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Abstract Nanoparticles (NPs) of neodymium oxide were prepared
by homogeneous co-precipitation method using neodymium nitrate
and urea as precursors. X-ray diffraction (XRD) patterns have been
refined by the Rietveld method and the Fourier-transform infrared
spectroscopy (FT-IR) showed that the sample had a bandgap of about
4.59eV. On the other hand, the photoluminescence (PL) spectrum
indicated that the sample had a low concentration of singly ionized
oxygen vacancies. The paramagnetic property of the NPs has been
also tested by vibrating-sample magnetometer (VSM) measurements.

Keywords rare earth elements; homogeneous precipitation; urea;
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1. Introduction

Rare earth elements are strategic resources with widespread
use in industry, agriculture, military industry, environ-
mental protection, and medicine. Their compounds are
widely utilized in high-performance luminescence devices,
magnets, catalysts, display devices, solid-state lasers, and
other basic materials due to the electronic, optical, and
chemical properties of their 4f-shell ions [1,2,3]. Among
them, neodymium-based materials have found their place
in various applications and products including magnetic
suspensions, photoluminescence (PL), photo materials,
magnetic molecules, soft glass, and soft magnets (hexagonal
or garnet crystal structure for hard magnets and crystalline
structure for soft magnets) [4,5,6,7]. For instance, a well-
known material in this category is neodymium oxide, which
its optical properties have been associated with applications
such as photonics [8], supercapacitor applications [9],
luminescent and thermo-luminescent materials [10],
protective coatings [11], thin films [12], sensors (e.g., CO
and hydrogen gas, etc.) [13]. Since the size and morphology
of the particles affect their properties and applications, such
as ceramic catalyst applications, scientists are seeking
to improve their sensitizing methods (hydrothermal,
combustion solution, sol-gel, micro-emulsion, etc.) [14,
15,16,17,18,19,20,21].

It is also important to note that Nd,O; nanoparticles
(NPs) have luminescence applications since their bandgap
is between 5.25eV and 5.70eV and the ability to obtain
UV, blue, green, and red luminescence (emission range
200-800nm) for specific purposes is crucial in optics and
luminescence materials [22]. To date, the production of
neodymium oxide has employed a wide range of processes,
which demand a variety of precursors and commonly
involve high temperatures. For example, the synthesis of
nanocrystalline Nd,O; through an inductively coupled
radiofrequency thermal plasma route could lead to a stable
hexagonal crystal structure and the synthesized NPs are
highly uniform with an average size of around 20 nm [23].
Another investigation for the synthesis of this NP was
designed by Michel et al.; these Nd,O; microspheres
were prepared by a solution co-precipitation method for
the purpose of gas sensing of CO and CO, [9]. The
hydrothermal method was employed to first form NdOOH
nanorods at 350 °C, followed by the formation of hexagonal
NPs of neodymium oxide at 900 °C [24]. After annealing
Nd complexes at high temperatures (> 800 °C), hexagonal
Nd,O; was obtained [22]. The precipitation of trivalent
lanthanide oxides in aqueous solutions is not feasible due
to the low hydrolysis tendency of trivalent lanthanide ions
in aqueous solutions below pH = 5. It has been shown that
homogeneous precipitation of nitrate salts using urea can
yield fine NPs [25,26]. Therefore, submicron particles were
obtained by decomposing urea in lanthanide salt solutions
at high temperatures [27].

Metal (hydrated) oxides with uniform particle size
in an aqueous medium have been prepared and were
(and are nowadays) a promising topic. Soler-Iltia et
al. [26] used this method to synthesize amorphous and
crystalline metal (hydrated) oxide. According to their study,
ammonia and carbon dioxide are slowly formed in the
solution through the decomposition of urea. The smooth pH
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Figure 1: Rietveld refinement of Nd,O;.

increase resulting from this degradation at the same time,
along with the releasing of OH™ and CO%‘ ions usually
leads to the precipitation of metal oxide particles with
controlled morphology [28]. In order to make lanthanum
oxides, Matijevi¢ et al. employed the urea precipitation
procedure. By aging at elevated temperatures solutions of
corresponding salts in the presence of urea, oxide lanthanide
(Gd, Eu, Tb, Sm, Ce) compounds of narrow particle size
distribution were produced [27].

