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One-dimensional La(OH)3; nanocrystals with multiform mor-
phologies have been successfully synthesized by a facile hy-
drothermal process without using any surfactant, catalyst, or
template. It can be found that the pH values of the initial
solutions and the alkaline sources play a crucial role in con-
trolling the morphologies of the products. The possible for-
mation process of the 1D samples was investigated in detail.
Furthermore, the as-prepared Tb3*-doped La(OH); samples
show a strong green emission corresponding to °D,~"Fj tran-
sition of the Tbh3* ions under ultraviolet or low-voltage exci-

tation. The experimental results indicate that the lumines-
cence properties of the as-obtained phosphors are dependent
on their morphologies and sizes. As a result of the unique
luminescence properties and controllable morphology and
size, these phosphors may find potential applications in fields
such as optoelectronic and nanoscale devices or biological
technology.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

Shape and dimensionality are regarded as particularly
important factors that influence the chemical and physical
properties of materials. Among the various nanostructures,
1D nanoscaled materials, such as nanowires, nanorods,
nanotubes, nanobelts, and so on, have been regarded as sig-
nificant factors that may bring novel and excellent proper-
ties.!""] Several strategies have been developed for the
growth of 1D nanostructure materials, such as electrochem-
ical methods,' template-directed growth technique,!!
vapor-liquid-solid (VLS) synthesis,['”l vapor-solid (VS)
method,!"3! and hydrothermal process.l' *!4171 Among the
various synthesis techniques, the hydrothermal process is a
powerful method for the fabrication of anisotropic nanom-
aterials, owing to their great chemical flexibility and syn-
thetic tenability. The advantages of hydrothermal synthesis
make it another choice besides the template method. The
1D morphologies of the nanomaterials can usually be con-
trolled by varying the parameters in the reaction system,
such as control of reaction temperature and time, change
of pH value, and so on.l'¢-19]
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Recently, much research attention has been paid to the
synthesis of lanthanide compounds, because they can be
used as high-performance phosphors, catalysts, and other
functional materials as a result of their novel electronic, op-
tical, and chemical properties arising from their 4f elec-
trons.[2320-241 If rare-earth compounds were fabricated in
the form of a 1D nanostructure, they would be expected
to be highly functionalized materials, acting as electrically,
magnetically, or optically functional host materials as
well.[1525-271 So far, there have been many reports about 1D
lanthanide compounds obtained by various synthesis meth-
0ds.[18:19:28301 Among them, lanthanum hydroxide [La-
(OH);] is of great research interest, and it has been used in
many fields, such as catalysis, sorbent materials, high poten-
tial oxide ceramics, superconductive materials, hydrogen
storage materials, electrode materials, and so on.3'734 In
previous research, 1D La(OH); samples, such as nanowires
and nanobelts, have been prepared by the hydrothermal
method under strongly alkaline conditions.!'-!>311 However,
to the best of our knowledge, little has been done on the
systematic manipulation of morphologies of uniform and
well-dispersed 1D La(OH); materials through the simple
hydrothermal process under mildly alkaline conditions.
Moreover, there have been few reports on lanthanide-ion-
doped La(OH); luminescent materials.

Herein, we report the controllable synthesis of 1D
La(OH); materials with various morphologies through a
simple solution-based hydrothermal process without using
any catalyst or template. The morphologies of the products
could be modulated by simply adjusting the pH values of

3721

vvvvvvvvvvvvvvvvvvvvvv



FULL PAPER

G. Jia, Y. Huang, Y. Song, M. Yang, L. Zhang, H. You

the initial solution or by using different kinds of alkaline
sources. Furthermore, the photoluminescence (PL) and ca-
thodoluminescence (CL) properties of the La(OH);:Tb>*
green phosphors have been discussed in detail.

