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Various morphologies of Eu3+ activated gadolinium oxide have been prepared by hydrothermal method
using hexadecylamine (HDA) as surfactant at different experimental conditions. The powder X-ray dif-
fraction studies reveal as-formed product is hexagonal Gd(OH)3:Eu3+ phase and subsequent heat treat-
ment at 350 and 600 �C transforms to monoclinic GdOOH:Eu3+ and cubic Gd2O3:Eu3+ phases
respectively. SEM pictures of without surfactant show irregular shaped rods along with flakes. However,
in the presence of HDA surfactant, the particles are converted into rods of various sizes. The temperature
dependent morphological evolution of Gd2O3:Eu3+ without and with HDA surfactant is studied. TEM
micrographs of Gd(OH)3:Eu3+ sample with HDA confirms smooth nanorods with various diameters in
the range 20–100 nm. FTIR studies reveal that HDA surfactant plays an important role in conversion of
cubic to hexagonal phases. Among these three phases, cubic phase Gd2O3:Eu3+ (kex = 254 nm) show red
emission at 612 nm corresponding to 5D0 ?

7F2 and is more efficient host than the monoclinic counter-
part. The band gap for hexagonal Gd(OH)3:Eu3+ is more when compared to monoclinic GdOOH:Eu3+ and
cubic Gd2O3:Eu3+.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Rare earth compounds are an important family of inorganic
material that have been widely used as luminescent devices, cata-
lysts, magnetic materials, flourescent labels for biological detection
and other functional materials based on the electronic, optical and
chemical characteristics resulting from their unique 4f electron
configuration [1–5]. Gd2O3 show good luminescent properties
when doped with rare earth ions (Eu3+) and it is an ideal system
for fundamental research such as energy transfer from Gd3+ to
Eu3+. Especially cubic Gd2O3:Eu3+ has widely used as X-ray scintil-
lator materials plasma display panel (PDP), flat panel displays,
projection televisions etc. Gd2O3 is a versatile material with high
application potential in several technological fields (photonics)
due to its transparency from visible to near-infrared region.

Gd2O3:Eu3+ exhibits strong paramagnetic behavior (S = 7/2) as
well as strong UV and cathode ray excited luminescence, up con-
version behavior when it is doped with Sm3+, Er3+ and also as an
efficient Thermoluminescence (TL) phosphor. Various chemical
methods are used for the preparation of rare earth oxides includ-
ing combustion [6], solvothermal [7], wet chemical approach [8],
microwave [9] etc. sometimes the final product obtained from
these methods show mixed phases and cannot achieved direct
phase. In recent years, hydrothermal method is widely used to
prepare the nanostructure materials because of its simplicity,
high efficiency [10,11]. The synthesis of these nanostructures is
based on the subsequent hydrothermal treatment at a designated
temperature. To the best of our knowledge, various phases of
gadolinium oxide using HDA surfactant are very limited. In the
present study, we have investigated effect HDA surfactant on
luminescence properties of Eu3+ doped Gd(OH)3, GdOOH and
Gd2O3.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2013.10.121&domain=pdf
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Fig. 2. (A) PXRD patterns of Gd(OH)3:Eu3+ prepared by without HDA (a) commercial
Gd2O3, (b) as-formed, (c) calcined at 350 �C and (d) calcined at 600 �C and (B) With
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2. Experimental

2.2. Synthesis of Eu3+ doped Gd(OH)3, GdOOH and Gd2O3 nanorods with and without
HDA surfactant

The Gd(OH)3:Eu3+ (4 mol%) is synthesized by hydrothermal method at 120 �C
for 24 h, maintained �12 pH. All the chemical reagents used in the present
experiments are obtained from commercial sources. In a typical synthesis, the
stoichiometric amounts of Gd2O3 and Eu2O3 [2.51 g (6.9 m mol) of Gd2O3 and
0.10 g (0.29 m mol) of Eu2O3] are dissolved in 1:1 HNO3. A clear solution is obtained
after uniform stirring and thereafter the solution is heated on the sand bath to evap-
orate excess HNO3. The aqueous KOH (1.0 N) solution is added into the mixture
until the pH of solution is adjusted to �12. The addition of KOH solution to adjust
the pH to be higher than 11 significantly reduces the aspect ratio of Gd(OH)3:Eu3+

