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A B S T R A C T   

Converting CO2 into high-value-added chemicals by artificial photosynthesis technology effectively solves 
environmental problems and energy shortages. Nevertheless, it remains challenging to improve CO2 conversion 
rates due to low photo-utilization and rapid electron-hole recombination. In this study, we successfully syn-
thesized direct Z-scheme ZnIn2S4/BaTiO3 heterojunction structure by a hydrothermal method. Specifically, 
compared with previous studies of various heterojunction catalysts, ZnIn2S4/BaTiO3 heterojunction structure 
achieved a remarkably high yield of 105.89 μmol g-1 h-1, increasing 2.55 and 3.62-fold over the individual 
performance of ZnIn2S4 and BaTiO3, respectively. Our investigation of photocatalytic mechanism suggest that the 
improved photocatalytic CO2 reduction performance can be attributed to the synergistic effects of the piezo-
electric effect and Z-scheme electron transfer mechanism. These effects can synergistically enhance space charge 
separation and retain photogenerated electrons, thereby facilitating a more efficient CO2 reduction process. 
Consequently, this innovative piezoelectric effect-assisted Z-scheme heterojunction demonstrates immense po-
tential to offer a novel strategy for addressing CO2 reduction challenges and advancing sustainable energy 
development.   

1. Introduction 

As human society continues to evolve, the demand for non- 
renewable fossil fuels is on the rise. A sharp increase in CO2 emissions 
has been caused by the excessive usage of these fossil fuels, contributing 
to the greenhouse effect and global environmental degradation [1–4]. In 
response, photocatalytic CO2 reduction (PCR) emerges as a promising 
prescription to address environmental issues and mitigate energy crises 
by harnessing the boundless power of solar energy to reduced CO2 waste 
gas into available chemicals [5–12]. To date, large amounts of materials, 
including metal oxides (e.g., ZnO, WO3), sulfides (e.g., CdS), MXenes (e. 
g., Ti3C2), and others, have been extensively applied to the realm of PCR 
[13–20]. Nevertheless, their performance still requires enhancement 
due to challenges associated with low photo-utilization rates and rapid 
electron-hole recombination, resulting in meager CO2 conversion rates 
that fall short of meeting industrial standards [21–27]. 

As a classical ternary metal sulfide, ZnIn2S4 is considered one of the 

most promising catalysts in photocatalysis due to its simple synthesis 
process, high stability, and suitable energy band structure. However, the 
low photo-utilization rate and the susceptibility of electron-hole 
complexation severely limit the PCR performance of ZnIn2S4 [28,29]. 
Currently, the construction of heterojunctions stands as a conventional 
yet effective strategy to broaden the light absorption spectrum and 
mitigate electron-hole recombination. Nevertheless, in the classic type-II 
heterojunction system, carriers migrate from high conduction band (CB) 
semiconductors to low CB semiconductors, while holes move to semi-
conductors with higher valence band (VB) for carrier separation, yet at 
the expense of the redox capacity of photocatalyst [30,31]. In contrast, 
the direct Z-scheme photocatalysts facilitate photogenerated electrons 
transfer at the interface between low-potential CB and low-potential VB, 
overcoming electrostatic repulsion and promoting photo-induced car-
rier separation. This arrangement maintains high potentials in both CB 
and VB, thereby endowing the photocatalysts with excellent redox ca-
pabilities [30,32–34]. 

* Corresponding authors at: Beijing Institute of Nanoenergy and Nanosystems, Chinese Academy of Sciences, Beijing 101400, China. 
E-mail addresses: liucong@binn.cas.cn (C. Liu), zli@binn.cas.cn (Z. Li), luodan@binn.cas.cn (D. Luo).   

1 Shanyue Lu and Shengwei Zhang contributed equally to this manuscript. 

Contents lists available at ScienceDirect 

Chemical Engineering Journal 

journal homepage: www.elsevier.com/locate/cej 

https://doi.org/10.1016/j.cej.2024.149058 
Received 5 November 2023; Received in revised form 6 January 2024; Accepted 22 January 2024   

mailto:liucong@binn.cas.cn
mailto:zli@binn.cas.cn
mailto:luodan@binn.cas.cn
www.sciencedirect.com/science/journal/13858947
https://www.elsevier.com/locate/cej
https://doi.org/10.1016/j.cej.2024.149058
https://doi.org/10.1016/j.cej.2024.149058
https://doi.org/10.1016/j.cej.2024.149058
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cej.2024.149058&domain=pdf


