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ABSTRACT.

The antibacterial activity of Eu*-doped SrSnOs-type materials against Staphylococcus
aureus (Gram-positive) and Escherichia coli (Gram-negative) bacteria is described.
Two Eu®*-doped SrSnOs perovskites - (SrEu)SnOs and Sr(SnEu)Os - were synthesised
by a modified-Pechini method and characterised by XRD, FT-IR, FE-SEM, HR-
STEM/EDX, BET, Photoluminescence (PL), UV-Vis, Q-band EPR and XPS to
understand the impact of Eu doping on the materials’ properties. Structural
characterisations indicated that the desired perovskite phase completely crystallised
after calcination at 700 °C. Long and short-range structural changes were observed as a
function of the site-doping with Eu and calcination temperature. Small specific surface
area, which varied from 8.09 to 13.28 m?/g, was observed for the samples. Nonetheless,
the formation of nanoparticles under 10 nm, clusters of nanoparticles > 100 nm, and
nanorods with 100 - 600 nm x 10-50 nm (length x width) was evidenced. Eu** doping
led to an increase of Sn?* and oxygen vacancies in SrSnOs lattice, playing an essential
role in the antibacterial activity. Reduced Eu?* species were also observed. The samples
had activity below 5% against Escherichia coli, whereas (SrEu)SnOs displayed an
efficiency of 100% after 24 h against Staphylococcus aureus at a concentration of 1
mg/mL. Our results demonstrate that a specific chemical doping with Eu induces the
formation of distinct point defect (Sn?*, Eu?* and V) in the materials, which promoted a
negative surface charge that seems to have improved the redox ability and, therefore,

enhanced the biocide property.
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1. Introduction

Pathogenic bacteria are a significant and increasing cause of chronic infections
and mortality in humans due to bacterial multi-drug resistance to antibiotics and the host
immune system. This leads to increased healthcare spending and a high risk to public
health. Therefore, developing new antibacterial agents is extremely important [1, 2].
Nanoparticles as antibacterial agents have attracted considerable attention in the last few
decades, widely used in biomedical fields [3].

Inorganic nanomaterials have emerged as promising antibacterial agents due to
their low toxicity, high stability, and high selectivity compared to other chemical agents
[4, 5]. For instance, nanoparticulate metal oxides, especially ZnO, TiO2, SnOz, and
Fe20s3, have been widely applied for presenting different chemical, magnetic,
mechanical, electrical, and optical properties, as a function of the various structures they
may adopt [6, 7]. Moreover, the difference in efficacy of nanoparticle oxides is related
to their large surface area and electronic defects on the surface, which allows efficient
interaction with the bacteria [2, 8]. Thus, the materials can act by electrostatic

interactions that alter bacterial cell walls. Materials can also generate reactive oxygen



species (ROS) on the surface and enter the microorganism, damaging the enzymatic
pathways or the bacteria DNA [9]. The mechanism of nanoparticles as antibacterial
agents depends mainly on their material chemistry. Still, it strongly correlates with
nanoparticle properties such as shape, size, solubility, agglomeration, and surface

charge properties [10].

The use of perovskite oxide-based nanoparticles has recently attracted increased
attention for different technological applications, including biological and medical fields
such as antibacterial, antifungal, and antiviral [6, 11]. Among different oxides with
perovskite structure, alkaline-earth stannates (MSnOs, M = Ca, Ba, and Sr) need to be
highlighted. Particularly, strontium stannate (SrSnOs) has become one of the most
promising explored perovskites for showing potential for applications in several fields,
as in Li-ion batteries [12], gas/humidity [13, 14] and anti-inflammatory drug sensors
[15], photocatalysis [16, 17, 18], luminescence [19], and antibacterial agents [20, 21],

among others.

Concerning the applications as antibacterial agents, examples of some
perovskites that have been applied against Gram-positive and Gram-negative bacteria
[21, 22, 23, 24] can be provided. For instance, Shah et al. [23] synthesised barium
titanate (BaTiOs3) nanoparticles and evaluated the effect of its structural and
morphological properties on antibacterial and antibiofilm activity against Pseudomonas
aeruginosa (P. aeruginosa) and Staphylococcus aureus (S. aureus). These authors used
the disk diffusion method to show that BaTiOs presented considerable bacteria
inhibition. BaTiOs also inhibited biofilm formation with 85 + 3.5 % and 80 + 3 %
biofilms formed by S. aureus and P. aeruginosa, respectively. Singh et al. [24]
investigated the antibacterial activity of lanthanum cobalt ferrite (LaCo1-xFexOs) against
P. aeruginosa and S. aureus. The authors observed that the minimum inhibitory
concentration (MIC) values were between 50 and 200 mg/mL. The antibacterial activity
increased by increasing the doping concentration. The authors also proposed that the
likely mechanism was related to the nanoparticle’s adsorption capacity due to the
cationic charge on the surface, which resulted in enhanced interaction with the surface
of Gram-negative bacterial cells. Subhan et al. [21] evaluated the antibacterial activity
of SrSnO3:Ag nanocomposites. The authors evidenced that 3 mg/mL of the synthesised
nanocomposites killed Gram-positive and Gram-negative bacteria in the dark. In

contrast, 1 and 2 mg/mL of the nanocomposites had good antibacterial activity while
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irradiated with visible light using a tungsten lamp. In the presence of light, hole-electron
pairs are generated on the irradiated materials, which, in contact with aqueous solutions,
generate ROS that inhibit the bacteria growth [25].

Lanthanoid-based inorganic materials with potential use in life science,
especially due to their anti-inflammatory, antitumor and antibacterial effects, have
attracted major interest because of their physicochemical properties [26, 27, 28, 29, 30].
Lanthanoid metal ions can promote interesting electronic structures incorporated in
different inorganic matrices due to their 4f electron configuration. Rare earth elements
are also less expensive and less toxic than other elements with known antibacterial
properties, for instance, Ag*, which make them very useful in agriculture, health care
and other fields [29]. It is also reported that adding rare earth in inorganic materials can

improve antibacterial properties [20, 26, 27].

Despite different studies concerning rare earths-containing materials, few works
dealing with lanthanoid, and lanthanoid-doped ABOs-type perovskites have been
reported [20, 24, 26]. For instance, Singh et al. [24] evaluated the antibacterial activity
of Fe-doped LaCoOs perovskite nanoparticles against S. aureaus. Recently,
Sudhaparimala [20] investigated the effect of europium content (0.2, 0.50, and 0.75
mol%) on the antibacterial activity of MSnOs (M = Ca and Ba) and reported that 50%
cell toxicity was observed against P. aeruginosa and S. aureus when 600 ug of the

inorganic solids were used compared to 500 ug of the control tetracycline.

