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The magic reducible oxides properties likely are mainly due to the presence of oxygen defects and their rich surface chemistry, which provide a rational pathway to the emergent of entirely new properties. Although significant progress has performed in the last years, it can be stated that they are not fully understood at the nanoscale level so far. This mini-review provides a comprehensive perspective on the oxygen defects and surface chemistry of reducible oxides based on materials with two-dimensional (2D) structure. Thus, in this perspective, we intend to discuss some of the main challenges and opportunities in this important field of research in materials chemistry and engineering. From a practical standpoint, chemical insights from defect-engineering may provide vital clues for improving synthetic methods and understanding fundamental nanoscale properties, driving innovation in the field of reducible oxides based on 2D structure materials.
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INTRODUCTION

Given the environmental and political problems created by the dependence on fossil fuels, combined with the likely decline in oil reserves, in particular, the search for new renewable sources of energy and chemicals has become increasingly important. To address this issue, significant efforts have been undertaken to diversify our energy sources, particularly for the transport sector, and hence point the way to find cleaner energy sources. However, alternative fuels are not available in all places, and one region may prefer ethanol, while another biodiesel, gasoline, or methanol. Most fuels require different engine technologies for efficient operation, as well. However, hydrogen can in principle be produced from various raw materials and is a by-product of the above-mentioned alternative fuels, as well as many others, i.e., providing a promising alternative and universal fuel (Holladay et al., 2009).

The conversion of larger molecules present in biodiesel or petrochemical derivatives to hydrogen involves several steps that must be well-controlled to obtain the desired product. Thus, the use of catalysts in complex and multi-step reactions is fundamental in order to aid the process (Trane et al., 2012). The process of converting complex molecules to H2 involves separate oxidation and reduction steps. Therefore, a desirable catalyst must exhibit this duality. In addition to being very active, the catalyst must be easily produced and also exhibit high stability with a long lifespan. In this context, oxide catalysts can widely be used as promising alternatives in order to meet these demanding requirements. Before use in catalysis, reducible oxides have been extensively used in the fields of superconducting physics and spintronics because of their excellent ionic mobility at high temperatures (Barcaro and Fortunelli, 2019). According to Professor Misono: “A catalyst can be called catalytic converter only when it catalyses some reaction useful for practice and the society.” He states that, “the progress of catalysts based on mixed and reducible oxides may be the key to the advancement of catalytic technologies” (Misono, 2005). The improvement of the catalytic performance of reducible oxides has attracted significant interest from the scientific community in order to better understand their mechanisms and electronic structures at the nanoscale.

In this review, a brief discussion will be presented regarding reducible oxides based on materials having two-dimensional (2D) structure as well as their formation, migration, and dimerization of vacancies. The potential use of these advanced materials for the production of hydrogen from biomass and bio-oil as well as in the gas-water displacement reaction and the preferential oxidation of CO will also be reviewed.



WHAT ARE REDUCIBLE OXIDES?

Reducible oxides are solid state materials that are strongly affected by the reversible oxidation state of the metal. Because of the reversibility, these materials are promising for storing and releasing oxygen, as well as, for a huge variety of catalytic processes. It has been established that a reduction in the oxidation number of the metal occurs when the crystal loses an oxygen atom and forms a vacancy. In addition, it has also been observed that the reduction of particle size can, in theory, increasing the stability of the metal in their many applications (Van Santen et al., 2015). This key phenomenon is shown schematically in Figure 1A.


[image: Figure 1]
FIGURE 1. (A) Illustration of vacancy formation on the surface of ceria; (B) Phase diagram of the transition curves of the crystalline structure in the presence of O2 obtained by DFT (MV, medium vacuum; HV, high vacuum; VHV, very high vacuum; and UHV, ultra-high vacuum) and (C) Schematic of vacancy formation and its impact on the electronic levels of a reducible oxide (adapted from Esch et al., 2005; Sun et al., 2012; Paier et al., 2013).


Thermodynamically, any oxide is reducible (Swartz, 2002), but oxygen vacancies are defects preferentially formed under low partial pressures of oxygen and high temperatures. Hence, the distinction between a reducible and non-reducible is typically associated with the necessary conditions for vacancy formation to occur. For reducible oxides, these conditions (e.g., temperature and pressure) are moderate and technically attainable, while the corresponding conditions necessary to form vacancies in non-reducible oxides are, in theory, more difficult to be achieved (Swartz, 2002; Schaub et al., 2003; Wahlstro et al., 2004). To illustrate these conditions, Paier et al. (2013), used a density functional theory (DFT) framework to investigate CeO2 (111), TiO2 (110), Al2O3 (0001), and MgO (001). The results of their calculations are reproduced in Figure 1B.

