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Abstract

:

Co–Mg catalysts for methane combustion were synthesized and studied, revealing the transformation of MgCo2O4 spinel into a CoO–MgO solid solution with oxygen release from the spinel lattice as the calcination temperature increased. Repeated heat treatment of the calcined solid solution at lower temperatures led to spinel regeneration with segregation of the solid solution phase. A TPR of the samples showed the presence of two characteristic peaks, the first of which relates to the transition of Co3+Oh spinel to the Co2+Oh structure of CoO, and the second to the reduction of CoO to Co°. The second peak was observed at 540–620 °C for samples calcined at temperatures below spinel decomposition, and for high-temperature samples at 900–1100 °C. Taking into account the identity of the structure of phases obtained in both cases, the formation of not a true CoO–MgO solid solution, but rather a mixture of ordered oxides (“pseudo-solid solution”) in the low-temperature region, was postulated. A study of the activity of the samples showed the high activity of the spinel systems and a linear relationship between the activation energy of methane oxidation and the heat treatment temperature.
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1. Introduction


Methods based on the use of various catalytically active compositions are widely used in the purification of industrial gases from various organic products (methane and other hydrocarbons, carbon monoxide, soot, benzopyrene, aldehydes, etc.) [1,2,3,4]. Noble metals (Pt, Pd, Rh), as well as compositions based on metal oxides of variable valence, exhibit high activity in deep oxidation reactions. Among the oxides of 3d elements, cobalt oxide Co3O4 and oxide systems based on it exhibit the highest activity in deep and partial oxidation reactions [4,5]. The high mobility of lattice oxygen in systems containing Co3+ puts them on a par with catalysts based on noble metals in terms of specific activity [6]. The low cost of cobalt-oxide-based systems compared to scarce noble metals makes these catalysts especially promising [1,2,3,4].



The deep oxidation of methane and other hydrocarbons on oxide catalysts proceeds according to the Mars–van Krevelen mechanism [4,6], and therefore lattice oxygen plays a decisive role in their activity. This determines the importance of preserving the redox properties of catalysts along with their textural and mechanical characteristics, which is ensured by depositing the cobalt-containing active component on an inert support. As a rule, a low-temperature alumina modification is used as the latter, with Co/Al2O3 being the most common and well-studied Co-containing catalyst [4,7,8]. This system is characterized by deactivation under high-temperature conditions due to the formation of low-active CoAl2O4 spinel and the fixation of active Co centers in the support lattice [7,8].



In order to provide increased thermal stability while maintaining the activity of the Co-catalyst, various structural promoters are usually introduced. Oxides of divalent cations (MgO, CaO, ZnO, etc.) are among such additives; they are capable of forming their own stable spinels with the alumina support [9,10]. The issue concerning the interaction of such promoters with the active component within binary systems of the CoOx–MeO type deserves special attention.



CoOx–MgO is one such promising system. It has been studied in the Fischer–Tropsch process [11], the dry reforming of methane [12,13], the steam reforming of organic compounds [14,15], and the partial [16,17] and, especially, the deep oxidation of methane [10,18,19,20,21]. The proximity of the radii of Co and Mg cations ensures the stability of the cubic structure of the oxide phases formed [22]. Two regions are present in the phase diagram of the Co–Mg oxide system: a low-temperature region, where MgCo2O4 spinel is formed, and a high-temperature region of a continuous CoO–MgO solid solution. The phase transition between them occurs at 600–900 °C [23].



CoO–MgO high-temperature solid solutions have been considered in most work on the study of the structure, properties, and interactions between cations in this system [22]. A number of authors note the ability of a solid solution to stabilize Co2+ ions in octahedral vacancies of the cubic structure, which are active in a number of catalytic processes such as the steam reforming of ethanol [14]. Other studies note the high thermal stability of CoO–MgO solid solutions and their low tendency to coking, which determines their high potential in the dry reforming of methane [12]. Recently, the number of studies on MgCo2O4 spinel has increased in connection with the search for active components and supports for catalysts [24,25,26,27], as well as nanostructured compositions for electrocatalysis [28], thermochemical energy storage cycles [29], and electrodes for Li-ion batteries and supercapacitors [30,31]. However, studies examining the genesis of the Co–Mg oxide system during its heat treatment with the transition of the spinel into the solid solution are few and contradictory [12,31,32].



The deep oxidation of methane and other hydrocarbons occurs at high temperatures (550–800 °C) [1,4,6], with the temperature range of the catalyst operation partially coinciding with the region of phase transition, which determines the influence of mutual transformations between the spinel and the solid solution phases on the catalyst efficiency. Most importantly, reversible phase transitions of this type ensure the ability of the catalyst to regenerate after deactivation during thermal shocks or local overheating [12,27]. In this regard, establishing the patterns of formation of the CoOx–MgO oxide system as heat treatment proceeds and its effect on the catalytic activity using the example of the methane oxidation reaction is of particular relevance.




2. Results


2.1. Phase Composition and Structure of Samples


The structure of the synthesized catalyst samples with different heat treatment temperatures was studied by X-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), and electron spin resonance (ESR) methods. The results of the X-ray phase analysis of the samples are presented in Figure 1. The obtained values of the positions of diffraction maxima and their correlation to phases are summarized in Table 1.



Reflections characteristic of the spinel phase (Co3O4, JCPDS 42–1467 [27], or MgCo2O4, JCPDS 2–1073 [8,27,33], JCPDS 81–671 [34]) and the cubic oxide phases (MgO, JCPDS 45–946 [27], and CoO, JCPDS 48–1719 [24]) or their solid solution were observed in the diffraction patterns of the Co–Mg samples.



