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Highlights

Niobate-based materials with stoichiometry KxNai.xNbOz were studied in the UV-driven

photodegradation of Basic Blue 41.

e The synthesis of the niobate-based hollow spheres was performed by the spray pyrolysis method.

e The hollow spheres became as membrane-like photoreactors with an energy band-gap of 2.93 eV
for KosNaosNbOs.

e The photocatalytic activity was up to 23 times more photoactive than commercial TiOa.

e The increase in photoactivity was ascribed to the formation of highly reactive apical O atoms in

the niobate-based structure.

Abstract

Potassium-sodium niobate-based hollows spheres were studied in the photocatalytic degradation of
Basic Blue 41 dye in aqueous phase under UV irradiation. KyNai-xNbOs materials were prepared at
700°C by the spray pyrolysis method. Photocatalysts were characterized by XRD, SEM, TEM, N2

adsorption/desorption isotherms and FTIR. Different kinetic models of adsorption, direct photolysis,



and photocatalytic degradation of the azo-dye were performed as a function of the pH of solution. The
increase in potassium content is responsible of the distortion and polarization of the niobate structure
promoting a decrease in the energy band-gap down to 3.01 eV for KosNaosNbOs The photocatalytic
activity observed on KosNaosNbO3z was up to 23 times higher than that on TiO: in terms of the surface
concentration of the azo-dye molecules adsorbed. A mechanism for the degradation of Basic Blue 41
azo-dye based on the reactive oxygen species detected by scavenger’s tests and mass-spectroscopy
analysis was proposed.

Keywords. K«Nai-xNbOs photocatalysts; Ultrasonic spray pyrolysis; Hollow spheres; Basic blue 41.

1. Introduction

Perovskite-like structures based on niobium oxides, such as alkali niobates (LiNbO3s, NaNbO3z, KNbO3)
have been widely investigated as main substitute for compounds based on lead [1,2] due to its
ferroelectric and piezoelectric properties. These materials have also been studied in the photocatalytic
degradation of organic dyes, H, and O production, and CO. reduction reactions [3,4]. In addition,
alkali niobates are characterized by a high chemical stability under irradiation, and thus, these materials
are promising catalysts for environmental remediation of polluted water. Sodium niobate (NaNbO3)
and potassium niobate (KNbO3) are the main niobium-based oxides studied in photocatalysis. Both
are n-type semiconductors [5-13] characterized by a large band gap of ca. 3.5 eV and 3.2 eV,
respectively. It is well-known, that addition of potassium cation in sodium niobate host structure result
in an improvement of its ferroelectric and piezoelectric properties [14]. However, up to now, the
influence of A-site cation mainly potassium, in the sodium niobate-based perovskite structure upon
the photocatalytic activity have not been reported. In addition, the hydrophilic behavior is an important
characteristic of potassium or sodium niobates [12,13] since the photocatalytic reactions occur mainly

on adsorbed phase [15].



On the other hand, hollow nanostructured materials would promote an increase in the reactivity of
semiconductor materials [16,17] due to its high surface area and tailored porosity. For instance, hollow
spheres have received a great attention in several applications such as catalytic oxygen reduction [18],
treatment of polluted water [19], drug delivery [20], catalytic hydrogen production [21], and lithium-
ion batteries [22]. This technique offers an easy and quickly way to synthesize spherical materials
without templates. Thus, different photocatalysts such as graphene [25], TiO2/In.Oz [26], Au-
decorated CdS [27], TiO2/WOs [28], Au-ZnO and Pt-ZnO [29], and Cu-based metal—organic
framework’s (MOF’s) [30] have been prepared by spray pyrolysis and investigated as photodetectors,
plasmonic materials, photocatalysts for the degradation of dyes, and photovoltaic applications.
However, much of the research of Nb-based semiconductors have been investigated through the sol-
gel, hydrothermal and ball milling route. The spray pyrolysis method [23,24] has been one of the main
techniques used to prepare spherical hollow materials.

Keeping this in mind, the influence of potassium doping within a host structure based on sodium
niobate was studied and the potential of these materials in the photocatalytic degradation of a
commercial azo-dye was verified. To the best of our knowledge, the present work reports for the first
time the synthesis of KxNaixNbO3 hollow spheres with stoichiometry Ko 2NagsNbO3, Ko3Nag7NbOs,
and KosNaosNbO3 prepared by spray pyrolysis technique. The synthesis of KxNaixNbO3z materials
was limited for x < 0.5, since these materials show a high sensitivity to ambient humidity which needs
special consideration during synthesis procedure. However, future works could be carried out
considering the KyNai1xNbOs; materials with x > 0.5. As a first approach, the photocatalytic activity
of these materials was evaluated in the UV-driven degradation of Basic Blue 41 (BB41) as target
molecule. BB41 has been chosen as target molecule because the growing attention concerning about

the carcinogenic and mutagenic effects of this azo-dye widely used in the textile industry [31,32].

2. Experimental Procedure



2.1. Synthesis of materials

Potassium-sodium niobate powders were synthesized by a modification of the spray-pyrolysis method
already reported by our group for K- and Cu-doped CaTiOs-based nanostructured hollow spheres [33].
The spray pyrolysis process consists in the atomization of a precursor solution by a high frequency
generated in the middle. The drops formed are transported by a gas flow into the pyrolysis zone and
the physicochemical transformation of drops into particles starts with the initial evaporation of solvent
at drop surface, causing an increase in the concentration of remaining solution. At this stage, salts
crystallization takes place leading to the formation of a shell, and the final process consists in the
solvent evaporation together with organic matter decomposition and particle sintering, yielding into a
spherical and hollow nanostructured material. In the present work, materials with the following
stoichiometries Ko2NagsNbO3, KosNao7NbOs, and KosNagsNbOs, denoted as KNN-0.2, KNN-0.3,
and KNN-0.5, respectively, were synthesized. The precursor solutions of sodium-potassium niobate
were prepared using niobium ammonium oxalate, (NH4)s[NbO(C204)2(H20)4]4-:2H2.0 (97.0 %,
CBMM-Brazil), sodium nitrate, NaNOz (99.0 %, Vetec) and potassium nitrate, KNOs (99.0 %, Vetec)
as starting reagents. The final solution obtained, with a concentration of 50 mmol L?, was placed in
the spray container and atomized by a high frequency ultrasonic generator at 1.7 Mhz. The spray
formed was drawn into a tubular furnace using a carrier gas (air) at 5 L min flow rate and the
temperature of pyrolysis was set at 700 °C for the synthesis of the niobate-based materials.

2.2. Characterization

The morphology of the particles was verified by scanning electron microscopy (SEM) using a Carl
Zeiss equipment, model EVO LS15. A small amount of sample was ultrasonically dispersed in
isopropanol and a drop from the suspension was deposited on a glass coverslip. The measurements
were carried out through adding a double-sided conductive carbon type. The histograms of samples
were obtained from the statistical processing of images using the ImageJ software [34]. Transmission

electron microscopy (TEM) was performed in a Microscope JEOL-2100F, operating at 200kV. Images



were obtained in TEM and STEM mode (HAADF-STEM). All samples were dispersed in ethanol
(99.98%), using an ultrasonic cleaner for 15 min. After this time, the sample was deposited on the
carbon-coated copper screen, and after drying, the samples were analyzed.

Textural properties were obtained from the N2 adsorption/desorption isotherms at -196°C collected in
a Nova QuantaChrome 1200 surface area analyzer. Surface area was determined by BET (Brunauer—
Emmett—Teller) equation, while BJH (Barrett—Joyner—Halenda) method was used to obtain the total
volume of pores, volume of micro- and mesopores and the average pore diameter.

The structure of potassium-sodium niobate materials was obtained from the analysis of the X-ray
diffraction (XRD) patterns using a Shimadzu diffractometer (XRD-6000 model) with Cu-Ka radiation
(. = 1.54 A) and graphite monochromator. The measurements were performed in the angular region
of 5° <26 < 80° with 0.02° scanning step. Crystalline structures of potassium-sodium niobate samples
were refined by the Rietveld method using FullProf software [35,36]. The main parameters and
variables adopted during the refinement process are summarized as follows. Background coefficients
using a polynomial of 5-order with a pseudo-Voigt function; scale factor; lattice parameter; atomic
coordination; occupancy factors and isothermal parameters for four atoms (Na, K, Nb, O). The
crystalline structures were built using Diamond software from atomic positions derived from the
refinement. The influence of the texture upon the microstructure of the alkali niobate-based spheres
was investigated in terms of isotropic microstrain and anisotropic crystallite size as well as crystallite
shape. The apparent anisotropic crystallite size and maximum average strain were obtained from the
microstructural refinement following an approach by spherical harmonic method [36,37]. This
approach makes use of the Pseudo-Voigt function modified by Thompson and coworkers [38] to
describe the contributions of peaks obtained by the Gaussian and Lorentzian deconvolutions. The
spherical harmonic method is a phenomenological model based on Scherrer formula [36]. The
anisotropic size effects are modeled from the Lorentzian contribution on the peak broadening and its

linear combination with spherical harmonics. This treatment is given by Eq. 1, where B is the size



contribution on integral broadening of reflection h, amp and yimp (®n, ®n) are the spherical harmonic
coefficients and the real spherical harmonic components, respectively.

A A
hn = Dy, .cos@ B COSQZ AUmp- Yimp (On, Pn) (1)
mp

Independently to the Laue group, this approach can be expanded to a symmetric spherical harmonic
series with polar angles of vector h, with respect to crystallographic lattice in the Cartesian plane. The
apparent size (Dn, in A) is calculated from the instrumental resolution (experimental parameters U, V,
W) through the refinement of spherical harmonic coefficients amp, over each reciprocal vector from
crystallographic structure. In summary, the initial values in microstructural refinement were provided
by the crystallographic data obtained using the previous structural refinement by Rietveld method. The
structural components as cell dimension, atomic coordination, and isotropic factor were maintained
fixed in the refinement. The profile parameters such as scale, zero point, and background were refined
from their initial values. Other components related to Gaussian and Lorentzian contributions were
refined as well as the spherical harmonic parameters (Yoo, Y20, Y22+, Y40, Ya2+, Yasa+). The spherical
harmonics parameters are according to the Laue group mmm from space group Pbma [35]. To obtain
the crystallite apparent size, an instrumental resolution (Uins= 0.00401, Vins=- 0.00971, Wins=0.01715
e Xinst = 0.00752) was provided from the measurement of SiO; standard. The sample parameters U, V,
and W were fixed to zero. The isotropic strain was obtained by refining the U component of the sample
[39]. The refinement was performed using FullProf software [35], and the anisotropic average shape
was visualized in the GFourier program [40]. The crystallite apparent size and the maximum average
strain were obtained with standard deviation related to anisotropy degree.