From the analysis of Figure 1B, it is clear that two oxide surfaces can be considered “reducible,” CeO2 (green) and TiO2 (blue) because the conditions required for thermodynamically favorable reducibility are attainable. However, for Al2O3 and MgO, these conditions are quite extreme and therefore are usually considered to be non-reducible (Barcaro and Fortunelli, 2019). Hence, the necessary conditions for the emergence of complex defects have been extensively studies, where some authors have identified the formation of temperature defects (Namai et al., 2003a,b), while others have observed vacancies arising only above 400°C (Esch et al., 2005). It is likely that oxygen vacancy formation depends on many factors, including the inherent nature of the analyzed oxide, its purity, surface analysis, synthesis condition, and also doping status. It is possible to observe vacancies at ordinary room temperature with a high degree of “contaminants” favoring the vacancy-like formation. These factors will be further discussed in the following sections. Among the various reducible oxides, we are particularly interested in TiO2, CeO2, ZrO2, V2O5, FeOX, PrO2, SmOX, CoOX, MnOX, V2O5, MoO3, and WO3 and more complex solids, such as the BaTiO3, LaCoO3, and HfSiOX (Livage, 2010; Paier et al., 2013; de Castro et al., 2017).


Electronic Structure

The migration of electrons from the oxygen 2p orbital states in the valence band (VB) to the conduction band (CB) (Figure 1C), is only possible if the energy between them (band gap) is relatively small, on the visible and ultraviolet radiation frequency. For example, reducible oxides are usually formed by metals that contain half-filled d and f orbitals, it is additionally likely which such compounds form a mix of covalent or ionic bonds. For Ce these are the 4f orbitals; 3d orbitals for Ti and V; and 4d for Zr. In oxides considered to be non-reducible, the d and f orbitals are typically unoccupied (for example, Mg and Al), forming likely a large band gap, making the high energy intermediate and thermodynamic electron migration unfavorable (Esch et al., 2005). These modern computational methodologies, however, have inspired notable progress in the field of catalysis (Seh et al., 2017). Thus, computational catalyst design has played a growing role in developing sustainable next-generation nanoscale complex materials and is typically at the forefront of scientific study in the field of catalysis.



Where Do Vacancies Come From?

The energy requirements for the formation of vacancies in reducible oxides is relatively low compared to that of other materials and is thermodynamically favorable at high temperatures and low partial pressures of oxygen (Rasmussen et al., 2004; Esch et al., 2005; Zhou et al., 2008; Paier et al., 2013). For all cases, are expected to vacancy formation is thermodynamically more favorable at terraces and surfaces than inside the bulk oxide. In other words, the formation of surface vacancies is favored due to the greater interatomic potential (the potential between two bodies that arises due to the steric repulsion of ions) inside the oxide (Nolan et al., 2006). The coordination number of the exposed surface exposed is less than that inside the network, i.e., facilitating the formation of a considerable amount of surface defect states. Surfaces with smaller coordination numbers favor, therefore, the defect formation. Esch et al. (2005), monitored the formation of oxygen vacancies in CeO2 (111) by scanning tunneling microscopy (STM) and the obtained images are shown in Figure 2.


[image: Figure 2]
FIGURE 2. STM images of oxygen in the CeO2 facet (111) (adapted from Esch et al., 2005).


From these results, the presence of subsurface vacancies (blue triangles) and “dumbbell” type or trimers (red triangles) vacancies can in principle be observed. At the bottom of Figure 2 there is a schematic of the ordering of the oxygen and cerium atoms in each type of vacancy. The formation of vacancies occurs in the subsurface (second layer) because those metal atoms are reduced and the outermost layer is composed primarily of oxygen atoms. However, when a vacancy is typically formed, it exposes two Ce3+ atoms and one Ce4+ atom that is smaller than Ce3+. Because of the size, the total power of the network increases. Once formed, a wave becomes a positive center that attracts electronegative species like O2. Generally, when they are attracted, the defect is undone and by chemisorption the O2 is added to the surface. This chemical adsorption and migration of the defect states on the surface of TiO2 are shown in Figure 3.


[image: Figure 3]
FIGURE 3. Mobility of oxygen vacancies on the surface of TiO2. STM images (left) and schematic diagram (right) (adapted from Campbell, 2003; Schaub et al., 2003). In the left images, each number symbolizes the microscopy of a region different. Each number shows two microscopy images, the first before the movement and the second after the move.


Another phenomenon responsible for causing the formation of vacancies is the term entropic stabilization will appear for surfaces with a large number of voids, usually obtained by removing part of the ions at a polar terminus to cause the layer to be charged is zero. In general, the surfaces of reducible oxides are highly disordered at nanoscale (Capdevila-Cortada and López, 2017; Mora-Fonz et al., 2017).