Results and Discussion

Figure la,b shows the XRD patterns of the La(OH);
samples prepared at pH 7 and 9 by using ammonia as the
alkaline source. It can be seen that the diffraction peaks of
the two samples can be well indexed to the hexagonal phase
of La(OH); (JCPDS No. 36-1481). The calculated lattice
constants (¢ = b = 6.525 A, ¢ = 3.843 A) using the Jade 5.0
program for the sample prepared at pH 9 are compatible
with the standard card (JCPDS No. 36-1481; a = b =
6.529 A, ¢ = 3.859 A). When the reaction was performed by
using a mixture of ammonia and hydrazine hydrate
(N,H4H,0O) or pure hydrazine hydrate as the alkaline
source, the diffraction peaks of the samples also agree well
with the pure phase of hexagonal La(OH); (JCPDS No. 36-
1481; Figure lc,d). It is worth pointing out that the XRD
patterns also indicate that there is a large difference from
each other in the relative intensities based on (110), (100),
and (101) peaks for the samples, indicating the possibility
of different preferential growth orientations under different
pH conditions or alkaline sources.

@ ) JL |

(c)

s

Intensity (a.u.)
G

An A An

JCPDS 36-1481

101
200

111
= 300

— 21

~N
i
=
1

111 | T

¥ T L2 T

10 20 30 40 50 60 70
20°

Figure 1. XRD patterns of the samples with ammonia as alkaline
source at (a) pH 7 and (b) pH 9 and with (¢) a mixture of ammonia
and hydrazine hydrate and (d) pure hydrazine hydrate as alkaline
sources at pH 9. The standard data for hexagonal phase La(OH);
(JCPDS No. 36-1481) is also presented in the figure for compari-
son.

Figure 2 is a panoramic SEM image of the La(OH);
sample prepared at pH 9 (ammonia as alkaline sources),
clearly indicating that the as-formed La(OH); product con-
sists of nanowires in 100% morphological yield. The
nanowires display uniform morphology with diameters of
40-50 nm and lengths up to several micrometers. As seen
from the magnified SEM image (Figure 2b), the uniform
nanowires are straight and their surfaces are very smooth.
In addition, the La(OH); sample was further examined by
transmission electron microscopy. Figure 2¢ shows a typical
TEM image of the La(OH); sample, clearly exhibiting that
the sample is entirely composed of uniform nanowires with
diameters of 40-50 nm, which is consistent with the result
3722
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shown in the SEM images (Figure 2a,b). Figure 2d shows a
typical high-magnification TEM image of a single La-
(OH); nanowire. The corresponding SAED pattern (Fig-
ure 2d, inset) taken from this nanowire reveals the single-
crystalline nature with a typical hexagonal structure.

Figure 2. (a) Low- and (b) high-magnification SEM images, and
(c) TEM image of the La(OH); samples prepared at pH 9 with
ammonia as alkaline source. (d) TEM image of a single nanowire
(inset in d is the corresponding SAED pattern taken from the
nanowire).

Time-independent experiments were preformed to inves-
tigate the crystal growth of the uniform 1D nanowires
(200 °C, pH 9). Adjustment of the pH value of the solution
led to the formation of La(OH); nanowires with poor crys-
tallinity before hydrothermal treatment. By increasing the
hydrothermal reaction time, the morphology and size of the
La(OH); samples did not change obviously, but the surface
of the nanowires became smoother (Supporting Infor-
mation, Figure S1). In addition, La(OH); nanowires with
higher crystallinity can be obtained with an increase in the
reaction time. This is important for phosphors, because
high crystallinity generally means less traps and stronger
luminescence. This result can be confirmed by the XRD
patterns of the La(OH); samples prepared at different time
(Supporting Information, Figure S2).

