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ARTICLE INFO ABSTRACT

Keywords: Nanoparticles of LiNbO3 and NaNbO3 were obtained for the first time by microwave-assisted combustion. Pre-
Niobates liminary experiments reveal that the synthetic conditions influence their microstructure and optoelectronic
Nanoparticles features. Therefore, there is a need for performing the structural characterization of these materials, obtained by
}S);r;l:[::alysis this new route. In the case of NaNbOg, there are two polimorphs which are stable at room temperature, space

groups P2;ma and Pbma. Powder x-Ray diffraction experiments were not capable to identify the crystalline
phases present in the nanoparticles. Therefore, we have performed a detailed structural characterization of the
nanoparticles by 1D and 2D solid state 2>Na and *Nb Nuclear Magnetic Resonance (NMR) techniques. 2*Na
results reveal the presence of both phases, Pbma and P2;ma, for samples prepared using NaNOs precursor in a
1:1 Na:Nb ratio or NaCl in excess. On the other hand, the P2;ma polymorph could be isolated in the synthesis
using NaCl salt in 1:1 Na:Nb ratio. On the other hand, LiNbO3 nanoparticles display the usual rhombohedral
structure R3c. “Li MAS NMR results reveal the presence of two types of Li species, with distinct dynamics. Highly
mobile Li* ions are found at the surface of the nanoparticles, while bulk Li* show restricted movement. Finally,
as a proof of principle, the photocatalytic activity of these niobates was tested for the degradation of methylene
blue dye, a common organic-water contaminant.

1. Introduction

Alkali niobate materials display growing technological importance
due to their interesting properties. For example, NaNbOs has high
dielectric permittivity, ferroelectric and piezoelectric properties,
adequate for use in some devices, such as dielectric capacitors with high
energy storage density and power density piezoelectric actuators, sen-
sors and transducers, ferroelectric memories and electromechanical
systems [1-4]. On the other hand, LiNbOs has interesting
electrical-mechanic properties, high non-linear electro-optic co-
efficients, natural birefringence, large refractive index and wide trans-
parency wavelength. These features make these materials good
candidates for applications such as optical memory, waveguide
modular, high-speed modulator, frequency conversion, second har-
monic generation, and surface acoustic wave among others [5-8]. These

materials might substitute others that contain heavy metals in the con-
struction of healthy and environmentally safe devices.

The environmental applications of lithium or sodium niobates are
being investigated lately. Due to their chemical stability, facile prepa-
ration and because they are semiconductors with a large bandgap
generating high energy electron/hole pairs, suitable for the degradation
of organic pollutants. Recently, NaNbOs nanorods modified graphitic
carbon nitride was applied to degrade ofloxacin in water solution under
simulated solar radiation, demonstrating high efficiency [9] LiNbO3
ceramic-supported Ag nanoparticles were tested in the photo-
degradation of organic dye induced by visible light, showing promising
results [10].

There are several approaches reported in the literature for syntheses
of lithium and sodium niobates. Among them, stands the hydrothermal
synthesis with microwave-assisted [2,9,11,12] and solid-state reactions

Abbreviations: NMR, Nuclear Magnetic Resonance; XRD, X-ray diffraction; HRTEM, High-Resolution Transmission Electron Microscopy; MB, Methylene Blue dye.
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[13,14]. For example, NaNbO3 has been synthesized by designed Sur-
face Ligand-Assisted Localized Crystallization (SLALC) [11], while
LiNbOg3 was obtained by surfactant-assisted solution-phase method [15],
non-aqueous sol-gel reaction [16] or by the molten salt procedure [17].

Combustion synthesis is an attractive chemical industrial process
since it requires modest equipment, low energy and produces a low
amount of residues [18]. The method consists of mixing two solid re-
actants, one is the comburent, an oxidizing agent, usually a nitrate salt,
and the other is the fuel, a reducing agent, usually an organic compound.
The system receives external heat only up to the ignition point, at which
the process is self-sustained by the heat released by the strong exotherm
reaction and reaches a high temperature in a very short time. The high
volume of gas quickly released by the reaction prevents the agglomer-
ation and the growth of the oxide particles produced and the
high-temperature guarantee a low density of defects in the crystalline
structure [19]. The use of microwave energy makes it possible to reach
the ignition point much faster than other heating methods [18]. Several
materials were produced by combustion synthesis, some were recently
published: YsFesO1, [20], MgAl;,04 [21], MnFeCoNiCu and (MnFeCo-
NiCu)304 [22].

