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A B S T R A C T   

The spherical CeO2/β-Bi2O3 heterostructure with the hollow macroporous structure was synthesized by a simple 
one-step spray solution combustion synthesis (SSCS). The microstructure, phase composition and optical char
acteristics of the synthesized samples were investigated by HRTEM, FESEM, BET, XPS, DRS and other charac
terization methods. The results demonstrate that the prepared samples had a particle diameter of about 1–5 µm 
and the grain size of around 5.4 nm. The photocatalytic activity of the spherical CeO2/β-Bi2O3 was investigated 
by visible light degradation of RhB (97.22% in 120 min). Additionally, the heterojunction had a broader visible 
light absorption in the 400–700 nm range, a substantial red-shift in the absorption edge, and a smaller band gap 
of 2.54 eV compared to pure CeO2 or β-Bi2O3 materials made using the traditional SCS approach. The spherical 
shape and large specific surface area (54.625 m2⋅g− 1) of the synthesized heterojunction allow for better coupling 
of CeO2 with β-Bi2O3, which further reduces the luminescence intensity, enhances light collection and charge 
transfer, and exposes more surface defects to achieve improved photocatalytic performance. Calculations using 
density functional theory (DFT) demonstrate that the heterojunction can speed up interfacial charge transfer and 
reduce the recombination of photogenerated charges, causing the reactants to undergo deep oxidation.   

1. Introduction 

In recent years, organic pollutants in the aquatic environment have 
been a critical and widespread issue worldwide with the growth of in
dustry [1]. Due to its high efficiency and cheap cost, photocatalytic 
oxidation is acknowledged as an emerging technology to reduce adverse 
effects [2]. In the valence band and conduction band, photogenerated 
holes and photogenerated electrons are formed when a photocatalyst is 
stimulated [3,4], respectively. The photogenerated holes have a great 
oxidation capacity and speak of organic pollutants decomposing into 
carbon dioxide and water [5]. CeO2 as a stable rare-earth oxide has 
received widespread attention owing to its high oxygen mobility and the 
advantages of low price and non-toxicity. In particular, the presence of 
Ce4+/Ce3+ pairs is effective in separating photoinduced electron-hole 
pairs and generating ⋅O2

– to degrade dye molecules directly [6]. How
ever, the large energy band gap of CeO2 (~3.4 eV) causes its low 

quantum efficiency, which limits its photocatalytic applications under 
visible illumination [7]. Therefore, many studies have been devoted to 
improving the photoresponse of CeO2 photocatalysts. By the appropriate 
modifications, which include doping with lanthanide ions [8], con
struction of heterojunctions [9] and surface loading of metal nano
particles [10]. The combination of CeO2 with other semiconductors can 
significantly increase the photocatalytic efficiency of harmful organic 
pollutants. For example, Guo et al. synthesized ring-shaped Bi2WO6@
CeO2 by hydrothermal method to improve cyanide degradation effi
ciency [11]; Muñoz-Batista et al. prepared CeO2-TiO2 using a 
combination of microemulsion and impregnation to enhance the 
removal of toluene [12]. According to earlier studies, combining CeO2 
photocatalysts with Bi2O3 nanostructures can greatly increase their 
photocatalytic efficiency [13,14]. This is because rare earth elements 
represented by cerium have special f and d electron orbital structures 
[5], so cerium and its oxides can be doped into Bi2O3 to improve 
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conversion efficiency. Moreover, the band position analysis of the pure 
CeO2 and β-Bi2O3 materials revealed a substantially staggered alignment 
of the band structure [15], which is favorable for rapid electron mobi
lization [16] in the CeO2/β-Bi2O3. Meanwhile, bismuth oxide is one of 
the typical bismuth-based semiconductor photocatalysts. Due to its 
polycrystalline structure and unique energy band structure, it has found 
widespread application in sensors, organic pollutant degradation, and 
photovoltaics [17-19]. With a band gap energy of around 2.4 eV, β-Bi2O3 
is able to exploit visible light completely and has outstanding photo
generated electron-hole pair separation capabilities [20,21]. Herein, we 
choose the narrow band gap semiconductor β-Bi2O3 as the coupling 
semiconductor for CeO2. 

Several methods of constructing cerium oxide/bismuth oxide het
erojunctions have been reported. For example, Bourja et al. synthesized 
heterojunctions with different Ce/Bi composition ratios via the co- 
precipitation method [22]; Masula et al. used the combination of 
impregnation and calcination to prepare CeO2/β-Bi2O3 heterojunctions 
with high catalytic activity [23]. In contrast to the methods mentioned 
above, solution combustion synthesis (SCS) is an energy and time-saving 
method that does not require expensive equipment and any surfactants 
and has been used to produce thousands of oxides [24]. However, due to 
the high combustion temperatures of SCS, the produced oxides often 
have low surface areas (10 ~ 40 m2/g) [25] and metal sintering or the 
aggregation into bigger clusters. Spray solution combustion synthesis 
(SSCS) is a novel and modified method of SCS that enables hollow 
spherical metal and metal oxide particles to be obtained, which is 
difficult to achieve by conventional SCS methods [26]. In addition, SSCS 
provides reasonable control of chemical homogeneity; it avoids particle 
aggregation and improves the dispersion of the product. To our 
knowledge, no study has been conducted on the one-stage process 
preparation of hollow macroporous spherical CeO2/β-Bi2O3 hetero
junctions using the SSCS method. 

