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Abstract

:

Solid solutions Nd2−xSrxNiO4±δ (x = 0, 0.5, 1, 1.2, 1.4) with a K2NiF4 structure can be obtained from freeze-dried precursors. The end members of this series can be obtained at T ≥ 1000 °C only, while complex oxides with x = 1; 1.5 are formed at T ≥ 700 °C. Thermal analysis revealed the two stages of Nd2−xSrxNiO4±δ thermal reduction in a 10%H2/Ar gas mixture that was completed at 900 °C. For x < 0.2, the reduction products demonstrated an exsolution-like morphology with Ni nanoparticles allocated at the surface of oxide grains. As-obtained nanocomposites with x = 0 and x > 1 revealed the outstanding catalytic activity and selectivity in the dry reforming of the methane (DRM) reaction at 800 °C with CH4 conversion close to the thermodynamic values. The appearance of two different maxima of the catalytic properties of Ni/(Nd2O3,SrCO3) nanocomposites could be affiliated with the domination of the positive contributions of Nd2O3 and SrCO3, respectively.
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1. Introduction


Through the dry reforming of methane (DRM), the reaction of methane with CO2 is one of the most prospective methods of methane conversion into synthesis gas and is a useful raw material for the large-scale chemical industry. The advantage of DRM in the steam reforming of methane currently available on large-scale deals with a more balanced composition of Syngas is that it allows its direct processing into petrochemical products. Another advantage of DRM is that it deals with the utilization of significant amounts of CO2 byproducts which are often formed in other petrochemical and other industrial processes. In addition, more and more attention is being paid to the dry reforming of methane to a synthesis gas as an effective way to utilize these two main greenhouse gases [1,2,3,4,5]. The DRM process is also rather beneficial for utilization and conversion into value-added products with the growing amounts of biogas consisting mostly of CH4 and CO2 [6,7].



The main processes that occurred during DRM is shown as follows [1,2,8,9,10]:


CH4 + CO2 ↔ 2CO + 2H2; ΔH298K = +247 kJ mol−1



(1)






CO2 + H2 ↔ CO + H2O; ΔH298K = + 41 kJ mol−1



(2)






2CH4 + CO2 ↔ C2H6 + CO + H2O; ΔH298K = +106 kJ mol−1



(3)






2CO ↔ C(s) + CO2; ΔH298K = −171 kJ mol−1



(4)






CH4 ↔ C(s) + 2H2; ΔH298K = +75 kJ mol−1



(5)






CO2 + 2H2 ↔ C + 2H2O; ΔH298K = −90 kJ mol−1



(6)






CO + H2 ↔ H2O + C; ΔH298K = −131.3 kJ mol−1



(7)







The main reaction (1) of the DRM process was strongly endothermic due to the large amount of energy necessary to break down methane and CO2. According to thermodynamic calculations, the equilibrium was shifted to CO and H2 at T > 640 °C. The amount of these reaction products increased with the temperature and in the lack of catalyst approaches 100% at T = 1000–1100 °C. The actual composition of the reaction mixture depended on the reaction rate and the contribution of the side reactions (2)–(5). The amount of hydrogen in the reaction products could be reduced by a reverse water-gas shift reaction (2). The reaction of methane and CO2 could also cause the formation of hydrocarbons through a reaction (3) through one of the main obstacles to the large-scale application of DRM were reactions (4) and (5) and, to a lesser extent, (6) and (7), which caused the formation of coke at the surface of the catalysts and resulted in their deterioration [11].



Due to these features, DRM is usually performed as a catalytic process; the possibility of realizing it with a high yield of products at reasonable temperatures depends greatly on the selection of efficient catalysts. This selection deals with features of the DRM reaction mechanism at the atomic level. According to the existing models, the DRM reaction in the catalytic mode could be divided into four elementary steps: (1) the dissociative adsorption of methane at the metal surface and fast desorption of H2; (2) the dissociative adsorption of CO2 at the metal and metal–oxide interface and fast desorption of CO; (3) formation of the surface hydroxyl groups by hydrogen and oxygen spillover at the surface of the catalyst; (4) the oxidation of methyl-like CHx groups by the surface oxygen and hydroxyls, resulting in the formation and desorption of CO and H2 [10,12,13].



