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Abstract

Photocatalysts based on SrSnOsz and SrSnOz@ZrO> were prepared by the modified-Pechini method
and applied in the photocatalytic degradation of a textile azo-dye under UV radiation. The
photohydroxylation of terephthalic acid and scavengers were employed in order to evaluate the
participation of each active species, such as hydroxyl radical, and photogenerated electrons and holes
on the photocatalytic process. The band gap structure was evaluated using the Mott Schottky method
in combination with UV-visible spectrophotometry. Both samples had high photocatalytic activity,
although SrSnOs;@ZrO2 showed the best decolorization performance ranging from 32% to 98%. This
behavior was assigned to the best dispersion of the active phase on the support and to the Sn(ll)
reduced states, observed by XPS. The participation of hydroxyl radicals in the reaction was confirmed
when terephthalic acid was used as probe and by using isopropanol as hydroxyl radical scavenger,

which resulted in the inhibition of the photocatalytic process.
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1. Introduction

In recent years the use of synthetic dyes has increased considerably, being extensively used
by several industries, such as paper, cosmetics, paints and especially textiles [1,2]. Among the various
types of dyes employed in the industries, the azo type, characterized by the presence of the group -N
= N- bonded to aromatic groups, constitute more than 70% of the total production, being the most
used in the textile industry [2-5]. Because of the complex structure and chemical stability, azo dyes
are highly resistant to chemical, photochemical processes and biological treatments, most of which
are ineffective for this purpose [5, 6]. Alternative processes for pollutant removal treatment are
available, highlighting heterogeneous photocatalysis, an efficient technology for environmental
remediation [1, 3].

Recently, alkaline earth stannates (MSnOs, M = Ca?*, Sr?*, Ba?") have attracted special
attention for their promising properties as Li-ion batteries material [7], high temperature humidity
sensing [8], solar cells electrodes [9], photoluminescent [10] and photocatalytic [11-15] materials.
SrSnOs is a perovskite with band gap between 2.9 and 4.2 eV [16-18]. It has a distorted orthorhombic-
type structure with Pbnm space group [19,20] due to the tilting among SnOe octahedra [12,20], these
distortions playing an important role in the migration of photogenerated charge carriers in SrSnOs,
and contributing to its photocatalytic efficiency [12,21]. The use of these perovskites for the
photodecomposition of H2O for Hz and O generation is also well reported [13,14,22] but few works
are reported on its use in textile dye degradation and the reaction pathways [15,23,24]. For instance,
Wang et al. [25] have applied CaSnOz microcubes for Methyl orange and Rhodamine B degradation.
The degradation percentages were 97 and 99%, respectively, with only 60 min of irradiation, thus
indicating that CaSnOsis a highly efficient material, because of the octahedral tilting in its crystalline
network. Moshtaghi et al. [26] have prepared BaSnOs nanostructures and evaluated their
photocatalytic efficiency for degradation of an anionic dye, Eriochrome black T. About 84% of
degradation was achieved after 120 min under UV light irradiation. Junploy et al. [24] have
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investigated the photodegradation of methylene blue employing SrSnOs and obtained 85% of
discoloration after 320 min of UV light irradiation. As described by Wang et al. [12] and Moshtaghi
et al. [23] SrSnOsis considered a promising candidate in the degradation of different dyes. Recently,
our research group reported the use of SrSnO3s for the photocatalytic discolorization of the Remazol
Golden Yellow dye, giving some insights on charge transfer processes, based on theoretical data, and
possible species involved on the photocatalytic process.

It has been established that the photocatalytic activity of the materials depends on their
structure and physical properties, such as defects, band gap, surface area and crystallinity, as well as
on incorporation of other cations and the use of catalytic supports [3], which can increase surface
area, stability and active sites, as a consequence of the strong metal-support interaction.

In view of what was mentioned above, we aimed to prepare two different catalyst forms, the
isolated SrSnO3z perovskite and SrSnOz supported on ZrO2 (SrSnOs@Zr0O), to evaluate the influence
of this modification on the photocatalytic efficiency of the materials towards Remazol Golden Yellow
(RNL) dye photo-degradation. Moreover, we correlated the photocatalytic activity of the materials

with their band structure obtained from electrochemical impedance spectroscopy (EIS).

2. Experimental

2.1.Materials

The chemical reagents used in the synthesis of the stannate perovskites were: Metallic tin (Sn,
Vetec - 99.0%), strontium nitrate (Sr(NOs)2, Vetec - 99.0%), monohydrated citric acid - CA
(CeHsgO7.H20, Cargill - 99.5%), ammonium hydroxide (NHsOH, Vetec - 99%), ethylene glycol
(C2HeO2, Vetec - 99.5%) and zirconium oxide (ZrO., Aldrich - 99.0%). For the catalytic tests, the
following reagents were used: terephthalic acid (CeHa(COOH)2, Alfa Aesar, 98+%) isopropyl alcohol

(CH3CHOHCHs, Moderna - 99.5%), silver nitrate (AgNO3, Cennabras - 99.8%), ethylenediamine



tetraacetic acid - EDTA (C10H14N20gNa2.2H20, Vetec - 99%) and the dye Remazol Golden Yellow -

RNL (C16H16N4010Ss.Naz - 566 g mol™), which was obtained from Dystar.

