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Abstract

:

CO2 methanation was studied in the presence of nickel catalysts obtained by the solid-state combustion method. Complexes with a varying number of ethylenediamine molecules in the coordination sphere of nickel were chosen as the precursors of the active component of the catalysts. Their synthesis was carried out without the use of solvents, which made it possible to avoid the stages of their separation from the solution and the utilization of waste liquids. The composition and structure of the synthesized complexes were confirmed by elemental analysis, IR spectroscopy, powder XRD and XPS methods. It was determined that their thermal decomposition in the combustion wave proceeds in multiple stages with the formation of NiO and Ni(OH)2, which are reduced to Ni0. Higher ethylenediamine content in the complex leads to a higher content of metal in the solid products of combustion. However, different ratios of oxidized and reduced forms of nickel do not affect the initial activation temperature of nickel catalysts in the presence of CO2. It was noted that, after activation, the sample obtained from [Ni(C2H8N2)2](NO3)2 exhibited the highest activity in CO2 methanation. Thus, this complex is a promising precursor for CO2 methanation catalysts, and its synthesis requires only a small amount of ethylenediamine.
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1. Introduction


In order to decrease the effect on the environment, new solvent-free methods need to be developed for the synthesis of catalysts, including CO2 methanation (or CO2 hydrogenation) catalysts. Currently, interest in this reaction is growing, since it allows a reduction in the carbon footprint of industry and energy while also solving the problem of the chemical storage of hydrogen by producing synthetic natural gas [1,2,3].


CO2 + 4H2 ↔ CH4 + 2H2O            ΔH298K = −165 kJ/mol



(1)







Traditionally, for this process, nickel catalysts are prepared using solvents. In this case, it is necessary to separate the catalyst from the solution and calcinate it at a high temperature to remove the solvent and form the active phase. These stages are common to most methods of CO2 methanation catalyst synthesis: co-precipitation [4,5], the sol–gel method [6] and incipient wetness impregnation [7,8]. In the method of solid-state combustion (SSC), the use of solvents and the heat treatment of catalysts can be avoided. For this reason, stable nickel complexes containing high-energy ligands and oxidizing anions were used as precursors of active components [9,10]. It is preferable to use nitrogen-rich organic compounds as ligands since their thermal decomposition is accompanied by ammonia evolution, which contributes to the reduction of nickel oxide formed during SSC [11].


3NiO + 2NH3 → 3Ni + 3H2O + N2



(2)







In addition, the metal–organic complexes should not contain crystallization water, the evaporation of which will cause heat loss in the high-temperature zone of the combustion wave.



Water-free nickel complexes can also be synthesized without the use of solvents, which will additionally increase the environmental friendliness of the catalyst preparation. In previous work, we have proposed the solvent-free synthesis of metal–organic nickel complexes by the addition of nickel nitrate or perchlorate crystal hydrate to melted imidazole at 90 °C. Within a few minutes, the solid product was formed, and its color changed from green to purple. The formation of [Ni(C3H4N2)6](NO3)2 and [Ni(C3H4N2)6](ClO4)2 complexes was confirmed by IR spectroscopy and powder XRD. Using these compounds, the bulk [12] and supported [13] nickel catalysts were prepared by SSC. The resulting solid combustion products consisted of both oxidized and reduced nickel phases. It was noted that the phase composition depends on the nature of the oxidizing anion. It should be noted that the authors of [14,15,16,17] discussed the effect of the nature of the nitrogen-containing ligand on the composition of the nickel-containing phases formed during the solution combustion synthesis. However, this method does not involve separating the complexes from the solution. The most studied approach is the formation of a metal-containing phase in the presence of glycine [18]. An increase in its content in the reaction medium leads to an increase in the proportion of reduced nickel [19,20,21]. This poses an obvious question: “How does the amount of high-energy ligand in the nickel complex affect the composition of nickel-containing phases formed during the SSC?” A similar important issue is the influence of the anion nature on the formation of nickel-containing phases during SSC.



In this work, nickel complexes containing two or three molecules of ethylenediamine and nitrate or perchlorate anions were synthesized without solvents. Their thermochemical properties and the phase compositions of their combustion products have been studied. The products of their solid-state combustion were tested as CO2 methanation catalysts, which were activated in the presence of CO2.




2. Materials and Methods


2.1. Materials


For the synthesis of the complexes, the following reagents were used: Ni(NO3)2·6H2O (GOST 4055-70, 98%); Ni(ClO4)2·6H2O (TU 6-09-02-118-86, 98%); and ethylenediamine (En) C2H8N2 (CAS 107-15-3, 99%).




2.2. Synthesis of Nickel Complexes


2.2.1. Solvent-Free Synthesis


The synthesis was performed in a ceramic crucible at room temperature. In order to synthesize the nickel complexes, ethylenediamine (0.02 or 0.03 mol) was added to nickel (II) salt (0.01 mol) with stirring. The color of the reaction mixture changed from green to purple and then quickly crystallized as a powder. The obtained [Ni(C2H8N2)2](NO3)2, [Ni(C2H8N2)3](NO3)2 and [Ni(C2H8N2)3](ClO4)2 samples were dried under vacuum in a desiccator and stored over P2O5. The product yield was 95 ± 2%.




2.2.2. Synthesis in a Solution


Ethylenediamine (0.04 or 0.08 mol) was added to a solution of 0.02 mol nickel salt in 10 mL of ethanol with vigorous stirring. The temperature of the solution increased, and the color changed from green to purple. The crystal precipitate was filtered and washed with a small amount of cold water and ethanol. It was dried in a vacuum and then stored in a desiccator over P2O5. The yields were 73, 92 and 96% for [Ni(C2H8N2)2](NO3)2, [Ni(C2H8N2)3](NO3)2 and [Ni(C2H8N2)3](ClO4)2, respectively.





2.3. Preparation of Samples by Solid-State Combustion of Nickel Complexes


The solid-state combustion procedure was performed in air. A corundum crucible with the complex was placed on the surface of a hot plate (IKA C-Mag HS 4, Königswinter, Germany) at a predetermined temperature of 500 °C. The sample was rapidly heated for several minutes, and spontaneous gasification was observed. The solid products of the complexes’ combustion were fine powders. They were stored in a desiccator over P2O5.




2.4. Characteristics of Nickel Complexes and Solid Products of Their Combustion


Inductively coupled plasma atomic emission spectrometry employing an Optima 4300 DV (PerkinElmer, Waltham, MA, USA) was performed to determine the Ni content. The carbon, hydrogen and nitrogen contents were analyzed with the use of an automatic CHNS analyzer (EURO EA 3000; Euro Vector S.p.A., Castellanza, Italy). The combustion of the complexes (0.5–2 mg) was performed at 1050 °C in a flow of O2/He. The measurement error was in the range of ±3%. The obtained results are given in Table 1.



The infrared spectra of [Ni(C2H8N2)2](NO3)2, [Ni(C2H8N2)3](NO3)2 and [Ni(C2H8N2)3](ClO4)2 were recorded using an Agilent Cary 600 spectrometer (Agilent Technologies, Santa Clara, CA, USA) with a Gladi ATR attachment (PIKE Technologies, Madison, WI, USA).



The powder X-ray diffraction (XRD) patterns of the synthesized complexes and the solid products of their combustion were recorded in a 2θ range from 5 to 70° with a step of 0.05° (accumulation time—2 s) using a D8 Advance diffractometer with a Lynxeye linear detector (Bruker AXS GmbH, Karlsruhe, Germany). CuKα radiation (λ = 1.5418 Å) was used. The composition of the solid products was identified by the Rietveld method [22] using the TOPAS program (TOPAS—Total Pattern Analysis System, Version 4.2, Bruker AXS). Metallic silicon was used as a reference material for instrumental broadening. The size of the coherent scattering region (CSR) was calculated using LVol-IB values (LVol-IB—the volume-weighted mean column height based on integral breadth) and LVol-FWHM (the volume-weighted mean column height based on full width at half maximum, k = 0.89).