The highest activity and selectivity in DRM among the base metals was demonstrated by the nickel catalysts, especially at T < 900 °C. The main problem with their industrial application is related to intense coking which results in the progressive deactivation of the catalyst. However, recent studies of the coking processes demonstrated that their intensity could be significantly reduced by the particle size control and selection of oxide substrates. Taking into account the atomic scale model of the DRM process, the oxide substrate is now considered one of the key elements of metal–oxide composite catalysts, as the sorption and activation of CO2 usually occur at the oxide components of catalysts. It was found that the surface acidity/basicity of the oxide components was rather important for this process, which made it preferable to the application of alkaline earth and rare earth oxides, such as the elements of DRM catalysts [8]. Several other, more complex metal–oxide interactions could also be important in DRM catalysis. It was found, for example, that the methane activation barriers were drastically different for Co and Ni surfaces of pure metals and for Co/CeO2−x (111) and Ni/CeO2−x (111) surfaces [10,14,15]. These features make the processes of metal–oxide interaction in the catalytic systems one of the hottest topics in modern studies of heterogeneous catalysts.



Until now, most of the metal-oxide catalysts have been prepared by the incipient wetness technique when the porous oxide substrate is soaked with a solution containing active metal, followed by drying, thermal decomposition, and the chemical reduction in the metal-containing component. This method ensures the relatively uniform distribution of catalytically active components across the surface of the supporting material. Along with the preferences for their chemical composition described before, these materials should possess a high surface area, extended porosity, and excellent thermal stability. A significant interaction of the active metal with the oxide surface is considered a positive factor here, as the anchoring of active particles to the surface of the supporting material promotes the prevention of sintering the nanoparticles of active metals in the reaction environment which is the second most important reason for catalyst deactivation. However, this method is really efficient when the composite metal-oxide catalyst consists of a single active component and a single supporting material only [11].



Due to the multistage mechanism of the DRM process, the modern Ni-based DRM catalysts usually consist of several components promoting the most efficient realization of the particular stages of the process [10]. To implement the efficient transport of the adsorbed reaction species between these components, it is necessary to provide a number of tight multiphase contacts of the various catalyst components. One of the best ways to ensure that multiphase contacts are based on a reduction in the complex oxide precursors containing all the necessary cations. The application of single oxide precursors ensures the reproducibility not only of the phase composition but also the morphology of the catalyst [1].



Currently, the most often used precursors are complex oxides with q perovskite structure, though, in the case of nickel-based catalysts, the number of suitable perovskites is rather limited. The largest number of studies in this field deal with LaNiO3 and its solid solutions. The preliminary chemical reduction in this complex oxide, often called the activation of the catalyst, results in the formation of a Ni/La2O3 nanocomposite when the nanoparticles of the Ni metal are allocated at the surface of lanthanum oxide. The processing of native LaNiO3 at DRM conditions also results in the fast decomposition of LaNiO3, which usually occurs through the formation of the La2O2CO3 intermediate. Despite the same phase composition of reduction products in both cases, different reaction routes cause a different Ni particle size and a different character of its spatial distribution. Taking into account the reversibility of La2O2CO3 decomposition and the closeness of its decomposition temperature and usual processing conditions of the DRM process (T = 700–800 °C; CO2-containing atmosphere), the actual composition of the nanocomposite catalyst, in this case, is rather Ni/La2O2CO3 than Ni/La2O3. The temperature of the reductive decomposition of LaNiO3 and, hence, the morphology of its decomposition products could be substantially modified by the cationic substitution both to La- and to Ni-sublattices of the perovskite structure by Ca, Sr, Ce, and by Fe, Mn, respectively. The easy resynthesis of LaNiO3 from the spent catalyst at moderate temperatures in the air promotes its oxidative regeneration, followed by its further reduction to Ni/(La2O3, La2O2CO3) nanocomposites [16,17].



