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Abstract

:

Co3O4, MgCo2O4 and MgO materials have been synthesized using a simple co-precipitation approach and systematically characterized. The total conversion of toluene to CO2 and H2O over spinel MgCo2O4 with wormlike morphology has been investigated. Compared with single metal oxides (Co3O4 and MgO), MgCo2O4 with the highest activity has exhibited almost 100% oxidation of toluene at 255 °C. The obtained results are analogous to typical precious metal supported catalysts. The activation energy of toluene over MgCo2O4 (38.5 kJ/mol) is found to be much lower than that of Co3O4 (68.9 kJ/mol) and MgO ((87.8 kJ/mol)). Compared with the single Co and Mg metal oxide, the as-prepared spinel MgCo2O4 exhibits a larger surface area, highest absorbed oxygen and more oxygen vacancies, thus highest mobility of oxygen species due to its good redox capability. Furthermore, the samples specific surface area, low-temperature reducibility and surface adsorbed oxygenated species ratio decreased as follows: MgCo2O4 > Co3O4 > MgO; which is completely in line with the catalytic performance trends and constitute the reasons for MgCo2O4 high excellent activity towards toluene total oxidation. The overall finding supported by ab initio molecular dynamics simulations of toluene oxidation on the Co3O4 and MgCo2O4 suggest that the catalytic process follows a Mars–van Krevelen mechanism.
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1. Introduction


Volatile organic compounds (VOCs), released from numerous processes at the industrial scale, are seen as the main factors responsible for the emission of photochemical smog precursors and haze [1,2,3]. VOCs are well known to be not only hazardous to environment, but severely harmful to human health. Therefore, reducing the emission of VOCs is today one of the biggest challenges faced by the chemical industry to satisfy stringent environmental regulations. Among VOCs, toluene represents typical aromatic compounds mostly employed as solvents as well as industrials raw materials [4]. Conversion methods of VOCs such as toluene into CO2 and H2O includes catalytic oxidation. This process is well established as one of the most effective and relevant techniques for the destruction of low concentrations of VOCs (<0.5 vol%) in gas pollutants [5]. The temperature required for such processes is lower than that of thermal oxidation [6], and more importantly, no secondary pollution pollutants are generated [7].



Transition metal oxide (TMOs) and supported precious metal are two main types of catalysts materials generally employed in VOCs total oxidation [8,9]. It is well established that precious metal catalysts have the advantage of hyperactivity, however, their uses as catalysts are limited due to their high cost, poisoning tendency (by chlorine and sulphur), easy sintering and low thermal stability [10,11]. Due to their comparable activity to noble metals, low cost, resistance to poisoning and wide range of available sources as well as high thermal stability [3,12], TMOs are attracting great attention and are extensively studied as catalysts by researchers for toluene combustion [13,14]. In this respect, many oxides based on transition metals such as Cu, [15] Co, [16,17] Ce, [18,19] Mn, [20,21] V, [22,23] etc., as well as their binary mixtures, have been investigated. Among these TMOs, cobalt oxide-based catalysts emerge as potential candidate for toluene combustion [1,2,3]. Several investigations to point out the active sites have been performed; although a consensus has still not been reached, it has been clearly identified that Co-Based oxide exhibit remarkable performances owing to their surface oxygen vacancies (Ov) [24,25], variable valence (Co0, Co2+, Co3+, Co4+) implying active site as octahedral cobalt that conversely changed in the redox couple (Co2+/Co3+) [24,26,27], or (Co3+/Co4+) [28,29], as well as the active site on the (111) facet of the tetrahedral cobalt [30].



The catalytic oxidation performance of Co3O4 can be enhanced by diverse kinds of modifications, including partial substitution of Co2+ by other transition metals (Ni2+, Fe2+, Cu2+…) [31,32,33] rare earth (Ce, La) [34] and alkali earth metal (K, Ca, Mg) [35,36,37]. Among the catalysts promoters, alkali earth metals are attracting much considerable attention due to their availability, low price and almost environmental friendly properties [38]. It has been reported that the catalytic conversion of N2O could be improved after addition of calcium and magnesium in the matrix of Co3O4 [35,36,37,38]. However, studies addressing the application of MgCo2O4 for VOCs oxidation such as toluene are scarce. To the best of our knowledge, this is the first report on the application of Co3O4 modified by a small amount of Mg as a viable and promising catalyst for toluene deep oxidation.