Crystallographic data (excluding structure factors) for the nickel complexes were obtained from the Cambridge Crystallographic Data Centre (CCDC, 12 Union Road, Cambridge CB21EZ, UK, http://www.ccdc.cam.ac.uk, 20 February 2023). Copies of the data can be obtained free of charge upon quoting the following depository numbers: CCDC-262247 for [Ni(C2H8N2)2](NO3)2, CCDC-1268271 for [Ni(C2H8N2)3](NO3)2 and CCDC-1320608 for [Ni(C2H8N2)3](ClO4)2·H2O. Theoretical powder patterns for [Ni(C2H8N2)2](NO3)2, [Ni(C2H8N2)3](NO3)2 and [Ni(C2H8N2)3](ClO4)2·H2O were plotted from the CIF available in [23,24,25], respectively.




2.5. Study of Thermochemical Properties


The thermochemical properties of the prepared complexes (5 mg) were studied on a Netzsch STA 449 C Jupiter instrument equipped with a DSC/TG holder (NETZSCH, Selb, Germany). The samples were heated from room temperature to 500 °C at a rate of 5 °C·min−1 in helium. The DSC curves were obtained at heating rates of 2.5, 5, 10 and 15 °C·min−1.



The kinetic parameters of the thermochemical transformations were calculated by inverse modeling using a genetic algorithm (GA), which has been successfully used in recent years [26,27,28,29,30]. The modeling was carried out employing the Coats–Redfern equation [31]:


  g   α   =   A R   T   2     β E     1 −   2 R T   E       exp  ⁡    −   E   R T        



(3)




where α is the extent of the reaction; g(α) is the integral form of the reaction model; A is the preexponential factor; E is the activation energy; R is the gas constant; T is temperature; and β is the heating rate.



Taking into account that usually   1 −   2 R T   E   ≅ 1  , its linear approximation is widely used in practice:


    ln  ⁡      g ( α )     T   2         =   ln  ⁡      A R   β E       −   E   R T    



(4)







The GA was chosen as the objective function:


  F =   1   N     ∑  i   N            α   i   t h e o r     − α   i   e x p       2   +           d α   t h e o r     d t     i   −       d α   e x p     d t     i       2        



(5)




where N is the number of experimental points; t is time;     α   i   t h e o r     and     α   i   e x p     are simulated and experimental conversion fractions at temperature i; and         d α   t h e o r     d t     i     and         d α   e x p     d t     i     are simulated and experimental reaction rates at temperature i [26].



The inverse modeling of the processes was carried out by employing the unconstrained variant of the GA; the initial population range for lgA was from 10 to 30, and that for Ea was from 200 to 400 kJ/mol. Each run of the hybrid GA was repeated 4 times to ensure that the acquired solutions were repeatable.



To compare the thermal stability of the nickel complexes, the critical temperature of the thermal explosion (Tb) was calculated based on the DSC data at several heating rates (β):


    T   b   =   T   0   +   ∂   T   e     ∂   l n β      



(6)




where Te is the onset temperature as a function of β; T0 is the onset temperature extrapolated to β = 0 °C·min−1 using the 3rd-order polynomial fit [32].




2.6. CO2 Methanation Procedure


A fixed-bed reactor with an inner diameter of 10 mm was used to carry out catalytic experiments under atmospheric pressure. The catalyst mass was 0.3 g. A tubular furnace was used to heat the reaction mixture. The temperature was controlled by a thermocouple installed in the catalyst bed. Nickel catalysts were not reduced before the experiment. Catalytic tests were carried out at various temperatures from 150 to 350 °C with a step of 50 °C.



A reaction mixture diluted with Ar (H2:CO2:Ar = 16:4:80) was fed into the reactor at a gas mass space velocity of 19,000 mL·gcat−1·h−1. The reactant feed rate was chosen in such a way as to exclude the condensation of the formed water at the outlet of the reactor and on the walls of the gas cell of the FTIR spectrometer. The flow rates were controlled using an RRG-12-36 flow meter (“Eltochpribor”, Moscow, Russia) with an accuracy of 1%. The gas composition at the outlet of the reactor was monitored using an Agilent Cary 630 FTIR spectrometer (Agilent Technologies Australia, Melbourne, Australia) with an internal volume of the gas cell of 100 cm3 and an optical path length of 10 cm.





3. Results and Discussion


3.1. Solvent-Free Synthesis of the Nickel Complexes with Ethylenediamine


Bis(ethylenediamine)nickel(II) nitrate [Ni(C2H8N2)2](NO3)2, tris(ethylenediamine)nickel(II) nitrate [Ni(C2H8N2)3](NO3)2 and tris(ethylenediamine)nickel(II) perchlorate [Ni(C2H8N2)3](ClO4)2 were chosen as the precursors of the CO2 methanation catalysts. The complexes were prepared by adding liquid ethylenediamine to the nickel salts at room temperature (Figure 1). The reaction mixture heated up to 90 °C during the synthesis due to the exothermic effect of the interaction between its components. This contributed to the evaporation of water released in the process. It should be noted that the elemental composition of the synthesized complexes is in agreement with the calculated values for [Ni(C2H8N2)2](NO3)2 and [Ni(C2H8N2)3](NO3)2 (Table 1). In the case of [Ni(C2H8N2)3](ClO4)2, the hydrogen and oxygen contents are higher than the calculated values, which may be due to the presence of water in this complex.




3.2. Study of the Nickel Complexes Synthesized without Solvent


The ATR FTIR data (Figure 2) confirm that the [Ni(C2H8N2)2](NO3)2 and [Ni(C2H8N2)3](NO3)2 complexes do not contain water, since there are no absorption bands (a.b.) related to the stretching vibrations of the O–H group (3600–3400 cm−1) and deformation vibrations of water (1620 cm−1). Moreover, their FTIR spectra are identical to those of the complexes synthesized in ethanol.



An analysis of the FTIR spectra of the perchlorate complex showed that this compound is characterized by a shoulder in the high-frequency region of the absorption band with a clearly pronounced maximum at 1580 cm–1. The absorption at 1615 cm−1 can be attributed to the presence of water in this complex, which is consistent with elemental analysis data.



Depending on the selected ratio of nickel and ethylenediamine, chelate coordination sites of NiN4 and NiN6 are formed during their interaction. Both nitrogen atoms of the ethylenediamine ligand form coordination bonds with the nickel ion, forming two or three five-membered heteroaromatic rings (Figure 3). However, in the [Ni(C2H8N2)2](NO3)2 complex, the coordination number of the nickel(II) ion is also 6 because of its direct interaction with nitrate anions (Figure 3a). The symmetry of the nitrate anion decreases and the vibrations of the atoms in the anion become nonequivalent.



The free nitrate anion is characterized by D3h symmetry, which has four vibrational modes. The infrared-active modes are ν2—out-of-plane rocking (830 cm−1); ν3—antisymmetric N–O stretches (1350 cm−1); and ν4—in-plane deformations (710 cm−1) [33]. The ν3 and ν4 vibrations are doubly degenerate: i.e., they might split upon symmetry lowering. Indeed, in the FTIR spectrum of the [Ni(C2H8N2)2](NO3)2 complex, two a.b. at 710 and 728 cm−1 are observed in the region of the ν4 mode. Additionally, two a.b. at 1424 and 1289 cm−1 are present in the region of the ν3 mode against the background of deformation vibrations of NH2 and CH2 groups [34,35]. The splitting value is 135 cm−1, which corresponds to the monodentate coordination of the nitrate anion [36]. It was noted that in the FTIR spectrum of the [Ni(C2H8N2)3](NO3)2 complex, there are no additional a.b. for the ν3 and ν4 modes. Therefore, the symmetry of the nitrate anion is preserved when this complex is formed. Thus, it is located in the outer coordination sphere of the complex, as shown in Figure 3b.



When the symmetry of the perchlorate anion is lowered, the a.b. corresponding to ν3 (1100–1050 cm−1) and ν4 (640–610 cm−1) vibrations are also split [37]. However, in the IR spectrum of the [Ni(C2H8N2)3](ClO4)2 complex, the additional a.b. in the region of the ν3 and ν4 vibrational modes are absent. This indicates that the symmetry of the perchlorate anion is retained in the synthesized complex (Figure 3c).



