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Unveiling the correlation between structural order-disorder character and photoluminescence emissions 

of NaNbO3 

 
G. F. Teixeiraa, E. Silva Juniora, A. Z. Simõesb, E. Longoa, M. A Zaghetea 

 
NaNbO3samples were synthesized via the microwave-assisted hydrothermal method under different 
processing times (ranging from 30-90 minutes) at 180°C using NaOH as mineralizer. XRD and Rietveld 
refinement data confirmed the obtention of NaNbO3 with orthorhombic (Pbma) crystallographic structure 
devoid of secondary phases. The Raman scattering spectra revealed that the symmetry of NaNbO3 space 
group has vibrational modes associated with librations and internal vibrational modes of NbO6 
octahedron.The NaNbO3 particles grow as polyhedral shape highly agglomerated way, assuming plate-like 
manner, however, as time increases the particles become less agglomerated assuming parallelepiped-like 
shapes. With increase in the processing time, the optical band gap (3.24 eV (30 min); 3.32 eV (60 min) and 
3.34 eV (90min)) showed presents a slight difference in the density of intermediary energy levels within the 
band gap which affects the electronic transitions. The broad band PL emission (350-800 nm) obtained at 
room temperature, with a PL sub-band at ~ 455 nm (blue component) dominant, displays that the changes in 
the electronic density are related to the defects of oxygen vacancies (at bulk and surface) due to the 
strucutural disorder degree at medium-range, i.e., local distortions of the NbO6 octahedron as result of the 
changes in the Nb-O bond lengths and O-Nb-O bond angles, increasing the degree of strctural disorder at 
medium-range, and thereby a decline in the PL intensity as synthesis time increases. This structural disorder 
at medium-range is able to transform the NaNbO3 ordered strucuture, which is constituted of [NbO6]x 

clusters, into ordered-disordered NaNbO3structure, formed by [NbO5.��
�], [NbO5.��

•] and [NbO5.��
••] complex 

clusters. 
 
 

Introduction 

 

Technological development provides us with smart materials 
endowed with interesting characteristics such as piezoelectric and 
ferroelectric properties. These materials can be used in energy 
harvesting devices to convert mechanical energy into electrical 
energy for a long span of time. This conversion of energy can be 
accomplished using human body movement as mechanical energy 
source [1,2]. As a result of its strong piezoelectric response, lead 
zirconate titanate - Pb(Zr,Ti)O3(PZT) based materials are the most 
widely employed in energy harvesting devices at present [3,4], even 
though lead has recently been banned from many commercial 
applications due to warranted concerns regarding its toxicity [5]. 
With the decreasing of the employ of this element, an intense effort 
was spented with the intent of developing lead-free materials with 
high piezoelectric activity and environmentally friendly. Therefore, 
an intense effort was mounted to develop lead-free and both highly 
piezoelectric-active and environmentally compatible materials. For 

the fact that it has a typical perovskite structure, apart from being 
highly stable and nontoxic, sodium niobate (NaNbO3) has become 
one of the most attractive candidates for replacing lead-based 
materials [6a-c]. By virtue of its wide of properties including good 
crystallinity, high dielectric constant [7, 8], large electromechanical 
coupling and high polarization [9], sodium niobate (NaNbO3) has 
largely spurred great scientific and technological interest for 
applications in nanodevices and photocalysts [10a-e]. NaNbO3 

exhibits a complex structural phase transition [11, 12] which can be 
induced by temperature [13], pressure [14] and particle size [15, 
16]. Among the phases presented by NaNbO3 include orthorhombic, 
tetragonal and cubic structures [17]. However, this polymorphism 
has, indeed, not yet been fully understood [18], and many studies 
have been conducted aiming at understanding the relationship 
between the parameters such as the crystalline structure and 
functional properties [9, 18-22]. 

Normally, at room temperature, NaNbO3 belongs to the 
crystalline orthorhombic system (a= 5.506 Å, b= 5.566 Å and c= 
15.52 Å) with the space group Pbcm, where one can observe the 
occupation of two crystallographic sites by sodium [23, 24, 25]. 
Darkington and Knight studied NaNbO3 with a lower orthorhombic 
symmetry by neutron powder diffraction data at room temperature 
[26], however these experimental evidence still raise large 
discussion [27, 28]. The combination of techniques such as XRD, 
neutron powder diffraction, NMR spectroscopy [23] in addition to 
theoretical approaches [29] have been much more useful in 
elucidating the occurrence of a secondary symmetry phase (polar 
phase) P21ma and its related space groups (Pnma, Pn21a, Pnm21) in 
the NaNbO3orthorhombic crystals. From a structural viewpoint, the 
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occurrence of these structural phase transitions can be explained by 
the displacement of Nb of the symmetry center on the [NbO6] 
octahedral clusters, as well as by the tilts caused by the presence of 
Na in the interstitial sites of the [NbO6] octahedral clusters bonded 
through the vertices [11]. NaNbO3 powders can be obtained by 
different synthesis methods including solid state reaction [30], 
Pechini’s method [6], molten salt synthesis [31], coprecipitation 
[32] and hydrothermal method [33a-c]. 

In the hydrothermal method, the particles are crystallized 
directly in solution causing better control of the size, morphology 
and aggregation degree of the particles [34]. Several authors have 
reported obtaining NaNbO3 powders by direct reaction between 
Nb2O5 and NaOH via the hydrothermal method at long processing 
time, with the presence of a polymorphism [33 (a,c), 35]. In these 
cases, NaOH can be used as sodium source and a mineralizing agent 
for the control of pH. The use of templates, such as polyamide (PA), 
ethylene glycol (EG), ethylenediamine (EN), polyvinyl alcohol (PVA) 
or pluronic P-123 [35, a,b] becomes essentially necessary when a 
specific morphology is required. 

The heat treatment in the conventional hydrothermal method is 
performed using heat conductive mechanism from the conventional 
source, e.g. electrical resistance or oil bath [36a,b]. This enables the 
regions of the solution in contact with the vessel walls to heat more 
quickly, resulting in a thermal gradient in the reaction medium 
[37a,b]. This temperature gradient in the reaction medium 
generates convection currents within the solution tending towards 
equilibrium in high processing periods [38a,b].  

The major drawback of the heat conductive mechanism 
employed in conventional hydrothermal methods lies in the long 
span of time required to reach thermal equilibrium. Remarkably, 
with their advent in the early 70s, microwave heating devices soon 
became popular in chemistry, mainly in experiments with regard to 
the decomposition of organic molecules (alcohols, ketones, ester, 
etc.) [39 a,b,c]. Clearly, under microwave irradiation, decomposition 
reactions were processed in few minutes. With the continuous 
progress of the microwave-assisted chemistry, researchers found 
yet more advantages of microwave heating compared to conductive 
heating which included the benefits of attaining uniform and fast 
heating, increasing the kinds of mechanisms involved in the 
thermal/kinetic effects, and consequently decreasing the processing 
time while at the same time ensuring energy saving [40,a,b,c]. 

