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Introduction
Among rare earth compounds, rare earth oxides (RE2O3) have 

unique structure and physical and chemical properties, which have 
attracted a large number of researchers. RE2O3 has become the most 
important commercial rare earth compounds because of their broad 
applications. CeO2, as one of the most active rare earth metal oxide, 
has been under extensive investigation for its several key applications 
in catalysts, fuel cells, sensors, UV blocking and luminescence [1-
5]. It demonstrates the excellent activity of CeO2 in many catalytic 
reactions mainly due to its abundant oxygen vacancy defects, high 
oxygen storage capacity and ability to relatively readily shuttlecock 
between III and IV oxidation states [6,7]. Therefore, the preparation 
and application of ceria have drawn more and more attention.

To date, CeO2 with different shapes and structure have been 
successfully prepared by various methods [5,8]. In the past years, our 
group has also devote some effort to the preparation of ceria and ceria 
with different morphologies such as hierarchical architectures [9], 
microflowers [10], microdisks [11], nanoparticles [12], microspheres 

[13] and nanobelts [14] were obtained from the polymeric precursor 
method.

Materials with multi-yolk-shell architecture are of particular 
interest because of their special structure [15,16]. Chen et al. [17] 
has rationally designed and synthesized a novel CuO@C multi-
yolk-shell octahedra composite structure via a simple solvothermal 
method and a two-step annealing process. Qi et al. [18] has reported a 
general self-templating method to achieve triple-shelled CeO2 hollow 
microspheres, which are composed of tiny CeO2 nanoparticles. 
Recently, we have successfully prepared multi-yolk-shell ceria hollow 
spheres using a template-free route [19]. By finely controlling the 
reaction parameters such as reaction time, molar ratio of reagent, 
and calcination temperature, ceria with tunable shell number and 
structures could be prepared. However, the methods mentioned 
above are still time and energy consuming.

Microwave-assisted reaction is carried out within a microwaves 
oven, ensuring a more homogeneous heating of the reagents mixture, 
the heat needed for the reaction is generated within the mixture, 
without the necessity of an external source [20]. And microwave allows 
rapidly obtaining considerable amounts of phases that are stable at 
high temperature (oxides, nitrides, carbides) and characterized by 
nanometer size, high specific surface area and high defectivity, all 
parameters that are crucial for catalytic applications, as well [21]. 
As is well known, microwave-assisted reaction has demonstrated 
its powerful benefits for greatly reducing the experiment time and 
holding promise for potentially large-scale industrials production 
[22-24]. Based on the successful synthesis of CeO2 with core-shell 
structure [19], the approach of synthesizing core-shell cerium oxide 
by microwave method was studied. The CP with cerium as the center 
was synthesized by using 2,5-pyridinedicarboxylic acid (2,5-H2PDC) 
as the ligand, and the multi-yolk-shelled CeO2 nanomaterials with 
good morphology were successfully prepared by calcination. The 
effect of reaction parameters on the structure and morphology of the 
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Abstract
In this work, Cerium-based Coordination Polymer (CeCP) sub-microspheres were synthesized by using pyridine-2, 5-dicarboxylic acid as ligand via a facile 
microwave heating method. Multi-yolk-shell CeO2 spheres with diameter of ranging from 300 nm to 500 nm were successfully prepared by calcination of the 
CeCP sub-microspheres. The as-synthesized products were characterized by SEM, FT-IR, XRD, TG, etc. Results show that the band gap (Eg) of the multi-
yolk-shell CeO2 is 2.79 eV. In addition, the photocatalytic properties of the obtained products were investigated. It is a nice catalyst for Rhodamine B (RhB) 
degradation under visible-light irradiation.
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product was investigated. The results showed that the CeO2 prepared 
by microwave method had stronger ability to absorb ultraviolet light 
than that of mixed solvent.

Experimental Sections
Synthesis of multi-yolk-shell CeO2 hollow nanospheres

In a typical experiment, 0.1 mmol Ce(NO3)3.6H2O was dissolved 
in 10 mL absolute ethanol and then 10 mL of N, N-dimethylformamide 
(DMF) solution dissolved with 0.3 mmol 2,5-pyridinedicarboxylic 
acid (2,5-H2PDC) was added to the above solution under stirring. 
After the mixed solution was stirred for 20 min, it was placed in the 
microwave oven (MDS-6G) setup and heated at 180°C for 30 min. 
After cooling to room temperature, the collected CeCP was separated 
by centrifugation and washed three times with absolute ethanol and 
deionized water, and dried at 80°C in vacuum drying oven. Finally, 
multi-yolk-shelled CeO2 hollow nanospheres were obtained by 
calcination of the CeCP in air at 600°C for 4 h with a heating and 
cooling rate of 1°C min-1 and light yellow products were obtained.

