Enhanced methane reforming activity of a hydrothermally synthesised co-doped perovskite catalyst
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Abstract
A catalyst for the direct reforming of methane and simulated biogas has been prepared using a green and low temperature hydrothermal method. The nickel and iron co-doped SrZrO3 perovskite shows catalytic activity comparable to 10% Ni/Al2O3, but with an almost 50% saving in nickel content and a significant reduction in unwanted carbon deposition through thermal decomposition of methane and the Boudouard reaction.
The use of a catalyst with a low active metal content produced via a hydrothermal route provides an attractive and sustainable method of production of synthesis gas from both methane and biogas for potential use in solid oxide fuel cells.




1. Introduction
As the simplest hydrocarbon, methane has a high hydrogen to carbon ratio making it a cleaner fossil fuel than coal or oil. Methane can be considered a renewable energy resource that can be produced naturally by the fermentation of organic compounds, under anaerobic conditions such as is found in wastewater sludge and sewage. The resulting “biogas” is a variable mixture of mainly methane and carbon dioxide, usually in a 2:1 ratio, and often accompanied with ppm quantities of sulphur compounds and higher hydrocarbons and is saturated with water. The direct utilisation of greenhouse gases such as methane or biogas in a solid oxide fuel cell system to produce electrical energy via internal reforming reactions followed by oxidation of the resultant syngas would help to reduce the impact of global warming as well as help to avoid the energy crisis.(1, 2)
Three main catalytic methane reformation reactions can be utilized to produce syngas from hydrocarbon fuels, shown in equations (1) partial oxidation of methane (POM), (2) dry reforming of methane (DRM), and (3) steam reforming of methane (SRM).
                                 (1)
                               (2)
                               (3)
One of the most serious problems in methane reforming is catalyst deactivation due to unwanted carbon formation, which can lead to a substantial reduction in performance, especially when using materials such as nickel which are known to catalyse carbon deposition. There are several reaction pathways that participate in the accumulation of solid carbon on the catalyst surface, or other forms of carbon which can lead to deactivation of the available active sites or physical blocking and interference of the gas delivery system.(3)
    Thermal decomposition       (4)
  Boudouard reaction              (5)
   Carbon monoxide reduction (6)
Many factors affect the quantity of carbon deposition observed, including reaction temperature as thermodynamically there is no specific temperature at which carbon will not be deposited due to either the Boudouard reaction or thermal decomposition; thus to negate carbon deposition, kinetic factors must be utilised, usually by the formulation of the catalyst which should be optimised for reforming reactions whilst unreactive for carbon formation reactions.(4) The ratio of O/C and H/C also affects the amount of carbon deposition with a higher propensity towards coke formation being observed in lower O/C and H/C ratios. For example, dry reforming of methane has a 2O/2C=1 and 4H/2C=2 compared to steam reforming that has 1O/1C=1 and 6H/1C=6, showing that dry reforming has a greater tendency to form carbon than steam reforming. (5, 6)
Generally, there are two ways for lowering the level of coke formation: changing reaction conditions such as different temperatures, or by changing the formulation of the catalyst involved. The development of new active and selective anode catalyst materials for methane reforming with a high ability for suppressing coke formation has become one of the major challenges in the development of a new generation of solid oxide fuel cells. Specifically, base metal catalysts are often preferred over noble metal catalysts as they are more widely available and significantly cheaper.(7) It has also been reported that nickel based catalysts are considered more effective, as nickel has a high catalytic activity and selectivity towards partial oxidation over total oxidation of methane.(8, 9) However Ni-based catalysts often suffer from deactivation due to the accumulation of carbon on the surface and therefore many studies have focused on synthesising catalysts that have a high resistance to carbon formation as well as good catalytic activity for hydrogen production.(10)
Hydrothermal synthesis has been widely used in the preparation of catalysts such as mixed metal oxide materials. This method has been shown to offer several benefits over other conventional methods of production, including the ability to synthesize high-quality crystals that are thermodynamically stable using lower synthesis temperatures and in a single step process.(11) Perovskite type oxides with the general formula ABO3 have demonstrated very good catalytic activity as they can suppress coke formation compared to Ni supported catalysts.(12 - 14) Moreover, partial substitution of the A or B site by dopant cations can significantly change the catalytic behaviour and stability of the perovskite materials. The activity of the catalyst towards reformation reactions depends on the type of metal used, the surface area of the catalyst, particle size, reaction temperature and the preparation method of the catalyst.(15) For example, noble metals such as Rh and Ru are very active towards DRM and are much more stable against coke formation compared to other transition metals.(16, 17) But, due to high prices, it is often more practical and economical to improve the activity and stability of non-noble metal catalysts.
In this paper, it has been shown that a small amount of two active metals (4 mol% Ni and 1 mol% Fe) incorporated into a strontium zirconate synthesised via a hydrothermal method(18) produces a perovskite material which exhibits excellent catalytic POM and DRM performance and a good carbon deposition resistance as well as showing good stability under reaction conditions without any decrease in methane conversion up to 20 hours of reaction.