particles to produce essentially nanorods [12]. It is suggested that the high OH� ion
concentration is preferably for one-dimensional growth [13]. This would imply that
an optimal pH condition is required for the growth of true nanorods with high as-
pect ratio. The resulting colloidal mixture is put into a Teflon-lined stainless steel
autoclave with a capacity of 60 mL. The autoclave is then sealed and maintained
at 120 �C for 24 h and thereafter naturally cooled to room temperature. A white
solid product of Gd(OH)3:Eu3+ is collected by filtration and washed several times
with distilled water and ethyl alcohol and then dried at 80 �C. Subsequent dehydra-
tion of Gd(OH)3:Eu3+ by heat treatment at 350 and 600 �C for 3 h results in
monoclinic GdOOH:Eu3+ and cubic Gd2O3:Eu3+, respectively. Further, the effect of
HDA (0.0241 g; 1 mol%) surfactant on each phase is studied by maintaining similar
synthesis conditions (120 �C for 24 h) as well as heat treatments. HDA is a cationic
surfactant and it plays a key role in controlling the growth and production of Gd2O3

nanorods. The growth process of Gd2O3 in the presence of HDA is different when the
surface tension of solution is reduced to the existence of surfactant, which lowers
the energy needed for the formation of a new phase. HDA is anionic compound,
which ionizes completely in water. Fig. 1 shows the flow chart for the synthesis
of different phases of Eu3+ activated Gd(OH)3, GdOOH and Gd2O3 nanorods by the
hydrothermal method with and without HDA surfactant.

2.3. Instruments used

The phase purity of the nanophosphors is examined by powder X-ray diffrac-
tometer (PXRD) (PANalytical XPert Pro) using Cu Ka radiation (k = 1.5405A) with
a nickel filter to estimate the crystallinity of the phases. The surface morphology
of the samples have been examined using Scanning electron microscopy (JEOL
JSM 840A) by sputtering technique with gold as covering contrast material. Trans-
mission Electron Microscopy (TEM) analysis is performed on a Hitachi H-8100
(accelerating voltage up to 200 kV, LaB6 filament) equipped with EDS (Kevex Sigma
TM Quasar, USA). The UV–Vis spectra have been recorded on a UV-3101 Shimadzu
spectrometer. The photoluminescence studies have been carried out using a
Perkin–Elmer LS-55 luminescence spectrophotometer equipped with Xe lamp
(excitation wavelength 250 nm). Raman spectroscopic studies have been performed
using a Renishaw In-via Raman spectrometer equipped with a CCD (charge coupled
device) with 633 nm (He–Cd laser power set at 30 mW) and a Leica DMLM optical
microscope.
Fig. 1. Flow chart for the synthesis of Gd2O3:Eu3+(HDA).

HDA (a) as-formed, (b) calcined at 350 �C and (c) calcined at 600 �C for 3 h.



10 20 30 40 50 60 70 80

In
te

ns
ity

 (a
.u

)

2θ (degree)

(a) 120 0C

With HDA

(b) 150 0C

(c) 180 0C

(d) 210 0C
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Fig. 4. SEM micrographs of (a) Gd(OH)3:Eu3+, (b) GdOOH:Eu3+ and (c) Gd2O3:Eu3+ prepare
with HDA for 24 h.
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3. Results and discussion

The PXRD patterns of commercial Gd2O3 (Fig. 2A(a)) along with
different phases of Eu3+ activated gadolinium (Gd(OH)3; GdOOH
and Gd2O3) without HDA surfactant is shown in (Fig. 2A(b–d))
respectively. The as-formed product shows hexagonal Gd(OH)3:-
Eu3+ which is consistent with the standard JCPDS file No.
83–2037. Upon heat treatment at 350 �C, PXRD patterns shows
mixed phase of monoclinic GdOOH (JCPDS file 43-1015) and
further heat treatment at 600 �C show, pure cubic phase Gd2O3:-
Eu3+ (JCPDS file 86-2477).

Fig. 2B (a–c) shows the PXRD patterns of Gd(OH)3:Eu3+,
GdOOH:Eu3+, Gd2O3:Eu3+ in the presence of HDA surfactant respec-
tively. The PXRD patterns of as formed samples show some addi-
tional impurity peaks of Eu(OH)3 around 21.7� and 22.9� in
Gd(OH):Eu3+ and GdOOH:Eu3+ phases and 27.5�, 31.6�, 39.55�,
45.63� in Gd2O3:Eu3+ phase which are due to HDA surfactant. The
PXRD patterns of cubic Gd2O3:Eu3+ with HDA at different synthesis
temperatures (120–210 �C) is studied as shown in Fig. 3. It is
observed that the HDA impurities still remains at 120 �C for 24 h.
However, with increase of synthesis temperature 150 �C and
d without HDA and (d) Gd(OH)3: Eu3+, (e) GdOOH: Eu3+ and (f) Gd2O3: Eu3+ prepared
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180 �C, HDA impurity peaks are completely disappear. With fur-
ther increase in synthesis temperature to 210 �C a pure hexagonal
phase is obtained (Fig. 3d).

