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The photocatalytic performance of new TiO 2 /CeO 2 composites is reported and the mechanism for its enhancement with respect to bare TiO 2 and CeO 2 nanoparticles is revealed. With a two-step process, TiO 2 shells were deposited on CeO 2 hollow cores forming the composites (TiO 2 @H-CeO 2 ). With tuning the shell deposition, optical properties were engineered. The absorption range was extended to visible light and the lifetime of photoinduced electron-hole pairs were prolonged. Photo-degradation experiments indicate that the removing of 10 -5 M methylene blue by TiO 2 @H-CeO 2 was improved under both UV and visible light. The highest degradation rate constant K reached 0.023 min -1 under visible light showing an enhancement of more than one order of magnitude as compared to solely TiO 2 or CeO 2 nanoparticles. High-resolution electron energy loss spectroscopy was utilized to investigate both surface and interface areas. It demonstrates a strong interface interaction between CeO 2 and TiO 2 after forming core-shell structure with the introduction of a nanometrical interface layer and a modification of the Ce 3+ and Ti 3+ content near the interface. The present work revealed that the photocatalytic efficiency can be improved effectively by optimizing the synergistic effect of interface through adjusting the TiO 2 deposition process.

Introduction

CeO 2 was reported as an efficient photocatalyst owing to the high oxygen storage capacity, unique reversible redox reaction between Ce 3+ and Ce 4+ [123] and high resistance to photocorrosion [4 5]. Besides, it is eco-friendly and with high stability. The disadvantage of CeO 2 in photocatalytic application comes from its intrinsic wide bandgap which restrains the utilization of solar energy. In order to extend the utilization of visible light, various methods have been used. Doping 3d-transition metal or 4f rare earth element to decrease the bandgap of a semiconductor photocatalyst is the first approach. The resultant lattice defects could act as recombination center [6] and the change in electronic structure could also enhance the absorption of visible light [7]. Another favorable method to enhance its photo activity is the decoration of noble metal (e.g., Au and Ag) nanoparticles on the surface. The localized surface plasmon resonance (LSPR) of noble metal nanoparticles was evident to extend light response range [8 9]. Upon being excited by visible light, photo induced electrons transferred immediately from these metal particles to the conduction band of CeO 2 . The resultant electron-deficient noble metals would oxide organic pollutants directly, which were then reduced to their original state. [10] In recent years, composite formation and surface photosensitization were proposed to further improve catalytic performance. In CeO 2 -based composites, the modification of CeO 2 by combining with TiO 2 is a good strategy. TiO 2 is the most widely discussed photocatalyst material because of its non-toxicity and high chemical stability. However, TiO 2 has several disadvantages such as wide band gap and fast recombination rate of charge carriers. Some previous studies showed that after doping Ce into TiO 2 , the light absorption range can be extended to visible light region as well as the higher photocatalytic activity [11 12 13]. Lots of effort has been made to develop CeO 2 -TiO 2 composites for photocatalytic oxidation of organic pollutants. The improved photocatalytic performance of CeO 2 -TiO 2 composites could be attributed to the formation of interface. Tian et al. demonstrated the deposition of CeO 2 on the TiO 2 nanobelt, [14] in which the rate of charge carrier recombination can be inhibited due to band structure matching after forming hetero-structure. Muñoz-Batista et al. reported that, not only forming hetero-structure, but also the appearance of Ce 3+ is helpful to suppress the recombination of electron-hole pairs [15].