In this work, nanoparticles of NaNbO3 or LiNbO3 were produced
using this synthetic approach. To the best of our knowledge, it is the first
time that this synthetic method is employed in the preparation of
alkaline metal niobates. Due to the novelty of this synthesis approach,
the structural characterization of the resulting material is of great
importance. In the case of LiNbO3 X-ray powder diffraction (XRPD)
provide an unambiguous determination of the crystalline structure. On
the other hand, for the NaNbO3 compound there is a high degree of
superposition for the difractograms of both polymorphs which are stable
at room temperature, space groups P2;ma and Pbma [23]. For the
determination of the crystalline phases present in the structure, solid
state 2Na NMR is a very well-suited technique. According to the study of
Johnston et al. [23], ?®Na isotropic chemical shifts and quadrupolar
coupling parameters are different for distinct polymorphs. When more
than one polymorph is present in the structure, bidimentional
multiple-quantum MAS (MQMAS) correlation spectroscopy, combined
with spectral simulations, can be used to provide structural information.
Additionally, the quantitative character of the NMR technique allows for
the quantification of the relative concentration of each phase in the
sample. Finally, 2>Nb NMR provides complementary information about
the Nb coordination environment, while "Li NMR can reveal the pres-
ence of highly mobile LiTions, which cannot be detected by powder
X-ray Diffraction (XRD) [24].

Finally, complementary information about microstructure and opti-
cal properties is provided by a combination of electron microscopy and
optical spectroscopy. Also, it is well known that niobate nanoparticles
are efficient for the photocatalytic degradation of organic molecules in
water [9,10,25-27]. Therefore, the photocatalytic activity of the LiNbO3
and NaNbOs compounds obtained in this work was tested-

1.1. Preparation of samples

Nanoparticles of alkaline niobates were obtained by microwave-
assisted combustion. Ammonium niobium oxalate (NH4[NbO
(C204)2(H20)].H,0) and alkaline salt (NaNOs, NaCl and LiNO3) were
used as precursor reagents and source of the cations. Urea {(H3N),C—=0}
was employed as a reducing agent (fuel) and ammonium nitrate
(NH4NO3) as an oxidizing chemical (comburent). The procedure follows
the chemical concept of the propellants [28], where the details can be
found in the literature [29]. An aqueous solution was prepared with the
fuel and comburent, following the elemental stoichiometric coefficient
[28]. The combustion reaction was performed in a microwave oven
(700 W) operating for 7 min at 2.45 GHz. The first step was the evap-
oration of water followed by the heating of the solids to the ignition
point, at which a large volume of gaseous products is rapidly eliminated
and the product is formed. A summary of the synthesis conditions and
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the sample codes are shown in Table 1. The yields of the reactions were
calculated between 46 and 52%.

1.2. Characterization

The powder XRD patterns were collected in a Shimadzu Diffrac-
tometer model XRD-7000. The X-ray set to a current of 30 mA and a
voltage of 30 kV, with the CuKa radiation, at a scan rate of 4° 20.min "},
with 20 from 15 to 70° The absorption spectra were obtained with a
UV-Vis Shimadzu spectrophotometer model UV 2700. Scanning Elec-
tron Microscopy (SEM) was used to investigate the morphology of the
obtained materials. The images were obtained in a VEGA3 TESCAN
equipment. High-resolution transmission electron microscopy (HRTEM)
images were obtained using a Tecnai G2-20 SuperTwin FEI microscope
at 200 kV. For SEM measurements, samples were re-dispersed in acetone
in an ultrasonic bath, with the aid of a Pasteur pipette, the formed
suspension being subsequently dripped on heated aluminum support.
The same sample preparation was used for HRTEM but, instead of
aluminum support, a holey carbon film on a 200 mesh copper grid was
used.

Solid-state NMR spectra were measured on a Bruker Avance Neo
spectrometer operating at 14.1 T (600 MHz for 1H Larmor frequency)
equipped with a Bruker HX 1.3 mm probe. Spectra were obtained from
single-pulse experiments, using short excitation pulses of 1.0 ps (corre-
sponding to flip-angles below 30°). Additional experimental parameters
are given in Table 2. For “>Nb NMR spectra, rolling baseline artefacts
visible in the single-pulse spectra were removed by spline fitting. 2>Na
Triple-quantum MAS NMR (MQMAS) spectra were measured using the
three-pulse z-filtering sequence [30], using hard excitation and recon-
version pulses of 4.0 ps and 1.5 ps length and soft detection pulses of
10.5 ps length. Spectral simulations were performed using the Simpson
package [31]. In order to obtain reliable values for the complete set of
parameters involved in the *>Nb simulations, they were optimized using
genetic algorithm procedures [32]. The method uses the SIMPSON code
as a computational kernel and was implemented in MATLAB (Math-
Works, Inc.). To simulate the powder spectra, an averaging over the
different crystallite orientations was simulated by using a REPULSION
(REP) powder angle scheme with 320 crystallite orientations [33].
Convolution with Gaussian functions was applied to the final simulated
spectra to reproduce the linewidths observed experimentally. “Li, 2*Na
and *>Nb resonance frequencies were externally referenced relative
respectively to 1 M LiCl (aq) (using solid LiCl, 6 =-1.1 ppm, as secondary
standard [34]), 1 M NaCl (aq) (using solid NaCl, & = 7.3 ppm, as sec-
ondary standard [23]) and a saturated solution of NbCls in acetonitrile.

