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ABSTRACT

Semiconductor materials have received substantial attention as photocatalysts for
controlling water pollution. Among these materials, perovskite-structured SrSnOs is a
promising candidate for this application, whereas BaSnO3; exhibits very low activity. In the
present work, SrixBa,SnOs3 (x = 0, 0.25, 0.50, 0.75 and 1) was synthesized by solid-state
reaction and was applied in the photocatalytic discoloration of the organic dye Remazol
Golden Yellow. The perovskite structure was obtained for all compositions of the solid
solutions with both Sr** and Ba?* present in the lattice. A remarkable change in the short-
range symmetry was observed as the amount of Ba?* increased, and this change led to a
decrease in the band gap of the material. Although the BaSnO3; was not active toward water
photolysis, the discoloration induced by this perovskite was twice that induced by SrSnQOs.
The two materials appear to feature different mechanisms of photodegradation: the direct
mechanism prevails in the case of BaSnOs, whereas the indirect mechanism appears to
play a key role in the case of SrSnOs.
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1. Introduction

Stannates such as CaSnO3;, SrSnO3; and BaSnO3; have been reported in the
literature as compounds with the classic perovskite structure, with stoichiometry ABO; [1,2].

With respect to other perovskites, their Bravais lattice depends on the A cation. In this

sense, BaSnOs3; has an ideal cubic structure [3,4] with space group Pm3m and is an n-type
semiconductor with a band gap of approximately 3.4 eV, which is similar to the band gap of
other photocatalysts such as TiO,, SrTiO3, ZnO and ZnS [5-7]. CaSnO3; and SrSnO3; have
unit cells that differ from those of other perovskite-structured oxides; their unit cells are
composed of distorted cubes and are classified as orthorhombic (space group Pbnm)
because of the tilting of octahedra, and their band gaps are 4.4 eV and 4.1 eV, respectively
[2,8,9]. In these compounds, the local octahedral environment around Sn** is maintained
and the corner-sharing octahedral connectivity of the perovskite structure is also preserved
[2]. However, the difference in the symmetries are driven by a mismatch in the fit of the
alkaline-earth cation to the cubic-octahedral cavity in the corner-sharing octahedral
network; this mismatch is due to the smaller ionic radius of Sr** or Ca®* compared to that of
Ba®" [8,9]. As a consequence, a change in the Bravais lattice occurs when the A cation is
changed.

These stannates exhibit interesting properties that lead to their application as stable
thermal capacitors, high-quality humidity sensors and photoluminescent and photocatalytic
materials [10-13]. The use of these materials for photocatalytic water splitting is well known
[14,15]. Nonetheless, the literature contains very few studies on the use of perovskite-

structured stannates for the photodegradation of organic dyes, although SrSnO; has been



synthesized by cyclic microwave radiation and used in the photocatalytic decolorization of
methylene blue with high efficiency [16].

The objective of the present work was to obtain photocatalysts based on Sry.
xBaxSnOs; (x = 0, 0.25, 0.50, 0.75 and 1) powders prepared by solid-state reaction and to
evaluate the influence of the barium content on the structural characteristics of the

materials as well as its influence on the ability of the photocatalysts to degrade a textile dye.

2. Experimental procedure

2.1. Synthesis and characterization of the photocatalysts

SrixBaxSnO; (x = 0, 0.25, 0.50, 0.75 and 1) powders were prepared by solid-state
reaction [8,17] using stoichiometric amounts of BaCO3; (JOHNSON MATTHEY S.A;;
99.99%), SrCO3 (MERCK; 99.99%) and SnO, (ALDRICH; 99.99%). The precursors were
milled in a planetary mill using an agate vessel with a rotation speed of 400 rpm for 26 min.
After being milled, the samples were calcined at 1000 °C for 6 h with a heating rate of 5
°C.min"'. Powders were deagglomerated and calcined again at the following temperatures
for crystallization of the perovskites: 1100 °C for 8 h for SrSnO3; 1250 °C for 6 h for
Sro.75Ba0.25SN03, Srgs50Bags50Sn03 and Srg 25Bag 75Sn03; and 1350 °C for 6 h for BaSnOs. Al
temperatures were optimized on the basis of the formation of the desired phases.

