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ABSTRACT - Perovskite-type oxides La2Ni2-xZrxO6 (x = 0; 1) were synthesized by the polymerization complex method and co-precipitation method. The perovskites were characterized by XRD and TGA aiming to evaluate the influence of the synthesis methods and the introduction of Zr on the catalytic properties for the dry reforming of methane (DRM) reaction. The biggest difference between the synthesis methods was the obtention of La(OH)3 phases for those synthetized by co-precipitation. DRM performance was better over LN – p catalyst in all the temperature ranges studied, reaching conversions close to 90% and 70% of CH4 and CO2, respectively, and a H2/CO ~ 1 at 750°C. LNZr – p catalyst had lower conversions than LN – p, however, CO2 conversion was higher than CH4 due to the Zr ability to react with CO2. Both catalysts synthetized by co-precipitation, LN – c and LNZr – c, provided lower conversions compared to the catalysts synthetized by polymerization complex method. This behavior is probably due to the higher concentration of hydroxyl groups (La(OH)3).
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Introduction 
Dry reforming of methane (DRM) is the simultaneous catalytic conversion of the two main greenhouse gases, methane (CH4) and carbon dioxide (CO2), into syngas (H2 + CO) in a molar ratio of H2/CO =1 (Eq. 1), an ideal feedstock for large scale applications, such as Fischer − Tropsch reactions, hydroformylation, and synthesis of methanol (1, 2).
     (1)
Nickel-based catalysts are the most used systems in methane reforming reactions due to its low cost and its ability of activate CH4 (1, 3, 4). However, its main drawback is the deactivation caused by Ni particle sintering and carbonaceous formation at high temperatures (2, 3).
Perovskite-type oxides LaNiO3 (ABO3) are an alternative to nickel stabilization over metal-oxides systems. The ABO3 structure can be decomposed into Ni/La2O3 by in situ activation, providing better catalytic performance and stability than supported catalysts due to strong metal-support interaction and lanthanum ability to react with coke (5-7). 
Partial substitution is a viable way to enhance the catalysts performance by means of the introduction of other metals in the B site (AB1-xB’xO3). However, if the degree of incorporation is equal to 0.5 and the B' and B cations are sufficiently different in size and charge, a rearrangement can occur, giving rise to the double perovskites A2BB'O6 (8). 
Double perovskites La2NiZrO6 are great candidates as catalysts precursors in DRM due to its intrinsic properties, i.e., La and Zr ability to interact with CO2 and coke, given oxygen mobility to the support and stability to the Ni particles (9-11). Some studies suggest that structures based on La2NiZrO6 are very stable catalysts even at long-term stability tests of 360 hours with no deactivation by carbon deposition (10-12). 
In this paper, we investigate the obtention, characterization and catalytic performance at DRM of La2Ni2-xZrxO6 (x = 0; 1) double perovskites over two different synthesis methods.

Experimental
Synthesis Methods.
Polymerization complex method: aqueous solutions of the metallic precursors La(NO3)3.6H2O (Fluka – 99%), Ni(NO3)2.6H2O (Sigma-Aldrich – 97%) and ZrO(NO3)2 · xH2O (Sigma-Aldrich – 99%),  were prepared and mixed at room temperature according to the desired stoichiometry ratio to obtain the La2Ni2-xZrxO6 (x = 0; 1) perovskites. Then, a 1 mol/L solution of citric acid (AC) (Sigma-Aldrich – 99%) was incorporated to the resultant metals solution under vigorous stirring in order to obtain an AC/Metals of 1,1. The temperature of the system was raised up to 60°C and maintained under stirring for 30 min. Ethylene glycol (EG) (Sigma-Aldrich – 99%) was added at a AC/EG ratio of 1,5 and the temperature was increased up to 90°C, remaining under this condition until the formation of a polymeric resin. The resin was dried at 110°C overnight and then calcined in two calcination steps; 1) elimination of the organic compounds:  calcination at 500°C for 1 hour with a heating rate of 2°C/min under synthetic air. 2) formation of the perovskite structure: calcination at 750°C for 4 hours at a heating rate of 5°C/min under synthetic air (30 mL/min). 
