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Abstract

:

β-Ga2O3 has attracted considerable attention as an alternative photocatalyst to replace conventional TiO2 under ultraviolet-C irradiation due to its high reduction and oxidation potential. In this study, to enhance the photocatalytic activity of β-Ga2O3, nanofibers are formed via the electrospinning method, and Si atoms are subsequently doped. As the Si concentration in the β-Ga2O3 nanofiber increases, the optical bandgap of the β-Ga2O3 nanofibers continuously decreases from 4.5 eV (intrinsic) to 4.0 eV for the Si-doped (2.4 at. %) β-Ga2O3 nanofibers, and accordingly, the photocatalytic activity of the β-Ga2O3 nanofibers is enhanced. This higher photocatalytic performance with Si doping is attributed to the increased doping-induced carriers in the conduction band edges. This differs from the traditional mechanism in which the doping-induced defect sites in the bandgap enhance separation and inhibit the recombination of photon-generated carriers.
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1. Introduction


TiO2, as well as ZnO nanoparticles, have been investigated as excellent photocatalytic materials in both public and scientific areas due to their relatively high oxidation potential, chemical stability, and nontoxicity [1,2,3]. Although the photocatalytic efficiency of ZnO is inferior to that of TiO2, it has wider applications than TiO2 [3]. Recently, attention has increased in Ga2O3 (Eg = ~4.9 eV), which possesses a much higher energy band gap compared to TiO2 (~3.3 eV) and ZnO (~3.3 eV) [4,5,6,7,8]. A higher energy bandgap is beneficial to obtain a high overpotential value, which often determines the kinetics of photocatalysts for a hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) [4,5,6,7,8]. It has also been reported that Ga2O3 degrades gaseous benzene, liquid phase rhodamine B, methyl blue (MB), and even perfluorooctanoic/salicylic acid [4,6,7]. The electronic band structure of β-Ga2O3 exhibits almost direct bandgap behavior [8], which is beneficial to the efficient photocatalytic activity of Ga2O3. In fact, one study reported that the photocatalytic activity of Ga2O3 outperformed that of conventional TiO2 under ultraviolent-C (UVC) irradiation, which was, in part, attributed to the higher energy bandgap value of Ga2O3 (~4.7 eV) over that of TiO2 (~3.3 eV) [9]. Though Ga2O3 semiconductors have been studied for more than a half-century, they have recently gained substantial attention for next-generation power electronics [8]. This implies that the fundamental understanding of Ga2O3 could be enhanced, which would expedite the development of a Ga2O3-based photocatalyst. It is well known that photocatalytic efficiency can be enhanced by increasing the surface area of a photocatalyst [10]. The formation of nanostructures such as nanoparticles, nanorods, and nanoflakes, rather than thin film, is a simple and effective approach to increasing surface area and thus photocatalytic performance [10]. The photocatalytic properties of nanostructures are further associated with shape (crystalline faces), defects, and doping [11]. For the present work, β-Ga2O3 nanofibers were formed via the electrospinning method, and their photocatalytic properties were evaluated by degrading the MB. To further enhance the photocatalytic properties, Si atoms were simultaneously doped in the β-Ga2O3 nanofibers during the electrospinning process. The doped ions generated a defect level, resulting in additional energy levels within the energy bandgap. Generally, these defects often serve as electron and/or hole trap sites leading to effective electron-hole separation and the inhibition of electron-hole recombination, allowing more carriers to diffuse in the surface (extending the lifetime of carriers) and increasing the reaction probability. Aside from the defect generation, more photo-induced electrons were populated in the conduction band edge due to the bandgap narrowing effect as the Si concentration increased in the β-Ga2O3 nanofibers. The increased electron density was able to enhance the photocatalytic activity of the β-Ga2O3 nanofibers. Scanning electron microscopy (SEM), X-ray diffraction (XRD), photoluminescence (PL) spectroscopy, and ultraviolet-visible (UV-Vis) diffuse reflectance spectroscopy were utilized at room temperature to correlate the structural, optical, and photocatalytic properties of the intrinsic Ga2O3 with those of the Si-doped Ga2O3.




