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Perovskite-type compounds have found application in environmental remediation and in clean energy production, fundamental sectors for sustainable development. A challenge for these materials is the fine-tuning of their chemical composition and their chemical-physical characteristics, for example, microstructure, morphology and ability to form oxygen vacancies, through the introduction of dopant elements. In this work, we studied the effect of Cu doping at the B-site of a Ce, Co-doped strontium ferrate perovskite with chemical composition Sr0.85Ce0.15Fe0.67Co0.33O3-δ. Indeed, Sr0.85Ce0.15Fe0.67Co0.23Cu0.10O3-δ and Sr0.85Ce0.15Fe0.67Co0.13Cu0.20O3-δ powders, where the B-site was codoped with both cobalt and copper, were synthesised by solution combustion synthesis and characterised for their physical-chemical properties by a multi-analytical approach, to assess their behaviour when subjected to different activation methods. The two codoped perovskites were tested 1) as catalysts in the oxidation of soot after activation at high temperatures, 2) as antibacterial agents in ambient conditions or activated by both UV exposure and low-temperature excitation to induce the generation of reactive species. Results demonstrated that these compounds react differently to various stimuli and that the increasing amount of copper, together with the presence of segregated ceria phase, influenced the materials’ features and performances. The knowledge gained on the structure-properties relationships of these materials can inspire other research studies on perovskite oxides application as multifunctional materials for the benefit of the environment, society and economy.
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1 INTRODUCTION
Perovskite oxides with the general formula ABO3 belong to the ternary family of crystalline structures, in which A represents a large cation among alkaline/alkaline earth/rare earth metals and B is a small transition metal cation (Royer et al., 2014; Khirade and Raut, 2022). Perovskite-type oxides are widely studied due to their composition flexibility and interesting properties (Ishihara, 2017; Thomas and Balakrishnan, 2020), such as ionic conductivity, optical/magnetic features (Wu and Zhu, 2016; Khirade and Raut, 2022), sensing functionality (Bulemo and Kim, 2020; Souri and Salar Amoli, 2023), catalytic properties such as in oxidation (Bueno-López, 2015; Yang and Guo, 2018; Rojas-Cervantes and Castillejos, 2019), reduction (Kaur and Singh, 2020; Shen et al., 2021; Cao et al., 2022) and photocatalytic reactions (Das and Kandimalla, 2017; Lim et al., 2019; Mamba et al., 2022; Mabate et al., 2023; Wang et al., 2023), adsorptive (Das and Kandimalla, 2017; Njoku et al., 2022) and biological activity (Zhang et al., 2014; Thomas and Balakrishnan, 2020; Abdel-Khalek et al., 2021). They also display an electronic configuration from insulating to semiconductive and superconductive (Das and Kandimalla, 2017; Ishihara, 2017), which widens the possibilities for their use in a significant range of applications. For this reason, many efforts have been made to adapt the characteristics of these mixed oxides to each specific application, exploring various methods for their fine-tuning. In particular, it is possible to act on composition and cation charges (Grabowska, 2016; Thomas and Balakrishnan, 2020; Shen et al., 2021), crystal structure (Ikeda et al., 2016; Ishihara, 2017; Kaur and Singh, 2020; Mohammed et al., 2020; Kotomin et al., 2022), morphology (Neagu et al., 2013; Mohammed et al., 2020; Yu et al., 2020), oxygen vacancies (δ) and other defects (Eichel et al., 2013; Neagu et al., 2013; Bueno-López, 2015; Prakash and Jalan, 2019; Rojas-Cervantes and Castillejos, 2019; Bulemo and Kim, 2020; Ji et al., 2020; Zhang et al., 2021; Monama et al., 2022; Mi et al., 2023; Souri and Salar Amoli, 2023) by different strategies in terms of doping the A-/B-sites, compositing and choosing proper preparation methods (Wu and Zhu, 2016; Taylor et al., 2017; Deganello et al., 2018; Yang and Guo, 2018; Gainutdinov et al., 2019; Kaur and Singh, 2020; Walton, 2020; Xia et al., 2020; Su et al., 2021; Zhang et al., 2021; Monama et al., 2022).
A doped perovskite-type oxide can be described with formula A(1-x)A′x B(1-y)B′yO3-δ, where A′ and B′ are the doping elements, while x and y are the substituting fractions of the primal constitutive A and B cations (Royer et al., 2014). The substitution of A/B site cations of perovskites could also contribute to the formation of oxygen vacancies or cations’ partial oxidation or reduction to maintain the electrical neutrality and oxide stoichiometry (Yang and Guo, 2018; Li et al., 2023b; Park et al., 2023), although some non-stoichiometric perovskite-based materials have been specifically prepared to obtain peculiar properties (Neagu et al., 2013; Shomrat et al., 2014; Liang et al., 2021; Su et al., 2021). Thanks to several possibilities to dope a perovskite without damaging its structural stability, the materials that can be created are countless. In the literature, the so-called codoping has also been explored, being intended as the presence of a dopant in both A- and B-site (Kang et al., 2013; Tonda et al., 2014; Guo et al., 2019; Li et al., 2020; She et al., 2022), but it has also been associated with the simultaneous substitution of the principal cation in either A- or B-site by two other elements (Sun et al., 2015a; Lu et al., 2016; Cowin et al., 2017; Liu et al., 2018; Hoang et al., 2019; Yao et al., 2019; Song et al., 2020; Monama et al., 2022). In most of the cited works, both the connotations related to the incorporation of (at least) two different ions into the ABO3 crystal lattice have been reported to be beneficial. In general, codoping allows exploiting the different ion synergy, leading to enriched features, such as charge separation efficiency, and modulated structure and microstructure up to a concentration limit when the properties start to deteriorate (Ahmad et al., 2018; Mamba et al., 2022; She et al., 2022). For instance, Tonda et al. (Tonda et al., 2014) codoped SrTiO3 nanoparticles with lanthanum in A-site and chromium in B-site for photocatalytic applications. On the one hand, the studies revealed that the absorption edge shifted towards the visible light region after doping with Cr, which is highly advantageous for absorbing the visible light in the solar spectrum. On the other hand, La addition enhanced the degradation of Rhodamine B under sunlight irradiation, acting as a greatly effective donor for stabilizing Cr3+ in the perovskite lattice. Moreover, Cr,La-codoped SrTiO3 nanoparticles possessed a high surface area (almost twice that of the pure SrTiO3) and smaller crystallite size. Another example regards the use of SrTi1−(x+y)MoxVyO3 in the methylene blue photobleaching under visible-light irradiation (Hoang et al., 2019). The authors reported that the improved efficiency of the codoped strontium titanate (with two substituting elements in the B-site) was due to Mo6+ and V5+ presence in the host lattice, which created impurity defect states, inducing the reduction of the semiconductor band gap energy.
