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a  b  s  t  r  a  c  t

Nanocrystalline  Nd2O3:Ni2+ (2 mol%)  phosphor  has  been  prepared  by a low  temperature  (∼400 ◦C)  solu-
tion  combustion  method,  in  a very  short  time  (<5  min).  Powder  X-ray  diffraction  results  confirm  the single
hexagonal  phase  of nanopowders.  Scanning  electron  micrographs  show  that  nanophosphor  has  porous
nature  and  the  particles  are  agglomerated.  Transmission  electron  microscopy  confirms  the  nanosize
(20–25  nm)  of the  crystallites.  The  electron  paramagnetic  resonance  (EPR)  spectrum  exhibits  a  sym-
metric  absorption  at g  ≈  2.77  which  suggests  that  the site  symmetry  around  Ni2+ ions  is  predominantly
hermoluminescence
amma  irradiation
RD
EM
PR

octahedral.  The  number  of  spins  participating  in  resonance  (N)  and  the  paramagnetic  susceptibility  (�)
has been  evaluated.  Raman  study  show  major  peaks,  which  are  assigned  to Fg and  combination  of  Ag +  Eg

modes.  Thermoluminescence  (TL)  studies  reveal  well  resolved  glow  peaks  at 169 ◦C  along  with  shoulder
peak  at  around  236 ◦C. The  activation  energy  (E in  eV),  order  of kinetics  (b)  and frequency  factor  (s)  were
estimated  using  glow  peak  shape  method.  It  is  observed  that  the  glow  peak  intensity  at169 ◦C  increases
linearly  with  �-dose  which  suggest  that  Nd2O3:Ni2+ is  suitable  for radiation  dosimetry  applications.
. Introduction

Rare earth oxides have been widely used as high-performance
uminescent devices, magnets, and other functional materials
ased on the electronic, optical, and chemical characteristics aris-

ng from their 4f electrons [1,2]. Most of these advanced functions
epend strongly on the compositions and structures, which are
ensitive to the bonding states of rare earth atoms or ions. If rare
arth oxides are fabricated in the form of a nanostructure, they
ill hold potential as highly functionalized materials as a result of

oth shape-specific and quantum confinement effects. They could
lso act as electrically, magnetically, or optically functional host
aterials [3].  Among rare earth oxides, Neodymium oxide (Nd2O3)

s widely used in photonic applications (as phosphors providing
ellow-to-violet upconversion emission) [4],  as components for

dvanced materials (high temperature ceramics and superconduc-
ors) [5,6], as components of catalytic systems (oxidative coupling
f methane, N2 decomposition, dehydrogenation of alcohols,

∗ Corresponding author. Tel.: +91 9945954010 (M).
∗∗ Corresponding author.

E-mail address: bhushanvlc@gmail.com (H. Nagabhushana).

386-1425/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.saa.2012.02.082
© 2012 Elsevier B.V. All rights reserved.

high-temperature processes) [7].  In thin film form it has highly use-
ful as optical anti reflection coatings, gate insulators and protective
coatings. For most of these applications the ultrafine (in nanomet-
ric scale) neodymium oxide with well-defined particle morphology
is the most interesting material.

Solution-based chemical synthesis such as hydrothermal,
sol–gel, chemical co-precipitation and combustion have received
considerable attention since they offer the possibilities for con-
trolling homogeneity, purity of phase, size distribution, surface
area and microstructural uniformity of the phosphors. However,
co-precipitation processes involve repeated washing to eliminate
the anions coming from the precursor salts used, making the
process complicated and very time-consuming. Solution combus-
tion synthesis is another wet-chemical method, which has been
proved to be an excellent technique for preparing several grams
of micro/nanocrystalline phosphors due to its short processing
time, low processing temperature, low cost, and high yield, as well
as good ability to achieve high purity in making single or multi
phase complex oxide powders at the as-synthesized state [8,9]. In

comparison with other methods, the products obtained by the com-
bustion synthesis method are generally more homogeneous, have
less impurity, and have higher surface areas than powders prepared
by conventional methods [10,11].

dx.doi.org/10.1016/j.saa.2012.02.082
http://www.sciencedirect.com/science/journal/13861425
http://www.elsevier.com/locate/saa
mailto:bhushanvlc@gmail.com
dx.doi.org/10.1016/j.saa.2012.02.082
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in XRD peaks in Ni2+ doped sample (inset of Fig. 1). The estimated
values of crystallite size and strain for undoped and Ni2+ doped
Nd2O3 from Scherer’s equation and W–H  plots are given in Table 1.

