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Abstract By a simple hydrothermal process, we have
synthesized lanthanum oxide nanoneedles, nanorods, and
nanorod bundles. The porosity of the obtained materials
was found. The structure and morphology of the main-
tained products were studied by XRD, TG/DTA, TEM, and
SAED. The porosity was illustrated by N, absorption—
desorption, BET, and BJH curves. Moreover, the influence
factors and the mechanism for the morphology control of
lanthanum oxide have also been preliminarily presented.

Introduction

Since Iijima discovered Carbon nanotubes with High-res-
olution transmission electron microscope (HRTEM) in
1991 [1], one-dimensional nanomaterial have attracted
intensive attention because of their potential applications in
nanoconnectors and nanodevices [2]. To possess enhanced
electrical, magnetic, optical, and mechanical properties,
these 1D materials need to be of small diameter, high aspect
ratio, and uniform orientation [3]. The synthesis and
functionalization of 1D nano-structural materials has
become one of the most highly energized research areas
[4-6]. Until now, many attempts have been made to fabri-
cate 1D nanostructure materials such as carbon nanotubes,
metals, semiconductors, and conductive polymer nanorods
or nanowires [7-10]. Many methods, such as e-beam
lithography [11], sol-gel method [12], laser ablation [13],
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chemical vapor deposition [14] and template method [15,
16] have been used for the preparation of nanorods or
nanowires. However, to our knowledge, complex process
control, high reaction temperatures or long synthesis time
may be required for these approaches. The introduction of
hydrothermal process has provided a relatively simple and
powerful method of the synthesis of nanoparticles and
nanorods/wires. Compared with those methods, hydrother-
mal process has the following advantages: (a) effective
control of size and shape of the particle; (b) shorter prepa-
ration time; (c) fewer impurities in the final product. So
hydrothermal method is widely used to prepare the nano-
structure materials [17-21].

Lanthanide oxide materials have also received increasing
attentions because they can be extensively as piezo-elec-
tricity materials, galvanothermy materials, thermoelectric-
ity materials, an important component in automobile
exhaust-gas convectors, catalyst support [22-24]. In addi-
tion, lanthanide oxides are currently the subject of intense
research efforts directed towards the creation of solid fuel
cells [25], novel high temperature superconductors [26],
and nano-scale self-assemblies [27]. In the future, the
exploitation of such lanthanide oxide architectures may
provide the opportunity for producing innovative ceramic
materials with novel and tunable magnetic, electronic, or
catalytic properties [28, 29]. The synthesis of porous
material may provide an effective means of generating
architectures of this kind. If lanthanide oxides were pre-
pared in 1D nanostructure, they would hold promise as
highly functionalized materials as a result of both shape-
specific and quantum size effects [30]. As a consequence,
numerous techniques have been proposed to synthesis
lanthanum particles with promising control of properties,
such as thermal decomposition [31], super-molecular tem-
plate route [32], micelles [33], homogenous precipitation
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route [34], etc. Recently, Vadivel Murugan et al. reported
microwave hydrothermal synthesis of Eu®* doped lantha-
num oxide nanowhiskers [35] and concluded that
MH preparation plays an important role affecting the
morphology.

In our work, we present a surfactant-assisted hydro-
thermal method to synthesis lanthanum oxide materials for
the first time using cationic surfactant CTAB as template
agent and lanthanum chloride as precursors. The obtained
nanorod is of small diameter, and high aspect ratio
(5—15 nm in width and 200-400 nm in length). Meanwhile
the porous structure in lanthanum oxide was found, and this
structure still maintained after surfactant removal by sim-
ple air calcinations at 450 °C. In this paper, the influence
factors and the mechanism for the morphology control of
lanthanum oxide have also been discussed.

Experiment

The materials used in the work included Lanthanum
chloride (LaCl3-6H,O), hexadecyltrimethyl-ammonium
bromide (A.R, Sinopharm Chemical Reagent Co Ltd.,
Shanghai, China), ammonia (25%, Beijing Chemical
Reagent Co Ltd., Beijing, China). Apparatus used in the
work included X-ray diffractometer (2200VPC, Rigaku
Ltd., Japan), Transmission electron microscopy (H-800,
Hitachi Ltd, Japan; JEM-2010, JEOL, Japan), Micrometrics
NOVA-1000 apparatus (Quantachrome Corp, American),
SDT 2960 thermo-gravimetric apparatus (TA Instrument,
USA).