Chemical Engineering Journal 483 (2024) 149058

2

It was discovered that when piezoelectric materials are subjected to 
external forces (ultrasonic radiation, mechanical agitation, ball milling, 
or wind, etc.), the lattice of the material deforms, resulting in a piezo-
electric effect [35–38], and at the same time, the centers of the positive 
and negative charges will also be moved in the opposite direction under 
the action of the stress to form a dynamic internal electric field. The 
electrons and holes can be continuously separated and attracted to the 
opposing surfaces to achieve the purpose of charge separation [39]. 
BaTiO3 is considered an excellent chalcogenide piezoelectric material 
due to its excellent piezoelectric coefficient [40]. However, BaTiO3 has a 
low carrier concentration, which leads to its poor catalytic effect. 
Therefore, constructing a Z-scheme ZnIn2S4/BaTiO3 heterojunction is 
expected to offset the disadvantages of the two with each other. The 
internal polarization field induced by the piezoelectric response and the 
interfacial electric field at the heterojunction interface can synergisti-
cally promote charge transfer and segregation, resulting in excellent 
synergistic effects in piezoelectric-assisted photocatalytic systems. As a 
consequence, piezoelectric and photocatalytic materials are synergisti-
cally integrated into direct Z-scheme heterojunction, which both 
broadens the light absorption range and prolongs carrier lifetimes, and 
simultaneously expedites the separation and transfer of photogenerated 
charges [41–45]. This synergy renders piezoelectric effect-assisted Z- 
scheme heterojunction an ideal choice for an impressive improvement in 
the PCR. 

Here, direct Z-scheme heterojunction ZnInS4/BaTiO3 (ZIS/BTO) 
composite was successfully prepared through a hydrothermal method, 
exhibiting remarkable efficiency in the PCR. The experimental findings 
elucidated the collaborative impact of the piezoelectric effect induced 
by ultrasonic excitation of BTO and the electron transport pathways 
inherent to the Z-scheme heterojunction structure, synergistically 
enhancing charge transport and separation. When subjected to visible 
light irradiation and ultrasonication, ZIS/BTO composite achieved a 
significant yield of 105.89 μmol g-1 h-1, making an enhancement of 2.55 
and 3.62-fold over the individual performance of ZIS and BTO, respec-
tively. This substantial improvement underscores the superior PCR ca-
pabilities of piezoelectric effect-assisted Z-scheme heterojunction 
structure. 

2. Experimental 

2.1. Materials 

All reagents used in this study were of analytical grade and were not 
further purified, including zinc chloride (ZnCl2, 98 %, Aladdin), indium 
chloride tetrahydrate (InCl3⋅4H2O, 99.9 %, Aladdin), thioacetamide 
(CH3CSNH2, 98 %, Aladdin), ethylene glycol (CH3CH2OH, 98 %, 
Aladdin), titanium dioxide (TiO2, 99.8 %, Aladdin), sodium hydroxide 
(NaOH, 97 %, Aladdin), barium hydroxide octahydrate (Ba(OH)2⋅8H2O, 
98 %, Aladdin), hydrochloric acid (HCl, 36–38 %, XiLong Scientific), 
triethanolamine (C6H15NO3, 78–100 %, Aladdin), acetonitrile (CH3CN, 
99 %, Aladdin), Tris(2,2′-bipyridine)dichlororuthenium(II) hexahydrate 
(C30H24Cl2N6Ru⋅6H2O, 98 %, Aladdin). 

2.2. Catalyst preparation 

As reported in the literature, BaTiO3 was prepared by hydrothermal 
synthesis [46]. The synthesis process involved two sequential steps. 
Firstly, TiO2 was dispersed in a NaOH solution, and the resultant 
mixture was transported to a reactor and exposed to thermal treatment 
at of 200 ◦C for a period of 24 h. Afterwards, the product was cleaned 
with water and anhydrous ethanol. After drying, the synthesized 
Na2Ti3O7 was dispersed in a dilute hydrochloric acid solution with 
stirring and then washed and drying, ultimately yielding H2Ti3O7. In the 
second step, an appropriate amount of Ba(OH)2⋅8H2O and H2Ti3O7 was 
added in DI water, and ultrasonic vibration was used to make it 
dispersed. Finally, the mixed solution was heated to 200 ◦C for 8 h. The 

