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a b s t r a c t

Defects play a fundamental issue on physical properties of wide bandgap materials. We present here the
effect of preparation and annealing conditions on the properties of Nb2O5 synthesized by Pechini
method. Structural characterization, Raman spectroscopy and magnetic measurements show significant
experimental fingerprints related to the presence of oxygen defects in the system. The increase of oxygen
vacancies causes an irreversible phase transition from pseudohexagonal (TT-phase) to orthorhombic
phase (T-phase). The critical temperature range around 400 �C during thermal annealing is derived by in-
situ Raman measurements applying the theory of phonon anharmonicity. We observed that the values of
Nb2O5 Curie constants as (4.37 ± 0.06)10�4 emu K/mol and (20.50 ± 0.08)10�4 emu K/mol for TT- and T-
phases respectively. The oxygen vacancies are the responsible for 1021e1022 effective magnetic moments
per mol related to paramagnetic behavior.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

In the last years, the synthesis of oxide nanomaterials such as
TiO2, MnO2, ZnO, VOx and Nb2O5 have attracted attention due their
physical and chemical properties as wide bandgap, piezoelectricity,
electrochromism, that can be used in chemical sensors, optical fil-
ters, solar cells, among others. An interesting feature about these
properties is the influence of oxygen-related defects such as va-
cancies (VO) in the optical [1], electrical [2] and magnetic [3e6]
characteristics of oxides which emerges as an active research
field due to their importance in both scientific and application
possibilities. It is a common sense that the structure and
morphology of oxides depend drastically on the synthesis method
and experimental variables. Different preparation conditions, even
though using the same methodology, can produce samples with
different structural and magnetic properties. Therefore, the control
of growth parameters is an important issue in the area of materials
engineering.

Due to its fairly unreactive, colorless nature and large number of
industrial (such as electronic components as capacitor and optical
glasses [7,8]) the most common niobium compound, Niobium
Pentoxide (Niobic Anhydride, Nb2O5), is particularly interesting
y).
[9,10]. Consequently the comprehension of synthesis method and
the employed post-thermal conditions are essential to control the
influence of defects and their dependent physical properties. In the
literature, there are many synthesis pathways described to prepare
this material, such as hydro post-thermal and mechanochemical
procedures [11], and different solegel methods [12,13]. One of later,
the Pechini method has been used to produce high homogeneous
samples at low cost and simplicity.

Considering the exposed above, our work explores the effects of
intrinsic defect formation during the preparation of Nb2O5 at
different calcination temperatures and correlate them with
extrinsic defects induced by post-thermal annealing under an inert
atmosphere for the synthesized pseudohexagonal (TT-phase)
Nb2O5. Structural analysis correlated to Raman spectroscopy shows
that the transition from pseudohexagonal to orthorhombic (T-
phase) is associated to the introduction of oxygen vacancy defects
in both processes. Furthermore a strong increase of magnetic mo-
ments associated to of these defects was observed in T-phase.
2. Experiment

Nb2O5 powders were prepared by Pechini method and exhibits
two crystalline phases. The employed method is schematized in
Fig. 1. The process starts by heating ethylene glycol at 60 �C and
then adding citric acid. After that the niobium precursor, the
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Fig. 1. Schematic representation for Nb2O5 preparation.

Fig. 2. X-ray diffraction of Nb2O5: a) TT-phase; b) T-phase and the patterns c) JCPDS 7-
61 and d) JCPDS 30-873.

Table 1
Crystallite size (D) in (100) direction and the relative intensity DI related to Raman
peaks associated to NbeOeNb angle deformations.

Nb2O5 D (Å) DI

TT-phase 215 0.073
T-phase 246 0.116
Annealed sample 345 0.135
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complex NH4H2[NbO(C2O4)3]$3H2O is added to the mixture until
complete dissolution. In this work the employed solution has a
proportion 1:10:40 between niobium precursor, citric acid and
ethylene glycol respectively. The temperature of calcination is an
important parameter on crystallization process and structural
properties of Nb2O5 [14]. As a consequence, two different samples
were prepared: i) one calcined at 500 �C and ii) other calcined at
600 �C.