Sample preparation

All of the reactants were analytical grade and used without
any further purification. The synthesis of La,O3 nanorods
was carried out as follows: 0.2730 g of hexaclecylerime-
thylammonium bromide (CTAB) was first put into 30 mL
distilled water under magnetic stirring at room tempera-
ture. Then 0.5860 g Lanthanum chloride (LaCl;-6H,0)
was added with stirring to form a homogeneous transparent
solution, and 0.1-0.6 mL 25% ammonia was added drop-
wise to the above solution to adjust the pH value of the
solution from 6.0-10.0. Along with the addition of
ammonia, the solution was turned translucent colloidal
right now. After vigorous stirring for 2 h, the system was
transferred into a Teflon lined stainless steel auto clave,
sealed and maintained at 80 °C for 24 h. Subsequently, the
resultant white solid product was centrifuged, washed with
distilled water and ethanol to remove the ions possibly
remaining in the final product and finally dried at 60 °C
in air.
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Characterization

The as-prepared powder samples were characterized by
X-ray powder diffraction (XRD) on a Rigaku X-ray
diffractometer with CuKo radiation (4 = 1.5406 A). The
morphology and size of as-obtained product were observed
by transmission electron microscopy (TEM, Hitachi H-800).
Selected area electron diffraction (SAED) was performed
with transmission electron microscope (JEOL JEM-2010,
200 kV). The porous structure properties of the sample were
determined with a micrometrics NOVA-1000 apparatus by
using nitrogen as the analysis gas. The TG/DTA curves were
determined on a SDT 2960 thermogravimetric apparatus in
nitrogen with a heating rate of 10 °C/min.

Result and discussion
TG/DTA analysis

The result of thermal analysis for lanthanum oxide nano-
rods is presented in Fig. 1. In the TG/DTA curve, below
200 °C, the weight loss is about 2.1%. It is attributed to the
loss of the absorbed water. The DTA peak of 380 °C is
corresponding to a loss of the residual water and the
surfactants and the weigh loss is 9.2%. The peak between
400 °C and 500 °C is possible resulted by unhydrolyzed
lanthanum chloride reaction [36].

LaCl; - 6H,O = LaOCI + 2HCI + 5H,O0.

The peak between 500 and 700 °C may result from the

removal of the residual surfactants and the decomposition
of La(OH); [35].

2La(OH); — 2LaO(OH) + 2H,0 — La, 03 + H,0.
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Fig. 1 TG/DTA curves obtained for rod-like phase lanthanum oxide
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Up to 850 °C, the total weight loss is about 15%. These
results show that the surfactants can be removed by
calcinations at 850 °C.

X-ray diffraction measurement

X-ray diffraction measurement was carried out to investi-
gate the composition and phase structure of obtained
samples. Because samples with different shapes all give
similar XRD patterns, we only show that of rod-like
products as example. Figure 2 is the XRD patterns of the
sample calcined for 2 h at 450 and 850 °C, respectively.
Figure 2a shows the diffraction peaks of La,O53 and LaOClI,
which indicate the possibility of unhydrolyzed lanthanum
chloride reaction. The space value of the sharp peak at
29.90° is 2.986, which is in accordance with the literature
value 2.981 at 29.95 of La,0;. In Fig. 2b, most of the
peaks can be readily indexed as hexagonal La,O5 structure
(JCPDS card no. 73-2141). The strong and broaden peaks
indicate that the material has good crystallization and small
size.

TEM

The morphology of product was determined by TEM.
Figure 3a shows typical TEM images of as-prepared
product obtained using 0.3 mL NH;-H,O (pH = 8.5).
From the figures we can see that the product is mainly
composed of La,O3 nanorods, and the nanorods are
5-15 nm in diameter and 200400 nm in length. The SAED
pattern (the inset in Fig. 3a) recorded with the electron
beam perpendicular to the long axis of the hexagonal
structured La,O; nanorod and the highly symmetrical
dotted lattice in ED pattern reveals the single crystal nature
of rod-like La,03;. When the amount of NH;-H,O was
decreased from 0.3 to 0.1 mL (pH = 6.0), while keeping
the other conditions constant as that for La,O3 nanorods, the
products were La,Os; nanoneedles, as shown in Fig. 3b.
With increasing the amount of NH;3;-H,O from 0.3 to
0.6 mL (pH ~ 9.0), the morphology of product was
nanorods parallel and nanorods bundles, as demonstrated in

Fig. 3c,d. ED pattern inset in Fig. 3d corresponding to the
La,O3 nanorod bundles.