To identify the structures of the complexes synthesized without the solvents, [Ni(C2H8N2)2](NO3)2, [Ni(C2H8N2)3](NO3)2 and [Ni(C2H8N2)3](ClO4)2 were studied by powder XRD (Figure 4). It was found that all peaks in the XRD pattern of the complex containing the chelate coordination site of NiN6 match the theoretical powder pattern of [Ni(C2H8N2)3](NO3)2 plotted from the CIF available in [24].



The XRD pattern acquired for the complex with the chelate coordination site of NiN4 contains more peaks than the theoretical powder pattern of [Ni(C2H8N2)2](NO3)2 plotted from the CIF available in [23]. The most intense peaks can be attributed to synthesized bis(ethylenediamine)nickel(II) nitrate. The position of low-intensity peaks corresponds to the peaks characteristic of the complex with the chelate coordination site of NiN6. Therefore, [Ni(C2H8N)2](NO3)2 contains an insignificant impurity of [Ni(C2H8N2)3](NO3)2.



An analysis of the XRD pattern for the perchlorate complex showed that most of the peaks matched the theoretical powder pattern of [Ni(C2H8N2)3](ClO4)2·H2O plotted from the CIF available in [25]. However, small shifts of some peaks are observed. This can be explained by imperfections in the structure of the complex, which was not thermally treated.



Summing up the study of nickel complexes with ethylenediamine synthesized without solvents, it can be concluded that the addition of ethylenediamine to nickel nitrate and perchlorate hydrate causes the formation of [Ni(C2H8N2)3](NO3)2, [Ni(C2H8N2)2](NO3)2 and [Ni(C2H8N2)3](ClO4)2·H2O complexes. Their composition and structure depend on the stoichiometric ratio of nickel to ethylenediamine in the reaction mixture. In addition, this method allows the partial or complete removal of water from the nickel complexes without additional heating.




3.3. Thermochemical Properties of the Nickel Complexes with Ethylenediamine


The thermochemical transformations of [Ni(C2H8N2)3](NO3)2, [Ni(C2H8N2)2](NO3)2 and [Ni(C2H8N2)3](ClO4)2·H2O complexes were studied (Figure 5).



According to the thermal analysis data (Figure 5), the synthesized complexes begin to decompose at temperatures above 200 °C and reach the maximum mass loss rate at 257 ± 4 °C. In addition, the DTG curves do not contain maxima related to the thermal decomposition of nickel nitrate [38,39] or nickel perchlorate [40] and ethylenediamine, which boils at 117 °C [41]. Thus, the starting compounds reacted and became a part of the resulting complexes.



Taking only the mass loss of nickel complexes during heating into account, it seems that their thermal decomposition is a one-stage process. However, the DSC curves (Figure 5, dark pink line) show that complicated thermochemical transformations of the complexes occur. The endothermic effects at temperatures below 240 °C can be attributed to phase transformations, since they are not accompanied by a change in the mass of the samples. It should be noted that when the [Ni(C2H8N2)3](NO3)2 complex is heated, only one endothermic effect is observed at 221 °C (Figure 5b). A similar effect on the DSC curve (but much less pronounced) is also characteristic of the [Ni(C2H8N2)2](NO3)2 complex (Figure 5a). Therefore, it can be assumed that this complex contains an impurity of the complex with three molecules of ethylenediamine, as noted earlier according to XRD data (Figure 4a).



In the temperature range above 240 °C, there is a superposition of endothermic and exothermic effects for complexes with nitrate anions, especially for a NiN4 coordination site. The reason for this effect may be the simultaneous removal of ethylenediamine from the coordination sphere of nickel (endothermic peak) and its rapid oxidation by nitrate anions (exothermic peak), as described in [42,43]. A weak endo-effect at 241 °C (Figure 5c) is also observed in the case of the complex with perchlorate anions.



To identify the thermal decomposition stages of the nickel complexes and calculate their kinetic parameters, an analysis of the DTG data was carried out using the inverse modeling method with a genetic algorithm [26,27,28,29]. Both one-stage and two-stage models of the thermal decomposition of the complexes were created, but it was not possible to satisfactorily describe the decomposition of [Ni(C2H8N2)2](NO3)2 in two stages using the genetic algorithm. The determination of the kinetic parameters of the decomposition of the complexes in one stage was based on the Mampel kinetic model (Table S1, Figure S1a). In the case of the two-stage simulation, different kinetic models were tried (Table S1, Figure S1b,c). The choice of the most suitable model was determined by the following criteria [43,44,45,46]: the first stage should describe the removal of ethylenediamine (weight loss of 17 ± 5%), and the value of the activation energy for this stage should be acceptable (about 200 kJ·mol−1). The calculated kinetic parameters are presented in Table 2.



The obtained results indicate that there are differences in the mechanisms of the thermal decomposition of the nickel complexes. In the case of the [Ni(C2H8N2)2](NO3)2 complex, the highest activation energy is observed, which confirms its higher thermal stability compared to complexes with three ligands (Table 2). In addition, the stage of the ethylenediamine release could not be separated. Consequently, when this complex is heated, only the oxidation of the ligand by nitrate anions takes place.



At the same time, the thermal decomposition of [Ni(C2H8N2)3](NO3)2 and [Ni(C2H8N2)3](ClO4)2 is characterized by two stages (Figure S1b,c). The first stage is the removal of one ligand by the contracting cylinder mechanism with an activation energy of 192 ± 1 kJ/mol. However, the sample mass loss is greater than the calculated mass loss from the removal of the ethylenediamine molecule. This difference is small (~2%) but indicates the implementation of a parallel process. Presumably, the pyrolysis of ethylenediamine or its oxidation occurs. In the second stage, the remaining ethylenediamine is mainly oxidized by nitrate anions. It was noted that the resulting solid product (Figure 5) had a greater mass (40–50%) than would be expected (17–25%). The reason may be the presence of products of the incomplete decomposition of complexes due to their thermal stability.



The critical temperature of the thermal explosion characterizes the thermal stability of materials. In this work, it was calculated for [Ni(C2H8N2)2](NO3)2, [Ni(C2H8N2)3](NO3)2 and [Ni(C2H8N2)3](ClO4)2 using the method described by Xue et al. [32]. To determine these values, DSC data at various heating rates (Figure S2) were analyzed. The obtained results are given in Table 3.



Table 3 shows that the nickel perchlorate complex with three ethylenediamine molecules is the least stable. It is noted that a decrease in the amount of ethylenediamine in the nickel nitrate complex leads to an increase in the temperature of its thermal degradation. Apparently, the removal of one molecule of the ligand destabilizes the [Ni(C2H8N2)3](NO3)2 complex and accelerates the oxidation of the remaining ligands by anions. In addition, the direct contact of the nitrate anions with the nickel cation in [Ni(C2H8N2)2](NO3)2 is of great importance (Figure 3).



Summarizing the results of studying the thermal decomposition of the synthesized nickel complexes with ethylenediamine (Table 1), it was concluded that they are thermally stable up to 200 °C. With a further increase in temperature, they decompose in one or two steps, which are determined by the amount of ligand in the nearest coordination sphere of nickel. These stages were separated using the inverse modeling method with the genetic algorithm.




3.4. Study of the Solid Products of the Gasification of Nickel Complexes


The synthesized nickel complexes with ethylenediamine were used as precursors for the synthesis of CO2 methanation catalysts by SSC. During the procedure, the formation of solid products containing nickel was observed. The samples obtained from the [Ni(C2H8N2)2](NO3)2, [Ni(C2H8N2)3](NO3)2 and [Ni(C2H8N2)3](ClO4)2 complexes were designated as Ni-2En-NO3, Ni-3En-NO3 and Ni-3En-ClO4, respectively. Their phase compositions were studied by XRD (Figure 6).



