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Introduction

The energy crisis and environmental pollution are two serious worldwide issues.

During the past decades, intensive research on inorganic semiconductor heterojunctions has promoted the development of electronic device, particularly optoelectronic devices.

Composites consisted of heterojunctions stand out in this realm due to the influence of interface electric field resulting from the junction of two different materials, with potential applications in solar cells, sensors and for heterogeneous photocatalysis [START_REF] Ren | Novel fabrication of TiO2/ZnO nanotube array heterojunction for dye-sensitized solar cells[END_REF][START_REF] Liu | Tunable p-n transition behaviour of a p-La0.67Sr0.33MnO3/n-CeO2 nanofibers heterojunction for the development of selective high temperature propane sensors[END_REF][START_REF] Faisal | Novel mesoporous NiO/TiO2 nanocomposites with enhanced photocatalytic activity under visible light illumination[END_REF].

Commons issues with these materials are the cost/scarcity and the toxicity. As an important metal chalcogenide semiconductor, orthorhombic antimony selenide (Sb2Se3) has many outstanding features such as a narrow direct band gap (1.17 eV) [START_REF] Chen | Characterization of basic physical properties of Sb2Se3 and its relevance for photovoltaics[END_REF], a high absorption coefficient (> 10 5 cm -1 ) [START_REF] Chen | Optical properties of amorphous and polycrystalline Sb2Se3 thin films prepared by thermal evaporation[END_REF] and a high Seebeck coefficient (1,800 μVK -1 ) [START_REF] Choi | Diametercontrolled and surface-modified Sb2Se3 nanowires and their photodetector performance[END_REF]. Besides, it is also a simple, non-toxic, highly earth-abundant, low-cost and intrinsic p-type semiconductor material [START_REF] Li | Sb2Se3 thin film solar cells in substrate configuration and the back contact selenization[END_REF]. It thus has emerged as a qualified candidate for different applications such as solar cells [START_REF] Guo | Significant increase in efficiency and limited toxicity of a solar cell based on Sb2Se3 with SnO2 as a buffer layer[END_REF][START_REF] Ren | Fundamental physical characterization of Sb2Se3-based quasi-homojunction thin film solar cells[END_REF], photodetectors [START_REF] Choi | Diametercontrolled and surface-modified Sb2Se3 nanowires and their photodetector performance[END_REF], photoelectrochemical cells [START_REF] Prabhakar | Photocorrosionresistant Sb2Se3 photocathodes with earth abundant MoSx hydrogen evolution catalyst[END_REF] and thermoelectric devices [START_REF] An | Low thermal conductivity and optimized thermoelectric properties of p-type Te-Sb2Se3: synergistic effect of doping and defect engineering[END_REF]. Despite its huge potential, this material has intrinsically low electrical conductivity (10 -8 S•cm -1 ) [START_REF] Chakraborty | Magnetic and electric properties of antimony selenide (Sb2Se3) crystals[END_REF] and numerous studies have been made in order to address this issue. For instance, doping with low-valence metal cations was reported [START_REF] Chen | Enhanced electrical conductivity and photoconductive properties of Sn-doped Sb2Se3 crystals[END_REF][START_REF] Wu | Enhanced broadband responsivity of Ni-doped Sb2Se3 nanorod photodetector[END_REF] and the photocurrent density and responsivity were approximately 14 and 19 times as compared to undoped Sb2Se3, respectively.

Hybridization of Sb2Se3 with a high electrical conductivity semiconductor, such as Sb2Se3/Ag2Se and Sb2Se3/Cu2GeSe3, to create heterojunction is another strategy for enhancing charge separation and transfer [START_REF] Choi | Diametercontrolled and surface-modified Sb2Se3 nanowires and their photodetector performance[END_REF][START_REF] Zhang | Enhancement of charge photo-generation and transport via an internal network of Sb2Se3/Cu2GeSe3 heterojunctions[END_REF]. Compared with pure Sb2Se3, the photocurrent densities were about 7 and 100 times for these two heterojunctions, respectively. The enhanced photoelectric performance is attributed to the interface electric field that can efficiently facilitate the separation and transport of the charge carriers. However, the direct band gap is 3 and 0.78 eV for Ag2Se and Cu2GeSe3, respectively, which is far from the optimum value required for efficient visible light absorption [START_REF] Zhang | Enhancement of charge photo-generation and transport via an internal network of Sb2Se3/Cu2GeSe3 heterojunctions[END_REF][START_REF] Anthony | Synthesis of Ag2S and Ag2Se nanoparticles in self assembled block copolymer micelles and nano-arrays fabrication[END_REF]. Hence, it is essential to search an alternative semiconductor material to construct Sb2Se3-based heterojunction for further enhancing the photoelectric performances under visible illumination.

