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Abstract

The combination of Deep Eutectic Solvents and inorganic synthesis has one of its highest expressions in the
preparation of functional materials endowed with remarkable features and ensuing technological properties. In this
contribution, we present a new simple and low-cost synthetic approach to synthesize tin dioxide nanoparticles in deep
eutectic solvent reline that improves the method reported in the literature, which leads to tin monoxide. The new
strategy is based on the addition of a readily available and low-cost oxidizing additive found in household materials
(sodium percarbonate), and leads exclusively to high-purity dioxide. The two samples prepared (dioxide and control
monoxide) were fully characterized with structural, spectroscopic and microscopy techniques. Both systems were
found to contain bidimensional nanostructures, namely larger platelets aggregated in ice-cream scoops-like domains
in SnO, and smaller low nm-range lozenges pillared on top of each other in SnO,. Both oxides were tested as
photocatalysts in the degradation of crystal violet dye in various conditions, obtaining exceptional results for tin
dioxide in terms of degradation times, remarkably shorter than literature values.

1. Introduction

Water pollution caused by synthetic dyes poses a significant environmental challenge, as these compounds are often
highly stable, toxic and non-biodegradable, and very often their disposal is inappropriate. Among the most common
pollutants, Crystal Violet dye (CV) plays a significant role, considering its widespread use and easy availability. This
triphenylmethane dye has a variety of uses, such as in the textile processing industry, as a biological stain, and to
give paintings and printing ink a rich violet hue. CV is known for the large number of adverse effects it can exert on
humans, as well as on other living beings and on the environment [1], ranging from its mutagenic to mitotic toxicity,
[2-4] that make it a serious biohazard; it was also described as potentially carcinogenic [5,6]. The molecule imparts
various eye-related problems like irritation [7], conjunctiva and cornea injury [8,9]. On prolonged exposure, it can
cause respiratory ailment, kidney failure, permanent blindness and cancer [10]. Therefore, pollution from CV poses
a serious problem to countries where textile industries are a major asset of the economy [11,12] and its removal from
wastewater is highly desirable. The development of a methodology for removing CVs from polluted water that can
be implemented very quickly, is easy to manage with minimal equipment, has a negligible environmental impact
(should not cause further environmental contamination), and is very inexpensive is of paramount importance,
especially considering that most of the textile industries in which the dye is widely used are often located in countries
with limited economic resources. Several methods for dye removal have been proposed, including bioremediation
using bacteria strains [13], electrocoagulation by generating adsorbing Fe and Al hydroxides in situ [14], direct
chemical degradation through Fenton-like methodologies [15], photocatalysis [16] and adsorption [17-20]; the latter
two methods will be exploited in the present study. Among the compounds employed for this purpose, metal oxides
are often chosen, in particular for water and air purification [21], due to their ability to oxidize contaminants.
Nanoparticles perform better than bulk materials owing to their greater reactive surface area [22,23], which is
anticorrelated to the particle size, and directly affects the ability to adsorb and remove pollutants [16].



In this study, tin monoxide (SnO) and dioxide (SnO.) were synthesized in nanoparticle form by precipitation reactions
using choline chloride-urea 1:2 Deep Eutectic Solvent (DES) as reaction medium, and the two materials’ efficiency
in removing CV from its water solutions was evaluated. These two systems were chosen among all available tin
oxides SnOx as “simple” prototypes; as a matter of fact, tin gives origin to a large number of composition when
reacting with oxygen, either with intermediate oxidation states, [24,25], like Sn,O3 [26], Sn304 [27] and SnsO¢ [28],
or non-stoichiometric [29]. SnO and SnO; are the only two oxides naturally found in minerals. The former is rarer
than the latter, and is found in the minerals romarchite/hydroromarchite [30] whereas the latter is remarkably more
common and constitutes the mineral cassiterite [31], historically the main source of tin. More specifically, tin
monoxide has a dark color (tending to black), is slightly paramagnetic and insoluble in water, has a tetragonal unit
cell with a stratified structure, also called lithargic [32], where each tin atom is coordinated with four oxygen atoms
and contains asymmetrical sites with four Sn coordinates. [33] This material is a p-type semiconductor endowed of
a 2.7 eV electronic band gap, and finds several uses electronic devices, such as gas sensors and catalysts [34]. Tin
dioxide is, on the contrary, an n-type semiconductor, with a band gap of about 3.6 eV [35]; such features are at the
basis of the many technological devices where the material is involved, like transparent conductive systems [36,37],
catalysts [38,39] and solid-state gas sensors [40,41]. SnO: is light in color (it is normally described as “off-white”),
is insoluble in water and is odorless. In the solid state it contains a tetragonal unit cell with the structure of rutile [42]
where tin is hexa-coordinated to oxide anions. Such structure promotes the adsorption of molecules and ions, since
channels and adsorption sites are formed on the surface of the crystal, allowing for capturing and retaining of the
adsorbates [43,44].