Cobalt oxide Co3O4 is a standard normal spinel A2+B23+O4, with tetrahedral vacancies occupied by Co2+ cations, and octahedral vacancies by Co3+ (Co2+[Co3+O4]) [35]. In addition to normal spinels, inverse spinels B3+[A2+B3+O4] are known, in which divalent cations occupy an octahedral position, while half of the trivalent cations occupy a tetrahedral position [36], as well as intermediate spinels characterized by a certain degree of inversion. Calculations using the Co3O4–Al2O3 system as an example [37] indicate a direct relationship between the degree of spinel inversion and its lattice parameter. The latter, according to the literature data for MgCo2O4, is characterized by a significant scatter (8.123 [33], 8.139 [34], 8.086 [38], 8.107 [39], 8.09 [40]). This suggests that the degree of inversion of the Co–Mg spinel is largely determined by the sample preparation technique. In this study, the spinel lattice parameter remained approximately constant with increasing heat treatment temperature (Table 1). The average lattice parameter was 8.089 Å, which supposedly corresponds to a low degree of spinel inversion. However, the large spread of the lattice parameter values prevents obtaining unambiguous results regarding the formation of a single phase of constant composition that would not depend on the heat treatment temperature. The absence of characteristic MgO reflections in the diffraction patterns of the samples indicates the formation of the MgxCo3–xO4 compound under these conditions rather than a mixture of MgO and Co3O4, contrary to [23].



The gradual formation of a Co–Mg substitutional solid solution from the spinel phase was observed during heat treatment at temperatures above 550–650 °C. A further increase in temperature led to a sharp increase in the content of the solid solution and the complete disappearance of the spinel at ~1000 °C (Figure 2).



At low calcination temperatures, the cubic oxide phase was characterized by lattice parameter values close to the values for pure MgO (Table 1) [12,32]. The lattice parameter increased and reached a value approximately corresponding to the Mg:Co = 1:2 ratio [41], indicating the formation of the solid solution phase.



This is explained by the presence of residual MgO at low temperatures. A sharp increase in the lattice parameter of the solid solution occurs simultaneously with the accumulation of this phase during heat treatment and corresponds to the saturation of the solid solution with cobalt.



The X-ray phase analysis of the Co–Mg(1100 + 750) sample subjected to secondary heat treatment, compared with the initial Co–Mg(1100) sample, showed the presence of a spinel phase along with the solid solution formed at 1100 °C (Table 1). This confirms the possibility of the reoxidation of a part of the Co2+ in the solid solution structure into Co3+ in an oxygen-containing atmosphere with the spinel phase formation [23]. From X-ray diffraction data, it is impossible to determine which formula the resulting spinel phase corresponds to: Co3O4 or MgCo2O4.



The results of the FTIR study of the structure of the synthesized samples are presented in Figure 3.



Absorption bands (a.b.) characteristic of νH2O vibrations (3420–3450, 1630–1640 cm−1) are present in the spectra of all samples. Residual NO3– (3700, 1630, 1520, 1390 cm−1) and OH-groups (3420–3450 cm−1) are present in the Co–Mg(300) sample. The key feature of the spectra is the region of 700–400 cm−1, where for samples calcined at temperatures below 1100 °C, two a.b. are observed (660–670 and 560–575 cm−1), corresponding to the ν1 and ν2 stretching vibrations of Me–O [40]. Their positions are consistent with the a.b. of Co3O4 (575 and 664 cm−1) [42,43] and are characterized by a slight shift depending on the heat treatment temperature (Figure 4).



A further increase in calcination temperature leads to the almost complete disappearance of the ν1 and ν2 absorption bands and the appearance of an intense broad band with a.b. at 440–445 cm−1, which correlates with similar a.b. of MgO (440 cm−1) [21]. In the case of the Co–Mg(1100 + 750) sample subjected to reoxidation, ν1 and ν2 a.b. characteristic of spinel are observed, with ν1 split into a.b. at 551 and 571 cm−1.



The bands at 660–670 and 560–575 cm−1 are attributed to the stretching vibrations of the Me–O bonds of the spinel structure. The ν1 band is associated with vibrations of bonds between cations located in octahedral vacancies (O–B3), and ν2 with vibrations of bonds between cations in both tetrahedral and octahedral voids (A–B–O3) [42,43]. Thus, the shift of the ν1 band to the lower region indicates an increase in the length of the bonds of cations in octahedral positions.



The shift in ν1 is especially strong at heat treatment temperatures above 650 °C, when, according to the X-ray diffraction data, the spinel structure decomposes and the solid solution forms. This is explained by the partial reoxidation of the surface of the solid solution during rapid cooling in air after heat treatment. The crystal lattice of the solid solution phase causes distortions in the spinel phase formed on its surface during reoxidation. Longer/deeper reoxidation leads to the further growth of the spinel phase and, at the same time, its partial restructuring into an undistorted structure (healing of defects), which explains the preservation of the a.b. at 551 cm−1 in the form of a shoulder with the main band at 571 cm−1.



To further study the state of Co cations, the ESR method was used. Theoretically, Co3+Oh species of the bulk MgCo2O4 structure are diamagnetic and lack an ESR signal. In the solid solution, Co2+ ions occupy octahedral vacancies and give a signal with g = 4.23–4.28 at temperatures lower than −153 °C that disappears at higher temperatures due to the Jahn–Teller effect [44,45,46]. However, the ESR spectra of the synthesized samples showcase a broad isotropic singlet with g = 2.25, related to the Co2+ species in a tetrahedral environment with the 3d5 electronic configuration [43,47] (Table 2, Figure 5).



The appearance of Co2+Td cations is possible only in the case of Co3O4 spinel. Such a spinel could theoretically be formed along with MgCo2O4 following cobalt and magnesium nitrate decomposition during the synthesis of samples. According to Table 2, a certain amount of Co2+Td, i.e., Co3O4, is present in the synthesized samples up to the temperature range of the spinel phase decomposition (up to 750 °C). The amount of Co2+Td sharply decreases in parallel with the decrease in the amount of spinel with a further increase in the calcination temperature (Figure 2). Small residual amounts of Co2+Td in high-temperature samples are apparently associated with the partial reoxidation of the CoO–MgO solid solution during the rapid cooling of the samples after heat treatment, which can have a dramatic effect on the surface phase composition: in this regard, in works [22,32] dealing with solid solutions, inert, oxygen-free media were used to eliminate spinel formation.



