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Abstract

:

The use of perovskite-based materials and their derivatives can have an important role in the heterogeneous catalytic field based on photochemical processes. Photochemical reactions have a great potential to solve environmental damage issues. The presence of precious metals in the perovskite structure (i.e., Ag, Au, or Pt) may improve its efficiency significantly. The precious metal may comprise the perovskite lattice as well as form a heterostructure with it. The efficiency of catalytic materials is directly related to processing conditions. Based on this, this review will address the use of perovskite materials combined with precious metal as well as their processing methods for the use in catalyzed reactions.
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1. Introduction


Perovskite-based materials have been extensively used in photocatalytic systems. The incorporation of a precious metal on perovskite lattice or the use of these elements to modify the surface of perovskite particles result in better light absorptions, which promotes the photochemical behavior required for the catalytic process, such as photocatalysis and electrocatalysis; silver (Ag) and gold (Au) are the most used precious metals for this purpose. In order to understand the advantages of using perovskite structures associated with precious metals as photocatalysis in the catalytic process, this review addresses considerations on photocatalysis principles, perovskite structure, and synthesis methods to obtain a catalyst.




2. General Considerations on Photocatalysis


According to the IUPAC Gold Book [1], photocatalysis is defined as a change in the rate of a chemical reaction or its initiation under the action of ultraviolet, visible or infrared radiation in the presence of a substance—the photocatalyst—that absorbs light and is involved in the chemical transformation of the reaction partners. Thereby, the photo term comprises the light (UV-vis, IR, etc.), while the catalysis ones represent the process through which a catalyst compound or a substance changes the reaction rate of chemical transformation by increasing the reaction kinetics without modifying the overall standard Gibbs energy (ΔG0) alteration in the reaction [1]. Considering the catalyst aspect, a photocatalyst is defined according to the IUPAC as a compound or a substance able to produce, upon absorption of light, chemical transformations of the reaction partners. The excited state of the photocatalyst repeatedly interacts with the reaction partners forming reaction intermediates and regenerates itself after each cycle of such interactions [1]. Therefore, a photocatalytic process can be understood as a synergic process in which light radiation and the catalyst act jointly to support and speed up a chemical reaction.



The photocatalytic processes are included in a broader and general category of chemical and photochemical reactions known as advanced oxidation processes (AOPs), which apply powerful oxidizing agents in order to degrade persistent organic pollutants as well as remove certain inorganic pollutants. Through such process, the pollutants are converted partially or totally into simpler and less toxic species resulting in easily degraded substances through the application of common technologies [2,3,4,5]. The development of the AOPs started in the 1980s from new approaches for potable water treatment that dispose of hydroxyl radicals (●OH) as major oxidizing agent [3,4,5]



Because of their non-selective nature, hydroxyl radicals may easily lead to the mineralization of a wide range of potentially toxic organic species and depending on the operating conditions (temperature, pH, pollutant concentration, etc.) transform them into less complex and harmful intermediate products [5,6,7]. Although molecular ozone is a selective chemical oxidant and has a good oxidizing capability, hydroxyl radicals can reach reaction rates of 1 million to 1 billion times faster than those found in chemical oxidants and consequently display rate constants ranging from 106 to 1010 (M−1 s−1) [2,4,7]. Even though fluorine is a strong oxidizing agent, its use in drink water treatment or to degrade organic pollutants is constantly intensively discussed due to the risk that fluoride derivates may represent to the human health and biological systems [8,9], in addition to being an expensive treatment technology on a large scale [10,11].



Most industrial waste and wastewater treatment processes employ classical treatment methods from different physical, chemical, and biological processes, which only carry over organic compounds from water to another phase generating hazardous sludge that results in secondary pollution [12,13,14,15,16]. Despite usually being high-cost technologies, AOPs emerge as an interesting solution to wastewater treatment for presenting attractive characteristics such as versatile treatment —enabled before or after conventional treatment or even during the main stage; mineralization of several chemical pollutants, as well as intermediates; no generation of sludge hazardous (eco-friendliness technologies) as it occurs in the physical, chemical, and/or biological processes; high reaction rate, and satisfactory cost-effectiveness [13,14,17,18].



From the point of view of a chemical reaction, applying AOPs in wastewater treatments comprises basically the following steps: (i) firstly, the generation of strong oxidizing agents (    0 •  O H  ,     HO  2 •   ,    O 2  • −    , etc.) from the species into medium reactional (ions, molecules, catalyst, etc.); (ii) followed by the oxidizing species reacting with organic contaminants molecules in solution, generally converting them into easily degradable intermediary compounds; (iii) finally, the oxidation of these intermediates leading to complete mineralization in water, carbon dioxide, and inorganic salts [3,4,18,19,20]. In contrast, AOPs exhibit complex oxidation mechanisms due to the very large number of reactions that may occur; therefore, it is laborious to predict all reaction pathways of products formed [5,18,19,20]. In this regard, although AOPs display fast oxidation rates for many persistent organic pollutants, controlling the formation of reaction products becomes impossible. In particular cases, depending on medium conditions of the supports reaction, these products can be more toxic than parent molecules due to a fast attack to the water contaminant molecules by some free radicals, just as other intermediate species available in solution, such as short-lived species like hydroxyl radicals [5,19,20].



Although AOPs show many advantages in relation to other conventional oxidation processes, an important consequence of most AOPs—regarded as a remarkable disadvantage to any oxidation process based on hydroxyl radical attack—consists of the scavenging of     0 •  O H   radicals by scavenger agents presents in the solution (    HCO  3 −   ,     CO  3  2 −    , excess H2O2 and pH conditions) [2,5,18,21,22,23]. In this regard, the scavengers trap the     0 •  O H   radicals decreasing their availability in the reactive medium and consequently compromising the degradation efficiency, which lead others species to emerge with much lower oxidizing power than the hydroxyl radical. It is worth highlighting that scavenger species (ions, radicals, charge carriers, etc.) can act either in a favorable or harmful manner during the degradation process.



AOPs are classified as homogeneous and heterogeneous systems; in both cases, the hydroxyl radicals are generated with or without the presence of a stimulus from an external source (UV, ultrasound, microwave, etc.) [17,19,24]. In the homogeneous systems, a single phase is formed between the catalyst and the substrate, whereas in the heterogeneous systems the substrate and the catalyst present more than one phase, in which the catalyst can be found as a solid phase [19].



2.1. Heterogeneous Photocatalysis: TiO2 vs. Perovskite-based Materials


In the context of the AOPs systems, heterogeneous photocatalysis based on a semiconductor photocatalyst is among the most explored procedures in the area of water and wastewater treatment. The first experiments regarding AOPs were performed in the 1930s and used TiO2 in aqueous suspension under UV irradiation in order to degrade dyes [25,26,27]. Nonetheless, the applications of semiconductor photocatalysts are not limited to degradation of dyes and other potential pollutants that are harmful to human health and the environment. Its application also involves the production of hydrogen, purification of air, and antibacterial activity [12,26,27,28,29,30]. The evolution of photocatalysis progressed in parallel to advances in researches on the investigation of TiO2 properties applied to photoelectrochemical reactions. The advantages of using TiO2 include higher photoreactivity and physical-chemical stability as well as lower cost and toxicity in relation to other photocatalyst candidates [25,26,29,30]. Researchers investigating the use of TiO2 in photocatalytic processes were boosted in the year of 1972 when Honda and Fujishima pioneered and reported the decomposition of water into H2 and O2 through means of a photochemical experiment under sunlight irradiation [26,30].



In the photoactivation of the semiconductor, electrons located in the valence band maximum (VBM) are photoexcited under hν ≥ Eg toward conduction band minimum (CBM) leaving positive holes in the valence band. Subsequently, these charge carriers may have different destinations in the photocatalytic process [23,25,31,32,33,34,35]. A photocatalyst will oxidize a species upon a less positive oxidation potential (Eox) than the potential edge conduction band (CBM) and analogously reduces it upon a more positive reduction potential (Ered) than the potential edge valence band (VBM) [36]. Thus, the positions of the electronic band-edge structures of the semiconductor can easily promote both oxidation and reduction of the species presents in solution since the valence/conduction band gap (Eg) is sufficiently large for encompassing the redox potentials of some species that are essential to the photocatalytic process [25,33,34,35,36,37].