2. Experimental
2.1 Catalyst Synthesis
Ni-Fe doped SrZrO3 (5.3 wt% Ni) was prepared by a hydrothermal method based on previously published work.(18,19) 3.1 mmol ZrOCl2•8H2O (Alfa Aesar, 98%), 2.5 mmol Sr(NO3)2 (Alfa Aesar, 99%), 0.62 mmol Ni(NO3)2•6H2O (Aldrich, 99%) and  0.16 mmol Fe(NO3)3.9H2O (Aldrich, 98%), were dissolved in deionized water at room temperature within a 23 ml Teflon-lined stainless steel autoclave. NaOH (Aldrich, >97%) was then added and thoroughly mixed to produce a homogeneous gel with pH=13. The autoclave was then heated for 24 hours at 150°C before being cooled to room temperature and the product transferred into 50 mL centrifuge tubes and subjected to three cycles of washing with ultra-pure water and centrifuging at 4500 rpm for 15 minutes. Finally, the samples were dried at 60 °C for 24 hours. 
Nickel supported on alumina 10 wt% Ni/Al2O3 was prepared by a wet impregnation technique using alumina powder as previously described to give a powdered sample with an average particle size of 10 m.(20) 

2.2 Perovskite Characterization 
The powder X-ray diffraction patterns for all samples were recorded using a Bruker D8 Advance powder x-ray diffractometer using Cu Kα radiation with a wavelength of 1.5406 Å using a 2θ range of 10° to 90° in 0.02° steps. 
Brunauer-Emmett-Teller (BET) surface areas for the catalytic samples were determined using a Quantachrome Autosorb-1 apparatus, the samples of approximately 200 mg were outgassed at 350 °C in vacuum for 5 hours and then nitrogen gas was used as the adsorbent.
The morphologies and structures of the samples were characterized by scanning electron microscopy that was undertaken on a Hitachi TM3000 scanning electron microscope with a magnification of up to x30K and a Bruker Quantax 70 EDS system.

2.3 Evaluation of Catalytic Activity 
To achieve maximum catalytic activity, the catalyst was first reduced by using a temperature programmed reduction (TPR) technique. In this technique, 2 mL min-1 of hydrogen in 18 mL min-1 of helium carrier was passed over 20 ± 0.5 mg of catalyst which was loaded in a fixed-bed quartz reactor tube and held in place with quartz wool, while the temperature was raised linearly from room temperature at 10 °C min-1 up to 900 °C. On reaching 900 °C the catalyst was quickly cooled under the same flow rate of hydrogen in helium until reaching room temperature to prevent re-oxidation. TPR profiles were gained by measuring hydrogen consumption and water production as a function of temperature. The characteristics of the TPR profile, including the peak area and the reduction temperature profile depend on the nature of the oxides, the sensitivity to the experimental conditions, the hydrogen concentration and the flow rate of the reducing gas mixture, therefore the profiles for the same material could be significantly different if the measurement was performed under different conditions. The area of the reduction peak gives an indication about the levels of the reduction occurring.
Temperature programmed reaction was performed using a mixture of 1 mL min-1 of CH4 and 0.5 mL min-1 of O2 in 18 mL min-1 of helium carrier for methane partial oxidation, 1 mL min-1 of CH4 and 0.5 mL min-1 of CO2 in 18 mL min-1 helium carrier for biogas reforming and 1 mL min-1 of CH4 and 1 mL min-1 of CO2 in 18 mL min-1 helium carrier for dry reforming. For each run, the streams of reactant gases were passed through the reactor tube over 20 ± 0.5 mg of catalyst sample and the flow rates of the gases were accurately adjusted by use of mass flow controllers.  The space velocity in all cases was approximately 60000 mL hr-1 gcat-1.
The furnace temperature was ramped from room temperature up to 900 °C at 10 °C min-1 and then reversed at 5 °C min-1 down to room temperature(21) The furnace temperature was controlled and monitored by a Eurotherm 310 system with a K-type thermocouple which also has the capability to perform temperature controlled reactions either constant temperature isothermally or by linear temperature programmed reaction from 2 °C/min up to 20 °C/min.  Yields of H2 and CO were calculated based on a 100% methane conversion.
Temperature programmed oxidation (TPO) was used following catalytic reaction to characterise and quantify the mass of carbon deposited on the catalyst surface during the reforming reaction. This TPO reaction was carried out in an analogous manner to the TPR reaction, with the temperature raised to 900 °C at 10 °C min-1, whilst 2mL min-1 oxygen in 18 mL min-1 helium was passed over the catalyst. The resulting profile for carbon dioxide and carbon monoxide production were quantified using the peak area and a pre-determined calibration, which gives information about the mass of carbon and the nature of the carbon deposition.






