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Abstract. In this study, we systematically investigated the effect of single-atom gold (Au) loaded 
on ZnIn2S4 nanosheets on the photocatalytic reduction of carbon dioxide (CO2). Utilizing a 
photodeposition method, we successfully dispersed single-atom Au uniformly on the surface of 
ZnIn2S4 nanosheets. Under simulated sunlight irradiation, the Au-loaded catalyst demonstrated a 
higher yield and selectivity in the CO2 reduction reaction compared to the pure ZnIn2S4 
nanosheets. Surface photovoltage testing revealed that the addition of Au significantly enhanced 
the separation efficiency of photo-generated charge carriers, thereby improving the photocatalytic 
efficiency. Density functional theory calculations indicated that the loading of single-atom Au 
reduced the reaction energy barrier from CO2 to CO, enhancing the selectivity of photocatalytic 
CO2 reduction. This research not only developed an efficient catalyst for CO2 reduction but also 
provided deep insights into the mechanism of single-atom catalysts in the photocatalytic CO2 
reduction process through extensive experimental and theoretical analysis. 
Keywords: single-atom Au, zinc indium sulfide, nanosheets, photocatalysis, CO2 reduction. 

1. Introduction 

In recent years, with the increasing severity of global climate change and the energy crisis, 
photocatalytic carbon dioxide (CO2) reduction technology has garnered widespread attention in 
the scientific community as a method to convert CO2 into useful fuels or chemicals [1, 2]. This 
technology not only holds the promise of mitigating greenhouse gas emissions but also converting 
and storing solar energy, thereby realizing a sustainable energy cycle. Among various studies, the 
development of efficient, stable, and cost-effective photocatalysts represents a core challenge in 
advancing the practical application of photocatalytic CO2 reduction technology [3-6]. In this 
context, ZnIn2S4, a widely studied photocatalytic material, is favored for its excellent light 
absorption properties and stable chemical characteristics. However, its photocatalytic efficiency 
in practical applications still requires enhancement [7-9]. 

Single-atom catalysts have recently gained significant attention in the field of photocatalysis 
due to their unique properties at the atomic scale, particularly their unique electronic structures 
and maximized atomic utilization efficiency [10-12]. Single-atom gold (Au), as an active 
co-catalyst, has demonstrated superior performance in various domains [13]. In photocatalytic 
CO2 reduction and other reactions, single-atom gold significantly improves the kinetics and 
thermodynamics of the reaction by adjusting the electronic density of the catalyst's surface and 
providing unique adsorption sites. This not only enhances the catalyst's activity but also increases 
the selectivity of the products, crucial for efficient conversion and production of specific chemicals 
[14, 15]. 

In this research, we applied photodeposition to uniformly distribute single-atom gold (Au) on 
ZnIn2S4 nanosheets, creating an effective photocatalyst. We found that single-atom Au notably 
enhanced the rate and selectivity of CO2 reduction compared to the pristine ZnIn2S4. Surface 
photovoltage tests indicated that single-atom Au significantly improves charge separation, thus 
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boosting catalytic efficiency. Density functional theory (DFT) calculations showed that Au 
loading lowers the energy barrier for converting CO2 to CO, enhancing photocatalytic CO2 
reduction selectivity. This study advances our understanding of single-atom catalysts in 
photocatalysis and offers valuable insights for the development of more efficient photocatalytic 
systems. 

2. Experiment 

2.1. Synthesis of catalyst 

2.1.1. Laboratory reagents 

Zinc chloride (98 %), Indium chloride tetrahydrate (98 %), HAuCl4 (98 %) and thioacetamide 
were purchased from Beijing Inokai Technology Co., LTD. All the ultrapure water used in the 
experiment was prepared by the ultrapure water machine Milli-Q Biocel. 

2.1.2. Sample preparation 

Zinc Indium Sulfide Nanosheets (ZIS): In a typical synthesis, 0.4 mmol of Zinc Chloride 
(ZnCl2), 0.8 mmol of Indium Chloride Tetrahydrate (InCl3·4H2O), and 3.2 mmol of Thiourea 
were successively dissolved in a solvent mixture containing 15 mL of deionized water and 15 mL 
of ethanol, under vigorous stirring for 5 minutes. Subsequently, the mixture was transferred to a 
40 mL capacity Teflon-lined autoclave, sealed, and subjected to hydrothermal reaction at 180 °C 
for 24 hours. After completion, the system was naturally cooled to room temperature. The resultant 
product was centrifuged, washed thrice with deionized water and ethanol, and then dried overnight 
under vacuum at 60 °C. To exfoliate the product into ultrathin nanosheets, 20 mg of the product 
was dispersed in 30 mL of deionized water and ultrasonicated for 30 minutes using a Branson 
SFX250 Sonifier. The exfoliated nanosheets were then collected and dried under vacuum at 40 °C 
for 12 hours. Finally, the dispersion was dried under vacuum at 40 °C for 12 hours to obtain the 
final product. 

