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a b s t r a c t

A simple method to directly synthesize stable and crystalline pure phase La(OH)3 nanorods, with a diam-
eter of around 15 nm and lengths in the range of 120–200 nm, was developed using cationic surfactant
(cetyltrimethylammonium bromide, CTAB). The obtained La(OH)3 nanorods can be successfully con-
verted to La2O2CO3 and La2O3 nanorods via calcination under appropriate conditions. Analytical methods
such as X-ray diffraction (XRD) spectra, Fourier transformed infrared (FTIR) spectrum, differential scan-
ning calorimetry and thermogravimetric analysis (DSC–TGA), transmission electron microscopy (TEM),
and high-resolution TEM (HRTEM) were employed to characterize the morphology and microstructure
urfactant
hape-preserved transformation
hotoluminescence

of the final products. The results reveal that La(OH)3 nanorods were shape-preserved and transformed
to La2O2CO3 nanorods at 400 ◦C for 2 h and to La2O3 nanorods at 800 ◦C for 2 h, respectively. TEM images
indicate that the as-obtained La2O2CO3 and La2O3 entirely consist of uniform nanorods in high yield with
diameters of about 15 nm and 23 nm, lengths of 200–300 nm and 300–500 nm, respectively. The for-
mation mechanism of the La(OH)3, La2O2CO3 and La2O3 nanorods was investigated. Room-temperature

L) pro 5 7

t the

photoluminescence (RTP
(j = 2–6) emission peaks a

. Introduction

Lanthanides are an attractive class of elements and have unique
ptical, catalytic, and magnetic properties because of their unique
lectron configuration (4f electrons). Lanthanum, the lightest ele-
ent in the lanthanide series, has been widely studied in its

xide, hydroxide, oxycarbonate, phosphate, or oxychloride forms
nd has been extensively applied in optoelectronic devices [1–3],
hosphors [4], solid electrolyte [5], catalytic [6–10], sorbent [11],
nd gas sensor [12]. Lanthanum hydroxide (La(OH)3) is one of
he novel rare earth compounds, and has been used in many
elds, such as ceramic, superconductive materials, hydrogen stor-
ge materials, electrode materials, etc., especially catalyst and
orbent materials [13,14]. Lanthanum oxycarbonate (La2O2CO3)
s of considerable interest because of the impressive activity
n various lanthanum-based catalysts [15–17]. Among various
anthanum-based materials, lanthanum oxide (La2O3) is par-
icularly interesting material because it has several attractive

roperties for applications and is currently used as high k gate
ielectric materials [18], optical filters [19], and catalysts [20,21].
ost of these advanced functions depend strongly on the compo-

itions and structures, which are sensitive to the bonding states
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E-mail address: ydwang@ynu.edu.cn (Y. Wang).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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perties were investigated under the excitation of 275 nm. The D3 → Fj

wavelength below 500 nm were found in the RTPL spectra.
© 2010 Elsevier B.V. All rights reserved.

of rare earth atoms or ions. One-dimensional (1D) nanostructures,
such as nanowires, nanobelts, nanotubes, and nanorods were pre-
pared and used in a lot of fields. Owing to their unique physical
and chemical properties, they were thus expected to be critical
to the function and integration of nanoscale devices [22]. A one-
dimensional (1D) nanostructured lanthanum oxide would hold
promise as highly functionalized materials and act as electrically,
magnetically, or optically functional host materials.

Various chemical methods are adopted for the preparation
of lanthanum hydroxide nanostructures, including solvothermal
[23], hydrothermal [24,25], hydrothermal microemulsion [26],
and composite-hydroxide-mediated (CHM) [27]. The synthesis of
these nanostructures was based on the preparation of rare earth
hydroxide colloidal precipitates and the subsequent hydrothermal
treatment at a designated temperature. The nanostructure mor-
phologies were tuned by changing experimental parameters. In this
paper, a facile method to prepare La(OH)3 nanorods is described.
Our method is based on the cationic surfactant CTAB and the sim-
ple chemical reagents (hydrous lanthanum chloride (LaCl3·6H2O)
and NH3·H2O). The cations (lanthanum) are assembled within the
template of surfactant micelle in an aqueous solution. Surfactant

plays an important role in the preparation of La(OH)3 nanorods.
The surfactant not only provides favorable site for the growth of
the particulate assemblies, it also influences the formation pro-
cess, including nucleation, growth, coagulation, and flocculation
[28]. La2O2CO3 and La2O3 nanorods were produced from La(OH)3

