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Enhanced Photocatalytic Performance of TiO2@CeO2
Hollow Structure through Synergetic Surface and Interface
Engineering

Chun-Hsien Lin, Yi-Che Chen, Pei-Kai Hsu, Alexandre Gloter,* Wei-Hsiang Huang,
Chi-Liang Chen, Jenn-Ming Song, and Shih-Yun Chen*

In this study, a synergetic structural design is developed to improve the
photocatalytic performance of the sub-micro core–shell hollow sphere
(TiO2@H-CeO2). TiO2@H-CeO2 with maximum surface/interface effect is
chosen as the substrate and then reacts with different concentrations of
Ce(NO3)3·6H2O solutions. Optical properties analysis shows that after the
reaction, the band gap of the composite structure and the electron–hole
recombination efficiency both decrease while the photodegradation ability is
effectively improved. Spectroscopic and microscopic observations reveal two
changes in the structure after the reaction. The first is the deposition of CeO2

nanoparticles that can be observed inside and on the surface of the shell; the
second is the doping of Ce3+ in the TiO2 nanoparticles of this shell. The
deposition of CeO2 particles increases the interfacial area between the CeO2

and TiO2 and facilitates the corresponding charge transfer. The Ce3+ doping
in the TiO2 shell changes the optical properties of TiO2. Therefore, the
improved performance of the composite structure can be attributed to the
synergy of different surfaces and interfacial effects caused by the reactions.

1. Introduction

Owing to environmental protection awareness and the energy
crisis, the development of scarce and sustainable strategies for
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physiochemical processes has attracted
more and more attention. The photo-
catalyst is one of the promising mate-
rials that could fulfill the requirements
because it only needs light as the driv-
ing source; it can carry out redox re-
actions to decompose the surrounding
organic molecules, resulting in steril-
ization and self-cleaning, deodorization,
and even generate energy such as hydro-
gen. Besides, the energy loss in the pho-
todegradation reaction process is low and
does not produce toxic substances.

TiO2 is one of the most attractive pho-
tocatalysts. Since Fujishima and Honda[1]

discovered that it could decompose water
into oxygen and hydrogen under ultravi-
olet light irradiation in the 1970s, many
researchers have invested in related stud-
ies. However, pristine TiO2 is catalytic
only under ultraviolet light. In the so-
lar spectrum, the proportion of ultraviolet

light is only about 5%, while the rest is mainly visible light, ≈50%.
Thus, it is necessary to improve the catalytic ability of TiO2 un-
der the visible light region. Up to now, various methods have
been utilized, such as doping metal or non-metal ions,[2,3] chang-
ing the morphology to increase the surface area,[4,5] and forming
heterojunctions.[6–8] On the other hand, photocatalyst materials
with sub-micro core–shell structures have also attracted extensive
research,[9,10] which could avoid some disadvantages, including
thermal instability,[11] dissolvability in solution,[12] and toxicity as
it appears at the scale of only a few nanometers.[13]

Different materials have been utilized to form core–shell
structure composite with TiO2, for instance, CeO2-TiO2,[14]

ZnO-TiO2,[15] Sm2O3-TiO2,[16] and MnO2-TiO2.[17] Among them,
the Ce-based photocatalyst has gained popularity. CeO2 is highly
capable of remedying indoor pollutants based on the reversible
shifting between Ce3+ and Ce4+ oxidation states.[18] In addition,
it shows high chemical stability and large oxygen storage ca-
pacity. Up to now, various synthetic routes have been used to
obtain TiO2-CeO2-based composites with different structural
designs.[19–23] The enhanced photocatalytic performance was
attributed to the induced interfacial interactions, which extend
the absorption range to the visible light region, prolong the
lifetime of electron–hole pairs, and reduce the recombination
probability. Recently, a facile two-step method was developed

Adv. Sustainable Syst. 2023, 2300230 © 2023 Wiley-VCH GmbH2300230 (1 of 8)

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadsu.202300230&domain=pdf&date_stamp=2023-07-28


www.advancedsciencenews.com www.advsustainsys.com

to prepare TiO2@H-CeO2 submicron hollow composites with
promising photocatalytic properties.[24] The hollow structure
is featured by its low density and high surface area, providing
more active sites at the surface. However, the efficiency was
limited by the relatively limited amount of interfacial area in
these TiO2@H-CeO2 composites.

