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CeO2:Sm3+ nanophosphors were synthesized by hydrother-
mal treatments of aqueous solutions containing cerium ni-
trate, samarium nitrate, and sodium hydroxide. The shape
of the nanocrystals was controlled simply by changing the
hydrothermal treatment temperature. Nanorods of
CeO2:Sm3+ were obtained at 100 °C, whereas highly crystal-
line nanocubes were formed at a higher temperature of
180 °C. Photoluminescent properties of the nanophosphors
were greatly influenced by their shapes. The as-prepared
nanocubes exhibited much stronger orange-red emissions

Introduction

Cerium dioxide (CeO2), which has a cubic fluorite-type
structure, is one of the most useful rare-earth oxides. Single-
phase CeO2 and its solid solutions with other lanthanide
oxides (CeO2–Ln2O3; Ln: lanthanide) or zirconium oxide
(CeO2–ZrO2) have been recognized as important materials
due to their excellent oxygen ion conductivity and oxygen
storage capacity.[1,2] CeO2 has found many industrial appli-
cations such as in solid oxide fuel cells,[3] automotive three-
way catalyst systems,[4] and oxygen gas sensors.[5] Because
of its band gap energy located at the near UV region, CeO2

is also an excellent UV absorber.[6]

We have been focusing our attention on the luminescent
properties of Ln3+-doped CeO2, which can be excited by
near-UV light.[7–9] This is partially because recent advances
in UV light-emitting diodes based on wide-gap semi-
conductors have facilitated solid-state white light using red,
orange, yellow, green, and blue phosphors.[10] The shape of
phosphors is controlled in accordance with their loading
manner in practical devices. Nanometre-sized phosphor
materials are attracting attention because of the prospect
of specific applications such as electroluminescent devices,
integrated optics, and biological labels.[11] Meanwhile the
use of nanocrystalline or nanostructured CeO2 has been ex-
pected to enhance its physicochemical performance due to
its characteristic structural and electronic properties. For
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from Sm3+ than the as-prepared nanorods. A high-tempera-
ture treatment of the nanorods at 700 °C did not significantly
enhance the emission intensity. The different photolumines-
cent properties were then examined by FTIR and Raman
spectroscopy. Results showed that oxygen defects were the
major reason for the inferior properties of the nanorods even
after the high-temperature treatment. In contrast, the
CeO2:Sm3+ nanocubes were shown to be excellent nano-
phosphors prepared at 180 °C without any further treatment.

example, high porosity and high specific surface areas can
increase active surfaces for catalysis and sensing. The elec-
trical conductivity of CeO2 nanoparticles is reportedly 104

times higher than the bulk material.[12] Elaboration of
nanometre-sized CeO2 with unique morphologies has been
carried out to prepare nanocubes,[13] nanorods,[14] and
nanowires[15] using organic templates. One-dimensional
CeO2 crystals are generally difficult to synthesize, and
nanorods reported in the literature are often polycrystalline.

Recently, we have reported that CeO2 nanorods can be
hydrothermally synthesized starting from aqueous CeCl3
solutions containing NaOH, polyethylene glycol (6000),
and NaCl.[16] Observation by a high-resolution trans-
mission electron microscopic (HRTEM) revealed that the
nanorods were single crystals and their growth direction
was along the [110] axis of the cubic CeO2 structure. These
results motivated us to study the synthesis and luminescent
properties of highly crystalline CeO2-based nanophosphors.
In this work, CeO2:Sm3+ nanorods and nanocubes were hy-
drothermally synthesized from aqueous Ce(NO3)3 and
Sm(NO3)3 solutions containing a high concentration of
NaOH without using organic templates. Morphological dif-
ferences between the nanorods and nanocubes were con-
trolled simply by changing the temperature of the hydro-
thermal treatment. The luminescence of Sm3+ was exam-
ined and is discussed in relation to the shape and defects of
the CeO2 nanocrystals.