The chemical bonds of samples were analyzed by Fourier-transform infrared spectroscopy (FTIR)
using a Perkin Elmer spectrophotometer (Frontier model), equipped with a diamond-crystal for the
attenuated total reflection (ATR). The measurements were carried out with an instrument resolution of

2 cm in the range of 4000 — 250 cm™ for 60 scans.



The energy band gap of the samples was determined from the Kubelka-Munk theory based on the Tauc
method by plotting (F(R)hv)Y* = B(hv — E), considering o = 2 for indirect transition [41]. The UV-
Visible analysis was carried out in the range 200 - 600 nm using a Perkin Elmer spectrophotometer
(model Lambda 1050 ) equipped with diffuse reflectance module.

2.3. Adsorption and photocatalytic tests

The photocatalytic activity was evaluated following the kinetics of degradation of Basic Blue 41
(C20H26N406S2, Sigma-Aldrich) denoted BB41. The photocatalytic reactions were performed in a
homemade continuous experimental set-up consisting of an opaque PCV photoreactor of ca. 250 mL,
an immersed UV-C lamp (Osram, 15 W, 254 nm for the UV emission), a Pyrex flask for the pollutant
solution, and a water pump (5 W) with a circulating rate fixed at ca. 180 L h. Figure S1
(Supplementary Material) shows a picture of the experimental set-up. The total volume of BB41
solution in the Pyrex flask was 1L before recirculating, while the volume of irradiated solution was ca.
250 mL. The initial concentration of BB41 was 26 pmol L and ca. 100 mg catalysts were used in all
the adsorption and photocatalytic tests. Accordingly, the loading of samples used in the present work
was constant, ca. 0.1 g L. These values were chosen because they were optimized in a previous work
of BB41 photodegradation [42]. Preliminary studies of BB41 adsorption in the dark were performed
to guarantee the correct interpretation of the degradation results obtained under irradiation. The
Kinetics of adsorption in the dark showed that after 1h the equilibrium of adsorption was achieved.
After this time, irradiation was performed by 4 h UV irradiation. Several aliquots were taken each 15
minutes for the first hour of irradiation and each 30 minutes for the next 3 hours. Aliquots were
centrifuged at 3000 rpm before analysis by UV-Vis spectroscopy in a Genesis model
spectrophotometer with single bean. The samples were measured at 611 nm as the wavelength of
maxima absorption for BB41 dye. Since the pH of BB41 aqueous solution is ca. 5.2, the experiments
were performed at neutral (7.0), acid (3.0) and basic pH (10.0). Thus, the influence of pH of solution

upon adsorption and photocatalytic activity was verified. For the tests in neutral and basic pH, the



solution was adjusted to ca. 7.0, or 10.0 using KOH 0.5 M, while for the experiments in acid conditions,
the pH was adjusted at ca. 3.0 using HNO3 solutions at 0.5 M.

Aliquots were centrifuged at 6000 rpm before total organic carbon (TOC) analysis. The TOC was
measured with a Shimadzu TOC-VCSN analyzer. In addition to neutral pH experiments, the influence
of pH of solution upon the TOC evolution was also verified.

The reactive oxygen species (ROS) were evaluated by addition of benzoquinone (BQ) and isopropyl
alcohol (IP) as scavengers for the capture of superoxide radical (*O2") and hydroxyl radical (¢OH),
respectively. The concentration of BQ and IP followed the same experimental conditions proposed by
Chu et al. [43]. The scavenger’s reagents were added to 1L of BB41 in the same initial concentration
described before. After 1 h adsorption in the dark, the photodegradation experiments were followed as
a function of irradiation time at the three pH indicated above. The aliquots were taken periodically,
centrifuged at 6000 rpm for 5 min, and the changes of BB41 concentration was followed by UV-Vis
spectroscopy.

The intermediates of BB41 photodegradation were investigated by gas chromatography—mass
spectrometry GC-MS (QP2010 plus). The GC-MS was equipped with a low polar Rtx-5MS column
(5% diphenyl and 95% dimethylpolysiloxane) 30m x 2.5mm x 0.25um and a mass spectrometer
detector with electronic ionization (70 eV). The parameters used were the following. Gas carrier was
Helium injector temperature 250°C, injection volume 1.00 puL. The GC column operated in a
temperature-programmed mode at 40°C for 1 min, and then raised to 280°C at 10°C min™. The
parameters for the mass spectrometer were the following. Interface temperature 250°C, temperature
of the ionization chamber 280°C. Aliquots of 5 mL were taken from solution at selected irradiation
times, and before the GC-MS analysis, the aliquot was centrifuged at 6000 rpm for 5 minutes. After
this, 2 mL sample was taken, and 1 mL of diethyl ether was added to extract the intermediate. The
extraction head was taken out, dried with magnesium sulfate and inserted into the GC-MS system.

Also, the aliquot without organic solvent extraction was analyzed.



3. Results and discussion
3.1. Characterization of KxNai.xNbO3; materials

3.1.1. Morphology and Texture

Figure 1 shows the SEM images of KxNa1xNbO3z samples obtained by the spray pyrolysis treatment.
It can be seen the samples show a spherical shape. Digital 3D analysis using ImageJ software allowed
the identification of bright and dark areas in the materials. The analysis indicates a major degree of
roughness in Figures 1d, 1e, 1f, and a minor degree in Figures 1g, 1h, 1i, suggesting different porous
framework of the materials. Some cracked particles exhibit the thickness of the shell which will be
carefully discussed from the TEM analysis (Figure 2). The presence of fractures and the formation of
hollow particles can be associated to the evolution of gases along the degradation of organic matter.
This process leads to an increase of pressure inside of the shell/drop system formed during the pyrolysis
process [24], yielding into a porous hollow structure. If this process is accelerated, the pressure inside
of particle can collapse the structure, resulting in cracked particles [24,44,45]. The formation of gases
such as NOy, NHz and H>O throughout the synthesis of potassium-sodium niobates can be related to
the formation of hollow particles as reported for K- and Cu-doped CaTiOs-based nanostructured
materials [33]. It can be seen from the Figures 1j, 1k, 11, all samples seem to show a similar maxima

value in the histograms with a mean size of particles of ca. 500 — 600 nm.
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Figure 1. SEM images of (a) KNN-0.2, (b) KNN-0.3, and (c) KNN-0.5. Surface 3D analysis of rough
particles (blue circles), for (d,g) KNN-0.2, (e,h) KNN-0.3, and (f,i) KNN-0.5. Particle size distribution
histograms of (j) KNN-0.2, (k) KNN-0.3, (I) KNN-0.5 samples.

However, the particle size distributions became broader in the histograms as a function of composition
with x varying from 0.2 to 0.3 and 0.5. By using the Euler’s theorem, our group have reported a
methodology for the accuracy estimation of the average value of different topological properties in
carbon foams, a highly random material composed by carbon polygons with different number of sizes
[46,47]. According to Euler’s theorem, the average particle size (<P>) can be obtained from the particle
size distribution p(n) in terms of the n range of the particles by Eq. (2).
<P>=IZnpmn 2)

The average particles size from the histograms in Figures 1j, 1k and 11, were ca. 506 nm, 588 nm, and
619 nm for KNN-0.2, KNN-0.3, and KNN-0.5, respectively. The increase in the average particles size

11



can be associated with the increase of K composition within the KxNa1-xNbOs3 structure. In according
to literature, the melting temperature of NaNbOs is equal to 1422°C [48]. This temperature decreases
with the increase of the potassium concentration in the NaNbO3z host structure, reaching the melting
temperature at 1140°C for the KosNaosNbOs solid solution [48]. However, this temperature is much
higher than the synthesis temperature (700°C) of the KNN solid solutions obtained by spray pyrolysis
method. The obtention of powders at low temperature is an advantage of this method compared to the
conventional method by solid state reaction, which requires high temperature of calcination of the
precursor powders (1000°C), close to melting temperature [49], leading to sintering and increase of
particle size. In this sense, the increase of the particle size can be explained by the physical-chemical
properties of the precursor solution, which is influenced by the increase of K content. According to Li
et al. [50], the particle formed via spray pyrolysis is greatly influenced by the precursor metal salts.
The solubility of metal salts determines the type of particle formed: dense sphere, shrink sphere, or a
hollow sphere. In the case of KNN, the solubility of potassium nitrate is much lower (38.3 g 100 mL"
1 water at 25°C) than that of sodium nitrate (91.2 g 100 mL™ water at 25°C). Therefore, when the
potassium concentration increases according to doping, the solubility of precursor solution decrease,
influencing the formation of the particle during the pyrolysis process. Accordingly, the increase of the
potassium concentration favors the increase and densification of the shell of the spheres with a
concomitantly decrease in the porosity. This characteristic results in an increase of the particles size,
in agreement with the features observed in the SEM (Figures 1j, 1k and 11). In other words, the higher
concentration of potassium, the higher the thickness of the shell of the spherical particles, as shown
the TEM images (Figure 2) discussed as follows.