Among the TMOS synthesis methods, co-precipitation is the easiest and an extensively applied technic for the production of catalysts nanoparticles [39,40]. Herein, Co was partially substituted by Mg in the matrix of Co3O4 spinel catalyst by the co-precipitation method. The co-existence of Mg and Co could create interaction between them and could generate abundant oxygen vacancies (Ov), which is conducive to the oxygen mobility and promotes the redox cycle. Many imperfections such as lattice defects (antisites, vacancies and interstitials) might be generated and may play a determinant role in improving some physico-chemical characteristics of the host material [41]. Therefore, the impact of adding Mg into Co3O4 on the toluene total oxidation was studied. More importantly ab initio molecular dynamics simulations were performed to investigate the initial steps of toluene adsorption and oxygen vacancy formation on hydroxylated Co3O4 and MgCo2O4 (111) surface terminations.




2. Results and Discussion


2.1. Structure and Microstructure


XRD analyses were performed to identify and analyze the crystallite phases as presented in Figure 1. The X-ray spectrum of MgO exhibits signals at 2θ = 36.81°, 42.83°, 62.31° and 78.45°, which are assigned as reflections planes from the (111), (200), (220), and (222) of MgO phase (JCPDS 01-075-0477) [42]. More importantly, no other reflections from crystallographic planes were observed, attesting the purity of the obtained phase. For MgCo2O4 sample, various typical and well-defined peaks at 31.22°, 36.66°, 38.55°, 44.80°, 55.55°, 59.27°, 65.14°, and 73.31° can be indexed to (200), (311), (222), (400), (422), (511), (440), (533) and (622) crystal of bulk MgCo2O4 (PDF-02-1073), respectively. The overall peaks are in excellent agreement with previously reported data [43,44]. The diffractograms support the spinel structure of the MgCo2O4 [45,46], revealing no major structural changes upon modifications of the Co3O4 parent oxide. It is worth mentioning that diffraction peaks of MgCo2O4 are sharp and narrow with high intensity than those of Co3O4, suggesting good crystallinity of the sample. In addition, no spurious phases or other peaks ascribed to impurities were observed, revealing high purity of the overall samples. Estimation of the grain size of the prepared catalysts from the full width at half-maximum of the most prominent peaks revealed that grain size of MgCo2O4 were smaller (22 ± 5 nm) than that of Co3O4 (30 ± 5 nm) and MgO (45 ± 5 nm). From Table 1 it is observed that MgCo2O4 sample with the lowest average grain size possessed the largest specific surface area of 82 m2·g−1, which could be attributed to the significant contribution of the existing porous structures. It is well admitted that, catalysts with higher specific surface area will provide more available active sites, which will be beneficial for the enhancement of the catalytic activity [47]. It is thus expected that, MgCo2O4 with an apparent rich porous structure and substantial specific surface area, will exhibit good performance in the total oxidation toluene. Noticeably, the average particle sizes estimated with SEM are in accordance with XRD data.




2.2. Morphology Analysis


The morphologies and structural features of Co3O4, MgCo2O4 and MgO samples with different magnifications were investigated by a scanning electron microscope as shown in Figure 2. Co3O4 catalyst presents a microsphere-like morphology composed of smallest and smaller grain size with the average diameter of approximately 20–30 nm (Figure 2a,b). Smaller microspheres are derived from aggregation of fine grains of Co3O4. Upon Co substitution by Mg in the matrix of Co3O4, the morphology of the obtained MgCo2O4 turned into more uniform and smaller particles which exhibit the needle-shape morphology with the average size of about 10–20 nm (Figure 2c,d). A close overview of the magnified image of MgCo2O4 (Figure 2d) shows that the arrangement of particles displayed many intrinsic small holes/pores. The insertion of Mg has modified the morphology of the Co3O4 sample and greatly decreased the grain size, offering more apparent porosity of the catalyst surface. The observed morphology is proposed to play a determinant role in the catalytic oxidation process. Figure 2e,f show SEM image of MgO, with irregular and ununiform particles aggregated together. From Figure 2f, it is comprehensibly shown that narrow particles are agglutinated together and generate irregular particles of different size (35–45 nm) and shape.




