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a b s t r a c t

Eu3+ doped Y2O3 nanocrystals are synthesized via precipitation and hydrothermal methods. With the
increase of hydrothermal temperature, the number of surface states decreases when nanorods are formed.
The decrease of surface states induces the increase in the ratio of S6 site to C2 site, and meanwhile results
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in the spectral red-shift of charge transfer band as well as the enhancement of red emission. The results
indicate that the surface states and optical properties have close correlations.

© 2010 Elsevier B.V. All rights reserved.
ptical properties

. Introduction

One-dimensional (1D) nanostructures, including nanorods,
anowires, nanofibers, and nanotubes, have attracted extensive

nterest over the past decades due to their potential application
n a wide field [1–3]. Among all the nanostructures, rare-earth
RE) compounds have been extensively used in the fields of high-
erformance luminescent devices, magnets, catalysts, and other
unctional materials. These properties depend strongly on the com-
osition and structure of materials. Recently, the synthesis and

uminescence properties of RE ion doped 1D devices have attracted
onsiderable attention [4–6].

As the main red emitting materials in commercial application
n fluorescent lighting and display, Eu3+:Y2O3 has attracted much
ttention [7,8]. It is well known that Eu3+:Y2O3 absorbs ultravi-

let (UV) light through the charge transfer band (CTB) and then
ields red emission peaking around 610 nm. There exist two types
f crystallographic sites in cubic Y2O3, S6 site and C2 site. The S6
ite is centrosymmetric in which electric dipole transition is forbid-
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den, and only the f–f magnetic dipole transitions can be expected,
so the S6 site contributes little to the red emission. The C2 site
makes dominant contribution to the red emission around 610 nm
which corresponds to 5D0–7F2 transition of Eu3+ ion due to the
absence of the centrosymmetric and the permission of electronic
dipole transition. Hence, the observed CTB in the excitation spec-
tra by monitoring 5D0–7F2 transition is mainly from the Eu3+ ions
at the C2 site [9]. Although the S6 site has little contribution to
the red emission, it could still compete with the C2 site for UV
absorption. It has been reported in several publications that the
two sites have a close relationship. One group reported that the
efficient Eu3+ (S6) → Eu3+ (C2) energy transfer for higher concen-
trations of Eu3+ reduces the fraction of the Eu3+ (S6) emission [10].
Another group has reported that comparing with the bulk counter-
part, the ratio of the S6 sites to the C2 sites in nanocrystal decreases
remarkably [5]. However, the correlation between the surface
states and the optical properties of the two sites is still unclear.
Eu3+:Y2O3 nanocrystals exhibit a lot of special spectra properties
with the increase of surface states [5,11,12]. For instance, it has
been reported that UV light irradiation can induce spectral change

depending on sample size in the CTB in Eu3+:Y2O3 nanowires [5];
the morphology and shape of Eu3+:Y2O3 nanocrystals can influ-
ence the luminescence efficiency of Eu3+ [11]; and the quenching
concentration of Eu3+ much higher than that of micro-scaled pow-
ders [12]. So it is interesting to study the correlation between

dx.doi.org/10.1016/j.jallcom.2010.07.088
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he surface states and the optical properties of the two sites in
anocrystals.

In this study, we report the preparation of Eu3+ doped Y2O3
anocrystals through a facile hydrothermal process without using
ny catalyst or template followed by subsequent heat treatment
rocess in air. We discuss the correlation between the surface states
nd the optical properties of the Eu3+ doped Y2O3 nanocrystals. The
xcitation spectra of the CTB for Eu3+ at the S6 site are investigated
n Eu3+ doped Y2O3 nanocrystals. The decomposition of excitation
pectra shows that the ratio of S6 sites to C2 sites increases with the
ecrease of surface states. In addition, both CTB of S6 site and C2
ite exhibit red-shift accompanied with the red emission enhance-
ent when the surface states are decreased. These results can shed

ight on the investigation of the influence of the surface states on
he luminescence property of nanocrystals.

