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The Synthesis of Multiwalled Rare-Earth Phosphate Nanomaterials Using
Organophosphates with Upconversion Properties
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Tributylphosphate, an organophosphate, was used as the
phosphorus source instead of phosphoric acid to synthesize
several new multiwalled, microporous rare-earth phosphate
nanofibers and nanotubes.

Introduction

Since the discovery of carbon nanotubes in 1991,[1] one-
dimensional (1D) nanostructured materials such as
nanowires, nanobelts, nanotubes, and nanorods sparked
worldwide interest because of their unique electronic, op-
tical, and mechanical properties with respect to the corre-
sponding bulk materials. These materials have subsequently
found numerous potential applications.[2] By restricting the
growth to one dimension, it is possible to influence the op-
tical, magnetic, and electronic properties of the products.
Metal phosphates have been widely utilized in nonlinear
optical materials, phosphors, sensors, heat-resistant, bio-
compatible materials, materials used for catalysis and sepa-
ration, as well as in environmental and advanced functional
materials.[3–6] In particular, materials with functional metal
centers, rare-earth or rare-earth-doped phosphate materials,
have received intense attention because of their special co-
ordination properties and ability to form isostructural com-
plexes with fantastic physical and chemical characteristics.[7]

They have extensive applications in many chemical pro-
cesses and photonic devices due to the position of their 4f
electrons, which are well shielded from the effects of the
neighboring ions.[8] The lanthanide phosphate nanomateri-
als synthesized to date mostly have a dense structure due to
the strong affinity of the phosphate group toward lantha-
nide elements and exhibit interesting optical or magnetic
properties.[9] The synthesis of these compounds is generally
carried out under hydrothermal conditions by using a metal
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salt and phosphoric acid. The high coordination number
and flexible coordination geometry of lanthanide metal
ions make it difficult to control the porosity of lanthanide
complexes. In order to obtain microporous lanthanide com-
pounds, phosphate anions have been substituted by other
chelating agents, which prevent the formation of dense, in-
soluble inorganic species, or bridging ligands have been in-
corporated with the desired size and shape.[10] The first
rare-earth phosphate nanotubes made of CePO4 have been
reported recently, and they are promising candidates for
some optical devices.[11] However, the formation of rare-
earth phosphate porous materials by using organic tem-
plates still remains a challenge.

Near-infrared-to-visible upconversion has been an im-
portant approach for the generation of visible luminescence
and short-wavelength lasers.[12] The use of upconversion
phosphors (UCPs) as fluorescent labels in the sensitive de-
tection of biomolecules has attracted greater interest
lately.[13] In comparison with downconversion phosphors,
such as dyes, UCP fluorescent labels have very low levels of
background noise, and near-infrared light is less harmful to
the human body than UV light. However, as luminescent
biological labels, especially for the sensitive analysis of
molecules such as DNA, RNA, or proteins, nanosized
UCPs are required.[14–15] At the nanoscale, rare-earth phos-
phates show improved properties, for example, enhanced
optical, magnetic, and catalytic properties, because energy
can be transferred to rare-earth ions more effectively in this
scale.[16] In environmental detection, upconversion can also
find application in infrared detection by converting the in-
visible light into the visible range for orientation, etc.

Herein, we report a simple hydrothermal method to pro-
duce multiwalled rare-earth phosphate nanomaterials with
microporous properties by using an organophosphate in-
stead of H3PO4 as the phosphate source. The thermal sta-
bility, water sorption, and luminescent properties have been
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investigated. These nanosized hollow fibers and tubes with
layered structure show adsorption behavior that favors H2O
uptake. In addition, they exhibit strong fluorescence in the
visible region, and ErPO4 shows characteristic upconver-
sion green emission due to Er3+ at room temperature. The
fluorescent intensity of these nanomaterials is much
stronger than that of the corresponding bulk materials.
These nanomaterials could be anticipated to have applica-
tions as fluorescent materials, and ErPO4 could be a good
upconversion emitter.

Results and Discussion

X-ray diffraction measurements (Figure 1) indicate that
the LnPO4 materials display crystalline structures that are
different from those of the traditional rare-earth phos-
phates. The powder X-ray diffraction patterns of the as-
synthesized materials are not consistent with those of the
corresponding rare-earth phosphates reported in the litera-
ture.[9] The one notable difference is the very intense peak
located at the low Bragg angle 2θ of 6.82° (d ≈ 1 nm), indi-
cating the possible formation of a newly organized structure
due to the assembly of nanostructured materials. The
pattern was indexed with a hexagonal unit cell [a =
15.0359(5) Å, c = 9.998(1) Å, V = 1957.43 Å3, M(20) =
127,[17] F(20) = 183[18]] with the program TREOR (index
software).[19] The peaks of all the samples are broader, im-
plying smaller crystallinity. Powder X-ray diffraction per-
formed on all the samples reveals that they are identical in
structure and have the same general formula (Scheme 1).
Thus, we will restrict our presentation and discussion to the
erbium phosphate.