TiO2-based photocatalysts are undeniable the most studied material in the context of photocatalytic applications. Nevertheless, its use as pristine TiO2 bulk is restricted to the UV region since the TiO2 anatase electronic structure absorbs at ~3.2 eV and [25,26,38]. Complex oxides systems—such as perovskite-based photocatalysts—emerge as an interesting alternative to photocatalytic processes [39,40,41]. Among the different advantages of the photophysical properties of perovskite, we can highlight: (i) their structures can be formed from a wide variety of elements, although their basic structures are similar; (ii) their valency, stoichiometry, and vacancy can be easily changed from the simple and non-laborious proceedings; (iii) possibility of a satisfactory prediction of their surface properties since their bulk structures are very well characterized; (iv) their crystal structures generally provide an appropriate electronic structure that shifts the band gap energy to visible-light absorption; (v) their crystal structural arrangements allow lattice distortions, strongly affecting the separation of photogenerated charge carriers and avoiding the recombination processes [41,42]. Therefore, the possibility of controlling the physical-chemical properties of perovskite structures allows unraveling the relationship between structural properties and photocatalytic activity, which makes this material a good photocatalyst alternative to TiO2 [42].




2.2. Perovskite Structure


The perovskite-type structure term comes from mineral calcium titanate (CaTiO3), also called perovskite. Materials under perovskite-type structure have a general chemical formula of type ABX3, in which atoms A and B are metal cations and X atoms are non-metallic anions, so that upon the occupation of the site X with oxygen, this structure is called perovskite oxides (ABO3), as illustrated in Figure 1. In addition, the A atom can be monovalent, divalent or trivalent, while the B atom can be trivalent, tetravalent or pentavalent [43,44]. In a typical perovskite oxide structure, the lattice is formed by small B cations that are six-fold coordinated to oxygen (BO6), while larger A cations are twelve-fold coordinated by oxygen (AO12), so that BO6 octahedra are corner connected and AO12 clusters are arranged between the eight BO6 octahedra, resulting in a crystal structure that extends in three dimensions and has excellent flexibility depending on the valence and ionic radii of the A and B cations [43,44,45].



An ideal, fully ordered perovskite oxide structure shows a cubic crystal structure with space group   P m  3 ¯  m  ; however, there are several cases in which the ideal structure is distorted. The distortions observed in ABO3 structures can derive from (i) distortions in the BO6 octahedra, (ii) displacement of the B-site cation within the octahedron, (iii) displacement of the A-site cation within the lattice, and (iv) tilting of the corner-sharing octahedrons [47,48]. Therefore, the A and B cations can promote strain, stress, and/or distortions under the perovskite structure according to the distortion degree, also known as tolerance factor (t), depending on the ionic radii of the A and B cations [49,50].



Nevertheless, in general terms, the tolerance factor is not solely the unique variable able to determine the formability and stability of a general perovskite structure since other non-geometric factors, such as bond valence and chemical stability, should also be considered [51,52]. Thereby, the size of the atoms constituting the structure must be adequate to make the perovskite structure geometrically robust as well as less reactive under ambient conditions, for example, in the presence of moisture and oxygen [51].



Figure 2 shows two correlated metals with similar perovskite structures, whereby the difference between the ionic radii of cations Sr2+ (118 pm) and Ca2+ (100 pm) promoted distinct degrees of BO6 octahedral distortions, resulting in a more “distorted” crystal structure of CaVO3 in relation to the SrVO3. Despite being similar perovskite structures, because of the variation in cation radii, the crystal structure of SrVO3 is cubic (c = 3.842 Å), whereas CaVO3 is orthorhombically distorted (c = 3.770 Å) [53].



In terms of photocatalytic process, there are several factors assigned to structural properties that affect the photocatalytic performance of ABO3-based photocatalysts. The main factors are related to electron-hole separation as well as the carrier transport mechanisms within the crystal lattice, such as exciton lifetime and diffusion length, exciton binding energy, and electron/hole effective mass [39,54]. Thereby, the lattice distortion and structural defects may change the electronic structure of perovskite oxide materials remarkably, consequently affecting the carrier transport mechanisms [39,44,47,48].



The electronic structure in perovskite oxides is defined by a lattice of BO6 octahedra clusters, whereby their B-O-B bonds build up an electrical conduce way along the crystal structure through which the electrons and/or holes “flow” [43,45,55]. The lattice distortion degree of the pristine ABO3 induced by ion doping may induce structural defects on the crystal structure generating and/or rearranging energy state levels that change the electronic structure strongly. These lattice distortions affect the separation of charge carriers avoiding the recombination processes and/or shifting the band gap energy to enable visible-light absorption and tuning the band edge potentials to meet the requirement of specific photocatalytic reactions [39,56,57].




2.3. Perovskite-based Photocatalysts Supported by Precious Metals: A Synergistic Effect on Photocatalytic Performance


Aiming at achieving the best of the photocatalytic process, innumerous strategies can be applied. Although other challenges are yet to be overcome in the photocatalytic universe, hampering the electron-hole pair recombination is an essential strategy to ensure optimum photocatalytic efficiency. In this regard, our review addresses one of the most interesting strategies to improve the photocatalytic activity of perovskite-based semiconductor. This strategy is based on the modification of perovskite structure by inserting a precious metal into its crystalline lattice through doping process or obtaining precious metal/perovskite composite through modification of perovskite particles surface with a precious metal in order to decrease and/or retard the recombination process of charge carriers, apart from shifting the band gap values to visible-light absorption region.



Precious metals integrate a class of dopants widely used in the development of new photocatalysts since their optical properties may allow the activity in visible light as well as decrease the electron-hole pair recombination promoting a synergistic effect on the photocatalytic activity [58,59]. On the whole, individual precious metals nanoparticles (Ag, Au, Pt, Rh, Ir, etc.) or precious metals supported on the photocatalyst surface exhibit a specific behavior when interacting with light at plasma frequency, which enables the visible light absorption by the surface plasmon resonance (SPR) effect [60,61]. The plasmon term can be understood as a wave coming from the collective oscillation of electrons on the surface of metals. Basically, the electric field associated with light exerts a force on the outermost electrons of the conduction band of metal redistributing the spatial electron density and generating intense electric fields on the surface metal. In a given oscillation pattern at plasma frequency, when the depth of light penetration is approximately equal to the size of the metallic nanoparticles, such oscillation resonates with incident light resulting in a strong oscillation of the surface electrons that change the absorption profile of metal [61,62].



The key point of the SPR is the frequency of incident radiation, which must be resonant with the frequency of oscillation of the electrons on the metal surface. However, if the incident radiation is lower than plasma frequency, it will be reflected because the electrons of metal filter the electric field incident. In contrast, if the incident radiation is higher than the plasma frequency, the light will be transmitted because the electrons are incapable of responding quickly to the electric field oscillation to filter it [61].



The oscillations of electrons and electromagnetic fields under resonance frequency are defined as located at the surface plasmonic resonance (LSPR), whereby electrons would oscillate with the maximum amplitude. Nevertheless, for a same noble metal, the resonance frequency can be attuned by means of change in size, shape, and nature of the surrounding medium and type of matrix (photocatalyst) when the precious metal is a dopant on the photocatalyst surface [58,59,63]. In this respect, silver and gold nanoparticles are good examples of metals that present an SPR effect due to decreased particles size. A smaller particle size allows silver to absorb light at a visible frequency and gold to absorb light at IR frequency [61].



Thus, the great interest in precious metals nanostructured for photocatalytic applications arise from the localized surface plasmon resonance mechanisms since it is well-known that such plasmonic effect can increase the cross-section absorption in photocatalyst through the process of strong field enhancement, consequently shifting the light absorption to larger wavelengths, in addition to enhancing the separation of charge carriers photogenerated in photocatalyst [58,60].



