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Abstract The CeO, nanocubes with rough surface have
been successfully synthesized by a facile hydrothermal
technique. The reaction temperature was systematically
investigated. X-ray diffractometer, scanning electron
microscope, transmission electron microscope, X-ray pho-
toelectron spectroscopy, Raman scattering, ultraviolet—vis-
ible and Photoluminescence spectra, and magnetization
hysteresis (M—H) curves were employed to characterize the
samples. The results showed that all the CeO, nanocubes
owned a fluorite cubic structure and there are Ce " ions and
oxygen vacancies in surface of samples. Although the mor-
phology had a slight difference for the samples synthesized
at different temperature and the average edge length of the
nanocubes increased from ~ 150 to ~250 nm, then to
~350 nm with the enhancement of temperature, the cube-
like morphology remained unchanged. The synthesized
CeO, samples show excellent room temperature optical
properties. The M—H curves of CeO, nano-octahedrons
exhibit excellent room-temperature ferromagnetism, which
is likely attributed to the effects of the different morphology
of samples, Ce*" ions and oxygen vacancies.

1 Introduction

In recent years, there has been increasing interest in the
controlled synthesis of higher ordered inorganic crystals
with specific dimensions and well-defined shapes because
of the unique shape-dependent materials properties, which
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would result in a wide range of electrical, optical, or
magnetic properties and open a new domain of theoretical
and technological interest [1—4]. Therefore, considerable
efforts have been focused on the fabrication of nanomate-
rials with various morphology structures owning to stim-
ulated by the fantastic and remarkable properties.

As one of the most important rare earth oxides, CeO,
with remarkable properties due to its abundant oxygen
vacancy defects, high oxygen storage capacity and ability
to uptake and release oxygen via the transformation
between Cet and Ce4+, has been the subject of intense
interest and widely used in oxygen storage capacity [5],
catalyst [6], fuel cells [7], gas sensors [8], dye removal
treatments [9], and optical properties [10] and magnetic
properties [11]. Recent advances in the morphology-con-
trolled synthesis of the nanomaterials offer new opportu-
nities of developing novel CeO, functional materials with
desired structural properties. CeO, with various mor-
phologies such as nanospheres [12], nanoflowers [13],
nanoplates [14], nanoshuttles [15], nano-octahedrons [16],
nanowires [17], nanotubes [18], nanorods [19] and other
morphologies [3, 4] has been synthesized in recent years.
Although significant progress in the synthesis approaches
for CeO, with various morphologies has been achieved, the
higher synthesis cost, larger energy consumption and more
complicated manufacturing procedures are usually
unavoidable. Among these methods, the hydrothermal
synthesis technique has been regarded as one of the most
effective and attractive routes, due to its own merits of high
powder reactivity, versatile shape control, and a large-scale
industrialization. As is well-known, it is difficult to syn-
thesize materials with nanostructures in solution-phase,
especially materials with a face-centered cubic structure
(for example CeQ,), since there is no intrinsic driving force
to form an anisotropic morphology.
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In this paper, we reported facile, smart and low-cost
hydrothermal route to synthesize CeO, nanocubes with a
rough surface using CeCl;-7H,O as cerium source, NHy.
HCOj; as precipitator. The morphology of CeO, can be
controlled by adjusting the reaction temperature. The CeO,
nanocubes show excellent room temperature optical and
magnetic properties. Our method is an effective approach
to controlling CeO, morphology and size which may be
extended to synthesis of other nanomaterials.

2 Experimental
2.1 Material preparation

Up to now, many studies on hydrothermal syntheses of
CeO, have been reported [2—4]. All the reagents were of
analytical grade purity and used as received without further
purification before the synthesized process. In a typical
synthesis procedure, 4 mmol cerium chloride heptahydrate
(CeCl3-7H,O) and 50 mmol ammonium bicarbonate
(NH4HCO3) were dissolved in 10 and 25 mL deionized
water, respectively. After continuous stirring for 1 h,
25 mL. NH4HCOj3; aqueous solution were rapidly poured
into 10 mL CeCl;-7H,0 aqueous solution under continu-
ous stirring. Continuous stirring for a long time before the
white suspending solution was transferred into a 50 mL
Teflon-lined autoclave and heated at 100, 120 and 160 °C
for 48 h, followed by natural cooling to room temperature.
The fresh precipitates were washed with distilled water and
ethanol three times in turn, and then dried at 80 °C for
12 h. The light yellow CeO, were obtained after the
resultant powders were calcined at 500 °C for 4 h in air.
The products of others were obtained through a similar
procedure except using the amount of ethanediamine 1 mL
instead of 0 mL.