As an important semiconductor, indium selenide (In2Se3), has renewed interest in energy conversion and storage due to its narrow-gap, intrinsic n-type semiconductor and efficient visible-light absorption [START_REF] Ye | Crystal structures and phase transformation in In2Se3 compound semiconductor[END_REF][START_REF] Patel | Optical investigations of In2Se2.7Sb0.3 thin films prepared by thermal evaporation technique[END_REF][START_REF] Bouzouita | Preparation and characterization of thin films[END_REF][START_REF] Wei | Preparation and optical properties of In2Se3 nanospheres using CTAB as surface modifier[END_REF][START_REF] Li | Multi-morphological growth of nano-structured In2Se3 by ambient pressure triethylene glycol based solution syntheses[END_REF][START_REF] Zheng | Self-assembly of the lateral In2Se3/CuInSe2 heterojunction for enhanced photodetection[END_REF]. It is commonly held that In2Se3 is a complicated material, with several possible phases (α, β, γ, δ and κ phases) according to the temperature and material synthesis conditions [START_REF] Igo | Anharmonic phonon coupling in single-crystal semiconducting and metal-like van der Waals In2Se3[END_REF][START_REF] Li | Exotic magnetism in Asdoped α/β-In2Se3 monolayers with tunable anisotropic carrier mobility[END_REF][START_REF] Jasinski | Crystal structure of κ-In2Se3[END_REF][START_REF] Thomas | Effect of in situ post-deposition annealing on the formation of α-In2Se3 thin films grown by elemental evaporation[END_REF]. Among them, high temperature phase β-In2Se3 is promising for photovoltaic application due to a narrow direct band gap of 1.31 eV [START_REF] Julien | Optical properties of In2Se3 phases[END_REF]. It belongs to the R3 -m space group and the lattice parameters are a = b = 4.00 Å and c = 28.33 Å [START_REF] Han | Indium selenides: structural characteristics, synthesis and their thermoelectric performances[END_REF]. It is composed of quintuple (Se-

In-Se-In-Se) layers that are bonded to each other through weak van der Waals interactions along the [001] plan [START_REF] Popovic | Revised and new crystal data for indium selenides[END_REF]. Despite its huge potential, it is rarely reported/studied owing to its metastability [START_REF] Amory | Study of a growth instability of γ-In2Se[END_REF]. According to a previous work [START_REF] Eddike | Phase diagram equilibria In2Se3-Sb2Se3 crystal growth of the β-In2Se3 phase (In1.94Sb0.06Se3)[END_REF], β-In2Se3 can be stabilized at room temperature by doping with Sb, achieving a narrow band gap of 1.34 eV and a good conductivity of 2 × 10 -2 S•cm -1 . The band gap value is very close to the optimum value required for single junction photovoltaic solar cells.

Thus, it is interesting to develop hybrid p-n heterojunctions between Sb2Se3 and β-In2Se3. This strategy not only can lead to stable β-In2Se3 (Sb-doped) but also synthesize composites with excellent photoelectric performances under visible illumination.

Herein, in this work, a series of Sb2Se3/β-In2Se3 heterojunction composites with different contents of β-In2Se3 were successfully synthesized by an in-situ meltquenching method (Fig. 1). The morphologies, composition, optical properties and photo-electro-chemical (PEC) performances of the prepared samples were deeply investigated. Compared with pure Sb2Se3, the optimized Sb2Se3/β-In2Se3 heterojunction composites possessed remarkable photoelectric performances.