powder obtained was washed and dried overnight. 
BaTiO3/ZnIn2S4 heterojunction was obtained by improving the 

method reported in the literature [47]. A percentage of ZnCl2, 
InCl3⋅4H2O and CH3CSNH2 were dissolved in ethylene glycol with 
vigorous stirring, and then different molar ratios of BaTiO3 powder 
materials were uniformly dispersed in the above solution. The solution 
was transferred to reactor and heated to 120 ◦C for 2 h. The products 
were washed, dried, and then received ZnIn2S4/BaTiO3 materials with 
different ratios (1:0.3, 1:1,1:1.5). The samples with other BaTiO3 con-
tents were noted as ZIS/0.3BTO, ZIS/BTO, ZIS/1.5BTO). Pure ZnIn2S4 
catalysts were prepared by the same method without incorporating 
BaTiO3. 

2.3. Characterizations 

Sample morphology was obtained on a SU8020 (Hitachi, Japan) 
scanning electron microscope (SEM). The Tecnai G2 F20 (FEI, USA) was 
used to perform transmission electron microscopy (TEM) in conjunction 
with energy-dispersive X-ray spectroscopy (EDX). X-ray powder 
diffraction (XRD) pattern was used to analyze the crystal structure of 
samples using X’Pert 3 Powder X-ray Diffractometer (Malvern Pan-
alytical, Holland). The UV-vis diffuse reflectance spectra (DRS) of the 
samples were tested on a UV3600 UV-Vis-NIR Spectrophotometer. The 
Brunauer-Emmett-Teller (BET) specific surface area (SBET) and pore size 
distribution of the powders were obtained by Quantachrome Nova 
2000e (USA). The Fourier transform infrared (FTIR) spectra were ob-
tained by VERTEX80v (Bruker, German). X-ray photoelectron spec-
troscopy (XPS) was performed on Thermo Scientific ESCALAB Xi+

(USA). Piezo-response scanning force microscopy (PFM) measurements 
were carried out with Asylum Research MFP-3D-SA. Measurement of 
photoluminescence (PL) spectra and time-resolved photoluminescence 
(TRPL) on a FLS-980, full-featured fluorescence spectrometer (Edin-
burgh, UK). 

2.4. PCR performance testing 

Typically, a percentage of photocatalyst and Tris(2,2′-bipyridine) 
dichlororuthenium(II) hexahydrate were dispersed in triethanolamine 
and acetonitrile (Tris(2,2′-bipyridine)dichlororuthenium(II) hexahy-
drate acts as a photosensitizer, triethanolamine acts as a hole-trapping 
agent, and acetonitrile acts as a proton donor), and CO2 was used for 
bubbling to bring the photocatalyst to adsorption equilibrium with CO2 
and the solution, and then the solution was transferred to a reactor, and 
a Xenon lamp (420 nm cut-off filter) as a light source, which was placed 
above the reactor. Prior to commencing the reaction, it was necessary to 
evacuate the reaction system to eliminate any air within the reactor, 
following which high-purity CO2 was introduced. The reaction time was 
6 h, during which samples of the reaction gas were collected at 1 h in-
tervals. These samples were then analyzed using a gas chromatograph 
(GC-7820) to identify and evaluate the resulting compounds. 

2.5. Photoelectrochemical measurements 

All electrochemical and photoelectrochemical (PEC) assays were 
performed on a CHI-660B electrochemical workstation using a quartz 
electrolytic cell containing a Na2SO4 solution. The light source for PEC 
assays was a 300 W xenon lamp (CEL-HXF300, China). 

3. Results and discussion 

3.1. Morphological and structural characterization 

The morphology of ZIS/BTO heterojunction materials was charac-
terized by scanning electron microscope (SEM) and transmission elec-
tron microscopy (TEM). The results showed that ZIS was a 2D 
nanoflower stacked with ultrathin nanosheets (Fig. 1a and 1d). BTO 
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nanowire exhibited an uneven morphology, with a diameter range from 
100 to 300 nm and a length spanning 1 to 2 μm (Fig. 1b). ZIS/BTO 
synthesized by the in-situ growth method was 3D fiber morphology with 
ZIS nanosheets wrapped around BTO nanowires (Fig. 1c). Furthermore, 
TEM of the composite showed that ZIS uniformly grew on irregular BTO 
nanowires (Fig. 1e), verifying the establishment of a proximate interface 
between ZIS and BTO, which was favorable for shortening the time and 
distance of electron transfer [48]. High-resolution transmission electron 
microscopy (HRTEM) images (Fig. 1f) presented clear lattice fringes of 
ZIS and BTO, with a lattice stripe distance of 0.331 nm corresponding to 
the (101) face of ZIS with hexagonal phase, and 0.284 nm corre-
sponding to the (101) face of BTO with tetragonal phase. It is note-
worthy that there were amorphous regions between the well-crystallized 
lattice matrices, probably due to the formation of binary homogeneous 
junctions at the interfaces [34]. Energy Dispersive X-ray spectroscopy 
(EDX) showed that Zn, In, S, Ba, Ti, and O were uniformly distributed in 
the ZIS/BTO cross-section, indicating the perfect composite of ZIS and 
BTO through the heterojunction structure (Fig. 1g–l). 