Figure 1. The XRD patterns of LnPO4.

Scheme 1.
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For some lanthanide compounds, the morphology of the
product appears to be dependent on the reaction concentra-
tion. When the reaction proceeds at low concentration, uni-
form nanofibers are formed as observed by using SEM and
optical microscopy (Figure 2). Optically, the fibers appear
uniform and transparent (Figure 2 top left). High-magnifi-
cation SEM images of the fibers (Figure 2 middle) show
that they bundle together and each bundle has a width of
70–100 nm. This fibrous structure was found to occur for
each of the lanthanide compounds studied. When the syn-
thesis was repeated at higher concentration with Er, Y, or
Tb, the formation of nanotubes was observed (Figure 2 bot-
tom) although a small amount of nanofibers was still found
to be present. The appearance and dimensionality of the
nanotubes was observed to be similar to that of the nano-
fibers with a 2 nm cavity.

Figure 2. Top: reflected-light optical microscope images (left) and
SEM images (right) of the nanofiber bundles; middle: magnified
images of the nanofibers; bottom: top view of SEM images of
nanotubes, at low (left) and high (right) magnification.

Further insights into the details of the morphology and
microstructure were obtained from TEM images (Figure 3).
From the preferred orientation of the fibers (Figure 3a–c),
it can be observed that the linear microstructures are paral-
lel to the long axis of the fibers, which is consistent with
XRD results. For both nanotubes and nanofibers, lattice
fringes with ca. 1 nm spacing are observed. This distance
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of ca. 10 Å is very close to the d spacing of the broad peaks
at 2θ = 6.8° in the XRD pattern, and, as previously men-
tioned, the observed spectra are quite different from those
of the bulk phase of LnPO4.

Figure 3. TEM images of the nanofibers (a), (b), (c) and the nano-
tubes (d), (e), (f).

The formation of layered structure materials during hy-
drothermal synthesis is a complex process. The mechanism
of nucleation and growth is a little difficult to elucidate.
Since no organic amine base was added to the solution,
we suggest that the butanol molecules formed during the
hydrolysis of the phosphate act as the template. We also
propose that, because of the insoluble nature of butyl phos-
phate in water at room temperature, the slow release of
PO4

3– results in the formation of multiwalled materials that
are different from the other LnPO4 compounds that have
been reported.[9] The butanol molecules formed in high
concentration as a result of the hydrolysis of the organo-
phosphate during the reaction often form a double-layered
arrangement, and these butanol double layers play the role
of templates for the formation of inorganic layers through
hydrogen-bond interactions between the hydroxy and phos-
phate groups. The growth of the nanotube may occur in
stages, starting with a radial self-organized arrangement of
lamina followed by the rolling of the lamina into nanotubes
(Figure S3b). This stepwise growth mechanism may enable
the formation of this new type of rare-earth phosphate
nanostructure.

Thermogravimetric analysis (TGA) of the Er compound
(Figure S1) showed that the first weight loss of 31.7% from
100 to 300 °C corresponds to the partial loss of butanol
molecules. The second weight loss of 16.3% from 300 to
450 °C corresponds to the loss of the rest of the butanol
molecules and the accompanying decomposition. The com-
position of the as-made product was determined as
[Ln2(PO4)3·3H3O]·6[C4H10O] on the basis of elemental (C
33.14, H 6.57, Er 53.9, P 15.1) and TG analyses. This for-
mula suggests that the butanol molecules interact with and
become incorporated into the rare-earth phosphate nano-
structure.

The observation of multiwalled frameworks and thermal
stability encouraged us to try to create micropores after cal-
cination. The compound after calcination at 300 °C was
evacuated under reduced pressure (1�10–5 Torr) until there
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was no more weight loss at 150 °C, and then the dehydrated
sample was exposed to water vapor. As shown in Figure S2,
type I behavior in the range P/P0 = 0–0.5 is observed for
the water adsorption isotherm of the sample, which is char-
acteristic of solids with micropores. At the saturation point,
the amount of water sorbed is 64.5 mgg–1, which is equiva-
lent to the adsorption of about 3.5 H2O molecules per for-
mula unit. Therefore, the pore volume after calcination at
300 °C is estimated to be approximately 0.07 mLg–1 from
the water adsorption isotherm. A second augmentation of
the amounts sorbed in the range P/P0 � 0.5 can be attrib-
uted to adsorption on the external crystallite surface.[15] It
is, however, a pity that we have not been able to obtain
the N2 absorption isotherm; this may be because butanol
molecules acting as the template in the microstructures can-
not be completely removed from the negatively charged
framework (Figure S3).