Results and Discussion

White precipitates were obtained by hydrothermal treat-
ment of basic Ce3+ and Sm3+ aqueous solutions at 100 and
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180 °C. [Sm3+]/{[Ce3+]+[Sm3+]} ratios in the solutions
were varied between 0 and 0.100 aiming for nominal
Ce1–xSmxO2–y (x = 0–0.100) compositions. Structural
analysis was first carried out by X-ray diffraction (XRD).
Figure 1 shows XRD patterns of the samples (x = 0, 0.001,
0.005, and 0.010) with the hydrothermal treatment tempera-
ture of 100 or 180 °C. All the patterns can be indexed with
cubic fluorite-type structure (ICDD 34–394), indicating
that the hydrothermal treatment is helpful for obtaining
crystalline, single-phase CeO2 samples for x = 0–0.010.
When the Sm3+ content was increased to x = 0.100, ad-
ditional peaks were detected in the XRD analysis due to
the formation of a hexagonal Sm(OH)3 phase in the sample
heated at 100 °C. Sm3+ is reportedly hydrolyzed most easily
among trivalent rare-earth ions as follows:[17]

Sm3+ + 3H2O i Sm(OH)3 + 3H+

Figure 1. XRD patterns of the products obtained from the hydro-
thermal treatment of precursor solutions (x = 0, 0.001, 0.005, and
0.010) at (a) 100 and (b) 180 °C for 24 h.

At this point, it is not clear whether Sm3+ was doped in
CeO2 at the lower content range. This will be discussed later
with results of photoluminescence (PL) measurements. For
both the temperatures, the crystallinity of the samples ap-
pears to be slightly lowered with increasing the Sm3+ con-
tent from x = 0 to 0.010, judging from the peak broadening
and the background noise. The effect of the hydrothermal
treatment temperature is also seen from the patterns. The
samples heated at 180 °C exhibit sharper diffraction peaks
than those at 100 °C, which is attributed to the difference
in the particle size and shape, as described below.

The morphology and shape of the CeO2 samples were
examined by field-emission scanning microscopy (FESEM)
and HRTEM. Figure 2 shows FESEM and TEM images of
the CeO2 samples (x = 0–0.010) formed at 100 °C. In the
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FESEM images, a needle-like morphology is observed in
the x = 0 sample. The particle size appears to be 200–
500 nm in length. On increasing the Sm3+ content to x =
0.010, the aggregation of the particles seems to be pro-
moted. In the TEM images, the shape of each particle is
clearly defined as a nanorod. There is no clear difference in
the size of the nanorods (20 nm in diameter and average
200 nm in length) in the samples between x = 0 and 0.010.
Moreover, since the diameter of the nanorods is almost con-
stant with respect to the length, the growth of a certain
crystallographic plane seems to be substantially suppressed.

Figure 2. FESEM (a–d) and TEM (e–h) images of samples ob-
tained by the hydrothermal treatment at 100 °C with Sm3+ content
(a and e) x = 0, (b and f) x = 0.001, (c and g) x = 0.005, and (d
and h) x = 0.010.

Figure 3 shows an HRTEM image of the nanorod from
the x = 0 sample. The image highlights the structural uni-
formity of the nanorod with clearly resolved fringes of in-
terplaner 0.31 nm spacings corresponding to the (111) plane
of CeO2. This (111) plane is at an angle of 55° with respect
to the growing direction of the nanorod. The nanorod was
then oriented along the [110] direction. From the viewpoint
of thermodynamics, it is known that CeO2 has three low-
energy surfaces of (111), (110), and (310), and the (111)
surface is the most stable.[18,19] Generally, a fast growing
plane with higher surface energy tends to disappear leaving
behind more slowly growing planes with lower surface en-
ergy. In this case, the low energy plane [possibly the (111)
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plane] covers the lateral surface of the nanorod. Usually
one-dimensional CeO2 particles are formed by using tem-
plates or surfactants to assist anisotropic crystal growth in
solution synthesis.[20,21] In the absence of such the agents,
the one-dimensional structure can be formed by an initial
formation of hexagonal Ce(OH)3 and subsequent transfor-
mation into CeO2.[22] In our procedure, before heating, the
solution was a purple-colored suspension after mixing of
the starting rare-earth solution and the NaOH solution.
This clearly indicates the formation of cerium hydroxide
species which exhibit the ligand field effect on light absorp-
tion. The precipitates after the hydrothermal treatment were
also purple, which changed to pale yellow on washing. This
indicates the occurrence of Ce3+/Ce4+ oxidation and CeO2

formation in air.

Figure 3. An HRTEM image of the nanorod sample (x = 0).

