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Abstract:



Light alkanes are abundant in shale gas resources. The bulk mixed metal oxide MoVTe(Sb)NbOx catalysts play a very important role in dehydrogenation and selective oxidation reactions of these short hydrocarbons to produce high-value chemicals. This catalyst system mainly consists of M1 and less-active M2 crystalline phases. Due to their ability to directly monitor the catalysts under the relevant industrial conditions, in situ/operando techniques can provide information about the nature of active sites, surface intermediates, and kinetics/mechanisms, and may help with the synthesis of new and better catalysts. Sophisticated catalyst design and understanding is necessary to achieve the desired performance (activity, selectivity, lifetime, etc.) at reasonable reaction conditions (temperature, pressure, etc.). This article critically reviews the progress made in research of these MoVTe(Sb)NbOx catalysts in oxidation reactions mainly through in situ/operando techniques and suggests the future direction needed to realize the industrialization of these catalysts.
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1. Introduction


The domestic fossil feedstock in recent years is shifting towards light hydrocarbons due to the abundance of shale gas from hydraulic fracturing [1]. This shift induces a need for greater flexibility in both new and existing processing plants to produce consumer products (polymers, paints, lubricants, etc.) from new feedstocks. The oxidative catalytic reactions operate at milder conditions than the processing of feedstocks through steam cracking [2,3]. The conversion of light feedstocks (C3 and shorter hydrocarbons) to high-value chemicals through highly-selective catalysts in the presence of oxygen plays a crucial role in eliminating wastes, reducing greenhouse gas emissions, and lowering market prices. Among all catalysts for light hydrocarbon processing through oxidation reactions, bulk mixed metal oxides, such as MoVTe(Sb)NbOx catalysts, are the most promising due to their performance under favorable reaction conditions (temperature, pressure, etc.) [2,4].



The MoVTe(Sb)NbOx catalyst system was, in the early days, reported by scientists at Mitsubishi Chemicals in the early 1990s for (amm) oxidation of propane to acrylonitrile and acrylic acid [5,6]. This catalyst generally consists of M1 and M2 crystalline phases and minor amounts of other phases, such as MoV, MoTe, Mo5O14, etc. [7,8,9,10]. The orthorhombic M1 phase is composed of pentagonal rings connected by corner sharing MO6 octahedrons (M = Mo, V) in the (001) plane to form hexagonal and heptagonal rings with Te–O units. Its schematic representation is shown in Figure 1. The M2 phase has pseudo-hexagonal rings hosting Te–O units without any pentagonal or heptagonal rings in the (001) plane [10,11]. The M1 phase was claimed to be obtained over the compositional range of MoV0.14−0.22Te0.1−0.2Nb0.1−0.2Ox [12]. It is speculated that the introduction of Nb causes the evolution of M2 to M1 since it serves as a template for the formation of pentagonal and heptagonal rings [13,14]. In another study, formation of the M1 phase was not observed without V, Nb, or Te in the synthesis mixture, although a high concentration of Te led to the replacement of M1 by the less active/inactive M2 phase [12]. The M1 phase is generally agreed to be active for oxidative dehydrogenation of light alkanes, although the presence of M2 is reported to aid in the activity of other oxidation reactions, such as ammoxidation of propane/propylene and oxidation of propane to acrylic acid [15,16]. Although the elemental composition of the catalysts is fixed before the reaction, the surface/bulk compositions, structures, and oxidation states change based on the type of reactants exposed, reaction time, and conditions [17].


Figure 1. Schematic representation of the structure of M1 along the (001) direction. Green represents NbO7, blue MoO6 and yellow MO6; M = Mo or V. Figure reproduced with permission from [18].
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State-of-the-art in situ/operando techniques along with transient kinetics can revolutionize the development of catalysts by providing information about the nature of active sites, intermediates, and kinetics under realistic industrial conditions. Only through detailed understanding of these catalyst behaviors can new synthesis methods be developed that will improve reactivity, selectivity, and lifetimes of these catalysts. In this review, dynamic changes of this mixed oxide catalyst during the reaction (such as changes in surface composition, oxidation states, acidity, etc.) are discussed mainly from knowledge and insights obtained from these in situ/operando approaches. The most common oxidation reactions driven by the MoVTeNbOx catalysts and studied under operando/in situ conditions to be discussed here are: (1) oxidative dehydrogenation of light alkanes (ethane and propane); (2) propane ammoxidation to acrylonitrile; and (3) selective oxidation of propane to acrylic acid.




