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Various nanostructures (nanorods, nanowires, nanotubes, nanospheres) of Gd0.96Eu0.04(OH)3 have been

prepared by hydrothermal reactions at different pHs and temperatures. The aspect ratios of one-dimensional

nanostructures are strongly dependent on the solution pH. Subsequent dehydrations of these hydroxides at

higher than 500 oC lead to the formation of Gd2O3:Eu phosphors with different nanostructures. Interestingly,

the shapes of nanorod and nanowire obtained under hydrothermal pressures are retained after the structural

transformation from hexagonal Gd(OH)3:Eu to cubic Gd2O3:Eu at high temperatures. Gd2O3:Eu nanowires can

grow up to 20-30 nm in diameter and several tens of micrometers in length. In contrast, the nanotube structure

of Gd(OH)3:Eu is collapsed to produce the spherical Gd2O3:Eu nanoparticles after dehydration process. A

significant change of morphology induced by an adjustment of pH of the initial solution for hydrothermal

synthesis of Gd(OH)3:Eu strongly affect the photoluminescence efficiency of Gd2O3:Eu phosphor. The relative

emission intensity of Gd2O3:Eu is reduced with increasing the aspect ratio of nanoparticles, the weakest

emission being observed with nanowires of the highest aspect ratio. 
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Introduction

The nanostructures such as nanospheres, nanorods, nano-

tubes, and nanowires are of great importance to applications

in diverse fields of science and technology; displays, cata-

lysts, biological sensing, and other optoelectronic devices.1,2

The selective synthesis of such structures can be achieved by

a morphology control in the crystallization process including

nucleation and growth. In particular, there are considerable

interests in the fabrication of low-dimensional shapes

because functional nanomaterials with a restricted dimen-

sion offer opportunities for investigating the influence of

shape and dimensionality on the optical, magnetic, and elec-

tronic properties. Various synthetic approaches have now

been developed for many important materials and some struc-

turally unprecedented nanocrystals have been discovered in

high quality. 

Lanthanide hydroxides and oxides have actively been

investigated because of their wide range of applications

including dielectric materials for multilayered capacitors,

luminescent lamps and displays, solid-laser devices, opto-

electronic data storages, waveguides, and heterogeneous

catalysts.3,4 Recently, lanthanide-doped oxide nanoparticles

are of special interests as potential materials for an important

new class of nanophosphors. When applied for a fluorescent

labeling, they present several advantages such as sharp

emission spectra, long life times, and resistance against photo-

bleaching in comparison with conventional organic fluoro-

phores and quantum dots.5,6 For instance, Gd2O3 nanopaticle

is a promising host matrix for multiphoton and up-conver-

sion excitation.7,8 The gadolinium oxide doped with Eu3+

(Gd2O3:Eu) exhibits paramagnetic behavior as well as strong

UV and cathode-ray excited luminescences, which are useful

in biological fluorescent labeling and display applications,

respectively.9-11 In addition, Gd2O3:Eu is a very efficient X-

ray and thermoluminescent phosphor.12

As a strategy to obtain various inorganic materials in the

form of isotropic or anisotropic nanostructures, the solvo-

thermal reaction has frequently been adopted due to its

simplicity, high efficiency, and low cost. The hydrothermal

synthetic routes to the nanostructures of lanthanide hydro-

xides are well introduced in the literatures.13-15 Concern-

ing the Eu3+ activator doped phosphor, the nanorod shape

of Gd(OH)3:Eu prepared by the hydrothermal reaction

was retained after the dehydration into Gd2O3:Eu and a

difference of about 10 nm in the charge-transfer band

position was observed between Gd2O3:Eu nanorods and

microrods despite the same composition.16 When we applied

the similar technique to synthesize Gd(OH)3:Eu as a pre-

cursor for Gd2O3:Eu nanophosphor in the present work, a

strong pH dependence was observed in particle shape.