After adsorption on the surface, one atom in the oxygen molecule can recombine (and again form O2) with the same oxygen atom or with a neighboring oxygen atom. Thus, in this perspective, the vacancies become mobile and can occupy any spot on the surface of the network, since the energy at any point on the surface (assuming a clean surface) is identical (Campbell, 2003; Schaub et al., 2003; Esch et al., 2005). After acquiring a certain mobility, vacancies tend to occupy low energy spaces, i.e., regions where the total energy of the network is minimal. It was previously mentioned that during the formation of a vacancy, two atoms of the metal are exposed and one metal atom is in its initial oxidation state. When dimerizing, these clusters of vacancies expose only reduced metal atoms without distortions in the crystalline lattice and are, therefore, thermodynamically more favorable. The phenomenon of vacancy dimerization and exposure of reduced metal atoms in these dimers is shown in Figure 4.


[image: Figure 4]
FIGURE 4. Dimerization of the oxygen vacancies in the CeO2 facet (111) (A) STM image (B) Corresponding structural model (Adapted from Esch et al., 2005).


In an interesting study, Esch et al. (2005), used STM at different times for CeO2 samples exposed to a temperature of 900°C under vacuum and the images are shown in Figure 5. From Figure 5, it is clear that with increasing exposure time to 900°C conditions, an increased number of vacancies was observed, especially in the form of dimers. Over time, in particular, the number of vacancies stabilized and the structure equilibrated. Bryant et al. (2011) showed that the surfaces of PrSr2Mn2O7 contain vacancies and peaks formed by the adsorption of oxygen. Hence, the adsorbed oxygen atoms are called adatoms (ad = adsorbed and atom = atom). An illustrative scheme of this scenario is shown in Figure 6A.


[image: Figure 5]
FIGURE 5. Growth of oxygen vacancies in CeO2 (111). (A) 1 min and (B) 5 min of exposure to 900°C (adapted from Esch et al., 2005).



[image: Figure 6]
FIGURE 6. (A) Schematic of the surface topography of a generic reducible oxide with its their respective adatomos and vacancies. (B,C) Microscopies (STM) separated by 1 min showing the recombination between adenomas and vacancies (adapted from Bryant et al., 2011).


Bryant et al. (2011) also performed STM in order to monitor the vacancy behavior, which are shown in Figures 6B,C.

In Figures 6B,C the recombination between a vacancy and an adatom to form a “flat” site on the PrSr2Mn2O7 is shown. This recombination demonstrates that reintroducing oxygen to the reducible oxide structure is possible, as well as, conferring a cyclical capacity to undergo reduction (vacancy formation) and return to the original state (reincorporation of oxygen into the structure). Applications of the cyclic capacities of these materials will be further discussed below. Oxides, in addition to oxygen vacancies, may also contain interfacial defects, which also called planar or line defects, in their crystalline structure (Callister and Rethwisch, 2012). For instance, such imperfections include external surfaces, grain contours, phase contours, edge contours, and stacking faults. Notably, considering the grain boundary has different crystallographic orientations and are usually contours that have naturally two dimensions, which also separate the materials. So there is an interfacial or grain boundary energy similar to the surface energy (which depends on the exposed face and the growth direction). Hence, the magnitude of this energy is due to the degree of disorientation, being more significant for the high angle contours, while the grain boundaries are, in theory, more reactive (Callister and Rethwisch, 2012). Also, naturally the impurities atoms incorporated into the host material often segregate in the contours (i.e., due to their higher energy levels). In this case, the interfacial energy is, in turn, that lower in materials with larger or coarser grains, precisely because of the grain boundaries. However, in this perspective, despite the disordered disarray of the atoms and the lack of a regular bond along the contours of the grains, a polycrystalline material is very resistant, likely since cohesive forces are present in and through the contours (Callister and Rethwisch, 2012).

However, many recent studies have shown that advanced materials containing high-density grain boundary defects can give rise to new and unique functionality for a huge diversity of emergent applications (Guo and Waser, 2006; Lee et al., 2012). For instance, in a study conducted by Feng et al. (2016), provide clues that the amount of oxygen vacancy presents in CeO2 materials as-prepared are highly dependent on the structure of grain boundary defects, and hence are key in order to elucidated their catalytic nanoscale behavior.



Adding Dopants and Forming Vacancies

Aristotle's famous quote “the material behaves differently from its components” perfectly fits this subitem. Upon addition of dopants, a different metal (“impurity”) is added to the reducible oxide increasing the entropy of the system by disrupting the crystal lattice and decreasing the energy required to form vacancies. In this manner, non-reducible oxides can become reducible when suitably doped. Hence, in this perspective, the primary effect of vacancy formation after the addition of a dopant to the structure is cargo conservation. For example, by adding a 3+ dopant to the structure of a network formed by atoms in the 4+ state will result in the formation of a vacancy (½ O2 output) for every two 3+ dopant atoms added. However, is well-known that vacancy formation in doped complex oxides also depends on the size of the dopant and Coulomb interactions that are governed by the oxidation state of the dopant metal and its polarizability. Reduction of the metal is favored when the dopant added to the structure exhibits characteristics similar to those of reduced metal. When a dopant is introduced with a radius greater than that of the oxidized bulk metal, the metal will be reduced, increasing its size, reducing the distortion of the network, which minimizes the network. In parallel, the energy of vacancy formation decreases with increasing ionic radius of the dopant added, which is shown in Figure 7A.


