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Abstract 21 

The construction of a heterojunction piezo-photocatalyst is one of the most effective 
22 

strategies to accelerate charge transfer and improve catalytic performance. A novel ternary 
23 

heterojunction was synthesized by introducing SnS nanoparticles (NPs) onto the surface of a 
24 

NiAl-LDH/g-C3N4 (LDH/CN) nanosheets via a facile hydrothermal method. The 
25 

separation and transfer paths of carriers was studied for the piezo-photocatalytic degradation 
26 

of tetracycline (TC), a common antibiotic, under ultrasonic and visible light irradiation. The 
27 

SnS/LDH/CN piezo-photocatalyst generated a built-in electric field by the piezoelectric 
28 

effect, which was beneficial for the separation of electron-hole pairs. Furthermore, the Z-
29 

scheme heterojunction endowed with a larger surface area, abundant active sites, and 
30 

improved light-harvesting capacity further improved piezo-photocatalytic performance for 
31 

TC. In particular, a CLS-30 (30 wt% of SnS on LDH/CN) heterojunction exhibited the 
32 

highest degradation efficiency with 98.5% removal of TC (20 mg/L) in 60 min, which was 
33 

higher than that of ultrasonic vibration (38.2%) and visible light illumination (79.4%). TC 
34 

degradation efficiency remained at almost 90% after 4 consecutive cycles. This work 
35 

provides a novel viewpoint for designing high-performance and stable heterojunction piezo-
36 

photocatalysts for energy limited wastewater remediation applications. 
37 

 38 
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1. Introduction 43 
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In recent years the global effort towards net zero carbon emissions and 44 

environmental sustainability goals whilst remediating waterborne pollution has motivated 45 

researchers in wastewater treatment[1-3]. Antibiotics and other pharmaceutical agents, 46 

have been widely used to treat human and animal diseases [4-5], however their excessive 47 

use has resulted in serious human health and ecosystem threats which urgently require 48 

efficient governance strategies, including removal from water [6-8]. Therefore, the 49 

development of environmentally friendly advanced/nano materials, which may utilize 50 

natural energy sources such as sunlight, wind power and acoustic wave, to effectively 51 

treat waterborne pollution is one important element in this effort[9-12]. Photocatalytic 52 

technology is considered an efficient and valuable method for such pollutant degradation 53 

due to its high selectivity, low energy consumption and cyclability [13-15]. In particular, 54 

semiconductor photocatalysts have exhibited remarkable performance in the degradation 55 

of tetracycline (TC), a common class of antibiotic,  through the harvesting of solar energy 56 

to convert photons into electron-hole pairs[16-17]. Indeed, a variety of photocatalysts 57 

have been reported for the treatment of waterborne pollutants, including TiO2, g-C3N4, 58 

SiO2, ZnO, and CeO2[18-21]. Graphitic carbon nitride (g-C3N4; CN), with a two-59 

dimensional layered structure, is the most extensively studied photocatalyst due to its low 60 

band gap, low toxicity, facile preparation and robust chemical stability. In addition, CN 61 
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exhibits excellent adsorption capacity, which is also regarded as an attractive property in 62 

environmental remediation[22-25]. Nevertheless, the practical applications of a single 63 

photocatalyst are restricted because of drawbacks such as   low  efficiency, insufficient 64 

light harvesting ability, and rapid charge-carrier recombination[26-27]. In order to 65 

enhance photocatalytic performance and efficiency, various strategies including 66 

heterojunction construction, noble metal deposition, and surface morphology 67 

modification have been proposed[28-30].  68 

Layered double hydroxides (LDHs) are a class of layered composites with 69 

exchangeable anions. They have attracted significant attention in photocatalysis owing to 70 

their flexible and tunable chemical composition, intense adsorption capacity, and high 71 

chemical stability[31-32]. The coupling of electronegative LDHs with electropositive CN 72 

can further enhance the photocatalytic activity of these composites because of synergistic 73 

effects induced by the heterointerface under visible light illumination[33-34]. For 74 

example, Shakeel et al. developed a novel LDH/CN hetero-structured photocatalyst, 75 

which showed excellent Rhodamine B degradation performance compared to pure CN or 76 