In this context, in quest for solving the problems of thermal 
gradients and slow heating rate in conventional hydrothermal 
methods, researchers began using microwave radiation in 
hydrothermal methods which became known as microwave-
assisted hydrothermal methods (MAH). The possibility of increasing 
the boiling point of certain solvents and keep the liquid phase under 
hydrothermal conditions, coupled with the unique nature of the 
microwave dielectric heating mechanism, are factors that 
essentially contribute towards increasing the thermal/kinetics 
effects of the reaction rate by a factor between 10-1000 [41a,b], 
making the hydro/solvothermal methods via microwave heating an 
interesting and advantageous alternative in certain cases. Abu-
Sharma et al. [42] reported the quick dissolution of some inorganic 
mineral acids by an order of magnitude when subjected to 
microwave radiation under hydrothermal conditions (≤ 200 °C and 
10-20 bars). 

Previous works of our research group have been devoted 
towards the synthesis of different NaNbO3 polymorphs [33b, 43]. 
Paula et al. [33 b] reported obtaining cubic NaNbO3 particles by 
modulating the precursor concentration and the synthesis times. 
The authors identified Na2Nb2O6.H2O intermediate phase with fiber 

morphology during NaNbO3 crystallization. Na2Nb2O6.H2O can be 
used as precursor of NaNbO3 with one-dimensional morphology. In 
this case, Na2Nb2O6.H2O is heat-treated to convert the 
Na2Nb2O6.H2O crystalline structure into NaNbO3 crystalline 
structure, maintaining one-dimensional morphology [43, 44]. 

In this present study, we propose to obtain NaNbO3 in a unique 
phase by means of a simple and fast synthetic route based on the 
MAH method. From NaNbO3 structures, we seek that these novel 
results can arouse enough interest since they contribute towards 
broadening the fundamental knowledge of NaNbO3-based 
compounds, bringing to light to relationship between the 
photoluminescence (PL) emissions and structural order-disorder 
degree at long-medium-short range. We have a long-term 
experience when it comes to studying the dependence of PL 
behavior on structural and electronic order-disorder effects, as well 
as the structural evolution of perovskite-based materials. The 
obtained NaNbO3 particles were analyzed using X-ray diffraction 
(XRD) with Rietveld refinement, Raman scattering spectroscopy, 
field-emission scanning electron microscopy (FE-SEM), ultraviolet- 
visible (UV-vis) spectroscopy, and photoluminescence (PL) 
spectroscopy at room temperature. 

 
Experimental 

 

Materials and methods 

 

The microwave-assisted hydrothermal synthesis of NaNbO3 

powders was performed starting with a suspension containing 
0.696 g of NaOH (p. a. Quemis) and 8.0 mol.L-1 of Nb2O5 (Alfa Aesar, 
99%) aqueous solution. In this case, the NaOH acts as mineralizing 
agent and sodium source. The reaction was carried out within a 
Teflon® vessel model XP-1500 (CEM Corp.), assisted by microwave 
digestion MARS-5 (CEM Corp.) at 180 °C and an output power of 
800 W in different processing times (30, 60 and 90 minutes). The 
products were thoroughly washed with water by centrifugation and 
finally dried at room temperature. The NaNbO3 obtained particles 
were characterized by X-ray powder diffraction (XRD) using a 
diffractometer model Rigaku-DMax/2500PC (Japan) with Cu-Kα 
radiation (λ = 1.5406 Å) in the 2θ range of 10° to 120° with 0.020 
min-1. The Raman scattering spectra were collected by means of a 
triple monochromator T-64000 HORIBA Jobin-Yvon (USA) coupled 
to a CCD detector with excitation of 514.4 nm of an argon ion laser, 
with input power of 8 mW. The morphology of the as-prepared 
materials was observed through field-emission scanning electron 
microscopy (FE-SEM) using a microscope model Supra 35-VP 
(Germany) operated at 5 kV. Ultraviolet–visible absorption 
spectroscopy (UV-vis) in diffuse reflectance mode was performed 
through a Varian spectrophotometer model Cary 5G (USA). 
Photoluminescence (PL) measurements were carried out through a 
Monospec 27 monochromator of Thermal Jarrel Ash (USA) with a 
photomultiplier Hamamatsu R446 (Japan). The 350 nm excitation of 
a krypton ion laser of Coherent Innova (USA) was applied, where 
nominal output power was kept at 550 mW with maximum power 
of 40mW on the samples after passing through an optical chopper. 
All measurements were performed at room temperature.  
 
Results and discussion 

 

X-Ray diffraction and Rietveld refinements analyses 

 

As it has been widely reported in the literature [9, 10, 11, 23 
and 24], the presence of several NaNbO3 polymorphs renders the 
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determination of the NaNbO3 unit cell system as well as the space 
group quite unwieldy [26, 27]. To circumvent this problem, the 
Rietveld refinement method [45, 46 (a, b)] was employed aiming at 
determining, with great accuracy, the structural parameters related 
to the degree of NaNbO3 structural ordering at long range. 

In practical viewpoint, the Rietveld refinement analysis 
employed the least-squares approach where each cycle generated a 
diffraction pattern which is monitored until the best fit is obtained 
between the observed sample diffraction compared to the theorical 
pattern. A representative model close to the actual structure of the 
sample is obtained, where parameters related to crystal structure, 
optical diffraction effects, instrumental factors, background 
radiation, and other characteristics of the sample are concomitantly 
refined by adjusting what can be modelled according to the nature 
of each sample [45, 46, 47, 48,49]. These fitting parameters are 
expressed by indices called discordance factors, and they play a key 
role in determining the quality of the adjustment at the end of each 
cycle. The main indices that constitute the factors include the 
following: Rwp – weighted factor profile, Rexp - expected weighted 
factor profile, RB - Bragg factor, and χ2 – reduced Chi-square [46 a, 
b]. For one to obtain a good refinement, at the end of the process 
the χ2 must have reached values close to 1.0, i.e., the Rwp must 
reach an “ideal” value which can be expected for an observed 
diffraction pattern statistically reliable. In this work, we use the 
software GSAS (General Strucuture Analysis System) developed by 
A. C. Larson and R. B. Von Dreele [50] with graphic interface EXPGUI 
created by B. G. Toby [51] to perform the Rietveld refinement 
analysis. The optimized parameters included scale factor, 
background (Chebyshev function), exponential thermal shift, crystal 
strucuture, size strain (anisotropy with no rules), profile half-width 
parameters (u, v, w), texture and lattice parameters (a, b, c),  
preferred orientation and atomic site occupancies (Wyckoff) [50].  
 

