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ABSTRACT

Uniform and well-defined single-crystalline Ln(OH); and La(OH);:Eu®* (Ln: lanthanide ion) nanorods
were successfully synthesized by a large-scale and facile hydrothermal method only using Ln(NOs )3-6H,0
as lanthanide source and H, 0, as controller without any surfactant or template. The as-formed product
via the hydrothermal process, La(OH)s:Eu?*, could transform to hexagonal La,0s:Eu?* with the same
morphology by a postannealing process. The above mentioned samples were characterized by means
of X-ray diffraction (XRD), field-emission scanning electron microscopy (FE-SEM), transmission electron
microscopy (TEM), high-resolution transmission electron microscopy (HRTEM), selected area electron
diffraction (SAED) and photoluminescence (PL) spectra. By tuning the hydrothermal treatment time, a
morphological evolution between the nanoparticles and nanorods was observed. Furthermore the growth
mechanism and the morphological evolution of different shapes were investigated. Unlike traditional
synthesis of Ln(OH)s;, H,0, does not leave any impurity in the reaction system and makes the process
very simple to obtain and separate the nanoparticles, nanomultipods and nanorods morphology. The
La;03:Eu?* nanorods exhibit a strong red emission corresponding to °Dy — ’F, transition (625nm) of

Eu?* under UV light excitation (282 nm), which have potential applications in fluorescent devices.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

In modern chemistry and materials science, one-dimensional
(1D) nanostructures, including nanorods, nanotubes, nanowires,
nanobelts and nanofibers, have attracted much interest because of
the interrelation between the properties of the materials and the
geometrical characteristics of the structures, such as shape, dimen-
sionality and size [1,2]. Novel applications could be developed as
a result of shape-controllable nanocrystals synthesis. So far many
efforts have been devoted to develop new methods for the prepa-
ration of high quality inorganic nanostructures, which could open
a new domain of chemical and technological interest.

As a well-known inorganic functional material, rare earth com-
pounds, such as hydroxides [3-5], oxides [6-8], phosphates [9,10],
vanadates [11,12], borates [13,14], fluorides and sulfides [15-17],
have been extensively studied because of their large potential
applications in high-performance luminescent and magnetoresis-
tance devices, catalysts and electrodes because of their outstanding
optical, electrical and magnetic properties arising from their unique
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electronic structures, which involve 4f electrons. However, dimen-
sionality and morphology are now considered to be the particularly
important factors that could influence the chemical and physi-
cal properties of the synthesized materials. The use of rare earth
compounds, in the form of 1D nanocrystals, with controllable mor-
phology, could lead to the high quality materials due to both the
shape-specific nature of the material and the quantum effects.
From the application point of view, nanomaterials should not only
be synthesized in a shape-controllable way, having the desired
composition, reproduced morphology, size and structure but also
be prepared using simple and environmentally friendly method-
ologies. The most widely used approach for the synthesis of 1D
nanostructures is the template or catalyst-based synthesis in which
catalysts act as the energetically preferential sites for the reactant
molecules while the templates are used to confine the growth of
the 1D nanocrystals. Recent studies suggest that the 1D nanos-
tructure might be prepared under properly controlled condition
without the presence of catalysts or templates [18,19]. The above
mentioned preparation implies that the formation of the 1D nanos-
tructure is thermodynamically preferable for many substances
under certain conditions. As we know, environmentally friendly
synthetic methodologies that include template synthesis, molten-
salt synthesis, and hydrothermal processing have gradually been


dx.doi.org/10.1016/j.jallcom.2010.07.169
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:xiatian0621@yahoo.com.cn
dx.doi.org/10.1016/j.jallcom.2010.07.169

246 T. Xia et al. / Journal of Alloys and Compounds 507 (2010) 245-252

Table 1

Summary of the experimental conditions and morphological properties of the final samples.