[image: Figure 7]
FIGURE 7. (A) Ce4+/Ce3+ reduction energy (calculated → solid line; experimental → dashed line) as a function of dopant composition and (B) Ce4+/Ce3+ reduction energy (calculated → solid line; experimental → dashed line) as a function of dopant composition (adapted from Trovarelli and Fornasiero, 2013).


From Figure 7A, it is clear that increasing ionic radius of the dopant affecting the overall shielding energy (energy required to form a vacancy-like). However, with increasing dopant atom size (Gd → La), in particular, the shielding energy increased. Another important factor, as shown in Figure 7, is the reliability of the prediction calculations of the behavior of the metal-doping alloys. Although the precision is lacking, the overall trend of the curve was followed for the calculated and empirical models. Coulomb interactions, in general, depend on the polarizability of each ion and overall polarization. Thus, stronger interactions and lower energy locations are necessary for vacancy formation. The effect of polarizability is shown in Figure 7B, depicting the decreasing reduction energy (vacancy formation) with increasing concentration of Th and Zr dopants. Hence, the decrease in the reduction energy upon Th doping more pronounced due to its greater ionic radius and polarizability. In addition, it is well-known that the 2D structures of ceria can be achieved by utilizing various synthetic routes available (Umar et al., 2015; Song et al., 2017; Li et al., 2018). In this context, Li et al. (2018) have reported the possible to get cerium oxide with nanoflakes forms with more active planes by doping with cobalt using the hydrothermal method as a strategy. According to these XRD results, in particular, the doped product had a cubic fluorite structure belonging to the Fm-3M group (no: 225) with a = 5.41134 Å (Morris et al., 1964). They reported that the Co-CeO2 system have an excellent catalytic activity for the Hg0 removal. Particularly, the Hg0 is oxidized by active oxygen species of doped host matrix, which were associated with the oxygen defects caused in the CeO2 lattice (Li et al., 2018). In this case, it is well-known that such species have high mobility. Optical responses has been widely applied to identify the presence of structural defects in many materials (Kripal et al., 2011; Wang et al., 2013; Liu et al., 2014). For instance, Eu(III) ions are usually used to probe the local structure of diverse materials (Montini et al., 2009; Tiseanu et al., 2014). It is reasoned that the intense 5D0 → 7F0 transition of Eu(III) ions can be mainly used in this context to differentiate its preference of incorporation in bulk and the surface of the host matrix (Montini et al., 2009) as shown in Figure 8A. In parallel, a single well-defined UV-vis absorption peak at 344 nm was observed for the CeO2 nanoflakes (see Figure 8B). From the characterization of the sample by Raman scattering it was possible to notice that the dominant peak at 464 cm−1 is attributed to the CeO2 characteristic band and corresponds to the active mode F2g of the CeO2 cubic structure (see Figure 8D) (Lu et al., 2010; Liu et al., 2011). The other four weak Raman modes (377, 429, 550, and 593 cm−1) characterize structural disorder in CeO2 lattice (Grover et al., 2008; Araújo et al., 2012; Aškrabiać et al., 2012). In order to study the mobility of oxygen, O2-TPD was tested for different temperatures. Figure 8C showed that pure CeO2 peaks at 200–300 and 400–650°C were attributed to surface oxygen poorly bound to surface and chemically adsorbed oxygen species at vacancies, respectively (Jiang et al., 2015). When comparing to pure CeO2, the increased chemical adsorption of O2 between 100 and 500°C Co-CeO2 suggested that it has a more efficient activation at its surface due to increases of oxygen vacancies (Zheng et al., 2016). As result, these structural defects are responsible for creating new intermediate levels within the band gap, which can be a more active site for many reactions. Hence, photocatalytic activity of CeO2 nanoflakes was evaluated by the degradation of DR-23 dye under UV irradiation (Umar et al., 2015). A proposed mechanism is presented in Figure 8E, and is consistent with the literature (Umar et al., 2015).


[image: Figure 8]
FIGURE 8. (A) UV–Vis spectrum UV-Vis spectrum of CeO2 nanoflakes, (B) Raman-scattering spectrum of prepared CeO2 nanoflakes, (C) O2-TPD profiles of pure CeO2 and Co-CeO2 (D) CeO2 unit cell and (E) Pictorial representation of degradation mechanism for the photocatalytic degradation of DR-23 under UV-light irradiation (adapted from Umar et al., 2015; Li et al., 2018).