The morphology of particles and the elemental composition of a number of synthesized samples were studied by scanning electron microscopy. Typical micrographs of spinel and solid solution are shown in Figure 6.



According to SEM data, the spinel phase (Figure 6a,b) is formed by irregular, weakly crystallized plate-type particles 0.5–2.5 µm in size and secondary aggregates up to 10 µm in size. The Co–Mg solid solution phase formed during high-temperature calcination showcases octahedral crystals with sizes of 1–3 μm, which are also prone to aggregation. This is consistent with the data on the cubic structure of the solid solution, which is prone to the formation of octahedral particles [22].



Table 3 shows the results of the analysis of the elemental composition of the samples.



A study of the elemental composition of the samples showed a monotonous increase in the Co:Mg ratio in the surface layers with increasing heat treatment temperature. The lack of Co relative to the stoichiometric ratio for spinel 2:1 in the case of Co–Mg(400) can be explained by the suggestion that incompletely decomposed magnesium nitrate formed a film on the surface of the sample grains during synthesis at this temperature [48]. A further increase in the calcination temperature to 750 °C gives Co:Mg values close to stoichiometry. The excess of Co in the case of the Co–Mg(1100) sample, which comprises a CoO–MgO solid solution, is probably explained by the partial migration of Mg into the bulk phase during the formation of a Co3O4 spinel phase on the surface during the rapid cooling of the sample. The formation of Co3O4 under these conditions is confirmed by FTIR spectroscopy data (Figure 3).



The reoxidation of the solid solution leads to a significant increase in the spread of the Co:Mg ratio at different survey points. This, apparently, is caused by the phase segregation of the solid solution due to the uneven formation of the bulk spinel phase, enriched in cobalt compared to the solid solution.



The amount of oxygen in all samples was lower than stoichiometric for any of the possible compounds in the system of this composition (Co:Mg = 2:1), which is explained by the partial reduction in cobalt in the samples under the action of an electron beam during analysis (such an effect was not observed for pure MgO). At the same time, the initially oxidized samples showcase the small spread of oxygen content at different local points, confirming their homogeneity. Significant fluctuations in the amount of oxygen at different survey points were observed in the case of the Co–Mg(1100 + 750) sample, further confirming the formation of a cobalt-enriched spinel phase, which decomposes more easily. This effect is further substantiated by EDX analysis data (Figure 6).




2.2. Binding Energy and Oxygen Reactivity of Samples


Oxygen associated with the surface and structure of the catalyst is important in catalytic deep oxidation reactions [4,6]. Lattice oxygen, the amount of which determines the catalyst specific activity, plays a particularly important role in the reaction of methane deep oxidation, which occurs at temperatures of 550–800 °C according to the Mars–van Krevelen mechanism [6]. In this regard, temperature-programmed desorption of oxygen (TPD) and temperature-programmed reduction by hydrogen (H2–TPR) methods were used to study the amount of different types of oxygen.



The results of the study of the catalyst samples using TPD analysis are presented in Figure 7. Table 4 shows the quantitative characteristics of the thermal desorption of the samples: temperatures of oxygen release maxima, volumes of oxygen released during desorption, and desorption activation energies for different regions.



Oxygen desorption occurs in three regions (Figure 7): 1—300–400 °C, 2—600–650 °C, and 3—650–900 °C, with characteristic maxima (Table 4). There is a peak in region 2 on the Co–Mg(400) sample, which turns into a shoulder upon transition to Co–Mg(550) and disappears with a further increase in the heat treatment temperature. The oxygen released during thermal desorption was divided into two parts: low temperature (region 1, characterized by the desorption of physically adsorbed oxygen) and high temperature (regions 2 and 3, associated with the stepwise desorption of lattice oxygen).



Region 1 is characterized by relatively high desorption activation energies (45–50 kJ/mol) at low heat treatment temperatures (400–550 °C). This can be explained by the fact that these samples contain the products of incomplete decomposition of the initial cobalt and magnesium nitrates. A further increase in the calcination temperature leads to a decrease in the activation energy of desorption of region 1 to 10–25 kJ/mol, which is a typical value for physically adsorbed oxygen [22].



Regions 2 and 3 are characterized by a much more intense release of oxygen due to the decomposition of Co–Mg compounds. Stepwise decomposition is observed, presumably due to the incomplete formation of the spinel crystal lattice in the case of low-temperature samples (400–550 °C). The activation energies of desorption under these conditions are 80–120 and 140–170 kJ/mol for the first and second stages, respectively. Regions 2 and 3 merge into one with a further increase in the calcination temperature. The activation energy remains approximately constant (190–210 kJ/mol) at temperatures of 650–1300 °C. The total amount of released oxygen monotonously decreases in this heat treatment temperature range. A particularly sharp drop is observed at temperatures above 800 °C, which corresponds to the formation of a solid solution phase.



Reflections characteristic of the CoO–MgO solid solution were present in the diffraction pattern of the Co–Mg(650) sample subjected to thermal desorption up to 900 °C (Figure 8). Thus, oxygen desorbed in the high-temperature region is supposedly associated with the decomposition of MgCo2O4 spinel and its transition into a solid solution, which is substantiated by [22,49,50], where oxygen release from different cobalt oxide structures was observed.



Figure 9 shows the TPR profiles of the synthesized samples for different heat treatment temperatures in comparison with Co3O4. Table 5 summarizes the quantitative characteristics of the TPR profiles of the samples.



It is known from the literature that the reduction in Co3O4 occurs in two temperature regions: in the first region, Co3+ is reduced to Co2+, and in the second, Co2+ is reduced to Co0 [9,25,26,27,42]. The stoichiometric ratio of oxygen in the first and second regions is 1:3. This agrees well with the data in Table 5. When replacing Co in this spinel with Mg, the theoretical ratio between them should change to 1:2. This ratio is approximately maintained at heat treatment temperatures of 400–650 °C, after which it increases due to a decrease in the amount of Co3+ in the samples as the spinel phase transitions to a solid solution. At the same time, starting from these temperatures (750 °C and above), a gradual decrease in the total amount of oxygen capable of reduction is observed (Table 5). All samples at the end of TPR consisted of Co0 and MgO phases.