In this context, our research focused, for the first time, on evaluating the
antibacterial activity of a potential perovskite, SrSnQOs, and establishing the effect of
surface structural and electronic defects created by doping with europium on the
inhibition of Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus) bacteria
growth. S. aureus and E. coli were used as target microorganisms to evaluate the
antibacterial effect of the synthesized materials because they are common highly
infectious bacteria that cause the most illnesses and hospitalisations, besides tending to
develop antibiotic resistance [31, 32]. S. aureus is a frequent coloniser of several parts
of the human body, and their colonisation is the major risk for clinical infection [31]. E.
coli is also part of the normal flora of humans. It also can be found in water and food,
which can be harmful when ingested [32]. In addition, these two bacteria present

different cell wall characteristics. Gram-negative bacteria have a lipopolysaccharide cell



wall with a high amount of carboxylic groups and a thinner layer of the peptidoglycan
instead of a protective Gram-positive cell with a thicker peptidoglycan layer [33]. Thus,
the antibacterial effect of the materials will depend on the type of interaction with these

bacterial cells.

Concerning the lanthanoid cations, Eu* was chosen as a dopant agent to prepare
two different doped SrSnOsz perovskites with Eu®* in Sr- or Sn-sublattice position -
(SrEu)SnOs and Sr(SnEu)Os - by the possibility of obtaining different point defects,
such as cationic/anionic vacancies and reduced cations in the SrSnOs perovskite lattice.
Europium is a rare earth not found in nature as a free element. It possesses two
oxidation states (Eu** and Eu?*), where Eu®" is the most stable. Eu** has a unique 4f°
shell structure and it presents potential use in luminescence [34] as in light-emitting
diodes [35, 36] and optical thermometer [36]. Europium is the most reactive rare earth
element but is relatively nontoxic than other heavy metals. Although some studies
suggest that europium has no known significant biological role [37], other reports have
demonstrated that europium is an excellent luminescent probe for biochemical or
biomedical applications, mainly applied in luminescent cellular tissue image tracking
and monitoring drug release. Moreover, Eu®* can display excellent proangiogenic
activity through ROS generation and activation of mitogen-activated protein kinase
(MAPK), and it can mimic Ca to enhance bone regeneration [38]. Eu®* ions have
already been used to prepare other doped perovskites with antibacterial activity, such as
BaSnOs and CaSnOs [20]. However, it is essential to mention that, in our work, a
meagre Eu* doping percentage was used to prepare the Eu**-doped SrSnOs materials
for antibacterial applications, which significantly impacted their biocide activity. It is
important to highlight that such a study has not been previously reported in the

literature.

2. Experimental section
2.1. Material preparation

A wide range of synthesis methods has been applied for the preparation of
different nanoparticulate materials with antibacterial activity, namely co-precipitation
[21,23,39], conventional hydrothermal method [40], green sol-gel based method [20]

microwave-assisted solvothermal method [41], among others. In the present work,
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SrSn0s, (Sro.99Eu0.01)SNO3 and Sr(Sno.e9sEuo0.01)O3 were synthesised by a modified-
Pechini method using cationic polymeric precursor solutions.

For the synthesis of the target materials, tin chloride (SnClz - 2H20, J.T.Backer),
ammonium hydroxide (NHsOH, Vetec), strontium nitrate (Sr(NOs)2, Vetec), europium
oxide (Eu203, Alfa Aesar), citric acid monohydrate (CsHsO7 - H20, Cargill), and
ethylene glycol (C2HsO2, Acros) were used as starting materials. The solutions were

prepared following the procedure previously presented in the literature [17].

The polymeric solutions were thermally treated in an air atmosphere at 300 °C
for 1 h to obtain the precursor powders that were further calcined in air at different
temperatures (400, 500, 600, and 700 °C) for 4 h to study the evolution of the
crystallisation of the desired perovskite phase. Further information about this synthesis

procedure can be found in our previous works [17, 42, 43, 44].

2.2. Material characterisation methods

The synthesised materials were characterised by an array of techniques,
including X-ray powder diffraction (XRD), infrared (IR) spectroscopy, UV-Vis
spectroscopy, photoluminescence (PL), field emission scanning electron microscopy
(FE-SEM), high-resolution scanning-transmission electron microscopy (HR-STEM),
Energy Dispersive X-Ray Analysis (EDX), Q-band electron paramagnetic resonance
(EPR) spectroscopy, nitrogen adsorption/desorption measurements, and X-ray
photoelectron spectroscopy (XPS). More details about the used characterisation

techniques and the analysis conditions can be found in the supplementary material file¥.

2.3. Bacteria and culture conditions

The antibacterial activity of the perovskite oxides was tested against two
representative bacteria, namely, E. coli (ATTC 25922) and S. aureus (ATTC 25923).
The direct contact method was used to investigate the antibacterial efficiency of the
solid materials as described in previous work [45]. Bacteria were grown on a Miller-
Hinton agar (MH) solution at pH 7.3 + 0.1 in a bacteriologic incubator at 37 °C for 24 h.
Control tests were performed in aqueous saline (0.85%) solution to evaluate the bacteria
growth.



The test was carried out on a mixture of 2 mL of inoculum in 10—4 colony-
forming units per mL (CFU/mL) of S. aureus and E. coli with approximately 2 mg of
the materials (SrSnOz and Eu®*-doped SrSnQs). An aliquot of 200 L was withdrawn
and spread vertically, horizontally, and diagonally over the growth medium with a
Drigalski loop on the Petri dish. The plate was kept in the microbiological oven for 24
h. Then, the CFUs were counted. The positive bacterial growth control (0.85% saline)
was prepared to compare and verify the strains’ viability. The tests were performed in

triplicate for each material.

3. Results and discussion

The powder precursors for the three perovskite samples were first calcined at
different temperatures and evaluated by conventional XRD, FT-IR, UV-Vis, and
Photoluminescence (PL) spectroscopies to monitor the evolution of the short and long-
range ordering during the crystallisation process and identify the best temperature to
obtain the desired perovskite phase for further measurements and applications. Thus, the
crystallisation of the three perovskite materials synthesised in this work - SrSnOs,
(Sro.99EU0.01)SNOs and Sr(Sno.9gEu0.01)Os - was initially investigated by XRD, as
presented in Figure 1. The XRD patterns (Figure 1a-c) show a long-range disordered
phase for the samples calcined at temperatures below 600 °C. However, a small peak
near 20 = 30° (112) assigned to the perovskite phase was apparent after calcination of
the undoped-SrSnOs sample at 500 °C.

(Figure 1)

The beginning of the crystallisation to the desired perovskite phase depended on
the material composition, which agrees with the distorted orthorhombic SrSnOs
perovskite structure with a Pbnm space group (ICSD file number 188140) [46]. For
SrSnOs (Figure 1a), crystalline perovskite was observed after calcination at 600 °C. At
this temperature, the XRD pattern of SrSnOs displays narrow symmetrical peaks
indicating a long-range structure order. In contrast, broader diffraction peaks were
attained for the Eu®*-doped samples (Figure 1b-c), and appreciable amounts of



orthorhombic SrCOs as secondary phase (ICSD file number 166088) [47] remain even
after calcination at higher temperatures. The presence of SrCOs as a secondary phase is
commonly observed in strontium-based perovskite samples synthesized by wet
chemical methods, especially the modified-Pechini method [17]. The SrCOzs phase was
confirmed in all samples by infrared measurements shown in Figure 2a-c. For
Sr(Sno.99sEU0.01)Os (Figure 1c), a small peak near 20 = 30 °, indexed as the (112)
reflection of the perovskite phase, is observed, indicating that long-range ordering
started after calcination at 600 °C. In contrast, for (Sro.e9Eu0.00)SNO3 (Figure 1b)
crystallisation only occurred at 700 °C. These results suggest that the Eu**-doping
weakly inhibits the perovskite crystallisation.

