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Abstract: Sm3+-doped CeO2 (denoted as Ce1−xSmxO2) powders with different morphologies were successfully synthesized via a 
precursor-growth-calcination approach, in which precursor was first synthesized by a hydrothermal method and Ce1−xSmxO2 powders 
were finally obtained through a calcination process. The products were characterized with X-ray diffractometry(XRD), field emission 
scanning electron microscopy(FE-SEM) and fluorescence spectroscopy. The results reveal that the Ce1−xSmxO2 powders obtained by 
calcining the precursors prepared in the absence and presence of poly(vinyl pyrrolidone) (PVP) exhibit bundle- and sphere-like 
morphology, respectively. The possible growth process was proposed by preparing a series of intermediate morphologies during the 
shape evolution of CeO2 based on the SEM image observation. It is also found that the luminescence intensity of bundle-like 
Ce1−xSmxO2 is enhanced in comparison with that of sphere-like one due to its special morphology. 
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1 Introduction 
 

Cerium oxide(CeO2) is a rare earth oxide that has 
attracted a great deal of interest owing to its unique 
properties, including high mechanical strength, oxygen 
ion conductivity and oxygen storage capacity. Because 
of these characteristics, CeO2 has been widely used as an 
oxygen ion conductor in solid oxide fuel cells, oxygen 
pumps, and amperometric oxygen monitors[1−6]. CeO2 
has also been used as a gate oxide in metal oxide 
semiconductor devices, as a catalytic material for three- 
way catalysis(TWC) of exhaust gas from automobiles 
and fluid catalytic cracking(FCC) and as phosphor 
materials including both hosts and activators[7−11]. 
Since shape is known to be an important factor in 
determining the structural, physical and chemical 
properties of nanoparticles[12−14], there are great efforts 
in the shape-controlled synthesis of CeO2 nanocrystals. 
CeO2 nanoparticles and nanorods were synthesized by 
solution-based hydrothermal method [15−17]. 
Polycrystalline CeO2 nanowires were obtained by a 

thermostatic bath approach using sodium bis 
(2-ethylhexyl) sulfosuccinate as a structure-directing 
agent[18]. Spindle-like CeO2 was prepared by a polyol 
method[19]. CeO2 triangular microplates were obtained 
from decomposition of cerium hydroxycarbonates 
produced by hydrothermal process[20]. However, there 
were no reports on the synthesis of micrometer-sized 
CeO2 powders with bundle- and sphere-like 
morphologies. 

In previous research, Eu-doped YVO4 and Ga2O3 
particles were synthesized with bundle-like morphology 
by a hydrothermal method, and it was found that the 
bundle-like YVO4׃Eu and Ga2O3׃Eu particles exhibited 
unusual luminescence properties due to their special 
shape[18−19]. In this work, Ce1−xSmxO2 powders with 
bundle- and sphere-like morphologies are synthesized 
via a precursor-growth-calcination approach. The 
approach involves first the synthesis of cerium oxalate 
hydrate as the precursor by hydrothermal method and 
then their thermal decomposition by calcination to 
produce the final products. The selective fluorescence 
characteristics of Ce1−xSmxO2 are also studied. 
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2 Experimental 
 
2.1 Preparation of precursor and products 

All reagents were analytically pure and used 
without further purification. The hydrothermal reactions 
were carried out in a stainless steel autoclave with a 
Teflon liner (100 mL in total capacity) under autogenous 
pressure. In a typical synthesis, 4 mmol nitrate (including 
3.92 mmol Ce(NO3)3·6H2O and 0.08 mmol Sm(NO3)3· 
6H2O) and 6 mmol Na2C2O4 were, respectively, 
dissolved in 30 mL deionized water to obtain aqueous 
solutions. After predetermined amount of PVP aqueous 
solution (0.2 mol/L in repeating unit, 1 300 000 in 
average relative molecular mass, Acros Organics) was 
introduced into the Ce(NO3)3·6H2O solution, the two 
solutions were thoroughly mixed by vigorous stirring. 
The resulting suspension was successively put into an 
autoclave, and the autoclave was filled with deionized 
water up to 80% of the total volume. Hydrothermal 
synthesis was carried out at 180 ℃  for 8 h. After 
cooling to room temperature naturally, the white 
precipitate was collected, washed with distilled water 
and absolute ethanol several times, and then dried in air 
at 60 ℃  for 4 h. Subsequently, the as-synthesized 
precursors were calcined in air at 800 ℃ for 4 h to 
produce Ce1−xSmxO2 powders. 
 