Table 1
Crystallite size, band gap and strain of un-doped and Ni2+ doped
Nd2O3nanophosphor.
B. Umesh et al. / Spectrochim

As a part of our programme on nanomaterials, here we  report
he preparation of Nd2O3:Ni2+ nano phosphor by a low temperature
olution combustion method. The synthesized powders are well
haracterized by using Powder X-ray diffraction (PXRD), scanning
lectron microscopy (SEM), and transmission electron microscopy
TEM), UV–vis, Raman and electron paramagnetic resonance (EPR)
pectroscopy. In addition, thermoluminescent (TL) properties were
lso investigated. It is known that the TL process in phosphors is in
enerally related to the defect centers created due to ionizing radi-
tion. TL investigations have also shown that defect centers play a
rucial role in TL. The formation and the stability of the defect cen-
ers also depend on the method of preparation of phosphors and
opants. Therefore, the objective of the present work is to investi-
ate the TL properties of Nd2O3:Ni2+ nanopowder concerning to its
tructural, morphological, and luminescent characteristics and to
ropose it as a good candidate TL dosimeter for gamma radiation
eld.

. Experimental

.1. Synthesis of Nd2O3:Ni nano phosphor

For the preparation of Nd2O3:Ni2+ (2 mol%) phosphor, the start-
ng chemicals used in the present study were of analar grade
eodymium nitrate (Nd(NO3)3), nickel nitrate (Ni(NO3)3) and oxa-

yl dihydrazide (C2H6N4O2; ODH). The stoichiometric amounts
ere dissolved in a minimum quantity of doubled distilled water

n a cylindrical Petri dish of approximate 150 ml  capacity. ODH was
sed as a fuel in the combustion synthesis and it is prepared in our

aboratory by the reaction of diethyl oxalate and hydrazine hydrate
s described in the literature [12]. The mixture was dispersed well
sing a magnetic stirrer for about 5 min. A Petri dish containing the
eterogeneous mixture was placed in a pre-heated muffle furnace
aintained at 400 ± 10 ◦C. The reaction mixture initially undergoes

hermal dehydration followed by ignition with liberation of large
aseous products such as oxides of nitrogen and carbon. Finally, a
oluminous and foamy greenish product has been obtained. The
roduct of the combustion reaction was then given an annealing
reatment at 900 ◦C for 3 h in air to remove the thermal stress
nd impurities during its preparation. After being annealed, the
rown–black powder became white and this was  used for further
haracterization.

The powder X-ray diffraction studies have been carried out
sing by using an X-ray diffractometer PANalytical X’pert Pro,
lmelo, (The Netherlands) with Cu K� radiation (� = 1.5405 A).
he average crystallite size (d) was calculated from the diffraction
ine width of X-rays. The crystallite size was estimated from the
road PXRD peaks using the Scherer’s equation d = 0.9�/  ̌ cos � [13]
here d is the average grain size of the crystallites, � the incident
avelength, � the Bragg angle and  ̌ the diffracted full-width at
alf-maximum (FWHM) in radians caused by the crystallites. The
train effect can be estimated by W–H  plots using the equation [14]

 cos � = ε(4 sin �) + �/D where  ̌ (FWHM in radian) is measured
or different XRD lines corresponding to different planes, ε is the
train developed and D is the grain size. The equation represents a
traight line between 4 sin � (X-axis) and B cos � (Y-axis). The slope
f line gives the strain (ε) and intercept (�/D) of this line on the
-axis gives grain size (D). The surface morphology of the samples
as been examined using scanning electron microscopy (JEOL JSM
40A). TEM analysis was performed on a Hitachi H-8100 (accelerat-

ng voltage up to 200 kV, LaB6 filament) equipped with EDS (Kevex

igma TM Quasar, USA). The UV–vis spectra were recorded on a UV-
101 Shimadzu Visible spectrophotometer. Raman spectroscopic
tudies were performed on Renishaw In-via Raman spectrometer
ith 633 nm He–Cd laser and a Leica DMLM optical microscope
2 (degrees)

