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ABSTRACT

The stable and crystalline pure phase Ln(OH); (Ln=La, Sm, Tb, Eu, and Gd) nanorods with diameters
of approximately 15-90nm and lengths of 120-500 nm were synthesized using cationic surfactant
(cetyltrimethylammonium bromide, CTAB) micelle solution at room temperature. X-ray diffraction
(XRD) spectra, Fourier transformed infrared (FTIR) spectrum, transmission electron microscopy (TEM),
high-resolution TEM (HRTEM) and Raman spectroscopy were used to examine the morphologies and
microstructures to find out the cause. The four observed Raman peaks indicated the typical hexagonal
phase, which was in agreement with the X-ray diffraction results. A possible formation mechanism of
these Ln(OH)3; nanorods was proposed. The results suggest that this process may be a convenient and
effective approach to prepare rare-earth hydroxides with 1D nanostructures. Room temperature photo-
luminescence (RTPL) properties were investigated under the excitation of 275 nm. The samples exhibited

the emission peaks of room temperature photoluminescence.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

One-dimensional (1D) nanostructures, such as nanowires,
nanobelts, nanotubes, and nanorods were prepared and used in
a lot of fields. Owing to their unique physical and chemical prop-
erties, they were thus expected to be critical to the function and
integration of nanoscale devices [1]. Very recently, much atten-
tion has been paid to the preparation and optical property. In
fact, rare-earth compounds are an important family of inorganic
material that have been widely used as luminescent devices, cata-
lysts, magnet materials, fluorescence labels for biological detection,
and other functional materials based on the electronic, optical,
and chemical characteristics resulting from their unique 4f elec-
tron configuration [2-6]. As those properties within the nanometer
regime might be associated with their morphologies, thus if rare-
earth oxides were fabricated in the form of a 1D nanostructure,
they would hold promise as highly functionalized materials as a
result of both shape-specific and quantum confinement effects.
Rare-earth hydroxides are of great importance because they repre-
sent a straightforward approach toward oxides or sulfides through
dehydration or sulfuration. Hydroxyl groups may also act as active
sites for surface grafting through condensation reactions of organic
and/or biological reagents [7]. Because of its advantages, the role
of chemistry in materials science has been rapidly growing. Very
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recently, much attention has been paid to the preparation and
optical property study of rare-earth hydroxide one-dimensional
nanostructures [8-11]. The chemical methods were adopted for
the preparation of rare-earth hydroxide nanostructures includ-
ing hydrothermal [8,11], microwave technique [9], wet-chemical
approach [10], solvothermal [12], hydrothermal microemulsion
[13], and composite-hydroxide-mediated (CHM) [14]. The synthe-
sis of these nanostructures is based on the preparation of rare-earth
hydroxide colloidal precipitates and the subsequent hydrother-
mal treatment at a designated temperature. The nanostructure
morphologies were tuned by changing experimental parameters.
Among them, the hydrothermal method is widely used to pre-
pare the nanostructural materials because of its simplicity, high
efficiency, and low cost. However, the hydrothermal synthesis tech-
nology was somewhat difficult for industrial production. To our
knowledge, the development of facile, economical and effective
methods for rare-earth hydroxides nanostructures remains a chal-
lenge due to a limited understanding of the formation mechanism
of different rare-earth hydroxides morphologies. It is also neces-
sary to explore a new, low-temperature and low-cost synthesis
method for nanostructured rare-earth hydroxides for its applica-
tions. Here, we report a simple and new method for direct growth
of the rare-earth hydroxides nanorods with no post-annealing
from the simple chemical reagents (hydrous rare-earth chloride
(LnCl3-6H,0, Ln=La, Sm, Tb, Eu, and Gd) and NH3-H,0) at room
temperature. In this approach, the cations (rare-earth) are assem-
bled within the template of surfactant micelle in an aqueous
solution. The surfactant not only provides favorable site for the
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growth of the particulate assemblies, it also influences the for-
mation process, including nucleation, growth, coagulation, and
flocculation [15]. Surfactant plays an important role in the prepa-
ration of Ln(OH); nanorods. Ln(OH)3; nanorods with the different
length-diameter ratios have been successfully prepared. In addi-
tion, the room temperature photoluminescence properties are also
investigated.