The analysis of the materials catalytic activity was conducted considering both adsorption and photocatalysis, under
different operative conditions: dark, ambient light, visible and UV light. Such dual experiment was carried out since
both synthesized materials show a certain adsorptive capacity, leading to a decrease in dye concentration even in the
absence of light; yet, the effect of light shining was always remarkable, with SnO, showing a greater removal capacity
than SnO in all four experimental conditions employed. The results obtained also show a considerable influence on
the type of lighting, and reach particularly significant removal values when UV light is used in conjunction with
SnO;, in line with the electronic properties of the latter. This study suggests that the combined use of adsorption and
photocatalysis could represent an effective and synergistic strategy for the removal of pollutant dyes and paves the
way for possible applications in wastewater treatment.

Particularly valuable for the sustainability of the entire water remediation cycle is the low-impact “wet” synthesis
used to prepare the materials, which involved the use of low-toxicity, low-temperature environment (DES). This
route avoids the use of high temperature “dry” methods, as it happens, e. g., when the oxide is the final product of
high-temperature thermal treatments, like hydrothermal reactions followed by calcination [45,46]. The novelty of
DESs lies in their microscopical structure, that is mainly based on the establishment of a large network of
intermolecular interactions - mostly hydrogen bonds between donor (HBD) and acceptor (HBA) groups — which
favors the formation of a liquid phase at mild temperatures and requires only little heating if any. Although
macroscopically homogeneous, DESs feature the alternation of domains of different type at the nanoscopic level
(charged, polar, neutral moieties, voids), which imparts remarkable heterogeneity to the system [47-51]. These
characteristics can facilitate anisotropic crystal formation and guide nucleation paths, allowing templating effects
without the use of exogenous surfactants or post-synthesis treatments [52,53]. These attractive features have fostered
great interest in the inorganic materials community, and an increasing number on DES-assisted syntheses of
nanomaterials has been reported in the literature in the last few years [54,55]. Concerning the preparation of metal
oxides, several strategies have been proposed using the most common choline-based eutectic mixtures with chemical
[56], and electrochemical syntheses [57-59] and Lewis acids-based DESs, like zinc nitrate:urea mixtures, where ZnO
with platelet/sheet-like morphologies was achieved under mild conditions [52]

2. Materials and Methods



All chemicals used in the present work are commercially available and were used without further purification:
Choline chloride (ChCI - [(CHs)sNCH2CH,OH]*CI~, CAS n. 67-48-1, Alpha Aesar), Urea CAS n. 57-13-6, Fluka,
Dihydrated tin dichloride (SnCl;-2H,0, CAS n. 10025-69-1, Merck), Sodium percarbonate (SPC - 2Na,CQOj3-3H:0-,
CAS n. 15630-89-4, Riedel-de Haén); Crystal Violet (C2s Hso Cl N3, CAS n. 548-62-9, Tokyo Chemical Industry
(TCI)). p-BQ (parabenzoquinone) CAS n. 106-51-4, Merck-Sigma Aldrich. All the chemicals were at analytical
grade (>95% purity); doubly distilled water (dd-H>O) was used throughout the washing procedures.