In order to confirm the structure of ZIS/BTO composite, X-ray 
diffraction (XRD) patterns illustrated in Fig. 2a demonstrated that ZIS 
showed a hexagonal crystal structure (JCPDS 72-0773) with diffraction 
peaks at 21.6◦, 27◦, 28.9◦, 47.2◦, and 56.3◦ corresponding to the (006), 
(101), (008, 103), (110) and (203, 118) crystal planes, respectively, 
while BTO showed a tetragonal crystal structure (JCPDS 83-1877) with 
the diffraction peaks at 22.2◦, 31.5◦, 38.9◦, 45.4◦, 56.3◦, and 65.7◦

corresponding to the (100), (101), (111), (200), (211), and (202) 

crystal planes, respectively. ZIS/BTO heterojunction structure exhibited 
the presence of both ZIS and BTO phases. In addition, BTO diffraction 
peaks increased as the BTO concentration grew, and no impurity peaks 
appeared. These findings validated the successful composite of ZIS and 
BTO. Furthermore, Fourier transform infrared (FTIR) spectra (Fig. S1) 
demonstrated that the vibrational signals of the characteristic functional 
groups belonging to ZIS and BTO at ~ 600 cm− 1, ~860 cm− 1, ~1060 
cm− 1, ~1400 cm− 1and ~1615 cm− 1simultaneously existed, which 
further proved the successful composite of ZIS and BTO [49,50]. 

To deeply investigate the interaction between ZIS and BTO in ZIS/ 
BTO, the optical properties were firstly analyzed by UV-vis diffuse 
reflectance spectroscopy (UV-vis DRS) in Fig. 2b, showing the absorp-
tion boundaries for pure ZIS and BTO at 450 nm and 400 nm, respec-
tively. Besides, ZIS/BTO composite showed a certain degree of red-shift 
in the absorption edge of ZIS/BTO, and an improved visible light ab-
sorption, which was closely related to the decrease of the bandgap of 
heterogeneous structure between ZIS and BTO and the increase of photo- 
generated charges. Then, the bandgaps of ZIS, BTO, and ZIS/BTO were 
calculated from the Kubelka-Munk function to be 2.57 eV, 3.17 eV, and 
2.44 eV, respectively (Fig. 2c). Obviously, owing to the narrow-bandgap 
ZIS and the formation of heterogeneous structure between ZIS and BTO, 
the bandgaps of ZIS/BTO decrease significantly to 2.44 eV. Subse-
quently, X-ray photoelectron spectroscopy (XPS) was further used to 
investigate the chemical state (Fig. S2). XPS high-resolution energy 
spectra were obtained to investigate the interaction between ZIS and 
BTO in ZIS/BTO deeply, as shown in Fig. 2d-i. In ZIS, the binding 