In strontium ferrate (SrFeO3 perovskite oxides), iron at the B-site has an unusual oxidation state of +4, whereas, in most ABO3 perovskite oxides, it is +3 (Tummino, 2022; Lu et al., 2023). On the basis of temperature and partial pressure conditions, these perovskite-type oxides can accommodate an extensive range of oxygen deficiencies, undergoing crystal structural changes according to the δ values: from cubic at δ = 0 to brownmillerite-type at δ = 0.5 (Abd El-Naser et al., 2021). Such oxygen non-stoichiometry and structural versatility are essential factors in tuning, for example, oxygen adsorption and mobility. Additionally, through multiple doping, the SrFeO3 properties can be successfully tuned for a better catalytic performance (Farr et al., 2020). These materials have been proposed in different technological fields, such as electrodes for electrochemical devices, oxygen exchangers, combustion catalysts, photocatalysts among others. In some of the mentioned applications, high temperatures or other external energy sources (e.g., light) are required to exploit material functionalities (Tummino, 2022).
For the design of the composition under examination in this paper, we started from previous knowledge of Ce-doped strontium ferrates. In particular, a Sr0.85Ce0.15FeO3-δ was prepared by solution combustion synthesis (SCS), where cerium was chosen to induce the Fe4+-Fe3+ couple (Fe3+ is generated as a consequence of the extra-positive charge in A-site to reach the electroneutrality) and to stabilise the octahedral Fe3+ site and the cubic environment, which is usually more efficient than other structures in catalytic applications (Trofimenko and Ullmann, 2000; Deganello et al., 2006; Fernández-Ropero et al., 2014). The material was tested as a photocatalyst in the presence of simulated solar light towards Orange II and Rhodamine B as model pollutants (Tummino et al., 2017). Although strontium ferrate is known as a photocatalyst, good reactivity was highlighted in the 55°C–80°C temperature range without light irradiation, indicating that it can work as well in the dark as a thermocatalyst. Given this peculiarity, the study of this material was deepened by designing systems for the practical implementation of Ce-doped SrFeO3-δ perovskites and their integration into the existing facilities for the depollution of real wastewater, also in combination with membrane filtration technologies (Janowska et al., 2020; Østergaard et al., 2021). Other materials were developed by adding cobalt at B-site beyond the A-site Ce substitution. The oxides were a series of Sr0.85Ce0.15Fe0.67Co0.33O3–δ, which were prepared by SCS using mixtures of sucrose and polyethylene glycol with different molecular weights (PEG1000 and PEG 20000) as combustion fuels (Tummino et al., 2020). The materials were tested as cathodes for Intermediate Temperature-Solid Oxide Fuel Cells (IT-SOFC), namely, operating between 500°C–800°C (Shi et al., 2016). Cobalt-containing electrodes are known for their good electrochemical performances at low-intermediate operating temperatures because of their excellent activity in oxygen reduction/evolution reactions and electron conductivity (Li et al., 2019b; Wolf et al., 2023), although the sustainable challenge is to decrease the cobalt content in the catalysts, since cobalt has become a critical material (Gupta et al., 2023). In the case of Sr0.85Ce0.15Fe0.67Co0.33O3–δ, the improvement of electrochemical features was driven by peculiar synthesis conditions and ascribed to the formation of high-valence iron and cobalt species at a low temperature plus the creation of nanostructured crystalline domains, which enhanced the oxygen exchange rate. Analogously, in other catalytic applications, cobalt presence was recognised as a favourable condition, taking into account the possibility to stabilise differently charged ions from 2+ to 4+, which can also coexist in the perovskite oxide (García-López et al., 2015; Cho et al., 2021; El Mragui et al., 2021; Ejsmont et al., 2022; Ponraj et al., 2022).
In this paper, we included copper at the B-site of Sr0.85Ce0.15Fe0.67Co0.33O3–δ as an additional doping element to substitute the cobalt fraction of 0.33. Copper was chosen to enhance both the catalytic properties and the antibacterial activity of the Ce,Co-doped SrFeO3. Copper oxides (Ali et al., 2020) and also perovskites with Cu at B-site (Deng et al., 2010; Cowin et al., 2017; Torregrosa-Rivero et al., 2019; Uppara et al., 2019; Vieten et al., 2019; Parmar et al., 2020; Sun et al., 2021) have gained much attention in heterogeneous catalysis, especially for oxidation reactions with active oxygen species, water-gas shift reactions, methanol synthesis, etc., showing fast electron transfer and oxygen exchange capacity. Copper ions are also largely utilised as antimicrobial agents, whose action mechanism is, however, debated. It has been reported that copper ions can 1) damage pathogens through physical interactions by puncturing microorganism membranes, 2) generate reactive oxygen species (ROS) through a Fenton-like mechanism, or 3) combine both actions inducing an oxidative stress response involving endogenous ROS (Salah et al., 2021). In order to evaluate the applicability of copper-doped Sr0.85Ce0.15Fe0.67Co0.33O3-δ under different activation methods, they were tested in the oxidation of soot (high-temperature) and as antibacterial agents. The possibility of generating reactive species after the light exposition and after a low-temperature triggering was also explored as an indicator of photo- and thermo-catalytic activities.
2 MATERIALS AND METHODS
2.1 Synthesis of the powders
The powders were prepared by solution combustion synthesis, using citric acid as a fuel (Deganello et al., 2009). To obtain about 2 g of the product, Sr(NO3)2 (anhydrous, ≥99.97% Alfa Aesar GmbH & Co. KG, Karlsruhe, Germany), Ce(NO3)3∙6H2O (99.99%, Sigma-Aldrich & Co., Saint Louis, MO 63103, United States), Co(NO3)2∙6H2O (99.99% Sigma-Aldrich & Co., Saint Louis, MO 63103, United States), Fe(NO3)3∙9H2O (99.99% Sigma-Aldrich & Co., Saint Louis, MO 63103, United States) and Cu(NO3)2∙2.5H2O (Sigma-Aldrich & Co., Saint Louis, MO 63103, United States) were first weighted. For the sample with composition Sr0.85Ce0.15Fe0.67Co0.23Cu0.10O3–δ (SCFCC10), the reactants were 1.7917 g of Sr(NO3)2, 0.6488 g of Ce(NO3)3∙6H2O, 0.6523 g of Co(NO3)2∙6H2O, 2.7164 g of Fe(NO3)3∙9H2O and 0.2317 g of Cu(NO3)2∙2.5H2O. For the sample Sr0.85Ce0.15Fe0.67Co0.13Cu0.20O3–δ (SCFCC20) the nitrates’ weight were 1.7876 g of Sr(NO3)2, 0.6473 g of Ce(NO3)3∙6H2O, 0.3615 g of Co(NO3)2∙6H2O, 2.7102 g of Fe(NO3)3∙9H2O and 0.4622 g of Cu(NO3)2∙2.5H2O. The metal precursors were poured into a 1 L stainless steel beaker and dissolved in distilled water (200 mL) under magnetic stirring. Proper amounts of ammonium nitrate (≥99.5% BioXtra-Sigma-Aldrich Chemie GmbH, Schnelldorf, Germany) and citric acid (≥99.5%, anhydrous, Sigma BioUltra) were then added to the metal precursors’ solution as additional oxidant and propellant-microstructural template-complexing agent, respectively. Both the fuel-to-metal cation molar ratio and the reducers/oxidisers ratio (Φ) were set to 2. The water was left to evaporate from the precursor solution at the controlled temperature of 80°C under constant magnetic stirring until the formation of a homogeneous sticky gel. The self-combustion reaction was triggered and initiated by setting the hotplate temperature to around 300°C (although the real temperature at the bottom of the stainless steel beaker was about 210°C). The as-burned powders were calcined in a muffle furnace (1,000°C/5 h) to crystallise the perovskite-type phase and eliminate the unburnt carbon residues derived from the combustion process. The materials were further washed prior to tests with MilliQ water (500 mg L−1) under magnetical stirring for 2 h to remove the eventual residue derived from the citric acid in the combustion synthesis (Tummino et al., 2017).
