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Abstract. Low dimensional europium (Eu3+)-doped gadolinium oxide (Gd2O3) lanthanide 
nanostructures are synthesized by an effective and simple coprecipitation process followed by 
subsequent heat treatments. Transmission electron microscope (TEM) images indicate Eu3+-
doped Gd2O3 nanostructures undergo significant morphological changes from nanorods to 
nanoparticles during thermal treatments. Nanostructures with different morphology, including 
nanotubes, strongly influence the photoluminescence properties. The dependence of 
luminescence lifetime on morphological nature of the nanostructures demonstrates that the 
one dimensional nanostructures such as nanorods and nanotubes have higher emission 
intensity with shorter lifetime. Our analysis suggests that the morphological transformation of 
the nanostructures plays the most important role in the behavior of radiative and nonradiative 
relaxation mechanisms, resulting in the overall photoluminescence properties. 

Subject terms: nanostructures; morphological transformation; photoluminescence properties. 

1 INTRODUCTION 
Nanoscale structures, which include nanoparticles, nanorods, nanowires, nanotubes, and 
nanobelts [1-5], have been considerably investigated due to their unique optical and electronic 
properties and prospective application in diverse fields, such as high quality luminescent 
devices, catalysts, sensors, biological labeling, and other new functional optoelectronic 
devices. The precise architectural manipulation of nanomaterials with well-defined 
morphologies and accurately tunable sizes remains a focus of research and a challenging issue 
due to the fact that the properties of the materials closely interrelate with geometrical factors 
such as shape, dimensionality, and size. The properties and performances of nanostructures 
strongly depend on their dimensions, sizes, and morphologies [6]. Therefore, synthesis and 
growth of morphology controlled in the crystallization process of nanostructures is of critical 
importance for the development of novel technologies.  

Rare-earth-doped oxides are a kind of promising new class of luminescent material due 
to their electronic and optical properties that arise from their 4f electrons. Therefore, much 
attention has been paid to their luminescent characteristics such as their large Stokes shift, 
sharp emission visible spectra, long fluorescence lifetime (1 to 2 ms), and lack of 
photobleaching compared with dyes [7,8]. These materials, especially in the nanostructure, 
have been widely used in the lighting industry and biotechnology, including plasma display 
panels, magnetic resonance imaging enhancement, and microarray immunoassays for 
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fluorescence labels [9-12]. Since the morphology and dimensionality of nanostructures are 
vital factors, which particularly have an effect on the physical, chemical, optical, and 
electronic properties of materials,  it is expected that rare-earth-doped oxides synthesized in 
nanoscale form of may take on novel spectroscopic properties of both dimension-controlled 
and modified ion-phonon confinement effects compared to their bulky counterparts. Gd2O3 as 
a rare-earth oxide is a useful paramagnetic material and good luminescent rare-earth-doped 
host. Eu3+ ions can be doped into Gd2O3 easily, since they are all trivalent ions and have the 
same crystal structure. Furthermore, 5D0 -7F2 of Eu3+ transitions exhibit red characteristic 
luminescence at a wavelength of 611 nm. Therefore, lanthanide-oxide-doped nanostructures 
can be used as electrical, magnetic, or optical multifunction materials. 

Recently, considerable efforts have been made to synthesize low dimensional 
nanostructures [2, 3, 13]. However, these processes must have hydrothermal routines, 
templates, and catalysts. The nanostructure formed depends somehow on the pressure, 
template, and catalysts. This results in experimental complexity, impurities, defects, and high 
costs. In addition, these methods especially could not meet large scale production in industry. 
Therefore, it is necessary to find new methods to synthesize shape, size, and dimensionality 
controlled lanthanide-doped oxides. Also, because of their distinct low effective density, high 
specific surface area, and encapsulation ability in hollow nanotubes, these nanostructures are 
exceptionally promising in various fields such as confined catalysis, biotechnology, photonic 
devices, and electrochemical cells [14-16].  Although lanthanide oxides are excellent host 
lattices for the luminescence of various optically active lanthanide ions [17], Gd2O3 is a 
promising host matrix for down- and up-conversion luminescence because of its good 
chemical durability, thermal stability, and low phonon energy [18]. 