In this work, the hollow macroporous spherical CeO2/β-Bi2O3 was 
successfully prepared via a simple and novel SSCS way. The hollow 
porous spherical structure makes it possible to promote the specific 
surface area and pore volume. The adequate interfacial contact of CeO2 
and β-Bi2O3 successfully promotes the separation efficiency and lifespan 
of the photogenerated electron/hole pairs. Also highlighted are the 
differences between the two synthetic approaches (SCS and SSCS) in 
structure, morphology, and optical characteristics. Finally, combined 
with density functional theory (DFT) simulations, the situation of the 
charge mobilization after the combination of CeO2 and β-Bi2O3 was 
explored. 

2. Experimental 

2.1. Chemicals and synthesis 

All chemical reagents were provided by Co. Ltd, Cerium nitrate (Ce 
(NO3)3⋅6H2O, AR 99.95%), bismuth nitrate (Bi(NO3)3⋅5H2O, AR 99.0%) 
as oxidizer, tartaric acid (L-C4H6O6, ACS 99.5%) as fuel. Rhodamine B 
(RhB, AR 99.0%). The reactions of cerium nitrate, bismuth nitrate and 
the selected fuels can be written as follows (equations1 and 2): 

Ce(NO3)3⋅6H2O+
7φ
5

C4H6O6 +
7(φ − 1)

2
O2

= CeO2 +
3
2

N2 +
28φ

5
CO2 +

(
21φ

5
+ 6

)

H2O (1)  

2Bi(NO3)3⋅5H2O+ 3φC4H6O6 +
15(φ − 1)

2
O2

= Bi2O3 + 3N2 + 12φCO2 +(9φ + 10)H2O (2)  

where φ is the fuel/oxidizer ratio [27]. The specific reagent dosage for 
different synthetic products is exhibited in Table 1. In the typical spray 
solution combustion synthesis (SSCS) process, 3.0 mmol cerium nitrate, 

2.0 mmol bismuth nitrate and 6.6 mmol tartaric acid were poured into 
10 ml of nitric acid (4 mol/L) and a certain amount of ultra pure water 
and stirring for 5 min at 323 K. Then, liquid was put into the modified 
ultrasonic atomization device. The solution directly enters the pre
heating tube furnace after atomization treatment. Then the droplets 
undergo a combustion reaction under heating (this sample is noted as 
CB-4). The typical synthesis process is shown in Fig. 1. The other sam
ples were obtained via the traditional SCS way and are labeled as CB-1, 
CB-2 and CB-3 (CeO2, Bi2O3 and CeO2/Bi2O3), respectively. 

2.2. Characterization 

The crystal structure of synthesized products was characterized via 
XRD analysis (Bruker D8 advance). In addition, HR-TEM (TecnaiG2 F20) 
and the FE-SEM (Hitachi SU8220) with energy dispersive spectroscopy 
were used to observe the morphology and elemental composition of 
hollow nano-porous CeO2/β-Bi2O3 heterostructure microsphere. 
Brunauer-Emmett-Teller N2 gas (BELSORP-max) was used to determine 
the specific surface area and the volume of the CeO2/β-Bi2O3. XPS 
(Escalab 250Xi) equipped with an Al Kα radiation source (pass energy of 
20 eV, spot size of 900 m) was used to investigate the chemical surface 
state of the specimen. The binding energy of the C 1s reference peak was 
284.8 eV to compensate for the charge on the prepared sample. 

2.3. Photocatalytic performance 

A typical photocatalytic performance experiment involved adding 
40 mg of the as-prepared product to a solution of rhodamine B and 
stirred for 30 min in total darkness to reach adsorption–desorption 
equilibrium. Every 20 min while exposed to a 500 W Xe lamp as an 
irradiation source (BL-GHX-V). The light intensity at the surface and 
bottom of the reactor was measured to be 171.5 mWcm− 2 and 168.3 
mWcm− 2, respectively. Then the aliquots of the solution were taken and 
centrifuged for 5 min at 8000 rpm to remove the photocatalyst. After 
that, the UV–vis spectrophotometer (Lambda 750 s) is used to charac
terise band maximum of the RhB solution. According to Eq. (3), the 
catalytic degradation efficiency is calculated: 

Catalyticefficiency% =

(
A0 − Ai

A0

)

× 100% (3)  

where Ai is the RhB concentration after degradation and A0 is the 
original concentration. 

2.4. Computational methods 

The Vienna Ab Initio Package (VASP)[28,29] is employed to perform 
all the density functional theory (DFT) calculations within the general
ized gradient approximation (GGA) using the PBE formulation[30]. The 
band structures and project density of states (PDOS) of CeO2, β-Bi2O3 

Table 1 
The amounts of reagents.  