The average crystallite size estimated for the samples calcined at 600 and 700 °C
Is presented in Table 1. For pristine SrSnOs, the crystallite size increased as the
calcination temperature increased. The nucleation of the perovskite crystallites is
thermally activated, followed by their growth increases as the temperature increases. It
is also observed that the addition of europium leads to a significant reduction in
crystallite size, probably due to the greater difficulty of crystallisation and increase in
structural disorder (as evident from the FWHM values of (112) reflection near 20 = 31°

in the XRD patterns) caused by the dopant.

Table 1 - Crystallite size of the samples calcined at 600 and 700 °C derived from
Scherrer equation for the (112) reflection in the XRD patterns.

Sample Temperature FWHM Crystallite size
(°C) (degree)  (nm)
SrsnOs 600 02342 423
SrSnOs 700 0.1999 50.4
Sr(Sno.99Eu0.01)O3 600 0.3543 24.8
Sr(Sno.99Eu0.01)O3 700 0.3664 23.7
(Sro.99EU0.01)SNO3 700 0.4008 21.4




In our previous work [17], using synchrotron techniques (S-XRD and XANES)
in synergism with DFT simulations, it was shown that when the SrSnOs perovskite is
doped with Eu®* cations, these species can occupy both Sr?* and Sn** sites. However,
when Eu®* cations are incorporated, reduced Eu?* cations are formed in response to the
charge compensation mechanism, and these cations occupy only the Sr* sites. In
addition, the incorporation of Eu®* cations induces further structural distortion in the
SrSnQOs lattice (inter- and intraoctahedral distortion), which can play a vital role in
charge separation and redox ability of the synthesized materials. The selectivity of
europium doping in other perovskite materials has also been reported by different
authors. For instance, Jyothi and Gopchandran [48] prepared SrTiOs:Y 3" Eu®* and
SrTiO3:La?*,Eu®* phosphors by a solid-state reaction and observed, using Rietveld
refinements, photoluminescence and Judd-Ofelt (J-O) analysis, that Eu®* cations can be
located at different crystallographic sites in the lattice. The authors evidenced that when
Eu®* cations enter at the Ti** sites, an increased local asymmetry is observed. Cortés-
Adasme et al. [49] identified by Rietveld refinements that when a high concentration of
dopant is used, Eu* cations can occupy both Sr?* and Sn** sites in SrSnOs samples
obtained by the sol-gel method. More recently, Gupta et al. [50, 51] evaluated the
symmetry and structural changes of Eu®*-doped SrSnOsz and CaSnOs perovskites
prepared by solid-state synthesis method. By using Rietveld XRD refinements and
EXAFS measurements together with DFT calculations, the authors confirmed that Eu®*
ions are distributed at both Ca?*/Sr?* and Sn** sites in the stannates’ lattice. Based on all
these studies, the general formula for both suggested cationic substitutions could be
given by (Sri-3xw2Eux)SnOs-s for Eu®* entering at the Sr2*-sites and Sr(Sni-xEux)Os-s for

Eud* at Sn**-sites.

Figure 2a-c shows the FT-IR spectra of all samples calcined at different
temperatures. According to the literature, IR modes of an ABOs-type perovskite
compound are observed below 700 cm™ [52]. In the Pbnm structured orthorhombic
perovskites, as for SrSnOs, 25 modes are IR active at I' of the Brillouin zone, given by
Ik = 9B1u + 7B2u + 9Bau [52].

(Figure 2)

10



In the present work, few modes related to the perovskite structure were observed
due to the detection limit of the mid-IR spectrophotometer. Broad IR bands are
observed in all samples, whatever the heat treatment temperature. In the IR spectra of
the samples calcined at 400 and 500 °C, bands assigned to carboxylate groups (RCOO")
bonded to metals were observed at around 1630 and 1380 cm—1, as a consequence of
the chelation between the carboxylic group of citric acid and the cations, and further
polyesterification with ethylene glycol during the synthesis of the solutions [44]. The
intensity of such bands decreases after calcination at a higher temperature, and their

behaviour differs between the pristine and Eu®*-doped SrSnOs samples.

The observed variation in the bands related to the ester groups indicates that
different chelate complexes are formed as suggested by De Oliveira et al. [44]. After
calcination at 500 °C, the spectral profile changes slightly, and the shoulder at around
1380 cm™ corresponding to the C—O vibration of the ester groups disappears. The bands
assigned to esters were not observed after heat treatment above 600 °C, indicating the
elimination of the organic network. The IR bands observed at 1774, 1448, 1070, 859,
and 668 cm™* define the carbonate group in the form of SrCOs [53], being more intense
for samples calcined below 600 °C. Evidently, treatment at 700 °C results in complete
combustion of the ester groups and partial elimination of carbonate, especially in
SrSnOs (Figure 2a). These results are in agreement with the XRD analysis.
Furthermore, bands at 3400 cm™* were observed in the spectra, which are related to OH-

groups from adsorbed water on the samples’ surface.

As noted above, IR absorption modes of the perovskite structure occur below
800 cm™, and broad bands in this region of the IR spectra were evident for the samples
calcined at lower temperatures. These bands become more intense and better resolved
after calcination at 700 °C, indicating an increase in short-range order of the
coordination polyhedral in the perovskites’ lattice. According to literature, high
intensity infrared bands vibrations of the Sn05~ groups are found in two different
regions: 300-400 and 600-700 cm. Stretching vibrations of the Sn—O bonds can be
found at about 674/548 cm™ [43] and 662/535 cm-1 [44] in SrSnOs3, while the same
bands are found at 642/559 cm™ in CaSnOs [54], and at 669/534 cm™ in BaSnOs [55].

In this work, for the SrSnO3 sample calcined at temperatures lower than 600 °C,

these bands were observed at around 689 and 549 cm™ and were assigned to SnO6
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octahedra, indicating the presence of considerable disorder in the structure. However, in
the IR spectrum of SrSnO3 (Figure 2a) calcined at 700 °C, one single and strong band is
observed at 667 cm™ that is assigned to Sn—O stretching vibrations in the SnOe
octahedra, suggesting an increase in local symmetry. These bands are slightly shifted
for (Sro.99Eu0.01)SnO3 (Figure 2b) and Sr(Sno.e9sEuo.01)O3 (Figure 2c), indicating a change
in the octahedra symmetry induced by Eu®*-doping. Similar behaviour in IR spectra was
observed by De Oliveira et al. [44] in a Sr(SnTi)Os system, and octahedra symmetry
changes as Ti replaces Sn in the lattice. Octahedral symmetry modifications have also
been evidenced using IR spectroscopy by Alves et al. [54] in (CaSr)SnOs, and by Vieira
et al. [56] in Fe-doped SrSnOs perovskites.

