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In recent years, many synthesis efforts have been placed on
the ceria (i.e., Ce@,) nanoparticled. Ceria nanoparticles are
used not only as excellent automobile exhaust catalysts but also
in high-energy efficiency fuel-cells, polishing materials, addi-
tives in ceramics, and phosphdésVery recently, ceria nanowires

have been reported through several synthesis routes, including a

sol—gel process within the nanochannels of porous anodic alumina

templates, nonisothermal precipitation, spontaneous self-assembly

of cerium oxide nanoparticles to nanorods, and a solution-based
hydrothermal method by using an autocldve.

Oxide nanotubes, needled-shaped oxide crystals with hollow
channels along the needle axis, such as,SIiD,, EuO, Y,0s3,
BaTiOs, PbTiOs, Cos04, HoTiz0;, and VQ, are of interest because
they might offer novel properties and lead directly to new
technological applications.They are usually made by using

templates, or a high-temperature reaction or a hydrothermal proces 4

with high pressure. Yang et al. reported the formation of fluorite
CeQ, nanotubes and Ce(OH)G®y a hydrothermal method using
Ce**(NOs)4 as the Ce source, octadecylamine as the surfactant
template, and urea as a precipitation agent.

Here, we report a hydrothermal route with mild reaction
conditions (without using high pressure and high temperature). We
study the shapes, structure, and oxide state properties by X-ra
diffraction (XRD), high-resolution transmission electron microscopy
(HRTEM), and electron energy-loss spectroscopy (EELS).

The CeQ-x nanotubes were synthesized by two successive
stages: precipitation and aging. At the precipitation stage, 0.9 g of
cerium nitrate (Ce(Ng)s-6H,0) was added to 10 mL of deionized
water and heated at 10C. Once a large amount of vapor formed,

7 mL of 5% ammonia hydroxide solution was added. Very fine
yellowish precipitates were formed immediately and started to boil.
After 3 min, the solution was quickly transferred and cooled at O
°C. After 45 days aging, we took a sample out for XRD and TEM
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Figure 1. (a) X-ray diffraction of the sample aged for 45 days. All peaks
can be indexed by face-centered cubic vétir 0.54231 nm. (b) Selected-
area electron diffraction pattern with a few GeQnanotubes; all rings are
indexed as a fcc lattice.
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Figure 2. (a) Typical morphology of the sample. There are three kinds of
nanostructures: nanoparticles, nanowires, and nanotubes as marked in the
figure. (b) High-resolution image of a nanowire. (c) High-resolution image

of a nanotube. The thickness of the wall of the nanotube is about 5.5 nm
by measuring the spacing between lines A and B or lines C and D.

across, while the other is the nanotube with weak contrast in the
middle. These characteristics can be seen more clearly in the high-
resolution images shown in Figure 2b,c. Both Gehanowires

and nanotubes are crystalline and tend to align their (111) plane

measurements. The XRD pattern of the sample was recorded by aparallel to the axis direction. The diameter of the nanowires and

Rigaku/Miniflex spectrometer with Cud<irradiation. We dispersed
the solution on TEM copper grids that were covered with lacy
carbon. The sample was then examined in a field emission TEM
operated at 300 kV.

Figure 1a shows an XRD spectrum of the sample aged for 45

nanotubes ranges from 5 to 30 nm, while the length is up to several
microns. For most nanotubes, the thickness of the wall is quite
uniform over the tube, though they change from tube to tube. The
shapes of the nanotubes do not change significantly when the
nanotubes are tilted along their axis directions, indicating that they

days. The characteristic peaks shown in the spectrum reveal thathave cylinder geometry. On the basis of the analysis of electron
the powders have a cubic fluorite structure which is the same as diffraction and high-resolution imaging, we found that the GgO
that of bulk CeQ. However, the lattice parameter measured by nanoparticles, nanowires, and nanotubes have the same crystal
XRD is 0.54231 nm, which is larger than that of the bulk GeO  structure, cubic fluorite structure, which is consistent with the X-ray
crystal (JCPDS# 43-100 = 0.541134 nm). Figure 1b is a  measurement. The lattice parameter of the £e@anotubes varies
selected-area electron diffraction pattern containing a few,CeO  from 0.54 to 0.56 nm, depending on their diameters. In general,
nanotubes, conforming that the CeQnanotubes are cubic fluorite  the lattice parameter increases with decreasing diameter of the
structure, as well. nanotubes.

