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ARTICLE INFO ABSTRACT

Keywords: SnO, particles were synthesized by the co-precipitation method. The effect of annealing temperature and
SnO, pressure-assisted heat treatment (PAHT) on their structural, morphological and optical properties were inves-
Calcination

Pressure-assisted heat treatment
Photocatalytic activity

tigated. Moreover, the synthetized SnO; at ambient temperature and annealed at 400 and 700 °C as well as the
particles submitted at the PAHT were efficient for the photocatalytic degradation of the Rhodamine B (RhB) dye
solution under UV irradiation, showing a degradation efficiency above 99% for all samples studied. However, the

SnO, sample obtained at ambient temperature (AT-SnO3) exhibited complete RhB photodegradation in only 10
min. This surprising performance of the AT-SnO; sample led to the investigation of its performance for the
degradation of two other dyes, methylene blue (MB) and methyl orange (MO), and the results also revealed
complete degradation of these dyes. These findings were superior to those found in the literature for SnO,
samples synthesized by different methods.

1. Introduction

Pollution through the inappropriate disposal of toxic organic dye
residues in rivers caused by economic activities, especially the textile
industry, can bring many consequences to human health, including
some diseases such as cancer, besides posing a threat to aquatic life [1].
To overcome such disadvantages imposed by the industries, many
methods to eliminate or degrade organic dye molecules from the efflu-
ents have been researched. In recent years, studies have focused on the
use of semiconductor materials as photocatalysts for the degradation of
these dyes. Generally, these photocatalysts are nanoparticles activated
in the presence of visible or ultraviolet radiation [2]. Among the most
used photocatalysts, TiO2, ZnO and SnO; stand out due to their low cost,
non-toxic nature and chemical stability [3].

SnOs is an n-type semiconductor material with a high band gap value

* Corresponding authors.

(3.58 eV) [4] that has been widely studied for applications as gas sen-
sors, energy storage devices, biomedical applications and dye-based
solar cells among others [5-8]. However, since SnO, cannot effec-
tively absorb visible solar light there are a few works in the literature
addressing its use as a photocatalyst due to its wide band gap. Addi-
tionally, when irradiated by UV light, it can generate electron-hole pairs
that produce radical species (OH and O3 ) capable of decomposing most
organic compounds [9].

Many synthesis methods and conditions have been used to obtain
SnO, particles aiming at changes in their photocatalytic properties, such
as morphology, crystal size, porosity, crystallinity, surface area, and so
on [10,11].

Sadeghzadeh-Attar [12] synthesized SnO, nanotubes and calcined
them at different temperatures (300-700 °C) for 1 h. These nanotubes
(0.01 g) were tested for the degradation of methylene blue dye (MB)
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Table 1

Sample designation and treatment.
Sample Heat treatment ( °C) PAHT
AT-SnO4y no no
400 °C-SnO4 400 no
700 °C-SnO4 700 no
AT/HP-SnO4y no yes
400 °C/HP-SnO, 400 yes
700 °C/HP-SnO4 700 yes

(100 mL/10 mg L™ under UV irradiation. The results demonstrated
that SnO; calcined at 600 °C showed higher photocatalytic activity
(90.7%) in 180 min. This was attributed to the high crystalline nature
and specific surface area of this material.

Li et al. [13] synthesized SnO5 nanoparticles by the corrosion of
metal Sn using concentrated nitric acid and tested them against the
degradation of MB and RhB dyes under UV light irradiation. They
observed that the degradation efficiency went from 90% to the complete
degradation of the dyes under UV irradiation in 50 min (MB) and 270
min (RhB).

The purpose of this article was to synthesize SnO; particles by the co-
precipitation technique using a simple, rapid and cost-effective method.
Here, for the first time, the effects of annealing temperature and
pressure-assisted heat treatment (PAHT) on their structure, morphology,
and photocatalytic behavior were compared. The RhB aqueous solution
was used to verify the photocatalytic activity under UV irradiation, and
the RhB photocatalytic degradation kinetics and mechanism were
investigated for all samples. Moreover, compared to other SnO2 samples
synthesized by different methods [14-19] for RhB degradation under
UV light, the SnO; sample synthesized in this work by the
co-precipitation method at room temperature showed a higher rate of
degradation and better degradation efficiency in a short time interval
when compared to other samples synthesized in the literature [14-19].
This superior performance of AT-SnO, regarding the RhB photocatalytic
activity led us to investigate its performance for the degradation of two
other dyes, methylene blue (MB) and methyl orange (MO).

