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Abstract: In this work, waxberry-like CeO2 photocatalyst (denoted ASC) with prominent visible-

light-driven photocatalytic performances for multi-model reactions was achieved by Sm doping 

and Ag quantum dots (QDs) anchoring. For instance, the as-fabricated ASC acquired 7.08-times 

and 6.83-times higher activities for CH3CHO removal and H2 production than those of pure CeO2 

counterpart, respectively. The concentration of oxygen vacancies (Ov) in CeO2 is distinctly 

increased by Sm doping, resulting in a narrower bandgap of the Sm-doped CeO2 (SC). Under 

visible light irradiation, the Ov caused by doping can capture the photo-excited electrons and 

construct a doping-related transition state between the conduction band (CB) and the valence band 

(VB), which can effectively limit the recombination of photo-excited electrons and holes. These 

captured electrons further fleetly transfer to the co-catalytic sites of anchored Ag QDs, 

strengthening the absorption utilization for visible-light synchronously. The migration of charge 

carriers and proposed mechanisms were well elaborated by transient photovoltage (TPV), surface 

photovoltage (SPV) and density functional theory (DFT) calculation. It is hoped our work in this 

paper could provide potential and meaningful strategies for the design of noble metal quantum 

dots modified metal oxide semiconductors and facilitate their applications in other photocatalytic 

fields effectively. 
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1. Introduction 

Solar-driven reactions are unique examples of sustainable chemistry and one of the 

prerequisites of these reactions is to develop cost-effective materials with excellent solar-trapping 

and solar energy conversion efficiency [1-3]. Hence, visible-light responsive efficient 

photocatalysts are desirable demand for effective photocatalytic process. In the past few decades, 

photocatalytic applications of CeO2 have attracted increasing interest due to its unique structural 

properties such as unique fluorite-type structure, rigid skeleton and distinct capacity of oxygen 

storage by flexible conversion among cerium’s tetravalent and trivalent valence states [4-7]. 

Earlier, our group has successfully synthesized CeO2 with different morphologies to enhance its 

photocatalytic performance, and CeO2 with spherical morphology was found to be most favorable 

for the photocatalytic reactions due to its larger surface area and strong adsorption capacity [8-10]. 

However, own to its wide bandgap, visible-light absorption of CeO2 is extremely weak, which 

obviously limits its potential applications [11, 12]. Various methods have been applied to enhance 

the absorption ability of visible light in ceria and among them effective formation of heterogeneous 

photocatalysts has distinct advantages like wide spectral response range, stability and reusability 

[13, 14]. It has been found that the introduction of noble metals like Au, Pt, and Pd in the matrix 

of CeO2 semiconductor can achieve better response towards sunlight as a result of interfacial 

interaction between the active metal species and CeO2 [14, 15]. For instance, Carltonbird et al. and 

Ye et al. have reported synthetic routes for the preparation of gold/ceria with different and 

coordinated morphologies as well as rod-shaped Au/CeO2 product having improved photocatalytic 

performance under visible light [16, 17]. Thus, it is worth investigating the noble metal-metal 

oxide interactions in the hetero-structured photocatalysts [13-18, 19].  

There have been literature reports on the application of different noble metal modified CeO2 
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as photocatalysts. But prohibitive cost of most of the noble-metal based catalysts prevents their 

real applications. As is known, silver (Ag) is non-toxic, relatively cheap and stable in comparison 

to the other noble metals, resulting in wide applications in various fields [20, 21]. And it is also 

remarkable to find that Ag exhibits obvious localized surface plasmon resonance (LSPR) 

phenomenon under visible light illumination [22]. During the preparation of metal oxide supported 

catalysts via impregnation and high-temperature sintering processes for activation is required in 

order to reinforce the interfacial interactions among the noble metals and the metal oxide. In this 

high-temperature annealing process, a reunion of the noble metals particles and the oxide support 

is inevitable, which brings about a decrease in catalytic activity in a significant way [23]. 