2.2 Analysis of products 

All the samples were characterized by X-ray 
powder diffraction(XRD) using a Bruker D8-advance 
X-ray diffractometer with Cu Kα radiation (λ=1.541 8 Å). 
XRD patterns were recorded from 10˚ to 70˚ (2θ) with a 
scanning step of 0.01˚. The size distribution and 
morphology of the samples were analyzed by field 
emission scanning electron microscopy(FE-SEM, 
Sirion200, FEI, GENESIS 60S, American). The 
excitation and emission spectra were measured with a 
Hitachi F-2500 fluorescence spectrometer. 
 
3 Results and discussion 
 
3.1 XRD analysis 

Figs.1(a) and (b) show the XRD patterns of the 
precursors prepared in the absence and presence of PVP, 
respectively. It is found that all the samples are 
composed of cerium oxalate hydrate (JCPDS card 
14-0710) and some unidentified phase. The width of the 
diffraction peaks for the sample prepared in the absence 
of PVP indicates high crystallinity and large particle size. 
Figs.1(c) and (d) show the typical XRD patterns of the 
products obtained by calcining the precursor at 800 ℃ 

for 4 h. All the peaks can be indexed as fluorite- 
structured CeO2 phase (JCPDS card 19-0284). The 
comparison of the patterns shows that the CeO2׃Sm3+ 
obtained by pyrolyzing the precursor prepared in the 
presence of PVP has wide diffraction peaks, indicating 
small particle size. 
 

 

Fig.1 XRD patterns of precursors prepared in absence of PVP 
(a) and in presence of PVP (b); CeO2׃Sm3+

 products obtained 
by calcining precursor prepared in absence of PVP (c) and in 
presence of PVP (d) 
 
3.2 SEM analysis 

The morphologies and microstructure of the 
precursors and Ce1−xSmxO2 products were investigated 
using SEM. It is found that the Ce1−xSmxO2 products 
retain the morphology of the precursors exactly. Here 
only SEM images of the Ce1−xSmxO2 products are 
presented. Fig.2(a) shows the typical image of the 
Ce1−xSmxO2 products obtained by calcining the 
precursors, which was synthesized from the solutions 
without PVP after hydrothermal heat-treatment at 180 
℃ for 8 h. The SEM image indicates that a large amount 
of micrometer-sized bundles (with length up to about 60 
μm) appear as sheaves of straw tied in the middle, 
forming the straw-tied-like microstructure of Ce1−xSmxO2. 
Fig.2(b) presents the typical image of individual straw- 
tied-like bundle. A careful observation of the image 
reveals that Ce1−xSmxO2 bundle is composed of 
microrods with inhomogeneous size distribution of 
diameter. Fig.2(c) shows the SEM image of the tied 
region at high magnification. It is clear that the rods 
grow across each other to form straw-tied-like structures. 
In addition to the bundle-like morphology, half-bundle- 
like (Fig.2(d)) and rod-like (not shown here) 
morphologies are also observed in the samples. The 
majority of Ce1−xSmxO2 structures is bundle, and the 
minority is half-bundle and rod. 