1.3. Photocatalytic activity testing

Photocatalytic tests were conducted by adding about 100 mg of the
catalysts, to 30 ml of aqueous solutions of methylene blue dye (MB)
(forming two systems), with a concentration equal to 50 ppm, used in
the present work as a contaminant model. The systems were placed (one
at a time) in a photo-reactor equipped with ultraviolet radiation from
two 24 W lamps and a thermostatic system, to guarantee a constant
temperature during the experiment. Before switching on the lamp, the

Table 1
Summary of synthesis details for the preparation of alkaline niobates nano-
particles. Throughout the text, the samples are referred to the numbers in
brackets.

Sample Salt Nb Molar Ratio Alkali Molar Ratio Yield /%
LiNbO;3 (1) LiNO3 1 1 51.7
NaNbO3 (2) NaCl 1 1 51.4
NaNbO3 (3) NacCl 1 23* 46.1
NaNbOs (4) NaNO3 1 1 51.9

*Excess of alkali salt.
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Table 2
Experimental parameters used to measure the single-pulse NMR spectra.

Isotope MAS (kHz) Scans performed Recycle delay (s)
Li 10.0 4 5.0

Na 15.0 64 15.0

?3Nb 40.0 20,000 0.2

reaction system was left in mechanical agitation in the dark for 30 min,
which was necessary to reach the adsorption-desorption balance. After
this step, the lamp was turned on, and a 1 mL aliquot was removed from
the system every 10 min. The concentration of the MB solutions was
monitored with UV-vis spectroscopy measurements, using a Spectro-
photometer PG Instruments Ltd equipment, model T-80 UV/Vis. For this
purpose, absorbance measurements were made, using Apax as a param-
eter of the dye (664 nm). Before UV-vis measurements, the samples
were centrifuged at 4800 rpm for 10 min in a centrifuge Quimis model
Q222T1, to remove the catalyst from the solution. Right after the
centrifugation of the samples, 0.8 mL aliquots were removed, trans-
ferred to a 5 mL volumetric flask, and the flask volume was then made
up with deionized water. This procedure was adopted to avoid large
variations in volume in the reaction system and to keep the distance
from the light source to the solution, with the least possible variation.
The UV-vis measurements were used to investigate the kinetics of the
catalytic process. Finally, the kinetics of the reactions were investigated
in an acidic (pH around 1), and alkaline (pH around 12), as well me-
dium. For the pH adjustment, were used solutions of HCl and NaOH at 1
M.

2. Results and discussion
2.1. Structure and morphology

Fig. 1 shows the powder XRD diffractograms for the obtained sam-
ples. The XRD pattern for sample (1) shows only reflections corre-
sponding to rhombohedral LiNbOs3 (space group R3c, ICDD 74-2243).
Sodium niobate has a perovskite structure and there are various poly-
morphs with some typical perovskite distortions [23]. The XRD patterns
(Fig. 1) of all samples containing Na™ show reflections related to the
orthorhombic NaNbOgs phase, related either to space group P2;ma
(ICDD 82-606 [35]) or Pbma (ICDD 33-1270). The diffractogram of
these two structures are similar, the difference is only a few
low-intensity reflections, about 2% of the main peak (see the subtitle of
Fig. 1), which makes them exceedingly difficult to differentiate only by
XRD. However, solid-state 2>Na-NMR results are more informative,
revealing that the phase P2;ma is dominant for sample (2), while for (3)
and (4) a mixture of both phases, P2yma and Pbma, is found. The
literature [36,37] shows that the predominance of phases of NaNbO3
depends not only upon temperature, but particle sizes also play an
important role, for example, the phase P2;ma may be stable at room
temperature if the particles are submicrometric.

The widths of diffraction reflections are influenced by the micro-
structure of the materials, size of crystals and crystalline distortions
[38]. The reflections shown in the diffractograms of all samples are very
wide, indicating that the crystals of these samples are small and/or the
density of defects is not negligible. The peaks full width at half
maximum (FWHM) are different among the samples. The peak at 32.30°
26 for samples (2), (3) and (4) displays FWHM of 26 from 0.48 to 0.52°,
while for sample (1) the peak of 26 at 32.60° displays an FWHM of 20 =
0.40° The FWHM of the instrument is estimated at 0.37° at this angle.
These results indicate that the microstructure of these materials depends
on the stoichiometry and the conditions used in the synthesis. The chart
inserted in Fig. 1 is the Williamson-Hall plot, FWHM.cos(8) vs 4.sin(0),
for the four samples using the main reflections of the diffractograms
[39]. The slope of linear regression of the data is the mean microstrain
(e) and the intercept is K-1./t, where ) is the wavelength of the radiation,
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K is the Scherrer constant and 7 is the mean crystal size. A measure of Si
standard was used to subtract the instrumental FWHM. The result of the
microstructure is shown in Table 3. The points for sample 1 have not a
linear trend and they have a negative slope. In this case, the micro-
structure calculated by this method is not accurate and the results are
not considered here. The microstrain is not negligible for these samples,
ranging between 0.08% for Sample (2) and 0.47% for Sample (4). The ©
calculated by this method is a volume-weighted average of the size
distribution of all crystals illuminated by the incident x-ray beam on a
diffractometer, so, this parameter is affected by the distribution but
cannot be used to evaluate the breadth of the size distribution. The t for
the samples of sodium range between 29 nm for sample (3) and 33 nm
for sample (4). These results follow the same trend found by microscopy
and UV-Vis methods.