Sample T(°C) Time (h) Ln source Additive Phase and morphology (size, aspect ratio)

P1 150 24 La(NO3)3 H>0; La(OH); nanorods (15 nm x 400 nm; 26)

P2 150 24 Nd(NOs3)3 H,0, Nd(OH); nanorods (15 nm x 400 nm; 26)

P3 150 24 Sm(NO3 )3 H,0; Sm(OH); nanorods (15 nm x 400 nm; 26)

P4 150 24 Eu(NOs3)s H,0, Eu(OH)3 nanorods (15 nm x 400 nm; 26)

P5 150 24 La(NO3)s3 H,0, La(OH)3:Eu®* nanorods (20 nm x 200 nm; 10)
Eu(NO3 )3

P6 800 6 P5 No La;03:Eu?* nanorods (15 nm x 200 nm; 13)

P7 150 24 La(NO3)3 No La(OH); nanodisks (10 nm in thickness, 200 nm)

P8 150 1 La(NO3)3 H,0, La(OH); nanospheres (15 nm)

P9 150 6 La(NO3)3 H,0, La(OH); nanospheres (15 nm) and nanomultipods

(pods: 15nm x 200 nm; 10)
P10 150 12 La(NO3)3 H,0, La(OH); nanorods (15 nm x 300 nm; 20)

implemented as effective techniques in the preparation of nanos-
tructures. Especially the hydrothermal synthesis technique is an
important method for the preparation of low-dimensional nano-
materials keeping all the advantages of high quality, purity and
good homogeneity. The environmental friendly character of the
above method is explained from the fact that neither template nor
catalyst is required. It is well-known that 1D rare earth hydrox-
ides are usually obtained through hydrothermal treatment of their
counterpart oxides, using acid and base. Li's and Yada’'s groups
opened up the possibility of a general method for 1D Ln(OH)3
nanostructures via the hydrothermal process [20,21]. Up to now,
there are many reports about 1D lanthanide hydroxides and oxides
prepared by the hydrothermal method and postcalcining process
[8,22-25]. Among them, lanthanum hydroxides [La(OH);] have
been used as the catalysts and sorbents, and the precursors for
the preparation of oxides and sulfides by thermal dehydration
and sulfurization, respectively. The Eu3*-dpoped La,0s3 is one of
the important red-emitting phosphors. Although the La,03:Eu3*
phosphors have been extensively studied, few studies have been
presented for the synthesis of separated, uniform and well-defined
1D La,03:Eu* nanostructures and its luminescent properties.

Herein, we report a large-scale and facile hydrothermal synthe-
sis method of uniform and well-defined 1D lanthanide hydroxide
nanorods, and the preparation of La;03:Eu3* nanorods through
a subsequent heat treatment process without using any catalyst,
template and surfactant. The growth mechanism of the lanthanide
hydroxide nanorods is investigated in detail. Moreover, the photo-
luminescent properties of the nanostructures are presented under
the prism of a high-performance phosphor application.

2. Experimental details

Ln(OH); (Ln=La, Nd, Sm and Eu) nanorods were synthesized
by a simple hydrothermal process. In a typical synthesis, 2g
Ln(NO3)3-6H,0 (both with purity of 99.99%, Tianjin Delan Fine
Chemical Company, China) was dissolved in deionized water with
agitation to form a clear solution, and 15 mL H, O solution (30 wt%
Beijing Fine Chemical Company, China) was then added into this
solution. Following 1molL-! of NaOH solution was introduced
dropwise to the vigorously stirred solution until pH=11-12. After
additional agitation for 1h, the as-obtained colloidal precipitate
was transferred to a 50 mL autoclave, sealed and heated at 150°C
for 24 h. The autoclave was then left to cool-down to room temper-
ature. The precursors were recovered by filtration, washed with
deionized water and ethanol several times, and dried at 60°C in
air for 24h. In addition, La(OH)3:Eu3* was prepared with 19:1
molar ratio of La(NO3)3/Eu(NO3)3, having the same conditions as
those for synthesizing Ln(OH)s. It should be noted that all samples
were hydrothermally treated at 150°C for 24 h. The final prod-
ucts were retrieved through a heat treatment at 800°C in air for
6h with a heating rate of 1°Cmin~!. The detailed experimental