Additionally, some of the reported hydrothermal methods are constituted of complicated steps or 

the addition of harmful materials. The problems can be avoided using quantum dots of the noble 

metals having a very tiny size and uniform distribution to anchor to the support under mild reaction 

conditions. This might result in higher catalytic performance as a result of strengthened interfacial 

interactions. Besides, doping of rare earth (RE) metal ions can also effectively improve the 

performance of pure CeO2 [24, 25]. Among various RE metals, samarium (Sm) is more suitable 

because its crystalline quality of bulk ionic conductors is much closer to cerium, which is 

significant for ionic conductivity enhancement in doping heterostructures [26]. It is aimed to form 

CeO2-based products with a crystal-expanded structure, which is more convenient for electronic 

transmission [27].  

Herein, Sm-doped CeO2 material anchored with Ag QDs (ASC) was prepared by template-

free hydrothermal method. The as-prepared ASC photocatalyst with a waxberry-like morphology 

affords abundant active sites for multi-purpose photocatalytic applications, such as water-splitting, 

gaseous and aqueous (acetaldehyde, bisphenol A and 4-nitrophenol) refractory pollutant removal. 
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The heterogeneous photocatalytic performances can be remarkably facilitated by conveniently 

adjusting the interfacial interactions between Ag and Sm-CeO2. The morphology, crystal and 

optical properties as well as the separation mechanism of charge carriers were characterized by 

various advanced spectroscopic technologies. This work makes us adopt an effective strategy to 

elevate the photocatalytic performance of the other Ce-based heterogeneous photocatalyst. 

2. Experimental Details 

General procedures for the synthesis of Ag@Sm-CeO2  

First, 4.0 mmol of cerium nitrate hexahydrate (Ce(NO3)3·6H2O, 1.737 g), 0.4 mmol samarium 

nitrate hexahydrate (Sm(NO3)3·6H2O, 0.178 g) and 0.8 mmol polyvinyl pyrrolidone (PVP) were 

dissolved in an aqueous of ethanol (40 mL), glycol (80 mL) and deionized H2O (20 mL). Then the 

mixture was stirring at room temperature for one hour. Then, 3 wt% silver nitrate (AgNO3, 0.052 

g) was added into the aqueous and stirred for another two hours. Then, the above mixture was 

infunded into a 200 mL reaction kettle lined with Teflon and kept the heat of 180 ℃ for 20 h. After 

the temperature naturally dropping down, the fresh sediment was obtained by centrifugal 

separation, washed with mixed aqueous of deionized water and ethanol (1:1, volume ratio) for 

three times, respectively. Later, it was dried in the oven under 70 ℃ for 12 h to collect the yellow 

precursor. Finally, the as-prepared precursors were calcinated in a muffle furnace under 500 ℃ 

for four hours to obtain the final product, which was denoted as silver quantum dots modified 

samarium-doped CeO2 (Ag@Sm-CeO2, ASC). 

For comparison experiments, the as-fabricated pure CeO2, samarium-doped CeO2 and silver 

quantum dots modified CeO2 materials were also obtained under the same conditions and the 

products were denoted as CeO2, SC and AC simply. 
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3. Results and Discussion 

3.1 Morphology characterization 

Here is Figure 1. 

The morphology information of the synthesized products was expressed by HRTEM together 

with SEM. Pure CeO2 shows smooth microspheres morphology with a diameter of ca. 200nm 

(Figure 1a). The SC still maintains a spherical morphology with a similar diameter (Figure 1b). 

However, a distinct change of the rough waxberry-like morphology can be clearly observed in AC 

and ASC (Figure 1c and d). This phenomenon can be assigned to the attachment of the Ag QDs 

(ca. 2 nm) with a good distribution on the surface of the SC microspheres (Figure 1e). The related 

changes in the morphology also can be seen in the SEM images of Figure S1. Noticeable lattice 

fringes containing an inter-planar distance of 0.325 nm and 0.240 nm are seen in ASC, which are 

belonged to the (111) crystal plane of the face-centered cubic CeO2 and (111) crystal plane of the 

cubic Ag, respectively (Figure 1f). The EDS-mapping images clearly show the presence of the 

elements Ag, Ce, O and Sm on the waxberry-like ASC microspheres and they are well distributed 

(Figure S2). Considering the above analysis, it can deduce that the photocatalyst of ASC was 

primely synthesized by a template-less solvothermal method. 