In this regard, for metallic nanoparticles supported on the semiconductor surface, the energy generates by the electron oscillation via LSPR effect can be transferred to the semiconductor as electromagnetic energy or as excited electrons. In the first case, the energy absorbed in the excitation of the plastron band is quickly converted to heating, and then this energy is transferred to the semiconductor via photothermal effect [58,59,60,62]. The second case involves a complex charge of transfer mechanisms in which the surface plasmon resonance acts by amplifying the light absorption of the metallic nanoparticles directly injecting photogenerated electrons from the metallic nanoparticles to the semiconductor conduction band via direct transfer mechanism and/or through the resonance electron transfer mechanism. The local electromagnetic field generated by LSPR, in turn, facilitates the generation of electron-hole pairs close to semiconductor surface, in addition to creating a Schottky barrier suppressing the recombination processes since the photogenerated electrons are quickly transferred to the semiconductor conduction band [58,59,62,63]. In the case of our work, the semiconductors are the perovskite compounds used as the catalyst.



Figure 3 illustrates a scheme presenting both direct electron transfer and resonance electron transfer which have been proposed to explain the visible light activity of metallic nanoparticles on the photocatalyst. In the scheme, Au is the metallic nanoparticles and TiO2 is the photocatalyst semiconductor. However, this scheme can be applied to illustrate these electronic transfer effects whenever a perovskite structure is used as a semiconductor. Details on the species formed during the photocatalytic process can be found further in the reference section [63].



On the plasmonic point of view, the decision on the noble metals to be used should consider those able to support a strong surface plasmon resonance effect at the desired resonance wavelength. The ability of a metal to support an SPR depends on their dielectric properties, i.e., dielectric function (ε), including its real (εr) and an imaginary (εi) part, as both of which vary according to the excitation frequency [60]. Therefore, a resonance in the absorption occurs at the plasmon frequency when the real part of the dielectric function reaches zero [61]. Thereby, among the noble metals, silver is undoubtedly the most employed one in plasmonic applications for its unique electrical and optical properties, in addition to low cost in relation to Au and Pt [60], for example.



In a hybrid structure applied in plasmonic photocatalysis, the charge-transfer mechanism between metallic nanoparticles and semiconductors displays a fundamental role for noble metals to present an intense SPR effect in the range of energy level states of the semiconductor conduction band in order to enable the electron transfer between metal and semiconductor [64,65,66]. Generally, interband transitions between Ag/semiconductor hybrid structures occur at high frequencies, therefore, silver nanoparticles present an intense SPR effect in the range of 400–450 nm [65], whereas, for Au and Cu, these transitions limit their SPR excitation to wavelengths above 500 and 600 nm, respectively [67]. It is worth mentioning that these interband transitions from the SPR effect in metal/semiconductor hybrid structures strongly depend on the electronic band structure and mainly on the minimum conduction band.



Therefore, plasmonic photocatalysis applications emerge as new and upgraded approaches on the photocatalytic universe and combined with the structure-property relationship of perovskite materials generate new structures of photocatalysts by blending the unique properties of perovskite compounds and the optical and electrical properties of precious metals nanostructured highlighted by the SPR effect.



The plasmonic effect caused by precious metals on the perovskite structure not only improves the photocatalytic behavior of the material, the incorporation of metals such as Pt, Pd, and Rh into a perovskite structure, also stabilizes the metal against sintering, metal-support interaction, and volatilization. The catalytic activity and selectivity of perovskite in the exhaust cleaning process are enhanced even if small amounts of precious metals are combined with the perovskite structure [68]. As aforementioned and illustrated in Figure 4, the distortion of BO6 octahedral of perovskite is promoted by ionic radii of cations present in the crystalline lattice resulting in a more distorted structure. Thus, the same precious-doped perovskite matrix may suffer different distortion degrees according to the kind of precious metal present in its structure. Thereby, the lattice distortion may change the electronic structure of perovskite oxide materials remarkably and consequently affect the carrier transport mechanisms [39,44,47,48,55].



Based-perovskite plasmonic photocatalytic materials can be processed as powder or film. Our work approaches the chemical synthesis method (bottom-up method) most commonly used to produce perovskite powders. Through this method, it is possible to control the stoichiometry, shape, surface area, and size of the particles, among other relevant features.





3. Chemical Synthesis for Perovskite Photocatalyst Obtaining


3.1. Solid-State Reaction


The solid-state reaction method is the oldest method to produce inorganic powders. It is the simplest and most widely used method in the synthesis of compounds with perovskite structure. This reaction consists of the combined heating of two or more non-volatile solids that react to form the desired product. The reactants in the stoichiometric ratios should be very well mixed at the level of individual particles on a scale around 1 μm or 10−3 mm [69]. An efficient mix process ensures the maximum contact among the reactants minimizing the diffusion distance among them. The mix is performed using a mortar or a mill for the precursors to be subsequently heated at high temperature in a furnace for several hours in an alumina crucible [70]. The reaction can be slow and its speed increases upon a higher temperature promoting the faster diffusion rate of the ions that compose the final product. The reaction occurs at the interface of the solids (reactants); after the surface layer reacts, the reaction continues as the reactant diffuse from the bulk to the interface [69,70].



Iwashina and Kudo obtained SrTiO3 powders doped with Rhodium at Ti sites (SrTiO3:Rh). We performed the airborne calcination of precursor mixture according to the following two steps: firstly, at 1173 K for 1 hour and then at 1373 K for 10 hours. X-ray diffraction patterns revealed that the single phase of SrTiO3: Rh is obtained until 4 atom% of dopant. Small amounts of impurity phase are obtained for 7 and 10% of atom dopant. After powder preparation, this one was employed in photoelectrochemical water splitting by covering of an ITO electrode. Undoped SrTiO3 is an n-type semiconductor and the doping process transforms it in a p-type semiconductor. The optimum material was the one that doped with 7 atom% of Rhodium. The dopant contributes to the visible light absorber and a recombination center for photogenerated electrons and holes because these factors are responsible for the device efficiency in the photocatalysis process. Through diffuse reflectance spectra, we found that SrTiO3:Rh (7 atom%) had visible light absorption bands that did not occur for the non-doped material. The Faradaic efficiency for H2 and O2 evolution were 100% within experimental error and stable cathodic photocurrent could be observed for a long period of time [71].



The (AgySr1−y)(Ti1−yNby)O3 was produced seeking to evaluate its efficiency in the photocatalytic oxidation through the decomposition of gaseous 2-propanol under UV and visible light irradiations. The products present a cubic crystalline structure with homogeneous SrTiO3 crystalline phase at least up to y = 0.1. The band gap energy value (3.18 eV) was similar to (AgySr1−y)(Ti1−yNby)O3 and pure SrTiO3. The density of states calculations for (Ag0.25Sr0.75)(Ti0.75Nb0.25)O3, Nb 4d contributes to the conduction band, but did not contribute to the valence band. In contrast, Ag 4d contributed only to the valence band, meanwhile, we may consider that Ag 4d did not mix with valence band composed of O 2p, but Ag 4d forms an isolated band in the forbidden above the valence band. We evaluated the photocatalytic activity in the decomposition of gaseous 2-propanol by monitoring the acetone and CO2 concentration on the subjection of the photocatalyst under UV and visible lights. After adsorbed into the semiconductor surface, the 2-propanol concentrations in presence of (Ag0.25Sr0.75)(Ti0.75Nb0.25)O3 were 18 and 2.5 ppmv, respectively, showing that acetone and CO2 are generated when absorbing either UV or visible light. In addition, the color of (Ag0.25Sr0.75)(Ti0.75Nb0.25)O3 did not change at all after photocatalytic test indicating the stability of the compound under light irradiation. The effective work of photocatalyst at decomposing organic compounds occurs if photoexcited electrons are consumed in the oxygen reduction. In the case of (Ag0.25Sr0.75)(Ti0.75Nb0.25)O3, the Ag+ was attributed to the electronic structure of matrix valence band and not to that of its conduction band. If the Ag+ were attributed to the electronic structure of the matrix conduction band, photoexcited electrons could not be consumed in the oxygen reduction. Despite (Ag0.25Sr0.75)(Ti0.75Nb0.25)O3 presenting photocatalytic activity under both UV and visible light irradiation, the formation of the Ag 4d isolated band above the valence band composed of O 2p is responsible for making the efficiency of the compound under UV light superior to that under visible light [72].