parameters together with the morphological properties of the cor-
responding products (denoted as P1-P10) are listed in Table 1. The
La;03: 5mol% Eu3* bulk material was prepared by the conventional
solid-state reaction. Stoichiometric amounts of La;03 and Eu,03
powders were mixed and ground in an agate motor, then calcined
at 1000 °C for 24 h. The XRD pattern showed that a pure La, O3 phase
was obtained.

The phase purity and crystallinity of the products were
examined by powder X-ray diffraction (XRD) performed on
a Rigaku-Dmax 2500 diffractometer with Cu Ko radiation
(A=0.15405nm) and a scanning rate of 2°min~'. The opera-
tion voltage and current were maintained at 40kV and 200 mA.
The lattice parameters were calculated by the Rietveld analy-
sis of the XRD data using the GSAS program. The transmission
electron microscopy (TEM), high-resolution transmission electron
microscopy (HRTEM) and the selected area electron diffraction
(SAED) were taken with a JEOL-JEM-2010 operating at 200 kV
(JEOL, Japan). Samples for TEM observation were prepared by drop-
ping diluted suspension of the sample powder onto a standard
carbon-coated (20-30nm) Formvar film on a copper grid (230
mesh). The field-emission scanning electron microscopy (FE-SEM,
XL-30, Philips) equipped with energy-dispersive spectrometer
(EDS) was used to investigate the morphology and composi-
tion of samples. For SEM observation, the product was pasted
on the silicon substrate. Photoluminescence (PL) excitation and
emission spectra were recorded with a Hitachi F-4500 spectropho-
tometer equipped with a 150W Xenon lamp as the excitation
source. The operation parameters of PL test are the following: scan
speed=240nmmin~!, delay=0s, EX slit=2.5 nm, EM slit=2.5 nm,
and PMT voltage =700V. All the measurements were performed at
room temperature.

3. Results and discussion

Fig. 1 shows the XRD patterns of the Ln(OH); products (Ln=La,
Nd, Sm and Eu) through the hydrothermal process. All diffraction
peaks of the as-formed samples can be readily indexed to pure
hexagonal of Ln(OH)3 [space group: P63/m (176)]. For example, the
diffraction peaks of Eu(OH)3 can be indexed to hexagonal-phase
Eu(OH)3 according to the Joint Committee on Powder Diffraction
Standards (JCPDS) file no. 17-0781. The lattice parameters are cal-
culated to be a=0.6359(2) nm and c=0.3637(7) nm by the Rietveld
analysis of the XRD data. The refined lattice and profile parameters
of Ln(OH)j3 are listed in Table 2.

The SEM images provide the direct information about the size
and typical shapes of the as-prepared samples. Fig. 2 shows some
representative SEM images of Ln(OH)3; through the hydrothermal
process. All the products are composed of a great deal of nanorods
with a uniform size of about 400 nm in length and 15 nm in diam-
eter. This suggests the high yield and good uniformity achieved
with this method. The SEM images show clearly that the products
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Table 2

Refined lattice and profile parameters of lanthanide hydroxides nanorods at room temperature.
Lanthanide hydroxides Symmetry Lattice parameters Space group R-factor

a(nm) c(nm) Rwp Rp

La(OH); Hexagonal 0.6545(1) 0.3858(6) P63/m 13.45% 9.60%
Nd(OH); Hexagonal 0.6432(7) 0.3742(4) P63/m 8.91% 4.15%
Sm(OH); Hexagonal 0.6385(8) 0.3739(5) P63/m 6.16% 2.79%
Eu(OH);3 Hexagonal 0.6359(2) 0.3637(7) P63/m 7.54% 3.36%
La(OH)3:5%Eu3* Hexagonal 0.6475(6) 0.3803(9) P63/m 11.47% 8.74%
Lap03:5%Eu3* Hexagonal 0.3865(4) 0.6062(6) P-3m1 8.29% 5.36%

