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Pure monoclinic- (m) and tetragonal (t) LaVO,:Eu nanocrys-
tals were prepared by a facile citric anion- and EDTA (ethyl-
enediaminetetraacetic acid)-assisted hydrothermal method,
respectively. The structure is characterized by XRD, Raman
spectroscopy, and electron microscopy. Besides structure
characterization, site-selective emission spectroscopy was
used to investigate the relationship between the microstruc-
ture and luminescent characters of the m- and t-LaVO,:Eu
nanocrystals. The results show that for both the m- and t-
LaVO,:Eu nanocrystals, the Eu®* ions occupy two types of

sites, one that is the same as that of the corresponding bulk
and the other that is specific to the surface states of the nano-
crystals. These investigations not only provide important ex-
perimental evidence for rare earth luminescence studies, but
also disclose the correlation between the microstructure and
luminescence behavior, which could be used as a guide to
the design and synthesis of novel luminescence materials. It
is also shown that t-LaVO,:Eu is a promising luminescence
material with a high quantum yield and low cost.

Introduction

Rare-earth-doped luminescence materials have been ex-
tensively studied in the past few decades because of their
wide application in lighting,['! displays,' lasers,”] and am-
plifiers for fiber-optic communication. Recently, studies
also disclose their potential application in biological detec-
tion and biotechnology.’l This inspires research on rare-
earth-doped luminescence nanocrystals, both in terms of
synthesis and size and structure-dependent luminescence
behavior.

For rare-earth-ion-activated luminescence materials,
yttrium-based lattices, such as Y,05,[® YBO,,[ YVO,
amongst others, are usually used as hosts because of their
suitable crystal structure and high chemical stability. In
comparison with Y, La is more abundant in rare earth min-
eral resources and La,O; is much cheaper than Y,O;. How-
ever, the development of La-based materials is still inade-
quate and La,Oj is overstocked in the rare earth industry.
It is valuable to fundamentally and practically study the La-
based materials for the balanced-utilization of the rare
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earth natural resources. Unlike the other members of the
rare earth family, such as Y, Gd, and Lu, La-based lumines-
cence materials do not exhibit good performance because it
is structurally different. The larger radius results in a higher
coordination number and a low symmetrical crystal struc-
ture for La compounds, and this prohibits their application
as luminescence host materials. It is therefore very impor-
tant to attempt to obtain the desired structured La-based
materials and study their luminescence properties for both
scientific research and practical applications.

Among the rare-earth-functional materials, lanthanide
orthovanadate is an important family and has attracted
great interest because of their various technological applica-
tions in catalysts,” polarizers,['% laser host materials,*! and
phosphors.'!l The lanthanide orthovanadates crystallize in
two phases, namely, a tetragonal phase (t-) with a zircon
structure!' and a monoclinic phase (m-) with a monazite
structure.'3 Generally, the larger Ln3" ion prefers the mon-
azite structure owing to its higher oxygen coordination
number of 9 compared to 8 of the zircon type. Therefore,
LaVO, crystallizes solely as the monazite type in an equilib-
rium state and other orthovanadates including those of Sc
and Y crystallize as the zircon type.'* In addition to the
thermodynamically stable monazite structure, LaVO, can
also crystallize as the zircon structure,'>!71 a metastable
polymorph, under some mild conditions. Therefore, Eu’*-
doped LaVO, can be formed as either the monazite- or zir-
con type of structure. Although m-LaVO, was not regarded
as a good host for Eu®* ions, t-LaVO,:Eu may be a promis-
ing luminescence material because of its zircon structure,
similar to that of YVO4:Eu. Therefore, among the rare-
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earth-ion-activated Ln-based luminescence materials,
LaVO,4:Eu was chosen as it has two crystal phases (mona-
zite and zircon) and it can be selectively investigated for its
structure-related properties on the nanometer scale. There
have been some reports on LaVO,4:Eu nanocrystals;[!-17-23
however, luminescence studies of both m- and t-LaVO,4:Eu
nanocrystals are still limited.

In our previous work,!'¥! we found that only bulk m-
LaVO,:Eu with low Eu?* content (=3 mol-%) can be pre-
pared by solid-state reaction because of the different struc-
tures of m-LaVO, (monazite structure) and EuVO, (zircon
structure), while the metastable t-LaVO4:Eu cannot be
formed, which confines the studies on LaVO,:Eu. Relative
to the traditional solid-state reaction method, the solution
route synthesis, a relatively mild method, has proven to be
effective and convenient in structure selectivity at low tem-
perature on a large scale. Although it is hard to systemati-
cally study the luminescence behavior of bulk m- and t-
LaVO,:Eu owing to the limitation on structure control with
the solid-state reaction, there is still a great possibility of
investigating the structure and properties of nanostructured
LaVO4Eu. In this paper, pure m- and t-La; ,VO4Eu,
(0 <x = 0.20) nanocrystals were selectively synthesized by
a facile hydrothermal method and their luminescence prop-
erties were studied. Relative to the m-LaVO,4:Eu nanocrys-
tals, the luminescence behavior of the t-LaVO,:Eu nano-
crystals was greatly improved because of their zircon struc-
ture, which provides a new and cheap candidate for lumi-
nescence materials with wide potential applications in light-
ing, displays, and biological detection.

