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Abstract 

Toward the realization of carbon neutrality by utilizing renewable energy sources, 

photocatalytic conversion of CO2 with H2O, known as artificial photosynthesis, should 

be important because H2O is harmless and an abundant source of protons for CO2 

reduction. Many researchers focusing on the photocatalytic conversion of CO2 have 

revealed that the Ag nanoparticle was an effective co-catalyst for the selective conversion 

of CO2 to CO in water. To improve the activity for the photocatalytic conversion of CO2 

in water, it is important to modify the surface of the photocatalysts to load small Ag 

nanoparticles with high dispersity, which is difficult when using conventional methods. 

In this study, the ultrasonic reduction (USR) method was used as an advanced 

modification method of photocatalysts with the Ag co-catalyst. We found that 

Ag/ZnTa2O6 prepared by the USR method showed good selectivity toward CO (> 90 %) 

evolution and a higher formation rate of CO than those by conventional modification 

methods. High-Resolution Transmission Electron Microscopy (HR-TEM) images of the 

Ag co-catalyst clarified that Ag nanoparticles with the size of a single nanometer were 

loaded on the surface of ZnTa2O6 by the USR method, whereas much bigger Ag particles 

were observed in the case of the other methods. Accordingly, it can be noted that a small 

Ag co-catalyst with a single nanometer exhibits superior activity toward selective 
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conversion of CO2 to CO. We herein successfully achieved a high formation rate of CO 

with high selectivity using the Ag/ZnTa2O6 photocatalyst prepared by the USR method. 
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Introduction 

Global warming is causing a rise in sea levels and abnormal weather, beginning 

to have a negative impact on people's lives and ecosystems. The largest contributor to 

global warming among greenhouse gases is carbon dioxide (CO2). To reduce CO2 

emissions, it is important to develop advanced technology for the capture and usage of 

CO2, known as CCUS (Carbon Dioxide Capture, Utilization and Storage) rather than 

decreasing the use of fossil fuels.[1] Among CCUS technologies, artificial photosynthesis 

based on photocatalysis has been attracting significant attention.[2–5] Particularly, the 

photocatalytic conversion of CO2 with H2O is expected to be applied in practical uses 

because it enables us to directly reduce CO2 and produce useful intermediate chemicals 

for industrial applications, such as CO, CHOOH, HCHO, CH3OH and CH4.[6–9] 

Furthermore, using H2O as an electron donor is also important to realize artificial 

photosynthesis like plants because water is harmless and an abundant reductant. 

The photocatalytic reduction of CO2 by H2O is described by the following 

equations. When the semiconductor photocatalyst is irradiated with ultraviolet light, 

which has greater energy than the band gap energy of the photocatalyst, excited electrons 

(e–) and holes (h+) are generated at the conduction band and the valence band of the 
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photocatalyst, respectively. Then, CO2 reacts with e– to produce CO (Eq. 1), while H2O 

is oxidized to O2 (Eq. 2).  

CO2 + 2H+ + 2e– → CO + H2O        (Eq. 1) 

2H2O + 4h+ → O2 + 4H+         (Eq. 2) 

2H+ + 2e– → H2            (Eq. 3) 

The standard redox potential of CO2 (E°(CO2/CO) = −0.11 V versus standard 

hydrogen electrode (SHE)) is more negative than that of H+ (E°(H+/H2) = 0.0 V versus 

SHE). This makes H2 evolution, caused by the reduction of protons (H+), 

thermodynamically favorable compared to CO formation via CO2 reduction. Modifying 

the photocatalyst surface appropriately is necessary to enhance the selectivity of 

photogenerated electrons towards the less thermodynamically favored CO2 reduction. 

One of the methods for the selective conversion of CO2 is the modification of 

photocatalysts by loading metal co-catalysts.[10–12] After Kudo et al. reported that the 

BaLa4Ti4O15 photocatalyst could be effectively used for the photocatalytic conversion of 

CO2 in the presence of a Ag co-catalyst,[6] many research groups including our group 

concurred that the Ag co-catalyst was crucial for the selective conversion of CO2 in 

water.[8, 13–24] As a modification method of Ag co-catalyst, for example, impregnation, 

photodeposition, chemical reduction, and solution plasma methods have found 
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widespread use.[19–24] Building upon these methods, in this study, we specifically 

investigated the ultrasonic reduction (USR) method as an advanced method for modifying 

the Ag co-catalyst.  

