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Shuttle-shaped ceria was obtained in a high yield via a sur-
factant octadecylamine and urea assisted solvothermal pro-
cess. The crystalline structure and morphology were charac-
terized with powder X-ray diffraction (XRD), scanning elec-
tron microscope (SEM), and transmission electron micro-
scope (TEM). Preliminary catalytic measurement shows that

Introduction
In recent years, great efforts have been made to synthe-

size shape- and size-controlled metal oxides with unique
properties due to their fundamental scientific interest and
potential technological applications.[1] Ceria (CeO2) plays a
vital role in emerging technologies for environmental and
energy related applications. It is widely used as a promoter
in three-way catalysts (TWC) for the elimination of toxic
auto-exhaust gases,[2] low-temperature water-gas shift reac-
tion,[3] fuel cells,[4] oxygen sensors[5] and oxygen permeation
membrane systems.[6] Nanocrystalline CeO2 has showed im-
proved and size-dependent properties.[7] Up to now, various
nanostructured ceria have been synthesized, including
nanowires,[8] nanorods,[9] nanotubes,[10] nanocubes,[11] flow-
erlike hollow sphere,[7b,7d] and mesoporous particles.[12]

However, there are few reports on preparation of shuttle-
shaped CeO2 material.

Herein, we report for the first time the synthesis of hier-
archically shuttle-shaped CeO2 consisting of nanorods via
a facile solvothermal method. The preliminary result shows
that shuttle-shaped CeO2 exhibits an enhanced catalytic ac-
tivity for CO oxidation compared with that of CeO2 nano-
rod sample.

Results and Discussion
Figure 1 shows the typical XRD pattern of as-prepared

samples. All the peaks can be indexed to a pure phase face-
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the shuttle-shaped CeO2 exhibits an enhanced activity for
CO oxidation, which may be attributed to its higher porosity
and more oxygen vacancies.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

centered cubic [space group: Fm3m(225)] of ceria (JCPDS
no 34–0394). It is noticed that the width of the peaks is
obviously broadened, a typical feature of nanostructured
materials.

Figure 1. XRD pattern of the as-prepared sample.

Figure 2 shows typical field-emission scanning electron
microscope (FESEM) images of as-prepared CeO2. It can
be seen that the particles have a shuttle-like shape. From
high magnification SEM image (Figure 2, b) and TEM
images (Figure 2, c), it can be seen that the shuttle-shaped
particles are composed of packed nanorods. The length of
nanorods is about 500–700 nm and the diameter ranges
from 10 to 20 nm. Compared with well-dispersed nanorods,
higher porosity and surface area are obtained due to the
parallel-aligned nanorods in shuttle-shaped CeO2. Figure 2
(d) is a high-resolution TEM (HRTEM) image of the nano-
rods. The interplanar spacings of the ordered strips in Fig-
ure 2 (d) are about 0.31 and 0.27 nm, which are consistent
with the (111) and (200) lattice planes of CeO2, respectively.
The HRTEM image indicates clearly that the nanorod is
composed of many tiny grains with different orientations
(average grain size of 3–5 nm, Figure 2, d).
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Figure 2. SEM images (a,b) and TEM images (c,d) of shuttle-
shaped ceria.

The elementary composition and chemical valence on the
surface of the as-prepared shuttle-shaped ceria were de-
tected by XPS. Figure 3 (a) shows the XPS survey spectrum
of the as-synthesized ceria sample. Core levels of Ce 3d, Ce
4d, C 1s, and O 1s can be identified. The spectrum of Ce
3d can be decomposed into eight components with the as-
signment defined in Figure 3 (b). According to the litera-
ture,[13,14] the bands v� and u� are the satellites arising from
the Ce 3d5/2 and Ce 3d3/2 ionizations of Ce3+ ions. From
Figure 3 (b), it can be seen that the chemical valence of
cerium on the surface of shuttle-shaped ceria nanoparticles
was mainly Ce4+ plus a small proportion of Ce3+. For com-
parison, CeO2 nanorod sample was also prepared according
to the methods reported in the literature.[15] Compared with
those of shuttle-shaped ceria, the peaks of the bands v� and
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u� in the XPS spectra of the as-prepared CeO2 nanorods
(see Figure S1 in the Supporting Information) are relatively
weak. This result means there are more oxygen vacancies
in this shuttle-shaped CeO2 sample. Structure defects and
oxygen vacancy usually act as promoting sites for many
catalytic reaction.[2b,15,16]

Figure 3. XPS spectra of the as-prepared ceria samples: (a) wide
spectrum and (b) Ce 3d spectrum.