Fig. 1. XRD patterns of lanthanide hydroxide hydrothermally treated at 150 °C for
24h: (a) La(OH)3, (b) Nd(OH)s3, (c) Sm(OH)3 and (d) Eu(OH)s.

are cylindrical nanorods with smooth and flat surfaces while they
have round ends. To examine carefully the lanthanide hydroxide
nanostructures, the TEM observations were also performed. Images
from TEM, HRTEM and SAED patterns of a typical Nd(OH)3 nanorod
are illustrated in Fig. 3. As shown in low-magnification TEM image
(Fig. 3a), the as-obtained Nd(OH); nanoparticles possess the per-
fect rodlike morphology with well-defined edges. Fig. 3b shows the
HRTEM image of an individual nanorod recorded along the [001]

direction. It can be seen that the corresponding (1 10) plane is ori-
ented parallel to the nanorod growth direction (the c-axis) due to
the resolved interplanar distance d(110)=0.319 nm; the nanorods
grow along the [001] direction (the c-axis). The corresponding
SAED patterns (Fig. 3c) can be assigned to hexagonal Nd(OH)s,
indicating that the nanorod is a single-crystalline with its [100]
orientation parallel to the electron beam. The HRTEM and SAED
images of other lanthanide hydroxide nanorods are similar to those
of Nd(OH)3; nanorods.

Here, we select 5mol% Eu3* as doping ion to investigate
the structures, morphologies and luminescent properties of
La(OH)3:Eu3* and La,03:Eu3*. The XRD patterns of La(OH)3:Eu3*
hydrothermally treated at 150°C for 24 h are shown in Fig. 4a.
No additional peaks of other phases are found, indicating
that Eu3* has been effectively introduced into the La(OH)3
host lattice. The calculated lattice parameters, a=0.6475(6)nm
and ¢=0.3803(9)nm, are well compatible with those values
(a=0.6528 nm and c=0.3855nm) from the standard card (JCPDS:
06-0585). It is noted that in the XRD patterns of La(OH)3:Eu3*
the peak of (110) plane is strengthened greatly, which implies
the anisotropic growth along identical orientation (c-axis). Fig. 5
presents the SEM, TEM, HRTEM micrographs and the SAED pattern
of La(OH)3:Eu3* nanorod. As shown in SEM micrographs (Fig. 5a)
and TEM image (Fig. 5b), the as-prepared La(OH)3:Eu3* nanopar-
ticles are entirely composed of relatively uniform nanorods with
length of 200 nm and diameter of about 20 nm. A HRTEM image
of an individual nanorod (Fig. 5¢) provides that the resolved lat-
tice planes indicate a high degree of crystallinity. The interplanar
distance is about 0.328 nm, close to the [110] lattice spacing of
the hexagonal phase. The corresponding SAED pattern (Fig. 5d)
recorded perpendicular to the growth axis of single nanorod can

Fig. 2. FE-SEM images of lanthanide hydroxides hydrothermally treated at 150 °C for 24 h: (a) La(OH)s3, (b) Nd(OH)s3, (c¢) Sm(OH)3 and (d) Eu(OH)s.



248 T. Xia et al. / Journal of Alloys and Compounds 507 (2010) 245-252

Fig. 3. (a) Low-magnification TEM image of Nd(OH); hydrothermally treated at
150°C for 24 h, (b) HRTEM image and (c) SAED pattern of a part of an individual
Nd(OH); nanorod.

be attributed to the [110] zone axis diffraction of hexagonal
La(OH)3:Eu?*, suggesting that nanorod is a single-crystalline and
grows along the [00 1] direction.

