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a b s t r a c t

Spherical and rod like nanocrystalline Nd2O3 phosphors have been prepared by solution combustion and
hydrothermal methods respectively. The Powder X-ray diffraction (PXRD) results confirm that hexago-
nal A-type Nd2O3 has been obtained with calcination at 900 ◦C for 3 h and the lattice parameters have
been evaluated by Rietveld refinement. Surface morphology of Nd2O3 phosphors show the formation of
nanorods in hydrothermal synthesis whereas spherical particles in combustion method. TEM results also
confirm the same. Raman studies show major peaks, which are assigned, to Fg and combination of Ag + Eg
ey words:
hosphors
d2O3: SEM
EM
aman

modes. The PL spectrum shows a series of emission bands at ∼326–373 nm (UV), 421–485 nm (blue),
529–542 nm (green) and 622 nm (red). The UV, blue, green and red emission in the PL spectrum indicates
that Nd2O3 nanocrystals are promising for high performance materials and white light emitting diodes
(LEDs).

© 2010 Elsevier B.V. All rights reserved.

RD
ptical properties

. Introduction

Neodymium oxide (Nd2O3) is widely used in various appli-
ations such as luminescent materials, catalyst for automotive
ndustry, UV absorbent, glass-polishing material and protective
oatings [2–4]. Rare earth sesquoxides exist in three different struc-
ural types depending on the ionic radii of the rare earth ion. Those
ith larger cations form hexagonal (A-type) with seven coordi-
ated polyhedron while those with smaller cations form cubic

attice (C-type) with both seven and six coordinated polyhedron
n the ratio of 2:1 [1].
Literature survey reveals that most of the phosphor materi-
ls are produced by high temperature solid state synthesis and
aving low surface area, large particle size, inhomogeneous, pres-
nce of large defects, which are harmful to luminescence [5]. All
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reechakra72@yahoo.com, chakra72@gmail.com (R.P.S. Chakradhar).

1 Scientist, CSIR-NAL, Bangalore 560 017, india.
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the above-mentioned problems can be mitigated by the use of
wet chemical methods (combustion and hydrothermal). Solution
combustion is one of the wet chemical methods, which produces
nano sized powder using an exothermic reaction between metal
nitrates and an organic fuel. This method has several advantages
including process simplicity, high purity and cheap sources; besides
the desired product can be prepared in large scale in nanome-
ter size [6–8]. On the other hand, in hydrothermal synthesis, an
aqueous solvent is used as a reaction medium, which is envi-
ronmentally friendly and the reaction is carried out in a closed
system. Powders with different microstructure, morphology and
phase composition can be obtained in hydrothermal method by
varying parameters such as temperature, pressure, duration of
process, concentration of chemical species, concentration of solu-
tion and pH of solution [9–11]. Nano sized Nd2O3 have been
prepared by various methods, such as sol–gel [12], hydrother-

mal synthesis [13], micro emulsion [14], sol–gel auto combustion
[15]. Hardly any work has been carried out on solution combus-
tion and hydrothermally prepared Nd2O3 phosphor materials [16].
We report here results of the structure, microscopy and spec-
troscopy studies on spherical and rods like nanocrystalline Nd2O3

dx.doi.org/10.1016/j.jallcom.2010.09.143
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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the elevated temperature during combustion reaction.

Nd2O3 + CO2 → Nd2O(CO3)2 (2)
ig. 1. PXRD patterns of Nd2O3 (a) as formed (combustion synthesis); (b) calcinated
t 900 ◦C (combustion synthesis); (c) as-formed (hydrothermal synthesis) and (d)
alcinated at 900 ◦C (hydrothermal synthesis).

hosphors prepared by solution combustion and hydrothermal
ethods.