(a) 20 30 40 50 60 70 80 (b) 20 30 40
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2. Materials and methods
2.1. Synthesis of SnO»

The SnO, samples were prepared by the co-precipitation (CP)
method in aqueous media. A total of 6.77 g of SnCl,.2H50 (Vetec) was
added to 30 ml of HyO under constant stirring. After total dissolution,
35 mL of Hy05 (31%, Synth) was added to the mixture. Finally, 35 mL of
KOH solution (2 mol L™1) (Synth) was added to promote the precipita-
tion. The resulting precipitate was separated by centrifugation and
washed with deionized water until reaching pH 7. Afterwards, the
samples were oven-dried overnight at 70 °C and calcinated at 400 or
700 °C for 1 h at a heating rate of 20 °C min™'.

2.2. Pressure-assisted heat treatment (PAHT)

The samples were submitted to PAHT according to the literature
[20]. The procedure consists of heat treating the samples at 120 °C
under an air pressure of 2 MPa for 48 h to evaluate the effect of PAHT on
the dye degradation performance.

In this work we treated six samples, which were designated ac-
cording to Table 1.

2.3. Characterization

The crystal phases of the SnO5 samples were obtained by X-ray
diffraction (XRD) (Rigaku, CuKa, 4 = 0.15406 nm). The morphologies
were analyzed by field emission scanning electron microscopy (FE-SEM)
(ZEISS/105 DSM940A). Raman experiments were recorded at ambient
temperature with a 532 nm laser source (JobinYvon T64000). Room
temperature photoluminescence (PL) spectra were obtained using a 355
nm laser (Cobolt/Zouk) as excitation source, and the luminescence
emitted by the samples was filtered and dispersed by a 19.3 cm spec-
trometer and detected by a Silicon CCD (Andor/Kimera -Idus). UV-
visible diffuse reflectance spectra (Cary 5G/Varian) were performed
and transformed into absorption spectra according to Tauc relation.

The AT-SnO, sample was analyzed by a transmission electron mi-
croscopy (TEM, FEI Tecnai F20) operating at 200 keV. Lastly, Brunauer-
Emmett-Teller (BET, Micrometrics Tristar II 3020) analysis was per-
formed for the AT-SnO,, 400 °C-SnO5 and 700 °C-SnO5 samples.
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Fig. 1. XRD pattern of SnO, at ambient temperature (AT) (a), 400 (b), and 700 °C (c) under ambient pressure and pressure-assisted heat treatment (HP).
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Table 2

Average particle size of SnO, annealing at different temperatures and subjected
to PAHT from XRD and the lattice parameters calculated using Rietveld
refinement.

Sample Average size (nm) Lattice constants (i\) Volume (10\3)
a (=b) c
AT-SnO, 10 4.7351 3.2549 72.98
400 °C-SnO, 22 4.8442 3.2622 76.55
700 °C-SnO4y 38 4.7383 3.1859 71.53
AT/HP-SnO4y 84 4.7119 3.2278 71.66
400 °C/HP-SnO, 162 4.8273 3.2521 75.78
700 °C/HP-SnO, 209 4.7170 3.1732 70.60

2.4. Photocatalytic dye degradation performance

Photocatalytic activities of the samples were evaluated for Rhoda-
mine B (RhB, 95%, Aldrich) degradation in aqueous solution (50 mL, 10
mg L’l) under ultraviolet (UV) irradiation by six lamps (Osram, 15W).
The selected sample (50 mg) was incorporated into the dye solution and
then placed in ultrasonic bath (Branson 1510; 42 kHz) for 30 min.
Previous to UV irradiation, the mixture was stirred for 30 min in the dark
at a controlled temperature (20 °C) to establish the adsorp-
tion-desorption equilibrium between the photocatalyst and the dye.
Subsequently, the mixture was irradiated, and aliquots (2 mL) were
collected at different times and centrifuged to remove the photocatalyst
powder. The RhB degradation was analyzed by measuring the absor-
bance at Apax = 554 nm using an UV—vis spectrophotometer (V-660,
JASCO).

Quenching experiments were carried out by adding tert-butyl
alcohol (TBA, 0.1 mol L’l), ammonium oxalate (AO, 1 103 mol L’l), or
benzoquinone (BQ, 1 103 mol LY to the mixture, RhB and the best
photocatalyst. TBA, AO and BQ are scavengers of the hydroxyl radical
(OH.), hole (h") and superoxide radical (O3 "), respectively. These re-
agents were supplied by Alfa Aesar.