Samples Ce 
(NO3)3⋅6H2O 
(mmol) 

C4H6O6 

(mmol) 
Bi 
(NO3)3⋅5H2O 
(mmol) 

C4H6O6 

(mmol) 
4 mol/ 
L HNO3 

(ml) 

CB-1 
(CeO2) 

5.0 6.0 0 0 0 

CB-2 
(Bi2O3) 

0 0 5.0 7.5 10 

CB-3 
(CeO2/ 
Bi2O3) 

3.0 3.6 2.0 3.0 10 

CB-4 
(SSCS 
CeO2/ 
Bi2O3) 

3.0 3.6 2.0 3.0 10  
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unit cell, and heterojunction structure are calculated to discuss the 
change of electronic structures. The electron transfer direction in the 
heterostructure material is determined by calculating the work function. 
The optimization of DFT lattice constants highly matches the experi
mental lattice constants. The details of relevant calculations were given 
in S.I. 

3. Results and discussion 

3.1. Phase constitution and structure 

The phase and crystal structure of the hollow nano-porous CeO2/ 
β-Bi2O3 heterojunction (CB-4) along with CeO2 (CB-1), β-Bi2O3 (CB-2) 
and SCS CeO2/β-Bi2O3 (CB-3) were characterized using XRD, and Fig. 2 
presents the corresponding diffraction patterns. It is clear from the 
figure that sharp peaks appear in all patterns, indicating synthesized 
product has good crystallinity. CB-1 was a pure phase (JCPDS 43–1002) 
and all cerium oxide peaks can be ascribed to the cubic fluorite struc
ture. For the CB-2, a series of featured diffraction peaks assigned to the 
β-Bi2O3 (JCPDS 27–0050). For CB-3 and CB-4, except for diffraction 
peaks of CeO2, and a few new peaks at 2θ = 27.94◦, 31.76◦, 32.69◦, 
46.21◦, 46.90◦, 54.26◦, 55.48◦, 57.75◦, 68.50◦ and 74.48◦, which 
correspond to the β-Bi2O3 planes of (201), (002), (220), (222), (400), 
(203), (421), (402), (440) and (610). The above results demonstrate 
the highly crystalline CeO2/β-Bi2O3 heterojunction are successfully 
prepared by the SCS and SSCS method. Moreover, based on the X-ray 
diffraction via scherrer equation [31], the grain sizes were 14.2 nm and 
5.4 nm for CB-3 and CB-4, respectively. These results also prove the SSCS 
method could effectively manage the grain size of the samples in parallel 
with SCS [32]. 

The microstructures and elementary composition of as-synthesized 
powders were investigated by FESEM. Fig. 3 (a) and (c) exhibit mor
phologies of CeO2/β-Bi2O3 fabricated by the SCS method, where it may 
be seen that products were composed of many thin flake-like structures 
with irregular shapes. The stronger interparticle forces in nanopowders 

lead to sparse build-up or agglomeration [33]. The morphological re
sults obtained are consistent with the morphological characteristics of 
the products prepared by the SCS method and fit in with previous reports 
[10,34]. The CeO2/β-Bi2O3 heterojunction prepared by the solution 
combustion method modified by ultrasonic atomization can be observed 
in Fig. 3 (b) as a stack of porous spheres (diameter 1–5 µm). The for
mation of macroporous (diameter 80~400 nm) can be assigned to the 
escape of gases generated during the combustion process. From equa
tions (1) and (2), the generation of 1 mol CeO2 and β-Bi2O3 is accom
panied by the generation of 22.1 mol of gas (N2 and CO2). The formation 
of pores increases the specific surface area of the product, thus providing 
more active sites for adsorption and reaction. In addition, it can be seen 
from the cracked spheres that the spherical products are hollow. The 
appropriate elemental mapping for Ce, Bi, and O is shown in Fig. 3 (e–g). 
The hollow macroporous CeO2/β-Bi2O3 heterostructure sphere has a 
uniform distribution of the components Ce, Bi, and O. 

Fig. 4 (a) exhibits the TEM micrographs, which clearly shows the 
spherical CeO2/β-Bi2O3 with a diameter of about 300 nm. Moreover, the 
HRTEM micrographs exhibits significant lattice streaks, the existence of 
which implies the spherical CeO2/β-Bi2O3 is highly crystalline. Besides, 
the measured lattice fringes of 0.314 nm are in excellent agreement with 
the crystal phase plane (111) of the cubic fluorite CeO2 phase (Fig. 4 
(b)), while those of 0.320 nm match well with the crystal face (201) of 
tetragonal β-Bi2O3 phase, respectively. The TEM findings are in good 
agreement with the XRD findings displayed in Fig. 1, which further 
demonstrate the successful preparation of spherical CeO2/β-Bi2O3 het
erojunction using the SSCS method. 

