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Abstract 37 

Novel In2S3@BiYWO6 heterojunction photocatalysts were designed and synthesized by a 38 

simple two-step hydrothermal method, which exhibit extremely excellent photocatalytic activity for 39 

degrading the residual antibiotics in wastewater. Especially, In2S3@BiYWO6 composite with mass 40 

ratio of 10:1 shows the highest photo-degradation efficiency towards Tetracycline Hydrochloride, 41 

which is about 2.46 and 7.55 times than that of pristine In2S3 and BiYWO6, respectively. A direct 42 

Z-scheme charge transfer mechanism was demonstrated in these heterojunctions through the XPS 43 

analysis, radical species trapping experiments and fluorescence detection. Within the framework of 44 

this mechanism, the critical built-in electric field (Ei) formed at the contact interface between In2S3 45 

and BiYWO6 spatially separates reduction or oxidation sites and thus preserves the photogenerated 46 

carriers with stronger redox ability on reaction sites, which ultimately enhances the photocatalytic 47 

activity of the heterojunction catalysts. It is commendable that such Z-scheme heterostructures 48 

between In2S3 and BiYWO6 exist in a wide span of component ratios (from 5:1 to 30:1), which is 49 

beneficial for the environmental remediation applications. It is believed that this work provides new 50 

ideas for design and synthesis of novel Z-scheme heterojunction photocatalysts. 51 

 52 
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1. Introduction  56 

Recently, with the development of modern medicine, antibiotics have been widely used to 57 

inhibit or kill bacteria. However, the residual antibiotics in the waterbody have caused great impacts 58 

on the ecological balance and human health. Therefore, the removal of antibiotics from the 59 

waterbody has become a research hotspot in the field of environmental remediation [1]. Among them, 60 

Tetracycline Hydrochloride (TC-HCl) as a heavily used antibiotic is widely employed in the 61 

treatment of infectious diseases in both humans and animals. However, the residual tetracycline 62 

hydrochloride in the waterbody will eventually be ingested by human beings through the food chain. 63 

Therefore, a green and efficient degradation scheme for Tetracycline Hydrochloride is urgently 64 

needed [2]. Semiconductor-based photocatalytic technology has attracted much attention due to its 65 

green, safe, reliable, and cost-controllable advantages, and it has many applications in the field of 66 

pollutant degradation in the waterbody [3–5]. In order to utilize the photocatalysts efficiently, the 67 

photocatalysts must possess an efficient charge separation capability and a wide absorption spectral 68 

range. However, it is obvious that single-component catalysts cannot satisfy these two requirements 69 

simultaneously. The wider the absorption spectral range of a semiconductor, the narrower its band 70 

gap. Meanwhile, the photogenerated electrons from the conduction band (CB) and the holes from the 71 

valence band (VB) of such catalyst are more likely to result in a direct recombination, which would 72 

rather reduce its redox capacity [6–8]. Therefore, the construction of heterojunction photocatalysts 73 

has been proposed to make up for the insufficiency of single-component photocatalysts. In recent 74 

years, both the traditional Type-II and direct Z-scheme heterojunctions have become popular 75 

schemes for heterojunction catalysts. As shown in Fig. S1(a), within the conventional Type-II 76 

heterojunction photocatalyst, the photogenerated holes on the VB of photocatalyst I (PC-I) transfer to 77 

the VB of photocatalyst II (PC-II), while the electrons on the CB of PC-II transfer to the CB of PC-I. 78 

The direct recombination of photogenerated carriers in each catalyst is suppressed through this 79 

pathway, simultaneously leading to the bandgap reduction. However, the redox ability of the 80 
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photogenerated holes on the VB of PC-I and the electrons on the CB of PC-II at the reaction sites is 81 

eventually weakened, which in turn reduces the catalytic ability of the Type-II heterojunction 82 

photocatalyst [9–11]. Within the framework of direct Z-scheme photocatalyst, the photogenerated 83 

electrons on the CB of PC-I are easily recombined with the holes on the VB of PC-II via charge 84 

transfer, which inhibits the direct recombination and simultaneously retains the photogenerated 85 

carriers with stronger redox capacity (e− in PC-II or h+ in PC-I) in each photocatalyst. It is clear that 86 

the direct Z-scheme photocatalysts have better catalytic activity compared to the Type-II 87 

photocatalysts [12–16]. 88 

Based on the above analysis, novel direct Z-scheme heterojunction photocatalysts were 89 

designed and developed using reduced photocatalyst 𝐼𝑛2𝑆3 and oxidised photocatalyst 𝐵𝑖𝑌𝑊𝑂6 in 90 

this paper. To the best of our knowledge, there is no any report on the synthesis of 𝐼𝑛2𝑆3@𝐵𝑖𝑌𝑊𝑂6 91 

photocatalysts with direct Z-scheme heterojunction. Recently, 𝐼𝑛2𝑆3 has been widely used as a 92 

photocatalyst for pollutant degradation and hydrogen evolution, which owns good stability and 93 

strong light absorption capability with a narrow bandgap of Eg ~ 2.11eV [17]. However, high 94 

electron-hole recombination rate has seriously hindered its practical application. Xing et al. prepared 95 

𝐼𝑛2𝑆3@𝑔−𝐶3𝑁4 heterojunctions, which showed stronger photocatalytic activity in the degradation 96 

of Rhodamine B (RhB) [18]. He et al. reported the synthesis of 𝐼𝑛2𝑆3@𝐵𝑖2𝑊𝑂6  core-shell 97 

heterojunctions, in which the core-shell structure is conducive to the enhancement of the catalytic 98 

activity of the photocatalyst [19].  99 

In this paper, direct Z-scheme heterojunctions between 𝐵𝑖𝑌𝑊𝑂6 and 𝐼𝑛2𝑆3 were introduced 100 

to inhibit the direct recombination of photogenerated carriers inside 𝐼𝑛2𝑆3 and furtherly promote 101 

the separation of the carriers, which results in the significant enhancement of the photocatalytic 102 

activity. Experimental results and analysis show that  𝐼𝑛2𝑆3 @ 𝐵𝑖𝑌𝑊𝑂6  heterostructure 103 

photocatalysts exhibit extremely excellent photocatalytic performance in comparison with 104 

single-component photocatalysts. For example, the photocatalytic performance of 10IS-BYW (In2S3 : 105 
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BiYWO6 = 10:1) was 2.46 times higher than that of 𝐼𝑛2𝑆3 and 7.55 times higher than that of 106 