Fig. 1. PXRD patterns of un-doped and Ni2+ doped Nd2O3 nanophosphor.

equipped with 50× objective, thus providing a laser spot of 2 �m
in diameter. The EPR spectra were recorded at room temperature
on a JEOL-FE-1X EPR spectrometer operating in the X-band (about
9.205 GHz) with a field modulation frequency of 100 kHz. The mag-
netic field was  scanned from 0 to 500 mT  and the microwave power
used was 5 mW.  A powdered glass specimen of 100 mg  was taken
in a quartz tube for EPR measurements. TL measurements were car-
ried out at room temperature using Nucleonix TL reader using (60C)
gamma  source as excitation in the dose range 0.228–2.057 kGy.

3. Results and discussion

3.1. Powder X-ray diffraction (PXRD)

Fig. 1 shows the PXRD patterns of un-doped and Ni doped Nd2O3
phosphor. The 2� peaks at ∼29.7◦, 47.0◦ and 53.0◦ correspond to
hexagonal phase with A-type of Nd2O3 (JCPDS No. 24-0779). No
additional peaks corresponding to any secondary or impurity phase
were observed which confirms the phase purity of the sample. The
average particle size of un-doped and Ni doped Nd2O3 was esti-
mated using Scherer’s equation [13] and is found to be in the range
21–28 nm. It is observed that a small shift in the position of main
peaks to the lower side of 2� values and broadening of XRD peaks
are observed for Ni2+ doped sample. A peak shift in XRD profiles
arises due to either presence of micro strains or purely size effect
[15]. The W–H  plots of un-doped and Ni2+ doped Nd2O3 phosphor
is shown in (Fig. S1). The grain size determined from W–H  formula
is slightly higher than those calculated using Scherrer’s formula.
The small variation in the values is due to the fact that in Scher-
rer’s formula strain component is assumed to be zero and observed
broadening of diffraction peak is considered as a result of reduc-
ing grain size only. Further, it is observed that the strain for Ni2+

doped sample (6.4 × 10−3) is greater than that of un-doped Nd2O3
(2.0 × 10−3). This increase in strain causes the broadening and shift
Nd2O3 Scherer’s
formula (nm)

W–H  method
(nm)

Strain
(10−3)

Band gap
(eV)

Un-doped 21 22 2.0 4.43
Ni  doped 28 33 6.4 5.30
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Egap is the optical band gap energy 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 indi-
rect forbidden transitions, respectively). According to the literature
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Fig. 2. SEM images of (a) un-doped Nd2O3 (b) Ni2+dope

.2. Scanning and transmission electron microscopy (SEM and
EM)

Fig. 2(a and b) shows scanning electron micrographs of the
ndoped and doped samples. Undoped sample showing weekly
gglomerated lumps composed of uniform size particles with pores
nd cracks. The mean particle size of powder is ranging from 50 to
20 nm.  The doped Fig. 2(b) sample showing more voids and pores
ith relatively bigger agglomerated particles. The porosity is pro-
uced by the superheated gases escaping from the reaction. These
orous powders are highly friable which facilitates easy grind-

ng to obtain finer particle. This is believed to be related to the
on-uniform distribution of temperature and mass flow in the com-
ustion flame [16]. Fig. 2(c) shows TEM image of doped Nd2O3,
eveals slight amount of agglomeration and porosity. The parti-
les sizes appeared to be in the range of 30–130 nm and it is good
greement with SEM values.

.3. UV–vis spectroscopy and band gap (Eg) measurements

The UV–vis absorption spectra of un-doped and Ni2+ doped
d2O3 phosphor is shown in (Fig. S2).  The spectra exhibit a broad
nd prominent absorption band with maximum at ∼226–240 nm
long with small absorption band at ∼292 nm.  The maximum
bsorption, which can arise due to transition between valence band
o conduction band [17]. The weak absorption in the UV–vis region
s expected to arise from transitions involving extrinsic states such
s surface traps or defect states or impurities [18]. Smaller size par-
icles are found to have high surface to volume ratio. This results

n increase of defects distribution on the surface of nanomaterials.
hus the lower is the particle size, nanomaterials exhibit strong and
road absorption bands [19]. In Ni2+ doped Nd2O3 the particle size

s in nanometer size which results high surface to volume ratio; as
O3; (c) TEM image of Ni2+ doped Nd2O3 nano phosphor.

a result, an increase of defects distribution on the surface of the
nanomaterials.