Saadetnejad and Yildirim studied the photocatalytic hydrogen production by water splitting over Au/Al-SrTiO3. The Al-doped SrTiO3 was obtained from solid-state reaction and loaded with Au via the homogeneous deposition-precipitation method. XRD patterns indicated that samples were indeed SrTiO3 with good crystallinity, which contributes to an efficient migration of charge carriers in the water-splitting process. The best performing catalyst was obtained by using a material with composition equal to 1% Al doped, 0.25% Au loaded SrTiO3, in the presence of methanol as a sacrificial agent, while 1% Al doped 0.50% Au was the best for the isopropyl medium. The relative performance of methanol and isopropyl medium seems to depend on the alcohol concentration since the isopropyl performs better at 10% and 30%, while methanol is better at 20%. Furthermore, the distinguished results obtained from differences among concentrations and different alcohol types may be related to the carbon number present in the alcohol molecules, which may result in different byproducts, the redox potential of alcohol, and their OH scavenging behavior [73].



AgTaO3/AgBr heterojunction presents intense visible light absorption and consequently better photocatalyst perform than individual AgTaO3 and AgBr in the methyl orange degradation. AgTaO3 showed no efficiency at dye degradation under visible light irradiation. After the heterojunction formation, the photocatalytic activity efficiency significantly improves due to the enhanced interfacial charge separation efficiency between AgTaO3 and AgBr. The heterojunction induced an efficient transfer of photogenerated electrons from AgBr conduction band to AgTaO3 conduction band leading to a better charge separation improving photocatalytic behavior. We applied solid-state reaction to obtain Perovskite AgTaO3 and solution method to produce AgBr. Composites were processed by mixing individual AgTaO3 and AgBr suspensions containing poly(ethyleneglycol)-block-poly(ethylene glycol) NH3.H2O. After a photocatalytic test, an additional weak diffraction peak regarding cubic Ag was observed in AgTaO3/AgBr heterostructure indicating the formation of the ternary AgTaO3/AgBr/Ag. XPS results indicated that partial Ag+ ions present in the heterojunction were reduced to metallic Ag nanoparticles to form the ternary AgTaO3/AgBr/Ag during the photocatalytic experiment. It was evidenced that the photogenerated electrons may migrate from the conduction band of AgBr to the conduction band of AgTaO3 [74].



Konta and co-workers investigated the photocatalytic application of SrTiO3:M(0.5%) (M = Mn, Ru, Rh, Pd, Ir, and Pt ions) powders in H2 evolution from methanol solution and O2 evolution from an aqueous solution nitrate solution under visible light irradiation. All material exhibited pure phase of SrTiO3, except for SrTiO3:Pd(0.5%), since its Pd2+ ion radius are much larger than Ti4+ ion radius. The diffuse reflectance spectra of materials revealed that all samples presented visible light absorption. The spectra of the sample doped with Mn, Ru, Rh, and Ir, we found an absorption band as a shoulder in addition to the absorption band regarding SrTiO3 indicating that the dopants had created discontinuous levels in the forbidden band. The presence of two absorption bands as shoulders in the diffuse reflectance spectra of SrTiO3:Rh powders result from some doping levels formed in the forbidden band due to different oxidation numbers (Rh3+ and Rh5+). SrTiO3:Rh showed the best photocatalytic activity in H2 evolution, while SrTiO3:Ru proved the best for O2 evolution. In contrast to the higher O2 evolution for SrTiO3:Mn and SrTiO3:Ru, their low photocatalytic activity for H2 evolution would occur due to the surface states generated by Mn and Ru dopants below the conduction bands, resulting in difficulty for the H2 evolution. Because SrTiO3:Rh showed the highest activity for H2 evolution, further investigations should be carried out to approach this compound. We found the occurrence of at least two different species of doped Rh (Rh3+ and probably Rh5+). Rh with higher oxidation number acts as an electron acceptor because they can be easily reduced to Rh3+ at an early stage of the photocatalytic reaction; in addition, during the photocatalytic process, the Rh3+ acts as an electron donor. The SrTiO3:Rh visible light response resulted from the electronic transition from the electron donor level formed by Rh ions to the Ti 3d orbitals present in the conduction band of SrTiO3 matrix. Despite its excellent performance in H2 evolution, the SrTiO3:Rh presented no activity to O2 evolution. One of the reasons for no O2 evolution using SrTiO3:Rh as photocatalyst is the kinetic limitation of the lack of active sites. The photocatalytic reaction may be efficient after reducing the Rh with high oxidation number. However, these species cannot be reduced in an aqueous silver nitrate solution medium because they act as recombination center in the absence of a hole scavenger, which is another reason for the absence of photocatalytic activity in O2 evolution [75]. Table 1 shows both H2 and O2 evolution when using SrTiO3:M(0.5%) under visible light absorption as well as the respective band-gap values of semiconductors.




3.2. Sol–Gel Method


Sol–gel method also represents a widely used approach to produce perovskite particles. This process consists in the transition of a solution system from a liquid known as “sol”, most often a colloid liquid, into a solid phase named “gel”. Inorganic metal salts or metalorganic compounds are usually employed as starting materials for the sol–gel method. To form the desired product, it initially occurs the hydrolysis of a precursor metal to produce the metal hydroxide solution. Subsequently, an immediate condensation occurs providing a three-dimensional gel that is dried by removing the solvent. Depending on the way the solvent is removed, the formation of the Xerogel or Aerogel occurs. If the solvent is removed slowly at room temperature, a Xerogel is formed. In contrast, if the drying process is performed under supercritical conditions, the Aerogel is obtained [76,77,78].



Since the ion–codoped semicondutor has been improving photocatalytic activities under visible-light irradiation, Zhang and co-workers studied the effect of monovalence silver and trivalence lanthanum codoping CaTiO3 in the water-splitting process. The sol–gel method was chosen to provide the perovskite material and the ultrasonic dispersing technique was used to enhance the properties of the materials. XRD patterns showed the pure CaTiO3 orthorhombic phase even for doped samples. Diffuse reflection spectra showed a shift to a longer wavelength when replacing Ca2+ by Ag+ with La3+. Such behavior may result from the electronic transition between the electrons present in the Ag 4d5s orbital to the O 2p + Ti 3d hybrid orbital. The Ag–La codoped CaTiO3 introduces a band in the visible light region due to the transition of Ag 4d5s electrons to the conduction band. The photocatalytic efficiency increased until the amount of dopant equal to 3% and is much higher than the value obtained from pure CaTiO3. Upon a doped concentration lower than the optimum value, the photocatalytic activity increased because of the absence of enough capture traps of charge carriers in the photocatalyst particles. In contrast, the recombination rate increases when the doped concentration is higher than the optimal value, which promotes lower photocatalyst activity [79].



ZnTiO3 is UV light active photocatalyst and the formation of a composite between this perovskite and plasmonic metals (e.g., Au) represent satisfactory applications of this perovskite in visible light assisted photocatalytic reactions. Gold is considered an efficient metal for this purpose due to its great properties, such as surface plasmon resonance characteristics, electron storage effect, chemical stability, and high catalytic activity. In this sense, Hemalata Reddy and co-workers obtained ZnTiO3 through sol-gel auto combustion method and subsequently loaded the particles with Au nanoparticles using the precipitation-deposition method forming Au/ZnTiO3 nanocomposites. The material was applied in H2 generation from methanol solution under UV and visible light irradiation. Pure ZnTiO3 has absorption in UV region and the addition of Au on ZnTiO3 surface promotes an additional absorption in the visible region due to the surface plasmon absorption corresponding to the gold nanoparticles. The photocatalytic tests were performed by using Au/ZnTiO3 nanocomposite with Au concentration varying from 0.5 to .5 wt%. We achieved the best results for H2 evolution using the nanocomposites with 1 wt% of Au under visible light irradiation, while pure ZnTiO3 efficiency was practically insignificant. In contrast, through UV as the radiation source, the photocatalytic efficiency increases with a higher Au content up to 1.5% wt due to the separation of charge carriers in the interface between Au nanoparticles and perovskite particles through the Schottky barrier. In addition, the interfacial defect sites in the nanocomposites act as Au-induced charge separation effect that balances the recombination effect of Au/ZnTiO3 in photocatalytic reaction from UV light irradiation [80].



