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Tin oxide (SnO,) nanoparticles were synthesized by the co-precipitation method and
mechanically modified by high-energy ball milling. The experimental results demonstrate that the
collision with zirconia balls produces slight changes in the crystalline, electronic, morphological,
and surface properties of SnO,, which lead to an increase in the redox potential of the energy

CREMISTR level and the formation of the hydroxyl group on the SnO, surface. Moreover, these changes are

o’?/'z’ o, intensified over the milling up to 90 min, directly affecting the photocatalytic performance, which
,f’ ‘% was monitored by the rate of rhodamine B (RhB) degradation driven by ultraviolet (UV) irradiation.
3 T Asaresult, all ground samples showed better photocatalytic activity than pristine SnO, (Sn-cop).
° 7' The maximum degradation of rhodamine B was ca. 75%, achieved with 90 min-milled SnO,
“%, > § nanoparticles (Sn-M90), compared to the Sn-cop sample induced a 1.67 times higher degradation

%%///zyand o rate. The reaction mechanism suggests that its better photocatalytic activity may be associated
with the higher increased redox potential of the valence and conduction bands and the formation
of hydroxyl active sites on the catalyst surface principal oxidizing agent generated. Therefore,
we conclude that the ball milling process is an efficient way to induce stable activation of oxide

metal for photocatalytic applications.
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Introduction

Metal oxide nanoparticles have been widely investigated
in photocatalytic processes, playing a crucial role in
mitigating the environmental problems generated by
greenhouse gases (GHG) emissions and the release
of emerging pollutants.’? Until now, the most studied
photocatalyst is titanium dioxide (TiO,) because it has
favorable optical, electronic, and mechanical properties
for this process.** Structurally, tin dioxide (SnQ,) is very
similar: a semiconductor with a bandgap of ca. 3.6 eV,
widely applied as gas sensors and batteries due to its
stability, conductivity, and transparency.’ Although it has
a high oxidation capacity in the valence band, its potential
as photocatalyst is somewhat unclear since the SnO,
conduction band energy cannot reduce H* to H, either
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0O, to O,". It dramatically limits the applicability in the
water medium, decreasing the photogenerated electron/
hole charges’ lifetime and thus depleting the catalyst
performance.5®

It is essential to understand the role of the other
properties directly involved in this process to overcome this
drawback and adequately take advantage of the preferred
characteristics of this material, such as the specific surface
area,” crystallinity,'® particle size,'' specific phases,'? and
the surface chemical composition.'® The catalytic properties
of nanoparticles are controlled during the synthesis of the
materials or altered after preparation from chemical or
physical treatments, such as mechanical activation with
a ball mill.'*!> This strategy provides elastic and inelastic
deformations in solids via high-energy collisions between
metallic or ceramic micro balls, forming linear defects,
such as plane displacement, ionic and atomic vacancies, and
interstitial ions.'®!” All these changes amplify the binding
energies and properties of the intermediate surface species
and potentially change the catalytic activity, reactivity, and
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selectivity.'®!° For instance, Molchanov et al.?® reported that
the mechanical treatment of zinc oxide (ZnO) in a planetary
mill significantly improved the efficiency of the catalysts to
convert carbon monoxide (CO) into carbon dioxide (CO,)
under UV irradiation through the generation of active sites
arising from the formation of defects on the material surface.

Therefore, herein we studied the photoactivity of SnO,
nanoparticles modified by a dry mechanical activation
for different times and associated the photocatalytic
performance for the degradation of organic molecules
under UV irradiation.

Experimental
Chemicals

Tin(II) chloride dihydrate (SnCl,-2H,0) (98%)
and rhodamine B (RhB, > 95%) were purchased from
Sigma-Aldrich Chemical Company (St. Louis, United
States), anhydrous ethanol from Vetec (Duque de
Caxias-RJ, Brazil). The deionized water (resistivity
below 18.2 MQ cm) was obtained from a Milli-Q water
purification system (Millipore, Bedford, MA, USA).