The optical band gap energy (Eg) of un-doped and Ni2+ doped
Nd2O3 phosphor was estimated by Tauc relation [20] and are shown
in Fig. 3. The optical band gap associated with absorbance and pho-
ton energy by the following relation

(˛h�) ∝ (h� − Egap)k (1)

where  ̨ – absorbance, h is the Planck’s constant, � is the frequency,
3.0 3.5 4.0 4.5 5.0 5.5
0.0

Energy (eV)

Fig. 3. Direct band gap of (a) un-doped and (b) Ni2+ doped Nd2O3 nanophosphor.
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synthesized Nd2O3 nano phosphor show Raman modes at ∼1827,
−1
Fig. 4. EPR spectrum of Nd2O3:Ni2+ (2 mol%) nanophosphor.

21], the oxides are characterized by an indirect allowed electronic
ransition and hence, the k = 2 value was used as standard in Eq.
1). Thus, the Egap values have been evaluated by extrapolating
he linear portion of the curve or tail [(˛h�)1/k = 0] in the UV–vis
bsorption spectra.

It is observed from the figure the Eg value is less in un-doped
ample when compared Ni2+ doped sample. The Eg value for Ni2+

oped Nd2O3 phosphor estimated from this relation is in good
greement with the literature [22]. The variation in band gap val-
es in un-doped with doped samples can be related to the degree of
tructural order–disorder in the lattice which is able to change the
ntermediate energy level distribution within the band gap. This
s attributed to particle size effect. The nanomaterials have large
urface to volume ratio as a result, the formation of voids on the
urface as well as inside the agglomerated particles. Such voids can
ause fundamental absorption in the UV range [23].

In un-doped sample a high degree of structural defects may  be
resent. When Ni2+ ions are doped into Nd2O3 matrix, it becomes
ore ordered structure with fewer defects. Consequently interme-

iate energy levels (deep and shallow holes) are minimized within
he optical band gap and Eg increases. Further, the Eg values mainly
epend on the preparation methods and different experimental
onditions. In particular these key factors can favor or inhibit the
ormation of structural defects, which are able to control the degree
f structural order–disorder of the material and consequently the
umber of intermediate energy levels within the band gap [22].

.4. Electron paramagnetic resonance (EPR)

Fig. 4 shows the EPR spectrum of 2 mol% of Ni doped Nd2O3
hosphor at room temperature. The spectrum consists of a sym-
etric absorption at g ≈ 2.77. As the Ni2+ ions belongs to d8

onfiguration, the degenerate free ion 3F ground state of Ni2+ splits
s a consequence of crystal field. In an octahedral environment the
rbital singlet 3A2g has the lowest energy level. Using the spin-
amiltonian [24]

 = gˇBS (2)

ith S = 1, an isotropic g factor is obtained which corresponds to
he |0〉 — |±1〉 magnetic dipole transitions. Owing to the moder-
tely high spin–orbit coupling, the isotropic g value for octahedrally
o-ordinated Ni2+ ions departs from the free electron value
ge = 2.0023).
The number of spins participating in resonance can be calcu-
ated by comparing the area under the absorption curve with that
f a standard (CuSO4·5H2O in this study) of known concentration.
Fig. 5. Raman spectrum of Ni2+ doped Nd2O3 nanophosphor.

Weil et al. [25] gave the following expression which includes the
experimental parameters of both sample and standard.

N = Ax(Scanx)2Gstd(Bm)std(gstd)2[S(S + 1)]std(Pstd)1/2

Astd(Scanstd)2Gx(Bm)x(gx)2[s(s + 1)]x(Px)1/2
[std] (3)

where A is the area under the absorption curve which can be
obtained by double integrating the first derivative EPR absorption
curve, scan is the magnetic field corresponding to unit length of
the chart, G is the gain, Bm is the modulation field width, g is the
g factor, S is the spin of the system in its ground state. P is the
power of the microwave source. The subscripts ‘x’ and ‘std’ repre-
sent the corresponding quantities for Nd2O3:Ni2+ and the reference
(CuSO4·5H2O) respectively. The number of Ni2+ ions participating
in resonance at room temperature for 2 mol% Ni2+ ions in Nd2O3
phosphor is found to be 5.596 × 1023.