For the synthesis of the two tin oxides, the method proposed by Zheng and colleagues [60]was taken as starting point:
for SnO the protocol was followed as reported, while for SnO, sodium percarbonate (SPC), was added in order to
create a highly oxidizing environment, with the aim of obtaining the metal in its highest oxidation state (+4). This
general synthesis protocol exploits the capabilities of Deep Eutectic Solvents (DES) of acting as solvent, reactant and
templating agent at the same time [61]. For a general discussion on the properties of these innovative solvent media,
the reader is referred to the large number of articles/reviews published in the last decade. [62-70]

2.1 SnO Synthesis

The liquid DES system used for the synthesis as active reaction medium, was prepared by mixing ChCl and urea at
a 1:2 stoichiometric ratio, shaking and heating at about 40°C until a colorless homogeneous liquid was formed. In a
screw-capped vial containing 2.5 mL of this DES, 0.154 g of SnCl,*2H,O were added at room temperature; the
system was then heated in oil bath at 100°C. After a short time (less than 5 min), a brown colloid started to form and
precipitate. To be sure of the completeness of the reaction, the reaction time was set at two hours; the precipitate was
collected afterwards adding small quantities of deionized water. The dark grey solid was washed and centrifuged
with distilled water to remove the excess of unreacted DES until the pH value of the supernatant

2.2 SnO;z synthesis

The same DES (ChCl/urea in 1:2 molar ratio) used to prepare SnO was employed, and added with SnCl+-2H,0 as
described above. Once the oil bath reached 100°C, SPC was added to the DES solution, according to 1:3 Sn:SPC
stoichiometric ratio. Sodium percarbonate is a powerful oxidizing mixture, consisting in a 2:3 adduct between
Na,COs and hydrogen peroxide (H20-), that finds widespread use as household chemical under different brands. This
can be considered as a strong but relatively green and harmless oxidant, since the reaction products are water and
molecular oxygen. SPC use within tin dioxide synthesis was devised in order to create and maintain a strongly
oxidizing environment that could boost the conversion of the tin compound formed towards the highest oxidation
state. The choice of the 1:3 Sn:SPC ratio resulted from a trial-and-error investigation, that assessed that pure SnO;
cannot be formed at lower ratios, as it was verified using the two compositions 1:1 and 1:2, that led to SnO, with
SnO; present only in traces. The reaction mixture was placed in the oil bath, brought to 100°C and at that temperature
the precipitation reaction begins, which is conducted for a total of two hours. During this time, the reaction mixture
varies in color from an off-white to a creamy white, tending to a light yellow. At the end of the reaction, the precipitate
was treated with water through a series of washings/centrifugation until the pH value of the supernatant was reduced
ataround 7. Once the washing was finished, the precipitate was left to dry at room temperature, yielding an off-white
solid. Plausible mechanisms for SnO and SnO- synthesis under these experimental conditions could include a series
of steps. Tin chloride at neutral/basic pH can form tin oxychloride by reacting with the precursor crystal water and
environmental humidity, and can then be converted into SnO by reaction with the (tiny) quantity of ammonia
originated from urea partial decomposition (scheme 1): [60],

sSnCl, + H,0 — Sn(OH)CI + HCI

CO(NH,), = NH3 + HCNO (1)



Sn(OH)Cl + NH3 — 2Sn0 + 2NH,Cl

It is believed that, in tin dioxide preparation, these first three steps, common to both syntheses are ensued by the
reaction of SnO with either molecular oxygen formed in situ by SPC/H,O, decomposition (a), or directly with the
peroxide, that can oxidize tin (I1) in the basic environment granted by carbonate anion (b), as it was verified by
qualitative pH measurements (scheme 2):

2Na,C0; * 3H,0, - 3H,0, + 4Na® + 2C035~

(a) 2H,0, - 2H,0+ 0,

25n0 + 0, — 2Sn0, (2)
(b) Sn**+ H,0, + 20H=> 2Sn0,+ 2H,0

2.3 CV solution

To prepare the aqueous solution of CV, 0.9 mg of powdered CV were weighed, and then dissolved in 100 mL of
deionized water in a flask, so as to obtain a final concentration of 9 ppm (2.197-10° mol/litre). In order to slow
down the degradation due to light, the solution was stored in a brown glass container.