Moreover, the interface charge separation and transport mechanism was proposed based on the experimental results. Ultimately, a potential application was also evaluated by photocatalytic degradation of MO solution. We believe this work will provide direct guidance for constructing Sb2Se3/β-In2Se3 heterojunction devices for harvesting solar energy.

Fig. 1. Schematic illustration of Sb2Se3/β-In2Se3 heterojunction composite.

Experimental section

Sample preparation

The samples were prepared in bulk form by the melt-quenching method in sealed silica tube at high temperature. The elemental materials Indium (In), Selenium (Se) and Antimony (Sb) of 99.999 % purity were used as raw materials, which were first weighted (12 g mixture for each sample) according to the composition and then loaded into a quartz ampoule of 10 mm in diameter and 15 cm in length in a glovebox under argon. Afterwards, the silica tube was pumped to a vacuum of about 10 -5 mbar and flame-sealed. The tube containing raw materials was placed in a rocking furnace and heated to 700 °C with 1.2 °C/min ramp. In order to ensure proper mixing and reaction, it was continuously rocked for 8 h at 700 °C, after which the tube was cooled at a rate of 1 °C/min to 650°C. The tube was subsequently quenched in water to ambient temperature and annealed at 350 °C for 3 h for reducing the mechanical stress formed during the quenching process. The as-prepared samples were then removed from the quartz ampoule, cut and polished into discs of 2 mm in thickness for subsequent characterization. According to the composition, the samples are denoted as SI-1.2%, SI-2.5%, SI-5%, SI-7.5% and SI-10%, the number representing the β-In2Se3 molar fraction in the samples.

Characterization

The crystalline phases of the as-prepared samples were characterized by X-ray diffraction (XRD, Bruker AXS D8 Advance X-ray diffractometer) with Cu Kα source (λ = 0.15406 nm) at room temperature, while the accelerating voltage and the emission current were 40 kV and 40 mA, respectively. The surface morphology of these specimens was observed by a thermal field emission scanning electron microscope (SEM, JEOL JSM-7100F) at an accelerating voltage of 20 kV. Elemental compositions were determined by energy dispersive X-ray spectroscopy (EDS). Transmission electron microscopy (TEM), high-resolution transmission electron microscopy (HRTEM) and selected area electron diffraction (SAED) images were obtained from a transmission electron microscope (JEOL 2100) operating at 200 kV. The electrical conductivity was characterized in the dark using the 4-probe method. Diffuse reflectance spectroscopy (DRS, UV-2550, Shimadzu, Japan) equipped with an integrating sphere was used to determine the optical absorption spectra and the band gap of as-prepared samples in the wavelength range of 300-2500 nm with a reflectance standard of fine BaSO4 powders. The photo-electro-chemical (PEC) performances were measured using a traditional three-electrode configuration in a LiClO4 electrolyte (0.5 M). The as-prepared samples acted as the working electrode, Pt wire as the counter electrode, and saturated Ag/AgCl electrode as the reference electrode. A white light tungsten halogen lamp was used as light source during measurement process. More details can be found in our previous work [START_REF] Ren | Synthesis, structure and photoelectric properties of selenide composites with in situ constructed Sb2Se3/NaSbSe2 heterojunction[END_REF].

Photocatalytic activity measurement for MO dye

The potential application of the SI-10% sample, with the highest photocurrent density, was evaluated by methyl orange (MO) degradation experiments under white light illumination, provided by a white LED (100 W). The suspension containing 0.8 g of SI-10% sample as the photocatalyst in the MO solution (80 mL, 10 mg/L) was placed at a distance of approximately 10 cm from the light. Before illumination, the suspension was stirred for 1 h in the dark until reaching the adsorption-desorption equilibrium.