LDH, and was mainly attributed to its large surface area, good conductivity and improved 77 

interfacial contact[35]. Moreover, Liu et al. reported ZnCr-LDH/CN composite 78 

photocatalysts that could significantly improve catalytic water dissociation activity[36]. 79 
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Despite the LDH/CN heterojunction displaying improved photocatalytic efficiency, some 80 

issues such as relatively slow charge transport and poor surface redox properties remained. 81 

For the issue of rapid carriers recombination, most work has focused on material 82 

modification in the realm of photocatalysis, resulting in a single field of research[37-38]. 83 

Designing new combinations such as semiconductor heterojunction/piezoelectric 84 

materials might be expected to overcome the limitations of the photocatalytic system and 85 

accelerate the separation of photoinduced charge, thereby improving the catalytic 86 

performance.  87 

 Polarized electric fields generated by piezoelectric materials under mechanical 88 

energy can promote the separation and transfer of  charge carriers. Moreover,  charge 89 

separation can enable participation in redox reactions which enhance catalytic activity 90 

and degrade pollutants in water[39-40]. The combination of piezocatalysis and 91 

photocatalysis is regarded as a novel approach for gathering and utilizing abundant 92 

natural energy sources[41-42]. For the past few years, tin sulfide (SnS) has been known 93 

to possess excellent piezoelectric properties and has been application in the piezoelectric 94 

catalysis field. For example, Tian et al. reported that SnS nanobelt piezocatalysts 95 

converted CO2 into acetate with 100% selectivity under the vibration energy[43]. Cao et 96 

al. prepared a SnS2/SnS heterojunction with improved output efficiency by the 97 



6 

 

piezoelectric effect[44]. Here, the synergistic effect of the SnS piezocatalyst and the 98 

LDH/CN  heterojunction provided a stable charge supply and accelerated interfacial 99 

charge transfer through a built-in electric field. In addition, the redox ability of 100 

SnS/LDH/CN composites were further enhanced, which made it one of the most 101 

promising piezo-photocatalysts for antibiotic degradation. Although research in 102 

environmental remediation has focused on LDH/CN-based photocatalysts there are, to 103 

the best of our knowledge, no reports of the Z-scheme SnS/LDH/CN ternary 104 

heterojunction as piezo-photocatalysts for degradation of antibiotics.  105 

In this study, we wish to report a novel Z-scheme SnS/LDH/CN heterojunction 106 

piezo-photocatalyst prepared via a simple hydrothermal method, and used for high-107 

efficiency degradation of antibiotics. The integration of LDH/CN nanosheets and SnS 108 

piezoelectric material combines the advantages of piezoelectric and heterojunction 109 

systems which makes it one of the most promising available piezo-photocatalysts for 110 

antibiotic degradation. The morphology, surface chemical composition, and piezo-111 

photocatalytic performance of the synthesized SnS/LDH/CN composite were analyzed 112 

through a series of characterization and degradation experiments. Furthermore, the 113 

mechanism of antibiotic degradation was explored using the results of active species 114 

trapping and electron spin resonance (ESR) tests. The work therefore offers a new insight 115 
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into the synthesis of ternary heterojunction materials as high-performance piezo-116 

photocatalyts for the degradation of antibiotics. 117 

2. Experimental section 118 

2.1 Materials  119 

Analytical grade chemicals, including melamine, nickel (II) nitrate hexahydrate 120 

(Ni(NO3)2·6H2O), aluminum nitrate nonahydrate (Al(NO3)3·9H2O), sodium hydroxide 121 

(NaOH), sodium carbonate (Na2CO3), polyvinylpyrrolidone (PVP), tin (II) chloride 122 