Co-precipitation method: the La2Ni2-xZrxO6 (x = 0; 1) perovskites were synthetized by the preparation of a metallic solution containing all metal ions in the appropriated amount. Then, the metallic solution was dropped into a Na2CO3 (1,4 mol/L, pH 9) solution at 65°C, leading to the precipitation of the cations. The precipitated remained under stirring for 1 hour at 65°C. The volumetric ratio of Na2CO3 (Merck – 99%) and the precursors were maintained at 2:1 to ensure the desired pH. After filtering, the precipitate was washed 10 times with ultrapure water to remove the Na+ cations, dried overnight at 110°C, and then calcined at 750°C for 4 hours at a heating rate of 5°C/min under synthetic air (30 mL/min). The samples were named LN – p and LNZr – p to the materials synthesized by polymerization complex method and LN – c and LNZr – c to the samples prepared by co-precipitation method.
Characterization methods
The thermic behavior of the synthetized polymeric resins was analyzed by thermogravimetric analysis. The experiments were conducted in a TG-60H Shimadzu. 5 mg of each sample was placed in a platinum crucible and heated up to 1000°C at a heating rate of 10°C/min under synthetic air flow (50 mL/min). The X-ray diffraction pattern measurements were performed using a Rigaku Mini Flex 600 diffractometer using Cupper radiation (CuKα λ= 1,5418 Å). The diffractograms were recorded in the Bragg angle range of 2 – 90° with a scanning rate of 4 s/step and 0.02º step size.
 Catalytic Evaluation. The La2Ni2-xZrxO6 (x = 0; 1) perovskites were evaluated in Dry Reform of Methane (DRM). The tests were realized with a total mass of 100 mg of the sample, 20 mg of silicon carbide (SiC) and a WSHV of 120.000 mL/(gcath). Before the reaction, the catalysts were reduced under H2 flow (100 mL/min) at 700°C with a heating rate of 10°C/min, remaining at the final temperature for 1 hour. After the reduction, the temperature was set between 500 and 800°C and the feed stream was CH4:CO2:Ar = 0,5:0,5:1 at atmospheric pressure. The exit gas was analyzed by gas chromatography (Perkin Elmer Clarus 500) equipped with a thermal conductivity detector (TCD) and a capillary column (Carboxen 1010) with argon as the carrier gas. The main products identified were H2, CO, CO2, CH4 and ethane.
Results and Discussion
Thermogravimetric analysis. The thermogravimetric profiles of the samples LN - p, LNZr - p, LN – c and LNZr – c are displayed in Figures 1, 2, 3 and 4, respectively. 
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Figure 1 - Thermogravimetric analysis of LN - p precursor.
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Figure 2- Thermogravimetric analysis of LNZr - p precursor.
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Figure 3 - Thermogravimetric analysis of LN - c precursor.
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Figure 4 - Thermogravimetric analysis of LNZr – c precursor.
The different synthesis methods used in this work led to differences in the decomposition profiles. Both samples synthetized by polymerization complex method had similar thermic behavior, with two main regions of mass loss and two main events in the thermodifferential (DTA) profiles: the first region below 200°C associated with an exothermic event is related to volatile substances from the synthesis and water weakly absorbed (13–15). 
The second one, at temperatures close to 400°C and with a strong exothermic peak associated, corresponds to the decomposition and oxidation of the organic template from the synthesis step (13, 14). Besides that, a third region on DTA profile can be seen at temperatures above 500°C indicating the decomposition of intermediate carbonate species to oxides (16). Above 750°C no decompositions or phase transformation are observed, indicating the formation of stable oxides. 
On the other hand, co-precipitation method led to a completely different thermic behavior than polymerization complex method. Three well defined regions of mass loss and the predominance of endothermic DTA events are seen. The first one at 260°C can be associated with the removal of structural water especially from lanthanum intermediates (17–19). The second region for the samples obtained by co-precipitation synthesis at the temperature close to 430°C corresponds to the decomposition of metallic intermediates, such as nickel carbonate (20). The last region of mass loss at the temperature ranging from 636 to 686°C is related to the rearrangement of the oxides and the formation of the perovskite matrix (21). However, the materials synthetized by co-precipitation method did not show mass stabilization even at temperatures close to 1000°C, suggesting that phase transformations are still present, as indicated by the slightly endothermic peak in the region of 800°C. 