2. Materials and methods
2.1. Synthesis of rare-earth hydroxide nanorods

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

The synthesis of rare-earth hydroxide (Ln(OH)s;, Ln=La, Sm, Tb, Eu, and Gd)
nanorods was based on the cationic surfactant (CTAB) and the simple chemical
materials (rare-earth chloride hexahydrate LnCl;-6H,0 and NH3-H,0) as inorganic
precursors. The synthesis processes were carried out at room temperature. In a
typical process, the synthesis procedure is as follows: The CTAB (6 mmol) was dis-
solved in distilled water (20 ml) with slowly stirring for several minutes until a
clear homogeneous solution was obtained. The LnCl3-6H,0 (4 mmol) was mixed
with distilled water (10 ml) until a homogenous solution was obtained. The solu-
tion of LnCl3-6H,0 was then added into the obtained CTAB solution with stirring.
After stirring 30 min, the mixing solution became homogeneous, a solution of diluted
NH3-H,0 (25-28 wt% solution, 48 ml) was added into with vigorous stirring. Precip-
itates of Ln(OH); appeared immediately. Then the above mixing solution was stirred
for 2 h at room temperature. The products had been aged at ambient temperature
for one month. The final products were collected by filtering, washing with distilled
water to remove surfactant and then dried in an oven at 60 °C.

2.2. Characterization of rare-earth hydroxide nanorods

X-ray diffraction (XRD) patterns were recorded in reflection mode (Cu K« radi-
ation) on a Bruker D8 diffractometer. FTIR spectra were recorded using a Varian 600
FTIR Spectometer. Before each measurement, the background spectrum was taken
and subtracted from the FTIR spectrum of the samples. The rare-earth hydroxide
nanorods were characterized using an Omega 912 transmission electron micro-
scope (TEM) (Carl Zeiss, Oberkochen, Germany) at an acceleration 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 200kV). The samples for TEM were prepared by dispersing the final samples in
distilled water, this dispersing was then dropped on carbon-copper grids covered
by an amorphous carbon film. To prevent agglomeration of nanorods the copper
grid was placed on a filter paper at the bottom of a Petri dish. The Raman spec-
tra were recorded with a Renishaw inVia Raman microscope, equipped with a CCD
(charge coupled device) with the detector cooled to about 153 K using liquid N;. The
laser power was set at 300 mW. The spectral resolution was 1cm~!. UV-vis mea-
surements were made with a UV-2401PC spectrophotometer. Room temperature
photoluminescence (RTPL) experiments were measured on a Hitachi F-4500 FL spec-
trophotometer using a Xenon lamp as the excitation source at room temperature.
All experiments were performed at room temperature.

3. Results and discussion

The typical XRD pattern in Fig. 1 can be readily indexed to
a pure hexagonal phase [space group: P6s/m (176)]. All diffrac-
tion peaks can be perfectly indexed to Ln(OH)s, and are in good
agreement with the values in the corresponding JCPDS standard
cards La(OH); (JCPDS No. 36-1481), Eu(OH)3 (JCPDS No. 83-2305),
Tb(OH); (JCPDS No. 19-1325), Gd(OH); (JCPDS No. 83-2037), and

Table 1
The phase structures and lattice constants of Ln(OH); nanorods.

a: La(OH),
b: Eu(OH),
c: Th{OH),
d: Gd(OH),
e: Sm(OH):1

Intensity (a. u.)

0 20 30 40 50 60 70 80
26 (°)

Fig. 1. X-ray diffraction analysis of Ln(OH)3; nanorods.

Sm(OH);3 (JCPDS No. 83-2036). The materials show well-developed
diffraction lines of rare-earth hydroxides without any indication of
crystalline byproducts such as LnCl3 or CTAB. No impurity peaks
are observed, indicating the high purity of the products. The lattice
constants of the products are presented in Table 1.