(SnCl2), thioacetamide, ethanol, and tetracycline (TC) were obtained from Sigma-Aldrich. 123 

TC, 1,4-benzoquinone (BQ), tert-butyl alcohol (t-BuOH), ethylenediaminetetraacetic 124 

acid (EDTA) and dimethyl sulfoxide (C2H6OS, DMSO) were purchased from the 125 

Shanghai Aladdin Biochemical Technology Co., LTD.  Deionized (DI) water was used 126 

throughout. 127 

2.2. Preparation of materials 128 

2.2.1 Preparation of the LDH/CN heterojunction 129 

The LDH/CN composites were fabricated via a simple hydrothermal route. An 130 

amount of CN nanosheets were formed by heating melamine in a tube furnace, as reported 131 

in previous work[45]. The prepared CN powder was dispersed into 250 mL of deionized 132 

water. Following addition of 0.12 M Ni(NO3)2·6H2O and 0.04 M Al(NO3)3·9H2O, the 133 
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resulting mixture was stirred using a magnetic stirrer bar for 10 min. Subsequently, 0.5 134 

M NaOH and 2.0 M Na2CO3 were dissolved into the above suspension. The pH value of 135 

the mixture remained at 9.0, with continuous stirring for 30 min. The resulting 136 

homogeneous solution was transferred to a Teflon-lined autoclave which was maintained 137 

at 160 °C for 5 h. Finally, the resulting precipitate was recovered and washed, before  air-138 

drying at 80 °C overnight. LDH was synthesized without the addition of CN using a 139 

similar procedure. 140 

2.2.2  Preparation of SnS/LDH/CN 141 

In this process, a calculated amount of LDH/CN was placed in 200 mL of deionized 142 

water. SnCl2 (5 mmol) and thioacetamide (5 mmol) were dispersed into the above-143 

mentioned suspension and stirred for 10 min. Then, 200 mg of PVP was added under 144 

vigorous stirring. The final suspension was transferred to an autoclave and maintained at 145 

120 ºC for 12 h. Deionized water and ethanol were used to wash the product several times. 146 

A series of SnS/LDH/CN samples with varying SnS content were prepared, and denoted 147 

CLS-10, CLS-20, CLS-30 and CLS-40. SnS was prepared in the absence of  LDH/CN 148 

using the same method. 149 

2.3 Catalyst characterization  150 

X-ray diffraction patterns (XRD, D2 PHASER, Bruker) was employed to analyze 151 
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crystal structure with Cu Kα as radiation source (30 kV, λ = 1.542 Å) in the 2θ range of 152 

10–70°. Fourier transform infrared (FTIR) spectra was measured on a Bruker infrared 153 

spectrometer (VERTEX 80V, Germany). The surface morphology of the samples were 154 

observed using scanning electron microscopy (SEM; S-4300SE, 15 kV) and transmission 155 

electron microscopy (TEM; JEM-2100F, JEOL Ltd). X-ray photoelectron spectroscopy 156 

(XPS) was carried out on an ESCA LAB MK-II spectrometer with monochromatized Al 157 

Kα radiation using an ion source energy for charge compensation. The light absorbing 158 

potential and band structure were obtained by ultraviolet-visible diffuse reflectance 159 

spectra (UV–vis DRS; Hitachi S-3100 spectrophotometer). The specific surface areas 160 

(SBET) were measured using a BEL BELSORP device using samples prepared by 161 

degassing in vacuum for 12 h. Photoluminescence (PL) spectra were recorded on a RAM 162 

Boss analytical instrument to assess charge carrier separation of samples. Electrochemical 163 

impedance spectroscopy (EIS) of as-prepared samples was measured by an Ivium 164 

electrochemical workstation in a conventional three-electrode system with 0.5 M Na2SO4 165 

solution as the supporting electrolyte. A platinum wire, modified Ni foam, and the 166 