2.2. Synthesis of the photocatalysts

SrSnOsz powder was synthesized by the modified-Pechini method, employing the procedure
previously reported by Lucena et al. [27]. The formation of the SrSnOz@ZrO; system was done by
the addition of ZrO- into the polymeric solution in order to obtain 10 mass % of SrSnOz on the
support, followed by the evaporation of solvent using a typical rotary evaporator. The resulting
powder was heated at 573 K for 7 h in an oxidant atmosphere, followed by deagglomeration in a
mortar and sieving (100 mesh). All the samples were calcined at 1073 K for 4 h, in air at a heating

rate of 10 K.min™ to crystallize the desired perovskite phase.

2.3.Characterization

The determination of the amount of SrSnOs deposited on ZrO, support was done by X-ray
fluorescence (XRF) using a XRF-1800/Shimadzu spectrometer. The materials were then
characterized by X-ray powder diffraction (XRD), employing a XRD-6000 Shimadzu diffractometer
with CuK, radiation (A = 0.15406 A), scanned between 10-80°, using a step size of 0.02° and step
time of 2 s at room temperature. The infrared spectra were obtained with a IRPrestige-21 Shimadzu
spectrophotometer, by analysis of a pellet with a 1:100 mass ratio of catalyst:potassium bromide
(KBTr) on the transmittance mode with a spectral range between 400 and 4000 cm™. In order to obtain
the Raman spectra, a Confocal-WITec spectrophotometer was used, model Alpha 300 S System,
coupled to a microscope with an Ar laser (533 nm), 50 mW power, and a Raman shift range between
40 and 1200 cm? at 25°C. UV-visible spectra were obtained using a UV-2550 Shimadzu
spectrophotometer, with a spectral range of 190-900 nm on the diffuse reflectance mode. Tauc’s
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method [28] was employed to graphically determine the optical band gap energy (Eg) from the UV-
vis absorbances of the samples. Microscopy images were obtained by a field emission scanning
electron microscope (FE-SEM) from FEI, model FEG250, coupled to an EDS analysis system from
Ametek, model HX-1001 with an Apollo X-SDD detector. Samples were dispersed in isopropanol,
sonicated for 5 min, dripped on the stub covered with aluminum foil and dried for 2 h. EDX analysis
were obtained using a voltage of 25 kV and spot size of 5.5 um. Transmission electron microscopy
(TEM) was performed with a TECNAI LaBs microscope, under 200 keV voltage. Samples were
dispersed in ethanol and deposited on 400 mesh copper grids covered with an ultrathin carbon film
of 2-3 nm. X-ray photoelectron spectroscopy (XPS) measurements were carried out with a Scienta
Omicron ESCA + spectrometer, system using an Al KqX-ray source with an energy beam of hv =
1486.87 eV. The binding energies (BE) of the spectra were calibrated relative to C 1s peak position
reference centered at 284.6 eV. Surface area determination was carried out using a BEL JAPAN
equipment, model BELSORP 1I-MINI, and zeta potentials were measured at different pH using a
Malvern Zetasizer (DSL) Nano ZS system to determine PZC. Evaluation of the conduction band edge
was performed using electrochemical impedance spectroscopy (EIS), using the same procedure
described by Folli et al. [29], except that samples were deposited on ITO glass slides. The spectra
were fitted to a Randles circuit to calculate the values for the space charge layer capacitance (Csc),

and the details are presented in the Supplementary data.

2.4.Photocatalytic activity measurement and scavenger experiments

Photohydroxylation of terephthalic acid - TA was used as a probe to evaluate the formation of
hydroxyl radicals by SrSnOs. This reaction produces 2-hydroxyterephthalic acid, a fluorescent
substance [22,30,31]. The photocatalytic test was performed according to the procedure described by

Teixeira et al. [32]. The emission spectra were analyzed in a Hitachi F 2500 fluorescence



spectrophotometer, with excitation wavelength at 2 = 320 nm and monitoring at A = 426 nm, which
corresponds to the main fluorescence band of the 2-hydroxyterephthalic acid.

The photodegradation tests were performed inside a radiation chamber using 3 UVC OSRAM
9W Puritec HNS S lamps (main emission at A = 254 nm). 90 mL of the Remazol RNL dye aqueous
solution (10 mg1L%) and 60 mg of the catalyst were placed in a quartz vessel under magnetic stirring,
in order to evaluate decolorization of the dye solution, at pH 3.5 and 6. The samples were placed in
the dark for 30 min before the photocatalysis tests, to achieve adsorption/desorption equilibrium.
Aliquots of 2 mL of suspension were withdrawn after 1, 2, 4, 6, 8 and 10 h, and centrifuged for 10
min at 5000 rpm, for catalyst separation. The solutions were analyzed by UV-Vis spectroscopy using
a SHIMADZU UV-2550 spectrometer, in the range of 300 to 700 nm. The photodegradation reaction
of the dye was monitored by measuring the absorbance at A = 411 nm (Remazol maximum absorption
wavelength ), to calculate the percentages of discoloration [33]. Adsorption and photocatalytic tests
with scavengers were performed using the same conditions described above.