Figure 2a shows a low-magnification TEM image of the sample.  The increase of the lattice parameter of the gg®anotubes
In addition to a small fraction of CeQx nanoparticles, most  implies that the oxidation state of the CeQ@nanotubes may be
powders are one-dimensional nanostructures of Ce® careful different from that in bulk Ce@ It is well-known that the relative
inspection reveals that there are two kinds of one-dimensional intensity of the white lines (Mand M) of the cerium in the EELS
nanostructures of CeQ.. One is the nanowire with consistent lattice can be used to determine the valence of the cerium3étigure 3
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Figure 3. EELS spectra showing differentdbeak intensity for Ce@
nanotubes with (ajl = 14.6 nm, (b)d = 17.3 nm, and (c = 25.5 nm.

The thicknesses of the wall of the nanotubes are 5.5, 6.0, and 10.8 nm for
a, b, and c, respectively. The spectra are normalized for thpedk.

shows M, and Ms edges of the EELS spectra from three nanotubes
with diameterd = 14.6, 17.3, and 25.5 nm, respectively. It
qualitatively illustrates a systematic change in the EELS spectra
with the diameters of the nanotubes; for example, the intensity of
the Ms edge increases with the decrease of the diameter of the
nanotubes. To determine the relative amounts of cerium iors, Ce
and Cé*, we use the second derivative method to measure the
Ms/My4 ratio since it is insensitive to thickness variations (for de-
tails, see ref 3). The MM, ratio ford = 14.6, 17.3, and 25.5 nm

is measured to be 1.27, 1.22, and 1.05, respectively. Based on

Ms/M,4 being 1.31 for C& and 0.91 for C¢&", the fraction of Cé&"
(Cert/[Ce*™ + Cée)) is, therefore, estimated to be 0.90, 0.78, and
0.35 ford = 14.6, 17.3, and 25.5 nm, respectively. Compared to
the CeQ_« nanoparticles, the fraction of Cé&" in the CeQ_
nanotubes is significantly larger than that of Ge(hanopatrticles
with the same diameter. The main reason is that, for nanotubes,

there are two surfaces: the outer surface and the inner surface.

Actually, the total surface area depends on the thickness of the
wall of the nanotubes. If the cerium ions in the GeOnhanotubes
follow the same distribution of the CeQ, nanoparticles, that is,
Ce3t exists on the surface, while €einside3 the fraction of Cét
would mainly depend on the thickness of the wall. In fact, the
thicknesses of the wall of the nanotubes for Figure 8are about

5.5, 6.0, and 10.8 nm, respectively.

Zhou et al. added an aqueous ammonium hydroxide precipitant
into cerium nitrate solution at room temperature and introduced
oxygen into the reactor to oxidized €eto Cé*. They only
obtained Ce® nanoparticle§. Chen et al. added an aqueous
ammonium hydroxide precipitant into cerium nitrate at°@and
subsequently aged at @C for 1 day. They only got Cefy
nanowires. In our experiment, we added an aqueous ammonium
hydroxide to cerium nitrate solution, but the precipitation temper-
ature was used at 10€ and subsequently aged at©®. When the
sample was taken out after aging for 1 day, we found many

nanowires and some nanotubes. This means that higher precipitation

temperature is key for the formation of the tubular structures. As
we reported above, a large amount of nanotubes were formed in
the sample after aging for 45 days. This shows that long-time aging
plays another important role for the formation of tubular structure.
Cerium nitrate solution reacts with ammonium hydroxide to form
Ce(OH) as mediate product, which has one-dimensional structure

and is retained if the pH value of reaction is higher th&rE&cess
ammonium hydroxide was used in our experiment, so the mediate
Ce** oxidized to Cé". Quickly cooling the samples toC retained

the one-dimensional nanostructure. The precipitates were further
dehydrated and recrystallized during the aging time. Longer aging
time leads to more one-dimensional structures having hollow
structure (i.e., nanotubes).

Cerium oxide has applications as three-way catalysts for its
oxygen storage capacity, in diesel fuels for a more complete
combustion to abate soot formation, and high-energy efficiency and
energy density solid-oxide fuel-cellsThe key to these usages
depends on its ease of releasing oxygen in a low-oxygen environ-
ment, with its characteristic feature to shift betweeA"Gand C&"
in the stable fluorite structure, which, in fact, allows release and
transport of @ ions!® Oxygen vacancies in ceria nanotube
combined with its inner and outer surface feature could, therefore,
offer a more functional and effective manner and play an essential
role in applications, such as catalytic reactions.

In summary, we have first reported a simple and easy way to
synthesize Cef nanotubes which have a cubic fluorite structure.
The measurement of the ratio of the/M4 edge shows the valence
reduction of cerium ions for the CeQ, nanotubes. The formation
of the tubular structure strongly depends on the precipitation
temperature and aging time. This mild reaction route could also be
useful for synthesis of other nanotubes.
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