Ag/AgCl electrode were employed as the counter, working, and reference electrodes, 167 

respectively. The frequency range of measurement was between 0.1 and 10 kHz with a 5 168 

mV amplitude sine-wave potential. The active species in the degradation process were 169 
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detected by trapping experiments; 1,4-benzoquinone (BQ), isopropanol (IPA) and 170 

ethylenediaminetetraacetic acid (EDTA) were used as scavenging agents for superoxide 171 

radical (·O2−), hydroxyl radical (·OH) and hole (h+) species, respectively. Furthermore, 172 

electron spin resonance (ESR) measurements were performed on a Bruker EMX PLUS 173 

spectrometer using 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) as scavenger. 174 

2.4 Evaluation of degradation efficiency 175 

 The performance of the as-synthesized catalysts was measured by the degradation 176 

of TC. Typically, 20 mg catalyst samples were mixed with 100 mL aqueous TC solution 177 

(20 mg/L) and stirred continuously for 30 min in the dark to achieve an 178 

adsorption/desorption equilibrium. The degradation experiment was then performed 179 

under ultrasonic vibration (120 W, 40 kHz) and/or light (200 W Xenon lamp, λ > 420 nm, 180 

100 mW/cm2). At a given time interval, 5.0 mL of reaction solution was extracted and 181 

centrifuged to remove the photocatalyst. The characteristic absorption peak of TC at 357 182 

nm was analyzed using a UV-vis spectrophotometer.  183 

3. Results and discussion 184 

3.1. Structure, morphology, and elemental state  185 

XRD patterns for all as-prepared catalysts are shown in Fig. 1(a). The XRD spectra 186 

of the prepared CN nanosheets showed two distinct emission peaks at 27.3° and 13.1°, 187 
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corresponding to the (002) and (100) planes and exhibiting the characteristic structure of 188 

aromatic systems and typical interlayer packing[46]. The LDH samples displayed the 189 

characteristic peaks of hydrotalcite- type compounds, which were well assigned to a 190 

typical hexagonal MgAl-LDH (JCPDF 22-0452). Compared with CN, the (002) peak of 191 

LDH/CN was weaker and slightly shifted, and was mainly attributed to the formation of 192 

heterojunctions. The diffraction peaks at 26.1°, 27.5°, 30.6°, 31.4° and 39.1° accord with 193 

the (120), (021), (101), (111), and (131) planes, respectively, demonstrating that SnS 194 

nanoparticles were synthesized. The XRD spectra of the SnS/LDH/CN samples showed 195 

distinctive diffraction peaks for SnS, LDH, and CN; increasing the SnS content of the 196 

samples resulted in the LDH and CN diffraction peaks becoming weaker, reflecting the 197 

successful combination of SnS and LDH/CN. 198 

The FT-IR spectra were analyzed to further determine the structure of the as-199 

prepared SnS/LDH/CN catalyst (Fig. 1(b)). The signals at 3445 cm−1 and 1350 cm−1 were 200 

assigned to O-H and CO3
2- of LDH stretching vibrations, respectively[47]. In addition, 201 

the peak at 790 cm−1 could correspond to the stretching and bending vibrations of metal-202 

oxygen (Al-O, Mg-O) bonds. For the bare SnS sample, the absorption peak at 570 cm−1 
203 

was attributed to the Sn-S bond. The bending vibrations of water molecules may account 204 

for another peak at 1637 cm-1. The SnS/LDH/CN composites with different SnS content 205 
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showed similar peaks corresponding to the main peaks of SnS, LDH and CN. The FTIR 206 

spectra results further demonstrated the successful combination of SnS and LDH/CN, in 207 

agreement with XRD data. 208 

The morphologies and microstructures of the as-synthesized samples were analyzed 209 

by SEM and TEM, and the resulting images are shown in Fig. 2. The pristine CN (Fig. 2 210 