Gold-Loaded Zinc Indium Sulfide Nanosheets (Au-ZIS): To synthesize Au-ZIS, a 
photochemical deposition method was adopted. In a typical process, 100 mg of ZIS and 1.2 mg of 
HAuCl4 were dispersed in 100 mL of ethanol. The suspension was then transferred into a sealed 
quartz container. Prior to illumination, the system was purged with argon gas for 30 minutes to 
completely displace air in the system. At 25°C, a 300-watt xenon lamp (Beijing PerfectLight 
MICROSOLAR 300) was used as the light source for a 30-minute photochemical deposition. The 
catalyst loaded with Au was collected by centrifugation and washed three times with deionized 
water, followed by vacuum drying at 40 °C for 12 hours. 

2.2. Performance and characterization of samples 

In typical activity tests, 10 mg of the photocatalyst is dispersed in deionized water and then 
uniformly spread over a 3 cm diameter microfiber filter paper (WHATMAN, QMA 1851-047) 
using a vacuum filter. The microfiber filter paper bearing the photocatalyst is placed inside a 
100 mL high-pressure reactor with a quartz window on the top. Before illumination, 0.3 mL of 
triethanolamine and 0.3 mL of deionized water are injected into the system, followed by three 
vacuum cycles of the photoreactor. Subsequently, the reactor is filled with carbon dioxide gas 
until the pressure reaches 0.2 MPa. A 300 W xenon lamp is used as the light source. During the 
reaction, gas products are analyzed using a gas chromatograph (GC7920-TF2Z) equipped with a 
thermal conductivity detector and a flame ionization detector. 
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3. Results and discussion 

3.1. Characterization and analysis of surface structure 

Firstly, to comprehensively understand the morphology and structural characteristics of the 
synthesized ZnIn2S4 (ZIS) nanosheets, we employed Transmission Electron Microscopy (TEM) 
for preliminary analysis. The TEM images (Fig. 1(a)) depict the ZIS nanosheets as having a 
regular, flake-like distribution with uniform size and distinct edges. Furthermore, to delve into the 
lattice structure in detail, High-Resolution Transmission Electron Microscopy (HRTEM) was 
utilized for in-depth observation. As illustrated in Fig. 1(b), we observed that the lattice spacing 
of the ZIS catalyst is 0.331 nm, revealing that the nanosheets predominantly expose the (100) 
crystal facet, implying potential active facets and superior catalytic performance [16]. To confirm 
the chemical composition and uniform distribution of elements in ZIS, Energy-Dispersive X-ray 
Spectroscopy (EDS) was further conducted for elemental analysis. The EDS maps (Fig. 1(c-f)) 
clearly display the presence of indium (In), zinc (Zn), and sulfur (S) elements, uniformly 
distributed without any other impurity elements detected. These results confirm the successful 
synthesis of zinc indium sulfide. 

 
Fig. 1. a) TEM image, b) HRTEM image and c-f) EDS mapping of ZIS 

Based on ZIS, we employed a photo-deposition method to load gold (Au) onto ZIS, resulting 
in gold-loaded ZIS nanosheets (Au-ZIS). Detailed characterizations were conducted on the 
Au-ZIS. Initially, Transmission Electron Microscopy (TEM) analysis (Fig. 2(a)) indicated that the 
Au-loaded ZIS nanosheets maintained their original flake-like structure and size uniformity, 
suggesting that the photo-deposition process did not significantly alter the morphology of the ZIS 
nanosheets. Further observation through High-Resolution Transmission Electron Microscopy 
(HRTEM) (Fig. 2(b)) revealed that the lattice spacing of Au-ZIS remained consistent with that of 
the unmodified ZIS, implying that the loading of gold did not alter the lattice structure of ZIS. 
Notably, no distinct gold nanoparticles or clusters were observed in the high-resolution TEM 
images, hinting that gold might be uniformly dispersed on the ZIS nanosheets at an atomic level 
[17]. To further verify the state and distribution of gold, Energy-Dispersive X-ray Spectroscopy 
(EDS) (Fig. 2(c-g)) was employed. The analysis distinctly demonstrated the presence of gold (Au), 
indium (In), zinc (Zn), and sulfur (S), all uniformly distributed, further confirming the successful 
loading and excellent dispersion of gold. 

To delve deeper into the distribution and presence of Au on ZIS nanosheets, this study utilized 
High-Angle Annular Dark-Field Scanning Transmission Electron Microscopy (HAADF-STEM) 
for detailed catalyst characterization. The HAADF-STEM images, owing to their high sensitivity 
to atomic number, allow different elements to be distinguished by varying brightness, with 
elements of higher atomic numbers appearing brighter. As displayed in Fig. 3(a), no formation of 
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gold nanoparticles or clusters was observed, indicating that gold is likely dispersed on the ZIS 
nanosheets in a single-atom form [18]. Further, magnified view (Fig. 3(b)) distinctly shows the 
distribution of individual atoms. In these images, while Zn and S atoms are less conspicuous due 
to their relatively lower atomic numbers, the presence of In and Au atoms is clearly visible, with 
Au atoms appearing as the brightest spots [19]. The positions of some Au atoms are specifically 
indicated by red circles on the images. These observations conclusively demonstrate that Au atoms 
are uniformly dispersed at the atomic level on ZIS nanosheets. 