The number of the available Ni-containing complex oxides with the K2NiF4 structure is much larger, which opens a broader selection of the possible metal-oxide compositions that can be obtained by their thermal reduction [18]. Our previous studies demonstrated the efficiency of the metal–oxide nanocomposites obtained by the thermal reduction of (Ln,Ca)2(Ni,Co)O4 as catalysts for the partial oxidation and dry reforming of methane [19,20,21]. The essential morphological feature of as-obtained composites is the formation of the Ni metal nanoparticles at the surface of larger agglomerates of the oxide-based reduction products. This type of composite is usually observed before in the course of several processes of a partial reduction in complex oxides (redox exsolution) and is characterized by the enhanced strength of the metal particle connection with a surface of oxide particle [22,23,24]. The DRM catalysts based on these composites and obtained by both a partial or complete reduction in oxides were found prone not only to the sintering of active metal particles in the course of the DRM process but also to intense coking at their surface: one of the main reasons for the deactivation of DRM catalysts [25,26].



The best catalysts of the DRM at T < 800 °C among these products were the Ni/(Nd2O3,CaO) nanocomposites obtained by the thermal reduction of (Nd,Ca)2NiO4 [20]. To find the most efficient one among them, it was necessary to vary their composition and compare their properties. However, the homogeneity range of these solid solutions was found to be rather limited (0 < x < 0.5), which, in turn, limited the variation range of these metal–oxide composites by the Nd/Ca ratio. It is known that the variation range was wider for Nd2−xSrxNiO4 solid solutions [27], and their reduction products were also expected to be good DRM catalysts. Similarly to LaNiO3-derived catalysts, SrO in the Ni/(Nd2O3, SrO) composite could transform into SrCO3 in the DRM environment. Apart from La2O2CO3, the information on the SrCO3 effect on the properties of DRM catalysts was rather limited. However, the high thermal stability of SrCO3, especially in a CO2-containing DRM environment, could promote the morphological stabilization of the composite Ni/(Nd2O3, SrCO3) catalyst at elevated temperatures.



Due to these reasons, the present study was aimed at the synthesis of Nd2−xSrxNiO4 complex oxides, the refinement of the homogeneity ranges of these solid solutions with K2NiF4 structure in the air, the study of their thermal reduction processes, an analysis of the composition and morphology of their reduction products and evaluation of their catalytic properties in the DRM reaction.




2. Results and Discussion


In order to investigate the thermal decomposition features of the freeze-dried precursors, TG measurements with a simultaneous DSC signal detection were carried out for two samples of significantly different compositions. It was observed that both Nd2NiO4 and Nd0.6Sr1.4NiO4 precursors exhibited rather similar behavior in the course of their TG-DSC examination (Figures S1 and S2). Their TG profiles contained three distinct temperature ranges that likely corresponded to the different chemical reactions that occurred in precursors. The first step at ~150–250 °C could be attributed to the elimination of chemically bound water presented as –OH species or H2O molecules incorporated into the structure of inorganic hydrates. The second step at 250–400 °C corresponded to the decomposition of Nd, Sr, and Ni nitrates, and the last step was likely to be the complete combustion of PVA fragments by atmospheric O2 or/and active oxygen species released during the decomposition of nitrates at temperatures near the combustion reaction. The combustion nature of this process was confirmed by a strong exothermic effect at 400–450 °C, which was detected by the DSC method. No effects at temperatures above 500 °C were observed in the TG-DSC profiles except a slight mass loss at 850–900 °C for the Nd0.6Sr1.4NiO4 precursor. This could have been elucidated by the decomposition of the minor amount of SrCO3 formed by the partial interaction of SrO with CO2 gas released in the course of PVA combustion. Thus, the intensive formation of the target K2NiF4 complex oxides under isothermal temperature conditions was expected at T > 500–600 °C after the completion of all decomposition/combustion processes in freeze-dried precursors.



To study the complex oxide formation, the thermal decomposition of the freeze-dried precursors was performed in the air at T = 600–1200 °C for 6 h. A careful comparison of the XRD patterns of the decomposition products revealed the considerable dependence of the phase formation conditions on the Nd2−xSrxNiO4 composition (Figure 1 and Figures S3–S7).