Several time-dependent experiments were carried 
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Fig.2 SEM images of Ce1−xSmxO2 obtained by calcining precursors synthesized from solutions after hydrothermal heat-treatment at 
180 ℃ for 8 h: (a) Ce1−xSmxO2 products; (b) Individual straw-tied-like bundle; (c) High-magnification image of tied region; (d) 
Half-bundle-like morphology 
 
out by quenching the Teflon-lined autoclave with cold 
water at different reaction stages to investigate the 
growth mechanism of bundle-like Ce1−xSmxO2. The 
precursors obtained from the solution after hydrothermal 
heat-treatment at 180 ℃ for 0, 2, 4 and 8 h are denoted 
as S1, S2, S3 and S4, respectively. Figs.3(a)−(f) show the 
SEM images of the Ce1−xSmxO2 products obtained by 
calcining S1, S2, S3 and S4, respectively. These images 
exhibit the evolution of Ce1−xSmxO2 microstructures 
from rod to bundle. Fig.3(a) show the image of the 
product obtained by calcining S1. It is clear that 
as-prepared product is rod-like particles with 
inhomogeneous size distribution, which is in agreement 
with literature report[20]. Fig.3(b) exhibits the image of 
the product obtained by calcining S2. A large number of 
bundles with a length of about 7 μm and an aspect ratio 
of about 1.5 are observed in the product. The size and 
morphology of each product are comparatively uniform. 

Fig.3(c) shows the typical image of individual 
bundle. It clearly reveals that the bundle is composed of 
many rods. Fig.3(d) shows the image of the product 
obtained by calcining S3. It can be observed that the 

product takes on dumbbell-like bundle morphology, and 
the length (about 30 μm) and aspect ratio (about 4) 
increase greatly compared with those of the product 
obtained by calcining S2. Fig.3(e) presents the typical 
image of individual dumbbell-like bundle. Careful 
observation reveals that two ends of the bundle grow to 
loose bundle. Fig.3(f) shows the image of the product 
obtained by calcining S4. When prolonging the 
hydrothermal reaction time to 8 h, the product mainly 
exhibits straw-tied-like bundle morphology.  

Based on above SEM observation, a possible 
growth process demonstrating the synthesis of precursor 
with straw-tied-like bundle morphology can be simply 
described in Fig.4. First, new born clusters of precursor 
agglomerate together to form rod-like particles at room 
temperature. And then, the rod-like particles agglomerate 
together to form cylindrical bundles, and the growth 
fronts may radiate in opposite directions and lead to the 
formation of the straw-tied-like bundles. 

The effect of PVP on the formation of Ce1−xSmxO2 
crystals with different morphologies is illustrated in 
Fig.5. Fig.5(a) shows the representative SEM image of 
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Fig.3 SEM images of Ce1−xSmxO2 product obtained by calcining precursors synthesized from solutions after hydrothermal 
heat-treatment at 180 ℃ for 0 h (a); 2 h (b, c); 4 h (d, e) and 8 h (f) 
 

 
Fig.4 Schematic depicting possible growth routes for bundle-like precursors 
 
the Ce1−xSmxO2 products obtained by using 5 mL PVP. 
The as-synthesized products mainly consist of 
micrometer-sized (about 60 μm in length) bundles and 
nanosized (about 100 nm in diameter) particles. Fig.5(b) 
shows the SEM image of the nanosized particles at high 
magnification. It is found that nanosized particles exhibit 
sphere-like morphology. When the amount of PVP is 

increased to 12 mL, the morphology changes greatly in 
comparison with that of the products shown in Fig.5(a). 
The as-synthesized products are mainly composed of 
sphere-like particles with diameter of about 100 nm. 
Moreover, most of the sphere-like particles agglomerate 
together to form string-like particles, as shown in 
Fig.5(c). Fig.5(d) shows the SEM image of the string-  
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Fig.5 SEM images of Ce1−xSmxO2 products obtained by calcining precursors synthesized from solutions with 5 mL PVP (a, b) and 12 
mL PVP (c, d) after hydrothermal heat-treatment at 180 ℃ for 8 h 
 
like particles at high magnification. Above SEM 
observations reveal that PVP can affect the morphology 
and the size of final products. The relatively high amount 
of PVP may cause high coverage of PVP on all faces of 
newborn clusters of precursors, leading to an isotropic 
growth mode and small particle size[21]. 

The energy-dispersive spectrum analysis was used 
to analyze the composition of the bundle- and sphere-like 
Ce1−xSmxO2 powders. It is found that the actual mole 
fraction of samarium in bundle- and sphere-like 
Ce1−xSmxO2 powders are 1.78% and 1.83%, respectively. 
 