All of the powders were structurally characterized by X-ray diffraction with a two-
circle Bruker D8 diffractometer using monochromatized Cu Kq1 radiation (A = 1.5406 A).
Data for Rietveld refinement of all of the samples were collected in the 28 range of 10° to
120° at room temperature, and calculations were performed using the FullProf program

[18].



Infrared spectroscopy measurements were performed in a Shimadzu IRPrestige-21
spectrophotometer over the wavenumber range of 2000 to 400 cm™ using KBr pellets.
Raman spectroscopy measurements were performed with an S/Witec Alpha 300 scanning
near-field optical microscopy system equipped with a Nd:YAG laser source with a
wavelength of 514 nm and an incident power of 150 W/mm?. The data acquisition time was
125 s in a range between 0 and 2000 cm™. The optical absorbance was measured by
diffuse reflectance spectroscopy in a SHIMADZU model UV-2550 spectrophotometer in the
wavelength region 190-900 nm, and the optical band gap values (Eg) were determined
using the method of Wood and Tauc [19]. The morphology was evaluated by field-emission
scanning electron microscopy (FE-SEM, Joel 6301-F), which was operated at a low voltage
(7 kV) to limit charging effects and to achieve high resolution without the need for surface
metallization. Microanalysis by energy-dispersive spectroscopy was performed with a JEOL

model JSM 6400 (Oxford INCA).

2.2. Photocatalysis and adsorption tests

The Srq.xBaxSnO3 system was evaluated via the photo-oxidation of an organic textile
dye, Remazol golden yellow (RNL), which is widely used in the textile industry. During the
photocatalytic tests, 10.0 mg of the Sri.x\Ba,SnO3 powders was added to a Petri dish
containing 15.0 mL of a 10 ppm aqueous solution of RNL with no stirring. All of the
analyses were performed in triplicate at pH = 6.0. Experiments were conducted ina 10 x 10
x 100 cm?® lab-made reactor for 5 h using a UVC lamp (A = 254 nm) [20]. One test was
performed under the same conditions without a photocatalyst for the measurement of the

photolysis.



An adsorption test without UV irradiation was also performed. The same amounts of
powders (10.0 mg) were added to an aqueous solution of RNL (15.0 mL of a 10.0 ppm
solution) and were sealed in a closed system in the absence of light for 5 h.

Evaluation of the adsorption and of the photocatalysis was performed by
measurement of the discoloration percentage. UV-vis analysis of the resulting solution was
performed after centrifugation and filtering of the suspension. The same equipment
described before was used, but in transmittance mode. The discoloration percentage was
obtained from the band at 410 nm, which is assigned to the N=N bond, i.e., the azo bond.
The values were calculated using a calibration curve obtained from the intensity of the
absorption band at 410 nm of solutions with known concentrations of RNL. Discoloration

due to photolysis was subtracted from the discoloration percentage.

3. Results and discussion

3.1. Characterization of the photocatalysts

3.1.1. X-ray diffraction

XRD patterns of all of the samples are presented in Fig. 1. The patterns were
indexed to a cubic unit cell (ICDD 74-1300) in the case of BaSnO3 and to an orthorhombic
one (ICDDD 22-1442) in the case of SrSnO3. No ICDD pattern was found for the solid
solution.