3. Results and discussion

The X-ray diffraction (XRD) spectra of the SnO; samples are dis-
played in Fig. 1. It is clear that the samples at different calcination
temperature are slightly crystalline with a great amorphous background.
After increasing the calcination temperature and submitting the samples
to pressure-assisted heat treatment, they show a more crystalline profile.
The XRD pattern reveals the formation of SnO, phase for all samples,
demonstrating rutile structure (JCPDS n°: 41-1445). Along with the
SnO, phase, the formation of the secondary phase of SnO is also
observed, which is in agreement with romarchite (JCPDS n°: 06-0395).

(@
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All SnO5 samples exhibit the (110), (101), (200), (211), (002), (310),
(112) and (321) diffraction planes [21]. In contrast, the SnO secondary
phase presents the (101), (002) and (112) planes [22]. This SnO phase is
probably a minority phase resulting from the incomplete oxidation of Sn
atoms. These results show that the calcination temperature and the
PAHT greatly influence the crystallinity of the samples, leading to
almost complete crystallinity at 700 °C under both conditions. SnO is
an oxide that does not densify, however, with the presence of SnO there
is formation of oxygen vacancies, which facilitates densification. On the
other hand, the association of temperature with pressure leads to better
densification, due to the involvement with oxygen, which reacts with
SnO to form SnOy, increasing crystallinity.

The crystallite size was determined by the Scherrer Eq. (1) using the
(110) and (111) diffraction planes [23]:

Dygp — = @
where k, A, 8, and 0 are the Scherrer constant, the X-ray wavelength (Cu-
Ky1), the full width at half maximum of the diffraction peak (FWHM) and
the diffraction angle, respectively.

The average crystallite size and the lattice parameters calculated by
Rietveld refinement of all samples are listed in Table 2. According to the
data, the crystallite size increases with increasing temperature and with
the PAHT. However, these calculated average sizes of the particles may
be different from the real size as there is a difficult to apply the peak-
width based analysis to agglomerates since the small size and the me-
chanical stress in the clusters, lead to peak broadening [24]. As can be
seen in Fig. 1, the increase in calcination temperature and pressure
treatment make the peaks to be stronger and narrower. This behavior
can be attributed to that at higher temperatures the particles grows
larger and improves the degree of crystallinity [25]. The Rietveld
refinement showed that the lattice constants a (=b) and c increase from
4.7351 A and 3.2549 A to 4.8442 A and 3.2622 A to the sample dry at
70 °C (AT-SnO3) and the sample calcined at 400 °C (400 °C-SnOy),
respectively. This increase in the lattice parameters can be attributed to
the water adsorbed on the crystallite surface of the AT-SnO, sample,
since when the sample was annealed at 400 °C (400 °C-SnO;) these
adsorbed water molecules were eliminated from the SnO5 surface thus
increased the lattice constants [26]. Thereafter, for the sample annealing
at 700 °C (700 °C-SnO,) the lattice constants decreased (a (=b) =
4.7383 A and ¢ = 3.1859 A). This reduction in the lattice constants with
the annealing temperature can be attributed to the dehydroxylation of
the samples, indicating the presence of large amount of the hydroxyl
groups in the bulk of the SnO; crystallites, generating a bad crystallized
rutile structure [26]. The volume variation of the unit cell follows this
variation of the lattice parameters, increases when the sample is
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Fig. 2. Raman spectra of SnO, at ambient temperature (AT), 400 and 700 °C under ambient pressure and pressure-assisted heat treatment (HP).
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Fig. 3. FE-SEM of AT-SnO, (a), AT/HP-SnO, (b), 400 °C-SnO;, (c), 400 °C/HP-SnO, (d), 700 °C-SnO; (e), and 700 °C/HP-SnO, (f).

annealed at 400 °C and decreases when the annealing temperature in-
creases to 700 °C. This change in the values of lattice parameters and
unit cell volume can be attributed to presence of oxygen vacancies
and/or vacancies clusters, local lattice disorders and grain boundaries
[27-32]. Compared to the samples submitted only to heat treatment, the
samples submitted to PAHT showed a small contraction of lattice con-
stants, and as a result, there is a reduction in the unit cell volume. It
seems the decrease in lattice constants and unit cell volume to be related
with the thermal stress and to PAHT.