After the subsequent heat treatment, the hexagonal
La(OH)3:Eu3* transforms into hexagonal La,03:Eu3*, as iden-

Fig.4. (a) XRD pattern of the hydrothermal product La(OH); :Eu3* nanorods, (b) XRD
pattern of La,03:Eu®* nanorods obtained by calcining the as-prepared La(OH)3:Eu3*
at 800°C.

tified in Fig. 4b. All diffraction peaks can be readily indexed to
the pure hexagonal phase of Lay03 [space group: P-3m1(164)]
according to the JCPDS file no. 05-0602. No additional peaks
of other phases have been detected, indicating that Eu3* has
been effectively introduced into the La;Os host lattice. The
lattice parameters of the calcined products were calculated to
be a=0.3865(4)nm and c¢=0.6062(6)nm, which are lower than
those of La;03 (a=0.3937 nm and c=0.6130 nm, JCPDS: 05-0602)
reflecting the incorporation of a smaller number of Eu3* in the
lattice. The refined lattice and profile parameters of La(OH)s:
5%Eu3* and Lay03: 5%Eu3* nanorods are listed in Table 2. Fig. 5e
shows the typical SEM images of La,;03:Eu3* nanorods. It is noted
that the La,03:Eu3* products inherit the rodlike morphology, but
their size is slightly shrunk in comparison with the La(OH)3:Eu3*
nanorods, while the density of the former nanorods is higher
than that of the latter. La(OH)3:Eu3* nanorods were converted
to LayO3:Eu3* during the subsequent calcination process with
gradual elimination of H,0. Nevertheless, the conversion did not
result any change in the morphology. Fig. 5f exhibits a typical
low-magnification TEM image of La,03:Eu3* nanorods. It is found
that the La,03:Eu3* nanorods are also smooth and uniform. Fig. 5g
is the HRTEM image with a clearly revolved interplanar distance
d(100)=0.336 nm. The (100) planes are oriented vertical to the
nanorod growth axis. The corresponding SAED pattern (Fig. 5h)
taken from an individual nanorod can be indexed as the (100),
(002), (101), and (102) reflections of the hexagonal La;03, in
agreement with the XRD results.

The luminescent properties of La,O3 nanorods doped with
5mol% Eu3* ions were investigated. The LayO3:Eu3* nanorods
exhibit a strong red emission under UV irradiation. The room-
temperature photoluminescence (PL) excitation (a) and emission
(b) spectra of the resulting La,03:Eu3* nanorod phosphors are
presented in Fig. 6. The excitation spectrum was obtained by mon-
itoring the emission of the Eu3* 5Dy — 7F, transition (625 nm),
indicating that the Eu3* ions prefer to hold a low symmetry site
in the host material La;03 [26]. It can be seen clearly that the
excitation spectrum (Fig. 6a) consists of two broad bands with the
maxima at 228 nm and 282 nm, which are attributed to the La;03
host excitation band and the charge-transfer band (CTB) between
02~ and Eu?*, respectively [26]. The presence of the La,03 host
excitation band in the excitation spectrum of Eu3* indicates that
there exists an energy transfer from the La, 03 host and La3* to the
doped Eu3*. In the longer wavelength region, the f-f transition lines
of Eu3* (assigned in Fig. 6a) can be observed, even if they have very
weak intensity compared with the CTB of 02~-Eu3*. Upon excita-
tion into the CTB of Eu3* at 282 nm, the obtained emission spectrum
is composed of °Dg ;12 — ’F; (J=0, 1, 2, 3, 4) transition lines of Eu3*
(Fig. 8B). Among all these transition lines of Eu3*, the hypersensitive
transition (625 nm) is the most prominent group. However, all the
other emission peaks at 467 nm (°D; — ’Fg), 539 nm (°D; — “F;),
554nm (°D; — ’F;), 587, 595 nm (°Dg — ’F;), 651 nm (°Dg — 7F3),
and 705nm (°Dg — ’F4) have also been assigned in Fig. 6b. The
presence of emission lines from higher excited states of Eu3* (°Dy,
5D,) is attributed to the low vibration energy of the La-O band
(500 cm~1). The multiphoton relaxation by La-O vibration is not
able to bridge the gaps between the higher energy levels (°Dy,
5D,) and the Dy level of Eu3* completely, leading to the emission
from these levels [27]. The surface defects in nanocrystals should
be highly increased compared to those in bulk materials. One can
consider that in La,03:Eu3* nanorods, most of the exciton energies
are transferred to the surface defects instead of Eu3* ions, caus-
ing the intensity of the Eu3* exciton band to decrease. However,
the Lay03:Eu3* nanorods show a strong red emission under UV
light excitation, indicating that there are few surface defects in the
prepared La,03:Eu3* nanorods [28]. In addition, the luminescence
intensity is also related to the Eu-O bond distance [29]. Namely,
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Fig. 5. (a) FE-SEM images of La(OH);:Eu3* nanorods, (b) TEM images of La(OH)3 :Eu3* nanorods, (c) HRTEM image and (d) SAED pattern of a part of an individual La(OH )3 :Eu3*
nanorod, (e) FE-SEM images of La,03:Eu3* nanorods, (f) TEM images of La,03:Eu3* nanorods, (g) HRTEM image and (h) SAED pattern of a part of an individual La,03:Eu3*