Based on the above results, it could be concluded the
lanthanum oxides nanostructure with different morpholog-
ies could be obtained in micelle solution with different pH
values. Researchers have also synthesized hexagonal, cubic
and lamellar mesostructured silica MCMs, V-P, and Al-B
oxides in the different micelle solution phases by adjusting
pH value of the solution [37-39]. A conclusion can be
drawn from these works that the micelle structures of sur-
factant will change with increasing pH value, which results
in the formation of the products with different structures. In
our experiment, from a mass of data we found that only 1D
La,0O5; nanostructures but not other morphologies men-
tioned above were obtained. We think that this is possibly
resulted from the morphology of the CTAB micelle. Under
our experimental conditions, 1D acerate and claviform
micelle structures will be formed in the solution when
CTAB was dissolved in water, which results in the forma-
tion of 1D morphology of final product. Besides, it has also
been considered that the higher pH value is used, the higher
degree of the condensation between precursors occurs [33].
With the increase in framework densification, a consequent
phase change in the surfactant micelle packing would occur,
leading more stable claviform rather than acerate phases. So
the pH value of the reaction system has a little effect for the
formation of these products.

Figure 4 presents the morphology of La;O3 nanorods
prepared at different reaction temperature. As can be seen,
when the reaction temperature was maintained at 40 and
60 °C, respectively, and the other conditions were the same
as that for La,O3 nanorods, La,O; nanorods grew longer
with increasing the reaction temperature. At 40°C
(Fig. 4a), La,0O5 were nanorods dispersed uniformly with
the length being about 120 nm. When the reaction tem-
perature was kept at 60 °C (Fig. 4b), La,O3 nanorods were
observed clearly with the length being about 200 nm.
Further increasing the reaction temperature to 80 °C
(Fig. 3a), the length of the nanorods became longer obvi-
ously. The average length could reach 400 nm while the
diameter had no apparent change. On the other hand, at a
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Fig. 3 TEM images of sample
obtained at different pH value.
(a) pH = 8.5. Inset: SAED
pattern of a nanorod,

(b) pH =~ 6.0, (c) pH = 9.0, and
(d) pH ~ 10.0. Inset: SAED
pattern of nanorod bundles

Fig. 4 TEM images of sample
obtained at different
temperature. (a) 40 °C and

(b) 60 °C

lower temperature, such as 25 °C, there was no precipitate
existed. Therefore, it could be concluded that reaction
temperature was a key factor influencing the length of
nanorods.

Figure 5 shows the images of La,O3 nanorods prepared
with different reaction time. The figures indicate that the
length of the nanorods grows longer with increasing the
reaction time. With 8 h (Fig. 5a), we obtained the rods
with 85 nm in length and 5 nm in width. When the time
rose to 12 h (Fig. 5b), the length of nanorods was 120 nm.
When the time reached 24 h, the length turned to 200-
400 nm (Fig. 3a). So the reaction time also plays important
role influencing the length of nanorods.
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The effect of the amount of CTAB on the morphology of
the product was shown in Fig. 6a—c. These images show
the product obtained with the amount of CTAB at 10 CMC,
100 CMC, and 1000 CMC (CMC represent Critical Micelle
Concentration), respectively. From the images we found
that with increasing the amount of CTAB, the length of
La,03 nanorods reduces, but the diameter of nanorods
almost remains unchanged (about 5 nm). They are also
very stable in aqueous solution as long as several months
with good dispersion. As to the controlling mechanism of
CTAB we think there were two folds: First, it is generally
believed that micelle is non-sphericity such as ellipsoidal
shape, oblate shape, acetabuliform or claviform when the
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Fig. 5 TEM images of sample
obtained at different reaction
time. (a) 8 h and (b) 12 h

Fig. 6 TEM images of sample
obtained at different /
concentration of the surfactant.
(a) 10 CMC, (b) 100 CMC, and

(¢) 1000 CMC ,

.

concentration of surfactant reaches 10 times CMC. The
specific shape of micelle depends on the geometric arrange
parameter P of the surfactant molecule. P can be calculated
using the following formula [40]:

P=V./IA,

where V. is the volume of hydrophobic group, I. is the
length of hydrophobic group hydrocarbon chain, and A, is
the average occupied area of hydeophilic group arranging
tightly in monolayer.

