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a b s t r a c t

Rare earth hydroxide and oxide nanorods (nanobundles) have been synthesized without the addition of
any templates/surfactants by a simple precipitation method under ambient temperature and pressure.
The products are characterized by X-ray diffraction (XRD), transmission electron microscopy (TEM), field-
emission scanning electron microscopy (FESEM), thermogravimetry (TG) and N2 adsorption/desorption.
It is demonstrated that the rare earth hydroxide nanorods (nanobundles) have the diameter of 10–150 nm
and the length of 30–600 nm. The corresponding oxides can be obtained by calcination, which preserved
the nanorod (nanobundle) morphologies though a small shrinkage in sizes is observed. The influences
anostructured materials
recipitation
nisotropy

of the aging time and precipitation agent on the formation of nanorods (nanobundles) are investigated.
Accordingly the crystallization mechanism is proposed. The nucleation and growth of the hydroxide
nanorods may occur in the precipitation process at relatively low (room) temperature and normal
pressure without a long-time and high-temperature (pressure) hydrothermal treatment. The photolu-
minescence (PL) analysis is used to investigate the optical properties of the Eu2O3 nanobundles and a
broadened luminescent spectrum is observed. The precipitation method is simple, highly reproducible,
inexpensive, and widely applicable for the large-scale industrial production.
. Introduction

Rare earth compounds possess wide applications in high-
erformance luminescent devices [1–3], magnets [4], catalysts
5–7], and other functional materials [8] because of their unique
hysical and chemical properties originating from the 4f shell of
lectrons. Most of these properties are highly sensitive to the com-
osition and structure, especially to the complexation state and
he crystal field of the matrix in which rare earth ions are trapped
9,10]. Therefore, rare earth nanostructures are provided with supe-
ior properties compared with bulk materials. Among the various
anostructures, 1D nanostructures with their inherent anisotropy
ave attracted much interests due to their enhanced properties and
romising applications [11,12], including nanowires [13,14], nan-

tubes [15,16], nanobelts [17], and especially nanorods [18–20].
or example, the Eu2O3 nanorods generate a red emission band,
hich may be applied in optoelectronic devices [21,22]. The Sm2O3
anorods have high hydrocarbon selectivity for the CO hydrogena-
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tion [23]. The Pr6O11 nanorods supported with Au exhibit superior
catalytic activity for CO oxidation [24].

Accordingly, considerable efforts have been spent on the
synthesis of rare earth hydroxide (oxide) nanorods. The solvother-
mal/hydrothermal treatment in the presence or absence of
templates/surfactants at higher temperature is the most used
strategy. Wang and Li obtained a series of rare earth hydroxide
nanowires through the preparation of colloidal lanthanide hydrox-
ide at room temperature, with subsequent hydrothermal treatment
at 180 ◦C for about 12 h [25]. Zhang et al. successfully synthe-
sized La(OH)3, Nd(OH)3, Sm(OH)3, Gd(OH)3 and Dy(OH)3 nanorods
via hydrothermal method, but triethylamine was added as both
alkaline agent and complexing agent [26]. The microwave [27,28],
ultrasound [29] and sol–gel [23] methods have also been devel-
oped. Although these methods provide effective routes to fabricate
1D nanorods, special apparatus (using autoclave), complicated pro-
cess (to remove templates/surfactants), and/or rigid conditions
(high-temperature and pressure) are needed, which are severely

adverse to the large-scale production. Therefore, it is still very sig-
nificant to develop a simple and efficient approach without these
drawbacks. Yan et al. got the Pr(OH)3 nanorods by a template-
free precipitation process at 100 ◦C [30]. Wu et al. found a similar
method for Eu(OH)3 [31]. Recently, Qian et al. reported a simple
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Table 1
Textural property of RE(OH)3 and REOx .