The physicochemical properties and photocatalytic activity for the degradation of methylene blue under simulated solar light were investigated in novel Au-induced nanostructured BiFeO3 homojunctions (Aux-BFO, x = 0, 0. 6, 1.2, 1.8, 2.4 wt%) obtained through in situ synthesis, despite of a simple reduction method using spinning techniques and post-thermal processing. Among the Aux-BFO structures, the Au1.2-BFO sample proved the best photocatalytic activity (85.76%) after 3h of irritation, being much higher than pristine BFO samples (49.49%) considering the same experimental conditions. The authors attributed the notorious improvement of photocatalytic activity primarily to the SPR effect of Au NPs in the hierarchical of Au-BFO nanostructured homojunction and secondly to the structural defects (Fe2+/Fe3+ pairs and oxygen vacancy) [81].




3.3. Hydrothermal Method


Another widely used synthesis route to grow perovskite structures is the hydrothermal method. This reaction occurs in an aqueous solution into a close system under high pressure and temperature above the boiling point. When the materials synthesis is performed in a nonaqueous solvent at relatively high temperature, the process is known as the solvothermal method. In the hydrothermal/solvothermal method, the temperature is relatively high, but lower than the temperature employed in the methods explained above. In these methods, the crystallization process occurs directly in the solution, which excludes the calcination step and contributes to the growth of particles with very well-controlled morphology [82].



CaTiO3 orthorhombic nanocuboids with a size around 0.3–0.5 µm in width and 0.8–1.1 µm in length were produced using the conventional hydrothermal method. After the CaTiO3 synthesis, the hybridized Au nanoparticles were deposited on perovskite surface obtaining Au@CaTiO3 nanocomposite with an Au mass fraction of 4.3%. XPS spectrum indicated that Au species exist in the metallic state on perovskite surface. We performed photocatalytic tests under simulated-sunlight, ultraviolet, and visible light using Rhodamina B as pollutant model. After 120 minutes of simulated-sunlight irradiation, the degradation of Rhodamine reached 76.4% using pure CaTiO3 and 99.9% when the photocatalyst was the composite. Under UV light irradiation, the efficiency of CaTiO3 reached 95.7%, while the efficiency of Au@CaTiO3 was 99.9%. By irradiating the system with a visible light source, the CaTiO3 efficiency had the worst result (15.1%), whereas the composite presented 46.1% of efficiency. The presence of Au onto CaTiO3 enhanced visible-light absorption; decreased charge-transfer resistance enhanced the photocatalytic performance of the material. CaTiO3 is excited under UV irradiation producing electrons in its conduction band and holes in its valence band. Even though Au nanoparticles could not be excited under UV irradiation, they can act as electron sinks to capture the photogenerated electrons in CaTiO3. The electronic transfer between the conduction band of CaTiO3 to Au nanoparticles promotes the spatial separation of the electron/hole pair in perovskite. For this reason, more holes in the valence band of CaTiO3 are available in the photocatalytic process. CaTiO3 cannot be directly excited to produce electron/hole pairs under visible light irradiation. However, the located surface plasmon resonance (LSPR) of Au nanoparticles is induced by visible-light absorption stimulating the generation of electron/hole pairs in CaTiO3 due to electromagnetic field caused by LSPR effect. This is why Au@CaTiO3 nanocomposites also present visible-light photocatalytic degradation of Rhodamine B. When simulated sunlight is used as irradiation source, Au nanoparticles act as electron sinks and are responsible for the LSPR effect in the Au@CaTiO3 composites, improving the photocatalytic performance of nanocomposite under simulated sunlight irradiation [83].



Malkhasian studied the photocatalytic performance of Pt/AgVO3 nanowires under visible light irradiation in the photooxidation of atrazine. The author used the hydrothermal method to synthesize β-AgVO3 nanowires posteriorly used to obtain the Pt/AgVO3 compound. For this purpose, Pt metal was deposited on β-AgVO3 surface under UV-light irradiation using a photo-assisted deposition (PAD) method. XRD patterns reveal that only the β-AgVO3 peaks are present in the samples indicating that Pt content was well dispersed on the perovskite surface, which was confirmed through TEM analyses. In contrast, higher Pt percentage decreases the crystalline size of β-AgVO3. Higher Pt weight percentage of Pt from 0.2% to 0.6% also leads to improved photocatalytic efficiency. When using 0.6 g/L of the 0.6%wt Pt/β-AgVO3, the oxidation of atrazine was 99% after a 60-minute reaction time. The oxidation time of atrazine decreases from 60 minutes to 40 minutes upon the use of 0.9 g/L of photocatalyst. This behavior results from the higher number of available active sites to oxidize atrazine with higher photocatalyst concentration. In addition, the photocatalyst can be used five times without losing its stability [84].



Me-loaded NaNbO3 catalysts (Me = Fe, Ni, Co, and Ag) were prepared, aiming at producing H2 through the water-splitting process. The material was obtained by impregnating NaNbO3 (previously synthesized through hydrothermal method) in an aqueous solution of cation nitrates followed calcination. The formation of colored powders indicated the formation of metal oxidized on the surface of perovskite particles. The samples presented similar morphologies composed by irregular structures without significant modification caused by metal loading on NaNbO3. Photocatalyst results showed that different metal oxides loaded with NaNbO3 have a different effect in the photocatalysis for H2 evolution. Interestingly, only Ag/NaNbO3 proved superior efficiency than pristine NaNbO3 in the performed tests. This behavior was attributed to the fact that the difference between the electronegativity of Ag and Nb is higher than the difference between the electronegativity of Nb and the other metals employed on the surface of NaNbO3. Additionally, the Ag species on the perovskite surface acts as active site for proton reduction, which can explain the highest photocatalytic activity of Ag/NaNbO3 [85]. Ruthenium particles supported on hierarchical nanoflowers assembled by cubic phase NaNbO3 have been applied to degrade Rhodamine B. The surface modification of NaNbO3 with Ruthenium promotes the photosensitized degradation of dye, while Ru-dopping NaNbO3 inhibits the photocatalytic effect. The photocatalyst activity improved with surface decoration due to efficienct electron transfer and charge separation achieved by composite. The best results occurred for NaNbO3 with 0.5% of Ru species and the degradation of Rhodamine B follows pseudo-first order kinetics. In addition, the photocatalyst can be used at least five times successively without losing its photocatalytic efficiency. Interestingly, the degradation time reduces after reusing photocatalyst. After the catalyst process, both crystalline structure and morphology of the perovskite do not change, which may indicate the stability of photocatalyst posteriorly confirmed through the XPS analysis [86].



The presence of Ag nanoparticles onto KNbO3 nanowires drastically improved the photoreactivity of the perovskite and the photodecomposition of Rhodamine B under UV and visible light irradiation. The material begins to lose its activity after three cycles of aqueous organic compound degradation under UV or visible light irradiation. The use of p-benzoquinone, t-butyl alcohol, and ammonium oxalate scavengers revealed that under UV illumination, ·O2− and ·OH are the major active species in the reaction. When visible light is used as an irradiation source, the major active species are·O2− and H+. During the photocatalytic process under UV irradiation, electrons present in the valence band of KNbO3 are excited to the conduction band with hole generation in the valence band. Due to the energy gap of Ag/KNbO3 composites, the photoexcited electrons could transfer from KNbO3 perovskite to Ag nanoparticles, enabling the separation between photogenerated electrons and holes in KNbO3 to promote the photocatalytic reaction. However, the excess of Ag on perovskite surface can act as a recombination center and partly avoid the UV absorption of perovskite decreasing the photocatalytic activity of the material. Visible-light irradiation promotes the photoexcitation of Ag nanoparticles electrons through intraband excitations within the sp band. Furthermore, the photocatalytic process under visible-light is driven by plasmonic sensitization due to an electron electron-transfer process from Ag nanoparticles to KNbO3 via localized surface plasmonic resonance. In addition, researchers revealed that the Ag/KNbO3 composites proved efficient not only for organic dye decomposition, but also for application in other areas, like water splitting [87]. More recently, Xing et al. studied the new application of Ag/KNbO3 nanocomposites in photocatalytic NH3 synthesis by converting N2 into NH3. The presence of Ag on KNbO3 surface significantly enhances the photocatalytic behavior of perovskite. The highest performance for NH3 generation is achieved when the Ag content in the sample is 0.5%, which reaches about four times more than pure KNbO3. NH3 generation is related to Ag content since the ammonium production increases with higher Ag and then reduces. Pristine KNbO3 has a poor response on visible light irradiation due to its high band gap value and the formation of composite with Ag nanoparticles significantly improves the performance of the material under visible light exposure due to the photosensitization effect of Ag nanoparticles. In addition, the composites also proved efficient at H2 generation under simulated sunlight radiation and photocatalytic Rhodamine B degradation [88].