𝐵𝑖𝑌𝑊𝑂6 , respectively. The formation and existence of • 𝑂𝐻 and 𝑂2
•− radicals determined by 107 

radical species trapping experiments and fluorescence detection has confirmed that direct Z-scheme 108 

heterojunctions are indeed formed in the composite photocatalysts of 𝐼𝑛2𝑆3@𝐵𝑖𝑌𝑊𝑂6. In addition, 109 

the composite photocatalysts with higher concentration of 𝐼𝑛2𝑆3  exhibited extremely low 110 

adsorption rates towards Tetracycline Hydrochloride, revealing that the pollutions are most likely to 111 

be degraded through the photocatalysis instead of the adsorption. It efficiently overcomes the 112 

drawbacks of high adsorption rate and low photocatalytic degradation efficiency of pure 𝐵𝑖𝑌𝑊𝑂6.  113 

2.  Experimental 114 

2.1 Materials and reagents 115 

All the chemical reagents used in the experiments were of analytical grade without any 116 

purification. Among them, Tetracycline Hydrochloride (TC-HCl), Rhodamine B (RhB), Methyl Blue 117 

(MB) and Malachite Green (MG) were purchased from ALADDIN (China) and the others were 118 

purchased from RHAWN (China).  119 

2.2 Synthesis of 𝑩𝒊𝒀𝑾𝑶𝟔 photocatalysts 120 

In a typical synthesis process, as shown in Fig. 1(a), 0.8 mmol of 𝐵𝑖(𝑁𝑂3)3 ∙ 5𝐻2𝑂 and 0.8 121 

mmol of 𝑌(𝑁𝑂3)3 ∙ 6𝐻2𝑂 were dissolved in 48 ml aqueous solution of 𝐻𝑁𝑂3 (0.5 M) and heated 122 

up to 65 °C forming a transparent solution, designated as solution A. Solution B was made by 123 

dissolving 0.96 mmol of 𝑁𝑎2𝑊𝑂4 ∙ 2𝐻2𝑂 in 32 ml of 1 M NaOH aqueous solution. Then, solution 124 

A was added dropwise to solution B under vigorous stirring, and the mixture would gradually take on 125 

a milky color. After stirring for 30 min at room temperature, the pH of the mixed solution was kept at 126 

13. At this time, 𝐻𝑁𝑂3 was added dropwise to adjust the pH value to 9. The final solution was 127 

transferred to a PTFE lined 100 ml autoclave, which was heated under autogenous pressure and kept 128 

at 170 °C for 14 h. After cooling down to room temperature, the resulting sample was washed 129 
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several times with deionized water and ethanol and dried at 60 °C overnight. The obtained 130 

light-yellow powder was termed as 𝐵𝑖𝑌𝑊𝑂6. 131 

2.3 Synthesis of 𝑰𝒏𝟐𝑺𝟑@𝑩𝒊𝒀𝑾𝑶𝟔composite photocatalysts  132 

A simple two-step hydrothermal method was used to synthesize 𝐼𝑛2𝑆3@𝐵𝑖𝑌𝑊𝑂6 composite 133 

photocatalysts. As shown in Fig. 1(b), 1 mmol of 𝐼𝑛𝐶𝑙3 ∙ 4𝐻2𝑂, 2 mmol of thioacetamide (TAA), 134 

100 mg of urea, and different masses of 𝐵𝑖𝑌𝑊𝑂6 were weighed and dissolved in 80 ml distilled 135 

water, and then stirred at room temperature for 30 min before transferring into a PTFE-lined 100 ml 136 

autoclave, which was heated to 180 °C and kept under autogenous pressure for 12 hours. After 137 

natural cooling to room temperature, the resulting sample was washed several times with distilled 138 

water and ethanol and dried at 60 °C overnight. 𝐼𝑛2𝑆3@𝐵𝑖𝑌𝑊𝑂6 composite photocatalysts with 139 

different mass ratios (𝐼𝑛2𝑆3:𝐵𝑖𝑌𝑊𝑂6=1:2, 1:1, 5:1, 10:1, 20:1, and 30:1) were synthesized and 140 

labelled as IS-2BYW, IS-BYW, 5IS-BYW, 10IS-BYW, 20IS-BYW, and 30IS-BYW, respectively. In 141 

addition, a typical synthesis process for pure 𝐼𝑛2𝑆3  was also shown in Fig. S6(a), and as-prepared 142 

sample presented dark yellow. 143 

 144 

Figure 1  Synthesis flowchart of (a) 𝐵𝑖𝑌𝑊𝑂6 and (b) 𝐼𝑛2𝑆3@𝐵𝑖𝑌𝑊𝑂6 145 

 146 
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2.4 Characterizations 147 

Powder X-ray diffraction (XRD) was performed on an X-ray diffractometer (D8 ADVANCEX) 148 

to characterize the phase purity and crystalline structure of the samples. Morphological and 149 

elemental profiles of the samples were observed by Scanning Electron Microscopy (Gemini SEM 150 

500). Absorption profiles of pollutant solutions and powders were measured and recorded on a 151 

UV-visible spectrometer (UV-2600). X-ray Photoelectron Spectroscopy (XPS, AXIS Ultrabld) was 152 

employed to reveal the chemical states of all elements on the surface of the samples. Steady-state 153 

photoluminescence (PL) emission spectra and time-resolved photoluminescence decay (TRPD) 154 

spectra (excitation wavelength of 360 nm and emission wavelength of 425 nm) were measured on a 155 

FLS-980 fluorescence spectrophotometer at room temperature. 156 

2.5 Photocatalytic activity measurements 157 

Photocatalytic activity of as-prepared samples was evaluated by degrading typical pollutants 158 

such as Tetracycline Hydrochloride (TC-HCl), Rhodamine B(RhB), Methyl Blue (MB) and 159 

Malachite Green (MG) in aqueous solution under visible light irradiation using a 500W Xe lamp 160 

with a cutoff filter (λ > 420nm). In order to avoid the thermal catalytic effect caused by the 161 

exothermic emission of Xe lamp, the system temperature was maintained at room temperature by a 162 

cooling system. In a typical photocatalytic experiment, the photocatalyst (25 mg) was mixed with 163 

0.02 mmol/L of 50 ml of pollutant aqueous solution to form a suspension in a reaction tube under 164 

continuous stirring. Degradation of the pollutants was assessed by centrifuging the residual 165 

photocatalyst powder every 5 min and recording the intensity of the absorption peak of the pollutant 166 

to be degraded relative to its initial intensity (𝐶/𝐶0). 167 

2.6 Radical species trapping and fluorescence detection measurements 168 

In order to reveal the charge transfer pathway in the heterojunction photocatalysts of 169 