RE RE(OH)3 lattice constants (Å) RE(OH)3 (nm) REOx lattice constants (Å) REOx (nm) BET surface area (m2/g)

a c Diameter Length a Diameter Length RE(OH)3 REOx

Pr 6.456 3.769 10–30 30–100 5.467 10–20 30–90 62.9 43.9
1.072 10–25 50–120 65.7 50.8
0.915 20–50 100–250 42.3 29.4
0.863 50–100 150–500 36.2 26.1
0.818 50–100 150–600 62.5 22.6
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Nd 6.418 3.743 20–30 70–150 1
Sm 6.368 3.683 30–150 150–350 1
Eu 6.352 3.653 50–150 200–600 1
Gd 6.329 3.631 50–150 150–600 1

olution route for the synthesis of light rare earth (La, Pr, Nd, Sm, Eu
nd Gd) hydroxide nanorods [32]. The mixed solution of rare earth
xides and hydrochloric acid were rapidly adjusted to the pH value
f 13 using 5 M NaOH solution, which was then aged for 30 days.
he method is a great inspiration to us because any surfactants or
emplates were used.

The conventional precipitation is simple, easy and environmen-
ally benign, thus it is much more suitable for industrial production
ompared with the sol–gel and hydrothermal methods [33]. Herein,
e reported the synthesis of rare earth (denoted as RE: Pr, Nd, Sm,

u and Gd) hydroxide nanorods (nanobundles) through a facile pre-
ipitation route which is free of any templates/surfactants at room
emperature and pressure. The as-prepared hydroxide nanorods
nanobundles) can be transformed into the corresponding rare
arth oxides, which preserved the nanorod (nanobundle) morphol-
gy. The significant finding is that the rare earth hydroxides without
he aging process show the well crystalline nanorod morphology,
uggesting that the nucleation and growth of nanorods took place
n precipitation process.

. Experimental methods
.1. Synthesis method

All of the chemicals used in this experiment were of analytical grade and used
ithout further purification. Rare earth hydroxides (RE(OH)3) were prepared by
simple precipitation method at room temperature and pressure. In a typical

ig. 2. TEM images of RE(OH)3 synthesized using ammonia as the precipitate agent aging f
d) Eu(OH)3; (e) Gd(OH)3. The insets are the HRTEM images and the corresponding FFT pa
Fig. 1. XRD patterns of RE(OH)3 synthesized using ammonia as the precipitate agent
aging for 96 h and after drying (before calcination). The JCPDS numbers were also
given.
procedure, the water solution (100 ml) containing 0.018 mol RE(NO3)3·6H2O was
introduced dropwise into 150 ml NH3·H2O solution (25 wt.%) under vigorous stir-
ring. The resultant suspension was maintained in a sealed glass beaker and aged
at room temperature for different time (0, 48, 96 h). After filtration, the precip-
itate was washed several times with deionized water, and dried at 100 ◦C in air
overnight. Rare earth oxides (REOx) were obtained by calcination of the correspond-

or 96 h and after drying (before calcination): (a) Pr(OH)3; (b) Nd(OH)3; (c) Sm(OH)3;
tterns.
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aging. This result is distinct from the previous reports which pro-
posed that the nucleation and crystal growth of nanorods should be
accomplished after a long-time and high-temperature hydrother-
mal treatment [10,21,25,32,37]. We speculate that a fraction of
Y. Xin et al. / Journal of Alloys a

ng RE(OH)3 at 650 ◦C for 2 h in air. For reference, the bulk Eu2O3 was prepared by
hermal decomposition of europium nitrate at 650 ◦C for 2 h in air.

.2. Characterization methods

X-ray powder diffraction (XRD) patterns were recorded on a Rigaku D/max-rc
iffractmeter employing Cu K( radiation. The unit cell parameters were obtained by
efining the peak positions of the XRD patterns with a least square method using the
quations of 1/d2 = 4(h2 + hk + k2)/3a2 + l2/c2 and 1/d2 = (h2 + k2 + l2)/a2 for hexagonal
a and c) and cubic (c) structure, respectively.