3.2 Structural characterization 

Here is Figure 2. 

The crystal phase and structural information of the as-formed samples were determined from 

the XRD patterns. The presence of the cubic phase of Ag (JCPDS. No. 65-2871) and the face-

centered cubic phase of CeO2 (JCPDS. No. 43-1002) can be simultaneously observed in both ASC 

and AC (Figure 2a) [21, 28]. The characteristic diffraction peaks are located at 37.99°, 44.18° and 
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64.35°, which are assigned to the (111), (200) and (220) crystal faces of Ag, respectively. At the 

same time, the characteristic peaks of ceria corresponding to the crystal faces of (111), (200), (220) 

and (311) are situated at a degree of 28.54°, 33.07°, 47.48° and 56.36°, respectively [29]. Generally, 

the acuminate diffraction peaks of all the products indicate a high crystallinity and purity. The 

similarity of the peaks observed for AC and ASC proves the addition of these samarium ions 

possesses a negligible influence on the crystalline quality of those doped photocatalysts. 

Nevertheless, compared with pure CeO2, the peak corresponding to (111) plane in the ASC shifts 

from 28.45° to a lower angle of 28.40° after Sm ions doping (detailed inset in Figure 2b). This 

phenomenon indicates that the doping of Sm in the crystal lattice of SC leads to lattice expansion 

[28]. On the contrary, after Ag addition, the peak for the (111) peak shifts to a higher angle of 

28.70° in the sample ASC. It indicates that further growth of CeO2 crystal seed is restricted by the 

Ag nanoparticles loaded on the surface of CeO2, resulting in steric hindrance effects to a 

contraction of the crystal lattice in AC. Hence, the middle position of the (111) peak of ASC 

(28.58°) located between AC (28.70°) and CeO2 (28.45°) can be reasonably understood.   

Further, for the sake of determining the actual doping information of these Sm ions, Rietveld 

refinements calculation was also carried out (Figure S3) [8, 9, 29]. Compared with pure CeO2 

(5.4100 Å), the numerical value of the lattice parameter (a) of SC is changed to 5.4217Å (Table 

S1). A higher value of (a) means that the lattice of CeO2 was successfully accessed by Sm and 

thereby resulting in the expansion of the crystal lattice of CeO2 [8, 28]. Further, the lattice 

parameter of ASC (5.4209 Å) is smaller than SC, which owns an excellent match with results of 

above XRD patterns.  

Structural defects are effectively characterized by Raman spectra. An apparent peak at 462 

cm-1 is assigned to a forceful F2g symmetry mode as illustrated in fluorite phase CeO2 (Figure 2). 



 8 

After different contents of Sm doping (Figure S4a), the other two weak peaks of 540 cm−1 and 600 

cm−1 further observed and these two peaks are attributed to the doping-related extrinsic oxygen 

vacancies (Rdopant) and partial Ce-O (RCe-O) bond symmetry stretch, respectively [9, 29]. Moreover, 

the position of the F2g peak remains the same Raman shift after different contents of Ag anchoring 

signifying that the MO8 structure of CeO2 is well maintained (Figure S4b). Part of cerium atoms 

is substituted by the samarium, resulting in external oxygen vacancies. The relative concentration 

ratios of (Ov) are calculated from Eq. (1):  

        OV%= Area�RCe-O+Rdopant�
Area(F2g)

*100%,                                         (1) 

The related calculation results are shown in Table S2. The value of (Ov) reaches 16.89% in 

ASC, which is much higher than the other samples, and this result is also consistent with the XPS 

O1s analysis as discussed below.  

Here is Figure 3. 

The surface composition, chemical state of the elements and the interaction among the 

elements were detected by XPS analysis. As evident from a survey spectra of the ASC 

photocatalyst (Figure S5), the presence of Ce, O, Ag and Sm are confirmed and it is in good 

consistent with the results from EDX mapping. The corresponding Ce 3d spectra can be 

deconvoluted and fitted into ten peaks according to Gaussian-Lorentzian function (Figure 3a). 