2. Operando Techniques


Catalyst structures change depending on reaction temperature, pressure, and time on stream. In order to establish the structure-reactivity/selectivity relationships, which can guide the synthesis of better catalysts, characterization must be done in situ under relevant high-temperature/pressure industrial conditions. In situ cells/reactors are designed so that they can withstand such conditions, while allowing for spectroscopy/microscopy data to be taken through a window. Simultaneous measurements of the reactants and products through MS/GC must also be made to understand the whole reaction phenomena. The term operando (Latin word for ‘working’) was coined by Miguel Bañares in 2002 and operando spectroscopy/microscopy combines an in situ cell with simultaneous online product analysis [19]. In these in situ and operando applications, the analytical techniques used to analyze surface and bulk catalyst structures, adsorbates, and intermediates include both spectroscopy (Raman, IR, UV-VIS, XAS, XRD, LEIS, XPS, EPR, NMR, neutron diffraction, etc.) and microscopy (SEM, TEM, AFM, etc.) instruments [20]. These approaches offer several advantages over other characterization techniques. For example, these experiments are directly probing changes of the catalysts when the reaction is occurring and, thus, directly relevant information about the nature of active sites, intermediates, and spectators can be obtained. Although the list of technical possibilities is extensive, the most commonly utilized operando technique in catalysis is IR [20,21]. A typical experimental setup is shown in Figure 2 [21]. The key operando results conveyed in the sections below are obtained through XPS, XAS (XANES/EXAFS), Raman. STEM, and XRD techniques.


Figure 2. Schematic representation of a typical in situ/operando experimental setup. Figure reproduced with permission from [21].
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3. Oxidative Dehydrogenation (ODH) of Light Alkanes (Ethane and Propane)


Ethylene and propylene are the most important chemical building blocks and their yearly worldwide demands increased at least 3.3% and 4.6%, respectively, in 2015 [22,23]. They are presently produced from a non-selective and energy intensive steam cracking process. An oxidative dehydrogenation process can produce these olefins at much lower temperatures (from 800 °C to 300–400 °C) with higher selectivity, with less waste and fewer separation steps. Ethane and propane are the most abundant components of shale gas after methane, and the ODH process offers an attractive route to upgrade them into more valuable olefins. This catalyst can catalyze the ODH reaction at mild conditions (0–35 atm and 250–450 °C) with promising results (45%–65% conversion and >90% selectivity) [3,24].



The catalyst components undergo changes in oxidation states and concentration due to volatility upon exposure with varying amounts of reactants. The Mars-van-Kravelen mechanism has been identified to exist in most oxidation reactions [25,26]. It indicates that the oxygen dehydrogenating the alkane comes from lattice oxygen sites that are eventually replenished by gas phase oxygen [25,26]. Having a facile redox character, V is the main component whose oxidation state is most greatly affected by the reaction. The V+5 dimer in the M1 phase are considered to activate alkanes since the M2 phase does not contain the element Nb or V+5 sites [11,26]. As shown in Figure 3, the application of XPS along with oxygen plasma treatment indicates that ethane conversion is directly related to the ratio of V+5/V+4 [27]. This change however does not affect the M1 phase structure. The tellurium mainly exists in the state of Te+4 with minor amounts of Te+6 and it does not undergo significant changes during the reaction. Its role is attributed to stabilizing the M1 phase [28]. However, in another XPS study, the formation of reduced Te(0) aggregates that block the active sites was concluded to be the main reason for catalyst deactivation, whereas a low amount of Te is believed to induce the formation of other crystalline phases, such as (V, Nb)-substituted θ-Mo5O14 and MoO2 [29]. Therefore, catalysts with a high V content and a moderate amount of Te content are recommended [29].