Various preparation methods have been developed to reduce

the reaction temperature and achieve a small particle size

of high quality Gd2O3:Eu phosphors.
17-20 However, the

majority of the cases has focused on the size and shape

distributions of the spherical or rod-shape particles. In this

paper, we describe a selectively controlled low-temper-

ature hydrothermal synthesis of Gd(OH)3:Eu at different

pHs and subsequent dehydration into Gd2O3:Eu in the

form of nanorods with different aspect ratios, nanowires,

nanospheres, and nanotubes. The photoluminescence charac-

teristics of corresponding Gd2O3:Eu phosphors were also

investigated as a function of morphology and heating

temperature.
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Experimental

Various nanostructures of Gd(OH)3:Eu (the molar ratio of

Eu3+ = 0.04) were synthesized at different pHs by using the

hydrothermal method. In a typical synthesis, 2.51 g (6.9

mmol) of Gd2O3 and 0.10 g (0.29 mmol) of Eu2O3 were

dissolved in 40 mL of 1.5 M HNO3 solution. After clear

solution was formed by uniform stirring, aqueous KOH (2.0

M) solution was added until the pH of solution was adjusted

to be in the range of 8-14 for the formation of colloidal

hydroxide precipitates. For the hydrothermal growth of

Gd(OH)3:Eu particles, the resulting colloidal mixture was

put into a Teflon-lined stainless steel autoclave with a capa-

city of 100 mL at room temperature. The autoclave was then

sealed and maintained at 120-180 oC for 12 h. The solution

was continuously stirred during the hydrothermal treat-

ment. After the reaction was completed, the solid product

Gd(OH)3:Eu was collected by filtration, washed with

distilled water, and dried at 40 oC. Subsequent dehydration

of Gd(OH)3:Eu by heating at 500 
oC for 5 h yielded

Gd2O3:Eu oxide. To maintain the morphology of Gd(OH)3:Eu,

the heating rate was controlled at 3  oC/min. In order to com-

pare the crystallization, morphology change, and lumine-

scence behaviors at different temperatures, the additional

heat treatments for all Gd2O3:Eu powders were successively

carried out at 700 and 800  oC for 5 h. 

The powder X-ray diffraction pattern was recorded on a

rotating anode installed diffractometer (18 kW). The Cu Kα

radiation used was monochromated by a curved-crystal

graphite. Field emission scanning electron microscopy (FE-

SEM) was carried out with a Hitachi S-4200 electron micro-

scope operating at 30 kV. Specimens for electron micro-

scope were coated with Pt-Rh for 180 s under vacuum.

Transmission electron microscopy (TEM) observations were

made with a Philips CM200 operating at 200 kV. High-

resolution transmission electron microscopy (HRTEM) was

carried out with a JEM3011 electron microscope operating

at 300 kV. The photoluminescence (PL) intensity of phos-

phors was measured at room temperature using a Hitachi F-

4500 spectrophotometer with a Xenon flash lamp. The

sample loaded on a powder holder provided by Hitachi (the

powder samples were not densely packed on this holder)

was mounted about 45o to the excitation and source for PL

measurement. All samples were analyzed with the same

weight and the same slit was used to measure the excitation

and emission spectra. The emission spectra were recorded

using maximum excitation wavelength. The excitation spectra

were measured at the emission wavelength of 610 nm with

maximum intensity. As a reference for the comparison of

relative intensities, the excitation and emission spectra of

commercial Y2O3:Eu were measured on the same condition. 