Fig. 5 illustrates the surface elemental composition of SSCS CeO2/ 
β-Bi2O3 and their chemical states using XPS spectra of O 1s, Ce 3d and Bi 
4f. Fig. 5 (a) exhibits the survey spectrum of the specimen, which shows 
peaks for the elements Ce, O, Bi and C. The absence of peaks for other 
elements indicates that the sample is extremely pure. Fig. 5 (b) depicts 
the photoelectron energy spectrum of Ce 3d. The spectra belonging to 
the Ce 3d3/2 and Ce 3d5/2 orbitals are divided into peaks, and based on 
the deconvolution results [35], it can be found that the oxide of Ce exists 
in both +3 and +4 valence states. Among them, peak binding energy 
positions at 882.2 eV (a1), 889.1 eV (a3), 898.4 eV (a4), 901.1 eV (b1), 
908.1 eV (b3) and 916.8 eV (b4) indicate Ce4+ ions, while binding energy 
magnitudes at 885.3 eV (a2) and 903.9 eV (b2) belong to Ce3+ ions 
[36,37]. Combined with the XRD results (Fig. 2), it is clear that cerium 
oxide is the solo cerium-based oxide in the specimen, implying that the 
Ce3+ ions are present in the lattice of cerium oxide. The presence of Ce3+

ions in cerium oxide crystals can promote lattice distortion of its surface 
atoms and generate additional oxygen vacancies, thus facilitating cata
lytic reaction [38]. Fig. 5 (c) shows photoelectron spectrum of O1s. The 
spectrum’s peak at the 529.3 eV binding energy location relates to lat
tice oxygen, whereas the peak at 530.8 eV refers to adsorbed oxygen 
[39]. And doublet observed at binding energy values at 159.2 eV and 
164.5 eV can be ascribed to the Bi (4f7/2) and Bi (4f5/2), respectively 
(Fig. 5 (d)), which are characteristics of oxidation state of Bi3+ species 
[40]. XPS analysis further elucidated the establishment of strong elec
tronic coupling between CeO2 and β-Bi2O3, facilitating effective carrier 
separation. Ultimately, the photocatalytic performance of the composite 
was improved [41]. 

Fig. 6 depicts the adsorption–desorption curves and pore size dis
tribution analysis for each sample. The pore structure of the specimen 

Fig. 1. Schematic depiction of SSCS hollow nano-porous CeO2/β-Bi2O3 heterostructure sphere synthesis.  

Fig. 2. XRD patterns of SCS CeO2, Bi2O3, CeO2/β-Bi2O3 and SSCS 
CeO2/β-Bi2O3. 
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can be reflected via the type of adsorption/desorption isotherm. The 
isotherms of all catalysts displayed type IV curves with an evident hys
teresis loop, verifying mesoporous nature of catalysts [42]. The specific 
surface area and pore volume of CB-3 are measured to be 13.184 m2⋅g− 1 

and 0.070 cm3⋅g− 1, respectively, which are in agreement with previous 
literature reported surface area of products synthesized by solution 

combustion synthesis [43]. The hollow porous CeO2/β-Bi2O3 spheres are 
fabricated via the solution combustion method modified by ultrasonic 
atomization, which helps to promote the surface area (increases 4.14 
times to 54.625 m2⋅g− 1) of nanocrystal but also avoids the aggregation 
and stacking of the nanocrystal. Moreover, the total pore volume (0.094 
cm3/g) of CB-4 has a promotion in comparison with CB-3. But the mean 

Fig. 3. FE-SEM micrographs of SCS CeO2/β-Bi2O3 (a, c), SSCS CeO2/β-Bi2O3 (b, d); EDS mapping images for Cu (e), Bi (f) and O (g) of the SSCS CeO2/β-Bi2O3.  

Fig. 4. TEM (a) and HRTEM (b) micrographs of SSCS CeO2/β-Bi2O3.  
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pore diameter of 7.038 nm is reduced compared with CB-3 (11.641 nm). 
This change fits in with previous reports [32]. In conclusion, the in
crease of specific surface area and pore volume decreased light reflection 
from the catalyst surface and offer more active attachment sites, which is 
more favorable to the transfer of electrons in the photocatalytic process 
and improved the catalytic reaction activity. More detailed data
is depicted in Table 2. 

3.2. Photocatalytic characterization 

UV–vis DRS spectra were performed to ascertain the optical ab
sorption characteristics and band gap energy of the prepared materials 
for further examination of their optical features. The UV–vis DRS spectra 
of pure CeO2, pure β-Bi2O3, SCS CeO2-β-Bi2O3 and SSCS CeO2-β-Bi2O3 
heterojunctions are exhibited in Fig. 7. Compared to pure CeO2, heter
ostructured CeO2-β-Bi2O3 shows a significant redshift of the absorption 
edge and a broad visible light absorption in the 400–700 nm region. The 
heterogeneous structure CeO2-β-Bi2O3 readily shifts the absorption band 
threshold to a more extended wavelength region through an interfacial 
charge transfer mechanism, i.e., it has a higher visible area absorption 
intensity. Furthermore, the bandgap values of the specimen are exhibi
ted in Fig. 7 (b). The bandgap energies (Eg) of CB-1, CB-2, CB-3 and CB-4 
are 3.08, 2.67, 2.60 and 2.54 eV, respectively. It is showed that the 
hybridization of CeO2 and β-Bi2O3 significantly reduces their respective 

Fig. 5. XPS survey spectra (a) and high-resolution XPS spectra of Ce 3d (b), O 1s (c), and Bi 4f (d) of SSCS CeO2/β-Bi2O3.  