The optical characteristics of the materials were investigated by UV-Vis
spectroscopy and photoluminescence (PL), as shown in Figure 3 and 4, respectively.
The absorption UV-Vis spectra (top graphics in Figure 3) of the various samples are
very similar, showing a rapid increase in absorption, especially for the samples calcined

at lower temperatures.

(Figure 3)

An intense absorption is observed for SrSnOs (Figure 3a) calcined at 400 °C,
which may be related to the greater amount of ester groups from the organic matter
produced by the transesterification reaction of the polymeric precursors, which
remained in the sample as evidenced in IR spectra (Figure 2). The intensity of the
absorption band below 350 nm (3.5 eV) in the UV spectra decreases when the samples
are calcined at higher temperatures or when Eu®* is added to the perovskite lattice
(Figure 3b-c). A different feature is observed in the spectra of the samples calcined at
700 °C. At this temperature, the absorption spectra are essentially linear, which is
characteristic of semiconductor materials, and such behaviour is mainly due to an
increase in short-range structural ordering of the perovskite lattice as evidenced by the

XRD and IR results, which was also presented in our previous studies [17].

The samples’ optical band gap (Eg) was calculated from the absorption curves
according to Tauc’s method [57] as shown in the (a4v)" vs. photon energy plots (middle
and bottom graphics in Figure 3). According to the literature, SrSnO3 may present both
indirect and direct band gaps, with n = 1/2 and 2, respectively [58]. Different authors
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estimated the Eg values for SrSnOs based materials in the range between 4.00 to 4.56 eV
[17, 59, 60], whereas the bulk SrSnOs with an orthorhombic structure presents a Eq =
4.1 eV. Because the materials calcined at 400 and 500 °C still present highly disordered
structures with a large amount of organic matter in the composition, it is not reasonable
to estimate the band gap for them. As a result, only the materials calcined at 600 and
700 °C were considered to estimate indirect and direct Eg. The corresponding Eg for the
samples are indicated in Figure 3. Slightly smaller Eg values at 600 °C were observed
for the Eu®*-doped samples compared to the pristine SrSnOsz, possibly related to the
induced electronic defects in the lattice. Furthermore, Eg increases as the calcination
temperature increases, in agreement with the crystallisation process indicated by the
conventional XRD and IR analysis. The increase of Eg at higher temperatures indicates
a decrease in structural distortions and partial elimination of defects. This is especially
true for the Eu®*-doped SrSnOs samples after calcination at 700 °C, which showed an
increased direct band gap value from 4.05 eV for the former pristine SrSnO3 sample to
4.07 eV for (Sro.99Eu0.01)SnO3 and 4.14 eV for Sr(Sno.gsEuo.01)O3 systems, agreeing with

our previous DFT simulations [17].

It is worth noting that the presence of SrCOs as an impurity phase does not
influence the band gap of the major perovskite SrSnOs phase, as SrCOs presented larger
Eg values (Egirecty = 5.31 eV and Eg(indirecty = 5.09 V), Figure S17, than those estimated
for the pristine and Eu**-doped SrSnO3 samples. Similar behaviour was observed by
Marquez-Herrera et al. [61] who showed that the presence of SrCOs in SrTiOs does not
induce any variation in the band gap of the titanate perovskite. As SrCOz is an ionic
compound with no semiconductor behaviour, any variation in the band structure of the
main perovskite phase should not be expected, especially when SrCOs is present in a

low amount, as in the samples calcined at 600 and 700 °C.

Based on the measurements presented above, it is very likely that Eu* cations
are incorporated in the SrSnQOs crystal lattice at both Sr- and Sn-sites, leading to changes
in the band structure of the stannate perovskite. With the occupancy of Eu®* ions at Sr?*-
and Sn**-sites, it is natural that different electronic defects are formed in the lattice, and
the photoluminescent properties of the synthesised materials can be affected. When Eu®*
cations substitute Sr?*, cationic vacancies can be formed in response to charge
compensation mechanisms, while the Eu3*/Sn** substitution is compensated especially

by oxygen vacancies. Apart from these, the charge imbalance can also be compensated
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by cationic reduction, such as Eu®* to Eu?* and/or Sn** to Sn*. The presence of such
defects was evidenced by PL, EPR and XPS spectroscopy, as discussed below.

The room temperature PL spectra are presented in Figure 4a-c.

(Figure 4)

From the PL, it is possible to evaluate the doping effect on the short- and
medium-range order/disorder in the perovskite’s samples [62]. According to the
literature, in SrSnOs type structure, the short-range order concerns the local
environments of each cluster, and the medium-range order is related to the distortion
among the clusters located in the network. In contrast, the long-range order refers to the
three-dimensional periodic repetition of the clusters in the perovskite network [62]. The
PL emission at different regions can be assigned to defects with varying energy levels
inside the band gap [63]. Concerning perovskite oxide materials, broadband PL can be
originated from shallow defects (whose energy states are close to the valence or
conduction bands due to less distorted structures) and deep ones (with energy states
closer to the middle of the band gap due to highly distorted structures) [42, 62, 63, 64,
65, 66, 67]. Different authors have evidenced the origin of deep and shallow defects in
perovskites [17, 68, 69, 70]. However, Longo et al. [63, 65] postulated that deep defects
lead to a less energetic green-yellow-red emission, while shallow defects lead to a more
energetic violet-blue emission. These can be characterised by fitting the PL spectra

using a series of Gaussian curves (Figure S2-4+).

As expected, room temperature broadband PL was observed for SrSnOs (Figure
4a) with a band centred at 580-620 nm (2.0 to 2.1 eV), typical of multiphotonic
processes [42], and the profile was not significantly impacted by changing the
calcination temperature. Broadband PL was also observed for the Eu®*-doped samples,
with emission at higher energy regions for the samples calcined at lower temperatures.
As a consequence of this broadband characteristic, the emission of all samples was
classified as originating from shallow or deep defects (Figure 4d and Table S1-27 in the
Sl) as described by Longo et al. [63, 65].

The presence of SrCOz does not affect the PL properties of the prepared

materials because the energy of the excitation source in the PL analysis (.= 350.8 nm
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with E = 3.54 eV) is much lower than the band gap energy of SrCOs3 (Eg(indirecty = 5.09
and Egirecty = 5.31 eV). The increase of the calcination temperature may lead to various
structural orders featured by the SrSnOsz and Eu®*-doped SrSnOs samples. For SrSnOs,
when it is calcined at a higher temperature, a highly crystalline perovskite phase is
formed, which means that an increased structural short- and long-range order is
achieved, giving rise to a less distorted structure. This behaviour agrees with IR spectra,
which displayed two bands due to the presence of distorted [SnOs] octahedra below 700
°C and a single IR band related to a single octahedra symmetry in the sample calcined at
700 °C. It is well-known that PL results from a balance among an order/disorder degree.
Materials with high and low-ordered structures present low formation of recombination
centres, indispensable for the observance of PL [63]. As the calcination temperature
increases, an increase of structural order and, therefore, a decrease in the lattice
distortions in SrSnOs takes place. As a result, low PL emission is attained. In addition,
the PL band centre tends to be shifted in the visible light spectrum towards shorter
wavelengths, eliminating the less energetic defects (deep defects), as observed in Table
S27. This behaviour agrees with the data reported by Longo et al. [63, 65] for other
related perovskite materials. In addition to structural distortions in SrSnOs, oxygen
vacancies (V) can be present in SrSnOs calcined at 700 °C, which may introduce
energy sublevels in the band gap leading to PL emission. However, it is expected that a
higher number of oxygen vacancies are present in the samples calcined below 700 °C,
which favours PL. The decrease in PL observed in the samples calcined at higher
temperatures may also be due to eliminating such defects. It is still important to note
that the SrSnOs host material presents a higher structural order at high calcination

temperatures, which may lead to a decrease in broadband PL emission.