The XRD patterns confirmed the formation of the perovskite structure. A solid
solution was obtained for all of the intermediate compositions (from x = 0.25 to x = 0.75),
and it was confirmed by the shift of the peaks to smaller angles in the XRD patterns as Sr**

was substituted by Ba?*. Small peaks were observed at 26.7° and 33.9° in the patterns of



SrSn0O3; and Srp 75Bag 25SN03; these peaks were assigned to SnO,, which was present as a
secondary phase (ICDD 078-1063). Mountstevens et al. [8] and Glerup et al. [21] also
synthesized SrSnOj; by solid-state reaction and obtained single-phase materials; however,
a higher temperature (1380 °C) was used by Mountstevens et al., whereas Glerup et al.
employed two heat treatments at 1200 °C for 8 h. Stanulis et al. [22] have synthesized
SrSn0O3 using a new sol—gel method for the formation of crystalline phases at temperatures
between 700 and 900 °C; this method resulted in formation of SnO, at higher temperatures.
The structural parameters determined via Rietveld refinement (Fig. 2) are shown in
Table 1, in addition to the Ba®*/(Sr**+ Ba®") ratio obtained by EDS. Perovskites with
different crystalline structures were obtained as a function of the composition, varying from

orthorhombic for SrSnO3 and Sry 75Bag 25SnN03 (space group Pbnm) to cubic for BaSnO;

and Sry 25Bag 75Sn03 (space group Pmém) in addition to the tetragonal structure for
Sro.50Ban50Sn03 (space group 14/mcm); these results are in agreement with previous
results reported in the literature [23-28]. The change of the space group for the different
compositions is due to the substitution of Sr** for Ba®* (i.e., the A cation); Sr** ions are
smaller than Ba** ions, which leads to an A—O bond with greater covalent character.

Yuan et al. [15] prepared Ba.xSrSnO3 perovskites by the polymerized complex
method and reported the same space groups observed in the present work for the samples
with x =0, 0.25, 0.75 and 1, whereas the sample with x = 0.50 exhibited a different space
group of Pbnm. Mizoguchi et al. [17] reported a space group of (Pnma) for SrSnO3, which

is similar to the space group (anm). This change in space group is related to the bonding

among octahedra. According to Zhang et al. [23], when Sr** occupies the cubic-octahedral
cavity, octahedra tilt, which changes the crystalline structure but maintains the local

octahedral configuration among O%* and Sn** ions.



3.1.2. Infrared spectroscopy

The infrared spectra of all of the samples are shown in Fig. 3. Three vibrational
modes were expected for the ABO3; perovskites: v1, which is related to the B-O stretch; vz,
which is assigned to the B—O-B bend; and vs, which is related to the A—-BOs lattice mode
[29-31]. Some splitting may occur in the case of distorted perovskites, which leads to
additional bands [32]. In the present case, the v, vibration was observed at approximately

669 cm™', with small shoulders between 574 and 534 cm™'; these shoulders were especially
noticeable in the spectrum of SrSnOs. As Ba®* was substituted into the lattice, these small
shoulders became less defined, most likely due to a smaller distortion of the octahedra.

In addition to the vibrations assigned to the perovskite, additional bands were also
observed at 1772 cm™ (small), 1463 cm™ (broad or with a high intensity) and 860 cm™
(medium size). These bands were more intense in the spectrum of SrSnO3, which is related

to the vibrational mode v (A—C0O?") of the carbonates used as precursors; these results

indicate that decomposition of the carbonates during the heat treatment was not complete
[33]. Differences in the intensity are most likely related to the synthesis temperatures. The
presence of SrCO3 may be responsible for the formation of SnO; (Fig. 1) because

stoichiometric amounts of Sr and Sn were used in the synthesis.

3.1.3. Micro-Raman spectroscopy

Raman spectra of all of the samples are shown in the Fig. 4. The Raman spectra of
perovskites are well described in the literature. For orthorhombic perovskites (Pbnm) such
as SrSn0Os, 24 active modes may be present; however, not all of them are always observed
due to overlapping and due to the low polarizability of certain modes [23].

The spectrum of SrSnO3 shows lattice soft modes below 173 cm™, scissoring modes

of the Sn—O—Sn groups at approximately 223 cm™ and O-Sn—0 bending motions and Sn—



O-Sn scissoring motions at approximately 252 cm™'. A set of bands at approximately 380
and 450 cm™ and a band between 640 and 710 cm™ are also expected; these bands are
related to a Sn—Oj3 torsion mode and to a stretching mode, respectively. Additional bands at
721, 745 and 1148 cm™' can also be observed; these bands are assigned to the presence
of defects or disorder in the SrSnO3 perovskite structure. For cubic perovskites such as

BaSnOs3, no vibration mode should be observed because of its highly symmetric structure

(space group Pmém) [23, 34-36].