For the scavenger experiments, isopropyl alcohol (1.6 x 10 mol L) was used as hydroxyl
radical inhibitor, silver nitrate (5.0 x 10 mol L) was used to capture photogenerated electrons and
EDTA (2.0x 10* mol L) to react with photogenerated holes [32,34,35]. Preliminary tests were
carried out in order to determine the optimal amount of the scavengers used in the photocatalytic

tests.

3. Results and Discussion

3.1.Characterization of the materials

The XRD patterns of the materials synthesized in the present work are presented in Figure 1.
SrSnOs obtained directly from calcinations of the polymeric resin presented a high crystallinity with
well-defined peaks related to orthorhombic structure, space group Pbnm-JCPDS n°. 77-1798 (ICSD

188140) [19,36]. SrCOs was obtained as secondary phase, which has also been noticed by other
7



authors employing different synthesis routes [37,38]. Concerning the system SrSnOs@ZrOg, it was
not possible to identify peaks assigned to the crystalline phase of orthorhombic SrSnOs, which might
be due to the amount, or degree of crystallinity, of SrSnOz deposited on the support. It is important to
observe that the diffraction peak at 20 = 31.3°, attributed to (200), (020) and (112) reflections of the
SrSnO3z phase, overlap with the diffraction peaks of the ZrO support (monoclinic-type structure,
space group P21/c— ICSD291120) making it difficult to identify SrSnO3z by the conventional XRD
technique. Furthermore, no phase transition of the ZrO, phase was noticed. The samples were also
characterized by Raman spectroscopy and infrared spectroscopy, as shown in the Supplementary data.
The responses typically expected for SrSnOs are absent which, as with the XRD data, may again be

indicative of a low degree of crystallinity when deposited on the support.

Figure 1

In order to evaluate the SrSnOs@ZrO; formation, this system was analyzed by STEM and
TEM techniques, as presented in Figure 2. STEM micrograph (Figure 2a) shows a homogeneous
morphology, while the TEM micrograph (Figure 2b) clearly showed the presence of another phase
on the catalyst support. The surface phase, SrSnQOz, seems to a have a gel-like morphology with a low
crystallinity, explaining the XRD and the Raman data, especially when a high crystallinity support is
present; XRF results (not shown here), confirmed the presence of SrSnOs in the SrSnOs@ZrO>
system, with a final composition of 7:93 mass ratio (SrSn03:ZrO,). To confirm the deposition of the
active phase on the ZrO,, elemental mapping was carried out using the STEM/EDX analysis, as
displayed in Figure 2c. According to the images, SrSnO3 phase covers the whole sample, as evidenced
by the elements that compose the perovskite phase (Sr and Sn) overlapped with that of the support
(Zr). This behavior indicates a heterogeneous nucleation process from the polymeric precursor, which

leads to a core-shell-like structure [39].



Figure 2

Specific surface area measurements were also performed. The surface area obtained for the
SrSn0s calcined at 800 °C was 20.6 m? g2, corresponding to a particle size of 47.5 nm. Comparison
with literature data shows that the material synthesized by the modified-Pechini method has a larger
specific surface area in relation to other methods [12,13,40]. The support had a surface area of 5.3 m?
g, while the SrSnOz@ZrO- system presented a specific surface area of 8.1 m? g%, In spite of the
small amount of SrSnO3 on the SrSnOs@ZrO> system (7%), a higher surface area was observed after
deposition as a consequence of a better dispersion of SrSnOs as indicated by the TEM image. This
better dispersion leads to more accessible catalytic sites and is expected to improve the catalytic
activity.

Zeta potential measurements are displayed in Figure 3. A small increase in the point of zero
charge (PZC) from 4.5 to 5.0 was observed when SrSnOz was deposited on ZrO, and may be
indicative of the polarizing influence of the support due to a strong metal support interaction (SMSI).
that SrSnOs largely defines the surface properties of the SrSnOz;@ZrO, composite, indicating a high

level of surface coverage.

Figure 3

XPS measurements were carried out to determine the chemical composition and the oxidation
states of the elements on the surface of the SrSnO3 and SrSnO:@ZrO, materials, besides evaluating
the interaction between the active SrSnOs catalyst and the supporting ZrO, phase. XPS survey spectra
(Figure 4a) confirm that Sr, Sn, and O elements are present in SrSnOz and SrSnOz@ZrO, samples.
The presence of the C signal in XPS spectra is from the SrCO3 secondary phase in the samples as
previously evidenced by XRD (Figure 1), and IR and Raman results (SD Figures S1 and S2). An
important issue regarding the formation of the SrSnO3@ZrO, material is the non-homogeneity and
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dispersion of the SrSnOz shell layer covering the ZrO> inner material as suggested by TEM. Because
of this morphological characteristic of the SrSnOs@ZrO2 sample and due to the penetration depth of
the X-ray beam, a signal corresponding to the Zr element typical of ZrO> due to the support is
observed in the spectrum with a smaller intensity compared to the other cations, in spite of the greater

amount of ZrO (93 mass%).