Fig. 4(a–c) shows SEM micrographs of Gd(OH)3:Eu3+,
GdOOH:Eu3+ and Gd2O3:Eu3+ phases respectively, maintained at
120 �C for 24 h. It can be seen from the micrographs that the par-
ticles are fused and agglomerated in as-formed samples. However,
when HDA is added to the respective phases (Fig. 4(d–f)) agglom-
eration is almost retained in Gd(OH)3:Eu3+ phase and for other two
phases, agglomeration is reduced with more irregular shaped
tapered end nanorods are observed. The temperature dependent
(120–210 �C for 24 h) morphological evolution of Gd2O3:Eu3+ with
HDA is investigated by SEM and the images are shown in Fig. 5(a–
d). The nanorods of irregular shape, branching with sharp tips,
have been observed. As the temperature is raised to 180 �C for
24 h (Fig. 5a–c), nanorods of smooth and uniform diameter with
varying lengths from 100 to 150 nm have been obtained. In this
condition sharp edges are almost completely decomposed. At
210 �C for 24 h (Fig. 5d), the nanorods obtained are non-uniform
and irregular in shape. In the present investigation, hydrothermal
temperature of 180 �C for 24 h (Fig. 5c) is more suitable to obtain
the smooth uniform nanorods.

Fig. 6 shows the typical TEM image of the Gd(OH)3:Eu3+ phos-
phors with HDA. The Gd(OH)3:Eu3+ nanorods exhibit relatively
straight, smooth surface and the diameter varies in the range of
20–100 nm with different lengths. FTIR spectra of Gd(OH)3:Eu3+

without HDA is shown in Fig. 7A. The absorption peaks of H2O at
3410 cm�1 and OH groups are observed at 703 and 3616 cm�1

[14]. The CO2�
3 anion groups are observed at �1374 and

�1586 cm�1, which indicate that the precursor might be hydroxyl
carbonate. In GdOOH:Eu3+ (Fig. 7A(c)) phase, the absorption peaks
of H2O at 3410 cm�1 and the CO2�

3 anion groups at 1498, 1383, 847
and 694 cm�1 have been observed. The strong absorption peak
Fig. 5. SEM micrographs of cubic Gd2O3:Eu3+ (with HDA) at
near 540 cm�1, which is associated with the vibration of the
Gd–O bond and the absorption peaks of H2O at 3410 cm�1. The
CO2�

3 anion group is observed at 1489 cm�1. Fig. 7B(a) and (b) show
the FTIR spectra of Gd(OH)3:Eu3+ and GdOOH:Eu3+ with HDA,
respectively. It is noted that there is no change in the Gd(OH)3:Eu3+

and GdOOH:Eu3+ phases after HDA, surfactant is added. Further, it
is observed that HDA surfactant plays an important role in convert-
ing cubic Gd2O3:Eu3+ to hexagonal Gd(OH)3:Eu3+ (Fig. 7B(c)).

Raman spectroscopy is a very powerful tool for characterizing
nanomaterials because it is in situ and nondestructive method. Ra-
man spectra of hexagonal Gd(OH)3:Eu3+, monoclinic GdOOH:Eu3+

and cubic Gd2O3:Eu3+ along with commercial Gd2O3 has been
shown in Fig. 8(a-d). According to factor group analysis [15], there
are 21 Raman bands in monoclinic phase, 10 active Raman bands
for hexagonal and 22 Raman active bands in cubic phase [16] is
predicted. The wavenumbers and the corresponding assignments
are reported in Table 1. These Raman bands have been well compa-
rable to those studied by different authors [17–19]. However, we
have observed �306, 385 and 488 cm�1 clear bands for hexagonal
phase. Around 900 cm�1 for monoclinic phase and �300, 361, 415,
441 and 481 cm�1 for cubic phase. The difference between the
number of observed and predicted wavenumbers for these phases
have been attributed to some weaker features which are not well
defined in the Raman spectrum.