For the Eu®*-doped SrSnOs systems, more shallow defects were observed for the
samples calcined at temperatures between 400 and 600 °C. On the other hand, a
significant increase in the number of deep defects is observed after calcination at 700
°C, indicating a higher medium-range disorder. These results are in agreement with the
Rietveld refinement previously reported [17], by which a more distorted structure was
evidenced after Eu**-doping for (Sro.99Euo.01)SnO3 and Sr(Sno.seEuo.01)Os as better
represented by angle variation in the structures depicted in Figure 4e, which were
constructed using the refined structural parameters and atomic positions reported in
Chantelle et al. [17].
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Although all the samples presented broadband emissions, two narrow photo-
luminescence bands assigned to Eu®" ions have been evidenced in the PL spectra of the
Eu3*-doped samples. According to literature, these bands are observed at 592 and 615
nm, which are attributed to the permitted electronic transition °Do — ’F1 (magnetic
dipole transition) and the forbidden transition Do — ’F2 (electric dipole transition),
respectively. In contrast, the band at 565 nm for SrSnOs:Eu®* was assigned to the Do —
"Fo transition [35, 36, 71, 72, 73]. In the present work, the Eu®**-doped samples
presented three peaks, superimposed to a broadband emission, at 590, 615, and 705 nm,
which are assigned to the °Do — F1, °Do — "F2, and °Do — "F4 transitions of Eu®*,
respectively (Figure 4b-c). The intensities of these transitions decrease with increasing
calcination temperature, which confirms different short and medium-range structural
distortions according to the calcination temperature and sample compositions, as
illustrated in Figure 4e. These results are consistent with the data reported by Macedo et
al. [66] and Oliveira et al. [67] on Eu®**-doped CaZrOs perovskites. The smallest
intensities of the peaks after calcination at 700 °C agree with the increase of the
percentage of emission assigned to deep defects for Eu®*-doped SrSnOs, which is also
related to the smaller band gap of these samples (Figure 3) and the broader peaks in the
XRD pattern (Figure 1).

In addition to the usual PL, a hump feature is observed between 400 and 500 nm,
especially for (Sro.g9Euo.01)SnOs (Figure 4b). According to the literature, luminescence
from Eu?* ions is in the UV-blue range that can be assigned to the 4fs5d* — 4f7(8S72)
transition, characterised by a broadband emission [74, 75]. It is also noted that the
blueshift emission in the Eu®*-doped samples decreases as the calcination temperature
increases, indicative of the oxidation of Eu?* to Eu*. The presence of other types of
defects may trap a higher number of charge carriers leading to quenching in the
luminescence of Eu?*. Similar behaviour has been observed in other solid materials [74,
76, 75]. By XRD, IR, UV-vis and PL analysis, we identified that pristine and Eu®*-
doped samples should be calcined at 700 °C to obtain materials with high short- and
long-range order, which allows not only a great reproducibility but also the formation of
important point defects in the structure that can be responsible for a change in the

antibacterial properties of the materials.
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The presence of the aforementioned paramagnetic centres was evidenced using
Q-band EPR spectroscopy measurements on the samples with the highest crystallinity,

namely those obtained after calcination at 700 °C (Figure 5).

(Figure 5)

To investigate whether the impurity SrCOs phase has an effect on the SrSnOs
lattice properties and on the incorporation of europium cations, SrCOs was also
analysed by EPR (Figure S57). As expected, SrCOs did not possess any EPR signal as
compared to synthesised materials. The pristine SrSnOs shows two EPR signals with
different g-values, 2.0043 and 1.9994, respectively. The signal at g = 1.9994 probably
arises from the presence of F-centres created by the electrons trapped at (Oxygen) anion
vacancies [17, 77], confirming the presence of defects in the structure, indicated by PL
measurements. By doping the Sr?* site with Eu®*, (Sro.99Euo.01)SnOs, this signal
disappears completely, giving rise to a comprehensive EPR signal superimposed to a
very weak narrow signal with a g-value of 2.0028. When the Sn** site was doped with
Eu3* ions, Sr(Sno.gsEuo.01)Os, only a broad EPR signal was observed. As mentioned
earlier, doping the host SrSnO3 with Eu®* increases the crystal’s disorder and the
concentration of deep defects, which is probably the result of the observed broad EPR
signal. Critically, the EPR measurements confirm that the broad EPR signal indicates
the presence of Eu?* ions in the SrSnOs host crystal, as indicated by the PL

measurements.

Figure 6 shows each sample element’s XPS surveys and the high-resolution XP
scans. As expected, the XPS survey (Figure 6a) revealed that Sr, Sn, and O are present
on the samples’ surface, together with Eu in the doped samples. The high-resolution XP
spectra of the Eu 3d lines are shown in Figure 6b, and those of Sr 3d, Sn 3d and O 1s
lines are shown in Figure 6¢-e. Moreover, to better understand the surface
characteristics of the samples, a semi-quantitative analysis of the atomic concentration

of the surface elements was also performed, as shown in Table 2.

(Figure 6)
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Table 2 - Atomic concentration of the elements on the surface of the Perovskite

particles obtained by XPS spectra.

Atomic concentration (%)

Samples Sr Sn O Eu

SrSnOs 179 170 445 O
(SI"o,ggEUo,m)SnOg 14.9 156 37.6 0.2

Sr(Sno,ggEUo,m)Og 18.9 18.7 45.9 0.2

The Sr 3d (Figure 6¢) and Sn 3d spectra (Figure 6d) clearly show a peak
variation according to the composition, suggesting different atomic concentration (as
shown in Table 2) and multiple environments on the surface of the samples. Moreover,
the change in the O1s spectra profiles (Figure 6e), especially in (Sro.9sEuo.01)SnOs,
suggests that the structural distortions affect the surface of the materials. Peak shifts to
lower binding energy (BE) are observed in the Sr 3d (Figure 6b), except for
(Sro.99EU0.01)SnOs3, and in the Sn 3d (Figure 6c¢), as well as in the O 1s (Figure 6d)
spectra further suggest Eu*-doping is occurring at the Sr?*- and Sn**-sites as proposed
by XANES and S-XRD refinement data in our previously reported work [17]. The shift
to higher BE observed in the Sr 3d spectrum of (Sro.99Euo0.01)SnO3 (Figure 10b) might be
due to the strong influence of the surrounding Sr?* cations induced by the Eu®*
incorporation at the Sr-site, besides the likely formation of Sr-vacancies (Vs,.) due to
Eud*/Sr?* substitution as suggested by the Kroger-Vink notations below. Also, the
formation of this defect type is consistent with the semi-quantitative estimation of the
elements on the samples’ surface (Table 2). Apart from the XPS signals of the target
elements, the C 1s signal was observed in the XPS surveys. It is important to emphasize
that such a signal’s appearance results from the double-faced carbon tape fixed to the
stainless-steel sample holder or also from the carbonate phase formed in the materials.
Despite this, the lower intensity of the C 1s signal suggests that a very scarce amount of