2.2 Physicochemical characterisation
The temperature-time profiles of the combustion process were recorded during the burning phase by means of a K-type thermocouple (1.5 mm in diameter) coupled with a data logger (PICO technology), with a sampling velocity of 20 bits per second, connected to a computer with Picolog software.
SEM measurements were performed using an EVO10 Scanning Electron Microscope (SEM, Carl Zeiss Microscopy GmbH) with an acceleration voltage of 20 kV. The samples were sputter-coated with a 20 nm-thick gold layer in rarefied argon, using a Quorum SC7620 Sputter Coater.
X-ray diffraction (XRD) measurements were carried out on a Bruker-Siemens D5000 X-ray powder diffractometer equipped with a Kristalloflex 760 X-ray generator (Bruker AXS GmbH, Karlsruhe, Germany) and with a curved graphite monochromator using Cu Kα radiation (40 kV/30 mA). The 2 θ step size was 0.03, the integration time was 3 s per step, and the 2 θ scan ranged from 10° to 90°. The powder diffraction patterns were analysed by Rietveld refinement using the GSAS II software (Toby and Von Dreele, 2013). As starting models, we used a recently published reference structure with a similar chemical composition but devoid of copper, Sr0.85Ce0.15Fe0.67Co0.33O3 (ICDD database, card number 00-070-0407, GIA grant ID: 18-01), and CeO2 (PDF card n° 01-075–8371). A Chebyshev polynomial function with eight coefficients was chosen for the background. In the structure refinement, lattice constants, sample displacement, thermal parameters, and crystallite size were considered variable parameters. A Pseudo-Voigt (sum of Gaussian and Lorentzian) shape function was used to fit the peak shape. The agreement between fitted and observed intensities, the Rw factor and χ2 (GOF: Goodness-of-Fit), were acceptable (Toby, 2006).
The specific surface area values were determined by applying the Brunauer–Emmett–Teller (BET) method, in the range p/p0 0.05-0.3, to the nitrogen adsorption isotherms registered at −196°C using Sorptomatic 1900 (Carlo Erba) instrument. The samples were pre-treated under vacuum at 250°C for 3 h prior to the measurements.
The reduction properties of the perovskite oxides were studied by temperature-programmed reduction (TPR) measurements. Experiments were conducted with a Micromeritics Autochem 2910 apparatus equipped with a thermal conductivity detector (TCD) (Micromeritics Instrument Corp., Norcross, Georgia, United States). Before starting the analyses, the catalyst (ca. 100 mg) was pre-treated, flowing a 5% vol O2 in He gas mixture (30 mL min−1) at 600°C (10°C min−1) for 60 min to clean the surface and then cooling down in He flow (30 mL min−1) up to room temperature. A 5 vol% H2 in Ar gas mixture (30 mL min−1) was used to reduce the sample by heating from room temperature to 1,050°C at the rate of 10°C min−1. The hydrogen consumption associated with the TPR profile was determined by applying a calibration curve.
The thermal behaviour of the calcined samples, washed with MilliQ water, was investigated by thermogravimetric-differential thermal analysis TGA-DTA (as heat flow measure) and differential scanning calorimetry (DSC). For TGA analyses (Mettler Toledo TGA-DSC 1, Schwerzenbach, Switzerland), about 10 mg of the sample within an alumina pan was heated from 30°C to 900°C at a rate of 5°C min−1 in nitrogen flow, 70 mL min−1. The TGA in the air flow were conducted by slightly changing the parameters to be better compared with other tests (soot oxidation): 30°C–800°C, at a rate of 10°C min−1 in 80 mL min−1 of air flux. Derivative thermogravimetry (DTG) was used to identify the temperature of maximum mass-loss rates. Differential scanning calorimetry (DSC) was carried out with a DSC calorimeter (Mettler Toledo 821e, Schwerzenbach, Switzerland) calibrated by an indium standard. The calorimeter cell was flushed with 100 mL min−1 nitrogen. The run was performed from 30°C to 500°C, at the heating rate of 5°C min−1 and the mass sample was comprised between 5 and 10 mg. The data processing was conducted with STARe Software.
2.3 Testing
For the evaluation of the high-temperature catalytic activities in the oxidation of model soot (Carbon Black, Printex® U, Orion Engineered Carbons GmbH, Frankfurt, Germany), TGA was utilised as a combustion reactor (Reddy et al., 2008; Aneggi et al., 2014; Bueno-López, 2014; Aberkane et al., 2019) (30°C–800°C, at a rate of 10°C min−1 in 80 mL min−1 of air gas flow). In accordance with previous works (Zhang et al., 2016; Mahofa et al., 2018; Li et al., 2019a; Venkataswamy et al., 2019), the catalyst:soot ratio was set at 9:1. The activity of SCFCC10 and SCFCC20 was determined in both loose and tight modes. The tight mode implies an intimate contact between the catalyst and model soot, whereas the loose one presents poor contact between the compounds and is considered a more realistic condition (Bueno-López, 2014; Miceli et al., 2015; Zhang et al., 2016; Mahofa et al., 2018; Su et al., 2018; Aberkane et al., 2019; Venkataswamy et al., 2019; He et al., 2021b). For the loose contact mode, the catalyst and the soot were mixed with a spatula, whereas for the tight mode, the samples were homogenised in an agate mortar for 10 min.
Antibacterial activity was investigated in different conditions (Scheme 1). The general procedure follows the ASTM E 2149-2013 “Standard test method for determining the antimicrobial activity of immobilized antimicrobial agents under dynamic contact conditions.” This is a quantitative method performed under dynamic contact conditions. The bacteria were Escherichia coli ATCC 11229 (Gram-negative). The bacteria were grown in a proper nutrient broth (Buffered peptone water for microbiology, VWR Chemicals) for 24 h at 37°C. The bacteria concentration was measured with a spectrophotometer and diluted into a sterile buffer to give a 1.0–3.0 × 105 CFU/mL working dilution. This bacterial inoculum was put in contact with the antibacterial agent (perovskite powder) under shaking at room temperature for 2 h (perovskite/inoculum ratio was 1g/50 mL), according to Scheme 1A. After this time, 1 mL of inoculum was diluted 1,000 times and plated in Petri dishes with Yeast Extract Agar (Sigma Aldrich). The Petri dishes were incubated 24 h at 37°C, and then, the surviving bacteria colonies were counted and compared to the initial bacteria concentration of the inoculum to calculate the % bacterial reduction using this equation (Eq. 1) (Blosi et al., 2021):
[image: image]
Where: A= number of viable microorganisms before treatment, B= number of viable microorganisms after treatment.