2. Results and Discussion


Figure 1 exhibits typical SEM images of the Ga2O3 nanofibers with different Si concentrations. The electrospinning process used to form the Ga2O3 nanofibers was optimized to create continuous nanofibers that were able to maintain themselves regardless of the Si concentration (0~2.4 at. %). The average diameter of the intrinsic Ga2O3 nanofibers was about 90 nm, and the diameter increased to 110 and 190 nm for the nanofibers with Si concentrations of Si 0.6 at. % and Si 2.6 at. %, respectively. These increases were attributed to the higher solution viscosity caused by adding the TEOS. In a previous study, chain entanglement in a polymer solution was reinforced but chain mobility degraded as the viscosity in the solution increased, which resulted in less extension during the electrospinning process, thereby producing a thicker fiber [12,13]. The intrinsic Ga2O3 nanofibers exhibited a porosity microstructure, as shown in Figure 1a. The formation of a porous surface was inevitable due to the decomposition of polyvinylpyrrolidone (PVP) during the heat treatment in the electrospinning method [14,15]. The surface roughness of the Ga2O3 nanofiber became smoother with the Si concentration, and the dopants in the oxide nanostructure reconstructed the surface defects, thereby improving the surface characteristics [16]. The surface area of the Ga2O3 nanofibers was 2.67 m2/g, and the value of the Ga2O3 nanofibers with Si 0.6 at. % decreased to as little as 1.46 m2/g. This decrease of the surface area with dopants matched the observations using SEM. However, the surface area of the Ga2O3 nanofibers with Si 2.4 at. % increased to as high as 7.07 m2/g. This sudden increase was presumably attributed to the formation of a snowflake surface, as shown in Figure 1c (the detailed surface area results are presented in Figure 3b). Elemental mappings (inset in Figure 1) extracted from EDS measurements showed a spatial distribution of the compositional elements (Ga, O, and Si), revealing that the Si atoms were uniformly distributed on the Ga2O3 nanofibers.



The XRD analysis of the Ga2O3 nanofibers with different Si concentrations is compared in Figure 2a and supplementary information (Figure S1). The polycrystalline structure of the Ga2O3 nanofibers corresponded to the monoclinic β-Ga2O3 phase regardless of the Si concentration according to JCPDS (760573). It was found that particular peaks dropped dramatically while some peaks only decreased a little as the Si concentration in the β-Ga2O3 increased; a further investigation on plane dependence according to the dopant introduced would be worthwhile to better understand the Ga atom replacement with Si dopants. The reduction in the normalized peak intensity of the β-Ga2O3 nanofibers with Si doping was further quantified, as shown in Figure 2b. The suppression of a particular β-Ga2O3 peak (110) caused by adding Si atoms was also observed in the Sn-doped β-Ga2O3 [17]. This indicated that like the Sn-doped β-Ga2O3, the Si-dopants substitutionally incorporated Ga atoms in an octahedral site [18]. It was also found that as the Si concentrations increased, the full width at half maximum (FWHM) of the peaks increased, which was attributed to the decrease in the average grain size and/or increase of structural disorder. It was noted that as the stacking fault density increased, the probability for nucleation sites increased, and eventually, the grain size decreased [19].