The TPR profiles of the samples calcined in the temperature range 400–800 °C are similar to those commonly presented in the literature [9,12,16,25,26,27]. The first reduction peak is observed at 420–470 °C, and the second, much broader, stretches to ~900 °C and is characterized by a maximum at 540–620 °C. A further increase in heat treatment temperature with the transition of spinel into a solid solution led to a gradual transformation of the TPR profiles. The first peak (410–420 °C) decreased significantly, while the second peak underwent a significant shift to the high-temperature region (maximum at 1010–1080 °C). These TPR profiles are partially described in the works of Wang and Ruckenstein [12,16], in which an increase in hydrogen consumption is observed before the stop of their TPR experiments at 1000 °C, with the maximum intake not reached.



A series of experiments involving stopping the TPR process at certain temperatures was carried out to study, in detail, the change in phase composition during the reduction of the samples. Temperatures of 400, 530, 700, and 1000 °C were chosen for the Co–Mg(550) sample, and 1000 and 1100 °C—for the Co–Mg(1000) sample (Figure 9). The results of the analysis of the phase composition of the resulting reduced samples are presented in Figure 10, Figure 11 and Figure 12.



According to the X-ray diffraction data, peaks from the solid solution phase appear in its diffraction pattern when the Co–Mg(550) sample is reduced to 400 °C (in the region of the maximum of the first TPR peak), while the intensity of the spinel phase peaks decreases by half. A decrease in the intensity of the bands corresponding to the spinel phase is observed in the FTIR spectrum. An increase in the reduction temperature to 530 °C (the region between the first and second TPR peaks) leads to the complete disappearance of spinel peaks in the diffraction pattern and an increase in reflections from the CoO–MgO solid solution. The FTIR spectrum similarly demonstrates the disappearance of spinel a.b. and the appearance of a broad band of the solid solution (442 cm−1). A further increase in the final reduction temperature to 700 °C (the region of the maximum of the second TPR peak) causes the appearance of peaks of the metallic Co0 phase in the cubic β-form (JCPDS 15–806 [17]) in the diffraction pattern and a decrease in the intensity of reflections of the solid solution. Only the CoO–MgO a.b. (450 cm−1) is present in the FTIR spectrum, since metal phases are not observed by FTIR spectroscopy. The metallic β-cobalt and the cubic oxide phase, which, in terms of the lattice parameter value, is rather the MgO phase than the CoO–MgO solid solution, are observed at a reduction temperature of 1000 °C, according to the X-ray diffraction data, while the FTIR spectrum showcases an a.b. with a maximum at 447 cm−1, again corresponding to the solid solution or MgO phase.



The Co–Mg(1000) sample, which, according to the X-ray diffraction data, is a solid solution, after TPR up to 1000 °C is characterized by reflections of the solid solution and metallic cobalt phases. The overall peak intensity was lower than that of the original sample. FTIR spectroscopy data confirm the presence of a solid solution (473 cm−1). Reduction to 1100 °C gives reflections of Co0 and the MgO phase according to XRD.



Summarizing the obtained data, it can be argued that the first TPR peak relates to the absorption of oxygen in the spinel structure associated with Co3+Oh ions, with the reduction of Co3+Oh into the Co2+Oh structure of CoO, regardless of the heat treatment temperature of the sample. The temperature of this peak is higher compared to the maximum of the first peak of the reduction in Co3O4, which can be explained by the higher binding energy of oxygen in the MgCo2O4 structure.



The behavior of the second TPR peak largely depends on the heat treatment temperature and the Co:Mg ratio in the sample [12,16]. In this work, low-temperature samples containing the spinel phase in the initial state showed a wider second TPR peak than in the case of Co3O4, with a maximum at temperatures of 540–620 °C. According to literature studies, with a decrease in the Co content in the catalyst, this peak broadens and shifts to higher temperatures relative to the first peak [16]. In the case of high-temperature samples, which, according to X-ray diffraction data, predominantly contain the solid solution phase in the initial state, the second peak is shifted to the region of 900–1100 °C. This shift occurs sharply between 800 and 900 °C as the calcination temperature increases. In [12], Wang and Ruckenstein argue that the difficulty of Co2+ reduction in this case is due to the fact that the CoO dispersed in the solid solution lattice contains oxygen, which is also associated with Mg2+ cations, which are not subject to reduction under these conditions.



It can be assumed that CoO formed following the reduction in MgCo2O4 spinel during the TPR of low-temperature samples and CoO in the solid solution phase of high-temperature samples are of a different nature. The reduction temperature of CoO according to the literature is 480–500 °C [42], which makes it possible to assert that the second TPR peak of the low-temperature samples relates to the reduction in free CoO, in contrast to the high-temperature samples, where CoO is in a bound state in a solid solution. Therefore, the corresponding phases are of a different nature, although the diffraction patterns obtained after partial reduction to the temperature at which the second peak begins are the same in the case of both Co–Mg(550) and Co–Mg(1100) samples. While this phase is a solid solution in the case of Co–Mg(1100), for the Co–Mg(550) sample, it represents a superposition of two oxides, CoO and MgO, with similar crystal lattices, or a “pseudo” solid solution that turns into a true solid solution at temperatures above 800 °C. The differences between these structures are also due to the size and morphology of their particles. The SEM results showed that the spinel phase and, accordingly, the cubic phase obtained from it during reduction are formed by irregular plate-type particles, while the true solid solution has the form of relatively large bulk crystals with good faceting (Figure 6). The formation of a “pseudo” solid solution during reduction is also supported by the coincidence of the TPR peak region of CoO as an individual compound with the region of the second TPR peak of low-temperature samples, as well as an increase in the reduction temperature when diluting the samples with magnesium oxide.




