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Sodium niobate presents numerous interesting properties for technological application and can be produced in nanometric
structures if synthesized by alkali hydrothermal route. Although the influence of synthesis conditions on the product morphology
and crystal structure has been well explored for niobates synthesized from the powder of niobium oxide, the synthesis on metallic
niobium platelets is not completely understood. .erefore, the present study seeks to correlate the synthesis’ variables, of alkali
hydrothermal route, to morphology and thickness of sodium niobate nanowire layer supported on niobium platelets. An ex-
perimental design was planned to evaluate whether temperature, alkali solution concentration, and reactional duration influence
on the produced materials. .e morphology of 1D niobates produced was investigated by scanning, while crystal structure was
analyzed by X-ray diffraction..e cross sections of 1D sodium niobate layers were cut with a focused ion beam, and their thickness
was quantified by scanning electron microscopy images. It was concluded that all chosen variables influenced the thickness of the
sodium niobate layer, and a model describing the layer thickness with the chosen variables was proposed. A morphology change
from nanowires at the mildest synthesis conditions to nanoribbons at the most severe ones was observed (see Supplementary
Material for graphical abstract).

1. Introduction

Alkali niobates have gained scientific and technological
interest due to their properties as a piezoelectric, nontoxic,
pyroelectric, photocatalytic material among others, and
their wide range of possible applications [1, 2]. .eir
nontoxicity and bioactivity motivated studies related to a
possible application as a biomaterial for implants [3, 4]. On
the contrary, the combination of piezoelectricity with
photoactivation showed an improvement in their photo-
catalytic performance [5]. .e photocatalytic properties
strongly depend on the material crystal structure and
morphology; therefore, their formation and growth com-
prehension are important steps for the design of new and
efficient materials for this purpose [6–9].

Sodium niobate was first studied in 1896, by Holmquist,
when it was synthesized through solid-state route, from
Na2CO3 and Nb2O5 powders at high temperature (1500°C),

obtaining crystals with NaNbO3 stoichiometry, cubic-like
shape, and orthorhombic crystal structure [10]. .e syn-
thesis of sodium niobate can also be made by the hydro-
thermal route. .is method turned possible the production
of this material with the same stoichiometry at the nano-
scale, with rapid nucleation and epitaxial growth, which led
to the formation of single crystals with nanowire shape.
.ese nanowires showed a different crystal structure
(monoclinic) that was labeled as a hydrated sodium niobate,
showing Na2Nb2O6·H2O formula [11–14]. After that, it was
discovered that this was a metastable compound that could
be transformed into orthorhombic NaNbO3 either by in-
creasing hydrothermal reaction time but losing the 1D
morphology, or through heat treatment, with the mainte-
nance of the wire format [11, 15].

.e hydrothermal synthesis’ method has shown promise
in manufacturing niobates, both from niobium oxides
[1, 6, 11, 12, 16–19] and from the metallic niobium [4, 15].
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.is route requires much lower temperatures than those of
the solid-state reaction and also enables the obtainance of
crystals in the nanometric scale [17, 20, 21]. Studies have
shown that the variation in the hydrothermal synthesis
conditions, such as temperature, alkali concentration, and
precursor, among others, can influence the growth mech-
anism of the nanomaterials produced and consequently
modify their morphology [15, 19, 22–24]. Although there are
several studies about the hydrothermal synthesis of niobates
from the powder of niobium oxide [9, 11, 17], there is none
information in the literature related to the quantitative
influence of synthesis conditions using metallic niobium as a
precursor.

.erefore, the aim of the present study is to investigate
how the synthesis variables influence the formation of so-
dium niobate crystals produced from metallic niobium, by
hydrothermal synthesis using aqueous NaOH solution.With
this intent, an experimental design was made, using three
variables in two conditions and three central points. .e
chosen entrance variables were temperature, reaction du-
ration, and aqueous NaOH concentration, and these vari-
ables’ effects on the nanostructured 1D niobates morphology
and layer thickness were evaluated.