[image: Scheme 1]SCHEME 1 | Summary of the activation methods for SCFCC10 and SCFCC20 for bacterial elimination. (A) Experiment at RT without external activation sources; (B) exposure of the perovskite to UV light in dry form, followed by activated perovskite action in the presence of bacteria in a buffer solution; (C) exposition of a perovskite suspension under UV light, followed by “activated” solution action in the presence of bacteria; (D) heating of a perovskite suspension, followed by “activated” solution action in the presence of bacteria. In (C,D), the solid powder is separated before contact with the bacteria inoculum.
If this standard methodology describes the procedure at room temperature (RT) without any pre-treatment of the perovskite powders, three variants were tested. The first trials were carried out by activating SCFCC10 and SCFCC20 with UV light. Before contact with the bacteria inoculum, the materials were irradiated by an Osram Ultra Vitalux UV-A 300 W Lamp (Bonura et al., 2019) (distance from the samples= 20 cm) for 5 h either in dry form (Scheme 1B) or dispersed under stirring within a buffer solution (Scheme 1C). In this latter case, the bacteria inoculum was put in contact with the buffer solution after the separation of the solid catalyst to detect only the influence of the reactive species eventually generated (avoiding multiple events correlated to the perovskite powder activity). Considering the dilution effect given by the addition of the inoculum solution to the “activated solution,” the conditions were chosen to simulate the effect of 650 mg L−1 of perovskite suspension, recognised as a reasonable amount of material to produce reactive oxygen species able to degrade pollutants (Tummino et al., 2017). Analogously, the materials were subjected to another activation treatment triggered by temperature (Scheme 1D): a heating process (in the dark, under stirring) at 70°C for about 4.5 h was performed, and then the temperature was set to decrease to 50°C max. for further 30 min to avoid the thermal shock of the bacteria in the inoculum. Then, the antibacterial tests were performed, putting in contact the inoculum with the heated solution devoid of the solid powder.
For the evaluation of reactive species involved in the thermocatalytic approach, the samples were activated in water for 2 h at 70°C in a thermostatic bath. Hydrogen peroxide production tests were performed on the basis of the method proposed by Frew et al. (1983). In brief, a reactant solution was prepared by adding 0.234 g of phenol, 0.1 g of 4-aminoantipyrine, 1 mL of phosphate buffer 0.1 M pH 6.9 and 1 mg of horseradish peroxidase in 100 mL of bi-distilled water. Then, 1.5 mL of the sample solution (or of H2O2 standard solutions for the calibration curve) was added to 1 mL of reagent solution. After 5 min of stabilisation, the absorbance of the resulting solution was measured (Eq. 2). The red-purple-coloured product formed during the reaction is characterized by a molar absorptivity of 6.4x 103 L mol−1 cm−1 at 505 nm.
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Electron Paramagnetic Resonance (EPR)-spin trapping experiments were conducted to detect hydroxyl and superoxide anion radicals (Tummino et al., 2017). After 2 h of heating at 70°C, 0.017 mM 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) was added to the suspension and maintained for 15 min at the same temperature, then the samples were transferred in capillary quartz tubes and the EPR spectra were recorded in a X-band Bruker EMX spectrometer. Experimental parameters were as follows: microwave frequency 9.86 GHz, microwave power 5 mW, modulation amplitude 1 Gauss.
In order to evaluate the stability of the materials in terms of metal ion release in solution, according to the procedure of Palma et al. (2023), we prepared a suspension of 650 mg L−1 of SCFCC10 and SCFCC20 in distilled water and let it stir for 24 h. The solid powder was separated from the liquid by filtering with a syringe and a PVDF membrane (0.45 μm, Durapore®, Millex®, Merck Millipore Ltd. Tullagreen, Carrigtwohill, Co. Cork, IRL). The concentration of the metal ions (Sr, Fe, Co, Cu) was determined with an Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES, Optima 7000 DV, Perkin Elmer, MA, United States).
3 RESULTS AND DISCUSSION
3.1 Powder characterisation
It has been recognised that in SCS, the intensity of the combustion process, the reaction temperature and the amount of evolved gases influence the morphological and textural properties of final materials, which are intimately correlated to the kinetics of particle formation (Deganello and Tyagi, 2018). Therefore, the SCS process was followed in the frame time of milliseconds by recording Temperature-time profiles with a thermocouple inserted in the gel. The parameters taken into account are the ignition temperature (Ti), defined as the lowest temperature at which the mixture takes fire and continues to burn, the maximum temperature of the combustion peak (Tmax), and the combustion duration, connected with the width of the peak (Figure 1A). The main step of the perovskite formation starts at 233°C for SCFCC10 and at 177°C for SCFCC20, whereas the respective Tmax are 492°C and 505°C. The lowest temperature of ignition and the highest temperature of combustion peak in the case of SCFCC20 should denote a better efficiency of the combustion event (Deganello and Tyagi, 2018). However, the longer duration of the entire process in SCFCC20, together with the presence of an additional peak centred at about 300 s with Tmax 300°C, suggest a multi-step transformation of the precursors (Deganello et al., 2015). It is worth specifying that the hotplate temperature when the T-t recording started was higher in the case of SCFCC20 than in the case of SCFCC10.
[image: Figure 1]FIGURE 1 | (A) Temperature-time profiles recorded during SCS; SEM images at different magnifications for SCFCC10 (B,D,F) and SCFCC20 (C,E,G). Green arrows in figures (D,E,G) indicate growth spirals/layers.
The specific surface area of both the copper-containing samples was below 5 m2 g−1, as often occurs for Ce-doped SrFeO3 (Palma et al., 2023). This value is in agreement with SEM images of SCFCC10 and SCFCC20 collected at lower magnification (Figures 1B, C, respectively), which confirm the presence of aggregates of particles with no evident porosities. With respect to other doped SrFeO3 samples, which showed flake-shaped aggregates composed of irregular sub-micrometric spherical-like particles, forming void inter-particle space (Tummino et al., 2017; Tummino et al., 2020), here, the flake-like shape was lost, and sintering of the particles is strongly pronounced, suggesting that copper introduction might have promoted particle sintering (Amaveda et al., 2023). More in detail (Figure 1D), SCFCC10 presented aggregated particles with irregular shapes, from roundish to squared ones. The average length/diameter of particles is 3.5 ± 1.6 μm [ca. five folds higher than other doped SrFeO3 samples (Tummino et al., 2017; Tummino et al., 2020)]. In Figure 1D, green arrows indicate some circular bands that are evident on the particle surface. Concerning SCFCC20, the estimation of particle dimensions was less straightforward, since the particles seemed to have grown in different directions, like following a spiral pattern and creating sort of spherical polyhedrons.