3. Results and Discussion
3.1 Catalyst characterization
Powder X-ray diffraction patterns for the Ni-Fe doped, Ni-doped and the un-doped SrZrO3 perovskites are shown in Figure 1. The x-ray powder pattern of the Ni-Fe doped SrZrO3 shows the expected orthorhombic (Pbnm) unit cell structure with lattice parameters of a = 5.8118 Å, b = 5.8067 Å and c = 8.2187 Å and cell volume = 277.36 A3. This compares well with the patterns for the un-doped SrZrO3 and Ni-doped SrZrO3 (a = 5.7920 Å, b = 5.8130 Å, c = 8.1960 Å) (a = 5.7948 Å, b = 5.8014 Å, c = 8.1985 Å) respectively and indicates some doping of the pervoskite structure has occurred.
A standard catalyst of 10 wt% Ni supported on Al2O3 (Ni/Al2O3) was chosen for comparison purposes with the Ni-Fe doped SrZrO3 perovskite. In situ high temperature XRD studies using an Anton-Parr XRK 900 reaction chamber were carried out to investigate the thermal stability of the Ni-Fe doped SrZrO3 and the Ni/Al2O3 samples, with diffraction patterns collected every 100 °C up to 900 °C as shown in the supplementary information. The perovskite sample remains stable at all calcination temperatures with no phase transformation or separation occurring under the reaction temperatures employed in this study (100 – 900 °C). In contrast the Ni/Al2O3 sample shows additional small peaks at 36.9○ and 62.1○ by 400 ○C, which are attributed to the formation of nickel oxide and these become more intense by 900 ○C. 
The particle sizes for the co-doped perovskite were found to be in the range of 2-5 µm by SEM images and BET nitrogen absorption experiments gave an average surface area of 47.4 m2 g-1 whilst the 10% Ni/Al2O3 sample was 17.8 m2 g-1. EDX analysis measurements (Supplementary Information) on the as-prepared samples were used to confirm the composition of the catalysts. These results combined with the powder X-ray diffraction measurements indicate that both the Ni and Fe have been successfully incorporated into the perovskite structure at levels consistent with the original synthesis formulations. In order to confirm the nickel contents of the catalysts, reduction measurements were carried out as shown in Figure 2. 
The TPR profile for 10 wt% Ni/Al2O3 shows a broad peak at around 420°C which can be assigned to the reduction of surface NiO species weakly interacting with the Al2O3 support and are consistent with studies by Li.(22) In comparison the perovskite shows a different reduction profile more consistent with previous studies of Ni only doped SrZrO3 perovskites but with an additional peak at around 540 °C believed to be due to the reduction of the Fe species.(23) 
The co-doped perovskite was further characterized after reduction using powder XRD to determine any changes in phase composition and to gain a deeper understanding of the reduction process. As can be seen from Figure 3 there is only a small change in the structure of the Ni-Fe doped perovskite shown by the formation of Ni0 at 2θ=51○.