2. Materials and Methods

2.1. SodiumNiobate Synthesis. .e sodium niobate layer was
synthesized on metallic niobium by the hydrothermal
method followed by annealing treatment. Initially, the ni-
obium substrates with a thickness of 0.1 cm were cut, with
the dimension of 1 cm × 1 cm, grounded, then cleaned, in an
ultrasonic bath with deionized water for 20 minutes, and
dried at atmospheric conditions. .ree of these niobium
platelets were placed in the bottom of a Teflon-lined 500mL
autoclave filled with 150mL of NaOH solution. .e syn-
thesis was performed under different conditions according
to the experimental design. After synthesis, the samples
were washed with deionized water, dried at 100°C,
and then annealed in a vacuum furnace at 550°C for
15 minutes to convert Na2Nb2O6·H2O (monoclinic) to
NaNbO3 (orthorhombic).

2.2.ExperimentalDesign. In this study, a single-replicate of a
full 2k factorial design with three center points was applied to
evaluate the synthesis variables’ influence on the thickness of
the sodium niobate layer, such as temperature, duration of
synthesis, and alkali concentration. .ese three variables
were chosen to complete a factorial experimental plan of 23

with three center points (Table 1). .e maximum and
minimum values of the variables were chosen so that the
correspondent center points of the chosen variables were
according to those in the study of Grange et al. [2]..e order
of the synthesis conditions was randomized (Table 2),
intending to avoid any kind of influence that was not
connected to the chosen variables.

In order to simplify the presentation of the conditions
used in each sample, it will be used a notation presented in
Table 2, represented by time (h)-temperature (°C)-NaOH

concentration (M), such as 12-40-0.25, that represents 12
hours, 40°C, and 0.25M, respectively.

2.3. Characterization. .e crystal structure of the samples
was analyzed by X-ray diffraction (XRD) using a D8
Discover-Bruker X-ray diffractometer with Cu κα radiation
(λ � 0.154059 nm) in the low angle mode, with the source
fixed angle of 6°. .e samples surface morphology and the
niobate layer thickness were characterized by scanning
electron microscopy (SEM) (TESCAN, Vega 3 operating at
10 kV). For the layer thickness measurements, the cross
section of each sample was cut in two steps, using a Ga
focalized ion beam; the first one with a current of 3.0 nA
followed by the second one, a cleaning step, with 0.5 nA (FEI,
Versa 3D DualBeam, electron beam and ion beam operating
at 10 kV and 30 kV, respectively).

.e thickness of the sodium niobate layer, formed on
metallic niobium, was measured 5 times for each run
condition, using ImageJ, and the synthesis’ variables effects
were analyzed using the measured values.

2.4. Statistical Analysis. .e statistical analysis was per-
formed with the MINITAB software. .e effects of the in-
dependent variables and the effects due to interactions
between the chosen variables were investigated using the
analysis of variance (ANOVA), with a 95% confidence level.
.e center points allowed the evaluation of the full factorial
design model linearity and the experimental errors.

2.5. Bandgap Measurement. .e UV-visible diffuse
reflectance spectroscopy (DRS) was recorded by an

Table 1: Experimental levels of the factors chosen at the experi-
mental design.

Factor Symbol Maximum
(+)

Central
(0)

Minimum
(−)

Time A 12 h 24 h 36 h
Temperature B 40°C 80°C 120°C
Alkali
concentration C 0.25M 0.50M 0.75M

Table 2: Experimental 23 factorial design with three center points
matrix.

Run Run
order

A
time

B
temperature

C alkali
concentration Notation

1 4 − − − 12-40-0.25
2 7 + − − 36-40-0.25
3 5 − + − 12-120-0.25
4 3 + + − 36-120-0.25
5 1 − − + 12-40-0.75
6 8 + − + 36-40-0.75
7 6 − + + 12-120-0.75
8 11 + + + 36-120-0.75
9 2 0 0 0 24-80-0.50
10 9 0 0 0 24-80-0.50
11 10 0 0 0 24-80-0.50
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ultraviolet-visible spectrophotometer (.ermo, Evolution
300 UV-Vis) in the air at room temperature, performed in
the wavelength range between 200 and 800 nm with the
Xenon lamp. After the optical analysis, the data were
converted according to the Kubelka–Munk equation,
intending to obtain the Tauc relation.