Fig. 6. Nitrogen adsorption–desorption isotherms of the (a) SCS CeO2/β-Bi2O3 (CB-3) and (b) SSCS spherical CeO2/β-Bi2O3 (CB-4) heterojunction (inset displays the 
pore size distribution of the corresponding samples). 

Table 2 
Total pore volume, surface area and mean pore diameter of each sample.  

Samples Pore volume[cm3 ⋅g− 1] SBET (m2⋅g− 1) Mean pore diameter(nm) 

CB-3  0.070  13.184  11.641 
CB-4  0.094  54.625  7.038  
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bandgap and enhances the visible light absorption efficiency. Moreover, 
the spherical structure fabricated by the SSCS method enables the cre
ation of interfacial heterostructures with better contact between CeO2 
and β-Bi2O3, leads to further enhancing light collection and charge 
transfer. 

Photoluminescence spectroscopy (PL) is widely employed to inves
tigate the efficiency of carrier transfer or charge trapping in photo
catalysts to assess their hole-electron pair compounding opportunities. 
As the PL response arises from the compounding of excited holes and 
electrons, the weaker the emission intensity, the slower the charged 
material recombination rate and vice-versa [23,44]. As shown in Fig. 8 
(a), the emission intensity of CB-3 and CB-4 is completely weakened 
compared to those of the CB-1 & 2. The suppression of the electron-hole 
recombination demonstrates the forming of chemically binding heter
ostructures at the interface of the two metal oxides. This interfacial 
chemical bonding leads to a smooth charge transfer between the metal 
oxides, enhancing electron-hole separation [45]. The large specific 
surface area and spherical morphology of CB-4 allow for better coupling 
of CeO2 with β-Bi2O3 [46,47] and can also expose more surface defects 
[48,49], thus further reducing the PL intensity. The transient photo
current response can also reveal the nature of photogenerated electron 
transfer, with higher photocurrent densities implying higher separation 
efficiency of photogenerated carriers [50]. Photocurrent response 
research was carried out on a range of samples; detailed results are 
exhibited in Fig. 8 (b). When the light source was turned on, the 
increasing transient in the photocurrent curve of all materials was 
observed, indicating good photosensitivity in all cases. By observation of 
the photocurrent response over 10 switching cycles, it can be noted that 
the CeO2-β-Bi2O3 composite produces an extremely high photocurrent 
response compared to pure CeO2 and β-Bi2O3, and decreases its atten
uation and eventually keeps photocurrent response at a relatively high 
level. In addition, the electron transfer efficiency also depends strongly 
on the contact area of the two semiconductor materials [15]. And the 
interfacial charge transfer process was investigated by EIS Nyquist plots 
(Fig. 8 (c)). Compared with CeO2 and β-Bi2O3 materials, the SCS CeO2/ 

β-Bi2O3 exhibits significantly smaller arc radii due to the lower charge 
transfer resistance provided at the semiconductor interface [19]. The 
spherical structure of SSCS CeO2/β-Bi2O3 is undoubtedly more advan
tageous and therefore shows a more robust photocurrent and a smaller 
impedance spectral radius. 

The ability of different catalysts to degrade RhB was investigated, 
and they were dark-treated to reach adsorption/desorption equilibrium 
before testing. Fig. 9 (a) shows that all samples exhibited photocatalytic 
activity after 120 min of Xenon lamp irradiation. Over time, the 
degradation rate gradually decreases. The photocatalytic efficiencies of 
the specimens were as follows: SSCS CeO2/β-Bi2O3 (97.22%) > SCS 
CeO2/β-Bi2O3 (76.46%) > β-Bi2O3 (38.45%) > CeO2 (23.28%). Since the 
photocatalytic reactions of semiconductor materials in solution are 
multi-phase photocatalytic, the adsorption of reactant molecules on 
their surfaces satisfies the Langmuir-Hinshelwood adsorption conditions 
[51]. In the photocatalytic reaction, the concentration of reactants is 
limited, and the adsorption on the catalyst surface is weak; thus, the 
process is characterized by first-order reaction kinetics, i.e., -ln (Ai / A0) 
= kt [42,52]. The primary reaction rate constants (k) for CB-1, CB-2, CB- 
3 and CB-4 (Fig. 9 (b)) are 0.0017 (min− 1), 0.0037 (min− 1), 0.0124 
(min− 1) and 0.0286 (min− 1), respectively. As noted above, hetero
structured CeO2/β-Bi2O3 has a relatively narrow band gap, a wide 
spectral response range and a high separation efficiency of photo
generated carriers, resulting in excellent photocatalytic activity. In 
contrast, the reaction rate constant is negligible when only CeO2 or 
β-Bi2O3 is negligible. Fig. 9 (c) exhibits the UV–Vis absorption spectra of 
the CB-4 sample degrading the RhB solution at different times. In the 
absence of the catalyst put in, there was a constant absorption peak at 
554 nm. In contrast, the addition of the CB-4 catalyst caused the ab
sorption of RhB at 554 nm to rapidly drop. UV–Vis spectra of the reac
tion solution using hollow structured CeO2/β-Bi2O3 as catalyst showed 
that the reaction was completed within 120 min and the solution 
gradually cleared. The CeO2/β-Bi2O3 catalyst with its hollow porous 
spherical shape readily allows the dye solution to penetrate through the 
pores in the outer wall into the hollow inner space [53], thus making 