carbonate is present on the materials’ surface.
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Lanthanoid-doping can lead to the creation of oxygen vacancies and cationic
vacancies and may induce a reduction of Sn** to Sn?* species on the surface of the
SrSnOs:Eu materials as indicated by the higher intensity of the Sn?* band after curve
fitting. The formation of the different possible defects is represented in Equations (1) to

(5), written according to the Krdger-Vink notation.

SrSno

Sn0 —= Sn¥, + V5" + 0% (1)
SrSn0O3
Eu,0; —— 2Eug, + V5* + 30} (2)
SrSn0O3
Eu,0; —— 2Eu, + Vi + 30% (3)
SrSnoO3
Eu0 — Eug, + 0§ (4)
SrSn0;
Eu0 — Eug, + V5* + 0} (5)

The high intensity of the Sn 3d and O 1s peaks in the XPS spectra (Figure 6),
compared to the Sr 3d peaks, indicates that the surface is Sn2+ rich in agreement to a
recent report by Honorio et al. [16]. The Sn 3d XPS spectra can be fitted with two
doublets (corresponding to Sn 3ds2 and Sn 3ds» levels). This fitting reveals that both
Sn*" and Sn?* are on the surface of the materials, as also seen in the ZrO2@SrSn0Os
system [16]. This suggests that a partial reduction of Sn** occurred during synthesis due
to the combustion of a large amount of organic matter in the precursor. Depending on
the sample composition, the O 1s spectra can be fitted by three or four peaks, which
might be especially due to the different local ambient of the elements on the material’s
surface. The most intense peak in the O 1s spectra is located near 530 eV and
corresponds to lattice oxygen (Os™) associated with Sn?* and Sn** environments on the
perovskite surface. The second intense peak near 531.4 eV may correspond to the
samples’ chemisorbed oxygen species associated with oxygen vacancies. We believe
that the peak located at 530.8 - 531.4 eV is related to oxygen vacancies due to the

formation of reduced Sn?* species.

Moreover, the lower intensity of the peak at 530.8 eV observed for
Sr(Sno.99Eu0.01)Os indicates that a lower amount of oxygen vacancies is present in this
sample when compared to the others, which is in good agreement with the Q-band EPR
results. The weak peaks with lower BE observed in the deconvoluted spectra were not
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identified. Concerning the concentration of the elements (Table 2), the semiquantitative
analysis confirmed that all the elements are present on the surface structure of the
samples. A deficiency of Sr and Sn is evidenced, besides the presence of
nonstoichiometric O expected from the synthesis conditions of Eu3+ incorporation into
the lattice. Regarding the Eu®* cations, atomic Eu content equal to 0.2% corresponds to
approximately 0.01%mol present in both (Sro.99Eu0.01)SnO3 and Sr(Sno.9sEu0.01)O3

samples, which indicates that the targeted doping has been accurately achieved.

From the above-presented results, we evidenced the presence of different point
defects in the materials. However, it is difficult to accurately give the general formula
for each target material synthesised in this work. To make their understanding easier,
we preferred to maintain the formula as SrSnQOs, (Sro.99EU0.01)SNO3 and

Sr(Sno.99sEU0.01)O3 in the following discussion.

The morphological characteristics of the perovskite particles were examined
using FE-SEM. At the same time, the BET analysis was performed to determine the
samples’ specific surface area. These results are displayed in Figure 7 and 10,
respectively.

(Figure 7)

The higher magnification FE-SEM images (on the right of Figure 7) show the
formation of irregular and large aggregates consisting of pseudo-spherical nanoparticles
with dimensions of around and less than 100 nm. Sr(Sno.e9EUo.01)O3 sample also
contains some elongated particles with a rodlike morphology, whose lengths are bigger
than 100 nm. Further characterisation of the nanoparticles’ morphology was performed
by HR-STEM as observed in Figure 8 and Figure S6-8+. From the TEM images, it is
possible to note that the pristine SrSnO3 sample (Figure 8 and S67) exhibits
nanoparticles sporadically attached to nanowires as the Sr(Sno.gsEuo.01)O3 sample
(Figure S8+ and S9+).

(Figure 8)
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The particle morphologies formed in these samples might result from the
different nucleation processes and, therefore, particle crystallisation after calcination, as
evidenced in XRD. The small nanoparticles apparently tend to coalesce into larger
agglomerates. However, some particles grow differently from a particular nucleus or
from the agglomeration of various nucleation sites to crystallise into well-defined
nanorods of different sizes. The nanoparticles’ part has a cluster-like shaping, with the
size of the individual nanoparticles under 10 nm. The nanowires have between 600 and
100 nm in length and between 10 and 50 nm in width. SrSnOs with rod-like
morphology has already been observed in samples of different methods. [78, 79, 80, 81]
Rod or wirelike particles can also be related to the presence of mixed SrSnOs and
SrCQOs. Particularly, (Sro.99Eu0.01)SnO3 sample displays only the formation of tightly
packed nanoclusters of nanoparticles without traces of nanowires (Figure 8 and S77).
The TEM-EDX elemental mapping (Figure 9 and S9+) indicated the distribution of Sr,
Sn, O and Eu throughout the (Sro.99Eu0.01)SnO3 and Sr(Sno.g9Euo.01)O3 materials. These
results suggest that the target samples were successfully prepared. It is important to note
that the particle morphology of the samples is consistent with BET results (Figure 10),

indicating a low specific surface area for the samples.

(Figure 9)

(Figure 10)

The Sr(Sno.gsEU0.01)O3 and SrSnO3 samples have the largest surface areas (13.3
and 12.6 m?/g, respectively) compared to (Sro.g9Euo.01)SnO3 (8.1 m?/g). Considering a
density of 6.43 g/cm? [82], the particle sizes were calculated from the specific surface
areas as 74.0, 70.1 and 115 nm for SrSnOs, Sr(Sho.e9Eu0.01)O3 and (Sro.99EU0.01)SNO3,
respectively, which are in good agreement with the FE-SEM observations. However,
the formation of smaller nanoparticles was precisely evidenced by HR-STEM. The
morphology and the low specific surface area observed in all samples might be related

to the nucleation and particle growth processes during calcination.