3.2 Partial oxidation of methane
The reforming characteristics of the catalysts were investigated by analysing the reforming reaction profiles as shown in Figure 4. The reaction over Ni/Al2O3 changes from total oxidation to predominantly partial oxidation at ~530 °C with a sharp drop in methane and oxygen coinciding with the production of a 2:1 ratio of H2 and CO, reaching a maximum at ~800°C. The co-doped perovskite shows a similar profile but with the switch over between total and partial oxidation occurring at ~630°C and reaching a maximum at ~900°C. In addition there is some evidence of total oxidation occurring above 550 °C, although this begins to drop away above 600 °C. As the temperature is increased, methane conversion and selectivity toward CO and H2 production increases resulting in a high yield of synthesis gas at 900○C. Conversion of reactants for Ni/Al2O3 and Ni-Fe doped SrZrO3 begins at 530 ○C and 630○C respectively. Although the Ni/Al2O3 is more active than the co-doped perovskite at lower temperatures, both catalysts produced the same amount of synthesis gas (H2 and CO) at 900○C. This lower initial activity of co-doped perovskite is possibly due to the significantly lower Ni content of the catalyst. 
	All reactions show an increase in synthesis gas with increasing temperature as reforming become more thermodynamically favoured. It is possible that the reaction mechanism involves total oxidation followed by carbon dioxide and steam reforming of the remaining methane but that has not been elucidated by this study.
	The conversion of methane for the undoped SrZrO3 perovskite was found to be less than 3% at 900 °C. This is expected since there is no catalytically active metal on SrZrO3, whilst the CH4 conversion for just Fe as the active metal doped perovskite and only Ni-doped perovskite were 27% and 75% respectively. Methane conversion for both of the monometallic-doped perovskite catalysts is lower than the co-doped catalyst and the experimental conversion for the co-doped catalyst is slightly lower than the equilibrium values. H2-TPR results show higher amounts of reducible Ni on the Ni/Al2O3 surface compared to that of Ni-Fe doped SrZrO3, this leads to lower methane conversion over Ni-Fe doped SrZrO3 compared to Ni/Al2O3 where significant methane dissociation is occurring most likely due to the much higher nickel content (Figure 5). Interestingly the hydrogen production for the Ni/Al2O3 catalyst over the 20 hours of reaction shows a decrease, which we have attributed to the selective oxidation of the H2 to produce water.
	The catalyst materials were tested for stability over 20 hours of reforming at 900°C, and the results are shown in Figure 5. Ni/Al2O3 catalyst had a higher initial H2 yield than the co-doped perovskite, but over time the hydrogen yield from Ni/Al2O3 decreased whilst the hydrogen yield over Ni- Fe doped SrZrO3 increased slightly.

A temperature programmed oxidation (TPO) reaction was used to quantify the deposited carbon on each catalyst and the results are shown in Figure 6. The co- doped perovskite was shown to be comparable in activity to the 10%Ni/Al2O3 catalyst in terms of production of H2, whilst displaying significantly lower deposits of solid carbon. The TPO profile shows large peaks for Ni/Al2O3 catalyst at approximately 650°C whereas only a small peak for the co-doped perovskite catalyst can be seen, which suggests that the nature of the deposited carbon species might be similar and most likely amorphous carbon.(24) 
These results demonstrate that the substitution of iron into a nickel doped strontium zirconate increases the stability and reduces carbon accumulation on the surface, possibly due to creating structural defects in the lattice structure and providing higher oxygen ion mobility, which may help oxidize any carbonaceous species formed via the promotion of total oxidation.(25, 26)

3.3 Dry reforming of methane and biogas reforming
The catalysts were also investigated for their dry reforming of methane capability as shown in Figure 7. The reaction over both the perovskite and supported nickel catalyst are very similar and both demonstrate that the reactants (CH4, CO2) decrease simultaneously with the increase of products starting at approximately 450°C resulting in the formation of CO/H2 and a limited amount of water due to the reverse water gas shift reaction. 
Temperature programmed reaction over the different catalysts using a mixture of 2:1 CH4/CO2, to simulate biogas, are shown in Figure 8. These results also show similar profiles with reaction initiation at approximately 500 °C generating H2 and CO, whilst CH4 and CO2 are consumed and a limited amount of water is produced, most likely due to the reverse water gas shift reaction. Some evidence of methane decomposition over both catalysts can be observed, but to a greater extent over Ni/Al2O3 with a starting temperature of ~800°C over the Ni/Al2O3 catalyst and ~870°C over the perovskite. Reverse water gas shift reaction was greater on the co-doped perovskite than Ni/Al2O3, resulting in the production of a higher amount of CO than H2.
The activity and long term stability of the catalysts was monitored by means of CH4 and CO2 conversions during isothermal reactions at 700, 800 and 900 °C, Figure 9. A high stability and activity of the perovskite was obtained under CH4:CO2 mixtures for 20 hours at different temperatures. At 900 °C and 800 °C, both catalysts show the maximum CH4 conversion near to the equilibrium value and the catalytic activities remains almost constant over the 20 h reaction time.