Metals Supported on Oxides

The use of metals supported on reducible oxides has become increasing popular for heterogeneous catalysis development. The high catalytic conversion, cycling potential, and affordability of these catalysts has attracted significant interest from researchers in industry and academia (Rodríguez and Hrbek, 2010). Supports based on mixed oxides have been widely used for catalysis (CeO2 and TiO2 are particularly outstanding), due to their relatively high area, thermal stability, and their function as a carrier and catalytic promoter. The “reducible oxide + electron donor metal” system has been used often in the literature and in various forms (Figure 9). The interface between the oxide and metal is the most active catalytic site in these materials and is referred to as the “hot spot zone.”


[image: Figure 9]
FIGURE 9. Structure of the conventional and inverted catalysts (adapted Rodriguez et al., 2009; Rodríguez and Hrbek, 2010).


The electron donor metal functions as a promoter for vacancy formation and the other side the oxide can provide electrons (opposite direction of the reduction) to the metal. This “oxide + metal” system is active for oxidation and redox reactions (Vayssilov et al., 2011). An example of vacancy formation in reducible oxides with the addition of electron donors is shown in Figure 10. Upon addition of Cu to CeO2, the peak intensity at about 533 eV decreased compared to the peak at 530.5 eV. Hence, the component with the O1s electrons trapped is commonly attributed to the presence of vacancies (Hardacre et al., 1995). Thus, the addition of donor metals favors vacancy formation through electron donation. On the other hand, the interaction between the metal and oxide depends on the size of the structures. These materials have a larger area per unit mass and vacancy formation occurs preferentially on the surface, causing an energy reduction. In addition to the high surface area, the nanostructured materials promote greater interaction between the electron donor metals, dopants, and reducible oxide, forming additional “hot spot zones” (Migani et al., 2010; Vayssilov et al., 2011).


[image: Figure 10]
FIGURE 10. Spectrum of XPS O1s and the effect of copper doping on ceria (adapted from Aranda et al., 2012).




Interaction With Oxygen

Understanding the interaction mechanism of oxygen molecules with reducible oxide surfaces is crucial for understanding of oxide catalysts. The formed vacancies interact with O2 molecules (see Figure 11), forming peroxo [MOOM] species on the surface, which are extremely reactive and strong oxidants (Paier et al., 2013).


[image: Figure 11]
FIGURE 11. The two types of bonding on the surface: (a) superoxo-η1, (b) superoxo-μ, (c) η2-peroxo, (d) μ-peroxo, and (e) trapezoid-peroxo (adapted from Wagnerová and Lang, 2011).


Due to the increase in bonding distances relative to O2 and also the corresponding displacement of the O-O, superoxo, and peroxo stretching frequency, surface species which can be experimentally identified from the vibrational (infrared or Raman) spectroscopy. Hence, the adsorption energy of the different species of oxygen by the surface of the metal (as shown in Figure 11) alters the dynamics of oxygen donation and its reincorporation, with impacts on the reactional rate for each material (Paier et al., 2013).



Eletrochemical Potencial Use

In the application of photovoltaic solar energy, as it is widely abundant, such devices may in principle provide more sustainable clean, green energy without toxic or dangerous gases (Nunes et al., 2018). The designed materials for these applications have increased a lot in recent years, which has transformed the total cost of this technology, likely is due to the fast increase in efficiency as well as the simplicity of fabrication of these devices. For instance, photovoltaic devices based on silicon can be considered, currently, as the main photovoltaic material used today, prevailing the photovoltaic market with a high-power conversion efficiency (PCE) up to 27.6%, however, it has high production costs (Glunz et al., 2012; National Renewable Energy Laboratory, 2019; Velilla et al., 2019). Fine-film solar cells based on perovskite-related materials are also under intense investigation, however, where these devices exhibit PCEs normally in the range of 10 to 25%. More recently, several strategies have widely been adopted to the development of the next generation of photovoltaic devices, especially based on emerging materials (Protesescu et al., 2015; Brenner et al., 2016; Manser et al., 2016; Saliba et al., 2016). These novel emerging materials are chemically and thermally stables with incredible potential for many applications and, in some cases, can widely be compatible with a huge variety of low-cost manufacturing (Masi et al., 2018; Nunes et al., 2018; Fernandes et al., 2019; Ramirez et al., 2019). Such emerging materials, however, have its chemistry still very little explored, which may in principle be an option interesting for the appearance of many technologies.

Eventually, when considered the evolution of solar cells with the most remarkable achievements also includes dye-sensitized solar cells (DSSCs), which have played a prominent role in the past but remain very important for photovoltaic technology (O'Regan and Gratzel, 1991; Wang et al., 2006; Gong et al., 2017). In the DSSCs, particularly, the mesoporous metal oxide mainly the basis of TiO2 with PEC < 8% (Sharma et al., 2017). However, many other oxides may also be used for applications in DSSCs are integrated into devices anchored to the dye is placed between two glass conductive plates in the presence of an electrolyte, which is generally a redox system (Polman et al., 2016; Sharma et al., 2017; da Fonseca et al., 2018). Fundamentally, by drawing attention to DSSC application, when dye molecules (also known as photosensitizers) capture the photons of sunlight. Consequently, the photoelectrons move directly from the LUMO (lowest unoccupied molecular orbital), which is the excited state of the dye (a liquid redox electrolyte, usually I−/I3− non-aqueous solution), to the CB of the semiconductor material as electron selective contact and therefore diffuse to the electrode conductor (da Fonseca et al., 2018; Nunes et al., 2018). Hence, the ionized dye molecules are, in turn, reduced by the reducible oxide charge on the electrolyte. Additionally, the dye is electrochemically regenerated in this process (Nunes et al., 2018).