The downconversion emission and excitation spectra of
the Er sample are shown in Figure 4. Upon UV excitation
(λ = 235 nm), ErPO4 nanomaterials exhibit strong green lu-
minescence caused by f–f transitions in the erbium ions. The
main emission bands at 523 and 557 nm are associated with
the 2H11/2 � 4I15/2 and 4S3/2 � 4I15/2 transitions of the Er3+

ions, respectively.[20] In comparison with bulk ErPO4 mate-
rial, the nanomaterial exhibited much stronger fluorescence
under the same measurement conditions.

Figure 4. Downconversion emission and excitation spectra of the
erbium phosphate nanostructure (the gray curve is for the bulk
material).

Continuous-wave excitation with a 980-nm IR laser at
room temperature leads to the upconversion emission of the
Er3+ nanomaterial in the visible region, as shown in Fig-
ure 5 along with the energy level diagram of the Er3+

ions.[21] The peaks were assigned to the following transi-
tions: the green emission in the 520–570 nm region is as-
signed to the (2H11/2, 4S3/2) � 4I15/2 transition, and the red
emission in the 650–670 nm region is assigned to the
4F9/2 � 4I15/2 transition for the Er3+ ion. The upconversion
mechanism corresponding to green and red emissions can
be described by a two-photon process.[20]
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Figure 5. Upconversion emission spectrum of the erbium phos-
phate material (the inset is the energy level diagram of the Er3+

ions) obtained by pumping with a 980-nm laser.

Conclusions

In summary, a series of microporous rare-earth phos-
phates have been synthesized by reaction of Ln3+ with
PO4

3–, which hydrolyzed slowly from butyl phosphate in a
mixed water solution by facile hydrothermal treatment. The
use of the phosphate ester influences the release of phos-
phate ions in the solution, thereby affecting the course of
the reaction and the products formed. Powder X-ray dif-
fraction analyses reveal that the products are extremely sim-
ilar in structure. The water sorption isotherm proves that
most guest molecules in the framework of the complex can
be removed to create permanent microporosity. Upon UV
excitation, the characteristic luminescence from f–f transi-
tions is observed. The green and red upconversion emis-
sions were observed under excitation by 980-nm radiation.
Such nanofibers and nanotubes have a variety of promising
applications. Furthermore, the properties exhibited by these
novel functional materials will find potential application in
various fields.

Further work is under way to study the formation
mechanism and detailed properties of this novel mor-
phology and to investigate the possibility of synthesizing
other nanomaterials such as doped materials and achieving
complete removal of the organic template from the micro-
pores.

Experimental Section
General Remarks: All chemicals purchased were of reagent grade
or better and were used without further purification. Rare-earth
nitrate salts were prepared by dissolving rare-earth oxides with
HNO3 (6 ), followed by the addition of some H2O2 for Tb4O7,
then concentration at 100 °C until the crystal film formed. The
XRD was performed with a Siemens D5005 diffractometer using
Cu-Kα radiation, 40 kV, 35 mA with a scanning rate of 0.3°min–1

(2θ). The SEM image was recorded with a JEOL JSM-6700F scan-
ning electron microscope and Iridium (IXRF Systems) software.
The elemental analyses were carried out with a Perkin–Elmer 240C
elemental analyzer. Thermal gravimetric analyses (TGA) were per-
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formed under nitrogen with a heating rate of 10 °Cmin–1 by using
a Perkin–Elmer TGA 7 thermogravimetric analyzer. Fluorescence
spectroscopy data were recorded with a LS55 luminescence spec-
trometer. Water sorption isotherms were obtained by measuring
the increase in weight at equilibrium as a function of relative pres-
sure. The weight of sample was measured by a CAHN 2000 electro-
balance and the adsorbate (H2O) was added incrementally and
manually.

Synthesis of [Er2(PO4)3·3H3O]·6[C4H10O]: A mixture of butyl
phosphate (0.25n mmol) and Er(NO3)3·6H2O (0.25n mmol) (n =
0.5–3) was suspended in deionized water (10 mL) at room tempera-
ture. The clear mixture (pH ≈ 5–6) was sealed in a 15-mL Teflon-
lined autoclave after stirring for 60 min. After being heated at
160 °C for 2 d, the autoclave was naturally cooled to room tem-
perature. Following ultrasonic washing, the samples were thor-
oughly washed with distilled water, filtered, and dried at room tem-
perature. Synthesis of the other rare-earth phosphates was carried
out with the same procedure except that erbium was replaced by
Y, Gd, Tb, Dy, Ho, Tm, Yb, and Lu.

Supporting Information (see footnote on the first page of this arti-
cle): TGA curves, water sorption isotherm and pictorial representa-
tion of the growth mechanism hypothesized in this paper.
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