High-resolution transmission electron microscopy (HRTEM) was conducted on a
EOL JEM-2010 at an accelerating voltage of 200 kV. Field-emission scanning electron

icroscopy (FESEM) images were obtained with a JEOL SU70 microscope.
Thermogravimetry (TG) of the rare earth hydroxides was carried out using a

erkinElmer Diamond TG/DTA with a heating rate of 10 ◦C/min in a flowing air
tmosphere from room temperature to 800 ◦C.

The Brunauer–Emmett–Teller (BET) surface area and pore structure were mea-
ured by N2 adsorption/desorption by means of a Micromeritics 2020 M instrument.

The photoluminescence (PL) spectra were taken on a HITACHI F-4600 fluores-
ence spectrophotometer with a 150 W Xenon lamp as an excitation source.

. Results and discussion

Fig. 1 shows the XRD patterns of the RE(OH)3 samples. All
iffraction peaks were indexed to the hexagonal phase. The lat-
ice constants (a and c) were calculated and listed in Table 1. The
hift to higher angles for the diffraction peaks and the correspond-
ng decrease in lattice constants from Pr to Gd hydroxides can be
ttributed to the well-known lanthanide contraction [34]. Fig. 2
hows the TEM (HRTEM) images of the RE(OH)3 samples. Evidently,
he individual nanorods are observed for Pr(OH)3 and Nd(OH)3,
hile the bundles of nanorods appeared for Sm(OH)3, Eu(OH)3 and
d(OH)3. As shown in Table 1, the nanobundles are much thick
nd long. Based on the HRTEM images and the corresponding FFT
atterns, the nanorod itself is a single crystal, while the nanobun-
les might be polycrystalline. Although all nanorods are randomly
ispersed, the growth direction is along c-axis. Take the Gd(OH)3
anorod as an example, the interplanar spacing of 0.32 nm and
.27 nm is consistent with the d spacing value of (1 1 0) and (2 0 0)
lanes, respectively. The growth direction of the nanorod makes an
ngle of about 30◦ with (1 1 0) lattice planes and is parallel to the
2 0 0) lattice plane, which means that it is along [1 0 0] direction
29,35].

Aging is an important process for the anisotropic growth of
anorods [36]. With a view to investigate the morphological
volution of the products, the time-dependent experiments are

erformed by collecting small portions of the reacting products
rom time to time for both XRD and TEM analysis. Take Nd(OH)3
s an example, as shown in Fig. 3a, the Nd(OH)3 precipitate with
exagonal structure can be obtained without the aging process
0 h). The weak and wide diffraction peaks indicate the small size

Fig. 4. TEM images of Nd(OH)3 synthesized using ammonia as the precipitation age
Fig. 3. XRD patterns of Nd(OH)3 synthesized using ammonia as the precipitation
agent aging for (a) 0 h, (b) 48 h, and (c) 96 h and after drying (before calcination).

or the poor crystalline nature of the obtained nanocrystals. On
extending the aging time, the diffraction peaks become sharper
and stronger, implying that the crystallinity of the products is high
(Fig. 3b and c). The corresponding TEM images are presented in
Fig. 4. The irregular short nanorods of Nd(OH)3 are directly obtained
at such a low temperature after the precipitation reaction without
Scheme 1. The possible formation mechanism of the RE(OH)3 and REOx nanorods
(nanobundles).

nt aging for (a) 0 h, (b) 48 h, and (c) 96 h and after drying (before calcination).
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ig. 5. TEM images of (a) Pr(OH)3, (b) Sm(OH)3, (c) Eu(OH)3, (d) Gd(OH)3 synthe
alcination).

d(OH)3 nuclei can rapidly form and grow into a certain extent
n precipitation process at room temperature. As shown in Fig. 5,

he similar results were observed for other rare earth hydroxide
anorods (nanobundles).