In order to further explore the correlation between mi-
crostructure and luminescence behavior of the m- and t-
LaVO,4:Eu nanocrystals, spectroscopic identification of the
Eu?* sites in the nanocrystals was carried out by site-selec-
tive emission spectroscopy. In both m- and t-LaVO4Eu
nanocrystals, the Eu?* ions occupy two types of sites, one
that is the same as that of bulk monazite LaVO, or zircon
YVO,and the other that is a specific to Eu?* located at the
surfaces of the nanocrystals. A detailed study of the site-
selective emission spectra for the LaVO,4:Eu nanocrystals
not only provides important evidence for the structure-re-
lated intraconfigurational 4fN—4fN transitions, but also dis-
closes the importance of the microstructure on the lumines-
cence properties, which could be applied to guide the design
and synthesis of novel luminescent materials.

Results and Discussion

Synthesis and Structure Characterization of the m- and t-
LaVO4:Eu Nanocrystals

m-LaVOy:Eu Nanocrystals

m-LaVO4:Eu nanocrystals were prepared with La-
(NO3);, Eu(NO3);, Na3;VO,, and sodium citrate as starting
materials by hydrothermal treatment at 180 °C for 24 h. So-
dium citrate is important for obtaining pure stuctured m-
LaVO4Eu nanocrystals. The ratio of Eu/(EutLa) was
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varied from 0 to 0.20, and at higher ratios, phase transition
from monozite to zircon and phase segregation take place.
The XRD patterns of the m-LaVO,4:Eu nanocrystals are
shown in Figure 1. When the initial molar ratio of Eu/
(Eu+La) is lower than 0.20, all the diffraction peaks are
well indexed relative to those of the standard m-LaVO,
sample (JCPDS card No. 50-0367) without traces of other
phases. The citric ions play a crucial role in the formation
of pure m-LaVO,4:Eu nanocrystals. In comparison with m-
LaVO,, EuVO, tends to crystallize as the zircon-type struc-
ture because of the smaller radius of Eu®*; therefore, the
directly fast reaction between La’*/Eu** and VO,* induces
the formation of m-LaVO, and EuVO, nanocrystals, in-
stead of m-LaVO4:Eu. For the as-prepared m-La; .-
VO,4:Eu, (x = 0.2) nanocrystals, the least-squares refined
crystallographic parameters were obtained by using the
software “LAPOD”, as listed in Table S1. The radius of
Eu®* (112 pm,”¥ with oxygen coordination number of 9) is
smaller than that of La’* (121.6 pm,**! with oxygen coordi-
nation number of 9); therefore, a linear decrease in the unit
cell parameters (Figure S1) is observed with an increase in
the Eu content, which indicates that the Eu?* ions have en-
tered the lattice of the m-LaVO, nanocrystals by substitut-
ing the La®" ions.
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Figure 1. XRD patterns of the m-LaVO,:Eu nanocrystals. Tetrago-
nal-phased EuVO, crystallizes separately as the molar ratio of Eu/
(Eu+La) is increased above 0.20.

The phase purity of the as-prepared m-LaVO,:Eu nano-
crystals is also confirmed by Raman spectroscopy. Figure 2
shows the Raman spectra of the pure EuVO, and m-
La, .VO4Eu, (x = 0, 0.05, 0.10, and 0.20) nanocrystals.
The spectra comprises two parts, namely, the peaks at high
energy between 745 and 880 cm™!, which corresponds to the
“internal” vibrations of the tetrahedral VO,* group, and
the peaks below 475 cm™!, which mainly originate from the
La—O vibrations.I'7-?%1 Both the low-energy and high-energy
region of the Raman spectra shown in Figure 2b-d are the
same as those of the pure m-LaVO, nanocrystals (Fig-
ure 2a). For comparison, pure EuVO, nanocrystals were
also prepared, the XRD pattern and TEM image of which
are shown in Figure S2. The Raman spectra of m-
2627
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LaVOy4:Eu (Figure 2b-d) nanocrystals differ greatly from
that of the pure EuVO, nanocrystals (Figure 2e), which
confirms that Eu’* ions effectively enter the lattice of the
host (m-LaVO,) by replacing La** ions. These results are
consistent with those of the above XRD analysis.
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Figure 2. Raman spectra of the as-prepared m-La, ,VO4:Eu, (a—d)
and EuVOy (e) nanocrystals: (a) x = 0, (b) x = 0.05, (c) x = 0.10,
and (d) x = 0.20.