Such aggregates are larger than in SCFCC10. The growth terraces of about a hundred nanometers in thickness (see some of them pointed out by green arrows in Figures 1E, G) presumably reflect the same phenomenon visible in SCFCC10, but with a high Cu-doping, it became more relevant. According to previous papers on other ceramics’ stepped surfaces, these terraces can indicate that the growth of grains took place with either a two-dimensional (2D) layering mechanism or grain spiral growth (Liu et al., 2016; Garbarz-Glos et al., 2019). Zhang et al. (2022) noticed, as well, that Cu had a positive effect on the generation of defect points on the TiB2/Al composites’ particle surface, facilitating 2D nucleation and growth whose repeating contributed to the terraced morphology.
XRD outcomes are reported in Figure 2.
[image: Figure 2]FIGURE 2 | (A) XRD patterns of both examined samples and (B) graphical Rietveld refinement for SCFCC10. In (A), the inset displays a selected region of the diffractograms to highlight the presence of ceria phase at about 28.4°.
Rietveld Refinement results indicated that by incrementing the copper amount, the perovskite unit cell dimensions increased, as already observed in the literature with other perovskite oxides (Cowin et al., 2017): the unit cell length was slightly larger (3.8727 ± 0.0001 and 3.8747 ± 0.0003 Å for SCFCC10 and SCFCC20, respectively) and, accordingly, the cell volume expanded (from 58.08 ± 0.01 to 58.17 ± 0.01 Å3). In fact, Cu2+, the most common oxidation state of copper, has an ionic radius of 0.73 Å under octahedral coordination (Nagrare and Bhoga, 2010; Renaudin et al., 2017), which is larger than Fe3+ high spin (0.645 Å), Fe4+ (0.585 Å), Co3+ low spin (0.545 Å), and Co4+ high spin (0.53 Å) in the same oxygen coordination. Thus, in a Sr0.85Ce0.15FeO3 (whose volume is 58.5 Å3), the substitution of iron with cobalt decreased the cell dimension (bringing the volume to 57.8 Å3) (Tummino et al., 2017; Tummino et al., 2020), while copper addition enhanced it again. The crystallite size (CS) was estimated without considering the adjustment of microstrain, since, especially in the case of SCFCC20, the cubic structure seemed to be slightly distorted (Figure 2A), as similarly observed in (Østergaard et al., 2023). The CS values decreased in correspondence with higher Cu-doping levels, being 263 ± 8 nm for SCFCC10 and 111 ± 4 nm for SCFCC20. Moreover, both the materials were subjected to the segregation of CeO2 out of the main perovskite phase (0.7 ± 0.1 and 2.6 ± 0.2 wt.% for SCFCC10 and SCFCC20, respectively), where SCFCC20 resulted in losing about 20% of the A-site cerium content and presumably inducing a defectivity. On the contrary, no copper oxide was detected, given the absence of any peak at about 35° and 39° (Suresh et al., 2016). Cu-doping tolerance in SrFeO3 was estimated to correspond to a substitution fraction ≤0.20 (Cowin et al., 2017; Vieten et al., 2019), whereas, in Co-doped SrFeO3, Ce was acceptable within the limit of ≤0.15 (Deganello et al., 2006; Tummino et al., 2020). Nevertheless, in the present case, the formation of another phase (ceria) beyond the main one was caused by the destabilisation of the perovskite structure due to the compresence/excess of two doping elements at the same time. It seems that cobalt and copper fully entered the perovskite structure, decreasing the perovskite A-site stability: indeed, Cu entered the perovskite B-site much better than how cerium could be stably maintained at the A-site. Regarding the correlation between segregated phases and crystal size, it has been demonstrated that exsolved particles can nucleate and grow at the interface of the perovskite lattice, influencing its growth as well, and that the exsolution generally appears to be a stepwise, discrete process from a kinetic point of view (Neagu et al., 2019; Kwon et al., 2020). The precipitation of segregated phase particles in the examined samples can also be visualised in Figures 1D, E, where polyhedral-shaped particles along the perovskite grain boundaries are present, especially for SCFCC20 (Zhou et al., 2014; Garbarz-Glos et al., 2019).
The thermal behaviour of the calcined samples, washed with MilliQ water, was investigated by TGA-DTA and DSC (Figure 3). In Figure 3A, TGA between 30°C and 900°C under nitrogen are displayed. In the case of SCFCC10, a slight weight gain between ∼100°C–300°C occurred, likely due to the so-called buoyancy effect (Amar et al., 2015; Saadatkhah et al., 2020), then, by further increasing the temperature up to 900°C the sample gradually lost a limited weight, around 2 wt%. Conversely, for SCFCC20, no weight gain occurred, and a mass decrease of ca. 6wt% was registered at 900°C. Despite the fact that the examined materials are inorganic compounds and were analysed after being washed, at first sight, it could be reasonable to hypothesise that residual organics from SCS were present in the powder and were subjected to thermal degradation, according to previous studies (Deganello et al., 2015). Nevertheless, such weight loss trends were not confirmed by the TGA carried out in airflow over another portion of calcined samples (Figure 3C), which contrarily showed only a slight weight increment up to around 500°C, then, the mass decreased to around the original value of 100%.
[image: Figure 3]FIGURE 3 | (A) TGA-DTA and (B) DSC results performed in nitrogen flow; (C) TGA carried out in air flow. In all cases different portions of calcined samples were used. In (A), solid curves are the weight loss trends, whereas dashed curves represent DTA (as heat flow measures); the black arrows indicate the y-axis to consider for the corresponding curves.
If the weight increment phenomenon in the N2 environment (that lasted up to 225°C max. in the case of SCFCC10, see Figure 3A) can be attributed to the buoyancy effect (Amar et al., 2015; Saadatkhah et al., 2020), a different circumstance can justify the weight gain in the case of air-TGA, which is correlatable to air oxygen absorption, favoured by the presence of O-vacancies typical of SrFeO3 perovskite materials (Ikeda et al., 2016). However, in both N2 and air-TGA, oxygen desorption events occur and are implied in weight losses (Figures 3A, C), especially starting from 450°C, when both mobile and lattice oxygen can be released (Cowin et al., 2017; Tummino et al., 2020; Górecka et al., 2022). DTA and DSC signals (which were complementary in the analysed temperature range and are presented in Figure 3A -dotted lines- and Figure 3B, respectively) also demonstrated signals/changes in slope at around 220°C–250°C, 450°C and 750°C–800°C, confirming the occurrence of the thermally-induced events already evidenced, which originate heat flow variations. In particular, at 750°C–800°C, other phenomena could be activated, connected to perovskite bulk O-lattice release (Dhakad et al., 2008; Cowin et al., 2017), or to the decomposition of a small amount of SrCO3 that could be formed (although not detected by XRD) and responsible for the weight loss with CO2 release (Østergaard et al., 2022). Phase transitions are unlikely for such cubic perovskite oxides (Cowin et al., 2017), but it cannot be ruled out that the eventual A-site defectivity and the presence of CeO2 segregated phase (with its important oxygen storage capacity) have contributed to oxygen mobility (Khalil et al., 2005; Fox et al., 2008; Huang et al., 2018; Li and Gao, 2018; Palma et al., 2023; Yang et al., 2023).