The thermal stability of shuttle-shaped CeO2 was ana-
lysed by thermogravimetric analysis (TGA) and differential
thermal analysis (DTA). A representative TGA-DSC profile
under flowing air is shown in Figure 4. The initial weight
loss from 30 °C to 150 °C is attributed to the loss of sur-
face-adsorbed water. The weight loss in the temperature
range of 150–325 °C is due to the removal of the water
molecules of crystallization and remnant organic com-
pounds. It is noted that a little of weight gain occurs at
270–300 °C, which may correspond to the conversion of
three valent CeO2–x into CeO2. An endothermic peak was
observed in the DSC curve at 270–320 °C due to a collec-
tively thermal effect of the above-mentioned processes. Af-
ter 320 °C, the weight loss continues but gradually slows
down (Figure 5).

Nitrogen adsorption–desorption isotherms and the cor-
responding Barret–Joyner–Halenda (BJH) pore size distri-
bution curve of the obtained shuttle-shaped ceria product
are shown in parts a and b of Figure 4, respectively. The
measured Brunauer–Emmett–Teller (BET) surface area is
83.3 m2 g–1 from the nitrogen adsorption–desorption iso-
therm. Calculated from the desorption branch of the nitro-
gen isotherm, the corresponding BJH desorption cumulat-
ive pore volume is 0.33 cm3 g–1. The average pore diameter
is determined to be 18.1 nm. From Figure 4 (b) it can be
seen that there is a large pore distribution with a diameter
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Figure 4. N2 adsorption-desorption isotherms (a) and the corre-
sponding BJH pore size distribution of the as-prepared shuttle-
shaped ceria sample.

Figure 5. TG-DSC curves of the as-prepared shuttle-shaped ceria
sample.

about 97 nm, which may arise from the voids between the
parallel aligned nanorods. In comparison, the measured
BET surface area for CeO2 nanorods is 26.1 m2 g–1 (Figure
S2). The cumulative pore volume is 0.09 cm3 g–1.

For clarifying the formation process of shuttle-shaped
CeO2 particles obtained under the typical synthetic condi-
tions as shown in the Exp. Section (pH ≈ 2–3), we examined
whether the shuttle-shaped CeO2 can be obtained under the
alkaline condition (pH = 14) or neutral condition (pH = 7)
since the hydrolyzation of urea is usually varied with the
pH value of reaction systems. Figure S3 (a, b) show the
SEM images of samples synthesized under the same condi-
tions except that the pH value was different. When
1 mol L–1 sodium hydroxide was used to adjust the pH
value to 14, small rod-like particles were observed (Figure
S3a). However, when nitric acid or sodium hydroxide was
not used, that is, the pH value of the precursor was close to
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7, only bigger bulk aggregates were observed (Figure S3b).
Usually, the evolution of a solid from a solution phase in-
volves two steps in crystallization: nucleation and
growth.[17] The above experimental results indicate that the
pH value is an important factor affecting the growth habit
of ceria, and acidic environment is a crucial factor for the
formation of shuttle-shaped nanoparticles. We also investi-
gate the influence of urea and octadecylamine on the mor-
phology of products. The sample was prepared under the
same conditions except that urea and octadecylamine were
absent, respectively. As shown in Figure S4a, the coexist-
ence of nanorods and bulk particles was observed in the
absence of urea. However, in the absence of octadecylamine,
only small nanoparticles were observed (Figure S4b). This
indicates that octadecylamine plays an important role as the
structure-directing agent for the formation of one-dimen-
sional (1D) nanorods, which was also confirmed in our pre-
vious study.[9c]

The effect of reaction temperature was studied by fixing
other conditions and the reaction temperature was changed
to 130 and 180 °C, respectively. SEM images showed that
small sphere-like aggregates were obtained below 130 °C
(Figure S5a). In contrast, the product prepared at 180 °C
shows large irregular particles (Figure S5b). It indicates that
low reaction temperature is good for the formation of small
nuclei. In contrast, high temperature is beneficial for crystal
growth; however, it may not good for the preferred growth
along a certain direction.

During the formation process of shuttle-shaped CeO2,
we believe that urea plays a crucial role. In an aqueous solu-
tion, urea produces ammonium and cyanate ions [Equation
(1)].

H2N–CO–NH2 p NH4
+ + OCN– (1)

It is well known that the hydrolyzation of urea is varied
with the pH value of reaction systems.[18]

In neutral and basic solutions, carbonate ions and am-
monia are formed [Equation (2)].

OCN– + OH– + H2O � NH3 + CO3
2– (2)

Therefore, the obtained products are usually cerium car-
bonate hydroxide (CeOHCO3).[19]

However, in an acidic solution similar to this case, cya-
nate ions rapidly react according to the following reaction
(3).

OCN– + 2H+ + H2O � CO2 + NH4
+ (3)

At low pH, cerium ions usually undergo strong hydration
and the hydrated cerium ions can form complexes with H2O
molecules or OH– ions according to the following reaction
(4).[18]

[Ce(H2O)n]m+ + yH2O � [Ce(OH)y(H2O)n–y](m–y)+ + yH3O+ (4)

In an aqueous solution, H2O as a polar molecule tends
to take protons away from the hydroxide [Equation (5)].