In the case of Nd2NiO4, the samples obtained at 600–700 °C consisted of a mixture of cubic Nd2O3 and NdNiO3 with an orthorhombic perovskite structure. These observations were in good accordance with the fact that neodymium-nickel perovskite can be obtained at lower temperatures under an air atmosphere [28]. Further heating provided a solid-state interaction between Nd2O3 and NdNiO3, forming the target Nd2NiO4 compound at T > 900 °C.



In the case of Nd1.5Sr0.5NiO4 and NdSrNiO4 compositions, the thermal decomposition of the freeze-dried precursors led to the intense dominant formation of the target K2NiF4 phases even at 600–700 °C; only trace amounts of the SrCO3 carbonate was observed by XRD. All the samples obtained at T ≥ 800 °C were single-phase complex nickelates. Such low temperatures demanded Nd1.5Sr0.5NiO4 and NdSrNiO4 formation to be explained by the drastic stabilization of the K2NiF4 structure due to the substitution of Nd3+ with a larger Sr2+ cation.



According to the XRD data, the thermolysis products at 600–700 °C contained phases with a K2NiF4 structure mixed with considerable amounts of strontium carbonate. Apparently, these K2NiF4 products were stable complex nickelates with a moderate Sr content; the excess of the last one was presented as a SrCO3 phase. Interestingly, further heating to 800–900 °C led to the formation of mixtures of K2NiF4 and orthorhombic perovskite phases. A similar feature was observed for Nd-Ca cobaltite in [29], where the formation of the target K2NiF4 complex oxide at moderate temperatures was accompanied by the kinetically controlled formation of an intermediate phase with a perovskite structure. For Nd-Sr nickelates, the observed features could be explained by the formation of Sr-rich (Nd,Sr)NiO3 perovskites with a Ni oxidation state close to +3 followed by their solid state interaction with the “low temperature” Nd-rich (Nd,Sr)2NiO4 phases at 900–1000 °C, resulting in the target Nd0.8Sr0.2NiO4 and Nd0.6Sr1.4NiO4 nickelates.



Thus, despite such diverse solid-state reaction pathways, all the discussed nickelates could be securely synthesized by the freeze-drying method at T = 1000–1200 °C in the air. In order to ensure a high level of crystallographic ordering in such multicomponent solid solutions and to make a reliable comparison between the samples with various Sr content, a series of Nd2−xSrxNiO4 samples (x = 0; 0.5; 1; 1.2; 1.4) obtained at 1200 °C was chosen for further investigation. According to the XRD study, their crystal structure was reliably assigned to the perovskite-related K2NiF4 type. Similarly to [20], the orthorhombically distorted Fmmm structure was observed for Nd2NiO4 (x = 0); no additional reflections of the other K2NiF4 polymorphs were observed. On the other hand, for the Sr-containing solid solutions (0.5 ≤ x ≤ 1.4), a tetragonal I4/mmm structure was verified (Figure 2). It clearly indicated the stabilization effect. A profile analysis of these complex oxides was performed by the Le Bail method from powder XRD data; the resulting unit cell parameters are given in Table 1.



The variation in the K2NiF4 lattice parameters values on the Sr content was found similar to that found in [27]. It is noteworthy that the observed changes could be attributed to both Nd/Sr and O stoichiometry which provided a notable deviation from the linear Vegard’s rule (Figure S8). The absence of these changes for the sample with x > 1.4 corresponded quite well with the previous conclusion on the allocation of the limit of the Nd2−xSrxNiO4±δ homogeneity range at 1.4 < x <1.6.



The thermal analysis of the reduction processes of the as-obtained complex oxides in the Ar/H2 mixture revealed two different stages of this process for all samples in the study (Figure 3A–C), as it was observed before for other K2NiF4 complex oxides [19,20,21]. According to the XRD analysis results of the reduction products, the partial reduction in the complex oxide precursor at the first stage caused its transformation into another complex oxide with an individual crystal structure. The detection of the Ni0 phase possibly formed during its reduction was complicated by the strong overlapping of its reflections with the reflections of complex oxide structures. Complete decomposition of this intermediate at the second stage of the reduction resulted in the formation of Ni0, Nd2O3, and SrO, which could be transformed into Sr(OH)2 during further cooling in the air (Figure 3D). An increase in the Sr content in the initial complex oxide was accompanied by a systematic increase in the complete reduction temperature.