We report on a novel method to prepare Eu3+-doped Gd2O3 nanostructures through a 
large scale and facile solution based coprecipitation chemical route, followed by subsequent 
annealing heat treatment processes. In this process, the nanostructures were obtained without 
using any template, catalyst, or pressure. To the best of our knowledge, this is the first 
technique that is simple, low cost, and has high efficiency for synthesizing Eu3+-doped Gd2O3 
nanostructures. Moreover, we demonstrate the emission characteristic and lifetime 
dependence on the morphology of nanostructures produced by different annealing 
temperatures. In addition, these nanostructures were compared to 1-D nanotube counterparts 
to investigate the dependence of optical properties on the morphological transformation of 
Eu3+-doped Gd2O3 nanostructures. The present work may open new possibilities to synthesize 
nanostructures with varying morphological shapes of other oxides and extend their 
applications. 

2 SAMPLE PREPARATION 
All chemicals (Alfa-Aesar, Ward Hill, Massachusetts) used in this study were of analytical 
regent grade, used without further purification.  Gd2O3 doped with Eu3+ nanostructures were 
synthesized according to a coprecipitation wet chemical solution method. In this process, 0.5-
M aqueous solution was prepared by dissolving Gd(NO3)3  and Eu(NO3)3 in deionized H2O. 
The nitrate solutions with a cationic molar ratio of Gd to Eu of 0.95: 0.05 were mixed 
together and stirred for 30 min. The aqueous solution of 0.2-M NH4HCO3 was prepared and 
mixed with the nitrate solution drop-wise while stirring to form the precipitate. It is noted that 
in this experiment extra 10 mol% NH4HCO3 was added to ensure all the rare-earth ions 
reacted completely to obtain rare-earth carbonates. The white precipitate slurry obtained was 
aged for 24 h at room temperature with continuous stirring. Then the precipitates were 
centrifugated and washed with deionized water for five times to completely remove NO3

-, 
NH4

+, and HCO3-, followed by  drying at about 75oC  in the stove. After drying, the white 
precursor was ground several times. It is noted that the dried precursor powders were very 
loosely agglomerated and can be pulverized very easily. To get Gd2O3 doped with Eu3+ 
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nanostructures, the as-synthesized samples were further calcined at 600, 800, and 1000oC in 
air for 2 h in the furnace, respectively.  

Eu3+-doped Gd2O3 nanotubes were synthesized according to a modified wet chemical 
method [19]. A mixture of 30 ml of 0.08-M Gd(NO3)3 and Eu(NO3)3 with a nominal molar 
ratio of Eu/Gd 5 atom %,  in a form of clear solution, was added into flasks through 
ultrasound for 10 min. 30 ml of 25 wt % of ammonia solution was added quickly into the 
solution under vigorous stirring for 20 min. Meanwhile, the pH value of the mixture was 
measured, which came to a value of about 10. The mixture was heated under vigorous stirring 
in a 70 oC silicon oil bath for 16 h. After this procedure, a white precipitate precursor was 
obtained. The final as-prepared precipitates were separated by centrifugation, washed with 
deionized water and ethanol four times, respectively, and dried for 12 h at 65 oC in air to get 
an as-grown sample. To get a Gd2O3 product, the as-synthesized samples were further 
annealed in air for 2 h at 600 oC in the furnace.  