. Experimental

5 mol% of Eu3+ doped Y2O3 (Eu3+:Y2O3) nanocrystals were prepared by precip-
tation method and hydrothermal treatment. Stoichiometric high-purity Y2O3 and
u2O3 were dissolved in HNO3 first. Then the final pH value was adjusted with
aOH solution. After being stirred for 1 h, a milky colloid solution was obtained.
or precipitation method, the precipitate was washed with deionized water for sev-
ral times and then dried at 60 ◦C. For hydrothermal treatment, the milky colloid
olution was transferred into Teflon-lined autoclaves to be treated by hydrother-
al method. In order to obtain nanocrystals with different morphologies, the milky

olloid solutions were subsequently heated at 120–180 ◦C for 12 h. The obtained sus-
ension was cooled to room temperature naturally and the precipitate was washed
ith deionized water several times and then dried at 60 ◦C. Finally, the obtained

u3+:Y(OH)3 powder prepared by precipitation method and hydrothermal treat-
ent were converted into Eu3+:Y2O3 powder by annealing at 500 ◦C for 3 h in air.

he XRD data of the specimens were recorded by a Rigaku D/max-�B diffractometer
sing Cu K� radiation (� = 0.15418 nm). The luminescence measurements were per-
ormed on Hitachi F-4500 Fluorescence Spectrophotometer at room temperature.
he morphology of the samples was determined by the transmission electron micro-
cope (TEM), Philips CM12. The infrared absorption spectra were recorded with an
FS66V/S Fourier transform infrared spectrometer. Decay profiles were measured by
spectrometer (Bruker Optics 250IS/SM) coupled with an intensified charge coupled
evice detector (IStar740, Andor)

. Results and discussion

Fig. 1 displays the XRD patterns of Eu3+:Y2O3 powders pre-
ared at different conditions. The XRD data confirm that all the
amples are assigned to be single-phase of the cubic structure
JPDS No. 86-1107) with a lattice constant of 10.602 Å. One can
nd that the FWHM of the peaks in XRD patterns becomes nar-
ower with increasing hydrothermal temperature, indicating that
he crystallinity of Eu3+:Y2O3 enhances at higher hydrothermal
emperatures.

Fig. 2 shows the TEM images of Eu3+:Y2O3 nanocrystals. Under
recipitation condition, the morphology of Eu3+:Y2O3 nanocrys-
als is nanosheets, and their side length is about 170 nm (Fig. 2a).

hen the hydrothermal temperature is 120 ◦C, some 1D nanorods
ppear among the nanosheets (Fig. 2b). When the temperature
ncreases to 160 ◦C, the amount of nanosheets decreases to only

small portion (Fig. 2c). Only 1D nanorods are present in the

ample with a diameter about 130 nm and a length about 1.7 �m
fter the reaction temperature increases to 180 ◦C (Fig. 2d). From
he XRD results, we can see that the crystallization is improved
ith the increase of reaction temperature. Moreover, the specific

urface area of the nanocrystals decreases when the morphology

able 1
he lattice constant, intensity ratio of S6/C2 sites as well as the peak position of S6 site an

Synthesis conditions Lattice constant (Å) Intensity ratio of S6/C2 sit

Precipitation 10.621 –
12 h 120 ◦C 10.619 –
12 h 160 ◦C 10.608 0.82
12 h 180 ◦C 10.601 0.90
Fig. 1. XRD patterns of Eu3+:Y2O3 nanocrystals corresponding to different synthesis
conditions: (a) precipitation method, (b) 120 ◦C and 12 h, (c) 160 ◦C and 12 h, and
(d) 180 ◦C and 12 h.

changes from nanosheets to nanorods (Fig. 2), and the surface states
decrease with the improved crystallization and decreased specific
surface area. The change of surface states with different morpholo-
gies would influence the luminescence properties of Eu3+:Y2O3
nanocrystals.