In this study, a simple surface treatment process is taken place
to modify the microstructure of the outer TiO2 shell of TiO2@H-
CeO2 composites. TiO2@H-CeO2 composite with optimum pho-
tocatalytic performance was used as the substrate and then dis-
persed in Ce(NO3)3·6H2O solution with different concentrations.
An improved photodegradation ability was obtained under either
UV or visible light by using methylene blue (MB) as the dye. The
rate constant K was enhanced to 0.11 and 0.03 min−1 under UV
and visible light, respectively. The photocatalytic performance is
discussed for the changes in the TiO2 shell structure observed by
various spectroscopic and microscopic techniques.

2. Results and Discussion

2.1. Photocatalytic Performance

Figure 1a demonstrates the photodegradation results under visi-
ble light irradiation. Negligible catalytic activity was observed in
bare TiO2 NPs and H-CeO2. The formation of core–shell struc-
ture (Ti@Ce) improves the ability obviously. The photocatalytic
performance was further enhanced with the Ce(NO3)3·6H2O
treatment. An optimum is obtained for sample 0.5Ce-Ti@Ce,
where 80% of MB can be degraded in 60 min. The degradation ef-
ficiency is higher than the reported TiO2-CeO2 mesoporous com-
posites (80% in 2 h),[25] zeolite-supported CdS/TiO2/CeO2 (75%
in 60 min),[26] and even comparable with optimized CeO2/TiO2–
NTs (94% in 60 min).[27] The photodegradation efficiency under
UV light is plotted in Figure 1b. As expected, the bare TiO2 NPs
have there a non-negligible catalytic activity. Nevertheless, the
Ti@Ce composites have a more robust photocatalytic ability, fur-
ther enhanced after reacting with Ce(NO3)3·6H2O solution. In
sample 0.5Ce-Ti@Ce, almost 100% of MB can be degraded in
10 min. The degradation efficiency is higher than the yolk–shell
structure of TiO2@H-CeO2 (60% in 10 min).[28] However, the ef-
ficiency did not change with increasing the Ce/Ti ratio to 0.9.

The variation of photocatalytic performance among the com-
posites is quantified by comparing the rate constant K (Figure 1c),
which is estimated by fitting a pseudo-first-order kinetic model
(Figure S3, Supporting Information). It is seen that the variation
trend of the K value with the Ce/Ti ratio is similar either under
visible or UV light. The value of K first increases gradually with
the Ce/Ti ratio. The maximum K value was obtained in sample
0.5Ce-Ti@Ce. It decreased with further increasing the Ce/Ti ra-
tio to 0.9. The K value of sample 0.5Ce-Ti@Ce reaches 0.03 and
0.11 min−1 under visible and UV light, respectively.

2.2. Optical Properties

The optical properties of the Ce-Ti@Ce composites were inves-
tigated by UV–vis absorption spectroscopy, and the results are
shown in Figure 2a. It can be observed that the peak position of

Figure 1. Photocatalytic performances of TiO2 NPs, H-CeO2 and Ce-
Ti@Ce composites under a) visible light and b) UV light. c) Rate constant
K under UV light and visible light.

the composites shifts to the long wavelength side, and the absorp-
tion range expands as compared to that of sample Ti@Ce. The
broadest absorption band was obtained in sample 0.5Ce-Ti@Ce,
whose absorption range exceeds 500 nm. The band gap values for
different samples estimated by analyzing the Tauc plots are plot-
ted in the inset. The estimated band gap of bare TiO2 NPs and H-
CeO2 is 3.25 and 3.14 eV, respectively. The formation of the core–
shell structure narrows the band gap to 3.05 eV, which has been
attributed to the reduction of ceria at interfaces. After the reaction
with Ce(NO3)3·6H2O solution, the gap narrows down gradually.
The smallest bandgap value among the Ce-Ti@Ce composites
was obtained in sample 0.5Ce-Ti@Ce, ≈2.85 eV. The band gap
value’s narrowing is consistent with the enhanced photocatalytic
performance under visible light.
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Figure 2. a) UV–vis spectrum for Ti@Ce and Ce-Ti@Ce composites and their band gap value (inset). b) PL spectrum for TiO2 NPs, H-CeO2, and Ti@Ce
and Ce-Ti@Ce composites.