The morphology and shape of the CeO2 samples (x = 0–
0.010) formed at 180 °C are shown in Figure 4 in FESEM
and TEM images. Cubic-faceted particles are clearly seen
in the FESEM and TEM images at any Sm3+ content. At
the higher temperature, the solubility of the Ce(OH)3 spe-
cies is enhanced in the aqueous solution. At the same time,
Ce3+/Ce4+ oxidation is promoted, thereby forming less solu-
ble CeO2. The direct formation of CeO2 from solution re-
flects the crystallographic feature of the cubic fluorite-type
structure, and then the cubic-shaped particles are grown. If
any precipitates worked as a seed or templating crystal, the
CeO2 nanorods would be formed even at the higher hydro-
thermal treatment temperature.[23] Effects of intermediate
hydrothermal treatment temperatures (120, 140, and
160 °C) on the morphological evolution of the nanorods
and nanocubes were further examined by TEM (Supporting
Information, Figure S1). Results demonstrated that small
nanocubic crystallites were formed within the nanorods at
120 °C. The number of the nanocubes was then increased
on increasing the temperature to 140 and 160 °C. Con-
versely, the nanorods decreased in number with the tem-
perature. Thus, the increase in temperature promotes the
decomposition or the dissolution of the Ce(OH)3-derived
nanorods and simultaneously the precipitation of the less
soluble CeO2 nanocubes.
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Figure 4. FESEM (a–d) and TEM (e–h) images of samples ob-
tained by the hydrothermal treatment at 180 °C with Sm3+ content
of (a and e) x = 0, (b and f) x = 0.001, (c and g) x = 0.005, and
(d and h) x = 0.010.

An HRTEM image of the CeO2 nanocube (x = 0) is
shown in Figure 5. Clearly resolved fringes of interplaner
0.26 nm spacings correspond to the (200) plane of CeO2.
This (200) plane is parallel to the surface of the cube. The
nanocube is then surrounded by the {100} plane. In terms
of thermodynamics, however, the (100) plane is an energeti-
cally unfavorable surface due to the presence of dipole mo-
ments.[24] The unstable (100) surface of the nanocube is pro-
tected by certain chemical species during the crystal growth

Figure 5. An HRTEM image of the nanocube sample (x = 0).
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in aqueous solution. This may be NO3

– ions which are se-
lectively adsorbed on the {100} plane.[25]

Optical properties of the CeO2 nanorods and nanocubes
were examined first with diffuse reflectance spectra, which
can evaluate light scattering and absorption in powdered
samples. Figure 6 shows diffuse reflectance spectra of the
nanorods and nanocubes in the wavelength range 200–
800 nm. In the visible region, the samples exhibit reflec-
tance of 70–80%, which means that they do not absorb vis-
ible light. A slightly lower reflectance of the nanorods than
the nanocubes comes from the transmission loss in the
sparsely packed nanorods in the measurement. An abrupt
decrease in reflectance at around 400 nm corresponds to the
interband absorption of CeO2 by the charge transfer from
the O2– valence band to the Ce4+ conduction band.

Figure 6. Diffuse reflectance spectra of (a) nanorods and (b) nano-
cubes with x = 0–0.010.

PL properties greatly depended on the shape of the nano-
crystalline CeO2 samples. Additionally, the size of the sam-
ples was also a concern. We paid attention to the size effect
in terms of scattering of the emitted light taking into ac-
count the diffuse reflectance data shown in Figure 6. The
nanocubes were found to exhibit much better PL properties
than the nanorods in the as-prepared state. Figure 7 shows
PL excitation (λem. = 574 nm) and emission (λex. = 350 nm)
spectra of the CeO2:Sm3+ nanocubes (x = 0.001–0.010). It
is seen that the PL intensity increases with increasing the
Sm3+ content, indicative of the successful incorporation of
Sm3+ into the CeO2 lattice. A further increase in the Sm3+

content resulted in a decrease in the PL intensity due to
concentration quenching. The PL excitation spectra show a
broad excitation band with a peak around 350 nm. The
band gap of CeO2 is reported to be 3.4 eV (365 nm), sug-
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gesting that the excitation is achieved through the charge
transfer between the O2– valence band and the Ce4+ con-
duction band and the subsequent energy transfer to Sm3+.
The excitation efficiency shows its maximum near the ab-
sorption edge of CeO2, indicating that the energy transfer
process is promoted from electrons excited into the bottom
of the Ce4+ conduction band. Electrons excited into higher
energy levels in the conduction band may decay to the va-
lence band nonresonantly with Sm3+. The PL emission
spectra of the CeO2:Sm3+ nanocubes have two groups of
emission lines which lead to orange-red colors. One is that
of the 4G5/2 � 6H5/2 transitions (558, 561, and 574 nm) and
the other is that of the 4G5/2 � 6H7/2 transitions (611, 614,
and 619 nm). Both groups are allowed magnetic dipole
transitions. According to the selection rule, magnetic dipole
transitions that obey ΔJ = 0 and �1, where J is the total
angular momentum, are allowed for Sm3+ in a site with
inversion symmetry as in the case of the fluorite-type cubic
CeO2 crystal.