Ag-decorated ATaO3 nanocubes (A = K, Na) were prepared using the hydrothermal method in order to evaluate their photocatalytic water-splitting activity under simulated and pure sunlight. The photocatalytic water-splitting results revealed that both Ag-decorated KTaO3 and NaTaO3 nanocubes exhibited a rate for H2 evolution from aqueous CH3OH solutions up to 185.60 and 3.54 μmol/hg under simulated sunlight, receptively, which were more than two times of pristine NaTaO3 and KTaO3 in the same experimental conditions. In contrast, under purely visible light illumination, the photocatalytic performance of both Ag-decorated ATaO3 materials was lower, therefore, the highest H2 evolution of 25.94 and 0.83 μmol/h g for Ag-decorated KTaO3 and NaTaO3, respectively. The authors conclude that the surface plasmonic effect of Ag nanoparticles was responsible for increasing appreciably the quantum efficiency photocatalytic water-splitting activity of the Ag-decorated K, NaTaO3 materials [89].



As observed, several perovskites structures applied in photocatalysis are obtained from hydrothermal synthesis. One of the most interesting advantages in the use of this method to obtain semiconductor materials is the possibility of producing the same material with different morphologies. Spherical shaped SrTiO3 with sponge-like mesoporous morphology [90], cubic-like SrTiO3 [91,92], SrTiO3 dendritic particles, among other SrTiO3 morphologies, can be obtained from hydrothermal method [93] (Figure 4). In this sense, the syntheses parameters can be controlled in order to produce a material with different morphology. The work conducted by Kalyani et al. is a good example of how synthesis parameters influence the product obtained since the authors developed a comprehensive study on the SrTiO3 growth mechanism as a function of the synthesis conditions [93]. After the synthesis, the surface of the particles can be easily decorated with a precious metal through a chemical solution process; in some cases, the metal deposition process may be photo-assisted [83,84]. Figure 5 from the work published by Kumar et al. exemplifies an easy chemical solution route to deposit precious metal nanoparticles on the perovskite surface [93]. Kumar addressed the fabrication of photoanodes of NaNbO3 nanorods and Ag decorated NaNbO3 nanorods across hydrothermal method and chemical solution method. Due to the visible plasmonic effect, Ag nanoparticles are responsible for reducing the material optical band gap. Additionally, the Ag decorated NaNbO3 nanorods presented the best photocurrent density because the surface plasmon mediated electron transfer from metallic nanoparticles decorated NaNbO3 nanorods [94].



Based on the processing routes discussed here, any pure perovskite structure composed of precious metal or precious metal/perovskite hybrid structure can be obtained aiming at the applicability in a catalyst test.



These materials can be also processed as film. Jeong and co-workers [91] developed a fully solution-deposited nanocomposite photoanode from the impregnation of Ag NPs in the BiVO4 films prepared through spin coating and post-annealing (500 °C for 2h) to evaluate the photocatalytic water-splitting activity under simulated sunlight of 1 sun (100 mW/cm2) with Xe lamp. Ag nanoparticles-incorporated BiVO4 nanocomposite, for optimum Ag concentration of 4.0 mM, exhibited an appreciable improvement of photocatalytic performance at low potential (0.4 V), in addition to generating a saturated photocatalytic current density 3.3 times higher than the pristine BiVO4 film. Jeong et al. explain that these results can be associated with the SPR-induced enhancement mechanism, once Ag NPs impregnated in BiVO4 films are responsible for promoting enhanced carrier generation and separation. The performance of the films enhances the current density at low potentials and improves the kinetics of the carrier generation and separation due to the efficient charge carrier generation [95].



Zhang et al. [96] was approached by the role of charge transfer (CT) on the degradation of Rhodamine B under UV (265 nm) and UV–Vis light (Xe lamp 500 W with a 420 nm optical filter) using Ag-nanoparticle-dispersed BaTiO3 (Ag/BTO) composite films prepared through the sol-gel and spin-coating methods. Among the BTO materials obtained, only the monolithic BTO did not exhibit the absorption peak in the visible wavelength region of 450–600 nm, which is the peak associated with the SPR effect of the Ag NPs. The optical absorption spectra revealed that as Ag content increases until 25 mol%, a red-shift was observed, whereas a blue shift occurs with Ag content of 30 mol%. The photocatalytic results showed that Ag25/BTO film was the best Ag/BTO composite films; therefore, its photocatalytic efficiency was better under visible (62%) rather than UV–Vis (42%) light irradiation. The authors attributed this improvement in photocatalytic activity of the Ag25/BTO film to the SPR effect of the Ag nanoparticles derived from the maximum absorption profile of the band with slightly red-shift trend from 517 to 523 nm. XPS and PL measurements provide great evidence on the synergetic effect between the charge transfer from perovskite to Ag nanoparticles under UV light and charge transfer from Ag nanoparticles to BaTiO3 under visible light irradiation [96].



Until now, we approached the photocatalysis as environmental contamination solution, however, the electrocatalysis also represents an alternative to this purpose. Both processes involve oxidation and reduction mechanisms from photochemical reactions. As explained, in the photocatalysis the redox reaction is promoted by light absorption, while in the case of electrocatalysis, the redox process occurs through the flow of an electric current through an external circuit in the reaction system, as in further explanations below.





4. Application of Perovskites in Electrocatalysis


Electrocatalysis is the study area concerning chemical reactions that occur on electrode surfaces. It is strategical to develop devices and methodologies applied to produce clean energy and benefit a response to the increasing worldwide energetic demand [97]. The most efficient electrocatalysts derive from noble metals, e.g. Pt, Ru, Rh, and Ir based nanomaterials, but the high cost of these materials makes the large-scale production of technologies aiming at sustainable energy production, conversion, and storage a goal difficult to be achieved [98,99]. To overcome such issue, perovskites have been gaining attention as promising materials to act as electrocatalysts for their exceptional thermal stability, ionic conductivity, electron mobility, and redox behavior [100]. The perovskite electrocatalysts can be applied to plenty of electrochemical reactions, such as oxygen reduction, oxygen evaluation, hydrogen evaluation, alcohol oxidation, carbon dioxide reduction, water splitting, among others [101]. In this section, we present some insights on the perovskites electrocatalysts containing precious metals and their applications aiming at the development of energy generation devices.