Fig. 2 shows the Raman spectra of SnOy samples, where it is possible
to see that the SnOj rutile structure presents the 1A1q, 1A2g, 2A2y, 1B1g,
1Byg, 2B1y, 1E; and 4Ey lattice vibration modes [33]. It can also be
noted that the number of lattice vibration Raman active modes increases
as a function of the calcination temperature. All samples exhibit the Ayg
and A;g vibration modes, being the first related to the existence of ox-
ygen vacancies in rutile SnO5 [34]. The SnO, samples at 400 and 700 °C
submitted or not to pressure-assisted heat treatment present a peak at
776 cm’l, which corresponds to the By; mode. The Ajg and Bz modes

are related to the symmetric and asymmetric stretching of Sn-O bonds,
respectively [35,36]. The Eg doubly degenerate mode arising from the
vibration mode of oxide ions appears at 473 cm ™ for the samples cal-
cinated at 700 °C. At 103 cm ™}, the Raman spectrum displays the Eig
mode, which can be attributed to SnO [37]. The absence of an intense
and acute peak at 211 em ! (A1g) indicates the absence of
well-crystallized SnO formation [37]. These results corroborate the XRD
data, evidencing that the calcination temperature and the
pressure-assisted heat treatment influence the structural organization of
the SnO2 samples.

The FE-SEM images of all SnO, samples are shown in Fig. 3. It is
possible to observe that the samples do not have a defined shape. Besides
that, the heat and pressure treatments cause changes in their morpho-
logical profile. The AT-SnO, sample (Fig. 3a) exhibits aggregates
composed of particles with varied grain sizes. It is clear that the heat
treatment carried out at 400 and 700 °C (Fig. 3c and e) leads to the
formation of small grains with smooth surface and dense packing. When
all samples are subjected to PAHT (Fig. 3b, d and f), the particle
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excitation energy.

aggregates have their size increased as a function of temperature. In
addition, the presence of smooth surface with dense packing cannot be
observed.

The direct band gap values of the SnO, samples are shown in Fig. 4.
The band gap energy (Eg) was obtained by UV-visible diffuse reflectance
spectra and plotted (ahv)? against photon energy (hv) using the Tauc
method, according to Equation [38]:

(ahv)" =B (hv— E,), 2

where a is the absorption coefficient, h is the Planck constant, and v and
B are the photon frequency and constant, respectively. The y factor value
used was 1/2, which corresponds to direct transition band gaps.

It can be seen that the E; values decrease from 3.91 to 3.40 eV with
increasing the calcination temperature (Fig. 4a—c). In this typical
semiconductor, the SnO, microcrystal lattice can have different types of
characteristics in its electronic structure, such as intercluster

(intermediary range) and intracluster (local range) interaction. The
cluster-like elucidation of the order-disorder performance is supported
and strengthened by different extrinsic (surface) and intrinsic (bulk)
defect distributions. When the photons reach the surface, they may be
trapped by extrinsic or intrinsic defects in the network modifier [SnOg]
complex clusters, inducing new energy in the band gap. The same trend
is observed for the samples subjected to pressure treatment (Fig. 4d and
e), that is, the values of E; decrease with increasing the particle size.
However, when the calcination temperature increases from 400 to
700 °C (Fig. 4f) the Eg value remains unchanged. In addition, it is
possible to note that the pressure-assisted heat treatment causes an in-
crease in the band gap value. These results indicate that the Eg values
depend on the synthesis conditions, which in turn directly influence the
size and surface of the particles, their optical properties, and conse-
quently the penetration of photons of light [39].

Fig. 5 shows the photoluminescence (PL) spectra of all SnO5 samples
with 355 nm excitation energy. The spectra of SnO. at different
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with the respective linear regression coefficient ®R?) (o).

temperatures and under ambient pressure can be split into two main
peaks, according to Fig. 5a. The peaks at 445 nm and 642 nm can be
attributed to the closest band-edge emission of SnO, and to oxygen
vacancies, respectively [40,41]. The PL intensity of SnO, samples in-
creases as a function of the calcination temperature, probably due to the
decrease in the particle size along with an increase in the number of
defects [42]. When these samples undergo pressure treatment (Fig. 5b),
we can still observe the presence of the same two main peaks. However,
peak (a) has its intensity reduced. There is also an increase in the PL
intensity of 100 times compared to the samples synthesized at ambient
pressure, which may be attributed to the larger particle size. This result
is in agreement with the results obtained by XRD (Table 2) and by
FE-SEM (Fig. 3) which show that when the samples are subjected to
temperature and pressure treatments, the particles tend to have their
size increased. This is in line with the Raman results (Fig. 2), which
demonstrate that larger particles have better crystalline quality and
fewer structural defects. The E; values (Fig. 4) also corroborate this

result, as there is a significant increase in the E; values when these
samples are submitted to pressure-assisted heat treatment. This behavior
can be attributed to a reduction in intermediate levels, thus causing the
electron-hole recombination to increase due to the decreased number of
traps (defects), leading to a higher PL intensity. The sample calcined at
700 °C has higher PL intensity than the others at both pressures, pointing
to an increase in the recombination rate of photo-induced charge carries
[43]. The PL curve deconvolution of the samples using Gaussian analysis
was discussed in detail in the supporting information (Fig. S1, SI).