Electron microscopic experiments were used to characterize the
morphology of the niobates. The images of the sample (2) are shown in
Fig. 2, with letters a, b, ¢ and d. Scanning electron microscopy (SEM)
experiments (Fig. 2a) revealed irregular agglomerates on the micro-
meter scale, with some particles with sizes near 90 nm. Smaller particles,
with diameters of 4 nm can also be identified in the high-resolution
transmission electron microscopy (HRTEM) image (Fig. 2b). Fast Four-
ier transform (FFT) reveals three families of lattice planes in the
orthorhombic phase, identified as (101), (200) and (202). More struc-
tural details of the sample were displayed by selected area electron
diffraction (SAED) experiments (Fig. 2c). Eighth diffraction reflections
of the orthorhombic structure were identified in the radial profile of the
obtained SAED image (Fig. 2d): (101), (200), (202), (141), (321), (400),
(420) and (501).

TEM images of the sample (3) (Fig. 2e) show particles with a size
between 4 and 100 nm, but with a predominance of smaller particles. On
the other hand, particles up to 700 nm were found in the TEM images of
the sample (4) (Fig. 2f), although particles with 4 nm were found in this
sample, larger particles are present in greater quantity. FFT processing
of HRTEM images of these two samples reveals interplanar distances
(Miller index) of 0.39(1 0 1), 0.28(2 0 0) and 0.20nm(2 O 2), all planes
are of the orthorhombic structure of sodium niobate.

For Sample (1) (Fig. 2f), the images of microscopy show particles
with sizes from 4 to 500 nm, with the predominance of large particles.
The microscopy results confirm the influence of the synthetic conditions
on the microstructure of niobates: an excess of alkaline salt can inhibit
particle growth, and the alkaline salt counter-ion drastically changes the
particle size, in this case, chloride produces particles smaller than the
nitrate anion.

2.2. Optical absorption properties

The electronic structure of a perfect crystalline material is deter-
mined by the crystal structure and chemical composition. However,
some effects can make changes to the perfect crystal electronic bands.
Deformations in the crystal lattice generate Gaussian broadening of the
electronic bands. This effect promotes a decrease in the bandgap of a
semiconductor and the absorption edge in the absorption spectroscopy is
displaced to smaller values of energy. On the other hand, electrostatic
potential changes in the crystal promote fluctuations in the bands’ edge
that cause an exponential tail below the edge of absorption, known as
Urbach tail [40]. Crystal defects, e.g. vacancy, dislocation and impu-
rities, can cause both deformation and electrostatic changes and
decrease the bandgap. Another important characteristic that can affect
the electronic structure is the crystal size. When the radius of the crystals
is close to/or smaller than Bohr radius of the material, the quantum
confinement effect can be observed, and it increases the bandgap [10] of
the semiconductor. All these effects can occur simultaneously in a
nanomaterial and the observed bandgap can be bigger or smaller than a
perfect crystal depending on which effect is predominant.

Absorption spectroscopy in the ultraviolet and visible regions can be
used to study the electronic structure of the semiconductor. These
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spectra are shown in Fig. 3 for all samples and the bandgap was calcu-

lated by Tauc equation [40]:

equation is taken as 1/2. The inserted graph in Fig. 3 is the Tauc plot and

direct bandgap for these phases [41,42] and the coefficient in the Tauc
the results are shown in Table 3.
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Table 3
Results of UV-Vis and Williamson-Hall plot: Bandgap energy (Eg), standard
deviation (sd) of bandgap, Urbach Energy (Eu), mean size (t) and microstrain

(e).

Sample Eg (sd*)/ eV Eu/eV T /nm e /%
LiNbO3 (1) 3.33 (0.05) 0.39 - -

NaNbO3 (2) 3.18 (0.01) 0.34 31 0.08
NaNbO3 (3) 3.40 (0.03) 0.34 29 0.35
NaNbO3 (4) 3.19 (0.06) 0.34 33 0.47

* Standard deviation derivate from linear regression.

The bandgap values of the sodium niobates are within the wide range
found in the literature for this material, 3.08 - 3.42 eV [42-44]. Sample
(3) has the biggest bandgap among the sodium samples, 3.40 eV. For this
sample, the quantum confinement effect can be predominant and in-
crease the bandgap compared to samples (2) and (4). This denotes that
sample (3) has a smaller crystal size than the other samples. The same
conclusion is supported by the XRD and HRTEM results. The salt excess
utilized in the synthesis of (3) is expected to impose a physical barrier or
physical distance to the reactant molecules, limiting the crystal growth
of the oxides produced.

The bandgap for sample (1), 3.33 eV is very close to the value re-
ported in the literature (3.28 eV [41]), suggesting the formation of
larger crystals and little influence from the effect of quantum confine-
ment. The lattice distortions effect in this sample stands out, decreasing
the bandgap.