In the present work, the bands observed for SrSnO3; were in agreement with the
literature, as previously reported, except for a well defined band at 202 cm™, which was not
assigned to this perovskite, to SrCO3; or to SnO,. This band can be assigned to the
hydration of the perovskite structure [37]; however, the presence of non-ordered reduced tin
oxide (SnO) cannot be excluded [38-40].

The spectra of the other compositions were widely influenced by the cationic
substitution into the A sites, as already reported in the literature [36]. For Srp75Bag 25Sn0s,
the intensity of the lattice mode (171 cm™) exhibited a meaningful decrease, whereas a
broad band was observed at 203 cm™ along with quite small bands at approximately 270
and 305 cm™. Tenne et al. [41] have observed second-order modes in the spectra of
Sro.sBap2TiO3 monocrystals at approximately 220 cm™, similar to the result observed in the
present work for Srp75Bag 25Sn0s. The inset of Fig. 4 shows that the spectra of
Sro50Bap50Sn03, Srp25Bap75Sn03 and BaSnO3 contain very small bands between 400 and
500 cm™ despite the cubic symmetry of the latter two phases. The presence of these bands
indicates that the SnOg octahedra became disordered with a change in its symmetry as
already observed by other authors [23,42]. In the case of BaSnO3, broad bands at 668 and
739 cm™ were also observed by Cerda et al. [43], who attributed these bands to the

presence of local defects.



3.1.4. UV-visible spectroscopy

UV-vis spectra and the band gaps of the SryxBaxSnO3; samples are presented in Fig.
5. A meaningful decrease in the band gaps was observed as the amount of Ba?* increased
in the solid solution. The values reported in the present work were similar to those reported
by Mizoguchi et al. [2] and Lee et al. [44] for SrSnO3 (approximately 4.0 eV) and BaSnO;
(3.1 eV). Mizoguchi et al. [2] have compared the band gaps of BaSnO3; and CaSnO3 both
theoretically and experimentally. They also observed smaller values for BaSnO3 and
attributed this behavior to the increased electronegativity of the Ca?* ion (better energetic
overlap) and especially to the octahedral tilting distortion (better spatial overlap). According
to Yuan et al. [15], as tilting among SnOg octahedra increases, the Sn 5s non-bonding
character at the minimum of the conduction band is lost and anti-bonding Sn 5s-O 2p
contributions become more important. As a consequence, the minimum energy of the

conduction band is pushed up, which results in a corresponding increase in the band gap.

3.1.5. Scanning electron microscopy

FE-SEM micrographs of Sry.xBaxSnO3; powders are presented in Fig. 6. A
meaningful influence of the composition on the microstructure was observed, with an
increase in the average grain size besides an increase in the grain size distribution (SnSrO3
=160 £ 64 nm; Srg75Bag 25Sn03 = 205 + 44 nm; Srp50Bag50SN03 = 250 + 68 nm;
Sro.25Bap 75Sn03= 265 + 87 nm and BaSnO3; = 310 + 133 nm) as barium is substituted into
the perovskite structure. This behavior is related to the different synthesis temperatures

necessary to obtain the desired phase.

3.2. Discoloration of azo-dye solutions



3.2.1. Photocatalytic tests

UV-vis spectra of the RNL solutions after photocatalytic test are presented in Fig.
7. The band at 410 nm is characteristic of the azo group [45] responsible for the color of the
dye [46]. The intensity of this band decreased after photocatalytic treatment in the presence
of the perovskite, which indicated that discoloration occurred [10,44,47]. The results
presented in Fig. 7 indicate that the extent of photodiscoloration increased as the amount of
Ba®" substituted into the perovskite increased. As a result, the percentage of discoloration
reached in the presence of BaSnO3; was almost twice that achieved in the presence of
SrSn0s.