Then, the suspension was exposed to light illumination under constant stirring. At a certain period of time, 2 mL of suspension was collected and filtered by a 0.2 μm filter to remove the photocatalyst. The absorption spectrum of the resulting supernatant was measured by a UV-vis spectrophotometer (UV2550, Shimadzu, Japan) in the wavelength range from 300 to 600 nm with deionized water as a reference sample. The Brunauer-Emmett-Teller (BET) method was used for the determination of the specific surface of the powders by measuring nitrogen adsorption isotherms at -196 ºC on a

Gemini VII volumetric adsorption analyzer from Micromeritics. Prior to measurements, the samples were outgassed during one night at 100 °C in a VacPrep 061 degas system (from Micromeritics).

Results and discussion

Characterization of phase purity and formation mechanism of β-In2Se3

The crystallographic and chemical purities of the as-prepared samples were characterized by the powder X-ray diffraction (XRD) analysis. Meanwhile, it can be seen that the (006) XRD peak of β-In2Se3 has an obvious shift towards the lower angle (Fig. 2b). The shift may be explained as follows. 1/3 of In cation sites are vacant in In2Se3 along the ab-direction [START_REF] Peng | Vacancy ordering and lithium insertion in III2VI3 nanowires[END_REF][START_REF] Schoen | Anisotropy of chemical transformation from In2Se3 to CuInSe2 nanowires through solid state reaction[END_REF] and Sb 3+ (0.74 Å) [START_REF] Diliegros-Godines | Effect of Ag doping on structural, optical and electrical properties of antimony sulfide thin films[END_REF] can occupy these vacant sites due to a small ionic radius. Similar phenomenon was already reported by other authors in Zn 2+ (0.74 Å) [START_REF] Bhatia | Gas sensing performance of dip-coated indium-doped ZnO films[END_REF] doped α-In2Se3 [START_REF] Cui | High thermoelectric performance of a defect in α-In2Se3-based solid solution upon substitution of Zn for In[END_REF] as well as during the formation of CuInSe2 [START_REF] Min | Surfactant-free CuInSe2 nanocrystals transformed from In2Se3 nanoparticles and their application for a flexible UV photodetector[END_REF]. Consequently, the high temperature phase, β-

In2Se3 can exist at room temperature due to Sb-doping, in agreement with previous report [START_REF] Eddike | Phase diagram equilibria In2Se3-Sb2Se3 crystal growth of the β-In2Se3 phase (In1.94Sb0.06Se3)[END_REF]. There is no detected shift for the (120) XRD peak of Sb2Se3 in Fig. 2c, which is also in agreement with the fact that cationic doping of Sb2Se3 is difficult, leading often to phase separation as it was the case of Sn doped Sb2Se3 for example [START_REF] Chen | Enhanced electrical conductivity and photoconductive properties of Sn-doped Sb2Se3 crystals[END_REF].

Based on earlier reports [START_REF] Patel | Optical investigations of In2Se2.7Sb0.3 thin films prepared by thermal evaporation technique[END_REF][START_REF] Eddike | Phase diagram equilibria In2Se3-Sb2Se3 crystal growth of the β-In2Se3 phase (In1.94Sb0.06Se3)[END_REF], Sb2Se3-In2Se3 system is a pseudo-binary system without any defined compound. The formation mechanism of the high temperature β-In2Se3 phase was as follows: α-In2Se3 was first formed and then transformed into β-In2Se3 when the temperature was raised to 350°C [START_REF] Eddike | Phase diagram equilibria In2Se3-Sb2Se3 crystal growth of the β-In2Se3 phase (In1.94Sb0.06Se3)[END_REF]. When the temperature was raised to approximately 650 °C, β-In2Se3 was transformed into γ-In2Se3 [START_REF] Julien | Optical properties of In2Se3 phases[END_REF][START_REF] Ji | Crystal structure and elementary electronic properties of Bi-stabilized α-In2Se3[END_REF].

According to the phase diagram [START_REF] Eddike | Phase diagram equilibria In2Se3-Sb2Se3 crystal growth of the β-In2Se3 phase (In1.94Sb0.06Se3)[END_REF], the material is liquid, when the temperature is higher than 700 °C, in form of mixtures in our work. The γ-In2Se3 was gradually transformed into β-In2Se3 during cooling process. Only β-In2Se3 and Sb2Se3 existed in the final products after the quick quenching from 650 °C to room temperature, resulting from the Sb doping. Melt method is beneficial to liquid mass transfer, leading to homogeneous samples, as already confirmed in our previous works [START_REF] Ren | Densification and mechanical properties of pulsed electric current sintered B4C with in situ synthesized Al3BC obtained by the molten-salt method[END_REF][START_REF] Ren | Synthesis and properties of conductive B4C ceramic composites with TiB2 grain network[END_REF]. These results illustrate that the Sb2Se3-In2Se3 (β) composites were successfully synthesized without impurity phase. 