Synthesis and characterization of the SnO, nanoparticles

The synthesis of SnO, was performed by the typical
precipitation method described by Ribeiro et al.*! In brief,
an ethanolic solution of SnCl,-2H,0 (25 mM) was prepared,
and then distilled water was added drop by drop (4.5:1 v/v
(ethanol/water)) under constant stirring. After that, the
chloride ion was removed by dialysis, and the colloid dried
overnight at 50 °C. For SnO, surface mechanical activation,
500 mg of prepared oxide nanoparticles and 1.84 g of
zirconia balls (diameter 1-2 mm) were loaded into microtubes
(2 mL) and placed into a stainless-steel jar, support of the
“nano-grinder” CryoMill (Retsch, Germany). The grinding
process was performed at 25 °C under a vibration frequency
of 25 Hz at different times. The sample without mechanical
treatment was named Sn-cop, and the treated samples were
called Sn-Mx, where X is related to the time used for the
treatment time (10, 30, 90, and 150 min), i.e., Sn-M10,
Sn-M30, Sn-M90, Sn-M150. The material mass, ball mass,
volume, and vibration frequency were kept constant in all
grinding procedures. The samples were characterized by
X-ray diffraction (XRD) equipment (Shimadzu XRD 6000,
Kyoto, Japan). The X-ray source used was Cu Ko radiation
(A =0.15406 nm). The diffractograms were obtained under
a continuous scanning routine, with a 2° min! rate in the 26
range from 10 to 70°. Scanning electron microscopy with
an electron emission gun (SEM-FEG, field emission gun)
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was used to observe the morphology of the synthesized
materials (JEOL JSM 6701F, Tokyo, Japan). High-resolution
transmission electron microscopy (HRTEM, Tecnai G2 F20,
FEI, Oregon, United States) was applied to observe the
constituent particles of the xerogel. The textural properties
of the synthesized samples were performed in ASAP 2020
(Micromeritics Co., USA) equipment. Previously, samples
were treated (degassed) by heating at 100 °C under vacuum
until reaching a degassing pressure lower than 10 pumHg. The
samples’ specific surface area (SSA) was obtained from the
N, adsorption isotherms in the materials, applying the BET
modeling (Brunauer-Emmett-Teller), which considers the
adsorption of N, in multilayers. The sample was suspended
in ethanol and dripped onto a copper wire with a diameter
of approximately 2 mm, covered with a carbon film known
as formvar. Near-infrared spectroscopy (NIR) was used to
estimate the covering profile of OH groups on the surface
of the samples through the qualitative determination of
the adsorption of water molecules using the PerkinElmer
Spectrum 100 equipment (Waltham, MA, United States).
The band gaps of the samples synthesized were determined
by the Tauc method from diffuse reflectance (DRS) spectra
(Shimadzu 2600, Kyoto, Japan), using pressed pellets at
room temperature. The photocatalytic performance of
the synthesized materials was measured with a Shimadzu
UV-1601PC spectrometer (Kyoto, Japan) through the
decolorization of rhodamine B (554 nm).

The photodegradation tests were performed using
a cationic dye as a model organic molecule to evaluate
the photocatalytic activity of the materials. The assays
were performed by dispersing the SnO, particles in RhB
(5 ppm) solution to form a suspension with a concentration
of 200 mg L' (5 mg of photocatalyst in 25 mL of
RhB solution). The suspensions were conditioned in a
photoreactor coupled to a thermostatic bath at 18 °C.
However, before starting the photocatalytic experiments,
the suspensions were kept in the dark for 12 h to establish
rhodamine B molecules’ adsorption/desorption equilibrium
on the active sites located on the photocatalytic surface.
Then, the suspensions were irradiated by six TUV-C
(Philips) 15 W lamps with a maximum emission of
254 nm.”* The materials were positioned symmetrically in
the reactor, in positions defined by measurements with a
radiometer. Finally, the samples were irradiated uniformly
to compare the different samples applied in the same cycle.

Results and Discussion
XRD patterns of pristine and milled SnO, powders are

shown in Figure 1. Broad peaks at 20 of 27°, 34°, 52°, and
65° correspond to the (110), (101), (211), and (301) planes,
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respectively, suggesting the formation of the tetragonal
(cassiterite) phase (JCPDS No. 41-1445). In addition, the
enlarged shape and weak intensity of the diffraction peaks
indicate the synthesized samples have small crystal size
even after the ball mill treatment at different times (10,
30, 90, and 150 min).?* At all mechanical friction times,
the X-ray diffraction peaks associated with the (211) plane
showed a lower value than the SnO, (Sn-cop) sample, but
no significant variations between milling times. This shift
indicates that the structural distortion promoted by the
collisions between zirconia balls and SnO, leads to stress-
energy on the particle resulting in strain and expansion of
the SnO, crystal lattice.?*?® The calculated crystallite sizes
using the Scherrer equation (see Table 1) demonstrate
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Figure 1. XRD patterns of the tetragonal phase (cassiterite) of as-prepared
SnO, nanoparticles processed by milling for different times, from 0
(Sn-cop) to 150 min (M150).
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Table 1. Crystallite size (D-Scherrer) calculated by Scherrer equation and
the specific surface area (SSA) of the synthesized SnO, samples