3. Results and Discussion

3.1. Crystalline Phases Identification. .e samples obtained
after hydrothermal synthesis (Figure 1) and heat treatment
(Figure 2) were analyzed by X-ray diffraction. Figure 1
presents the overall X-ray diffractogram of samples as
synthesized, where is possible to observe the peaks in the
lower angles, between 10° and 15°, related to the planes (200),
(002), and (202) of Na2Nb2O6·H2O (monoclinic, a �

17.114 Å, b � 5.0527 Å, c � 16.5587 Å, and β � 113.947°), also
known as SOMS [25], as well as an amorphous broadband,
that could be related to the presence of an amorphous phase
and also peaks from the Nb substrate (CCC, a � 3.3007 Å).
As can be seen in Figure 2, the samples obtained at the lower
conditions, at 40°C and with NaOH concentration of 0.25M,
presented only the characteristic peaks of niobium, in-
dependently of the reaction duration. .ese peaks corre-
spond only to the substrate, showing that, under these
conditions, it has not formed the sodium niobate or the layer
formed was not thick enough to be detected by XRD. On the
contrary, the samples obtained with more concentrated
NaOH solutions and at higher temperatures showed the
characteristic peaks of orthorhombic NaNbO3. .ere are
two very similar orthorhombic NaNbO3 structures, with
spatial group Pbma (JCPDS: 33-1270) and P21ma (JCPDS:
77-0873). .ere are some differences in their ferroelectric
behavior; however, it is difficult to distinguish them in XRD
patterns as can be seen comparing the diffractograms
simulated using Powder Cell 2.3 (Figure 3). .erefore, it was
not possible to identify which of them was formed after heat
treatment in the samples analyzed in the present work. It was
assumed that the crystal structure with space group P21ma
(JCPDS: 77-0873) was based on literature reports of similar
systems [5, 13, 26, 27].

Peaks attributed to the niobium oxide (Nb2O5) (JCPDS:
30-0873) were also observed in most of the samples. .is
oxide is probably in the interface between Nb and niobates
nanowires. It could be present on the initial metallic nio-
bium surface in the amorphous form, what explains the
amorphous broadband in XRD data of the as-synthesized
material, and had crystallized during the heat treatment,
what corroborates to the appearance of its XRD peaks after
heat treatment at 500°C, even using a vacuum furnace
heating.

3.2. Morphology Characterization. In order to identify the
structure formed on metallic niobium after synthesis and
after heat treatment steps, the top-view SEM images of the
samples were carried out, and the diameters or widths of the
1D nanostructures were measured (Figure 4). At the lowest
synthesis conditions, there are few nanowires with small

diameters that can be seen only at higher magnifications.
With the increase of NaOH concentration and reaction time,
the surface became more populated with nanowires and it is
possible to notice an increase in nanowire diameters
(Figure 5).

.e samples obtained at the conditions of the experi-
mental design center points (80°C, 24 h, and 0.50M), showed
a surface completely populated with nanowires (Figure 5)
which showed diameters superior to the ones obtained at
40°C. And as the temperature increased to 120°C, nano-
ribbons began to form. It is possible to notice that the
nanoribbons are mainly formed at the NaOH concentration
of 0.75M. Although their widths are larger than the
nanowire diameters, reaching the scale of around 300 nm,
their thickness is small, of some tens of nanometers.

After heat treatment, the samples were reanalyzed and it
was noticed that the nanostructures did not suffer any
change in morphology at this step, maintaining their
morphology of nanowire or nanoribbon observed after
synthesis. .e nanowire diameter and the nanoribbon
widths were measured again and compared to the values
obtained before heat treatment (Figure 4). No significant
dimension changes were observed.

3.3. Niobate Layer 6ickness Measurement. In order to
identify the influence of reaction time, temperature, and

SOMS
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Figure 1: X-ray diffraction pattern of the samples as synthesized.
.e XRD pattern of orthorhombic Na2Nb2O6·H2O (SOMS),
simulated using CIF code 55415, is depicted in the lower panel.
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NaOH concentration on the sodium niobate layer thickness
on metallic niobium, the cross-sectional SEM images were
obtained. After heat treatment, the samples were submitted
to a focalized ion beam in order to obtain the cross section of
the NaNbO3 layer without losing the surface morphology
near the cut area, and subsequently, the sodium niobate
thickness could be measured.