Figure 2 shows TEM images of the (a) KNN-0.2, (b) KNN-0.3, and (c) KNN-0.5 samples. It can be
seen the higher concentration of potassium, the higher the thickness of the shell of the spherical
particles. For the KNN-0.2 the shell thickness is ca. 17 nm, while for the KNN-0.3 and KNN-0.5 are

ca. 28 nm and 42 nm, respectively. This result suggests that stoichiometry of the precursor solution

12



play an important role in the control of the particle. The strong contrast observed between the light
center and relatively dark edge indicates the samples are composed by hollow spheres. For instance,
the hollow spheres of the KNN-0.2 sample in Figure 2a are formed by an array of nanometric particles.
According to the inset in Figure 2a, these particles vary between 18 - 60 nm and have cubic and
pseudo-spherical shape, which is in good agreement with the features observed in the crystallite
anisotropic shape for this sample discussed below in section 3.1.4. In addition, TEM images also
suggest that the increase of the potassium concentration favors the densification and the size of the
shell decreasing the porosity, as shown Figures 2b and 2c. Densification of the shell can be understood
as solid particles assembled from numerous ultrafine primary nanoparticles, which depend on the
solubility of the precursor reagents [51,52]. It means solubility plays an important role in the
precipitation and formation of spherical particle. The rapid precipitation of the precursor is affected by
the saturation of the solution, as shown in the schematic representation of the particle formation process
in Figure 3. This feature results in hollow particle, as well as an increase in the roughness degree of
the particles, in agreement with the features observed in the SEM (Figure 1). In this way, the
concentration of the precursor solution has an important role in both spherical form and roughness of
particle. As expected, the crystalline plane indexed in the TEM images were (101) and (141), were
both associated with the NaNbO3 host structure having orthorhombic symmetry. Structural features of

the materials are carefully discussed below in the section 3.1.3.
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Figure 2: TEM images of catalysts. (a): KNN-0.2, (b): KNN-0.3, and (c): KNN-0.5.

As expected, the increase in the average particle size affects the textural properties of the materials.
Figure S2 (supplementary Material) shows the N2 adsorption/desorption isotherms (Figures 2Sa,
2Sb, and 2Sc), the cumulative pore volume (Figures 2Sd, 2Se, and 2Sf) and the pore size distribution
(Figures 2Sg, 2Sh, and 2Si). A summary of the textural results is listed in Table 1. All samples
followed a type 11l isotherm characteristic of non-porous sorbents with low energy of adsorbent-
adsorbate interaction [53,54] in agreement with the low values observed for BET surface area (Sget)
in Table 1. In addition, a vertical hysteresis loop type H1 can be noticed suggesting the aggregation
of nanoparticles [53,54] and a mesopore framework as can be also observed in the cumulative pore
volume (Figures 2Sd, 2Se, and 2Sf). A deeper analysis from the pore size distribution (Figures 2Sg,
2Sh, and 2Si) showed all the materials are mainly characterized by small mesopores in the range from

2 to 8 nm with an almost perfect Gaussian symmetry centered at ca. 5 nm in agreement with the mean

14



pore diameters (Dpore) Of ca. 4.9 — 6.4 nm obtained from BJH method. Thus, the pore size distributions
suggest all samples are mainly composed by mesopores with an almost negligible micropore volume

(Vmicro) as reported in Table 1.

Table 1. Summary of textural and porosimetry properties of the samples.

Sample SgeT 2 Vmicro b Vmeso ¢ V7ot b Dpore b
(m? g) (cm® g?) (cm®g?) (cm®g?) (nm)
KNN-0.2 106 0.004 0.164 0.168 6.4
KNN-0.3 43 0.007 0.053 0.060 4.9
KNN-0.5 40 0.002 0.056 0.058 5.9

2 Surface area was determined by BET (Brunauer—Emmett-Teller) equation. ° Total volume of pores (Vror), volume of
micropore (Vmicro), Volume of mesopores (Vmeso), and the mean pore diameter (Dyore) Were obtained from BJH (Barrett—
Joyner—Halenda) method.

The incipient micropore framework observed from the N adsorption/desorption isotherms can be
associated with empty voids formed between these nanoparticles in the solvent evaporation stage
during the spray pyrolysis, while the mesopore framework is consequence of the development of
mesopores within the spheres. A schematic representation of the potassium-sodium niobate spherical
hollow particles obtained from spray pyrolysis process is shown in Figure 3. According to the 3D
analysis (Figure 1) and N adsorption/desorption isotherms (Figure S2, supplementary), the KNN-
0.2 sample exhibits particles with a more porous surface than KNN-0.3 and KNN-0.5, which can be
related to a densification of the shell of hollow spheres discussed from TEM images (Figure 2).

There is a monotonic decrease in the specific surface area (Sger) and the total volume of pores (Vrot)
with the increase in potassium concentration in the sodium niobate host structure. According to the
results obtained from SEM, TEM and BET analysis, it can be suggested that the hollow spheres of
KNN samples are mainly composed by a porous shell, which densification increase as a function of
potassium content in the NaNbO3z host structure. Therefore, the remarkable decrease in the specific
surface area of KNN-0.3 and KNN-0.5 with respect to that observed in KNN-0.2 is attributed to the

increase in the densification of the shells of the spheres as a function of the incorporation of higher K
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content which clearly increased the shell’s size from 17 nm for KNN-0.2 up to 28 nm and 42 nm for

KNN-0.3 and KNN-0.5, respectively.
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Figure 3. Schematic representation of the particle formation process by spray pyrolysis.

3.1.2. FTIR and DR/UV-Vis spectroscopy

Infrared spectra of KNN-0.2, KNN-0.3, and KNN-0.5 are shown in Figure 4 while Table 2 listed a
summary of FTIR and UV-Vis spectroscopy results. A band around 530 cm™ is attributed to the
vibrational mode in the edge-shared NbOs octahedra in the perovskite structure [55-57]. This band
shifts to lower wavenumber values as a function of the increase in the concentration of potassium
cation in sodium niobate host structure suggesting an increase of the ionic character of the Nb—O—Nb
bond [57]. A second band at 612 cm™ is associated to vibration of Nb—O bond in the NbOg octahedron
[55,56] and a third band at 830 cm™ is assigned as an asymmetric enlargement of the Nb—O bond due
to formation of a more crystalline perovskite structure [56]. Two vibrational bands positioned between
1000 to 1400 cm™ can be associated to bridged nitrites (1252 cm™) and nitro or nitrate groups (1366
cm?) [58]. Other two bands observed at 1643 cm™ and 3414 cm™ are assigned to the bending (SOH)
and stretching (vOH) of adsorbed water, respectively [59]. The presence of both OH and NO bands
probably can be related to gases adsorbed on material from the niobate ammonium oxalate degraded

during the pyrolysis.
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Figure 4. FTIR spectra of samples.

Table 2. Positions and wavenumber assignments of the Nb-O vibration bands obtained from FTIR

spectra, and optical properties of samples, including maxima absorption wavelength (Aaps-photon) and

optical energy band bap (Eng) obtained from DR/UV-Vis spectra.

Samples Aabs-photon Enyg Wavenumber (cm™)

(nm) (eV) Nb-O (v) Nb-O (vas) Nb-O (v)
KNN-0.2 385 3.21 526 612 836
KNN-0.3 387 3.20 521 612 836
KNN-0.5 411 3.01 515 612 836

On the other hand, the optical band gap for KNN-0.2, KNN-0.3, and KNN-0.5was determined from

diffuse reflectance spectroscopy in the UV-visible region (Figure 5). Assuming an indirect transition,

the energy band gap (Eng) values were obtained from the Tauc plots (Figure 5c). Considering the best

linear range (3.2 to 3.8 eV), the intercept of the linear regression of the Tauc plot with the energy axis

determines the position of Eng [41] as shown Figure 5¢c. A summary of the results is listed in Table 2.
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Figure 5. (a): DR/UV-Vis spectra in terms of the Kubelka-Munk theory. (b): Tauc plot according to

an indirect transition. (c) Linear regression of Tauc plot in the range (3.2 — 3.8 eV).

The band gap values of the potassium-sodium niobate showed in Table 2 may promote controversy
with some values reported in the literature for indirect transition. For instance, Zlotnik et al. [12]

reported a band gap of 3.49 eV for NaNbO3 (orthorhombic) and 3.27 eV for KNbO3z (orthorhombic),
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both synthesized by solid-state reaction, while Wang et al. [60] reported a band gap of 3.42 eV for
NaNbO3 nanoparticles with cubic symmetry, synthesized via low temperature crystallization method.
The present results showed a range of Eng between 3.01 — 3.21, which are close to those reported by
Khorrami et al. [61] for NaNbO3 and KNbO3, synthesized via sol-gel with a band gap of 3.38 eV and
3.18 eV, respectively. The present results also agree with those reported by Liu et al. [62] for NaNbO3
nanowires with orthorhombic symmetry via hydrothermal method and with a band gap of 2.98 eV at
400°C, which increase to 3.06 eV at 600°C, being very close to band gap of NaNbO3z with cube
symmetry (3.09 eV) obtained at 180°C. The lower energy band gaps reported for the present
KxNa1-xNbO3 hollow spheres can be due to the substitution of sodium by potassium in the host structure
influence this optoelectronic property. As discussed from the FTIR spectra, the increase in potassium
composition influences the ionic character of the chemical bond in Nb-O-Nb. As consequence, the
apical oxygen in the perovskite-based structured could be more polarized as reported elsewhere [63]
for KSraNbsO1s nanostructured materials. In other words, the polarization of the KyxNaixNbOs
structure favors the excitation by photons of lower energy promoting the charge transfer process from
apical O to Nbatoms responsible for the band-gap.

SEM (Figure 1), TEM (Figure 2) and textural analysis (Figure 2S, supplementary material) support
this inference, since histograms of particle sizes, the roughness in the surface and the changes in the
pore framework of samples were remarkably affected by the increase in potassium composition. In
short, it can be suggested that spray pyrolysis is an effective method to prepare nanostructured and
photoactive semiconductor materials probably by an enhancement in the light harvesting efficiency as

reported elsewhere [64,65] for TiO.-based nanostructured mesopore hollows spheres.

3.1.3. Structural analysis by X-ray diffraction
Figure 6a shows the XRD patterns for KNN-0.2, KNN-0.3, and KNN-0.5 powders. The patterns were

identified as NaNbOz phase of perovskite structure with orthorhombic symmetry and space group
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Pbma (n°57), according with JCPDS card 33-1270. In agree with results from Gupta and coworkers
[66], the increase in the concentration of potassium cation within the NaNbOs3 host structure results in
a lattice expansion due to the increase in the ionic radii of K*, 0.138 nm, instead of 0.102 nm for Na™.
This lattice expansion can be visualized by the displacement of the diffraction lines at (101) and (141)
planes as well as a decrease in their intensity as shown in Fig. 6b. These trends can also be observed
through of (102) and (122) planes in the region between 35° and 45° in 26 (Fig. 6¢), where diffraction
line at (102) plane presents a low intensity, while the line at (122) plane has disappeared for the patterns

of KNN-0.3 and KNN-0.5 [67].
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Figure 6. (a): X-ray diffraction patterns of KNN-0.2, KNN-0.3, and KNN-0.5 powders. (b): Expansion
of the region between 20° and 35°. (c): Expansion of the region between 35° and 41°.