In 1991, metal nanoparticles (amorphous iron) were successfully synthesized for 

the first time by ultrasonic irradiation	of solutions containing volatile organometallic 

compounds.[25] These chemical effects of ultrasound were derived from local high 

temperatures (> 5000 K) and high pressures (> 1000 atmospheres), known as “hot spots”, 

formed by the collapse of cavitation bubbles generated in the system during acoustic 

cavitation.[25–29] After the report by Suslick et al., the syntheses of nanostructured metal 

particles via ultrasonic reduction were reported by a number of research groups.[30–36] 

Among these research groups, Hayashi and co-workers found that nanosized noble metals, 

such as Ag, Au, Pt, and Pd, could be directly synthesized from the reaction of metal oxides 

(Ag2O, Au2O3, PtO2, PdO) in alcohol by the USR method.[36,37] Additionally, they 

synthesized several nanocomposites containing Ag nanoparticles, such as Ag/CNT 

(carbon nano tube),[38] Ag/Rubber,[39] and Ag/BaTiO3[40].  

In the application of the USR method to modify co-catalysts, Pt/TiO2 or 

AuPd/TiO2 (core-shell bimetallic co-catalysts) were successfully prepared, demonstrating 

photocatalytic activity for H2 evolution from an ethanol aqueous solution.[41,42] However, 

https://doi.org/10.26434/chemrxiv-2024-1j428 ORCID: https://orcid.org/0000-0003-2916-4597 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-1j428
https://orcid.org/0000-0003-2916-4597
https://creativecommons.org/licenses/by-nc-nd/4.0/


 

8 

 

to our knowledge, there are no examples of evaluating the activities for the photocatalytic 

conversion of CO2 with H2O over Ag-loaded photocatalysts modified by the USR method, 

except for our previous report.[43] The USR method is a simplified fabrication method for 

Ag nanoparticles, synthesized only by irradiating an Ag2O precursor dispersed in an 

alcohol solution with appropriate ultrasonic frequency. In our previous study, we found 

that Ag nanoparticles, with the particle size of approximately 20 nm, were 

homogeneously loaded on the surface of gallium oxide (Ga2O3) particles by irradiating 

Ag2O precursors and Ga2O3 semiconductor photocatalysts dispersed in an alcohol 

solution with an appropriate ultrasonic frequency. [43] 

In this study, the loading of Ag cocatalyst using the USR method was applied to 

the zinc tantalate (ZnTa2O6) photocatalyst, and the photocatalytic conversion of CO2 with 

H2O over the Ag/ZnTa2O6 photocatalyst was investigated. As previously reported in our 

group, ZnTa2O6 photocatalyst modified with Ag co-catalyst showed good activity for the 

photocatalytic conversion of CO2, [14] and the photocatalytic activity of the ZnTa2O6 

photocatalyst was successfully improved by appropriate surface modification with 

additional Zn species. [44] On the other hand, the loading method of Ag co-catalyst has not 

been optimized for the ZnTa2O6 photocatalyst. It is expected that the USR method will 

enable us to modify the surface of ZnTa2O6 to load Ag nanoparticles with high dispersity 
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and smaller size, which is essential to improve the activity for the photocatalytic 

conversion of CO2 with water.  

 

Experimental Section 

Synthesis of ZnTa2O6 

Zinc tantalate (ZnTa2O6) used in this work was synthesized by a typical solid-state 

reaction (SSR), as described in our previous report. [45] Stoichiometric amounts of ZnO 

(99.0 %, FUJIFILM Wako Pure Chemical Corporation, Japan) and Ta2O5 (99.9 %, 

Kojundo Chemical Lab. Co., Ltd., Japan) were impregnated with 5 mL of pure water and 

ground in an aluminum mortar for 10 min. The wet mixtures were then dried at 383 K 

overnight and transferred to an aluminum crucible for 50 h of calcination at 1273 K under 

an air atmosphere. X-ray diffraction (XRD) measurements and ultraviolet-visible diffuse 

reflectance (UV-vis DR) spectroscopy were performed on the prepared ZnTa2O6, 

confirming its successful synthesis (Figure S1 and S2, respectively). 

