Investigation of NiO based Oxygen Transfer Materials: A promising material for Chemical Looping Steam Methane Reforming 
Ni-based Oxygen Transfer Materials (OTMs) have been promising catalysts for methane reforming reactions due to their superior reactivity, stability and negligible volatility. This study focuses on investigation of redox activity and stability of NiO based OTMs in a thermal gravimetric analyzer (TGA) instrument.
 40%NiO-OTMs were synthesized by wet impregnation of four different supports: alumina, zirconia, titania and silica. Physicochemical characterizations like XRD, BET and isothermal H2-reduction in TGA were performed to study structural, textural and reduction properties of the OTMs. The redox activity and stability of NiO-OTMs was studied during 20 successive CH4 reduction and air oxidation cycles in the TGA connected to a mass spectrometer (MS). 

BET surface area of the 40%NiO-OTMs after NiO loading decreased compared to the pure supports. XRD confirmed the presence of NiO phase in all OTMs, and metal-support compounds were identified in Al2O3- and TiO2- supported OTMs. Total degree of reduction (RD) of 40%NiO-OTMs obtained from isothermal H2-reduction at 650 (C in TGA is 100% for all OTMs but Al2O3-OTM. Lower RD of Al2O3 supported OTM is due to presence of metal-support compounds (NiAl2O4) as observed by XRD. 
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Figure 1 (a) Degree of reduction and (b) degree of oxidation of 40%NiO-OTMs during 20 redox cycles in TGA
Fig. 1a shows the reduction degree during 20-cycle experiments with all four OTMs. Reduction degree (RD) of the alumina-based OTM differs from others in terms of its profile change to reach the steady state. RD of 40%NiO/Al2O3 slowly increased until cycle 11 reaching a maximum steady state value of 86%, which is lower than that of the other OTMs. RD profile in the case of 40%NiO/TiO2 increased slightly from cycle 1 (~85%) until cycle 7 (~100%) and remained rather steady for further cycles which is qualitatively similar to that of Al2O3-based OTMs. All four OTMs underwent complete re-oxidation in oxidation steps of cycling experiments, reaching the same oxidation degree level of 100% in all cycles (Fig. 1b). This also means complete removal of deposited carbon resulting in clean catalyst surface for the next reduction cycle. Fig. 1 shows that all 40%NiO-OTMs are active and stable towards redox behaviour during entire 20 redox cycles. TGA data along with mass signals of H2, CO, CO2 and H2O during 20 redox cycles confirm that 40%NiO-OTMs are promising CH4 reforming catalysts in terms of redox activity and regenerability.
Carbon amounts deposited during reduction steps of 20 cycles, derived from the observed weight gain, are shown in Fig. 2a. 40% NiO/Al2O3 OTM exhibited a volcano curve which is caused by changes in catalyst structure with time. For all OTMs trends in hydrogen formation followed the same trend as C-deposition (Fig. 2b) indicating that there is a relationship between deposited carbon and H2 formation. The amount of H2 released in all cases is significantly higher than theoretically possible (0.107 mmol H2 per 10 mg of OTM containing 40 wt% of NiO) from NiO reduction to Ni. This indicates that H2 is not only produced as a result of the reduction of NiO by methane but also due to decomposition of methane on metallic nickel leading to hydrogen and carbon (coke) formation.
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Figure 2 (a) C-deposited and (b) H2 formed during reduction of 40%NiO-OTMs as a function of number of cycles  
An attempt was made to correlate hydrogen production and carbon deposition for all OTMs as shown in Fig. 3. The result confirmed previous hypothesis of prevalent hydrogen production via CH4 split, whereas the intercept indicates the amount of hydrogen produced independently of the deposited carbon, i.e. through NiO reduction. Numerical value of the intercept (0.14) is reasonably close to the theoretical value of 0.107 mmol, whereas the observed slope (1.77) is somewhat smaller than the corresponding theoretical value (slope equal to 2) based on stoichiometry of methane splitting reaction. This deficit of evolved hydrogen relative to the deposited carbon could be due to errors in MS quantification of H2 and possible existence of side reactions (e.g. Boudourd and reverse water-gas-shift).
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Figure 3 Correlation between H2 and C formed during reduction of 40%NiO-OTMs