dx.doi.org/10.1016/j.jallcom.2010.09.041
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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recursors via heating treatment. This is the first synthesis of
a2O2CO3 with rod-like morphology, which may find important
pplications as gas sensors [29] and catalysts, owing to the 1D
anorods. A variety of different 1D morphologies of La2O3 crystals,

ncluding nanoneedles, nanorods, and nanorods bundles [30,31]
as been prepared. Herein, we demonstrated a simple synthesis
f La2O3 nanorods through La(OH)3 precursor conversion. La2O3
anorods with diameters of approximately 23 nm and lengths
f 300–500 nm have been successfully obtained. The structure
nd morphology of the maintained products were studied by X-
ay diffraction (XRD), Fourier transformed infrared (FTIR) spectra,
ifferential scanning calorimetry and thermogravimetric analy-
is (DSC–TGA), high-resolution transmission electron microscopy
HRTEM), and RTPL spectra.

. Experimental

.1. Synthesis of materials

All chemical reagents used in the experiments were obtained from commercial
ources as guaranteed-grade reagents and used without further purification. The
urity of CTAB was 99% and the purities of the inorganic precursors were not less
han 99.90% respectively.

The synthesis of lanthanum hydroxide (La(OH)3) nanorods was based on the
ationic surfactant (CTAB) and the simple chemical materials (lanthanum chloride
exahydrate LnCl3·6H2O and NH3·H2O) as inorganic precursors. The synthesis pro-
edures were carried out at room temperature. In a typical process, the synthesis
rocedure was as follows: The CTAB (6 mmol) was dissolved in 20 ml distilled water
ith slowly stirring for several minutes until a clear homogeneous solution was

btained. The LaCl3·6H2O (4 mmol) was mixed with distilled water (10 ml) until
homogenous solution was obtained. The solution of LaCl3 was then added into

he obtained CTAB solution with stirring. After stirring 30 min, the mixing solution
ecame homogeneous, a solution of diluted NH3·H2O (25–28 wt% solution, 48 ml)
as added into with vigorous stirring. A white precipitate of La(OH)3 appeared

mmediately. Then the above mixing solution was stirred for 2 h at room tempera-
ure. The products were aged at ambient temperature at 55 days. The final products
ere collected by filtering, washing with distilled water to remove surfactant and

hen dried in an oven at 60 ◦C.
Lanthanum oxide carbonate (La2O2CO3) nanorods were obtained by annealing

he lanthanum hydroxide (La(OH)3) nanorods in furnace at 400 ◦C for 2 h. The pure
a2O3 nanorods could be successfully obtained by calcining the La(OH)3 nanorods
t 800 ◦C for 2 h.

.2. Characterization of materials

The differential scanning calorimetry and thermogravimetric analysis
DSC–TGA) curves were obtained in flowing air on NETZSCH STA 409 PG/PC with a
emperature increasing rate of 10 ◦C/min. X-ray diffraction (XRD, Rigaku D/MAX-3B
owder diffractometer) with copper target and K� radiation (� = 1.54056 Å) was
sed for the phase identification, where the diffracted X-ray intensities were
ecorded as a function of 2�. The sample was scanned from 10◦ to 80◦ (2�) in steps
f 0.02◦ . Fourier transform infrared (FTIR) investigations were performed on a
erkin-Elmer 2000 FTIR spectrometer. Transmission electron microscopy (TEM)
easurement was performed on a Zeiss EM 912 � instrument at an accelera-

ion voltage of 120 kV, while high-resolution transmission electron microscopy
HRTEM) characterization was done using JEOL JEM-2010 Electron Microscope
with an acceleration voltage of 200 kV). The samples for TEM were prepared
y dispersing the final samples in distilled water, and this dispersing was then
ropped on carbon–copper grids covered by an amorphous carbon film. To prevent
gglomeration of nanorods the copper grid was placed on a filter paper at the
ottom of a Petri dish. Room-temperature photoluminescence (RTPL) experiments
ere measured on a Hitachi F-4500 FL Spectrophotometer using a Xenon lamp as

he excitation source at room temperature. All experiments were performed at
oom temperature.

