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Nanostructured terbium orthophosphate (TbPO4-H,0O) nano-
structures with enhanced photoluminescence were prepared
through a controlled, simple, and template-free hydrother-
mal route. The structures and micromorphologies of the as-
synthesized TbPO,-H,O were investigated by X-ray powder
diffraction (XRD), thermogravimetric analysis, differential
scanning calorimetry (TG-DSC), field-emission scanning
electronic microscopy (FE-SEM), and X-ray photoelectron
spectroscopy (XPS). The results showed that the TbPO,-H,O
spindle-like hierarchical nanostructures are composed of or-
dered nanorods of 80-90 nm in diameter and lengths of up

to 200-300 nm. It was found that the reactant molar ratios
and pH values played key roles in the morphology control of
the product. A possible formation mechanism for the spindle-
like morphology is also proposed. A photoluminescence
study of the products indicated that the self-assembled spin-
dle-like nanostructures display better photoluminescence
than TbPO,4-H,O that was synthesized on both the nano- and
microscale.

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

Introduction

The fabrication of nano- to microscale inorganic struc-
tures assembled by nanoparticles, nanorods/nanowires, and
nanobelts as building blocks with well-defined shapes and
inner structures has attracted great interest as a result of
their novel properties and application convenience.['"?l In
particular, much effort has been made to understand the
dependency of novel physical and chemical properties of
1D nanostructured materials on the low dimensionality and
the quantum confinement effect.>* Moreover, exploring
hierarchical self-assembly of 1D nanoscale building blocks
into nano-/microstructures might be critical for the develop-
ment of a nanodevices with high performance.>*1 Lantha-
nide orthophosphates (LnPO,), a family of important phos-
phate compounds, have been studied intensively on the ba-
sis of their special physical and chemical properties from
their 4f electrons.'®!'4  Lanthanide orthophosphates
LnPO4nH,O have a variety of potentially beneficial prop-

[a] Department of Physical Chemistry, University of Science and
Technology Beijing,
Beijing 100083, China
Fax: +86-10-62332525
E-mail: ranboyu@metall.ustb.edu.cn

xing@ustb.edu.cn

[b] School of Chemistry and Chemical Engineering, University of
Inner Mongolia,
Hohhot 010021, China

[c] Key Laboratory of Multi-Phase and Complex System, Institute
of Process Engineering, Chinese Academy of Sciences,
Beijing 100190, China

Supporting information for this article is available on the
WWW under http://www.eurjic.org or from the author.

2388

vvvvvvvvvvvvvvvvvvvvvv

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

erties, including very low solubility in water (pKy, = 25—
27),151 high thermal stability with melting points up to
2300 °C,'®T high index of refraction, and high concentration
of lasing ions.!'”I These properties provide the basis for their
use in a wide range of applications such as luminescence
or laser materials, moisture sensors, heat-resistant materials,
and nuclear waste disposal.l'8-20]

Very recently, lanthanide compound and lanthanide-
doped nanowires with interesting optical properties were
successfully prepared by a conventional hydrothermal pro-
cess.['1:21:221 However, these reported results always show
very broad size distributions and nonuniform morpho-
logies. By using the surfactant-assisted process, the CePO,
and CePO,4:Tb nanowires with a narrow diameter distribu-
tion and uniform morphology could be hydrothermally syn-
thesized,”*! and LnPO,4 and LnPO,:Ln** nanocrystals with
a narrow size dispersion and good optical properties were
obtained by using a high-boiling-solvent technique.>*2!
Luminescent LaPO,4:Ce, Tb nanoparticles with high quan-
tum yields were recently prepared by using a microwave-
assisted synthesis method with some ionic liquids as the
reaction media.*®! The TbPO,H,O microstructure with
mixed spherical and rod-like morphologies was prepared by
crystallization from boiling phosphoric acid solution.?”! So
far, research about LnPO, or lanthanide-doped LnPO, are
mainly focused on 1D nanowires/rods or nanoparticles.
Therefore, for a given LnPQOy,, it remains a challenge to es-
tablish a suitable reaction system for growing the high qual-
ity nano-/microstructured products with controlled-size/
shape and manipulated self-assembled ability by a green,
facile, and economic strategy.
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Herein, we developed a facile template-free hydrothermal
route to synthesize uniform spindle-like nanostructured ter-
bium phosphate hydrate by adjusting the reactant PO,/Tb
molar ratios and pH values. By using this method, the syn-
thesis of TbPO,4-H,O nanowires and hierarchical, self-as-
sembled, spindle-like nanostructures could be realized, and
the latter showed improved photoluminescence. The depen-
dence of the photoluminescent properties on the morpho-
logies of the products was investigated.