2.3. Catalytic Activity of Samples


The test results of catalyst samples calcined at temperatures of 550, 750, 900, and 1100 °C in the methane combustion reaction are shown in Figure 13. The results of the activity tests of Co–Mg catalysts obtained at a ratio of Co:Mg = 1:1 are also given.



From the data in Figure 13, it follows that the activity of the catalysts decreases with increasing temperature. This is due to the transformation of the spinel phase into the solid solution and the sintering of particles. The activity of the samples obtained with a ratio of Co:Mg = 1:1 differs little from the activity of the samples with a Co:Mg = 2:1 ratio. However, the slope of the curves increases in the vicinity of the 50% degree of conversion. The catalysts synthesized at 550 °C, especially the sample synthesized at a Co:Mg = 1:1 ratio, have the highest activity among the studied samples. The characteristics of the tested catalysts are summarized in Table 6.



The resulting relationship between the apparent activation energies calculated from the catalyst test data and the heat treatment temperature at two Co:Mg ratios is presented in Figure 14.



From the presented data, it follows that the apparent activation energy of the methane combustion reaction increases linearly with the increasing heat treatment temperature of the catalysts. Moreover, the activation energy values are slightly higher for the Co:Mg = 1:1 ratio. At the same time, the magnitude of the change in the activation barrier upon transition from Co–Mg(550) (spinel) to Co–Mg(1100) (solid solution) is small and amounts to 31.5 kJ/mol, which indicates the similarity of the nature of the active centers on these samples. This is consistent with the data obtained, according to which the repeated formation of spinel structures of the Co3O4 and/or MgCo2O4 type occurs during reoxidation on the surface of a solid solution in excess oxygen. Such structures, in particular, are formed during the rapid oxidation and cooling of the samples after heat treatment, as indicated by their TPR profiles (Figure 9), where, even for samples obtained at temperatures above 900 °C, the first peak corresponding to the reduction of Co3+ to Co2+ is retained.



The increase in the activation energy of the methane oxidation reaction with increasing heat treatment temperature is logical in the context of the general relationship of these parameters for the Co–Mg oxide system. Figure 15 shows the literature and our data on the activation energies of methane combustion depending on the composition and heat treatment temperature.



The activation energy for methane combustion on Co3O4 is low, amounting to 50–70 kJ/mol, and depends on the catalyst preparation technique [5,6,18]. In the case of MgO, the activation energy is much higher and equals 185–190 kJ/mol [20,21].



Intermediate systems, in this regard, can be divided into two categories. Firstly, these are systems with a low cobalt content (Co:Mg < 1:1), where the activation energy of methane oxidation is relatively high (100–180 kJ/mol) [10,19,20,21] and is characterized by a sharp change with temperature [20]. Secondly, these are systems with a high cobalt content (Co:Mg > 1:1), in which the activation energy is not higher than 100 kJ/mol [5,6,18], with the exception of stoichiometric MgCo2O4 spinel, obtained and tested by Popovskii and coworkers, for which the value of the activation energy is overestimated due to the inhibition of the reaction by CO2 adsorption [6]. The results obtained in this work, presented in Figure 15 along with the literature, are consistent with the general picture of the relationship between these parameters.





3. Materials and Methods


3.1. Preparation of Catalysts


Cobalt–magnesium oxide catalysts were synthesized by the thermal decomposition of nitrate salts. The initial mixture of magnesium nitrate (Mg(NO3)2·6H2O, 99%, Sigma-Aldrich, Darmstadt, Germany) and cobalt (Co(NO3)2·6H2O, ≥98%, Sigma-Aldrich, Darmstadt, Germany) powders, taken in a given Co:Mg molar ratio, was dissolved in distilled water. The solution was evaporated on a heated magnetic stirrer with constant stirring. The stirrer was heated with a gradual increase in temperature from 100 to 180 °C for 8 h. The resulting dry product, after removing most of the water from the solution, was transferred to a muffle furnace and calcined at 275 °C for 15 h. The resulting precipitate was thoroughly ground and then calcined at various temperatures. Heat treatment was carried out in a muffle furnace with a heating rate of 10°/min, with samples kept at a given temperature for 1 h. After the end of the heat treatment, the sample was removed from the furnace and rapidly cooled to room temperature. The standard Co:Mg ratio used in this work was 2:1. Samples with this ratio of metals were designated Co–Mg(T), where T is the heat treatment temperature of the sample. Samples with a Co:Mg = 1:1 ratio were designated Co(1)–Mg(1)(T).



Additionally, one of the samples with a Co:Mg = 2:1 ratio was heat treated at 1100 °C for 14 h, after which, in order to study the effect of reoxidation, it was subjected to repeated heat treatment at other, lower, temperatures. The samples obtained in this way were designated Co–Mg(1100 + T), where T is the temperature of the repeated heat treatment of the sample.



Reactive cobalt oxide (Co3O4, ≥98%, Sigma-Aldrich, Darmstadt, Germany) and magnesium oxide obtained from nitrate by heat treatment at 750 °C were also used as standards in the studies.




3.2. Study of Catalysts


The methods of X-ray diffraction (XRD), low-temperature nitrogen adsorption (BET), scanning electron microscopy (SEM), Fourier-transform infrared spectroscopy (FTIR), electron spin resonance (ESR), temperature-programmed desorption of oxygen (TPD), and temperature-programmed reduction by hydrogen (H2-TPR) were used to study the structure of the catalyst samples.



The X-ray diffraction study was carried out on a DRON-4-07 powder diffractometer (Burevestnik, Saint-Petersburg, Russia), Co Kα radiation, Ni filter, over a 2θ range of 10–90° with a step size of 0.02°. The phase composition analysis according to X-ray diffraction data was carried out on the basis of the areas of diffraction maxima for the spinel and solid solution phases, respectively. The values of the lattice parameters were determined from the positions of the diffraction maxima.



The specific surface area and characteristics of the porous structure of the samples were studied on a Thermo Scientific Surfer gas adsorption porosimeter (Thermo Fisher Scientific, Milan, Italy) at liquid nitrogen temperature using nitrogen (N2) as an adsorbate. The specific surface area was determined using the Brunauer–Emmett–Teller (BET) method.