Results and Discussion
Characterization and structure of the CeCP precursor

Our strategy begins with the synthesis of CeCP particles by a 
microwave-assisted mixed-solvothermal route. From the SEM image 
of typical CeCP (Figure S1), we can see that the products consist of 
a large quantity of uniform nanospheres with an average diameter of 
400 nm and each nanosphere has relatively smooth surface (Figure 
S1). The CeCP nanospheres are smaller than those prepared by 
traditional mixed-solvothermal method by us before, which have 
an average diameter of 500 nm [19]. Also, comparing the precursors 
prepared by self-templating method for multi-shelled CeO2 hollow 
microspheres, the particles are with much smaller size [18]. The TEM 
images show that the inside of the nanospheres is entirely dark and 
demonstrates the precursor is composed of solid spheres (Figure 1). 
The EDS analysis of the precursor clearly reveals the presence of Ce, 
C, O and N (Figure S2). And the powder X-ray diffraction (PXRD) 
pattern for the precursor does not display the typical characteristic 
peaks (Figure S3), indicating that the Ce3+ in the CeCP is in a 
disordered coordination to the carboxylate groups. The precursor 
was subjected to thermal analysis in an air atmosphere to obtain the 
TG curve as shown in Figure S4. From room temperature to 600°C 
thermal decomposition process is roughly divided into two stages: 
the weight loss which is about 20% before 320°C corresponds to the 
weight of the physically absorbed water molecules and structured 
water molecule. The second stage in the range of 320°C to 500°C is 
about 40%, which can be attributed to the decomposition of pyridine-
2,5-dicarboxylic acid [25]. In addition, the FT-IR spectra (Figure S5) 
exhibits a shift of C=O stretching frequency from 1,726 cm-1 to 1,586 
cm-1, demonstrating that carboxyl groups of the 2,5-H2PDC have 
coordinated with Ce3+ [26]. Based on the above analysis, a conclusion 
can be safely drawn that CeCP was formed.

Influence of different reaction parameters on the 
morphology of the CeCP precursor

Effect of metal-ligand ratio: In the process of studying the 
optimal reaction conditions for the preparation of the CeCP 
precursor, a series of exploratory experiments were conducted. When 
the reaction temperature and reaction time were fixed, the molar ratio 
of metal to ligand was varied; the obtained products were examined 
using SEM, as shown in Figure S6. When the molar ratio of metal to 
ligand is 1:1 and 1:2, some of the spheres are broken and many small 

spheres are not formed completely. Increasing the amount of ligand 
to 1:4, the majority of the spheres is broken and is not well dispersed. 
While the molar ratio was 1:3 (Figure S1), the spheres are well formed 
and uniform. Thereby, 1:3 was selected as the optimal molar ratio.

Effect of the preparation temperature on the CP precursors: 
With other conditions unchanged, experiments were performed 
at different reaction temperature. When the temperature is below 
140°C, nearly no product was obtained. So, 140°C, 160°C and 200°C 
were selected. Figure S7 shows the SEM images of different samples 
in this temperature gradient. At 140°C, the CeCP is composed of a 
large number of spheres. Compared to the typical CeCP products, 
these spheres are not very uniform in particle size and the particles 
are poorly dispersed. From the SEM images we can see that some 

Figure 1: TEM images of the typical CeCP prepared microwave heating at 
180°C for 30 min.

Figure 2: SEM images of as-prepared CeO2 prepared after thermal 
decomposition the typical CeCP in air at 600°C for 4 h.

Figure 3: (a,b) TEM images; (c) HRTEM images and (d) SAED pattern of the 
product obtained after thermal decomposition of the typical CeCP sample in 
air at 600°C for 4 h.
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particles have not yet fully formed due to low reaction speed at low 
temperature. When the temperature was increased to 160°C, we can 
see a large number of balls generated, but the adhesion phenomenon 
is serious. However, the temperature reached 200°C, many spheres 
are broken and the spheres are not well formed.

Effect of the preparation time on the CP precursor: Finally, 
in order to study the formation of a typical product, a series of 
time-gradient samples were synthesized in the presence of reactant 
concentration and reaction temperature. Figure S8 is the SEM images 
of products prepared after different reaction times at 10, 20, 40 
min, respectively. In the first 10 min of the reaction, we can see a 
small number of badly-formed spheres. When the reaction time was 
extended to 20 min, the products are still not well formed. Further 
prolonging the reaction time to 40 min, the product consisted of a 
large number of relatively uniform and dispersible pellets, which is 
similar with the product prepared after 30 min. Therefore, 30 min was 
selected as the optimal reaction time considering the energy saving 
and economic factors.