The TEM and HRTEM images of the as-prepared m-
LaVOy4:Eu nanocrystals are shown in Figure 3. The m-La-
VO,4:Eu nanocrystals crystallize well, with a diameter range
from 30 to 50 nm (Figure 3a). The clear lattice fringe and
well-evolved facets shown in Figure 3b also suggest the sin-
gle-crystal nature of the m-LaVO,4:Eu polyhedron nano-
crystals.

Figure 3. (a) TEM and (b) HRTEM images of the m-LaVO4:Eu
nanocrystals.

t-LaVOy: Eu Nanocrystals

In our previous work, it was found that chelating ligands,
such as EDTA, favor the formation of t-LaVO, through a
solution approach.['”l Here, pure t-LaVO,:Eu nanocrystals
were synthesized by an EDTA-assisted hydrothermal
method. The structure and morphology of the samples are
characterized with XRD, Raman spectroscopy, and electron
microscopy. The XRD patterns of the t-LaVO4:Eu nano-
crystals are shown in Figure4. All the peaks are well
indexed to the standard t-LaVO,. The least-squares refined
crystallographic parameters were also obtained by using the
software “LAPOD?”, as listed in Table S2. The unit cell pa-
2628
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rameters (Figure S3) decrease linearly with an increase in
the Eu content, which confirms the effective doping by
Eu’* ions in the lattice of the host t-LaVO,.
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Figure 4. XRD patterns of the t-LaVO,4:Eu nanocrystals.

The Raman spectra of t-La;_,VO4:Eu, (x = 0.01, 0.05,
0.10, 0.15, 0.20) are shown in Figure 5. Because of the dif-
ferent structures, the Raman spectra of the t-LaVO4:Eu
nanocrystals, especially the peaks in the low-energy region
that correspond to La—O vibrations (below 475 cm '), are
quite different from those of m-LaVO4:Eu shown in Fig-
ure 2. The lower coordination number (8) and the high sym-
metry (D,,) of the La’*/Eu®* ions contribute to the rela-
tively simple vibration modes in comparison with those of
m-LaVO4:Eu.l'72%1 Comparison of the Raman spectra of
the t-La; VO4:Eu, nanocrystals (Figure 5a—¢) with that of
pure EuVO, nanocrystals (Figure 5f), it is clear that EuVO,
does not form separately from the t-La, .VO4Eu, nano-
crystals.
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Figure 5. Raman spectra of the as-prepared t-La; ,VO4:Eu, (a—¢)
and EuVOy (f) nanocrystals: (a) x = 0.01, (b) x = 0.05, (¢c) x = 0.10,
(d) x = 0.15, and (e) x = 0.20.

Figure 6 shows the TEM and HRTEM images of the as-
prepared t-LaVO,4:Eu nanocrystals. The products are com-
posed of rodlike nanocrystals with a diameter of 10-15 nm
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and length of 150-250 nm. The HRTEM image (Figure 6b)
presents a single crystalline nanorod with a growth direc-
tion of [001].

a LIgAY ;

e

Figure 6. (a) TEM and (b) HRTEM images of the t-LaVO,:Eu
nanocrystals.

Bulk LaVO.Eu

For comparison, bulk LaVO,4:Eu was prepared by a di-
rect solid-state reaction method. The XRD patterns of the
as-prepared bulk La; ,VO4Eu, are shown in Figure S4. It
can be seen that when x > (.03, traces of the zircon-type
structure appear, which indicates that pure bulk m-
LaVOy:Eu can be obtained only with very low molar ratio
of Eu/(Eu+La) (=0.03). At higher temperatures, LaVO,
tends to crystallize in its thermodynamically stable phase,
as the monazite-type structure, while EuVO, crystallizes as
the zircon—type structure. Because of the difference in struc-
ture between m-LaVO, and EuVO, and the diffusion
limitation in the solid-state reaction, bulk m-LaVO4:Eu
with high Eu content is difficult to form. t-LaVO, is meta-
stable and will transform into m-LaVO, at high tempera-
ture, therefore bulk t-LaVO,4:Eu could not be prepared by
the solid-state reaction method.