REDUCING OXIDES APPLIED TO CATALYSIS

The huge versatility of oxide materials allows a wide range of technological applications, including catalysis, sensors, electrochemistry, energy storage, photochemical energy conversion, and fuel cells (Seh et al., 2017). When discussing the use of reducible oxides in catalysis, we should mention their use in oxygen storage, emissions control in diesel engines, hydrocarbon oxidation, three-way catalysts, and hydrogen production. Hydrogen production can be achieved using several sources including biomass and bio-oil, and via reactions such as gas-water displacement (water gas shift) and preferential oxidation of CO (Prox) (Trane et al., 2012).


Hydrogen Production From Biomass

Biomass is organic matter (non-fossil) of animal or vegetable origin, capable of being used as a source of energy. Common examples include straw, bagasse, rice husk, sawdust, wood chips, briquettes, and vegetable oils (biodiesel) (Barandas, 2009). Biomass was the first energy source used by mankind and its use may reduce worldwide dependence on oil. Biomass can be obtained from agricultural, industrial, and household waste in many forms. The direct use of biomass as an energy source is unfavorable for biomasses with low calorific value. Therefore, reactions involving the H2 and CO (called synthesis gas) have long been developed (de Lasa et al., 2011). Reactions involving biomass are usually performed by the gasification of its components through heating, which promotes the formation of a gaseous phase consisting of H2, CO, CO2, CH4, tar (benzene and other aromatic compounds), water vapor, solid wastes (char), and liquids (bio-oil). The first catalysts used (and perhaps the most commonly used to date) are based on materials such as Al2O3, dolomite (CaMg(CO3)2), olivine ((Mg, Fe)2SiO4), and alkali metal oxides. The complexity of these reactions and rapid deactivation caused by the high carbon concentration result in a short service life for these catalysts (de Lasa et al., 2011; Trane et al., 2012). The complex reactions with high levels of carbon and formation of coke involve both reduction and oxidation steps, and the reducible oxides have been suggested as viable alternative catalysts. According to Łamacz et al. (2011), reducible oxides decompose biomass components using their vacancies, but the addition of metal donors increases the production of H2 and CO. The authors proposed that the association between reducible oxides and electron donating metals (such as Ni, Au, Pt, and Pd) are the most promising systems for these reactions. de Lasa et al. (2011), reviewed the use of various supports (a-Al2O3, γ-Al2O3, SiO2, MgO, CeO2, and TiO2) for steam reforming of biomass with Ni as the supported metal. Cerium and titanium oxides showed similar conversion efficiency during the initial cycles but deposited only smaller amount of coke (carbon deposits) on the surface. The vacancies promoted greater interaction with oxygen and promoted the oxidation of carbon deposits (de Lasa et al., 2011). Thus, the oxide carriers exhibited better performance over many cycles and are more viable for long-term use.



Production of Hydrogen From Bio-Oil

As previously mentioned, the process of biomass gasification generates gaseous, liquid, and solid products. The liquid gasification product is dark brown and referred to as bio-oil. Bio-oil consists of a complex mixture of organic compounds and small inorganic fractions. To illustrate the composition of the bio-oil, Table 1 lists the main components and their contents.


Table 1. Chemical composition of bio-oil.

[image: Table 1]

Table 1 shows that bio-oil mainly contains water and lignin. However, the presence of aldehydes, acids carboxylic acids, alcohols, and ketones account for 45% of the bio-oil. Thus, most studies of bio-oil reforming use the aqueous fraction of the bio-oil, containing acetic acid (Basagiannis and Verykios, 2006, 2007; Vagia and Lemonidou, 2008), acetol (Barandas et al., 2011; Dubey and Vaidya, 2012), and ethanol (Song et al., 2010; Ávila-neto et al., 2012; Soykal et al., 2012). However, a major challenge for reforming bio-oil is related to the catalysts that require high activity, selectivity for H2, and high stability. The diversity of reactions required for the conversion of oxygen compounds present in the bio-oil is shown in Figure 12.


[image: Figure 12]
FIGURE 12. Reaction paths for hydrogen production from compounds (adapted from Cortright et al., 2002).