2.3. Elemental Composition and Ionic States


In order to understand elemental contains and oxidation states as well as surface energy state distribution of the as-synthesized materials, EDS (see Figure S1 and Table S1) and XPS analysis were carried out. The results reveal the existence of Co 2p, Mg 1s, Mg 2p, and O 1s as depicted in Figure 3. As presented in Figure 3a, the Co 2p XPS spectrum and the two prominent peaks located at binding energies (BE) of 780.6 and 796.7 eV are ascribed to the Co 2p3/2 and Co 2p1/2, respectively, in close agreement with the literature [48,49]. The Gaussian fitting results shows two peaks that could be split up into two spin–orbit doublets, insinuating the coexistence of Co2+ and Co3+ in the matrix of MgCo2O4. The peaks centered at 780.01 and 796.7 eV are associated with Co3+ whereas the peaks at located 781.1 and 795.9 eV are assigned Co2+ species in MgCo2O4 (Figure 3a) [49,50]. In addition, the signals at 786.02 and 802.9 eV were assigned to satellite peaks. As for Co3O4 the Gaussian fitting results like in the above mentioned case shows that the Co 2p spectrum presents asymmetric peaks, with a notable shift towards to higher BE and which is consisted of several overlapping features emerging from 2p3/2 (783.3 eV) and 2p1/2 (796.5 eV) peaks assigned to Co2+ and Co3+ but without associated satellite signals [51]. The high resolution of Mg 1s core shell presented in Figure 3b display a weak peak located at ~1303.5 eV, putting forward the occurrence of Mg2+ in the MgCo2O4 in good agreement with previous reported data [44]. As shown in Figure 3c, the Mg 2p spectrum show two peaks at ~52 eV, which deconvoluted displayed two distinct peaks at the binding energy of 51.50 and 50.20 eV assigned for Mg2+ and Mg0, respectively, which proves the presence of the Mg element in the MgO structure according to previous reports [52,53].



Furthermore, high-resolution XPS spectra of O 1s were performed as presented in Figure 4. O 1s spectra have been deconvoluted into two and three curves for Co3O4 and MgCo2O4, respectively, with binding energies at 529.5, 531.2 and 532.3 eV. The most intense signal located at 529.5 eV is assigned to lattice oxygen (OLat.) in the metal (Mg/Co)-oxygen framework, or O2− in surface Ov and adsorbed oxygen (OAds.), respectively [54]. The peaks at 531.2 and 532.3 eV are assigned to hydroxyl (OH−) groups and some oxygenated species weakly bonded at the catalyst surface, respectively [55]. O1s patterns exhibit different profile for MgO, Co3O4, and MgCo2O4. As for MgCo2O4, for which the peaks of OAds. were most intense than that of the OLat., a completely different profile was shown. The proportions of oxygenated species detected at the surface of the catalyst were estimated and their ratio (OLat./OAds.) are summarized in Table 1. It is well known that the OAds./OLat. ratio on the catalysts surface attest to the presence of more active Ov species [56]. In the present work, the highest OAds./OLat. ratio of 1.68 is obtained for the MgCo2O4 catalyst, while those of Co3O4 (0.45) and MgO (0.02) were notably lower. Obviously, MgCo2O4 exhibit the largest content of OAds.. It is well established that the occurrence of electrophilic oxygen species (O22−/O−) at the surface of TMOs catalysts enable facile generation of reactive radicals that could increase the oxidation reaction rate and allowed the enhancement of the catalytic process [57,58]. Therefore, the great amount of Co2+ and prolific electrophilic oxygen (O22− and O−) species will contribute to the high catalytic performance of the Mg-Co oxide samples.