Among CeO 2 based composites, core-shell structures which comprises two or more kinds of substances have attracted much attention [16][17][18][19]. Chen et al. [20] reported the synthesis of CeO 2 @TiO 2 core-shell composites with a facile hydrothermal method. The degradation rate was 0.012 min -1 , which was 3 and 4 times higher than those of bare CeO 2 (0.004 min -1 ) and TiO 2 (0.003 min -1 ), respectively. Furthermore, hollow structure has been applied to further improve the catalytic performance. Hollow structure is featured by its low density and high surface area that provide more active sites at the surface. Composites made of hollow structure were supposed to promote the charge separation as well as the photocatalytic performance. Up to now, CeO 2 @hollow TiO 2 [16 21] and TiO 2 @hollow CeO 2 [22] both have been synthesized successfully. Zhang et al. [23] prepared a hollow CeO 2 @-TiO 2 composite with a core-shell structure by precipitation combining hydrothermal method. The optical capacity of CeO 2 /TiO 2 hybrid catalyst showed a visible light absorbance with a band edge ca. 500 nm. The degradation of RhB by CeO 2 /TiO 2 composites was 75% within 3 h.

Though various hollow CeO 2 @TiO 2 composite demonstrated promising photocatalytic performance, the enhancement of photocatalytic performance was attributed to charge transform efficiency facilitated by its core-shell structure. But there are still few reports on the microstructure analysis of the interface of such composite materials. In these core-shell structure composite, the structural changes at the interface and the interaction between the two oxides should play an important role in the improvement of photocatalytic properties. In this study, a simple two step method was developed to prepare hollow core-shell structure composites. The interface structures were investigated by electron microscopy and electron energy loss spectroscopy. Photocatalyst performance was improved with adjusting the interface interactions. As using methylene blue (MB) as the dye, the rate constant K was enhanced to 0.1 min -1 and 0.023 min -1 under UV and visible light respectively.

Experimental procedure

Preparation of H-CeO 2

Hollow CeO 2 microspheres were prepared using spray pyrolysis (SP) method. Ceric ammonium nitrate (CeAN, (NH 4 ) 2 Ce(NO 3 ) 6 , 99.5%, Alfa Aesar) and glycine (GN, C 2 H 5 NO 2 , 98%, Acros Organics) as the precursor were dissolved in deionized water with molar ratio 4 : 6. The solution was atomized into small droplets at first (nebulizer, King Ultrasonics Co., Ltd, Taipei, Taiwan) and went through 350 • C, 650 • C and 250 • C under atmosphere in a heated tubular reactor. Finally, hollow CeO 2 microspheres were collected using a cylindrical electrostatic collector with high voltage potential.

Preparation of TiO 2 @H-CeO 2 core-shell structure

The deposition of TiO 2 nanoparticles on hollow CeO 2 microspheres was carried out by sol-gel method. 20 mg hollow CeO 2 microspheres were dispersed in 30 ml isopropanol mixed with appropriate amount of titanium isopropoxide (TTIP) and anhydrous ethanol and stir for 2 h followed by adding 1 ml deionized water and 5 ml ethanol. The mixture was stirred for another 24 h and then washed by deionized water and ethanol. The precipitate was dried under 80 • C for 24 h and annealed at 450 • C for 2 h to get TiO 2 @H-CeO 2 core-shell structure. Samples were named as Ce-3Ti, Ce-4Ti, Ce-5Ti and Ce-7Ti according to the molar ratio between Ti and Ce. TiO 2 nanoparticles were prepared by the same procedure without adding hollow CeO 2 microspheres.

Characterization

Crystal structure of all samples were characterized by using X-ray powder diffractometer (XRD) with Cu K α radiation (Bruker D2 PHASER XE-T XRD). The morphologies and elemental mapping were studied using transmission electron microscopy (TEM) with accelerate voltage to be 200 keV (FEI Tecnai™ G2 F-20 S-TWIN, FEI Talos F200XG2). The STEM-EELS was done with a Nion STEM microscope operated at 100 keV. EELS valence quantification were done by fitting the Ti-L and Ce-M edges with references spectra (anatase TiO 2 and DyTiO 3 for Ti 4+ /Ti 3+ , fluorite CeO 2 and CeAl 2 for Ce 4+ /Ce 3+ ). To allow interface observation, nanoparticles were embedded and cut by ultramicrotome. The X-ray absorption measurement was carried at the National Synchrotron Radiation Research Center (NSRRC), Taiwan. Ce L 3 -edge was performed at a DCM tender X-ray beamline 16A with energy resolution set to 0.25 eV. Ti-L 2,3 edge and Ce M 4,5 edge were recorded at HSGM beamline 20A and the energy resolution was about 0.017 eV and 0.01 eV respectively. The optical properties including UV-Vis spectra and photoluminescence spectra were measured by UV-VIS/NIR spectrophotometer (Jasco V-670) and Jasco FP-6300 spectrofluorometer.