. Experimental

.1. Synthesis of Nd2O3 nano phosphors

An aqueous solution containing stoichiometric amounts of analar grade
eodymium nitrate (Nd(NO3)3) and oxalyl dihydrazide (C2H6N4O2; ODH) fuel were
issolved in a minimum quantity of doubled distilled water in a cylindrical Petri dish
f approximate 150 ml capacity. ODH was used as a fuel in the combustion synthesis
nd it is prepared in our laboratory by the reaction of diethyl oxalate and hydrazine
ydrate as described in the literature [17]. The mixture was dispersed well using a
agnetic stirrer for about 5 min. A Petri dish containing the heterogeneous mixture
as placed in a pre-heated muffle furnace maintained at 400 ± 10 ◦C. The reaction
ixture initially undergoes thermal dehydration followed by ignition with liber-

tion of large gaseous products such as oxides of nitrogen and carbon. Finally, a
oluminous and foamy greenish product has been obtained.

Theoretical equation assuming complete combustion of the redox mixture used
or the synthesis of Nd2O3 phosphor may be written as:

Nd(NO3)3 + C2H6N4O2 → Nd2O3 + 2CO2 + 10N2 + 3H2O (1)

n the hydrothermal synthesis, Nd2O3 was dissolved in 1:1 HNO3 and heated on a
and bath to obtain a clear solution. The aqueous NaOH (1 N) solution was added
rop wise until the pH is adjusted to 11. The solution was transferred in a stainless
teel autoclave of about 60 ml capacity and kept in an oven maintained at 200 ◦C
or 24 h. After 24 h the autoclave was taken out from the oven and cooled to room
emperature. A white solid product was deposited at the bottom of the autoclave.
his white solid product has been collected by filtration, washed with distilled water
nd alcohol several times and then dried at 80 ◦C. The final product obtained in both
he methods was further heat treated at 900 ◦C for 3 h and used for characterization.

.2. Instruments used

The powder X-ray diffraction studies have been carried out using Phillips X-ray
iffractometer (model PW 3710) with CuK� radiation (� = 1.5405 Å). The average
rystallite size (d) was calculated from the diffraction line width based on Scherer’s
ormula d = 0.9�/ˇ cos �, where � is the wavelength of X-rays and ˇ is the full width at
alf maximum (FWHM). The surface morphology of the samples has been examined
sing Scanning electron microscopy (JEOL JSM 840A) by sputtering technique with
old as covering contrast material. Transmission Electron Microscopy (TEM) anal-
sis was performed on a Hitachi H-8100 (accelerating voltage up to 200 kV, LaB6

lament) equipped with EDS (Kevex Sigma TM Quasar, USA). The UV–vis spectra
ere recorded on a UV-3101 Shimadzu Visible spectrometer. The photolumines-

ence studies have been were carried out using a Perkin-Elmer LS-55 luminescence
pectrophotometer equipped with Xe lamp (excitation wavelength 250 nm). Raman
pectroscopic studies were performed on Renishaw In-via Raman spectrometer with
33 nm He–Cd laser and a Leica DMLM optical microscope equipped with 50×
bjective, thus providing a laser spot of 2 �m in diameter.
. Results and discussion

Fig. 1a shows PXRD pattern of as-formed Nd2O3 combus-
ion product, which shows amorphous Nd2O3 phase along with
Fig. 2. Rietveld refinement of Nd2O3.

neodymium oxide carbonate (Nd2O2CO3) peaks. The 2� peaks at
22.9◦, 26.6◦, 31.1◦ and 72.6◦ correspond to Nd2O2CO3 (JCPDS No.
37-0806). The 2� peaks at ∼29.7◦, 47.0◦ and 53.0◦ correspond
to Nd2O3 (JCPDS No. 24–0779). Further a few weak unidentified
impurity peaks at 44.7◦ and 55.6◦ have been observed. After heat
treatment at 900 ◦C, 3 h, the PXRD-pattern of combustion-derived
product has been changed to hexagonal phase with A-type of Nd2O3
(Fig. 1b) along with weak impurity peaks at 44.7◦ and 55.6◦. The
hexagonal phase diffraction peaks are readily indexed with JCPDS
file No. 83-1353. The formation of Nd2O(CO3)2 phase might be due
to the reaction between neodymium oxide and CO produced at
Fig. 3. Packing diagram of Nd2O3.
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Table 1
Rietveld refinement results and atomic co-ordination employed to model the Nd2O3 unit cell.