. Results and discussion

Lanthanum hydroxides may become carbonate when exposed
o the air (Eq. (1)) and the presence of CO3

2− and/or HCO3
− was

hecked [32]. The TGA and DSC measurements were carried out

n a flowing air atmosphere to analyze the decomposition process
f the as-prepared La(OH)3 nanorods. A representative DSC–TGA
rofile under a flowing air is shown in Fig. 1. It can be seen that the
eactions are divided into three temperature regions. The first is
ver the temperature range from room temperature to ca. 150 ◦C,
Fig. 1. DSC and TGA curves of as-synthesized La(OH)3 sample.

the second is over the temperature range from 150 ◦C to 400 ◦C,
the third is at 400–800 ◦C. Presumably, the first effect is attributed
to the release of the adsorbed water on the La(OH)3 nanorods sur-
face and the forming lanthanum carbonate La2O(CO3)2·xH2O (Eq.
(2)). This process corresponds to about 5% total weight loss. In
the range of 150–400 ◦C, it gives off the remaining water (Eq. (3))
and lanthanum oxide carbonate is decomposed to La2O2CO3 and
corresponds to about 11.6% weight loss (Eq. (4)). In the range of
400–800 ◦C, La(OH)3 and La2O2CO3 are gradually decomposed into
La2O3 (Eq. (5)). The theoretical mass losses of La(OH)3 to La2O2CO3
and La2O2CO3 to La2O3 are 12.7 and 11.9 mass%, respectively. The
experimental values are 16.0 mass% between room-temperature
and 400 ◦C and 10.7 mass% from 400 ◦C to 800 ◦C. The actual weight
loss is more than that calculated from these reaction processes,
which indicated that some organic residua CTAB may exist in the
initial La(OH)3 product and were burned off during this tempera-
ture range. Based on these results, a pathway for the decomposition
of La(OH)3 is proposed as follows:

La(OH)3 + CO2 → LaOHCO3 (1)

LaOHCO3 → La2O(CO3)2·xH2O + yH2O (2)

La2O(CO3)2·xH2O → La2O(CO3)2 + xH2O (3)

La2O(CO3)2 → La2O2CO3 + CO2 (4)

La2O2CO3 → La2O3 + CO2 (5)

Little further weight loss in the TGA curve was observed at a
temperature above 800 ◦C, indicating the completion of any reac-
tion involving a weight change. Due to the much lower heating
rate in the synthesis (TGA measurements were performed with
10 ◦C/min, in contrast to only 5 ◦C/min heating in the calcination
program which in addition contained 2 h holding steps at 800 ◦C),
it is therefore safe to say that La(OH)3 and La2O2CO3 are finally
decomposed into La2O3 in the calcination step.

Fourier transform infrared (FTIR) spectroscopy was usually
employed as an additional probe to evidence the presence of OH
groups as well as other organic and inorganic species. The FTIR
spectra in the range 4000–400 cm−1 of the products are shown in
Fig. 2. For the La(OH)3 nanorods, the inexistence of CH2 vibrations
at 2846.4 cm−1 and 2918.7 cm−1 indicates that the surfactant is not

present in the as-synthesized sample. An intense and sharp band at
3609.4 cm−1 is assigned to the stretching and bending O–H vibra-
tions of lanthanum hydroxide [33–37]. The bands at 3421.4 cm−1

and 1631.3 cm−1 can be attributed to the O–H vibration in absorbed
water on the sample surface [38]. The sharp peak at 1333.9 cm−1 is
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Fig. 2. FTIR spectra of La(OH)3 (a), La2O3 (b), and La2O2CO3 (c) nanorods.

ue to the bending mode of O–H. The bands at around 649.6 cm−1

ssigned to the bend vibration of La–O–H [33–37]. The peaks of the
TIR bands at 846, 1050, 2361 or 1478 cm−1 are assigned to CH2,
–O, C N stretching vibration, and CH3 antisymmetric stretching
ibration, respectively. We attribute this to the La(OH)3 surface
ith a little of the rudimental CTAB and the carbonate reacting
ith CO2 in air.

The phase purity of the products was examined by X-ray
iffraction (XRD) measurement performed on Rigaku X-ray diffrac-
ometer with Cu K� radiation. All diffraction peaks in Fig. 3a can be
erfectly indexed to a pure hexagonal phase [space group: P63/m
176)] of La(OH)3 with lattice constants a = 6.528 Å, c = 3.858 Å
JCPDS No. 36-1481). Fig. 3b shows that pure-phase La O CO can
2 2 3
e obtained by calcination of as-made La(OH)3 at 400 ◦C for 2 h. All
iffraction peaks of XRD pattern can be indexed to a pure phase of
a2O2CO3 with lattice constants a = 4.080 Å, b = 13.50 Å, c = 4.072 Å
JCPDS No. 48-1113). With increasing of calcination temperature,

ig. 3. X-ray diffraction analysis of La(OH)3 (a), La2O2CO3 (b), and La2O3 (c)
anorods.
ompounds 509 (2011) 396–401

La(OH)3 and La2O2CO3 are gradually decomposed into La2O3. After
calcination at 800 ◦C for 2 h, a pure phase of La2O3 with lattice con-
stants a = 3.973 Å, c = 6.129 Å (JCPDS No. 05-0602) is observed in
Fig. 3c. No other impurity peaks are detected, indicating that the
La(OH)3 and La2O2CO3 have been converted into the hexagonal
La2O3 phase completely during the calcination conversion pro-
cess. Table 1 lists the data of the phase structures and the lattice
constants of La(OH)3, La2O2CO3, and La2O3.