(a)) revealed an ultrathin lamellar stacked structure. The SEM image of LDH in Fig. 2 (b) 211 

exhibited a layered structure consisting of several thin sheets. The SEM and TEM images 212 

(Fig. 2 (c) and (e)) showed that SnS are spherical nanometer microspheres with particle 213 

size. From the SEM and TEM images of the CSL-30 composite (Fig. 2 (d) and (f)), it 214 

may be observed that the SnS NPs and LDH/CN nanosheets were integrated. In 215 

agreement with the EDX spectra (Fig. 2 (k)), the corresponding elemental mappings of 216 

SLC-15 (Fig. 2 (g-l)) clearly demonstrate the presence of C, N, Sn, S, Mg, Al, and Sn, 217 

further demonstrating the combination of SnS and LDH in the composites. 218 

Fig. 3  shows the N2 adsorption-desorption isotherms and pore size distribution 219 

curves for the LDH, LDH/CN, and CLS-30 samples. As displayed in Fig. 3 (a), the 220 

isotherms with type H3 hysteresis loops belong to type IV, which demonstrated the  221 

mesoporous structure of the samples. As shown in Table S1, the SBET of the LDH sample 222 

was calculated as 28.27 m2/g, providing abundant active sites and high specific surface. 223 
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The surface area of LDH/CN and CLS-30 increased significantly with CN and SnS 224 

loading, which may be ascribed to the formation of new hybridization. The higher specific 225 

surface areas of the heterojunctions are capable of improving the catalytic performance 226 

by speeding up charge transfer[48]. The results of pore size distribution are shown in Fig. 227 

3 (b). According to the IUPAC definition, pore sizes in the range 2 nm to 40 nm range for 228 

all samples revealed that the pores were mesoporous. Therefore, the prepared samples 229 

can effectively adsorb pollutants in the degradation process and enhance catalytic 230 

properties. 231 

XPS analysis was used to measure surface chemical compositions and states of the 232 

as-prepared catalysts. Fig. 4 (a) shows full-scan survey spectra of SnS, LDH, CN and 233 

CLS-30. The XPS spectrum for the CLS-30 nanohybrids displays the presence of Sn, S, 234 

C, N, Mg, and Al elements. As shown in Fig. 4 (b), the C 1s peak of CN is located at 235 

283.9 eV, and the peak at 287.3 eV may be attributed to graphitic carbon (C-C), and sp2- 236 

hybridized carbon atoms bonded to N in aromatic rings (N-C=N), respectively. The peak 237 

signals of C 1s shifted to a higher binding energy after introducing of SnS and LDH. For 238 

LDH nanosheets (Fig. 4 (c)), the Ni 2p3/2 (855.8 eV) and Ni 2p1/2 (873.4 eV) peaks, along 239 

with two satellite peaks, demonstrate the presence of Ni2+ species. The binding energies 240 

of Ni 2p show no obvious change compared with the SnS/LDH/CN heterojunction. As 241 
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shown in Fig. 4 (d), the Al 2p peaks located at 67.9 and 73.2 eV were observed, 242 

corresponding to Al 2p3/2 and Al 2p1/2, respectively. For the Sn 3d XPS spectrum (Fig. 4 243 

(e)), the binding energies at 485.3 eV and 493.8 eV were consistent with the Sn 3d5/2 and 244 

Sn 3d3/2 states, respectively. The peak intensities of the CLS-30 samples were slightly 245 

higher after integrating with LDH/CN. Similarly, the binding energy of S2p (Fig. 4 (f)) at 246 

161.1 and 162.8 eV may be assigned to S 2p3/2 and S 2p1/2, respectively. The signal peaks 247 

of the CLS-15 sample shifted to higher binding energies compared to the bare SnS catalyst, 248 

which indicated the decrease of S electron density. Generally, electron density could be 249 

changed in binding energies via electron screening effects. These findings show that 250 

coupling SnS NPs with LDH/CN nanosheets could speed up charge transfer and change 251 

the binding energies.  252 

3.2. Optical and electronic characteristics 253 

The UV–vis DRS of all the prepared samples are shown in Fig. 5 (a). The bare SnS 254 

exhibited a high absorption edge over the entire visible light region, reflecting its 255 

remarkable capability. The LDH sample showed an obvious absorption range from 220 256 

to 300 nm, which was ascribed to the presence of metal cations in the LDH layer. 257 