Results and Discussion

Several shapes of Gd(OH)3:Eu nanoparticles could be

synthesized by facile hydrothermal treatments of colloidal

Gd(OH)3:Eu. Thus, the shape selective synthesis of Gd(OH)3:

Eu from nanorods with considerably different aspect ratios

to nanowires, nanospheres, and nanotubes could be succe-

ssively achieved with increasing the pH of initial solution for

hydrothermal reaction from about 8 to 14. Although the

precipitates showing a layered-type morphology were also

obtained after hydrothermal treatment at pH < 7, such pro-

ducts showed an X-ray powder diffraction (XRD) pattern

quite different from that of Gd(OH)3. In general, the concen-

tration, pH, and temperature of solution strongly influence

the transport behavior of constituting ions and the growth

behavior of particles in solvothermal synthesis. Among

those parameters, the adjustment of pH for hydrothermal

reactions was found to play a key role in selectively control-

ling the morphology of Gd(OH)3:Eu nanostructures in our

work. In particular, KOH would have influence on the

nucleation and anisotropic growth of particles. Gd(OH)3:Eu

particles were obtained in the form of nanorods with large

diameters (low aspect ratios) at pH = 8-10, nanowires at pH

= 10-11, nanorods with small diameters (high aspect ratios)

at pH = 11-12, and the mixture of nanosheets, nanotubes,

and nanorods at pH > 13. It is also noted that the nanorods

and nanowires were prepared with higher aspect ratios and

more uniform morphologies at higher temperature but the

nanotubes were preferred at lower temperature. 

Figure 1 shows typical XRD patterns of the as-synthesized

Gd(OH)3:Eu from hydrothermal process at pH ~ 8, ~11, and

~13 and Gd2O3:Eu obtained after heat treatment at 500 
oC.

All the reflections can be indexed to the hexagonal (space

group P63/m) and the cubic (space group Ia3) phases for

Gd(OH)3:Eu and Gd2O3:Eu respectively, which are in good

agreement with the structure data in literatures.21-23 While

Gd(OH)3:Eu obtained at pH = 8.1 is well crystallized (Figure

1a), the increase of solution pH to 10.8 and 12.9 results in a

poorer crystallinity as evidenced by relatively weak and

broad X-ray diffraction intensity patterns (Figures 1b and 1c,

Figure 1. Powder X-ray diffraction patterns of Gd(OH)3:Eu
prepared by hydrothermal reaction at 180 oC and pH = (a) 8.1
(nanorods), (b) 12.9 (nanorods), and (c) 10.8 (nanowires) and (d)
Gd2O3:Eu obtained after dehydration at 500

oC. 
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respectively). The full-widths at half-maximum (FWHM) of

the (110), (101), (201) reflections of Gd(OH)3:Eu obtained

at pH = 8.1 are smaller than one half in comparison with

those obtained at pH = 10.8 and 12.9. Furthermore, it is of

particular interest that the relative intensities of (110) and

(101) diffractions for Gd(OH)3:Eu are significantly different

depending on the solution pH for hydrothermal synthesis.

The intensity ratios between (110) and (101) reflections of

the hydroxides prepared at pH = 8.1 and 12.9 are around 1.0

and 0.5, respectively (Figures 1a and 1b). Similar XRD

patterns were observed for Gd(OH)3:Eu oxides which were

prepared at different pHs other than 10.8 and the (110)/(101)

intensity ratios were typically in the range of 0.5-1.0. These

observations are consistent with the previously reported

results for Gd(OH)3 without Eu content.
13,14,24 In contrast,

such intensity ratio dramatically increased up to ~8 in the

XRD pattern of the hydroxide prepared at pH = 10.8 (Figure

1c). This would suggest that the (110) orientation is strongly

preferred for Gd(OH)3:Eu prepared at around this pH range.

As will be discussed in the next section, Gd(OH)3:Eu parti-

cles prepared at pH = 8.1 and 12.9 have a nanorod shape

while those prepared at pH = 10.8 show a nanowire shape.

Their high resolution transmission electron microscope

(HRTEM) images are compared in Figure 2 (The entire

images are introduced and discussed in Figures 6 and 8). The

fine fringes demonstrate that the as-synthesized Gd(OH)3:Eu

nanorods and nanowires are single crystalline. The spacing

between fringes along both the rod and wire axes is about

0.32 nm which is close to the interplanar spacing of the (110)

plane. This observation, coupled with the exceptionally high

(110)/(101) intensity ratio of nanowires, indicates that the

growth direction of Gd(OH)3:Eu from nanorods to nano-

wires is parallel to the (110) planes. Gd(OH)3 nanorods with

relatively high aspect ratios have been described as nano-

wires in the literatures.13 However, the (110)/(101) intensity

ratios in XRD patterns of those hydroxides were in the range

of 0.5-1.0, suggesting that they were not essentially nano-

wires. As far as we know, the XRD pattern of true Gd(OH)3:

Eu nanowires, in which the relative intensity of (110)

reflection is exceptionally high, would be observed for the

first time in the present work. 