Figure 1: XRD patterns from Rietveld refinement method of NaNbO3 
heat-treated at 180 °C by the MAH method under different 
processing times. 
 

The as-prepared NaNbO3 XRD patterns from Rietveld 
refinement, experimental lattice parameters, and the reliability 
index are depicted in Fig. 1 and Tab. 1, respectively. The XRD 
patterns shown the same profile regardless of the processing time 
(Fig. 1), as such no peak of any other NaNbO3-phase was detected. 
In other words, the structural order at long range was kept. Thus, 
the crystalline structure for the as-prepared NaNbO3 materials can 
be well-indexed to a pure orthorhombic crystal structure of NaNbO3 
(space group-Pbma) according to the crystallographic information 
file (CIF n°. 97669) available on the Inorganic Crystal Structure 
Database (ICSD) [52].  

Generally, in the conventional hydrothermal method, the 
Na2Nb2O6·H2O metastable phase is present during NaNbO3 
crystallization [53]. According to Wu et al., NaNbO3 formation is 
favored by the increase in processing time owing to dissolution rate 
of Nb2O5 in NaOH medium [54]. However, our investigation here 
showed that no metastable phase is observed with the use of 
microwave heating under hydrothermal conditions. This occurs 
largely because the dissolution of Nb2O5 under microwave 
irradiation is faster [55], i.e., the thermal effects under the reaction 
rates of the precursors (Nb2O5 and NaOH) are enhanced by the 
microwave power, thereby contributing towards preventing the 
formation of metastable intermediate phases which promote the 
transformation of NaNbO3 instead of Na2Nb2O6·H2O. 

As can be seen in Tab. 1, the values related to the reliability 
factors (Rwp, Rexp, and χ2) suggest that a good fit was reached. The 
values obtained were very close to those reported in the literature 
[52, 56]. In comparison to the values related to the theoretical 
approach (CIF n°. 96779), considerable variations were observed 
from the Rietveld refinement method, in the atomic positions (x, y, 
z) mainly for Na2, Nb1, O3 and O4 atoms (see Tab.1). Another 
appreciable variation occurred in the lattice parameters (a, b, c) and 
unit cell volume. These results indicate the existence of structural 
distortions on the crystalline lattice as a result of the displacements 
of the atoms formers (Na) and modifiers of lattice (Nb and O) in the 
perovskite structure.   
 

Table 1: NaNbO3 lattice parameters and reliability factors from the 
Rietveld refinement method. 
 

In a typical NaNbO3 structure, the sodium occupies interstitial 
sites located in the unit cell vertex, forming twelve-coordinated Na 
sites (Na1 and Na2), while niobium occupies the octahedral site 
(Nb1). For the orthorhombic structure, the NbO6 is linked by vertex 
to each NbO6 neighbor forming a deflection due to distortions 
caused by the presence of Na atoms situated on the octahedral 
sites, which have an ionic radii (1.32 Å) when is 12-fold coordinated 
by oxygen, a condition seen to be enough for promoting octahedral 
deflection [ 11, 8f ]. 

All perovskites (ABO3) that maintain the A and B sites 
coordinated with oxygen, display an octahedral tilting, as such for 
the rhombohedral structure, the BO6 octahedron experiences tilting 
around each axis. On the other hand, for the orthorhombic 
structures, these distortions occur around the b and c axes [57]. The 
degree of octahedral tilting (known as tolerance factor (t)) will 
depend upon ionic radii of the A and B cations [58, 59]. In the 
“ideal” cubic perovskite-type structure, we have t = 1. Nonetheless, 
deviations around these values occur when the structure undergoes 
intense distortions via [BO6] tilting, causing it to depart from the 
cubic symmetry [60]. By solely considering the analysis of the 
tolerance factor, i.e., taking only geometric aspects into account, at 
room temperature, in general the perovskite structure of the oxides 
are stable within the range of 0.75 <t< 1.00. When t < 1.00, the 
perovskite structure is distorted and may present ferroelectric 
behavior [60, 61]. Thus, the structure is confirmed to transform 
from cubic toward orthorhombic (cubic→orthorhombic) [62]. In 
cases whereby NaNbO3 presents sufficient variations in the Nb-O 
bond lengths and O-Nb-O bond angles, accompanied by 
displacements of Na within the lattice capable of promoting 
octahedral tilting and the t-values ranging from ~1.00 to 0.949.  

Thus, taking into account the aforementioned brief 
considerations regarding the distortions in the perovskite-type 
structure, and based on the XRD patterns and Rietveld refinement 
data, it appears reasonable to admit that despite being ordered at 
long range, the NaNbO3 obtained by the MAH method shows a 
structural disorder associated with distortions (tilts) of the NbO6 

octahedron. Probably, the changes in the Nb-O bond lengths and O-
Nb-O bond angles, as well as the displacement of Na within the 
NaNbO3 lattice, according to results shown in Tab.1, demonstrate 
that both Na and Nb are displaced within the lattice. In other 
words, the structure of the as-prepared NaNbO3 exhibited more 
distorted clusters compared to the theoretical one. 

The specificities of each experimental procedure during the 
material preparation, such as the synthesis method (hydrothermal, 
sol-gel, coprecipitation, sonochemical, etc.), as well as the 
experimental variables (temperature, pressure, time processing, 
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heating rate, solvents, heating source, etc.) can lead to an increase 
or decrease of the intrinsic defects (oxygen vacancies, bond lengths 
and bond angles variations, distortions on the lattice, etc.) [63 a-d], 
besides exerting influence over the particles size distribution 
control, morphology, and crystallographic orientations [64 a,b]. 

With the aim of investigating the degree of distortions of the 
NO6 octahedron, the unit cells of the as-prepared NaNbO3 were 
modelled using the visualization for electronic and structural 
analysis (VESTA) program version 3.1.8 for Windows [65], along 
with the lattice parameters and atomic positions obtained from the 
Rietveld refinement data. 

 

Unit cell representations of NaNbO3 

 
To build the model of the NaNbO3 structure (Fig. 2) from the 

VESTA software, the lattice parameters and atomic positions 
presented in Tab. 1 were used. Clearly, the relaxation of the lattice 
as a result of the variations in the unit cell volume, the atomic 
position shift (x, y, z) of NaNbO3 structures obtained by MAH in 
comparison to NaNbO3 theoretical structure ( NaNbO3 CIF-96779), 
and lattice parameters (see Tab. 1) are strong evidence that the 
NaNbO3 structure shows distortions in the lattice, which might 
change its optical and electrical properties. The full description of 
the crystalline structure of the as-prepared NaNbO3 obtained from 
the MAH method can thus be given as pervoskite-type 
orthorhombic structures with the space group Pbma, point group 
symmetry of (���

		)� and eight asymmetric units per unit cell (Z = 8) 
[52, 66].  