In this study, Nd,O; NPs were prepared by homoge-
neous co-precipitation using urea and their structure, and the
NPs were characterized in terms of X-ray diffraction (XRD)
Rietveld refinement, morphology, size distribution, and
nature of their chemical bonds. The XRD and scanning elec-
tron microscopy are used for structural and morphological
studies. Fourier transform infrared spectroscopy is used to
investigate the nature of existing bonds. The changes in the
crystal structure with increasing temperature were evaluated
using thermogravimetric analysis (TGA). The optical
response of the NPs is investigated through the electronic
transition of Nd** ions in its crystalline structure via the dif-
fuse reflection spectroscopy (DRS) technique. PL was used
for studying the presence of defect states and corresponding
activation energies in the samples, and to investigate the
sample’s magnetic properties, vibrating-sample magne-
tometer (VSM) technique was employed, respectively.

2. Experimental

2.1. Materials

The chemicals used were all analytical reagent grade or
chemically pure grade. Neodymium nitrate hexahydrate
(Nd(NO3);-6H,0) and urea (CH4;N,O) were purchased
from Sigma-Aldrich, (99.9%), and deionized water was
used in all procedures.

2.2. Physical measurements

XRD has been employed for structural studies of the synthe-
sized NPs (XRD, Philips-X’Pert Pro, with Cu ko radiation
with A\ = 1.5405 A), and the result was analyzed by Rietveld

refinement technique via General Structure Analyze System
(GSAS) software. The magnetic properties were studied by
a VSM with a maximum field of up to 10 kOe at room tem-
perature. The morphology and microstructure of the sam-
ple were observed with a Field Emission Scanning Elec-
tron Microscope (FESEM) (TESCAN BRNO-Mira3 LMU),
and energy dispersive X-ray (EDX) analysis was used for
testing elemental composition (at an accelerating voltage of
20kV). IR spectrum was recorded with a KBr pellet on a
Perkin-Elmer 781 spectrophotometer. The PL studies have
been carried out using a Perkin-Elmer LS-55 luminescence
spectrophotometer equipped with an Xe lamp. The UV-Vis
absorption spectra were recorded by a DRS method (Shi-
madzu, UV-1800, Japan) to calculate the bandgap of the
sample. TGA was carried out with a STA1500 (Rheometric
Scientific) instrument at a heating rate of 10 °C min~' under
air atmosphere.

2.3. Synthesis

To make the neodymium oxide NPs, according to the liter-
ature with some modification [28], first 0.05 g (0.11 mmol)
of Nd(NO3);-6H,0, 0.5g (8.3 mmol) of urea (CH4N,O)
was dissolved in 40 mL of DI water, then the solution was
sonicated for 30 min. The mixtures were heated to 90 °C
and maintained for 3—4 h for sedimentation. This sediment
was calcinated for 3h in the furnace at 800 °C to obtain
Nd,O5; NPs. The chemical process would be along with the
following relation:

2Nd(NO;);+5CH,N,0—Nd,0,+5C0O,+8N,+10H,0.

3. Results and discussion

The phase and crystal structure of the prepared Nd,O;
NPs by the homogenous urea co-precipitation method was
examined by Rietveld refinements of the XRD pattern
which is a unique and comprehensive method for estimating
an approximate structural model for the real structure [29,
30]. The refined profile is shown in Figure 1, and some of
the refined structural parameters like atomic site occupancy
and the relative position of the atoms in the unit cell (x, y, z)
are listed in Table 1.

The diffraction peaks in the XRD pattern of the Nd,0O,
NPs at 20 = 26.8°C, 29.7°C, 30.7°C, 40.5°C, 47.4°C,
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Figure 2: FTIR spectra of Nd,O3 NPs.

