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Abstract Uniform lanthanide orthophosphate (LnPO,,
Ln = La and Ce) nanorods were successfully synthesized
by a simple ultrasonic irradiation method using lanthanide
nitrate salt (Ln(NO3)3-6H,0O, Ln = La and Ce) and sodium
phosphate (Na3;PO,) in aqueous solutions with the pH of
1-3. The products were characterized by X-ray diffraction
(XRD), scanning electron microscopy (SEM), transmission
electron microscopy (TEM), high-resolution transmission
electron microscopy (HRTEM), Fourier transform infrared
spectrometer (FT-IR), and UV-visible (UV-Vis) spectros-
copy. In this research, the products are nanorods of
monoclinic LaPO, and hexagonal CePO, structures and the
vibration modes of PO,*~, including the strong peaks at
227 nm for LaPQOy, and at 225 and 278 nm for CePOy,.

Keywords Lanthanide orthophosphate; Nanorods;
Ultrasonic irradiation

1 Introduction

According to the LnPO4, Ln = La,..., and Gd of the
periodic table of the elements, lanthanide phosphate
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compounds, the important family members of the rare-
earth compounds, have increasing attention and application
as luminescent materials, moisture sensors, heat-resistant
materials, hosts for radioactive nuclear wastes, photocata-
lytic materials, and energy fuels. They have their particular
4f-5d and 4f—4f electronic transitions which are different
from other elements [1-5]. Among them, LnPO,4 (Ln = La
and Ce) are materials of this group which can be applied
for luminescent lamps as highly efficient emitters of green
light. Even below the temperature of 1,200 K, monoclinic
CePO, remains as a stable compound which makes it as
useful high-temperature material and as a number of
applications. There are two polymorphs, which are desig-
nated as monoclinic and hexagonal CePO, structures. The
monoclinic CePO4 can be applied as heat-resistant and
ceramic materials, while the hexagonal CePO, can be
functioned for tribology applications [2, 6-8]. LaPO, and
its solid solutions are able to be employed in luminescent
lamps as highly-efficient emitters of green light. Mono-
clinic monazite LaPO, is one of the most stable materials
even at high temperature. It is applied in ceramic com-
posites (CMCS) and in optoelectronic domains [7, 9].
There are many synthetic methods to produce 1D LaPOy,
and CePO, nanostructures such as microemulsion [2, 10],
solid-state reaction [4], hydrothermal [3, 8, 9], and slow-
cooling [11]. These methods require the use of high temper-
atures, special conditions, tedious procedures, catalytic
materials, and templates. Thus, the development of practical
methods for producing a large numbers of 1D nanostructure at
low cost is still a great challenge for future study. Chemical
methods seem to provide an alternative and intriguing strategy
for producing 1D nanomaterials with respect to material
diversity, cost, versatility, synthetic tenability, and potential
for large scale production. In the past few decades, nanoma-
terials with controlled shapes and sizes were synthesized and
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applied in many areas such as catalysis, optics, electronics,
ceramics, and magnetics. Different shapes usually display
different surfaces which cause different active planes to be
exposure. Their sizes, surfaces, and particle interactions have
the influence on some unique properties and performances of
nanomaterials. Thus, it is important to look for the controllable
synthesis of nanomaterials [12]. However, a sonochemical
method was regarded as an effective route for the production
of high quality anisotropic nanomaterials. The sonochemical
process was proved to be an available technique to obtain
novel materials and to produce nanomaterials with unique
morphology and unusual properties. During sonication,
propagation of pressure wave is intense enough to make the
formation, growth, and implosive collapse of bubbles in a
liquid medium. During acoustic cavitation, these bubbles
generate localized hot spots, which have an extremely high
temperature (>5,000 K), pressure (>20 MPa), and cooling
rate (1 x 10'° K-s™"). Thus, the sonication process provides
an ideal route for the preparation of nanomaterials. The
advantages of this method include a rapid reaction rate, con-
trollable reaction condition, and the ability to form materials
with uniform shape, narrow size distribution, and high purity
[13—15]. There are many reports on the synthesis of nanom-
aterials by sonochemical method. Zhang et al. [16] synthe-
sized polycrystalline CeO, nanoparticles with size of 4 nm
which were coated on CNTs by a simple ultrasonication
method under ambient air. Pan et al [17] investigated the CO
oxidation properties of CeO, nanorods, nanowires, nanotubes,
and nanocubes. They found that CeO, nanotubes had the best
performance CO oxidation due to the large BET surface area
and the novel inner surface. Zhang et al. [18] studied various
reaction parameters, such as the content of polyethylene gly-
col (PEG), molecular weight of PEG, and concentration of
KOH, pH value, and sonication time on the as-synthesized
polycrystalline CeO, nanorods by ultrasonication using PEG
as a structure-directing agent at room temperature. The con-
tent of PEG, molecular weight of PEG, and sonication time
was proved to be the crucial factors determining the formation
of one-dimensional CeO, nanorods.