2.4. Formation of Vacant Oxygen Species


In order to study the formation of vacant oxygen species we performed ab initio molecular dynamic simulations of toluene on the hydroxylated Co3O4 and MgCo2O4 (111) surfaces at 277 °C. For a fundamental understanding of vacancy formation mechanism, we have chosen the low index (111) surfaces as recent studies have shown that the synthesis by co-precipitation of cobalt based spinel lead to hexagonal particles, which mainly expose the (111) [59]. For Co3O4, the lattice parameter (a = 8.09 Å) was taken from a previous work [60] while for MgCo2O4 the calculation of the lattice parameters values was performed in the present work and was found to be 8.18 Å. This value agrees well with the experimental value of a = 8.11Å taken from the work of Yagi et al. [61] These surfaces are known to be hydroxylated under most water-containing reactive environments. This is supported by ab initio thermodynamics predictions [62] as well as experimental observations [59,63]. On the (111) surface are two different types of oxygen in the topmost layer, one is saturated with four bonds to cobalt or magnesium ions and another type with three bonds to the metal ions and one dangling bond (see Fig.ESI2). When in contact with water, this dangling bond becomes saturated by accepting a proton and therefore on the hydroxylated surface both types of oxygen are saturated. In our simulations we only observe the oxygen atoms with four metal ions neighbors to form vacant oxygen species, by becoming pushed up, out of the slab (Figure 5). A highly unsaturated (reactive) oxygen that bridges two metal ions on the surface forms, leaving an oxygen vacancy in the slab. Supposedly this vacancy can be filled by an oxygen molecule to repeat the formation of a reactive oxygen species. Thus, the catalysis cycle would follow an intrafacial process of Mars–van Krevelen.




2.5. Reducibility


H2-TPR is well known as an ideal technique to investigate the reducibility of catalysts. This analysis was performed, and results are presented in Figure 6. The pattern of MgO presents a major peak at ~720 °C and reveals that the framework of MgO is reduced at high temperature (700~760 °C) under H2 atmosphere. In contrary, two prominent reduction peaks of spinel Co3O4 and MgCo2O4 are identified. Prominent peaks for Co3O4 sample located at ~390 and ~485 °C, correspond to the reduction of cobalt ions from Co3+ to Co2+ and Co2+ to Co0, respectively [64,65]. However, it is obviously observed that the reduction peaks (Co3+ to Co2+) and (Co2+ to Co0) for MgCo2O4 are shifted to lower temperatures 379 and 455 °C, in good agreement with previous reported studies [66]. The observed changes revealed that Mg insertion in the matrix of Co3O4 easily enhanced the extraction of the surface OLat. species, weakened the Co−O-Mg bond. It is noteworthy that the decrease of cobalt cation peaks for MgCo2O4 sample toward low temperatures indicates that the reduction process is easier. One can thus suggest that the migration of OLat. species from the bulk to the surface of MgCo2O4 samples at relatively low temperature is a consequence of their facile activation. [67,68] and that may lead to its higher catalytic activity than Co3O4 and MgO oxides.




2.6. Catalytic Test


2.6.1. Catalytic Activity


The measurement of toluene oxidation was performed within the temperature range of 100–400 °C (see Figure 7a) to evaluate the catalytic performance of each sample. Figure 7a displays the temperature dependence of the toluene conversion with samples, and the toluene conversion rises upon an increase of the reaction temperature. The performance variation of the catalysts is not obvious under 200 °C; however, a great difference was observed in terms of the temperature at which the final total oxidation was achieved. Then, toluene was gradually, easily and rapidly degraded over MgCo2O4 and Co3O4 as the reaction temperature was increased. The spinel MgCo2O4 sample, which reaches 50, 90 and 100% conversion to CO2 and H2O at ~242, ~250 and ~255 °C, respectively, exhibits higher catalytic performance compared to those of single-metal oxides (Co3O4 and MgO). MgO with only 20% conversion at ~377 °C shows the weak performance among the catalysts tested. Conversely, the performance of single Co3O4 with T100 = ~315 °C is ~122 °C lower than that that of MgCo2O4 (T100 = ~255 °C) for which a significant shift of T100 toward the low reaction temperature was observed. From the catalytic activity test, it is obvious that the performance of the MgCo2O4 sample in the deep oxidation of toluene is enhanced by substitution of Co by Mg species in the matrix of Co3O4, which is responsible of the shift of the reactions temperatures towards the lower values. The following performance order was observed: MgCo2O4 > Co3O4 > MgO and satisfactory confirmed that the presence of Mg species can substantially and remarkably enhance the performance of the Mg-Co oxides catalyst.