The Urbach energies (Eu) were calculated by exponential region of
the absorption edge of the spectrum by applying Eq. (2):

a=Ae <_> )

where Eu is the Urbach energy and A’ is a constant. This energy is
associated with Urbach Tails is useful to characterize the degree of de-
fects and how they influence the imperfections in the lattice [45]. Eu
from typical crystalline material at room temperature is less than 0.1 eV
[46]. For LiNbOg single crystal it is found in literature at 0.082 eV [47].
The four samples show rather large Urbach energy values (Table 3),
higher than 0.34 eV. Nanomaterials often have high Eu in view of their
surface defects [48]. The samples containing sodium have very close
values of Eu, lower than those found for the lithium niobate, suggesting
a higher defect density in the samples containing Li.

2.3. Solid state NMR characterization

23Na spectra obtained for the sodium-niobates (2), (3), and (4), are
shown as black curves in Fig. 4. The 23Na spectral lineshapes result from
the superposition of multiple quadrupolar powder patterns corre-
sponding to distinct Na sites. In order to resolve the observed 2>Na
signals, we have acquired a representative bi-dimensional >>Na MQMAS
NMR spectrum for sample (3), shown in Fig. 5a.

The horizontal dimension (8;) shows the anisotropic quadrupolar
23Na powder pattern, while the vertical dimension (82) shows isotropic
projections of the spectra, with positions given by a combination of
isotropic chemical shift and second-order quadrupolar shift. Three cross-
peaks can be easily distinguished in the MQMAS spectrum, with &, shifts
near -4.5, -1.8 and 2.0 ppm. From the positions of the MQMAS peaks in
both dimensions, information can be obtained about the 2>Na isotropic
chemical shifts (8;5,) and second-order quadrupolar coupling effect
(SOQE) constant Pq = Cq/(1 + 52/ 3)Y/2, where CQ is the quadrupolar
coupling constant and 1 is the asymmetry parameter of the electric field
gradient tensor. Table 4 shows the values of §;s,and PQ obtained from
the MQMAS spectra of the sample (3). Fig. 5b shows horizontal pro-
jections of the bidimensional spectrum taken for each of the observed &,
shifts. Using as an initial guess the §;s,and PQ values obtained from the
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peak positions in the MQMAS spectrum, each projection could be
reproduced by spectral simulations of quadrupolar powder patterns. The
first projection (Fig. 5b, top spectrum) could be simulated with two
spectral components, corresponding to Na sites which we will call here
Nal and Na4. The second and third horizontal projections (Fig.5b,
middle and bottom spectrum respectively) could be simulated with a
single component each, corresponding respectively to Na3 and Na2
sites.

Taking as a starting point the approximated simulations of the
MQMAS projections, satisfactory simulations of the single-pulse 2>Na
MAS spectra could be obtained for all samples. The final parameters for
the simulations are shown in Table 4. Besides the sites observed in the
MQMAS spectrum, a fifth site (Na5) with minor intensity can be
observed in the 2*Na MAS spectra (see inset in Fig. 4. No quadrupolar
parameters could be obtained for this site and it is reproduced by
Gaussian lineshapes in the spectra of Fig. 4.

Considering the 2°Na spectral lines with major intensity, four Na sites
could be observed for samples (3) and (4), indicating the coexistence of
different NaNbO3 phases. On the other hand, for sample (2) only two
components are observed. Table 4 also shows 2>Na isotropic chemical
shifts and quadrupolar coupling constants obtained for NaNbOs samples
with crystalline phases P2;ma and Pbem, as reported by Johnston et al.
[23]. The parameters obtained for sites 1 and 2 are very close to those
reported for the NaNbOs P2;ma phase. Therefore, we confirm that
sample (2) is in the P2yma crystalline structure. For samples (3) and (4) a
heterogeneous environment is observed. Besides the P2;ma phase, a
fraction of the sample (~20%) is found in a different crystalline phase.
The quadrupolar parameters for site 4 are in close agreement with the
Pbem phase, however, a certain discrepancy is found for site 3. We
tentatively attribute sites 2 and 3 to Na in a slightly distorted Pbcm
environment. Finally, the peak centered around 9 to 10 ppm (site Na5)
comprises about 5% of the overall spectral area. This low-field chemical
shift value indicates a cationic character for sodium and we tentatively
attribute site Na5 to Na' ions in defect sites on the surface of the
particles.

Fig. 6 shows the single pulse “Li MAS NMR spectrum for sample
LiNbOg3 (black curves) and the spectral deconvolution into Gauss/Lor-
entz functions (coloured curves). The parameters of the deconvolution
are displayed in Table 5.