Figure 7. (a) PL excitation (λem. = 574 nm) and (b) PL emission
(λex. = 350 nm) spectra of nanocube samples with x = 0.001–0.010.

Because the PL intensity of the nanorod samples was
relatively low, we tried to enhance the emission by a high-
temperature treatment at 700 °C. This temperature was cho-
sen because of the observation in our previous work that
nanocrystalline CeO2:Sm3+ films showed excellent PL prop-
erties after heating at 700 °C.[7] Figure 8 compares PL exci-
tation (λem. = 574 nm) and emission (λex. = 350 nm) spectra
of the as-prepared nanocubes, the as-prepared nanorods,
and the heat-treated nanorods with the x = 0.010 composi-
tion of CeO2:Sm3+. The high-temperature treatment does
not have a significant effect on the PL properties of the
nanorod samples. The PL intensity of the nanorods heated
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at 700 °C is still much lower than that of the nanocubes
prepared at 180 °C. Therefore, it seems that the shape of
the nanocrystals is greatly related to the PL properties of
CeO2:Sm3+.

Figure 8. (a) PL excitation (λem. = 574 nm) and (b) PL emission
(λex. = 350 nm) spectra of the as-prepared nanorods, the as-pre-
pared nanocubes, and the heat-treated nanorods with x = 0.010.

Structural analyses were performed further by FTIR and
Raman spectroscopy to investigate the differences between
the nanorods and nanocubes. Figure 9 compares FTIR and
Raman spectra of the as-prepared nanocubes, the as-pre-
pared nanorods, and the heat-treated nanorods. The as-pre-
pared nanorods exhibit IR absorption bands at 3430, 1630,
1500, and 1370 cm–1. The bands at 3430 and 1630 cm–1 are
assigned to the stretching O–H and bending H–OH vi-
brations, respectively, thereby indicating the presence of
water adsorbed on the nanorods or incorporated in the hy-
drated CeO2·nH2O crystal. The bands at 1500 and
1370 cm–1 are attributed to NO3

– ions. The nanorods were
washed six times with ion-exchanged water after the hydro-
thermal treatment. The presence of the NO3

– ions implies
their strong adsorption ability on the surface of the nano-
rods. After heating the nanorods at 700 °C, the IR absorp-
tion due to water and the nitrate ions is considerably low-
ered, which indicates that their removal from the nanorods
is almost complete. The IR spectrum of the nanocubes co-
incides with that of the heat-treated nanorods. Therefore,
the presence and absence of water and nitrate ions cannot
explain the different PL properties of the nanorods and the
nanocubes shown in Figure 8.

Raman spectra are used to discuss the structural defects.
A Raman peak appearing at 450 cm–1 is caused by symmet-
ric vibrations of the Ce–O8 unit and is an excellent indi-
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Figure 9. (a) FTIR and (b) Raman spectra of the as-prepared nano-
rods, the as-prepared nanocubes, and the heat-treated nanorods
with x = 0.010.

cator for lattice defects. The width and symmetry of this
peak are sensitive to any disorder in the oxygen sublattice
resulting from thermal and/or grain size-induced nonstoi-
chiometry.[26] As shown in Figure 9, the Raman peak of the
as-prepared nanorods is broader than that of the as-pre-
pared nanocubes. This indicates that the nanorods have far
more oxygen defects than the nanocubes. The high-tem-
perature treatment of the nanorods has little effect on re-
ducing the peak broadening. Therefore, the heat-treated
nanorods still have more oxygen defects than the nano-
cubes. This explains the lower PL intensities of the as-pre-
pared and the heat-treated nanorods than the as-prepared
nanocubes. The PL properties of the nanocubes are almost
unchanged even after heating them at 700 °C.