The FTIR study was carried out on a Nicolet iS5 FTIR spectrometer (Thermo Fisher Scientific, Milan, Italy) at room temperature in the range of 4000–400 cm−1. The samples were pressed into KBr pellets.



The structure of the samples was studied by SEM using a low-vacuum scanning electron raster microscope JSM–6610LV (JEOL, Tokyo, Japan) with an attachment for microanalysis and local X-ray fluorescence analysis of the elemental composition of the surface.



The ESR study was carried out on a JES-ME-3X spectrometer (JEOL, Tokyo, Japan), wavelength 3 cm. The spectra were recorded at room temperature. The g-factor values of the samples were determined relative to the DPPH standard.



Temperature-programmed desorption of oxygen (TPD) was carried out using the Khemosorb setup (Novosibirsk, Russia) in a He flow, with a catharometer detector, flow rate 30 cm3/min, heating rate 10 °C/min up to 900 °C. Kinetic analysis of the obtained thermal desorption profiles was carried out using the Polanyi–Wigner equation [51].



Temperature-programmed reduction by hydrogen (H2-TPR) was carried out on a self-made installation with analysis of the gas flow on a Chromatek-Kristall 5000 chromatograph (Chromatek, Yoshkar-Ola, Russia) with a catharometer detector. The samples were reduced with a gas mixture of 5% H2 in Ar. The flow rate was 30 cm3/min. Heating was carried out in linear mode at a rate of 10 °C/min to 1100 °C and followed by thermostatting at this temperature for 40 min.



The Co–Mg(550) and Co–Mg(1100) samples were studied in detail by TPR with stopping at different temperatures and cooling to room temperature in a flow of H2–Ar mixture. The resulting partially reduced samples were studied by XRD and FTIR.



Experiments on methane combustion were carried out in a flow-type setup at atmospheric pressure in a tubular quartz reactor with a fixed bed of catalyst. The catalyst was placed in the central part of the reactor, and quartz wool was located above and below the catalyst layer. The catalytic reaction of methane combustion was carried out at 100–750 °C using a gas mixture of 5% CH4, 30% O2, and the rest, Ar. The mixture flow rate was 300 mL/min with a catalyst loading volume of 1 cm3. An Agilent 6890N gas chromatograph (Agilent Technologies, Singapore Pte. Ltd., Singapore) equipped with a flame ionization detector and a thermal conductivity detector was used to analyze the starting materials and reaction products. The initial gas mixture and reaction products were analyzed on a copper capillary column HP–PLOT Q with a length of 30 m and a diameter of 0.53 mm, filled with polystyrene–divinylbenzene.



The kinetic analysis of the obtained light-off curves of the catalyst samples was carried out at constant gas flow assuming a first-order reaction with respect to methane. The data in the temperature range 100–550 °C was chosen for data fitting in order to avoid the influence of diffusion inhibition [6]. The apparent activation energy for the methane deep oxidation reaction was calculated from the slopes of the corresponding Arrhenius plots using the least squares fitting method. Activation energy values for Co–Mg catalysts of different composition and heat treatment from the literature data were calculated in a similar fashion.





4. Conclusions


A study of Co–Mg catalysts for methane deep oxidation synthesized by the joint thermal decomposition of corresponding nitrate salts was conducted in order to establish formation patterns of the CoO–MgO solid solution from the corresponding stoichiometric spinel and its effect on the catalytic activity. The study confirmed the phase transition of the MgCo2O4 spinel phase to the CoO–MgO solid solution with increasing calcination temperature, primarily above 650 °C. This transformation occurred together with a change in the size and morphology of the catalyst particles. At low calcination temperatures, the catalyst samples also contained small amounts of Co2+Td, presumably corresponding to Co3O4 spinel and decreasing in parallel with the transformation of MgCo2O4 into a solid solution. The release of oxygen from the spinel lattice occurs in the region of this phase transition according to TPD data.



The TPR analysis of the samples calcined at temperatures below the phase transition temperatures confirmed the presence of two peaks of oxygen reduction: the first (420–470 °C) corresponding to the transition of spinel Co3+Oh to Co2+Oh of the rock salt structure, and the second (540–620 °C) to the reduction of Co2+Oh (CoO) to Co0. In the case of samples calcined above the phase transition temperature, the first peak decreased significantly, while the second peak moved to the temperature range of 900–1100 °C, presumably corresponding to the reduction of CoO in the true solid solution structure to Co0. The XRD analysis of partially reduced samples confirmed the identity of the phases of low-temperature and high-temperature solid solution phases. Despite this, the drastic difference in the reduction temperatures of these phases indicates their fundamental difference: CoO–MgO formed in the low-temperature region during spinel phase reduction is suggested to be a mixture of ordered oxides that do not form an equilibrium solid solution phase, the formation of which requires higher temperatures (a “pseudo-solid solution”).



Subjecting catalyst samples calcined at 1100 °C to repeated heat treatment at lower temperatures confirmed the ability of the solid solution to partially regenerate through reoxidation. Simultaneously, phase segregation was observed in the regenerated samples, supposedly due to the formation of a new spinel phase enriched in cobalt.



A study of the activity of the synthesized catalysts in the combustion of methane showed high activity of spinel-based samples and a linear correlation of the activation energy of the reaction with the heat treatment temperature. The relatively low change in the activation barrier value during the transition from spinel to a true solid solution indicates the similarity of the nature of their active centers due to the formation of surface spinel even at high heat treatment temperatures upon rapid cooling after calcination.