TPR measurements have been carried out to have information on the reduction properties of powders containing reducible cations. In Figure 4, the TPR profiles are reported, whereas the corresponding experimental H2 consumptions are listed in Table 1. Given their different nominal composition, the two examined samples showed relatively different reduction behaviour, both from the qualitative and quantitative points of view. Indeed, from Figure 4, it is possible to observe that SCFCC10 possesses three main reduction regions that are in good agreement with the already obtained results for a Sr0.85Ce0.15Fe0.67Co0.33O3–δ (Tummino et al., 2020). The reduction events in the low-temperature range (100°C–290°C) were ascribable to the presence of a certain amount of B-site cations with higher oxidation states, i.e., Fe4+ or Co4+. In the middle-temperature region (290°C–570°C), Co3+ to Co2+ and Co2+ to Co0 reduction processes occurred (peak centred at 400°C). In this range, also Cu2+ was reduced to Cu0 (Wang et al., 2020). The theoretical H2 consumption for the complete reduction of Co3+ to Co0 and Cu2+ to Cu0 was calculated as 51 mL (H2) g−1, assuming that all the cobalt in the sample was present as Co3+. This value resulted in about a 10% decrement from the values registered for the SCFCC10, probably indicating that not all the cobalt was found in the 3+ oxidation state. In the high-temperature region (570°C–1000°C), Fe3+ to Fe2+, Fe2+ to Fe0 and Ce4+ to Ce3+ reductions occurred (peak centred at 725°C). Therefore, the theoretical high-temperature H2 consumption should be the sum of these contributions, namely, about 132.0 mL (H2) g−1. However, looking at Table 1, the consumption of H2 was about 13% smaller than the theoretical one, probably because of the incomplete Fe2+ to Fe0 transformation, as demonstrated for other Ce-doped SrFeO3 in previous papers (Deganello et al., 2006; Tummino et al., 2020) and, in agreement with the shape of the high-temperature peak that does not complete.
[image: Figure 4]FIGURE 4 | Temperature-Programmed Reduction experiment (TPR) results.
TABLE 1 | H2 consumptions derived from TPR characterisation.
[image: Table 1]SCFCC20 TPR was devoid of the first peak related to high-valence cations, maintaining a certain correspondence in the reduction profile with the SCFCC10 one in the middle-temperature region where cobalt and copper reactions usually take place (peak centred at ca. 400°C with a shoulder at 450°C). However, by comparing the reduction curves and the H2 consumptions listed in Table 1, for SCFCC20, the peak at about 400°C was notably more intense and the reduction features in the range 570°C–950°C were broader and with a lower H2 consumption with respect to SCFCC10. Based on the experimental hydrogen consumption, it can be argued that the peak centred at ca. 400°C accounts for the concomitant reduction of some Fe4+/Fe3+, of Co3+/Co2+/Co0 and Cu2+/Cu0. Assuming that all cobalt is in the oxidation state 3+, the overall reduction Co3+ to Co0 requires around 23 mL (H2)/g, then, the reduction Cu2+ to Cu0 consumes about 21 mL (H2)/g, and, in total, the theoretical consumption for the above reduction steps should be 44 mL (H2)/g. Considering that the experimental hydrogen consumption is equal to 62 mL/g for the first peak, it can be assumed that the remaining 18 mL/g may account for the reduction of some Fe4+ to Fe3+ (at temperatures higher than usual) and then to Fe2+. Indeed, as often happens in strontium ferrates, it is likely that some iron cations were stabilised into the structure preferentially as Fe4+ oxidation state (according to the smaller ionic radius of Fe4+ than Fe3+). It is worth noting that the so far reported theoretical calculations are only an hypothetic approach and we cannot estimate the real oxidation state of the cations only on the basis of the hydrogen consumption. Moreover, we have to take into account that the shoulder at 450°C is ascribable to the surface reduction of the segregated ceria oxide present in such sample, and, being the theoretical hydrogen consumption for reducing all Ce4+ to Ce3+ of around 9 mL/g, a few mL should be due to ceria surface. Concerning the high-temperature range above 570°C, three peaks, plus an additional one at approximately 950°C, were detected. As stated for the sample SCFCC10, at such temperatures, the reduction of iron and cerium cations within the perovskite lattice occurred, namely, some Fe3+ and Fe2+ to Fe0 and Ce4+ to Ce3+. Moreover, the reduction of Ce4+ present in the ceria bulk phase also takes place. Since the theoretical H2 consumption for the over-reduction of Fe3+ to Fe2+ is 41 mL/g and for the further step Fe2+ to Fe0 is equal to 82 mL/g and taking into account the bulk ceria reduction, the experimental value of 90 mL/g may partially explain such reduction events but, once again, the reduction Fe2+ to Fe0 resulted incomplete.
Globally, comparing the TPR results with thermal analyses (TGA and DSC), it is reasonable to find a correlation on the basis of the temperatures in which oxidation and reduction events occur, making them ascribable to the capacity of the materials to react through oxygen vacancies-driven mechanism and oxidability/reducibility of the different cations.
3.2 Powder testing: high-temperature activation for carbon oxidation
The catalytic activity of the oxide particles for the oxidation of model soot (Printex® Carbon Black) in the air atmosphere is presented by the TGA curves in comparison with bare Carbon Black (Figure 5). First, the shape of the curves changed in dependence on the type of perovskite powder and the contact mode (loose/tight). Three parameters have been taken into account to numerically evaluate the effect of SCFCC catalysts in the oxidation of the model soot: 1) the onset temperature (the point of intersection of the starting-mass baseline and the tangent to the TGA curve at the point of maximum gradient), 2) the end of the oxidative phenomenon (where the weight loss becomes irrelevant) and 3) the peak of DTG (first derivative of TGA). In the case of the end of the oxidative phenomenon for Printex® Carbon Black, the considered value was 800°C, where the residual mass approached zero. The results related to these data are summarised in the histograms of Figure 6. It is distinctly observable that the onset temperature of the model soot oxidation in the absence of a catalyst (575°C) was reduced when the soot was mixed with the two B-site codoped strontium ferrate samples, as shown in Figure 6A. This was particularly true in the cases of the catalytic processes conducted by inducing the intimate contact between the soot and the catalyst (tight mode) and when the perovskite with the highest copper doping was used. A similar trend is recognisable by looking at the temperatures at which the oxidation ends: in particular, SCFCC20 (tight mode) completed its catalytic activity in the shortest temperature range (Figure 6B). The maximum of the DTG signal, which indicates the temperature at which the maximum degradation/oxidation rate occurs, was centred at 715°C in the broad peak of the bare Carbon Black, whereas it decreased by about 75°C in the presence of SCFCC10 in loose contact mode, up to diminishing of ca. 120°C in all the other catalysed processes (Figure 6C). The DTG trend is also in good agreement with DTA signals recorded in association with TGA. The general mechanism for soot oxidation over the catalysts firstly involves gaseous O2 adsorption on their surface that, exploiting the filling-releasing process of the vacancies, can then form mobile oxygen species able to oxidize the soot (Dhakad et al., 2008; Mahofa et al., 2018; Sun et al., 2020). For the examined materials, this mechanism can be facilitated by the enhanced interaction with air oxygen, particularly when employing the perovskite richest in copper (see TGA in Figure 3C and the linked interpretation).