The ”Li spectrum could be represented by four components, being a
broad component represented by a Voigt function (Gauss/Lorentz frac-
tion equal 0.3) centered around -0.9 ppm and three narrow components
represented by Lorentzian functions centered around -1.1, -1.2 and -1.5
ppm. The broad component (green curve in Fig. 6) corresponds to Li
species with restricted mobility and can be attributed to Li atoms at
crystalline domains in the bulk of the material [24,49,50]. On the other
hand, the sharp lines at -1.2 and -1.1 ppm correspond to highly mobile Li
species (as confirmed by the lack of spinning sidebands, see inset in
Fig. 6) at the surface of the material [24,49,50]. The 7Li resonance at
-1.5 ppm is also probably due to Li in defect sites. This peak shows
first-order spinning sidebands with some intensity (see first order spin-
ning sidebands on the inset in Fig. 6), indicating intermediate mobility
for these species, i.e., chemical shift anisotropy is not completely aver-
aged out by motion. According to Yao Yu et al. [24], the high Li diffu-
sivity on the surface of LiNbO3 at room temperature is explained by the
presence of oxygen vacancies on the surface. They report that the sharp
7Li resonance is eliminated after successive annealing of the sample in
air.

Fig. 7 shows single pulse *>Nb MAS NMR spectra measured for the
studied compounds (black curves). Although a heterogeneous environ-
ment was observed from >>Na NMR results for samples NaNbOj3 (3) and
(4) (a probable mixture of crystalline phases P2;ma and Pbem), all *>Nb
spectra could be simulated with a single spectral component. Previous
results on NaNbOgs polymorphs show that, in principle, it is not possible
to distinguish between P2yma and Pbem based on the *Nb spectra
phases, due to the similarity of the Nb coordination environment in both
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Fig. 4. Experimental (black curves) and simulated (coloured curves) 23Na NMR
spectra of the samples (2) - (4). Simulations were performed taking as starting
guess the spectral parameters obtained from triple quantum MQMAS experi-
ments. The inset shows in detail the region from 0 to 20 ppm for sample
NaNbOj (3), where a minor signal can be observed (Na5).

systems [51]. The simulations are shown as red curves in Fig. 7 and the
spectral parameters are shown in Table 6. The simulations consider a
system with quadrupolar coupling interaction and chemical shift
anisotropy. The simulated spectra were convoluted with a Gaussian
function in order to reproduce the linewidth observed experimentally.

The width of the Gaussian function (Ib) is also shown in Table 6.

The chemical shift anisotropy and asymmetry parameters have a
very small effect on the spectral lineshape, therefore, an axial chemical
shift interaction was considered aiming to better reproduce the first
order spinning sidebands. For all NaNbO3 samples, a rhombic electric
field gradient is found for the °>Nb local environment, with a quad-
rupolar coupling interaction constant CQ of 21 + 1 MHz and asymmetry
parameter 1 of 0.6 for samples (2) and (3) and 0.7 for sample (4). The
parameters observed by us are in complete agreement with literature
data for both Pbcm and P2;ma phases of NaNbOs [51], being 93Nb MAS
NMR unable to resolve them. On the other hand, for the LiNbO3 sample,
the **Nb is found in a nearly axial environment, with 1 = 0.1 and CQ =
22 + 1 MHz. These parameters are in complete agreement with the
LiNbOg trigonal phase [52-55]. Finally, larger broadening parameters
were necessary to reproduce *>Nb NMR spectra for NaNbO3 samples,
indicating a larger degree of disorder for these samples, as suggested by
XRD data.

2.4. Photocatalysis tests

Several works in literature have been reported that lithium and so-
dium niobates synthesized by other routes have photocatalytic activity.
NaNbOg3 obtained by hydrothermal route [9] showed photocatalytic
activity for degradation of ofloxacin and when obtained by polymeric
citrate precursor [26] and by polymer complex method [27] they are
able to degrade rhodamine B. On the other hand, LiNbO3 obtained by
solid state reaction [10] showed photocatalytic activity for degradation
of rhodamine B. Semiconductors with nanoscale particles is an impor-
tant feature to achieve good results in photocatalysis because the charge
transfer step occurs on surface particle. The synthesis method used in
this work allows obtaining materials in a single step with low energy
consumption with adequate morphology to photocatalysis. Therefore,
the photocatalytic methylene blue (MB) degradation test was performed
to verify the activity of the samples.

The photocatalytic activity of samples (1) and (2) were tested by
adding about 100 mg of the niobates to 30 ml of aqueous solutions and
MB in a concentration of 50 ppm. Fig. 8 shows the percentage of MB
removal from the solution by alkaline niobates (LiNbOs (1), and
NaNbOs (2)), at two different pHs (pH 1, Fig. 8a, and pH 12, Fig. 8b),
after reaching the adsorption equilibrium. The removal percentage was
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Fig. 5. (a) ®*Na triple-quantum MQMAS spectrum for the NaNbOs sample (3). (b) Horizontal projections of the 2D-MQMAS spectrum taken from the spectral slices
with §; shifts near -4.5, -1.8 and 2.0 ppm (black curves). Spectral simulations of the projections are also shown. The simulations consider quadrupolar pow-

der patterns.