According to the literature, the differences in the O–Nb–O 
bond angles and Nb-O bond lengths can lead to distinct levels of 
structural order-disorder and/or distortions [56]. However, the 
development of ab initio calculations of 23Na NMR parameters [17, 
21, 33 (b,c), 56, 67] have demonstrated that variations in the Na-O 
and Na displacement within the lattice are generally small and tend 
to fall when Na is coordinated by a larger number of atoms at 
greater distances, as in the case of a perovskite-type structure [67 
a-d]. In this sense, here we decided to investigate only variations in 
the O–Nb–O bond angles and Nb-O bond lengths in the formation 
of NaNbO3 crystal structure. Tables S1, S2, S3, and S4 (see 
supporting information) provide detailed depiction of some 
parameters (bond lengths, bond angles, polyhedral volumes, 
distortion index and effective coordination number) related to the 
NbO6 octahedron of the as-prepared NaNbO3 and NaNbO3 (CIF ICSD 
n° 97666). Tab. 2 briefly shows the main parameters associated 
with the geometry of NbO6 octahedron, this can be useful in 
investigating the lattice distortions. As can be observed, the 
parameters investigated are distinct from the theoretical values (CIF 
ICSD n°. 9766) as well as between different samples of NaNbO3 
obtained in this work. 
 
Fig. 2 Unit cell representations of NaNbO3 obtained by MAH 
method. 
 
Table 2. Bond lengths (Nb-O), bond angles (O-Nb-O), polyhedral 
volume, and coordination number of the NbO6 octahedron of 
NaNbO3 obtained via the MAH method and the theoretical values 
reported in the literature (CIG ICSD n°. 9766). 

 
Generally, the changes observed between the theoretical 

values and the “experimental” ones confirm that the orthorhombic 
structure of the as-prepared NaNbO3 is more distorted than the 
theoretical NaNbO3 which can be considered as “ideal” structure 

(see Tab. 2). In this sense, there were variations in all the 
parameters observed associated with the geometric aspects of the 
NbO6 octahedron, once these species (NbO6) are responsible for 
maintaining the structural ordering for being the lattice forming 
agents [11, 8f ]. On the other hand, the increasing of processing 
time gave rise to structural defects in the form of distortions of the 
NbO6 octahedron. In view of that, the as-prepared NaNbO3 
processed in different synthesis times tends to present a local 
structural disorder, probably at medium and/or short range, owing 
largely to the changes in the bond lengths (Nb-O) and bond angles 
(O-Nb-O). This behavior exerts an influence on the polyhedral 
volume, degree of distortion, and differences in the local 
coordination environment. 
 

Raman scattering analyses  

 
Raman scattering spectroscopy is a powerful technique useful in 

providing structural information about structural ordering at short 
range. According to Ross [69], NaNbO3 crystals present internal 
modes associated with [NbO6] octahedron and lattice transitions 
related to the movement of the cations on the lattice [70,71]. An 
isolated NbO6 octhedron with Oh point group has six vibrational 
modes (A1g(ν1) + Eg(ν2) + 2F1u(ν3, ν4) + F2g(ν5)+ F2u(ν6)). The A1g, Eg, 
and F2g modes are Raman active, whereas F1u mode is infrared 
active and F2u mode is inactive [33 b]. These vibrational modes can 
be classified into two pure bond stretching vibrations of symmetry 
(A1g(ν1) and Eg(ν2)), two interbond angle bending vibrations (F2g(ν5) 
and F2u(ν6)), and two vibrations (F1u(ν3) and F1u(ν4)) [69]. Although 
the F2u mode is Raman inactive, and the F1u mode is infrared active 
only, their appearance can be observed in the Raman spectrum as a 
consequence of the multiple unit cell interactions which are 
responsible for the relaxation of the selection rules [33 b]. 
Normally, in typical NaNbO3 Raman spectra, the bands situated 
between 50-100 cm-1 are related to Na+ translational movements, 
while those in the range of 160-950 cm-1 are associated with the 
internal vibrational modes of NbO6 octahedron. Accordingly, the 
bands between 100-180 cm-1 arise from librations or rotational 
vibrations of the NbO6 octahedron [9, 19].  

The Raman spectra of NaNbO3 obtained by the MAH method in 
different processing times as well as the Raman active vibrational 
modes are displayed in Fig. 3 and listed in Tab. 3, respectively. The 
profile spectra are the same for all samples, suggesting a structural 
ordering at short range. The region between 180 to 276 cm–1 refers 
to the triply degenerated F2g(ν5) and F2u(ν6) vibrational modes, 
whereas the bands around 429 cm–1 are attributed to the 
antisymmetric bending mode F1u(ν4).The most intense band region 
is constituted of Eg(ν2) and A1g(ν1) vibrational modes situated at 560 
cm-1 and 600 cm-1, respectively. While the region around 670 cm-1 
can be constituted of the F1u(ν3) mode [13], this mode is not 
present in the NaNbO3 spectra of this present work. The band close 
to 605 cm-1 represents the v1 mode which corresponds to a totally 
symmetric stretching of NbO6. In cases where there is an 
occurrence of splitting in this band, this occurrence can be 
attributed to the distortions of the NbO6 octahedron [71]. As can be 
noted in Fig. 3, the band at 600 cm-1 does not show any splitting as 
a function of the processing time, this suggests that the NbO6 
structure in the lattice is kept ordered ensuring the structural 
ordering at short range. The last weak band at 870 cm-1 is related to 
the combination of the vibrational modes ν1+ν5, which is an 
irreducible representation of the F2g.mode associated with the Nb-
O stretching vibration [71]. 
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Fig. 3: Raman scattering spectra of NaNbO3 obtained by the MAH 
method for different processing times (30, 60 and 90 minutes). 
 
Table 3. Raman bands position observed in the Raman scattering 
spectra of NaNbO3 obtained by the MAH method at different 
processing times compared to the literature. 

 
Chang et al. [73] reported that the downward shift in the Nb–O 

stretching bands, namely ν1 and ν2 modes of NaNbO3 orthorhombic 
structure (P -phase), is attributed to the displacement of 0.13 Å 
undergone by niobium ions from the geometrical center of the 
regular octahedron. However, no shift is observed in the Raman 
spectra of this present investigation. Thus, the processing time fails 
to provide any meaningful change in the structural ordering at short 
range. As a result, based on the XRD and Raman scattering results, 
it is remarkably plausible to say that NaNbO3 structure is ordered at 
both short and long ranges relative to the processing time. At 
medium range, however, its structure might display a local disorder 
which can be attributed to the changes in the NbO6 octahedron 
parameters (volume, angle and length bond, etc.) confirmed by 
Rietveld refinement.  