Bacteria are classified as Gram-positive and Gram-negative, depending on the

difference in cell wall architecture [83]. In this work, S. aureus and E. coli was selected
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as Gram-positive and Gram-negative bacteria, respectively. The antibacterial activity of
the pure and Eu-doped SrSnOs samples, calcined at 700 °C, was evaluated against these
bacterial strains. The results obtained with the direct contact method are shown in

Figure 11.

(Figure 11)

When the samples were tested against S. aureus, the antibacterial performance of
the Eu-doped material was higher than that of the undoped SrSnOs perovskite, with the
highest inhibitory effect (99.1%) observed for the (Sro.99Euo0.01)SnOs nanoparticles. On
the other hand, when the materials were tested against E. coli, no meaningful
antimicrobial effect was evidenced, irrespective of the composition of the material, with
growth inhibition of only 4% observed for all samples. Images of the Petri dish (inset in
Figure 11) show a significant amount of several E. coli bacteria and almost no S. aureus
after treatment with (Sro.99Eu0.01)SnNO3 as an antibacterial agent. No inhibition of the
bacteria growth was observed when the saline control solution was used in the test.
These results may be related to the structural disorder and chemical properties of the

pristine and Eu-doped SrSnO3 perovskites previously discussed.

As SrCOs is present as an impurity phase in the samples calcined at 700 °C, we
evaluated whether its presence affects the antibacterial activity of the synthesised
materials. For this, the standard commercial compound SrCO3 was tested against S.
aureus under the same conditions used for the other materials. It was observed that
SrCOs surprisingly favoured bacterial cell proliferation and growth (Figure S10+),

suggesting that SrCO3 might act as a source of nutrients for this bacteria strain.

According to Wang et al. [2], the surface charge potential of nanoparticles
strongly influences bacterial adhesion, as it affects the electrostatic attraction when the
charges on the material and bacterial cell membrane are different, which favour
interactions. The cell wall of Gram-positive bacteria consists of a glycan peptide layer
(= 30 nm). Neutral and acid polysaccharides mainly cover the peptide surface and many
different biomolecules [84]. Conversely, the cell wall of Gram-negative bacteria
presents a more complex membrane structure and composition. The peptide layer of the
cell wall of Gram-negative bacteria is thinner (= 10 nm), and the outer surface of the

cell has a membrane composed of proteins, lipopolysaccharides, and phospholipids. An
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atypical feature of the outer membrane of Gram-negative bacteria is the asymmetrical
distribution of lipids on the outer and inner faces of the bacteria membrane. The outer
membrane face contains all lipopolysaccharides (LPS), while the inner one contains
mostly phospholipids. LPS present a higher charge per unit area than phospholipids.
Most of the present charge is anionic at neutral pH due to the presence of carboxyl and
phosphoryl groups on the bacteria’s surface. These groups can be ionised, which results
in the charged external face that is highly interactive with cations present in the external
medium [84, 39]. As a result, the particle surface of metal oxides may become
electrostatically attracted to the charge of the bacteria surface. In this sense, the metal
oxide nanoparticles can act on the cell membrane provoking cell wall damage,

inhibiting bacterial growth, or inducing death of these microorganisms [2, 26].

Another factor responsible for inhibiting bacterial growth is the particle size that
can induce cell death [39]. It is known that nanoparticles act when they contact bacterial
cell walls. The interactions can be electrostatic, by VVan der Waals forces, and/or via
receptor-ligand interactions. Different surface reactions may interfere with metabolic
pathways, inducing membrane shape and function changes such as enzyme inhibition,
deactivating proteins, inducing oxidative stress, and others [9]. Some metal ions present
in the oxide may also be gradually released into an agueous medium and subsequently
absorbed by cell membranes, which in turn leads to direct interactions with the
functional groups of proteins and nucleic acids [9]. In addition, metal ions on the
surface of oxide particles may interact with the bacteria membrane, leading to changes

in its permeability and, thus, results in bacteria death [39].

Although the surface area (Sser) is a factor that may affect antibacterial activity,
it did not influence the material activity in the present case, as the sample with the larger
agglomeration, which is formed with tightly packed nanoparticles, displayed increased
antibacterial activity. Moreover, particles are bonded in larger aggregates, which
reduces their penetration capability into the cell membrane. In the current work, the
surface charge characteristics and the electronic species seem to play a more critical
role. All samples display a negative surface at pH 7.3 and do not have a meaningful
activity against E. coli, which is Gram-negative bacteria. At the same time, a better
result was obtained against S. aureus, which is Gram-positive bacteria. It also seems
that Sn?* and Eu?* cations and oxygen vacancies present on the materials impact the

surface charge properties of the material and, therefore, the antibacterial activity.
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According to the PCZ data (Figure 12), the SrSnOs and (Sro.99EU0.01)SnO3 the
tested samples presented a high negative surface charge potential value of -29.8 and -
28.6 mW in pH 7.3, respectively, enabling electrostatic interactions with bacterial cells.
On the other hand, Sr(Sno.99sEuo.01)O3 presented a less negative zeta potential at this pH,
-10mW, in agreement with XPS and EPR results, which indicated that this sample
contains a lower amount of oxygen vacancies and consequently a peak of lower
intensity associated with chemisorbed oxygen species in O 1s XP spectrum. This less
negative surface is less favourable for the adsorption of S. aureus. However, there may
be other mechanisms of interaction of the (Sro.99Euo.01)SnO3 with bacteria that might be
sensitive to the presence of Eu ions, as the pure SrSnOs did not demonstrate any
inhibition of bacteria growth, despite the highly negative surface potential. In addition,
it is important to highlight that the presence of SrCOs in the sample composition does

not improve the antibacterial properties of the main perovskite stannate phase.

(Figure 12)

Sudhaparimala [20] investigated the antibacterial effect of Eu-doped MSnOs (M
= Ca, Ba) on P. aeruginosa and S. aureus strains. These authors reposted 50% toxicity
for S. aureus and P. aeruginosa when barium stannate or calcium stannate doped with
europium were used at a concentration of 600 g. Antibacterial activity was improved
by increasing the dopant concentration. These authors did not suggest a possible
mechanism of action. Sharma et al. [85] reported the antibacterial activity of
macrocyclic complexes with unusual oxidation states of the metal ions. Similarly, Fathi
et al. [86] associated the antibacterial activity of a series of metal complexes with the

redox activity of the complexes.

Indeed, selectively doping Eu®* into the Sr?*-site enhanced the negative surface
charge, electronic defects (oxygen vacancies, reduced Eu?* and Sn?* species), and
balanced structural order/disorder (intermediate inter-octahedral tilts). These
characteristics appear to have enhanced the redox ability, which is key to improving the
antibacterial properties of Eu**-doped SrSnOs. To evaluate the relationship between the
dependence of site-doping on the structural ordering and antibacterial properties of the

materials, the highly disordered (Sro.99Eu0.01)SnO3 sample calcined at 600 °C was also
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tested (Figure S107). This sample promoted an increased growth of the S. aureus
bacteria in about 50% compared to the control saline solution. On the other hand, the
standard SrCO3 material induced an increased growth of about 100% for the same
bacterial strain compared to the control solution. It is still important to point out that the
amount of the pure standard SrCOs material employed in the antibacterial tests is much
higher than the quantity of impurity present in the synthesised samples. This indicates

that structural ordering is very important for improving antibacterial properties.