Luminescent Properties of m- and t-LaVO4:Eu
Nanocrystals

m-LaVOy: Eu Nanocrystals

Figure 7 depicts the emission spectra of the m-La; .-
VO4Eu, (x = 0.03) nanocrystals and the corresponding
bulk material excited at 310 nm (Xe lamp). These spectra
are similar with respect to both the position and number of
emission peaks in the range 580-720 nm, which arise from
the 3Dy—"F; transitions (J = 0, 1, 2, 3, 4) of the Eu’* acti-
vator. The most intense emission at 600-630 nm originates
from the partially allowed >Dy-"F, electric-dipole transi-
tion, which becomes dominant in the absence of an inver-
sion center (C; symmetry) as disclosed by the Judd-Ofelt
theory.[>>2¢] The excitation spectrum (Figure 7b) can be di-
vided into two regions. The first corresponds well to the
absorption of the vanadate group at wavelengths below
350 nm, which indicates that the emission in Figure 7a re-
sults from energy transfer from the vanadate groups to the
excited states of europium ions. The second region encom-
passes the 4f absorption of the europium ions at 396 and
467 nm. The latter absorptions are much weaker because of
the low absorption cross section and the forbidden charac-
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ter of the 4f transitions. Furthermore, the excitation in this
region is rather inefficient relative to that of the vanadate
groups.
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Figure 7. (a) Emission spectra of the m-LaVO,:Eu (3 mol-%) nano-
crystals and of the bulk excited at 310 nm (Xe lamp). (b) Excitation
spectrum of the m-LaVO,:Eu (3 mol-%) nanocrystals.

The relationship between the emission intensity and dop-
ant content of bulk and nanosized m-LaVO4:Eu is shown
in Figure 8. For the bulk material, with an increase in the
Eu content from | to 3 mol-%, the emission intensity in-
creases linearly. But the quenching concentration, an im-
portant parameter for luminescent materials with acti-
vators, cannot be determined since it is impossible to get
pure bulk m-LaVO,4:Eu when the Eu content is higher than
0.03. As for commonly studied Eu**-doped phosphors,
Y,05:Eu and YVO,:Eu, the quenching concentration is ca.
5%, while it increases to ca. 12% for the m-LaVO,:Eu
nanocrystals (the squares in Figure §). This phenomenon
has also been observed in other systems, such as YBO3:Eu
nanocrystals.?”) The deficiency of traps, which results from
the limited primitive cells per particle, as well as the hin-
drance of energy transfer from the particle boundaries
should be responsible for the increased quenching concen-
tration with decreasing particle size, as discussed in the lit-
erature.*”]

2629

www.eurjic.org



FULL PAPER

C.-J. Jia, L.-D. Sun, Z.-G. Yan, Y.-C. Pang, S.-Z. L, C.-H. Yan

1.0 o m-LaVOA:Eu nanocrystals O
’:,T ) A bulk m-Lavo,:Eu o |
s o
:E. 0.8 4
) m]
3
"E 0.6 4 o
§ O
- A
] 0.4+
E P
]
Z 0.24 S
0.0 T T T T T T T T
0 5 10 15 20

Eu content (mol-%)

Figure 8. Integrated emission intensity vs. Eu content of the m-
LaVO,:Eu nanocrystals and the bulk material. The intensity values
are normalized with that of the m-LaVO,:Eu (12 mol-%) nanocrys-
tals.

t-LaVOy Eu Nanocrystals

Figure 9a,b show the emission and excitation spectra of
the t-LaVO4Eu (10 mol-%) nanocrystals. The emission
spectrum is similar in position but different in transition
branch ratio to that of m-LaVO,4:Eu. The spectral splitting,
which comes from the Stark effect of different crystal fields
with various crystal structure, are quite different for t- and
m-LaVOy4:Eu. In order to get a full view of the lumines-
cence behavior of the m- and t-LaVO,4:Eu nanocrystals, and
in addition to the luminescence spectra, the quantum yields
of both types of nanocrystals have been carefully measured
at room temperature. It is deduced that m-LaVO,:Eu
(12 mol-%) and t-LaVO,4:Eu (10 mol-%) nanocrystals exhi-
bit the highest quantum yields, 19% and 65%, respectively,
among the corresponding nanocrystals as determined by
reference with a Rhodamine B ethanol solution with an op-
tical density (OD) of less than 0.1 and excitation at 310 nm.