The photoluminsence (PL) spectrum analysis was utilized
to investigate the separation efficiency of photo-generated elec-
trons and holes. Figure 2b shows the photoluminescence spec-
tra recorded for the catalyst at 320 nm excitation wavelengths.
The PL emission of bare TiO2 NPs, H-CeO2, Ti@Ce, and all Ce-
Ti@Ce composites was shown together. It shows that almost all
the Ce-Ti@Ce composites had the same luminescence centers
around 397, 452, 470, 482, and 492 nm. The peak at ≈400 nm
was attributed to the emission of bandgap transition with the en-
ergy close to the bandgap energy of anatase (3.2 eV). The peaks at
452 and 470 nm are due to the surface states and oxygen vacan-
cies of TiO2, respectively.[29–31] The peak at 482 nm is character-
istic of the Ce3+ state. In the present study, it is observed that all
Ce-Ti@Ce composites exhibit almost identical emission bands,
indicating that these samples have the similar defect structure.

Next, it is noted that as compared with sample Ti@Ce, the
PL intensity of all Ce-Ti@Ce composites decreased significantly,
indicating that the reaction with Ce(NO3)3·6H2O solution pro-
motes the charge separation efficiency and inhibits the recom-
bination of photo-generated electrons and holes under light il-
lumination. Among the Ce-Ti@Ce composites, the PL intensity
decreased with the increase of the Ce/Ti ratio and reached a min-
imum when the ratio was 0.5. However, the intensity of PL in-
creased when the Ce/Ti ratio was increased further. The inten-
sity decline generally indicates that the recombination of photo-
generated electrons and holes was inhibited, resulting in higher
photocatalytic activity. The PL results were consistent with the
photocatalytic performance of the Ti@Ce and all Ce-Ti@Ce com-
posites.

2.3. Microstructure of Ceo2@Tio2@H-Ceo2 Hollow Core–Shell
Composites

The microstructure of the composites was determined first by X-
ray diffraction analysis (XRD). Figure 3a shows the XRD pattern
of the sample Ti@Ce along with the ones of the samples 0.1Ce-
Ti@Ce, 0.3Ce-Ti@Ce, 0.5Ce-Ti@Ce, and 0.9Ce-Ti@Ce. In these
spectra, all the peaks correspond to CeO2 (JCPDS 34-0394) and
TiO2 (JCPDS 21-1272). No other crystalline phases were found.
The intensity ratio between peaks from TiO2 and CeO2 decreases
after the reaction with Ce(NO3)3⋅

6H2O solution, indicating the

Figure 3. XRD pattern of the sample Ti@Ce along with the ones of the
samples 0.1Ce-Ti@Ce, 0.3Ce-Ti@Ce, 0.5Ce-Ti@Ce, and 0.9Ce-Ti@Ce. The
peak shift of TiO2 (101) and CeO2 (111) with Ce/Ti ratio is shown in the
inset figure.

formation of additional ceria. TiO2 (101) and CeO2 (111) peaks
revealed a shift for both phases. The relation between the peak
position and Ce/Ti ratio is shown in the inset figure. Both the
TiO2 (101) and CeO2 (111) peak shift to a lower angle gradually
until the Ce/Ti ratio reaches 0.5. In sample 0.9Ce-Ti@Ce, both
shifts are negligible as compared to the Ti@Ce. The shift to a
lower angle implies the increased spacing in the TiO2 (101) and
CeO2 (111) planes. These behaviors first indicate that the extra ce-
ria is more reduced than the hollow ceria in the 0.1Ce-Ti@Ce to
0.5Ce-Ti@Ce samples. In addition, the lattice expansion of TiO2
demonstrates that the structure of the titania shell also under-
goes some chemical changes during the reaction. With further
deposition, the ceria shows a peak position similar to the hollow
ceria core.