To further understand the influence of pH on the particle

shape and size, we have compared the field emission

scanning electron microscopy (FE-SEM) and transmission

electron microscopy (TEM) images of the as-synthesized

Gd(OH)3:Eu and the dehydrated Gd2O3:Eu as a function of

pH of the initial solution for hydrothermal synthesis. 

pH ~ 8: Figure 3 shows FE-SEM images of Gd(OH)3:Eu

synthesized by hydrothermal reaction at pH = 8.1 and

Gd2O3:Eu obtained by subsequent heat treatment at 500 and

800 oC. It can be seen in Figure 3a that the as-synthesized

Gd(OH)3:Eu are composed of highly uniform nanorods. The

aspect ratio of nanorods is tunable by controlling the experi-

mental conditions of pH, temperature, and concentration

(see the next sections). After dehydrating this hydroxide to

Gd2O3:Eu at high temperatures up to 800 
oC, the nanorod

shape is completely retained as shown in Figures 3b and 3d.

Their average diameter and length from Figure 3c with

higher magnification are around 200 nm and 1-1.5 μm,

respectively. 

pH ~ 9: Figure 4a shows the morphology image of

Gd(OH)3:Eu synthesized at pH = 9.0. It is found that this

powder also consists of uniform rod-like particles. Compar-

ed with those obtained at pH = 8.1, the diameter of as-

synthesized Gd(OH)3:Eu nanorods is smaller but the length

of nanorods is longer when they were prepared at pH = 9.0.

As shown in Figures 4b and 4d, the nanorod structure is not

collapsed in Gd2O3:Eu oxide obtained after thermal dehy-

dration of the hydroxide at 500 and 800 oC. Their average

diameter and length from Figure 4c with higher magni-

fication are around 150 nm and 1.5-2 μm, respectively. 

pH ~ 10: During hydrothermal synthesis, we observed

that the higher the pH of starting solution is, the smaller

diameter of Gd(OH)3:Eu nanorods is induced. In contrast,

Figure 2. HRTEM photographs of Gd(OH)3:Eu prepared by
hydrothermal reaction at 180 oC. pH = (a) 12.9 (nanorods) and (b)
10.8 (nanowires).

Figure 3. FE-SEM photographs of (a) Gd(OH)3:Eu prepared by
hydrothermal reaction at 180 oC, pH = 8.1 and Gd2O3:Eu obtained
after dehydration at (b and c) 500 oC and (d) 800 oC. 
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the average length of the nanorods was increased so that the

aspect ratio of Gd(OH)3:Eu nanorods becomes higher with

the increase of solution pH at the same concentration and

reaction temperature. Figure 5 shows typical images of the

as-synthesized Gd(OH)3:Eu at pH = 10.1 and its dehydrated

oxide Gd2O3:Eu. Both compounds exhibit the nanorod

structures with average diameter of about 100 nm and length

of 3-4 μm. 