Based on the previous study, the labels of (U, V), (U2, V2) as well as (U3, V3) are ascribed to the 

characteristic peaks of Ce4+ in CeO2. Two groups bimodal involving (U0, V0) and (U1, V1) can be 

classified as characteristic peaks of Ce3+, respectively. The quantified calculations of Ce3+ are 

following Eq. (2) [9, 30]: 
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�Ce3+�％= Area[V0+V1+U0+U1]
Total Area

*100%,                                     (2) 

The corresponding values obtained from the equation were also presented in Table S2. 

Additionally, in ASC the binding energy (BE) of Ce 3d shifts to a lower value (Figure 3b), 

compared to other samples, indicating the formation of a heterojunction which affects the electrons 

density of cerium. Furthermore, in Figure 3d, the peaks at 528.48 and 531.35 eV assigned to the 

BE of the lattice oxygen (OL) and active surface oxygen (OS) can be obviously detected, 

respectively [8, 29]. In comparison to other samples, the BE of ASC assigned to OL and OS also 

shifts to a significantly lower value (Figure 3e). After deconvolution and multimodal separation, 

each kind of oxygen ratio has been tabulated in Table S2. Interestingly, concentrations of Ce3+ and 

OS in ASC are found to be 25.22% and 30.81% respectively, which significantly higher than those 

in other samples. As well known that the existence of trivalent cerium ions suggests a defective 

structure of CeO2 and creates more oxygen vacancies (Ov), which allows compensation for the 

doping-related charges by active surface oxygen. In a mean time, the compensated migration can 

accelerate the spread rate of oxygen and facilitate reactive oxygen species (ROS) to favor the 

formation of highly reactive radicals, which can effectively oxidize organic substances. Therefore, 

it can be speculated that ASC should exhibit higher photocatalytic activity.  

The typical high-resolution XPS spectrum of Ag 3d is displayed in Figure 3c and the two 

peaks located at 368.68 eV and 373.73 eV in ASC correspond to the BE of silver’s 3d5/2 and Ag 

3d3/2, severally, which are assigned to metallic silver [21, 22]. Compared to the value of Ag metal 

(about 368.20 eV), a small shift in the BE can be ascribed to the anchoring of the Ag particles to 

the CeO2. A new energy level is formed in ASC, indicating that a heterogeneous interface 

developed between the Ag QDs and SC. It can evidently prove the successful synthesis of the ASC 
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photocatalyst. After deconvoluting and separating, the two peaks situated at BE of 1081.60 eV and 

1109.23 eV can be assigned to the BE of Sm 3d5 and Sm 3d3, respectively (Figure 3f) [28]. In 

comparison to the SC, higher BE of Sm in ASC further indicates a strong interaction between SC 

and the Ag QDs.  

Here is Figure 4. 

UV-Vis diffuse reflectance (DRS) spectra can be applied for confirming the optic features of 

these products. As given in Figure 4a, the observance of the absorption peak at 438 nm in ASC 

and AC, which is absent in pure CeO2 and SC, indicates that the addition of Ag can broaden the 

spectral response range and enhance the response capacity of the absorbed light. Besides, the 

absorption margin of the band for semiconductor photocatalysts follows Eq. (3) [28, 31]:  

(αhυ)n = B (hυ-Eg),                                                       (3) 

Accordingly, the values of the bandgap for CeO2, SC, AC and ASC were estimated to be 2.96, 

2.91, 2.86 and 2.82 eV, respectively (Figure S6a), indicating that the doping of Sm can narrow the 

bandgap of CeO2. Narrow bandgap energy is one of the pivotal parameters in evaluating the 

photocatalytic activity [9, 32]. The doping of Sm ions can facilitate the construction of trivalent 

cerium ions and generate more oxygen vacancies (Ov), and the increased proportion of Ov results 

in the formation of a transition state which is closer to the CB, thereby reducing the bandgap of 

related products. The potential of the VB was further obtained from their VB-XPS spectra (Figure 

S6b). These results reveal that the doping and noble metal deposition indeed have an influence on 

the optical properties of the samples.  