X-Ray diffractometry (XRD) and Raman spectroscopy measure-
ments were carried out to analyze the crystalline structure of the
samples. XRD were measured with a diffractometer Rigaku
12500PC operating with CueKa as radiation line (l¼ 1.5478 Å). The
Raman spectra were collected by a Jobin-Yvon triple grating spec-
trometer with microscope facilities, using as excitation source the
linewith wavelength 514 nm of an Arþ/Krþ. The influence of defects
on the magnetic behavior was analyzed by magnetization mea-
surements as a function of applied magnetic field up to 70 kOe and
in the range of temperature of 1.8 Ke300 K, performed using a
SQUID-VSM magnetometer (MPMS®3-Quantum Design).

3. Results and discussion

XRD data of samples are displayed in Fig. 2a and b and compared
with the diffraction patterns for the pseudohexagonal phase TT-
Nb2O5 (JCPDS 7-61) and orthorhombic phase T-Nb2O5 (JCPDS 30-
873) (Fig. 2c and d). We observe from the figure that the calcination
temperature is an important parameter during the Nb2O5 synthesis.
The main differences between the patterns can be noticed in the
range between 25� and 40�. The pseudohexagonal phase presents
only one peak in each hachured area, related to the diffraction of
(100) and (101) planes while for the orthorhombic structure these
peaks split which are attributed the (180)e(200) and (181)e(201)
planes [15]. Based in these results we conclude that the sample
calcined at 500 �C presents predominantly the pseudohexagonal
(TT) phase, while the sample calcined at 600 �C has solely ortho-
rhombic (T) phase. However the transition temperature is
described to depend on different factors, such as the starting ma-
terial, level of impurity and heating schedule [16]. The major dif-
ference between these two phases is attributed to the replacement
of oxygen atoms in TT-phase by impurities or vacancies [17].

The crystallite size (D) in hkl direction of the samples were
estimated using the Scherrer equation [18] (Eq. (1)) for the highest
intensity peak.

D ¼ Kl
bcosq

; (1)

where l is the wavelength for the CueKa radiation (1.5406 Å), K is
an empirical constant (0.9) and b is the full width at half maximum
(FWHM) in radians. The obtained values summarized in Table 1
indicate a moderate increase of D value for the orthorrombic
sample.

Raman spectroscopy has been widely employed as a powerful
tool to investigate structural, chemical and periodical effects in
poly- and monocrystalline materials [19,20]. In particular, the
investigation of intensity and position of peaks related to some
vibrational modes from Nb2O5 allow the analysis of bounds be-
tween niobium and oxygen in each phase [21]. Fig. 3 shows the
Raman spectra related to Nb2O5 samples. We observe three broad
bands related to Nb2O5 at 690 cm�1, 315 cm�1 and 227 cm�1,
labeled as Peak 1, 2 and 3 respectively. The Peak 1, at higher



Fig. 3. Raman spectra of Nb2O5. The Peak 1 corresponds to NbeOeNb bridging bond
and Peaks 2 and 3 to NbeOeNb angle deformations. The inset shows the different
energies of the Peak 1 for TT and T-phases.
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frequency, is related to NbeOeNb bridging bond of distorted NbO6
[21]. Usually this peak is important to identify the Nb2O5 structural
phases [22]. It is possible to notice in the inset of Fig. 3 a redshift
about 3.4 cm�1 from the TT-Nb2O5 to T-Nb2O5. Generally the
redshift occurs when the lattice parameter increases [23] like in
thermal expansion or structural phase transitions.

Angle deformations related to NbeOeNb bounds are associated
to the low frequencies peaks 2 and 3 (315 cm�1 and 227 cm�1

respectively). From the spectra of samples TT-Nb2O5 and T-Nb2O5 it
is noticeable a slight difference in the relative intensity of the peaks
2 and 3, which are associated to a rearrangement in the angle
deformation [21]. As an evaluation of these structural distinctions
we propose to calculate the relative difference intensities DI be-
tween the angle deformations peaks (I2 and I3) normalized to
bridging bond peak (I1):

DI ¼ I3 � I2
I1

: (2)

For pseudohexagonal phase we obtained DITT ¼ 0.073, while for
orthorhombic phase DIT ¼ 0.116, which corresponds to an increase
of about 60%. As a consequence DI can be interpreted as an
empirical indicative of crystalline phase.