Fig. 1. SEM images of (a) ZIS, (b) BTO and (c) ZIS/BTO. TEM images of (d) ZIS and (e) ZIS/BTO. (f) HRTEM image of the selected area in (e). EDX elemental mapping 
for (g) Zn, (h) In, (i) S, (j) Ba, (k) Ti and (l) O of ZIS/BTO. 
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energies of In 3d3/2 and 3d5/2 are 452.67 and 445.13 eV, respectively, 
which are attributed to the binding state of In3+; the binding energies of 
Zn 2p1/2 and 2p3/2 are 1045.26 and 1022.25 eV, respectively, and the 
binding energies of S 2p1/2 and 2p3/2 are 161.90 and 163.12 eV, 
respectively. Upon complexation of ZIS with BTO, Zn 2p, In 3d, and S 2p 
are all shifted to low binding energies, indicating that ZIS acts as an 
electron acceptor. The Ba 3d curve of BTO consists of two peaks at 
793.83 (Ba 3d3/2) and 778.56 eV (Ba 3d5/2) and two satellite peaks, and 
the Ti 2p curve consists of two peaks at 463.77 (Ti 2p1/2) and 458.03 eV 
(Ti 2p3/2). Notably, the O 1s spectrum of BTO can be divided into two 
peaks located at 531.16 and 528.89 eV, respectively, which are attrib-
uted to the lattice and surface adsorbed oxygen of the Ti-O species, 
respectively, and the related two peaks in ZIS/BTO are shifted to higher 
binding energies of 532.34 and 529.84 eV. In contrast to ZIS, the Ba 3d, 
Ti 2p, and O 1s binding energies of ZIS/BTO are shifted to higher 
binding energies compared to pure BTO, indicating that BTO acts as an 
electron donor. As a result, the significant shifts in the XPS spectra 
showed an intense interaction between ZIS and BTO, thereby demon-
strating that surface CO2 was thermodynamically more favored to bind 
with surface atoms to increase PCR activity. In addition, the specific 
surface areas were obtained via N2 adsorption and desorption (Fig. S3 
and Table S1) demonstrated that all three materials had type IV iso-
therms with H3-type hysteresis loops, implying that the materials were 
mesoporous (2-50 nm pore diameters) structure. The specific surface 
areas of ZIS and BTO were 26.039 and 5.71 m2/g, respectively. 

Specially, the growth of ZIS on BTO increased the specific surface area of 
BTO to 19.685 m2/g. Hence, the mesoporous structure and high specific 
surface area of ZIS/BTO composite could supply numerous active sites, 
thereby enhancing CO2 adsorption capacity and PCR performance. 

3.2. PCR performance 

The piezoelectric characteristics of BTO were systematically evalu-
ated by piezo-response force microscopy (PFM). The magnitude-voltage 
butterfly loop and a phase reversal hysteresis return line of about 180◦

were revealed in Fig. 3a, indicating that BTO has good piezoelectric 
properties. Notably, charge migration may be successfully controlled by 
the piezoelectric potential, which could be a novel auxiliary strategy for 
improving CO2 conversion [36]. As can be seen in Fig. S4, the CO2 
reduction performance was optimal and charge separation was maxi-
mized when the ultrasonic frequency reached 40 kHz. PCR activity was 
investigated under light irradiation and light+ultrasonic conditions, 
respectively. Fig. 3b and Fig. S5a showed that under light condition, the 
conversion performance of pure ZIS and BTO was poor, and the CO yield 
was low. Specially, PCR performance of ZIS/BTO composite was 
significantly improved, which had the best PCR activity. After 6 h of 
light exposure, the CO yield of ZIS/BTO reached 89.61 μmol g-1 h− 1, 
which was 2.16 and 5.69 times higher than that of pure ZIS and BTO, 
respectively, CH4 yield too low to be negligible. As illustrated in Fig. 3c 
and Fig. S5b, after reacting under the combined effect of light and 

Fig. 2. (a) XRD spectra and (b) UV-vis spectra of samples. (c) Kubelka-Munk function transformed UV-vis spectra of samples. High-resolution XPS spectra of (d) Zn 
2p, (e) In 3d, (f) S 2p, (g) Ba 3d, (h) Ti 2p and (i) O 1 s. 
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Fig. 3. (a) The displacement-voltage curve and the phase curve of BaTiO3. Yield of different samples under (b) light and (c) light+ultrasonic, respectively. (d) 
Comparison of photocatalytic CO2 reduction performance of ZIS/BTO with other reported ZnIn2S4-based heterojunction catalysts. (e) Control experiments and (f) 
cycling experiments of ZIS/BTO. 