The interfacial charge separation dynamics of all samples were evaluated by measuring the 

photo-electrochemical response. The photocurrent curves of every product sharply decreased and 
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increased after the illuminated light was switched off and on, respectively, suggesting an intrinsic 

peculiarity of semiconductor-typed photocatalysts (Figure 4b) [8, 33]. Typically, more vigorous 

photocurrent intensity means higher separating efficiency of the photoexcited electrons and holes. 

The photocurrent density of ASC reaches 402.95 μA/cm2 and shows about 11.23-, 4.66- and 1.93- 

times superior than that of CeO2, SC and AC. Notably, the related quantitative values are only 

35.97, 86.52 and 208.34 μA/cm2, respectively. And The photogenerated carriers are separated 

much more efficiently in ASC than other counterparts and which will result in more numbers of 

the separated photoinduced charges during the photocatalytic process, leading to enhanced 

photocatalytic performance. 

Photoluminescence (PL) spectrum analysis was performed to research the recombination 

velocity of the electrons (e-)and holes (h+). Product of CeO2 shows a stronger representative 

photoluminescence emission peak located at 405.75 nm and a weaker peak at 452.87 nm (Figure 

4c). They may attribute to the surface defects, which are popularly situated between the VB of O2p 

and the CB of Ce4f [8, 33]. The major surface defect in CeO2 assumes oxygen vacancies 

prevailingly. The location of peaks is the same in the PL spectra of SC. Nevertheless, the intension 

of the emission band is attenuated, indicating that Sm doping blocks the recombination rate of the 

holes and electron pairs. It is notable that the characteristic peaks of ASC and AC red-shift to about 

420.82 nm and a weaker peak at 486.88 nm, indicating their better visible light response ability. 

Also, the lower PL intensity of the AC and ASC suggests the lower radiative recombination of the 

photoexcited carriers (e- and h+), which can significantly promote the photocatalytic performance.  

Time-resolved photoluminescence (TRPL) lifetime results indicate the ability of the carrier 

transport layer to extract the carriers. The shorter the TRPL lifetime presents the more potent 

carrier transfer ability [34]. In consistence with the results of PL spectra, ASC exhibits the fastest 
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TRPL decay with the lifetime of 0.2728 ns (Figure 4d), which is less than pure CeO2 (0.3233 ns) 

and other samples (Figure S7). The shorter TRPL lifetime of ASC suggests a decrease of the 

exciton population, which further means that the charge separation process is improved and the 

recombination of the photoinduced electrons and holes is astricted. Therefore, the TRPL result 

supports the fact that ASC can generate more charge trapping sites which can endow an enhanced 

photocatalytic activity. 

3.3 Photocatalytic evaluation 

Here is Figure 5. 

Firstly, photooxidation activity of these photocatalysts was tested by removal of gaseous 

CH3CHO, which can be described by the reaction of Eq. (4):               

CH3CHO + 2O2 = 2CO2 + 2H2O                                             (4) 

As is clearly shown in Figure 5a, the amount of liberated CO2 reaches a maximum value of 

about 722.45 ppm for ASC, which is 7.08-times higher than those of the pure CeO2 (101.96 ppm). 

Furthermore, the CO2 liberation amount of ASC is also much higher than that of SC (221.96 ppm) 

and AC (589.16 ppm). The EPR intensity of ·O2
- in ASC is more robust than pure CeO2 further 

reveals the main active specie of the studied photocatalytic material is ·O2
-, which is essential for 

the photocatalytic reactions as highly efficient intermediates in the photocatalytic reactions (Figure 

5b). Hence, the improved photocatalytic performance can attribute to a higher concentration of Ov 

and active oxygen species, and this discovery is consistent with the analysis of Raman and XPS. 

Notably, the prepared ASC in this study shows superior activity for CH3CHO oxidation than that 

of the commercially available metal oxide photocatalysts such as P25 (21 ppm), sulfur-doped TiO2 

(150 ppm) and tungsten oxide (200 ppm) [33, 35]. 
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The photoreduction activity of the as-prepared materials is shown in Figure 5c. The amount 

of hydrogen (H2) generated from water-splitting increases linearly with time for all the samples. 