Figure 3. Ethane conversion as a function of V5+/V4+ ratio as measured by XPS and oxygen plasma treatment. Reaction conditions: 400 °C, atmospheric pressure, C2H6/O2/He molar ratio = 30/20/50, W/FC2H6 (W is the catalyst mass and FC2H6 is the ethane molar flowrate) = 20.7–6.91 gcat h mol C2H6. Bulk compositions of catalysts, O3-80 = MoV0.21Te0.25Nb0.09, O2 (0.5)-P-40 = MoV0.22Te0.24Nb0.09, O2 (1)-P-40 = MoV0.21Te0.24Nb0.09, and O2 (0.5)-P-80 = MoV0.21Te0.22Nb0.08. Figure reproduced with permission from [27].
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The same authors also suggested that addition of nanosized CeO2 to the M1 phase improves the catalyst activity [28]. Due to its unique redox properties, CeO2 is an excellent oxygen storage material which can consequently increase the abundance of V+5 on the catalyst surface [30]. A similar improvement in ethylene yield is achieved by Ishchenko et al. with Bi-doped M1 samples, which increases the surface V+5/V+4 ratios [31]. In another XPS study by Nguyen et al., the surface V+5 content is claimed to be directly related to the total bulk V content [32]. This V+5 concentration is directly proportional to ethane conversion to a certain level of V in the catalyst. However, since there is a maximum level of activity for a given V content in the M1 unit cell, a very high V content might reduce reactivity [32]. The addition of SiO2 decreases the agglomeration and sintering of the M1 phase crystals, increasing conversion without an effect on selectivity. A heat treatment under nitrogen at 870 K decreases conversion with an increase in selectivity due to a decrease of small pores where complete oxidation takes place [33].



The effect of substitution of Te by Sb in MoVTe(Sb)NbOx catalysts was analyzed by Deniau et al. using in situ XANES and XPS [34]. After reduction by propane, no change in the V spectrum was observed, whereas the presence of Te+2 (5%) was detected. These Te+2 sites, which are also detected by XPS in larger amounts, may further be reduced to volatile Te (0). Therefore, the surface content of Te would depend on redox atmosphere under the reaction conditions. In the case of Sb, 15% of Sb+5 were reduced under similar conditions. Sb and Te affect the selectivity only in the case of propane, and not ethane, indicating that they may not be directly involved in dehydrogenation of alkanes, but in subsequent transformation of intermediates [34]. Contrarily, Te-free catalysts having Sb4Mo10O31 and MoxM1-xO2.8 (M = V or Nb) are claimed by Solsona et al. and Xie et al. separately to reduce ethylene selectivity [35,36]. The major drawback of Te-containing catalysts are their volatility and, consequently, substitution of Te with Sb or Bi is recommended from the point of view of future industrialization [34]. The incorporation of Te causes the formation of active and selective Te-containing phases, such as Te2M20O57 (M = Mo, V, Nb), and prevent the formation of nonselective MoO2 crystals [37]. Raman spectroscopy indicated the MoO2 phase development as the reaction temperature is raised [38]. In another combined XAS and electrical conductivity operando study by Safonova et al., changes in oxidation states of Sb and V occur simultaneously with the same kinetics [39]. The M1 phase is described to be of the n-° semiconductor type. Its hexagonal channels serve as oxygen reservoirs and conductance has a direct relationship with changes in oxidation states of Sb and V [39].