Fig. 6 illustrates the effect of temperature and pressure treatments on
the SnO, photocatalytic activity. The photocatalytic activity was eval-
uated for RhB dye degradation under UV-light irradiation (Fig. 6a and
c). Fig. 6b and d show the plots of In(C/Cyp) vs. irradiation time. The
reaction rate constants, k, are calculated by the kinetics Equation [44]:

In(C/Cy) = —kt, 3

Table 3
Comparison between the RhB degradation under UV light irradiation of SnO, particles synthesized in this work and those reported in the literature.
Sample Method of synthesis Catayst load (mg RhB load (mol Degradation efficiency/ First order rate constant, k Ref.
LY L duration (min Y
SnO, Co-precipitation method 1000 11073 100%/10 min 0.3708 our
work
SnO, Co-precipitation method and PAHT 1000 11073 100%/25 min 0.1626 our
work
SnO, Co-precipitation method and calcinated 400°/1h 1000 1103 99.9%,/60 min 0.06272 our
work
Sn0, Co-precipitation method, calcinated 400°/1 h and 1000 11073 100%/30 min 0.1192 our
PAHT work
SnO, Precipitation method followed by sonication 1000 5107° 51%/100 min 0.653107* [14]
SnO, Green synthesis route and calcinated 600 °C/2h 83 210°° 91.7%/190 min 1.210°2 [15]
NPs
SnO, Microwave-assisted hydrothermal method and 500 210°° 5%/240 min almost zero [16]
NPs calcinated 550 °C/2h
Sn0, Biosynthesis and calcinated 400 °C/2h 500 810°° 70%/180 min 0.0069 [17]
QDs
Sn0O, Co-precipitation method and calcinated 600 °C/4h 1000 not informed 70%/90 min not calculated [18]
NPs
Sn0, Hydrothermal method 80 2107° 70%/80 min 1.217 1072 [19]
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where k is the apparent pseudo-first-order rate constant, Cy is the RhB
concentration at the initial time, C is the dye concentration and t is the
reaction time (min).

As shown in Fig. 6a and c, the self-degradation of pure RhB dye under
UV-light irradiation is 30%. In Fig. 6a, it is possible to see the RhB
degradation performance of the AT-SnO,, 400 °C-SnO and 700 °C-SnOy
samples at ambient pressure. The AT-SnO, sample exhibits a higher
photocatalytic activity than the others, probably due to the increased
separation efficiency of electron-hole pairs. The increase in the calci-
nation temperature (400 °C or 700 °C) leads to a reduced photocatalytic
activity. These data are in agreement with the FE-SEM and PL results
(Figs. 3 and 5a), where it is possible note that an increase in the calci-
nation temperature results in an increase in the particle size and PL
intensity, which in turn worsens the electron-hole charge separation rate
[45]. However, when the samples are submitted a pressure-assisted heat
treatment (Fig. 6¢), there is a change in the photocatalytic activity in
comparison with the samples synthesized at ambient pressure,
evidencing the best photocatalytic activity for the AT-SnOy sample,
whose irradiation time for the complete dye degradation increases by
15 min, while the time for complete dye degradation for the samples
calcined at 400 and 700 °C is reduced by 30 and 35 min, respectively.
According to Fig. 6e, the k value for AT-SnO, reduces about 43% when
this sample is subjected to PAHT. On the other hand, the samples
calcined at 400 and 700 °C (400 °C/HP-SnO, and 700 °C/HP-SnO-)
show an increase of approximately 190% in the reaction rate constant
when submitted to pressure-assisted heat treatment.

The Eg value (Fig. 4) and the results obtained by PL (Fig. 5) indicate
that the 400 °C/HP-SnO, sample has a better electron-hole separation,

which would indicate an enhanced photodegradation performance.
However, it can be observed that the AT/HP-SnO; sample, which was
not previously calcined, exhibits higher performance when subjected to
PAHT (Fig. 6¢). One possible explanation for this behavior is the
morphology of the samples, which influences the penetration of photons
of light [46]. The cycle stability in the RhB solution of the AT-SnO; and
400 °C/HP-SnO, samples, Fig. S2 (SI), reveal that after three cycles of
dye degradation, both samples are stable.