nanorod.

the luminescence intensity is proportional to CTB. This result is in
agreement with our experiments.

A comparison of emission spectra of the La;03:Eu3* nanorods
sample with that of a bulk Lay03:Eu3* sample under the same
excitation condition is shown in Fig. 7. (Here it should be men-
tioned that all the experimental conditions were kept identical to
avoid the experimental errors.) It can be seen that the La,03:Eu3*
nanorods sample has a higher luminescence intensity compared to
that of bulk one. Moreover, the relative intensity of the two peaks of
5Dg — 7F,, located at 625 nm and 627 nm, is dramatically different
in nanorod and bulk samples. In nanorods, the relative intensity of
625 nm peak increases a lot. This could be attributed to the differ-
ent local environments around Eu3* luminescence centers. More
detailed experimental work is still in progress. Similar results have
also been obtained by H.W. Song [30]. The increase in luminescence
brightness for La,03:Eu3* nanorods sample indicates a potential
application in phosphors fields.

A series of carefully designed experiments demonstrates that
the shape evolution of Ln(OH)3; nanocrystals is influenced by exter-
nal factors such as the inorganic additives in the initial solution
and reaction period with the intrinsic crystallographic structure of
Ln(OH)3 crystals.

One important factor for the adopted shape of the nanocrystals
is the crystallographic phase of the initial seed. If the crystalline
phase forms, the intrinsic structures of the seeds strongly affect
the further crystal growth. In our experiments, it is noted that
all samples experience a morphology transformation process dur-
ing the crystal growth. In order to study the shape evolution of
Ln(OH)3 crystals, taking La(OH); as an example, the detailed for-
mation process of La(OH)3; nanostructures was investigated by
FE-SEM, and a clear time-dependent experiment was carried out
under similar reaction conditions for synthesizing La(OH)s;. The
corresponding XRD patterns and the SEM images of the inter-