Atom Oxidation state Wyckoff notation x y z Occupancy

Nd +3 2d 0.3333 0.6666 0.2494 (8) 1
0
0

S 76.29

m
N
(
c
i
h
f
t
w
s
s
a
t
s
e
a
s
X
s
T
t
i
p
a
c

F
a

O2 −2 1d
O1 −2 2d

ystem: hexagonal; space group: P-3m1 (No. 164); a = 3.8312 (1), c = 6.0017 (3), V =

Fig. 1c shows X-ray diffraction pattern of as-formed hydrother-
al product with impurity peaks of Nd(OH)3 (JCPDS No. 06-0601),
d2OCO3 (JCPDS No. 40-0777, 24-0781, 25-0567) and Nd2CO3

JCPDS No. 30-0851). After heat treatment at 900 ◦C for 3 h, the
haracteristic peaks of A-Nd2O3 (Fig. 1d) were observed. Accord-
ng to the literature hexagonal neodymium oxide is observed after
eat treatment at 900 ◦C. Fig. 2 shows the Rietveld refinement per-

ormed on the combustion synthesized nanocrystalline Nd2O3 heat
reated at 900 ◦C for 3 h. The Rietveld refinement is a method in
hich the profile intensities obtained from step-scanning mea-

urements of the powders allow to estimating an approximate
tructural model for the real structure. This was performed with
FULLPROF program [18,19]. We utilize the pseudo-voigt func-

ion in order to fit the several parameters to the data point: one
cale factor, one zero shifting, four back ground, three cell param-
ters, five shape and width of the peaks, one global thermal factor
nd two asymmetric factors. A typical analysis of the sample is
hown in Fig. 2 which presents the experimental and calculated
RD patterns obtained by the refinement of Nd2O3 phase. Fig. 3
hows the packing diagram of Nd2O3 after Rietveld refinement.
he refined parameters such as occupancy, atomic functional posi-
ions are listed in Table 1. The fitting parameters (Rp, Rwp and �2)

ndicate a good agreement between the refined and observed XRD
atterns for the A-type Nd2O3. The refined lattice parameter values
= 3.8312(1)(A0); c = 6.0017(3)(A0) and cell volume 76.29(7)(A0)3

onfirm that the Nd2O3 has a hexagonal structure.

ig. 4. SEM profiles of Nd2O3 (a) as formed (combustion synthesis); (b) calcinated at 900 ◦C
t 900 ◦C (hydrothermal synthesis).
.0000 0.0000 0.0000 1

.3333 0.6666 0.6496 (9) 1

(7); RBragg = 4.15, Rp = 10.5, Rwp = 15.4, RF = 3.08, �2 = 1.64.

Fig. 4 shows the surface morphology of Nd2O3 as formed and
heat treated at 900 ◦C, 3 h powders. The SEM micrograph of the as
formed combustion synthesized product shows the particles are
foamy, agglomerated, crispy and porous. This porous in nature is
typical of combustion synthesized powders due to rapid release of
gaseous by-products during combustion synthesis. These porous
powders are highly friable which facilitates easy grinding to obtain
finer particles [20]. After heat treatment at 900 ◦C for 3 h, the par-
ticles observed to be spherical in shape with smooth surfaces. In
hydrothermal method the as formed product shows nano rods with
irregular shape having sharp tips. Upon heat treatment at 900 ◦C for
3 h, rods having uniform thickness, smooth surfaces having length
of several tens of micrometers have been obtained. Fig. 5(a) and (b)
shows TEM images of Nd2O3 phosphor synthesized by combustion
and hydrothermal methods. In combustion synthesized powders,
the particles are spherical in shape and essentially consist of dif-
ferent sizes varying from 20 to 100 nm. These spherical shaped
particles are easy to be packed densely so that screen and displays
can obtain high definition and these dense packed small particles
can prevent the phosphor from aging [21]. In hydrothermal synthe-
sized Nd2O3 the nano rods are dumbbell in shape having sharp tips
with open ends (Fig. 5b). The particle size is found to be in the range