𝐼𝑛2𝑆3@𝐵𝑖𝑌𝑊𝑂6 (either Z-scheme or Type-II heterojunctions), radical species trapping experiments 170 

and fluorescence detection of hydroxyl radicals (• 𝑂𝐻) were carried out in this work. 171 
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In the radical species trapping experiments, in order to determine which dominant radicals are 172 

mainly involved in the photocatalytic decomposition of pollutants, different trapping agents were 173 

used to evaluate the contribution of each radical. L-ascorbic acid (LAA), isopropanol (IPA) and 174 

sodium oxalate (𝑁𝑎2𝐶2𝑂4) were used as the trapping agents for 𝑂2
•−, • 𝑂𝐻 and ℎ+, respectively. In 175 

the experiments, chemical probe compounds with high-rate reaction constants (k) are generally 176 

chosen as trapping agents. For example, L-ascorbic acid (LAA) was used as a trapping agent for 𝑂2
•− 177 

with a reaction rate constant (𝑘[𝑂2
∙−]~3.4 × 105𝑀−1𝑠−1) [20, 21], and isopropanol (IPA) was used 178 

as a trapping agent for • 𝑂𝐻 with a reaction rate constant (𝑘[• 𝑂𝐻]~1.9 × 109𝑀−1𝑠−1) [22,23]. 179 

The concentration of all trapping agents in aqueous solution was to be kept at 1.0 mmol/L [11,24]. 180 

In the fluorescence detection of hydroxyl radicals (• 𝑂𝐻), photoluminescence (PL) spectra were 181 

employed to evaluate the yield rate of • 𝑂𝐻, usually using Terephthalic Acid (TA) as the probe 182 

molecule. During the photocatalytic reaction, some hydroxyl radicals (• 𝑂𝐻) are produced on the 183 

surface of the photocatalyst, and TA reacts with • 𝑂𝐻 to form 2- hydroxyterephthalic acid (TA-OH). 184 

Therefore, the amount of TA-OH is proportional to the amount of • 𝑂𝐻 [25,26]. In a typical run, 1L 185 

of NaOH solution (2 × 10−3𝑚𝑜𝑙/𝐿) was firstly configured, and 5 × 10−4 mol of TA was dissolved 186 

into the NaOH solution; Finally, 25 mg photocatalyst was added into 50 ml of the above mixed 187 

solution. Under the visible light irradiation, sampling was performed every 10 min, and TA-OH in 188 

the solution was collected to determine the PL spectra. TA-OH is a highly fluorescent organic 189 

substance that emits a characteristic PL peak under light excitation, and the concentration of • 𝑂𝐻 190 

radicals produced in the solution can be reflected by the PL intensity of TA-OH. 191 

3  Results and Discussion 192 

3.1 Structure Characterization 193 

XRD patterns of all the samples are shown in Fig. 2. It is obvious that both 𝐼𝑛2𝑆3 and 194 

𝐵𝑖𝑌𝑊𝑂6 samples have good crystallinity due to the sharp diffraction peaks. For pure 𝐼𝑛2𝑆3, its 195 
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diffraction peaks of 14.0°, 27.5°, 33.4°, 43.8° and 47.9° correspond to (111), (311), (400), (511) and 196 

(440) diffraction planes respectively, based on the standard card (JCPDS No. 65-0459). For 197 

𝐵𝑖𝑌𝑊𝑂6, its diffraction peaks of 24.4°, 27.3°, 28.5°, 29.4° and 32.5° correspond to (120), (202), 198 

(-402), (320) and (-122) diffraction planes respectively, based on the standard card (JCPDS No. 199 

33-0224). For the heterojunction composites, XRD patterns clearly show that the mixed diffraction 200 

peaks of 𝐼𝑛2𝑆3 and 𝐵𝑖𝑌𝑊𝑂6 present in the composites, and the diffraction peak intensities of the 201 

main peaks changes along with the change in the mass ratio of 𝐼𝑛2𝑆3 and 𝐵𝑖𝑌𝑊𝑂6. For instance, as 202 

the content of 𝐼𝑛2𝑆3  increases, the diffraction peak (-402) intensity of 𝐵𝑖𝑌𝑊𝑂6  gradually 203 

decreases, while the diffraction peak (440) intensity of 𝐼𝑛2𝑆3 rapidly increases. In short, XRD 204 

results confirmed that both 𝐼𝑛2𝑆3 and 𝐵𝑖𝑌𝑊𝑂6 indeed co-existed in the composite photocatalysts, 205 

and no any impure phase was observed in all samples[27].  206 

 207 

Figure 2  XRD patterns of 𝐼𝑛2𝑆3, 𝐵𝑖𝑌𝑊𝑂6 and 𝐼𝑛2𝑆3@𝐵𝑖𝑌𝑊𝑂6 208 
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3.2 Morphology and element mapping analysis 209 

Microstructure and morphologies of 𝐼𝑛2𝑆3, 𝐵𝑖𝑌𝑊𝑂6  and 𝐼𝑛2𝑆3@𝐵𝑖𝑌𝑊𝑂6  photocatalysts 210 

were observed by Scanning Electron Microscope (SEM). SEM image of 𝐼𝑛2𝑆3 (Fig. 3a) shows 211 

sphere-like aggregates with an average size of about 2μm, which is composed of many nano-sheets 212 

with thickness about 10nm. Figure 3b reveals the morphology of 𝐵𝑖𝑌𝑊𝑂6 as nanorods with the 213 

diameter of 80~100nm. Concerning the morphologies of 𝐼𝑛2𝑆3 @ 𝐵𝑖𝑌𝑊𝑂6  composites (i.e. 214 

5IS-BYW) as shown in Fig. 3c, the stacking of nanosheets in the sphere-like aggregates appears to 215 

be more tightly packed in comparison with Fig. 3a, which is due to the fact that the nanorods are 216 

embedded in the nanosheets. It is obvious that the sphere-like aggregates correspond to 𝐼𝑛2𝑆3, while 217 

the nanorods for 𝐵𝑖𝑌𝑊𝑂6 in the composites. Meanwhile, the homogeneous attachment of 𝐵𝑖𝑌𝑊𝑂6 218 

on  𝐼𝑛2𝑆3 shows heterogeneous structure characteristics, which can lead to the formation of more 219 

active sites between the two materials enhancing the catalytic ability of the composites.  220 

 221 

Figure 3 Microstructure and morphologies of (a) 𝐼𝑛2𝑆3, (b) 𝐵𝑖𝑌𝑊𝑂6, (c) 5IS-BYW photocatalysts, 222 

(d) schematic diagram of the composite photocatalyst showing the formation of heterojunctions, (e-j) 223 

EDS Elemental Mapping analysis of 5IS-BYW.  224 

Meanwhile, in order to determine the elemental distribution in the composites, EDS elemental 225 
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Mapping analysis was carried out on the heterojunction photocatalyst of 5IS-BYW. As shown in Figs. 226 