The optical transmittance of β-Ga2O3 nanofibers with different Si concentrations was compared, and a Tauc plot was subsequently derived, as presented in Figure 3a. The optical bandgaps of the β-Ga2O3 nanofibers with different Si dopants were extracted via linear extrapolation from this Tauc plot (both direct and indirect bandgap model) [20]. The extracted optical bandgap of the polycrystalline β-Ga2O3 nanofibers was around 4.5 eV, which was smaller than that of the single crystalline β-Ga2O3 (4.77 eV) [8]. This discrepancy was presumably attributed to the photon scattering in the surface and the grain boundary of the polycrystalline nanofibers [21,22]. The optical bandgap of the β-Ga2O3 nanofibers continuously decreased from 4.5 eV (intrinsic) to 4.0 eV for the Si-doped (2.4 at. %) β-Ga2O3 nanofibers. This bandgap reduction was explained by the enhanced density of localized states caused by the Si dopants, as shown in Figure 3c, which was generated due to the Si dopants on the substitutional sites of the Ga atoms [23]. The donor and acceptor states in the intrinsic β-Ga2O3 nanofibers were formed by an oxygen vacancy (VO) and gallium (VGa), respectively [24]. Though these states of VO and VGa have been sharply described within the bandgap in Figure 3c, they were expected to exhibit tails because these VO and VGa sites were randomly distributed. Figure 3d shows the PL spectra of the Ga2O3 nanofibers with different Si concentrations at room temperature. The intrinsic β-Ga2O3 nanofibers showed multiple peaks ranging between 400 and 550 nm, representing violet, blue, and green emissions. These violet, blue, and green emissions have also been observed from Ga2O3 nanowires [25,26]. It was reported that the violet and blue emissions in the Ga2O3 nanowires originated from the recombination of an electron on a donor with a hole on an acceptor, rather than via band-to-band recombination, because the excitation wavelength (325-nm light (3.8 eV)) was lower than the bandgap of the Ga2O3 nanofibers [27]. The violet emission intensity linearly increased at the low Si concentration region (Si 0~1.4%), but it remained constant at the high Si concentration region (>Si 1.4%). These enhanced intensities of the violet, blue, and green emissions at the low Si concentration region were attributed to the increased VO and VGa caused by the addition of Si atoms [27]. A further enhancement in the Si concentration expanded the Si dopant energy band, as seen in Figure 3d. The minimum band edge of this energy band had an energy level located below that of the VO, which explained the enhanced blue and green emissions with the high Si concentration region. The increase in the green emissions with Si-doping in the β-Ga2O3 was consistent with a previous report in which the green emissions appeared in the presence of Si impurities [24]. In short, the violet emissions increased via the increased VO and VGa at the low Si concentration region and then saturated, whereas Si dopants also induced the blue and green emissions and this effect dominated in the relatively high Si concentration region.



Finally, the photocatalytic activity of β-Ga2O3 nanofibers with different Si concentrations was evaluated according to the photodegradation of MB dye in an aqueous solution under ultraviolet-C (UVC) radiation. Figure 4a shows the optical absorption spectra of the MB solution in the presence of β-Ga2O3 nanofibers with different Si concentrations after UVC irradiation. It was shown that the absorption spectra of the MB solution in the presence of β-Ga2O3 nanofibers degraded with Si doping. The photocatalytic performance of the β-Ga2O3 nanofibers with Si doping was quantitatively determined via absorbance values at λ = 664 nm. The photocatalytic activity, as shown in Figure 4b, was obtained using Formula (1).


  Photocatalytic   activity   =  (    Ci − C   Ci    )  × 100  



(1)




where   Ci   and  C  are the absorbance of the MB solution in the presence of β-Ga2O3 nanofibers with different Si concentrations at λ = 664 nm before irradiation and after irradiation, respectively.



In addition, the normalized carrier density in the conduction band edge of the β-Ga2O3 nanofibers was also shown as a function of Si concentration. The results showed that the photocatalytic activity of the β-Ga2O3 nanofibers was continuously enhanced with Si doping. These results suggested that β-Ga2O3 nanofibers with Si doping offered the potential for valuable applications in water treatment and the degradation of volatile organic compounds (VOCs). The photocatalytic activity of the β-Ga2O3 nanofibers as shown in Figure 4 was correlated with both the PL and optical bandgap results in Figure 3. In previous reports where dopants were introduced in transparent conductive oxides (TCOs) such as Ce-doped TiO2 [28], Hf-doped ZnO [29], Mg-doped ZnO [30], Al-doped ZnO [31], and Cu-doped TiO2 [32], the photocatalytic activity of the TCOs increased, but the PL peak decreased with doping [33,34]. The enhancement of the photocatalytic activity caused by adding dopants was attributed to the higher separation efficiency of the photon-generated carriers—in other words, the lower recombination of electrons and holes due to the generated trap sites in the bandgap.