Table 4

Experimental 23Na NMR Parameters, 8, Pg, Co, and n, for the studied samples Expenment_al
obtained from the single-pulse MAS and MQMAS spectra in Figs. 4 and 5a Deconvolution
respectively. Data from the literature are also shown for the NaNbO3; P2;ma and —— | =83%
Pbem crystalline phases. —1=10%
Sample Na 23Na single-pulse MAS spectral 23Na MQMAS —1=1%
site simulations
Siso cQ n Iarea Siso PQ —1=6% 40 3% 30 25
(£0.2 (£0.2 (£0.1) (£2%) (£0.5 (+0.5
ppm) MHz) ppm) MHz)
2) 1 -5.2 1.0 0.8 48 - -
2 -1.0 21 0.9 48 - -
3 5 9.8 - - 4 - -
1 -5.0 1.1 0.8 37 -5.2 1.1
2 -1.8 2.3 0.9 37 -1.3 2.4 T T T T T 1
3 -3.7 1.6 0.8 9 -3.4 1.6 4 2 0 -2 -4 -6
S S A - "Li-8 /ppm
“4) 1 -5.1 1.1 0.8 37 - -
2 -2.0 2.0 1.0 35 - - Fig. 6. Experimental (black curves) ’Li MAS NMR spectra for the LiNbOg
3 -3.1 1.6 0.8 11 - - sample. Coloured curves correspond to the spectral deconvolution into Gauss/
4 1.2 17 0 12 - - Lorentz functions. The inset show the first order high-frequency spinning
5 9.3 - 5 - sideband for the experimental data.
p2;ma®  Na 1.5 2.1 0.9 - -1.5 2.4
(@
Na 5.1 1.1 0.7 - -5.1 1.2
®) Table 5
Pbem™  Na 05 21 0 _ 0.5 2.1 Parameters obtained from the deconvolution of the “Li spectrum in Fig. 6 into
(@) Gauss/Lorentz functions. G/L is the Gauss/Lorentz fraction used for the fit and I
Na -4.2 1.0 0.8 - -4.2 1.2 is the intensity area for each component, taking into consideration the area of
) the corresponding spinning sidebands.
[a] Position of the peak maxima. [b] Extracted from ref. [23]. Component Pos (+ 0.1 ppm) Width (+ 0.05 ppm) G/L 1(£1%)
1 -0.9 2.36 0.3 83
calculated using the equation: 2 1.2 0.24 0 10
3 -1.1 0.10 0 1
Co — Cf 4 15 0.14 0 6

% of removal = {7}X100
Co

where Co and Cf represent the initial and final concentration of the dye

3

photodegradation to a certain extent [56]. This result suggests that the
mechanism of MB degradation by alkaline niobates occurs mainly on the

respectively. As can be seen, in basic media the percentage of MB
removal is considerably higher than in acidic media.

It is worth mentioning that the MB is a cationic molecule. With the
increase in the pH of the medium, there is a change in the surface
charges of the particles of the catalysts, becoming negatively charged
[56], therefore the adsorption of the dye on the surface of the catalyst
becomes more extensive, also increasing the molecule’s

surface of the materials, so their excitation by light, and the degradation
of the dye molecule, can be described by the equations [57]:

MNbO; + hv — MNbO3 (hVg) + MNbO; (ecp), where M = Li or Na

MNbO; (hg) + MB - MB™* + MNbO;
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Fig. 7. Experimental (black curves) and simulated (red curves) 93Nb MAS NMR
spectra for the investigated LiNbO3; and NaNbO3; compounds.

Table 6

Chemical shift anisotropy (Acs) was added to the simulations just to reproduce
the first order spinning sidebands, the effect of this parameter in the spectral
lineshape is minimum and it could not be accurately determined.

Sample Siso Acs Co n 1b

(+4 ppm) (£50 ppm) (+1 MHz) (+0.1) (£+0.1 kHz)
LiNbO3 (1) -1005 -90 22 0.1 1.0
NaNbOs3 (2) -1075 -150 21 0.6 1.8
NaNbOs3 (3) -1078 -150 21 0.6 2.0
NaNbOs3 (4) -1075 -150 21 0.7 1.5

MNbO; (h{g) + HyO — OH® + H™ + MNbO;

Because the MB is light sensitive, the catalyst can also be excited
directly:

MNbO3 + MB* — MB™* 4+ MNbOj3 (ecp)
MNbO;3 (ecp) + O = MNbO3 + 07
MNDbO;3 (ecp) + 05" + H™ — HO3 + MNbO;
HO> + H' - H)0,

H,0, + ¢ — OH® + OH"

A higher concentration of OH" in these conditions might be the key
factor that enhances the degradation process in an alkaline medium.
This chemical group can react on the semiconductor surface with the
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valence band, and generate a greater amount of hydroxyl radicals (OH®)
[56]. It can also be observed from the results shown in Fig. 8, that the
variation of pH affects the photocatalytic activity of the NaNbOsg,
compared to LiNbO3. While LiNbO3 removes approximately 42 and 48%
at pH 1 and 12 respectively, NaNbO3 removes approximately 59 and
87% under the same conditions. In addition, the results show that,
regardless of pH, NaNbOs is a more efficient photocatalyst for MB than
LiNbOs.