2.2 Characterization

Crystal structures of the samples were characterized by
X-ray diffractometer (XRD, XD-3) with Cu Ko radiation
(A = 0.154 nm). Morphologies and sizes of synthesized
nanoparticles were studied by scanning electron micro-
scope (SEM, S-4800, Japan) and transmission electron
microscope (TEM, JEM-2100, Japan). The chemical state
was analyzed by X-ray photoelectron spectroscopy (XPS,
ESCALAB 250 US Thermo Electron Co). The Raman
spectra were carried out by a Raman spectrometer system
(inVia-Reflex) using a laser with 532 nm excitation. The
ultraviolet—visible (UV-Vis) diffuse reflectance spectra
were carried out using an ultraviolet—visible-near infrared
spectrophotometer (U-4100). Photoluminescent (PL)
emission spectra were recorded on a fluorescence
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spectrophotometer (Hitachi F-4500) using excitation light
of 330 nm. The M-H curves were measured at room
temperature by a vibrating sample magnetometer (BHV-
55).

3 Results and discussion
3.1 XRD characterization

X-ray diffractometer (XRD) analysis was carried out to
investigate the crystal phase and purity of the samples.
Figure 1 shows the XRD patterns of the products obtained
at 100, 120, 160 °C for 48 h. All the detectable peaks can
be well-indexed to a pure cubic structure of CeO,, which is
in good agreement with the JCPDS file for CeO, (Fm3m,
JCPDS No. 43-1002). It is noteworthy that no diffraction
peaks from other species can be detected by XRD patterns,
indicating a high purity of the final products and the
hydrothermal reaction temperature has no effect on CeO,
crystalline phase purity. Moreover, the sharp diffraction
peaks from all samples suggest a good crystallinity of the
obtained CeO, nanocrystals. The relative intensity between
characteristic peaks at about 28.58, 33.10 47.36 and 56.29
(28) does not change clearly, which assigned to the crystal
planes (111), (200), (220) and (311) respectively, sug-
gesting that there is no preferred orientation or orientation
crystal growth.

3.2 SEM and TEM characterization

The morphology and size of CeO, samples synthesized at
different temperature were investigated by SEM and TEM.
As shown in Fig. 2a, the uniform cubic particles have an
average edge length of about 150 nm. In the inset image of
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Fig. 1 XRD patterns of products synthesized at 100, 120, and 160 °C
for 48 h
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Fig. 2 SEM images of products synthesized at a 100 °C, b 120 °C, ¢ 160 °C for 48 h, d the products synthesized at 160 °C for 48 h doped 0 mL

ethylenediamine

Fig. 2a, one can note that the nanocubes have a loosened
body and crude surface which is covered by wrinkles
completely. These wrinkled surfaces result in a high
specific surface area for the nanocubes, which would be
beneficial for enhancing their physical and chemical
properties. Increasing the reaction temperature to 120 °C,
as shown in Fig. 2b, the average edge length of the nano-
cubes increased from ~ 150 to ~250 nm, while overall
outline of the nanocubes remained unchanged. Further-
more, the nanocubes not have a loosened body and crude
surface, but a cube-like structure composed of numerous
small nanocubes as the building block with an average
edge length of about 60 nm, which orderly stack together
to form a cube-like structure with many pores. When the
reaction temperature is up to 160 °C, the average edge
length of the nanocubes increased from ~250 to
~350 nm, while the cube-like morphology and crude
surface remained unchanged, as shown in Fig. 2c. When
1 mL ethanediamine was added into solution and reaction
temperature was keeped at 160 °C, the spherical particles
with a smooth but irregular surface while the size remained
unchanged, as shown in Fig. 2d.