mediates obtained at different reaction time intervals are shown
in Figs. 8 and 9, respectively. These results reveal that the inter-
mediates show the different XRD patterns and morphologies at
different reaction stages. The hydrothermal treatment for 1h
leads to the formation of (110) plane of pure hexagonal La(OH)3
phase (Fig. 8a). A corresponding typical SEM image shows that
La(OH)3 products are composed of unique spherical nanoparti-
cles with a mean diameter of 15nm, as shown in Fig. 9a. In
the present condition, the nanoparticles are unstable and sus-
ceptible to slow aggregation. Then a dissolution-recrystallization
process for nanospheres takes place, and the more stable La(OH)3;
nanomultipods emerge with the reaction proceeding for 6 h. This
intermediate product consists of a mixture of nanomultipods with
200nm in length and some nanospheres, as presented in Fig. 9b.
The corresponding XRD patterns shows a preferential growth of
(110) plane in hexagonal La(OH)s crystals (Fig. 8b), which is
in agreement with the HRTEM observation. Lanthanide hydrox-
ide nanorods prepared in this work have a hexagonal crystal
structure, and it clearly shows that the hexagonal Ln(OH)3 has a
highly anisotropic structure along the c-axis, as reported previ-
ously for the formation of Ln(OH)3; nanowires and nanotubes [31].
At t=12 and 24 h, the nanospheres disappear gradually and only
the nanorods exist (Fig. 9c and d). The shape of the product is
fairly uniform nanorods with an average length of 400 nm. In the
corresponding XRD patterns, the diffraction peak of (110) plane
is strongly strengthened compared with the other peaks (Fig. 8c
and d). On the basis of the above analyses, it can be concluded
that the morphological evolution from nanoparticles to nanorods
can be expressed as a nucleation-dissolution-recrystallization-
growth mechanism, and inherent crystal structure of seeds plays
an important role in the formation of nanorods. The nucleation-
dissolution-recrystallization-growth process has been observed
in the synthesis of t-selenium nanotubes and ceria nanowires.
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Fig. 6. Photoluminescence (a) excitation and (b) emission spectra of La;O3:Eu3*
nanorods.

The obtained experimental results are in agreement with those
reported in the literatures [32,33]. Firstly, the colloidal La(OH)3
nanoparticles were formed in the solution through a homogeneous
nucleation process. When this colloidal dispersion was constantly
hydrothermally treated at 150°C, the small La(OH)3; nanoparticles
started to agglomerate as shown in Fig. 9a. Secondly, under the
used hydrothermal conditions, the La(OH)3 nanoparticles dissolved
and recrystalized by increasing the hydrothermal treatment time.
It was found that there were many protuberances on the surface of

Fig.7. Photoluminescence emission spectra of La; 03 :Eu3* nanorods under a excited
wavelength of 282 nm, and the PL spectra of bulk sample is also given for comparison.

the nanoparticles (Fig. 9b), which provided many high-energy sites
for nanocrystalline growth. So the dissolved La(OH)3 in the solu-
tion might nucleate onto the small protuberances. Furthermore,
there was an intrinsic tendency for the nucleation growth along
the 1D direction due to the anisotropic crystal structure of the
hexagonal La(OH)s. The La(OH)3 nanoparticles recrystallized into
nanorods and grew until the La(OH)3 nanoparticles were almost

Fig. 8. XRD patterns of La(OH); hydrothermally treated at 150°C for (a) 1 h, (b) 6 h,
(c)12h, and (d) 24 h.

Fig. 9. Schematic diagrams for the morphological evolution of La(OH)s, together with the corresponding FE-SEM images: La(OH); hydrothermally treated at 150°C for (a)

1h,(b)6h, (c) 12 h, and (d) 24 h.
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Fig.10. FE-SEM images of La(OH); nanodisks obtained without H,0, in preparation
system.

completely dissolved (Fig. 9c and d). A schematic representation
of the La(OH); nanostructure formation mechanism, at different
steps, is illustrated in Fig. 9.