Optical characterization and conductivity

Fig. 3a shows the direct band gap calculations based on the absorption spectra that were converted from diffuse reflectance data by using the Kubelka-Munk function [START_REF] Makuła | How to correctly determine the band gap energy of modified semiconductor photocatalysts based on U-Vis spectra[END_REF].

The equation

( ) ( ) ( ) g /γ 1 E hν B hν R F - = ⋅
∞ can be obtained by combining the Kubelka-Munk and Tauc functions [START_REF] Makuła | How to correctly determine the band gap energy of modified semiconductor photocatalysts based on U-Vis spectra[END_REF][START_REF] Kubelka | New contributions to the optics of intensely light-scattering materials. Part I[END_REF][START_REF] Džimbeg-Malčić | Kubelka-munk theory in describing optical properties of paper (II)[END_REF][START_REF] Yang | Revised kubelka-munk theory. I. Theory and application[END_REF], where F(R∞) is proportional to the absorption coefficient (ɑ), h is the Planck constant, ν is the frequency, B is a constant related to effective mass, and Eg is the optical band gap of sample. γ has different values for direct band-gap (0.5) and indirect band-gap (2) semiconductor materials [START_REF] Pankove | Optical progresses in semiconductors[END_REF]. It can be seen that the value of direct band gap for pure Sb2Se3 is 1.15 eV in agreement with earlier report [START_REF] Chen | Optical properties of amorphous and polycrystalline Sb2Se3 thin films prepared by thermal evaporation[END_REF]. For all the composites, the direct band gap values are found to be in the range of 1.15-1.18 eV, suggesting the composites have strong absorption of visible light.