In order to investigate the nature of structural phases we carried
out Raman spectroscopy measurements during a thermal anneal-
ing under N2 flux atmosphere for the TT-phase sample. The in-situ
Raman spectra were collected up to 750 �C as depicted in Fig. 4a.
The spectra show the changes between DI which are correlated to
modifications in the angle deformations of NbeOeNb bounds.
During heating treatment under N2 flux, a process of reduction
causes a rearrangement of Nb atomic positions, leading to a
structural modification to the orthorhombic phase. There was an
increase in the parameter DI after cooldown (DI ¼ 0.135) as well as
for crystallite size measured by posterior XRD as indicated in
Table 1.

During a phase transition the lattice parameters increases from
TT-Nb2O5 (a ¼ b ¼ 3.607 Å) to T-Nb2O5 (a ¼ 6.175 Å and
b ¼ 28.25 Å). Fig. 4b shows the pseudohexagonal unit cell which
contains half of the equivalent formula (NbO2.5), with constitu-
tional defects of one oxygen atom per unit cell [21]. A structure
chain NbeOeNbeO is observed along the c-axis and each Nb atom
is surrounded by four, five or six oxygen atoms in the ab-plane. The
polyhedral are distorted by oxygen deficiency. Moreover in the
orthorhombic phase there is an absence of oxygen atoms resulting
in the modification of Nb neighborhood. In this case each Nb atom
is surrounding by six or seven oxygen atoms, forming a distorted
octahedral or pentagonal bipyramids. The ab-plane (Fig. 4c) are
connected by edge- or corner-sharing and by corner-shared along
the c-axis [21,24]. Considering data described in the literature and
the Raman results obtained in this work, we interpret the increase
of DI parameter as a result of oxygen migration from their original
sites which is responsible for the structural changes. Thus the DI
parameter can be used as a signature of oxygen defects which
causes changes in the angles of NbeOeNb bonds.

Besides analyzing the variation in DI parameter induced by the
thermal treatment, which enabled the phase transition determi-
nation, we have also studied the changes of the energies of peaks 2
and 3 as the annealing temperature increased. To determine the
spectral position of the peaks with accurate precision, we fitted the
lowest energy range of all spectra shown in Fig. 4a using two peaks.
One example of this spectral decomposition can be seen in the inset
of Fig. 5. The figure also depicts the central positions of peaks 2 and
3 as a function of the sample temperature. The positions corre-
spond to the best fit achieved for all the spectra taken in situ.

It can be noticed that the Peak 2 has a blueshift as the temper-
ature increases. This variation is attributed to the decay of a zone-
center optical phonon via anharmonicity to acoustic phonons
presenting momenta with equal magnitude and opposite direction
[25]. The relation between the central position of the peak and the
temperature is given by a monotonic function which depends of
anharmonic coefficients, associated to the properties of the decay
process. The red (in web version) line in Fig. 5 presents the peak
position as a function of temperature U(T) calculated by the theory
presented in Ref. [25].
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where u0,C and D are anharmonic coefficients based on three and
four phonon processes, and kB and ħ are the Boltzmann and Planck
constants.

By adjusting the anharmonic coefficients we could find a theo-
retical dependence between peak energies and temperature that
presents a good agreement with the experimental data. For peak 2
(Fig. 5a) we obtained u0 ¼ 228 cm�1, C ¼ 0.45 cm�1 and
D ¼ 0.05 cm�1. Peak 1 (not shown here) follows the theory of
phonon anharmonicity with u0 ¼ 708 cm�1, C ¼ �20 cm�1 and
D ¼ 1.26 cm�1. In Fig. 5b we can notice that the Peak 3 does not
present any similar behavior. When the temperature is increased
up to 400 �C its central position progressively goes to lower en-
ergies, but adopts an upward trend when the temperature is
further increased. Then, the relation between the energy of the
Peak 3 and the temperature does not describe a monotonic
behavior in the whole temperature range and, consequently,
cannot be related to a normal anharmonic effect of an optical
phonon. In contrast, the inversion of the tendency indicates that
this vibrational mode present a different nature for temperatures
higher than 400 �C due to a rearrangement in NbeOeNb bonds.
During the applied post-thermal treatment, this must be the tem-
perature value for which the oxygen defects give rise significantly
in the material.