3.3 Composition and chemical state

To further characterize the product, XPS analysis was
carried out to investigate the surface composition and

chemical state of the CeO, nanocubes synthesized at
160 °C for 48 h. The Ce 3d spectra and corresponding peak
fitted deconvolutions are given in Fig. 3a. Eight peaks
associated with the 3d electrons of Ce correspond to four
pairs of spin—orbit doublets [20]. From Fig. 3a, it can be
seen that six Ce 3d BE peaks, at 916.51, 908.20, 899.44,
898.22, 888.29 and 882.05 eV are attributed to 3ds,, and
3ds), for Ce** final states [21], while two weak peaks at
901.24 and 883.21 eV are the present for 3d3,, and 3ds,, for
Ce>* 3d final states [22]. This result indicates that the main
valence of cerium in the sample was +4, and a small
amount of Ce* distributes around oxygen vacancies on the
CeO, surfaces [23], regardless of the valence of the starting
cerium salts. Figure 3b shows The Ols spectra of the CeO,
nanocubes. It can be seen that three BE peaks at binding
energy 528.82, 529.81 and 531.11 eV can be attributed to
lattice oxygen ions in CeO,, absorbed oxygen and lattice
oxygen ions in Ce,O3 [24-26], respectively.

3.4 Optical properties

To understand the defect induced changes in the local
structure of CeO, nanocrystals and to characterize oxygen
vacancies, a very facile and nonvolatile technique, Raman
spectroscopy was carried out. Figure 4 shows the recorded
Raman spectra of the as-obtained products under different
hydrothermal temperature. As we have seen from Fig. 4,
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Fig. 3 XPS cores level spectra of Ce3d (a) and Ols (b) of CeO,
nanocubes obtained at 160 °C for 48 h

one strong scattering peak observed at about 462 cm™!,

corresponding to the triply degenerate F,, mode of the
fluorite crystal structure of CeO, and it can be considered
as the symmetric stretching mode of oxygen atoms around
cerium ions, and the molecule retains its tetrahedral sym-
metry throughout [27]. Because only the O atoms move,
the vibrational mode is nearly independent of the cation
mass [28]. So, the only peak allowed in first order should
be very sensitive to any disorder in the oxygen sublattice
resulting from thermal, doping, or grain size [29]. How-
ever, it is well known that bulk CeO, has a main peak at
465 cmfl, but under the circumstances, the main peak
shifts toward lower wavenumber and becomes more
asymmetric, several factors, such as phonon confinement,
increased lattice strain, nonuniform strain and variations in
phonon relaxation may account for the changes [30]. It is
likely that Ce** jons and oxygen vacancies in the samples
are responsible for the changes in the Raman scattering as
supported by the XPS and PL data. In addition, the low
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Fig. 4 Raman spectra of CeO, nanocubes obtained at 100, 120 and
160 °C for 48 h, respectively

intense peaks at 256 cm™' may be assigned to the disorder
in the system [31], while the peaks at 589 cm™' can be
attributed to defect spaces which include oxygen vacancies
[32]. The samples obtained at 160 °C have a highest
intensity at 589 cm_l, which may be due to the formation
of more oxygen vacancies. In this respect, as far as we
know that the introduction of oxygen vacancies or
increasing the concentration at the surface of CeO, samples
can inhibit the recombination of electron—hole pairs to
improve their performance as efficient photocatalysts [25].
In fact, it makes no any sense to assign the broad and
asymmetrical peak at about 1068 cm ™' to a single critical
point phonon overtone. Finally, the second-order feature at
1173 cm™ ! is ascribed to the second-order Raman mode of
surface superoxide species (02’ ), and has little additional
contributions from F,, symmetry [33].