The results of the study showcase the possibility of obtaining both active and thermally stable Co–Mg deep oxidation catalysts, outlining further prospective studies of the formation patterns of Co–Mg catalysts of other, non-stoichiometric compositions, as well as their activity and long-term regenerative ability in different environments.
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Figure 1. X-ray diffraction patterns of Co–Mg samples calcined in air at different temperatures, and Co3O4 standard: ♦—MgCo2O4 (JCPDS 2–1073, JCPDS 81–671) or Co3O4 (JCPDS 42–1467), *—(Co, Mg)O (JCPDS 45–946, JCPDS 48–1719). 
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Figure 2. Influence of spinel heat treatment temperature on the content of spinel and solid solution phases according to X-ray diffraction data: [image: Catalysts 14 00136 i001] spinel phase: [image: Catalysts 14 00136 i002]—S2.86/S2.44, [image: Catalysts 14 00136 i003]—S2.02/S2.44, [image: Catalysts 14 00136 i004]—S1.56/S2.44, [image: Catalysts 14 00136 i005]—S1.43/S2.44. [image: Catalysts 14 00136 i006] solid solution phase: [image: Catalysts 14 00136 i007]—S2.12/S2.44, [image: Catalysts 14 00136 i008]—S1.50/S2.44. 
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Figure 3. FTIR spectra of Co–Mg samples calcined at various temperatures and standard Co3O4 and MgO. 
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Figure 4. Dependence of the position of a.b. on the FTIR spectra of samples on the heat treatment temperature: [image: Catalysts 14 00136 i009]—ν1 a.b., [image: Catalysts 14 00136 i010]—ν2 a.b., [image: Catalysts 14 00136 i011]—changes in the position of bands during reoxidation. 
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Figure 5. Influence of the heat treatment temperature of Co–Mg samples on the relative intensity of the ESR signal of Co2+Td ions. 
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Figure 6. SEM micrographs: (a,b)—Co–Mg(400) sample; (c,d)—Co–Mg(1100) sample; (a,c)—magnification 3000; (b,d)—magnification 10,000; EDX analysis images: (e–g)—Co–Mg(1100) sample; (h–j)—Co–Mg(1100 + 750) sample; (e,h)—O K; (f,i)—Mg K; (g,j)—Co K. 
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Figure 7. Thermal desorption profiles of synthesized samples for different calcination temperatures. 
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Figure 8. Diffraction patterns of a sample calcined at 650 °C before (a) and after (b) TPD up to 900 °C: ♦—MgCo2O4 (JCPDS 2–1073, JCPDS 81–671) or Co3O4 (JCPDS 42–1467), *—(Co, Mg)O (JCPDS 45–946, JCPDS 48–1719). 
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Figure 9. TPR profiles of synthesized samples for different heat treatment temperatures: ◊—TPR stopping points. 
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Figure 10. Diffraction patterns of a sample calcined at 550 °C before (a) and after TPR: (b) up to 400 °C, (c) up to 530 °C, (d) up to 700 °C and (e) up to 1000 °C: ♦—MgCo2O4 (JCPDS 2–1073, JCPDS 81–671) or Co3O4 (JCPDS 42–1467), *—(Co, Mg)O (JCPDS 45–946, JCPDS 48–1719), ○—β-Co0 (JCPDS 15–806). 
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Figure 11. Diffraction patterns of a sample calcined at 1000 °C before (a) and after TPR: (b) up to 1000 °C and (c) up to 1100 °C: *—(Co, Mg)O (JCPDS 45–946, JCPDS 48–1719), ○—β-Co0 (JCPDS 15–806). 
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Figure 12. FTIR spectra of a sample calcined at 550 °C before (a) and after TPR: (b) up to 400 °C, (c) up to 530 °C, (d) up to 700 °C and (e) up to 1000 °C, as well as (f) sample calcined at 1000 °C after TPR up to 1000 °C. 
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Figure 13. Light-off curves of methane conversion over synthesized catalysts. 
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Figure 14. Dependence of the apparent activation energy of methane oxidation on the temperature of heat treatment of samples. 
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Figure 15. Activation energies of methane combustion on Co–Mg catalysts of various compositions and heat treatment temperatures [5,6,10,18,19,20,21]. 
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Table 1. Diffraction maxima of XRD spectra and the corresponding phases of samples calcined at different temperatures.






Table 1. Diffraction maxima of XRD spectra and the corresponding phases of samples calcined at different temperatures.





	Sample
	Interplanar Distances (Å)
	Lattice Parameter (Å)
	Phase Composition





	Co–Mg(300)
	2.8593, 2.4436, 2.0213, 1.5559, 1.4291
	8.086
	MgCo2O4



	Co–Mg(400)
	2.8649, 2.4471, 2.0231, 1.5571, 1.4303

2.4471, 2.1118, 1.4912
	8.095

4.223
	MgCo2O4

(Co, Mg)O, (MgO)



	Co–Mg(550)
	2.8598, 2.4438, 2.0219, 1.5564, 1.4296

2.4438, 2.1112, 1.4883
	8.088

4.219
	MgCo2O4

(Co, Mg)O, (MgO)



	Co–Mg(650)
	2.8604, 2.4389, 2.0220, 1.5564, 1.4297

2.4389, 2.1094, 1.4963
	8.089

4.219
	MgCo2O4

(Co, Mg)O



	Co–Mg(750)
	2.8588, 2.4378, 2.0209, 1.5558, 1.4291

2.4378, 2.1139, 1.4951
	8.085

4.228
	MgCo2O4,

(Co, Mg)O



	Co–Mg(800)
	2.8630, 2.4408, 2.0232, 1.5568, 1.4299

2.4408, 2.1221, 1.5002
	8.093

4.244
	MgCo2O4

(Co, Mg)O



	Co–Mg(900)
	2.8607, 2.4535, 2.0184, 1.5566, 1.4269

2.4535, 2.1247, 1.5020
	8.086

4.249
	MgCo2O4

(Co, Mg)O



	Co–Mg(1000)
	2.4542, 2.1254, 1.5029
	4.251
	(Co, Mg)O



	Co–Mg(1100)
	2.4543, 2.1256, 1.5028
	4.251
	(Co, Mg)O



	Co–Mg(1300)
	2.4585, 2.1283, 1.5041
	4.256
	(Co, Mg)O



	Co–Mg(1100 + 750)
	2.8625, 2.4466, 2.0284, 1.5614, 1.4363

2.4466, 2.1291, 1.5079
	8.086

4.246
	MgCo2O4/Co3O4,

(Co, Mg)O



	Co3O4
	2.8585, 2.4375, 2.0209, 1.5557, 1.4290
	8.084
	Co3O4










 





Table 2. Relative ESR signal of samples depending on heat treatment temperature.