Oxygen vacancies were reported as an important issue for
magnetic properties [3e6]. The Fig. 6 shows the magnetic



Fig. 4. (a) Raman spectra taken in situ during annealing in N2 atmosphere; (b) and (c) structural schemes of TT-Nb2O5 and T-Nb2O5, respectively.

Fig. 5. Central positions of Peaks 2 and 3 for TT-phase as a function of temperature and
the expected behavior by theory of phonon anharmonicity. The inset shows the fitting
procedure where the solid black line is the experimental spectrum and the gray line is
its best fit.

Fig. 6. Susceptibility versus temperature for TT and T-phases of Nb2O5. The best fit
data to Curie law is shown as solid lines.
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susceptibility (c ¼ M/H) as a function of the temperature, whose
data were obtained in order to better understand the magnetic
behavior of these samples. In the inset we can observe the
magnetization as a function of applied magnetic field without any
evidence of coercive field and remanent magnetization.

The results show a paramagnetic behavior that can be describe
using the paramagnetic Curie equation [19].

c ¼ C0
T

þ c0; (4)

where C0 is the Curie constant and c0 was added to represent the
temperature independent paramagnetism. The Curie constant is
also defined as

C0 ¼ m2B
3kB

Ng2JðJþ 1Þ ¼ m2B
3kb

p2N; (5)

where mB is the Bohr magneton, kB is the Boltzmann constant and
p2N is the effective moments which contribute to the paramagnetic
behavior. The fitting results are show in Table 2.

We report that the Curie constants for TT- and T-phases of Nb2O5
present a substantial increment (~370%) due to the phase transi-
tion. This effect is associated to the increase of oxygen vacancies,
that are the responsible for increasing the magnetic susceptibility
in T-phase. The number of effective moments in the range between
1021e1022 per mol avoids the short-range magnetic interactions
and the Nb2O5 is then considered a Curie paramagnet. In fact, these
results show that the presence of oxygen vacancies, as shown from
Ramanmeasurements, lead to the formation of magnetic moments.
4. Conclusions

Using Pechini method we have produced niobium pentoxide
(Nb2O5) in two structural phases: pseudohexagonal (TT-phase) and
orthorhombic (T-phase) strongly dependent on calcination tem-
perature. A thermal treatment in TT-phase Nb2O5 under N2 atmo-
sphere up to 750 �C caused an irreversible structural transition toT-
phase. The features in Raman spectra (Peaks at 315 cm�1 and
227 cm�1) obtained in-situ during annealing provided two signa-
tures related to angle deformations peaks at 315 cm�1 and
227 cm�1: i) the empirical parameter DI of their relative intensities
and ii) the disagreement with the phonon anharmonicity theory
due to a rearrangement in NbeOeNb bonds above 400 �C.



Table 2
CurieeWeiss fitting results: Curie constant C0, temperature independent paramagnetism c0 and the effective number of moments Np2.

FC 1 kOe C0 (10�4 emu K/mol) c0 (10�4 emu/mol Oe) Np2 (1021 effective moments per mol)

TT e Nb2O5 4.37 ± 0.06 1.08 ± 0.01 2.1 ± 0.1
T e Nb2O5 20.50 ± 0.08 1.202 ± 0.002 9.9 ± 0.1
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Correlations between the data show that the main differences be-
tween these phases are due to the introduction of oxygen defects
during higher calcination temperatures as well as in post-thermal
treatment. The oxygen vacancies are the responsible for the for-
mation of magnetic moments and the observed paramagnetic
behavior. The enhancement of effective magnetic moments in one
order of magnitude induces the increase of Curie constant up to
370% and justify their influence on the paramagnetic behavior of
Nb2O5.
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