Despite the scarcity of results related to the use of stannates in the photodegradation
of textile dyes, some authors have reported the use these materials for the photocatalytic
splitting of water. Borse et al. [10,47] and Yuan et al. [15], in different papers, reported a nil
photocatalytic activity for BaSnO3 that improved with the addition of Pb or Sr into the
perovskite lattice. Chen et al. [48] and Zhang et al. [23] have evaluated the use of SrSnO3
with 0.5 wt% Pt as a co-catalyst. Different methods of synthesis have been used to obtain
the perovskite in these papers: hydrothermal synthesis and solid-state reaction. Catalysts
obtained via the hydrothermal method exhibited efficiencies almost ten times greater than
those of samples prepared by solid-state reaction, which has been attributed to the greater
surface area of SrSnO; prepared via the hydrothermal method. With respect to the
photocatalytic degradation of dyes, Junploy et al. [16] achieved 85% discoloration of
methylene blue after 320 min of UV irradiation in the presence of SrSnOs.

The results obtained in the present work differ substantially from those reported in
the literature for photocatalytic water splitting when the solid solution Sry.x\Ba,SnO3 was

used because, according to our results, BaSnOs3 led to highest discoloration percentage.



Differences in surface area may not be the reason for the differences in the discoloration
percentages especially considering that samples with the highest particle size showed the
highest discoloration percentage.

The photocatalytic behavior can be understood by considering the possible
mechanisms of dye photodegradation, i.e., the direct and indirect mechanisms [49-55].
When a semiconductor with an appropriate band-gap energy is irradiated with ultraviolet
radiation, electrons are excited into the conduction band (#cs ) and holes are formed in the
valence band (A¥s ). According to the direct mechanism, these photogenerated electrons
may interact with the organic molecules of an azo dye adsorbed onto the surface of a
catalyst, thereby leading to the formation of R* and then to its degradation. These electrons
may also interact with acceptor molecules such as O, adsorbed onto the surface of a
semiconductor or dissolved in water, thereby leading to the formation of a superoxide.
According to the indirect mechanism, the photogenerated holes may oxidize species such
as OH or H,0O, thereby forming «OH" free radicals, which are a strong oxidizing agent that

can react with most textile dyes [10,46,56].

3.2.2. Adsorption tests

The literature data indicates that BaSnO3; has a low efficiency in water splitting.
Thus, the indirect mechanism of photocatalytic degradation may not be the most important
one with respect to dye discoloration. To understand the results obtained in the
photocatalytic tests, we performed adsorption tests; the results are shown in Fig. 8.

The results in Fig. 8 indicate that degree of adsorption onto BaSnO3 is more than
three times greater than that onto SrSnO;. This adsorption does not lead to the breaking of
the N=N bond, and discoloration is simply related to the decrease in the concentration of

the RNL adsorbed onto the catalyst after its removal from the solution. A comparison of



discoloration due to adsorption and discoloration due to photocatalysis reveals that the
percentage increased from 14.7% to 38.0% for SrSnOs, which represents a 158% increase,
whereas it increased from 47.3% to 74.0% in the case of BaSnOs3, which represents a 56%
improvement. This result indicates that the direct mechanism is most likely more important
for dye discoloration on BaSnO3;, whereas the indirect mechanism is most likely more
important in the case of SrSnOs.

According to Yuan et al. [15], the greater electronegativity of Sr** and the short Sr-O
distance that results from octahedral tilting distortion relative to the octahedral in BaSnOs
provides favorable opportunities for charge-carrier transport. However, the bottom of the
conduction band was gradually pushed up as x was increased from x =0to x=1.0in
Sr1_xBaxSnOs. Higher energy levels result in stronger reducing ability of the photoinduced
electrons. As a consequence, the photoinduced electrons of SrSnO3 have enhanced
reducing ability and SrSnO; provides favorable opportunities for charge-carrier transport.
As a consequence, the formation of superoxide and hydroxyl radicals is favored, which
leads to an indirect mechanism of dye photodegradation. Because some adsorption of RNL
onto SrSnO3 was observed (Fig. 8), the direct mechanism may also play an important role
in this photocatalytic reaction, but it does not appear to be the most important mechanism.