Fig. 9A and B show the UV–Vis absorbance spectra of without
and with HDA hexagonal Gd(OH)3:Eu3+, monoclinic GdOOH:Eu3+

and cubic Gd2O3:Eu3+ respectively. A prominent absorption peak
at 245 nm is observed in all the phases. The weak absorption peak
in hexagonal Gd(OH)3:Eu3+ is shifted from 284 to 292 nm. The max-
imum absorption, which can be due to transition between valence
band to conduction band [20]. The weak absorption in the UV–vis-
ible region is expected to arise from transitions involving extrinsic
states such as surface traps or defect states or impurities [21].
(a) 120 �C, (b) 150 �C, (c) 180 �C and (d) 210 �C for 24 h.
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Table 1
Raman assignments for hexagonal Gd(OH)3:Eu3+ and cubic Gd2O3:Eu3+.

Phase Wavenumbers (cm�1) Assignment

Hexagonal 306, 385, 488 Ag

Cubic 300, 361, 415, 441, 481 Fg + Eg
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The optical band gap energy (Eg) (Fig. 10A and B) has been esti-
mated by the method proposed by Wood and Tauc [22]. The optical
band gap is associated with absorbance and photon energy by the
following equation:

E / Aðhm� EgÞk ð1Þ

where A – absorbance, h – Planck constant, t – frequency, Eg – opti-
cal band gap and k is a constant associated to the different types of
electronic transitions (k = 1/2, 2, 3/2 or 3 for direct allowed, indirect
allowed, direct forbidden and indirect forbidden transitions, respec-
tively). According to the literature [23], the oxides are characterized
by an indirect allowed electronic transition and hence, the k = 2
value is used as standard in Eq. (1). Thus, the Eg values have been
evaluated by extrapolating the linear portion of the curve or tail
[(hta)1/k = 0] in the UV–Vis absorbance spectra. The optical energy
band gap for commercial Gd2O3, hexagonal Gd(OH)3: Eu3+, mono-
clinic GdOOH:Eu3+ and cubic Gd2O3:Eu3+ without HDA is found to
be 5.38, 5.68, 5.55, and 5.46 eV respectively and with HDA it is
found to be 5.93, 4.83 and 5.41 for hexagonal Gd(OH)3:Eu3+, mono-
clinic GdOOH:Eu3+ and cubic Gd2O3:Eu3+ respectively. These values
are well matched to those reported in literature [24]. It is observed
that Eg value corresponding to Gd(OH)3:Eu3+ phase is more when
compared to other two phases. This variation in energy gap might
be attributed to different Gd2O3 oxide phases. Further, these varia-
tions in Eg can be related to the degree of structural order–disorder
into the lattice, which is able to change the intermediary energy
level distribution within the band gap.

The excitation spectra of without and with HDA surfactant of
Gd2O3:Eu3+ is shown in Fig. 11. The peak near 254 nm in the exci-
tation spectra of Gd2O3:Eu3+ without HDA is known as the charge
transfer (CT) peak which attributes to the transition from O2� 2p
state to Eu3+ 4f state [25]. The broad peak at 235 nm originates
from the excitation of Gd2O3 host lattice (HL). However, with
HDA Gd2O3:Eu3+, a single broad peak at 240 nm is observed. It is
observed that HL peak in with HDA surfactant is shifted to
�5 nm when compared to without HDA samples. However, the
CT peak is completely disappears with HDA surfactant. The HL
and CT peaks of the with HDA samples are improved distinctly in
comparison with that of without HDA samples.

Fig. 12 A and B shows the PL emission spectra of without and
with HDA of Gd(OH)3:Eu3+, GdOOH:Eu3+ and Gd2O3:Eu3+ phases un-
der 254 nm excited wavelength respectively. The Photolumines-
cence spectra of Gd2O3:Eu3+ with HDA at different temperature
are shown in Fig. 13. A weak and broad emission peaks in the range
600–650 in Gd(OH)3:Eu3+ and monoclinic GdOOH:Eu3+ phases.
However in the case of cubic Gd2O3:Eu3+ a series of well developed
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emission peaks at 485, 533, 595, 611, 623, 649 nm are observed.
Further same excitation wavelength is used for with HDA
(1 mol%) samples. It shows similar emission peaks. The emission
peaks for 5D0 ?

7F2 transition is consistent with the hexagonal
Gd(OH)3:Eu3+ [26]. The emission lines in cubic Gd2O3:Eu3+ corre-
sponding to transition from 5D0 ?

7FJ (J = 0–4) manifolds of Eu3+.
The 5D0 ?