3.4 The effects of temperature on catalytic activity and carbon formation. 
The quantity of deposited carbon was found to be lower for the co-doped perovskite than the Ni supported catalyst. Deposition of carbon is one of the main causes of deactivation of methane reforming catalysts. Carbon is mainly formed by either disproportionation of CO or decomposition of hydrocarbons. The rate of carbon deposition varies according to material whether it is a metal or metal oxide, which depends on the type of metal, the promoters, the particle size, and the interaction between the metal and the support. 
In general, higher resistance against carbon build-up was observed for the co-doped perovskite compared to the Ni/Al2O3 catalyst as shown in Figure 10. This result is in agreement with previous work, which suggested that both CO disproportionation and methane cracking contribute to coke formation on Ni/Al2O3.(27) However, slightly more carbon was deposited on the co-doped catalyst during dry reforming at 800°C and this is believed to be due to a combination of the Boudouard reaction and thermal decomposition both occurring at this particular temperature. It can be seen from Table 1 that the methane conversions for both catalysts are approximately close to the maximum theoretical values and that there is no direct relation between the amount of carbon deposition and catalytic activity.
In order to investigate the stability of the catalysts, both materials were subjected to powder XRD and SEM analysis post-reaction. The results of these are shown in the supplementary information and suggest that the perovskite undergoes minimal changes in structure or morphology, whilst the Ni/Al2O3 catalyst shows some structural changes that can be attributed to the sintering of NiO. SEM images were collected for catalysts before and after reforming reactions. These show that the supported catalyst has less uniform and larger particle sizes than the perovskite catalyst (Supplementary Info.). The SEM images for Ni-Fe doped SrZrO3 samples show minimal differences before and after reaction with no obvious signs of agglomeration or sintering of the particles, indicating a thermally resistant catalyst. 

4. Conclusions
This work has shown that a Ni-Fe co-doped SrZrO3 perovskite catalyst can be successfully synthesised by hydrothermal methods and shows excellent catalytic activity and selectivity towards partial oxidation and dry reforming of methane to synthesis gas with excellent coke resistance, yielding very low levels of deposited carbon on the catalyst surface. The effect of partial substitution of iron into the perovskite structure was found to play a significant role in reducing the quantity of unwanted carbon deposition during methane reforming and is believed to be due to the formation of oxygen vacancies and further work to investigate this is currently underway. The co-doped perovskite catalyst has been shown to have a similar catalytic performance to 10% Ni/Al2O3, but with less carbon deposition particularly for dry reforming reactions, whilst also using 50% less active metal within the catalyst. These results show that perovskite based reforming catalysts have the potential to provide a more sustainable method of hydrogen production for either industrial use or in solid oxide fuel cells.
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Table 1. Average methane conversion for three types of reforming at different temperatures after 20 hours of reaction.
	
	%CH4/CO2conversion for 10%Ni/Al2O3
	%CH4/CO2conversion for Ni-Fe doped SrZrO3

	Reforming type
	800 °C
	900 °C
	800 °C
	900 °C

	Partial oxidation
	95
	99
	87
	90

	Dry reforming
	93/94
	96/99
	92/94
	94/97

	Biogas reforming
	44/93
	46/97
	48/96
	51/99






Figure 1. Powder X-ray diffraction patterns of as-prepared Ni-Fe doped SrZrO3 (top), Ni doped SrZrO3 (middle) and SrZrO3 (bottom).