Compared to the literature (see Tab. 3), the Raman vibrational 
modes presented in this work are displaced. These deviations can 
be attributed to the fast microwave heating, which the heating 
mechanism tends to provide peculiar steps of nucleation, growing 
and crystallization, thereby leading to a specific structural 
organization. The particular structural organization caused by the 
hydrothermal microwave method has been reported in a previous 
work by our research group for several materials [6, 33 a-b, 64 (a,b), 
74c, 75( a,b,c)]. 

  
FE-SEM: images analyses and growth mechanism 

 

FEG-SEM micrographs of NaNbO3 obtained at different 
synthesis times are shown in Fig. 4. Interestingly, the NaNbO3 
architecture is composed of many particles which exhibit a layered 
pattern. The particles can self-assemble, forming agglomerates with 
polyhedral architecture that tend to assume a parallelepiped-like 
shape in the absence of any specific additives or templates (Fig. 4 a-
c). Fig. 4d shows that under 30 minutes of processing, the NaNbO3 

polyhedral plate-like particles are highly agglomerated. When the 
processing time reaches 60 minutes, the particles grow into 
parallelepiped-like structures with a better morphologic definition 
and lower agglomeration degree (Fig. 4e). By increasing the 
processing time to 90 minutes, the particles maintain the same 
shape, though becoming larger and more agglomerated with a 
rough surface (Fig. 4f). 
 
Fig. 4: FE-SEM images of NaNbO3 particles obtained by the MAH 
method for distinct processing times: (a-d) 30 min. (b-e) 60 min and 
(c-f) 90 min. 
 

The particles growth occurs due to the simultaneous dissolution 
and recrystallization processes illustrated in Fig. 5. First, under 
microwave irradiation, one notices the rapid dissolution of Nb2O5 in 
NaOH medium, promoting the growth of plate-like particles. As the 
processing time is increased, the particles tend to take on 
parallelepiped-like shape, decreasing the agglomeration rate. The 
continuous microwave input power promotes the dissolution of 
NaNbO3 particles according to Ostwald Ripening mechanism [76]. In 
this case, smaller particles from the plate-like particles in solution 
are dissolved and subsequently deposited on the surface of larger 

particles present in the reaction medium aiming at reaching a more 
thermodynamically stable stage. Finally, at this stage, the re-
crystallization process occurs providing the particles with a distinct 
structural organization. The Ostwald Ripening process is much 
explored in hydrothermal synthesis [74 a, b, c]. 

 
Figure 5: Growth mechanism of NaNbO3 particles obtained by MAH. 

 
Zhu et al. [53] studied the morphological evolution of NaNbO3 

obtained by conventional hydrothermal synthesis. According to the 
authors, NaOH breaks the bonds between Nb-O of NbO6 octahedral 
structure linked by the vertices existent in Nb2O5, leading to a 
structural reordering, inducing the obtaining of the metastable 
phase in fiber-like shape. Given a rise in the synthesis time, the 
metastable phase undergoes a reordering process so as to form a 
stable phase of NaNbO3 in cubic shape. The absence of 
intermediate metastable fiber-like particles in our work is due to 
the use of high microwave power that promotes the crystallization 
of NaNbO3 particles in a short synthesis time. 

 
UV-visible spectroscopy 

 
According literature, the electronic transitions allowed for 

NaNbO3 exhibit an optical absorption spectrum from indirect 
electronic transitions (� = 2) between the top of the valence band 
and the bottom of the conduction band [56, 77,]. Its electronic 
structure is formed by a conduction band from Nb 4d orbital and a 
valence band from O 2p orbital [8 b,c,f]. However, the structural 
ordering can lead to significant changes in the optical band gap, so 
that the energy is generally smaller (around 0.2 eV) in the cubic 
NaNbO3 unlike in the orthorhombic NaNbO3. This difference is 
attributed to the variant octahedral ligand field [77]. 

To estimate the optical band gap (Egap), we used the Kubelka-
Munk method [78], which is described in detail in the supporting 
information. Fig. 6 illustrates the UV-vis spectra of the NaNbO3 
obtained by the MAH method processed at 180 °C for 30, 60, and 
90 minutes.  

The optical band gap for NaNbO3 orthorhombic structure were 
3.24, 3.32 and 3.34 eV, for processing times of 30, 60 and 90 
minutes, respectively (Fig. 6). For the NaNbO3 orthorhombic 
structure, Zielinska et al. [79] reported obtaining 3.34 eV; Shi et al. 
[90] obtained around 3.4-3.5 eV; while Li et al.[56] evaluated 3.29-
3.45 eV. These differences were attributed to the different defects 
present in the structure which arises from the different synthesis 
method employed in each work. Ferri et al. [80] reported that in 
perovskites of type SrTiO3, the increase in Egap of SrTiO3 was 
attributed to reduction of intermediary energy levels within the 
band gap for disordered structures. In this context, the results for 
the as-prepared NaNbO3 imply that the Egap is related to the order-
disorder structural degree as a result of defects. Thereby, while 
slightly small, but enough able, the increase in the Egap with 
processing time is a plausible evidence of the decline of defects 
[77,80], resulting in a better degree of crystallinity for the NaNbO3 
particles processed at 60 and 90 minutes. Despite that 30 minutes 
of processing, the NaNbO3 structure exhibits a high degree of 
crystallinity confirmed by the structural order at long- and short-
range, the processing time span (30 minutes) tends to generate a 
structural defects density, probably related to local distortions on 
the NbO6 octahedron, giving rise to a larger density of intermediary 
energy levels within band gap, confirmed by the lowest Egap. 
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Fig. 6: UV-visible spectra of NaNbO3 obtained by microwave 
hydrothermal method for different processing times: (a) 30 min. (b) 
60 min and (c) 90 min. 
 

 

PL emission  

 
It is well-established the relationship between the structural 

order-disorder and defects [6, 43, 63, 64 (a,b), 75 (a, b, c]. The 
defects can modify the electronic band structure of a wide range of 
materials, thereby affecting properties such as photoluminescence, 
which is governed by electronic transitions [64 (a,b,c), 75( a, b, c)]. 
The PL emission bands can be attributed to different types of 
electronic transitions allowed that occur between energy levels 
generated within the band gap [83]. In NaNbO3, the PL emission is 
based on the local structure of NbO6 octahedron and the variations 
in the octahedral ligand field [76]. By similar structural analyses, 
NbO6 assumes a regular ordering of the octahedron formed by the 
strong covalent bonding due to the orbital hybridization between 
Nb d and O 2p [83 (a, b)] 

Fig. 7 shows the PL spectra of NaNbO3 synthesized via the MAH 
method at 180 °C for 30, 60, and 90 minutes at room temperature. 
As can be clearly observed, all samples present a broad band 
emission in the range of 350 to 850 nm. The centers of these broad 
bands are situated around 460 nm and the emission intensities are 
seen to decrease with increase in processing time.  
 