Results and Discussion

Synthesis of lanthanide-based phosphate reported in the
literature usually starts from the corresponding lanthanide
oxide (Ln,0O3), which is dissolved in concentrated phospho-
ric acid.?% A restriction of this route is the limited quanti-
tative dissolution of La,O5 in phosphoric acid, which is dif-
ficult by control of the temperature and pH, often resulting
in nonstoichiometric products. Alternatively, the hydrother-
mal reaction of Tb(NO3);:6H,O with highly concentrated
phosphoric acid was investigated in this work, and corre-
spondingly, terbium phosphates with high purity and uni-
form morphologies could be obtained.

The crystal structure and the phase purity of the prod-
ucts were identified by X-ray diffraction analysis (XRD). In
Figure 1, we show the typical XRD pattern of the spindle-
like nanostructures. All diffraction peaks agree well with a
hexagonal structure of TbPO4H,O [space group P3,21
(152), PDF card no 20-1244].22281 Thermogravimetric
analysis (TGA) further confirmed the hydrated nature of
the derived hexagonal terbium phosphate (Figure S1, Sup-
porting Information). The endothermic peak at around
193 °C in the differential scanning calorimetry (DSC) curve
of the as-synthesized product is consistent with a sudden
weight loss of 6.73% in the TG plot, which results from the
loss of about 1 mol of H,O from the product. This clearly
indicated that the composition of the product is
TbPO4H,0. The morphology, as revealed by field-emission
scanning electron microscopy (FE-SEM) and transmission
electron microscopy (TEM) images (Figure 2a—c), showed
that the as-synthesized product consists of spindle-like
microparticles with diameters of about 300-400 nm and
lengths of about 1 um, which were self-organized from
TbPO4H,O nanorods with diameters of 80-90 nm and
lengths of up to 200-300 nm. The surface of these spindle-
like particles is not smooth. Notably, almost 100% of the
TbPO4H>O nanorods were self-assembled into these spin-
dle-like hierarchical microarchitectures. The electron dif-
fraction pattern recorded on one nanorod indicated that
they are single crystals (Figure 2c¢).

Comparative experiments were carried out to investigate
the influence of the reactant PO,/Tb molar ratios and pH
values of the solution on the sizes and morphologies of the
products. When the pH values were adjusted from 2.0 to 3.0
by adding ammonia (25%), the as-synthesized TbPO,4-H,O
exhibits a uniform jujube-like morphology (Figure 3a), with
an average diameter of about 500-600 nm. Subsequently,
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Figure 1. XRD pattern of the TbPO,4-H,O spindle-like nanostruc-
tures.

Figure 2. FE-SEM images of TbPO4H,O spindle-like nanostruc-
tures: (a) low-magnification image, (b) high-magnification image,
(¢) TEM image and selected area electron diffraction image.

the pH values were increased from 4.0 to 6.0 and the mor-
phology of the products changed into uniform sphere-like
microstructures (Figure 3b). The reactant PO,/Tb molar ra-
tio is one of the most important factors in our experiment.
When the reactant PO,/Tb molar ratios are 40 to 60, with-
out ammonia (25%), uniform hexagonal prisms were ob-
tained (Figure 3c), which are about 700-800 nm in dia-
meter. Furthermore, when the reactant PO,/Tb molar ratio
is 10, the product TbPO4H,O is composed of nanowires
with diameters of 80-90 nm and lengths of about 1 pum
(Figure 3d). The X-ray diffraction patterns (Figure S2, Sup-
porting Information) of the different morphologies can be
indexed to the hexagonal structure TbPO4H,O [space
group P3;21 (152), PDF card no 20-1244].

Therefore, the morphologies of the products can be con-
trolled well by tuning the reactant PO,/Tb molar ratios and
solution pH values without the presence of any other or-
ganic additives. Generally, LnPO, tends to grow as 1D
nanowires, which is possibly due to the 1D characteristics
2389
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Figure 3. FE-SEM images of the products corresponding to dif-
ferent morphologies: (a) jujube-like, (b) sphere-like, (c) hexagonal
prisms, (d) nanowires.

of the infinite linear chains of hexagonal-structured LnPOy,
(Ln = La-Dy).?"1 When the PO,/Tb molar ratio is lower
than 10, the TbPO4-H,O product grow as 1D nanowires,
whereas when the PO,/Tb molar ratio is higher than 40,
TbPO4-H,O with a small length-to-diameter ratio could be
obtained. The TbPO4-H->O hexagonal prisms were grown
and crystallized with a starting PO,/Tb molar ratio of 40.
Furthermore, the spindle-like, jujube-like, and sphere-like
morphologies with uniform sizes could be obtained with
highly concentrated acid by increasing the pH values. Ap-
parently, the growth tendency of TbPO4,H,O as 1D
nanowires could be restrained at high concentrations of
phosphoric acid.