3.3 Fluorescence properties 

The excitation spectra monitored at the emission 
wavelength of 574 nm with similar shape for Sm3+-doped 
bundle- and sphere-like Ce1−xSmxO2 particles are 
illustrated in Fig.6. The spectra exhibit two broad 
excitation bands, one band around 325−430 nm 
corresponding to the charge transfer between the O2− 
valence band and the Ce4+ conduction band, and the 
other band around 260−290 nm corresponding to the 
charge transfer between O2− and Sm3+[22]. The room 
temperature emission spectra of bundle- and sphere-like 
Ce1−xSmxO2 particles under 369 nm excitation are given 

in Fig.7. Several apparent emission bands with a 
predominant peak at 574 nm are observed in each 
spectrum and can be distributed into two groups 
corresponding to different transition. The emission peaks 
centered at 562 and 574 nm correspond to the transition 
4G5/2→

6H5/2. The emission peaks centered at 593, 611, 
617, and 623 nm correspond to the transition 4G5/2→ 
6H7/2. The point-group symmetry of Ce sites in the 
fluorite CeO2 structure is Oh with eight-fold oxygen 
coordination, thereby providing an inversion symmetry. 
When Sm3+ incorporates in CeO2 crystals, it has the same 
point-group symmetry as Ce4+. According to the 
selection rule, magnetic-dipole transitions that obey ΔJ= 
0 and ±1 (J: the total angular momentum) are allowed for 
Sm3+ in a site with inversion symmetry. Therefore, the 
4G5/2 →

6H5/2 (ΔJ=0) and the 4G5/2 →
6H7/2 (ΔJ=1) 

transitions can be observed; while the 4G5/2→
6H9/2 (ΔJ= 

2) transitions, which are usually observed in other host 
materials such as ZrO2 and Y2O3[23−24], are strictly 
forbidden in Ce1−xSmxO2. Of the two samples, the 
emission spectra of these samples are similar in shape, 
and the bands differ only in their relative intensities. The 
emission intensity of bundle-like Ce1−xSmxO2

 is higher 
than that of sphere-like Ce1−xSmxO2. It is well known that 
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Fig.6 Excitation spectra of Ce1−xSmxO2 products: (a) With 
bundle-like morphology; (b) With sphere-like morphology 
 

 
Fig.7 Emission spectra of Ce1−xSmxO2 products: (a) With 
bundle-like morphology; (b) With sphere-like morphology 
 
the phosphors obtained from different routes usually 
have different crystallizations, which may give rise to 
different luminescence behavior. In our cases, the samples 
calcined at 800 ℃  have the same degree of 
crystallizations (as shown in Fig.1). So the difference of 
luminescence intensity should be caused by other factors. 
Some authors reported that the shape anisotropy could 
affect site symmetry of Re3+, giving the different 
luminescence behavior[25−27]. Although much work 
remains to be done to fully understand the difference of 
intensity for bundle- and sphere-like Ce1−xSmxO2, it is 
speculated that the enhanced luminescence intensity of 
the bundle- and sphere-like Ce1−xSmxO2 is caused by its 
special morphology. 
 
4 Conclusions 
 

1) Ce1−xSmxO2 powders are synthesized by a 

precursor-growth-calcination approach, and it is found 
that Ce1−xSmxO2 powders obtained by calcining the 
precursors prepared in the absence and presence of PVP 
exhibit bundle- and sphere-like morphology, 
respectively. 

2) The growth process of the Ce1−xSmxO2 powders 
with straw-tied-like bundle morphology is as follows. 
The newborn clusters of precursor agglomerate together 
to form rod-like particles at room temperature, then the 
rod-like particles agglomerate together to fabricate 
cylindrical bundles, and the growth fronts may radiate in 
opposite directions, leading to the formation of the 
straw-tied-like boundless in the hydrothermal condition. 

3) The luminescence intensity of bundle-like 
Ce1−xSmxO2 is enhanced in comparison with that of 
sphere-like Ce1-x SmxO2 due to its special morphology. 
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