The Rietveld plots are shown in Figure S3 (Supplementary Material). The lattice parameters and
unit cell volume derived from the structural refinement of potassium-sodium niobates are summarized

in Table 3. The atomic coordinates, isotropic parameter (Biso), and relative occupancy (P) for
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Ko.2NaosNbOs, Ko.3sNao7NbOs, and KosNaosNbOs are listed in Table S1 (Supplementary material).
In addition, Table 3 shows the parameter b and c rises proportionally to potassium concentration in
the host structure. However, the difference for parameter a between alkali niobate compositions is
unchanged or is very small. The increase in the lattice parameters is a quantitative evidence of the
expansion of the unit cell, due to distortions from NbOg octahedron as a result in variation of Nb—O
bond length.

Table 3. Lattice parameters and unit cell volume for the KNN-0.2, KNN-0.3, and KNN-0.5.

Composition Lattice pagameters E:A) g&ngl)t cell volume Ry Rup Reo 7

KNN-0.2 5.57 15.61 5.54 481.31 9.68 123 8.69 2.10
KNN-0.3 5.56 15.70 5.62 490.55 838 11.3 864 1.79
KNN-0.5 5.61 15.80 5.64 500.38 8.05 10.8 852 1.67

The disappearance of (122) diffraction peak at 26 = 39° can be associated to the oxygen-octahedra tilt.
Baker and coworkers [49] reported the missing reflection in KNN in the 35° - 41° region. This missing
reflection was related with the oxygen-octahedra tilt. Although Baker investigated the tilt system as a
function of temperature, the octahedra tilt can also be influenced by the potassium concentration in
sodium niobate as supported by Ahtee and Glazer [68]. In our work, the increase of the concentration
of K* in the sodium niobate results in the loss of octahedral tilting when the proportion of K*/Na*
reaches 50%. In order to stabilize the KNN perovskite structure due to the ionic radii difference in A-
site (ionic radii of K* = 0.138 nm against ionic radii of Na* = 0.102 nm), the Nb (B-site) is displaced
from the central position in NbOe octahedron, occurring the oxygen-octahedron rotate [68]. As
discussed below, this rotation is observed in Figure 9, as the octahedra from KNN-0.2 to KNN-0.5
where the Nb—O-Nb bond angle become close to 180° as the average distortion () between [NbOs]
octahedra decreases (Table 5) where KNN-0.2 (20.19) > KNN-0.3 (15.92) > KNN-0.5 (8.75). Thus,
NbOs octahedra in the KNN structures are tilted and distorted as function of the concentration of K*
cations, showing a considerable effect on the lattice parameters, in this case, promoting the lattice

expansion due to the increase in the ionic radii of K*, 0.138 nm, instead of 0.102 nm for Na*. According
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to this lattice expansion, the unit cell volume growth from ca. 481.31 A% up to 500.38 A3, as can be
seen from Table 3.

Figure 7 shows the graphic representation of the unit cell of KNN-0.2, KNN-0.3, and KNN-0.5
samples obtained from the data listed in Table S1 (Supplementary). Niobium atoms (blue spheres)
are coordinated to six oxygen atoms (red spheres), four of which are located, a priori, on the same
plane as the niobium atoms. The other two are above and below the plane, respectively, as shown the

Figure 7.
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Figure 7. Graphic representation of the unit cell obtained for: (a): KNN-0.2, (b): KNN-0.3, and (c):
KNN-0.5 powders.

This condition favors the formation of a M site (octahedral symmetry) in the perovskite structure.
Potassium and sodium atoms, represented by green spheres, are located at the interstice among NbOg
octahedra. It is interesting to note that potassium-sodium niobate structure is gradually modified by
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introduction of potassium in NaNbOs host structure, presenting distortion and tilting in niobium
octahedron. The bond lengths and bond angles measured from NbOs octahedra are listed in Table 4
and Table 5, respectively.

Representations of NbOs octahedra from potassium-sodium niobates are shown in Figure 8. NbOe
octahedra shows different Nb—O bond lengths at the central plane of the octahedron, represented by
Nb—03, Nb—04, Nb—O5, and Nb—O6, which is consistent with the [NbOs] rotation over b axis [70].

However, Nb—O1 and Nb—O2 bond lengths, on the apical axis, do not present significant change with
potassium concentration in the host structure. This fact means that the octahedron does not undergo
rotation but an elongation. In this case, a slight off-center character is observed, which is related to the

magnitude of displacement of Nb from the central position of [NbOs¢] octahedron.

Figure 8. Representation of NbOs octahedron: (a) KNN-0.2, (b) KNN-0.3 and (c) KNN-0.5.

Due to the increase in the ionic radii for K*, 0.138 nm instead of 0.102 nm for Na* discussed above,
the increase of K composition within the KxNa1.xNbOs structure not only affect the particle size during
condensation of crystals (Figure 1) but the host structure is also affected. In this sense, it is possible
to quantify the relative distortion in the octahedra (Aq) by deviation of Nb—O length (8,) as a function

of [Nb—O] length (&) average, derived from Eq. 3 [71]. The results are listed in Table 4.
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As expected, there is an increase of distortion in [NbOs] octahedra from 6.26x10 to 1.17x1072, with
the increase of potassium content in the NaNbOs host structure. 1t means that the host octahedra is ca.
19 times more distorted in KNN-0.3 and KNN-0.5 than in KNN-0.2. In agreement with this distortion,

the angles associated to Nb—O bonds in [NbOs] octahedra are also different.

Table 4. Interatomic lengths of Nb—O bonds of KNN-0.2, KNN-0.3, and KNN-0.5 powders in NbOs

octahedron.
KNN-0.2 KNN-0.3 KNN-0.5

Bond Length (A)

Nb-O1 1.9756 1.9647 1.9703
Nb-O2 2.0247 1.9749 2.0216
Nb-O3 1.8991 1.9787 2.0777
Nb-O4 1.9892 2.4117 2.3553
Nb-O5 2.0604 1.9518 1.9160
Nb-O6 2.0082 1.6769 1.6265
3 (A)? 1.9929 1.9931 1.9946
AdP 6.26-10" 0.0117 0.0117

3 Average of [Nb—O] length. ® Relative distortion of [Nb—Qg] octahedra.

Table 5 lists the bond angle values of NbOg octahedron. The average angle distortion in [Nb—O—Nb]
can be derived from Eq. 4 [71] where o is the average distortion between [NbOs] octahedra and 6 is
the average [Nb—O—Nb] bond angle.

w=180— 6 (4)
Structural order in potassium-sodium niobate would lead to [Nb—O—Nb] bond angle near to 180° in
the perovskite structure. However, the set of bonds [O1-Nb—02], [O3—Nb—06] and [O4—Nb—0O5] in
Table 5 are characterized by bond angle values lower than 180° (expected for a perfect octahedra).

This result permits to conclude that the increase in potassium content is responsible for the distortion
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of the host structure. Therefore, the missing (122) reflection in the KNN-0.3 and KNN-0.5 samples
discussed above from Figure 6 is an indicative of a minor structural order, as shown in Table 5, where
the NbOe octahedra assume bond angles lower than 180° (KNN-0.2 [159.81°], KNN-0.3 [164.08°],

KNN-0.5 [171.35°]).

Table 5. Bond angles (6) of NbOg octahedron of KNN-0.2, KNN-0.3, and KNN-0.5.

KNN-0.2 KNN-0.3 KNN-0.5
Bond 0(°)
01-Nb—02 157.02 174.16 168.98
0O1-Nb-03 98.95 98.94 91.15
0O1-Nb—04 74.29 86.37 87.54
O1-Nb-05 96.55 96.89 92.58
O1-Nb-06 74.32 83.93 87.99
02-Nb-03 93.08 81.07 90.71
02-Nb—-04 84.27 87.79 103.37
02-Nb-05 103.04 88.95 76.58
02-Nb—-06 97.33 96.48 90.36
03—-Nb—-04 79.19 84.88 94.45
03—-Nb—05 167.50 90.72 89.23
0O3—-Nb—06 89.36 174.74 175.45
04—Nb—05 88.59 175.02 175.87
0O4—Nb—06 167.28 91.38 89.72
O5—-Nb—06 102.53 92.85 86.54
Nb—O1-Nb 163.79 172.42 179.87
Nb—O2—-Nb 148.04 168.85 156.58
Nb—O3—Nb | Nb—O4-Nb  158.79 158.33 171.57
Nb—O5—Nb | Nb—O6—Nb  164.71 163.27 173.96
0° 159.81 164.08 171.35
o 20.19 15.92 8.75

29 is the average [Nb—O—Nb] bond angle. ° o is the average distortion between [NbOg] octahedra.

In addition, the angles associated to each equatorial oxygen (O3, O4, O5 and 0O6) and axial oxygens
(O1 and O2) are different from 90°. The distinct bond angles in [NbOs] octahedra can be associated to
a second-order Jahn-Teller distortion, caused by the niobium off-center displacement [72-75].

It has been reported that the off-center displacement of Nb atom is responsible to develop the

ferroelectric property in potassium-sodium niobate [72,73]. It is well-known that ferroelectric
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materials [72-75] can be polarized by stress, strain, temperature, electric field, chemical substances,
and by the absorption of photons promoting the so-called photovoltaic effect.

On the other hand, Figure 9 shows the structural order in the potassium-sodium niobate materials
associated to the increase of Nb-O-Nb bond angle close to 180°. The structural order of potassium-
sodium niobate structure can be associated with the magnitude of the displacement of Nb from the
central position in [NbOs] octahedron. The changes in bond lengths and angles have been directly
related with the reactivity of apical oxygen atoms in niobate-based materials in iron-based perovskites
in electrocatalytic reactions [75] and in KSroNbsO1s nanomaterials in photocatalytic reactions [63].
Accordingly, it is expected different reactivities of the potassium-sodium niobate-based materials on
the BB41 photodegradation since photocatalytic reactions occur at interfacial solid-solution phase

[75,76].

w = 15.923°

Figure 9. Structural ordering in potassium-sodium niobate associated to the increase of Nb-O-Nb bond

angle close to 180°.

3.1.4. Microstructural refinements

The apparent crystallite size and maximum average strain of the present samples are listed in Table 6.
The crystallite size decrease with the increase of potassium content in the perovskite structure.