.e variation of the measured nanowire layer thickness
with the synthesis conditions can be seen in Figure 6. It was
observed that the samples produced at 40°C presented the
thickness of the niobate layer lower than 2 μm, while the
ones obtained at 80°C and 120°C, with 0.25M of alkali
concentration, presented the thickness between 4 and 6 μm.
.e temperature and NaOH concentration increment, to the
values of 120°C and 0.75M, led to the thickness increase,
reaching the values of 10.44 μm and 39.38 μm, respectively,
for the synthesis of 12 and 36 hours.

A typical image of the nanowire layer cross section is
shown in Figure 7. One aspect of the cross-sectional SEM
images of these samples, which should be emphasized, is
that the nanowires and the nanoribbons begin with a small
diameter or width near the niobium surface and increase
along the layer thickness. Near the niobium surface, it has a

large number of little nanowires, which show diameter
inferior to that observed at the top-view SEM images. It
demonstrates that, at the beginning of the reaction between
the metallic niobium and the NaOH solution, a great
number of nuclei have been formed at the metallic surface,
and then these nuclei grew epitaxially to form the nano-
structures. It seems that these little nanostructures com-
bined themselves along the growth of the niobate layer,
showing an increment of the diameter or width of these
nanostructures, and that is the reason why with the in-
crement of the synthesis’ conditions an increase was ob-
served in the diameter or width of the nanostructures at the
top-view images.

.e sample with the thickest niobate layer exhibited the
formation of cracks and detachment of this layer from the
niobium surface, what was confirmed with an analysis of
backscattered electrons, as can be seen in Figure 8. .is fact
is due to an increase in stress accumulated in the structure
with the increment of the layer thickness.

3.4. Statistical Analysis. .e calculations of the statistical
analysis were carried out with 5% level of significance,
generating the analysis of variance (ANOVA) table (Ta-
ble 3). .e resulting P value meant that all three main
factors affected the thickness of the sodium niobate layer, as
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Figure 3: Diffraction patterns simulated orthorhombic NaNbO3
with spatial group Pbma (JCPDS: 33-1270) and P21ma (JCPDS: 77-
0873).
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Figure 2: X-ray diffraction patterns of the samples synthesized for
12, 24, and 36 hours, at 40°C, 80°C, and 120°C, with NaOH 0.25M,
0.50M, and 0.75M. .e standard pattern of orthorhombic
NaNbO3 is depicted in the lower panel.
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can be seen in Pareto graph (Figure 9). At Figure 9, it is
possible to observe the influence order of the synthesis
parameter effects, chosen to be studied at the alkali hy-
drothermal synthesis of nanometric sodium niobate on
metallic niobium. Although all of them were statistically
significant, the effect of temperature (B) was the most
significant, followed by the alkali concentration (C). .e
influence of two- and three-factor coupled effects were also
significant and followed the order BC > AB > ABC > AC.
.e minor influence in the analyzed factors was due to
reaction duration, named as time (A).

A regression analysis of the thickness of the sodium
niobate layer, formed on metallic niobium by the hydro-
thermal route, was obtained by the ANOVA-based full
factorial design. .e model (Equation (1)) presented an R
square of 0.9726, and an adjusted R square of 0.9685:

E � −5.11 + 0.276t + 0.1070T + 12.62C− 0.00710t × T

− 1.237t × C− 0.2446T × C + 0.03006t × T × C,
(1)

where E is the thickness of the sodium niobate layer (μm), t is
the reaction duration (h), T is the temperature applied at the
reactor (°C), and C is the NaOH concentration (M).

.e three-factor experimental design showed that the
chosen factors influence significantly on the thickness of the
sodium niobate layer, and among the chosen ones, the
temperature is the most significant. Although it was obtained

a high adjusted R square, this design does not represent the
experiment so well, as we can see with the high curvature
value presented in the analysis of variance. A central com-
posite design could have been used in order to describe the
behavior of this experiment with more accuracy. However, it
is not possible to change the factor levels in the steepest
direction, around the value of the thicker layer found at the
design applied, because at these more severe conditions, there
is a detachment of the sodium niobate layer from its substrate.

3.5. Bandgap Measurement. .e bandgap measurement of
the nanostructured sodium niobate supported on metallic
niobium was carried out intending to compare the obtained
value with the sodium niobate bandgap produced from
niobium oxide powder, reported in the literature [5, 8]. For
that purpose, central point sample (0.5M, 24 h, 80°C) was
chosen after heat treatment that showed nanowire shape
niobates.