The pH values of the colloidal solution have great effects
on the size and morphology of the hydrothermal products.
The wide-field SEM image (Supporting Information, Fig-
ure S3a) of La(OH); sample prepared at pH 7 shows that
the sample is composed of nanorods with diameters of 50—
60 nm and lengths in the range 300-500 nm. The magnified
SEM image of the product (Figure 3a) indicates that the
nanorods are very straight and their surfaces are smooth.
The La(OH); sample prepared at pH 10 is composed of
uniform nanobundles with diameters of about 200 nm and
lengths in the range 1-1.5 um (Supporting Information,
Figure S3b). The enlarged SEM image indicates that the
nanobundles consist of individual parallel nanowires with
diameters of about 30 nm (Figure 3b). As seen from the
SEM and TEM observations mentioned above, 1D La-
(OH); materials with various morphologies can be obtained
by simply adjusting the pH values of the initial solution.
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The morphological evolution of the samples can be as-
cribed to the change in the chemical potential in solution.
When the pH value of the initial solution increased from 7
to 9, the mean aspect ratio of the sample increased dramati-
cally. A higher pH value implies a higher OH™ ion concen-
tration and a higher chemical potential in solution. Conse-
quently, the nucleating process occurred faster and more
nuclei of crystals formed, resulting in the high aspect ratio
of the samples. By increasing the pH value to 10, the
nanowires self-assembled into bundles along their cross-sec-
tional diameter through a direct aggregation growth pro-
cess, which was probably because the crystal facets along
the cross-sectional diameter matched well, offering a low
surface energy.[!-19-3433]

Figure 3. SEM images of the La(OH); samples prepared at (a)
pH 7 and (b) pH 10 with ammonia as alkaline source and (c) at
pH 9 with pure hydrazine hydrate and (d) a mixture of ammonia
and hydrazine hydrate as alkaline sources.

The alkaline sources of the initial reaction solutions have
great effects on the morphologies of the final products. Fig-
ure 3c,d show the typical SEM images for La(OH); sample
prepared at pH 9 by using hydrazine hydrate (N,H4 H,O)
as alkaline source. As can be seen from a low-magnification
SEM image (Supporting Information, Figure S3c), the as-
prepared sample is almost entirely composed of short hex-
agonal nanoprisms with perfect uniformity and well-de-
fined crystallographic facets. Analysis of a number of the
nanoprisms shows that these hexagonal prisms have average
diameters of about 50 nm and lengths of about 100 nm.
Furthermore, from the images of a higher magnification
(Figure 3c¢), it can be observed that these nanoprisms have
clear edges and smooth side planes. Compared with the
samples prepared by ammonia at pH 9 (Figure 2), the as-
obtained hexagonal nanoprisms have no obvious change in
diameter, whereas the lengths of the particles decrease re-
markably from several micrometers to about 100 nm. In
comparison, the experiments were carried out by using a
mixture of ammonia and hydrazine hydrate as alkaline
sources (pH 9). One can clearly see that the as-obtained
sample consists of uniform hexagonal nanoprisms with
higher aspect ratios (Supporting Information, Figure S3d).
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The magnified SEM image (Figure 3d) exhibits that the
hexagonal nanoprisms have diameters of about 50 nm and
lengths of 200-300 nm. It can be concluded that the aspect
ratios of the samples reduces with an increase in the concen-
tration of N,H4-H»O. On the basis of the above SEM obser-
vations, we can assume that hydrazine hydrate may have
dual functions in the formation process of La(OH); sam-
ples. One role is to function as alkaline source in the solu-
tion for the formation of La(OH);. The other is that hy-
drazine hydrate may act as crystal facet inhibitors in the
system. In the process, the hydrazine hydrate may be selec-
tively absorbed on specific crystal facets of the initial
La(OH); crystals and change the growth rates of different
facets, resulting in the formation of the hexagonal prismatic
geometries of the La(OH)j; crystals. In addition, the hydraz-
ine hydrate may be preferentially absorbed on the surfaces
that are perpendicular to the intrinsic growing directions of
the hexagonal La(OH)s, resulting in a decrease in the aspect
ratios with an increase in the concentration of N,H,-H,O
in the initial solution (Figures 2 and 3). The result can be
confirmed by the FTIR spectra of the as-obtained La-
(OH); nanowires and nanoprisms (Figure4). For the
La(OH); nanowires, the bands centered at 3610 and
3423 cm! can be attributed to the O-H vibrations of the
OH ions and the absorbed water of the La(OH); sample.
The band at about 648 cm ! is assigned to the La—O stretch-
ing frequencies of La(OH);. The absorption bands at 1509
and 1369 cm ! are ascribed to N-H vibrations of the amino
groups, which may be caused by the absorbed NH; mole-
cules during the hydrothermal process. The FTIR spectral
profile of La(OH); nanoprisms is similar to that of the
La(OH); nanowires. More importantly, it can be observed
that the absorption intensity of the N-H vibrations for
nanoprisms is much stronger than that of the La(OH)s;
nanowires, which indicates that much more N,H, molecules
have been absorbed in the La(OH); nanoprisms. The result
can effectively support the hypothesis for the influence of
N,H4H>O during the hydrothermal reaction.
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Figure 4. FTIR spectra of the La(OH); (a) nanowires and (b) nano-
prisms.
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The Tb**-doped La(OH); samples were prepared to in-
vestigate the luminescence properties. We can see that all
the Tb3*-doped La(OH); samples exhibit the peaks of pure
hexagonal La(OH); (JCPDS No. 36-1481; Supporting In-
formation, Figure S4). We can also observe that the diffrac-
tion peaks shift to higher angle side gradually with an in-
crease in the doping concentration of Tb3*. Take La(OH);:
2%Tb3* as an example: the calculated lattice constants (a
=b=6493A, ¢ = 3.841 A) are a little smaller than those
of the undoped sample (¢ = b = 6.525A, ¢ = 3.843 A).
These results indicate that the Tb3* ions with smaller radii
have been effectively doped into the La(OH); host lattice.
The energy dispersive X-ray spectrum (EDX) was further
used to investigate the as-obtained La(OH);:Tb3* sample.
The EDX spectrum (Supporting Information, Figure S5)
confirms the presence of lanthanum (La), terbium (Tb),
and oxygen (O) elements in the La(OH);:Tb?* sample. No
other impurity peaks can be detected, which can effectively
support the XRD results of the sample.