After visible light radiation for 2.5 h, the H2 liberation rate of ASC reaches 342.12 µmol•g-1•h−1, 

which is 6.83-times exceeding those value of CeO2 (50.07 µmol•g-1•h−1) (Figure 5d). Besides, H2 

generation rates of SC and AC are 126.68 and 165.95 µmol•g-1•h−1, respectively, also these values 

are much lower than those of ASC. Importantly, ASC possesses much better recyclability than AC, 

indicating that the doping of Sm ions makes the structure of CeO2 anchored Ag QDs more stable 

(Figure S8). In general, it is also necessary to characterize the products with Pt particles loading 

using transient photocurrent, PL and TRPL results to confirm the radiative recombination rate of 

the photogenerated electrons and holes (Figure S9). However, H2 liberation rate from water 

splitting without Pt loading of ASC only reaches 42.88 µmol•g-1•h−1, which is lower than those 

value of pure CeO2 with 3% Pt loading (50.07 µmol•g-1•h−1). Similar to the gas phase photo-

oxidation, the as-prepared ASC photocatalyst also shows enhanced photocatalytic performance in 

the liquid medium, e.g., oxidation of bisphenol A (BPA) and reduction of 4-nitrophenol (4-NP) 

(Figure S10-S14). 

The reason behind the stability of silver loaded in SC is interesting though in general the 

loading of silver on the surface of a semiconductor is unstable. Hence the first principal method 

was explored to investigate the mechanism and the results are summarized in Table S5. The total 

energy of SC is found to be higher than pure CeO2, which suggests that CeO2 can be activated by 

the doping of Sm. Negative adsorption energy values of ASC and AC indicate that Ag loading on 

both the materials is favorable. More negative Eads of the ASC compared to the AC can be 

attributed to the generation of oxygen vacancies [36-38]. The shorter distance between the Ag 
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cluster and the slab in ASC means that oxygen vacancies can capture the silver clusters and further 

stabilize the system. 

4. Theoretical calculations and possible photocatalytic mechanism  

Here is Figure 6. 

In order to determine the transfer direction of the charges between Ag QDs and CeO2 

microspheres, SPV technique was applied (Figure 6a). The SPV spectra of all the synthetic 

samples exhibit the largest broadband at 325 nm, that may cause by a band-to-band transition of 

photogenerated excitons in intrinsic CeO2 [39]. Among them, the positive response of CeO2 and 

SC indicates that holes transfer to the illumination side of photocatalysts, which can be attributed 

to the bandgap transition [40]. In contrast, the negative response of AC and ASC means that 

electrons are transferred to the surface of the irradiated side mainly. In addition, the SPV intensity 

of ASC was significantly enhanced compared to other samples, which could be attributed to more 

electrons that will transfer to the CeO2 surface to form photovoltage. However, the SPV signal for 

ASC shows distinctive peaks located at 400-500 nm, which considered to be the reduction co-

catalyst role of silver in the visible region [41, 42]. After forming a heterogeneous interface 

between the CeO2 and the metallic Ag QDs, the Fermi energy levels of two components can reach 

equilibrium. Then, the electrons in the conduction band of Sm-CeO2 will inject into the Ag surface 

under visible light irradiation, resulting in efficient separation of electrons and holes [43, 44].  

TPV technology is also an effective mean to reveal the separation and recombination 

processes of those photo-generated charges in nanomaterials (Figure 6b). First, the TPV signal of 

the ASC is negative, which indicates that the photoexcited electrons move faster than the holes 

[42, 45]. It is mainly attributed to Ag's lower potential barrier and superior electronic reception 
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ability. The rapid diffusion of electrons from CeO2 to Ag reduces the recombination rate of those 

photoexcited electrons and holes. The higher TPV intensity caused by significant absorption of 

ASC than any other samples suggests rapid diffusion of charge carriers, which is also consistent 

with the TRPL results. Secondly, two response peaks can be observed in the TPV response of ASC. 