This behavior is observed by a reduction in average apparent size from 207.0 A for KNN-0.2 to

166.1 A for KNN-0.3, and 169.8 A for KNN-0.5. The maximum reduction is about 41 A with the
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increase of potassium concentration. As a result, from size reduction, the maximum average strain

increases 1.4 times from KNN-0.2 to KNN-0.3 and 1.8 times from KNN-0.2 to KNN-0.5.

Table 6. Apparent anisotropic crystallite size and maximum average strain from microstructural

refinement.
Sample Crystallite size @ Max_imum Average
(A) Strain (x10%?
KNN-0.2 207.0 [49.01° 24.2 [0.0312]°
KNN-0.3 166.1 [50.3]° 34.7 [0.0331]°
KNN-0.5 169.8 [51.3]° 42.7 [0.02711°

2 The crystallite apparent size and the maximum average strain were obtained with standard deviation related to anisotropy
degree. ® The values in square brackets represent a measure of the degree of anisotropy

Furthermore, the anisotropic crystallite shape for potassium-sodium niobate size follows the same
trend observed on the average size. This interesting result can be observed in the Figure 10. According
to Figure 10a, in the crystalline plane (001) KNN-0.2 exhibits a crystallite with rectangular plate shape.
The increase of potassium promotes a change to a more spherical shape in KNN-0.3 (Figure 10b) and
KNN-0.5 (Figure 10c). For the crystalline plane (100), the pseudo-spherical crystallite shape of KNN-
0.2 (Figure 10d) changed to a rhomboid shape along the y direction in KNN-0.3 (Figure 10e) and
KNN-0.5, which remains in a rhomboid shape along y direction (Figure 10f). The increase in
potassium introduced important changes in the anisotropic crystallite shape in the crystallite plane
(010). It can be seen KNN-0.2 (Figure 10g) suffered an important elongation through z direction shape
in the KNN-0.3 (Figure 10h) and KNN-0.5 (Figure 10i). The size reduction and the change of shape
can be due to the solvent evaporation and solute diffusion in the pyrolysis process [77]. During the
solvent evaporation, several processes, such as heat transfer, mass diffusion, vapor diffusion, and

droplet shrinkage occur simultaneously.
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(001) crystallite plane

(100) crystallite plane

(010) crystallite plane

Figure 10. Crystallite anisotropic shape for potassium-sodium niobate. Crystallite displayed through
(001) plane for (a): KNN-0.2, (b): KNN-0.3, and (c): KNN-0.5. Crystallite displayed through (100)
plane for (d): KNN-0.2, (e): KNN-0.3, and (f): KNN-0.5. Crystallite displayed through (010) plane for

(9): KNN-0.2, (h): KNN-0.3, and (i): KNN-0.5.
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In the evaporation stage, the solute diffuses from the droplet surface to the droplet center. A rapid
process of evaporation leads to a lower diffusion of solute [78], which can explain the change on
crystallite shape from KNN-0.2 to KNN-0.5. The changes on crystallite shape may be associated with
the formation of porosity in the spherical particles, observed in SEM images (Figure 1) and confirmed
from the porosimetry analysis (Figure 2S, Supplementary). Thus, the crystallite anisotropic shape
for potassium-sodium niobate suggests that the hollow spheres are structurally composed by sub-
nanoparticles. In addition, Figure 6 suggest the porosity of the present samples can be associated both
to the mesopore framework formed through the shell walls of the spheres and the void spaces formed
by the contact interface of these sub-nanoparticles.

3.2. Kinetics of BB41 adsorption in the dark

Figure 11 shows the kinetics of adsorption in the dark of BB41 as a function of the pH of solution.
The equilibrium of adsorption was achieved after 60 min for all the samples at the three pH studied.
Accordingly, this time has been selected for the adsorption in the dark before irradiation in the
photocatalytic tests. A summary of the kinetics results of BB41 adsorption is listed in Table 7.

The adsorption of BB41 is highly influenced by the K content in the niobate-based structure. The
higher the potassium content the lower the BB41 adsorption for the three pH of solution. This trend
agrees with the decrease both in the BET surface area and the total volume of pores discussed above
(Table 1). Adsorption of BB41 is highly influenced by the pH of solution. Compared to neutral pH
the adsorption of BB41 was remarkably inhibited at acid pH by factors of ca. 58%, 65% and 61% on
KNN-02, KNN-0.3 and KNN-0.5, respectively. On the contrary, an important increase was observed
up to factors of ca. 1.5 for KNN-0.2 and KNN-0.5, and 1.7 times higher for KNN-0.3 at basic pH.
The differences in adsorption trends can be explained by the changes in the pH point-zero charge
(pHpzc) of KxNai1xNbOs samples [42]. The KNN-0.2 niobate-based structure is characterized by a
surface pH [63] of ca. 6, which decrease down to 4 - 5 with the increase of K within the niobate-based

structure. In the present study, when the pH of solution is lower than the surface pH, the surface of the
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KxNa1xNbO3s becomes positively charged. Accordingly, since BB41 is a cationic azo-dye [42], the
adsorption is inhibited at very acid pH of solution due to electrostatic repulsion between the surface of
the materials and BB41 molecules. On the contrary, the remarkably increase of BB41 adsorption at

basic pH is promoted by the negative charge formed on the surface of KxNai-xNbO:s.
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Figure 11. Kinetics of adsorption in the dark of BB41 as a function of pH of solution. (a): KNN-0.2,

(b): KNN-0.3, and (c): KNN-0.5.
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Table 7. Summary of kinetics parameters of adsorption in the dark of BB41.

Sample Mags | ki ka* R2, € ko' ch
P pH (emol) | (min?)  R%°® | (umol™ min™) | (umol min™?)  R%°  (umol)
KNN-0.2 Neutral | 8.67 0.067 0.882 | 0.024 0.973 | 0.498 0.946 4.687
Basic | 13.0 0.044 0.927 | 0.007 0.980 | 0.956 0.996 5.434
Acid | 3.68 0.033 0.995 | 0.014 0.973 | 0.527 0.985 -0.503

KNN-0.3 Neutral | 6.95 0.054 0.981 | 0.031 0.961 | 0.535 0.919 2.697
Basic | 115 0.070 0.962 | 0.019 0.915 | 0.869 0.945 4.239
Acid | 2.41 0.041 0.941 | 0.023 0.965 | 0.342 0.986 -0.261

KNN-0.5 Neutral | 6.17 0.069 0.983 | 0.045 0.945 | 0.623 0.845 1.187
Basic | 9.54 0.061 0.884 | 0.011 0.985 | 0.840 0.965 2.621
Acid | 2.38 0.039 0.950 | 0.023 0.964 | 0.342 0.986 -0.302

4 BB41 adsorbed after 60 min. P k; is the pseudo-first-order rate constant. ¢ R% is the quadratic linear factor for ki. ¢ ko is
the pseudo-second-order rate constant. ¢ R is the quadratic linear factor for k.. kg is the IPD rate constant. ¢ R?, is the
quadratic linear factor for the ky. " C is the boundary layer thickness constant for the IPD model.

The results of BB41 adsorption agree with values reported using ZnO/C composite photocatalysts [42],
brick wastes [79], zeolites [80], activated carbon [81] and natural safiot clay [82]. As discussed above,
the increase of K atoms within the host structure of the niobate-based perovskite is responsible of the
distortion of the NbOs octahedra (Table 4). Accordingly, it is expected different reactivity of the axial
oxygen atoms with BB41 molecules in the adsorption processes. Thus, for a deeper interpretation of
the influence of pH of solution upon the adsorption process of BB41, different kinetics parameters of
adsorption were obtained by comparing the pseudo-first order [83,84], the pseudo-second order [83,85],
and the intraparticle diffusion [83,86,87] models. Table S2 (Supplementary) contains a summary of
the kinetic expressions and parameters used for the estimation of the pseudo-first-order rate constant
(k1), the pseudo-second-order rate constant (k2), the intraparticle (IPD) rate constant (kp) and the C
constant attributed to the extension of the boundary layer thickness according to the IPD model.
Figures S4, S5, and S6 (supplementary material) show the results of BB41 adsorption on KNN-0.3,
KNN-0.4 and KNN-0.5, respectively, using the different kinetic models as a function of the different
pH conditions of the present study. A summary of the kinetics parameters obtained from these models
is listed in Table 7. In most of cases, the values of ki and k» observed in basic and acid pH are lower
than those observed at neutral pH. The quadratic linear factors are influenced by the pH of solution

indicating that different adsorption mechanisms may take place on the present samples. For instance,
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at neutral and basic pH, KNN-0.2 seems to be characterized by a chemisorption mechanism. This is
inferred since the quadratic linear factors show values close to unit. ca. 0.973 and 0.980 for neutral and
basic pH, respectively. On the contrary, at acid pH, this sample showed a linear factor of ca. 0.995
suggesting physisorption mechanism is favored at acid pH. In other words, for KNN-0.2 sample, the
chemisorption mechanism is favored at neutral or basic pH since KNN-0.2 sample is negatively
charged while physisorption is favored at acid pH since KNN-0.2 sample is positively charged.
However, this trend of adsorption is not followed by the other two samples, suggesting that competition
between different mechanisms may take place as a function both of the textural properties and the pH
of solution affecting the surface charge. Considering the low loading of samples used in the present
study (0.1 g L-1), it should be highlighted that k1 and k2 values listed in Table 7 are in the same order
of magnitude than values reported for the BB41 adsorption using 0.5 g L' of aquatic plant-derived
sorbent [78] and 0.25 g L' of olive stone-derived activated carbon [88]. This result indicates the
present samples showed a high affinity for the adsorption of BB41 thought the surface area are lower
than the reported for those materials [78,88].