The effects of the precipitation agents are also studied dur-
ng the preparation of the Eu(OH)3 sample. When ammonia is

ig. 6. TEM images of Eu(OH)3 synthesized using (a) ammonia, (b) NaOH as the precipit
RTEM images.
using ammonia as the precipitation agent aging for 0 h and after drying (before

substituted by NaOH (2 M), the Eu(OH)3 precipitation is also
obtained under the same experimental conditions. As shown in

the TEM image in Fig. 6b, the nanorods can be found with higher
aspect ratio and more uniform morphologies compared with the
counterpart (shown in Fig. 6a), suggesting that NaOH, which is
stronger in basicity than ammonia, can accelerate the nucle-

ation agent aging for 48 h and after drying (before calcination). The insets are the
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ig. 7. TG pattern of Eu(OH)3 synthesized using ammonia as the precipitation agent
ging for 96 h and after drying (before calcination).
tion and crystal growth. The above experiments confirm that
he morphologies of the RE(OH)3 nanorods (nanobundles) can
e controlled through adjusting the aging time and precipitation
gent.

ig. 9. The morphologies of REOx obtained by calcination of RE(OH)3 at 650 ◦C for 2 h in ai
RTEM (high magnification) images and the corresponding FFT patterns. FESEM images o
Fig. 8. XRD patterns of REOx obtained by calcination of RE(OH)3 at 650 ◦C for 2 h in
air. The JCPDS numbers were also given.
It is well-known that the crystal growth and morphology are
controlled by the extrinsic and intrinsic factors in the reaction
solution, such as the diffusion of reaction species, crystal struc-
ture, surface energy and chemical potential [38,39]. In the synthetic

r. TEM images of (a) Pr6O11, (b) Nd2O3, (c) Sm2O3, and (d) Eu2O3. The insets are the
f (e) Eu2O3, and (f) Gd2O3.
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rocess of the present study, there is no template or surfactant
o guide the directional growth of nanorods. Thus, it is reason-
ble to imagine that the driving force for the anisotropic growth
f the RE(OH)3 nanorods derives from the inherent crystal struc-
ure and their chemical potential in solution [35]. Most of rare
arth hydroxides possess a hexagonal phase, similar to that of ZnO,
hich is well-known to exhibit anisotropic growth. This anisotropic

tructure suggests that RE(OH)3 has a strong tendency toward
D growth along the [0 0 1] direction, which leads to the forma-
ion of 1D nanostructures [25]. In detail, when the dissolved rare
arth nitrates are gradually dropped into the alkaline solution
ammonia or NaOH) which provides the corresponding chemical
otential at suitable temperatures, the original anions are sub-
tituted by stronger anions OH− [40]. The nucleation of RE(OH)3
ould occur and there is an intrinsic tendency to crystallize into

od-like nanoparticles [41,42]. Overall, both the intrinsic structure
nd favorable extrinsic condition promote the formation of the
anorods. The possible formation mechanism of the RE(OH)3 and
EOx nanorods is demonstrated in Scheme 1.

Fig. 7 shows the thermal properties of the Eu(OH)3 sample syn-
hesized using ammonia as the precipitation agent and after aging
or 96 h. Three steps with a total weight loss of 18.4% were observed
rom 40 ◦C to 650 ◦C [29]. The first is desorption of water molecules
rom the surface of the sample, corresponding to 3.5% weight loss.
owever, the latter two steps can be ascribed to the decomposi-

ion of Eu(OH)3 to EuOOH and of EuOOH to Eu2O3, respectively.
he observed weight loss for the two processes is about 14.9%, in
ood agreement with a theoretical weight loss of 15.3% for the
onversion of Eu(OH)3 to Eu2O3 through EuOOH. Other RE(OH)3
amples experience a similar thermal process (results not shown
ere). Based on the above TG analysis, the hydroxides can be con-
erted into the corresponding oxides after thermal treatment at
50 ◦C for 2 h, as verified by the subsequent XRD results (Fig. 8).
ll diffraction peaks of these products belong to the cubic phase of
E2O3 (Pr6O11). The lattice constants (a) are listed in Table 1.