3e-j, the elements of In, S, Bi, Y, W, and O were observed in the heterojunction composite, which 227 

suggests the coexistence of 𝐼𝑛2𝑆3 and 𝐵𝑖𝑌𝑊𝑂6  in the composite. EDS mapping of In and S 228 

elements reflects clear spherical contours as shown in Figs. 3e&f, which are well consistent with the 229 

sphere-like aggregate of 𝐼𝑛2𝑆3. As shown in Figs.3g-j, EDS mapping images of Bi, Y, W, and O 230 

elements show the uniform distribution of these elements in the spherical range, which further 231 

illustrates the composition of 𝐼𝑛2𝑆3@𝐵𝑖𝑌𝑊𝑂6 heterojunctions. In brief, heterojunctions between 232 

𝐼𝑛2𝑆3 and 𝐵𝑖𝑌𝑊𝑂6 were indeed formed in the composites. However, it is not yet possible to 233 

determine the charge transfer pathway in the heterojunctions (Z-scheme or Type-II mechanism), 234 

which will be discussed in the subsequent experiments. 235 

Figure 4 shows XPS spectra of 𝐼𝑛2𝑆3 , 𝐵𝑖𝑌𝑊𝑂6 , and 𝐼𝑛2𝑆3@𝐵𝑖𝑌𝑊𝑂6  (5IS-BYW) 236 

photocatalysts. From the survey spectra (Fig. 4a), it can be seen that pure 𝐼𝑛2𝑆3 contains the 237 

elements of S and In, while 𝐵𝑖𝑌𝑊𝑂6 contains the elements of Bi, Y, W, and O. As expected, 238 

𝐼𝑛2𝑆3@𝐵𝑖𝑌𝑊𝑂6 (5IS-BYW) composite consist of S, In, Bi, Y, W and O elements. The coexistence 239 

of S, Y and Bi elements in the composite will interfere with each other. At the same time, the XPS 240 

peaks of Y and Bi elements almost overlap. Therefore, the high-resolution XPS spectra of S, Y and 241 

Bi were analyzed in a single figure (Fig. 4b). The high-resolution XPS spectra of Y 3d and Bi 4f 242 

show two main peaks at 163.9eV and 158.6eV, respectively, which are associated with 3𝑑5 2⁄  and 243 

3𝑑3 2⁄  of 𝑌3+, concurrently corresponding to 4𝑓7 2⁄  and  4𝑓5 2⁄  of Bi3+ [28]. Some distortion was 244 

produced on the shoulder of 𝐵𝑖 4𝑓7 2⁄  and  4𝑓5 2⁄  by comparing the XPS spectra of Bi3+ in 245 

𝐵𝑖𝑌𝑊𝑂6, and 𝐼𝑛2𝑆3@𝐵𝑖𝑌𝑊𝑂6 (5𝐼𝑆 − 𝐵𝑌𝑊) , which should be attributed to the formation of 246 

heterojunctions in the composite material [29]. Typically, two peaks of S 2p appear at 161.2 and 247 

162.5eV, corresponding to  2𝑝3 2⁄  and  2𝑝1 2⁄  of 𝑆2−, respectively (Fig. 4b) [30]. The presence of 248 

two W 4f peaks at 35.87 eV ( 4𝑓7 2⁄ ) and 38.01 eV ( 4𝑓5 2⁄ ) indicates that tungsten is presented in 249 

𝑊6+(Fig. 4d). The 3d core splits of In for 𝐼𝑛2𝑆3@𝐵𝑖𝑌𝑊𝑂6  were 3𝑑5 2⁄  (444.90 eV) and 250 
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3𝑑3 2⁄ (452.45 eV), being consistent with the value of 𝐼𝑛3+(Fig. 4e). The fine spectral data for each 251 

element can be seen in Table S1. 252 

XPS spectra of O1s for 𝐵𝑖𝑌𝑊𝑂6 and 𝐼𝑛2𝑆3@𝐵𝑖𝑌𝑊𝑂6 (5IS-BYW) are shown in Fig.4c. 253 

Obviously, XPS spectrum of each O1s is not a unimodal curve, which should include three peaks 254 

corresponding to metal-oxygen bonds (such as Bi-O bonds and Y-O bonds in 𝐵𝑖𝑌𝑊𝑂6), dangling 255 

bonds and surface-adsorbed bonds (their energies from low to high) [5]. In order to obtain the exact 256 

position of each peak, each curve is properly fitted on the basis of the Pseudo-Voigt fitting function. 257 

Generally, the two characteristic peaks of dangling bonds and adsorbed oxygen are suggested as the 258 

typical characteristics of oxygen vacancies presented in the oxides. In addition, the concentration of 259 

oxygen vacancies can be indirectly estimated by the relative peak intensity ratios 260 

(Rpeaks=(IDL+IADS)/IM-O) between metal-oxygen bonds (M-O) and the sum of dangling bonds (DL) 261 

and adsorbed oxygen (ADS) [5]. Rpeaks of 𝐵𝑖𝑌𝑊𝑂6 and 𝐼𝑛2𝑆3@𝐵𝑖𝑌𝑊𝑂6 (5IS-BYW) are 1.12 and 262 

0.76 respectively, which means that the concentration of oxygen vacancies in the composite of 263 

𝐼𝑛2𝑆3@𝐵𝑖𝑌𝑊𝑂6 (5IS-BYW) is much lower than that in pure 𝐵𝑖𝑌𝑊𝑂6. It is known that oxygen 264 

vacancies are positively charged. The large reduction of oxygen vacancies in the composite of 265 

𝐼𝑛2𝑆3@𝐵𝑖𝑌𝑊𝑂6 (5IS-BYW) compared to pure 𝐵𝑖𝑌𝑊𝑂6 means that negative electrons transfer 266 

from In2S3 to BiYWO6 through the interface. As a result, a built-in electric field (Ei) is formed at the 267 

interface pointing from In2S3 to BiYWO6 when the electron flow reaches equilibrium. Once the 268 

photogenerated carriers are excited in both In2S3 and BiYWO6, this built-in electric field will drive 269 

the photogenerated electrons on the CB of BiYWO6 recombine with the holes on the VB of In2S3, 270 

instead of photogenerated electrons transfer from the CB of In2S3 to the CB of BiYWO6. Obviously, 271 

this is typical characteristic of the Z-scheme charge transfer (as shown in Fig.9).  272 