According to the XRD data (Figure 6), the Ni-2En-NO3 and Ni-3En-NO3 samples contain two phases: metallic nickel (PDF 04-0850) and its oxide—NiO (PDF 47-1049). In the process of the gasification of the perchlorate complex, nickel oxide is only formed since the perchlorate anion is a stronger oxidizing agent than nitrate. However, this sample has impurities with a crystal lattice, which cannot be unambiguously attributed to the original complex (Figure 4c), nickel perchlorate [47], nickel carbide [48], nickel nitride [49] or nickel chloride [50]. It can be assumed that the impurities are carbonization products of the organic ligand. However, they cannot be attributed to graphite materials since there is no peak attributable to the interplanar packing of aromatic systems, which is indexed as the (002) peak [51]. It is more likely that the impurities are a multicomponent mixture containing amorphous carbon nitride since the IR spectra (Figure S3) contain absorption bands characteristic of this compound [52].



Using XRD data, the contents of each nickel phase in the Ni-2En-NO3, Ni-3En-NO3 and Ni-3En-ClO4 samples were calculated. It was also noted that the composition of the samples is dominated by nickel oxide (Table 4), which is formed during the decomposition of the complexes.



Metallic nickel is contained in samples obtained from nitrate complexes, and the more molecules of ethylenediamine in the nearest coordination sphere of nickel, the more metal phase there is. It is known from the literature [53,54,55,56] that the decomposition of nitrogen-containing organic compounds produces ammonia, which facilitates the reduction of the metal (Equation (2)). Indeed, according to mass spectrometry data (Figure S4), ammonia is one of the products generated during the rapid heating of nickel nitrate complexes with ethylenediamine.



Taking into account the size of the coherent scattering region (CSR), the sizes of crystallites were calculated for each phase of Ni-2En-NO3, Ni-3En-NO3 and Ni-3En-ClO4. It was found that the obtained values do not exceed 60 nm (Table 4). Therefore, intense gas evolution leads to the high dispersion of the metal-containing phase. In the case of nitrate complexes, oxidized and reduced forms of metals with similar crystallite sizes are formed. Nickel oxide nanoparticles obtained from the nickel perchlorate complex are characterized by larger crystallite sizes. Thus, it can be concluded that the phase composition of the solid products obtained from nickel complexes with ethylenediamine depends on the number of ligands in the nearest coordination sphere of the metal and the nature of the anion. Of particular interest is the presence of a metal phase in the samples obtained by SSC, since it can enable the formation of the active phase of the catalyst without the reduction step.




3.5. CO2 Methanation: Activation of the Nickel Catalysts Synthesized by SSC from the Nickel Complexes with Ethylenediamine


Nickel catalysts are widely used for CO2 and CO methanation in the purification of hydrogen from carbon oxides due to their low cost [57,58]. Typically, to form a metal phase, the activation of nickel catalysts is carried out in a hydrogen flow at high temperatures [59]. In this work, this procedure was performed in the flow of the reaction mixture (H2:CO2:Ar = 16:4:80), which is more practical. The presence of methane in the reaction medium at the outlet of the reactor indicated the formation of a catalytically active phase, which accelerated CO2 methanation. The gas composition was determined using FTIR spectroscopy (Figure 7).



According to the results obtained (Figure 7), in the reaction medium, methane begins to be fixed when the Ni-2En-NO3 and Ni-3En-NO3 catalysts are heated at 250 °C. Here, the intensity of methane absorption bands is higher for the Ni-2En-NO3 sample. In the case of the sample obtained from the nickel perchlorate complex with ethylenediamine, methane formation is observed only when the temperature reaches 400 °C (Figure 7c). It should be noted that this is preceded by the release of hydrogen chloride at 350 °C, which is the dominant product of the complex decomposition (Figure S4c). Thus, the nickel is simultaneously reduced with the removal of products of the incomplete decomposition of the complexes, as noted above (Figure S3).



To explain the differences in catalyst activation in the reaction medium, they were studied before and after the reaction by XPS. From the XPS survey spectra (Figure S5), it can be seen that nickel, oxygen, carbon, chlorine and nitrogen are present on the surface of the initial samples. Here, the solid product from the nickel perchlorate complex contains a significant amount of chlorine and nitrogen, as well as 2 times less nickel (Table 5). This once again proves the presence of products of its incomplete decomposition in Ni-3En-ClO4.



A detailed analysis of the XPS spectra (Figure 8) was performed to identify the electronic state of nickel. It was found that oxidized nickel was present on the surface of samples only before activation. The XPS spectra of the Ni-2En-NO3 and Ni-3En-NO3 samples in the Ni2p3/2 region show peaks at ~854.2 and ~855.8 eV, in agreement with the binding energies of nickel oxide and hydroxide, respectively [60]. The Ni2p3/2 XPS spectrum of Ni-3En-ClO4 can be deconvoluted into one peak with a binding energy of ~855.8 eV. Therefore, only nickel hydroxide is present on the surface of this sample, which probably covers the nickel oxide detected by XRD (Table 4).



After the activation of Ni-2En-NO3, Ni-3En-NO3 and Ni-3En-ClO4 samples at 450 °C, an additional maximum is observed at 852.8 eV in the Ni2p3/2 region, corresponding to the reduced metal [61]. The amount of metal in the reduced form depends on the composition of the complex. Thus, under reaction conditions, more than 70% of nickel is reduced in samples obtained from complexes with nitrate anions, and only 30% of the reduced metal contains the Ni-3En-ClO4 catalyst after activation. Such a low degree of nickel reduction may be due to the presence of nickel hydroxide in the sample, which has a higher reduction temperature than nickel oxide [62]:


NiO + H2 → Ni + H2O            250–400 °C



(7)






Ni(OH)2 + H2 → Ni + 2H2O            350–600 °C



(8)







Thus, Ni-2En-NO3 and Ni-3En-NO3 catalysts more effectively accelerate CO2 conversion since the active phase is formed from nickel oxide, which begins to be reduced at 250 °C (Figure 7). This phase predominates in the Ni-2En-NO3 sample (Table 4), which is characterized by more intense absorption in the spectral region of methane (Figure 7a).



Another important result of this research is the conclusion that the metal formed during the complexes’ combustion (Table 4) does not affect CO2 methanation. Apparently, metal particles are located in the bulk of the sample (due to attraction to each other under the action of their own magnetic field) and covered with an oxygen-containing nickel phase.





4. Conclusions


This work is a comprehensive study, including (I) the solvent-free synthesis of nickel complexes as catalyst precursors and (II) the study of their thermochemical properties that affect (III) the formation of the active phase (IV) catalyzing CO2 methanation after activation. Energy-rich complexes with two and three molecules of ethylenediamine in the nearest coordination sphere of nickel were chosen as initial compounds. The counterions of nickel were nitrate and perchlorate anions that acted as oxidizing agents.




	(I)

	
The complexes were synthesized by mixing nickel nitrate hexahydrate or nickel perchlorate hexahydrate with ethylenediamine without the use of a solvent, which excludes their separation from the solvent and drying. The structure and the phase composition of the prepared complexes were confirmed by IR spectroscopy and powder XRD. As a result, [Ni(C2H8N2)2](NO3)2, [Ni(C2H8N2)3](NO3)2 and [Ni(C2H8N2)3](ClO4)2 complexes were obtained, whose composition was determined by the ratio of ethylenediamine and nickel salt. However, the addition of a third ethylenediamine molecule to the chelate coordination site of NiN4 could not be completely avoided, and the [Ni(C2H8N2)2](NO3)2 complex contains an insignificant impurity of [Ni(C2H8N2)3](NO3)2.




	(II)

	
To understand the processes that take place during the formation of the nickel-containing phase in the combustion wave, the thermochemical transformations of the synthesized complexes were studied. It was found that they are thermally stable up to 230 °C and then decompose with a weight loss of almost 60%. The kinetic analysis of the thermal decomposition of the synthesized complexes and the calculation of their kinetic parameters were carried out by inverse modeling with a genetic algorithm. It was determined that the thermal decomposition of complexes with three ethylenediamine molecules has two stages: (1) the removal of one ligand molecule, and (2) the oxidation of the ligand by anions. In the case of the [Ni(C2H8N2)2](NO3)2 complex, thermal decomposition is described by only one stage. In addition, this complex has the highest activation energy of thermolysis and the highest critical temperature of thermal explosion, which indicates the high thermal stability of the chelate site of NiN4.