2.4 Instrumentation

The synthesized powders were analysed in a Field Emission Microscope Zeiss Auriga 405, 1 nm nominal resolution
(Oberkochen, Germany), mounting a Gemini column and operating at 7 kV and equipped with a Bruker Quantax
energy dispersive X-ray spectroscope (Energy Resolution: 123 eV at Mn Ka line). The observation was performed
under high vacuum (10-°+10® mbar). The microanalysis was carried out at accelerating voltage Eo =3, 5, 10, 15 keV.
Images were recorded on both fine powder samples precipitated from a drop of water dispersions of the sample (drop-
cast method) and on small portions of the solid powder with no further treatment. Aluminium stubs were used as
sample holders in both cases. Powder-XRD patterns were collected in transmission geometry with an X’pert pro X-
ray diffractometer by Philips, using Cu Ka (1 = 1.5407 A) radiation. Primary data were processed performing the
necessary corrections for the background and sample absorption, and the scattered intensity was obtained in the 10-
90 26 angular range. Infrared spectra were recorded with a Shimadzu Prestige-21 FT-IR instrument, equipped with
an attenuated total reflectance (ATR) diamond crystal (Specac Golden Gate), in the range 400-4000 cm™, with a
resolution of 4 cm™. Ultraviolet-visible (UV-Vis) spectra were recorded on a Varian Cary 50 Scan spectrophotometer,
equipped with Cary Win UV Scan software. The irradiance of the in-house assembled white lamp used in the kinetics
experiment was measured with an optical bench instrumentation, and resulted to be 89 mW a 590 nm (CV absorption
maximum); the professional UV torch employed features a 4-core 365 nm UV LED source (power 30 W), equipped
with a multi-layer filter optical lens that filters ambient light up to 99% to make UV light purer.

2.5 UV-Vis experiments design

The analysis on dye removal from the aqueous solution with CV employing the two synthesized tin oxides was
performed under four different experimental conditions: 1) dark 2) ambient illumination (neon bulb), white lamp and
UV lamp (see Materials and Methods for details). For each experiment, 3 mg of tin monoxide or tin dioxide and 3
mL of water containing CV were used, in order to have 1 mg/mL concentration in every sample, useful for making
comparisons among the different cases. The mixture was placed inside a beaker and was left under magnetic bead
stirring for multiples of fixed amounts of time (3 minutes) under illumination or not. At the end of each time slot, the
solution was centrifuged and the UV-Vis spectrum of the supernatant was registered. Centrifugation was necessary
in order not to have scattering signals in the spectra, caused by the dispersion of the two oxides in solution. Overall,



the total time of the measurements, starting from the initial time (t0) before any stirring, up to last point t21 was 21
minutes, for a total of 8 points sampled per experiment.

In the mechanistic study (superoxide radical assessment), a 30 uM solution of p-BQ (parabenzoquinone) in ACN
(acetonitrile) or water (3 mL total volume) was added with 3.0 mg of SnO; and mixed for few seconds (15-20), then
the suspension was centrifuged at 14500 rpm for 1 minute, and the supernatant was used to record the UV-Vis
spectrum corresponding to the starting point (time point 0 min). Afterwards, the supernatant and the centrifuged
nanoparticles were joint together and the obtained suspension was sonicated for 15 seconds before the measurement.
During irradiation the suspension was left under vigorous stirring (750 rpm) in oxic conditions (in air).

3. Results and discussion

3.1 Fourier transform infrared spectroscopy (ATR-FTIR)
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Figure 1 IR-ATR spectrum of SnO (a) and SnO- (b) samples

IR spectroscopy analysis was performed to identify and characterize the chemical compounds under investigation.
The IR spectra of the synthesized samples were obtained in the wavenumber range 4000-400 cm™. In this
wavenumber range, SnO and SnO- have different absorption spectra due to their different chemical structures and
consequent molecular vibrations. The most prominent feature observed in infrared spectra of both the synthesized tin
oxides (Fig 1, SnO panel a, SnO; panel b), is the characteristic absorption observed in the rightmost part of the
pattern, that is originated by the stretching normal mode of Sn-O bond; this feature is observed at around 410 cm in
SnO and around 480 cm™ in SnO,. This small but sizeable shift is one of the fingerprints used to distinguish between
the two compounds, together with the different XRD pattern. In the ATR-FTIR spectrum recorded for SnO dried at
40°C, other noteworthy features appear, namely the O-H stretching (between 3000 and 3500 cm™) and bending
(around 1600 cm™) bands related to the presence of adsorbed water [71]. Such absorptions are strongly reduced when
SnO is treated at 120°C for about two hours, suggesting that they were originated by superficial water and not to
more tightly held crystal water. In the IR spectrum of SnO; sample, besides the already cited Sn-O stretching peak
now at 480 cm*, more intense and better defined absorption signals are found at 3250 and 1600 cm™. This feature
may suggest a more ordered adsorbed water layer, brought about by the higher adsorption capacity of dioxide
compared to the monoxide, as it can be appreciated in the following paragraphs.