The oxygen reduction reaction (ORR) and oxygen evaluation reaction (OER) have great importance in the development of electrochemical energy-conversion devices such metal-air batteries, polymer electrolyte membrane fuel cells (PEMFC), and other devices, e.g. in oxygen sensors. The large overpotential associated with these processes, due their slow reactions kinetics, is one of the major challenges to be overcome to develop high-performance catalysts [102]. Taking as an example the PEMFC, which accounts for one of the most representative applications of oxygen electrocatalysis, the oxygen could react through 2-electron or 4-electron pathways, as shown in the chemical equations below [103]:









	ORR in alkaline medium
	



	O2 + 2H2O + 4e− → 4OH− (4-electrons process)
	−1



	O2 + H2O + 2e− → HO2− + OH−
	(2a)



	H2O + HO2− + 2e− → 3OH− (2-electrons process)
	(2b)



	ORR in acid medium
	



	O2 + 4H+ + 4e− → 2H2O (4-electrons process)
	−3



	O2 + 2H+ + 2e− → H2O2
	(4a)



	H2O2 + 2H+ + 2e− → 2H2O (2-electrons process)
	(4b)






Currently, the most efficient catalysts for both anodic and cathodic electrochemical reactions in PEMFC are the Pt-based electrocatalysts. However, the high costs involved in large scale production represent an enormous problem. In this scenario, the perovskites structures arise as one alternative to obtain cheaper electrocatalysts that exhibit the same features of the Pt electrocatalysts, like outstanding catalytic and electrical properties and superior resistant characteristics to corrosion [104]. Recently, perovskite-type oxides have gained noticeable popularity as cost-effective bifunctional oxygen catalysts with promising catalytic activity and stability for the ORR and OER in an alkaline medium for their excellent electrical properties and abundant active sites [105].



Zhang et al. [106] provide an example of a precious metal-containing perovskite catalyst applied to ORR by using thermal treatments incorporated Ag-decorating nanoparticles into PBMO5 perovskites nanofibers matrix, followed by a second thermal treatment, which allowed the Ag nanoparticles to be exsolved from the crystal structure, establishing a strong interaction with the perovskite matrix and generating the Ag-(PrBa)0.95Mn2O5+δ (Ag-PBMO5) catalyst, as illustrated in Figure 6a. This catalyst has favorable ORR activity enhanced in relation to the PBMO5 and higher durability than the state-of-art Pt/C catalyst in alkaline solution. The ORR electrocatalytic tests were performed using linear sweep voltammetry (LSV) technique and the results revealed that Ag-PBMO5 catalyst demonstrated considerably higher catalytic activity in comparison to the its predecessors with ORR Eonset and E1/2 of Ag-PBMO5 catalyst of 0.92 V and 0.81 V vs. RHE, and the ORR Eonset and E1/2 of PBMO5 catalyst of 0.84 V and 0.74 V vs. RHE, respectively. The use of a Koutecky–Levich analysis based on the LSV experiments performed with a rotating electrode revealed that the Ag-PBMO5 electrocatalyst reduces the oxygen completely and directly to OH− though a 4-electron reaction pathway, achieving the highest energy efficiency in theory. The outstanding catalytic features of Ag-PBMO5 arises from a sum of factors, like crystal structure of reconstructed perovskite with oxygen defects internally ordered, which facilitates the charge transfer during the ORR through the perovskite structure and the resulting Mn3+ valence with eg occupancy, which moderates the intermediate binding strength on Mn sites and contributes to electrocatalytic activity of PBMO5. The contribution of exsolved Ag nanoparticles was investigated using DFT calculations, which revealed a significant ligand effect between the nanoparticles and PBMO5 and an increase in electron occupancy in s, p, and d orbitals on Mn sites, which results in a charge transfer from Ag to Mn sites. In this case, the d-band orbitals of Ag atoms are not completely filled and vacancies are generated, which consequently narrows the d-orbital of Ag and up-shifts the d-band center of Ag atom. The Ag-atom with and up-shifted d-band center is expected to adsorb O2 more strongly and split the O–O bond more efficiently. Therefore, charge transfer plays a crucial role in the enhancement of the ORR activity.



Zhu et al. [107] reported another example of perovskite electrocatalyst with exsolved Ag nanoparticles. The heterostructured Ag nanoparticle-decorated perovskite (denoted by e-SANC) was obtained from the precursor Sr0.95Ag0.05Nb0.1Co0.9O3−δ (SANC) through an easy exsolving process. The ORR activity was measured using the electrochemical impedance spectroscopy (EIS) technique and data were calculated from impedance loops the area-specific resistance (ASR). Electrocatalysts with lower ASR values show higher ORR activity. The e-SANC electrocatalyst exhibit very low area-specific resistance (0.214 Ω cm2 at 500 °C), which is much lower than its precursor (0.363 Ω cm2 at 500 °C). To illustrate the effect of Ag atoms in the perovskite structure, the results were compared to an electrode prepared without Ag (SNC0.95). In this case, the e-SANC electrocatalyst also showed ASR values at least 50% lower in addition to lower energy activation for ORR for the entire temperature range studied. The analysis of the circuit model used for EIS experiments can offer some insights on the ORR mechanism. The high-frequency resistance (RE1) is associated with the charge-transfer process and the results indicate that this feature is not affected in a significant way when comparing the catalysts e-SANC and SNC0.95. The low-frequency resistance (RE2) is related to oxygen surface process, like adsorption, desorption, dissociation at gas–cathode interface, and surface diffusion of intermediate species. The RE2 value for e-SANC decreased greatly when compared to SNC0.95, indicating that the Ag nanoparticles increase the velocity of the oxygen surface processes, an effect also found in kex (surface exchange coefficient) measurements using electrical conductivity relaxation (ECR) technique. The e-SANC electrocatalyst performance was evaluated in a solid oxide fuel cell (SOFC), in which the material was used as a cathode; the system showed the power-density peak of 1116 mW cm−2, having remained stable for 140 h at 500 °C. Furthermore, the cathode tolerance to CO2 was improved in relation to the precursor. It is possible to find that the exsolving methods have great potential to prepare precious metal nanoparticle-modified perovskites oxides as efficient catalysts towards fuel cells applications [108].



Taking into account oxygen electrocatalysis, there are some cases of bifunctional catalysts, which means that they act in ORR and OER. The bifunctional electrocatalysts are fundamental to the development of regenerative fuel cells, which are devices that produce energy and electrolytically regenerate their reactants by using stacks of electrochemical cells [109]. Retuerto and co-workers [110] prepared the functional perovskite electrocatalyst La1.5Sr0.5NiMn0.5Ru0.5O6 (denoted as LSNMR) from the mixture of La2O3, the Ru, Mn and Ni oxides, and SrCO3 at stoichiometric proportions. The efficiency of LSNMR electrocatalyst towards ORR and OER was measured in alkaline medium using the bifunctional index (BI) proposed by Schuhmann et al. [111]. The BI value determined to LSNMR bifunctional electrocatalyst was approximately 0.83 V, while an ideal ORR-OER electrocatalyst must show a BI value close to 0 V and the state-of-art bifunctional electrocatalysts shows values around 0.9 V. To the best of our knowledge, the LSNMR electrocatalyst appears to be the unique example of bifunctional catalyst for ORR and OER containing a precious metal into a perovskite structure. For comparison purposes, we can highlight the BI values of some bifunctional electrocatalysts, such as La0.58Sr0.4Co0.2Fe0.8O3/FeNx−C (0.86 V) [112], La0.7(Ba0.5Sr0.5)0.3Co0.8Fe0.2O3−δ/C (0.88 V) [113], La0.58Sr0.4Co0.2Fe0.8O3/N-CNT (0.826 V) [111], LaNi0.8Fe0.2O3 (1.02 V) [114], LaNi0.85Mg0.15O3 (1.15 V) [115], and the state-of-art catalysts RuO2 (0.8 V) and IrO2 (1.32 V) [112].



Water splitting has been arising interest for its possibility to generate hydrogen in a carbon-neutral manner. This process can be achieved by using electrodes under a light source, converting H2O to H2 and O2 through a photoelectrochemical (PEC) process [116]. Several transition metal oxides, and oxygen and halide perovskites have been used in the PEC evaluation of H2 [117]. Kumar and co-workers [94] provide an example after having developed an anode of NaNbO3 nanorods decorated with plasmonic Ag nanoparticles applied to PEC H2 evaluation. The results showed that both bare NaNbO3 and the Ag-decorated nanorods exhibit low current density due to H2 generation in dark conditions, but when the system was irradiated with a halogen lamp, the Ag-decorated nanorods anode exhibit 4-fold current density in relation to bare NaNbO3 catalyst. The origins of such an enhancement were investigated using the EIS technique, which revealed that the decoration of NaNbO3 increases its donor density, indicating the transfer of majority carriers from plasmonic Ag nanoparticles to perovskite matrix resulting in a higher concentration of charge carriers.