The intraparticle diffusion model (IPD) permits a deeper explanation of the influence of pH upon the
adsorption process. The values of the IPD rate-constants (kp) are clearly higher at basic pH, while k,
values are lower at acid pH, with except of KNN-0.2 sample. In addition, at basic pH, the values of
the C constants are clearly higher while these values remarkably decrease at acid pH, even becoming
negative, which represents an irrational value for a kinetic constant. However, the remarkably decrease
in C values at acid pH agrees with the electrostatic repulsion between the positively charged surface
of the KNN samples and the cationic BB41 [77,88]. In other words, according to the intraparticle
diffusion kinetic model, the C constant is a measurement of the quantity of molecules located at the
boundary of the surface, or more precisely, C is the amount of molecules close to the adsorbent surface.
Therefore, C constant is an indicative of the control of the intraparticle diffusion model suggesting the

inhibition of adsorption is taking place at acid pH in the present study. On the contrary, at basic pH,
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the higher values of C than those obtained at neutral pH in an indicative that the intraparticle diffusion
model together with the pseudo-second order mechanism are the driven force for the adsorption of
BB41. Accordingly, the results of the kinetics of adsorption indicate BB41 mass diffusion from
solution to pores of materials is strongly influenced by the pH of solution.

3.3. Degradation of BB41

3.3.1. Preliminary analysis

Figure 12 shows the kinetics of BB41 degradation as a function of pH of solution. Figure 12a shows
the direct photolysis of BB41 in absence of catalysts. Direct photolysis is not negligible at the present
experimental conditions. This result was expected since a UV-C lamp is used. Figure 12a shows that
at basic pH, ca. 82% degradation of BB41 was achieved after 4 h irradiation instead of ca. 40% at
neutral pH. On the other hand, a remarkably direct photolysis of BB41 is observed at acid pH with ca.
92% after only 2 h of irradiation which suggest the kinetics of direct photolysis of BB41 is highly
influenced by the pH of solution. For instance, at low pH (ca. 3 in the present work), the protonated
form of BB41 is the main molecular form while at basic pH (ca. 10 in the present work) the
deprotonated form is dominate the molecular form. The present results of direct photolysis of BB41
agree with previous results of methylene blue degradation [83], basic blue 41 photo-Fenton-driven
degradation [89] and 2-chlorophenol UV-driven degradation [90]. On the other hand, Figures 12b,
12c¢, and 12d show the kinetics of BB41 photocatalytic degradation under irradiated KNN-0.2,
KNN-0.3 and KNN-0.5 catalysts, respectively. It can be seen the total photodegradation of BB41 is
achieved at lower irradiation time when pH of solution is basic instead of neutral. In other words, an
enhancement in the photocatalytic activity of the samples is observed at basic pH of solution.

Figure S7 (supplementary material) shows a picture representing the decolorization of BB41 dye
catalyzed by KNN-0.5 at neutral and basic pH of solution. The total photodegradation of BB41 on
UV-irradiated KNN-0.2 and KNN-0.3 occurred at lower irradiation time (ca. 210-240 min) at acid or

basic pH of solution than at neutral pH, which requires irradiation time higher than 240 min. On the
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contrary, KNN-0.5 shows similar photoactivity at acid pH and neutral pH of solution requiring ca.

210-240 min of irradiation to total degradation of BB41.
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Figure 12. Kinetics of BB41 degradation under UV-irradiation. (a): Direct photolysis. (b): KNN-0.2.

(c): KNN-0.3. (d): KNN-0.5.

In addition, Figure 12 shows that the photoactivity of KNN-0.5 at basic pH is clearly higher than the
other two samples achieving a total photodegradation of BB41 after only 120 min irradiation. This
activity is almost similar than that observed on direct photolysis at acid pH of solution. Thus, it can be
concluded that at acid pH of solution the photocatalytic activity of the niobate-based samples is
inhibited, mainly that of KNN-0.5 catalysts. This fact may be due to the high reactivity of apical O
atoms in the niobate structures discussed above. The apical O atoms is characterized by a high affinity
to adsorb protons in solution [63]. Accordingly, the formation of reactive oxygen species from apical

O atoms is not efficient at acid pH [83], and thus, a decrease in the photoactivity is expected.
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3.3.2. First-order kinetics approach

For a more precise interpretation of the kinetic data of BB41 photodegradation, some classical kinetic
aspects must be considered. It is well-known [15,83,88-94] the kinetics of photocatalytic degradation
of pollutants commonly follows a Langmuir-Hinshelwood mechanism, where the rate of reaction (r)

is proportional to the surface coverage of pollutants (6) according to Eq. 5:

Kads- Ceq (5)

" 14+.Kpgs- Ceq

r=k.0=k

where k; is the reaction-rate constant, Kags the adsorption constant according to Langmuir model, and
Ceq the concentration of pollutant at equilibrium conditions. For diluted solutions (Ceq < 10 mol L),
it is usually accepted [15,93,94] that Kads.Ceq << 1. Accordingly, Eq. 5 can be simplified to a first-order
kinetics described by Eq. 6:

7= ky.Kags-Coq = Kapp- Ceq (6)
where Kapp is the first-order apparent rate-constant which can be obtained from the linear regression of

the Kkinetic data of degradation [15,83] as a function of the irradiation time according to the Eq. 7:

C 7
Ln (ﬂ> = Kgpp-t (7)
Ce

where Ceq is the initial concentration after achieved the equilibrium of adsorption in the dark, and C;
is the concentration at the time t of irradiation. This Kinetic parameter has been widely used for the
comparison of the photocatalytic activity of photocatalytic materials [15,83,88,91-94]. As discussed
above, the kinetics of BB41 photodegradation (Figure 12) seems to follow a first-order reaction-rate
mechanism. In addition, the initial concentration of BB41 is low (ca. 2.5 x 10° mol L) and after the
adsorption process, it became lower. Therefore, at the present experimental conditions, the first-order
reaction-rate mechanism can be used as a useful kinetic approach to compare the photocatalytic activity
of the present materials. Figure 13 shows the linear regressions of the kinetic data from Figure 12,

and a summary of the kinetic parameters obtained for the BB41 photodegradation is listed in Table 8.
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Figure 13. Linear regression from the kinetic data of Figure 12. (a): Direct photolysis. (b): KNN-0.2.

(c): KNN-0.3. (d): KNN-0.5.

Table 8. Summary of surface concentration and kinetics parameters of BB41 photodegradation.

Nads degar Kapp © 2d Vreac X107
Sample pH (umol)  (umol m?) (min) x10°3 R (umol m? min?) € dret
TiO2-P25 ¢ Neutral | 1.22 0.39 6.1 0.995 2.38 1.00
Direct Neutral | -- - 1.9 0.963 - 0.31"
Photolysis Basic -- -- 4.5 0.993 - 0.74"
Acid -- -- 25.1 0.993 -- 41"
KNN-0.2 Neutral | 8.67 0.82 9.3 0.998 7.63 3.2
Basic 13.0 1.23 18.6 0.980 22.8 9.6
Acid 3.68 0.35 18.7 0.992 6.49 2.7
KNN-0.3 Neutral | 6.95 1.62 8.8 0.999 14.2 6.0
Basic 115 2.67 15.8 0.997 42.3 17.8
Acid 2.41 0.56 12.6 0.997 7.06 3.0
KNN-0.5 Neutral | 6.17 1.54 12.2 0.996 18.8 7.9
Basic 9.54 2.39 23.0 0.986 54.9 23.1
Acid 2.38 0.60 16.0 0.988 9.52 4.0

3 BB41 adsorbed after 60 min. ® Surface concentration of adsorbed BB41 molecules estimated by Eq. (5). ¢ kapp estimated
by Eq. (7). “R? is the linear regression factor of the first-order apparent rate-constant. ¢ Reaction-rate estimated by Eq. (9).
f Photoactivity: ®rel = Vreac-if Vreac-Tio2. ¢ Values for commercial TiO»-25 taken from ref. [42]. " ®rel = Kapp-i/Kapp-Tioz.
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The first 120 min of irradiation were considered for the estimation of Kapp Since in most of cases the
kinetics of photodegradation observed in this range (Figure 12) showed an acceptable linearity. This
inference was confirmed from the linear regression factors (R?) in Table 8 which are close to unit in
all the tests (direct photolysis and photodegradations). Thus, it can be concluded that BB41 degradation
in the present experimental conditions is characterized by a first-order reaction-rate mechanism. For
the sake of comparative purposes, Kapp Obtained in the BB41 photodegradation using a commercial
Ti0O,-P25 under similar experimental conditions [42] was also included. For the direct photolysis, the
comparison of photoactivity was performed in terms of the first-order apparent rate-constant. At
neutral and basic pH, direct photolysis showed lower efficiency that TiO2-P25 at neutral pH. On the
contrary, acid pH of solution direct photolysis is up to 4.1 times more efficient than TiO2-P25.

Some interesting features can be figure out from values in Table 8. For instance, kapp Observed in the
direct photolysis are 2.4 and 13.2 times higher at basic and acid pH of solution, respectively, than the
kapp Observed at neutral pH. It means that the direct photolysis of BB41 is 5.6 times faster under acid
pH than using basic pH of solution. In addition, the kapy value observed for the direct photolysis of
BB41 at neutral pH is clearly lower than that reported [42] for TiO2-P25 at the same experimental
conditions while at basic pH, the kapp 0bserved for direct photolysis is slightly lower. On the contrary,
at acid pH of solution, the kapp obtained for the direct photolysis of BB41 is 4.1 times higher than the
value obtained using TiO-. In presence of catalysts, the values of kapp at neutral and basic pH of solution
are clearly higher than values observed at direct photolysis. On the contrary, at acid pH, all catalysts
showed an inhibition of the photocatalytic activity in terms of kapp, in comparison of the kapp 0bserved
under direct photolysis. These results are intimately related with the trends of adsorption discussed
above which are strongly influenced both by the pH of solution, and the textural and surface chemistry
properties of the materials. For instance, Kapp Values observed for KNN-0.2, KNN-0.3 and KNN-0.5 at
basic pH are ca. 2.0, 1.8, and 1.9 times higher, respectively, than values observed at neutral pH. As

discussed above, the basic pH of solution promoted the deprotonated form of BB41 molecules favoring
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an enhancement in both adsorption and photoactivity. KNN-0.3 and KNN-0.5 showed only 1.4 and
1.3 times higher photoactivity at acid pH compared to values at neutral pH. On the contrary, KNN-0.2
sample is characterized by a similar kapp vValue at acid and basic pH which can be due to a higher surface
area of KNN-0.2 (106 m? g against 43 m? g, Table 1).