.e bandgap of the nanostructured NaNbO3 supported
on niobium substrate has been determined using Tauc’s
relation (αhυ)n � A(hυ–Eg), where α, h, υ, A and Eg are the
absorption coefficient, Planck constant, light frequency,
proportionality constant, and bandgap, respectively. .e
index n depends on the nature of the material (direct or
indirect bandgap), and in the case of sodium niobate, it was
used n � ½ as, according to the literature, it was considered
to have indirect bandgap [28].
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By extrapolating the linear portion of the Tauc plot to
zero, a bandgap value of approximately 3.34 eV is obtained
(Figure 10). .is bandgap is comparable to the values of the
bandgap of NaNbO3 reported in the literature, for the

nanostructured NaNbO3 bandgaps produced from Nb2O5,
demonstrating that the initial source does not influence the
bandgap obtained [5, 8, 18]. .is bandgap value shows its
potential application as a photocatalyst activated in UV
range.

4. Conclusions

.e influence of hydrothermal synthesis conditions on 1D
sodium niobate produced from metallic niobium substrate
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Figure 7: Cross-sectional SEM images of NaNbO3 synthesized at
80°C, for 24 h with NaOH concentration of 0.50M after heat
treatment, presenting the increase of the nanowires diameter along
the layer thickness.
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Figure 5: High magnification top-view SEM images of the samples as synthesized (all the samples have the same scale bar).
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was studied. .e variation of temperature, reaction dura-
tion, and NaOH solution concentration affected not only
the 1D niobate layer thickness but also the nanostructures
morphology (nanowires or nanoribbons) and dimensions.

.e as-synthesized niobate is monoclinic Na2Nb2O6·H2O,
and after heat treatment, it transforms into orthorhombic

NaNbO3 without changing the nanostructures morphology
and dimensions. XRD analysis indicated that as-synthesized
samples also contain amorphous niobium oxide that crys-
talizes after heat treatment.

.e cross-sectional image analysis observation showed
that the sodium niobate 1D nanostructures begin to grow
from the niobium surface with small diameters, and they
seem to join each other increasing the diameter along the
layer thickness.

At the mildest synthesis conditions, the sodium niobate
on the top of the layer has a nanowire form, with diameters
of a few dozens of nanometers, while at the more severe
conditions; they have a nanoribbon form that reached a
mean width of 260 nm.

In relation to the sodium niobate thickness layer, the
mildest conditions produced very thin layers of few tenths
of micrometers, while the more severe conditions pro-
duced thicker layers that reached a mean value of almost
40 μm.

Among the studied factors of the experimental design,
the temperature and the alkali concentration used at the
alkali hydrothermal route to synthesize the sodium niobate
on niobium showed effects with more influence on the
thickness of the sodium niobate layer than the reaction
duration, although it has also demonstrated that it is sta-
tistically significant to the thickness layer.

.e nanostructured sodium niobate supported on
metallic niobium presented a bandgap value of 3.34 eV,
similar to the ones reported for the sodium niobate

Figure 8: SEM image of a crack region on the surface of the sample synthesized at 120°C for 36 h with NaOH concentration of 0.75M after
heat treatment.

Table 3: Analysis of variance (ANOVA) of the 23 full factorial design.

Source df∗ Sum of squares Mean square F value P value
Model 8 6167.54 770.94 535.29 0.00
Time, A 1 489.88 489.88 340.14 0.00
Temperature, B 1 1961.53 1961.53 1361.95 0.00
Alkali concentration, C 1 1111.24 1111.24 771.57 0.00
AB 1 579.66 579.66 402.48 0.00
AC 1 490.93 490.93 340.87 0.00
BC 1 909.42 909.42 631.44 0.00
ABC 1 520.43 520.43 361.35 0.00
Curvature 1 104.45 104.45 72.52 0.00
Error 46 66.25 1.44
Total 54 6233.79
∗df � degree of freedom.
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Figure 9: Graph of Pareto showing the variables’ effects on the
thickness of the sodium niobate layer based on the experimental
design.
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produced from the niobium oxide. .is bandgap value
indicates the potential application of the system NaNbO3/
Nb in photocatalysis.
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