53.4°C, 56.2°C, 57.6°C, and 77.7 °C are related to (100),
(002), (011), (012), (110), (103), (112), (201), and (121)
respectively corresponding to the standard pattern reference
of Nd,O; (JCPDS Card No. 074-2139) [31,32]. The
structure was hexagonal and the difference curve indicated
a significant confirmation between the calculated and the
collected XRD pattern. The lattice parameter values were
a=0b=3.8302A and ¢ = 6.0002 A; the cell volume was
77.68 A3; and the NPs were well crystallized with very high
purity which is in good agreement with the literature [33].
By using Debye—Scherrer’s equation:

D =k\/fBcosh,

where k = 0.89 is a constant, # is Bragg’s angle, and (3 is
full width at half maximum (FWHM) of the peaks [34]; the
average size of the nanocrystals was ~ 30 nm.

Fourier-transform infrared (FT-IR) spectra were used to
reveal the chemical structure of the fabricated Nd,O3; NPs,
which is displayed in Figure 2.

Based on the chosen colloidal system, aqueous media
are adjusted to pH levels between 5 and 6. In the construc-
tion process of Nd,O5; NPs, urea reacts with water above
70 °C and ammonia, hydroxide, and carbonate ions (carbon
dioxide), which causes the pH reach to 9 during the aging
period in about 1-2h at 85 °C, according to the equation
below:

(H,N,),CO+3H,0 — CO,+2NH; +20H .

Therefore, Nd(OH); is precipitated by Nd(NOj); in the pres-
ence of ammonia, which upon further heat treatment trans-
formed into neodymium oxide [27]. In the FTIR spectrum of
Nd, 05 NPs, the absorption peak at 409.58 cm~! indicated
Nd—O bond stretching vibrations [35].

The absorption bands at 1631 cm™! and 3430 cm™! are
assigned to the stretching and bending vibrations of water
molecules absorbed by Nd, O3 NPs, respectively [27]. It was
suggested that water with carbonate ions had intermolecular
H bonds between 2,500 cm~! and 3,000 cm ™! [36].
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Figure 3: FESEM morphology of Nd,O; calcinated at
800°C (a) 1 um (b) 200 nm and size abundance distribution
of NPs.

Figure 3 shows the surface morphology of the Nd,0,
NPs as formed and heat-treated at 800 °C for 3h and its
fractional NPs size range is also obtained. The average size
of NPs is between 60nm and 80nm. The FESEM study
of NPs at two different scales (1 gum and 200 nm) revealed
that NPs are spherical, amorphous, and agglomerated [37].
These data indicate that the observed NPs from the FESEM
image consist of several interconnected crystallines.

An EDX analysis was performed to evaluate the pres-
ence of elements in the sample (Figure 4). This technique
provides an overall map of the sample by analyzing the ele-
ments near the surface and estimating the proportion of dif-
ferent elements at different locations on the surface. There
are two elements that can be seen in the EDX spectrum,
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Figure 5: Typical TGA analysis curves of the Nd,O;
sample.

Nd, and O. It is confirmed from the XRD, FT-IR, and EDX
analysis that neodymium oxide NPs are constructed [38].

The TGA can provide useful information about the
sample, respectively (Figure 5). As the sample is heated, it
may undergo various reactions such as reduction, oxidation,
evaporation, water/CO, adsorption or desorption, phase
transformation, etc. This process can be evaluated to
determine how the physical and chemical properties of
the sample change. During a heated period of 260 °C to
340°C, a rigid weight loss of about 9.1% was observed.
The endothermic peak at around 330 °C indicates a change
in the crystal structure which may be due to the first
dehydration process (2Nd(OH); — 2NdOOH + 2H,0). It
is determined from the obtained TGA curves that a total
weight loss of 16.3% is observed for NPs. As indicated by
the XRD pattern, the second hydration process occurs at a
temperature of 800 °C (2Nd(OH); — Nd,O0, + 3H,0) [24,
39].

Figure 6 displays the diffuse reflection spectroscopy
(DRS) technique for investigating the optical property of
the Nd,O3 NPs calcined at 800 °C for 3 h and exhibits an
adsorption band with a maximum at 272 nm. Nanomaterials
tend to have a higher surface-to-volume ratio than bulk
counterparts, which leads to more defects on the surface.
Therefore, nanomaterials with small particle size exhibit
strong and broad absorption bands. For the synthesized
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Figure 6: Band gap of Nd,O5 NPs.
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Figure 7: PL spectrum of the Nd,O; NPs in the range of
340-520 nm.