Fig. 7. UV–Vis DRS spectra (a) and corresponding Tauc plot (b) of each sample.  

Fig. 8. (a) Photoluminescence spectroscopy, (b) Photocurrent response and EIS Nyquist plots of each sample.  
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further contact with the catalyst and increasing the effective catalyti
cally active surface area. The bleaching effect was significantly 
improved by the increase of adsorption and the effective catalysis of 
heterojunction. In addition to strong catalytic degrading efficiency, the 
catalyst’s stability and recyclability are crucial markers for assessing the 
catalyst’s viability. As can be noted from Fig. 9 (d), the stability of the 
catalyst was investigated through the repeated use of the CB-4 sample. 
After five consecutive tests, the photocatalytic efficiency only decreased 

by 2.79%. This slight decrease may be due to the loss of the sample 
during recycling and the occupation of some active sites by intermediate 
products (e.g., small hydrocarbons) after the degradation of RhB. 

3.3. Theoretical calculations 

Fig. 10 (a-c) shows the structures of CeO2, β-Bi2O3 unit cell, and 
CeO2/β-Bi2O3 heterojunction. The lattice constants of the optimized 

Fig. 9. (a) The photocatalytic degradations of RhB by each sample; (b) first-order rate kinetic data fifitting for photocatalytic process; (c) UV–Vis absorption spectra 
of RhB and (d) cycle experiment of SSCS CeO2/β-Bi2O3. 

Fig. 10. (a) Unit cell of CeO2 and (b) β-Bi2O3, (c) schematic representation of interfacial contact. The band gap of unit cell of CeO2 (d) and (e) β-Bi2O3 and (f) 
heterojunction. 
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primitive cell of CeO2 and β-Bi2O3 we calculated in this study and the 
lattice constants obtained from experiments are shown in table S1 (see in 
S.I.) separately. It can be found that the maximum deviation between the 
calculated and experimental lattice constants in numerical value does 
not exceed 1.50%, showing an excellent matching degree. The band gap 
of energies of CeO2, β-Bi2O3 and the CeO2/β-Bi2O3 heterojunction is 
2.39 eV, 1.59 eV and 1.34 eV, respectively (Fig. 10 (d-f)). Although the 
band gaps are underestimated due to the use of the generalized gradient 
approximation (GGA) functional [54], the changing trend of band gaps 
before and after the construction of heterojunction is corresponding 
with the experimental results (as exhibited in Fig. 7). From Fig. 11 (a), 
we can conclude that in the CeO2 unit cell, the Ce 4f orbitals dominate 
the bottom of the conduction band (CB), whereas O 2p orbitals dominate 
the top of the valence band (VB). This phenomenon is correspond to the 
finding of Plata et al. [55]. For the β-Bi2O3 unit cell (Fig. 11 (b)), the top 
of VB is contributed primarily by O 2p orbitals. The Bi 6p orbitals, part of 
O 2p orbitals, rarely Bi 6s orbitals together form the bottom of the CB. 
This result is also in agreement with the study of Yin et al. [56]. After the 
heterojunction is formed (Fig. 11 (c)), we find that the bottom of CB is 
mainly composed of Ce 4f, part of Bi 6p and O 2p orbitals, while the top 
of VB is mostly O 2p orbitals. In addition, the orbitals constituting the CB 
shift to the left, reducing the band gap, which may be more conducive to 
the transition of electrons in O 2p orbitals to the CB after being activated 
by visible light. However, we need more intuitive calculation results to 
judge the electron migration in the heterojunction. 