 

Modification of Ag co-catalyst on ZnTa2O6 

Four different methods of modifying Ag co-catalysts were applied: ultrasonic 

reduction (USR), chemical reduction (CR), impregnation (IMP), and photodeposition 
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(PD). As a precursor of Ag, silver oxide (Ag2O; 99.0 %, FUJIFILM Wako Pure Chemical 

Corporation, Japan) and silver nitrate (AgNO3; 0.1 M aqueous solution, FUJIFILM Wako 

Pure Chemical Corporation, Japan) were used for USR and the other conventional 

methods, respectively.  

A mixture of ZnTa2O6, Ag2O, and ethanol (50 mL; 99.5 %, Kanto Chemical Co., 

Inc., Japan) was irradiated with ultrasonic waves for 3 hours using an ultrasonic cleaner 

(Honda Electronics Co., Ltd., WT-100-M, two-frequency switching mode: 28 kHz and 

45 kHz). The temperature of the solution was maintained at 313-318 K. After sonication, 

the resulting solution was filtered and dried in air at 333 K for 1 h to obtain 

Ag/ZnTa2O6_USR.  

To prepare Ag/ZnTa2O6 using the CR method (Ag/ZnTa2O6_CR), the AgNO3 

precursor was reduced by an aqueous NaH2PO2 solution (0.4 M prepared in house, a 

special-grade reagent, FUJIFILM Wako Pure Chemical Corporation, Japan) at 353 K for 

1.5 h in an aqueous solution. The filtrate was washed with Milli-Q water and dried at 

room temperature.  

Ag/ZnTa2O6_IMP was prepared by impregnating ZnTa2O6 with an aqueous 

solution of AgNO3 at 353 K for 10 min, followed by evaporation at 353 K for 1 h, and 
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drying at 353 K. The obtained sample was then calcined at 723 K for 2 h under an air 

atmosphere.  

ZnTa2O6 powder was dispersed in 1.0 L of ultrapure water, and the resulting 

suspension was thoroughly degassed by flowing Ar gas. A 0.1 M AgNO3 aqueous solution 

was added to the suspension as a precursor of Ag co-catalyst, and the resulting system 

was irradiated for 3 h through a cooling jacket fabricated from quartz glass using a 400-

W high-pressure Hg lamp. The obtained sample was named ‘Ag/ZnTa2O6_PD’. The 

amount of Ag species loaded on the ZnTa2O6 photocatalyst was determined by inductively 

coupled plasma optical emission spectrometry (ICP–OES, iCAP 7400 ICP-OES DUO, 

Thermo Fischer Scientific Inc.; see Table S1 and S2). 

 

Photocatalytic activity evaluation 

The photocatalytic conversion of CO2 in water was performed inside a quartz 

inner irradiation-type reaction vessel using a quasi-flow batch system. The synthesized 

photocatalyst (0.5 g) was dispersed in an aqueous solution of 0.1 M NaHCO3 (a special 

grade reagent, Wako, Japan).[8] High purity CO2 gas (99.999%) was continuously bubbled 

into the solution at a flow rate of 30 mL min–1. After the removal of dissolved air, the 

suspension was irradiated with a 400-W high-pressure Hg lamp through a quartz filter 
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equipped with a cooling water system. The CO, H2, and O2 products obtained in the outlet 

gas were analyzed via gas chromatography (Shimadzu GC-8A) using a flame ionization 

detector and methanizer equipped with a Shincarbon ST column (carrier gas: N2) for CO 

and a thermal conductivity detector equipped with a 5 Å molecular sieve column (carrier 

gas: Ar) for H2 and O2. The selectivity towards CO formation in a mixture of CO and H2 

and the balance between the consumed electrons (e–) and holes (h+) were calculated via 

the following formulas:  

Selectivity towards CO formation (%) = 100 × RCO / (RCO + RH2)    (Eq. 4) 

Consumed e–/h+ = 2×(RCO + RH2) / (4×RO2)       (Eq. 5) 

where RCO, RH2, and RO2 represent the formation rates of CO, H2, and O2, respectively.  