Except for SI-7.5% sample, the electrical conductivities of other samples increase with increasing β-In2Se3 molar fraction (Fig. 3b). According to the early report [START_REF] Eddike | Phase diagram equilibria In2Se3-Sb2Se3 crystal growth of the β-In2Se3 phase (In1.94Sb0.06Se3)[END_REF], the Sbdoped β-In2Se3 (In1.94Sb0.06Se3) has a good conductivity of 2 × 10 -2 S•cm -1 , compared to the very low conductivity of pure Sb2Se3. Therefore, the improved conductivity of the composites is likely due to the presence of the Sb-doped β-In2Se3 phase, as doped Sb2Se3 was not observed on the XRD patterns. In brief, the composites have much better conductivity in comparison to the pure Sb2Se3, which could greatly enhance the transport of photogenerated charge carriers. The microstructural characterization of the composites was further used to investigate the influence of Sb2Se3/β-In2Se3 heterojunction on the PEC performance measured by using the conventional three-electrode configuration (Fig. 5). Clearly, all composites show that the β-In2Se3 has an acicular one-dimensional morphology. The values of photocurrent density for all samples were obtained at a bias voltage of -1.5 V vs. Ag/AgCl and under an illumination of 7 mW/cm 2 . As shown in Fig. 5a, the pure Sb2Se3 shows a very weak photocurrent density of 0.85 μA/cm 2 in agreement with our previous work [START_REF] Zhang | Enhancement of charge photo-generation and transport via an internal network of Sb2Se3/Cu2GeSe3 heterojunctions[END_REF]. This can be attributed to the high recombination rate of photogenerated carriers due to the absence of heterojunction and to the difficulty of charge transport, associated with the low conductivity (4.7 × 10 -7 S•cm -1 ). After the formation of β-In2Se3 in Sb2Se3, the photocurrent density was substantially enhanced due to the formation of Sb2Se3/β-In2Se3 heterojunctions. Interestingly, the value of photocurrent density does not depend on the β-In2Se3 molar fraction, but is related to the number of heterojunctions and the connectivity of β-In2Se3. It can be seen that a small number of isolated β-In2Se3 crystals were formed in SI-1.2% sample (Fig. 5b). The photocurrent density of SI-1.2% sample was 5.05 μA/cm 2 , 6 times of that for pure Sb2Se3. This was attributed to the formation of Sb2Se3/β-In2Se3 heterojunction and the improved electrical conductivity (1.1 × 10 -5 S•cm -1 ), which promoted the separation and transfer of photogenerated carriers. With increasing β-In2Se3 contents, the bulk Sb2Se3 was more and more intercalated with β-In2Se3 crystals (Fig. 5c andd). The photocurrent density was greatly increased because of the formation of many Sb2Se3/β-In2Se3 heterojunctions that made the separation of photoinduced electron-hole pairs more efficient. Moreover, the enhanced conductivity significantly facilitates the charge transport. Eventually, for SI-2.5% and SI-5% samples, the photocurrent density was 141.2 and 121.7 μA/cm 2 , about 166 and 143 times greater than that of pure Sb2Se3, respectively. Compared with SI-2.5% sample, the slightly declined photocurrent density of SI-5% sample was due to the increased size of β-In2Se3 crystals. For the SI-7.5% sample (Fig. 5e), the size of β-In2Se3 crystals was much larger as compared to those composites with lower β-In2Se3 molar fraction (less than 7.5%), leading to reduced quantity of heterojunctions. Therefore, in despite of the improved conductivity (1.4 × 10 -4 S•cm -1 ), the photocurrent density was only 15 μA/cm 2 , much less than that of SI-2.5% sample. Surprisingly, plenty of connected and small β-In2Se3 crystals were generated in SI-10% sample (Fig. 5f), accompanied by much higher conductivity of 1.5 × 10 -3 S•cm -1 compared with SI-7.5% sample. This structure not only could effectively separate photogenerated electron-hole pairs but also fastly transfered them, due to the existence of abundant heterojunctions and connected β-In2Se3 phase. As a result, the photocurrent density was 240.9 μA/cm 2 for SI-10% sample. These results indicated that the number of heterojunctions and the connectivity of β-In2Se3 crystals played an improtant role in the PEC performances of the composites. To further investigate the influence of Sb2Se3/β-In2Se3 heterojunction on the photo-response performances of the composites, the current density J -time T curves were characterized under an illumination of 17.6 mW/cm 2 with a fixed bias of -0.7 V.

All composites exhibited an enhanced, stable and repeatable photocurrent response during several on-off cycles even in the electrolyte (Fig. 6a), revealing the excellent stability of the composites.

To evaluate the response time, magnified plots of one response cycle of pure Sb2Se3 and SI-10% sample were shown in Fig. 6b andc. The photocurrent density of the pure Sb2Se3 quickly increased from -1.27 μA/cm 2 (dark) to -1.35 μA/cm 2 (light) as the light was turned on. In contrast to pure Sb2Se3, the SI-10% sample shows a much more important photocurrent increase from -18.4 μA/cm 2 (dark) to -91.45 μA/cm 2 (light) due to the existence of internal heterojunctions. The response (τon) and recovery (τoff) times were used to evaluate the response speed of the photocurrent during ON/OFF switching processes. The τon represents the time spent for the photocurrent to increase from 10 to 90% values of the maximum current and the τoff displays the time required for the photocurrent to decrease from 90 to 10% values of the maximum current. The τon and τoff for pure Sb2Se3 are 0.028 s and 0.029 s, respectively. For SI-10% sample, both two values display a significant decrease to 0.016 s (τon) and 0.022 s (τoff), which is attributed to higher crystal quality, preferential orientation, surface area, grain size and much more surface dangling bonds [START_REF] Chen | Enhanced electrical conductivity and photoconductive properties of Sn-doped Sb2Se3 crystals[END_REF][START_REF] Zhang | Au-nanoparticles-decorated Sb2S3 nanowirebased flexible ultraviolet/visible photodetectors[END_REF][START_REF] Zhou | Broad spectral response photodetector based on individual tin-doped CdS nanowire[END_REF]. Meanwhile, the major factor causing the difference in response/recovery time may result from the traps and other defects, leading to the recombination of photo-generated carriers [START_REF] Liu | Facile microwave-assisted synthesis of uniform Sb2Se3 nanowires for high performance photodetectors[END_REF]. The sharp spike/dip of photocurrent during the on/off cycles for SI-10% sample indicates the fast separation and transport of photoinduced carriers in this composite. It is worth noting that the response and recovery times are faster than that of previous reported Sb2Se3 photodetectors [START_REF] Liu | Facile microwave-assisted synthesis of uniform Sb2Se3 nanowires for high performance photodetectors[END_REF][START_REF] Zhai | Singlecrystalline Sb2Se3 nanowires for high-performance field emitters and photodetectors[END_REF], which suggests the Sb2Se3/β-In2Se3 composites may have high application potential as excellent photodetectors.