Photocatalytic activity

MB with concentration 10 -5 M was used to evaluate the photocatalyst performance of TiO 2 NPs, H-CeO 2 and TiO 2 @H-CeO 2 composite. The samples (50 mg) were mixed with dye solution (50 ml) and stirred for 30 min in dark condition first then illuminated with UV light or visible light. For UV light irradiation, a 400 W mercury lamp with λ max = 365 nm was used as the light source. For visible light irradiation, a 300 W sunlight simulated lamp with radiation wavelength from 380 to 780 nm was applied. Within every 10 min (UV light) or 20 min (visible light), about 3 ml of the mixed solution was taken out and filtered for the absorbance investigation. The absorbance of the MB was measured with a UV-VIS/NIR spectrophotometer.

Results and discussion

Microstructures of hollow core-shell composites

X-ray diffraction spectra of TiO 2 @H-CeO 2 with different ratios of Ti/ Ce are shown in Fig. S1. XRD results of TiO 2 nanoparticles prepared by using the same process as well as bare CeO 2 hollow spheres (H-CeO 2 ) were plotted together. The observed peaks can be attributed to CeO 2 cubic fluorite structure (JCPDS 34-0394) and anatase TiO 2 phase (JCPDS . The absence of extra peaks predicts that there are no crystallite impurities within the detection limit. In addition, intensity of characteristic peaks of anatase TiO 2 is enhanced with increasing amount of Ti precursor (TTIP), confirming the increment of TiO 2 content.

TEM images of TiO 2 @H-CeO 2 with different Ti/Ce ratio are illustrated in Fig. 1 (a-d). Two phases were observed. The first is large hollow sphere. As shown in Fig. S2, the diameter ranges from 100 nm to 2 μm.

The second is nanoparticle with size ranges between 5 and 10 nm. As the Ti/Ce ratio increases, the amount and coverage of nanoparticles on the surface of the hollow spheres increase, thus forming composites with different morphologies. In Ce-3Ti (Fig. 1 (a)) and Ce-4Ti (Fig. 1 (b)), there are few particles on the surface. In Ce-5Ti (Fig. 1 (c)), the large sphere was fully covered by nanoparticles. The thickness of the shell is about 30 nm. In Ce-7Ti (Fig. 1 (d)), the shell thickness formed by nanoparticles reaches 50 nm. In addition, clusters outside the composites were observed. Microstructure of both phases was then determined. Ce-5Ti was taken as an example. The selected area diffraction pattern of the core-shell structure was shown in Fig. 1 (e). The rings were corresponded to TiO 2 (1 0 1), CeO 2 (1 1 1), CeO 2 (2 0 0), and CeO 2 (2 2 0), respectively. High resolution TEM image of the selected area is shown in Fig. 1 (f), indicating that the nanoparticles are with high crystallinity. The lattice spacing equals to 0.352 nm, which can be assigned to TiO 2 (1 0 1). Cross sectional TEM result is shown in Fig. 1 (g), confirming that the composite is made of a hollow sphere with nanoparticles on the surface. Element mapping of Ti and Ce was carried out on the marked red square. The mapping result and the line profile confirm the composition of both the CeO 2 sphere and the TiO 2 shell (Fig. 1 (h)).