Another factor impacting reactivity is the exposed morphology of the MoVTeNbOx catalysts. Combination of STEM with He ion microscopy (HIM) images, Rietvald analysis and kinetic test studies by Melzer et al. indicate that ethane ODH reactivity is related to availability of (001), (120), and (210) facets at the surface of M1 crystals [40]. The low activity of the (010) facet is due to the formation of stable M6O21 units. Therefore, the differences in activity among M1 samples of equal composition are due to the morphology of the particles which determines the terminating facets [40]. From high-resolution TEM and energy-dispersive X-ray techniques, Valente et al. reported that tellurium departure preferentially occurs from the end sides of the M1 crystals, across the (001) plane, even causing the destruction of the M1 phase [38]. As shown in Figure 4, this Te volatilization with MoO2 formation causes a decrease in reactivity. In a recent in situ environmental STEM-(HA)ADF study by Aouine et al., the role of hexagonal channels as oxygen reservoirs, and the involvement of Te–Ox chains the redox bulk process have been reported [41]. The removal or diffusion of labile oxygen in the chains, does not require the reduction of Te+4 and, thus, reduction of Mo or V could be inferred [39]. This leads to another conclusion that reduction is not limited to the surface, but also involves hexagonal channels. All images along the (001) axis indicate the presence of {Mo(Mo)5} terminating structural units linked to each other and, thus, structurally-active sites are not exposed on these facets [41].


Figure 4. Destruction of the M1 phase through departure of metallic tellurium (Te0) and formation of MoO2 crystals at reaction temperatures of ≥500 °C which results in loss of ODH activity. Red corresponds to Te, yellow to NbO7, blue to MoO6, and light blue to MO6, occupied by both Mo and V cations. Figure reproduced with permission from [38].
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4. Propane Ammoxidation to Acrylonitrile


Acrylonitrile, C3H3N, which is a monomer used to make several important polymers, is currently produced by ammoxidation of propylene (with ammonia and air) using bismuth phosphomolybdate catalysts in the SOHIO process [42,43]. Its production capacity is ~5.5 billion kg per year worldwide [44]. It is highly desirable to replace propylene with propane since the former is almost twice as expensive due to limited supply [44]. Several catalyst systems, such as Al-Sb-V-W-O, Ga-Sb-Ni-P-W-O/SiO2, etc. have been reported in the literature [45,46,47]. The most promising systems reported so far are MoVNbTeOx and MoVNbSbOx catalysts, giving acrylonitrile yields of 62% and 55%, respectively, at moderate reaction conditions (<450 °C and 1–15 atm) [7,11,48,49,50,51].



The M2 phase, by itself, is incapable of activating propane due to its lack of V+5 sites [50]. However, the presence of M2 phase in the catalytic system is found to improve acrylonitrile selectivity [15,50], although a recent study by Woo et al. suggested the M1 phase is the only phase required for both the activity and selectivity in propane ammoxidation [52]. The STEM microscopy approach has been adopted to analyze the synergetic effects of this M1/M2 mixture [15,51]. Tellurium sites in hexagonal channels of both M1 and M2 phases are toward V-occupied framework sites, whereas these Te sites in the heptagonal channel of M1 are near the channel center [9]. EPR was then employed to confirm the presence of V+4 and Mo+5 in M1 and V+4 in M2. He et al. reported that M6O21 units in the M1 phase form different types of interfaces with the M2 phase and stressed the importance of controlling the mixing of these two phases [15]. High-resolution TEM studies indicated that the M1 phase domain decreases in the order: Mo-V-Te-Nb-O > Mo-V-Te-O > Mo-V-O. Therefore, Nb and Te are claimed to play a stabilizing role [53]. In a paper by Shiju et al., modeling was done to fit the experimental XRD data. Mo-V-Te-O and Mo-V-O M1 phases were claimed to have a similar orthorhombic unit cell to that of the Mo-V-Te-Nb-O M1 phase [54]. The presence of Nb pentagonal bipyramidal sites increases the redox behavior, which could explain the trend of acrylonitrile selectivity during propane ammoxidation: Mo-V-O < Mo-V-Te-O < Mo-V-Te-Nb-O [54].



Guliants et al. employed the surface sensitive low-energy ion scattering (LEIS) after methanol and allyl alcohol adsorption and reached the conclusion that surface TeOx and NbOx sites are unable to chemisorb these probe molecules to the same extent as the MoOx and VOx sites [55]. The different catalytic behaviors of these sites in Mo-V-O and Mo-V-Te-Nb-O systems can be attributed to the different locations of V+5 sites [55]. DFT studies, however, indicate that that the reduced Mo is the most favorable site for ammonia activation [56], whereas Te is more active than V for the H abstraction from propane [57].