	(III)

	
The synthesized nickel complexes with ethylenediamine were used as precursors for the synthesis of CO2 methanation catalysts by SSC. It was shown by powder XRD and XPS that the obtained samples consist of oxidized (NiO, Ni(OH)2) and reduced (Ni0) forms of nickel. It was noted that the fewer the ethylenediamine molecules in the nickel coordination sphere of nitrate complexes, the more nickel oxide contained in the combustion products.




	(IV)

	
The activation of combustion products of the [Ni(C2H8N2)2](NO3)2, [Ni(C2H8N2)3](NO3)2 and [Ni(C2H8N2)3](ClO4)2 complexes in the reaction medium (H2:CO2:Ar = 16:4:80) of CO2 methanation was studied. It was found that in the presence of Ni-2En-NO3 and Ni-3En-NO3, methane already begins to form at 250 °C, which is 100 °C lower than the activation temperature of an industrial NIAP-07-01 catalyst (Figure S6). At an even higher temperature (400 °C), an active phase is formed in the sample obtained from the nickel perchlorate complex. The comparison of previously obtained experimental data [12,13] with the results of this work shows that the Ni-2En-NO3 sample with a high content of nickel oxide showed the highest activity in CO2 methanation (Figure S7). Thus, the [Ni(C2H8N2)2](NO3)2 complex is a promising precursor for the CO2 methanation catalyst, especially since less ethylenediamine is required for its solvent-free synthesis.














Supplementary Materials


The following supporting information can be downloaded at https://www.mdpi.com/article/10.3390/ma16072616/s1: Table S1: The solid-state reaction models [1,2]; Figure S1: Models of thermal decomposition of (a) [Ni(C2H8N2)2](NO3)2, (b) [Ni(C2H8N2)3](NO3)2 and (c) [Ni(C2H8N2)3](ClO4)2 complexes in helium with a heating rate of 5 °C·min−1 (5 mg, helium, 20 mL·min−1, 5 °C·min−1); Figure S2: DSC data for (a) [Ni(C2H8N2)2](NO3)2, (b) [Ni(C2H8N2)3](NO3)2 and (c) [Ni(C2H8N2)3](ClO4)2 complexes in helium at different heating rates (5 mg, helium, 20 mL·min−1); Figure S3: FTIR spectra of Ni-2En-NO3, Ni-3En-NO3, Ni-3En-ClO4 and g-C3N4; Figure S4: Mass spectrometry (DMSTA) of gas released during the thermal decomposition of (a) [Ni(C2H8N2)2](NO3)2, (b) [Ni(C2H8N2)3](NO3)2 and (c) [Ni(C2H8N2)3](ClO4)2 complexes (5 mg, argon, 100 mL·min−1); Figure S5: XPS survey spectra for Ni-2En-NO3, Ni-3En-NO3 and Ni-3En-ClO4 samples; Figure S6: FTIR spectra of the gas mixture at the reactor outlet during the activation of the industrial NIAP-07-01 catalyst at different temperatures; Figure S7: FTIR spectra of the gas mixture at the reactor outlet at 450 °C over the samples obtained from complexes: Ni-3En-ClO4—tris(ethylenediamine)nickel(II) perchlorate; Ni-6Im-ClO4—hexa(imidazole)nickel(II) perchlorate; Ni-6Im-NO3—hexa(imidazole)nickel(II) nitrate; Ni-3En-NO3—tris(ethylenediamine)nickel(II) nitrate; Ni-2En-NO3—bis(ethylenediamine)nickel(II) nitrate. References [63,64] are cited in Supplementary Materials.





Author Contributions


Conceptualization, O.V.N. and O.V.K.; methodology, S.A.M. and A.A.P. (Alexander A. Paletsky); software, K.A.D. and A.G.S.; investigation, K.A.D., O.I.M., S.A.M., I.P.P., A.A.P. (Alena A. Pochtar), O.A.B. and J.V.V.; data curation, A.A.P. (Alexander A. Paletsky); writing—original draft preparation, J.V.V., K.A.D., A.G.S. and O.I.M.; writing—review and editing, O.V.N.; visualization, I.P.P., O.A.B. and A.A.P. (Alena A. Pochtar); supervision, O.V.K.; project administration, O.V.N. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the Ministry of Science and Higher Education of the Russian Federation within the governmental order for the Boreskov Institute of Catalysis, project AAAA-A21-121011390006-0.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Kuznecova, I.; Gusca, J. Property Based Ranking of CO and CO2 Methanation Catalysts. Energy Procedia 2017, 128, 255–260. [Google Scholar] [CrossRef]

	



Lee, W.J.; Li, C.; Prajitno, H.; Yoo, J.; Patel, J.; Yang, Y.; Lim, S. Recent Trend in Thermal Catalytic Low Temperature CO2 Methanation: A Critical Review. Catal. Today 2021, 368, 2–19. [Google Scholar] [CrossRef]

	



Fan, W.K.; Tahir, M. Recent Trends in Developments of Active Metals and Heterogenous Materials for Catalytic CO2 Hydrogenation to Renewable Methane: A Review. J. Environ. Chem. Eng. 2021, 9, 105460. [Google Scholar] [CrossRef]

	



Efremov, V.N.; Golosman, E.Z.; Kashinskaya, A.V.; Mugenov, T.I.; Zolotareva, V.E.; Polivanov, B.I.; Polushin, A.P. Resistance of Industrial Nickel-Containing Methanation Catalysts to the Poisoning by Organic Carbon Dioxide Absorbents. Chim. Technol. Acta 2017, 4, 167–182. [Google Scholar] [CrossRef]

	



Boukha, Z.; Jiménez-González, C.; Gil-Calvo, M.; de Rivas, B.; González-Velasco, J.R.; Gutiérrez-Ortiz, J.I.; López-Fonseca, R. MgO/NiAl2O4 as a New Formulation of Reforming Catalysts: Tuning the Surface Properties for the Enhanced Partial Oxidation of Methane. Appl. Catal. B Environ. 2016, 199, 372–383. [Google Scholar] [CrossRef]

	



Moghaddam, S.V.; Rezaei, M.; Meshkani, F. Surfactant-Free Sol–Gel Synthesis Method for the Preparation of Mesoporous High Surface Area NiO–Al2O3 Nanopowder and Its Application in Catalytic CO2 Methanation. Energy Technol. 2020, 8, 1900778. [Google Scholar] [CrossRef]

	



Riani, P.; Garbarino, G.; Lucchini, M.A.; Canepa, F.; Busca, G. Unsupported versus Alumina-Supported Ni Nanoparticles as Catalysts for Steam/Ethanol Conversion and CO2 Methanation. J. Mol. Catal. A Chem. 2014, 383, 10–16. [Google Scholar] [CrossRef]

	



Gac, W.; Zawadzki, W.; Rotko, M.; Greluk, M.; Słowik, G.; Kolb, G. Effects of Support Composition on the Performance of Nickel Catalysts in CO2 Methanation Reaction. Catal. Today 2020, 357, 468–482. [Google Scholar] [CrossRef]

	



Boldyrev, V.V.; Tukhtaev, R.K.; Gavrilov, A.I.; Larionov, S.V.; Savel’eva, Z.A.; Lavrenova, L.G. Combustion of Nickel and Copper Nitrate Complexes of Hydrazine Derivatives as a Method for Manufacturing Fine-Grained and Porous Metals. Russ. J. Inorg. Chem. 1998, 43, 302–305. [Google Scholar]

	



Gavrilov, A.I.; Tukhtaev, R.K.; Larionov, S.V.; Lavrenova, L.G.; Savel’eva, Z.A.; Boldyrev, V.V. Preparation of dispersed nickel with controlled morphology by combustion process. Dokl. Akad. Nauk. 1996, 348, 201–204. [Google Scholar]

	