pH ~ 11: The maximal aspect ratios of Gd(OH)3:Eu and

Gd2O3:Eu particles were achieved in this pH range. The

typical FE-SEM and TEM images of Gd(OH)3:Eu synthe-

sized at pH = 10.8 by hydrothermal method are shown in

Figures 6a and 6b, respectively. It is evident from Figure 6a

that the as-synthesized Gd(OH)3:Eu is entirely composed of

uniform nanowires. Highly anisotropic growth to more uni-

form nanowires could be achieved by maintaining a higher

concentration of the precursors, typically by increasing the

amounts of Gd2O3 and Eu2O3 dissolved the initial HNO3

solution for hydrothermal synthesis. The temperature was

another factor affecting the growth of Gd(OH)3:Eu nano-

wires. Thus, no nanowires were induced below 120 oC and

the nanorods with high aspect ratio were obtained at 120-

160 oC. The growth of nanowires of several micrometers in

length could be achieved by raising the reaction temperature

above 160 oC under auto pressure in the autoclave. Figure 6b

with higher magnification suggests that the diameters of

nanowires are in the range of 20-30 nm and the lengths can

be up to several tens of micrometers. Single crystalline

nanowires of hydroxides and oxides have been extensively

studied.25-27 Their formations are related to the fact that the

growth rate along one crystallographic direction is signifi-

Figure 4. FE-SEM photographs of (a) Gd(OH)3:Eu prepared by
hydrothermal reaction at 180 oC, pH = 9.0 and Gd2O3:Eu obtained
after dehydration at (b and c) 500 oC and (d) 800 oC.

Figure 5. FE-SEM photographs of (a) Gd(OH)3:Eu prepared by
hydrothermal reaction at 180 oC, pH = 10.1 and Gd2O3:Eu obtained
after dehydration at (b and c) 500 oC and (d) 800 oC.

Figure 6. FE-SEM and TEM photographs of (a and b) Gd(OH)3:Eu
prepared by hydrothermal reaction at 180 oC, pH = 10.8 and
Gd2O3:Eu obtained after dehydration at (c and d) 500

oC, (e)
700 oC, and (f) 800 oC.
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cantly faster than along the other directions. As observed in

XRD pattern (Figure 1c) and HRTEM image (Figure 2b),

Gd(OH)3 nanowires are single-crystalline and the growth

direction of wire axis is along the (110) plane of the hexa-

gonal unit cell. 

By employing a hydrothermal route, uniform single-

crystalline KNbO3 nanowires have been obtained.
28 A poly-

mer-assisted hydrothermal synthesis of single crystalline

tetragonal perovskite PZT nanowires has also been carried

out.29 However, a direct hydrothermal synthesis of Gd2O3:

Eu oxide nanowires was unsuccessful in the present work

because of high stability of the hydroxide form at high pH

conditions. Instead, Gd2O3:Eu nanowires could be obtained

via dehydration of hydrothermally synthesized hydroxide

form. In Figures 6c and 6d, we showed the FE-SEM and

TEM images of Gd2O3:Eu nanowires converted by thermal

treatment of Gd(OH)3:Eu nanowires at 500 
oC. It is interest-

ing that the nanowire shape of the hexagonal hydroxide is

retained after the structural transformation into the cubic

oxide. The nanowire morphology of Gd2O3:Eu is maintained

even after heat treatment up to 700 and 800 oC as shown in

Figures 6e and 6f, respectively. 

pH ~ 12: Further addition of KOH solution to adjust the

pH to higher than 11 significantly reduced the aspect ratio of

Gd(OH)3:Eu particles to produce essentially nanorods. The

XRD pattern of this hydroxide was quite similar to Figure

1b, the (110)/(101) intensity ratio being close to 0.7. It was

suggested that the high OH− ion concentration is preferable

for the high aspect ratio but greatly reduce the ionic motion

for the one-dimensional growth.13 This would imply that an

optimal pH condition is required for the growth of true

nanowires with high aspect ratio. Figure 7a shows a FE-

SEM image of the as-synthesized Gd(OH)3:Eu powder by

hydrothermal reaction at pH = 12.1. Although the particle

shapes are uniform and wire-like, the aspect ratio is signifi-

cantly decreased in comparison with that of true nanowires

(Figure 6) prepared at pH = 10.8. The morphology images of

Gd2O3:Eu obtained by dehydrating this hydroxide also

exhibit the nanorod shapes (Figure 7b and 7d), indicating the

maintenance of morphology after thermal treatment at high

temperatures. The diameter and length of rigid nanorods

from Figure 7c are in the range of 20-30 nm and 2-3 μm,

respectively.