The role of Nb was studied by Desanto et al. using selected area electron diffraction (SAED) experiments with MoVTaTeO and MoVNbTeO catalysts [58]. The substitution effect of Ta was explained by the fact that Ta, unlike Nb, is clearly distinguishable from other metals during scattering experiments [58]. Ta+5 sites occupy pentagonal bipyramid centers similar to Nb+5. The indirect role of Nb+5 was claimed to increase the number of acidic Mo+6 sites, thereby increasing acrylonitrile selectivity. The higher conversion of MoVTaTeO catalyst stems from an increase in the concentration of active sites per surface area [58]. In their earlier paper, TEM, synchrotron X-ray powder diffraction (S-XPD), and neutron powder diffraction (NPD), were used to reach the conclusion that V+5–O–V+4/Mo+5 moieties adjacent to Te+4 and Mo+6 sites in the (001) terminal plane provide a spatially-isolated active site at which the selective ammoxidation of propane occurs [59]. Another factor impacting catalysis is the location of these sites. In one study, atomic layer deposition with alumina was employed to passivate the ab planes [60]. These passivated catalysts show very low conversion (<15%) with almost >95% selectivity to COx, compared to catalysts where the ab planes are exposed where propane conversion of 40%–65% and acrylonitrile selectivity of 50%–70% were achieved [60]. These results indicate the highly selective nature of the ab planes.



Raman, IR, and XRD were employed by Popova et al. to analyze the effect of preparation on phase composition. They concluded that the sample synthesized by spray drying is active and selective due the presence of both orthorhombic M1 and hexagonal M2, whereas the activity of the sample made by heat evaporation is low since it only contains hexagonal M2, TeMo5O16, and Mo5−x(V/Nb)xO14 phases [61]. The different mechanism of phase formation is attributed to the different chemical nature of precursors used in each method. XPS was used to indicate the higher Te+4 concentrations in the Ce-promoted the MoV0.3 Te0.23 Nb0.24 mixed oxide (M) catalyst [62]. As in the case of oxidative dehydrogenation of alkanes [28], the presence of Ce+3/Ce+4 pairs is claimed to promote the redox ability of V and Mo sites on the catalyst [62].



Baca et al. utilized XANES, ESR, XPS, and Mossbauer spectroscopic techniques to examine the oxidation states of the various cations in the MoVTe(Sb)NbO catalysts for propane ammoxiation [63]. Tellurium and niobium mainly exist as fully oxidized Te+4 and Nb+5 whereas molybdenum, vanadium, and antimony are present as Mo+4 and Mo+5, V+4 and V+5, and Sb+3 and Sb+5 pairs, respectively. The characterization of the catalysts after propane ammoxidation showed very few changes in structures and compositions. Oxygen may be stored in the hexagonal channels and the mobility of these oxygen species only bound to Sb or Te cations should be high [63]. Such a property is not easy to monitor since the stoichiometries of oxygen, tellurium, and antimony can vary in the channels. In an in situ XANES by Shiju et al. for MoVNbTeOx catalysts, the same oxidation states are reported in the bulk M1 phase. Nb, Te, and Mo did not undergo changes in oxidation states under the redox conditions employed but V produced changes in XANES spectra (unlike the study by Baca et al.), leading the conclusion that VOx sites are the active species [64]. These results highlight the need for a greater experimental emphasis on the nature of nature of active oxygen species and their role in the reaction mechanism. In terms of hydrocarbon intermediates, 13C NMR was employed by Shiju et al. with 13C labeled propane to study the possible presence of C6-intermediates during the course of the propane ammoxidation reaction. The labeling patterns in the final products exclude C6-intermediates, such as hexadiene [65].