Material 20 /degree  D-Scherrer / nm aljg[; iumrzfa;?)
Sn-cop 52.23 4.00 188.03
Sn-M10 52.07 391 165.02
Sn-M30 52.06 3.94 151.23
Sn-M90 52.13 3.58 127.49
Sn-M150 52.14 3.85 131.19

BET: Brunauer-Emmett-Teller.

that friction and plastic deformation from the high-energy
milling process produces small crystallite sizes.”’

Although the milling process does not exhibit
pronounced short-term order changes, as phase
transition,”? it is possible to observe that the friction
strategy can promote changes in the bulk material, as
demonstrated in the representative images (Figure 2).
Sn-cop morphologies (Figure 2a) are composed of faceted
xerogel blocks, i.e., agglomerates of 4 nm-spherical
nanoparticles (Figure 2f).2?* The continuous mechanical
friction from 10 to 150 min produces different deformations
in the larger agglomerates, causing higher stress between
the smaller particles and breaking the agglomerates, i.e.,
the collision energy is higher than the attraction energy
between the particles.*® Thus, the larger particles are broken
up with increasing grinding time, and the smaller ones
distribute themselves homogeneously. Indeed, secondary
agglomerates can be seen just in 10 min.

Table 1 shows the dependence of specific surface area
(SSA) of SnO, on mechanical treatment. The textural

10 nm

Figure 2. Representative images of the pristine SnO, sample and processed nanoparticles by milling for different times, from (a) 0 (Sn-cop), (b) 10, (c) 30,

(d) 90, (e) 150 min, and (f) HRTEM images of pristine SnO,.
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properties of a semiconductor reveal important parameters
of its performance in catalytic processes since the specific
surface area can be related to the number of active sites on
the material’s surface. The sample as prepared (SnO,-cop)
has a surface area of 188 m? g”!, and this value decreases to
a minimum of 127 m? g*! in the sample milled for 90 min
(Sn-M90), i.e., 32% lower. Although the specific surface
area of the materials was expected to increase with grinding
time,*! the result indicates that the compaction of the
particles and agglomerates with the collapse of the xerogel
structure led to a surface amorphization and decrease in the

specific surface area.’

The photocatalytic efficiency of the pristine and milling
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Apparent kinetic constants (k,

no gain in k,,,
optimum time for the treatment.

SnO, samples was monitored by the degradation rate of

rhodamine B dye under UV-light radiation (Figure 3a).”
Before UV illumination, the catalysts were kept dispersed
in the dye solution overnight to achieve adsorption and
desorption equilibrium.** No significant discoloration was
observed, indicating that this effect may be negligible.
However, after illumination, the blank experiments
performed without catalyst showed poor (ca. 5%) self-

PP

Table 2. Apparent reaction rate constants (k,
degradation of the RhB dye, constant of hydroxyl radical formation (k)

app-
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photocatalytic performance of SnO, following the pseudo-
first-order kinetic model for RhB degradation.

) are in Figure 3b
and Table 2, showing R? (coefficient of determination)
values higher than 0.95 that confirm rhodamine B
photodegradation following the first-order mechanism. The
k,,, for the Sn-M90 sample was approximately 10 times
higher than the pristine SnO, and 2 times than the less-
grounded samples, indicating the suitability of the ball
mill to mechanically activate metallic oxides by the highly
energetic collision between the zircon balls. After 90 min,
was observed, suggesting that this is an

) of the photocatalytic

photolysis of the dye concentration after 30 min of radiation

exposure.

Figure 3a shows the degradation efficiency of all
prepared SnO, nanoparticles. The high efficiencies of

Sample k“””nzr:f?iz / R? Koy / min™ R?

Sn-cop 0.479 0.961 0.30 0.961
Sn-M10 2.13 0.954 0.75 0.992
Sn-M30 293 0.956 1.37 0.996
Sn-M90 4.90 0.974 2.02 0.993
Sn-M150 4.86 0.977 1.87 0.994

R2: coefficient of determination.