The valence state changes of Ti and Ce in each sample were
analyzed by X-ray absorption spectrum (XAS). Figure 4a is the
Ce-L edge X-ray absorption near-edge structure (XANES) of each
sample, which is contributed by the transition of 2p3/2→5d. After
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Figure 4. XANES spectrum of Ce-Ti@Ce composite structure with different Ce/Ti ratio. a) Ce L3-edge. Ce3+ ratio obtained from the Ce L3-edge was
shown in the inset. b) Ti-K edge. Pre-edge and the A2/A3 ratio of each sample was demonstrated in the inset (i) and (ii), respectively.

subtracting the background of an arctan function, each spectrum
was fitted with five Gaussian functions. The five peaks represent
different transition processes. Peaks A1 and A2 come from Ce4+

(with a final state 2p54f05d* where d* means that there is an ex-
cited electron in the 5d orbital), peak B also originates from Ce4+

(but with a final state 2p54f15d*L where L means a hole gener-
ated in the oxygen p orbital), peak C is related to Ce3+ (with a
final state 2p54f15d*). Peak D is caused by the transition of 2p →
4f. A shoulder at ≈5727 eV is observed in all the spectra, indicat-
ing the presence of Ce3+ in the sample. The content of Ce3+ in the
sample can be estimated from the proportion of the peak C area
to the overall area, and the results are shown in the inset figure.
It shows that the reaction with Ce(NO3)3⋅

6H2O solution will in-
crease the overall Ce3+ content of the sample. The highest Ce3+

content is obtained in sample 0.5Ce-Ti@Ce, which is increased
from 10% to 12%. The content of Ce3+ began to decrease with a
further increase in the Ce/Ti ratio in the precursor.

Figure 4b is the Ti K-edge XANES of all samples, which can be
used to determine information about the Ti4+ coordination en-
vironment in oxide materials.[32–35] The spectrum between 4965
and 4975 eV is primarily formed by the excitations of electrons
from the 1s ground state to the 3d unoccupied states. The spec-
trum can be fitted by four peaks, as shown in the inset Figure (i).
The A1 characteristic peak arises mainly from the dipole tran-
sition from 1s to p-3d(t2g) states (i.e., empty p states of the Ti
absorber hybridized with empty Ti-3d states with t2g character)
and from a contribution from quadrupole transitions from 1s to
3d(t2g). The relatively strong intensity of the A1 peak in these
composites confirms that the local environment of the Ti is typi-
cal from an anatase structure, e.g., as compared to the case of ru-
tile. Indeed, in the case of rutile, the A1 peak intensity is strongly
reduced by the absence of 1s to p-3d(t2g) states transition due
to the centrosymmetric at the Ti absorber site.[32] At the highest
energy, peak B has been attributed to the dipole transitions from
the 1s orbital to 3d(eg) states (either through hybridization with

local Ti-4p orbital or via the p orbital of the ligand[33,35]). At in-
termediates energies, the A2-A3 peaks have been reported as a
primary mixture of dipole transitions involving both 3d(t2g) and
3d(eg) orbitals with a minor contribution from quadrupole exci-
tations with 3d(eg) final character.[32,34–36] Empirically, it has been
reported that A2 peak may arise predominantly from the surface
structure of the anatase particles and/or from Ti species associ-
ated with the surface.[37] The increase of the intensity ratio of the
two peaks (A2/A3) has then been associated with the increase of
five-coordinated titanium,[38] instead in accordance with the cor-
relation between the coordination numbers of Ti sites with the
pre-edge peak positions reported by Farges et al.[33] This figure
shows that pre-edge features changed slightly as the ratio of Ce/Ti
in the precursor increased. After minor dampening for the 0.1Ce-
Ti@Ce, the A1 peaks become more visible with additional ceria.
A slight decrease in the peak ratio between A2 and A3 is also ob-
tained (see inset Figure (ii) in Figure 4b). It may indicate a slight
change in the local environment around the Ti absorbent, which
can typically account for changes at the anatase surface when ad-
ditional ceria interacts with the titania particles of the shell (e.g.,
less oxygen vacancy and/or some coverage by ceria adsorption).