 

Characterization 

X-ray absorption spectroscopy (XAS) was conducted in both transmission and 

fluorescence modes at the BL14B2 beamline of the SPring-8 synchrotron radiation 

facility in Hyogo, Japan. The photon energy was calibrated at the inflection point of the 

Ag K-edge XANES spectra using a reference Ag metal foil (25524 eV). The samples 

were analyzed by Ultraviolet-visible (UV-vis) diffuse reflectance spectroscopy using a 

JASCO V-670 spectrometer equipped with an integrating sphere. Transmission Electron 
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Microscopy (TEM) images were captured using a field-emission transmission electron 

microscope (JEM-2100F, JEOL Co., Ltd). Ag co-catalysts were also observed at atomic 

resolution using High-resolution TEM (HRTEM, JEM-2200FS, JEOL Co., Ltd.).  

 

Results and Discussion 

Figure 1 shows the formation rates of H2, O2, and CO and the selectivity toward 

CO evolution for the photocatalytic conversion of CO2 by H2O over Ag/ZnTa2O6 prepared 

via various Ag modification methods. The e–/h+ balance calculated in Eq. 5 was close to 

1.0, indicating that H2O functioned as an electron donor and proton source for the 

photocatalytic conversion of CO2. The selectivity toward CO of Ag/ZnTa2O6_USR was 

above 90%, and there was no obvious difference among the four Ag modification methods 

(i.e. USR, CR, IMP, and PD methods). However, the formation rate of CO varied vastly 

among the four Ag modification methods. The formation rate of CO over the 

Ag/ZnTa2O6_USR method was the highest (69.6 μmol h–1) among the four methods, 

which was at most 2.3 times higher than the formation rate of CO compared to the 

conventional methods. This difference is not due to the amount of loaded Ag co-catalyst 

because the amount calculated by ICP-OES measurement is almost the same (see Table 

S1).  
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Figure 1 Formation rates of H2 (blue), O2 (green), and CO (red), and selectivity toward 

CO evolution (circle) in the photocatalytic conversion of CO2 by H2O over Ag/ZnTa2O6 

with 0.5 wt.% Ag cocatalyst loaded by PD, IMP, CR, and USR.  
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Figure 2 shows the Ag K-edge X-ray absorption near edge structure (XANES) 

spectra of Ag/ZnTa2O6 fabricated using four modification methods. Every Ag K-edge 

spectrum closely resembles that of Ag foil rather than Ag2O or AgNO3, which are used as 

precursors. These results indicate that the Ag precursors were completely reduced to Ag0, 

and zero-valent Ag particles were loaded onto the surfaces of ZnTa2O6 regardless of the 

method used.  
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Figure 2 XANES spectra of ZnTa2O6 with references. Ag species were modified by (a) 

ultrasonic reduction (USR), (b) chemical reduction (CR), (c) impregnation (IMP), and (d) 

photodeposition (PD) methods. 
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The morphology of the Ag co-catalyst on the surface of photocatalysts was 

observed using TEM (Figure 3 a, c, e, and h). As shown in the TEM images, there were 

differences in the size and morphology of the Ag nanoparticles on the surface of ZnTa2O6 

among four different kinds of Ag/ZnTa2O6. The size of Ag nanoparticles on the surface 

of ZnTa2O6 prepared by USR, CR, and IMP methods seemed to be almost the same 

(Figures 3 (a), (c), and (e), respectively), while larger Ag particles were observed on 

Ag/ZnTa2O6 fabricated by the PD method (Figure 3 (g)). However, only two Ag 

nanoparticles were observed on Ag/ZnTa2O6 prepared by the USR method at the 

magnification and the field displayed in Figure 3 (a), while more Ag nanoparticles were 

observed on the surface of ZnTa2O6 fabricated by CR and IMP methods (Figures 3 (c) 

and (e), respectively). This result suggests that much smaller-sized Ag nanoparticles are 

loaded on the surface of ZnTa2O6 modified by the USR method.  