In addition, it is noteworthy that both O 1s and W 4f characteristic peaks of 𝐵𝑖𝑌𝑊𝑂6 273 

component slightly shift to higher binding energies upon formation of heterojunctions with 𝐼𝑛2𝑆3 274 

compared to pure 𝐵𝑖𝑌𝑊𝑂6 (Fig. 4c and d), whereas S 2p of 𝐼𝑛2𝑆3@𝐵𝑖𝑌𝑊𝑂6 slightly shifted to a 275 
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lower binding energy (Fig. 4b). It should be also attributed to the transfer of some electrons from S 276 

of 𝐼𝑛2𝑆3 to O of 𝐵𝑖𝑌𝑊𝑂6, which further verifies the Z-scheme charge transfer mechanism in the 277 

heterojunctions of 𝐼𝑛2𝑆3@𝐵𝑖𝑌𝑊𝑂6. In a word, XPS results indicate that In2S3 and BiYWO6 coexist 278 

in the composites and the charge transfer pathway in the heterojunction favors the Z-scheme 279 

mechanism [31].   280 

 281 

Figure 4.  (a) XPS survey spectra and high-resolution XPS of (b) S2p, Y3d& Bi4f, (c)O1s, (d) W4f 282 

and (e) In3d in 𝐼𝑛2𝑆3, 𝐵𝑖𝑌𝑊𝑂6, and 𝐼𝑛2𝑆3@𝐵𝑖𝑌𝑊𝑂6 composite 283 

3.3 Photocatalytic activities of 𝑰𝒏𝟐𝑺𝟑@𝑩𝒊𝒀𝑾𝑶𝟔 composites  284 

In this work, the photocatalytic performance of the photocatalysts was mainly evaluated by 285 

degrading tetracycline hydrochloride (TC-HCl) under visible light irradiation. Usually, organic 286 

molecules in the pollutant solution will be physically adsorbed on the surface of the photocatalyst for 287 

a certain period of time, which suggests that the physical adsorption also affects the evaluation of the 288 

catalytic performance of the photocatalyst [32]. In order to accurately evaluate the photocatalytic 289 

performance, each photo-degradation reaction was carried out in adsorption equilibrium for 60 min 290 
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before irradiation. As shown in Fig. 5(a), pure 𝐼𝑛2𝑆3 shows a moderate photocatalytic degradation 291 

ability (only 54% of the pollutants decomposed after 30 min irradiation) due to its fast electron-hole 292 

recombination. Pure 𝐵𝑖𝑌𝑊𝑂6 owns a high physical adsorption rate of 50%, and its superficial 293 

catalytic performance was slightly better than that of pure 𝐼𝑛2𝑆3 (63% of the pollutants decomposed 294 

after 30 min irradiation). However, the high physical adsorption rate of 𝐵𝑖𝑌𝑊𝑂6  reduces its 295 

practicability and stability. In order to overcome this problem, the low physical adsorption rate of 296 

𝐼𝑛2𝑆3  was introduced and formed the composites with 𝐵𝑖𝑌𝑊𝑂6 . Interestingly, 10IS-BYW 297 

composite can decompose up to 85% of the pollutants after 30 min irradiation, exhibiting an 298 

excellent photocatalytic performance.  299 

In order to more accurately assess the catalytic ability of the catalysts, a quasi-first-order kinetic 300 

model was fitted to the reaction kinetic parameters of the different composites for the degradation of 301 

tetracycline hydrochloride [32,33]. 302 

ln(𝐶0 𝐶⁄ ) = 𝑘𝑡 + 𝑐 (1) 303 

where 𝐶0 𝐶⁄  represents the photocatalytic efficiency (ratio of initial concentration of pollutant 304 

to the concentration after a certain interval) and k is the quasi-first-order reaction rate constant. 305 

After performing the kinetic fitting, the k value can be estimated from the slope of the fitted 306 

curve of ln(𝐶0 𝐶⁄ ) versus time as shown in Fig. 5b. Figure 5c shows the k-values corresponding to 307 

different photocatalysts, which are basically in agreement with the catalytic ability reflected in Fig. 308 

5(a). The k-value of 10IS-BYW sample was as the highest as 0.06263 𝑚𝑖𝑛−1 reflecting the best 309 

photocatalytic activity, which was 2.46 and 7.55 times higher than that of pure 𝐼𝑛2𝑆3 and 𝐵𝑖𝑌𝑊𝑂6, 310 

respectively. The k-values of the other composites were also in accordance with the catalytic ability 311 

reflected in Fig. 5(a), which indicates that the quasi-first-order kinetic model was completely 312 

applicable to the degradation of tetracycline hydrochloride by the photocatalysts. Concerning pure 313 

BiYWO6, its k value is lower than that of pure 𝐼𝑛2𝑆3, although its superficial catalytic performance 314 
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was slightly better than that of pure 𝐼𝑛2𝑆3. This also just shows that the high adsorption capacity of 315 

BiYWO6 is not entirely beneficial to its photocatalytic performance. Among all the composite 316 

samples, the photocatalytic ability of the sample highly doped with BiYWO3 (such as IS-2BYW) is 317 

lower than that of the two single-component catalysts. Probably, too many 𝐵𝑖𝑌𝑊𝑂6 nanorods 318 

agglomerate on the surface of 𝐼𝑛2𝑆3 spheres, leading to the reduction of the specific surface area of 319 

the composite material and shielding the active sites.  320 

 321 

Figure 5  (a) Photocatalytic decomposition efficiency (𝐶 𝐶0⁄ ) of tetracycline hydrochloride by 322 

photocatalysts, (b) Kinetic fitting of the photocatalytic reaction, (c) Estimated kinetic k values, and (d) 323 

Photocatalytic degradation efficiencies (𝐶 𝐶0⁄ ) 𝑡𝑜𝑤𝑎𝑟𝑑𝑠 TC-HCl, RhB, MB, and MG 324 

 325 

Figure 5(d) shows the photocatalytic activities of 𝐼𝑛2𝑆3@𝐵𝑖𝑌𝑊𝑂6 (10IS-BYW) towards the 326 
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decomposition of four different micropollutants, such as Rhodamine B (RhB), Methylene Blue (MB), 327 

Tetracycline Hydrochloride (TC-HCl) and Malachite Green (MG). Apparently, the composite 328 

photocatalyst had different degradation abilities towards different organic pollutants, with the best 329 

degradation ability towards TC-HCl and the worst towards MB. 330 

Detailed degradation efficiencies of different micropollutants are summarized in Table 1. The 331 

photocatalytic degradation efficiency of organics may be closely related to their molecular structures, 332 

since different energies are required to break and restructure the chemical bonds in different organic 333 

molecules. Apparently, Methyl Blue (MB) has a more complex molecular structure than Rhodamine 334 

B(RhB) and Malachite Green (MG), which therefore requires more energy for decomposition [34]. 335 

In addition, the type of chemical bonding may also influence the photocatalytic efficiency; for 336 

example, MB molecule contains S-O bonds, which makes it more difficult to be oxidized [35, 36]. 337 

For MG, about 97% of it has been physically adsorbed by 10IS-BYW at the adsorption equilibrium, 338 

which is mainly related to the strong adsorption of BiYWO6. 339 

Table 1  Characterization and degradation efficiencies of different micropollutants 340 

It is known that the initial pH of the solution also impacts the photocatalytic ability of the 341 

photocatalyst. The pH value of solution not only affects the charge transfer on the surface of the 342 

photocatalyst, but also leads to the ionization of the organic pollutants in the solution [37]. Therefore, 343 

in this paper, effect of pH value on the photocatalytic activity of 𝐼𝑛2𝑆3@𝐵𝑖𝑌𝑊𝑂6  composite 344 

catalysts were also investigated by degrading tetracycline hydrochloride. As shown in Fig. 6(a), the 345 