Therare-earth hydroxides have the same hexagonal structure as
the lighter rare-earth chlorides (Céh, P63/m), with the OH dipoles
replacing the Cl~ ions and with the dipole axis lying in the mir-
ror planes perpendicular to the crystal hexagonal axis. The crystal
structure character of Ln(OH)3 (Ln = Eu, Sm) has been studied by Xu
etal.[16]. The structure of Ln(OH)3 is represented that the Ln atoms
are placed in positional set 2(c) with a special site (1/3, 2/3, 1/4),
and the oxygen atoms are placed in positional set 6(h) with a special
site (x,y, 1/4). Ln(OH); nanorods crystal structure is similar to that
of ZnO [17] and LnPOy4 [18]. The crystal structure of the representa-
tive hexagonal Ln(OH); is shown in Fig. 2. According to the crystal
structure character of Ln(OH)s, the atomic interactions along the a-
and b-directions are much weaker than that along the c-axis, this
means that the growth direction of the Ln(OH); nanostructures is
largely confined to the [00 1] direction [16].

The fabricated Ln(OH)3; materials were characterized by spec-
troscopic techniques. Some bands attributed to CTAB surfactant
are not observed in the region 2800-3020cm~! from Fig. 3. The
asymmetric (2918.7cm~!) and symmetric (2846.4cm™') stretch-
ing vibrations of C-CH, and C-CH3 asymmetric stretching and
N-CHj3 symmetric stretching vibrations (3011.6 cm~1) are assigned
to solid surfactant CTAB. For the as-synthesized Ln(OH)3 nanorods,
the inexistence of CH, vibrations at 2846.4 and 2918.7cm~! indi-
cates that the surfactant is not present in the as-synthesized
sample. In addition to the band at 600-750cm~!, which is due
to the bend vibration of Ln-O-H, the FTIR spectra (Fig. 3) of an

Ln(OH); ICDD PDF no. JCPDS Average lattice constants Average diameter/length (nm)
a(A) c(A) a(A) c(A)

La(OH)3 36-1481 6.528 3.858 6.568 3.831 10/150

Eu(OH)s3 83-2305 6.352 3.653 6.430 3.596 30/500

Tb(OH)3 19-1325 6.312 3.601 6.341 3.570 20/400

Gd(OH)3 83-2037 6.329 3.631 6.341 3.632 15/500

Sm(OH)3 83-2036 6.368 3.683 6.386 3.863 15/300

The average lattice constants were calculated from (100),(110),(101),(201),(211),and (11 2) reflections based on the experimental data.
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Fig. 2. The crystal structure of hexagonal Ln(OH); (a) and of viewed from the y-axis (b).
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Fig. 3. FTIR spectra of Ln(OH)3 nanorods.

as-prepared samples display three strong absorption bands at
wavenumbers of 1300-1500, 1900-2100, and 2200-2300cm~—!. An
intense and sharp band at 3609.4 cm~! is assigned to the stretching
and bending O-H vibrations of rare-earth hydroxides. The bands at
3421.4cm~! and 1631.3cm! can be attributed to the O-H vibra-
tion in absorbed water on the sample surface [19]. The FTIR spectra
of the neat nanorods are similar to that of Y(OH); nanotubes [20]
and Eu(OH); nanorods [21]. These bands fingerprint the crystal
space group of the nanorods as pure hexagonal P63/m.

The morphology and structure of the products were fur-
ther examined with transmission electron microscopy (TEM) and
HRTEM. The La(OH)s3, sample is mainly composed of uniform
short nanorods with diameters of about 10nm and lengths of
100-150nm (Fig. 4(a)). The Sm(OH);, Gd(OH)3, Eu(OH)3, and
Tb(OH)3 samples entirely consist of well-dispersed nanorods with
high aspect ratios (Fig. 4(d, g, j and m)). TEM observation revealed
that they all exhibited one-dimensional rod-like nanostructures of
hexagonal structure. The selected-area electron diffraction (SAED)
patterns of Ln(OH); nanorods presented in Fig. 4(b, e, h, k and