Manukyan, K.V.; Cross, A.; Roslyakov, S.; Rouvimov, S.; Rogachev, A.S.; Wolf, E.E.; Mukasyan, A.S. Solution Combustion Synthesis of Nano-Crystalline Metallic Materials: Mechanistic Studies. J. Phys. Chem. C 2013, 117, 24417–24427. [Google Scholar] [CrossRef]

	



Netskina, O.V.; Dmitruk, K.A.; Paletsky, A.A.; Mukha, S.A.; Pochtar, A.A.; Bulavchenko, O.A.; Prosvirin, I.P.; Shmakov, A.G.; Ozerova, A.M.; Veselovskaya, J.V.; et al. Solvent-Free Synthesis of Nickel Nanoparticles as Catalysts for CO2 Hydrogenation to Methane. Catalysts 2022, 12, 1274. [Google Scholar] [CrossRef]

	



Netskina, O.V.; Mucha, S.S.; Veselovskaya, J.V.; Bolotov, V.A.; Komova, O.V.; Ishchenko, A.V.; Bulavchenko, O.A.; Prosvirin, I.P.; Pochtar, A.A.; Rogov, V.A. CO2 methanation: Nickel-alumina catalyst prepared by solid-state combustion. Materials 2021, 14, 6789. [Google Scholar] [CrossRef] [PubMed]

	



Kuvshinov, D.G.; Kurmashov, P.B.; Bannov, A.G.; Popov, M.V. Synthesis of Ni-based catalysts by hexamethylenetetramine-nitrates solution combustion method for co-production of hydrogen and nanofibrous carbon from methane. Int. J. Hydrog. Energy 2019, 44, 16271–16286. [Google Scholar] [CrossRef]

	



Wen, W.; Wu, J.M.; Cao, M.H. Rapid one-step synthesis and electrochemical performance of NiO/Ni with tunable macroporous architectures. Nano Energy 2013, 2, 1383–1390. [Google Scholar] [CrossRef]

	



Sahu, R.K.; Ray, A.K.; Das, S.K.; Kailath, A.J.; Pathak, L.C. Microwave-assisted combustion synthesis of Ni powder using urea. J. Mater. Sci. Res. 2006, 21, 1664–1673. [Google Scholar] [CrossRef]

	



Zhuravlev, V.D.; Bamburov, V.G.; Ermakova, L.V.; Lobachevskaya, N.I. Synthesis of functional materials in combustion reactions. Phys. Atomic Nucl. 2015, 78, 1389–1405. [Google Scholar] [CrossRef]

	



Komova, O.V.; Mukha, S.A.; Ozerova, A.M.; Odegova, G.V.; Simagina, V.I.; Bulavchenko, O.A.; Ishchenko, A.V.; Netskina, O.V. The Formation of Perovskite during the Combustion of an Energy-Rich Glycine–Nitrate Precursor. Materials 2020, 13, 5091. [Google Scholar] [CrossRef] [PubMed]

	



Xanthopoulou, G.; Thoda, O.; Roslyakov, S.; Steinman, A.; Kovalev, D.; Levashov, E.; Vekinis, G.; Sytschev, A.; Chroneos, A. Solution combustion synthesis of nano-catalysts with a hierarchical structure. J. Catal. 2018, 364, 112–124. [Google Scholar] [CrossRef]

	



Deraz, N.M. Magnetic behavior and physicochemical properties of Ni and NiO nano-particles. Curr. Appl. Phys. 2012, 12, 928–934. [Google Scholar] [CrossRef]

	



Guo, Q.; Zhao, Y.; Liu, J.; Ma, C.; Zhou, H.; Chen, L.; Huang, B.; Wei, W. Novel solid metal–organic self-propagation combustion for controllable synthesis of hierarchically porous metal monoliths. J. Mater. Chem. A 2015, 3, 10179–10182. [Google Scholar] [CrossRef]

	



Rietveld, H.M. A Profile Refinement Method for Nuclear and Magnetic Structures. J. Appl. Cryst. 1969, 2, 65–71. [Google Scholar] [CrossRef]

	



Bauer, J.A.K.; Edison, S.E.; Baldwin, M.J. Bis(ethylenediamine)nickel(II) dinitrate. Acta Cryst. Sect. E 2005, 61, M82–M84. [Google Scholar] [CrossRef]

	



Swink, L.N.; Atoji, M. The Crystal Structure of Triethylenediaminenickel(II) Nitrate, Ni(NH2CH2CH2NH2)3(NO3)2. Acta Cryst. 1960, 13, 639–643. [Google Scholar] [CrossRef]

	



Raston, C.L.; White, A.H.; Willis, A.C. Crystal structure of Tris(ethane-1,2-diamine)nickel(II) diperchlorate monohydrate. Aust. J. Chem. 1978, 31, 415–418. [Google Scholar] [CrossRef]

	



Purnomo, D.M.J.; Richter, F.; Bonner, M.; Vaidyanathan, R.; Rein, G. Role of Optimisation Method on Kinetic Inverse Modelling of Biomass Pyrolysis at the Microscale. Fuel 2020, 262, 116251. [Google Scholar] [CrossRef]

	



Zanoni, M.A.B.; Rein, G.; Yermán, L.; Gerhard, J.I. Thermal and Oxidative Decomposition of Bitumen at the Microscale: Kinetic Inverse Modelling. Fuel 2020, 264, 116704. [Google Scholar] [CrossRef]

	



Richter, F.; Rein, G. Pyrolysis Kinetics and Multi-Objective Inverse Modelling of Cellulose at the Microscale. Fire Saf. J. 2017, 91, 191–199. [Google Scholar] [CrossRef]

	



Ferreiro, A.I.; Rabaçal, M.; Costa, M. A Combined Genetic Algorithm and Least Squares Fitting Procedure for the Estimation of the Kinetic Parameters of the Pyrolysis of Agricultural Residues. Energy Convers. Manag. 2016, 125, 290–300. [Google Scholar] [CrossRef]

	



Dmitruk, K.A.; Komova, O.V.; Paletsky, A.A.; Shmakov, A.G.; Mukha, S.A.; Butenko, V.R.; Pochtar, A.A.; Netskina, O.V. The Use of Hybrid Genetic Algorithm in the Kinetic Analysis of Thermal Decomposition of [Ni(C2H8N2)3](ClO4)2 with Overlapping Stages. Materials 2023, 16, 90. [Google Scholar] [CrossRef]

	



Coats, A.W.; Redfern, J.P. Kinetic Parameters from Thermogravimetric Data. Nature 1964, 201, 68–69. [Google Scholar] [CrossRef]

	



Xue, L.; Zhao, F.Q.; Hu, R.Z.; Gao, H.X. A Simple Method to Estimate the Critical Temperature of Thermal Explosion for Energetic Materials Using Nonisothermal DSC. J. Energ. Mater. 2010, 28, 17–34. [Google Scholar] [CrossRef]

	



Mihaylov, M.Y.; Zdravkova, V.R.; Ivanova, E.Z.; Aleksandrov, H.A.; Petkov, P.S.; Vayssilov, G.N.; Hadjiivanov, K.I. Infrared spectra of surface nitrates: Revision of the current opinions based on the case study of ceria. J. Catal. 2021, 394, 245–258. [Google Scholar] [CrossRef]

	



Krishnan, K.; Plane, R.A. Raman and infrared spectra of complexes of ethylenediamine with zinc(II), cadmium(II), and mercury(II). Inorg. Chem. 1966, 5, 852–857. [Google Scholar] [CrossRef]

	



Bennett, A.M.A.; Foulds, G.A.; Thornton, D.A.; Watkins, G.M. The infrared spectra of ethylenediamine complexes—II. Tris-, bis- and mono(ethylenediamine) complexes of metal(II) halides. Spectrochim. Acta A 1990, 46, 13–22. [Google Scholar] [CrossRef]

	



Curtis, N.F.; Curtis, Y.M. Some nitrato-amine nickel(II) compounds with monodentate and bidentate nitrate ions. Inorg. Chem. 1965, 4, 804–809. [Google Scholar] [CrossRef]

	



Gowda, N.M.N.; Naikar, S.B.; Reddy, G.K.N. Perchlorate ion complex. Adv. Inorg. Chem. 1984, 28, 255–299. [Google Scholar]