The interfacial structures was investigated by utilizing STEM-EELS with high spatial resolution. Ce-3Ti was studied at first. The results are shown in Fig. 2, where the CeO 2 core is clearly visible with white contrast and small amount of NPs are present on the surface. EELS mapping based on the Ti-L and Ce-M edges reveals that in addition to the TiO 2 particles, a thin titanium rich oxide layer is present on the surface of CeO 2 (Fig. 2 (c)). This layer is typically 1 nm thick, in which Ce and Ti are strongly mixed, and the ratio of Ce to Ti reaches 1.8 to 2.4. This surface layer is found to be discontinuous, but seems to be always present underneath TiO 2 NPs. EELS spectra extracted at the surface layer (spectrum 1) shows that the electronic structure is different from the TiO 2 NPs (spectrum 2) and CeO 2 core (spectrum 3). In addition, it shows that Ti does not diffuse into the bulk region of the CeO 2 core (spectrum 3).

STEM and EELS Ce-M edges for Ce-5Ti is shown in Fig. 3. For this sample, the surface layer is found to be continuous, with TiO 2 NPs consistently grown on top of it. In addition, a clear difference between the outside and inner surface of the CeO 2 shell is evident. At the outside surface, a large amount of Ce 3+ at the interface layer was found (up to 60% Ce 3+ /ΣCe as quantified by EELS, see quantification profiles in Fig. S3). A small gradient of Ce 3+ from this interface toward the center of the CeO 2 is also shown, where an almost pure Ce 4+ can be observed (spectrum 2). However, at the inner surface, the contribution of the Ce 3+ is almost restrained to the surface plane and integrating over ca. 1.5 nm shows mostly a Ce 4+ spectrum (spectrum 1).

EELS Ti-L and O-K edges for Ce-5Ti are presented in Fig. 4. Clearly, the distribution of Ti 3+ is rather inhomogeneous. EELS spectra for NPs located at the most outside part of the TiO 2 shell have more resolved Ti-L edges fine structure (spectrum 4), which is compatible with anatase (shape / shoulder position of the so called "Ti-L 3 e g " peak [24]). Getting closer to the CeO 2 core (spectrum 3), the NPs have broader Ti-L fine structure that is primary due to a larger Ti 3+ contribution while some structural contribution from more defect cannot be totally excluded in the fine structure change. At the interfacial layer, the Ti-L and O-K edges are very different (spectrum 2) and notably the O-K is not a combination / overlap of the TiO 2 and CeO 2 reference indicating that the electronic structure is locally different. We did not detect by EELS any diffusion of cerium into the TiO 2 nanoparticles, either close to the ceria spheres or at several tens of nanometers away. We estimate an upper substitution limit of ca. 0.25% of cerium substituted into Ti that might not be detected due to the lack of EELS sensitivity (see Fig S4 .). Above STEM-EELS analysis demonstrates that with the formation of core-shell structure, not only a nanometric interfacial layer is induced but also the modification of the Ti valence of the TiO 2 particles, where the range can be extended to 5-10 nm.

The overall valence change among these composites was then revealed by XAS. ) because of the crystal field effect [ 25 26] and the observed L 3 (e g ) shoulder is typical of an anatase phase [24] in agreement with the EELS observation. The XAS on the Ce-3Ti has blurred fine structure while the shoulder is more visible for the Ce-7Ti, implying that with further TiO 2 deposition results in NPs with lower Ti 3+ contribution. XANES of Ce L 3 -edge of H-CeO 2 and TiO 2 @H-CeO 2 composites are demonstrated in Fig. 5 (b). Ce L 3 -edge arise from the electron transition from 2p 3/2 to 5d unoccupied state and can be used to estimate the charge state of Ce. All the spectrum were subtracted by an arctangent function to eliminate the background of the electron transition to continuum state and fitted by Gaussian functions. The amount of Ce 3+ can be evaluated by I c /I total , where I c is the area of the peak C and I total is the sum of the area of peak A, B and C [27]. The estimated results are shown in the insert figure, showing that with increasing the ratio of Ti/Ce from 0 to 4, the concentration of Ce 3+ was increased. However, the concentration of Ce 3+ decreased with further enhance the Ti/Ce ratio to higher than 5. The variation trend of the valence of cations, including Ti and Ce, with the Ti/Ce ratio are consistent with EELS analysis and can be interpreted by the formation of both TiO 2 shell and interfacial layer. As illustrated in Fig. 5 (c), it is seen that in addition to the intrinsic Ce 3+ at the surface of H-CeO 2 , more Ce 3+ will be induced at the interface area during the TiO 2 deposition process. However, it is noted that the calcination process after the deposition of TiO 2 will further change the amount and distribution of Ce 3+ . As a result, the Ce-4Ti sample is an optimum for the presence of Ce 3+ and then decrease a bit for Ce-5Ti.