Furthermore, the photosensitivity (Sph) of Sb2Se3 and SI-10% samples can be calculated by the following equation: Sph = (Jph -Jd)/Jd [START_REF] Diliegros-Godines | Effect of Ag doping on structural, optical and electrical properties of antimony sulfide thin films[END_REF], where Jph and Jd correspond the photocurrent density and the dark current density, respectively. The Sph of SI-10% sample (1.37) is much larger than that of Sb2Se3 (0.049), corresponding to a more efficient charge generation and transport upon illumination. STEM (Scanning transmission electron microscopy) image and EDS elemental mappings were further characterized in order to evidence the microstructure of Sb2Se3/β-In2Se3 composite (Fig. 7a). Clearly, it can be seen that the In element is mainly enriched in the bright region, corresponding to the β-In2Se3, whereas the color variation of Sb and Se elements is related to a thickness. The different thicknesses resulted in the underestimation of Se element, which was often observed in measurements of interface composition by STEM-EDS [START_REF] Spurgeon | Measurement error in atomic-scale STEM-EDS mapping of a model oxide interface[END_REF]. In fact, this thickness variation witnesses a higher resistance of β-In2Se3 towards the ion beam used for TEM sample preparation (ionic thinning of the sample). Fig. 7b shows the EDS line scanning result of the black line marked in Fig. 7a. It reveals that the β-In2Se3 is doped with Sb, in agreement with the result obtained from XRD patterns (Fig. 2). At the same time, the atomic ratio of In/Sb/Se is close to 1:1:3 in Sb-doped β-In2Se3 (InSbSe3) and the dark region is Sb2Se3, which is confirmed by subsequent SAED patterns (Fig. 8). Based on the above results, it is confirmed that the composite is consisted of the intercalated Sb-doped β-In2Se3 and Sb2Se3, with strong interfacial chemical interaction. 

Mechanism of enhanced photoelectric performance

Although the Sb2Se3/β-In2Se3 heterojunction significantly facilitated the separation and transfer of photogenerated electron-hole pairs, it is interesting to fully understand the mechanism. In order to draw the band diagram, the values of the conduction band minimum (CBM), valence band maximum (VBM), Fermi level and band gap energy were adopted from published data [START_REF] Zheng | Self-assembly of the lateral In2Se3/CuInSe2 heterojunction for enhanced photodetection[END_REF][START_REF] Liu | Thermal evaporation and characterization of Sb2Se3 thin film for substrate Sb2Se3/CdS solar cells[END_REF]. The CBM, VBM, Fermi 

Photocatalytic activity of SI-10% sample for MO dye decomposition

In general, sulfide/selenide photocatalysts can have excellent photocatalytic performance [START_REF] Liu | Fabrication of 3D flower-like black N-TiO2-x@MoS2 for unprecedented-high visible-light-driven photocatalytic performance[END_REF][START_REF] Sun | Synthesis of particulate hierarchical tandem heterojunctions toward optimized photocatalytic hydrogen production[END_REF][START_REF] Liu | Fabrication of 3D mesoporous black TiO2/MoS2/TiO2 nanosheets for visible-light-driven photocatalysis[END_REF][START_REF] Kim | Smart bifunctional Sb2Se3 nanorods for integrated water purification: Insoluble liquid separation and photoelectrochemical degradation[END_REF]. Considering the remarkable photocurrent density and the 21 excellent stability of the SI-10% sample, it was tested for photodegradation of MO dye.