3.2 X-Ray diffraction (XRD)



The synthesized samples of synthesized monoxide and tin dioxide were analysed by XRD in order to identify the
structure of the molecules contained and to confirm their identity.
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Figure 2 Diffractogram of SnO (a) and SnO; (b) samples

In all graphs (Fig. 2), the experimental pattern is shown in the 26 range of between 10 and 70°, and the positions of
the peaks (reflections) of the reference crystal structures of SnO and SnO., taken from the American Mineralogist
database, are plotted as red vertical lines. In SnO spectrum (left panel), four evident wide peaks appear at 20 =29.88°,
33.32°,50.76° and 57.43°. Notwithstanding the peak’s width, it is actually possible to find a strong correspondence
with the reflections found in the reference mineral romarchite, corresponding to lattice planes 101, 110, 112 and 211,
also taking into account the dimension of the nanocrystallites (nanoparticles), that lead to peak broadening. Turning
to SnO2 XRD spectrum (Fig 2, panel b), the most intense peaks are seen at 26= 26.61°, 33.92°, 51.83° and 64.83°.
Again, it is possible to observe a very good compliance with the reflections originated by diffraction from 110, 101,
211 and 112 crystal planes of the reference mineral cassiterite [31] (tetragonal lattice). In the end, it was found that
both SnO and SnO; have a tetragonal crystal structure, in accordance with the literature. Yet, the two phases are well
distinguished thanks to the positions of XRD peaks, in particular it can be seen that SnO has a single strong peak
centered at 30°, while in SnO;, the peak turns into a double peak (about 27° and 34°). This characteristic is distinctive
and is consistent with what is reported in the reference databases (American Mineralogist, Crystallographic Database,
F1Z Karlsruhe: SnO ICSD 424729 [72], SnO2 ICSD 2398260 [73]). The comparison between the two mineral powder
patterns is reported in the supplementary material — Fig. SI1.

3.3 Scanning Electron Microscopy (SEM)

SEM analysis was performed in order to assess the presence of nanoparticles, and to estimate/quantify their topology
(i. e. shape and size). SEM analyses were performed both on powders and on water dispersion (concentration 1
mg/mL). In both experiments, carbon tape disks glued to aluminium stubs were used as sample holder, with either
direct deposition on the adhesive (powder) or drop-casting (dispersion). Different magnifications, ranging from 4000
to 100000X, were operated.

Typical SEM images collected for SnO samples are shown in Fig. 3. At medium magnification (13kX, panel b), the
material appears to contain hollow and reticulated spheres, aggregated in a spongy structure. At higher magnification
(59 kX, panel b) a more complex internal structure is revealed, and the “ice-cream scoops” appear clearly to be made
of nanometrical 2D platelets (about 2-300 nm (long edge) x 2-30 nm (short edge)), with a fairly large exposed surface.
Regarding SnO;, the collected SEM images (shown in Fig. 4 at 20 kX — panel a and 100 kX — panel b) show the



presence of pillars composed of small lozenge-shaped nanoplatelets lying on top of one another; the scabrousness of
this morphology suggests a large surface area to the sample. The size distribution of these nano-objects (see
supplementary information, Fig. SI2) is slightly positively skewed, with mean/modal values around 65 nm.

200 nm

Flgure 4 Selected SEM images of the SnOz sample at medium (a) and high magmflcatlon (b)
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Figure 5 UV-Vis spectra of pure CV solution, showing the stability of the dye with no catalyst over time in dark (a) and under
UV irradiation (b).