5. Selective Oxidation of Propane to Acrylic Acid


Acrylic acid, C3H4O2, with an annual production of 4.7 million tons, is a very important chemical intermediate with a major application in surface coatings, and its global market size is estimated to reach $13 billion USD by 2020 [66,67]. It is currently produced in a two-step process with the oxidation of propylene to acrolein, subsequently followed by oxidation to acrylic acid [68]. Due to the rising demand of propylene for other purposes, it is advantageous to have an alternative process that can directly produce acrylic acid from propane in a single step. Among all of the catalysts reported to date for this process [69,70,71], MoVTe(Sb)Nb(Ta) mixed metal oxides are the most promising, achieving acrylic acid yields of 50% [72]. However, this is still low compared to the current industrial two-step process with a yield of 80% [68]. Improvements in both catalyst structures/compositions and reactor conditions of this MoVTe(Sb)Nb(Ta) catalyst system will complement additional cost savings from elimination of an additional step and, thus, further research is necessary to industrialize this new process.



Deniau et al. used Raman, XRD, XANES, and V NMR to study the effect of Ti, Sn, Ge, and W substitutions in the MoVTe(Sb)NbO catalysts [73]. V K-edge XANES spectra did not show the substitution effect, although Raman showed the presence of Keggin-type (GeMo12O40)4− species in the Ge-promoted catalyst. The presence of Ge increased reactivity, while Ti and Si had an opposite effect. W did not have any positive or negative promotion effect. The effect of Ge which did not enter the M1 phase (based on XRD results) could be explained by the formation of new Ge containing species during catalyst synthesis, which led to an increase of V content of the M1 phase [73]. In another paper, the alkali (Na, K, etc.) doped catalysts activated at 600 °C present higher acrylic acid yields than the undoped catalysts due to the increase in surface area, the decrease in the number of acid sites and the stability of the crystalline phases during the catalyst activation [74].



The effect of steam on the electronic and surface structure of the MoVTeNbOx catalyst was studied by Heine at al using operando microwave conductivity, X-ray photoelectron, soft X-ray absorption, and resonant photoelectron spectroscopy under reaction conditions at 350 °C [66]. As shown in Figure 5, steam increases both activity and acrylic acid selectivity. This result is explained by the fact that steam causes the decrease of electrical conductivity, the increase of the concentration of V+5 and Te+6 and the decrease of Mo+6 on the surface. The catalyst can, therefore, be concluded to act like a semiconducting gas sensor where the bulk conductivity can be used to detect electronic changes on the surface [66].


Figure 5. (a) Operando microwave conductivity measurements with and without steam at 350 °C and (b) simultaneously collected catalytic data. The catalyst had metal contents of 65 at % Mo, 6 at % Te, 19 at % V, and 10 at % Nb. The experiment was performed under wet and dry feed conditions containing 3 vol % propane, 6 vol % oxygen, and 5 vol % steam for the wet feed with residual N2 gas at 350 °C. Figure reproduced with permission from [66].
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Extensive in situ/operando XPS and XRD studies were performed by the same group in other papers to analyze the surface and bulk catalyst compositions/structures during the propane oxidation reaction [17,75,76]. In situ XPS indicates that the yield of acrylic acid increases with decreasing amount of Mo and increasing molar ratio of Te/V (V+5 oxo-species in close vicinity to Te+4 sites) at the surface. The mobility of Te in the presence of water vapor (steam) causes the enhanced selectivity to acrylic acid [17,75]. Adsorption of propane after catalysis shows a decrease of the heat of adsorption, which implies that the surface is restructured during the reaction [17]. This surface restructuring also indicates that active sites do not contain all the elements of the M1 phase and the surface composition of the M1 phase differs greatly from the bulk. The catalyst surface changes dynamically and reversibly with variations in feed compositions, but only in the outermost surface layer to a depth of around one nanometer [76]. The active sites are, therefore, proposed to be embedded in a thin surface layer enriched in V, Te, and Nb, but depleted in Mo, as presented in Figure 6 [17]. This conclusion was later supported by in situ XRD studies which showed the remarkable stability of the bulk structure with no indication for segregation of any phases. However, the morphology of the M1 particles is damaged after prolonged periods due to reduction and evaporation of Te [76]. A debate remains in the literature surrounding the nature of the surface restructuring process and identifying the active species. From the in situ XPS data a hydrolysis-induced surface restructuring model was proposed that included the diffusion of Te oxo-species onto the lateral surfaces of the rod-like crystallites. Buttrey and coworkers emphasized that a polycrystalline material was used in this experiment and, hence, XPS will only offer an averaged surface composition. They contend that with only about 20% of the (001) surface exposed and 80% lateral surfaces, the XPS changes could also result from a process where water alters or removes amorphous species commonly associated with the more abundant lateral surfaces [77]. This comes from the observation that during crystal growth disordered appended octahedral and pentagonal ring units are associated with the lateral surfaces while the (001) plane (believed to be the active surface) remains clean [77]. This debate might be resolved if it were possible to grow a single crystal of the M1 phase of sufficient dimension to probe with angular resolved microscopy under operando conditions.