The work function results are exhibited in Fig. 12 (a-c), the work 
function of CeO2 (111), β-Bi2O3 (110) and CeO2/β-Bi2O3 hetero
junction photocatalyst is 6.22 eV, 4.62 eV, and 5.72 eV. The work 
function value of the β-Bi2O3 (110) surface is smaller than that of CeO2 
(111) surface. It can be concluded that after the formation of hetero
junction, the electrons mainly flow from β-Bi2O3 to the CeO2 surface 
[57-59]. In this case, the CeO2 surface accumulates more negative 
charges and the internal electric field is generated heterojunction. The 
existence of this electric field can increase the separation of electron- 
hole pairs and bends the VB and CB of the heterostructure. The charge 
density difference results in Fig. 13 shows the accumulation of electrons 
on the surface of CeO2, which also strongly proves that after the surfaces 
contact, the electrons move from β-Bi2O3 to the CeO2 surface. In addi
tion, the apparent charge transfer phenomenon demonstrates a strong 
interaction between two contacting surfaces. Under the influence of the 
internal electric field, electric potential of electrons in the interface 
between β-Bi2O3 and CeO2 changes, leading to the bending of the energy 
band, thus promoting the flow of electrons from CeO2 to β-Bi2O3 and 
holes from β-Bi2O3 to CeO2 [59]. So when the heterojunction is irradi
ated by visible light, due to the existence of potential caused by electron 
transfer after contact, photogenerated electrons can easily be transferred 
from the CB of CeO2 to the CB of β-Bi2O3 [59]. The electron transfer in 
this heterojunction under visible light is the same as in the study of Fang 
et al. [47]. This can significantly increase the efficiency of photocatalysis 

by efficiently preventing the recombination of photogenerated electrons 
and holes. 

3.4. Photocatalytic mechanism 

To explore the photocatalytic mechanism of the catalyst, the primary 
active substance needs to be identified. It is followed by scavenger 
trapping experiments to identify the main active substances of the SSCS 
CeO2/β-Bi2O3 catalyst for the degradation of RhB solutions. Fig. 14 (a), 
the addition of 1,4-benzoquinone (BQ, scavenge ⋅O2

–) [27] and ammo
nium oxalate (AO, scavenge h+) [60] significantly reduced the photo
catalytic activity of CB-4 (The final photocatalytic efficiency is only The 
photocatalytic efficiency was only 16.84 % and 19.80 %), while the 
effect of isopropyl alcohol (IPA, scavenge ⋅OH) [61] was almost negli
gible. The above experimental results show that the primary reactive 
radicals in the photocatalytic process are the ⋅O2

– and h+, while ⋅OH is 
hardly involved in the reaction. The ESR test was performed to compare 
the ability of different photocatalysts to generate superoxide radicals. 
Under Xenon lamp irradiation conditions, the presence of the ESR signal 
caused by the DMPO-⋅O2

– spin adduct supports the production of ⋅O2
– 

radicals [18]. As shown in Fig. 14 (b), CeO2, β-Bi2O3, SCS CeO2/β-Bi2O3 
and SSCS CeO2/β-Bi2O3 all exhibited the signals of DMPO-⋅O2

–, but the 
signal of ⋅O2

– of CeO2 was the smallest, which may be attributed to low 
reduction capacity of CeO2 for molecular oxygen [62]. Meanwhile, SSCS 
CeO2/β-Bi2O3 exhibited the greatest signal of ⋅O2

–, indicating that the 
heterostructure and large specific surface area of SSCS CeO2/β-Bi2O3 
may retain strongly reducing electrons and react with molecular oxygen 
to produce ⋅O2

– [63]. 
The Mott-Schottky analysis is performed on mateials to determine 

the kind of semiconductivity and the flat band potential (Vfb). Fig. S1 
(see S.I.) depicts the Mott-Schottky (M− S) plots for CeO2 and β-Bi2O3. 
All materials displayed a positive slope in the M− S graph, indicating 
they are n-type semiconductors. Calculating the flat band potential (Vfb) 
for pure phase semiconductors by extrapolating the linear portion of the 
M− S plot to the x-axis [16]. The calculated Vfb value (vs. Ag/AgCl) for 
CeO2 and β-Bi2O3 is − 1.21 and − 0.68 eV, respectively. The flat band 
potential values are converted to the NHE scale by Eq. (4), which was 
developed by Ishikawa et al. [64]. 

Vfb(NHE,pH=7) = Vfb(Ag/AgCl) + 0.198 − 0.059(7 − pHoftheelectrolyte) (4) 

It is common knowledge that the bottom of the conduction bands in 
numerous n-type semiconductors is ~ − 0.1 V more negative than the 
flat band potential [65,66]. CeO2 and β-Bi2O3 have computed conduc
tion band potentials of − 1.11 and − 0.58 eV, respectively. Then the 
valence band potential of the semiconductor is obtained according to the 
expression in Eq. (5). The EVB for CeO2 and β-Bi2O3 is calculated to be 
1.97 eV and 2.09 eV, respectively. 