The as-obtained La(OH)5:Tb3* samples exhibit a strong
green emission under short ultraviolet irradiation, and the
spectral properties are similar to those of other Tb3*-doped
luminescent materials.[3-31 The excitation spectrum of the
La(OH);:Tb?** nanowires (Figure 5a) is composed of a
broad band centered at 240 nm and some sharp bands in
the region from 275 to 400 nm. The broad band and small
peaks at 275 and 289 nm are ascribed to the spin-allowed
and spin-forbidden interconfigurational 4f®4f75d' transi-
tion of the Tb3* ions, respectively. In the longer wavelength
region (from 310 to 400 nm), the sharp bands correspond
to absorption of the forbidden f-f transitions of the Tb*
ions. Upon excitation at 240 nm, the emission spectra (Fig-
ure 5b) of the La(OH);:2%Tb3* phosphors consist of a
group of lines centered at about 491, 544, 584, and 620 nm,
which corresponds to the *D,~"F}, (J = 6, 5, 4, 3) transi-
tions of the Tb3* ions, respectively. The dominant emission
band is located at 544 nm, which is a typical green band
caused by the D,~"Fs transition of the Tb>* ions. As we
know, the morphology and size of the lanthanide-base lu-
minescent materials cannot influence the typical line spec-
tra on the basis of intra-4f transitions, but may affect the
emission intensity as a result of the change in their specific
surface area.['83*40 From the comparative emission spectra
of the as-obtained La(OH);:2%Tb3" nanowires (ammonia
as alkaline source) and the short hexagonal nanoprisms
(hydrazine hydrate as alkaline source), it can be seen that
the two samples show similar spectral patterns without any
emission band shift, but one can clearly observe that the
nanowire phosphor has a higher PL intensity than nano-
prism phosphor. It is well known that the surface area of
materials increases along with a decrease in size. The large
surface area introduces a large number of defects into the
phosphor crystal, which have a serious drawback on the
PL intensity of the phosphors. If the surface area is greatly
reduced, which results from increased crystallite size, the
phosphor with fewer defects would show great improve-
ment in PL intensity.['%3*40 From the SEM and TEM re-
sults presented above (Figures 2 and 3), it can be observed
3724
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that the surface area of the La(OH); nanowires is lower
than that of the nanoprisms. This result can be confirmed
by BET measurements of the as-obtained La(OH); samples
(Figure 6). The specific surface areas of the La(OH)j;
nanowires and nanoprisms were calculated to be 103.9 and
118.3m?g !, respectively. Furthermore, it can be seen from
the FTIR spectra that a large number of hydrazine hydrate
molecules were adsorbed onto the surface of the La(OH);
nanoprisms. They would have an effect on the formation of
surface defects (PL Kkiller sites), which might decrease the
PL intensity and shorten the PL lifetime. This result can
also be confirmed by the decay curves of the two samples
(Supporting Information, Figure S7).
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Figure 5. (a) Excitation and (b) emission spectra of La(OH)s:
2%Tb** samples with different shapes under excitation at 240 nm.