Figure 12 shows the number of steps (dehydrations, dehydrogenations, hydrogenations, as well as CC and CO bond breakage) involved in the conversion of complex molecules to H2, CO, and CO2. For biomass reforming, catalysts based on reducing oxides are quite promising, given the number and complexity of the produced phases. These steps described in Figure 10 involve donor and electron acceptor sites, and the mobility of these electrons as well as the reversibility of oxygen adsorption on the surface favor these reactional steps, increasing the reaction rates and minimizing the deactivation of the catalysts by carbon deposition (Cortright et al., 2002).

Yan et al. (2010), tested the hydrogen conversion of nickel catalysts supported on CeO2-ZrO2 and commercial nickel catalysts (Z417). The presence of a carrier with reducible oxides increased the percentage of hydrogen produced per gram of catalyst, promoted increased catalyst cycling, and increased the useful life of the catalyst. Zhang et al. (2012), reported similar results using bimetallic Ni and Co catalysts on CeO2-ZrO2 supports compared to Ni and Co catalysts. The interactions of the mixed oxides created catalytic sites for breaking CC and CH bonds and vacancy formation and reabsorption of oxygen molecules assisted in the removal of carbon deposits formed on the catalyst surface.



Hydrogen Production via the Gas-Water Displacement Reaction (Water Gas Shift)

The gas-water displacement reaction (WGS) is important because it decreases CO concentration and produces hydrogen (the desired product) concomitantly. Even in small amounts, CO exhaust gas must be removed due to its adverse effects on the anodes of fuel cells, causing the deactivation of electrocatalysts (Ghenciu, 2002).

[image: image]

Although relatively simple (compared to bio-oil reactions), WGS requires high selectivity and high yield. Recombination reaction between CO and CO2 molecules for the formation of short chain oxygenates should also be suppressed. The formation of carbonaceous molecules on the surface of the catalysts can result in carbon deposits and consequent passivation of the catalyst. Two characteristics of reducible oxides highlight their applicability for this reaction: (i) abundant vacancies and (ii) interactions with oxygen (Zhai et al., 2010). The creation of electropositive sites (vacancies) increases the spill over of water molecules and creation of highly reactive radicals (OH and OOH). The liberation and adsorption of oxygen is another key to the excellent performance of catalysts based on reducible oxides, since they can remove O in H2O and react with CO to form CO2 and H2 (Pazmiño et al., 2012). In addition, reducible oxides form peroxo species that are very reactive on the surface, minimizing carbon deposit formation. These oxides also exhibit high oxygen mobility on the surface, increasing the reaction dynamics between the peroxo species and carbon deposits, leaving the catalysts (hot spot zones) available for reaction. In general, the higher reactivity of the reducible oxides is linked to the formed vacancies. Vindigni et al. (2012), observed improved dispersion and smaller gold nanoparticles with the addition of ZrO2 to CeO2-containing supports. While the vacancies and their interaction with the nanoparticles effectively prevented agglomeration. With improved nanoparticle dispersion and abundant vacancies, a greater the number of reaction sites become available, resulting in greater activity. In this same study, it was verified that upon addition of ZrO2 to CeO2, a considerable increase in the acidity of the support occurred, which is unfavorable for some reactions (Vindigni et al., 2012). Even with the increased number of vacancies and increased dispersion of the supported metal, the interaction between the reactants and catalyst can be hampered by increased electrostatic repulsion. To avoid these problems, many researchers have focused on the addition of basic promoters (usually groups I and II atoms) to increase support basicity and spill over (Zhai et al., 2010; Pazmiño et al., 2012).



Production of Hydrogen From the Preferential Oxidation of CO (Prox)

The conventional method of producing hydrogen combines reactions of bio-oil reforming with the WGS, which generates gases with the following composition: 45% H2, 25% CO2, 10% H2O, 20% N2, and 0.5–1% CO. At low concentrations (0.5–1%), CO negatively impacts the performance of the fuel cell electrocatalysts. Thus, CO removal, i.e., reducing its concentration to < 10 ppm, can be achieved by preferential oxidation of CO (Prox). Wootsch et al. (2004) compared the performance of Pt nanoparticles supported on Al2O3 with the same nanoparticles supported on CeO2-ZrO2 for the Prox reaction. CeO2-ZrO2 was more active at low temperatures due to its non-competitive reaction mechanism, where the H2 and CO molecules do not react at the catalytic sites. The H2 molecules react in the vicinity of the nanoparticles due to the interaction of the noble metal with H2, whereas the addition of oxygen to CO occurs preferentially at the vacancy sites. However, the use of reducible oxides for the Prox reaction at high temperatures is not efficient compared to other oxide catalysts because with increasing temperature, many vacancies are formed and the oxidation of H2 becomes favorable. This results in a reduction of CO oxidation activity, while consuming the H2 formed in the other steps (Wootsch et al., 2004). Sangeetha and Chen (2009), added CeO2 and CoO to catalysts containing Au nanoparticles supported on TiO2. With the addition of these mixed oxides to the catalyst, the activity and selectivity of the Prox reaction were improved.