It is important to understand the reason behind the great
difference between the emission efficiency of the m- and t-
LaVO,4:Eu nanocrystals for research and application pur-
poses. On the basis of the Stark energy levels under dif-
ferent crystal fields, this difference in emission efficiency
mainly originates from the difference in structure of the
host, which directly affects the transition and recombina-
tion process. For Eu**-doped phosphors, the structure of
the host is a very important factor that determines the emis-
sion efficiency. As discussed for Eu**-doped lanthanide or-
thovanadates,?®2°1 almost all of the energy transfer through
VO -VO,*, VO, —Eu’*, and Eu**—Eu’* occur after the
absorption of photons. These transfer processes are all the
more favored when there is greater overlap of the wave func-
tions. Therefore, the difference in the luminescence behavior
of m- and t-LaVOy:Eu lies in the fact that the energy trans-
2630
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Figure 9. (a) Emission spectra of the t-LaVO,4:Eu (10 mol-%) nano-
crystals excited at 310 nm (Xe lamp). (b) Excitation spectra of the
t-LaVO,4:Eu (10 mol-%) nanocrystals.

fer based on the exchange interaction is more efficient in t-
LaVO,:Eu than in m-LaVO,:Eu. In fact, a necessary condi-
tion for this mechanism is the overlap of the wave functions
of the vanadium and lanthanum (europium) centers. In t-
LaVOy,:Eu, for each lanthanum or europium center, there
are four bond bridges of La/Eu-O-V with a maximum an-
gle of 153° (Figure 10a), which makes the ¢ bonding over-
lap effectively, therefore the energy transfer in t-LaVO4:Eu
is greatly improved. While in m-LaVOy:Eu, for one lantha-
num (europium) center, there is only one La/Eu-O-V bond
bridge with an angle of 153°, the other La/Eu-O-V bond
bridge angles are much smaller (Figure 10b), so that the
possibilities of an exchange interaction are drastically re-
duced and the effective energy transfer cannot occur. The
structural transformation of LaVO, from the monazite- to
the zircon-type structure greatly improves the quantum
yield and emission intensity of LaVO,4:Eu. Considering the
low cost of commercial La-based raw materials, t-LaVOy:
Eu may be a promising luminescence material candidate for
red phosphors and has a potential use as a biological detec-
tor.
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tLaVO,:Eu

Figure 10. Simulated crystal structure of (a) t- and (b) m-LaVO,:Eu.

Spectroscopic Identification of the Eu®* Sites in m- and t-
LaVO4:Eu Nanocrystals

For rare-earth-doped materials, the local environment of
the dopant ions is believed to have a crucial impact on the
luminescence behavior and it is important to distinguish be-
tween the contributions from the sites at the surface or
those at the interior of the nanocrystals. There have been
many reports on studies of the site symmetry of activators
of the rare-earth-doped nanocrystals,?7-30-331 while the cor-
responding systematic research on m- and t-LaVO4Eu
nanocrystals has not been achieved. In this work, the dif-
ferent Eu®" sites in the nanocrystals were selectively excited
with a tunable dye laser and the luminescence spectra of
each site were recorded separately.

Lattice Site of the m-LaVO . Eu Nanocrystals and of the
Bulk Material

To compare the site symmetry of the dopant ions in the
bulk material and in the nanocrystals, site-selective spectra
of the m-LaVO4Eu (3 mol-%) nanocrystals and the bulk
material were studied. The above results show that for emis-
sion with an excitation wavelength of 310 nm, the spectra
for bulk m-LaVO,4:Eu is much more resolved. We further
investigated the Iuminescence spectra under an excitation
wavelength of 355 nm for this wavelength is located at the
low-energy edge of the absorption band of the vanadate
groups (see Figure 7b), and the emission excited at this
wavelength should be more sensitive as less Eu®* is excited.
Figure 11a shows the 3Dy-"F, transition excited at 355 nm
at 77 K, and this process is quite different from that of the
bulk. Besides the peaks located at 612.4 and 616.2 nm, an-
other peak at 621.2 nm is also observed for the m-LaV-
0O4:Eu nanocrystals. Figure 11b shows the excitation spectra
of the m-LaVO4Eu (3 mol-%) nanocrystals and the bulk
material by monitoring the transition of 3Dy—"F,. For the
bulk material, only one peak located at 578.7 nm appears.
For the nanocrystals, an extra peak at 580.7 nm appears.
The above results suggest there is a new site in the nano-
crystals. The peak centered at 578.7 nm, which is the same
for the bulk as for the nanocrystal spectra, should come
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m-LaVO:Eu

from an intrinsic Eu®* site in m-LaVO,:Eu (C; point group,
site 1-m). The peak centered at 580.7 nm in the spectra of
the nanocrystals is related to the Eu** ions in a new site
(site 2-m), which is not observed in the bulk spectra.