Table 2. Relative ESR signal of samples depending on heat treatment temperature.





	Sample
	Ratio of Signal and Standard Intensities





	Co–Mg(300)
	0.50



	Co–Mg(400)
	1.35



	Co–Mg(550)
	1.46



	Co–Mg(650)
	1.51



	Co–Mg(750)
	1.56



	Co–Mg(800)
	0.88



	Co–Mg(900)
	0.58



	Co–Mg(1000)
	0.49



	Co–Mg(1100)
	0.51



	Co–Mg(1300)
	0.24



	Co3O4
	6.63










 





Table 3. Local elemental composition of Co–Mg samples.






Table 3. Local elemental composition of Co–Mg samples.





	
Sample

	
Point of Analysis

	
Amount of Element per Unit Mg

	
Sum of Elements




	

	

	
O

	
Mg

	
Co

	






	
Co–Mg(400)

	
Point 1

	
1.54

	
1.00

	
1.24

	
3.78




	
Point 2

	
1.78

	
1.00

	
1.28

	
4.06




	
Point 3

	
1.64

	
1.00

	
1.32

	
3.96




	
Average

	
1.64

	
1.00

	
1.28

	
3.92




	
Co–Mg(750)

	
Point 1

	
1.85

	
1.00

	
1.61

	
4.46




	
Point 2

	
1.90

	
1.00

	
1.81

	
4.71




	
Point 3

	
1.91

	
1.00

	
1.64

	
4.55




	
Average

	
1.89

	
1.00

	
1.69

	
4.58




	
Co–Mg(1100)

	
Point 1

	
3.03

	
1.00

	
3.35

	
7.38




	
Point 2

	
2.95

	
1.00

	
3.13

	
7.08




	
Point 3

	
3.05

	
1.00

	
3.24

	
7.29




	
Average

	
3.00

	
1.00

	
3.24

	
7.24




	
Co–Mg(1100 + 750)

	
Point 1

	
3.30

	
1.00

	
6.09

	
10.39




	
Point 2

	
3.14

	
1.00

	
4.59

	
8.73




	
Point 3

	
1.83

	
1.00

	
2.30

	
5.13




	
Average

	
2.51

	
1.00

	
3.77

	
7.28











 





Table 4. Characteristics of thermal desorption of synthesized samples for different calcination temperatures.
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Sample

	
Desorption Peak Temperatures (°C)

	
Volume of O2 Release in the Temperature Range (mL/g)

	
Activation Energies (kJ/mol)




	

	
1

	
2

	
3

	
1

	
2

	
3






	
Co–Mg(400)

	
337

	
600

	
867

	
14.32

	
652.50

	
49.1

	
80.6

	
168.0




	
(200–450)

	
(500–900)




	
Co–Mg(550)

	
339

	
651

	
851

	
58.60

	
719.92

	
44.0

	
116.1

	
142.3




	
(200–450)

	
(550–900)




	
Co–Mg(650)

	
335

	
-

	
856

	
8.02

	
516.79

	
9.5

	
-

	
192.0




	
(200–450)

	
(600–900)




	
Co–Mg(750)

	
343

	
-

	
871

	
8.22

	
459.03

	
11.0

	
-

	
212.5




	
(200–450)

	
(600–900)




	
Co–Mg(800)

	
-

	
-

	
851

	
11.43

	
500.64

	
17.5

	
-

	
203.8




	
(200–450)

	
(600–900)




	
Co–Mg(900)

	
328

	
-

	
801

	
18.44

	
150.99

	
18.8

	
-

	
201.3




	
(200–450)

	
(600–900)




	
Co–Mg(1000)

	
335

	
-

	
766

	
12.8

	
38.46

	
25.2

	
-

	
232.3




	
(200–450)

	
(600–900)




	
Co–Mg(1300)

	
365

	
-

	
695

	
2.40

	
6.20

	
10.4

	
-

	
213.9




	
(200–450)

	
(500–900)











 





Table 5. Amount of hydrogen consumed corresponding to the TPR peaks of samples calcined in air and its total amount in mmol/g.






Table 5. Amount of hydrogen consumed corresponding to the TPR peaks of samples calcined in air and its total amount in mmol/g.





	Temperature (°C)
	Peak 1
	Peak 2
	Total Peak Area
	Peak Area Ratio





	Co3O4
	4.51
	13.10
	17.61
	1:2.90



	Co–Mg(400)
	5.53
	9.34
	14.71
	1:1.69



	Co–Mg(550)
	4.81
	10.04
	14.86
	1:2.09



	Co–Mg(650)
	4.20
	10.25
	14.48
	1:2.44



	Co–Mg(750)
	3.57
	9.74
	13.32
	1:2.73



	Co–Mg(800)
	2.82
	9.48
	12.29
	1:3.36



	Co–Mg(900)
	1.49
	9.71
	11.19
	1:6.52



	Co–Mg(1000)
	1.03
	9.90
	10.93
	1:9.61



	Co–Mg(1300)
	0.07
	9.76
	9.83
	–










 





Table 6. Characteristics and activity of synthesized catalysts.






Table 6. Characteristics and activity of synthesized catalysts.





	Sample
	Specific Area (m2/g)
	T50% (°C)
	E (kJ/mol)





	Co–Mg(550)
	9.6
	492
	62.1



	Co–Mg(750)
	7.7
	513
	74.9



	Co–Mg(900)
	3.8
	521
	81.8



	Co–Mg(1100)
	2.2
	551
	93.6



	Co(1)-Mg(1)(550)
	14.9
	488
	77.6



	Co(1)-Mg(1)(1100)
	2.8
	560
	99.2
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