Fig. 4. (a) EIS curves and (b) I-t curves of different samples. (c) VB XPS spectra of ZIS and BTO. (d) Energy band structure diagram of ZIS and BTO. (e) PL spectra of 
different samples. (f) Time-resolved photoluminescence spectra of ZIS and ZIS/BTO. 
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ultrasonic for 6 h, the CO yield of ZIS/0.3BTO was enhanced by 10 %, 
ZIS/BTO by 18 %, ZIS/1.5BTO by 39 %, and BTO by 86 %. At the same 
time, the CH4 yield of ZIS/BTO has boosted considerably. Notably, all 
the samples, except ZIS, showed significant CO yield enhancement and 
the CO yield gradually increased with more BTO. Furthermore, the O2 
production was also detected with roughly close to stoichiometric molar 
ratio of CO to O2 (2:1). These results further demonstrated that ultra-
sonic can activate the piezoelectric effect of BTO and generate a piezo-
electric potential, promoting carrier separation and transfer. In contrast 
to previous studies of various heterojunction catalysts for PCR perfor-
mance, ZIS/BTO composite exhibited a remarkably high yield (Fig. 3d 
and Table S2). Furthermore, the control experiment in Fig. 3e showed 
that the catalyst, light source, CO2, and H2O were essential for the re-
action. Cycling experiments in Fig. 3f exhibited that the CO yield did not 
significantly change under light irradiation after ten cycles of the ZIS/ 
BTO reaction. Moreover, there are no noticeable structural and 
morphological changes before and after the ZIS/BTO reaction, 

indicating the outstanding stability of ZIS/BTO composite (Fig. S6 and 
S7). 

3.3. Photoelectrochemical properties 

Electron migration was explored using photoelectrochemical 
methods. From the electrochemical impedance spectrum (EIS) in Fig. 4a, 
the arc radius of ZIS/BTO was smaller than that of ZIS and BTO, indi-
cating the improved charge separation of the ZIS/BTO composite. On 
the contrary, the arc radius of ZIS/BTO was the most minor, indicating 
that its electrical impedance was the lowest, and the electrons mobility 
was the highest under light. In addition, the photoelectrochemical I-t 
curves recorded under light irradiation (Fig. 4b) were carried out to 
investigate the phototropic electron transport of photocatalysts. In the 
absence of light, there was practically no current intensity in any of the 
samples. Under light irradiation, the photocurrent intensity of ZIS/BTO 
composite was higher than that of pure ZIS and BTO, indicating that the 

Fig. 5. ESR spectra of (a) •OH and (b) •O2
- adducts over different samples after irradiation. In situ DRIFTS spectra of (c) ZIS and (d) ZIS/BTO. (e) Schematic 

illustration of photocatalytic CO2 reduction electron transport mechanism of direct Z-scheme ZIS/BTO heterojunction structure. 
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composite of ZIS and BTO could promote charge separation and thereby 
improve CO2 reduction performance. Among them, ZIS/BTO obtained 
the highest photocurrent intensity, indicating that the complexation of 
ZIS and BTO can effectively inhibit electron-hole complexation and 
promote charge separation. Specially, the excess BTO weakened the 
photocurrent intensity in ZIS/BTO composite, consistent with the CO2 
conversion results. The energy band structures were obtained by 
combining the UV-vis DRS spectrum and the valance band X-ray 
photoelectron spectroscopy (VB XPS). As shown in Fig. 4c-d and Ta-
ble S3, the valance band maxima (VBM) of ZIS and BTO are 1.95 eV and 
2.62 eV, respectively, and the conduction band minima (CBM) of ZIS 
and BTO could be deduced to be − 0.62 eV and − 0.55 eV, respectively, 
which was basically consistent with the conduction band calculated by 
Mott-Schottky curves (ZIS: − 0.63 eV, BTO: − 0.54 eV, Fig. S8). There-
fore, the electron transfer mechanism of ZIS/BTO heterojunction 
structure may be type-II or Z-scheme. The fluorescence of ZIS/BTO was 
greatly suppressed in comparison to ZIS and BTO in the steady-state PL 
spectra (Fig. 4e), indicating that the ZIS/BTO composite inhibited 
electron-hole recombination [51]. Furthermore, ZIS and ZIS/BTO were 
analyzed by time-resolved photoluminescence (TRPL) spectroscopy, it 
can be seen that the fluorescence lifetime of ZIS is shorter than that of 
ZIS/BTO, confirming that the introduction of BTO prolongs the lifetime 
of the photogenerated electronics in ZIS (Fig. 4f and Table S4) [52]. As a 
result, ZIS/BTO heterojunction structure promotes charge separation 
and prolongs carrier lifetimes, thereby enhancing CO2 reduction 
performance. 