25–90 nm. The selected area electron diffraction patterns (SAED) of
the products (Fig. 5c and d) show highly crystalline in nature. The
nominal composition of Nd2O3 synthesized by both the methods
was studied using energy dispersive X-ray analysis.

(combustion synthesis); (c) as-formed (hydrothermal synthesis); and (d) calcinated
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Fig. 5. TEM images of Nd2O3 (a) combustion synthesis; (b) hydro

Fig. 6 shows the FTIR spectra of Nd2O3 phosphor prepared by
olution combustion and hydrothermal methods. The peaks at 407
nd 670 cm−1 in calcined samples (Fig. 6b and d) represent the
haracteristic metal–oxygen (Nd–O) vibrations. A sharp peak at
615 cm−1 in Fig. 6c represents M-OH peak. The band between
500 and 3800 cm−1 is due to the �(O–H) vibration of H2O absorbed
y Nd2O3 phosphor. The band between 1350 and 1500 cm−1 is
ssigned to the carbonate peaks and these bands are observed in
ll the spectra, except in calcined sample of hydrothermal product

Fig. 6d). The small peaks at 598, 625 and 1066–1200 cm−1 (Fig. 6d)
epresent traces of M–OH present in the hydrothermally derived
nal product and these are unidentified from PXRD profiles.
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ig. 6. FTIR spectra of Nd2O3 (a) as formed (combustion synthesis); (b) calcined
t 900 ◦C (combustion synthesis); (c) as-formed (hydrothermal synthesis); and (d)
alcined at 900 ◦C (hydrothermal synthesis).
al synthesis; (c) SAED-combustion and (d) SAED-hydrothermal.

Fig. 7a–d shows Raman spectra of combustion and hydrother-
mal synthesized Nd2O3 phosphor recorded with an excitation
wavelength of 633 nm laser beam. According to factor group theory
22 active Raman modes have been predicted for the Nd2O3 A-type
structure [22]. The major peaks in both the samples observed are
assigned to Fg mode and combination of Ag + Eg [23,24] modes. It is
observed that in combustion synthesized sample, Raman peaks are
broader and shifted to higher wave number side by about 9 nm
when compared to hydrothermal synthesized sample. This fre-
quency shift and broadening of Raman peaks might be attributed
to decrease in particle size to nanometer scale [25]. Further, it
is observed that the number of active Raman modes is less in
hydrothermal method when compared to combustion method. This
is attributed to different synthesis methods.
The UV–visible absorption spectrum of combustion synthe-
sized Nd2O3 phosphors calcined at 900 ◦C for 3 h exhibit a broad
and prominent absorption band with maximum at ∼250 nm along
with weak absorption bands at ∼380, 580, 750 and 810 nm.
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Fig. 7. Raman spectra of Nd2O3 (a) as formed (combustion synthesis); (b) calcinated
at 900 ◦C (combustion synthesis); (c) as-formed (hydrothermal synthesis); and (d)
calcinated at 900 ◦C (hydrothermal synthesis).
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ig. 8. Energy band gap of Nd2O3 (a) as formed (combustion synthesis) and (b)
alcinated at 900 ◦C (combustion synthesis).

or hydrothermal synthesized phosphor a sharp and prominent
bsorption band with a maximum at ∼235 nm along with weak
bsorption bands at 610, 760 and 816 nm have been observed. The
aximum absorption, which can arise due to transition between

alence band and conduction band [26]. The weak absorption in the
V–visible region is expected to arise from transitions involving
xtrinsic states such as surface traps or defect states or impurities
27]. Smaller size particles are found to have high surface to volume
atio. This results in increase of defects distribution on the surface
f nanomaterials. Thus the lower is the particle size, nanomaterials
xhibit strong and broad absorption bands [28]. In combustion syn-
hesized Nd2O3 the particle size is in nanometer size which results
igh surface to volume ratio; as a result, an increase of defects
istribution on the surface of the nanomaterials.