In contrast to previous studies [28,29,30,31,32,33,34], the photocatalytic activity in the present study continuously increased along with the PL intensity as the Si concentration in the β-Ga2O3 nanofibers increased. This indicated that the mechanism of separation and recombination of photon-generated carriers alone was insufficient to explain the photocatalytic activity of the Si-doped β-Ga2O3 nanofibers. Thus, we introduced a narrower bandgap with Si doping, which generated more carriers. This explained the enhanced photocatalytic activity along with increasing PL intensity as the Si concentration increased. The normalized carrier density in the Si-doped β-Ga2O3 nanofibers with Si concentration, as shown in Figure 4b, was extracted from Formula (2).


   Normalized   carrier   density  =  e  −  (     E g    2 kT    )     



(2)




where Eg, k, and T are the energy bandgap, Boltzmann’s constant, and temperature (kelvin), respectively [35]. It was noted that the donor ionization energy of the Si in the Ga2O3 was calculated to be 36 meV, which was sufficient to be completely ionized at room temperature [18]. This indicated that the doped Si atoms generated additional electrons in the conduction band edge, which were also able to enhance the formation of superoxide anion radicals and, finally, hydroxyl radicals [36,37,38]. The increased number of hydroxyl radicals via Si doping at a given surface area of β-Ga2O3 nanofibers was responsible for the increased degradation of the MB. Though the recombination of photon-generated carriers increased with Si doping, which was evidenced by the PL intensity, it was presumed that the enhanced electron density caused by the bandgap narrowing dominated the photocatalytic activity of the β-Ga2O3 nanofibers with Si doping. Aside from the narrowed bandgap, the population of doping-induced electrons in the conduction band edge also increased with Si doping.



The recyclability of the various β-Ga2O3 nanofibers with different Si concentrations was conducted for three cycles in the photocatalytic degradation of MB, as shown in Figure 5a. More than 99% of the MB degraded even after the third cycle for the β-Ga2O3 nanofibers with Si 1.4 at. %, Si 1.8 at. %, and Si 2.4 at. %. On the other hand, the value decreased to as low as 87% and 66% for the β-Ga2O3 nanofibers with Si 0.6 at. % and the intrinsic β-Ga2O3 nanofibers, respectively. This indicated that the dopants in the β-Ga2O3 nanofibers improved the recyclability as well as the photocatalytic performance. Furthermore, the photocatalytic performance of the Ga2O3 with Si doping is compared to that of ZnO and TiO2 with different dopants in Figure 5 [39,40,41,42,43]. This comparison revealed that the photocatalytic performance of all of the photocatalysts increased with dopants (0~6 at.%), but the dopant effect on the photocatalytic performance was significant particularly for the Si dopants in the Ga2O3. The steeper slope of photocatalytic performance seen in the Ga2O3 with Si doping compared to the TiO2 and ZnO with other dopants, along with the PL analysis, indicated that the enhanced carrier density, rather than generation of defect sites to enhance separation and inhibit the recombination of photon-generated carriers, was more effective in enhancing the photocatalytic performance.




3. Materials and Method


GaCl3 (Sigma-Aldrich, Saint Louis, MO, USA), polyvinylpyrrolidone (PVP, average molecular weight = 1,300,000; Sigma-Aldrich, USA), and Tetraethyl orthosilicata (TEOS, Sigma-Aldrich, USA) were commercially obtained to form the electrospun Si-doped Ga2O3 nanofibers. Synthesis conditions were as follows: GaCl3 (2.56 g), PVP (5.295 g), and TEOS (0.079 mL for Si 0.6 at. %, 0.395 mL for Si 1.4 at. %, 0.553 mL for Si 1.8 at. %, and 0.79 mL for Si 2.4 at. %) were dissolved in the deionized (DI) water (30 mL). The prepared solution was continuously stirred for 24 h before electrospinning. The electrospinning apparatus consisted of a syringe pump, a gauge metal needle, a grounded collector, and a high voltage supply equipped with current and voltage digital meters [12]. The solution was placed in a 10-mL syringe attached to the syringe pump and was fed into the metal needle at a flow rate of 0.1 μL/h. A high voltage of 25 kV was applied between the needle and the aluminum foil ground at a distance of 8 cm. The formed nanofibers were dried at room temperature for 24 h and subsequently annealed at 1000 ˚C for 6 h.