This paper presents the preparation of lanthanide
orthophosphate (LnPO,4, Ln = La and Ce) nanorods via
ultrasonic irradiation without any surfactant or template.
Phases, morphologies, and optical properties of these
nanomaterials were investigated and discussed.

2 Experimental

In the typical preparation of 1D LnPO, (Ln = La and Ce)
nanorods, 0.005 mol Ln(NO3);-6H,O (Ln = La and Ce)
and NasPO, were each dissolved in 50 ml distilled water
under continuous stirring. Then, the two solutions were

@ Springer

mixed, and the pH was adjusted to be 1, 2, and 3 by a
concentrated HNOj solution. Subsequently, the mixtures
were processed under ultrasonic irradiation (35 kHz) for
3-6 h. At the conclusion of the process, white green pre-
cipitates were synthesized, collected, washed for several
times with distilled water and absolute alcohol, and dried at
70 °C for 12 h.

The X-ray powder diffraction (XRD) patterns of all
samples were performed on a Philips X’Pert MPD X-ray
diffractometer with Cu Ko radiation under a voltage and
current of 45 kV and 35 mA, respectively. Fourier trans-
form infrared (FTIR) spectra were recorded on a Perkin
Elmer RX spectrophotometer with KBr as a diluting agent
and operating in the range of 400—4,000 cm™' with a res-
olution of 4 cm™". The specific surface area of product was
determined by nitrogen adsorption Brunauer—Emett-Teller
(BET) method. The BET measurements were performed on
a Quantachrome Autosorb-1 MP instrument. Field-emission
scanning electron microscopic (FE-SEM) and transmission
electron microscopic (TEM) images were taken using a
JEOL JSM-6445F and JEM-2010 operated at a beam energy
of 15.0 and 200 kV using LaB¢ as an electron gun. UV-
visible (UV-Vis) spectroscopy was characterized by a
Lambda 25 Perkin Elmer spectrometer at room temperature.

3 Results and discussion

Figure 1 shows the XRD patterns of the as-prepared LnPOy4
(Ln = La and Ce) products at pH 1 under ultrasonic irra-
diation for 5 h. The diffraction peaks can be readily
indexed to be monoclinic phase of LaPO, and hexagonal
CePO, in consistent with the JCPDS No.32-0493 for
LaPO, and 75-1880 for CePO, [19]. Peaks of other phases
such as La,05 and CeO, are not detected in these XRD
patterns, indicating that the products are of high purity and
crystallinity. Their lattice parameters can be calculated
from plane spacing equations in Eq. (1) for the monoclinic
structure and Eq. (2) for hexagonal structure as shown
below [20]:

11 R k2sin25+l2 2hl cos (1)
d?  sin’ f |a? b? 2 ac
1 4 2 5 1,

where a, b, and ¢ are the lattice unit cells, A, k, and [ are the
lattice indexes, d is the plane spacing, and f is the angle
between the a and ¢ axes (103.6°). Their lattice parameters are
a = 0.67470 nm, b = 0.70026 nm, and ¢ = 0.64344 nm for
the monoclinic LaPOy, structure and a = b = 0.69604 nm
and ¢ = 0.64511 nm for the hexagonal CePO, structure, in
good agreement with the corresponding standards.
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Fig. 1 XRD patterns of LnPO, (Ln = La and Ce) samples synthe-
sized in solution at pH 1 by ultrasonic irradiation method for 5 h

The LaPO, and CePO, vibrations belonged to tetrahe-
dral PO43_, by group theory, are A;(R) + E(R) +
2F,(IR + R), where v;(A) (symmetric stretching vibration
frequency) and v,(E) (symmetric bending mode) are
Raman active; v3(F,) (asymmetric stretching frequency) and
v4(F,) (asymmetric bending frequency) have Raman (R) and
IR double activity [11]. The symmetry of PO,*~ in the
CePO, crystals decreases from Ty to Cj, and the non-IR
active modes become IR active. The broad absorption band
at 3,460 cm ™" in Fig. 2a can be assigned to the vibration of
O-H of the water molecules adsorbed on surface of the
samples. The other bands are assigned to the vibration of
phosphate  (PO,’”) groups in  wavenumber  of
400-1,400 cm ™" as shown in Fig. 2b. They can be classified
into two groups with bands at 400-700 cm~' and
850-1,100 cm™'. The bands at 1,064 cm ™" are ascribed to
the asymmetric stretching vibration of the PO4>~ groups,
and the bands centered at 609 and 536 cm™' belong to the

CePO,

Transmittance (a.u.)