The use of H,0; in the initial reaction solution is an external key
factor in designing the morphologies of the final products. To deter-
mine the role of the H,0; in the hydrothermal system, we carried
out an additional blank experiment without H,0,, under similar
hydrothermal conditions. The final products consist of the La(OH)3
nanodisks with 10 nm and 200 nm in thickness and width, respec-
tively (Fig. 10). In summary, there are two important key factors for
determining the final shapes of La(OH); nanocrystals. The first one
is an intrinsic factor: the crystallographic phase of the nucleated
seeds. The anisotropic structures of the thermodynamically sta-
ble hexagonal La(OH)3 seeds induce anisotropic growth along their
crystallographically directions. Therefore, the anisotropic shapes of
nanocrystals are expected. The other external factor is the inorganic
additive H,0,, which has a guiding effect on the morphology vari-
ations of the as-prepared nanostructured La(OH); in the reaction
system. When H,0, was introduced to the preparation system, the
La(OH)3; nanorods were obtained. On the contrary, the nanodisk
products were achieved under the similar conditions. It has been
already demonstrated that the addition of simple inorganic com-
pounds can influence the morphology of the products [34]. Other
workers found that the simple ions direct the growth of nanopar-
ticles into different shapes, highlighting the importance of these
species [35,36]. H,0, is a weak acid and can form H* and HO,~
in solution. It is therefore reasonable to assume a similar effect of
H,0, on the produced morphologies. At the early stage of the reac-
tion, due to the interaction between HO,~ anions and La3* cations,
these anions can be selectively absorbed on specific facets of the
initial La(OH)3 crystals and change their surface energy. Further-
more, it leads directly to the different selective adsorption ability of
NO3~ and OH™ anions on the different crystal facets, consequently
resulting in the different morphological evolutions of La(OH)3 crys-
tals. Therefore, the final adopted shape of La(OH)3 products is the
rodlike morphology. On the contrary, if H;0, was not used, keep-
ing identical all the other conditions, the nanodisk products were
achieved under the same conditions. We speculate that the influ-
ences of additives (H, O, ) on the growth of the La(OH)3 crystals may
include four aspects: influencing the interactions between NO3~,
OH- and HO,~ anions and La3* cations, affecting the adsorption
of anions onto different crystal facets, changing the relative sur-
face energy of the different crystal facets, and finally affecting the
controlling growth mechanism. Although the morphological evo-
lution process from nanoparticles to nanorods has been deduced,

the intrinsic mechanism is not completely clear, further research
on the morphological evolution mechanism and formation of the
other 1D rare earth compounds is still in progress.

4. Conclusions

In summary, the uniform, dispersed and homogeneous Ln(OH)3
and La(OH)3:Eu3* nanorods on a large-scale have been successfully
prepared using a facile hydrothermal method free of any templates
and catalysts. Following, the well-defined La,0O3:Eu3* nanorods
were obtained by a subsequent heating treatment. The crystal
structure, morphology, growth mechanism and optical properties
of the products were characterized by means of XRD, FE-SEM,
TEM, HRTEM, SAED and PL. The influences of inorganic additives
and intrinsic structure on the shapes of Ln(OH)3; nanostructures
have been investigated in detail. The intrinsic hexagonal struc-
ture of Ln(OH)3 and a variety of external factors account on the
shape evolution of the products. In this work, H,0, does not leave
any impurity in the reaction system and makes the morphol-
ogy to be modulated from the nanoparticles, nanomultipods to
nanorods by increasing the reaction time. The formation mech-
anism for the Ln(OH)3 1D nanostructure have been proposed on
a aggregation-dissolution-recrystallization procedure. It is mean-
ingful to study the morphological evolution process of Ln(OH)3
nanocrystals, which can be a systematic model and provide impor-
tant information to the morphology-controllable synthesis of other
rare earth compounds, and may be extended to the fields of crystal
growth and design. The synthesized La,03:Eu3* nanorods achieved
in this experiment exhibit a strong red emission corresponding to
the °Dy — ’F, transition (625 nm) of Eu3* under UV excitation. The
stronger emission and excellent dispersing property of Lay03:Eu3*
nanorods indicate that they potentially could be applied in the
optical devices.
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