The EPR data can be used to calculate the paramagnetic suscep-
tibility (�) of the sample using the formula [26]

� = Ng2ˇ2J(J + 1)
3kBT

(4)

where ‘N’ is the number of spins per m3, ‘ˇ’ is the Bohr magneton,
‘J’ is the total angular momentum, ‘kB’ is the Boltzmann constant
and ‘T’ is the absolute temperature. N can be taken from Eq. (3).
The paramagnetic susceptibility (�) thus evaluated is found to be
30.67 × 10−3 m3 kg−1.

3.5. Raman spectroscopy

Raman spectroscopy is a powerful tool for characterizing
the nanomaterials; it is an in situ and non-destructive method.
Fig. 5 shows the Raman spectrum of combustion synthesized Ni2+

(2 mol%) doped Nd2O3 phosphor recorded with an excitation wave-
length of 633 nm laser beam. A well-defined Raman peaks at ∼823,
965, 1857, 1960, 1990, 2062, and broad peak at 3183 cm−1 were
observed. The major peaks observed are assigned to be Fg and com-
bination of Ag + Eg modes [27]. According to factor group theory 22
active Raman modes (4Ag, 4Eg and 14Fg) have been predicted for the
Nd2O3 A-type and C type bixbyite structured rare earth sesquiox-
ides. In our earlier studies [28], combustion and hydrothermally
1940, 1996, 2053 and 2110 cm . The observed active Raman
modes in the present studies are fewer in number when compared
to Nd2O3 synthesized by hydrothermal method [28]. This might
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C� = 1.51 + 3.0(	g − 0.42), b� = 1.58 + 4.2(	g − 0.42) (6)
ig. 6. TL glow curves of Nd2O3:Ni �-irradiated for (a) 0.228 kGy (b) 0.685 kGy (c)
.142 kGy (d) 1.6 kGy (e) 2.057 kGy (inset: enlarged view of TL glow peak from 220
o  260 ◦C).

e due to type of synthesis method, particle size effect, precursors
sed during synthesis, etc.

Further, they observed frequency shift and broadening of Raman
eaks in their studies which might be attributed to nano sized
articles. Urben and Cornilsen [29] reported Raman frequency
ndergoes a red shift with a decrease in the radius of nano solid.
an et al. [17] suggest that this red shift arises from the cohesive
ond weakening of the lower coordinated atoms near the surface
egion of the nano grain. Further this shift may  also be due to the
hort-range interactions between a phonon and photon, and when
he size is decreased the momentum conservation will be relaxed
nd the Raman active modes will not be limited at the center of the
rillounin zone as a result there is a decrease in Raman wave num-
er. Dilawar et al. [27] recorded Raman Spectra for the rare earth
esquioxides namely Y2O3, Sm2O3, Eu2O3, Gd2O3, Dy2O3, Ho2O3,
r2O3 and Yb2O3 under ambient conditions. Strongest Raman peaks
re observed at 379, 344, 338, 363, 372, 374, 373 and 365 cm−1

espectively in all the compounds which are assigned as Fg mode
nd Ag + Eg modes.

.6. Thermoluminescence (TL) studies

TL is a powerful technique used for estimation of doses of
igh-energy ionizing radiations as the energy absorbed during irra-
iation and the TL intensity on stimulation (heating) is proportional
o the radiation flux (doses). Recent studies on different lumi-
escent nano materials have showed that they have a potential
pplication in dosimetry of ionizing radiations for the measure-
ents of high doses using the TL technique, where the conventional
icrocrystalline phosphors saturate [17,30–32].  This saturation

ccurs due to the ionized zones overlapping each other in the micro
aterial at higher doses. However, with the use of very tiny parti-

les such as nanoscale TLD materials, this problem can overcome
o a major extent. The TL results of the reported nano materi-
ls have revealed very imperative characteristics such as simple
low peak structure, linear increase in intensity with dose, sim-
le trap distribution. This has encouraged us to study the TL of
d2O3:Ni2+ nanophosphor using gamma  irradiation in the dose