[image: Figure 5]FIGURE 5 | From the top to the bottom, TGA in air atmosphere of the non-catalytic combustion of Printex Carbon black and catalytic combustion operated by SCFCC10 and SCFCC20 in loose and tight modes.
[image: Figure 6]FIGURE 6 | Histograms representing the TGA onset temperature (A), the end of the oxidative phenomenon (B) and the peak of DTG (C). In all the graphs, SCFCC10 is evidenced by blue and SCFCC20 by red and the sample order is: Printex Carbon Black (non-catalysed combustion), followed by catalysed processes in the presence of SCFCC20 (loose mode), SCFCC10 (loose mode), SCFCC20 (tight mode) and SCFCC10 (tight mode).
Another important aspect to consider is the relationship between performances and the doping amount (Sun et al., 2020; Khobragade et al., 2021), which, within the present study, also implies the influence of phase segregation. In general, the highest codoping level within the SrFeO3 lattice brought a faster combustion at lower temperatures due to the favourable conditions related to oxygen vacancies and electronic interactions among the SCFCC cations occurring through redox reactions (see TPR results) (Li et al., 2019a; Sun et al., 2020; Górecka et al., 2022). Still, it is reasonable that the copresence of the perovskite with cerium oxide could have positively influenced the catalytic efficiency, as revealed in the case of SCFCC20, where exsoluted ceria was quantitatively significant. Indeed, the DTG of the SCFCC20-catalysed soot combustion in loose contact (data not shown) is composed of a sharper peak followed by a shoulder, whose deconvolution underlies the contribution of three peaks (centred at 592°C ± 4°C, 594°C ± 6°C, 652°C ± 6°C), that might reflect the different reaction steps due to the copresence of the phases constituting the material (Kastrinaki et al., 2015). From this point of view, the literature supports such a hypothesis regarding the advantageous synergy of coexistent phases and specifically for Ce and Cu-based catalytic compounds (Fox et al., 2008; Rao et al., 2011; Mahofa et al., 2018; Venkataswamy et al., 2019; Yang et al., 2019; Singh and Singh, 2020). This synergy factor has been expected for some materials which have been purposely designed to originate in situ composites thanks to the exsolution of segregated phases or metal nanoparticles, as widely studied (Neagu et al., 2013; Sun et al., 2015b; Kwon et al., 2020; Li et al., 2020; Song et al., 2020).
In the literature, the application of perovskite catalysts for carbon oxidation has been explored: Table 2 compares some of them to the Sr0.85Ce0.15Fe0.67Co0.13Cu0.20O3 composition (SCFCC20 in tight mode) as the material with the highest activity presented in this work. The parameters taken into account are: 1) the synthesis method, 2) the ΔTmax as the temperature difference (°C) between the main thermal-induced carbon oxidation phenomenon detected for the bare soot with respect to the catalysed process in the presence of the perovskite and 3) the ΔTfin as the temperature difference (°C) between the end of the carbon oxidation reaction detected for the bare soot with respect to the catalysed process in the presence of the perovskite.
TABLE 2 | Comparison of soot catalytic oxidation of SCFCC20 and other perovskites described in the literature.
[image: Table 2]The table shows that the materials prepared herein are aligned and, in certain cases, more performing than other perovskites containing strontium, cerium, iron, cobalt and copper.
3.3 Powder testing: antibacterial performances under different activating conditions
According to the procedures elucidated in the Section 2 (Scheme 1), different antibacterial tests against E. coli were carried out. The results are reported in Table 3.
TABLE 3 | Antibacterial test outcomes in terms of E. coli reduction (%) for the different experiment types A, B, C and D (accompanied by a brief description; for more details, see Section 2).
[image: Table 3]The antibacterial efficiency of codoped strontium ferrates in experiment A, in which the bacteria were directly in contact with the perovskite powder, resulted in a very weak response of SCFCC10, whereas the activity began to be significant for SCFCC20. In a previous paper (Abdel-Khalek et al., 2021), SrFeO3-δ nanoparticles were demonstrated to be applicable in fighting different pathogens (bacteria and fungi): the suggested mechanism principally implied the surface reactivity given by 1) the nano-sized structure that physically favoured the interaction microorganism-perovskite, 2) perovskite cations’ exposed charges able to damage the cell membrane, 3) favourable electronic state occupancy in the presence of cations with multiple oxidation states and 4) oxygen vacancies. If all these factors inherent to the strontium ferrate features can influence the perovskite oxides performances, in this work, the best activity was found in association with the highest copper content, although it can also be imputed to the synergy with ceria. Indeed, also CeO2 nanoparticles were proven as effective antibacterial agents owing to their reversible conversion of oxidation states Ce3+ - Ce4+ (Qi et al., 2020). Moreover, herein the targets (E. coli) are gram-negative bacteria whose cell wall is constituted by a thin peptidoglycan layer adjacent to the cytoplasmic membrane and an outer membrane composed of phospholipids and lipopolysaccharides, rich in anionic groups (e.g., carboxyl and phosphate) (Lopez-Romero et al., 2015). Therefore, the functionality of perovskite cations (positively-charged Sr, Ce, Fe, Co, Cu and the related redox couples) is reasonably exploited via the electrostatic interaction with the negatively-charged groups of cell membranes (Singh et al., 2017).