Sn-M90 and Sn-M150 demonstrate that the mechanical

activation process has a limit of time (90 min), and above
that, there is no significant improvement in material
performance. The best performance of the milled samples
can be attributed to the high-energy ball milling approach.
The decrease in secondary particle agglomerates’
size promotes particle dispersion in the dye solution,
beneficial for photocatalytic performance.’>¢ Furthermore,
the structural distortions make the materials’ surface
susceptible to coordinate functional groups that boost the
photocatalytic efficiency, such as hydroxyl groups.!*37-33
It suggests that the effects promoted by grinding alter the
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Figure 3. (a) Photocatalytic performance of SnO, pristine and milled at different times (10, 30, 90, and 150 min) for rhodamine B (RhB) degradation under

UV-light irradiation, and (b) the relation between k,

app

and Ky, for the sample milled for 90 min (Sn-M90).

OH

UV-Vis diffuse reflectance was used to measure the
optical properties of SnO, pristine and dry-milled samples.
Tauc equation was applied to estimate the bandgap energy
of the prepared materials (Figure S1, Supplementary
Information (SI) section).* The experimental results
indicated that all SnO, samples show strong photoabsorption
below 400 nm (i.e., in the UV range), attributed to the
charge transfer (CT) from the valence band (mainly formed
by O2p orbitals of the oxide anions) to the conduction band
(mainly formed by Sn5p states of the Sn** cations).>** The
SnO, bandgap absorption edge was blue-shifted to 0.53 eV,
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showing that the milling process also promoted changes
over the material’s optical properties due to the energy
involved in the collision, as well as in the crystalline lattice
and particle shapes of SnO,, as observed in the XRD results
and micrographs, respectively.*!?

Widening of the bandgap, in principle, can harm
photocatalytic activity by decreasing quantum efficiency.
However, the favorable arrangement of these band levels
promotes transfers at the interface, initiating various
types of thermodynamically inaccessible redox reactions,
such as the radical species generation.” Thus, based on
the empirical determination of the bandgap values (E,),
the positions of the valence (E,z) and conduction band
(Ecp) of the prepared materials were estimated using the
equations 1 and 2:#

Ecp = X - E.— 0.5E, (1)
Eyy=Eq + Eg @)

where y is the absolute electronegativity of the semiconductor
(SnO, = 6.22 eV), and E, is the energy of free electrons
on the hydrogen scale (4.5 eV). The obtained E.; and
E,; values were illustrated in Figure 4 and compared to
aqueous redox potential. The milled materials with enlarged
bandgap have more positive VB potential than the pristine,
i.e., a stronger oxidation potential.” Furthermore, the
conduction band minimum of the SnO, samples changes
from —0.08 to —0.34 V after 150 min of milling, leading
to a more favorable reduction of the adsorbed O, to O,",
and contributing to an improvement in the dye degradation
rate. This behavior may be related to the increase in oxidant
radical species and the inhibition of photogenerated e/h*
pairs recombination.’

The surface groups of the synthesized samples have
been further examined by DR-NIR (Figure 5). Figure 5a
shows the full range spectra of SnO, pristine and the treated
samples at different times. All samples display two main

-0.28V
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o T 2 2 5 A 401ev

s ey gy
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bands with maximum intensity at 6980 (1433 nm) and
5170 cm™ (1934 nm), as assigned in Table 3. Since the
NIR signal depends on the particles’ size, the intensities
vary among the samples.* For better analysis of the
relative composition of each surface group, all the spectra
were normalized at 6980 cm™, i.e., considering equivalent
amounts of free water. Thus, it allowed us to estimate,
qualitatively, the extension of the presence of OH groups
and adsorbed water on the SnO, surface by comparing
the relative area of the band at around 5170 cm™. From
Figure 5a, it is possible to verify that the band area
increases with the milling time, following the trend of
photocatalytic experiments, i.e., higher areas are assigned
to the samples milled for 90 and 150 min, suggesting
that these samples have, proportionally, more OH groups
and adsorbed water on their surfaces. This result is in
agreement with the specific surface area values presented
in Table 1, demonstrating that the milling process induces
some particle aggregation but makes the particle surfaces
susceptible to hydroxylation.*

The as-prepared SnO, samples have OH groups
and adsorbed water on the surface, similar to the TiO,
structure described by Takeuchi et al.*’ The spectra can
be deconvoluted into three components, assigned to the
different H,O molecules’ structures, depending on the
number of intermolecular hydrogen bonds (S,, S,, and
S.), as seen in Figures 5b and 5c for the combination
(0 + v;) band of H,O adsorbed on Sn-cop and Sn-M90.
The wavenumbers of these components are summarized in
Table 4, and our previous study® illustrated the concrete
models of the H,O molecules with different numbers of
hydrogen bonds.