The optical energy band gap (Eg) of combustion and hydrother-
al synthesized Nd2O3 were calculated using Tauc relation [29]:

˛h�)2 = c(h� − Eg) (3)

here h� is the photon energy and ˛ is the absorption edge. The
bsorption co-efficient ˛ was calculated from the optical absorp-

ion spectra. The direct band gap energy can be determined by
lotting (˛h�)2 vs h� in the high absorption range followed by
xtrapolating the linear region of the plots to (˛h�)2 = 0 and is
hown in Fig. 8 for combustion synthesis and for hydrothermal syn-
hesis it is shown in Fig. 9 respectively. The analysis of the present
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ig. 9. Energy band gap of Nd2O3 (a) as-formed (hydrothermal synthesis) and (b)
alcinated at 900 ◦C (hydrothermal synthesis).
Wavelength(nm)

Fig. 10. PL spectra of Nd2O3 calcinated at 900 ◦C for 3 h (a) combustion synthesis
and (b) hydrothermal synthesis.

data shows that the plots of (˛h�)2 against h� give linear relation
and best fit for Eq. (3) with n = 2. This indicates that allowed direct
transitions are responsible for the inter band transitions in Nd2O3
nanocrystalline samples [30]. The optical energy band gap for com-
bustion and hydrothermal Nd2O3 are found to be 5.66 and 5.30 eV
respectively. It is observed that optical energy band gap is found to
be widened in combustion synthesized samples when compared to
hydrothermal method. This is attributed to particle size effect. The
nanomaterials have large surface to volume ratio as a result the for-
mation of voids on the surface as well as inside the agglomerated
particles. Such voids can cause fundamental absorption in the UV
wavelength range [31].

Fig. 10 shows the photoluminescence spectra of (a) combus-
tion and (b) hydrothermal synthesized Nd2O3 phosphors. The PL
spectra shows a series of emission bands at ∼326–373 nm (UV),
421–485 nm (blue) and 529–542 nm (green) and 622 nm (red). The
broad emission band in the UV region is attributed to the singly
ionized oxygen vacancies in Nd2O3 [31]. The broad UV emission
can also arise due to radiative recombination of photo-generated
hole with an electron occupying the oxygen vacancy [32]. The
blue, green and red emissions have been suggested mainly due to
the presence of surface defects like Schottky and Frankel exist in
the lattice. The UV, blue, green and red emission in the PL spec-
trum indicates that Nd2O3 nanocrystals are promising materials for
high performance optical materials and white light emitting diodes
(LED).

4. Conclusions

A-type Nd2O3 (spherical and rod type) nanocrystalline phos-
phors have been successfully prepared by solution combustion and
hydrothermal methods respectively. By Rietveld refinement the
lattice parameters a = 3.8312(1)(Å); c = 6.0017(3) and cell volume
76.29(7)(Å)3 have been evaluated which confirm that Nd2O3 has
a hexagonal structure. In combustion synthesized powders, the
particles are spherical in shape and essentially consists of differ-
ent sizes varying from 20 to 100 nm. In hydrothermal synthesized
Nd2O3 the nano rods are dumbbell in shape having sharp tips with

open ends. The particle size is found to be in the range 25–90 nm. It
is observed that in combustion synthesized phosphor, the Raman
peaks are broader and shifted to higher wavelength side by ∼9 nm
when compared to hydrothermal method. The frequency shift and
broadening of Raman peaks might be attributed to decrease in
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