Category Pollutants 
Molecular 

formula 

Molecular 

weight（g/mol） 

Removal efficiency  

(After 30 min 

irradiation) 

k value

（𝑐𝑚−1） 

Antibiotics 
Tetracycline hydrochloride 

(TC-HCl) 
𝐶22𝐻25𝐶𝐼𝑁2𝑂8 480.90 85.16 0.06263 

Dyes 

Rhodamine B (RHB) 𝐶28𝐻31𝐶𝐼𝑁2𝑂3 479.01 89.71 0.03822 

Methylene blue (MB) 𝐶37𝐻27𝑁3𝑁𝑎2𝑂9𝑆3 799.80 23.61 0.00696 

Malachite green (MG) 𝐶23𝐻25𝐶𝐼𝑁2 346.47 99.08 0.03242 
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degradation efficiency increases from 69.7% to 85.16% as pH value of the solution increases from 346 

3.5 to 6.5, while the degradation efficiency drops dramatically to 26.76% as the pH value gradually 347 

increases to 10. It is believed that the reaction of ℎ+ with 𝐶𝑙−1 and • 𝑂𝐻 under acidic condition 348 

enhances the degradation efficiency of tetracycline hydrochloride [38]. On the contrary, the negative 349 

charges attached on the surface of the catalyst increase dramatically under alkaline condition leading 350 

to the formation of electrostatic repulsion between the catalyst and tetracycline hydrochloride, which 351 

was not conducive to the adsorption of the pollutant and the oxidation reaction. Overall, 10IS-BYW 352 

can effectively decompose tetracycline hydrochloride in the pH range of 3.5-6.5, owning the 353 

excellent photocatalytic activity in the acidic solutions. 354 

 355 

Figure 6  (a) pH effect on the photocatalytic activity of 10IS-BYW, (b) cycling experiment 356 

In order to investigate the stability and reusability of 𝐼𝑛2𝑆3@𝐵𝑖𝑌𝑊𝑂6 composite catalysts, 357 

five photocatalytic cyclic experiments on the sample of 10IS-BYW were carried out in this paper 358 

(using tetracycline hydrochloride as the target pollutant). The photo-degradation efficiencies from the 359 

first to the fifth times were 85.16%, 84.71%, 85.08%, 84.7%, 83.78%, and 83.78%, respectively, 360 

without obvious change. Therefore, 𝐼𝑛2𝑆3 @ 𝐵𝑖𝑌𝑊𝑂6  photocatalysts have good stability and 361 



 

 19 / 32 

 

reusable value, which provides a good reference for its practical application. 362 

3.4  Determination of the dominant radical species in the photocatalytic reaction 363 

In order to determine the active radicals in the degradation of organic matter by the 364 

photocatalysts, three radical trapping agents of L-ascorbic acid (LAA), isopropanol (IPA), and 365 

sodium oxalate (𝑁𝑎2𝐶2𝑂4) were used to quench superoxide radicals (𝑂2
•−), hydroxyl radicals (• 𝑂𝐻), 366 

and photogenerated holes (ℎ+), respectively. As shown in Fig. 7a~d, the degradation of tetracycline 367 

hydrochloride by pure 𝐵𝑖𝑌𝑊𝑂6 was obviously inhibited by 𝑁𝑎2𝐶2𝑂4, whereas the degradation 368 

efficiency of pure 𝐼𝑛2𝑆3 decreased dramatically due to adding LAA. It suggests that 𝑂2
•− and ℎ+ 369 

correspond to the major radical species for the degradation of tetracycline hydrochloride by 𝐼𝑛2𝑆3 370 

and 𝐵𝑖𝑌𝑊𝑂6, respectively.  371 

As far as the quenching experiment of 10IS-BYW are concerned (Fig. 7e&f), both L-ascorbic 372 

acid and sodium oxalate significantly inhibited the degradation of tetracycline hydrochloride. The 373 

results show that 𝑂2
•−  and ℎ+  are the main radicals for the decomposition of tetracycline 374 

hydrochloride by the composite catalysts, as well as minor effect from • 𝑂𝐻. Apparently, 𝑂2
•− is 375 

mainly contributed by 𝐼𝑛2𝑆3, while ℎ+  or • 𝑂𝐻 is contributed by 𝐵𝑖𝑌𝑊𝑂6 . The experimental 376 

results show that the redox capacity of 10IS-BYW is much higher than that of 𝐼𝑛2𝑆3 and 𝐵𝑖𝑌𝑊𝑂6. 377 

In other words, more photogenerated electrons are concentrated in the CB of 𝐼𝑛2𝑆3, and more 378 

photogenerated holes are concentrated in the VB of 𝐵𝑖𝑌𝑊𝑂6, which is exactly in accordance with 379 

the Z-scheme heterostructure instead of traditional Type-II heterostructure.   380 
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 381 

Figure 7   Radical species trapping experiments of (a)&(b) pure 𝐵𝑖𝑌𝑊𝑂6, (c)&(d) pure 𝐼𝑛2𝑆3 382 

and (e)&(f) 10IS-BYW heterojunctions 383 

In addition, photoluminescence (PL) spectroscopy was also used to further investigate the 384 

charge separation and transfer pathway in 𝐼𝑛2𝑆3@𝐵𝑖𝑌𝑊𝑂6 composites. Terephthalic Acid (TA) 385 

react with ∙OH to produce highly fluorescent 2-Hydroxyterephthalic Acid (TA-OH) with a 386 



 

 21 / 32 

 

characteristic PL peak around 425nm as shown in Fig. 8(c). As shown in Fig. 8(a)&(b), the 387 

fluorescence signals of TA-OH can be clearly observed for both 𝐵𝑖𝑌𝑊𝑂6 and 𝐼𝑛2𝑆3@𝐵𝑖𝑌𝑊𝑂6 388 

composites, while almost no signal for pure 𝐼𝑛2𝑆3. It suggests that • 𝑂𝐻 radicals can be produced 389 

by both 𝐵𝑖𝑌𝑊𝑂6 and 𝐼𝑛2𝑆3@𝐵𝑖𝑌𝑊𝑂6 composites, instead of 𝐼𝑛2𝑆3. Furthermore, the emission 390 

peaks intensities of 𝐼𝑛2𝑆3@𝐵𝑖𝑌𝑊𝑂6 composites are significantly enhanced in comparison with 391 

𝐵𝑖𝑌𝑊𝑂6, which indirectly reflect higher redox capacity of photogenerated holes in the VB of 392 