3.4 UV-visible spectroscopy

For the comparison between the experimental spectra recorded in the different operating conditions, the maximum
absorption value of the CV, which falls at 590 nm, was considered, in order to maximize signal/noise ratio. The UV-
visible spectra of CV solution with no added catalysts after different time lapses are all largely superimposable. In
Fig. 5, the two extremal cases (dark and UV light) are shown, while the remaining spectra (ambient and white light)
are reported in the supplementary material figure S3. Overall, the dye can be regarded as highly (photo)stable, as
already discussed in the literature [74]; actually, the self-degradation under sun light in the absence of any catalyst,
was found to be 1.9% at maximum in a very recent report [75]. Passing to the experiments in presence of the two tin
oxide powders, the measurements performed with SnO are shown in Fig. 6, for all the four experimental conditions,
and in Fig. 8, panel a. In the former picture, the entire absorbance spectra from 200 to 800 nm are overlapped, while
in the latter the decrease of the maximum absorbance (at 590 nm) with increasing treatment time is reported for all
the four experiments. It can be seen that in any of the four conditions some CV removal is observed, but only with
ultraviolet light irradiation of a greater decrease in the absorbance value can be observed. The UV-visible spectra of
the CV in the presence of the SnO, sample in the four experimental conditions are then reported in Fig. 7 and Fig. 8,
panel b; also for this oxide, in the former case the total spectra are overlapped, whereas in the latter the time-dependent
patterns are shown. Again, CV removal can be appreciated in all four conditions, with the most relevant and marked
decolouring effect observed when UV light is shone. In addition, it can be noticed that the use of tin dioxide causes
a much sharper decrease in the absorbance value than monoxide. In general, the introduction of tin oxide (SnO or
SnQ;) into the system significantly modifies the CV removal process, both under irradiation and in the absence of
light. In addition, the nature of the light source plays a primary role in the absorbance quenching. In particular, the
use of ultraviolet radiation, regardless of the type of tin oxide used, promotes a more efficient removal of CV than
visible light. To quantify the different capabilities of the two tin oxides in decreasing the pollutant concentration, it
is convenient to define a metrics such as the removal percentage, which is defined as:

Co—C
%removal = Oc

- 100 (3)

0

where C, is the initial absorbance and C is the final absorbance (at t21, i. e. after 21 minutes). The percentages of dye
removal for each experiment are shown in the following table 1. The results reported above are indeed quite relevant,
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Figure 6 UV-Vis spectra of CV removal in the presence of SnO under dark (a), ambient light (b), white light (c) and UV light

(d)

and show that SnO-, in particular, is capable of removing almost completely the dye from the solution, totalling a
champion 96% removal percentage after 21 minutes. These results can be compared to those reported by Shabna and
coworkers [76], who used an SnO; sample synthesized with sol-gel methods as catalyst. In that work, the reported
color removal was 47% in 75 minutes. Our very promising result can be attributed to the very large adsorption
capabilities of the small-sized and highly porous nanostructure synthesized with our DES+SPC method, coupled to
very efficient triggering of the light-induced radical-driven oxidation phenomena. The former phenomenon
(adsorption) is detailed in table 2, that shows the absorbance quenching data recorded for CV+ catalyst solutions in
dark. The percent absorbance reduction observed was correlated to the dye concentration change by applying the
Lamber-Beer law with a molar extinction coefficient of 74277 L mol™* cm, which was obtained through a calibration
curve employing various CV concentrations (see Fig. SI4 of the additional material). From the residual CV
concentration, given the initial amount of catalyst (3 mg), the adsorption capability of the two oxides’ powders
(expressed as mg of dye per mg of oxide) could be obtained. The analysis shows that both compounds can adsorb
CV in the observed time lapse; the effect is more marked in SnO, that can adsorb 0.17 mg of CV per mg of powder
across the experiment duration (21 minutes); the difference between the two materials is likely related to the smaller
dimensions of nanoparticles and to the ensuing larger surface in the dioxide. Concerning the experiment under
illumination, the significant diversity of SnO and SnO; profiles suggest a pivotal role of the materials electronic

700 800



No cat | CV+SnO | CV+Sn0O,

Dark 2% 22% 42%

Neonbulb | 3% 20% 76%

Visible light | 2% 35% 89%

UV light 1% 59% 96%

Table 1: CV removal percentage values after 21 minutes of treatment
CV+SnO CV+Sn0;