3.4. Investigation of photocatalytic mechanism 

To deeply validate the electron transfer mechanism of ZIS/BTO 
composite, electron spin resonance (ESR) experiments were performed 
for both –OH and –O2

- radicals. According to Fig. 5a-b, both pure ZIS and 
BTO showed weak –OH and –O2

- signals attributed to the faster com-
pounding of the electron-hole complexes in the single-component sam-
ples. Little –OH was produced owing to the insufficient oxidation 
potential of ZIS to oxidize H2O to –OH. The presence of a significant 
quantity of –OH in BTO was observed as a result of its high oxidation 
potential, in contrast to the large amount of –O2

- found in ZIS due to a 
high reduction potential. Notably, the stronger –OH and –O2

- signals in 
ZIS/BTO compared to pure ZIS and BTO suggested that the electron 
transfer pathway of the ZIS/BTO heterostructure was consistent with a 
Z-scheme mechanism rather than a type-II mechanism (Fig. 5e). Density- 
functional theory (DFT) calculations were further conducted to confirm 
the electron transfer between ZIS and BTO. As shown in Fig. S9, a sig-
nificant charge transfer occurred at the interface of ZIS/BTO hetero-
structure. Specially, electrons were more inclined to be transferred from 
BTO to the ZIS surface, while holes were aggregated in BTO. Thus, ZIS 
acted as the reduction center and BTO acted as the oxidation center in 
the ZIS/BTO heterostructure. Combining the theoretical calculations 
and experimental results, the Z-scheme charge transfer mechanism of 
the ZIS/BTO heterostructure was verified. 

To clarify the reaction pathway and mechanism of CO2 reduction to 
CO, in situ diffuse reflectance infrared Fourier transform spectroscopy 
(DRIFTS) was used to investigate the reaction intermediates of ZIS and 
ZIS/BTO. Notably, essential intermediates in the CO2 conversion process 
(–OCH2 at 1715 cm− 1, *COOH at 1542 cm− 1, –OCH3 at 1456 cm− 1, and 
–CH3 at 1394 cm− 1) could be observed in Fig. 5c-d, demonstrating that 
CO2 can be effectively converted at ZIS/BTO heterojunction interface. 
Under the same conditions, the peaks of intermediaries in ZIS did not 
change significantly, but the peak intensity was weaker than that of ZIS/ 
BTO, indicating that heterojunction formation can effectively improve 
the reactivity of PCR. According to the analysis of the intermediates, the 
CO2 reduction pathway of ZIS/BTO was the formaldehyde pathway, and 
the main reaction steps were shown in Table S5. 

Based on the above exploration, we put forward a Z-scheme mech-
anism to elucidate the improved CO2 reduction efficiency in ZIS/BTO 

photocatalysis (Fig. 5e). Specifically, when subjected to visible light 
excitation, both electrons and holes are generated by ZIS and BTO. These 
electrons, residing in the CB of ZIS, are efficiently transported across the 
ZIS/BTO heterojunction interface, where they engage in complexes with 
holes located in the VB of BTO. By this means, more energetic electrons 
situated in the CB of ZIS can be applied to CO2 reduction, whereas the 
more energetic holes in the VB of BTO are utilized for H2O oxidation. 
Consequently, direct Z-scheme heterojunction structure sustains high 
reduction and oxidation capabilities, thus enhancing the PCR 
performance. 

4. Conclusions 

To summarize, direct Z-scheme ZIS/BTO heterojunction structure 
was successfully prepared by a two-step process, which was driven by 
simulated sunlight to reduce CO2. The CO yield of ZIS/BTO was 2.55 and 
3.62 times higher than that of pure ZIS and BTO, respectively. This 
enhancement in performance may be attributed to the Z-scheme heter-
ojunction to generate an intrinsic electric field upon photoexcitation, 
facilitating Z-scheme carrier transfer between the interfaces of ZIS and 
BTO. This, mitigates photogenerated electron-hole recombination while 
preserve superior CO2 reduction capability of ZIS in the conduction 
band. In addition, we observed a further boost in the CO yield of ZIS/ 
BTO under reaction conditions that involved both light and ultra-
sonication. This underlines the pivotal role of the piezoelectric effect, 
working in synergy with direct Z-scheme electron transfer, in promoting 
carrier separation and thereby augmenting CO2 conversion. The com-
bined impact of the piezoelectric effect and the dominant direct Z- 
scheme heterostructure significantly enhances the performance of PCR, 
exhibiting a remarkably high yield when compared with previous 
studies of various heterojunction catalysts. This work offers an innova-
tive approach for harnessing renewable energy sources, such as solar 
energy and mechanical vibrations, to address the mounting global en-
ergy demand and overconsumption of non-renewable fossil fuels. 
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