The UV-Vis diffuse reflectance spectra of samples
prepared within different reaction temperatures are shown
in Fig. 5a. All the samples showed strong absorption below
400 nm corresponding to the fluorite cubic structure of
CeO,, which originates from the charge-transfer transition
between the O>~ (2p) and Ce*™ (4f) orbit in CeO, [3]. The
nanocubes synthesized at 160 °C were observed to have
higher absorptions of the blue and UV lights than others,
allowing it to be used as a better UV blocker. According to
previous reports [34] that not all cerium ions show Ce*"
chemical valence in the lattice and small cerium ions show
Ce*" tervalence. So as to maintain the particles in an
electrically neutral state, the lattice oxygen would escape
from the structure and finally result in the formation of
intrinsic oxygen vacancies. The absorption band of the
nanocubes synthesized at 160 °C extended to longer
wavelength, indicating the Ce** supply lower unoccupied
orbits than Ce 4f, thus the transition from O 2p to the
unoccupied orbits needs lower energy. So, we can conclude
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Fig. 5 a UV—Vis absorption spectra, b plots of (chv)* as function of
energy of CeO, nanocubes obtained at 100, 120 and 160 °C for 48 h,
respectively

that the nanocubes synthesized at 160 °C have more
intrinsic defects (oxygen vacancies) [3]. According to the
data of the absorption spectra, the optical band gaps (E,) of
CeO, nanoparticles can be estimated by using the follow-
ing equation [35]: (ahv)" = B(hv — E,). Where o is the
absorption coefficient, B is a constant relative to the
material, hv is the photon energy, and n is 2 for a direct
transition. The plots of (chv)? versus photon energy for all
the CeO, samples are shown in Fig. 5b. As a result, the
values of band gap energy are 2.79, 2.94 and 2.77 eV, for
the CeO, samples synthesized within 100, 120 and 160 °C,
respectively, Which is smaller than the value of the tradi-
tional bulk CeO, (E, = 3.20 eV). According to the litera-
ture, a red-shifting phenomenon could be attributed to
electron—phonon coupling [36] and the shape of the
material [3]. However, a complementary viewpoint about it
is provided by our work. It is well-known that ceria pos-
sesses intrinsic defect (Ce*" and O vacancy concentration)
in the fluorite structure, which generally introduces inter-
mediate energy levels, thus resulting in a decrease in the

band gap. Therefore, decrease in band gap indicates more
Ce’ " ions and O vacancies in the obtained CeO,, which is
in agreement with the PL. and Raman spectra analyses.
The photoluminescence (PL) performance of CeO, is
attributed to the strong light absorption through the charge
transfer between O~ and Ce**. As we all know that CeO,
is a wide band semiconductor, whose Ce 4f energy levels is
localized at the forbidden gap and lie ~3 eV above the
valence band (O 2p). When the electronic transition takes
place, the excited electrons will populate Ce 4f as well as
vacant spaces of oxygen defects. The defects energy levels
of CeO, localized between the Ce 4f band and O 2p band
can lead to broad emission bands. Since every atoms, ions
or each kind of defects do not emit the same spectra [37].
Figure 6 shows the PL spectra of all CeO, nanocubes
measured at room temperature at an excitation wavelength
of 330 nm. All samples have almost the same emission
peaks and show a strong PL emission single at 473 nm, the
weak emission band centred on 425 and 532 nm are also
observed. On the other hand, their PL intensities are
slightly different from each other and the peak intensity
decreases with the increase of reaction temperature and
then increases, which can be reasonably explained for that
different morphology and size of the particles may influ-
ence the carriers excited from the valence band to the
conduction band and then relax their energy on the crystal
surface and lead to variations of luminescence properties
[21]. Up to now, a number of studies on PL of CeO, have
been reported. Maensiri et al. [38] observed a wide PL
emission band from 390 to 550 nm in CeO, nanoparticles,
and they believed that the surface defects are responsible
for the broad emission. Jiang et al. [39] observed two
subpeaks at 452 and 470 nm, which exist obvious inver-
sions in the relative intensity in the two PL spectra at two

——160°C
——120°C

——100°C

Intensity (a.u.)

400 450 500 550 600
Wavelength (nm)

Fig. 6 Photoluminescence spectra of CeO, nanocubes obtained at
100, 120 and 160 °C for 48 h, respectively
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different excitation wavelengths (290 and 340 nm). The
two peaks at 415 and 435 nm can be found from the
flowerlike CeO, [40], while three emission peaks located at
370, 414 and 468 nm have been reported for the rod-like
CeO, [41]. The weak emission band centered on 540 and
564 nm may be induced by the oxygen vacancies in the
pole-like nanostructures [2]. The investigation showed that
the emission bands ranging from 400 to 500 nm for CeO,
sample are attributed to the hopping from different defect
levels to valence band, and can be partly certificated by
comparing the relationship of peak intensity and band gap
[40, 42]. The weak emission band centered on 532 nm may
be attributed to the oxygen vacancies in the crystal with
defect energy levels below the Ce 4f band [22].