The microstructure of the complete reduction products of Nd2−xSrxNiO4±δ was similar to the microstructure in the reduction products of their Ca-substituted counterparts, as studied in more detail before. According to [19,20], the coarser grains were likely formed by Nd and Sr oxides that were coated with spherical nanoparticles of the Ni metal. Due to a wider range of Sr substitution in Nd2NiO4 compared to Ca, it was possible to observe in this case that the increase in Sr content was accompanied by a significant coarsening of the exsolved Ni particles from ~20 nm for x = 0 to 40–60 nm for x ≥ 1, probably due to a higher reduction temperature (Figure 4C,D).



Taking into account the results of our previous studies, it was expected that the reduction products of Nd2−xSrxNiO4±δ with the morphology described before would demonstrate significant catalytic properties in the DRM process. Due to the similarity of the catalytic processes, the DRM catalysts often demonstrated significant catalytic activity and selectivity in the partial oxidation of the methane (POM) reaction: another widely discussed alternative to the currently applied steam reforming process [2,19,20,21]. However, the production of syngas by DRM at T = 700–800 °C over the Ni-based catalysts could be more efficient than POM. According to [20], a lower CO yielded in POM at T < 800 °C over Ni/(Nd2O3,CaO) nanocomposites dealt with Ni oxidation to NiO, the catalyst of the total oxidation of methane and CO to CO2. The oxidation of the part of methane to CO2 led to a notable decrease in syngas selectivity. Similar processes were expected to be obtained in Nd2−xSrxNiO4±δ-derived nanocomposites in the POM environment, but their appearance during DRM was less probable due to the lack of oxidants.



An experimental evaluation of their catalytic performance confirmed a considerable catalytic activity and selectivity in DRM for all metal–oxide composites in a study at T ≥ 700 °C (Figure 5, Figures S9 and S10). However, the catalytic behavior of these composites demonstrated several important anomalies. Similar metal–oxide composites obtained from K2NiF4-like precursors usually demonstrate a monotonous dependence of their catalytic properties in DRM both on the temperature and on the rare earth to alkaline earth ratio in the composite [19,20]. In the present case, the samples in the study could be divided into two different groups according to the behavior of their catalytic properties-Sr-free and Sr-containing composites. The catalytic activity and selectivity of the only member of the first group, the Nd2NiO4 reduction product (x = 0), similarly to [19,20], increased monotonously with the temperature demonstrating maximum values at the maximum temperature of the study (T = 900 °C) and approaching their thermodynamic limits (Figure 5A and Figure S9B). Meanwhile, the maximum values of activity and selectivity in all the Sr-containing composites (0.5 ≤ x ≤ 1.4) were observed at T = 800 °C while further heating to T = 900 °C, contrary to the thermodynamically predicted behavior, caused a considerable decrease in their catalytic performance. Another unusual feature in this series of composites dealt with a significant drop in catalytic activity at 0 < x ≤ 0.5. However, the further substitution of Nd with Sr resulted in the systematic recovery of the catalytic activity and selectivity of composites with their maximal values at T = 800 °C for the samples with x = 1.2–1.4.



The XRD analysis of spent catalysts revealed that they consisted of Ni and Nd2O3 for x = 0 and Ni, Nd2O3, and SrCO3 in all other cases (Figure 6A), as SrO converted easily into SrCO3 in the DRM reaction environment [30]. Hence, the most probable reasons for the different behaviors of these two types of DRM catalysts were likely affiliated with the appearance of SrCO3 in the composite catalysts and with specific properties of strontium carbonate. According to the existing models of DRM catalysis, the catalytic properties of the Nd2NiO4 reduction products were determined by the combination of the methane sorption and catalytic activity of nickel metal and the CO2 sorption activity of the neodymium oxide. As the amount of Ni metal was almost the same in all samples in the study, the higher catalytic activity of the composites with a larger Sr content could be affiliated with more intense CO2 sorption due to a higher basicity catalyst surface. However, a decrease in the sorption activity at higher temperatures was likely more pronounced for SrCO3 than for Nd2O3, thus promoting a definite decrease in the other catalytic properties of Sr-containing composites at T > 800 °C.