n) show the characteristic diffraction rings, which correspond
to the reflections (101), (201), (211), and (112) of hexagonal
structure. The structures of the individual nanorods were further
examined by HRTEM. The HRTEM images also reveal that the sur-
face of the nanorods is not smooth. In the parts of Fig. 4(c, f, i,
1 and o) close to the nanorod edge, microtwins are clearly visi-
ble. In hexagonal crystal systems and in particular in the case of a
one-dimensional particle morphology (nanofibers, nanobelts, nan-
otubes or nanowires) there is a high probability that twins and
stacking faults exist [22-24]. Their presence here and in more gen-
eral the presence of planar defects within nanorods imply that
nanorods growth occurred from several nucleation centers result-
ing in anisotropic defective structure similar as in the case of
mesocrystals formation [25]. HRTEM images recorded from other
areas of the samples also confirm the presence of such defect fea-
tures.

The formation of a hexagonal structure of Ln(OH)3 nanorods
was further supported by Raman spectra. Fig. 5 presents the Raman
spectra of the rare-earth hydroxide nanorods for the 150-650 cm™!
region. Ln(OH); are hexagonal, space group P63/m. The phonons
can be classified according to 2A1g, 3Azy, 2Eg, and 3E,. Four Raman
active phonons (2A;, and 2E,;) should be expected. In this case,
the spectra of Ln(OH)3; exhibit only three bands and are listed in
Table 2. Librational and translational modes can be found in adja-
cent frequency regions both below 500 cm~! [26]. For the Raman
scattering of Ln(OH)3 nanorods, the peaks show vibration modes
of Ln-0 and O-H bonds in the high-frequency region (more than
3000 cm~1). The frequencies of these bands are in agreement with
the X-ray diffraction results and those reported for crystalline
Ln(OH);3 [26-29].

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

Ln3* + 30H™ — Ln(OH); (1)

Template-based systems are frequently used to control nucleation
and growth of inorganic particles. In this approach, the template
simply serves as a scaffold with (or around) which different mate-
rials are generated in situ and shaped into a nanostructure with
its morphology complementary to that of the template. When
the solutions (CTAB and LnCl3-6H,0 mixed solution and NH3-H,O
solution) were mixed, the white precipitate appeared at once and
gradually increased with the adding of NH3-H,O solution, which

Table 2

Raman shift (cm~") and assignments of Raman active optical phonons in Ln(OH); at T=153 K.
La(OH); Gd(OH); Tb(OH)3 Eu(OH); Sm(OH); Assignment
281 306 306 301 301 Ag; translatory modes predominantly of the anions
336 385 391 376 374 Ezg; translatory modes predominantly of the anions
451 488 497 482 478 Eig; libration
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500nm

Fig. 4. TEM images, selected area electron diffraction, and HRTEM images of Ln(OH); nanorods. (a)-(c): La(OH)s, (d)-(f): Sm(OH)s, (g)-(i): Gd(OH)s, (j)-(1): Tb(OH)s3, and
(m)-(0): Eu(OH)s.
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Fig. 5. Raman spectrum of Ln(OH); nanorods.

indicated that the reaction happened. On the basis of the series of
experimental data, the overall assembly behaviors of the Ln(OH)3
nanorods at room temperature could be illustrated as in Fig. 6. The
similar formation mechanisms were reported and the generating
1D nanostructures in relatively large quantities can be synthe-
sized by templating against rod-like micelles assembled from CTAB
[30-34].In this case, the formation of the Ln(OH)3 nanorods belongs
to a self-assembly process.

In recent years, the search of new rare-earth luminescent mate-
rials 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 possible novel properties induced by the reduced dimensional-
ity [35]. UV-vis spectroscopy was used to characterize the optical
absorbance of the Ln(OH)3; nanorods. The absorption spectra of
Ln(OH)3 nanorods were carried out to resolve the excitonic or inter-

a: Tb(OH),
b: Eu(OH), a: ThioH), /
b: Eu[OH),
\\ c: La(OH}3 e: La[OH),
d: Sm(OH), £ | |Jgiaih
e: GA(OH), <
]

T T T T T T T T
20 25 3.0 35 40 45 50 55 6.0 65

Absorbance (a.u.)