Compared with bare CN and LDH, an improved absorbency and significant red shift in 258 

the visible light region was obtained through the generation of LDH/CN composites, 259 
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which could be ascribed to rapid charge separation of the heterojunction. The 260 

SnS/LDH/CN composites  showed significantly enhanced optical adsorption properties 261 

with the increased SnS content, indicating interactions between SnS and LDH/CN in the 262 

hybrids. Overall the outcomes indicate that adding SnS nanoparticles to LDH/CN 263 

nanosheets could increase the number of photoinduced charge carriers and boost 264 

photocatalytic performance. The band gap energies Fig. 5 (b) for CN, LDH, SnS and 265 

SnS/LDH/CN were 2.71, 2.41, 1.67 and 2.48 eV, which were obtained from the 266 

extrapolated intercept on the abscissa.  267 

The transfer and separation efficiency of the charge carriers were analyzed using PL 268 

measurements. As displayed in Fig. 6 (a), a strong absorption peak was observed for CN 269 

around 460 nm. The emission peak for LDH/CN was lower than that of CN, which was 270 

in agreement with the enhanced charge transfer efficiency. The SnS/LDH/CN 271 

heterojunctions showed a weaker PL peak compared with the binary catalysts, which was 272 

mainly attributed to greater availability of electrons and holes for catalytic reactions. The 273 

PL signal peak for SnS/LDH/CN also exhibited an obvious blue shift, indicating that the 274 

recombination of photogenerated carriers was inhibited. The lowest PL intensity was 275 

obtained for the CLS-30 composites in accord with the photocatalytic activity results. The 276 

EIS were further employed to measure the transfer process of photoinduced charge 277 
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carriers (Fig. 6 (b)). The arc radius of an EIS plot reflects the resistance and efficiency of 278 

charge transfer[49]. As expected, the results showed that the arc radius for the CLS-30 279 

heterojunction was smaller than that of the single and binary catalysts, corresponding to 280 

its  faster carrier migration ability.  281 

3.3. Piezo-photocatalytic degradation of TC 282 

The catalytic degradation activity of the as-synthesized samples was evaluated 283 

through TC degradation under visible light irradiation, ultrasonic vibration, and both 284 

visible light irradiation & ultrasonic vibration (Fig. 7). As displayed in Fig. 7(a), all as-285 

prepared catalysts exhibited low piezocatalytic ability for degradation of TC, with SnS 286 

disoplaying the highest TC degradation rate (38.2 %).  TC was hardly degraded by CN, 287 

LDH, or LDH/CN with vibration alone. Meanwhile, the degradation efficiency of 288 

SnS/LDH/CN composites gradually improved with increasing SnS content. These results 289 

showed that SnS possesses some piezoelectric performance. The  photocatalytic results 290 

in Fig. 7(b) showed the degradation rates followed the order: SnS/LDH/CN > LDH/CN > 291 

SnS > LDH > CN. It was clear that the SnS NPs loading on the surface of the LDH/CN 292 

could significantly enhance photocatalytic performance, which was ascribed to the 293 

formation of a ternary heterojunction. The CLS-30 heterojunctions showed the highest 294 

photocatalytic efficiency for TC degradation  after 60 min under illumination. Similarly, 295 
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CLS-30 achieved the best degradation rate (98.5%) compared with CN, LDH, SnS and 296 