Nd,O; NPs consequently, defects are more likely to be
distributed on the surface, as well [40].

The optical energy band gaps E, of the nano- and micro-
crystalline materials are calculated by using the Tauc rela-
tion [41,42]:

(ahv)? = A(hv — E,),

where « is the optical absorption coefficient near the funda-
mental absorption edge. The bandgap is obtained from the
intersection of the tangential slope of the high energy range
of the DRS spectra and the horizontal axis (Figure 6).

The energy band gap of these NPs is about 4.59 eV and
indicated that the Nd,O5; sample might be employed as a
photocatalyst under ultraviolet light [32,40].

The complementary study of the emission property
of NPs has been done by PL spectroscopy and the
spectrum was scanned in the wide wavelength range of
200 nm ~ 800 nm. The excitation wavelengths were 300 nm,
340 nm, and 380 nm. Figure 7 is the PL spectrum in relation
to the photo excited wavelength of 300 nm and the observed
weak peaks at ~ 368-398 nm (UV) could be attributed to
singly ionized oxygen vacancies in the Nd,O; NPs (by
the radiative recombination of photo-generated holes and
electron occupying the oxygen vacancies [35]). It is worth
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Figure 8: PL spectrum of the Nd,O5; NPs in the range of 430-580 nm and 480-700 nm.
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Figure 9: VSM of Nd,O; NPs at room temperature.

noting that the relatively low intensity of the PL spectrum in
this range (compared to the literature) means that the sample
had a low concentration of singly ionized oxygen vacancies
via this fabrication method. Moreover, the emission spectra
also exhibit a series of emission peaks with maxima at
418-481 nm (blue). The PL peak 340 nm excitation shows a
series of emission peaks with the maximum at 440-484 nm
(blue) and 519 nm (green), and also the 380 nm excitation
wavelength shows a maximum peak at 540nm (green)
(Figures 7 and 8). In general, the UV, blue, and green
emissions exhibited the presence of surface defects and
recombination of electrons by shallow defect levels exciting
holes in the valence band. The blue and green emissions
are presumably due to surface defects such as Schottky and
Frankel in the lattice. In addition, they indicated that the
fabricated Nd,O5; NPs are a promising candidate for optical
and biomedical applications because the blue and the green

emission bands resulted from (*Iy/, — *P3/5,%K}5/2) and
Iy 2= 1G5 /2,4G7 /2) transitions, respectively [43].

For the investigation of the magnetic properties of the
sample, we have employed VSM measurement and M—H
loop shows a nonlinear hysteretic nature (Figure 9). The
coercivity magnitude of these NPs was about 23.29 Oe. The
magnetization with the applied field indicates an unsaturated
M-H loop in high field region even at a maximum applied
field of 10kOe. Due to the high free ion magnetic moment
of Nd**, the paramagnetic behavior of Nd,Oj starts to dom-
inate ferromagnetic behavior above 600 Oe [44].

4. Conclusions

In this study, the synthesis of Nd,O; NPs by using the urea
co-precipitation method was investigated, which was con-
firmed by Rietveld refinements of the XRD pattern with the
lattice parameters of a = b = 3.8302 A and ¢ = 6.0002 A;
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volume cell 77.68 A3; and space group of p3m1. SEM image
shows that the NPs were spherical, amorphous, and agglom-
erated and their average size was in the range of 60—80 nm.
The energy gap of the NPs was obtained using the DRS
analysis (~ 4.59eV). The PL spectra of these NPs were
investigated with excitation wavelengths of 300 nm, 340 nm,
and 380 nm. At the excitation of 300 nm, the NPs exhibited a
series of emission peaks with maxima at 418—481 nm (blue).
The 340 nm excitation wavelength shows a series of emis-
sion peaks with the maximum at 440-484 nm (blue) and
519 nm (green), and also the 380 nm excitation wavelength
showed a peak at 540 nm (green). By the VSM examination
of the magnetic properties of these NPs, it was found that
the sample is paramagnetic that arising from the high free
ion magnetic moment of Nd**.
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