The peak time of P1 is shorter than 10-6 s, which was attributed to the photogenic charge caused 

by laser irradiation on ASC and the charge separation caused by the electric field in the surface 

charge area [42, 46]. In addition, the longer time of P2 peak than 10-4 s may occur due to the 

diffusion voltage, and diffusion PV is mainly determined according the concentration of 

photoexcited charges and the correlative diffusion rate of electrons and holes [45, 46].  

Here is Figure 7. 

The heterogeneous interface between the SC and the metallic silver was further calculated via 

by the density functional theory (DFT). According to the charge density difference in Figure 7a, 

the electrons transfer from SC (yellow region) to the metallic silver side (cyan area), which is 

consistent with experimental SPV and TPV test. The total and partial density of states (DOS) of 

ASC are both displayed in Figure. S15, the valence-band maximum (VBM) of heterogeneous ASC 

is composed of Ag 5s, Ce 4f and Sm 4f orbitals, and conduction-band minimum (CBM) are mainly 

composed of O 2p orbitals. The charge transfer in the systems of Pt particle and Ag particle co-

loaded Sm-doped CeO2 (PASC) was further considered (Figure 7b-c). Since the electron affinity 

of Ag was much higher than CeO2, the Pt particles tend to be loaded just close to Ag particle Figure. 

S16. According to the previous literature, Pt particles could serve as an efficient co-catalyst for 

hydrogen evolution reaction. The boosted charge transfer from ASC to Pt could result in a 

significantly improved HER performance [47]. Therefore, the addition of co-catalyst Pt is 
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favorable for accumulation of electrons, which is significantly beneficial to the process of 

photocatalytic H2 evolution. 

During photocatalysis, a key role is played by the reactive oxygen species and hence it is vital 

to explore the interaction between the oxygen and photocatalyst and the results are summarized in 

Table S6. Negative adsorption energy values for all the materials indicate that the interactions 

between oxygen and the CeO2 based photocatalysts are positive with the order of the interaction 

energy being: ASC-O > CeO2-O > SC-O. It indicates that oxygen absorbed on the ASC is the most 

reactive photocatalyst [36-38]. The adsorption energy directly reflects the photocatalysts oxygen 

adsorption capacity. The results show that adsorption energies of ASC and SC are larger than that 

of CeO2, which means that the oxygen vacancies can stabilize oxygen (many theoretical results 

have confirmed this hypothesis). As a result, the distance between the oxygen and the surface of 

the photocatalysts is dramatically shortened. It is noteworthy that the distance between oxygen and 

ASC is only 0.065 Å. It is fascinating that the oxygen vacancy is almost occupied by one oxygen 

atom. The most critical parameter is the bond distance of oxygen, because it shows the nature of 

the adsorbed oxygen. The original O-O bond length is 1.225 Å, and when the oxygen is adsorbed 

on the photocatalyst, it will change the bond length. The bond length of the oxygen on the CeO2 

surface is almost the same as the original value, indicating that the interaction between the oxygen 

and CeO2 is simply physical adsorption. The bond length of the oxygen on the surface of SC is 

longer than 1.3 Å, which means that the interaction between the oxygen and SC is chemical 

adsorption by nature with the formation of superoxide (·O2
-). A shorter distance between the 

oxygen and the photocatalyst surface due to the oxygen vacancy results in the loss of one electron 

from the nearby Ce3+ which is then transported to the adsorbed oxygen, thus forming ·O2
-. When 

the Ag was loaded on the surface of the SC, the bond length of the oxygen on the surface became 
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1.434 Å, indicating the formation of peroxide species (·O2
2-). The introduction of Ag not only 

shortens the distance between the oxygen and ASC, but also lengthens the O-O bond. We speculate 

that in the peroxide anion, one electron is supplied from the Ce3+ nearby the oxygen vacancy, and 

the other electron is supplied from Ag. The generated reactive oxygen species will accelerate the 

photocatalytic reactions.  