Based on all these facts, we believe that the main reason for the enhanced
antibacterial efficiency observed for the (Sro.99Eu0.01)SnOs calcined at 700 °C is a
defect-structure synergism occurring due to the site-selective doping of Eu®* cations at
the Sr?*-site and the balanced structural order/disorder characteristics associated with
the inter- and intraoctahedral distortions. The doping can inevitably promote different
electronic defects (such as cationic vacancies, oxygen vacancies and cationic reduction),
and the structural distortions may enhance charge mobility throughout the complex
clusters of the type [SnOs] and [SrO9]/[EuOg] associated with oxygen vacancies as well
as the presence of mixed-valence cations in the perovskite lattice to, therefore, improve
the redox reactions on the materials’ surface. This can be confirmed by the lower
activity observed for the highly disordered (Sro.99Euo.01)SnOs sample calcined at 600 °C
compared to the corresponding ordered sample calcined at 700 °C. From these
observations, the general redox mechanism related to antibacterial activity observed for
the (Sro.99EU0.01)SNO3 material can be simplified by the different states in the complex

clusters, also written according to the Krdger-Vink notation as follows.

For Eu*/Sr?* substitution, formation of defects is displayed in Equations (3) and
(4), while oxygen vacancies are formed due to reduction of Sn** as shown in Equation
(1). Sn* reduction may also occur as a compensation of Sr?* replacement by Eu" as

displayed in Equation (6):

SrSn0O3

Eu,0; —— FEug, + Sng, + 30} (6)

The presence of Eu and Sn in the material with different oxidation states may
induce redox reactions with the bacteria and between the own Eu and Sn, as displayed
in Equation (7):
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charge transfer
Pttt

2Eug, + Sng, — > 2Eui,. + Sng, (7)

Considering that these cations are located at specific sites, the charge transfer
reaction that occur among the coordination polyhedra in the perovskite lattice may be
proposed as shown in Equation (8):

charge transfer

2[Eug,0g - Vo]* + [SnOg¢]" ——— 2[Eug.09]* + [SnO]* (8)

This charge transfer mechanism is favoured by the intermediate inter-octahedral
tilts among the [SnOs] octahedra (represented in Figure 4e) that, in turn, will boost the
antibacterial activity by the redox reactions in the interface between S. aureus and the
(Sro.990EU0.01)SnOs3 surface, also promoted by the negative charge of this perovskite

surface as indicated by the zeta potential value.

4. Conclusions

This study reported the effect of Eu doping on the structural, electronic, surface
and interface properties of the SrSnOs perovskite, focusing on the doping site, as
(Sro.99EU0.01)SNO3 and Sr(Sno.esEu0.01)O3 and the impact of this on the antimicrobial
activity. Pristine SrSnOs and Eu-doped nanoparticles were successfully prepared by the
Pechini-modified method and carefully characterised. Punctual surface and bulk defects,
as Sn?* and oxygen vacancies, were detected by different techniques (especially XPS
and EPR), giving rise to different surface charge potentials, depending on the site-
selective doping. As a consequence, higher adsorption of the Gram-positive bacteria on
the surface of (Sro.99EU0.01)SNO3 nanoparticles seems to have occurred, favoured by the
negative surface charge properties of this samples, besides the possible redox reactions,
due to the highest amount of Sn?* and oxygen vacancies, and presence of Eu?* species
on the surface. The results suggest that doping SrSnOs with Eu®* at a particular site is
crucial for promoting a specific type and amount of electronic surface charges to tune
antibacterial properties. These findings provide essential aspects that will pave a new

pathway for the future synthesis of other Eu-doped compounds for different
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applications. Also, because of the properties induced by Eu doping, these materials can
also be envisioned in biological/biomedical applications where perovskite materials are

already utilised and where europium is not used yet.
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Figure 1: XRD patterns of the (a) SrSnOs, (b) (Sro.99Eu0.01)SNO3 and (c)
Sr(Sno.g9EU0.01)O3 samples calcined at different temperatures. The SrCOs most

substantial peak near 20 = 25° is marked with @.
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Figure 2: IR spectra of the SrSnOs (a), (Sro.99Eu0.01)SnO3 (b) and Sr(Sno.g9Euo.01)Os (C)

samples calcined at different temperatures.
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Figure 4: PL spectra of the SrSnOzs (a), (Sro.990EU0.01)SNO3 (b) and Sr(Sno.99sEu0.01)Os3 (C)
samples calcined at different temperatures; (d) Evaluation of the short-range disorder
using PL (deep and shallow defects concentration) in SrSnQOsz, (Sro.99EU0.01)SNO3 and
Sr(Sno.99EU0.01)O3 samples calcined at different temperatures: *The shallow defects are
calculated as the sum of the blue and green emission components and ** The deep
defects are calculated as the sum of the yellow to red emission components. (e)
Octahedral distortions, characterising medium-range structural disorder in SrSnOs,

(Sro.99EU0.01)SNO3 and Sr(Sno.e9Euo0.01)O3 crystal structures.
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Figure 5: Q-band EPR spectra of the SrSnQOs, (Sro.99EU0.01)SNO3 and Sr(Sno.s9Eu0.01)O3
samples calcined at 700 °C, measured at room temperature.
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Figure 6: XPS spectra (a), high-resolution Eu 3d scan of the pure and Eu-doped SrSnOs
samples. Fitting of the Sr 3d (c), Sn 3d (d), and O 1s (e) XPS spectra.
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Figure 7: Low (left), middle (middle), and high (right) magnified FE-SEM images of
the SrSn0Os, (Sro.99EU0.01)SNO3 and Sr(Sno.s9Euo.01)O3 samples calcined at 700 °C.

Figure 8: Low (left), middle (middle), and high (right) magnified TEM images of the
SrSnOs3 and (Sro.99EU0.01)SnO3samples calcined at 700 °C.
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Figure 9: STEM-EDX elemental mapping of the (Sro.9sEuo.01)SnOssample calcined at
700 °C.
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Figure 10: BET specific surface area calculated from nitrogen adsorption-desorption
isotherms of the samples SrSnQOs (a), (Sro.99Eu0.01)SNOs (b) and Sr(Sno.seEu0.01)Os3 (C)
calcined at 700 °C. The insets in the isotherm plot show the corresponding pore-size

distribution.
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Figure 11: Bacterial growth inhibitory concentrations of the pure and Eu-doped SrSnQOz3
samples. The inset shows the inhibitory effect of (Sro.99Euo.01)SnOs3 particles on E. coli

and S. aureus.
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Figure 12: Zeta potential of the samples at pH 7.3.
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Highlights
* Antibacterial activity of Eu-doped SrSnOs-type materials depended on the site-doping.

* Antibacterial efficiency was correlated with the electronic defects on the material’s

surface.
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» Incorporation of Eu into the SrSnO3 lattice led to increased Sn?* and oxygen vacancy
defects on the surface.
* Eu-doped SrSnOs showed high selectivity for Gram-positive bacteria growth

inhibition.
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