Several characterization techniques have been carried out to determine the nanostructure 
formation. The phase purity and crystallinity of products were examined by x-ray diffraction 
(XRD) performed on a Rigaku (Japan)  powder x-ray diffractometer with copper Kα incident 
radiation (λ=1.5405 Å). The morphology and structure of the samples were inspected using a 
field emission scanning electron microscopy (FE-SEM, LEO 1550) and high resolution 
transmission electron microscopy (HRTEM) of JEOL JEM 2100 field emission electron 
microscope systems. Photoemission spectra were recorded by a Hitachi F-7000 fluorescence 
spectrophotometer equipped with a 150-W xenon lamp as the excitation source. Time-
correlated photon counting measurements of the samples were made with a nano-LED in a 
Horiba Jobin Yvon (Edison, New Jersey) IBH Fluorocube apparatus. The fluorescence decays 
were collected at a Hamamatsu MCP photomultiplier (C487802). All measurements were 
performed at room temperature. 

 
3  RESULTS AND DISCUSSION 

 
Figure 1 shows the XRD pattern of the samples after different temperature calcination of as-
prepared precursors. All the diffraction peaks can fully be indexed into the cubic structure of 
the Gd2O3 phase [space group: Ia  (206)], which is consistent with PDF 76-0115. No other 
second phase peaks can be detected, suggesting that the as-synthesized precursors 
transformed totally into the oxides of Gd2O3, and Eu3+ ions were effectively doped into Gd2O3 
cubic lattices to form solid solutions after annealing at 600, 800, and 1000oC, respectively 
[19].  

The lattice parameter of the annealed products were calculated in terms of the cubic 
symmetry formula 1/d2 = (h2 + k2 + l2)/a2, where d is the interplanar distance, h, k, and l are 
the miller indices, and a is the lattice parameter. Based on the (222) crystallographic planes, 
the lattice parameter is a = 1.079 nm, which closely matches the reference value of a= 1.081 
nm. It is also noted that the peak intensity of the XRD is sharper and stronger with the 
increase of the annealing temperature, revealing that the high crystallinity of Eu3+-doped 
Gd2O3 is produced at higher annealing temperatures. 
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Fig. 1. x-ray diffraction of Eu3+-doped Gd2O3 samples for (a) the nanotubes 
annealed at 600 oC, (b) the nanorods annealed at 600oC, (c) the nanorods 
annealed at 800oC, and (d) the nanoparticles annealed at 1000oC for 2 h, 
respectively. 

 
The morphology of Eu3+ -doped Gd2O3 nanorods obtained after calcination at 600 oC for 2 

h strongly depends on the heat treatment temperature. The formation of nanorods with low 
aspect ratio is preferred at 600 oC. It can be seen from the micrograph that all the nanorods 
display uniform morphology, having sizes 10 nm in diameter and more than 300 nm in length 
[Fig. 2(a)]. In contrast, the nanorods grow bigger in diameter (about 25 nm) and shorter in 
length (about 100 nm) after heat treatment at 800 oC, as shown in Fig. 2(c). However, it is 
evident that Eu3+-doped Gd2O3 nanorods maintain the anisotropic shape during heat treatment 
from 600 to 800 oC. It can also be observed that the formation of nanorods is related to the 
fact that growth direction is preferred along the [211] crystallographic orientation. This is 
because the spacing between fringes along nanorod axes is about 0.40 nm, which is close to 
the interplanar distance of the cubic (211) plane, as shown in Figs. 2(b) and 2(d). Figure 2(e) 
presents the TEM images of Eu3+-doped Gd2O3 nanoparticles with sizes 60 nm in diameter 
obtained by heat treatment at 1000oC. The morphology of an Eu3+-doped Gd2O3 nanostructure 
dependent on the heat treatment temperature is possibly attributed to metastable states that are 
able to recrystallize at 1000 oC. A favorable growth pattern parallel to the (222) plain 
corresponding to interplanar spacing of 0.3 nm dominates the recrystallization of nanorods 
and transfigures to form nanoparticles as shown in Fig. 2(f). 

Journal of Nanophotonics, Vol. 4, 043517 (2010)                                                                                                                                    Page 4

Downloaded from SPIE Digital Library on 27 Sep 2010 to 199.111.115.105. Terms of Use:  http://spiedl.org/terms



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 2. Eu3+-doped Gd2O3 nanostructure TEM photographs of low and high 
magnification after annealing at (a) and (b) 600oC, (c) and (d) 800oC,  and (e) 
and (f) 1000oC, respectively. (b), (d), and (f) represent the HRTEM images of 
respective nanostructures. 