To observe such smaller Ag nanoparticles, TEM observations at the atomic 

resolution level were conducted. As shown in Figure 3 (b), Ag particles with sizes ranging 

from 1 to 3 nm exist on the surface of ZnTa2O6 prepared by the USR method. On the other 

hand, only Ag nanoparticles over 5 nm were observed on the surface of ZnTa2O6 loaded 

by other conventional methods (Figure 3 (d), (f), and (h)). Because there are many CO2 

reduction sites on Ag/ZnTa2O6 prepared by the USR method compared to other 
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photocatalysts owing to Ag nanoparticles with a size of a single nanometer, Ag/ZnTa2O6 

modified by the USR method showed high formation rate of CO while maintaining high 

selectivity toward CO. Therefore, to obtain a high conversion of CO2 using H2O as an 

electron donor, it is important to prepare small Ag nanoparticles on the surface of ZnTa2O6, 

and this is achievable by using the USR method as a loading method of Ag co-catalyst.  
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Figure 3 (a, c, e, and g) TEM and (b, d, f, and h) high-resolution TEM (HRTEM) images 

of Ag/ZnTa2O6 modified by (a, b) ultrasonic reduction (USR), (c, d) chemical reduction 

(CR), (e,f) impregnation (IMP), and (g, h) photodeposition (PD) methods.  

(a) (c) (d)

(e) (f) (g) (h)

0.238 nm
(111)

(b)

200 nm 200 nm

200 nm 200 nm
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Ultraviolet–visible (UV-vis) diffuse reflectance spectra of Ag/ZnTa2O6 fabricated 

by four different methods are shown in Figure 4. The absorption peak and edge of 

ZnTa2O6 at wavelength of 200 to 300 nm were not changed even after Ag was loaded by 

four modification methods. The absorption peak at wavelengths longer than 300 nm is 

thought to be due to the surface plasmon resonance of Ag nanoparticles.[20,23,46,47] The 

peak intensity assigned to plasmon absorption for Ag/ZnTa2O6 prepared by the USR 

method was smaller than that by other conventional methods. Plasmonic absorption 

appears when the Ag particles are in the metallic state and the particle size is in the range 

of a few nm to hundreds. [20,47] In the case of Ag co-catalyst on ZnTa2O6 fabricated by the 

USR method, as well as the conventional ones, Ag was in the metallic state and no 

particles over 100 nm were observed. Consequently, UV-vis diffuse reflectance spectra 

suggest that many Ag nanoparticles with a size in the single nanometer range are loaded 

on ZnTa2O6 when using the USR method as the fabricating method, supporting the results 

of TEM observation. 
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Figure 4 UV-vis diffuse reflectance spectra of Ag/ZnTa2O6 modified by (a) ultrasonic 

reduction (USR), (b) chemical reduction (CR), (c) impregnation (IMP), and (d) 

photodeposition (PD) methods. 
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 As depicted in Figure S3, the formation rate of CO over Ag/ZnTa2O6 using the 

USR method decreased more rapidly with an increase in photoirradiation time compared 

to those employing other modification methods of Ag co-catalysts. This phenomenon can 

be attributed to the change in the size of Ag nanoparticles on the surface during the 

reaction. Larger Ag nanoparticles were observed after the photocatalytic reaction using 

TEM equipment (as illustrated in Figure S4). Furthermore, the intensity of the broad peak 

in UV-vis DRS, assigned to plasmon absorption by Ag nanoparticles, increased after the 

photocatalytic reaction (Figure S5). This increase suggests that the smaller Ag particles 

present before the reaction tend to aggregate into larger particles.[19] Consequently, the 

rapid decrease in the formation rate of CO over Ag/ZnTa2O6 by the USR method is 

attributed to the existence of smaller Ag nanoparticles before the photocatalytic reaction, 

thus corroborating the results depicted in Figure 4.  