As discussed before, β-In2Se3 is metastable at normal pressure and temperature and is therefore difficult to obtain at room temperature [START_REF] Amory | Study of a growth instability of γ-In2Se[END_REF]. As a result, the photocatalytic activities of the SI-10% sample was compared to pure Sb2Se3 and the results are shown in Fig. 10. Clearly, the characteristic absorption peak of MO is located at 464 nm, and it is rapidly weakened with time, indicating the decomposition of the MO molecular structure. The decomposition of MO solution as a function of illumination time is presented in Fig. 10c, where C is the MO concentration after light illumination, and C0 is the initial MO concentration after reaching the adsorption-desorption equilibrium in the dark. As a comparison, the photolytic activity of the catalyst-free MO solution (Blank) is almost negligible, evidencing the photochemical stability of MO molecule.

The photocatalyst can form major reactive species (O2 •-and OH • ) via the reaction between photogenerated electron-hole pairs and adsorbed surface substance (O2 and OH -) under light illumination, which can spontaneously degrade pollutant organic molecules (MO), as already evidenced by other authors [START_REF] Zhang | Synthesis of 1D Sb2S3 nanostructures and its application in visible-light-driven photodegradation for MO[END_REF][START_REF] Cai | 3D graphene/ZnO composite with enhanced photocatalytic activity[END_REF]. Consequently, the MO concentration declines with prolonged illumination time. After 180 min of illumination, 76% and 90% of MO dye has been decomposed with SI-10% sample and pure Sb2Se3, respectively, in spite of the much lower specific surface area of the SI-10% sample, as shown in Table 1. Furthermore, the Sb2Se3/β-In2Se3 composite was stable after the photocatalytic reactions, indicated by the XRD patterns in Fig. 10d. Table 1 The BET surface areas of pure Sb2Se3 and SI-10% sample.

Samples

Sb2Se3 SI-10%

BET area (m 2 •g -1 ) 2.4 1.5

Conclusions

In 

Fig. 2

 2 presents the XRD of samples prepared by in-situ melt-quenching approach with different β-In2Se3 contents. Except for pure Sb2Se3, the XRD pattern of all other samples shows diffraction peaks of Sb2Se3 and β-In2Se3, corresponding to JCPDS 15-0861 and JCPDS 35-1056 without any trace of impurity phases. The intensity of diffraction peaks of β-In2Se3 increases with increasing contents of β-In2Se3.

Fig. 2 .

 2 Fig. 2. (a) X-ray powder diffraction patterns for grinded samples prepared by in-situ

Fig. 3 .

 3 Fig. 3. (a) Tauc plots of the pure Sb2Se3 and the Sb2Se3-In2Se3 (β) composite powders

Fig. 4 .

 4 Fig. 4. I-V curves of the all composites showing a non-linear behavior, revealing the

Fig. 5 .

 5 Fig. 5. Structure-dependent photocurrent density of the samples with elemental

Fig. 6 .

 6 Fig. 6. (a) On/off cycle transient photoresponse of samples under illumination of 17.6

Fig. 7 .

 7 Fig. 7. (a) STEM image and EDS elemental mappings of Sb2Se3/β-In2Se3

Fig. 8

 8 Fig.8shows the TEM, SAED and HRTEM images of the Sb2Se3/β-In2Se3

Fig. 8 .

 8 Fig. 8. (a,b) TEM bright field images and SAED patterns of Sb2Se3/β-In2Se3

  photogenerated electrons can be excited from the VB into CB (solid green arrows), and

Fig. 9 .

 9 Fig. 9. Schematic illustration of photoinduced electron-hole separation and transfer in

Fig. 10 .

 10 Fig. 10. The UV-vis absorption spectra of MO solutions before and after the

  photoelectric performances and excellent stability even in 0.5 M LiClO4 aqueous
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