LDH/CN under simultaneous ultrasonic vibration and visible light conditions (Fig. 7(e)), 297 

indicating the synergistic effect of the heterojunction and piezoelectric properties. The 298 

pseudo-first-order reaction kinetics for TC degradation is displayed in Fig. 7 (b, d, f). The 299 

high reaction rate constant (K) of SnS/LDH/CN reflected the outstanding degradation rate 300 

under piezocatalysis, photocatalysis and piezo-photocatalysis. The results further 301 

demonstrated that improved degradation efficiency was due to the combination of the 302 

LDH/CN heterojunction and piezoelectric effect of SnS. In addition, the stability and 303 

durability of the CLS-30 samples was evaluated by recycling experiments (Fig. 8 (a)). 304 

The piezo-photocatalytic performance of CLS-30 retained high stability (89.3%) after 305 

four consecutive cycles. The XRD and XPS patterns (Figs. S1 and S2) of the CLS-30 306 

composites showed no significant changes before and after use, indicating structural 307 

stability and reusable properties. 308 

3.4. Mechanistic study 309 

Trapping tests were carried out using the CLS-30 samples in the presence of various 310 

scavengers under identical conditions in order to explore the piezo-photocatalytic 311 

degradation mechanism. As shown in Fig. 8 (b) EDTA, IPA, and BQ were used as 312 

scavenging agents for H+, ·OH, and ·O2
- species, respectively. The TC degradation 313 
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efficiency on the addition of the BQ and EDTA scavengers was suppressed, which 314 

demonstrated ·O2
- and H+ dominated the reaction process. Simultaneously, the 315 

introduction of IPA as an·OH scavenger showed it played a subordinate role in TC 316 

degradation. To further validate the catalytic mechanism, ESR measurements were 317 

performed using DMPO as the ·OH and ·O2
- radical scavengers trapping agent. As 318 

DMPO-·OH spectra show (Fig. 8 (c)), four characteristic signals (peak intensity = 1:2:2:1) 319 

were observed for LDH, LDH/CN and CLS-30, indicating that ·OH radicals were 320 

produced in the three reactions. It is obvious that the ·OH peak intensity for CLS-30 was 321 

stronger than that of pure LDH and binary LDH/CN, which revealed that more ·OH 322 

radicals were generated during the catalytic process. From Fig. 8 (d), six characteristic 323 

signals related to ·O2
- were exhibited for LDH/CN and CLS-30. However, no obvious 324 

characteristic peaks were obtained for LDH, corresponding with the position of its 325 

conduction band (CB). Furthermore, CLS-30 showed the strongest DMPO-·O2
- signals 326 

than those of the other samples, proving that it significantly promoted the formation 327 

of ·O2
- radicals from molecular oxygen. The results demonstrated that the SnS/LDH/CN 328 

heterojunction could effectively enhance the separation efficiency of photogenerated 329 

carriers and catalytic performance through the combination of SnS, LDH and CN. 330 

A reasonable mechanism for the SnS/LDH/CN composite in TC degradation was 331 
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proposed on the basis of these experimental results (Fig. 9). Under light irradiation, the 332 

CN, SnS and LDH were excited to produce electron-hole pairs under visible-light 333 

irradiation. The photogenerated electrons on the CB of SnS and LDH rapidly migrate and 334 

recombine with the holes in the valence band (VB) of CN. Therefore, electrons 335 

accumulate in the CB of CN, and the highly positive holes remain in the VB of SnS and 336 

LDH, respectively. Here, the Z-scheme heterojunction structure favours the broadening 337 

of the carrier transport channel to accelerate charge transfer[50-51]. In the degradation 338 

process, the accumulated surface electrons in the CB of CN react with O2 to generate ·O2
- 339 