400 800 1200 1600 2000 2400 2800 3200 3600 4000
Wavenumber / cm™

0=P-0 and O-P-O bending vibrations of PO4>~ known as
the v4 mode. The four medium-intensity peaks from 400 to
700 cm™" are due to the bending modes of P-O links in
PO,*~ distorted tetrahedrons. Their stretching modes appear
as clusters of very strong peaks between 850 and 1,110 cm™"
at 955, 993, 1,058, and 1,091 cm_l, due to stretching
vibrations of PO43_ in the v; region [9, 11, 21, 22].

Figure 3 shows the difference of length and diameter
from the morphological evolution of LnPO, (Ln = La
and Ce) samples prepared at different pH values. Fig-
ure 3a—c shows SEM images of the LaPO, products
obtained at pH 3-1. In this research, LaPO, at pH 3 is a
mixture of nanoparticles with sizes below 50 nm and
nanorods with 20 nm in diameter and 100-300 nm in
length. By SEM observations, the yield of nanoparticles
and nanorods is close to 30 % and 70 %. With the pH of
the solution decreasing to 2 and 1, the percent of LaPOy,
nanoparticles deceases to be less than 10 % at pH 2 and is
not detected at pH 1. Only uniform LaPO, nanorods with
20-25 nm in diameter and 300-600 nm in length are
detected at pH 1, and their surfaces are smooth. Fig-
ure 3d-f reveals SEM images of CePO, samples produced
by the ultrasonic irradiation method at pH 3-1. The
dependence of the morphological evolution for CePO,
samples on pH is the same as for the LaPO, nanorods.
The morphologies of CePO, at pH 3 are a mixture of
85 % uniform aggregates of parallel aligned nanorods
with a diameter of 30-35 nm and length of 500 nm—1 pm
and 15 % of agglomerated nanoparticle islands with the
size of 200-300 nm. But for CePO, at pH 2 and 1,
agglomerated nanoparticle islands are not detected,
showing only CePO, nanorods. It should be noted that
CePO, at pH 1 is longer than that at pH 2. The length of
CePO, nanorods is 800 nm-1 um at pH 2 and 1-2 um at
pH 1. In addition, the surface area of LaPO, and CePOy,
nanorods is 63.32 and 35.02 m*g~'.
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Wavenumber / cm™

Fig. 2 FTIR spectra of LnPO,4 (Ln = La and Ce) samples synthesized in solution at pH 1 by ultrasonic irradiation method for 5 h: a vibration of

O-H and b vibration of PO,>
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Fig. 3 SEM images of samples synthesized by ultrasonic irradiation method in solutions with pH of a 3, b 2, and ¢ 1 for LaPO,4 nanorods, and

d 3, e and f 1 for CePO,4 nanorods

From the SEM results, the morphologies of LnPOy,
(Ln = La and Ce) nanorods are influenced by the pH of the
solution precursor due to the effect of the chemical potential
in the same way as previous reports [9, 23, 24]. For example,
Zhang and Guan [9] investigated the effects of pH on the
morphologies of LaPO,4 nanocrystals and found that the 1D
LaPO, nanowires could only be prepared in a pH range of
0.5-1.5. The chemical potential of LaPO, crystals is higher,
which supports the growth of elongated LaPO,4 nanocrystals
and increases in the rate of hydrolysis and higher acidic
conditions. In this research, the chemical potential of the
anisotropic 1D LnPO,4 (Ln = La and Ce) nanorods is ther-
modynamically dependent on the acidity of the reaction
system. Faster ionic migration usually promotes a reversible
pathway between the liquid and solid phases, which pro-
motes ions to occupy at the right positions of the crystal
lattices. In conclusion, a high chemical potential of LnPO,
(Ln = La and Ce) crystals in the solutions is another major
driving force for the growth of the elongated anisotropic
LnPO, (Ln = La and Ce) nanorods [23].

In addition, the effect of reaction time on the formation
of LnPO,4 (Ln = La and Ce) nanorods by sonochemical
method was investigated by SEM. Figure 4 shows SEM
image of CePO, synthesized by sonochemical method at
pH 1 for 3—6 h. The morphologies of CePO, depend on the
reaction time. When reaction time is less than 3 h, the
CePO,4 nanoparticles with particles size less than 100 nm
form. It should be noted that morphologies of CePO,
develop from nanoparticles to nanorods when the reaction

@ Springer

time increases to 4 h. CePO, nanorods have 100-200 nm
in length and 50 nm in diameter. The CePO, nanorods with
the length of 1-2 um were synthesized by sonochemical
method at pH 1 for 6 h which is not significantly different
for CePO4 nanorods with the reaction time of 5 h. There-
fore, the reaction time on the formation of LnPOy,
(Ln = La and Ce) nanorods by sonochemical method at
pH 1 for 5 h is a suitable condition in synthesis of LnPOy,
(Ln = La and Ce) nanorods.