Figure 5a–c shows the trasmission electron microscopy
(TEM) investigations of samples 0.1Ce-Ti@Ce, 0.3Ce-Ti@Ce,
and 0.9Ce-Ti@Ce, respectively. A shell made of nanoparticles is
observed on the hollow sphere surface in all samples, and the
shell thickness varies from 20 to 60 nm. High resolution TEM im-
age investigation of sample 0.3Ce-Ti@Ce is shown in Figure 5d,
where particles with lattice fringes can be seen. Figures 5e,f are
the fast Fourier transform (FFT) analysis of sample shell 0.3Ce-
Ti@Ce and 0.9Ce-Ti@Ce, respectively. As expected for the shell,
diffraction rings with distances corresponding to the anatase
structure are observed. The diffraction spots of CeO2 also indi-
cate the existence of CeO2 phase inside the shell. Furthermore, it
is found that the diffraction spots of CeO2 phase are more evident
in sample 0.9Ce-Ti@Ce than those in sample 0.3Ce-Ti@Ce. The
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Figure 5. TEM images of Ce-Ti@Ce composite with different Ce/Ti ratio, a) 0.1Ce-Ti@Ce, b) 0.3Ce-Ti@Ce, and c) 0.9Ce-Ti@Ce. d) High resolution TEM
image investigation of sample 0.3Ce-Ti@Ce. e,f) The FFT analysis of sample shell 0.3Ce-Ti@Ce and 0.9Ce-Ti@Ce, respectively.

Figure 6. a,b) HAADF image of sample 0.3Ce-Ti@Ce and 0.9Ce-Ti@Ce, respectively. c,d) Elemental mapping of Ce and Ti of the yellow box 1 and 2. e,f)
High resolution TEM images obtained from region A and B are shown, and g,h) the correlated FFT analysis is shown.

above results predict that the number of CeO2 particles inside the
TiO2 shell increases with the Ce/Ti ratio in the precursor.

Energy disperive spectrum (EDS) was then utilized to reveal
the distribution of elements of the Ce-Ti@Ce composites.
Figure 6a,b shows the high angle annular dark field (HAADF)
image of sample 0.3Ce-Ti@Ce and 0.9Ce-Ti@Ce, respectively.
Elemental mapping of Ce and Ti of the shell was carried out
in the marked regions. In sample 0.3Ce-Ti@Ce, slight Ce
distributes homogeneously throughout the shell (Figure 6c).

The concentration of Ce ranges from 0.7 to 2 at% based on
EDS analysis. On the other hand, in sample 0.9Ce-Ti@Ce, the
distribution of Ce is inhomogeneous (Figure 6d). The concen-
tration of Ce ranges from 1 at% (region A) to 14 at% (region
B). High resolution TEM images of these two regions are in
Figure 6e,f. All the particles are crystallized. More particles can
be assigned to CeO2 in the shell of sample 0.9Ce-Ti@Ce. FFT
analysis correlated to the shell is shown in Figure 6g,h. Region
A mainly contributed to TiO2 phase, and region B contains
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Figure 7. a) HAADF image of sample 0.3CeTiCe. b) Intensity of the EELS Ti-L and Ce-M edges. c) Zoom on an EELS mapping across the titania nanopar-
ticles shell. d) The corresponding intensity profile of Ce and Ti is plotted together. e–g) EELS Ti-L, Ce-M, and O-K edges extracted from the white boxes
are shown.

diffraction spots from CeO2 phase clearly. Notably, aggregations
of nanoparticles outside the composites were observed in sample
0.9Ce-Ti@Ce, as demonstrated in Figure S4 (Supporting Infor-
mation). These clusters are not attached to the hollow spheres.
According to diffraction analysis, the phase of these particles is
found to be TiO2 or a mixture of CeO2 and TiO2. Notably, a small
amount of Ce was detected in the TiO2 particles.

The chemical distribution and valence state of elements in the
sample was analyzed by electron energy loss spectrum (EELS)
with high spatial resolution. Figure 7a is the HAADF image of
sample 0.3CeTiCe. The mapping results of the Ce M edge and
Ti L edge of the composite is demonstrated in Figure 7b. A small
amount of Ce was detected throughout the TiO2 shell, consistent
with the above EDS analysis. It is worth noting that a thin Ce-
rich layer appears on the surface of the TiO2 shell (Figure 7c).
As revealed by the line profile (Figure 7d), the outermost surface
of the shell contains only Ce and O, and the thickness of such a
Ce-rich layer is of few nanometers.