As we know, the PL intensity of the phosphor is strongly
influenced by the activator concentration.[*'=#31 The PL in-
tensities for the emission spectra clearly vary with changes
in the Tb**-doping concentration. As shown in Figure S6
(Supporting Information), the PL intensity first increases
with an increase in the activator concentration, reaching a
maximum value at 2%, and then decreases with a further
increase in the doping concentration. It is well known that
the PL intensity is related to the average distance between
luminescent centers. As the doping concentration of the ac-
tivator ions increases, the distance between active ions de-
creases. The interaction between active ions will cause con-
centration quenching when the distance is short enough.
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The luminescence decay curves for the luminescence of
Tb3* ions (544 nm, D,—Fs transition) in the host lattices
of La(OH);:2%Tb** nanowires and nanoprisms were inves-
tigated (Supporting Information, Figure S7). The decay
curves can be well fitted into a single-exponential function
as I = Alexp(-t/7)], and the lifetimes of the Tb3* ions were
determined to be 1.289 and 1.218 ms for nanowires and
nanoprisms, respectively. The result is basically in agree-
ment with other Tb3*-doped phosphors in previous re-
pOTtS.[37’44“45]

The CL properties of the as-obtained La(OH);:2%Tb3*
phosphors were also investigated. Figure 7 shows typical
CL spectra of the La(OH);:Tb*" nanowires and short nano-
prisms under the excitation of an electron beam (accelerat-
ing voltage = 3 kV; filament current = 98 mA). It can be
seen that the as-prepared La(OH);:Tb** phosphors exhibit
strong green emission under low-voltage excitation. The
peak positions of the emission peaks are similar to those
of the emission spectra in Figure 5b. However, the relative
intensity of the peaks in the PL and CL spectra varies obvi-
ously, which may be caused by the different excitation
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Figure 7. Typical cathodoluminescence spectra of La(OH)s:
2%Tb3* phosphors excited by a low-voltage electron beam (acce-
lerating voltage = 3 kV; filament current = 98 mA).
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mechanism. In addition, we can observe that the CL inten-
sity of La(OH);:Tb3* nanowires is much higher than that
of the nanoprisms. This result is in good accordance with
the PL spectra presented above (Figure 5b).