As to CTAB we used in our experiment, the geometric
arrange parameter P was in 1/3-1/2, so it could form
claviform micelle. When taking the claviform micelle as
soft template prepares La,Oj3, the obtained product would
be claviform. This is in accordance with the experiment
result. In addition, as we known, CTAB is often used as
“capping reagent” in nanomaterial fabrication because it
can bond to solid surface and selectively adsorb on some
specific facets of crystals to control crystal growth direc-
tion consequently. With the more surfactant used, the
selective adsorption of CTAB probably took place at the
nucleation stage, so that the product had very small
diameter (about 5 nm).

As for La,O3 nanorod, they have the tendency to parallel
to each other. The reasons for these rods to align in parallel
are two-fold: First, within hard-rod approximation, this
side-by-side ordering occurs in order to maximize the
entropy of the self-assembled structure by minimizing the
excluded volume per particle in the array as first proved by

Onsager [41]. Second, the higher lateral capillary forces
along the length of a nanorod, as compared with its width,
could be another important driving force for the side-
by-side alignment of nanorod rather than end-to-end [42].
In short, we discussed the influence factors for the mor-
phology control of lanthanum oxide: the pH values of the
micelle solution, reaction time, reaction temperature and
the amount of CTAB. Recently, Vadivel Murugan et al.
reported microwave hydrothermal reaction to synthesis
nano-whisker morphology of Lanthanum oxide [35]. In
our work, we also concluded that the synthesis way is
an important factor affecting the morphology of the
product.

N, adsorption—desorption isotherms

The porosity of the sample was found from gas adsorption
measurements. Figure 7 shows the typical nitrogen
adsorption—desorption isotherms. Surface area and average
pore size of lanthanum oxide nanorods calcined at 450 °C
are also showed in Table 1. Pore size distribution data is
given in Fig. 8.

Both of the resulting isotherms could be identified as
type Langmuir III isotherms. In the curve, there is a very
clear hysteresis loop, the typical characteristic can be used
to illuminate the capillary condensation. BJH analysis
shows that the porous La,O; possesses a mean pore
diameter of 7.9 nm, and according to BET analysis, the
surface area of the product is 84 m?/g. The sharp peak
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Fig. 7 BET nitrogen adsorption—desorption isotherms for rod-like
phase lanthanum oxide

Table 1 Nitrogen sorption data of surface areas and pore diameters,
calculated by BET and BJH models, respectively, for lanthanum
oxide nanorod following air calcinations at 450 °C

Sample La,O3 nanorods obtained
after air calcinations at 450 °C
Surface area, m%/g 84
Pore diameter, A 79.368
40 F
I
ol

@ | |o

s 3.2 !)

*

= |1

£ 24|

< i

@ Q

E )

: ;

=)

o 08| ih

o
.
Ho"—-—o
00 1 1 ____1‘_—_1“—-—0—*— L |

0 100 200 300 400 500 600 700
Pore Diameter / A

Fig. 8 BJH plot of pore volume versus pore diameter for lanthanum
oxide

observed for the sample is consistent with increases in
post-calcination disorder of the systems and suggest a less
well-defined size distribution.

Conclusion

In summary, by means of the proper control of the reaction
conditions and with the assistance of surfactant CTAB, we

@ Springer

have successfully prepared La,O5; nanoneedles, nanorods,
nanorod bundles in aqueous solution. It has been found that
the pH values of the micelle solution, reaction time, reac-
tion temperature and the amount of CTAB all play
important roles in the formation of La,O3 nanocrystals with
various morphologies. The porosity materials will provide
the opportunities for some potential applications as ad-
vanced materials.
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