	



Brockner, W.; Ehrhardt, C.; Gjikaj, M. Thermal decomposition of nickel nitrate hexahydrate, Ni(NO3)2·6H2O, in comparison to Co(NO3)2·6H2O and Ca(NO3)2·4H2O. Thermochim. Acta 2007, 456, 64–68. [Google Scholar] [CrossRef]

	



Mikuli, E.; Migdał-Mikuli, A.; Chyży, R.; Grad, B. Melting and thermal decomposition of [Ni(H2O)6](NO3)2. Thermochim. Acta 2001, 370, 65–71. [Google Scholar]

	



Solymosi, F.; Raskó, J. Study of the Thermal Decompositions of Some Transition Metal Perchlorates. J. Therm. Anal. 1977, 11, 289–304. [Google Scholar] [CrossRef]

	



Weast, R.C. Handbook of Data on Organic Compounds; CRC Press, Inc.: Boca Raton, FL, USA, 1985. [Google Scholar]

	



Rejitha, K.S.; Ichikawa, T.; Mathew, S. Investigations on the thermal behaviour of [Ni(NH3)6](NO3)2 and [Ni(en)3](NO3)2 using TG–MS and TR-XRD under inert condition. J. Therm. Anal. Calorim. 2012, 107, 887–892. [Google Scholar] [CrossRef]

	



Singh, G.; Pandey, D.K. Studies on Energetic Compounds Part 27: Kinetics and Mechanism of Thermolysis of Bis(Ethylenediamine)Metal Nitrates and Their Role in the Burning Rate of Solid Propellants. Propellants Explos. Pyrotech. 2003, 28, 231–239. [Google Scholar] [CrossRef]

	



Singh, G.; Prem Felix, S.; Pandey, D.K. Studies on Energetic Compounds Part 37: Kinetics of Thermal Decomposition of Perchlorate Complexes of Some Transition Metals with Ethylenediamine. Thermochim. Acta 2004, 411, 61–71. [Google Scholar] [CrossRef]

	



Rejitha, K.S.; Mathew, S. Thermal Behaviour of Nickel(II) Sulphate, Nitrate and Halide Complexes Containing Ammine and Ethylenediamine as Ligands: Kinetics and Evolved Gas Analysis. J. Therm. Anal. Calorim. 2011, 106, 267–275. [Google Scholar] [CrossRef]

	



House, I.E.; Tahir, F.M. Deamination of Tris(Ethylenediamine)Nickel(II) Chloride and Tris(Ethylenediamine)Platinum(IV) Chloride. Thermochim. Acta 1987, 118, 191–197. [Google Scholar] [CrossRef]

	



Pascal, J.L.; Potier, J.; Jones, D.J.; Roziere, J.; Michalowicz, A. Structural approach to the behavior of perchlorate as a ligand in transition-metal complexes using EXAFS, IR, and Raman spectroscopy. 2. Crystal structure of M(ClO4)2 (M = Co, Ni). A novel mode of perchlorate coordination. Inorg. Chem. 1985, 24, 238–241. [Google Scholar] [CrossRef]

	



Kang, J.; Han, R.; Wang, J.; Yang, L.; Fan, G.; Li, F. In situ synthesis of nickel carbide-promoted nickel/carbon nanofibers nanocomposite catalysts for catalytic applications. Chem. Eng. J. 2015, 275, 36–44. [Google Scholar] [CrossRef]

	



Pandey, N.; Gupta, M.; Stahn, J. Study of reactively sputtered nickel nitride thin films. J. Alloys Compd. 2021, 851, 156299. [Google Scholar] [CrossRef]

	



Lin, X.; Fu, L.; Zhu, J.; Yang, W.; Li, D.; Zhou, L. NiCl2 Cathode with the High Load Capacity for High Specific Power Thermal Battery. Mater. Sci. Eng. 2019, 677, 032046. [Google Scholar] [CrossRef]

	



Aladekomo, J.B.; Bragg, R.H. Structural transformations induced in graphite by grinding: Analysis of 002 X-ray diffraction line profiles. Carbon 1990, 28, 897–906. [Google Scholar] [CrossRef]

	



Lejeune, M.; Durand-Drouhin, O.; Charvet, S.; Zeinert, A.; Benlahsena, M. On the induced microstructure changes of the amorphous carbon nitride films during annealing. J. Appl. Phys. 2007, 101, 123501. [Google Scholar] [CrossRef]

	



Erri, P.; Nader, J.; Varma, A. Controlling Combustion Wave Propagation for Transition Metal/Alloy/Cermet Foam Synthesis. Adv. Mater. 2008, 20, 1243–1245. [Google Scholar] [CrossRef]

	



Jung, C.-H.; Jalota, S.; Bhaduri, S.B. Quantitative Effects of Fuel on the Synthesis of Ni/NiO Particles Using a Microwave-Induced Solution Combustion Synthesis in Air Atmosphere. Mater. Lett. 2005, 59, 2426–2432. [Google Scholar] [CrossRef]

	



Khaliullin, S.M.; Zhuravlev, V.D.; Bamburov, V.G.; Khort, A.A.; Roslyakov, S.I.; Trusov, G.V.; Moskovskikh, D.O. Effect of the Residual Water Content in Gels on Solution Combustion Synthesis Temperature. J. Sol Gel Sci. Technol. 2020, 93, 251–261. [Google Scholar] [CrossRef]

	



Su, Q.; Wang, X.J.; Shu, Q.H.; Chen, S.S.; Jin, S.H.; Li, L.J. Synthesis, Crystal Structure, and Properties of Energetic Complexes Constructed from Transition Metal Cations (Fe, Co, Cu, and Pb) and BTO2−. J. Heterocycl. Chem. 2017, 54, 3227–3234. [Google Scholar] [CrossRef]

	



Aziz, M.A.A.; Jalil, A.A.; Triwahyono, S.; Ahmad, A. CO2 methanation over heterogeneous catalysts: Recent progress and future prospects. Green Chem. 2015, 17, 2647–2663. [Google Scholar] [CrossRef]

	



Lv, C.; Xu, L.; Chen, M.; Cui, Y.; Wen, X.; Li, Y.; Wu, C.; Yang, B.; Miao, Z.; Hu, X. Recent progresses in constructing the highly efficient ni based catalysts with advanced low-temperature activity toward CO2 methanation. Front. Chem. 2020, 8, 269. [Google Scholar] [CrossRef]

	



Sun, J.; Wang, Y.; Zou, H.; Guo, X.; Wang, Z.-J. Ni catalysts supported on nanosheet and nanoplate γ-Al2O3 for carbon dioxide methanation. J. Energy Chem. 2019, 29, 3–7. [Google Scholar] [CrossRef]

	



Biesinger, M.C.; Payne, B.P.; Lau, L.W.M.; Gerson, A.R.; Smart, R.S.C. X-ray photoelectron spectroscopic chemical state quantification of mixed nickel metal, oxide and hydroxide systems. Surf. Interface Anal. 2009, 41, 265–356. [Google Scholar] [CrossRef]

	



Carturan, G.; Enzo, S.; Ganzerla, R.; Lenarda, M.; Zanoni, R. Role of solid-state structure in propene hydrogenation with nickel catalysts. J. Chem. Soc. Faraday Trans. 1990, 86, 739–746. [Google Scholar] [CrossRef]

	



Sreenavya, A.; Baskaran, T.; Ganesh, V.; Sharma, D.; Nagendra, K.; Sakthivel, A. Framework of ruthenium-containing nickel hydrotalcite-type material: Preparation, characterisation, and its catalytic application. RSC Adv. 2018, 8, 25248–25257. [Google Scholar]

	



Nyazika, T.; Jimenez, M.; Samyn, F.; Bourbigot, S. Pyrolysis Modeling, Sensitivity Analysis, and Optimization Techniques for Combustible Materials: A Review. J. Fire Sci. 2019, 37, 377–433. [Google Scholar] [CrossRef]

	



Khawam, A.; Flanagan, D.R. Solid-State Kinetic Models:  Basics and Mathematical Fundamentals. J. Phys. Chem. B 2006, 110, 17315–17328. [Google Scholar] [CrossRef] [PubMed]








[image: Materials 16 02616 g001 550] 





Figure 1. Synthesis of tris(ethylenediamine)nickel(II) nitrate without solvent: (a) initial state; (b) 0.5 min; (c) 2 min. 
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Figure 2. ATR FTIR data for obtained (a) [Ni(C2H8N2)2](NO3)2, (b) [Ni(C2H8N2)3](NO3)2 and (c) [Ni(C2H8N2)3](ClO4)2 complexes. 
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Figure 3. Structure of (a) [Ni(C2H8N2)2](NO3)2, (b) [Ni(C2H8N2)3](NO3)2 and (c) [Ni(C2H8N2)3](ClO4)2 (without hydrogen) complexes: green—Ni2+ ion; lilac—nitrogen atom; dark gray—carbon atom; light gray—hydrogen atom; red—oxygen atom. 