 
Representative TEM and SEM images of Eu3+-doped Gd2O3 nanotubes are shown in Fig. 

3. It can be observed that these nanostructures demonstrate tubular shapes with a length in the 
range of about 0.7 to 1 μm and a wall thickness of 20 nm. It also reveals that these 1-D 
nanostructures have open ends, smooth surfaces, and straight morphology, as shown in Figs. 
3(a) and 3(b). Figure 3(c) demonstrates the large number of FE-SEM images of uniform 
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nanotubes. The open end and the associated fine feature, such as uniform size and shape, of 
these nanotubes are shown in the inset of Fig. 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 3. (a) and (b) show low magnification TEM photographs 
and (c) FE-SEM images of Eu3+-doped Gd2O3 nanotubes after 
annealing at 600oC. The inset in (c) demonstrates the nanotube 
feature of Eu3+-doped Gd2O3. 

 
The optical properties and characteristics of nanostructures used in the photonic 

application are typically determined by their dimensions, sizes, and morphologies. The 
intensity of photoluminescence of Eu3+-doped Gd2O3 nanorods strongly depends on the 
annealing temperature at which the morphology of nanostructures is modified. Figure 4 
shows the emission spectra of Eu3+-doped Gd2O3 nanorods excited by 263-nm ultraviolet 
light. The emission spectra exhibit a strong red emission characteristic of the 5D0-7F2 (around 
613 nm) transition, which is an electric-dipole-allowed transition. The weaker bands around 
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581, 589, 593, 600, and 630 nm are ascribed to 5D0-7F1, 5D1-7F2, 5D0-7F0, 5D0-7F1, and 5D0-7F2, 
respectively [13]. The emission spectra indicate that the Eu3+-doped Gd2O3 nanostructures 
represent  strong, narrow, and sharp emission peaks. As shown in this figure, the intensity of 
emission at 613 nm of nanorods increases when the annealing temperature increases from 600 
to 800oC, modifying the morphology of the nanorods as described earlier. However, when the 
annealing temperature reaches 1000oC, the emission intensity is reduced significantly, even 
less than the one annealed at 600oC. The performance change of photoluminescence in these 
nanostructures can be attributed to the morphological transformation of the nanostructures as 
described below. At low annealing temperature, the Eu3+-doped Gd2O3 exhibits nanorod 
morphology, with more surface area containing a larger number of luminescent centers. 
However, when the temperature was increased to 1000oC, the nanorods transformed to 
nanoparticles, which have more surface area altogether. This increase in surface area resulted 
in more defects, especially surface defects and strains, located on the surface of the 
nanoparticles. Although high annealing temperature can increase crystal perfection, the 
defects on the surface of these nanoparticles can overwhelm, causing reduced 
photoluminescence. This is further supported by the decay curves and is discussed in the later 
section of this work. To systematically investigate the correlation of morphology and optical 
characteristics of Eu3+-doped Gd2O3 samples, the 5 at.% Eu3+-doped Gd2O3 nanorods 
fabricated at 600oC were compared with  5 at.% Eu3+-doped Gd2O3 nanotubes, as shown in 
Fig. 5. It is obviously revealed that the emission intensity of nanotubes is larger than the 
nanorods of Eu3+-doped Gd2O3 samples, since nanotubes have more surface area than the 
nanorods. It is worth mentioning that the emission measurements were performed with very 
similar conditions and volume fractions of the nanomaterials used in this study. 

 
 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 4. Photoluminescence spectra of Eu3+-doped Gd2O3 nanostructure 
annealing at 600, 800, and 1000oC, respectively. 
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Fig. 5. Photoluminescence spectra comparison of Eu3+-doped Gd2O3 (a) 
nanotubes and(b) nanorods annealed at 600oC, respectively. 