Morphological information of the products was further
characterized by transmission electron microscopy (TEM)
and high-resolution TEM (HRTEM) as shown in Fig. 5.
Figure 5a shows a typical TEM image of the LaPO,
product. It clearly reveals that the product is composed of
only nanorods with diameters of 20-60 nm and lengths of
1 pm, respectively. The HRTEM image in Fig. 5b shows
that the nanorod is structurally uniform with an interplanar
spacing of the (001) planes of LaPO, and the LaPO,
nanorods grow along the [001] direction [23, 25], with the
(—110) plane parallel to the growth direction. Similarly
under the same synthetic conditions, CePO, nanorods with
diameters of 20-60 nm and lengths of up to 3 um can be
observed in Fig. 5c. The HRTEM image (Fig. 5d) shows
the clearly resolved planes of (—110) which are parallel to
the nanorod growth axis [23, 25].

A possible formation mechanism and schematic
illustration as shown in Fig. 6 of 1D LnPO4 (Ln = La and
Ce) phosphor nanomaterials are explained in Egs. (3)
and (4):

Rare Met. (2015) 34(5):301-307
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b
Fig. 5 TEM and HRTEM images of a, b LaPO, nanorods and c,
d CePO, nanorods

PO} +nH' — H,PO{ ™"~ (3)

Ln*" +H,POY ™"~ — LnPO, + nH" (4)

The H' reacted with PO,>~ to form H,PO{ ™. After
that the H,,PO? —m= slowly released PO43_ which reacted
with Ln** (Ln = La and Ce) to form LnPO,4 (Ln = La and
Ce) nanorods. The H" is the key ions in controlling the
formation of 1D LnPO, (Ln = La and Ce) nanorods. By
adjusting the pH of the precursors to be 1, the concentration
of H" in the reaction system increases, and the chemical
potential also increases. The preferential adsorption of H*
onto certain crystal facets is likely to raise the electrostatic
potential on the crystal surfaces of 1D LnPO,4 (Ln = La and
Ce) nanomaterials. In order to reduce the surface energy, the
atoms of the crystal surfaces rearrange themselves [26].
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Fig. 6 Schematic illustration of LnPO,4 (Ln = La and Ce) formation

Finally, the 1D LnPO,4 (Ln = La and Ce) nanorods are
produced.

The UV—Vis spectra of LnPO,4 (Ln = La and Ce) nanorods
synthesized by the ultrasonic irradiation method are shown in
Fig. 7. The absorption spectra of LaPO, show a strong peak at
227 nm. La** does not have an electron transfer because it has
zero electrons in the 4f shell, and thus there is only one pos-
sible optical state of PO,>~ clusters [27]. UV-Vis absorption
spectra of CePO4 show two small shoulders at 225 and
278 nm due to the f—d electron transition of Ce** atoms in the
lattice. The energy level for Ce** shows three electron tran-
sitions as 2F5/2 d 2F7/2, 2F5/2 - 2D3/2, and 2F5/2 - 2D5/2.
The lowest energy transition (2F5,2 — 2F7,2) is a Laporte
forbidden p to p transition corresponding to the f'—f" transi-
tion. The other two electron transitions, *Fs;, — 2Ds, and >
Fs;, — 2Ds), are Laporte allowed nf to (n—1)f—d transitions.
The two major absorption peaks of CePO,4 nanorods at 225
and 278 nm are assigned to be ’Fs, — Dsp and
Fs;» — *Dsp [28,29]. Comparing with other reports, UV—Vis
absorption spectra of the crystalline CePO, nanofilaments
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Fig. 7 UV-Vis spectra of a LaPO, and b CePO, samples synthesized by ultrasonic irradiation method in solutions with pH of 3, 2, and 1

show three peaks with maxima at 213,256, and 273 nm due to
f—d electron transitions in CePO,4 [30]. However, the irregular
CePO, nanoparticles show a broad peak at 230400 nm [31].
Therefore, the optical properties of lanthanide orthophosphate
are controlled by morphology of the products.

4 Conclusion

In summary, single-crystal LnPO, (Ln =La and Ce)
nanorods were successfully prepared by a simple sono-
chemical method. It is found that the high aspect ratio of
the products is able to be easily controlled by pH values of
the solution precursors. This method is a candidate for
green chemical synthesis of 1D nanomaterials.
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