 
Fig. 2. a) TEM image, b) HRTEM image and c-f) EDS mapping of Au-ZIS 

 
Fig. 3. HAADF-STEM for Au-ZIS 

3.2. Characterization of catalytic properties of hydrogen production 

We systematically characterized the photocatalytic CO2 reduction performance of ZIS and 
Au-ZIS. As illustrated in Figs. 4(a) and 4(b), both Au-ZIS and ZIS primarily produced carbon 
monoxide (CO) and hydrogen (H2) via photocatalytic CO2 reduction, where CO was derived from 
the reduction of CO2, and H2 predominantly originated as a by-product from the photolysis of 
water. Specifically, Au-ZIS exhibited superior performance: the production rates of CO and H2 
reached 25.8 and 4.2 μmol·g-1·h-1, respectively, with CO selectivity reaching as high as 86 %. In 
contrast, the unmodified ZIS demonstrated relatively weaker performance with CO and H2 
production rates of 12.4 and 13.6 μmol·g-1·h-1, respectively, and a CO selectivity of only 47 %. 
This comparison clearly indicates that depositing single-atom gold on ZIS not only significantly 
enhanced the overall yield of photocatalytic CO2 reduction but, more importantly, greatly 
improved the selectivity towards CO. 

3.3. Catalytic mechanism 

It is well-recognized that the performance of photocatalysts is directly linked to the efficient 
separation and transfer of photogenerated electron-hole pairs [20]. Therefore, to deeply understand 
the reasons behind the significant enhancement of photocatalytic CO2 reduction performance of 
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Au-ZIS compared to ZIS catalysts, we systematically studied the separation efficiency of 
photogenerated electron-hole pairs for both catalysts. Fig. 5 shows the SPV data for both Au-ZIS 
and ZIS catalysts. The results clearly demonstrate that the surface photovoltage of the Au-ZIS 
catalyst is significantly higher than that of the ZIS catalyst, indicating that the metal modification 
has significantly promoted the effective separation of electron-hole pairs. The enhanced separation 
efficiency of photogenerated electron-hole pairs means that under the same illumination 
conditions, the surface of the Au-ZIS catalyst can produce more free electrons to participate in the 
reduction of CO2, thereby accelerating the rate of photocatalytic reaction. 

 
Fig. 4. Characterization of a) Au-ZIS and b) photocatalytic CO2 reduction properties of ZIS 

 
Fig. 5. Surface photovoltage test 

To comprehensively understand the scientific mechanism behind the enhanced selectivity in 
photocatalytic carbon dioxide (CO2) reduction of gold-doped ZnIn2S4 (referred to as Au-ZIS) 
compared to pure ZnIn2S4 (referred to as ZIS), this study meticulously compared the Gibbs free 
energy changes for the CO2 reduction reaction from CO2 to various potential reaction 
intermediates over both catalysts. As illustrated in Fig. 6, it was observed that, for Au-ZIS, the 
Gibbs free energy changes for all the intermediate steps were lower than those for ZIS. This 
indicates that the introduction of single-atom Au not only altered the electronic structure and 
adsorptive properties of the catalyst's surface but also reduced the reaction barriers, thereby 
enhancing the thermodynamic feasibility of CO2 reduction reactions on the Au-ZIS catalyst. 

 
Fig. 6. Gibbs free energy change of CO2 reduction calculated by density functional theory 
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4. Conclusions 

This study presents a thorough analysis of the superior photocatalytic CO2 reduction 
performance of Au-ZIS over ZIS. It utilizes Transmission Electron Microscopy (TEM), 
High-Resolution TEM, Energy Dispersive X-ray Spectroscopy, and High-Angle Annular Dark-
Field Scanning TEM to demonstrate that Au-ZIS maintains regular structures with well-dispersed 
gold atoms, without forming gold nanoparticles or clusters. Photocatalytic tests reveal that Au-
ZIS achieves higher CO yield and selectivity, attributed to its enhanced charge separation 
efficiency confirmed by Surface Photovoltage testing. Density Functional Theory calculations 
indicate a more negative Gibbs free energy change for CO2 conversion on Au-ZIS, suggesting a 
stronger thermodynamic driving force. This research not only synthesizes an efficient Au-ZIS 
photocatalyst but also elucidates its outstanding performance from structural, compositional, 
photoelectric, and thermodynamic perspectives, laying a foundation for designing more effective 
photocatalysts. 
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