ange 0.28–2.057 kGy.
Nd2O3:Ni2+system as a dosimeter is a new concept. Fig. 6 shows

he TL glow curves of �-irradiated Nd2O3:Ni2+ nanophosphor. The
◦ −1
anocrystalline phosphor is warmed at a heating rate of 5 C s . A

ell resolved glow peak at 169 ◦C along with a shouldered peaks
ppears at around 236 ◦C. The variation of TL glow peak intensity
ith accumulated dose was studied and is shown in (Fig S3). It
ta Part A 93 (2012) 228– 234

is observed that, the TL intensity increases with increasing dose.
This linear behavior of the sample is useful for dosimetric applica-
tion. Further, it is noticed that there is no appreciable shift in the
glow peak positions with increase of gamma  dose. The appearance
of two  peaks in the glow curve indicates that there are possibly
two kinds of trapping sites generated due to gamma irradiation.
The shallow trapping center leads to the resolved peak at lower
temperature and the other deeper center gives rise to shouldered
peak at higher temperature. The intensity of the higher tempera-
ture glow peak increases linearly with dose. This might be due to
the high surface to volume ratio, which results in a higher surface
barrier energy for the nanoparticles. On increasing the dose, the
energy density crosses the barrier and a large number of defects are
produced in the nanoparticles which ultimately keep on increasing
with the dose till saturation is achieved [33]. In our earlier work
TL studies of Nd2O3:Eu3+ show a well resolved glow peak at 426 K.
It was  observed that intensity of this glow peak increases linearly
with �-dose (100–400 Gy). Further, simple glow peak structure, less
fading, sensitivity retains after several cycles of exposure and read-
outs, excellent reusability show Nd2O3:Eu3+ has a potential use in
radiation dosimetry [34].

It is observed that from the figure for lower dose samples,
the traps/defects generated appear to be very less due to surface
barrier. Hence the glow curve has minimum intensity and the
peak appears at lower temperature. As the temperature increases,
the surface barrier energy also increases, and the lower dose
(0.228 kGy) is not sufficient to create the defects. The increase in
TL intensity with dose can be explained on the basis of track inter-
action model [35,36].  According to this model, the number of traps
generated by the high energy radiation in a track depends upon
the cross section and the length of the track inside the matrix. In
the case of nanomaterials, the length of the track generated by high
energy radiation is of few tenths of nanometers. At low doses, there
exist a few trap centers or luminescent centers owing to the small
size of the particles. As the dose increases, the TL intensity increases
as the cross section would increase with increase in dose.

TL characteristic of the phosphor requires the knowledge of
trapping parameters such as activation energy (E) of the traps
involved in TL emission and the order of kinetics (b) associated
with the glow peaks. Here, E is a measure of the energy required to
eject an electron from the defect center to the conduction band. The
order of kinetics b is a measure of the probability that a free elec-
tron gets retrapped. This retrapping effect increases with density
of empty traps. It is known that, equal concentrations of trapped
electrons (n) and recombination centers (r) lead to give a condition
for the first order kinetics. For second order kinetics, recombina-
tion and retrapping probabilities are found to be equal along with
the condition r < n [35]. The trapping parameters ware calculated
using Chen’s set of empirical equations [37] for the peak shape
method as summarized below. A typical result for a glow curve
of �-irradiated for 0.685 kGy is shown in Fig. 7. The TL glow curve
was first deconvoluted based on Gaussian function (Fig. 7) and then
analyzed the individual deconvoluted peak using Chen’s peak shape
method [30].

The activation energy (E) and the order of kinetics are estimated
using the following relations (symbols have standard meaning)

E˛ = c˛

(
kT2

m

˛

)
− b˛(2kTm) (5)

where  ̨ = �, ı and ω with � = Tm − T1, ı = T2 − Tm and ω = T2 − T1
Cı = 0.976 + 7.3(	g − 0.42), bı = 0 (7)

Cω = 2.52 + 10.2(	g − 0.42), bω = 1 (8)
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Table  2
Kinetic parameters estimated using Chen’s glow peak shape method in Nd2O3:Ni2+ (2 mol%) nanophosphor irradiated with different �-dose.