To understand the growth mechanism of the spindle-like
TbPO4H,O nanostructures, the growth process was studied
by time-dependent XRD patterns. The XRD patterns of the
products obtained after hydrothermal treatment for 0, 2,
and 8 h are given in Figure S3 (Supporting Information).
The NH4H,PO, precipitations could be detected in the
products after hydrothermal treatment for 0 and 2 h. When
the reaction time was prolonged to 8 h, pure TbPO4H,O
could be obtained. If the pH value was adjusted to 6.0, a
longer hydrothermal treatment time of 24 h was necessary

wo ¥ w w
o P T -
RS PO,/Tb lower = ,ﬁ.? PO,/Tb higher %
° %% hydrothermal 7 ¥3\* hydrothermal -
) ? TbPO; PO aggregation
nanowires

hydrothermal O hydrothermal

for the formation of pure TbPO4H,O. Therefore, the pro-
posed mechanism for the hydrothermal synthesis of
TbPO,4-H,O by adjusting the pH value with the use of am-
monia might be as follows:

NH3'H20 + H3p04 4 NH4H2PO4 + HZO
NH,4H,PO, + Tb?* + H,O <> TbPO,-H,0 + NH,* + 2H*

Because the spindle-like TbPO4H,O nanostructures
were obtained with reactant PO,/Tb molar ratios from 40
to 60, a terbium phosphate nucleus could be formed rapidly
with the use of concentrated phosphoric acid. However,
with highly concentrated acid, the as-obtained terbium
phosphate nucleus would soon dissolve. With the addition
of ammonia (25%) to this system, NH4H,PO, would be
easily formed, which could then react with Tb3* to form
TbPO,-H,0. The formation of NH,H,PO, could decrease
the rapid growth and crystallization of TbPO4H,O and
might be helpful to control the growth and aggregation of
the TbPO,4-H,O nanorods. In our case, phosphoric acid is
very much in excess, and the electrostatic potential on the
crystal surface of initially formed TbPO4-H,O particles will
increase, which results in high surface energy. To minimize
the surface energy®”? these nanorods assemble and crys-
tallize into spindle-like nanostructures as the reaction time
increases.

The probable growth process of TbPO4H,O crystals
with spindle-like nanostructures is illustrated in Figure 4.
In our current reaction system, the reactant PO,/Tb molar
ratio was changed from 40 to 60. When using ammonia
(25%) to adjust the pH value, NH4H,PO, precipitation will
be formed at an early stage of the reaction, which could
affect the rapid formation of TbPO4H,O nanorods. The
excess H3PO, might be responsible for the electrostatic
potential increase on the crystal surfaces of initially formed
TbPO, particles. To minimize the surface energy these
nanorods might assemble and crystallize into spindle-like
nanostructures as the reaction time increases.

Room-temperature photoluminescence (PL) spectra were
recorded for solid products of different morphologies (Fig-
ure 5). When these species were excited at 222 nm, emission
peaks centered at 488, 542, 585, and 618 nm were observed,
which could contribute to the °D,—’Fq, °Ds—’Fs,
’D,—"F,, and °D,—"F; transitions, respectively.’l Al-
though the major peaks in the emission spectra are identical
in these products, the intensity patterns are different. Ad-
ditionally, it was observed that the relative intensity ratios
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Figure 4. Schematic illustration showing the mechanism of formation of the TbPO4 H,O spindle-like nanostructures.
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of the *D,—"Fs and *D,—"F; transitions in the hexagonal
prisms are different from the other four morphologies, and
the calculated relative intensity ratio of the hexagonal
prisms is larger than that of the other morphologies. These
results indicate that the PL properties can be affected by
various dimensions, morphologies, and sizes. Interestingly,
the spindle-like nanostructures with self-assembly of the or-
dered nanorods showed the strongest photoluminescence,
which might resulted from the less diminished hydroxy
quenching at the surfaces of the spindle-like nanostructures.
To further confirm the hydroxy-quenching effect of the
products, X-ray photoelectron spectroscopy (XPS) analysis
was performed (Figure S4, Supporting Information). The
XPS peaks corresponding to Ols for TbPO4-H,O with dif-
ferent morphologies are shown in Figure S4a (Supporting
Information). In the case of the Ols peaks, a shoulder at
533 eV is observed with the main peak at 531 eV. The main
peak is assigned to the lattice oxygen, and the shoulder is
due to the oxygen of the metal-OH bonds.*Y Figure S4b
(Supporting Information) shows the Ols peaks, which were
fitted with two Gaussian functions. As a result of the diffi-
culty in defining each hydroxide, the width or position of
the fitted peaks are not fixed. Figure S4c (Supporting Infor-
mation) shows the change in the OH/O? integrated-inten-
sity ratios with morphology evolution. As the morphologies
of products evolved from spindle-like nanostructures,
nanowires, and spheres, the OH /0> integrated-intensity
ratios increased. Correspondingly, the PL intensities of
these three samples decreased. Moreover, the spindle-like
nanostructures even showed stronger PL than the as-syn-
thesized microscaled hexagonal prisms. These revealed that
the self-assembly of the nanorod building blocks into
nano-/microstructures is of great significance to enhance
the PL properties. Further research about the relations be-
tween the PL properties and the morphologies is in pro-
gress.