Figure 4

The detailed photoelectron Sr 3d, Sn 3d, O 1s and Zr 3d scans of the samples are shown in
Figure 4b-e. For comparison, the XPS peaks of Sr 3d, Sn 3d and O 1s pertaining to SrSnOs and
SrSnOs@ZrO2 materials are grouped together in Figure 4b-d, while the Zr 3d scan is shown by itself
in Figure 4e. All the Sr 3d, Sn 3d and O 1s spectra clearly show a broadening of the peaks and a
decrease in their intensity after depositing the SrSnO3 phase on ZrO2, which reflects an interfacial
electronic interaction between the catalyst and the support. Moreover, peak shifts to lower binding
energies observed in the Sn 3d (Figure 4c) and Ols (Figure 4d) spectra of SrSnOsz@ZrO; in
comparison to SrSnOz further suggest the formation of the core-shell-like system.

It is also worth mentioning that the intensity of Sr 3d and Zr 3d peaks are lower than that of
Sn 3d (Figure 4c) and O 1s (Figure 4d) and this might be attributed to the Sr-O-Zr bonding interaction
created at the interface of the materials, which may impact the band gap structure. The pronounced
change in the intensity and peak shape in the Sr 3d XPS spectra (Figure 4b) is noticed, besides the
increase of the spin-orbit coupling energy Sr 3ds2 and 3dsss from AE = 1.55 eV (in SrSnOgz) to AE =
1.65 eV (in SrSnOz@Zr0O3) close to the values reported by Alammar et al.[41]. The increase in the
spin-orbit energy after SrSnOz deposition indicates a perturbation in the local environment around the
Sr and reinforces the suggestion of a Sr-O-Zr interface composition in SrSnO3;@ZrO-. In addition to
that, the Zr 3d XPS (Figure 4e) shows that the Zr 3d core level splits into Zr3ds;z and Zr3dz levels
and the estimated spin-orbit splitting of AE =2.32 eV reveals that the valence state of Zr is 4+ at the
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interface of SrSnOs@ZrO> sample [42,43]. The high intensity of Sn 3d (Figure 4c) and O 1s (Figure
4d) peaks in the XPS spectra indicates that Sn-O environments are prominent at the surface of both
materials as expected and in good accordance with [13,41]. The Sn 3d XPS spectra can be fitted into
four peaks (two corresponding to Sn 3ds2 and other two to Sn 3ds;2 levels) located at different binding
energies as indicated in Figure 4c. This fourfold fitting reveals the existence of mixed Sn valences
(Sn** and Sn?*) present on the surface of the materials, in accordance with Aragon et al. [44], with a
higher amount of Sn?* on the surface of SrSnOs@ZrO., indicated by the higher intensity of the Sn?*
band after deconvolution. The O 1s spectra (Figure 4d) can be deconvoluted into three peaks. The
highest intense peak located at 530.3-530.7 eV and the one located at 528.7-529.9 eV are due to
structural oxygen (O%"V) associated with the chemical states Sn?* and Sn** in the perovskite surface,
respectively. This assignment is confirmed by other authors [11,44] who associated the O peak 529
eV to an unreduced lattice region while the O peak at 530-531 eV was assigned to an oxygen deficient
region. Li et al [15] associated the third peak located at 531.3-532.2 eV with the hydroxyl group. This
protonated surface may be formed to stabilize the reduced Sn(ll) state, as observed in the Sn 3d XPS
spectra, giving rise to a n-type semiconductor.

The UV-vis spectra and the corresponding optical band gap values of SrSnO3, ZrO; and
SrSnOs@2ZrO2 samples calcined at 1073 K are inferred in Figure 5. According to Moshtaghi et al.
[23], SrSnOs exhibits a higher energy absorption region at around 300 nm, which is assigned to the
transition from the O 2p orbital to the Sn 5s orbital [11,24]. Considering a direct band gap transition
[15] (Figure 5), the experimental value estimated for SrSnOz was Eg = 4.0 eV, in agreement to the
reported data [27,45], whereas the experimental direct Eq value of ZrO, was 5.0 eV, in agreement
with the data reported by Aflaki et al.[46], indicating that ZrO is an insulating material. The
SrSnO3@ZrO- system presented show a main transition at 4.3 eV with smaller contributions at 3.6
and 4.6 eV. lItis likely that the spectrum reflects the influence of the two different materials — SrSnOs
and ZrOz on each other, so the band gap of 4.3 eV may be assigned to SrSnOs. In general, the optical
band gap is influenced by the presence of structural and/or electronic defects in the lattice and the
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change in the values in comparison to the pure materials may be due to the interaction between the
two materials and to the Sn(IV) reduction to Sn(ll) associated to oxygen vacancies, as indicated by

XPS results.
Figure 5

UV-vis absorption data indicate the allowed electronic transitions in the semiconductor but
do not reveal the energy (potential) positions of the relevant electronic states. These are fundamental
to the viability of the redox (charge transfer) processes that can occur at the photocatalyst surface. If
carrier concentrations (Np) are sufficiently high, the conduction band edge position (Ecs) is
equivalent to the flat band potential, which can be determined by electrochemical impedance
spectroscopy (EIS) measurements (see Figure 6). An equivalent (Randles) circuit (inset of Figure 6a),
has been used to model the data, enabling the Mott-Schottky approach and application of Equation

(1); details are provided in the Supplementary data [47,48].

c?=—0e(V-v,-5) 1)

eggA2eNp e

Where: C is the capacitance, V the applied potential, Vi the flat band potential, k the Boltzmann
constant, T the temperature, € the dielectric constant (considered as 12 in the present work [49,50]),
€o the vacuum permittivity, A the area of the working electrode, e the electronic charge and Np the
number of donors. Ecg, together with the band gap information, allows the valence band edge position

(Evs), can then be calculated; Ecg — Eg = Eve.