EELS spectral structures of Ce, Ti, and O of five typical regions
are investigated (Figure 7e–g). Area 1, 2, 3, 4, and 5 presents the
outmost surface layer of the shell, the interior region of the TiO2
shell, the interface layer in the TiO2 shell side, the interface layer
in the CeO2 shell side, and the interior region of CeO2 hollow
core. Qualitatively, Ce M-edges and Ti L-edges can indicate va-
lence evolution by observing their energy shifts and shapes. In
the case of the Ce-M (Figure 7f), an intense edge is measured in
the hollow core with a primary Ce4+ redox state. Energy shifts to
lower energy are observed for the other areas indicating more re-
duced ceria, already starting at the interface of the hollow sphere
with the titania shell (spectra 3). At the extremity of the very thin
shell, the surface exhibits a much narrow Ce-M5 line located at

lower energy, at ≈880 eV, indicating a primary Ce3+ redox. Within
the TiO2 shell, a rather diluted Ce spectral signature is measured
and spectrum 2, while integrated over a relatively large area, is
still noisy. Nevertheless, it evidences a mixed Ce redox state. The
EELS Ti-L edges have low energy resolution, but it indicates a
slight reduction of the titania redox state next to the interface with
the CeO2 hollow cores and the outmost layer. The O-K edges are
more representative of the ceria (area 4–5) and titania (area 1–3)
and confirm some trends from the Ce-M edges. Indeed, the O-K
pre-edge for spectrum 1 is weaker, confirming a lower redox state
of the anatase at the surface.

Figure 8 is the schematic figure showing the structural
changes of TiO2@H-CeO2 hollow sphere composites after react-
ing with different concentrations of Ce(NO3)3⋅6H2O solutions.
First, TiO2@H-CeO2 hollow sphere was obtained by the deposi-
tion of TiO2 nanoparticles on the surface of the annealed CeO2
hollow spheres. In such a two-layered structure, the interface
region is Ce3+-rich, while the surface of the TiO2 layer is Ti3+-
rich.[24] The reaction with low concentration Ce(NO3)3⋅6H2O so-
lution results in the Ce3+ doping into the TiO2 shell and ceria ad-
sorption on the surface (type I). A change in the crystallinity of the
TiO2, as observed by XRD and different XAS signatures probed
on the Ti absorber, both indicate changes in the Ti─O bonding
associated with the functionalization with the ceria. With enhanc-
ing the concentration of Ce(NO3)3⋅6H2O solution, CeO2 nanopar-
ticles formed (type II). Further increasing the content of Ce in
the precursor, the amount of CeO2 nanoparticles in the shell in-
creased and even formed CeO2 clusters (type III). However, the
concentration of Ce in the TiO2 NPs did not increase, obviously.

Notably, the formation of CeO2 nanoparticles inside the TiO2
shell results in the reduced cerium valence and then contribute
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Figure 8. The schematic diagram of the structural changes of TiO2@H-CeO2 hollow sphere composites after reacting with different concentrations of
Ce(NO3)3⋅6H2O solutions.

to a direct photocatalytic behavior of CeO2, i.e., under the visible
light region. Furthermore, it increases the TiO2/CeO2 interface
area and the charge reconstruction and, in a general way, mod-
ifies the surface of the titania nanoparticle, which is known to
increase the photocatalytic activity through band bending.[39] On
the other hand, the Ce3+ doping in the TiO2 nanoparticles, which
is confirmed by the structural modification of the TiO2 concomi-
tant with the observation of EDS and EELS weak signal of ceria
wherever within the shell, is known to result in enhanced cat-
alytic performance due to the formation of Ce 4f and oxygen de-
fect levels beneath the conduction band minimum. Band gap of
TiO2 down to ≈3 eV was reported solely by ceria doping.[40]

Consequently, the influence of Ce/Ti ratio on the photocat-
alytic performance of Ce-Ti@Ce composite can be interpreted.
As the Ce/Ti ratio raised from 0 to 0.5, both the CeO2 nanopar-
ticles amount formed inside the TiO2 shell and the Ce3+ doping
level into the TiO2 particles increased, which reduced the band
gap and suppress the electron–hole recombination rate and thus
enhanced photocatalytic performance. With further enhancing
the Ce/Ti ratio to higher than 0.5, the growth of CeO2 nanopar-
ticles from adsorbed atoms or ultrasmall clusters at the surface
result in a particle with less Ce3+ with wider band gap and benefit
to the recombination. Therefore, the photocatalytic performance
declines. In the present study, the best performance is obtained
in sample 0.5Ce-Ti@Ce, which can be attributed to the synergetic
effects of TiO2/CeO2 interface interaction and Ce3+ doping and
adsorption, the bang gap is as low as 2.85 eV.