Eg = EVB − ECB (5) 

Fig. 11. (a) The partial densities of states of Ce and O of the CeO2 unit cell. (b) The partial densities of states of Bi and O of the β-Bi2O3 unit cell. (c) The partial 
densities of states of Ce, Bi and O of the heterojunction. 
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Based on the preceding discussion, Fig. 15 depicts the energy band 
structures of CeO2 and β-Bi2O3. The CB bottom barrier of β-Bi2O3 (− 0.58 
eV) is more negative than the redox potential of O2/⋅O2

– (− 0.33 eV) [18], 
resulting in the production of ⋅O2

– throughout the degradation process. In 
contrast, the difference between the VB barrier of CeO2 (1.97 eV) and 
the redox potential of OH–/⋅OH (1.90 eV) is too low [67], so ⋅OH cannot 
be used as the main active species. This conclusion is consistent with the 
active species trapping experiments and ESR analysis findings. The re
action mechanism was proposed and hypothesized based on the 

abovementioned experiment. CeO2 and β-Bi2O3 can generate a consid
erable amount of photogenerated carriers using visible light. Still, most 
of the h+ will compound with e- quickly, so the pure CeO2 and β-Bi2O3 
exhibit low quantum efficiency and photocatalytic activity. In contrast, 
the electric field built into the CeO2/β-Bi2O3 heterojunction promotes 
carrier separation and migration [38]: the e- on the CB of CeO2 moves 
towards the CB of β-Bi2O3, and the h+ of β-Bi2O3 continuously accu
mulates on the VB of CeO2 through the channel between CeO2 and 
β-Bi2O3 [15]. Thus, the interfacial contact successfully improves the 

Fig. 12. (a) Work function of CeO2 (111), (b) β-Bi2O3 (110) and (c) CeO2/β-Bi2O3 heterojunction photocatalyst.  

Fig. 13. Charge difference distribution (CDD) of CeO2/β-Bi2O3 interface, charge depletion and accumulation are expressed by blue and yellow phases, respectively. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 14. (a) Active species trapping experiments on hollow nano-porous CeO2/β-Bi2O3 catalysts; (b) ESR spectra of CeO2, β-Bi2O3, SCS CeO2/β-Bi2O3 and SSCS CeO2/ 
β-Bi2O3 for DMPO-⋅O2

–. 
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separation efficiency and extends the lifespan of photogenerated elec
tron/hole pairs. e- and h+ have sufficient reduction and oxidation ca
pacity, and h+ can directly degrade organic matter. In the photocatalytic 
reaction, RhB adsorbs to the sample surface, together with reactive ox
ygen species. And the e- transferred in the conduction band interacts 
with O2 dissolved in solution to produce ⋅O2

– [15]. The superoxide 
radical reacts directly with RhB to produce CO2 and H2O. In addition, it 
has been reported that the Ce4+ surface can trap the photogenerated e- to 
become Ce3+ and be simultaneously re-oxidized by h+ to Ce4+ [6,68]. 
The interchangeable Ce3+/Ce4+ pairs also effectively inhibit photo
generated carrier complexation, thus further improving the photo
catalytic performance of CeO2/β-Bi2O3 heterojunctions [69]. The 
reactions involved in the possible photocatalytic mechanism proposed 
are as follows (Eq. 6–12): 

CeO2 + hv→ CeO2 (e− + h+) (6)  

β − Bi2O3 + hv→ β − Bi2O3 (e− + h+) (7)  

CeO2(e− )→β − Bi2O3 (e− ) (8)  

β − Bi2O3 (h+)→ CeO2 (h+) (9)  

h+ + organics→CO2 + H2O (10)  

e− + O2→ • O−
2 (11)  

•O−
2 + organics→CO2 + H2O (12) 

On the other hand, the spherical shape and large specific surface area 
of the CB-4 sample allow for better coupling of CeO2 with β-Bi2O3, which 
further reduces the luminescence intensity, enhances light collection 
and charge transfer, and exposes more surface defects to achieve 
excellent photocatalytic performance. 

4. Conclusion 

In summary, the hollow spherical CeO2/β-Bi2O3 with macroporous 
synthesized using a one-step novel SSCS method. The porous spherical 
structure helps to increase the specific surface area (54.625 m2⋅g− 1) and 
pore volume (0.094 cm3/g). This morphology reduces the light 

reflection on the catalyst surface and provides more active attachment 
sites, facilitating the transfer of electrons during photocatalysis. The 
adequate interfacial contact of CeO2 and β-Bi2O3 successfully enhances 
the separation efficiency of photogenerated electron/hole pairs and 
extends their lifespan. The results showed that the degradation effi
ciency of SSCS CeO2/β-Bi2O3 reached 97.22% after 2 h, which was better 
than that of pure CeO2 (23.28%) and β-Bi2O3 (38.45%). Combined with 
density functional theory simulations, the situation of the charge 
mobilization after the combination of CeO2 and β-Bi2O3 was explored. 
Then a photocatalytic mechanism was proposed when the hetero
junction is irradiated by visible light. Due to existence of potential 
caused by electron transfer after contact, photogenerated electrons can 
easily be transferred from the CB of CeO2 to the CB of β-Bi2O3. This may 
greatly inhibit the recombination of photogenerated electrons and holes, 
hence enhancing the efficiency of photocatalysis. This study provides 
new ideas for combining morphology design and phase interface engi
neering of heterojunction photocatalysts and applying cerium-based 
photocatalysts in the degradation of organic pollutants. 
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