�-Dose (kGy) Peak Tm (◦C) Order of kinetics b
(	g)

Activation
energy (eV)

Frequency
factor (s−1)

E� Eı Eω Eave

2.057 1 134 (2)0.49 1.124 1.137 1.138 1.133 2.4E+15
2  161 (2)0.49 1.123 1.138 1.137 1.133 2.8E+14
3 172  (2)0.49 1.390 1.383 1.395 1.389 1.3E+17
4  194 (2)0.49 1.630 1.606 1.629 1.622 7.9E+18

1.600 1  138 (2)0.51 1.096 1.086 1.096 1.093 5.3E+14
2  161 (2)0.51 1.464 1.414 1.446 1.441 1.4E+18
3 184 (2)0.49 1.359 1.365 1.371 1.365 2.4E+16
4 216 (2)0.52 1.992 1.799 1.893 1.895 9.1E+20

1.142 1  135 (2)0.52 0.895 0.902 0.902 0.900 2.2E+12
2  159 (2)0.50 1.336 1.318 1.335 1.329 7.6E+16
3  184 (2)0.49 1.558 1.538 1.559 1.551 3.2E+18
4  223 (2)0.48 0.659 0.739 0.700 0.699 1.1E+08

0.685 1  148 (2)0.48 0.808 0.854 0.835 0.833 1.4E+11
2  155 (2)0.48 1.403 1.325 1.338 1.356 2.2E+17
3  176 (2)0.51 1.322 1.142 1.161 1.208 7.1E+14
4 209 (2)0.49 0.753 0.567 0.539 0.62 2.4E+07

0.228 1  138 (2)0.49 0.829 0.582 0.568 0.66 1.5E+09
2  161 (2)0.51 

3  176 (2)0.49 

4  208 (2)0.51 
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ig. 7. Glow curve deconvolution of Ni2+ doped irradiated with 1.6 kGy gamma  dose
t  a heating rate of 5 ◦C s−1.

The form factor (symmetry factor) is given by

g = T2 − Tm

T2 − T1
(9)

The nature of the kinetics can be found by the form factor. Theo-
etically, the value of geometrical form factor (	g) is close to 0.42 for
rst order kinetics and 0.52 for second order kinetics. In the present
tudy, the value of 	g is very close to 0.52 and it falls under second
rder kinetics. The trapping parameters of Nd2O3:Ni2+ obtained
sing peak shape method irradiated with different gamma dose

s given in Table 2.

. Conclusions

Ni2+ (2 mol%) doped Nd2O3 nanophosphor has been successfully
ynthesized by a low temperature solution combustion method

sing ODH as fuel. PXRD results confirm that the nanophosphor
ttain hexagonal structure without any secondary phase. The par-
icle size of un-doped and Ni doped product Nd2O3has been
alculated by Williamson–Hall (W–H) plots and Scherrer’s formula
1.464 1.041 1.073 1.193 1.5E+15
1.003 0.569 0.559 0.71 1.0E+09
0.791 0.594 0.572 0.652 5.7E+07

is found to be in the range of ∼21–33 nm.  TEM image confirms the
nano size crystalline nature of Ni doped Nd2O3. SEM micrographs of
un-doped and Ni doped Nd2O3 show highly porous, agglomeration
with large voids. The EPR spectrum suggests that the site symmetry
around Ni2+ ions is predominantly octahedral. From UV–vis studies,
the maximum absorption at 226–240 nm can arise due to transition
between valence band to conduction band. The weak absorption in
the UV–vis region is expected to arise from transitions involving
extrinsic states such as surface traps or defect states or impuri-
ties. Raman study show major peaks, which are assigned, to Fg and
combination of Ag + Eg modes. TL properties of Ni2+ doped Nd2O3
nanophosphors were investigated after irradiation with gamma
rays in the dose range 0.228–2.57 kGy at room temperature (RT).
Two TL glow peaks were recorded at 169 and 236 ◦C at a warming
rate of 5 ◦C s−1. It is observed that the glow peak intensity at169 ◦C
increases linearly with gamma  dose which suggest that Nd2O3:Ni2+

is suitable for radiation dosimetry applications.
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