3. Conclusion

The present study reveals the promotion effect of
Ce(NO3)3⋅6H2O-treatment on TiO2@H-CeO2 composites
photocatalytic degradation of MB under visible and UV light.
Our results demonstrate that Ce doping and CeO2 formation
occur during the reaction. The doped Ce introduces a new
electronic level close to the conducting band, facilitating the
separation of charge carriers, inhibiting their recombination,
reducing the band gap, and shifting the light absorption to the
visible range.

4. Experimental Section
Preparation of TiO2@H-CeO2: At first, CeO2 hollow spheres (H-CeO2)

were prepared using a spray pyrolysis (SP) method. The detailed synthesis
process has been previously described.[41] The obtained H-CeO2 was an-
nealed in air at 300 °C for 2 h. The annealed H-CeO2 was dispersed in iso-
propanol, then a solution containing titanium isopropoxide (TTIP, 97%,
Sigma Aldrich) and anhydrous alcohol (C2H5OH, 99.8%, Honeywell). The
molar ratio between Ti and Ce varied from 0.5 to 3 by changing the amount
of TTIP. After stirring for 2 h, deionized water mixed with ethanol was
dropped into the above solution and stirred for another 24 h. The light
yellow precipitate was washed with deionized water and ethanol and dried
at 80 °C overnight. After annealing under 450 °C for 2 h, TiO2@H-CeO2
composites with different Ti/Ce ratio was obtained. The phase determina-
tion of the TiO2@H-CeO2 composites was studied by XRD. As shown in
Figure S1 (Supporting Information), with increasing the ratio of Ti/Ce, the
characteristic peaks of anatase TiO2 grow rapidly. Next, the morphology
was investigated by TEM. As demonstrated in Figure S2 (Supporting Infor-
mation), nanoparticles deposit randomly on the hollow sphere surface as
the ratio of Ti/Ce is 0.5. With increasing the ratio of Ti/Ce to 1, nanoparti-
cles cover the whole sphere surface to become a core–shell structure. The
shell becomes thick and rough as the ratio of Ti/Ce reaches 3.

Preparation of Ce-TiO2@H-CeO2: Then the TiO2@H-CeO2 composite
with a Ti/Ce ratio of 2 (named sample Ti@Ce hereafter) was chosen as the
substrate for further functionalization. At first, this Ti@Ce has dispersed
in Cerium (III) nitrate hexahydrate (Ce(NO3)3·6H2O, 99.5%, Alfa Aesar)
solution with different concentrations for 30 min. Then ammonia solution
(NH4OH, NH3 content 28%, J. T. Baker) was dropped into the solution
to adjust the pH value to 9–10. After reacting for 24 h, the mixture was
centrifuged and dried. The obtained composites were named as 0.1Ce-
Ti@Ce, 0.3Ce-Ti@Ce, 0.5Ce-Ti@Ce, and 0.9Ce-Ti@Ce according to the
molar ratio between the Ce(NO3)3·6H2O content and the Ti content of
the Ti@Ce substrate.

Characterization: The crystal structure of all samples was character-
ized by using an X-ray powder diffractometer (XRD) with Cu K𝛼 radiation
(Bruker D2 PHASER XE-T XRD). The X-ray absorption measurement was
carried at the National Synchrotron Radiation Research Center (NSRRC),
Taiwan. Ce L3-edge and Ti K-edge were performed at a DCM tender X-ray
beamline 16 A with energy resolution set to 0.25 eV. The optical properties,
including UV–vis and photoluminescence spectra, were measured by UV–
vis/NIR spectrophotometer (Jasco V-670) and Jasco FP-6300 spectroflu-
orometer. The morphologies and elemental mapping were studied using
transmission electron microscopy (TEM) with an accelerating voltage of
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.
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Photocatalytic Activity: Methylene blue (MB) with concentration
10−5 m was used to evaluate the photocatalyst performance of CeO2 NPs,
and TiO2@H-CeO2 composite after reacting with Cerium (III) nitrate hex-
ahydrate with different concentrations. The samples (50 mg) were mixed
with MB solution (50 mL), stirred for 30 min in dark conditions, and then
illuminated with UV or visible light. For UV light irradiation, a 400 W mer-
cury lamp with 𝜆max = 365 nm was used as the light source. A 300 W
sunlight-simulated lamp with radiation wavelength from 380 to 780 nm
was applied for visible light irradiation. 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.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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