Fig. 9 shows the TEM (HRTEM) and/or FESEM images of the
s-prepared REOx samples. Although the nanorod (nanobundle)
orphologies are preserved after calcination, a small shrinkage in

izes is distinguished, as shown in Table 1. This can be attributed to
he dehydration of hydroxides resulting in a higher density. Spe-
ially, the Pr6O11 sample consists of many nanoparticles due to
he relatively small size of the Pr(OH)3 nanorods. Similar to the
ydroxides, the nanobundles for Sm, Eu and Gd oxides are clearly
olycrystalline though the individual nanorod is a single crystal. As
hown in the insets of Fig. 9d, the FFT pattern taken on the Eu2O3
anobundle is consisted of several sets of FFT patterns, which could
e obtained when the electron beam is focused on several individ-
al nanorods with different axis zones. Because the Eu2O3 crystal is
undle-like morphology, it is difficult to focus the electron beam on
single nanorod. Based on the HRTEM images, all REOx nanorods

row along [0 2 2] direction, which can be attributed to the varia-
ion from hexagonal structure for the hydroxides to cubic structure
or the oxides.

The surface properties of the hydroxides and oxides were char-
cterized by N2 adsorption/desorption. As given in Table 1, the BET
urface areas of RE(OH)3 are much lower than those of REOx.

Fig. 10 shows the room temperature PL spectra of the Eu2O3
anobundles and bulk Eu2O3 (for reference). The TEM image (not
hown here) shows that the bulk Eu2O3 obtained by thermal
ecomposition of europium nitrate at 650 ◦C for 2 h in air was aggre-
ates of nanoparticles. As shown in Fig. 10b, the PL spectrum of bulk

u2O3 is composed of the characteristic emission peaks of Eu3+, cor-
esponding to 5D0–7FJ (J = 0, 1, 2, 3) [43,44]. Among these emission
eaks, the peak at 613 nm, which is a hypersensitive forced electric
ipole transition (5D0 → 7F2) [45], is dominant in comparison with
ny other peaks. This indicates that the cubic phase has been pro-
Fig. 10. Luminescent spectrum (excitation at 254 nm) of Eu2O3 at room tempera-
ture: (a) nanobundles and (b) bulk (obtained by thermal decomposition of europium
nitrate at 650 ◦C for 2 h in air).

duced [21,31]. As shown in Fig. 10a, only the 5D0 → 7F2 transition
peak is evident for the Eu2O3 nanobundles. Compared with bulk
Eu2O3, the peak position for the Eu2O3 nanobundles has not shift,
confirming the cubic structure. However, the peak intensity is obvi-
ously weakened concomitant with the peak broadening. This might
be attributed to the lower scattering of evolved light and higher
packing densities for nanoparticles than those for nanobundles
[46]. Furthermore, the rough surfaces observed on nanobundles
means the high concentration of inherent defects, which can lead
to luminescence quenching [47]. Anyhow, the real reason needs
further work.

4. Conclusions

Rare earth hydroxide and oxide nanorods (nanobundles) with
the diameter of 10–150 nm and the length of 30–600 nm have been
synthesized without the addition of any templates/surfactants by
a simple precipitation method under ambient temperature and
pressure. The aspect ratio of the rods can be easily controlled by
adjusting the aging time and the precipitation agents. The corre-
sponding oxides can be obtained by calcination, which preserved
the nanorod (nanobundle) morphologies though a small shrinkage
in sizes is observed.

The crystallization mechanism is proposed. The nucleation and
growth of the hydroxide nanorods may occur in the precipitation
process at relatively low (room) temperature and normal pressure
without a long-time and high-temperature (pressure) hydrother-
mal treatment.

Compared with the bulk Eu2O3, the 5D0 → 7F2 transition peak of
the Eu2O3 nanobundles is obviously weakened concomitant with
the peak broadening.

The precipitation method is simple, highly reproducible, inex-
pensive, and widely applicable for the large-scale industrial
production.
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