In order to better assess their performances, active samples (MgCo2O4 and Co3O4) in this work, was compared with other Co-based oxides, perovskite, spinel, and noble metal catalysts from earlier published works and the results are displayed in table ESI2. The analysis of the results in table ESM1 indicated that MgCo2O4 still exhibits a comparable catalytic performance under the seemingly similar test conditions.



The apparent activation energies (Ea) were evaluated and shown in Figure 7b while the calculated data are presented in Table 1. Compared with the single-metal oxide Co3O4 (Ea = 68.9 kJ/mol), binary-metal oxides with a spinel MgCo2O4 structure exhibits the lowest apparent Ea (Ea = 38.5 kJ/mol). The lowest Ea implies the easiest toluene oxidation process over the MgCo2O4 samples. The result is in a total agreement with that of toluene conversion. From the above presented results, it is obvious that MgCo2O4 compared with Co3O4 possesses some outstanding properties that can be explained relying on the physico-chemical properties of the catalysts above. The phase and structure analysis by XRD display broader peaks of MgCo2O4, implying smallest grains sized, and largest specific surface area which are favorable to toluene oxidation in close agreement with earlier reported works [69]. The microstructure and morphology study by SEM shows surface catalyst with several intrinsic small holes offering more apparent porosity, and suggesting the occurrence of more surface defect sites that is beneficial in the catalytic reaction process [70]. In addition to other physico-chemical analysis, XPS results revealed the highest ratio of Co3+/Co2+ and OAds./OLat. for the MgCo2O4 sample. It has been earlier established that the excellent performance of Co-based oxide catalyst is strongly assigned to the presence at their surface of more Co2+ population and large quantity of oxygenated species. In fact, previous investigation certified that the preponderance of Co2+ facilitates the total conversion of toluene over Co-based oxide materials [71,72]. More importantly, the H2-TPR profile (Figure 6) exhibited the best reducibility for MgCo2O4 sample, which is consistent with its performance towards toluene oxidation [73].




2.6.2. Long-Term Durability of MgCo2O4


The durability also known as long-term stability and the reproducibility test are among the key catalysts criteria required for an industrial application. In the present work, both tests were performed and are displayed on Figure 8. To investigate the catalytic stability, the time-on-stream (TOS) reaction was performed at ~260 °C, the temperature at which the toluene conversion over MgCo2O4 was ~100%. From Figure 8a, it is observed that, oxidation process of toluene over MgCo2O4 begin at ~99% conversion, and was kept almost constant within the first 10 h at ~260 °C, then shifted up to ~95.36% which is equivalent to a loss of ~4.38% conversion in long-term TOS after 30 h. The results of stability check attest that the MgCo2O4 spinel is stable and durable under a continuous supply of toluene and no deactivation was observed. The observed slide decrease of ~4.38% conversion from the first 10 h up to the 30rd hours is suggested to be a consequence of the coverage of actives sites at the surface of MgCo2O4 by soot particles and some other reactions products from the oxidation reaction process as well as competition of H2O and oxygen adsorption on the active surface. Moreover, the stability/durability, the reproducibility test well known as a critical parameter for catalyst was performed. With this test, we wanted to test MgCo2O4 susceptibility to experience thermal deactivation which will usually accounts for their limited application in industrial field. MgCo2O4 exhibits excellent toluene conversion in fourth consecutive repeated runs (Figure 8b) attesting of its good reproducibility. Therefore, MgCo2O4 considered as an excellent binary oxide material for toluene deep oxidation with a promising catalytic application.