The behavior observed in the materials synthetized by co-precipitation method affected directly the perovskite’s phases and its physical and chemical properties.
XRD analysis. Figures 5 and 6 show the XRD patterns of the samples synthetized by polymerization complex method and co-precipitation method, respectively.
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Figure 5 – XRD patterns of the samples LN – p and LNZr – p synthetized by polymerization complex method calcined at 750°C.
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Figure 6 - XRD patterns of the samples LN – c and LNZr – c synthetized by co-precipitation method calcined at 750°C.
Comparing both synthesis methods, it is seen that the XRD profiles obtained had differences in crystallinity and crystalline phases identified. 
It is noted that the incorporation of Zirconium (Ni:Zr= 1:1) in the sample obtained by polymerization complex method LNZr – p (Figure 5) promoted phases of the rhombohedral double perovskite La2NiZrO6 (JCPDS 44-0624) with low crystallinity due to the temperature used ate the calcination step. In fact, La2NiZrO6 phases are promoted at high temperatures (>900°C) because of the easier migration of nickel to the bulk leading to the formation of the double structure (11, 22). 
Besides that, low crystalline diffraction patterns of the pyrochlore structure La2Zr2O7 (JCPDS 17-0450)) and NiO (JCPDS 44-1159) is verified at the sample LNZr – p. The segregation of these phases is due to the calcination temperature used in this work (750°C), which made the rearrangement of the double structure La-Ni-Zr not completely possible (10, 22). 
On the other hand, LN – p showed diffraction patterns of the single perovskite structure LaNiO3 (JCPDS 34-1077). Besides that, multi-segregated phases were verified, one of them was lanthanum oxycarbonate (JCPDS La2O2CO3 – 48-1113), an intermediate to the perovskite phase. According to the literature, lanthanum carbonaceous compounds is generated by the affinity of lanthanum oxide with CO2, in this case, from the calcination step (5, 16, 23).
Due to the segregation of lanthanum compounds, diffraction patterns of nickel oxide were verified at 2θ = 37,22 (1 0 1), 43,12 (0 1 2) which suggests that during the crystalline reorganization of the oxides, the amount of lanthanum available in the form of La2O3 was not sufficient for the formation of LaNiO3, leading to segregated NiO phases.
For the samples synthetized by co-precipitation method (Figure 6), it is verified crystalline phases related to the single perovskite LaNiO3 (JCPDS 34-1077). However, the main difference between the synthesis methods were the obtention of crystalline patterns of lanthanum hydroxide ((La(OH)3, JCPDS 36-1481). This type of material is not expected due to the calcination temperature used. Theoretically, the hydroxide tends to decompose to the oxide in temperatures above to 500°C (24). 
There are some hypotheses to the hydroxide formation: i) the high affinity of La2O3 to undergo hydroxylation from water present in air under ambient conditions (24, 25); ii) hydroxide formation through a simultaneous cycle of formation, thermal decomposition and regeneration of lanthanum compounds in the presence of water (23), as described by the following equations:
       (2)
         (3)
(4)
The occurrence of this cycle could explain the non-stabilization of the compounds synthetized by co-precipitation method even at temperatures close to 1000°C, as seen by the TGA.
Catalytic evaluation. The catalytic performances of the catalysts LN – p, LNZr – p, LN - c and LNZr – c were tested for dry reforming of methane (CH4:CO2:Ar = 0,5:0,5:1, T = 500 – 800°C). The DRM experimental results and the equilibrium conversion of CH4 and CO2 (26) are displayed in the Figures 7 to 10. 
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Figure 7 - Catalytic evaluation of DRM over LN – p.
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Figure 8 - Catalytic evaluation of DRM over LNZr – p.
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Figure 9- Catalytic evaluation of DRM over LN – c.