Fig. 7: Photoluminescence spectra of NaNbO3 powders obtained by 
MAH method at 180 °C for different processing times: (a) 30 min. 
(b) 60 min and (c) 90 min. 
 

The broad band PL emission (Fig. 7) is characteristic of a 
mechanism by which the relaxation processes occur between 
intermediary levels generated within the band gap. The differences 
observed in the PL bands profiles (intensity and broadening) are 
related to the deviations of Egap as increase processing time. The PL 
emission of most semiconductors and prevoskites-based materials 
presents a broad band profile owing to multilevel process that 
occurs from several paths between intermediary energy levels 
within the band gap [6, 8 c, 33, 63, 64 (a,b), 74 (a-c), 75 (a, b, c)]. To 
deeply investigate the contribution of each individual component 
(PL sub-bands), it was necessary to deconvolute the PL spectra. The 
deconvolution was performed using PeakFit [83] to fitting the PL 
bands and tuning parameters such as peak positions and their 
corresponding areas. Through the PeakFit software, the PL broad 
bands are known to be composed of PL sub-bands with more than 
one component (Fig. 8). Aiming at better comparison parameters 
among all samples, the emission center of each sub-band was fixed 
and the contribution of each component was analyzed varying the 
occupied percentage area. In 30, 60, and 90 minutes of processing, 
the PL sub-bands were defined as blue, green, and yellow 
components, with maximum values around 455, 530 and 610 nm, 
respectively (see Tab. 4).  
 
Fig. 8: Deconvolution of PL spectra of NaNbO3 powders obtained by 
microwave hydrothermal method for different processing times: (a) 
30 min. (b) 60 min and (c) 90 min. 

 
It can be noted in Fig. 7 that PL profiles exhibit decreasing in the 

intensity and broadening, i.e., the full width at half maximum 
(FWHM) tend to increase as increase processing time (see Tab. 4). 
Similarly, the contributions of blue and green components undergo 

a decline while the yellow component rises, when the processing 
time increases, which can be verified by decreasing of FWHM of 
each PL component (see Tab. 4).  
 
Table 4: PL intensity, FWHM and peaks centers of the broad band 
profiles and PL components of NaNbO3 obtained by MAH method at 
different processing time compared with literature. 

 
It is a known fact that for most semiconductors and perovskite-

oxides, the presence of defects, such as lattice distortions, 
generates shallow levels that represent intermediate energy levels 
responsible by the PL emission in high energy regions (violet/blue 
region) in general assigned to the structural defects. Conversely, 
deep levels give rise to PL emissions in low energy regions (green, 
yellow, and red region) which are generally associated to the 
surface defects [84 a-e ]. 

All NaNbO3 materials obtained in this work are structurally 
ordered at long and short range, in agreement with Rietveld 
refinement and Raman scattering results, respectively. However, 
the UV-vis results show that changes in the optical bad gap energy 
reflect the presence of defects, probably at medium range, which 
tend to decrease with processing time. Similarly, the PL spectra 
profiles also point to the existence of defects. The area of each PL 
component is related to the defects density generated along of 
processing, so that the PL intensity tend to decrease as processing 
time increasing, quenching the density of defects. Materials which 
exhibit a structural disorder at medium-range, show a large PL 
intensity than ordered ones [6, 63, 64 (a,b), 74 (a-c), 75 (a, b, c)]. 
Wherefore, it seems allowable to admit that the order-disorder 
relationship at medium range is associated with PL behavior, whose 
PL blue component is dominant, of the NaNbO3 structures which 
tend to less disordered at medium-range with increasing of 
processing time. 

According literature, PL emissions situated at high energy levels 
are related to the structural defects, such as strain and distortions 
lattice [84 a-e]. In this sense, the blue component can to be 
ascribed to the distortions on the NbO6 octahedron owing to 
variations in the bond length (Nb-O) and bond angle variance (O-
Nb-O), which undergo deviations along of processing time (see Tab. 
2 and Tabs. S1, S2, S3 and S4). In general, the PL profiles observed 
arise from structural defects attributed to distortions of the NbO6 
octahedron, resulting in a structural disorder at medium-range, 
once blue component is dominant for all NaNbO3 samples (>50 % 
see Fig. 8 and Tab. 4). The high PL intensity and broadening profile 
observed for NaNbO3 processed in 30 minutes is a hard evidence 
which corroborates with decreasing Egap, because it show a large 
defect density leading to a structural disorder at medium-range, 
responsible by the narrowing of the optical band gap. This 
structural disorder one manifest from defect density which are 
responsible by the broad band profile, so that blue PL component, 
comes from structural defects, is dominant under the another PL 
components (green and yellow), indicating that shallow levels were 
created within the band gap. Thus, the shallow levels density for 
NaNbO3 (30 min) is larger because the deviations in the NbO6 
parameters (Tab. 2), between the NaNbO3 synthesized, which give 
rise to the degree of disorder at medium-range are most 
pronounced. 

Therefore, for NaNbO3 structure whose the density of shallow 
levels is larger than density of deep levels, by the fact of the shallow 
levels are localized close to conduction band, contribute more 
effectively to PL intensity (Fig. 8 a), once the electrons 
photogenerated at conduction band can be most easily trapped by 
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shallow levels and thus ones recombine with holes at valence band 
emitting the blue component. On other hands, the deep levels are 
localized regions more away to conduction band, so that the 
electrons photogenated can undergoes non-radiative decays until 
its positions, and from here ones recombine with holes at valence 
band emitting luminescence at low energy, i.e., emitting the green 
and yellow PL components. The deep levels on the NaNbO3 
eletronic structure might to be associated to the surface defects, 
once luminescence at low energy comes from this kind defect [80, 
84 a-e]. 

The degree of structural order-disorder in NaNbO3 presents a 
symmetry breakage along the Nb–O bond lengths, resulting in 
complex clusters with different coordination numbers ([����] −
����]) and/or in distortions of the [����] − ����] clusters [42 
(a,b) 81 (a,b)]. The degree of the distortions and the extension of 
the bond lengths are responsible for generating electronic states 
within the band gap and/or for reorganizing them, promoting a 
local polarization effect, i.e., and a charge gradient in the structure, 
thereby affecting the charge transfer process, for instance, in the 
case of photoluminescence [43, 75 (a,b,c), 81 (a,b), 84(c, d, e)]. 