Time interval | %Abs decrease | Die/Cat adsorbed (mg/mg) | %Abs decrease | Dye/Cat adsorbed (mg/mg)
T3 4.55 0.01 7.38 0.02
T6 7.72 0.02 15.18 0.05
T9 13.89 0.04 23.51 0.07
T12 16.81 0.05 29.32 0.09
T15 18.09 0.05 34.06 0.10
T18 22.08 0.07 37.95 0.11
T21 22.14 0.07 41.96 0.13

Table 2: CV removal in dark, expressed as % absorbance decrease and adsorbed dye/catalyst mass ratio

structure (bandgap values). Following on from several studies [77], a cascade reaction featuring reactive oxygen
species (ROS) like the following (scheme 4) can be hypothesized for the photodegradation mechanism [78,79]:

SnOx+hv — e +h*
h*+ H,O— « OH + H*
h*+ OH — « OH

O +e— e 0Oy
e Oy +2H" — <« HO;
e Oy+e +2H — H,O,

» O,/ OH/H,0, + CV — degradation products (+ CO; + H,0)

4. Photobleaching mechanism assessment

(4)

In order to understand which mechanism is responsible for CV dye bleaching, we focused our attention on SnO, and
irradiation with UV-lamp at Aexc = 365 nm. In principle, besides the two mechanisms reported in Scheme 4, also the
formation of the singlet oxygen should be taken into account, however, this mainly occurs with organic dye sensitizers
such as fluoresceine derivatives [80—82] and porphyrins [83—85], to name a few, while the generation of superoxide
anion (¢ Oy") still remains the most probable way to generate ROS with metals oxides [86,87]. In both cases it is
possible to assess the formation of the different oxygen reactive species by indirect methods using
diphenylisobenzofurane (DPBF) as singlet oxygen quencher [88-91], and para-benzoquinone (p-BQ) as radical
scavenger [88,92,93] We focused our attention to this latter case and started the investigation with p-BQ in water, to
switch then to a non protic solvent such as acetonitrile (ACN).
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As it is possible to see in Figure 9, panel a, the spectral changes of a non irradiated 30 uM solution of p-BQ in water
with SnO; at Img/ml within 21 minutes, reveal partial physical adsorption of the molecule on the metal oxide surface,
underlined by the decreasing absorbance value at 245 nm, despite the increasing absorbance below the 300 nm due
to the SnO; nanoparticles, well suspended in solution thanks to the hydrogen bond interactions with water. When the
solution is irradiated at 365 nm, with or without SnO, nanoparticles (Figure 9 panel b and c, respectively), very
similar spectral features emerge. In both cases it is possible to discern the complete disappearance of the starting
maximum peak at 245 nm, confirming the complete consumption of p-BQ, and, at the same time, new bands at 210,
260 and 490 nm arise. These spectral features are in good agreement with the presence in solution of 1,2,4-
trihydroxybenzene (1,2,4-THB, absorption at 210 and 250-290 nm), 2-hydroxybenzoquinone (2-HO-BQ, absorption
at 490 nm) and 2,5-dihydroxybenzoquinone (2,5-HO-BQ, absorption at 290 and 490 nm) as degradation products
coming from the photolysis of p-BQ in water (Figure 9, panel d)[94-96].
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Figure 9 UV-vis spectral changes of 30 uM p-BQ aqueous solution with SnO; in dark (a), under 365 nm irradiation without (b)
and with SnO; (c). Possible photolytic degradation products of p-BQ in protic solvent upon excitation at 365 nm, intersystem
crossing from singlet excited state to triplet excited state and direct reaction with water (d).