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Figure 10 - Catalytic evaluation of DRM over LNZr – c.
As expected, higher CH4 and CO2 conversions, and  H2/CO ratio are obtained while the temperature of the reaction was increased, indicating that the temperature is crucial in DRM (27, 28). 
Among all catalysts evaluated on DRM, LN – p (Figure 7) presented better catalytic performance than the other catalysts also investigated, reaching conversions close to 90% and 70% of CH4 and CO2 in temperatures above 750°C and H2/CO ratio close to 1. According to Kehres et al. (28) and  Ranjekar & Yadav (29), syngas ratios close to 1 are obtained by means of the occurrence of Reverse Water Gas Shift reaction at high temperatures (RWGS – Eq. 5).
  (5)
 The water generated in RWGS reacts with CH4 via steam reforming of methane (SRM - Eq. 6), giving additional H2 and CO in a syngas ratio of 3 (30).
   (6)
Despite the low conversion of both CO2 and CH4 at 500°C, it is observed higher conversion of CO2 suggesting the occurrence of side reactions, such as RWGS, which may justify the shift of the selectivity profile to CO and a low syngas ratio (H2/CO = 0,24) (31, 32).
On the other hand, LNZr – p (Figure 8) presented lower catalytic performance on DRM than LN – p, reaching 34% and 65% of CH4 and CO2 conversions, respectively, at 800°C. The results obtained in this work agreed with the studies of Ma et al. (11) during the partial oxidation of methane with the same structure, in which the authors evaluate the influence of the calcination temperature and crystallinity of the double perovskite in the methane conversion at temperatures ranging from 550 to 750°C.
The results obtained by Ma et al. (11) indicate that the crystallinity of the double perovskite affects directly the conversion of the inlet gases on the reaction, suggesting that calcination temperatures above 900°C is needed to favor the formation of the double structure which leads to better catalytic performance, independently of the reaction temperature used. 
LNZr - p provide higher conversions of CO2 than CH4 at all temperature ranges studied. This observation could be explained by the introduction of zirconium in the perovskite structure and its ability to provide structural vacancies that promote the adsorption and conversion of carbon dioxide to other compounds (28, 33), through the following equations:
(7)
               (8)
(9)
  (10)
(ZrOx* = ZrOx surface site and *O- = lattice oxygen)
Despite the similar behavior between LN-c and LNZr – p, the results differ strongly from LN – p, with the same nominal composition. Independently of the reaction temperature, LN – c presented CO2 conversions higher than CH4, indicating the presence of basic sites from La(OH)3 that facilitated the adsorption, activation and conversion of CO2 by means of a higher concentration of hydroxyl groups, as also seen by Li et al. (34).
According to the literature, medium-strong basic supports accelerate CO2 activation and inhibit the formation of carbon from CH4 decomposition via the increase of oxygen mobility. The oxygen mobility helps the coke interaction with the support, leading to CO formation through Boudouard reaction (Eq. 11) (35–37).
      (11)
The influence of the basic sites is clearly seen in the catalyst LNZr – c. Although the catalytic performance was poor, at higher temperatures (800°C) the CO2 conversion was much higher than CH4, indicating that this behavior is due to not only by the high concentration of hydroxyl groups, but also to the partial substitution of Ni by Zr (28, 33, 35–37).
In summary, comparing both synthesis methods, the nickel content is the limitant factor.  In the catalysts without nickel substitution, higher conversion of both reactants are achieved, suggesting that the major concentration of active sites of nickel led to a increase in the CH4 decomposition while La2O3 is responsible by the interaction with CO2 (38–41).
Conclusions
   The different synthesis methods led to catalysts with different properties and catalytic performances. Co-precipitation method result in samples with no mass stabilization and La(OH)3 phases, while polymerization complex method had an oxide mixture and a low crystallinity phase of the double structure La2NiZrO6 to LNZr - p.
   DRM performance was better over LN – p, reaching conversions close to 90% and 70% of CH4 and CO2 and a H2/CO ~ 1 at 750°C. The results suggest that the nickel content in the catalysts is a crucial factor in DRM, leading to higher conversions of the inlet gases. 
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