3. Experimental


3.1. Catalyst Preparation


The synthesis approach applied herein is an adapted version of a previously reported co-precipitation method [50,74,75]. All chemicals were provided by Sigma-Aldrich Pty Ltd., Hamburg, Germany. For MgO and Co3O4 synthesis, 1 mM of Magnesium acetylacetonate [Mg(acac)2] and 1 mM of cobalt acetylacetonate [Co(acac)2] were used as precursor and were separately dissolved in 200 mL of ethanol, respectively, then a solution of NaOH (2 M) was added in each solution dropwise under vigorous magnetically stirring until the pH value of ca. 10. The obtained phase was maintained under vigorous stirring for 3 h at a constant temperature of ~60 °C. Then, the deionized H2O was used to wash the obtained precipitate until pH equivalent to ~7. Finally, the solid obtained was overnight at ~100 °C followed by an annealing in an electric furnace in static air at ~500 °C for 3 h. As for Mg-Co binary oxide is concerned, 1mM of Co(acac)2 and 0.5 mM Mg(acac)2 were dissolved in 200 mL of ethanol. Then, NaOH (2 M) solution was added dropwise into the precursor solution at room temperature until the pH~10. The same procedure adopted for the preparation of single oxide was followed. The catalyst sample thus obtained was labelled MgCoxO4, where x (0 < x < 2) represents the nominal element ratio of Mg to Co used in the synthesis process.




3.2. Catalyst Characterization


The Brunauer–Emmett–Teller (BET) surface specific area of each sample was measured on a nitrogen physisorption apparatus (NOVA3000, Quantachrome) and estimated throughout BET equation. Before the measurement, the catalysts were degassed at 300 °C under vacuum for 3 h to evacuate H2O and CO2, then adsorbed by nitrogen at ~196 °C and desorbed at room temperature. X-ray diffraction (XRD) analysis of the as-prepared single (MgO, Co3O4) and mixed (MgCo2O4) oxides were performed, using Cu Kα (λ = 0.154056 nm) radiation from Bruker (D8 Focus at 40 kV and 150 mA). The resulting crystalline phases were in excellent agreement with the Joint Committee on Powder Diffraction Standards (JCPDS) database. The samples were scanned within the 2θ range of 20 to 80°. The surface morphology of MgO, Co3O4 and MgCo2O4, was analyzed by an ultra-high-resolution scanning electron microscopy (SEM, S-4800 Hitachi). To determine the surface elemental composition and ionic states, X-ray photoelectron spectroscopy (XPS) were performed on an ULVAC PHI 5000 Versa Probe-II equipment (Japan). C 1s peak at 284 eV was used as reference for all electron binding energies. In order to investigate the formation of Ov species, ab initio molecular dynamic simulation of toluene on the hydroxylate Co3O4 and MgCo2O4 (111) was performed (see computational details in ESM). To investigate on the reducibility of the three set of catalyst, H2-Temperature programmed reduction (H2-TPR) analysis was investigated using a chemical adsorption equipment (PCA-1200, Beijing Builder) equipped with a quartz reactor and TCD detector. As annealing facilitates the formation of catalysts possessing the largest surface area and reducibility, prior to the test, 60 mg of each catalyst were firstly pre-treated for 40 min in an Ar flow within room temperature to ~400 °C and then followed by a cooling down to ~100 °C. The TPR analysis were carry out with samples exposed under a 5% H2/Ar with a flowrate of 30 mL/min using a heating rate of 10 °C/min up to ~900 °C.




3.3. Catalytic Test


The performance of the as-prepared TMOs towards toluene total oxidation was evaluated in a tubular (internal diameter, 6 mm) fixed-bed reactor system made of stainless steel and 0.06 g (40–60 mesh) of the catalyst was placed at the center of the reactor. The reaction gas mixture was composed of 500 ppm toluene and 20% O2/Ar, for a total flow of 75 mL/min, corresponding to a gas hourly space velocity (GHSV) of 20,000 mL g−1 h−1. Toluene in the flow gas was generated continuously by the mean of an Ar bubbler through liquid toluene container and chilled at 0 °C in an isothermal bath composed of ice and water. To avoid toluene condensation on the reactor walls, the entire gas lines covered by a heating band was heated up to 100 °C. The inlet and outlet gas were detected online by a flame ionization detector (FID) in a gas chromatograph (GC-6890A) equipped with a thermal conductivity detector (TCD). The toluene conversion (Xtoluene) was estimated at different temperature according to the following equations:


(Xtoluene) = ([Xtoluene]in-([Xtoluene]out) × 100



(1)




where ([Xtoluene]in and ([Xtoluene]out correspond to the reactants and products concentration of toluene. The apparent activation energies (Ea) were estimated for toluene total conversions to CO2 and H2O lower than 20%, using the following Arrhenius relationship:


K = A exp(−Ea/RT)



(2)




where R is the gas constant (kJ mol−1 K−1); T(K) is the reactor temperature; and A is the pre-exponential factor.