The site-selective emission spectra (Figure 11c) of the
transition >Dy—'F, were recorded under excitations at 578.7
and 580.7 nm for the nanocrystals and at 578.7 nm for the
bulk material. The emission spectrum of the bulk consists
of four peaks that likely originate from site 1-m. For the
nanocrystals, the same emission behavior is observed as
that in the bulk with excitation at 578.7 nm, while a dif-
ferent emission behavior is observed, with two prominent
peaks at 614.0 and 621.2 nm, when excited at 580.7 nm.
This indicates that excitation at 580.7 nm corresponds to a
new site, named site 2-m, and it is obvious that only the
new site induces the difference observed for the >Dy-"F,
transition for the bulk material and the nanocrystals. For
the m-LaVO,4:Eu nanocrystals with higher Eu content, such
as the m-LaVOy4:Eu (12 mol-%) nanocrystals, site-selective
spectra were also recorded (Figure S6). Similarly, two kinds
of Eu?" sites could be identified in the m-LaVO4:Eu
(12 mol-%) nanocrystals, which is the same as those of the
m-LaVO4:Eu nanocrystals with lower doping concentra-
tions. From the site-selective spectra, it is apparent that the
appearance of site 2-m is independent of the content of
dopant (i.e. the Eu’* ions).

There have been some reports on the new sites of Eu?* in
YBO;:Eu,? LaPO4:Eu,?%32 YVO,:Eu,? and LaF5:Eul*3]
nanocrystals. Most of the dopant ions occupy the same lat-
tice site as that in the bulk (bulk site), and the rest occupy
other sites, named as surface sites in general, which result
from the increase in the surface area and surface lattice dis-
tortion. For m-LaVO,4:Eu nanocrystals, considering that m-
LaVO, and EuVOy, are not isostructural materials, very few
traces of EuVO,4 may coexist with m-LaVO,4:Eu and induce
the new site (site 2-m). This possibility is completely ex-
cluded by careful comparison and analysis of the site-selec-
tive spectra of the m-LaVO,:Eu nanocrystals and those of
the pure EuVO, nanocrystals (Figure S7). The emission
from site 2-m is quite different from the emission in the site-
selective spectra of the EuVO,4 nanocrystals. Therefore, site
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Figure 11. (a) High-resolution emission spectra of the bulk and
nanocrystals of m-LaVO,:Eu (3 mol-%) under 355 nm excitation.
(b) Excitation spectra monitoring the 5Dy-7F, transition for the
bulk (at 612.4 and 616.2 nm) and for the nanocrystals (at 612.4,
616.2, and 621.2 nm). (c) Site-selective emission spectra of the m-
LaVOy:Eu (3 mol-%) nanocrystals and the bulk material excited at
578.7 and 580.7 nm, respectively.
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2-m in the m-LaVO4:Eu nanocrystals does not belong to
the Eu®" ions in the EuVO,4 nanocrystals. Considering the
size of the nanocrystals and the site-selective spectra, it is
reasonable to conclude that site 2-m originates from the
Eu’* ions located at the surface of the m-LaVO,4:Eu nano-
crystals. It is a kind of surface state related lattice site.

Lattice Site of Eu’* in the t-LaVO,:Eu Nanocrystals

In order to get a full view of the site symmetry of Eu**
in the t-LaVO4:Eu nanocrystals, the site-selective spectra of
both the t-LaVO,4:Eu (10 mol-%) nanocrystals and the cor-
responding quasi-bulk material were investigated. The
quasi-bulk material of t-LaVO,4:Eu was prepared by anneal-
ing the t-LaVOy4:Eu (10 mol-%) nanocrystals at 800 °C for
6 h. The XRD pattern (Figure S8) of the quasi-bulk mate-
rial sharpened but still denotes the zircon-type structure
without any monazite-type diffraction peaks, which is in
accordance with our previous results.'”! The high-resolu-
tion emission spectra of the t-LaVO,4:Eu nanocrystals and
the quasi-bulk material under 355 nm excitation at 77 K are
shown in Figure 12a. Both of the emission spectra consist
of two groups of emissions between 580 and 640 nm, which
can be attributed to °Dy—"F; and >D,—'F, transitions of
Eu?*, respectively. For the DyF, transition at 613.8 and
618.2 nm, the intensity ratio (/g138/ls15-) is different be-
tween the nanocrystals and the quasi-bulk material. Fig-
ure 12b shows the excitation spectra by monitoring the
emission at 618.2 nm. For the quasi-bulk material of t-LaV-
O4:Eu, there is only one peak centered at 580.6 nm. While
for the nanocrystals, besides the main peak at 580.6 nm,
there is also a satellite peak centered at 581.0 nm. Therefore,
there is only one site that exists in quasi-bulk t-LaVO,:Eu,
while perhaps two sites exist in the nanocrystals. The peak
centered at 580.6 nm in the excitation spectra of both the
quasi-bulk material and the nanocrystals should originate
from the intrinsic Eu?* site in t-LaVO4:Eu, which corre-
sponds to a D,,; (site 1-t) symmetry. The peak centered at
581.0 nm for the nanocrystals may be related to the Eu3*
ions from a different site (site 2-t).