The magnetic properties of CeO, nanocubes were
characterized by measuring the field dependence of mag-
netization at room temperature. Figure 7a shows the M-
H curves of all the CeO, nanocubes at room temperature
and Fig. 7b is the magnetization of the central part. As we

Magnetization (x1 0! emu/g)

-5000 0 5000

Magnetization (107! emu/g)

_2 1 1 1
-800 -400 0 400 800

Magnetic field (Oe)

Fig. 7 M-H curves of CeO, nanocubes obtained at 100, 120 and
160 °C for 48 h, respectively and the inset figure presents the spectra
in a suitable scale

@ Springer

Table 1 The parameters of M, M, and H. for CeO, nanocubes
obtained at 100, 120 and 160 °C for 48 h, respectively

Temperature Mg (emu/g) M, (emu/g) H_. (Oe)
100 °C 0.31 0.69 285
120 °C 0.24 0.55 249
160 °C 0.35 0.80 295

can see that all samples exhibit a very well defined hys-
teresis loop and the nanocubes synthesized at 160 °C have
a higher coercivity than that of others. The parameters of
M, M, and H. for all CeO, cube-like samples are shown in
Table 1. All the parameters decrease with the enhancement
of reaction temperature, and then increase. Interestingly,
these values of M| are larger than those previous reports in
which the pure CeO, [43, 44] and CeO, nanoparticles were
doped with magnetic element, such as Ni, Co and Cu
[45-47]. From those reports, it can be concluded that
magnetic not only from doped elements, but a part of CeO,
itself becomes magnetic, although bulk CeO, with a face-
centered cubic structure is paramagnetic. Firstly, according
to the results of XPS and Raman analyses, it can be con-
cluded that Ce** and oxygen vacancy existed in the surface
of CeO, samples. When the valence of Ce changes from
+4 to +3, the electron orbits (Ce*™-0>"=Ce*") are no
longer symmetrical and an uncoupled spins in the Ce
4f orbit are generated. Therefore, the room-temperature
ferromagnetism (RTFM) might consequently arise from a
nearest-neighbor interaction: double exchange (Ce*'—
0% —Ce*) [48]. Secondly, from experimental and theo-
retical studies, oxygen vacancies were supposed to give
rise to the RTFM. In addition, Bernardi et al. [49] has
confirmed that the presence of substantial oxygen vacan-
cies would lead to magnetic order. Wang et al. [50] also
believed that the FM of CeO, samples is related to the
concentration of Ce®" and oxygen deficiencies. From the
above, the RTFM of the CeO, samples may be ascribed to
the effects of the different morphology of samples, Ce>™
ions and oxygen vacancies.

4 Conclusions

In summary, we have demonstrated a facile approach to the
synthesis of CeO, with cube-like nanostructures only using
simple starting materials in a hydrothermal system.
Although the CeO, nanocubes obtained at different tem-
perature have similar morphology, the higher the temper-
ature, the more conducive to increase the size of
nanocubes. It was found that the nanocubes have a fluorite
cubic structure and and there are Ce*" ions and oxygen
vacancies existing in surface of samples. Although the
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visible luminescence exhibits similar emission peaks, the
emission intensity is diverse from each other and the
emission intensity of the samples obtained at 160 °C is
highest. The ultraviolet—visible (UV-Vis) absorption
spectra of the all CeO, samples show the excellent ultra-
violet shelter ability and red-shift compared with the bulk
CeQ,. All the nanocubes exhibit excellent behavior of
ferromagnetism, especially the samples obtained at 160 °C,
which may be attributed to the effects of the change of
morphology, Ce®" ions and oxygen vacancies. The con-
trollable morphology, excellent optical properties and
RTFM should make the CeO, nanocubes as an excellent
candidate for nano particles application in related areas. It
is anticipated that this work can shed new light on the
synthesis of nanomaterials.
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