Fig. 3 displays the excitation spectra of Eu3+:Y2O3 nanocrystals.
As shown in Fig. 3, the excitation spectra intensity of the sam-
ple prepared by hydrothermal reaction is enhanced corresponding
to that of the samples synthesized under precipitation treatment,
while the CTB of S6 site cannot be observed in the sample obtained
under lower reaction temperature. However, with the increase in
hydrothermal reaction temperature, the excitation spectra can be
decomposed into two Gaussian components. In the isostructural
Y2O3 host, it is reported that the CTB of Eu3+ at S6 site is positioned
slightly higher than that of Eu3+ at C2 site [13,14]. Therefore, we
attribute the shorter wavelength component of CTB around 235 nm
to Eu3+ at the S6 site, and the other band occurring around 255 nm
to Eu3+ at the C2 site. By comparing the spectra of the samples syn-
thesized with lower reaction temperature, an increase of the ratio
of S6 site to C2 site in the decomposition of excitation spectra can
be clearly observed with the increase of hydrothermal temperature
(see Table 1). These phenomena are believed to be associated with
the surface states of the nanocrystals [5]. The local symmetry at sev-
eral layers of the samples lowers when they are synthesized under
lower temperature, namely, more Eu3+ ions locate in or near the
particle surface where there exists a large number of surface states,
i.e. dangling bonds and disorder structures. With the increase of
hydrothermal temperature, the surface states decrease, inducing
the decrease of lattice distortion, so it is easy to observe the CTB of
Eu3+ at the centrosymmetric S6 site in the nanocrystals.

It is also shown in Fig. 3 that CTBs of Eu3+ at both S6 and C2 sites
exhibit a red-shift with the increases of reaction temperature (see

Table 1), which can be attributed to the shorten of Eu–O distance in
these samples [15]. With the decrease of reaction temperature, the
proportion of the atoms at surface layers increases with grain size
decreasing. The increase of the ratio of surface atoms results in an

d C2 site in Eu3+:Y2O3 nanocrystals.

es Peak position of S6 site (nm) Peak position of C2 site (nm)

– 249.6
– 249.7

234.4 251.2
235.9 254.2
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ig. 2. TEM images of Eu3+:Y2O3 nanocrystals corresponding to different synthesi
80 ◦C and 12 h.

ncreased number of broken Y–O bond at the surface. The unpaired
lectronic orbitals at the surface repel each other and result in larger
alues of equilibrium lattice parameters [16,17]. The increase in the
roportion of surface atoms enhances the proportion of local dis-
lacement, and hence, results in the increases of the overall lattice
istortion, finally changes the lattice constant [15].

As shown in Table 1, the lattice constant of Eu3+:Y2O3 increases
ith the decrease of reaction temperature. Since the crystal struc-

ure of Eu3+:Y2O3 is cubic, the average the bond distance varies

irectly as the lattice constant. A longer bond distance represents a
igher ionicity [18], whereas the shorter bond distance represents
higher covalency [15]. The decrease in the lattice constant for

anocrystals, synthesized under increasing reaction temperature

ig. 3. Excitation spectra of Eu3+:Y2O3 nanocrystals corresponding to different syn-
hesis conditions: (a) precipitation method, (b) 120 ◦C and 12 h, (c) 160 ◦C and 12 h,
nd (d) 180 ◦C and 12 h.
itions: (a) precipitation method, (b) 120 ◦C and 12 h, (c) 160 ◦C and 12 h, and (d)

(Table 1), means the increase in covalency. The CTB of Eu3+:Y2O3
corresponds to the electronic transition from the 2p orbital of O2−

to the 4f orbital of Eu3+, which is related closely to the covalency
between O2− and Eu3+. The enhancement of covalency can result
in the decrease in energy for electron transfer from O2− to Eu3+

[15,19]. Consequently, the decrease of surface distortion induces
the decrease in lattice constant and increase in covalency, and then
a red-shift of CTB is observed.