pH ~ 13: Compared with those prepared at lower pH

ranges, the morphology of Gd(OH)3:Eu obtained from hydro-

thermal reaction at pH ~ 13 strongly depends on the reaction

temperature; the formation of nanowires is not induced but

instead both nanorod and nanotube structures are in com-

petition in this pH range. The formation of nanorods with

low aspect ratio are preferred at higher than 160 oC while the

nanotubes are mainly obtained at lower than 140 oC. When

the hydrothermal reaction is carried out with the initial solu-

tion of pH = 12.9, the Gd(OH)3:Eu crystallites synthesized at

180 oC display the uniform morphology of nanorods with

Figure 7. FE-SEM photographs of (a) Gd(OH)3:Eu prepared by
hydrothermal reaction at 180 oC, pH = 12.1 and Gd2O3:Eu obtained
after dehydration at (b and c) 500 oC and (d) 800 oC.

Figure 8. FE-SEM and TEM photographs of (a) Gd(OH)3:Eu
prepared by hydrothermal reaction at 180 oC, pH = 12.9 and (b and
c) Gd2O3:Eu obtained after dehydration at 500

oC. TEM photo-
graphs of (d) Gd(OH)3:Eu prepared at 120

oC, pH = 12.9 and (e and
f) Gd2O3:Eu obtained after dehydration at 500

oC.
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20-30 nm in diameter and 200-300 nm in length (Figure 8a).

On the other hand, the mixture of nanorods, nanotubes, and

nanosheets is produced when Gd(OH)3:Eu is synthesized at

120 oC. Figure 8d shows that the nanotubes have outer

diameters less than 30 nm and lengths of 150-200 nm. The

nanorods have the aspect ratio smaller than that prepared

180 oC. Considering that the nanosheets are also observed,

the formation of sheet-structure is likely followed by the

formation of nanotubes at a lower temperature, which in turn

grows to more stable nanorods at a higher temperature. The

optimal condition to synthesize uniform nanotubes of

Gd(OH)3:Eu is strongly dependent on the concentration of

KOH and temperature. 

In contrast to the observations in other nanorods prepared

at lower pHs, the morphology of Gd(OH)3:Eu nanorods

obtained at this pH range was not retained after the thermal

transformation into Gd2O3:Eu. Figures 8b and 8c are the FE-

SEM and TEM images of Gd2O3:Eu obtained from heat

treatment of Gd(OH)3:Eu nanorods at 500 
oC. They are all

quasi-spherical nanoparticles with size of 30-60 nm. The

observed fine fringes are associated with the regular crystal-

line lattice. The spacings between fringes, 0.32, 0.27, and

0.20 nm are close to the interplanar spacing of the (220),

(400), and (440) plane of cubic cell, respectively. The origin

of collapse of this nanorod shape is not straightforward. If

we consider that the nanosheet, nanorod, and nanotube

morphologies are in competition for Gd(OH)3:Eu around

this pH range, such collapse would be attributed to a meta-

stable nanorod structure. 