, and the photogenerated holes on the VB of SnS and LDH possess sufficient energy to 340 

oxidize H2O into ·OH radicals. Meanwhile, SnS can generate a built-in electric field under 341 

stir, which provids a powerful driving force for the migration and separation of 342 

photogenerated carriers. The built-in electric fields can significantly improve degradation 343 

efficiency by producing more free radicals and inhibiting recombination of electrons and 344 

holes. Therefore, the SnS/LDH/CN composites achieve greater radical density through 345 

combination of heterojunction and piezoelectric properties to participate in the 346 

degradation of TC, hence showing enhanced piezo-photocatalytic performance. 347 

Degradation of TC over the SnS/LDH/CN  piezo-photocatalytic system can thus be 348 

described: 349 
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SnS/LDH/CN + hv                h+ + e-                                     (1) 350 

e- + O2                          ·O2
-                                                                                      (2) 

351 

·O2
- + e- + 2H+                   H2O2                                                           (3) 352 

H2O2 + e-                    ·OH + OH-                                    (4) 
353 

(·O2
- + h+ + ·OH) + TC                      Degradation products   (5) 354 

4. Conclusions 355 

We have developed a novel ternary SnS/LDH/CN heterojunction synthesized by a 356 

simple hydrothermal method and which exhibits excellent piezo-photocatalytic 357 

performance. Notably, the CLS-30 composition catalyst exhibited significantly improved 358 

piezo-photocatalytic activity over that of other variants. The improved piezo-359 

photocatalytic performance is attributed mainly to the synergistic effect of both Z-scheme 360 

heterojunction and piezoelectric effects for accelerating the transfer of photo-generated 361 

carriers. Moreover, the unique nanosheet intercalation structure offers ample active sites 362 

and enhances ionic transport electrical conductivity for TC degradation. The prepared 363 

SnS/LDH/CN heterojunctions reveal high stability with little activity loss over four 364 

continuous cycles. This study therefore offers an innovative method for the synthesis of  365 
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highly efficient and  Z-scheme heterojunction piezo-photocatalysts for the degradation of 366 

TC, which is of significance for environmental remediation. 367 
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 572 

Fig. 1. (a) XRD patterns for CN, LDH, SnS, LDH/CN and SnS/LDH/CN hybrids with 573 

different weight ratios; (b) FT-IR spectra for CN, LDH, SnS, LDH/CN and 574 

SnS/LDH/CN hybrids with different weight ratios. 575 

Fig. 2. (a) FE-SEM of CN nanosheets; (b) FE-SEM of LDH nanosheets; (c) FE-SEM of 576 

SnS nanoparticles; (d) FE-SEM of CLS-30 hybrid; (e) FE-TEM of SnS nanoparticles; (f) 577 

FE-TEM of CLS-30 hybrid; (g)-(l) elemental mappings of CLS-30; and (m) EDX 578 

spectrum of CLS-30. 579 

Fig. 3. (a) N2 adsorption-desorption isotherms of the as-prepared samples; and (b) pore 580 

size distributions of the samples. 581 
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Fig. 4. XPS spectra of CN, SnS, LDH and CLS-30 (a) Survey spectra; (b) C 1s; (c) Ni 582 

2p; (d) Al 2p; (e) Sn 3d; and (f) S 2p. 583 

Fig. 5. (a) UV-vis DRS spectrum of as-prepared samples; (b) band gap energies of as-584 

prepared samples. 585 

Fig. 6. (a) PL spectra of as-prepared samples; and (b) EIS of pure LDH, SnS, LDH/CN, 586 

and CLS-30 composites. 587 

Fig 7. TC degradation experiments for CN, LDH, SnS, LDH/CN and CLS catalysts for 588 

(a) Piezocatalytic, (c) photocatalytic, and (e) piezo-photocatalytic performance; and (b), 589 

(d) and (f) show the corresponding first-order kinetics plots of the different catalysts. 590 

Fig. 8. (a) Cycling runs of CLS-30; (b) free radical trapping tests of TC degradation by 591 

CLS-30; and (c-d) ESR spectra of LDH, LDH/CN, and CLS-30. 592 

Fig. 9. Piezo-photocatalytic mechanism of  TC degradation by CLS-30. 593 