 Figure 5 illustrates the formation rates of H2, O2, and CO, as well as the 

selectivity toward CO evolution in the photocatalytic conversion of CO2 by H2O over 

Ag/ZnTa2O6 with various loading amounts of Ag co-catalyst fabricated by the USR 

method. The formation rate of CO and selectivity toward CO increased from 13 μmol h–

1 and 46 % to approximately 50 μmol h–1 and 80 %, respectively, upon modification with 

0.1 wt.% Ag co-catalyst. Furthermore, as the loading amount of Ag was increased to 0.5 
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wt.%, the formation rate of CO evolved also increased, accompanied by a decrease in H2 

evolution. This improvement is attributed to the increase in the number of CO2 reduction 

sites. The amount of Ag co-catalyst loaded on ZnTa2O6, where the formation rate of CO 

was maximum, was 0.5 wt.% when using the USR method as a modification method of 

Ag co-catalyst. On the other hand, the optimized amount was 3.0 wt.% when using the 

conventional modification method. [14,44,45] By using the USR method, not only can the 

photocatalytic activity be higher, but also the optimized amount of Ag co-catalyst can be 

smaller. This is because Ag co-catalyst with a single nanometer can be loaded on ZnTa2O6 

by the USR method.  

The modification with higher amounts of Ag (above 1.0 wt.%) led to a gradual 

decrease in the activity for photocatalytic CO2 reduction. This decrease might be because 

Ag nanoparticles play the role of recombination centers for electrons and holes, and they 

also have a shielding effect on ultraviolet light.[48.49] Certainly, as shown in Figure S6, 

absorption at around 300 nm appeared when the loading amount of Ag co-catalyst was 

2.0 wt.% or higher, which overlaps with the absorption by ZnTa2O6, causing the decrease 

in photocatalytic activity. The formation rate of CO, however, decreases more rapidly in 

the range of 0.5 to 2.0 wt.% of Ag co-catalyst rather than in the range of 2.0 to 5.0 wt.%, 

even though Ag/ZnTa2O6 with 2.0–5.0 wt.% Ag co-catalyst exhibits more factors 
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contributing to the lowering of photocatalytic activity. Consequently, another factor 

should be considered. 

At 1.0 wt.% or a higher amount of Ag co-catalyst, more Ag particles can be 

observed by TEM at the magnification displayed in Figure S7. Furthermore, UV-vis 

diffuse reflectance spectra shown in Figure S6 indicate that the peak intensity assigned to 

plasmon absorption of Ag nanoparticles increased as the amount of Ag co-catalysts 

increased, suggesting that the population of Ag nanoparticles increased. Based on these 

characterizations, we consider that the decrease in photocatalytic activity is due to the 

existence of more Ag particles with a larger size, rather than a singular nanometer, as the 

loading amount of Ag co-catalyst increases. In fact, as shown in Figure 6, a clear 

correlation was observed between the formation rate of CO and the average size of Ag 

particles, suggesting that smaller Ag nanoparticles are more effective for the 

photocatalytic conversion of CO2. Although several previous studies demonstrated that 

the volcano plot was observed in the relationship between the formation rate of CO and 

the average size of Ag particles,[50–52] the linear relationship between them suggests that 

the perimeter of Ag particles may be a key factor for the photocatalytic conversion of 

CO2.[53] In other words, a peak top of the volcano plot in the case of the USR method 

should be found at a much smaller size region. 
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Two mechanisms of Ag nanoparticle formation from Ag2O via the ultrasonic 

reduction method are proposed. [37,54,55] The first one is the direct decomposition and 

reduction of Ag2O in hot spots by ultrasonic cavitation. In this process, hot spots act 

directly on the surface of silver oxide particles, and Ag2O on the surface is thermally 

decomposed and reduced to Ag nanoparticles. When Ag nanoparticles grow to about 50 

nm on the surface, the interfacial stress between Ag2O and Ag nanoparticles reaches a 

limit, and the Ag nanoparticles are desorbed. The second mechanism is a reaction through 

intermediate products, such as silver acetate. Ethanol reacts with Ag2O by ultrasonic 

waves to form silver acetate. The silver acetate is decomposed in the hot spot to form Ag 

nanoparticles. It is considered that the silver acetate is formed and decomposed 

sequentially in small quantities, resulting in the formation of smaller nanoparticles 

compared to the former reaction mechanism.[54,55] 