Figure 6. Elemental metal surface composition as determined by operando XPS with the simultaneously-recorded acrylic acid abundance. The MoV0.27Te0.10Nb0.24 catalyst was used and the temperature was increased stepwise from 323 K (50 °C) to 513 K (240 °C), and finally to 693 K (420 °C) during operando XPS measurements. After approximately 10 h TOS in dry feed (C3H8/O2/He = 2/1/2.8 sccm (measurements A and B)), steam has been added (C3H8/O2/H2O (g) = 2/1/2.8 sccm (measurements C–J)). The switch from dry to wet feed is indicated by the dashed vertical line. The bulk composition as obtained by EDX before the reaction is also shown for comparison. Figure reproduced with permission from [17].
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In a study by Naraschewski et al. [12], the activity of the M1 phase is claimed to be independent of the total Te concentration although Te+4 is suggested to be active for α-H abstraction [50]. The role of surface Te was not characterized or mentioned in their paper [12]. The role of Nb was studied by Concepcion et al. [14] and Zhang et al. [78]. Although the MoVTeO sample already has the M1 phase, the presence of Nb+5 ions in the MoVTeNbO samples decreases the number of acid sites, stabilizes the crystalline structures, and reduces further degradation of acrylic acid to carbon oxides (CO, CO2, etc.), eventually resulting in much-improved acrylic acid yields [13,53,79]. Although the XRD patterns show the same M1 phase for MoVTeO and MoVTeNbO catalysts, Raman spectroscopy was able to detect the presence of NbOx species whose presence decrease the strength of acidity as detected by the NH3-TPD. Exchange rates with gas phase oxygen were analyzed by temperature-programmed 18O2- experiments and the amount of exchangeable oxygen species in the Nb-containing catalysts is found to be higher than the corresponding Nb-free catalysts [14]. In addition, their XPS studies indicate that the MoVTeNbO catalysts have a higher concentration of Te+4 species (and no Te+6 species) than the MoVTeO catalyst, which also contain a detectable amount of Te+6 species. The in situ STEM and HR TEM images by Zhang et al. indicate the strong bonding and correlation between the (Mo,V)O6 octahedra and the central Nb moieties in the pentagonal channels. Since these centers cannot be pre-made, they must be formed upon catalyst activation [78].



The importance of the (001) plane of the M1 phase of the MoVTeNb oxide catalyst was analyzed by Sanfiz et al. by preferentially exposing this surface through silyation [80]. Scanning electron microscopy and transmission electron microscopy, along with high-sensitivity low-energy ion scattering (HS-LEIS) methods, were used to characterize the catalysts. Their results indicated that the (001) plane does not have superior catalytic properties [80]. Further studies are needed to analyze the effect of other planes on reactivity/selectivity.




6. Discussion


In this complex mixed metal oxide system, crystal structures, surface composition, and oxidation states (redox potential) of components play crucial roles in reactivity and selectivity. Based on the Mars-van-Krevelen mechanism prevalent in these oxidation reactions, the role of lattice oxygen must be analyzed further to quantify their transport between the bulk and surface regions, as well as understand their role in selectivity [81]. The site isolation concept for oxidation catalysts is based on the idea that this reactive oxygen must be readily available while the rest of the structure acts as a control system for the electronic and physical properties of the catalysts [82]. In general, the demanding nature of these reactions might preclude the collapse of the fine structure over extended periods but a robust quality has been demonstrated through at least one example of redox cycling [83]. Stability with time-on-stream, as well as resistance to coking and poisoning, have not been widely addressed for this system and present excellent opportunities where in situ and operando studies can provide new insight.