Morphology, crystalline phase and properties of multi-
yolk-shell ceria

The typical sample was obtained after calcining the typical CeCP 
spheres at 600°C for 4 h in air to obtain the CeO2 nanospheres. The 
SEM images in Figure 2 show that uniform CeO2 nanospheres are in 
a large scale with an average diameter of 300 nm and a rough surface, 
such a morphological change can be attributed to the removal of the 
organic ligand meanwhile the gas is generated. Figure S9 presents 
the XRD pattern of the final calcined product. All the peaks could 
be indexed to the cubic ceria (JCPDS No. 34-0394), confirming the 
high purity of the final CeO2. The EDX (Figure S10) of the precursor 
analysis confirms that the typical peaks corresponding to Ce and O 
elements and the atomic ratio of Ce/O is about 1:2. In order to explore 
the interior structure of these nanospheres, the CeO2 nanospheres 
were further characterized by TEM and HRTEM. The TEM images 
shown in Figure 3a and 3b reveal that most nanospheres consist of 
several layers of shells and one relatively darker spherical core. The 
relatively darker spherical core is not solid but consisted of small 
hollow spheres. The HRTEM (Figure 3c) reveals the well-crystalline 
nature, well-resolved lattice fringes with inter-planar spacing of 0.31 
nm and 0.19 nm are clearly visible, corresponding to the (111) and 
(220) atomic plane of the cubic phase ceria. The SAED ring patterns 
(Figure 3d) shows that the perfect multi-yolk-shelled hollow CeO2 
nanosphere is polycrystalline.

Properties of multi-yolk-shell ceria: As is well known, CeO2 is an 
excellent UV absorption material. The UV-Vis absorption spectrum 
of the as-obtained CeO2 is shown in Figure 4. The optical band gap 
Eg can be calculated based on the following equation: Eg=1,240/
λAE, where λAE represents the edge wavelength of absorbance. The 
calculated CeO2 absorption wavelength threshold is 443 nm, and the 
corresponding Eg is 2.79 eV, which is smaller than the commercial 
value of 2.82 eV. Compared with the core-shell ceria synthesized 
by solvothermal method (2.84 eV), the UV absorption capacity was 
improved. In general, the quantum size effect is the main reason for 
the increase in the forbidden band width [27]. The above results may 
therefore be that the nano-particles prepared by microwave-assisted 
heating are smaller in size, resulting in a red shift of UV-Vis [28].

The photodegradation of RhB was chosen to test the potential 
applicability of the as-synthesized CeO2 as the recyclable 
photocatalyst by investigating their photocatalytic activity under UV 

light irradiation in aqueous solution. The suspension was stirred in 
the dark for 30 min to achieve the adsorption/desorption equilibrium 
among the catalyst and RhB molecules. The absorption peaks at 554 
nm was observed for RhB and it confirms the photodegradation 
process [29]. The reaction process was recorded with time (t) in min 
under visible-light irradiation as shown in Figure 5. After each 20 min, 
1.5 mL of UV reacted solution was taken and the absorbance changes 
of RhB were measured using UV-Vis spectrophotometer. It was clear 
that the light absorption peak of RhB is almost flat. After four-hour of 
UV light, we can observe the color changes of the dye solution from 
pink color to colorless. The result also indicated that the efficiency 
of dye decomposition achieved nearly 98%. To test the stability of 
CeO2, the catalyst was collected by centrifugation and we examined 
for photodegradation of RhB during three cycle experiments under 
identical conditions (Figure 6). After three cycles, the photocatalytic 
activity of the CeO2 remained almost unaffected. Finally, from the 
obtained results clearly indicate that the as-synthesized multi-yolk-
shelled hollow CeO2 nanosphere are with significant catalytic activity, 
hence this could be beneficial photocatalyst for the decomposition of 
color dye [30,31].

Conclusions
In summary, CeCP sub-microspheres were synthesized by 

microwave-assisted heating without the presence of template and 
any surfactant. The results show that the size and morphology of the 
CeCP can be controlled by changing the reaction parameters, such 
as reaction temperature, reaction time and molar ratio of metal to 

Figure 4: UV-Vis spectrum of the multi-yolk-shelled hollow CeO2 
nanospheres.

Figure 5: UV-Vis spectra for the catalytic reduction of the multi-yolk-shelled 
hollow CeO2 nanosphere as the catalysts at different time intervals.
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Figure 6: Recycling test of Ct/C0 ~t curves of photocatalytic degradation of 
RhB.

ligand. Multi-yolk-shelled hollow CeO2 nanosphere can be obtained 
by calcining the precursor at air at 600°C for 4 h. In addition, 
compared with the UV absorption capacity of core-shell ceria 
synthesized by solvothermal and microwave methods, it was found 
that the core-shell ceria synthesized by microwave method exhibit 
much better UV absorption performance. As a photocatalyst, core-
shell CeO2 shows excellent degradation effect for RhB, which is nearly 
98% under visible-light irradiation. This may be due to the formation 
of core-shell CeO2 with more active surface area. It is hoped that more 
ongoing research efforts and simple way could be paid to the core-
shell nanostructures.
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