As mentioned above, the C2 site performs the dominant con-

tribution to the 610 nm emission, so usually the decrease of C2
site leads to the decrease of red emission. However, in this case
it is interesting to note the emission intensity of 610 nm enhances
when the ratio of S6 site to C2 site increases (Fig. 4). The increase

Fig. 4. Emission spectra of Eu3+:Y2O3 nanocrystals corresponding to different syn-
thesis conditions: (a) precipitation method, (b) 120 ◦C and 12 h, (c) 160 ◦C and 12 h,
and (d) 180 ◦C and 12 h.
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n emission intensity of C2 site results from the enhanced lumines-
ence efficiency principally governed by the nonradiative process
f host materials. The multiphonon nonradiative decay rate can be
xpressed by the following energy gap law [20]:

n = W0

[
1 − exp

(
− h�

kT

)]−n

(1)

here Wn is the rate at temperature T, W0 is the rate at 0 K,
nd n = �E/h� in which �E is the energy gap between the lev-
ls involved whereas � is the relevant phonon frequency. As �E
s equal to or less than 4–5 times the high-energy phonons, the

ultiphonon nonradiative relaxation can be competitive with the
adiative processes. Atomic groups with higher vibrational fre-
uency will increase the nonradiative relaxation rate and hence
ecrease luminescence efficiency [20]. To obtain high luminescence
fficiency, atomic groups with high vibrational frequency must be
emoved from a system.

Fig. 5 presents the FT-IR transmission spectra of Eu3+:Y2O3
anocrystals. The absorption bands of OH− (around 3400 cm−1) and
O3

2− groups (around 1500 cm−1) become weaker gradually with
ncreasing synthesis temperature. There are fewer OH− or CO3

2−

roups in the Eu3+:Y2O3 nanocrystals synthesized at 180 ◦C and
2 h, so this sample has higher luminescence efficiency and exhibit-

ng stronger emission intensity (Fig. 4). By contrast, the samples of
u3+:Y2O3 nanocrystals synthesized at lower temperatures exhibit
elatively weak luminescence, which can be attributed to lumines-
ence quenching via nonradiative energy transfer to OH− or CO3

2−
roups.
In order to verify that the enhancement of luminescence inten-

ity comes from the decrease of nonradiative transition process, we
nvestigated the decay behavior of 610 nm emission of Eu3+:Y2O3
anocrystals (Fig. 6). The fluorescence decay curves can all be fitted

ig. 6. Fluorescence decay curves for the 610 nm emission of Eu3+:Y2O3 nanocrystals co
nd 12 h, (c) 160 ◦C and 12 h, and (d) 180 ◦C and 12 h.
Fig. 5. FT-IR spectra of Eu3+:Y2O3 nanocrystals corresponding to different synthesis
conditions: (a) precipitation method, (b) 120 ◦C and 12 h, (c) 160 ◦C and 12 h, and
(d) 180 ◦C and 12 h.

to single exponentials according to Eq. (2) [21],

I = A exp
(

− t

�

)
+ B (2)

where � is the fluorescence lifetime, t is the delay time, I is the rela-
tive intensity, and A and B are the constants. The fitting results show
that, with the increase of hydrothermal reaction temperature, the
fluorescence lifetime increases from 1.16 ms to 1.81 ms. It is well

understood that the reverse of the lifetime equals to the sum of the
radiative transition and nonradiative relaxation rates. The increase
of fluorescence lifetimes suggests that more defect states on the
surface of the sample would lead to substantially increased non-
radiative relaxation rates and shortened lifetimes of Eu3+ emission

rresponding to different synthesis conditions: (a) precipitation method, (b) 120 ◦C
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22,23]. Thus, we can conclude that the significantly different inten-
ities of the 610 nm emissions are largely dependent on surface
tates of the Eu3+:Y2O3 nanocrystals.

. Conclusions

In conclusion, the decreased surface states decrease the lattice
istortion and shorten the lattice constant. Such change in lattice
onstant increases the covalency of Eu–O bonds and thus shifts
he CTB toward the lower-energy side. The reduced surface states
nhance the local symmetry of the samples and then increase the
atio of S6 sites to C2 sites, and meanwhile the decrease of surface
tates lessens the nonradiative process, which increases the red
mission intensity finally.
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