Optical properties

The UV-vis absorption spectrum of the TiO 2 @H-CeO 2 composites with different Ti/Ce ratios is shown in Fig. 6 (a). The results of H-CeO 2 was plotted together. It shows that after the deposition of TiO 2 , the absorption of the composites is extended to visible light region, in particular for Ce-4Ti and Ce-5Ti. The band gap (E g ) of H-CeO 2 with different content of TiO 2 deposition was estimated by using Tauc plot [28]. Plotting (αhv) 1/2 versus hv based on Fig. 6 (a) gives the extrapolated intercept corresponding to E g value, as displayed in the inset. Upon TiO 2 deposited on the surface of H-CeO 2 , E g decreases rapidly from 2.98 eV to 2.87 eV. As the ratio of Ti/Ce is enhanced to higher than 4, the value of E g is increased slightly. The variation trend of E g with the Ti/Ce ratio can be interpreted by the change of defect concentration deduced from abovementioned TEM and EELS analysis. For instance, the slight band gap energy re-increase as the Ti/Ce ratio exceeds 4 is in line with the Ce 3+ decrease for same composition. The narrowing of E g also indicates the enhanced ability to absorb visible light.

PL spectrum of hollow CeO 2 spheres and TiO 2 @H-CeO 2 are shown in Fig. 6 (b). Six apparent peaks were observed. Peak A at 400 nm might be attributed to the emission of the band gap transition [29]. Peak B and Peak C can be assigned to band edge free excitons of TiO 2 and oxygen vacancies with two trapped electrons [ 30 31]. Peak D at 470 nm might be attributed to charge transfer transition of oxygen vacancy trapped electrons [14]. Peak E at 480 nm results from the recombination of charge carriers and peak F at 490 nm are associated with charge transfer transition from Ti 3+ to oxygen anion in a TiO 6 2-complex [ 32 33]. It is noted that after forming core-shell structure, all the peaks decline which indicates the recombination of photo induced electron-hole pairs was inhibited. The present result is consistent with Liu's work that the existence of Ti 3+ is beneficial to prolong the life time of photo induced electron-hole pairs [34].

Photocatalyst performance

The photocatalyst activity of TiO 2 @H-CeO 2 composite was first evaluated by degrading MB under UV light irradiation. The degradation of MB was evaluated according to the change in the absorption of the final concentration (C) divided by the initial concentration (C 0 ) as a function of irradiation time. The results are plotted in Fig. 7 (a). Enhanced photocatalyst activity was demonstrated. In Ce-7Ti, around 90% of MB was removed after 10 min irradiation, which is much better than that removed by bare TiO 2 (~59%) and hollow CeO 2 spheres (~22.7%). The photocatalytic activities of TiO 2 @H-CeO 2 composites under visible light irradiation are then evaluated and demonstrated in Fig. 7 (b). It is seen that in bare TiO 2 nanoparticles and the as-prepared H-CeO 2 , the photocatalytic ability is negligible. With the deposition of TiO 2 shell, the photocatalytic ability is enhanced. However, it is noted that the degradation rate of MB in bare TiO 2 , bare H-CeO 2 , and Ce-3Ti is lower than that of MB blank. In samples with more complete core-shell structure, the photocatalyst effect is improved significantly. In Ce-5Ti and Ce-7Ti, the removal of MB could reach 90% after irradiation for 120 min.