Photo energy (eV)

1 1
200 250 300 350 400 450 500
Wavelength (nm)

—
550 600

Fig. 7. Absorption spectra of Ln(OH); nanorods. Inset: apparent energy gap of
Ln(OH); nanorods from the extrapolation of Urbach’s equation.

band (valence-conduction band) transition of Ln(OH); nanorods,
which allows us to calculate the bandgap. The UV-vis absorption
spectra of Ln(OH )3 nanorods show a strong band edge absorption in
the region under 250 nm (Fig. 7). It is well known that the absorp-
tion coefficient of an amorphous semiconductor has a characteristic
relation [36]:

(ahv)'/? = B(hv — Eg) )

in which hv is the photon energy, E; is the apparent optical band
gap, B is a constant characteristic of the semiconductor, and « is
the absorption coefficient. Therefore, the E; of the resulted Ln(OH);
nanorods can be obtained by the extrapolation of the above relation
to be 4.25-5.60¢eV (see Fig. 7 inset).

To explore the possibilities of luminescent properties by
Ln(OH)3 nanorods, we carried out PL measurements at room tem-
perature. The room temperature emission spectrum of Ln(OH)3

Fig. 6. Schematic diagram of the proposed mechanism for the formation of the Ln(OH); nanorods in room temperature. (A) Surfactant-inorganic ions interaction, (B) inorganic

ions polymerization, (C) inorganic ions-hydroxyl interaction, (D) aging, and (E) washing.
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Fig. 8. Room temperature photoluminescence spectra of Ln(OH)3; nanorods.

nanorods is shown in Fig. 8. In our investigation, room temperature
photoluminescence spectra were performed with an excitation
wavelength (Aex =275nm). The 5Dz — 7F;(j=3-6) emission peaks
at the wavelength below 500 nm were found in the PL spectra. The
strongest emission band was located at 468 nm, which is a typi-
cal blue band. La3* has not any luminescence because of the zero
electrons in the 4f shell, and La cannot be regarded as an emis-
sion center and cannot radiate light from the inner atomic 4f shell
when crystalline La(OH)s3 is formed [14,37]. The emission of 468 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 co-workers [14]. The trivalent lanthanide ions (Sm, Tb, Eu,
and Gd) hold a special place in photonics because of their unique
photophysical properties, especially with respect to the generation
and amplification of light. A lot of work on luminescent materi-
als based on lanthanide ions is about finding ways to introduce
these ions into a material while keeping the ions brightly lumi-
nescent and the material intact. However, the O-H vibrations of
water are good quenchers of lanthanide luminescence. Many of
the efforts in the development of luminescent lanthanide com-
plexes are aimed at protecting the ion from these quenchers, and
thus enable luminescence in aqueous media. Lanthanide hydrox-
ides have not any luminescence. In our case, the samples exhibited
the emission peaks of room temperature photoluminescence. Espe-
cially, the Tb(OH); nanorods displayed green emission with the
strongest narrow bands at 491 nm corresponding to the intra-4f
transitions °D4 — 7Fg [38,39]. We think it is same as the La(OH)3
nanorods discussed above. The morphology of the nanorods plays
a major role in the emission origination. Further work is to be done
to get a definite understanding.

4. Conclusions

In summary, we found a simple route to prepare Ln(OH)s;
nanorods by a facile process with use of CTAB as a template
agent at room temperature. It is considered that this simple aque-
ous solution synthetic route can be applied as a general method

for the preparation of rare-earth hydroxides with 1D nanos-
tructures. Ln(OH)3 nanorods were analyzed by XRD, FTIR, TEM,
Raman spectroscopy, and photoluminescence measurements. The
results showed that the stable, crystalline pure hexagonal phase
Ln(OH)3 one-dimensional rod-like nanostructures with diame-
ters of approximately 10-30 nm and lengths of 150-500 nm were
obtained. The samples also exhibited room temperature photo-
luminescence of four emission peaks at the wavelength below
500 nm, respectively.
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