Table 3 shows the photocatalytic efficiency of SnO; synthesized by
our group in comparison with others in the literature. The data pre-
sented in Table 3 indicate that the synthesis of SnO, particles by the co-
precipitation method at ambient temperature leads to a greater degra-
dation efficiency of RhB under UV irradiation in a shorter time. The
superior result was obtained by our group with 100% of dye degradation
in only 10 min for the nanoparticle obtained at ambient temperature,
which may be justified by the presence of the SnO secondary phase
observed in the XRD analysis. Additionally, for the calcined sample
subjected to PAHT, the dye degradation efficiency of RhB reaches 100%
in just 30 min, being 3 times shorter and 30% more efficient than that
obtained by the synthesized SnO; nanoparticles (NPs) by the same
method. It can be seen that the RhB concentration used in our work is
about 100 times higher than that used in the other mentioned works, but
the catalyst load varies from 83 to 1000 mg L~ '.These results indicate
that this method combined with our synthesis conditions lead to the
formation of SnO4 with improved dye degradation efficiency under UV
irradiation.

A series of radical trapping experiments were performed using tert-
butyl alcohol (TBA), ammonium oxalate (AO) and benzoquinone (BQ)
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scavengers to propose a possible photocatalytic mechanism. BQ, AO and
TBA were added to quencher the presence of superoxide radical anions
(03, hole (™) and hydroxyl radicals (-OH), respectively [47]. Fig. 7a
shows the photocatalytic activity of AT-SnO, sample in the presence of
these quenchers. It is possible to note that the addition of BQ has no
effect on the RhB degradation, indicating that the O3" radical does not
participate in the degradation mechanism. On the other hand, the
addition of both TBA and AO results in a suppression of the degradation
rate. Therefore, the results reveal that the -OH radicals are the main
reactive species during the photocatalytic oxidation of RhB, followed by
h™. When this sample is subjected to pressure-assisted heat treatment
(Fig. 7c), the -OH radicals are the only reactive species during the
photocatalytic oxidation of RhB. In contrast, the result obtained for the
400 °C-SnO, sample (Fig. S3a, SI) demonstrates that h™ does not
participate in the dye degradation mechanism, while the -OH radicals
are the dominant species in the mechanism, followed to a lesser extent
by the O3  radical. When this sample is subjected to PAHT
(400 °C/HP-Sn0Oy) (Fig. S3c, SI), the -OH radicals are the reactive species
during the photocatalytic oxidation of RhB, followed to a lesser extent
by the h" and the O3 radical.

The possible photocatalytic mechanism for the SnO, samples under
UV light is shown in Figs. 7(b,d) and S3(b,d). The valence band (VB) and
the conduction band (CB) potentials (Eyp and Ecp, respectively) can be
calculated by Mulliken electronegativity theory using the derived
empirical Equations [48]:

Eyg = y— E. +0.5E,, (€))
Ecy = Evz — E, )

where y is the electronegativity of the semiconductor, E. is the free
electron energy on the hydrogen scale (4.5 eV) and Eg is the band gap