The site-selective spectra are shown in Figure 12c. The
emission spectra excited at 580.6 nm for both the quasi-bulk
material and the nanocrystals of t-LaVO,:Eu is almost the
same with two main peaks for the >Dy—"F, transition, which
should originate from the Eu’* ions in the interior of the
nanocrystals (site 1-t). The emission with an excitation
wavelength of 581.0 nm indicates a different lattice site of
Eu®*, and this is confirmed by the decay of the emissions
from these different sites. Figure 12d shows the decay curve
for °Dy—"F, for site 1-t and site 2-t for the t-LaVO4:Eu
nanocrystals, and the lifetimes are 1.1 ms and 0.86 ms,
respectively. The emission from site 1-t exhibits a relatively
longer lifetime than that of site 2-t. Nonradiative transition
paths, such as those involving the hydroxy groups or the
quenching centers, will shorten the lifetime of the excited
states, and thus lower the emission intensity. For the nano-
sized materials, the high surface-to-volume ratio induces the
transition from the surface or surface-related sites exhibit a
relatively fast process.** By considering the size dimension,
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Figure 12. (a) High-resolution emission spectra of the quasi-bulk material and of the nanocrystals of t-LaVO4:Eu (10 mol-%) under
355 nm UV excitation. (b) Excitation spectra monitoring the 5Dy—7F, transition (at 618.2 nm) for the quasi-bulk material and the nano-
crystals. (¢c) Emission spectra of the t-LaVO,:Eu quasi-bulk material and of the nanocrystals excited at 580.6 and 581.0 nm, respectively.
(d) Decay curves of the SDy—7F, emission by exciting site 1-t and site 2-t for the t-LaVO,4:Eu (10 mol-%) nanocrystals.

it is reasonable to conclude that the site 2-t of the t-
LaVOy:Eu nanocrystals with shorter lifetimes should origi-
nate from Eu®" located at or near the surface of the
t-LaVO,4:Eu nanocrystals.?!]

On the basis of the above discussions, for both m- and t-
LaVO,:Eu nanocrystals, the Eu** ions occupy two types of
sites. One is the interior site, which is the same as that of
the bulk, and the other is a new site that comes from the
surface states. The distribution of Eu?* in these two sites is
illustrated in Scheme 1. The contribution of these sites to
the emission is correlated with the dimension of the nano-
crystals. It is expected that with a decrease in the particle
size, the surface sites will have a greater impact on the emis-
sion behavior because of the relatively large amount of Eu’*
ions located at or near the surface. Similarly, a higher Eu’*
content may also induce more Eu®* ions located at the sur-
faces of the nanocrystals, and its effect on the luminescence
behavior will be more significant, as can be seen from Fig-
ure S6, in which the emission at 621.2 nm for m-LaVO,4:Eu
(12 mol-%) is stronger than that of the m-LaVO4:Eu
(3 mol-%) nanocrystals (Figure 10a). These site-related
emission spectra are important not only for straightforward
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microprobe or microstructure studies, but also for con-
structing luminescence materials with different spectro-
scopic properties.

t-LaVO,:Eu nanocrystals

m-LaVO,:Eu nanocrystals

@ Eu® ions located at the surface
@ Eu* ions in the interior of the particles

Scheme 1. Illustration of the Eu®" site related to its distribution in
the m- and t-LaVO,4:Eu nanocrystals.
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Conclusions

Pure m- and t-LaVO,:Eu nanocrystals were selectively
prepared by citric anion- and by EDTA-assisted hydrother-
mal methods, respectively, and the luminescence properties
of the m- and t-LaVO4:Eu nanocrystals were investigated.
Relative to m-LaVOy, t-LaVO, is a more suitable host for
the Eu’* ion activators. Meanwhile, t-LaVO,4:Eu nanocrys-
tals provide a new and cheap candidate for luminescence
materials with potential applications in lighting, displays,
and biological detection. In addition to structural charac-
terization, the Eu®" sites in the nanocrystals were identified
by site-selective spectroscopy studies. The results show that
for both the m- and t-LaVO4:Eu nanocrystals, the Eu’*
ions occupy two types of sites. One site is the same as that
of the bulk, and the other is a surface site. The structurally
controlled synthesis of the m- and t-LaVO,4:Eu nanocrystals
and the spectroscopic identification of the Eu®* sites pro-
vide important experimental evidence for the rare earth lu-
minescence spectroscopy study. Furthermore, the corre-
lation between the microstructure and luminescence behav-
ior was explored for the design and synthesis of novel lumi-
nescence materials.