4. Conclusions


In summary, MgO, Co3O4 and MgCo2O4 metal oxides catalysts were prepared by co-precipitation approach and systematically analyzed in terms of structure (XRD), chemical composition and ionic states (XPS) and morphology. More importantly, the as-prepared samples were tested as catalyst toward total oxidation of toluene. The investigation of the long-term durability and stability of MgCo2O4 in the process of toluene conversion indicated that, the bimetallic catalyst exhibits the most outstanding catalytic activity. It is worth noting that the insertion of Mg in the matrix of Co3O4 played a key role on the physico-chemical properties of the as-synthesized binary oxide samples. Compared with single oxide (MgO, Co3O4) catalysts, the MgCo2O4 binary catalyst exhibits the largest specific surface area, the highest Co3+/Co2+ and OAds./OLat. ratios as well as the interesting low-temperature reducibility. Therefore, Co3O4 modified by magnesium derived from the Co-precipitation approach is a viable and promising catalyst for toluene total conversion. The investigation has shown that, the structure and catalytic property MgCo2O4 can be successfully improved by a tailored control of Mg concentration in the final binary oxide.
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Figure 1. XRD patterns of Co3O4, MgCo2O4, and MgO samples obtained by co-precipitation. 
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Figure 2. SEM micrographs of (a,b) Co3O4, MgCo2O4 (c,d) and (e,f) MgO obtained by co-precipitation. 
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Figure 3. XPS spectra of (a) Co 2p, (b) Mg 1s, and (c) Mg 2P regions for the samples obtained by co-precipitation method. 
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Figure 4. XPS spectra of O 1s regions for the samples prepared by co-precipitation method. 






Figure 4. XPS spectra of O 1s regions for the samples prepared by co-precipitation method.



[image: Catalysts 12 00411 g004]







[image: Catalysts 12 00411 g005 550] 





Figure 5. Snapshots of initial and final (10 ps) configurations of toluene adsorbed on hydroxylated Co3O4 (111) (a,b) and MgCo2O4 (111) (c,d) surfaces. Mg: green, Co: pink, slab oxygens: red, vacant oxygen: blue, carbon: black, hydrogen: white. 
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[image: Catalysts 12 00411 g005]







[image: Catalysts 12 00411 g006 550] 





Figure 6. H2-TPR profiles of Co3O4, MgCo2O4 and MgO catalysts. 
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Figure 7. (a) Light-off curves and (b) Arrhenius plots of toluene reaction rates over spinel (MgCo2O4, Co3O4) and MgO catalysts. 
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Figure 8. (a) Evolution of the catalytic long-term durability and (b) stability of toluene oxidation with time-on-stream over the MgCo2O4 catalyst at 300 °C (GHSV = 20,000 mL g−1 h−1). 
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Table 1. Summary of size, specific surface area, activation energy and results of peaks-fittings of O 1s binding energies and relative atomic percentage for Co3O4, MgCo2O4, and MgO. The corresponding ratios of OAds. and OLat. are presented in the last column.
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Samples

	
PS (nm)

	
SBET

(m2·g−1)

	
Ea

(kJ/mol)

	
Co3+/Co2+

(%)

	
OLat.

(Co-O/Mg-O/Co-O-Mg)

	
OAds.(-OH)

	
OAds.(-CO32−)

	
OAds./OLat.

(%)




	
(At%) BE (eV)

	
(At%) BE (eV)

	
(At%) BE (eV)






	
Co3O4

	
30

	
48

	
68.9

	
0.45

	
68.85

	
529.38

	
31.15

	
531.37

	
-

	
0.45




	
MgCo2O4

	
22

	
82

	
38.5

	
0.54

	
37.25

	
529.41

	
44.70

	
531.40

	
18.05

	
532.29

	
1.68




	
MgO

	
45

	
15

	
-

	
-

	
98.05

	
529.72

	
1.95

	
531.32

	
-

	
0.02
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