Figure 2. Reduction profiles of (1) calcined 10%Ni/Al2O3 (2) as-prepared Ni-Fe doped SrZrO3.
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Figure 3. XRD pattern of Ni-Fe doped SrZrO3 perovskite after reaction, * indicates ZrO2.
(a)
(b)


Figure 4. Reaction profile for a mixture of (1:0.5) CH4: O2 over (a) 10%Ni/Al2O3 and (b) Ni-Fe doped SrZrO3.


(a)
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Figure 5. Percentage of (a) H2 and CO yield and (b) CH4 conversion profiles of (1:0.5) CH4: O2 mixture over 10%Ni/Al2O3 and Ni-Fe doped SrZrO3 at 900°C for 20 hours.



Figure 6. TPO profile for (1) Ni-Fe doped SrZrO3 and (2) 10% Ni/Al2O3 following a POM temperature programmed reaction over the temperature range of 100 to 900 °C. 
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Figure 7. Reaction profile for a 1:1 mixture of CH4:CO2 over (a) 10%Ni/Al2O3  and (b) Ni-Fe doped SrZrO3 catalysts.
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Figure 8. Reaction profile for a mixture of 2CH4:CO2 over (a) 10%Ni/Al2O3 and (b) Ni-Fe doped SrZrO3 catalysts.
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Figure 9. CH4 and CO2 conversion profiles of (a) 2:1 ratio of CH4:CO2 and (b) 1:1 ratio of CH4:CO2 mixture over two catalysts for 20 hours at temperatures of 700°C, 800°C and 900°C.



Figure 10. Effect of temperature and reforming reaction type on carbon deposition during reforming of methane for 20 hours in mg of carbon/gram of catalysts.
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Water Production/a.u
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Intensity (a.u.)
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Product gases/mole equivalent
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Product gases/mole equivalent