The reasons for the observed drop in the catalytic properties at 0 < x ≤ 0.5 and, in general, the non-monotonous dependence of the catalytic properties of Ni/(Nd2−xSrx)Oy composites on x were likely due to a competition between the two catalytic pathways, via Nd2O3 and via SrCO3. It should also be noted that the catalytic activity of samples (x = 1.2;1.4) with a larger size of Ni particles was the same or even higher than the corresponding activity of the Sr-free (x = 0) sample with much smaller Ni exclusions (Figure 4C,D). It appeared contradictory to the common trend of the better catalytic performance of the smaller particles of a catalyst. This discrepancy could also be affiliated with different mechanisms of the DRM catalysis on Nd2O3 and SrCO3 substrates when more efficient CO2 activation with SrCO3 became more important than the smaller activity of coarser Ni particles on the SrCO3 substrate.



These interesting and unusual features demanded more detailed studies using modern instrumental methods. It should be noted, however, that the values of the activity and selectivity of as-obtained DRM catalysts were comparable with the results obtained by other groups [3,4,10,30,31]. An essential feature of the Nd2−xSrxNiO4±δ reduction products was good reproducibility (Figure S10) and the enhanced stability of their catalytic properties in the DRM environment. This was illustrated by the results of the 45h stability test, which revealed only the minimum variation in the catalytic properties (Figure 6B). This stability could be affiliated with an absence of significant coking at the surface for the catalyst as one of the main reasons of catalyst deactivation during the DRM process (Figure S11).




3. Materials and Methods


Nd2−xSrxNiO4 (x = 0 ÷ 1.4) samples were obtained by the modified freeze-drying synthesis technique. To obtain multicomponent starting solutions, preliminarily calcined Nd2O3 and SrCO3 were dissolved in the warm diluted acetic acid, then a Ni(NO3)2X6H2O aqueous solution was added. To stabilize the frozen solution during freeze drying, an aqueous solution (5 wt. %) of polyvinyl alcohol was added to all solutions under intense stirring. The freeze-drying of flash-frozen solutions was performed at P = 0.7 mbar for 2 days. The thermal decomposition of the freeze-dried precursors was performed in the air at 800–1200 °C for 6 h. A reduction in as-obtained Nd2−xSrxNiO4 powders was performed in an H2:Ar = 1:10 gas mixture at different temperatures for 1 h, followed by slow cooling to room temperature under a reducing atmosphere.



XRD analysis of the powders was performed using a Rigaku D/MAX-2500PC diffractometer (Rigaku, Tokyo, Japan) with Cu Kα radiation generated on a rotating Cu anode (40 kV, 250 mA). The profile analysis of the powder XRD data was carried out by the Le Bail method using the Jana 2006 program package. The TG-DSC thermal analysis of samples combined with a simultaneous QMS evolved gas analysis was performed in the air or in a 10% H2/Ar gas mixture by STA 409PC/PG (NETZSCH) at T = 40 °C ÷ 1000 °C and a 10 K/min heating rate. The morphology of the powders was studied using a Carl Zeiss NVision 40 scanning electron microscope (Carl Zeiss SMT AG, Oberkochen, Germany).



The catalytic tests of the DRM reaction were carried out in a quartz glass flow fixed-bed reactor (18 mm internal diameter, 300 mm length) with a 0.2 g sample of the catalyst (100–250 mesh fraction) at atmospheric pressure in the absence of dilution with inert gas. This catalyst was first heated in a hydrogen flow at 10 K/min to 900 °C. Then, the gas stream was switched to a mixture of CH4/CO2 = 1/1 at GHSV values of 16 L/g h. No dilution in the feed flow by the inert gas was applied. The catalytic experiments were performed consecutively at 900, 800, 700, and 600 °C by holding at the preselected temperatures for 1–5 h at a steady state. After the analysis, the furnace was switched off, and the catalyst was cooled to room temperature over 3–4 h in pure N2. The details of the testing technique and GC analysis can be found elsewhere [34].