To discuss the dependence of the PL intensity (λem. =
574 nm) on the Sm3+ content, we initially examined thin-
film samples prepared by a previously reported method.[7,8]

The maximum PL intensity was observed at x = 0.001
(0.1 %) (Figure S2). In the thin-film samples, the batch and
the final Sm3+ content are almost the same and concentra-
tion quenching occurs beyond 0.1%. On the other hand, the
nanocrystalline samples may have different Sm3+ contents
compared with those of the batch aqueous solutions. This
inference appears to be true; Figure 10 shows the maximum
intensity observed at x = 0.010 (1.0%) and 0.005 (0.5%) for
the nanocubes and the nanorods, respectively. Therefore the
actual Sm3+ contents can be estimated to be approximately
one tenth of the batch contents. Furthermore, the difference
in the critical concentration for quenching between the nano-
cubes and the nanorods may result from the oxygen defects.
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The doping of the aliovalent Sm3+ ions in the CeO2 lattice
fundamentally induces the oxygen defects. The nanorod
samples would be more severely influenced by the defects
brought additionally by Sm3+-doping, thus quenching the
emissions at the lower doping level.

Figure 10. The dependence of the PL intensity at 574 nm on the
Sm3+ content for (a) the as-prepared nanocubes and (b) the heat-
treated nanorods.

Conclusions

CeO2:Sm3+ nanophosphors with different shapes were
synthesized by the hydrothermal treatment of the aqueous
rear-earth solutions. The nanorods and the nanocubes were
obtained by the hydrothermal treatment at 100 and 180 °C,
respectively. The as-prepared nanorods showed inferior PL
properties compared to those of the as-prepared nanocubes.
Even after heating the nanorods at 700 °C, the PL proper-
ties were not enhanced. From the FTIR and Raman spec-
troscopic analysis, the nanorods were found to have far
more oxygen defects than the as-prepared nanocubes. Our
results demonstrate that the shape of the nanocrystals is of
prime importance in designing and synthesizing nanophos-
phors because shape-related structural defects govern their
luminescent properties.

Experimental Section
Sample Preparation: Ce(NO3)3·6H2O and Sm(NO3)3·6H2O (Wako
Pure Chemical Industries Co., Ltd., Japan) were separately dis-
solved in ion-exchanged water. The resultant solutions were mixed
and stirred for 10 min to obtain a solution containing Ce3+ and
Sm3+ (5 mL). [Sm3+]/{[Ce3+] + [Sm3+]} ratios were varied between
0 and 0.100 aiming for nominal Ce1–xSmxO2–y (x = 0–0.100) com-
positions. NaOH (22.4 g) was dissolved in ion-exchanged water
(35 mL). The Ce3+/Sm3+ solution (5 mL) was poured into the
NaOH solution and stirred vigorously for 30 min, resulting in a
precursor solution with the NaOH concentration of 14 mol/L.

The precursor solutions were placed in Teflon-lined autoclaves and
heated at 100 or 180 °C for 24 h. Powder products in the solutions
were washed with deionized water repeatedly and dried at 60 °C.
The products obtained at 100 °C were heat-treated at 700 °C for
2 h.

Characterization: Crystalline phases of the samples were indentified
with an X-ray diffractometer (Bruker AXS D8) using Cu-Kα radia-
tion. The morphology of the samples was observed with FESEM
(Hitachi S-4700). The particle shape was observed with HRTEM
(Philips TECNAI F20). Diffuse reflectance spectra of the powder
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samples were recorded with a UV/Vis/NIR spectrophotometer
(JASCO V-670) using an integrating sphere (ISN-723). Photolumi-
nescence spectra were measured at room temperature with a spec-
trofluorophotometer (Shimadzu RF-5300PC) using a xenon lamp
(150 W) as a light source. Careful attention was paid to avoid any
misinterpretation of the spectra possibly coming from the appara-
tus and measurement conditions. Emission scans were performed
with 1.5 nm band-pass emission slits. A filter was used to remove
a second-order peak of the excitation light. The structure of the
samples was also examined by FTIR spectroscopy (Bruker
ALPHA) using a KBr disc. Raman spectra were measured using
an Ar laser at 532 nm (CHROMEX Raman-One-CCD).

Supporting Information (see footnote on the first page of this arti-
cle): TEM images for the samples hydrothermally treated at inter-
mediate temperatures and the dependence of PL intensity on the
Sm3+ content for the thin-film samples.
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