without further treatment. The raw materials used in the experiment mainly included fine silicon powder and carbon powder of 99.999% purity with a particle size of 5–10 μm and 5–20 μm, respectively.




3.2. Material Synthesis


The SiC powder was synthesized using the combustion method. The reactant silicon and carbon powder with a precisely controlled molar ratio of 1:1 were sealed into a PTFE milling tank to homogeneously mix for 24 h at room temperature. Then, the resulting mixture and 3 C–SiC powder (work as seed) were put into graphite crucibles and placed in a horizontal alumina tubular furnace which was procedurally heated to 1550 °C at a rate of 3 °C·min−1 and kept for 30 min. Then, the furnace was cooled to 800 °C at a same rate and naturally cooled down to room temperature. During the whole process of heating and cooling, nitrogen was continuously inflowed as the doping source at a flow rate of 400 sccm, producing N-doped SiC known as SiC–N2. Moreover, a sample was prepared by the same procedure in Ar and labeled as SiC–Ar in order to make a comparison.




3.3. Material Characterizations


The crystalline phase and composition of obtained products was characterized by a D8 Advance X-ray diffractometer (D8 Advance, Bruker, Billerica, MA, USA) with Cu Kα radiation (λ = 1.54178 Å) at 40 kV and 40 mA. The lattice constant of as-prepared SiC samples was calculated by Jade 5.0 software. The chemical states and surface properties of the samples were determined by X-ray photoelectron spectroscopy (ESCALAB 250, Thermo Fisher Scientific, Waltham, MA, USA) with a monochromatic Al Kα as the excitation source. The optical properties of the samples were measured using a UV-Vis spectrophotometer (UV2250, Shimadzu, Kyoto, Japan), in which BaSO4 was used as a reflectance standard. The surface morphologies of the as-prepared samples were observed and characterized by SEM (S-4800 field emission, Hitachi, Tokyo, Japan) and HRTEM (JEM 2100, JEOL, Tokyo, Japan).




3.4. Photocatalytic Tests


The photocatalytic H2-production measurement was performed in Labsolar-6 A system (Perfectlight Technology, Beijing, China), which consisted of a 300 mL Pyrex glass reaction cell connected to a closed gas circulation and evacuation system. In a typical reaction, the photoreaction solution included 100 mg of photocatalysts, 100 mL of deionized water containing 0.1 M Na2 SO3 and 0.1 M Na2 S as sacrificial reagents. Continuous magnetic stirring was maintained at the bottom of the reactor during the entire experiment to maintain the photocatalysts in suspension. A 300 W Xe arc lamp was employed as a light source and kept 1 cm away from the top of the reactor with an average light intensity of 120 mW·cm−2. The reaction temperature was sustained at ambient temperature by a circular cooling water system during the whole photocatalytic process. The hydrogen evolved was sampled and analyzed by an online thermal conductivity detector using a gas chromatograph (shiweipxGC-7806, TCD, with Ar as carrier gas) every 1 h of illumination, which lasted for 5 h. A cyclic experiment repeated 3 times was carried out to determine the photocatalytic stability of the samples.




3.5. Photocurrent Test


Photocurrent measurements were conducted by an electrochemical workstation (CHI760, Chenhua Instrument, Shanghai, China), coupled with a Xe lamp (PLS-SXE300 UV, TrustTech, Beijing, China) using a standard three-electrode configuration with 0.5 M Na2 SO4 as electrolyte solution. The platinum plate (1.0 cm × 1.0 cm) electrode, the prepared samples photoelectrode, and a standard Ag–AgCl electrode were used as counter, working, and reference electrodes, respectively.





4. Conclusions


Solar-light-driven N-doped 3 C–SiC powder was synthesized via a simple one-step combustion route. It was apparent that the N-doping played a significant role in the crystallinity, phase transformation, optical, and photoelectrical properties of the SiC samples, which further affected the photoactivity. SiC–N2 photocatalysts exhibited 205.3 μL/(g·h) hydrogen evolution rate, nearly twice that of SiC–Ar (120.1 μL/(g·h)), and much higher than that of SiC nanowires (83.9 μL/(g·h)), SiC nanoparticles (82.8 μL/(g·h)), as well as the B-doped SiC photocatalysts (166 μL/(g·h)). This suggested that the photocatalytic performance was primarily attributed to the enhancement of light-use ability by band-gap adjustment and carbon surface, efficient separation of photo-excited carriers through the interface, and the capture of hole traps, chemical activities resulting from defects and grain size, and the increased absorptivity caused by carbon, which was produced during the phase transformation. This work presents a simple method for meeting the requirements for durable and non-toxic catalysts at low cost.
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Figure 1. (a) XRD patterns of SiC–N2 and SiC–Ar; and (b) the magnification of the diffraction peak (200). 
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Figure 2. The XPS spectra of C1s (a,b) Si 2p(c,d), (e,f) N 1s. 
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Figure 3. Scanning electron microscopy (SEM) images of SiC–Ar (a) and SiC–N2 (b), The high-resolution transmission electron microscope (HRTEM) images of SiC–Ar (c) and SiC–N2 (d), corresponding HRTEM and STEM-EDS elemental mapping image of SiC–N2 (e). 
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[image: Catalysts 10 00769 g003]







[image: Catalysts 10 00769 g004 550] 





Figure 4. UV-Vis absorption spectra (a), plots of (αhν) n/2 versus hν of SiC–Ar (b) and SiC–N2 (c), and Mott–Schottky plots of SiC–N2 and SiC–Ar in 0.5 mol∙L−1 Na2 SO4 solution (d). 
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Figure 5. Photocatalytic hydrogen evolution performance (a) and cyclic experiments (b) of SiC–N2 and SiC–Ar. 
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Figure 6. The photocurrent density (a) and EIS responses (b) of SiC–N2 and SiC–Ar electrodes. 
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Figure 7. Photocatalytic process of H2 formation in N-doped SiC. 
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Table 1. Characterization results of SiC photocatalysts.
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	Sample
	A/nm
	Eg/eV
	Efb/V





	SiC–Ar
	0.436
	2.34
	−0.47



	SiC–N2
	0.420
	2.17
	−0.29







a: lattice constant; Eg: band-gap energy; Efb: flat band potential.
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Table 2. Photoelectron binding energies measured in this experiment.
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Composition Spin

	
Bond

	
Binding Energy(eV)

	
Literature(eV)






	
C 1s

	
C–Si

	
283.2

	
283.4 [37]




	
C–C

	
284.8

	
284.6 [37]




	
CNx

	
285.2–287.1

	
285.4–288 [40]




	
Si 2p

	
Si–C

	
99.7

	
100.3 [41]




	
Si–N

	
101.7

	
101.9 [37]




	
Si–O

	
103.8

	
104.1 [37]




	
N 1s

	
N–Si

	
397.8

	
397.8 [42]




	
N–C

	
399.9

	
399.0 [37]












© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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