𝐼𝑛2𝑆3@𝐵𝑖𝑌𝑊𝑂6 composites. In the composites of 𝐼𝑛2𝑆3@𝐵𝑖𝑌𝑊𝑂6, electrons (𝑒−) in the VB of 393 

both 𝐵𝑖𝑌𝑊𝑂6 and 𝐼𝑛2𝑆3 are excited into the CB, and holes (ℎ+) are left in their valence bands 394 

under light irradiation. Subsequently, 𝑒− in the CB of 𝐵𝑖𝑌𝑊𝑂6 is recombined with ℎ+ in the VB 395 

of 𝐼𝑛2𝑆3 under the action of built-in electric field (Ei) in the interface of heterojunction, while 396 

highly redox-active carriers (𝑒− in the CB of 𝐼𝑛2𝑆3 and ℎ+ in the VB of 𝐵𝑖𝑌𝑊𝑂6) are retained 397 

and then more • 𝑂𝐻  radicals are produced by highly redox-active ℎ+  in the component of 398 

𝐵𝑖𝑌𝑊𝑂6. Although 5IS-BYW produced the most • 𝑂𝐻 radicals, 10IS-BYW exhibited the strongest 399 

photocatalytic activity. It should be mentioned that h+ are the main radicals for the decomposition of 400 

tetracycline hydrochloride by the composite photocatalysts (as shown in the radical species trapping 401 

experiments), rather than • 𝑂𝐻. It suggests that 10IS-BYW produces much more holes relative to 402 

5IS-BYW, and thus 10IS-BYW exhibits greater photocatalytic ability.  403 

To further investigate the photogenerated charge separation efficiency of the composite 404 

photocatalysts, the time-resolved photoluminescence decay (TRPD) spectra of pure 𝐵𝑖𝑌𝑊𝑂6 and 405 

5IS-BYW (Fig. 8(d)) were carried out. TRPD lifetimes were obtained by fitting the data with a 406 

double-exponential equation (τavg=(A1τ1
2 + A2τ2

2)/(A1τ1 + A2τ2)) [39]. Generally, the longer the 407 

fluorescence lifetime of the catalyst, the more difficult it is for electrons and holes to recombine. 408 

Table 2 shows that 5IS-BYW composite displays a longer average fluorescence lifetime (𝝉𝒂𝒗𝒈 ~ 409 

7.61ns) than that of pure 𝐵𝑖𝑌𝑊𝑂6 (𝝉𝒂𝒗𝒈 ~ 6.82ns), revealing that the heterojunction formed in the 410 

composites can significantly enhance the charge carrier separation efficiency. This is one of the main 411 
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reasons why the photocatalytic performance of In2S3@BiYWO6 composite is superior to that of 412 

pristine In2S3 and BiYWO6. 413 

 414 

Figure 8  (a) Photoluminescence spectra of TA-OH for different photocatalysts after irradiation for 415 

50 min, (b) Temporal evolution of PL spectra of TA-OH for different photocatalysts, (c) PL intensity 416 

of TA-OH at 425nm versus irradiation time for 10IS-BYW,(d) time-resolved photoluminescence decay 417 

(TRPD) spectra of 𝐵𝑖𝑌𝑊𝑂6 and 5IS-BYW. 418 

Table 2  The fitted TRPD lifetimes of the pure BiYWO6 and 5IS-BYW composites. 419 

Samples A1(%) 𝝉𝟏(ns) A2(%) 𝝉𝟐(ns) 𝝉𝒂𝒗𝒈(ns) 

BiYWO6 35.5 1.20 64.5 7.33 6.82 

5IS-BYW 31.75 1.34 68.25 8.09 7.61 



 

 23 / 32 

 

3.5 Possible photocatalytic mechanism 420 

In order to have a comprehensive understanding on the photocatalytic mechanism of 421 

𝐼𝑛2𝑆3@𝐵𝑖𝑌𝑊𝑂6 heterojunctions, the conduction band (CB) and valence band (VB) potentials of 422 

𝐼𝑛2𝑆3@𝐵𝑖𝑌𝑊𝑂6 composites have been estimated based on the concept of electronegativity in this 423 

work. CB and VB potentials of semiconductor can be calculated by the following equations [40]: 424 

𝐸𝑉𝐵𝑀 = 𝜒 − 𝐸𝑒 + 0.5𝐸𝑔 (2) 425 

𝐸𝐶𝐵𝑀 = 𝐸𝑉𝐵𝑀 − 𝐸𝑔 (3) 426 

where 𝐸𝑔  is the bandgap energy. 𝜒  is the Mulliken electronegativity of semiconductor. The 427 

estimated values of 𝜒 for 𝐼𝑛2𝑆3 and 𝐵𝑖𝑌𝑊𝑂6 are 4.70 and 6.05 eV, respectively [17, 28]. 𝐸𝑒 is 428 

the free electron energy on the hydrogen scale (about 4.50 eV). As calculated from the UV-Vis 429 

diffuse reflectance spectra (Fig. S5) [41-43], 𝐸𝑔 of 𝐼𝑛2𝑆3 and 𝐵𝑖𝑌𝑊𝑂6 are about 2.11 and 2.97eV, 430 

respectively. Therefore, 𝐸𝑉𝐵𝑀/𝐸𝐶𝐵𝑀 of 𝐼𝑛2𝑆3 and 𝐵𝑖𝑌𝑊𝑂6 are estimated as 1.26 /-0.86 eV and 431 

3.03 /0.06 eV, respectively [44].  432 

Based on the above discussions, charge transfer pathway or mechanism of 𝐼𝑛2𝑆3@𝐵𝑖𝑌𝑊𝑂6 433 

heterojunction can be profiled in more depth to determine whether it is a conventional Type-II 434 

heterojunction or a direct Z-scheme heterojunction. As shown in Fig. 9, although both Type-II and 435 

Z-scheme heterojunctions require the heterostructures with staggered energy bands, their charge 436 

transfer pathways are significantly different. As shown in Fig. 9a, for the conventional Type-II 437 

heterojunction, since 𝐸𝐶𝐵𝑀 of 𝐼𝑛2𝑆3 is higher than that of 𝐵𝑖𝑌𝑊𝑂6 and 𝐸𝑉𝐵𝑀 of 𝐵𝑖𝑌𝑊𝑂6 is 438 

lower than that of 𝐼𝑛2𝑆3, the photogenerated electrons are more preferred to transfer from the CB of 439 

𝐼𝑛2𝑆3 to the CB of 𝐵𝑖𝑌𝑊𝑂6, while the photogenerated holes can easily be transferred from the VB 440 

of 𝐵𝑖𝑌𝑊𝑂6 to the VB of 𝐼𝑛2𝑆3. Such a charge transfer pathway will lead to reduction in the redox 441 

potential of photogenerated carriers. Moreover, 𝐸𝐶𝐵𝑀 (0.06 eV) of 𝐵𝑖𝑌𝑊𝑂6  is lower than the 442 

reduction potential of 𝑂2
•− (-0.33 eV vs NHE), and 𝐸𝑉𝐵𝑀 of 𝐼𝑛2𝑆3 (1.26 eV) is higher than the 443 