Many different strategies for the synthesis and characteri-

zation of inorganic nanotubes have been reported extensive-

ly in the recent literature.30 In the majority of the cases, the

nanotube structures are induced by a rolling of single sheets

from the layered lattices. Some oxide nanotubes have been

synthesized by employing a hydrothermal technique. For

instance, the hydrothermal synthesis of single-crystalline α-

Fe2O3 nanotubes has been accomplished.
31 When the direct

synthesis of oxide nanotubes is difficult, a precursor prepar-

ed by hydrothermal reaction can be used under the appro-

priate conditions. Highly crystalline TiO2 nanotubes were

synthesized by hydrogen peroxide treatment of low crystal-

line TiO2 nanotubes prepared by hydrothermal methods.
32 In

particular, CeO2 nanotubes have been prepared by the con-

trolled annealing of the as-synthesized Ce(OH)3 nanotubes

from hydrothermal synthesis.33 A similar behavior was accord-

ingly expected for Gd(OH)3:Eu and we explored a thermal

dehydration of Gd(OH)3:Eu nanotubes to Gd2O3:Eu nano-

tubes. Unfortunately, Gd(OH)3:Eu nanotubes were collapsed

into spherical nanoparticles, no Gd2O3:Eu nanotubes being

obtained after dehydration at 500 oC. As shown in Figures

8e, relatively regular Gd2O3:Eu particles are all quasi-spheri-

cal and the average particle size is close to 10-40 nm. Obser-

vation of the fine fringes in Figure 8f supports a formation of

regular crystalline lattice. The nanotubes of cubic Gd2O3:Eu,

which is not a lamella structure, will require numerous de-

fects and twin orientation relationships, which is energeti-

cally unfavorable, during rearrangement for the structural

transformation. The difference in strain and curvature bet-

ween the outer and inner surfaces of nanotubes can induce a

different contraction tensions around defects and twins. This

torsion would consequently lead to a collapse of tube struc-

ture with increasing temperature.

pH ~ 14: The hydrothermal reaction at this pH range

resulted in Gd(OH)3:Eu nanorods with low aspect ratios.

This hydroxide was not well crystallized and the rod shape

was not completely retained after thermal dehydration into

Gd2O3:Eu. Instead, the mixture of nanospheres and nanorods

was obtained.

It is generally expected that the highly anisotropic shapes

of nanoparticles would collapse when they transform into a

different structure of phase by heat treatment.34 In this

respect, it is noted that the nanorods with large diameters and

nanowires of Gd(OH)3:Eu are retained after the transfor-

mation into Gd2O3:Eu structure by heat treatment up to 800
oC. The structural transformation from hexagonal Gd(OH)3:

Figure 9. (a) PL emission spectra of Gd2O3:Eu obtained after
dehydration of Gd(OH)3:Eu at 800

oC. PL emission spectrum of
commercial Y2O3:Eu is also compared as a reference. (b) Com-
parison of the relative PL emission intensity of Gd2O3:Eu phos-
phors obtained after heat treatment for 5 h as a function of the
solution pH for the hydrothermal synthesis. All intensities were
measured as values relative to that of commercial Y2O3:Eu.
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Eu to cubic Gd2O3:Eu proceeds through the formation of

intermediate monoclinic GdOOH:Eu. If we consider that the

single-crystalline character of Gd(OH)3 nanorods are retain-

ed in GdOOH,35 a sequential transformation from hexagonal

to monoclinic and finally to cubic structure, rather than an

abrupt transformation, could be responsible for the main-

tenance of anisotropic rod- and wire-shapes in Gd2O3:Eu.

The hydrothermal method for the synthesis of Gd(OH)3:Eu

consequently provides a selective route to the nanostructures

of red-emitting Gd2O3:Eu phosphor. In contrast, no shape

was retained in the mixture of nanosheets, nanotubes, and

nanorods obtained at high pH range but the spherical

morphologies were mainly induced after dehydration into

Gd2O3:Eu. A competition of three morphologies would lead

to an unstable nanostructure which is easily collapsed during

conversion from Gd(OH)3:Eu to Gd2O3:Eu at high temper-

ature.