energy. It is important to mention that the SnO electronegativity is
6.25 eV [49]. The high photocatalytic RhB degradation by the AT-SnO5
sample can be explained by the existence of the SnO second phase that
can provides an improved charge carrier separation, so less electro-
n-hole (e -h™) pairs recombination occurs since the charge carriers are
separated on different materials structures, SnO,-SnO. However, it was
not possible to observe the presence of the SnO band gap together with
the AT-SnO; band gap (Fig. 4a). Thus a band diagram with the charge
separation of the SnO,-SnO (n-type semiconductor-p-type semi-
conductor) is proposed using the band gap value for the SnO reported in
the literature (3.0 eV) [50], and electronegativity of 5.69 eV [51],
Fig. 7b. When AT-SnO; photocatalyst was excited by UV light with
higher energy than its band gap, the e -h" pairs are generated. The
photogenerated e™ transfer could occurs from the CB of SnO (—0.31 eV)
to the CB of SnO; (—0.20 eV). In the meantime, the photogenerated h*
transfer can take place from the VB of SnO; (3.70 eV) to the VB of SnO
(2.69 eV), suggesting that the photogenerated e~ and h" were efficiently
separated. The h" acts as an oxidizing agent and oxidizes either the RhB
dye directly or water to form -OH radicals (E°.op,0n = 2.38 eV vs. NHE).
The quenching experiments (Fig. 7a) indicate that the photodegradation
by O3 radicals does not occur even though it has a more negative po-
tential (Ecg = —0.20 eV vs. NHE) than O3/ O3 (E° 02/ 02.. = —0.05 eV vs.
NHE) [52]. On the other hand, when the AT-SnO, sample subjected to
pressure treatment (AT/HP-SnO3) was excited by UV light, e” from the
VB are transferred to the CB and as a result the e - h* pairs are formed
(Fig. 7d). As indicated by the quenching experiments (Fig. 7c), the h™
acts as an oxidizing agent, forming only hydroxyl radical (-OH) by re-
action with H,0. The -OH radical participated in the RhB degradation
process, being absorbed on the surface of SnO5 photocatalyst [53].
The reduced photodegradation activity of the sample submitted to
pressure treatment (AT/HP-SnO;) when compared to the sample
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without pressure treatment (AT-SnO5) can be explain by two reasons.
First, the presence of the SnO phase in the AT-SnO, sample that provides
an improved charge carrier separation. Second, the fact that the only
mechanism for the RhB dye degradation in the AT/HP-SnO; sample is
through -OH radicals, which have a slow combination time with the A"
and the OH™ (102 s), restricting the increased SnO, photodegradation
activities [54].

Fig. S3b(SI) presents the possible mechanism for the 400 °C-SnO;
sample. Based on the results of photodegradation with different scav-
engers, the mechanism for the RhB dye degradation is exclusively by
-OH radicals. When this sample is subjected to pressure treatment
(400 °C/HP- SnOy) (Fig. S3d, SI), the dye is degraded mainly by the -OH
radicals and to a lesser extent by the O  radicals and the h". The
explanation for the 190% improvement of the reaction rate constant

(Fig. 6e) when the sample is subjected to pressure-assisted heat treat-
ment lies in the fact that the main mechanism for the RhB degradation at
ambient pressure is by -OH radicals, which have a slow combination
time with the h", thus making the rate constant slow. When this sample
undergoes pressure treatment, the rate constant increases due to the
presence of the three photodegradation mechanisms.

The superior result regarding the best photocatalytic activity for RhB
degradation reached by the AT-SnOy sample in comparison with those
submitted to temperature and pressure treatments and the results ob-
tained in the literature (Table 3) led us to investigate its performance for
the degradation of other dyes, such as methylene blue (MB) and methyl
orange (MO).

The photocatalytic degradation of the MB solution (1 103 mol L™1)
was studied using 50 mg of the AT-SnO, sample, as shown in Fig. 8. It

(c)

10.00nm"*

Fig. 10. TEM image (a), HRTEM image (b) and SAED pattern of spherical nanoparticles in AT-SnO, sample.
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Table 4
Specific surface area, pore volume and pore size of SnO, and SnO, samples
calcinated at different temperatures and under ambient pressure.

Sample BET specific surface area (m®>  Pore volume (cm® Pore size
g g"h (nm)
AT-SnO, 194.13 0.1067 2.20
400 °C- 43.55 0.0399 3.67
SnO,
700 °C- 21.30 0.0481 9.03
SnO,

can be seen that when the catalyst is added to the dye, the characteristic
peaks of the MB are significantly reduced under UV irradiation in 7 min
(Fig. 8a and b). Fig. 8c shows that the degradation efficiency reaches
100% in 7 min. Fig. 8d indicates that the photodegradation of the MB
solution with the AT-SnO; sample follows pseudo-first-order kinetics
with a higher rate constant (k = 0.74229 min 1), causing this sample to
have a higher photocatalytic activity. The photocatalytic activity of AT-
SnO; in the presence of quenchers, Fig. S4a (SI), reveal that the -OH
radicals are the main reactive species during the photocatalytic oxida-
tion of MB dye, followed by h'and O3 radicals. By comparing our re-
sults to those obtained by Kim et al. [55] for the SnO; sample obtained
by precipitation method and calcinated at 380 °C for 2 h, we found that
our AT-SnO; sample has a superior performance for MB degradation
under UV light irradiation, as the calcinated SnO; sample degraded 79%
of the dye in 180 min.