The methane conversion (X), product selectivity (S), and yield (Y) of the products were defined as follows:


  X     CH  4   , %    =      moles   of   CH   4     converted       moles   of   CH   4     in   feed    × 100  



(8)






    S    CO , %    =    moles   of   CO   in   products       moles   of   CH   4     + CO   2     converted    × 100         



(9)






  S    H 2   , %    =      moles   of   H   2     produced       2   ×   moles   of   CH   4     converted     × 100   



(10)






  Y    products , %    =   X     CH  4   , %       ×   S     products , %      100    



(11)






  C   balance    %  =    moles   of   C   in    products    moles   of   C   in   feed     × 100   



(12)







The number of moles in the feed gases and gaseous products of the reactions was calculated based on the measured volumetric velocity of the feed gases and the products formed, as well as chromatography data, which made it possible to fully take into account the stoichiometry of the reaction and the corresponding volume expansion of the reacted gas mixture.




4. Conclusions


A full scale of the solid solutions Nd2−xSrxNiO4±δ (0 ≤ x ≤ 1.4) was obtained during these studies; the boundaries of their homogeneity ranged by the Nd/Sr ratio were refined. The processes of a high-temperature reduction in these complex oxides were investigated; the composition and the morphology of as-obtained metal-oxide nanocomposites were determined. It was found that several Ni/(Nd2O3,SrCO3) nanocomposites demonstrated outstanding activity and selectivity in the DRM process at T = 800 °C and the significant stability of their catalytic properties on stream. A positive effect of SrCO3 on the catalytic properties of Ni/(Nd2O3,SrCO3) nanocomposites was detected.
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Figure 1. The phase composition of Nd2−xSrxNiO4 samples obtained at various temperatures; RP—oxide with K2NiF4 structure, P—oxide with perovskite structure. 
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Figure 2. XRD patterns of Nd2−xSrxNiO4 obtained at T = 1200 °C. 
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Figure 3. TG, DTG, and H2O evolution curves for the reduction of Nd2NiO4 (A), NdSrNiO4 (B), Nd0.8Sr1.2NiO4 (C) in Ar/H2 mixture; XRD patterns of NdSrNiO4 and its reduction products at 500 °C and 900 °C (D). 
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Figure 4. SEM micrographs of Nd2NiO4 (A), NdSrNiO4 (B), and the products of their thermal reduction at 900 °C ((C,D), respectively). 
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Figure 5. CH4 conversion (A) and CO yield (B) over the reduction products of various composites. The calculated values of CH4 conversion are given according to [13,31,32,33]. 
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Figure 6. XRD patterns of spent catalysts (A) and the results of the stability test of the metal–oxide nanocomposite with x = 1.4 at T = 800 °C (B). 






Figure 6. XRD patterns of spent catalysts (A) and the results of the stability test of the metal–oxide nanocomposite with x = 1.4 at T = 800 °C (B).



[image: Catalysts 13 00966 g006]







[image: Table] 





Table 1. The unit cell parameters of Nd2−xSrxNiO4±δ.
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	Composition
	Space Group
	a, Å
	b, Å
	c, Å
	V, Å3





	Nd2NiO4±δ
	Fmmm
	5.3789(3)
	5.4514(3)
	12.3724(8)
	362.79(5)



	Nd1.5Sr0.5NiO4±δ
	I4/mmm
	3.776(2)
	3.776(2)
	12.482(1)
	177.9(2)



	NdSrNiO4±δ
	I4/mmm
	3.7886(2)
	3.7886(2)
	12.320(1)
	176.8(2)



	Nd0.8Sr1.2NiO4±δ
	I4/mmm
	3.798(2)
	3.798(2)
	12.261(1)
	176.8(2)



	Nd0.6Sr1.4NiO4±δ
	I4/mmm
	3.804(2)
	3.804(2)
	12.252(6)
	177.3(2)



	Nd0.4Sr1.6NiO4±δ
	I4/mmm
	3.8027(3)
	3.8027(3)
	12.266(11)
	177.38(3)
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