Figure 6
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Several authors have applied Mott Schottky analyses in evaluation of different materials,
including composites, to determine the flat band potential as well as the number of donors. For
instance, Amer et al. [51] evaluated the influence of the ZrN layers synthesized by atomic layer
deposition on the properties of ZrO, nanotubes. According to the authors, Vs, values of the bare
nanotube and of the ZrN/ZrO; core/shell sample were obtained with good accuracy and the band gap
structures of both samples were proposed. Chen et al. [52] determined the Vi and Np values of mixed
oxide films (ZrO., TiO2, ZrTiOs and Nb2Os) formed by microarc oxidation on the surface of Ti-
39NDb-5Zr alloys, and Shinde et al.[53] characterized Fe,Os thin films deposited on FTO substrates
with and without ZrO; underlayer.

EIS and band gap data are summarized in Figure 6. Mott Schottky analyses (Figure 6a)
identifies almost the same flat band potentials (Vi) for SrSnO3z and SrSnO:;@ZrOz; -0.27 and -0.26
V vs NHE respectively, which are close to the value reported by Li et al. [15] for SrSnOs. Moreover,
Ismael et al. [54] determined the Vs value for the same commercial ZrO. used in the present work
by Mott Schottky analysis and obtained Vs = -0.75 V vs NHE, which is much more negative than
the perovskite one and confirms that the experimental value obtained for the composite in the present
work is due to the SrSnOs perovskite. It is also important to consider that SrSnOs;@ZrO, may have
nanoparticulate SrSnOs capable of behaving electrochemically as isolated SrSnO3z would but being
better dispersed. SrSnO3z at the SrSnO3-ZrO; interface is likely to have different behaviour due to
heterojunction effects, but the overall effect will be related to the volumetric distribution of the two
environments.

Application of the band gap data (Ec) extrapolated from Figure 5 permits the construction of
a band structure model (Figure 6b). According to XPS, both Sn(IV) and Sn(ll) are present on the
SrSn03 and SrSnOs@ZrO- surfaces. Sn(ll) electrons, with lower binding energies, are likely to
occupy inter-band states below the conduction band (Sn (1V)), which if sufficiently populated, would

account for lower energy transitions in the UV-vis spectra.
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The value of Np was calculated from the slope of the Mott-Schottky plot and values of 1.4 x
10%° cm and 2.1 x 10%° cm® were obtained for SrSnO3 and SrSnOz@ZrO, samples. These values are
smaller than those reported by Hadjarab et al. [55] for SrSnOs:La (1.04 x 10! cm™) and for BaSnOs-
5 (3.07 x 10%* cm®) [56], probably due to their doping or reduction processes, which increase the
number of donors. For undoped materials, literature reports very low electrical conductivities of about
1.0 x 107 S m* or lower [57,58], while a higher conductivity is reported for reduced materials (c =
0.33 S m?). According to Wang et al.[59], such conductivity would be attained by a carrier
concentration of about 3 x 10%° cm™. In the present case, the high Np values indicate that reduced
states are likely to be present in the SrSnOs, in agreement to the XPS measurements (Figure 4c) and
UV-vis spectra (Figure 5), which showed the presence of Sn(ll) on the surface and gives rise to n-

type semiconductor properties.

3.2.Photocatalytic tests

UV-Vis spectra of the RNL solution after photocatalytic tests are showed in the Figure 7.
Photolysis tests indicated that the energy of the lamp was not able to degrade the dye. High
photocatalytic efficiency was attained using SrSnOs as catalyst, with 90% of the dye solution
decolorization after 10 h. The kinetics are favourable at the beginning of the reaction, with 18% of
decolorization after 60 min under UV irradiation, at pH 6 (Figure S.4b of the supplementary data).
Similar activities were observed for solutions with pH 3.5 and 6 up to 2 h of reaction, decreasing after
this period for solutions with pH 3.5, for which 83% of decolorization is reached after 10 h (Figure
S.4.a).

Data previously reported indicate that the high photocatalytic activity of the orthorhombic
SrSnOs is due to the distorted SnOs octahedral lattice [11,25]. According to literature, these octahedra
are connected by corner sharing that promote the charge carrier movement and therefore hence charge

transfer reactions on the catalyst surface [10,21].
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Figure 7

The SrSnO:@ZrO> system also exhibits high photocatalytic activity at pH = 6, with a linear
performance up to 2 h reaching 63% of decolorization, and 98% after 10 h. It is important to highlight
that such efficiency is due to the SrSnOs active phase in spite of its smaller amount on the
SrSnOz@ZrO- system (only 7 mass% of SrSnQOz), as the photocatalytic activity of ZrO, was low,
reaching only 40% of discoloration after 10 h. Comparing SrSnOs@ZrO; and SrSnOs the
decolorization was almost twice for the supported catalyst after 60 min and 120 min with a higher
reaction rate, while a smaller difference was observed for longer reaction periods. This behavior may
be assigned to the better dispersion of SrSnOs on the ZrO> surface, which increases the availability
of active sites for photocatalytic reaction. Both SrSnOz and SrSnOs@ZrO; presented a lower rate of
activity in solutions at pH 3.5 than at pH = 6.