 

 24 / 32 

 

oxidation potential of • 𝑂𝐻(• 𝑂𝐻 𝑂𝐻⁄ = 2.38𝑒𝑉, • 𝑂𝐻/𝐻2𝑂 = 2.72𝑒𝑉) . Therefore, superoxide 444 

radicals (𝑂2
•−) and hydroxyl radicals (• 𝑂𝐻) cannot be observed in the photocatalytic reactions of 445 

𝐼𝑛2𝑆3@𝐵𝑖𝑌𝑊𝑂6 composites if they are the conventional Type-II heterostructures, which contradicts 446 

previous experimental results. Obviously, charge transfer pathway in the composite photocatalysts of 447 

𝐼𝑛2𝑆3@𝐵𝑖𝑌𝑊𝑂6 prefers the direct Z-scheme mechanism, rather than the Type-II mechanism[45]. 448 

 449 

Figure 9  Schematic diagram of charge transfer mechanisms in the heterojunction of 450 

𝐼𝑛2𝑆3@𝐵𝑖𝑌𝑊𝑂6  (a) Type-II, (b) direct Z-scheme 451 

Based on the above analysis and principal of the Z-scheme heterojunction, the following 452 

formulas are helpful to more clearly illustrate the intrinsic mechanism of the photocatalytic 453 

decomposition of tetracycline hydrochloride (TC-HCl) by 𝐼𝑛2𝑆3@𝐵𝑖𝑌𝑊𝑂6 [40,41,46]. 454 

𝐼𝑛2𝑆3 + ℎ𝑣 → 𝐼𝑛2𝑆3 (ℎ+ + 𝑒−) (4) 455 

𝐵𝑖𝑌𝑊𝑂6 + ℎ𝑣 → 𝐵𝑖𝑌𝑊𝑂6 (ℎ+ + 𝑒−) (5) 456 

𝒆−(𝐵𝑖𝑌𝑊𝑂6) + 𝒉+(𝐼𝑛2𝑆3) → 𝟎 (𝑅𝑒𝑐𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛) (6) 457 

𝑂2 + 𝑒−(𝐼𝑛2𝑆3) → 𝑂2
•− (7) 458 
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𝑇𝐶 − 𝐻𝐶𝑙 +  𝑂2
•− → 𝐷𝑒𝑔𝑟𝑎𝑑𝑒𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 (8) 459 

𝑇𝐶 − 𝐻𝐶𝑙 +  ℎ+(𝐵𝑖𝑌𝑊𝑂6) → 𝐷𝑒𝑔𝑟𝑎𝑑𝑒𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 (9) 460 

As two catalysts contact each other, their different Fermi energy levels result in electrons 461 

migration from 𝐼𝑛2𝑆3 to 𝐵𝑖𝑌𝑊𝑂6. As shown Fig. 9b, the key built-in electric field 𝐸𝑖 will form at 462 

the contact interface between 𝐼𝑛2𝑆3 and 𝐵𝑖𝑌𝑊𝑂6, which has been confirmed by above XPS results. 463 

At the same time, both 𝐼𝑛2𝑆3 and 𝐵𝑖𝑌𝑊𝑂6 undergo energy band bending (Fig. 9b), until two 464 

Fermi energy levels converge. In this case, once the photogenerated carriers are generated in In2S3 465 

and BiYWO6 under the light irradiation, this built-in electric field 𝐸𝑖 will drive the photogenerated 466 

electrons on the CB of BiYWO6 to recombine with the holes on the VB of In2S3 (see formula 6). 467 

After a part of the photogenerated carriers undergoes recombination, the remaining photogenerated 468 

carriers will have stronger redox ability; for instance, photogenerated electrons retained on the CB of 469 

𝐼𝑛2𝑆3 has a stronger reduction potential (-0.86eV), which strongly reduces 𝑂2 into the radicals of 470 

𝑂2
•− (-0.33eV) [42] (see formula 7). Meanwhile, photogenerated holes retained on the VB of 471 

𝐵𝑖𝑌𝑊𝑂6  has stronger oxidizing ability (3.03eV). These highly reactive radicals become the 472 

dominant radicals in the composite photocatalysts to efficiently oxidize organic pollutants (see 473 

formulas 8&9). In brief, the direct Z-scheme heterojunction formed between 𝐼𝑛2𝑆3 and 𝐵𝑖𝑌𝑊𝑂6 474 

greatly improves the photocatalytic performance of the composites [39]. In addition, h+ on the VB of 475 

𝐵𝑖𝑌𝑊𝑂6  (3.03eV) can oxidize 𝑂𝐻−  or 𝐻2𝑂  into the radicals of • 𝑂𝐻  ( • 𝑂𝐻 𝑂𝐻−⁄ =476 

 2.38𝑒𝑉,   • 𝑂𝐻/𝐻2𝑂 = 2.72𝑒𝑉) [47], which provides a minor contribution to the photodegradation 477 

of organic matter. Meanwhile, it is also evidence for the Z-scheme carrier transfer pathway or 478 

mechanism in the heterojunctions of 𝐼𝑛2𝑆3@𝐵𝑖𝑌𝑊𝑂6 revealed by the fluorescence detection. 479 

4. Conclusion 480 

In conclusion, a simple two-step hydrothermal method was introduced herein to successfully 481 

synthesis the composite photocatalysts of 𝐼𝑛2𝑆3@𝐵𝑖𝑌𝑊𝑂6 with high catalytic activity and good 482 
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stability, where 𝐵𝑖𝑌𝑊𝑂6  nanorods were uniformly embedded on the surface of 𝐼𝑛2𝑆3 483 

microspheres to form a large number of heterojunctions. Based on the degradation experiments of 484 

organic pollutants, it can be determined that the photocatalytic performance of the composite 485 

photocatalysts is significantly improved in comparison with the single-component catalysts. 486 

Especially, 10IS-BYW composite photocatalyst exhibits the highest photocatalytic efficiency, which 487 

is 2.46 and 7.55 times higher than that of pure 𝐼𝑛2𝑆3 and 𝐵𝑖𝑌𝑊𝑂6, respectively. According to XPS 488 

analysis, the radical species quenching experiment and PL spectra, charge transfer pathways in the 489 

𝐼𝑛2𝑆3@𝐵𝑖𝑌𝑊𝑂6 heterojunctions are obviously more inclined to the Z-scheme mechanism, rather 490 

than the traditional Type-II mechanism. The composite photocatalysts of 𝐼𝑛2𝑆3@𝐵𝑖𝑌𝑊𝑂6 prepared 491 

in this work enrich the Z-scheme heterojunction photocatalyst systems. 492 

  493 
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