The formation mechanism of the [MO6] and [MO5] clusters, 
more particularly the [MO5], (M = metal transition) involves a 
complex process of defects generation, where the changes in the 
M-O bond lengths, O-M-O bond angles can give rise to defects of 
oxygen vacancies localized both bulk and surface [85, 86, 87]. 
According to Kröger-Vink notation [86], to represent the point 
defect on the crystal, the oxygen vacancies are known to be the 
most common defects present in semiconductors and perovskite-
oxide materials. These species can be present in three different 
charge states: neutral oxygen vacancy (��

�), singly occupied vacancy 
(��

•) and empty oxygen vacancy (��
••) states, which can capture up 

to two electrons, only one electron and no electron, respectively 
[80, 85, 86, 87]. The equations (1 and 2) below represent the 
formation process of the NaNbO3 structure synthesized, in which 
from an ordered structure, under the presence of defects 
generated from changes in the Nb-O bond lengths and O-Nb-O 
bond angles, give rise to oxygen vacancies, undergo transformation 
into disordered structures. 

 
[����.��

�] + [����]
� → [����. ��

•] + [����]
�  (1) 

 
[����. ��

•] + [����]
�→ [����. ��

••] + [����]
� (2) 

 

where [����]
� is an electron acceptor; [����.��

�] is an electron 
donor; and [����. ��

•] can act both as electrons donor and 
acceptor. The [����]

� clusters represent the most ordered 
structural forming unit of NaNbO3 lattice.  

According to the literature [63 a, 80, 88, 89], the electronic 
transitions between these species involve more than one kind of 
cluster. In other words, the cluster-to-cluster charge transfer (CCCT) 
plays an import role when it comes to both the formation and 
recombination process of photogenerated charges in the PL, which 
can be considered a novel class of electronic transitions involving 
the excitation/emission process.  

Therefore, the PL behavior, at room temperature, observed 
here suggests that the most ordered structure of NaNbO3 is 
comprised of only [����]

� clusters on the lattice, which are 
transformed into [����.��

�], [����. ��
•] and [����. ��

••] complex 
clusters. These clusters constitute the disordered fraction on the 
NaNbO3 lattice due to the defects generated along of the 
processing by the microwave heating. The density of these defects 
generated depends of the extension in the Nb-O bond lengths and 

O-Nb-O bond angles, which consequently promote different degree 
distortions between neighbors clusters, and thereby a structural 
disorder at medium-range. However, as the processing time 
increases, there is a decline in these distortions, leading to less 
disordering to NaNbO3 structure, decreasing the density of 
[����.��

�], [����. ��
•] and [����. ��

••] complex clusters, and that 
of the intermediary energy levels within the band gap. 

 Lastly, the PL broad band exhibited by NaNbO3 can be mainly 
attributed to presence of defects related to oxygen vacancies 
generated along processing time. The oxygen vacancies generated 
on the bulk are represented by the [����.��

�] species, that comes 
from the large distortions between clusters ([����.��

�] −

[����]
�), that consequently leads to a larger degree of disorder at 

medium-range, resulting in a considerable density of intermediary 
energy levels within the band gap close to conduction band 
(shallow levels), which are responsible by the blue PL component. 
On the other hands, the oxygen vacancies on the surface, arises of 
the lower distortion degree between clusters 
([����. ��

•]−[����]
�and	[����. ��

••] −[����]
�	) that give rise to 

an density of deep levels responsible by the green and yellow PL 
component, which are represented by [����. ��

•] and [����. ��
••] 

complex clusters, respectively. The position occupied by the shallow 
and deep levels within the band gap obeys the energy associated to 
each intra-gap level associated to the oxygen vacanies (��

� > ��
• >

��
••	) [85, 86, 87]. Thereby, the energy of the radiative decays 

related to each recombination process, occurs for the same energy 
order (blue > green > yellow). 

 
 
Conclusions 

 
In this work, we propose a hydrothermal method to obtain 

NaNbO3 second phase-free via microwave heating in short synthesis 
time (30-90 minutes) and under minor processing temperature 
(180° C), than conventional methods reported in the literature. XRD 
pattern results obtained by Rietveld refinement and Raman 
scattering indicated a long- and short-range ordering of NaNbO3, 
respectively, under crystallization with orthorhombic crystalline 
structure pertaining to the space group Pbma. Through FE-SEM 
images, we observed that self-assemble and Ostwald-ripening 
mechanisms can be responsible for the growth process of the 
particles in parallelepiped-like morphology as increasing processing 
time. UV-vis spectra showed that optical band gap undergoes slight 
increase as processing time also increases, due to density of 
structural defects generates along of processing time, which to 
leads to generation and/or reorganization of intermediary energy 
levels (shallows and deeps), thereby suggesting a possible structural 
disordering, once at long- and short-range the ordering is kept. The 
PL behavior at room temperature exhibited a broad band PL 
emission in the blue region (≈460 nm) which was decomposed in 
three components (blue-≈455nm, green≈530nm, and 
yellow≈610nm). The dominion of blue component implies that 
structural defects are presents into NaNbO3 lattice, which lead to 
distortions between cluster However, these distortions and, 
consequently the disordering undergo decline as increasing 
processing time. The PL profile implies that these structural defects 
arise from the oxygen vacancies generated both bulk and surface, 
due to deviations in both the Nb-O bond lengths and in the O-Nb-O 
bond angles, and thereby leads to disorder at medium-range. These 
oxygen vacancies defects are able to transform NaNbO3 ordered 
structure, represented by [NbO6]x clusters, in NaNbO3 structure 
with degree of order-disorder associated with the presence of 

Page 7 of 24 CrystEngComm

C
ry

st
E

ng
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 2
5 

M
ay

 2
01

7.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
L

et
hb

ri
dg

e 
on

 2
8/

05
/2

01
7 

21
:0

8:
29

. 

View Article Online
DOI: 10.1039/C7CE00218A

http://dx.doi.org/10.1039/c7ce00218a


JournalName ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 8  

Please do notadjustmargins 

Please do notadjustmargins 

[����.��
�], [����. ��

•] and [����. ��
••] complex clusters. 

Depending on the extension of deviations in the bond lengths and 
bond angles, the distortion will be more or less able of to promote a 
electronic density, changing and/or reorganizing the intermediary 
energy levels within the band gap. Closer to conduction band the 
shallows levels, represented by the [����.��

�] clusters, are 
responsible by the blue component, besides to be generated in 
larger density independently of processing time. The deep levels 
represented by the species [���

�
. ��

•] and [����. ��
••] are 

responsible by green and yellow components, respectively, being 
presents in minor density into NaNbO3 lattice. 
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Table Caption 

Table 1: NaNbO3 lattice parameters and reliability factors from Rietveld refinement 

method. 