A better understanding of the data concerning discoloration can be achieved by the kinetic
analysis, which was performed considering pseudo first-order kinetics, as displayed in the inset of
Figure 7. The detailed results of the linear fit are presented in Table S.1 of the Supplementary data.
Rate constant values of 0.182 h*, 0.0481 h™ and 0.208 h™* were obtained for SrSnOs, ZrO, and
SrSnOs@2ZrO., respectively, at pH 3.5, while values of 0.232 h', 0.0424 h*! and 0.359 h™* were
obtained for SrSnOgz, ZrO> and SrSnOs@ZrOy, respectively, at pH 6. These data confirm the
improvement of the catalytic activity after deposition of SrSnOz on ZrO; and highest activity at pH
6. At this pH, the rate constant of SrSnOs;@ZrO- is 1.5 times higher than that of SrSnOs and 8.5 times
higher than that of ZrO,. Considering that only 7% of SrSnO3 was deposited on ZrO,, this remarkable
improvement may be assigned to the interfacial coupling between SrSnOsz and ZrO,, as previously
stated. Moreover, comparison with the previous publication of our research group [32], indicates that
the lowest crystallinity of SrSnOs3 after deposition does not seem to be responsible for its highest
activity. In this previous paper, SrSnOz was calcined at a lower temperature and a higher short-range
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disorder was attained as indicated by the broad bands in the infrared spectrum and in the Raman
spectrum and also by the smallest band gap value. Despite this, the discoloration percentages of both
materials are very similar. Comparison of the photocatalytic activity with P25 was also performed,
as displayed in Figure S.5 of the Supporting data. A rate constant value of 3.01 h'* was obtained,
which confirms the highest activity of this material.

Comparison of the photocatalytic data with UV-vis spectra and XPS measurements brings
interesting points. The UV-vis spectrum (Figure 5) of SrSnOz@ZrO; suggests a smaller carrier
concentration than unsupported SrSnOz, which may be assigned to the small amount of SrSnOs (7
mass %) in the SrSnO:@Zr0O». On the other hand, XPS data indicate a bigger amount of Sn(ll) on
the SrSnO:@ZrO- surface (Figure 4c), which is likely to enhance the photocatalytic activity due to
a reduced carrier recombination, and increased electronic conductivity, as already observed for
other perovskites [60].

Chen et al. [61] and Huang et al. [62] have studied the influence of spontaneous polarization
in non-centrosymmetric materials with piezoelectric properties on the recombination of
photogenerated electrons and holes during photocatalytic process. Increase in the distortion of the
polyhedron by ionic replacement or by oxygen vacancies promotes bulk charge separation and favors
surface reactions. The presence of oxygen vacancies also improves the migration of photogenerated
electrons and holes to the surface and their rapid transfer to the catalytic sites [61]. Recently, our
research group [63] showed that Eu doping into SrSnOs lattice increased short- and long-range order,
induced a distortion in the SnOs and created Eu midgap states. All these factors apparently favored
charge separation and improved the photocatalytic activity. This way, besides the better dispersion
upon deposition, the highest amount of reduced Sn(ll) may also improve the photocatalytic activity.

Based on UV-vis spectra, it was also possible to estimate the dye degradation, since the UV-
vis bands assigned to the aminoacetanilide group of the dye molecule were also affected by the
photocatalytic process, as shown in Figure 7. After 10 h under irradiation at pH = 6, SrSnOz was able
to reduce the intensities of all the absorption bands of the dye solution, namely the band related to the
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chromophore group (A = 411 nm) and those ones assigned to the aromatic group (maximum
absorbances at 292 and 238 nm) reaching approximately 65% and 75% of band reduction,
respectively. For the SrSnO3@ZrO- catalyst, this reduction reached 45% for the band with maximum
at 238 nm and 65% for the one at 292 nm.

Although a higher efficiency is observed for P25 concerning the discoloration, a meaningful
increase in the absorption below 325 nm is also observed and indicates that other compounds are
formed during photodegradation process. This increase was not observed when SrSnOsz-containing
systems were used as photocatalysts, as displayed in Figure 7.