In the case of our photocatalyst, we consider the latter mechanism to be dominant 

because few Ag nanoparticles, with a size of about 50 nm or larger, were observed 

regardless of the loading amount of Ag co-catalyst (refer to the Ag particle size 

distribution on Ag/ZnTa2O6 with various loading amounts of Ag co-catalyst shown in 

Figure S8). Hot spots produced by ultrasonic irradiation were generated randomly in the 

ethanol solution. Therefore, the heterogeneous nucleation of Ag in the solution occurred, 
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followed by the growth and immobilization of the Ag particles on the surface of ZnTa2O6 

while uniformly dispersing them. The increase in size with increasing loading amount of 

Ag co-catalyst was due to the aggregation of small Ag nanoparticles. Consequently, the 

small Ag nanoparticles are loaded on the surface of ZnTa2O6 when the Ag co-catalyst has 

a low loading amount. From our study, we can therefore conclude that it is essential to 

prepare small Ag nanoparticles on the surface of ZnTa2O6 to obtain high conversion of 

CO2 using H2O as an electron donor, and this can be achieved by using the ultrasonic 

reduction method as a loading method of Ag co-catalyst. 
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Figure 5 Formation rates of H2 (blue), O2 (green), and CO (red), and selectivity toward 

CO evolution in the photocatalytic conversion of CO2 by H2O over Ag/ZnTa2O6 with 

various loading amounts of Ag fabricated by the USR method.  
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Figure 6 Dependence of the average particle size of Ag on the formation rate of CO. 
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Conclusions 

In this study, we found that the photocatalytic activity of the ZnTa2O6 

photocatalyst for the conversion of CO2 was significantly improved by modifying it with 

an Ag co-catalyst using the ultrasonic reduction (USR) method. Ag nanoparticles with 

sizes ranging from 1 to 3 nm were loaded onto the surface of ZnTa2O6 prepared by the 

USR method. Conversely, the average diameter of Ag particles fabricated by other 

methods was much larger than those produced by the USR method. Therefore, small Ag 

co-catalysts with single nanometer dimensions exhibited superior activity toward the 

selective conversion of CO2. By utilizing the Ag/ZnTa2O6 photocatalyst prepared via the 

USR method, a high formation rate of CO with high selectivity toward CO can be 

achieved. 

 

Supporting Information 

The Supporting Information is available free of charge at ***  

 XRD patterns of (a) ZnTa2O6 and (b) reference patterns of ZnTa2O6 (ICSD 
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Ag species was determined by analyzing solution after dissolving Ag/ZnTa2O6 in 

concentrated nitric acid via inductively coupled plasma optical emission spectrometry 

(ICP–OES, iCAP 7400 ICP-OES DUO, Thermo Fischer Scientific Inc.), The amount of 

loaded Ag co-catalyst on ZnTa2O6 (Ag/ZnTa2O6) fabricated by the USR method, Time 

courses of formation rates of CO over Ag/ZnTa2O6 catalysts prepared by (a) an ultrasonic 

reduction (USR), (b) a chemical reduction (CR), (c) an impregnation (IMP), and (d) a 

photodeposition (PD) methods, TEM images of Ag/ZnTa2O6 modified by the USR 

method; (a) before and (b) after photocatalytic reaction, UV-vis diffuse reflectance spectra 

of Ag/ZnTa2O6 modified by the USR method (a) before and (b) after photocatalytic 

reaction, UV-vis diffuse reflectance spectra of Ag/ZnTa2O6 with various loading amounts 

of Ag fabricated by the USR method, TEM images of Ag/ZnTa2O6 with various loading 

amounts of Ag fabricated by the USR method; (a) 0.1, (b) 0.5, (c) 1.0, (d) 2.0, (e) 3.0, and 

(f) 5.0 wt.%, The size distribution of Ag particles on the surface of ZnTa2O6 with various 

loading amounts of Ag fabricated by the USR method; (a) 0.5, (b) 1.0, (c) 1.5, (d) 2.0, (e) 

3.0, and (f) 5.0 wt.% 
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