Experimental Section

Synthesis

m-LaVO4:Eu Nanocrystals: In the preparation procedure of the m-
LaVO,4:Eu nanocrystals, an appropriate amount of a mixed solu-
tion consisting of rare earth nitrate [La(NO;3);+Eu(NOs);]
(0.0016 mol) with a fixed molar ratio of Eu/La, sodium ortho-
vanadate (Na3;VO412H,0, 0.640 g, 0.0016 mol), sodium citrate
(Na3CsO,H52H,0, 1.41 g, 0.0048 mol), and distilled water was
vigorously magnetically stirred. The pH value of the mixture was
adjusted to 10 by the addition of 3 mol/L nitric acid (HNO3) or
sodium hydroxide (NaOH) solution, and the final volume of the
mixture was kept as 80 mL. After stirring for ten minutes, the mix-
ture was transferred into a Teflon-lined stainless steel autoclave
with a capacity of 100 mL for hydrothermal treatment at 180 °C
for 24 h. As the autoclave cooled down to room temperature natu-
rally, the precipitation was separated by centrifugation, washed
with distilled water and absolute ethanol, and dried under vacuum
at 80 °C.

t-LaVO:Eu Nanocrystals and EuVO, Nanocrystals: The synthesis
of the t-LaVO4Eu nanocrystals is similar to that of the m-
LaVO,:Eu nanocrystals. To obtain the pure t-LaVO,4:Eu nanocrys-
tals, ethylenediaminetetraacetic acid (EDTA) instead of sodium cit-
rate was added as an additive, the molar ratio of [EDTA]/[La*",
Eu?*] was 1:12. The EuVO, nanocrystals were prepared through a
similar route, with the exception that the ratio of [EDTA]/[Eu’*]
was kept at 0.5.

Bulk LaVO4:Eu: For comparison, bulk LaVO,:Eu was prepared by
direct solid-state reaction with a certain amount of La,03, Eu,0;
(>99.99%) and NH4VO; as starting materials. Typically, for the
synthesis of bulk m-LaVO,4:Eu with 1 mol-% Eu content, La,O3
(1 g), Eu,05 (11 mg), and NH4VO; (0.73 g) were milled with the
addition of ethanol (10 mL) for 30 min. The slurry was then dried
at 80 °C for 2 h to remove the ethanol and calcinated at 1200 °C
for 6 h.
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Characterization: The powder X-ray diffraction (XRD) patterns
were recorded on a Rigaku D/max-2000 diffractometer by using
Cu-K, radiation (1 = 1.5418 A). Transmission electron microscopy
(TEM) images were taken on a JEOL 200CX transmission electron
microscope under a working voltage of 160 kV. High-resolution
TEM (HRTEM) characterizations were performed with a Philips
Tecnai F30 FEG-TEM operated at 300 kV. The samples were sup-
ported on carbon-coated copper grids by dropping the ethanol sus-
pension containing uniformly dispersed nanocrystals. Raman spec-
tra were determined on a Horiba Jobin Yvon LabRam HR 800
spectrometer equipped with a grating of 2400 grooves/mm,
Olympus BX41 microscope (50X objective lens) and charged-cou-
pled device detector. The spectra were excited with the 488 nm line
of an Ar™ laser, backscattering geometry was adopted for the mea-
surement with a laser power of 30 mW. Fluorescence spectra were
recorded on a Hitachi F-4500 spectrophotometer equipped with
a 150 W Xe-arc lamp at room temperature. Quantum yields were
determined by comparing the integrated emission of the nanocrys-
tal ethanol suspension and a Rhodamine B ethanol solution, with
the same optical density (OD < 0.1) and excited at the same wave-
length (310 nm). High-resolution fluorescence spectra were mea-
sured at 77 K under 355-nm excitation provided by a YAG:Nd laser
with a third-harmonic generator, the signal was collected with a
SPEX1403 double-grating monochromator and a R955 photomul-
tiplier. Site-selective excitation was performed by the same set of
apparatus with a YAG:Nd (532 nm) pumped Rhodamine 6G dye
laser and a boxcar averager.

Supporting Information (see footnote on the first page of this arti-
cle): Unit cell parameters for the m-La, ,VO4:Eu, and
t-La;_ . VO4:Eu, nanocrystals, graphs for the unit cell parameters
vs. Eu3* content for the m-LaVO,4:Eu and t-LaVO,:Eu nanocrys-
tals, XRD patterns and TEM images of the EuVO, nanocrystals
and of bulk LaVO,:Eu, emission intensity vs. Eu?* content of the
t-LaVO,4:Eu nanocrystals, high-resolution emission spectra of the
m-LaVO4:Eu nanocrystals, excitation spectra of the transition of
SDy-"F, for the m-LaVO,4:Eu nanocrystals, high-resolution emis-
sion and excitation spectra of EuVO,4 nanocrystals, and XRD pat-
terns of the quasi-bulk material are presented.
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