According to the zeta potential (Figure 3) measurements, the photocatalysts present a positive
surface at pH 3.5 and a negative surface at the pH 6. RNL has a negative charge for both solutions,
as pKa; = 3, pKaz = 3.5, pKas = 6, but with a greater negative charge at pH = 6. As a consequence,
different behaviors are observed at pH 3.5 or 6: at pH 3.5, adsorption is favored by the opposite
charges of the surface and dye and adsorption values of 16%, 18% and 13% after 10 h in the dark are
obtained for SrSnO3z, SrSnO3@ZrO-. and ZrOy, respectively. Repulsion between surface and dye at
pH = 6 decreases the azo-dye adsorption on the material surface, which was smaller, with adsorption
values of 10%, 7% and 4% after 10 h in the dark for SrSnOs, SrSnO:@ZrO- and ZrOy, respectively.
Despite this, adsorption cannot be ruled out, as surface may be modified during irradiation and
adsorption may still occur. This behavior was also indicated by the adsorption curves (Figure S.6 of
the Supplementary data), which show a gradual increase in the amount of adsorbed dye onto the
surfaces of all materials during 10 h of test in the dark. Moreover, zeta potential values are smaller
than 20 mV, which is relatively weak and does not condition a strong repulsion.

A better understanding of the photocatalytic process was attained using probes for *OH

radicals and scavengers for *OH radicals, electrons and holes, as described below.

3.3.Pathway for the photocatalytic degradation
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According to literature [4,64], during photocatalysis the photogenerated electrons can interact
with acceptor molecules, such as O, adsorbed on the surface of the semiconductor or dissolved in
water, leading to the formation of a superoxide, and subsequently to *OH radicals. On the other hand,
photogenerated holes can oxidize species such as OH™ or H20, which decompose into free “OH
radicals. Different reactive oxygen species may be formed during the process, which are responsible
for the oxidation of the organic molecule and the production of intermediates, generating CO> and

H20. The reactions are represented in Equations (2) to (6) [4].

Photocatalyst + hv — e'gc + h*gv (2)
H20¢uds) + h* — "OHads) + H ads) (3)
O2+e — 027 @ds) (4)
H202(ads) — 20H @ags) (5)

‘OH + dye — intermediates — CO2 + H20 (6)

Evaluation of the formation of hydroxyl radical was done by the photooxidation of terephthalic
acid in accordance to the procedure described by Teixeira et al. [32]. After photocatalytic tests, both
materials showed a meaningful increase in the intensity of the luminescent band at 420 nm, as
displayed in Figure 8. According to this result a high amount of hydroxyl radicals is formed during
irradiation of the TA solution in the presence of both catalysts, and a higher intensity was attained for
SrSnO3@Zr0». These radicals may be formed by H>O oxidation in agreement to Eq. (4) or by O>

reduction according to Eq. (5) to (8).

Figure 8

This result was confirmed with the use of isopropanol, a well-known scavenger for hydroxyl

radicals (Zhu et al.[65]), which inhibited the photocatalytic process at pH 3 and 6, as observed in
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the Figure 9. After its addition, only 20% and 24% of decolorization was reached after 10 h of

irradiation using SrSnOz and SrSnO:@ZrO>, respectively.

Figure 9

EDTA was employed as a hole scavenger and confirmed the influence of H,O oxidation on
the formation of hydroxyl radicals. Comparison of the EDTA oxidation potential with the valence
band edge indicates that electron transfer is feasible, as displayed in Figure 6b. Moreover, electron
transfer from H>O/OH" to the valence band of the semiconductors is also feasible for both samples.
According to the results displayed in Figure 9, a meaningful decrease in the decolorization was
observed, with a higher decrease for SrSnO;@ZrO,. This effect is more meaningful at pH 3.5 for
both catalysts. According to Zhu et al. [65], besides suppression of holes, EDTA also decreases the
photocatalytic activity due to a competitive adsorption on the material surface. EDTA has a negative
charge at pH 3.5and 6 (pKa=2.0, 2.7, 6.2 and 10.3), while both photocatalysts have a positive surface
charge at pH 3.5 and a negative surface charge at pH 6, as indicated by zeta potential measurements
(Figure 3). As a consequence, a bigger adsorption may occur at pH 3.5, leading to the smaller
decolorization of the solution. The importance of the holes in the photocatalytic activity of SrSnOs
was also observed using formic acid as hole scavenger, as recently reported by our research group
[32].

The role of electrons on the photodegradation of RNL dye was evaluated using Ag* as electron
scavenger (Figure 9). According to the energy diagram (Figure 6Db), electron transfer from the
semiconductor conduction band to Ag™ is energetically feasible, for both photocatalysts, whatever the
pH of the solution. At pH 3.5, a meaningful increase in the decolorization percentage was observed
after Ag™ addition into the solution. The increase of the photocatalytic activity may be assigned to the
deposition of Ag on the catalyst surface after Ag* reduction, improving the electron capture by O, as
already reported by Junploy et al. [66]. At the end of the photocatalytic test, stabilization of the
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decolorization occurs, which may be related to the formation of metallic silver in suspension that
avoids light absorption by the catalyst affecting its efficiency [67]. In spite of the highest activity after
Ag"* addition for almost all of the photocatalytic tests, a meaningful difference is observed between
the profile of the curves at pH 3.5 and pH 6 (Figure 9), as a smaller difference of decolorization with
and without Ag"™ was observed at pH 6, especially when SrSnOs@ZrO- was used as photocatalyst.
Reactions involving the reduction of adsorbed oxygen are described in equations (7) and (8)
for pH up to 4.8, in which E° varies according to the Nernst equation. Other, multi-electron transfer

reactions are possible at higher potentials, i.e. as in equations (9) and (10).