Although a great volume of work has been conducted by researchers indicated in this review, and others, a central unifying concept is lacking for further catalyst development as to metals composition, surface heterogeneity, or active oxygen species. For example, V+5/V+4 pairs are claimed to be responsible for active lattice oxygen in most publications [11,25,26,27,50,76] but changes in oxidation states of Mo, Te(Sb), and Nb are debated based on techniques used (XPS vs. XANES/EXAFS, etc.) and the type of oxidation reactions [11,25,26]. In some studies, Te sites are concluded to contribute to the redox nature of V sites and steam aids the mobility of these Te species [17,41] with their full reduction causing deactivation [29,41] but, in another study, Te sites are concluded to be unaffected during experiments [64]. Similarly, Nb is claimed to contribute to oxygen exchange rates [14], although in other studies, its oxidation states are not affected [64], or its role is to only stabilize the M1 phase [13,64]. One additional factor to be considered is that the time of experiments by some researchers may not be long enough to observe significant changes. Even the presence of the M2 phase affecting selectivity in propane ammoxidation is not agreed upon [15,50,52]. The roles of active exposed planes during the reaction are also debated [77,80]. Careful characterization experiments with controlled structures/compositions need to be performed in order to resolve these issues. Such progress, however, is hampered by the difficulty of (a) generating phase-pure materials and (b) growing well-defined single crystals of significant proportion.



The treatment of oxide catalysts as semiconductors where the bulk conductivity gives electronic information about the surface needs to be considered with caution since deeper subsurface lattice oxygen are claimed to generate different products from surface oxygen [83]. Modern depth profiling of in situ/operando approaches, such as XPS or LEIS, with isotope exchange experiments could shed some light in distinguishing these oxygen species. So far such experiments have only been performed in the selective oxidation of propane to acrylic acid reaction [17]. Applying micro-kinetic studies with controlled transport diffusion phenomena would be beneficial to determine how surface-adsorbed oxygen may react differently than species delivered through transport from the bulk [83]. Understanding micro-kinetic processes with respect to each metal component is crucial to relate its relevant role in the overall mechanism of the reaction.



Further studies are also needed to elucidate the overall mechanism of these oxidation reactions. The low oxygen reaction order indicates that the generation of activated oxygen is not involved in the kinetically-difficult step [81]. However, the rates with respect to different intermediate steps, C–H activation, C–C breaking, C–O formation, etc., are not yet systemically studied or known. Operando/in situ steady-state isotope-transient kinetic analysis (SSITKA) IR, TAP (temporal analysis of products), or NMR experiments with simultaneous monitoring of both intermediate and production formation could provide further information about these mechanistic steps. Along with these transient experiments, titration methods should be designed to count the number of active sites involving different reaction processes. The concept of special active sites is important since Sir H.S. Taylor proposed in 1925 that only a fraction of surface atoms are responsible for heterogeneous catalysis [84]. These transient methods are important in catalyst development in a sense that ‘the catalytic function is a transient property of the catalyst structure on its way to thermodynamic equilibrium’ [81]. These transient characterization experiments have not been greatly explored and may be able to derive the role of key promoters or unique compositions for mixed metal oxide catalysts with improved catalyst activity.




7. Summary and Outlook


Recent advances in the past 20 years through in situ/operando studies of the MoVTeNbOx catalyst development for oxidation reactions are discussed in this review. Although the state-of-the-art in situ/operando techniques improve the understanding of these catalysts under relevant conditions, further progress is still necessary to replace the existing technology with the new industrial processes employing these catalysts. Deactivation studies, as well as insights from transient techniques, are also necessary to unravel the underlying phenomena of these selective oxidation catalysts. The topic of light alkane activation/oxidation is poised to take off in upcoming years due to the abundance of shale gas resources. From the advances in understanding summarized here through in situ/operando studies, it can be seen that an investment in such instrumentation, methodology, and analysis will greatly benefit the development of next-generation M1-based materials that demonstrate superior performance that may, in the future, supplant existing energy-intensive technologies.
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