Conclusions

In summary, the controllable synthesis of 1D La(OH)s
samples with different morphologies (such as nanowires,
nanorods, nanobundles, and nanoprisms) has been success-
fully achieved through a simple hydrothermal method. The
morphology, crystal structure, and luminescence properties
of the samples have been investigated in detail. The mor-
phologies of the products can be modulated by simply ad-
justing the pH values or by using different kinds of alkaline
sources. The experimental results indicate that the lumines-
cence properties of the as-obtained phosphors are depend-
ent on their morphologies and sizes. The uniform, dis-
persed, and homogeneous La(OH);:Tb** phosphors may
be potentially applied in optoelectronic and nanoscale de-
vices or biological technology. Furthermore, this general
and simple method may be of much significance in the syn-
thesis of many other 1D hydroxides and oxides with multi-
form morphologies.

Experimental Section

General: The rare-earth oxides La,Os; (99.99%) and Tb,O,
(99.99%) were purchased from Wuxi Yiteng Rare-Earth Limited
Corporation (China), and other chemicals were purchased from
Beijing Chemical Corporation. All chemicals were of analytical
grade and used directly without further purification.

Preparation: La(NO;); and Tb(NOs); aqueous solutions were ob-
tained by dissolving La>03 (99.99%) and Tb,07 (99.99%) in dilute
HNOs; solution under heating with agitation. In a typical synthesis,
an aqueous solution of La(NO;); (1 M, 2 mL) was added to deion-
ized water (35 mL). Then, an ammonia solution (25 wt.-% ) was
introduced rapidly into the vigorously stirred solution until pH 9.
After additional agitation for 1 h, the as-obtained white colloidal
suspension was transferred to a 50-mL autoclave, sealed, and
heated at 200 °C for 24 h. The autoclave was then cooled to room
temperature naturally. The product was washed with deionized
water and absolute ethanol several times, and dried at 60 °C in air.
Other samples were prepared by a similar procedure, except for
different pH conditions (7, 10) or alkaline source (hydrazine hy-
drate).

In order to investigate the luminescence of the La(OH); products,
the Tb3*-doped La(OH); samples were prepared by introducing a
proper amount of Tb(NOs3); solution instead of La(NO3); into the
initial solution as described above.

Characterization: The samples were characterized by powder X-
ray diffraction (XRD) performed with a D8 Focus diffractometer
(Bruker). The morphology and composition of the samples were
inspected by using a scanning electron microscope (SEM; S-4800,
Hitachi) equipped with an energy-dispersive X-ray spectrum
(EDX; XFlash-Detector 4010, Bruker). Transmission electron mi-
croscopy (TEM) images and selected-area electron diffraction
(SAED) patterns were obtained by using a JEOL 2010 transmission
electron microscope operating at 200 kV. Fourier transform infra-
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red spectroscopy (FTIR) spectra were measured with a Perkin—El-
mer 580B infrared spectrophotometer as KBr pellets. Specific sur-
face area was calculated by the Brunauer-Emmett-Teller (BET)
method by using adsorption isotherms with N, as the adsorbate at
liquid nitrogen temperatures. Photoluminescence (PL) excitation
and emission spectra were recorded with a Hitachi F-4500 spectro-
photometer equipped with a 150 W xenon lamp as the excitation
source. The cathodoluminescence (CL) measurements were carried
out in an ultrahigh-vacuum chamber (<10-% Torr), where the sam-
ples were excited by a low-voltage electron beam (accelerating =
3 kV; filament currents = 98 mA), and the spectra were recorded
with an F-4500 spectrophotometer. The luminescence decay curves
were obtained from a Lecroy Wave Runner 6100 Digital Oscillo-
scope (1 GHz) using a tunable laser (pulse width = 4 ns, gate =
50 ns) as the excitation (Contimuum Sunlite OPO). All measure-
ments were performed at room temperature.

Supporting Information (see footnote on the first page of this arti-
cle): SEM images and XRD patterns of the La(OH);; low-magnifi-
cation SEM images of the La(OH); samples; XRD patterns, EDX
spectrum, emission intensity, and decay curves of La(OH);:Tb>*
nanowires.
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