Ce(OH)y(H2O)x
(m–y)+ + H2O � CeOm/2·n(H2O) + H3O+ (5)
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A two-step growth mechanism is proposed for the forma-

tion process of shuttle-shaped CeO2, involving an oriented
attachment of the colloidal CeOm/2·n(H2O) precipitates for
decreasing the surface energy and the subsequent growth of
nanoparticles directed by the surfactant octadecylamine via
hydrogen bonding, van der Waals forces, and/or electro-
static interaction. Further experimental work is needed to
elucidate the exact growth mechanism of shuttle-shaped
CeO2 particles.

CO oxidation reaction is an important process in three-
way catalysis for the elimination of toxic auto-exhaust
gases. As shown in Figure 6, it can be seen that the CO
conversion over shuttle-shaped CeO2 reaches more than
80% at 210 °C and complete CO oxidation is achieved at
about 250 °C. For CeO2 nanorod, T50 is about 290 °C.
Higher porosity and surface area as well as more oxygen
vacancies in the shuttle-shaped CeO2 may be responsible
for its higher catalytic activity for CO oxidation reaction.

Figure 6. Catalytic activity of CO oxidation over shuttle-shaped
and nanorod ceria.

Conclusions

In summary, shuttle-shaped ceria particles have been syn-
thesized on a large scale by a solvothermal method. The
shuttle-shaped particles are composed of packed nanorods,
which have higher porosity, surface area and more oxygen
vacancies. Preliminary catalytic measurements show that
the shuttle-shaped CeO2 exhibits an enhanced catalytic ac-
tivity for CO oxidation compared with that of rod-shaped
CeO2 sample. This novel structure CeO2 material shows
great potentials as a support for catalysts with various pur-
poses, such as low-temperature water-gas shift reaction and
elimination of toxic auto-exhaust gases.

Experimental Section
Solvothermal Synthesis: All chemicals were purchased from Beijing
Chemical Reagents Company and used without further purifica-
tion. Under a typical synthetic condition, 0.01 mol of octadecyl-
amine was dissolved into a solution containing 40 mL deionized
water and 40 mL absolute ethanol. 0.01 mol hydrated cerium(III)
nitrate and 0.05 mol urea was added in sequence under magnetic
stirring after the octadecylamine was completely dissolved. After
that, 4 mL of 8 molL–1 nitric acid was dropped into the above solu-
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tion to control pH ≈ 2–3. The mixture was stirred for three hours
before being transferred into a 100 mL Teflon-lined autoclave.
Then the autoclave was sealed and kept at 160 °C for 72 h. After
that, the autoclave was cooled down to room temperature naturally.
The supernatant liquid was discarded and the remaining product
was washed with acetone, hot ethanol solution and deionized water
in sequence for more than three times, then separated by centrifu-
gation. The product was dried in a vacuum oven at 120 °C for 6 h.

Characterization: The phase structure of the as-prepared products
was characterized by X-ray powder diffraction (XRD) using a Ri-
gaku X-ray diffractometer with Cu-Kα radiation (Japan, Rigaku,
D/max-RB). The microstructure and morphology of CeO2 nano-
particles were characterized by a scanning electron microscope
(SEM, XL30s-FEG, 10 kV) and a transmission electron micro-
scope (TEM, JEOL JEM-2010, 200 kV). Before SEM experiments,
the samples were coated with gold by sputtering to minimize charg-
ing effects under SEM imaging conditions. Surface composition
was determined by X-ray photoelectron spectroscopy (XPS) using
VG’s Sigma probe system (Thermo VG Scientific, U. K.). The bind-
ing energies (BE) for samples were calibrated by setting the mea-
sured BE of C1s to 284.6 eV. To avoid the reduction of Ce4+ to
Ce3+ by irradiation damage of X-ray beam on the tested sample,
the collection time was within 10 min for each measurement. Ther-
mogravimetric analysis (TGA) and differential thermal analysis
(DTA) profiles were collected with a NETZSCH STA 449C high-
temperature thermoanalyzer apparatus (Netzsch Inc., Germany) at
a heating rate of 10 °Cmin–1 from 30 °C to 1000 °C in flowing air
at a rate of 30 mLmin–1. The nitrogen adsorption and desorption
isotherm at 77 K was measured using a NOVA4000 Surface Area &
Pore Size Analyzer (Quantachrome Instruments, U.S.) after the
samples were vacuum dried at 200 °C for over 10 h.

The catalytic activity for CO oxidation was evaluated in a fixed-bed
quartz tubular reactor. The catalyst particles (0.15 g) were placed in
the reactor. The reactant gases (1.0% CO, 19% O2, balanced with
nitrogen) went through the reactor at a rate of 100 mLmin–1. The
composition of the gas exiting the reactor was monitored by a gas
chromatogram. T50 is defined as the temperature at which the con-
version of CO to CO2 reaches 50%.

Supporting Information (see also the footnote on the first page of
this article): XPS spectra and N2 adsorption-desorption isotherms
of the as-prepared CeO2 nanorod sample; SEM images of the prod-
ucts synthesized under other experimental conditions.
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