Accordingly, a reasonable mechanism for the enhanced photocatalytic property of ASC is 

proposed (Figure 7d). After the doping of Sm ions, an increased concentration of oxygen vacancies 

(Ov) is generated resulting in the construction of a transition energy state and it is closer to the 

conduction band (CB), attributing to the reduction of the bandgap. Under visible light irradiation, 

the doping-related transition level can capture the photoexcited electrons in Sm-doped CeO2 and 

limit the recombination of the photoinduced electron and hole pairs efficiently. Then, these 

captured electrons further transferred to the Ag QDs via the heterogeneous interface between the 

SC and the metallic silver, and Ag induces improvement of the visible light absorption capacity 

synchronously. During the process of photocatalysis, transferred electrons on the silver will act as 

active sites for water reduction splitting as well as oxygen activation. Notably, more separated 

holes will be photo-induced, which are beneficial for the generation of reactive oxygen species. 

And they are efficient intermediates with vivid photocatalytic oxidation ability for involved 

photocatalytic redox reactions. To sum up, in comparison to those traditional semiconductor 

photocatalysts, the visible-light-driven CeO2 achieved by Sm doping and Ag QDs anchoring in 

this paper is bound to enhance the photocatalytic performance. 

5. Conclusions 

In summary, silver quantum dots modified Sm-doped CeO2 photocatalyst was successfully 



 18 

synthesized using a one-step hydrothermal mean. This strategy is efficient, reproducible and can 

be branch out into the fabrication of other ceria-based inorganic nanomaterials. The structure and 

morphology information of ASC were characterized by XRD, HR-TEM and FE-SEM. The 

features of optics, defects and chemical states were investigated by Raman, UV-vis, XPS, PL and 

TRPL. For instance, ASC affords 7.08-times and 6.83-times higher CH3CHO conversion to CO2 

and water reduction to generate hydrogen than those of untreated CeO2, respectively. Furthermore, 

as-prepared ASC exhibits similarly improved photocatalytic activities for photooxidation of BPA 

and photoreduction of 4-NP. Own to the presence of a higher Sm ions doping-related concentration 

of Ov in ASC, it can lower the bandgap energy (Eg) and limit the recombination of the photoexicted 

electron and holes. In addition, the improved visible light response of Ag QDs shows an equally 

significant role in the photocatalytic process. Therefore, the elaborated ASC heterogeneous 

photocatalyst with waxberry-like morphology in this study can pave the way for the fabrication of 

other cost-effective photocatalysts in many prospective applications. 
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Figure captions 

Figure 1. TEM images of (a) CeO2, (b) SC, (c) AC, (d) ASC, (e) HR-TEM images of ASC, and 

(f) lattice fringe in ASC. 

Figure 2. (a) XRD patterns, (b) detailed view of the highest (111) peak patterns, (c) Raman spectra 

and (d) enlarged view of Raman spectra. 

Figure 3. Separated peak curves of (a) Ce 3d, (d) O 1s, high-solution XPS spectra of (b) Ce 3d, 

(c) Ag 3d, (e) O 1s and (d) Sm 3d of as-prepared samples. 

Figure 4. (a) UV diffuse reflectance spectra, (b) transient photocurrent response, (c) PL spectra of 

samples and (d) TRPL spectra of ASC and CeO2.  

Figure 5. (a) Time course of CO2 liberation from CH3CHO decomposition and (b) EPR spectra of 

·O2
- in ASC and CeO2, (c) Time course of H2 liberation from water splitting and (d) evolution rate 

curve of samples. 

Figure 6. (a) SPV spectra and (b) TPV spectra of as-prepared samples. The wavelength and 

intensity of excitation pluse are 355 nm and 50 μJ, respectively. Inset: schematic setup of TPV 

measurement. 

Figure 7. Calculated cross view charge density differences of (a) ASC, (b) Ag and Pt particles co-

loaded on the surface of the ASC, (c) Pt particles loaded on the surface of the Ag particle, (Color: 

Ce, yellow; O, red; Sm, rose; Ag, gray; Pt, argent) and (d) proposed mechanism for enhanced 

photocatalytic performance of CH3CHO decomposition and water splitting. 

 



 
Graphical abstract 



 
Fig.1 



 
Fig.2 

 

 

 
Fig.3 



 
Fig.4 

 



 
Fig.5 

 

 

 

Fig.6 



 
Fig.7 