The above-mentioned bacterial reduction trend between the two samples was maintained when the Cu-containing perovskite oxide powders underwent UV exposure (experiment C), but with remarkably enhanced efficiency. The “activated” solution was capable of abating bacteria, reflecting the photosensitivity of the materials. On the contrary, the powders activated in the dry form and subsequently soaked in contact with E. coli lost their antimicrobial power (experiment B). The cause of this evidence is not totally clear. Indeed, semiconductors, including iron-based perovskites, have already been used as heterogeneous photocatalysts for inducing reactions in the gas phase, for instance, exploiting the air humidity and atmospheric oxygen to form ROS (Jeong et al., 2013; Parrino et al., 2016; Zhang et al., 2018; Weon et al., 2019; He et al., 2021a; Sharma et al., 2022). In this work, the ambient lab conditions were stably set with 65% ± 5% of relative humidity, therefore in feasible conditions to have available oxygen for the adsorption and activation. We are prone to exclude that the step of dry UV-light exposure in the air has deactivated the material due to atmospheric water saturation of the active sites (since they would have been “freed” after perovskite soaking in the inoculum) (Jaison et al., 2023). Furthermore, it is hard to imagine that an eventual electron/hole recombination process in the dry form (Sharma et al., 2022) was irreversible after removing the excitation source and putting the material in a liquid medium. What can be supposed, instead, is a UV-promoted increment of the carbonate formation derived from atmospheric CO2 (Wu and Huang, 2010; Østergaard et al., 2022), that hindered the catalytic processes even when suspended in the buffer solution containing bacteria. Actually, it has already been observed for a parent composition of Ce-doped SrFeO3 photo-/thermocatalyst that strontium carbonate has a negative influence on the performances (Palma et al., 2023). A TGA analysis performed on a UV-irradiated sample (SCFCC20) has corroborated such a hypothesis, since the weight loss at 900°C almost doubled (from 6% to 11%) and also the trend of the TGA curve changed (with a steeper slope after 400°C), confirming the impact of the UV light on the material in the dry form.
Lastly, experiment D, conducted similarly to experiment C but involving the thermally-activation stage instead of light, showed a modest level of bacterial reduction. Compared to the recognised light-induced activity of strontium ferrates, the properties correlated to reactive species generation during the heating needed to be deepened to assess the thermocatalytic behaviour of the examined Cu-containing materials.
The formation of ROS during the thermocatalytic activation of perovskites was previously reported (Tummino et al., 2017; Palma et al., 2023). Therefore, after heating at 70°C a suspension of SCFCC10 or SCFCC20, we performed both EPR experiments in the presence of the spin trap DMPO, to reveal the presence of superoxide anion and hydroxyl radicals, and the colourimetric evaluation of hydrogen peroxide (Frew et al., 1983). EPR experiments showed the production of a small amount of •OH radical for both the sample, together with the production of secondary radicals, probably due to organic impurities still present in the samples or carbon dioxide radical anion (in Figure 7, SCFCC10 EPR spectrum is depicted as an example) (Villamena et al., 2006). On the contrary, the presence of O2•− was not observed in either of the two samples. On the other hand, the results obtained from the method proposed by Frew et al. (1983) showed the formation of an amount of H2O2 comprised between 2 and 3 μM during the heating. Although in such as relatively small value, H2O2, beyond acting as an oxidant species, when it is in the eventual presence of Cu2+, Fe2+ and Co2+ released from the perovskite, could have initiated a homogeneous Fenton-like reaction, as already observed in Salazar et al. (2012), Bianco Prevot et al. (2021), Li et al. (2023a). In order to evaluate this aspect, the released Sr, Fe, Co and Cu ions were estimated, finding that for SCFCC10 their quantities were, respectively, 308, 2.3, 2.4 and 8.4 μg L−1 and for SCFCC20 they were 349, 27, 2.7, 25 μg L−1. These exiguous quantities made us consider both materials very stable in suspension and exclude a significant role of ion species in the homogeneous phase (Maleki Rizi et al., 2019; Shokri and Fard, 2022). In any case, the limited formation of peroxide can explain the reduced thermocatalytic activity both with respect to the Cu-doped materials’ photocatalytic process and to B-site undoped Sr0.85Ce0.15FeO3-δ performances (Tummino et al., 2017; Palma et al., 2023). A quenching-like mechanism due to the temperature rise in relation to the enhanced oxygen filling/release steps within the two materials can play a role in poor thermal activation. Indeed, the careful regulation of oxygen vacancies has been recently demonstrated as a crucial parameter to optimise ROS action: Li et al. (2022) have found that too high or too low surface oxygen vacancies’ concentration in an A-site-deficient CaFeO3 was not conducive to the activation of H2O2 to produce •OH and may cause hydrogen peroxide to decompose into H2O or other weak free radicals.
[image: Figure 7]FIGURE 7 | EPR spectrum of SCFCC10-DMPO sample obtained after 120 min of heating at 70°C (top), full-spectrum simulation and simulations of OH-DMPO radicals and secondary radicals (top to bottom).
The comparison of the presented materials with other iron perovskite oxides regarding the antibacterial activity is not straightforward, since the research on perovskite in this field is limited and methods used for antimicrobial activity determination are different. However, the first remark can be made analysing the work of (Abdel-Khalek et al., 2021), who used a non-doped Strontium Ferrate and found powerful bactericidal and fungicidal properties against a significant range of microorganisms: Gram-positive bacteria (Bacillus subtilis and Staphylococcus aureus), Gram-negative bacteria (Escherichia coli, Pseudomonas aeruginosa, Enterococcus faecalis, Salmonella typhi) and fungi strains (Candida albicans and Aspergillus brasiliensis). This versatility leads us to imagine that our codoped SrFeO3 can also be applied in the future to eliminate different kinds of pathogens. Moreover, among iron-containing perovskites, LaxK1−xFeO3 (singh andRakesh, 2019) and SrTi1−xFexO3 (Zhang et al., 2014) have been investigated in the literature. In the latter case, in particular, Escherichia coli was fought in the presence of the perovskite oxide both in the dark and under visible light, but the authors pointed out the importance of the contact time as a fundamental parameter to exploit the bactericidal activity of generated ROS when the bacteria concentration was higher. Another interesting study is represented by the use of a BiFeO3 (BFO) synthesised by the auto-combustion method using different amounts of Bi as starting precursors (0, 2, 5% of excess Bi) and honey as a combustion fuel (Sharmila et al., 2022). The so-prepared BFO nanoparticles showed both visible light-photocatalytic properties and antibacterial features against Staphylococcus aureus and Escherichia coli. The material synthesised with a 2% excess of Bi in the BFO nanoparticles was the most efficient, in particular against E. coli, confirming the importance of fine-tuning the perovskite composition and structure depending on the application.
4 CONCLUSION
The effect of copper doping at the B-site of Sr0.85Ce0.15Fe0.67Co0.33-xCuxO3 perovskite oxides (SCFCC with x=0.1, 0.2) has been investigated in oxygen-related processes, evidencing how the physicochemical, catalytic and antibacterial properties of these perovskite oxides change upon different activation methods. Copper has a positive role in all the investigated processes, although it is not fully ascertained if its role is direct or indirect, through induction of the segregated CeO2 phase and consequent perovskite oxide defectivity. The generation of ROS that can be maintained active also after removing the SCFCC powder and the source of excitation paves the way to the applicability of these materials also when the direct UV or thermal treatment on the target is not feasible. Although the versatility of perovskite oxides has been already known in the literature, important structure-properties relationships have been proposed and discussed. This work further evidenced the importance of the activation process in the functional use of perovskite oxide materials, and can serve as an inspiration for future research works on perovskite oxides for environmental and energy applications.
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