It is interesting to remark that in spite of KNN-05 adsorbed lower BB41 molecules than the other two
catalysts in any of the pH of solution, this sample shows the highest photocatalytic activity in terms of
Kapp (23.0 x 10 mint, Table 8). This result is ascribed to the decrease in the energy band-gap discussed
above (Table 2) with values of ca. 3.01 eV for KNN-0.5 instead of 3.21 and 3.20 for KNN-0.2 and
KNN-0.3, respectively, which would permit a more efficient activation of the catalyst. In summary,
the present kinetic results confirm that the mechanism of BB41 degradation by direct photolysis is
strongly conditioned by the pH of solution which promotes the protonation or deprotonation form of
the BB41, and thus, different mechanism of degradation. In other words, at acid pH, the degradation
of BB41 by direct photolysis would follow preferentially a mechanism of reaction characterized by
the unimolecular electrophilic attack of superoxide anion radical («O2") formed under UV irradiation
upon the protonated molecules of BB41. On the contrary, at basic pH, the unimolecular nucleophilic
substitution would be promoted by the attack of hydroxy radical (*OH) upon deprotonated molecules
of BB41. A detailed mechanism for the BB41 photodegradation under irradiated KxNaixNbO3 hollow
spheres is discussed in section 3.4.

3.3.3. Influence of adsorption upon the photocatalytic activity

As discussed above, the increase of K content within the niobate host is responsible both for the
distortion (Tables 4 and 5) and polarization (Figure 10) of the perovskite structure (Table 4). In
addition, keeping in mind that heterogeneous catalytic reactions occur at the interface of solid and
aqueous phases [94], it is expected that the changes in the niobate structure would affect the adsorption

and photodegradation processes of BB41 molecules. The influence of BB41 adsorption on the
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photocatalytic activity can be readily analyzed through the surface concentration (dess1) of BB41
adsorbed on potassium-sodium niobate. This parameter can be estimated by the Eq. 8 [83,95]:

_ Naas (8)

dppa1 =

where nags is the amount of BB41 adsorbed in the dark at equilibrium conditions (Table 8), Sger is the
surface area from BET analysis (Table 1), and m is the mass of catalyst (i.e. 100 mg). For the sake of
comparison, the data corresponding to TiOz [42] was also included in Table 8.

Figure 14a shows an increase of the surface concentration of adsorbed BB41 molecules as a function
of pH of solution. This is a general trend for the three KNN samples. It can be seen that the values of
surface concentration of BB41 molecules for the three catalysts are higher at basic pH than at neutral
pH while the values became lower at acid pH. It is interesting to note that at neutral pH, all the niobate
samples showed higher surface concentration of BB41 molecules than TiO2-P25 (Table 8), even for
KNN-0.3 and KNN-0.5 with a surface area similar than TiO, (Table 1). For instance, the surface
concentration of BB41 molecules on KNN samples sample is between 2.1 - 4.2 and 3.2 - 6.8 times
higher in neutral and basic pH, respectively than on TiO2, obtained at neutral pH [42]. On the contrary,
at acid pH, the surface concentration of BB41 became similar or slightly higher than that observed on
TiO2. These results suggest apical atoms in the niobate structure is responsible of the high reactivity
for the adsorption of BB41. This conclusion is obvious since at acid pH, the apical O atoms are
protonated and thus, a decrease in adsorption capability would be expected in agreement with the very
close to unit values observed in the linear regression factors for the pseudo-first and pseudo-second
order adsorption rate-constants (ki, ko, Table 7) which is an indicative of the competition between
physisorption, and chemisorption mechanisms as discussed above. It is expected the higher the surface
concentration of BB41 molecules the higher the photoactivity. This inference is discussed as follows.
Table 7 shows the adsorption rate-constant (kp, Table 7) and the boundary layer thickness (C constant,
Table 7) for the intraparticle diffusion model (IPD) increase monotonically with the increase of pH of

solution. This is an indicative that at neutral and basic pH, not only a higher amount of BB41 have
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been adsorbed but also a higher quantity of molecules in solution are close to the surface of KNN
samples. In other words, diffusion of molecules from the bulk of solution to the surface is favored at
neutral and basic pH while the C values in Table 7 suggest that at acid pH, some diffusional limitation

can take place observed.
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In terms of the first-order apparent rate-constants (Table 8), the present potassium-sodium niobate
materials exhibit higher photoactivity than TiO2-P25. Addition of potassium to sodium niobate
structure clearly influences the photoactivity but no monotonic relationships can be figure out. Thus,
for a deeper interpretation of the photoactivity of the present materials, the global or surface reaction-
rate (Vreac) has been estimated from Eq. 9 [83,95].
Vreac = Kapp- dppar 9)

Figure 14b shows the relationships between the vreac and pH of solution. The results are summarized
in Table 8. It can be seen the higher the potassium content and the more basic the pH of solution, the
higher the photocatalytic activity. In terms of the surface dgss1, an important increase in the
photocatalytic activity (¢re1, Table 8) was estimated at basic pH up to 9.6, 17.8, and 23.1 times higher
on KNN-0.2, KNN-0.3, and KNN-0.5, respectively, than viec estimated on TiO2. At neutral and acid
pH of solution, the enhancements in photoactivity were 3.2, 6.0, 7.9, and 2.7, 3.0, 4.0, on KNN-0.2,
KNN-0.3, and KNN-0.5, respectively. These results suggest even at acid pH where the adsorption of
BB41 molecules is limited, the present niobate-based materials are more photoactive than TiOa.
Differently from the works reported for nanoparticles as microreactor [93,94], the present potassium-
sodium niobate has a highly reactive surface for catalytic reactions. In addition, due to the mesoporous
framework and the hollow structure, it is expected an enhancement in the light harvesting efficiency
using the present niobate-based hollow spheres as reported elsewhere using C-doped TiO2 hollow
spheres [64,65]. In other words, once absorbed, part of photons can be scattered and consequently re-
absorbed by the inner surface, generating a higher amount of charge carriers [96-99]. In this way, the
photocatalytic reaction can be proceeded also at the internal surface. The exponential correlation
observed between the surface concentration and the global reaction-rate in the Figure 14c, indicates
that the photocatalytic reaction is taking place both in the external and internal surface of the catalysts
and thus, the present materials could be considered as a membrane-like photoreactors as reported

elsewhere for micro/mesoporous activated carbons [95]. From the results of structural refinement for
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potassium-sodium niobate samples, it is expected the niobium off-center displacement in the [NbOe]
would promote a spontaneous polarization in the octahedron on perovskite structure [63,75,100].
Based on this fact, the potassium-sodium niobate photoactivity can be originated in the niobium off-
center displacement [71,74,99]. Such effect can contribute to the formation of charge carriers and its
migration in the structure [64,76,100]. In addition, the increase both in the distortion and polarization
in host structure increasing K would favor the photocatalytic reaction at particle surface [64,76].

3.4. General Discussion

As can be seen from SEM (Figure 1) and TEM (Figure 2) characterization, the surface of the samples
obtained by spray pyrolysis method are not totally uniform. However, we do believe this method has
some interesting advantages in comparison of hydrothermal synthesis. First, KNN powders show the
formation of spherical hollow particles in all samples. This feature has been confirmed by TEM
analysis (Figure 2). In this way, the synthesis method exhibits high reproducibility in the formation of
KNN particles with a controlled morphology. On the other hand, as expected, the particle size varies
during the pyrolysis process, and thus, the coalescence of drops give rise to large particles. However,
coalescence is not restricted only to spray pyrolysis and can also be observed on the hydrothermal
method as reported elsewhere [64,65,101]. An important reason to synthesize potassium-sodium
niobate by the spray pyrolysis method is because this method is particularly simple, effective, highly
scalable, and suitable for on-line continuous production [102]. In addition, it is possible to obtain
complex materials by spray pyrolysis than are not possible by other methods. For instance, Handoko
et al. [103] reported the synthesis of potassium-sodium niobate by hydrothermal method. These authors
concluded the incorporation of sodium in high concentration of potassium niobate to obtain a KNN
solid solution becomes difficult via hydrothermal synthesis, since a secondary phase of sodium niobate
is formed. The authors report that is necessary a heating treatment at 800°C for 2 hours to convert the
mixed-phase powders in single-phase KNN powders. In other works, the hydrothermal synthesis

commonly requires several steps, rigorous synthesis conditions of calcinations, longer reaction times,
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and extra procedures as centrifugation and purification for the obtention of the final powder [104]. In
this sense, the spray pyrolysis stands out, compared to other techniques, by the obtention of particle
designing in one step, according to composition and architecture, producing hollow structures, dense
spheres, yolk—shell structures, core—shell structures, nanoplates, nanorods, nanowires, thin films,
among others [105]. Therefore, the spray pyrolysis method can be a promising technique to prepare
advanced ceramic powders and industrially viable for mass production of functional nanostructured
materials.

Additional tests including TOC, scavenger’s reactive oxygen species and MS-GC were performed for
the best photocatalyst observed in the present series (KNN-05) as a function of pH of solution. Figure
15 shows the TOC analysis and scavenger tests for the identification of the reactive oxygen species
(ROS) detected along the photocatalytic degradation of BB41. The UV-Vis spectra of the scavenger
experiments are shown in the Figure S8 (supplementary). It can be seen from Figure 15a that the
higher the pH of solution the higher the fraction of TOC mineralized under irradiation. It can be
concluded that KNN-05 is an efficient photocatalysts for the photomineralization of BB41 showing
TOC values of ca. 69%, 79%, and 95% after 360 min irradiation at pH of solution of 3, 7, and 10,
respectively. TOC analysis is in agreement with the kinetics of BB41 photodegradation observed on
irradiated KNN-0.5 (Figure 12d) where after 240 min irradiation, BB41 was totally photodegraded,
but as expected, a higher reaction time is required to achieve the photomineralization of the TOC.

For a better understanding of the photocatalytic mechanisms of BB41 degradation, the reactive oxygen
species were in situ evaluated along the photocatalytic degradation of BB41 under irradiated KNN-0.5
catalyst. The experiments were conducted by addition of benzoquinone (BQ) and isopropyl alcohol
(IP) as scavengers for the capture of superoxide radical (¢O2") and hydroxyl radical (*OH), respectively.
It can be seen from Figure 15b, 15¢, and 15d that pH of solution has a remarkably influence upon the
scavenger of ROS, mainly *O2". It is clear that the formation of superoxide radical is favored in the

present KNN-05 photocatalyst in the three pH studied. This is inferred since the Kinetics of BB41
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photodegradation is remarkably inhibited in presence of benzoguinone which is the specific molecule

for the scavenger of *O>".
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Figure 15. (a): Kinetics of TOC analysis on irradiated KNN-0.5; (b-d): Scavenger tests detected along

reaction as a function of pH of solution.