The photocatalytic degradation of the MO solution (1 10~ mol L™})
was studied using 50 mg of the AT-SnO; sample. Fig. 9 shows that the
addition of the catalyst to the dye solution causes the absorbance of the
characteristic peaks of MO to be significantly reduced when this solution
is irradiated by UV light for 50 min (Fig. 9a and b). Fig. 9c reveals that
the degradation efficiency reaches 100% in 50 min. Fig. 9d indicates
that the dye photodegradation with the AT-SnO, sample follows pseudo-
first-order kinetics with a k value of 0.11167 min~!. The photocatalytic
activity of AT-SnO; in the presence of quenchers, Fig. S4c (SI), reveal
that the Oy  radicals are the main reactive species during the photo-
catalytic oxidation of MO dye, followed by -OH and h™.

The results demonstrate that the AT-SnO3 sample is highly efficient
for the removal of cationic dyes (RhB and MB) when irradiated by UV
light. Regarding the anionic dye MO, the degradation efficiency ob-
tained is 39% greater than that found in the literature (61%) over a
longer period of time (100 min) [14].

The morphology of the AT-SnO, sample plays a dynamic part in the
increase of the photocatalytic degradation rate. To confirm its dimen-
sion, morphology, and microstructure, the TEM analyses were used to
provide precise research. Fig. 10a displays the TEM image of a region of
the AT-SnO, sample, where it is possible to note an agglomerate of
spherical particles. Despite the fact that the particle size distribution is
unreliable due to its agglomeration, it can be clearly observed that the
particles present diameters much smaller than 10 nm. According to the
HRTEM image and the fast Fourier transform (FFT) analysis (Fig. 10b),
these nanoparticles are composed of SnO tetragonal phase (ICSD 15516)
with P4/nmm space group [56]. To further confirm the SnO phase, a
selected area electron diffraction (SAED) measurement was performed
in a particular region composed of these nanoparticles (Fig. 10c). The
results indicate polycrystallinity of this sample region caused by small
particle sizes, resulting in random orientation and confirming the SnO
phase by the presence of its (101), (002) and (211) crystalline planes
with interplanar distances of 2.98 A, 2.40 A, and 1.59 A, respectively.
Only the SnO phase was observed in the TEM analysis due to the tech-
nique limitation in measuring small particle sizes. Therefore, according
to the main presence of SnO» phase in the AT-SnO5 sample, as observed
by the XRD and Raman analyses, it can be concluded that this sample is
composed of SnO nanoparticles dispersed in the SnO, microparticles, as
seen in the FE-SEM images. Therefore, the remarkable high photo-
catalytic activity of the AT-SnO5 sample can be assigned to the formation
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of two-phase material consisting of SnO, and SnO. Probably the SnO
second phase separates the charge carriers generated upon UV irradia-
tion efficiently, thereby thus decreasing the recombination rate of e - h™
pairs and thus improving the -OH radical generation.

BET surface area values, pore volume and pore size of the AT-SnO»,
400 °C-SnO; and 700 °C-SnO, samples are listed in Table 4. The specific
surface area value of the AT-SnO; sample (194.13 m? g’l) induces su-
perior photocatalytic degradation rate due to its large surface area when
compared to the calcinated samples. This large surface area causes high
redox reaction to create more electron-hole pairs, which participate in
the photocatalytic reaction and help to reach superior degradation rate
[57].

The FE-SEM, TEM, and BET characterization results show that the
photocatalytic activity of the AT-SnO, sample has superior degradation
rate due to the existence of the SnO second phase, the synthesis condi-
tions, and mainly its high specific surface area.

4. Conclusion

SnO, samples were prepared by the co-precipitation method and
submitted to different calcination temperature and pressure-assisted
heat treatment (PAHT). The XRD characterization showed that all
samples presented the formation of the SnO phase. The performance of
the samples as photocatalysts for RhB degradation under UV irradiation
followed the dye degradation order: 700 °C/HP-SnOy < 400 °C/HP-
SnO, < AT/HP-SnOy < AT-SnOs. This result demonstrated that PAHT
improved the performance of the samples calcined at different temper-
atures, and negatively interfered with the performance of the sample
without previous heat treatment. In addition, the synthesized AT-SnO,
was also tested for the degradation of MB and MO dyes. The results
revealed that this sample reached a superior performance in the
degradation of RhB, MB and MO in comparison with the results pre-
sented in the literature. This excellent performance was attributed to the
to the existence of the SnO second phase, the synthesis conditions, and
mainly its high specific surface area. It can then be concluded that the
synthesized AT-SnO; is promising for photocatalytic applications
regarding the degradation of anionic and cationic dyes under UV
irradiation.
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