Figure 3. Structure of (a) [Ni(C2H8N2)2](NO3)2, (b) [Ni(C2H8N2)3](NO3)2 and (c) [Ni(C2H8N2)3](ClO4)2 (without hydrogen) complexes: green—Ni2+ ion; lilac—nitrogen atom; dark gray—carbon atom; light gray—hydrogen atom; red—oxygen atom.
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Figure 4. The power XRD data obtained for (a) [Ni(C2H8N2)2](NO3)2, (b) [Ni(C2H8N2)3](NO3)2 and (c) [Ni(C2H8N2)3](ClO4)2 complexes. 
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Figure 5. The thermal analysis data obtained for (a) [Ni(C2H8N2)2](NO3)2, (b) [Ni(C2H8N2)3](NO3)2 and (c) [Ni(C2H8N2)3](ClO4)2 complexes (5 mg, helium, 20 mL·min−1, 5 °C·min−1). 
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Figure 6. The XRD patterns of Ni-2En-NO3, Ni-3En-NO3 and Ni-3En-ClO4 samples. 
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Figure 7. FTIR spectra of the gas mixture at the reactor outlet during the (a) Ni-2En-NO3, (b) Ni-3En-NO3 and (c) Ni-3En-ClO4 catalysts’ activation at different temperatures. 
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Figure 8. XPS spectra of Ni2p region for (a) Ni-2En-NO3, (b) Ni-3En-NO3 and (c) Ni-3En-ClO4 samples before and after activation at 450 °C in the reaction medium (H2:CO2:Ar = 16:4:80). 
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Table 1. Characteristics of the synthesized nickel complexes.






Table 1. Characteristics of the synthesized nickel complexes.





	
Complex,

Molar Mass

	
Composition, %

	
Gross Formula




	
Calculated

	
Found






	
[Ni(C2H8N2)2](NO3)2

NiC4H16N6O6

303 g·mol−1

	
Ni—19.5

C—15.8

H—5.3

N—27.7

O—31.7

	
Ni—19.4

C—16.3

H—5.9

N—29.0

Other (“O”) 1—29.4

	
NiC4.1H17.9N6.3“O”5.6




	
[Ni(C2H8N2)3](NO3)2

NiC6H24N8O6

363 g·mol−1

	
Ni—16.3

C—19.8

H—6.6

N—30.9

O—26.4

	
Ni—16.8

C—19.6

H—7.3

N—31.2

Other (“O”) 1—25.1

	
NiC5.7H25.6N7.8“O”5.5




	
[Ni(C2H8N2)3](ClO4)2

NiC6H24N6Cl2O8

438 g·mol−1

	
Ni—13.5

C—16.4

H—5.5

N—19.2

Cl—16.2

O—29.2

	
Ni—12.0

C—16.5

H—5.8

N—19.5

Cl—15.7

Other (“O”) 1—30.5

	
NiC6.8H28.5N6.8Cl2.2“O”9.4

or

NiC6.8H26.5N6.8Cl2.2“O”8.4·H2O








1 Supposedly oxygen.
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Table 2. Results for the modeling of the thermal decomposition of [Ni(C2H8N2)2](NO3)2, [Ni(C2H8N2)3](NO3)2 and [Ni(C2H8N2)3](ClO4)2 complexes (5 mg, helium, 20 mL·min−1, 5 °C·min−1).






Table 2. Results for the modeling of the thermal decomposition of [Ni(C2H8N2)2](NO3)2, [Ni(C2H8N2)3](NO3)2 and [Ni(C2H8N2)3](ClO4)2 complexes (5 mg, helium, 20 mL·min−1, 5 °C·min−1).





	
Complex

	
Temperature Range, °C

	
Stage

	
R2

	
Kinetic Model 1

	
lgA

	
E, kJ·mol−1

	
Mass Loss, wt%






	
[Ni(C2H8N2)2](NO3)2

	
230–300

	
1

	
0.9986

	
1

	
35.1

	
378

	
51




	
[Ni(C2H8N2)3](NO3)2

	
200–300

	
1

	
0.9992

	
1

	
29.6

	
319

	
54




	
2

	
0.9988

	
5

	
16.6

	
193

	
18




	
1

	
33.1

	
355

	
36




	
[Ni(C2H8N2)3](ClO4)2

	
205–270

	
1

	
0.9997

	
1

	
23.8

	
261

	
36




	
2

	
0.9998

	
5

	
16.6

	
191

	
16




	
1

	
32.8

	
351

	
20








1 Table S1.
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Table 3. The onset temperature and the critical temperature of the thermal explosion for [Ni(C2H8N2)2](NO3)2, [Ni(C2H8N2)3](NO3)2 and [Ni(C2H8N2)3](ClO4)2 complexes (5 mg, helium, 20 mL·min−1).






Table 3. The onset temperature and the critical temperature of the thermal explosion for [Ni(C2H8N2)2](NO3)2, [Ni(C2H8N2)3](NO3)2 and [Ni(C2H8N2)3](ClO4)2 complexes (5 mg, helium, 20 mL·min−1).





	
Complex

	
βi, °C·min−1

	
Te, °C

	
T0, °C

	
     ∂   T   e     ∂   l n β       , °C

	
Tb, °C






	
[Ni(C2H8N2)2](NO3)2

	
2.5

	
252

	
246

	
11

	
257




	
5

	
258




	
10

	
269




	
15

	
271




	
[Ni(C2H8N2)3](NO3)2

	
2.5

	
239

	
218

	
15

	
233




	
5

	
252




	
10

	
260




	
15

	
265




	
[Ni(C2H8N2)3](ClO4)2

	
2.5

	
224

	
210

	
13

	
223




	
5

	
235




	
10

	
243
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Table 4. The analysis of XRD data for the Ni-2En-NO3, Ni-3En-NO3 and Ni-3En-ClO4 samples.
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Sample

	
Phase

	
Content, wt%

	
CSR Size from Lvol-IB/Lvol-FWHM, nm






	
Ni-2En-NO3

	
NiO

	
65

	
16 ± 1/22 ± 1




	
Ni

	
35

	
43 ± 1/60 ± 1




	
Ni-3En-NO3

	
NiO

	
50

	
16 ± 1/22 ± 1




	
Ni

	
50

	
41 ± 1/53 ± 1




	
Ni-3En-ClO4

	
NiO

	
-

	
25 ± 1/36 ± 2
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Table 5. Elemental composition of the catalyst surface for the Ni-2En-NO3, Ni-3En-NO3 and Ni-3En-ClO4 samples (XPS data).






Table 5. Elemental composition of the catalyst surface for the Ni-2En-NO3, Ni-3En-NO3 and Ni-3En-ClO4 samples (XPS data).





	
Sample

	
Content, at%




	
Cl

	
C

	
O

	
Ni

	
N






	
Ni-2En-NO3

	
0

	
27.2

	
38.0

	
34.3

	
0.5




	
Ni-3En-NO3

	
0

	
23.4

	
39.2

	
37.1

	
0.3




	
Ni-3En-ClO4

	
20.6

	
44.5

	
13.8

	
12.5

	
8.6
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