Intensity/a.u.

==

300 400 500 60 700
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Figure 5. Photoluminescence spectra of the products with different
morphologies: (a) spindle-like, (b) jujube-like, (¢) sphere-like, (d)
hexagonal prisms, (¢) nanowires.

Conclusions

In summary, nanostructured TbPO4-H,O with enhanced
photoluminescent properties were prepared through a con-
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trolled synthesis by using a simple, template-free, hydrother-
mal route, and nano-/microsized TbPO,-H,O structures
with a diverse range of well-defined morphologies were suc-
cessfully synthesized. The relationship between the mor-
phologies and the reaction conditions were systematically
investigated. It was found that the morphologies of
TbPO4H>O can be controlled by adjusting PO4/Tb molar
ratios and the solution pH values. The growth mechanism
study indicated that the formation of NH,H,PO, played an
important role in the formation of nanorods and their self-
assembly into uniform, spindle-like, hierarchical nanostruc-
tures. Inspiringly, the self-assembly of nanorods could en-
hance the PL emission. This facile hydrothermal approach
may provide a feasible approach for manipulating various
uniform nano-/microstructures and building complex archi-
tectures with interesting morphologies and optical proper-
ties. Further clarification of the dependence of the PL prop-
erties on the morphologies will be of significance for de-
veloping excellent photoluminescent materials with well-
controlled morphologies.

Experimental Section

General: All chemicals were of analytical grade and used as re-
ceived without further purification. H;PO,4 (A.R.), HNO; (A.R.),
NH3H,0 (A.R.), and Tb,O5 (purity > 99.99%) were all supplied
by Beijing Chemical Reagent Company. Tb(NO3);6H,O powder
prepared from Tb,O; was dissolved in 10% nitric acid and then
evaporated and dried in vacuo. Characterization of the X-ray pow-
der diffraction (XRD) patterns of all samples were recorded with
a 21 kW extra-power X-ray diffractometer (Model M21XVHF22,
MAC Science Co., Ltd., Japan) by using Cu-K, radiation (1 =
0.1541 nm) in the range 10-60° at room temperature. Thermogravi-
metric analysis (TGA) coupled with differential scanning calorime-
try (DSC) was performed up to 600 °C at a heating rate of
10 °Cmin! under air gas flow (Model NETZSCH STA 409 C/
CD). The size and morphology of the products were characterized
by field-emission scanning electron microscopy (FE-SEM,
LEO1530). Transmission electron microscopy (TEM) images and
selected area electron diffraction (SAED) patterns were recorded
with a JEOL JEM-100CX microscope with an accelerating voltage
of 100 kV. The photoluminescence spectra of powders were re-
corded with an F-4500 FL spectrophotometer at room temperature.
The chemical-bond states were analyzed by X-ray photoelectron
spectroscopy (XPS, ESCALAB250) with Al-K, radiation. The
binding energy (BE) for the samples was calibrated by setting the
measured BE of Cls to 284.6 eV.

Typical Procedure for the Synthesis of ThPO,H,O Spindle-Like
Nanostructures: The appropriate amount of a terbium nitrate solu-
tion was added slowly to phosphoric acid (6 M, 10 mL) whilst stir-
ring, and the PO,/Tb molar ratios were from 40 to 60. Then, the
pH value of the as-obtained transparent solution was adjusted to
1.5 with ammonia (25%), and the mixture was transferred into a
stainless steel autoclave with an inner Teflon vessel (volume,
50 mL). The autoclave was sealed and maintained at 110 °C for 8§ h
and then allowed to naturally cool to room temperature. The re-
sulting white solid precipitate was filtered, washed three times with
deionized water and absolute alcohol, and finally dried at 60 °C for
8 h.
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Supporting Information (see footnote on the first page of this arti-
cle): XRD patterns, TGA analysis, XPS analysis, and FE-SEM
images.
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