The optical characteristics and performances of nano-

meter-sized phosphor materials are generally dependent on

their size and morphologies. Therefore, the effect of morpho-

logy on the photoluminescence (PL) intensity of Gd2O3:Eu

phosphor was examined in an attempt to provide an insight

for a particle shape of the oxide nanophosphor with high PL

efficiency. Indeed, several repeated measurements of the

photoemission spectra of Gd2O3:Eu with different aspect

ratios supported that a systematic difference in PL intensity

is induced as a function of the morphology of Gd2O3:Eu

particles. Figure 9a compares the PL emission spectra of

Gd2O3:Eu phosphors as a function of the pH value at which

corresponding hydroxide precursors were synthesized by

hydrothermal reaction. For comparison, the emission inten-

sity measured from a commercial Y2O3:Eu is also plotted as

a reference in the figure. The intense emission at 610 nm is

associated with the 5D0-
7F2 transition of the Eu

3+ ion.36 As

shown in this figure, Gd2O3:Eu oxide from the hydroxide

prepared at pH = 8.1 exhibits strong emission whose inten-

sity is close to 90% in comparison with that of commercially

available Y2O3:Eu. It is noted that the commercial Y2O3:
 Eu

phosphor is generally sintered at temperature above 1300 oC.

An adoption of hydrolysis technique using urea for the

synthesis of Y2O3:
 Eu also requires the firing temperature of

1150-1400 oC to achieve an optimum luminescent proper-

ty.37-39 It is accordingly notable that the emission intensity of

Gd2O3:Eu nanorods obtained at 800 
oC is comparable with

that of commercial Y2O3:
 Eu. In Figure 9b, the pH dependent

PL intensities of Gd2O3:Eu phosphors, which were obtained

from several repeated measurements, are summarized as a

function of the dehydration temperature of corresponding

hydroxide precursors. The emission intensity of Gd2O3:Eu

exhibits a minimum value when the pH for hydrothermal

synthesis of the hydroxide increases. The aspect ratio of

Gd(OH)3:Eu (or Gd2O3:Eu) is enhanced with increasing the

solution pH from ~8 to ~11 that is the optimal for the

formation of nanowires. In contrast, the PL emission inten-

sity of Gd2O3:Eu is monotonically reduced with increase of

the aspect ratio in this pH range. The lowest emission is

observed with the nanowires (pH ~ 11) of the highest aspect

ratio. The intensity of Gd2O3:Eu nanowires obtained after

dehydration at 800 oC is close to 70% in comparison with

that of commercial Y2O3:Eu. When pH > 11, the aspect ratio

of Gd2O3:Eu nanorods is decreased again and then the PL

emission intensity is enhanced. 

Correlating the particle morphology to PL behavior, the

emission intensity of Gd2O3:Eu decreases when the aspect

ratio becomes larger. One of the origins for such a corre-

lation could be a difference in the surface area of particles.

The surface defects would be expected to increase as a

consequence of higher aspect ratios, giving rise to larger

surface area of crystallites. Some of these defects may act as

nonradiative recombination centers and therefore, can be a

reason for a decrease of the emission intensity observed in

higher aspect-ratio-particles. However, the observation that

the emission intensity of nanowires is lower than that of

spherical nanoparticles with larger surface area is not in

agreement with this behavior. Compared with well crystalli-

zed nanospheres (Figures 8c and 8f), the high concentration

of stacking faults and twins in the surface of nanowires

could results in the lower PL intensity. Furthermore, the

optimum Eu activator concentration could be dependent on

the particle shape with nanometer size. The determination of

concentration quenching range and the surface modifications

are in progress for Gd2O3:Eu nanowires. 

Conclusion

Variable-aspect-ratio, single-crystalline, and one-dimen-

sional nanostructures (nanorods and nanowires) of red-

emitting Gd2O3:Eu phosphor were prepared by selective

hydrothermal synthesis of Gd(OH)3:Eu at different pHs and

subsequent dehydration at high temperatures. In particular,

this method for the synthesis of Gd2O3:Eu nanowires is quite

simple and facile. No catalyst is required to serve as the

energetically favorable site for the absorption of reactants.

No template is added to direct the growth of nanowires. The

aspect ratios of phosphor particles are tunable by simply

adjusting the pH of the initial solution for hydrothermal

synthesis of Gd(OH)3:Eu. A significant change of the aspect

ratio strongly affects the photoluminescence efficiency of

Gd2O3:Eu phosphor. Thus, the selective control of Gd(OH)3:

Eu morphology provides a strategy for the selective control

of one-dimensional oxide nano-phosphor Gd2O3:Eu. 
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