The deconvoluted spectra for the Sn-cop (Figure 5b)
and Sn-M90 (Figure 5c) samples show in more detail that
each component’s contribution follows the same pattern:
S, structure is the most relevant component, followed by
S, and S,. This sequence suggests that water molecules

-0.33V 0.34V | E30. (-0.046Y)

< By (0.00V)

T E o202 (0.695V)

----------------------------------------- — E%un0 (1.23V)

TTadtev T 413ev — Eowon. (1.9V)
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Sn-M90 Sn-M150

Figure 4. Schematic representation of the valence and conduction band potentials, and bandgap energies of pristine SnO, (Sn-cop) and samples submitted

to different grinding times (Sn-M10, Sn-M30, Sn-M90, and Sn-M150).
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Figure 5. (a) Full NIR spectrum of the untreated and mechanically treated SnO, samples for different times; deconvolution NIR spectra for (b) Sn-cop

and (c) Sn-M90 in the range of 5450 to 4650 cm™.

Table 3. Assignment of the near-infrared (NIR) bands of the prepared
SnO, samples

Band Vibration mode Band description
6980 cm-! symmetric (v,) and asymmetric (v;)
(1433 nm) v, + v;)H,0 stretching vibration modes of H,O

) molecules
5170 cm™ © +v)H0 bending (0) and asymmetric stretching
(1934 nm) v (v;) of the physisorbed H,O molecules

adsorbed on the SnO, surface have, predominantly, one
active hydrogen bond.*” Also, compared to the reference
values for the three components in the NIR spectrum of
liquid-phase H,O, it shifts toward lower wavenumber
regions for the absorbed H,0O molecules, indicating that
the chemical states for the H,O molecules are stabilized
adsorption process. From the contribution of each
component in the spectra, we suggest the formation of
H,O multilayers, ascribed to the direct interaction of H,O
molecules with the surface cations or surface hydroxyls
on the SnO, surface. They would form a chemisorbed H,O
monolayer, being hydrogen-bonded H,O molecules form
multilayers as physisorbed H,O molecules (S,, S,, and S,).*

When the semiconductor surface is rich in hydroxyl
groups, as the samples prepared through the milling process,

there is a significant improvement in photocatalytic activity
due to: (i) an improved semiconductor/dye interaction since
they act as Bronsted acids by changing the surface charge
of the particles; (ii) formation of trapped holes on SnO,
surface; and (iif) hydroxyl radicals attack.”!'3??

Thus, detection of “OH produced during irradiation
can provide valuable information about the mechanism of
photocatalytic degradation.??*® The rate of hydroxyl radical
production (kyy) is estimated by the integrated zero-order
rate law (Figure S2, SI section), given in equation 3:

[A] = —kout + [A], 3

where [A] is the concentration of 2-hydroxyterephthalic acid,
[A], is the initial concentration of 2-hydroxyterephthalic
acid, t is the reaction time, and Ky is the zero-order rate
constant of hydroxyl radical formation. A plot of [A] vs. t
gives a straight line with a slope of —kgy, and the values
obtained for k; are shown in Table 2 and Figure 3b for all
samples. In Figure 3b, we observe that both k,, and Koy
values exhibit the same trend in the function of milling
time, confirming that the primary degradation mechanism
is the hydroxyl radical attack. Therefore, the mechanical
activation of SnO, favored the collapse of the xerogel

Table 4. Components determined by the deconvolution of combination band ( + v,) at 5170 cm™!

S siss em™) S, (5027 em™) S, wsai em™) S +S,+S, Total area
Sample
a. u. % a.u. % a. u. % a. u. % a. u. %
Sn-cop 129.2 55.6 78.1 33.6 27.4 11.8 234.7 101 232.2 100
Sn-M90 179.4 53.9 121.7 36.6 34.7 10.4 335.8 100.9 3329 100

S;: H,O with one active H-bond; S,: H,O with active H-bonds; S,: H,O with two active and one (or two) passive H-bond(s) (polymeric chained H,O

molecules); a. u.: arbitrary unit.
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network, possibly improving the fragments’ dispersion
in water. In addition, it would increase the exposure of
adsorbed surface groups suitable for radical generation,
such as M—OH and adsorbed water.