5. Final Considerations


Photocatalysis and electrocatalysis have been great routes to degrade persistent organic pollutants based on advanced oxidative processes. Because of their electrical and optical properties, perovskite structured materials represent a good alternative to replace TiO2-based materials in environmental treatment using AOPs. The perovskite properties are improved with the presence of precious metals in its crystalline structure and/or the formation of a precious metal/perovskite structure hybrid material. The most used precious metals for this purpose are silver and gold. This occurs due to the surface plasmon resonance phenom presented by metals. These semiconductors can be processed as powder and/or films. Chemical syntheses are efficient routes to produce these catalysts, especially hydrothermal synthesis. Based on the processing route discussed here, it is possible to obtain a catalyst with appropriate characteristics to be applied in both the dye decomposition and water-splitting process.
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Figure 1. (a) ABO3 ideal cubic perovskite structure and (b) the perovskite framework Mishra, A.; Prasad, R. Preparation and application of perovskite catalyst for diesel soot emission control: an overview. Catal Rev. 2014, 56, 57–81. Copyright 2014 Taylor & Francis [46]. 
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Figure 2. Crystal structure of SrVO3 and CaVO3. Reprinted (adapted) with permission from Zhang, L.; Zhou, Y.; Guo, L.; Zhao, W.W.; Barnes, A.; Zhang, H.-T.; Eatom, C.; Zheng, Y.; Brahlek, M.; Haneef, H.F.; Podroza, N.J.; Chan, M.H.W.; Gopalan, V.; Rabe, K.M.; Engel-Herbert, R. Correlated metals as transparent conductor. Nat. Mater. 2016, 15, 204–210. Copyright 2015 Spring Nature [53]. 
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Figure 3. The visible light activity of Au–TiO2 explained by two electron transfer mechanisms: resonance energy transfer process (right) and direct electron transfer process (left). Reprinted with permission from Nie, J.; Scheneider, J.; Sieland, F.; Zhou, L.; Xia, S.; Bahnemann. New insights into the surface plasmon resonance (SPR) driven photocatalytic H2 production of Au-TiO2. RSC Adv. 2018, 8, 25881–25887. Copyright 2018 The Royal Society of Chemistry [63]. 
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Figure 4. (a) FE-SEM image of spherical shaped SrTiO3 with sponge-like mesoporous morphology. Reprinted (adapted) with permission from Jayabal, P.; Sasirekha, V.; Mayandi, J.; Jeganathan, K.; Ramakrishnan, V. A facile hydrothermal synthesis of SrTiO3 for dye-sensitized solar cell application. J. Alloys Compd. 2014, 586, 456–461. Copyright (2013) Elsevier B.V. [90]; (b) SEM image of cubic-shaped SrTiO3. Reprinted (adapted) with permission from Gao, H.; Yang, H.; Wang, S. Hydrothermal synthesis, growth mechanism, optical properties and photocatalytic activity of cubic SrTiO3 particles for the degradation of cationic and anionic dyes. Optik 2018, 175, 237–249. Copyright (2018) Elsevier GmbH [91]; (c) TEM image of 0.5%Ag-SrTiO3 nanocomposites (the arrows indicate Ag nanoparticles). Reprinted (adapted) with permission from Zhang, Q.; Huang, Y.; Xu, L.; Cao, J.; Ho, W.; Lee, S.C. Visible-light-active plasmonic Ag-SrTiO3 nanocomposites for the degradation of NO in air with high selectivity. ACS Appl. Mater. Interfaces 2016, 8, 4165–4178. Copyright (2016) American Chemical Society [92]; and (d) SEM image of SrTiO3 dendritic particles. Reprinted (adapted) with permission from Kalyani, V.; Vasile, B.S.; Ianculescu, A.; Testino, A.; Carino, A.; Buscaglia, M.T.; Buscaglia, V.; Nanni, P. Hydrothermal synthesis of SrTiO3: role of interfaces. Cryst Growth Des. 2015, 15, 5712–5725. Copyright (2015) American Chemical Society [93]. 






Figure 4. (a) FE-SEM image of spherical shaped SrTiO3 with sponge-like mesoporous morphology. Reprinted (adapted) with permission from Jayabal, P.; Sasirekha, V.; Mayandi, J.; Jeganathan, K.; Ramakrishnan, V. A facile hydrothermal synthesis of SrTiO3 for dye-sensitized solar cell application. J. Alloys Compd. 2014, 586, 456–461. Copyright (2013) Elsevier B.V. [90]; (b) SEM image of cubic-shaped SrTiO3. Reprinted (adapted) with permission from Gao, H.; Yang, H.; Wang, S. Hydrothermal synthesis, growth mechanism, optical properties and photocatalytic activity of cubic SrTiO3 particles for the degradation of cationic and anionic dyes. Optik 2018, 175, 237–249. Copyright (2018) Elsevier GmbH [91]; (c) TEM image of 0.5%Ag-SrTiO3 nanocomposites (the arrows indicate Ag nanoparticles). Reprinted (adapted) with permission from Zhang, Q.; Huang, Y.; Xu, L.; Cao, J.; Ho, W.; Lee, S.C. Visible-light-active plasmonic Ag-SrTiO3 nanocomposites for the degradation of NO in air with high selectivity. ACS Appl. Mater. Interfaces 2016, 8, 4165–4178. Copyright (2016) American Chemical Society [92]; and (d) SEM image of SrTiO3 dendritic particles. Reprinted (adapted) with permission from Kalyani, V.; Vasile, B.S.; Ianculescu, A.; Testino, A.; Carino, A.; Buscaglia, M.T.; Buscaglia, V.; Nanni, P. Hydrothermal synthesis of SrTiO3: role of interfaces. Cryst Growth Des. 2015, 15, 5712–5725. Copyright (2015) American Chemical Society [93].
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Figure 5. Schematic representation of the different steps involved in the formation of perovskite particles from the hydrothermal method and Ag decoration pervoskite surface by the chemical solution. Reprinted with permission from Kumar, D.; Singh, S.; Khare, N. Plasmonic Ag nanoparticles decorated NaNbO3 nanorods for efficient photoelectrochemical water splitting. Int. J. Hydrogen Energ. 2018, 43, 1–8. Copyright (2018) Hydrogen Energy Publications LLC. Published by Elsevier Ltd [94]. 
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Figure 6. (a) Synthesis steps for the obtention of Ag-PBMO5 electrocatalyst; (b) proposed scheme for ORR at the electrocatalyst surface; c) HRTEM images of exsolved Ag2O nanoparticles bonded to the perovskite surface and FESEM images of PBAMO3 nanofibers. Reprinted with permission from Zhang, Y.Q.; Tao, H.B.; Liu, J.; Sun, Y.F.; Chen, J.; Hua, B.; Thundat, T.; Luo, J.L. A rational design for enhanced oxygen reduction: Strongly coupled silver nanoparticles and engineered perovskite nanofibers. Nano Energy, 2017, 38, 392–400. Copyright (2017) Nano Energy Publications LLC. Published by Elsevier Ltd [106]. 
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Table 1. Photocatalytic activities of SrTiO3:M(0.5%) for H2 and O2 evolution from the aqueous solution containing sacrificial reagents under visible light irradiation a. Reprinted with permission from Konta, R.; Ishii, T.; Kato, H.; Kudo, A. Photocatalytic activities of noble metal ion doped SrTiO3 under visible light irradiation. J. Phys. Chem. B 2004, 108, 8992–8995. Copyright 2004 American Chemical Society [75].
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M

	
Eg/eV

	
Activity/µmol h−1




	
H2 b

	
O2 c






	
Mn

	
2.7

	
0.2

	
2.7




	
Ru

	
1.9

	
1.7

	
3.9




	
Rh

	
1.7

	
17.2

	
0




	
Ir

	
2.3

	
8.6

	
0.4








a Catalyst, 0.3 g; reactant solution, 150 mL; light source, 300 W Xe lamp with cutoff filter (λ > 440nm). b From 10 vol% aqueous MeOH; cocatalyst, Pt (0.5 wt %). c From 0.05 mol.L−1 aqueous AgNO3.
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