02" (agsy+ HY — HO?' 7
oH <48 2" (ads) — HO2' (ads) (7)
HO2 (@s) + H + & — H202 (8)
O2@ags) + 2H" + 26" — H20; 9
02" (aas)* 2H" + & — H20> (10)

At pH 3.5, formation of HO>" (reaction (7)) is feasible as E° for Oz, H*/*O2H is more positive
than the conduction band edge of the catalyst. However, by pH 6, Ece of both SrSnOs; and
SrSnOs@ZrO- has reduced to below the value of E° for the O2/*O2" couple, which is constant for pH
>4.8at-0.33 V, providing O2" as a viable reduction product and sink for photogenerated electrons.

This difference is likely to account for the observed difference in photocatalytic behaviour at
the different pHs. According to the literature, defects such as oxygen vacancies are active sites for
the electron transfer to adsorbed O> molecules and improve photocatalytic reactions [68]. In their
photocatalytic study of MSnOs (M = Ca, Sr, Ba) perovskites, Li et al. [15] showed that when no
oxygen vacancies are present, almost no O was produced by CaSnQOs, as indicated by ESR using
DMPO as spin trapping agent for O2", whereas electron transfer to absorbed O is clearly observed

when oxygen vacancies are created in the solid.
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4. Conclusions

The results of this study showed that SrSnO3 and SrSnOz@ZrO> photocatalysts were efficient
in the photodegradation of the Remazol RNL dye under UV light and SrSnOs@ZrO; system was
more efficient when compared to unsupported SrSnOs. No meaningful change in the band edge
positions (VB and CB) of SrSnOsz was noticed after its deposition on ZrO> support, and the greater
efficiency of SrSnOs@ZrO> was related to its reduced surface character as indicated by XPS results
and to a better dispersion of SrSnOs on the ZrO2 surface, enhancing a higher activity even with a
smaller amount of active phase (SrSnOs). The formation of hydroxyl radicals was confirmed using
terephthalic acid as a probe and the use of the hydroxyl radical scavenger promoted inhibition around
76%, indicating that this radical is mainly responsible for the photocatalytic process. It was also
confirmed that holes have an important role in the photocatalytic process, which is consistent with
the observed band structure. Photocatalytic activity also depends on the pH of the solution, due to the
different reactive oxygen species, with a greater efficiency at pH 6, probably due the most efficient

electron transfer from conduction band to O..
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Figure captions

Fig. 1. X-ray diffraction patterns of the SrSnOs (a), ZrO2 (b) and SrSnOs@ZrO> (c) samples calcined
at 1073 K. The peaks marked with (#), (*) and (°) in the patterns correspond to SrSnOs, SrCO3z and
ZrO» phases, respectively.

Fig. 2. SEM (a), TEM (b) and EDX mapping (c) images of SrSnOs@ZrO, sample.

Fig. 3. Zeta potential variation of SrSnOs (a), ZrO2 (b) and SrSnOs@ZrO: (c) as a function of the pH.
Fig. 4. (a) XPS survey spectra of SrSnOz and SrSnOz@ZrO, samples and XPS deconvoluted scans
of SrSnOz and SrSnOz@ZrO; samples: (b) Sr 3d, (c) Sn 3d, (d) O 1s and (e) Zr 3d.

Fig. 5. UV-vis absorption spectra of SrSnOs, ZrO. and SrSnOs3@ZrO, samples calcined at 1073 K,
considering a direct band gap. The estimated band gap values (Eg) are indicated in the graph.

Fig. 6. (a) Evaluation of the Vs of SrSnO3z and SrSnOz@ZrO- according to the Mott Schottky plot.
(b) Energy level diagram, illustrating the band gap structure in agreement to the Vs, found in the
present work. Standard potential of redox couples involved in the present work are presented for
comparison in the right side. All values are observed at pH = 0, except for the O/ one, which is
obtained at pH > 4.8.

Fig. 7. UV-vis absorption spectra of the Remazol RNL dye, after photolysis and after irradiation
during 10 h, in the presence of SrSnOs (a), ZrO2 (b) or SrSnOs@ZrO: (c). Insets show the kinetic
plots of photo-degradation of the RNL at pH 3.5 (A) ad pH 6 (B).

Fig. 8. Fluorescence spectra of the TA solution after UVA irradiation in the presence of
SrSn0Oz@Zr0O», after different periods of reaction. Inset: Intensity of the band at 420 nm after different
periods of irradiation in the presence of SrSnO3 or SrSnOsz@ZrO,.

Fig. 9. Rate of RNL dye absorption in the presence of SrSnOs (a) and SrSnO;@ZrO; (b), for dye
solutions at pH 3.5 and pH 6, and using different scavengers: isopropanol (1.6 x 10 mol L), AgNO3

(5.0 x 10*mol L) and EDTA (2.0 x 10 mol L) as a function of the irradiation time.
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. Azo-dye discolorization increased 1.8 times after deposition of SrSnO; on ZrO;

. After deposition SrSnOs had higher amount of Sn(ll) species and better dispersion

. Photocatalytic activity was correlated to the band gap structures determined by EIS
. Formation of *OH by H,0 reaction with holes was confirmed using scavengers
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