ELECTROCATALYTIC REACTIONS FROM OXIDE

Hence, fundamentally, an electrocatalyst can be usually defined as a complex material which interacts with some certain species, without being consumed during an electrochemical target reaction (Seh et al., 2017). Some examples of reducible oxides applied as electrocatalyst will be discussed below.


Production of Solid Carbon Species From CO2

A recent study shows an interaction between CO2, in its gaseous state, with a thin 2D layer of ceria nanoparticles formed on a metal/electrolyte interface, providing a faradaic efficiency of ~75% (Esrafilzadeh et al., 2019). The electrocatalysis reaction occurs from this interaction and produces solid carbonaceous species, at ordinary room temperature and low voltage (−310 mV) (Esrafilzadeh et al., 2019). This process of reversing combustion over a liquid catalyst has a great advantage over solid catalysts. Since the latter is easily deactivated by the formation of surface coke, the former becomes an alternative of great technological interest and can be produced on a large scale for application in negative CO2 emission technology (Taccardi et al., 2017; Esrafilzadeh et al., 2019). However, (Esrafilzadeh et al., 2019) experimented with the variation in potential applied in electrocatalysis and also produces CO as one of the products. Between the potential range of −3 to −2.5 V vs. Ag/Ag+ showed higher CO production while −1.8 to −2.0 V vs. Ag/Ag+ there was a higher production of carbonaceous materials. The potential range, therefore, thus showed the selectivity of the products (Esrafilzadeh et al., 2019).



Reduction of N2 to NH3

The electrochemical N2 reduction reaction (NRR), under ambient conditions for formation of NH3, performed with CeO2 nanorods with oxygen vacancies by Xu et al., had a performance of 16.4 μg h−1[image: image] at −0.5 V vs. reversible hydrogen electrode (RHE) and Faradaic efficiency of 3.7% at −0.4 V vs. RHE using 0.1 M aqueous Na2SO4 electrolyte (Xu et al., 2019). On the other hand, the pristine CeO2 presented performance of 5.4 μgh−1[image: image] and 2.1%, respectively. The oxygen vacancies induced by the heat treatment, with a current of H2 inside a tube furnace, played a key role in the crystalline network CeO2 optimizing production by 2.8 times. This technology allows the innovation of artificial N2 fixation, having great importance in the production of fertilizers, medicines and combustion fuel, for example (Christensen et al., 2006; Erisman et al., 2008; Service, 2014; Xu et al., 2019).




CONCLUDING REMARKS AND PERSPECTIVES

In summary, reducible oxides are materials that have the capacity to undergo changes in oxidation state by the output of an oxygen atom from the oxide network. Overall, vacancy formation is favored at higher temperatures and lower partial pressures of O2. Upon addition of dopants, the structure promotes the reduction of the oxides through destabilization of the crystalline lattice and donation of electronic density to the energy gap. In this manner, the use of reducible oxides can increase the catalytic activity resulting from increased interaction between the dopant and oxide. The use of mixed reducible oxides (CeO2 + ZrO2) or more complex oxides (such as BaTiO3, LaCoO3, and HfSiOX) stabilize the vacancies and provide thermal and physical stability to the reducible oxide systems. However, the role played by both phases of the oxide and a generally accepted mechanism for the oxidation reaction remains unknown. Hence, vacancy-like formation is essential for the catalyst performance of a huge variety of reducible oxides. Many reactions naturally depend on the metal vacancy interface for bond cleavage and desired product formation. Therefore, the use of reducible oxides for the production of hydrogen is advantageous, as it increases the cycling number of the catalyst, reduces carbon deposition, and increases the conversion and selectivity of the reactions. Despite many advances, the theoretical and experimental study of materials based on reducible oxides remains in its infancy, as many important issues remain regarding these systems. Theoretical methods require precise prediction of the multielectron orbital energies at different oxidation states. In addition to theoretical advancement, a greater amount of data is required to understand the nature and role of defects in the reactivity of catalysts based on reductive oxides. The use of reducible oxides on a large scale has not yet been achieved because of the high price of these materials compared to other commonly used oxides. Therefore, comparing the market prices for silicon and aluminum oxides (which are abundant and easily exploited) with those of reducible oxides (which are less abundant and often require removal from other minerals), it is clear that the production and improvement of its applications are necessary to achieve a positive cost/benefit ratio.
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Lignin fragments: Insoluble pyrolytic lignin

Aldehydes: formaldehyde, acetaldehyde,
hydroxyacetaldehyde, glyoxal, methylglyoxal

Carboxylic acids: formic, acetic, propionic, butyric, pentanoic,
hexanoic, glycolic, hydroxy acids

Carbohydrates: cellobiosan, a-D-levoglucosan,
oligosaccharides, 1,6 anhydroglucofuranose

Phenols: phenol, cresol, guaiacol, syringyl

Furfurols

Alcohols: methanol, ethanol

Ketones: acetol (1-hydroxy-2-propanone), cyclopentanones.

*Values taken from Barandas (2009).
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