2	50.0	53.3203125	56.640625	59.9609375	63.28125	66.6015625	69.921875	73.2421875	76.5625	79.88281249999982	83.203125	86.52343749999982	89.84375	93.1640625	96.484375	99.8046875	103.125	106.4453125	109.765625	113.0859375	116.40625	119.7265625	123.046875	126.3671875	129.6875	133.0078125	136.328125	139.6484375	142.96875	146.2890625	149.609375	152.9296875	156.25	159.5703125	162.890625	166.2109375	169.53125	172.8515625	176.171875	179.4921875	182.8125	186.1328125	189.453125	192.7734375	196.09375	199.4140625	202.734375	206.0546875	209.375	212.6953125	216.015625	219.3359375	222.65625	225.9765625	229.296875	232.6171875	235.9375	239.2578125	242.578125	245.8984375	249.21875	252.5390625	255.859375	259.1796875	262.5	265.8203124999989	269.140625	272.4609374999989	275.7812499999989	279.1015625	282.4218749999989	285.7421875	289.0625	292.3828125	295.7031249999989	299.0234374999989	302.34375	305.6640625	308.9843749999989	312.3046875	315.625	318.9453124999989	322.265625	325.5859374999989	328.9062499999989	332.2265624999989	335.546875	338.8671875	342.1875	345.5078125	348.8281249999989	352.1484375	355.4687499999989	358.7890625	362.109375	365.4296875	368.75	372.0703124999989	375.390625	378.7109374999989	382.0312499999989	385.3515625	388.671875	391.9921874999989	395.3125	398.6328125	401.9531249999989	405.2734374999989	408.5937499999989	411.9140625	415.2343749999989	418.5546875	421.875	425.1953124999989	428.515625	431.8359374999989	435.15625	438.4765624999989	441.7968749999989	445.1171875	448.4374999999989	451.7578125	455.0781249999989	458.3984374999989	461.7187499999989	465.0390625	468.359375	471.6796875	475.0	478.3203124999989	481.640625	484.9609374999989	488.2812499999989	491.6015625	494.9218749999989	498.2421875	501.5625	504.8828125	508.2031249999989	511.5234374999989	514.84375	518.1640625	521.484375	524.8046875	528.125	531.4453125	534.7656249999982	538.0859375	541.4062499999982	544.7265625	548.046875	551.3671874999972	554.6875	558.0078125	561.3281249999982	564.6484375	567.96875	571.2890625	574.609375	577.9296875	581.25	584.5703125	587.8906249999982	591.2109375	594.5312499999982	597.8515624999972	601.171875	604.4921875	607.8124999999982	611.1328125	614.4531249999982	617.7734375	621.09375	624.4140625	627.734375	631.0546875	634.375	637.6953125	641.0156249999982	644.3359375	647.6562499999982	650.9765625	654.296875	657.6171875	660.9374999999982	664.2578125	667.578125	670.8984375	674.21875	677.5390625	680.859375	684.1796875	687.5	690.8203125	694.1406249999982	697.4609375	700.78125	704.1015625	707.421875	710.7421875	714.0624999999982	717.3828125	720.703125	724.0234375	727.34375	730.6640625	733.984375	737.3046875	740.625	743.9453125	747.2656249999982	750.5859375	753.9062499999982	757.2265625	760.546875	763.8671874999972	767.1875	770.5078125	773.8281249999982	777.1484375	780.46875	783.7890625	787.109375	790.4296875	793.75	797.0703125	800.3906249999982	803.7109375	807.0312499999982	810.3515624999972	813.671875	816.9921875	820.3124999999982	823.6328125	826.9531249999982	830.2734375	833.59375	836.9140625	840.234375	843.5546875	846.875	850.1953125	853.5156249999982	856.8359375	860.1562499999982	863.4765625	866.796875	870.1171875	873.4374999999982	876.7578125	880.078125	883.3984375	886.71875	890.0390625	893.359375	896.6796875	900.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	8.28173076923077E-12	2.76057692307692E-12	6.44134615384616E-12	2.20846153846154E-11	1.82285714285714E-11	1.36714285714286E-11	1.00257142857143E-11	2.00514285714286E-11	3.28114285714286E-11	3.25018867924528E-11	2.70849056603774E-11	4.51415094339623E-12	2.70849056603774E-12	9.83831775700935E-12	1.34158878504673E-11	0.0	4.47196261682243E-12	6.20277777777778E-12	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	3	50.0	53.3203125	56.640625	59.9609375	63.28125	66.6015625	69.921875	73.2421875	76.5625	79.88281249999982	83.203125	86.52343749999982	89.84375	93.1640625	96.484375	99.8046875	103.125	106.4453125	109.765625	113.0859375	116.40625	119.7265625	123.046875	126.3671875	129.6875	133.0078125	136.328125	139.6484375	142.96875	146.2890625	149.609375	152.9296875	156.25	159.5703125	162.890625	166.2109375	169.53125	172.8515625	176.171875	179.4921875	182.8125	186.1328125	189.453125	192.7734375	196.09375	199.4140625	202.734375	206.0546875	209.375	212.6953125	216.015625	219.3359375	222.65625	225.9765625	229.296875	232.6171875	235.9375	239.2578125	242.578125	245.8984375	249.21875	252.5390625	255.859375	259.1796875	262.5	265.8203124999989	269.140625	272.4609374999989	275.7812499999989	279.1015625	282.4218749999989	285.7421875	289.0625	292.3828125	295.7031249999989	299.0234374999989	