The variation of photocatalytic performance among the composites was then interpreted by comparing the rate constant K which can be estimated by fitting a pseudo first order kinetic model. K value of bare TiO 2 NPs under UV light and visible light is 0.039 and 5.42 × 10 -4 min -1 , respectively. As shown in Fig. 7 (c), it is seen that K value does not enhanced monotonously with rising the TiO 2 content. Several trends are observed for the K values under UV light irradiation. It first increases gradually with the Ti/Ce ratio and then has an abrupt jump for a Ti/Ce ratio of 5. With further enhancing the Ti/Ce ratio, the slope is again reduced. The photodegradation rate reached for the Ce-7Ti is higher than that of hollow core/shell CeO 2 @TiO 2 [22] and is comparable to the yolk-shell structure of TiO 2 @H-CeO 2 reported by Yuan et al. [17] showing an overall good performance. The evolution of the K values under visible light irradiation has a different trend, exhibiting an optimum for a Ti/Ce ratio of 5. At that ratio, the K value is substantially higher than the reported TiO 2 @CeO 2 nanocubes, in which K value was only 0.012 min -1 [20].

As demonstrated in the microstructure analysis section, both the concentration and distribution of Ce 3+ as well as Ti 3+ strongly depend on the shell structure. With increasing the molar ratio of Ti to Ce, the amount and the coverage of TiO 2 nanoparticles increase, which result in the enhancement of both Ce 3+ and Ti 3+ content at interface areas. Together with the intrinsic Ce 3+ and Ti 3+ at surface, the defect content reaches maximum as the molar ratio of Ti/Ce is close to 4. With further increase the content of Ti, the thick shell lead the decreasing of either Ti 3+ or Ce 3+ . Above trend of defect variation with changing the shell structure was illustrated in the insert figure in Fig. 7 (c).

As a consequence, abovementioned photocatalytic performance of TiO 2 @H-CeO 2 composites could be interpreted by the synergistic contribution from the surface of TiO 2 NPs and the interface areas of TiO 2 /CeO 2 . With increasing the content of TiO 2 , under UV light irradiation, both CeO 2 and TiO 2 can be excited to generate electron-hole pairs. Therefore, the photocatalytic performance was enhanced as increasing the surface area of TiO 2 and the interface area of TiO 2 /CeO 2 . The jump is obtained when the CeO 2 sphere was fully covered by TiO 2 nanoparticles, maximizing the interface role. With further increasing the TiO 2 shell thickness, the enhancement of photocatalytic performance becomes smaller since only contributed by TiO 2 nanoparticles. On the other hand, only CeO 2 with proper defect structure could be excited under visible light irradiation. In the bare TiO 2 and the bare H-CeO 2 , the defect content is low and the band gap energy is large, which could not provide advantage for the degradation of dye. Self degradation of MB has been observed before [35,36]. The poor degradation ability obtained in H-CeO 2 , TiO 2 and Ce-3Ti than the blank sample may be due to the scattering of visible light by the added particles and the interference of the CeO 2 surface state on the photodegradation process [37,38]. Small improvement observed in the Ce-3Ti might be associated to the induced Ce 3+ at the surface layer. In Ce-5Ti, the optimum is obtained where TiO 2 NPs fully covered the ceria and the complete interface is formed. Beyond the interfacial properties on the ceria (change in the recombination of photoinduced electron-hole pairs, …), some of the remarkable performance observed under visible light might also be associated to the reduced / defective TiO 2 located up to 5-10 nm from the interface. Obviously, further adding less defective TiO 2 (Ce-7Ti) do not benefit to the photo-degradation properties as expected from the low efficiency of TiO 2 under visible light irradiation.