Moving from water to acetonitrile different results are evident. No significant spectral changes are observable for a
30 uM solution of p-BQ in ACN under stirring in dark for 21 minutes with SnO (Figure 10, panel a) or irradiated at
365 nm without SnO; (Figure 10, panel b). These outcomes allow us to exclude both physisorption of the molecule
onto the metal oxide and any self-quenching mechanism. On the contrary when the p-BQ solution is irradiated in
presence of SnO,, a sensible decrease of the corresponding absorption maximum at 243 nm (-55%) is clearly
discernible, flanked by a slight increase at about 290 nm (Figure 10, panel c), ), suggesting the formation of
hydroquinone (H2Q) or benzosemiquinone (BSQ), that then further degrade in other by-products. These outcomes
are in line with the formation of the superoxide anion in non protic solvent catalysed by SnO..
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Figure 10 a) UV-vis spectral changes of 30 uM p-BQ ACN solution with SnO in dark (a), under 365 nm irradiation without
(b) and with SnO; (c). Possible photocatalytic degradation products of p-BQ in aprotic solvent upon excitation at 365 nm,
generation of superoxide anion by SnO, and subsequent reduction of p-BQ (d).

In light of these results we can reasonably conclude that, once irradiated, SnO nanoparticles have the capability of
generating superoxide anions even in water though the extremely low lifetime of this species in this solvent does not
allow for any direct attack to p-BQ, that in turn undergoes to self-quenching due to fast reaction of its excited triplet
state with water molecules, generating hydroxylated byproducts. Nevertheless, in the case of CV dye, since its
absorbance remains substantially unchanged upon irradiation in water (see figure 5b) thus excluding a self-quenching
mechanism, it is plausible to suppose that the generation of superoxide anion can be a first step of the photocatalytic
process, leading to much more reactive species, such as hydroxyl radicals (¢ OH), that in turn can attack the CV
methine carbon atom starting the degradation pathway of the dye.

A similar mechanism can be envisaged for SnO as well, though the smaller energy bandgap of the material (2.7 vs
3.6 eV), likely induces the photocatalytic oxidation at a much lower extent, in compliance with the reduced
performances under -irradiation.

5. Conclusions

In this work, the syntheses of tin monoxide (SnO) and tin dioxide (SnO>) in choline chloride:urea 1:2 Deep Eutectic
Solvent are reported. The latter system was obtained through a facile, innovative, and here reported for the first time,
modification of the legacy DES-synthesis method available in the literature, which yields SnO. The novel procedure
comprises the simple addition of the powerful but substantially atoxic and unharmful sodium percarbonate, the main
component of household “oxygen bleaches”, at molar ratios at least 3:1 with respect to tin chloride. Both syntheses
described lead to pure tin mono- or dioxide in nanoparticular form, as was ascertained by several investigations, that
prove that in both cases the materials are nano-sized and possess a large surface extent. The latter features, paired to
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the large electronic band-gap of the materials, particularly in SnO. case, confer to both systems one of the most
coveted property metal oxides can have, namely the capability of acting as catalyst in chemical reactions. Indeed, the
synthesized systems have proved to be very efficient in the degradation of crystal violet (CV), a dye known for its
negative impact on the environment. The performances in dye removal (discolouration) from its solutions containing
SnO or SnO; or no catalyst were evaluated under various operating conditions, i. e. dark and irradiation with ambient
light, visible light and UV light, in order to identify the most effective and reliable methodology. The results obtained
point out that both oxides are capable of discolouring the solution, even in the dark, but the maximal effect is observed
when light, in particular UV radiation, is shone on to the solution, suggesting a cooperative synergy of physical
absorption and photo-induced chemical processes. UV light allowed for significantly greater removal than other
conditions, highlighting the role of photocatalysis in this bleaching process, and SnO, demonstrated greater efficiency
than SnO under all experimental conditions, thanks to both a greater adsorption capacity on its surface and a higher
photocatalytic activity. The best result was achieved using SnO, and UV light, that were capable of removing CV
from the solution, as signalled by UV-Vis absorption quenching, by a large figure such as 96%, in only 21 minutes.
Prompted by this very successful results, new DESs and additives are being investigated, together with further
disentanglement between absorption and photocatalysis sub-processes through physical adsorption experiments (e.
g. BET surface area analysis), the optimization of catalyst recyclability and the full appraisal and quantification of
the degradation products, so that a real claim about the outperforming features of this new class of materials can be
issued, and extensive application of the methodology in water remediation strategies can be made.
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SPC addition to eco-friendly DES media leads to SnO, NPs with large specific surface
SPC creates a highly oxidizing environment within DES, preventing its air shielding
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Good dye-removal activity is recognized in both SnO and SnO; nanoparticles