Figure 6 shows the photoluminescence decay curves and lifetime of Eu3+ (5D0→7F2, 613 
nm)-doped Gd2O3 nanorods annealed at 600 and 800oC, nanoparticles  synthesized at 1000oC, 
and nanotubes annealed at 600oC, respectively.  These four emission decay curves can be 
fitted to a single exponential function as I = I0 exp(−t/τ). The lifetime of Eu3+ ions are 
analyzed and found to be 1.47, 1.33, 1.59, and 1.31 ms by this fitting. The different lifetimes 
of Eu3+-doped Gd2O3 nanostructures can be explained according to the luminescent efficiency 
formula as follows: ηR = 1/(1+τR/τNR), where ηR represents luminescence efficiency, and τR and 
τNR  are the radiative and nonradiative lifetimes, respectively [20]. The efficient luminescence 
intensity of annealed Eu3+-doped Gd2O3 nanostructures have a radiative lifetime that should 
be much shorter than the nonradiative lifetime. The experimental evidence on Eu-doped rare-
earth oxide shows that the fluorescence decay of the Eu3+  5D0 state is  due to radiative 
transition at a low temperature (1.5 K) [21]. However, room temperature fluorescence 
lifetime decreases only a few percent relative to its value at 1.5 K, elucidating the fact that the 
room temperature lifetime is due to a radiative relaxation process. In nanoparticles, Eu3+ ions 
are isolated from the surrounding medium where the influence of the surrounding molecules 
with refractive index [21] and the pressure difference on the Eu3+ environment may cause 
additional effects.  The total relaxation rate can be expressed as 1/τ = ∑τ NR +∑A + PCR [22], 

where ∑A is the total radiative emission rate, ∑τ NR is the nonradiative emission rate, and PCR 
is the rate of cross-relaxation between adjacent ions. The term ∑A basically depends on the 
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crystal structure and symmetry, while the term  ∑τ NR basically depends on the host phonon 
spectrum (cut-off phonon energy). The lifetime may change because of modification in the 
crystal structure [22], which is unlikely, as no such structural changes were observed. The 
contribution of concentration-induced cross-relaxation between the 5D1 → 5D0 and 7F5→ 7F0 
transitions cannot be ruled out. However, the lifetime in these nanostructures is certainly 
influenced by the morphology of the samples. 

 

 
Fig. 6. Photoluminescence decay curves and lifetimes for Eu3+-doped Gd2O3 nanotubes 
fabricated at 600 and 800oC, nanoparticles synthesized at 1000oC, and nanotubes 
annealed at 600oC, respectively. 

 
4 CONCLUSIONS 
 
In summary, we synthesize large scale zero and one-dimensional Eu3+-doped Gd2O3 
nanostructures by a simple coprecipitation process, followed by subsequent annealing. This 
process is very effective and simple, and can be utilized to synthesize some other lanthanide-
doped rare-earth oxide nanostructures as a significant extension. The crystal structure, 
morphology, photoluminescence, and lifetime are characterized by XRD, SEM, TEM, and  
fluorescence spectrophotometers, respectively.  Eu3+-doped Gd2O3 nanostructures are highly 
crystallized after the annealing process. The Eu3+-doped Gd2O3 morphology is strongly 
dependent on annealing temperature and consequently has an influence on the 
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photoluminescence behavior. The obtained Eu3+-doped Gd2O3 nanostructures emit strong red 
luminescence with a 613-nm wavelength. The dependence of luminescence lifetime on shapes 
of the nanostructures demonstrates that the 1-D nanostructures have shorter lifetimes with 
higher emission intensity. Our analysis suggests that the morphological transformation of the 
nanostructures plays the most important role in the relaxation process, which impacts the 
overall photoluminescence properties. This increase in surface area results in more defects, 
mainly due to surface defects and strains in nanoparticles. The defects can reduce 
photoluminescence irrespective of increase in crystal perfection due to annealing at high 
temperatures.  
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