The morphologies of the as-obtained La(OH)3, La2O2CO3, and
La2O3 samples were investigated by TEM images. Fig. 4a shows
the typical image of La(OH)3 nanorods. TEM observation revealed
that they all exhibited one-dimensional rod-like nanostructures
of hexagonal structure. The La(OH)3 nanostructures synthesized
by the process display the uniform morphology of nanorods with
13–15 nm in width and 150–200 nm in length. That is to say, the
aspect ratios of these rods are about 10–15. The HRTEM image of
La(OH)3 nanorods shown in Fig. 4b indicates that the nanorod is
structurally uniform with an interplanar spacing of about 0.32 nm,
which corresponds to the (1 0 1) plane of hexagonal La(OH)3.

The simple chemical reaction for the precipitation of La(OH)3 is
proposed as follows:

La3+ + 3OH− → La(OH)3 (6)

Template-based systems are frequently used to control nucle-
ation and growth of inorganic particles. In this approach, the
template simply serves as a scaffold with (or around) which a
different material is generated in situ and shaped into a nanostruc-
ture with its morphology complementary to that of the template.
When the solutions (CTAB and LaCl3·6H2O mixed solution and
NH3·H2O solution) were mixed, the white precipitate appeared at
once and gradually increased with the adding of NH3·H2O solu-
tion, which indicated that the reaction happened. On the basis of
the series of experimental data, the overall assembly behaviors of
the La(OH)3 nanorods at room temperature could be illustrated as
in Fig. 5a and b. The similar formation mechanisms were reported
and the generating 1D nanostructures in relatively large quanti-
ties can be synthesized by templating against rod-like micelles
assembled from CTAB [39–43]. In this case, the formation of the
La(OH)3 nanorods belongs to a self-assembly process. After cal-
cination under appropriate conditions, La(OH)3 nanorods were
shape-preserved and transformed to La2O2CO3 nanorods and to
La2O3 nanorods, respectively.

In recent years, the research of new rare-earth luminescent
materials has received great attention, since new luminescent

materials may have the capacity to solve existing problems. In order
to improve the material properties, it is generally required to use
nanostructures with controlled shape and size as starting materi-
als. Designing systems with lower dimensionality like nanofibers,
nanowires, nanobelts or nanorods is of great importance due to the

Table 1
The phase structures and lattice constants of La(OH)3, La2O2CO3, and La2O3

nanorods.

ICDD PDF no. JCPDS Average lattice constant

a (Å) b (Å) c (Å) a (Å) b (Å) c (Å)

La(OH)3 36–1481 6.528 6.528 3.858 6.556 6.556 3.839
La2O2CO3 48–1113 4.080 13.50 4.072 4.078 13.42 4.026
La2O3 05–0602 3.973 3.973 6.129 3.941 3.941 6.092

La(OH)3: the average lattice constant was calculated from (1 0 0), (1 1 0), (1 0 1),
(2 0 1), (2 1 1) and (1 1 2) reflections. JCPDS 36-1481, system: hexagonal, lattice:
primitive, space group: P63/m(176). La2O2CO3: the average lattice constant was
calculated from (0 2 0), (1 1 0), (1 3 0), (1 0 1), (1 0 1) and (2 0 0) reflections. JCPDS
48-1113, system: monoclinic, lattice: primitive, space group: P63/mmc. La2O3: the
average lattice constant was calculated from (1 0 0), (1 0 1), (1 0 2), (1 1 0) and (1 0 3)
reflections. JCPDS 05-0602, system: hexagonal, lattice: primitive, space group:
P3̄m1(164).
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Fig. 4. TEM and HRTEM images of

ossible novel properties induced by the reduced dimensionality
44,45]. UV/vis spectroscopy was used to characterize the optical
bsorbance of the La(OH)3, La2O2CO3, and La2O3 nanorods. The
bsorption spectra of these nanorods were carried out to resolve
he excitonic or interband (valence–conduction band) transition,
hich allows us to calculate the band gap. The UV/vis absorption

pectra of La(OH)3, La2O2CO3, and La2O3 nanorods show the strong

and edge absorption in the region under 250 nm (Fig. 6). It is well
nown that the absorption coefficient of an amorphous semicon-
uctor has a characteristic relation [46]:

˛h�)1/2 = B(h� − Eg) (7)
)3, La2O3, and La2O2CO3 nanorods.

in which h� is the photon energy, Eg is the apparent optical
band gap, B is a constant characteristic of the semiconductor,
and ˛ is the absorption coefficient. Therefore, the Eg of the
resulted La(OH)3, La2O2CO3, and La2O3 nanorods can be obtained
by the extrapolation of the above relation to be 4.35–5.38 eV (see
Fig. 6, inset). The Eg values of La2O2CO3 and La2O3 nanorods
are 5.04 eV and 4.35 eV, respectively, which are higher than

the Eg values of La2O2CO3 and La2O3 calculated based on first-
principles pseudopotential calculation as 3.65 eV and 3.8 eV [27].
We think that the nanostructure plays a major role in Eg value
increase. This is similar to the quantum size effect, which leads
to a blue-shift of Eg with decreasing particle size, and has



400 Q. Mu, Y. Wang / Journal of Alloys and Compounds 509 (2011) 396–401

F H)3, La2O2CO3, and La2O3 nanorods in room temperature. (a) Surfactant–inorganic ions
i ction to form La(OH)3 nanorods, (c) La(OH)3 nanorods were calcined at 400 ◦C to form
L 3 nanorods.
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ig. 5. Schematic diagram of the proposed mechanism for the formation of the La(O
nteraction, (b) inorganic ions polymerization and inorganic ions–hydroxyl intera
a2O2CO3 nanorods, and (d) La(OH)3 nanorods were calcined at 800 ◦C to form La2O

een observed in many nanometer-sized semiconductor materials
47].

To explore the possibilities of luminescent properties by
a(OH)3, La2O2CO3, and La2O3 nanorods, we carried out PL mea-
urements at room temperature. The room temperature emission
pectrum of these nanorods is shown in Fig. 7. In our investigation,
oom temperature photoluminescence spectra were performed
ith an excitation wavelength (�ex = 275 nm). As shown in Fig. 7,

he main emission peaks at the wavelength below 500 nm were
ound in the PL spectra. There are five strong peaks at 452.1 nm,
63.9 nm, 468.8 nm, 482.6 nm, and 493.4 nm at the room tem-
erature. The strongest emission band was located at 468.8 nm,
hich is a typical blue band. They are attributed, respectively, to

he 5D3 → 7Fj (j = 2–6). The photoluminescence properties of the

a(OH)3, La2O2CO3, and La2O3 nanorods are not varied and depen-
ent upon the different lanthanum compounds. La3+ has not any

uminescence because of the zero electrons in the 4f shell, and La
annot be regarded as an emission center and cannot radiate light

ig. 6. Absorption spectra of La(OH)3, La2O2CO3, and La2O3 nanorods. Inset: appar-
nt energy gap of La(OH)3, La2O2CO3, and La2O3 nanorods from the extrapolation
f Urbach’s equation.
Fig. 7. Room-temperature photoluminescence spectra of La(OH)3, La2O2CO3, and
La2O3 nanorods.

from the inner atomic 4f shell [27,48]. The emission of 468.8 nm
could not contribute to the transition from the conduction band
to the valence band. The emission does not originate from a transi-
tion between the conduction and valence band, while comes from a
deep-level or trap-state emission. The morphology of the nanorods
suggests that they play a major role in the emission origination.
The similar results can be found in reference reported by Wang
and colleagues [27]. Further work is to be done to get a definite
understanding.

4. Conclusions

In this study, stable and crystalline pure phase La(OH)3 nanorods

of hexagonal structure with a diameter of around 15 nm and
lengths in the range of 120–200 nm were successfully synthesized
by a facile process at room temperature. La(OH)3 nanorods were
shape-preserved and transformed to La2O2CO3 nanorods by cal-
cination at 400 ◦C for 2 h and to La2O3 nanorods at 800 ◦C for 2 h,
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espectively. According to the XRD and HRTEM patterns, the as-
btained La2O2CO3 and La2O3 entirely consist of uniform nanorods
ith diameters of about 15 nm and 23 nm, lengths of 200–300 nm

nd 300–500 nm, respectively. It is considered that this simple
ethod can be applied as a general method for the preparation

f rare-earth hydroxides with 1D nanostructures. RTPL properties
ere investigated under the excitation of 275 nm and the samples

xhibited the emission peaks of room-temperature photolumines-
ence, which are attributed to the 5D3 → 7Fj (j = 2–6), respectively.
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