Therefore, the proposed mechanism is based on the
improved photocatalysis performance of the prepared
materials and the electronic structure (Figure 6). The
untreated (SnO,-cop) and treated (SnO,-M90) samples
are activated by the incident UVC radiation since it has
higher energy than its bandgap, generating charge carriers
(e7/h*). However, the photocatalysis results show that the
sample milled for a longer time improves photocatalytic
performance. This may be associated with the band
position and energy levels generated by the induced
mechanical deformations. From the experimental DRS
data and theoretical calculations, it could be observed that
the position of the valence band of SnO,-cop favors direct
oxidation processes (3.52 V), by the action of the hole (h*),
or by the formation of hydroxyl radicals ("OH), species
with high oxidizing power.*-5> However, the conduction
band is low energy (-0.08 V), making complex reactions
such as the formation of superoxide radicals (O,™), which
could act in the oxidation process and increase the lifetime
of photogenerated free charge carriers.>*

Before activation 1 After activation
14 i 0,
I RhB

0 — t 0,~
— Degradated
% 1 - products
w
2
2 2]
=
5
£ 3 \

s —C

Sn-M90
pH=0 Degradated

products

Figure 6. Schematic illustration of the proposed mechanism of activated
and pristine SnO, used in photocatalytic reactions for rhodamine B
degradation.

On the other hand, the grinding process for 90 min
induced a shift of the energy level of the valence band of the
Sn0O,-M90 sample to 3.78V, i.e., changing the energy in the
valence band to more oxidative potentials and contributing
to the direct and indirect degradation of the rhodamine B
molecule. This sample also shows a shift of the energy level
of the conduction band to more reducing potentials. Thus,
the materials prepared during 90 min of milling can conduct
oxidation and reduction reactions efficiently because they
generate oxidizing species in the valence band, and the
conduction band, the electron is transferred to the oxygen

Silva et al. 731

dissolved in the reaction medium, forming the superoxide
radical (O,™), which besides contributing to the oxidation
process, also increases the lifetime of charge carriers,>*
an essential factor for the photocatalysis process, since
the main mechanism for the oxidation process analyzed is
driven by hydroxyl radicals (OH) as shown in Figure 6.2

In practical terms, catalysis is a surface phenomenon,
and since mechanical activation can generate surface-active
sites, it directly influences the photocatalytic behavior of
materials. Milling breaks the bonds that hold the particles
together in the xerogel structure of SnO,, generating point
or surface defects. The generation of these defects in ionic
solids results in the concentration of ions on the surface
and, consequently, in the adsorption of species to balance
the system. Therefore, to verify the extent of this effect,
the stability of Sn-M90 was evaluated for three consecutive
cycles (Figure 7), showing an almost constant behavior,
i.e., the photocatalytic activity is kept unaltered along that
time. It strongly indicates that the surface modification is
permanent, i.e., the interaction points are structural and not
due to transient effects.

1.0 E E
—o— Ist Cycle —o—2nd Cycle

—m— 3rd Cycle

0.8 1 .

0.6 . .

cre,

0.4 1 .

0.2+ . B

0.0

time / min

Figure 7. Photocatalytic stability testing of Sn-M90 sample for
degradation of rhodamine B under UV radiation.

Conclusions

In summary, SnO, nanoparticles were prepared by
precipitation method under mild conditions and activated
by solvent-free ball milling at different times. The
mechanical friction promoted by the high collision energy
induced changes in the crystalline and electronic structure
of Sn0O,, also the breakup of the micrometric particles.
Although these slight changes, it was enough to improve
the photocatalytic activity of the SnO, nanoparticles for
degradation of rhodamine B dye under UV radiation.
Thus, it was found that the higher milling time was better
for photocatalytic application due to modifications on the
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energy level of the valence (E,;) and conduction (Eg)
bands and the formation of hydroxyl groups on the surface
of the materials. Furthermore, it leads to a decrease in the
recombination rate of charge carriers and consequently to
an increase in the oxidizing power of the milled SnO, due
to the longer lifetime of electrons and holes pair as well as
the generation of superoxide and hydroxyl radicals, species
with higher oxidation potential, which have excellent
stability, as the material recoveries showed that the activity
remained practically unchanged.

Supplementary Information

Supplementary data (Tauc plot and photoluminescence
spectra) are available free of charge at http://jbcs.sbq.org.
br as PDF file.
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