302.34375	305.6640625	308.9843749999989	312.3046875	315.625	318.9453124999989	322.265625	325.5859374999989	328.9062499999989	332.2265624999989	335.546875	338.8671875	342.1875	345.5078125	348.8281249999989	352.1484375	355.4687499999989	358.7890625	362.109375	365.4296875	368.75	372.0703124999989	375.390625	378.7109374999989	382.0312499999989	385.3515625	388.671875	391.9921874999989	395.3125	398.6328125	401.9531249999989	405.2734374999989	408.5937499999989	411.9140625	415.2343749999989	418.5546875	421.875	425.1953124999989	428.515625	431.8359374999989	435.15625	438.4765624999989	441.7968749999989	445.1171875	448.4374999999989	451.7578125	455.0781249999989	458.3984374999989	461.7187499999989	465.0390625	468.359375	471.6796875	475.0	478.3203124999989	481.640625	484.9609374999989	488.2812499999989	491.6015625	494.9218749999989	498.2421875	501.5625	504.8828125	508.2031249999989	511.5234374999989	514.84375	518.1640625	521.484375	524.8046875	528.125	531.4453125	534.7656249999982	538.0859375	541.4062499999982	544.7265625	548.046875	551.3671874999972	554.6875	558.0078125	561.3281249999982	564.6484375	567.96875	571.2890625	574.609375	577.9296875	581.25	584.5703125	587.8906249999982	591.2109375	594.5312499999982	597.8515624999972	601.171875	604.4921875	607.8124999999982	611.1328125	614.4531249999982	617.7734375	621.09375	624.4140625	627.734375	631.0546875	634.375	637.6953125	641.0156249999982	644.3359375	647.6562499999982	650.9765625	654.296875	657.6171875	660.9374999999982	664.2578125	667.578125	670.8984375	674.21875	677.5390625	680.859375	684.1796875	687.5	690.8203125	694.1406249999982	697.4609375	700.78125	704.1015625	707.421875	710.7421875	714.0624999999982	717.3828125	720.703125	724.0234375	727.34375	730.6640625	733.984375	737.3046875	740.625	743.9453125	747.2656249999982	750.5859375	753.9062499999982	757.2265625	760.546875	763.8671874999972	767.1875	770.5078125	773.8281249999982	777.1484375	780.46875	783.7890625	787.109375	790.4296875	793.75	797.0703125	800.3906249999982	803.7109375	807.0312499999982	810.3515624999972	813.671875	816.9921875	820.3124999999982	823.6328125	826.9531249999982	830.2734375	833.59375	836.9140625	840.234375	843.5546875	846.875	850.1953125	853.5156249999982	856.8359375	860.1562499999982	863.4765625	866.796875	870.1171875	873.4374999999982	876.7578125	880.078125	883.3984375	886.71875	890.0390625	893.359375	896.6796875	900.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	1.26803278688525E-11	0.0	9.75409836065574E-13	1.46311475409836E-11	1.65819672131148E-11	2.14590163934426E-11	4.83739837398374E-12	2.12845528455285E-11	1.45121951219512E-11	4.35365853658537E-11	3.09593495934959E-11	4.54715447154472E-11	6.19186991869919E-11	6.19186991869919E-11	8.22357723577236E-11	8.80406504065041E-11	9.19105691056911E-11	9.5780487804878E-11	1.21879032258065E-10	1.40112903225806E-10	1.66024193548387E-10	1.87137096774194E-10	2.1016935483871E-10	2.28403225806452E-10	2.56088E-10	2.79888E-10	3.01784E-10	3.46528E-10	3.9984E-10	4.17928E-10	4.70333333333334E-10	4.88277777777778E-10	5.34555555555556E-10	5.74222222222222E-10	6.14677165354331E-10	6.39976377952756E-10	6.54031496062992E-10	6.75582677165354E-10	6.99007874015748E-10	7.0744094488189E-10	7.25244094488189E-10	7.23370078740158E-10	7.03692913385827E-10	6.8796875E-10	6.97265625E-10	7.056328125E-10	6.628671875E-10	6.41484375E-10	6.219609375E-10	5.940703125E-10	5.64558139534884E-10	5.25813953488372E-10	4.99984496124031E-10	4.61240310077519E-10	4.10092307692308E-10	3.75307692307692E-10	3.59746153846154E-10	3.12146153846154E-10	2.75530769230769E-10	2.44407692307692E-10	1.9712213740458E-10	1.64419847328244E-10	1.45343511450382E-10	1.1718320610687E-10	6.67121212121212E-11	7.21212121212121E-11	2.16363636363636E-11	1.34210526315789E-11	6.26315789473684E-12	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	Temperature / oC

Carbon dioxide emitted(a.u.)
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Product gases /mole 
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Product gases /mole 
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Product gases /mole 
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Product gases /mole

700°C	10%Ni/Al2O3	Ni-Fe doped	10%Ni/Al2O3	Ni-Fe doped	10%Ni/Al2O3	Ni-Fe doped	0.003	0.001	0.058	0.022	0.013	0.01	800°C	10%Ni/Al2O3	Ni-Fe doped	10%Ni/Al2O3	Ni-Fe doped	10%Ni/Al2O3	Ni-Fe doped	0.004	0.0036	0.005	0.018	0.088	0.044	900°C	10%Ni/Al2O3	Ni-Fe doped	10%Ni/Al2O3	Ni-Fe doped	10%Ni/Al2O3	Ni-Fe doped	0.003	0.001	0.031	0.004	0.086	0.096	
Carbon deposited mgc /gcat  
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