Conclusion

TiO 2 @H-CeO 2 with different Ti/Ce ratio was synthesized successfully by SP method followed by sol-gel process. By utilizing high resolution TEM and EELS, a thin defective interfacial oxide layer and the reduced TiO 2 surface was demonstrated, which is favorable to reduce the band gap and inhibit the recombination of photoinduced electronhole pairs. Compared with bare TiO 2 NPs and CeO 2 hollow spheres, TiO 2 @H-CeO 2 composite exhibited the improved photocatalytic performance in MB. By optimizing the TiO 2 shell thickness, the highest photocatalytic activity was achieved, as shown in Ce-7Ti with K = 0.1 min -1 under UV light and Ce-5Ti with K = 0.023 min -1 under visible light.
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 1 Fig. 1. TEM images of TiO 2 @H-CeO 2 with different Ti/Ce ratio, (a) Ce-3Ti, (b) Ce-4Ti, (c) Ce-5Ti. (d) Ce-7Ti. Detailed observation of Ce-5Ti. (e) Diffraction pattern of the selected area. (f) High-resolution TEM image of shell. (g) Cross-sectioned TEM image. (h) EDS mapping of Ti and Ce obtained from the red square marked region. Intensity profile of Ce and Ti was plotted together.
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 2 Fig. 2. (a) STEM-HAADF image of Ce-3Ti. The contrast have been changed in the upper left part to enable nanoparticules visualization at the surface. The blue box indicates the area for EELS spectromicroscopy. The red boxes indicates positions where spectra have been extracted. (b, c) intensity of the EELS Ti-L and Ce-M edges, (d) EELS spectra extracted from the red boxes. Boxes 1,2,3 are from the surface layer, the nanoparticle at the surface and the central part of the CeO 2 . All scale bars are 20 nm long.
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 5 a) shows the Ti L 3,2 -edge XANES spectrum of TiO 2 and TiO 2 @H-CeO 2 composite with different molar ratio between Ti and Ce. In a rough description, the L 3 and L 2 edge further split into t 2g (d xy , d xz and d yz ) and e g (d
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 3 Fig. 3. (a) STEM-HAADF image of Ce-5Ti. The blue box indicates the area for EELS spectromicroscopy. The red boxes indicates positions where spectra have been extracted. (b, c, d) intensity of the EELS Ce 3+ , Ce 4+ and Ce 3+ /ΣCe edges, (e) EELS Ce-M edges extracted from the red boxes. Boxes 1,2,3 are from the inner surface, central part and outer surface of the CeO 2 . All scale bars are 20 nm long.
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 4 Fig. 4. (a,b) STEM-HAADF image of Ce-5Ti. The blue box indicates the area for EELS spectromicroscopy. The red boxes indicates positions where spectra have been extracted. (c, d, e) intensity of the EELS Ti 3+ , Ti 4+ and Ti 3+ /ΣTi edges, (f) EELS Ti-L edges extracted from the red boxes. Boxes 1,2,3,4 are from the CeO 2 , the interfacial layer, and the titania particles at different distance from the interface. All scale bars are 20 nm long.
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 5 Fig. 5. XANES spectrum of (a) Ti-L edge and (b) Ce L 3 -edge of TiO 2 @H-CeO 2 composite with different Ti/Ce ratio. Ce 3+ ratio obtained from the Ce L 3 -edge is plotted in the insert figure. (c) Illustration of the variation trend of defect structure with changing the molar ratio of Ti to Ce. Area a 1 and a 2 present Ti 3+ rich area in TiO 2 shell. Area c 1 and c 2 are Ce 3+ rich region of H-CeO 2 . Region c is the Ti-Ce-O interface layer formed during synthesis process.
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 6 Fig. 6. (a) UV-vis spectrum for TiO 2 , H-CeO 2 and TiO 2 @H-CeO 2 composite and their band gap value (inset) (b) PL spectrum for H-CeO 2 and d TiO 2 @H-CeO 2 composite.
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 7 Fig. 7. Photocatalytic performances of H-CeO 2 and TiO 2 @H-CeO 2 under (a) UV light and (b) visible light. Self degradation of MB under visible light is also plotted. (c) Rate constant K of TiO 2 @H-CeO 2 composites under UV light and visible light. K value of bare TiO 2 NPs under UV light and visible light is 0.039 and 5.42 × 10 -4 min -1 , respectively. The variation of defect structure with changing the shell structure is illustrated in the insert.