Table 2: Bond lengths (Nb-O), bond angles (O-Nb-O), polyhedral volume, and 

coordination number of NbO6 octahedron of the NaNbO3 obtained by MAH method and 

the theoretical values reported in the literature (CIG ICSD n°. 96779). 

Table 3: Raman peaks position observed in Raman spectra of NaNbO3 obtained by 

MAH method at different processing time compared with literature. 

Table 4: PL intensity, FWHM and peaks centers of the broad band profiles and PL 

components of NaNbO3 obtained by MAH method at different processing time 

compared with literature. 
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Table 1 

NaNbO3 – CIF 96779 [45] 
Atoms Wyckoff x y z 

Na1 4c 0.75000 0 0.23400 
Na2 4d 0.74300 0.25000 0.24000 
Nb1 8e 0.25830 0.12600 0.24620 
O1 4c 0.25000 0 0.31100 
O2 4d 0.24020 0.25000 0.18170 
O3 8e 0.06790 0.13970 0.54430 
O4 8e 0.49190 0.11020 -0.01190 

volume = 476.91 Å3; a = 5.5625 Å; b= 15.5495 Å ; c = 5.5138 Å. and Space group: Pbma 
NaNbO3 – 30 minutes 

Atoms Wyckoff x y z 
Na1 4c 0.75000 0 0.23720 
Na2 4d 0.78726 0.25000 0.23278 
Nb1 8e 0.26363 0.12465 0.25339 
O1 4c 0.25000 0 0.32959 
O2 4d 0.25548 0.25000 0.20790 
O3 8e 0.05073 0.14267 0.52816 
O4 8e 0.48029 0.11132 -0.02110 

Rwp = 6.05 %; Rexp = 5.41 %; RB = 2,98 %; �2 = 1.25; volume = 477.6242 Å3; a = 5.56603 Å,  
b = 15.56152 Å, c =  5.51428 Å and Space group: Pbma 

NaNbO3 – 60 minutes 
Atoms Wyckoof x y z 

Na1 4c 0.75000 0 0.25894 
Na2 4d 0.78875 0.25000 0.26569 
Nb1 8e 0.26560 0.12478 0.24921 
O1 4c 0.25000 0 0.28548 
O2 4d 0.25616 0.25000 0.17236 
O3 8e 0.05256 0.14603 0.53277 
O4 8e 0.48209 0.11318 -0.02714 

Rwp = 5.97 %; Rexp = 5.47 %; RB = 2,81%; �2 = 1.19; volume = 477.6392 Å3; a = 5.56709 Å,  
b = 15.56150 Å, c =  5.51341 Å and Space group: Pbma 

NaNbO3 – 90 minutes 
Atoms Wyckoof x y z 

Na1 4c 0.75000 0 0.26320 
Na2 4d 0.78321 0.25000 0.26474 
Nb1 8e 0.26442 0.12477 0.24731 
O1 4c 0.25000 0 0.30125 
O2 4d 0.25409 0.25000 0.18275 
O3 8e 0.06456 0.14254 0.52942 
O4 8e 0.49013 0.11089 -0.02136 

Rwp = 5.84 %; Rexp = 5.08 %; RB = 3,24%; �2 = 1.16; volume = 477.5946 Å3; a = 5.56798 Å,  
b = 15.55615 Å, c =  5.51391 Å and Space group: Pbma 
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Table 2 

 
NbO6  

octahedron parameters 

NaNbO3 
 

CIF ICSD 
n°. 9766 

NaNbO3 
 

30 min 

NaNbO3 
 

60 min 

NaNbO3 
 

90 min 

Average bond length (Nb-O) (Å) 1.9885 1.9844 1.9870 1.9851 
Polyhedral volume (Å3) 10.4112 10.3910 10.4127 10.3979 
Distortion index 0.01672 0.01610 0.01157 0.01832 
Bond angle variance (deg3) 15.4624 5.4291 10.5047 5.8160 
Effective coordination number 5.8886 5.9246 5.9591 5.8562 
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Table 3 

Raman 
vibrational 
modes 

This work Ref [24] Ref [71] 

ν1 600 cm-1 599.4-613.3 cm-1 605 
ν2 560 cm-1 556.4-569.4 cm-1 560 cm-1 
ν3 - 670.6 cm-1 - 
ν4 429 cm-1 377.3, 433.1 cm-1 375, 433 cm-1 
ν5 206-276 cm-1 ~200-300 cm-1 223, 258, 279 cm-1 
ν6 180 cm-1 170 cm-1 180-186 cm-1 

ν1+ ν5 870 cm-1 870.6 cm-1 - 
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Table 4 

Proc. time 30 min 60 min 90 min 
FWHM 

Broad band 

(nm)  
138.20 145.84 203.41 

PL 
components 

blue green yellow blue green yellow blue green yellow 

Area (%) 57 30 13 55 28 17 50 30 20 
FWHM 
PL comp. 

(nm) 
80.58 80.31 80.58 84.48 85.35 85.78 109.17 105.95 100.48 

PL 
components 
peak center 

(nm) 

455 530 610 455 530 610 455 530 610 
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XRD patterns from Rietveld refinement of NaNbO3 heat treated at 180 °C from MAH method under different 
processing times.  

 

254x190mm (96 x 96 DPI)  
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Unit cell representations of NaNbO3 obtained by MAH method  

 

254x190mm (96 x 96 DPI)  
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Raman spectra of NaNbO3 obtained by MAH method for different processing time (30, 60 and 90 minutes).  
 

343x205mm (96 x 96 DPI)  
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FE-SEM images of NaNbO3 particles obtained by MAH method for distinct processing time: (a-d) 30 min. (b-
e) 60 min and (c-f) 90 min.  

 
344x400mm (96 x 96 DPI)  
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Growth mechanism of NaNbO3 particles obtained by MAH.  

 

392x103mm (96 x 96 DPI)  
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UV-visible spectra of NaNbO3 obtained by microwave hydrothermal method for different processing time: (a) 
30 min. (b) 60 min and (c) 90 min.  

 

271x234mm (96 x 96 DPI)  
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Photoluminescence spectra of NaNbO3 powders obtained by MAH method for different processing time: (a) 
30 min. (b) 60 min and (c) 90 min.  

 

 
 

154x125mm (96 x 96 DPI)  
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Deconvolution of PL spectra of NaNbO3 powders obtained by microwave hydrothermal method for different 
processing time: (a) 30 min. (b) 60 min and (c) 90 min.  

 

164x244mm (150 x 150 DPI)  
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Highlights 

Unveiling the correlation between structural order-disorder character and 

photoluminescence emissions of NaNbO3 

 

 

 

Orthorhombic NaNbO3 particles obtained by MAH route show photoluminescence 

emission is related to structural disorder effect at medium range.  
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