The morphology and elemental image with concentrations of Ga, Si, and O were investigated using field emission scanning electron microscopy (FESEM, JEOL JSM-7100F, Tokyo, Japan) with energy-dispersive X-ray spectroscopy (EDX). The crystallographic structures of the intrinsic and the Si-doped β-Ga2O3 nanofibers were characterized using a powder X-ray diffraction system (XRD, Rigaku SmartLAB, Tokyo, Japan) over the 2θ range of 10-80° with Cu Kα radiation (λ = 0.15405 nm). The fluorescence ability of the Si-doped β-Ga2O3 was analyzed via photoluminescence at 325 nm excitation (PL, Horiba Jobin-Yvon LabRAM HR-800 UV-Visible-NIR). The transmittance and absorbance of the MB solution were analyzed using UV-VIS spectrophotometers (UV-3600 plus, Shimadzu, Kyoto, Japan). The surface area of the of β-Ga2O3 nanofibers with different Si concentrations was determined via the Brunauer, Emmett, and Teller (BET) method using a conventional flow apparatus (BELSORP-mini II, Osaka, Japan) with nitrogen adsorption at −196 °C. The photocatalytic activity of the β-Ga2O3 nanofibers with different Si concentrations was evaluated via MB (0.02 mM) degradation under UVC irradiation. Each of the 3-mg nanofibers with different Si concentrations was added to the 4-mL MB solutions (1.56 mg/L in DI water), which were then exposed under a 254-nm UVC lamp (UVITEC, Cambridge, United Kingdom) at 6 W for 1.5 h. Each of the 4-mL exposed solutions was subsequently taken for an absorbance and transmittance analysis using UV-3600 Plus (Shimadzu, Japan).




4. Conclusions


In summary, Si-doped β-Ga2O3 nanofibers were formed via the electrospinning method, and their photocatalytic properties were evaluated with Si concentrations by degrading the methylene blue under UVC irradiation. The photocatalytic performance of the β-Ga2O3 nanofibers enhanced along with the Si concentration, which was attributed to the increased carrier density caused by the narrowed bandgap rather than the separation and inhibiting recombination of photon-generated carriers caused by the defect sites. The Si-dopant effect on the photocatalytic performance of the β-Ga2O3 nanofibers was more significant compared to those of TiO2 and ZnO with other dopants.
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Figure 1. SEM/EDS mapping images and diameter histograms of electrospun Ga2O3 nanofibers with (a) Si 0 at. %, (b) Si 0.6 at. %, and (c) Si 2.4 at. %. After electrospinning, the nanofibers were calcined at 1000 °C for 6 h. The red solid curves in the histograms are the best-fitting Gamma distribution functions. (Scale bar: 1 μm). 
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Figure 2. (a) XRD pattern of electrospun β-Ga2O3 nanofibers with different Si concentrations. (b) Normalized peak reduction of Si-doped (2.4 at. %) β-Ga2O3 nanofibers compared to that of intrinsic β-Ga2O3 nanofibers. 
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Figure 3. (a) Tauc plot (direct bandgap model), (b) corresponding optical bandgap and surface area, and (c) schematic illustration of a (donor) impurity band formation involved in light emission with Si dopants in the β-Ga2O3 nanofibers. (d) PL spectra of β-Ga2O3 nanofibers with different Si concentrations excited at 325 nm. 
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Figure 4. Photocatalytic activity of β-Ga2O3 nanofibers with different Si concentrations under UVC irradiation for 1.5 h. (a) Absorbance spectra of the MB solution in the presence of β-Ga2O3 nanofibers with different Si concentrations and (b) normalized photocatalytic performance of β-Ga2O3 nanofibers as a function of Si concentration. The error bars are graphical representations of the repeatability (three times) of the variability. 
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Figure 5. (a) Recyclability of the various β-Ga2O3 nanofibers with different Si concentrations in the photocatalytic degradation of methyl blue (MB). (b) Benchmark of removal efficiency for different transparent conductive oxides (TCO) photocatalysts with various dopant concentrations via MB degradation at 254 nm irradiation. The irradiation time (h), MB concentration (mM), and light source power (W) are listed sequentially in the legend. 
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