BaSnO3; exhibits small reducing ability, as also reported by Borse et al. [10, 47] in
two different papers, which causes it to exhibit low efficiency in the photocatalytic splitting of
water. As a consequence, the formation of hydroxyl radicals is not favored, which
decreases the efficiency of the indirect mechanism. In the case of this perovskite, the direct
mechanism appears to prevail as a consequence of its higher adsorption capability. This
behavior may be related to the high ionic character of the Ba?>*~0? bond, which may lead to
an active site for interaction with the SO3™ groups present in the RNL structure that were

originally bonded to Na".



4. Conclusion

The perovskite structure was highly influenced by the modifier cation Sr** or Ba**. The
space group and the tilting among octahedra changed when barium was substituted into
the lattice, which was accompanied by a decrease in the band gap. As a consequence, the
efficiency of the different perovskites in the photodegradation of the azo dye differed among
the different materials, with an almost linear increase in photodegradation as the barium
was substituted for strontium; the photodegradation varied from 38.0% for SrSnO; to 74.0%
for BaSnOs. A comparison of the discoloration during the photocatalytic test with the
discoloration due to adsorption revealed that a higher efficiency was attained when UV
irradiation was used, especially for SrSnOs3, with an increase of 158%, whereas a 56%
improvement was observed in the case of BaSnOs. These results may indicate that a direct
mechanism of photodegradation is favored for BaSnOs3, where excited electrons interact
with azo-dye molecules adsorbed onto the perovskite surface. In the case of SrSnO3, the
indirect mechanism appears to be the most prevalent mechanism, where hydroxyl radicals

are formed by water splitting and oxidize the azo-dye molecules.
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Table Caption

Table 1. Refined structural parameters of Sry14xBaxSnO3; (0 <x <1).

EDS

Compound Ba/(Sr + Ba)

SrSnOs; 0%

Sro75Bag25Sn03 25.5%

Sro50Bag50SN03 50.7%

Sro_258a0_758n03 75.3%

BaSnOs; 100%

Crystal
structure

Orthorhombic

Orthorhombic

Tetragonal

Cubic

Cubic

Space group

Pbnm

Lattice parameter
(A)
a=5711
b =5.703
c = 8.065
a=>5.749
b=5.733
c =8.099
a=>5.761
c=8.175

a=4.098

a=4.115

Chi?

2.81

2.49

2.64

2.65

2.36



Figure caption

Fig. 1. XRD patterns of the SryxBaxSnO3 (0 < x < 1) compounds.
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Fig. 2 XRD patterns illustrating the fits obtained by Rietveld calculations. (a) SrSnOs3; (b)

BaSnO3
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Fig. 3. FT-IR spectra of the Sr14xBaxSnO3 (0 < x < 1) powders.
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Fig. 4. Raman spectra of the powders: (a) SrSnOs3;, (b)Srg 75Bag 25Sn0s3, (C)

Sro‘5oBao,5osnO3, (d)Sro,25Bao,75Sn03, and (e) BaSnOs.
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Fig. 5. UV-visible absorption spectra of Sri.\Ba,SnOs. The inset shows the estimated band

gap values as a function of x.
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Fig. 6. FE-SEM images of Sr1.xBaySnO3.(a) SrSn03, (b) Srp75Bap25Sn0s3, (C)

Sro.50Bap50Sn0s3, (d) Srp25Bag75Sn03 and (e) BaSnO3 powders.






Fig. 7. UV-visible absorption spectra of the textile dye after photocatalysis in the presence

of Sr1xBaxSnO; perovskites powders of various compositions.
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Fig. 8. UV-visible absorption spectra of the textile dye after adsorption in the presence of

the SryxBa,SnO3; perovskites powders of various compositions.
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