The degradation kinetics was also investigated by varying the con-
centration of the dye as a function of time. It generally follows the
mechanism of Langmuir — Hinshelwood [56]:

dC _ kKC
dt  1+KC

= @
where r is the reagent degradation rate (mg/L min), C is the reagent
concentration (mg/L), t is the radiation time, k is the reaction rate
constant (mg/L min), and K is the reagent adsorption constant (L/mg).
When C is too small, the equation can be simplified to:

c
In (6) = kKt = Kt 6)

where Kgp, is the first-order apparent rate constant, which is given by the
slope of the graph of In (C/Co) versus t, and Co is the initial reagent
concentration. Fig. 9 shows a graph of In (C/Co) versus time for the two
niobates, at pH 1 and 12, Fig. 9a and 9b respectively.

These results follow the Langmuir-Hinshelwood kinetic behavior, as
they presented correlation coefficients equal to 0.95 and 0.99 for LiNbO3
and NaNbOs, respectively, at pH 1, and 0.91 and 0.99 at pH 12. The
apparent rate constant Kqyp, obtained from the graphs in Fig. 9, confirms
what had been observed previously in the removal percentage graphs,
that NaNbO3 is more efficient in removing MB than LiNbO3. The K¢y, for
the reaction of NaNbOj3 at pH 1 is 0.00716 min™! with an error of 2.22 x
10", whereas for LiNDbO3 it is 0.00271 min™* with an error of 1.86 x 10™.
At pH 12 the constants are 0.01569 min™! with an error of 5.3 x 10™%, and
0.00559 min™ with an error of 5.0 x 10, for NaNbO3 and LiNbO3,
respectively. According to the literature, one of the factors that have
made alkali metal niobates gain relative prominence in recent years, is
their distorted octahedral structure, mainly NbOg, which are active sites
for photocatalysis in niobium compounds, being of crucial importance in
the degradation of organic compounds [25]. From crystallography data,
it is possible to observe that octahedron NbOg of NaNbO3 (P21ma) is less
ordered than the LiNbO3 (R3c), displaying more distortions at the Nb(V)
coordination. This may improve the catalytic activity of the sodium

90
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Fig. 8. Percentage of MB removal of photocatalytic test of samples (1) (red circles) and (2) (black squares), a) pH =1, and b) pH = 12.
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Fig. 9. In (C/Co) versus t and fitted function to the pseudo first-order reaction kinetics of photocatalitic tests for samples (1) (red circles) and (2) (black squares), a)

pH =1, and b) pH = 12.

niobate in the degradation of MB. In addition, as demonstrated in the
calculations of the Urbach energies, niobates synthesized by the method
used in the present work, generate surface defects that normally
improve the catalytic activity of the materials [58,59]. This is also a
differential of the present work in comparison with others in the liter-
ature, where conventional synthetic approaches are employed, causing
low compositional homogeneity, high sintering temperatures and large
particle size, limiting their practical use in the industry photocatalysts
[25]. Moreover, concerning the photocatalytic property of alkaline ni-
obates, some authors attribute the activity to the Nb(V) 4d states rela-
tively close to the minimum of the conduction band, which provide
greater mobility for the photoinduced electrons (e’), contributing to a
good photocatalytic activity [25,60,61].

3. Conclusions

Nanoparticles of lithium and sodium niobates were successfully
synthesized for the first time by microwave-assisted combustion. We
observed that the amount of salt and counter-ion of the reactant can
significantly change the crystalline and electronic structures and the
microstructure of the products, indicating that this synthetic approach
offers good control of the material properties. An orthorhombic struc-
ture was obtained for NaNbO3 while LiNbO3 displays a rhombohedral
arrangement, as confirmed by powder XRD. 2*Na solid-state NMR results
showed that the NaNbO3 sample prepared with 1:1 Nb:NaCl molar ratio
presents the P2;ma space group, while the samples prepared with NaCl
in excess or with NaNOs salt (1:1 mol:mol) are both composed of a
mixture of c.a. 86% P21ma and c.a. 14% distorted Pbcm phases. The
nanoparticle size is influenced by the synthesis condition: the presence
of the chloride anion or the salt in excess induces the production of
smaller particles. The sample prepared with an excess of salt shows the
largest bandgap, which denotes quantum confinement. The excess of
alkali salt at the time of combustion provides a physical barrier to the
growth of the particles. The Urbach energies of these samples are greater
than 0.34 eV, indicating a considerable density of the structural dis-
tortions, as commonly found for nanostructured materials due to surface
defects. The obtained lithium niobate and sodium niobate were used for
photocatalytic degradation of methylene blue dye. Both NaNbO3 and
LiNbO3 were able to induce the degradation of the target molecule. We
also observed that these materials are stable and active over a wide
range of pH (1 to 12). Therefore, the pH of the medium can be adjusted
to increase the efficiency without compromising their chemical stability,
making NaNbOs and LiNbOj3 versatile materials for the degradation of
pollutants. Among the investigated materials, the NaNbO3 was more

10

efficient in all investigated conditions.
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