It is interesting to remark that this scavenger effect is higher at acid pH than at neutral pH. However,
at pH 10, there is a remarkable scavenger effect in presence of BQ and a light effect of IP, suggesting
that at basic pH the main mechanism of BB41 photodegradation follows is the unimolecular
electrophilic addition (E1) and in much lower proportion the unimolecular nucleophilic substation
(SN1) as reported by our group for the degradation of methylene blue [83]. In summary, the present
scavenger results permit to conclude that the main path of reaction for the photocatalytic degradation
of BB41 is the E1 by the attack of *O2 upon the aromatic fragments of the azo-dye. This is an important
observation since the preferential formation of *O>" radical may be correlated with the highly reactive

apical oxygen atoms that characterize the structure of the present KxNai-xNbOsz hollow spheres. From
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the analysis in sections 3.1.3 and 3.1.4 it was concluded that the increase in potassium is responsible
for the distortion of the NaNbOs host structure. The off-center displacement of Nb atom is responsible
to develop the ferroelectric property in potassium-sodium niobate [72-75], and thus, these type of
materials can be polarized by stress, temperature, electric field, chemical substances, and of course, by
the absorption of photons promoting the so-called photovoltaic effect. In the present case, it can be
concluded the high photoactivity of KNN-0.5 photocatalyst at basic pH is due to the selective
formation of «O> radical on the apical oxygen of the niobate material as suggest the scavenger tests.

Finally, Figure 16 shows a mechanism proposed for the photodegradation of BB41 under irradiated
KxNai-xNbO3 hollow spheres. This mechanism is based on the ROS analysis and MS-GC spectra
(Figure S9, supplementary) obtained at selected times of irradiated KNN-0.5 photocatalyst at basic
pH. Before irradiation, the parent m/z ion 371 of BB41 is predominant but under irradiation, the MS-
GC spectra shows the appearance of different ions of smaller mass indicating the degradation of the
azo-dye. For instance, after 60 min irradiation, Figure 16 shows the following parent m/z ions 344,
343, 332, 330, and 316 detected from MS-GC indicating that cleavage of N-N bond and intramolecular
rearrangements have taken place during the degradation of the azo-dye according to the unimolecular
electrophilic attack of «O,~. After 120 min irradiation, the parent m/z ions 181, 167, and 165 detected
by MS-GC suggested the cleavage of benzene rings takes place as can be seen in the Figure 16. The
benzene cleavage is mainly promoted by the attack of O™ radical. However, after 180 min irradiation,
the cleavage of the aniline-based groups was also detected. The formation of the parent m/z ions 151
and 152 suggest that aniline-based groups were converted by the attack of both *OH and «O>" radicals,
respectively in agreement with the mechanism reported by Al Agad and Basheer using a Zn/graphene
oxide photocatalysts [106]. After 240 min irradiation, several products with single ring structure were
only observed. After 360 minutes organic fragments were not detected, indicating total mineralization

as suggested the TOC analysis discussed above.
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Conclusions

In spite of the direct photolysis in acidic medium exhibits the highest degradation efficacy (Table 8),
it is important to highlight the meaning of the present work. Firstly, it must be pointed out that since
BB41lis a cationic azo-dye, the pH in aqueous solution is ca. 5.2, which is close to neutral pH.
Accordingly, after adjusting the pH at neutral or basic pH, the direct photolysis is almost negligible,
and thus, in absence of acidic chemical additives, the photodegradation of BB41 is slow. On the
contrary, both in neutral and basic conditions, the catalysts remarkably increase the degradation of the
azo-dye. Secondly, it is important to highlight that to the best of our knowledge, the present work
reports for the first time the production of with stoichiometry Ko2NagsNbO3, Ko3sNao7NbOs, and
Ko.sNaosNbO3 synthesized by the spray pyrolysis method and thus, the present works has an important
meaning for the state-of-art of photoactive semiconductors for the treatment of polluted water.

The present results suggest the high photocatalytic activity of potassium-sodium niobate is due to
several contributions, including structural, morphological, and surface chemistry. The spray pyrolysis
method showed to be a promising technique for obtention of alkali niobates materials with
representative surface area. The changes in the structural and crystallite anisotropic shape suggested
the hollow spheres are structurally composed by sub-nanoparticles. The incipient micropore
framework observed from the N2 adsorption/desorption isotherms can be associated with empty voids
formed between these nanoparticles in the solvent evaporation stage during the spray pyrolysis, while
the mesopore framework is consequence of the development of mesopores within the spheres. Adding
potassium to sodium niobate increased its acid surface pH, resulting in a decrease in the amount of
BB41 adsorbed molecules in the three pH of solutions studied. The structure modification caused by
the substitution of sodium by potassium promote the formation of highly reactive apical O atoms on
potassium-sodium niobate increasing the photoactivity. From the analysis of kinetics models of
adsorption can be concluded that the present materials behave as membrane-like materials where mass

diffusion from the bulk of solution and adsorption processes can simultaneously coexist or compete as
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a function of the pH of solution. In addition, the hollow and spherical shape of the niobate-based
materials played an important role on adsorption of BB41. Contrary to the direct photolysis results
where acid pH of solution promoted the total degradation of BB41 in only 2 h irradiation, it can be
concluded that acid pH of solution inhibits the photocatalytic activity of the niobate-based samples,
mainly that of KNN-0.5. This can be due to the protonation of the apical O atoms in the niobate
structure. An important increase in the photocatalytic activity was found up to 23.1 times higher at
basic pH on KNN-0.5 than that observed on TiO>. At neutral and acid pH of solution, the enhancements
in photoactivity were up to 7.9, and 4.0 on KNN-0.5, respectively. These results indicate that even at
acid pH where, the adsorption of BB41 molecules is limited, the present niobate-based nanostructured
materials are more photoactive than TiO2. On basis to the adsorption study by different kinetic models,
and photocatalytic results, it can be proposed the present materials can be considered as a membrane-
like photoreactors. Since the present niobate-based nanostructured hollow spheres are characterized
by an energy band-gap within the visible range of the electromagnetic spectra, these materials have a
high potential for the solar-driven remediation of polluted water. Accordingly, further experiments are

being conducted under real solar experimental conditions.
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Captions of Tables

Table 1. Summary of textural and porosimetry properties of the samples.

Table 2. Positions and wavenumber assignments of the Nb-O vibration bands obtained from FTIR
spectra, and optical properties of samples, including maxima absorption wavelength (Aabs-photon) and
optical energy band bap (Eng) obtained from DR/UV-Vis spectra.

Table 3. Lattice parameters and unit cell volume for the KNN-0.2, KNN-0.3, and KNN-0.5.

Table 4. Interatomic lengths of Nb—O bonds of KNN-0.2, KNN-0.3, and KNN-0.5 powders in NbOs
octahedron.

Table 5. Bond angles (6) of NbOg octahedron of KNN-0.2, KNN-0.3, and KNN-0.5.

Table 6. Apparent anisotropic crystallite size and maximum average strain from microstructural
refinement.

Table 7. Summary of kinetics parameters of adsorption in the dark of BB41.

Table 8. Summary of surface concentration and kinetics parameters of BB41 photodegradation.

Captions of Figures

Figure 1. SEM images of (a) KNN-0.2, (b) KNN-0.3, and (c) KNN-0.5. Surface 3D analysis of rough
particles (blue circles), for (d,g) KNN-0.2, (e,h) KNN-0.3, and (f,i) KNN-0.5. Particle size distribution
histograms of (j) KNN-0.2, (k) KNN-0.3, (I) KNN-0.5 samples.

Figure 2: TEM images of catalysts. (a): KNN-0.2, (b): KNN-0.3, and (c): KNN-0.5.

Figure 3. Schematic representation of the particle formation process by spray pyrolysis.

Figure 4. FTIR spectra of samples.

Figure 5. (a): DR/UV-Vis spectra in terms of the Kubelka-Munk theory. (b): Tauc plot according to
an indirect transition. (c) Linear regression of Tauc plot in the range (3.2 — 3.8 eV).

Figure 6. (a): X-ray diffraction patterns of KNN-0.2, KNN-0.3, and KNN-0.5 powders. (b): Expansion

of the region between 20° and 35°. (c¢): Expansion of the region between 35° and 41°.
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Figure 7. Graphic representation of the unit cell obtained for: (a): KNN-0.2, (b): KNN-0.3, and (c):
KNN-0.5 powders.

Figure 8. Representation of NbOg octahedron: (a) KNN-0.2, (b) KNN-0.3 and (¢) KNN-O0.5.

Figure 9. Structural ordering in potassium-sodium niobate associated to the increase of Nb-O-Nb bond
angle close to 180°.

Figure 10. Crystallite anisotropic shape for potassium-sodium niobate. Crystallite displayed through
(001) plane for (a): KNN-0.2, (b): KNN-0.3, and (c): KNN-0.5. Crystallite displayed through (100)
plane for (d): KNN-0.2, (e): KNN-0.3, and (f): KNN-0.5. Crystallite displayed through (010) plane for
(g): KNN-0.2, (h): KNN-0.3, and (i): KNN-0.5.

Figure 11. Kinetics of adsorption in the dark of BB41 as a function of pH of solution. (a): KNN-0.2,
(b): KNN-0.3, and (c): KNN-0.5.

Figure 12. Kinetics of BB41 degradation under UV-irradiation. (a): Direct photolysis. (b): KNN-0.2.
(c): KNN-0.3. (d): KNN-0.5.

Figure 13. Linear regression from the kinetic data of Figure 12. (a): Direct photolysis. (b): KNN-0.2.
(c): KNN-0.3. (d): KNN-0.5.

Figure 14. (a): Influence of pH of solution upon the surface concentration, and (b): Upon the global
reaction-rate. (c): Correlation between the global reaction-rate and the surface concentration.

Figure 15. (a): Kinetics of TOC analysis on irradiated KNN-0.5; (b-d): Scavenger tests detected along
reaction as a function of pH of solution.

Figure. 16. Proposed mechanism for the photodegradation of BB41 under irradiated KxNai-xNbO3

hollow spheres.
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