7FJ emission is a very sensitive for the crystal field around
the Eu3+ sites. The Eu3+ 5D0 ?

7F1,3 is an allowed magnetic dipole
transition, where as Eu3+, 5D0 ?

7F2,4 is a forbidden electric dipole
transition. However, this selection rule can be related when Eu3+

is placed in a host lattice lacking in inversion symmetry such as
Gd2O3. It is well known that in a cubic Gd2O3 lattice has C2 or C3i

(or S6) sites for rare earth doping [27]. Because the rare earth ion
occupying C3i site possesses a centre of inversion symmetry, the
5D0 ?

7F2.4 optical transition is strictly forbidden. Therefore, the
dominant 5D0 ?

7F1.3 rare earth emission lines originate from
forced electric dipole transitions of the ion occupying C2 sites
(where there is a lack of inversion symmetry) and from allowed
magnetic-dipole transitions. Specifically, the forced electric dipole
transitions for Eu3+ (5D0 ?

7F2.4) are hypersensitive to the host crys-
tallographic symmetry [28]. Monoclinic Gd2O3: Eu3+ is known to
have three nonequivalent Cs crystallographic sites for a rare earth
ion doping [29]. Thus Eu3+ ions in different Gd2O3 crystal structures
are expected to show different emission lines. The differences in the
PL emission spectra of cubic versus monoclinic Gd2O3 lattice have
been reported by various authors in thin films [30] and nanocrystal-
lites [31]. The Eu 3+ ion occupy Gd3+ site in the doped Gd2O3 samples,
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resulting in the hypersensitive 5D0 ?
7F2 (DJ = 2) transition being

the most prominent one in its emission spectrum. The intensity of
the magnetic dipole transition (5D0 ?

7F1) hardly changes with
the crystal field strength around the Eu3+ ion, while the intensity
of hypersensitive electric dipole allowed transition (5D0 ?

7F2) is
highly sensitive to structural changes and environmental effects
in the vicinity of the Eu3+ ions.

It should be noted that the PL peaks of Gd(OH)3:Eu3+ nanorods are
broaden as compared to those from cubic Gd2O3:Eu3+. This broaden-
ing may result from the fact that a larger fraction of the Eu3+ ions will
sit on the nanocrystals surface. The surface Eu3+ ions should possess
a different disordered environment, which leads to inhomogeneous
broadening of the emission peaks. The PL emission intensity is ob-
served to be higher in Gd2O3:Eu3+ when compared to other two
phases. This is attributed to different crystal structures. Since, cubic
Gd2O3 is known to be much more efficient host system for red emit-
ting Eu3+ ion doping than the monoclinic counterpart. Another
significant effect for low emission intensity is the surface states.
Due to tiny dimensions of Gd2O3:Eu3+ nanocrystals, it is possible
to speculate that surface states would play a considerable role in
luminescence excitation energy which can be readily captured and
quenched by surface states, leading to non-radiative relaxation.
4. Conclusions

Hexagonal Gd(OH)3:Eu3+, monoclinic GdOOH:Eu3+ and cubic
Gd2O3:Eu3+ nanorods have been successfully synthesized by with-
out and with HDA successfully by hydrothermal technique. FTIR
studies reveal that HDA surfactant plays an important role in
conversion of cubic to hexagonal phases. It is observed in presence
of HDA surfactant, the particle is converted into rods of various
sizes. TEM micrographs of Gd(OH)3:Eu3+ sample with HDA con-
firms smooth nanorods with various diameters in the range
20–100 nm. The effect of surfactant (HDA) on luminescence prop-
erties of various phases of Eu3+ doped Gd(OH)3, GdOOH and Gd2O3

have been evaluated. It is observed that the optical band gap of
Gd(OH)3:Eu3+ phase is more when compared to other two phases.
These variations in optical band gap can be related to the degree of
structural order–disorder into the lattice, which is able to change
the intermediary energy level distribution within the band gap.
The PL emission intensity is observed to be higher in Gd2O3:Eu3+

when compared to other two phases. It should be noted that the
PL peaks of Gd(OH)3:Eu3+ nanorods are broaden as compared to
those from cubic Gd2O3:Eu3+. This broadening may result from
the fact that a larger fraction of the Eu3+ ions will sit on the nano-
crystals surface. It is concluded that cubic Gd2O3 is known to be
much more efficient host system for red emitting Eu3+ ion doping
than the monoclinic counterpart. These studies reveal that Gd2O3

is a versatile material with high application potential in several
technological fields (photonics).
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