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SUMMARY AND CONCLUSIONS
The primary objective of the present investigation is to design novel catalysts for photo catalytic reduction of CO2 (PCRC). Detailed literature survey on different types of catalysts investigated so far has revealed that two perovskite type catalysts, NaTaO3 and Sr3Ti2O7, which display significant activity for splitting of water and possess conduction and valance band energy levels suitable for PCRC, have not been exploited so far. Both oxides, being wide band gap semi-conductors, are to be suitably modified to enable visible light absorption. Attempts have been made to modify these oxides and explore their activity for PCRC. Besides, meso-porous character of the photo-catalysts is known to improve the photo catalytic activity as shown in Table 1.11. In order to explore this aspect, a comparative study of standard titania P-25 and a lab-made mesoporous titania in pristine and doped (N,S & Fe)  forms have been investigated. Accordingly, investigations covering the preparation, characterization, evaluation of the performance of the catalysts for PCRC and understanding the performance in terms of the photo physical properties have been carried out around these three main catalyst systems, namely  TiO2, NaTaO3 and Sr3Ti2O7.

1. Studies on titania based catalysts 
Two different types of TiO2, standard TiO2-P-25 and meso porous TiO2 (TiO2-MP) synthesized in the laboratory, have been studied. Considering the fact that TiO2 is not active in the visible region, both pristine TiO2 catalysts have been modified with anions, N &,S. TiO2-MP  in pristine and N, S co-doped forms, containing only anatase phase, was prepared by hydrothermal method. The presence of Type IV isotherm and Type A hysteresis curves for N2 adsorption-desorption at 77K confirm the meso porous structure of TiO2-MP. Anion (N&S) doping results in the red shift in the absorption of UV-visible radiation by doped TiO2.  XPS spectra confirm that the doped N is incorporated into the lattice of TiO2 at O2- sites, with some of them located in the interstitial position with strong interaction with nearby oxygen of TiO2. Doped S is located in the Ti4+ site as S6+, representing cationic substitution. Photo luminescence (PL) spectra of the doped Vs pristine TiO2 show that the recombination of charge carriers is retarded, due to modification of TiO2 by anions, N & S. Doping/ co-doping of P-25 TiO2 also lead to similar changes in photo physical properties. These changes observed in both meso-porous and P-25 TiO2 samples result in improved activity for PCRC vis-à-vis the respective pristine samples. The increase in activity with anion modified photo catalysts is mainly due to the availability of more number of surface active sites, increased adsorption ability of reactants, favorable crystalline size, efficient absorption in visible region and longer the life of charge carriers. Compared to commercial P-25 TiO2 nano-particles, synthesized meso-porous TiO2 (TiO2-MP) displays better activity, expressed as Apparent Quantum Yield (AQY). Meso-porous structure enhances the diffusion of charge carriers to the surface active sites where the adsorbed reactants get reduced into products.
  TiO2-MP is further modified by tri- doping with Fe, N& S (TiO2- FNST) and supported on  sepiolite with clay structure and basic characteristics. TiO2- FNST has been characterized by XRD, Raman spectroscopy, EDAX and XPS studies, which reveal that the dopants have been incorporated into meso-porous titania matrix. DRS spectra reveal that, tri doping causes band gap narrowing, due to the creation impurity energy levels below the CBM and above the VBM of pristine TiO2. A significant decrease in the intensity of PL spectra for tri-doped FNST indicates retardation of charge carrier recombination rate. Further retardation of recombination is brought about by the clay structured sepiolite support. Notable enhancement of photo catalytic efficiency with sepiolite composite compared to pristine TiO2 FNST was observed. The synergistic effect of FNST and clay structure increases adsorption of reactant molecules, prolongs life time of charge carriers and facilitates desorption of reduced product from active catalyst surface. These factors resulted in increase in PCRC activity. 50% FNST loaded on sepiolite is the optimum FNST loading on sepiolite which gives higher photo catalytic activity compared to less/high concentration of FNST. Hence sepiolite is identified as an ideal support for PCRC.
2. Studies on sodium tantalate based catalysts

Studies on lanthanum modified sodium tantalate based catalysts has been divided into four parts, namely,

i. Effect of addition of various co-catalysts

ii. Effect of doping/co-doping with N&Fe

iii. Influence of the addition of basic component, MgO

iv. Sensitization with Cobalt tetra phenyl porphyrins 

In first part, La doped NaTaO3 (Na(1-x)LaxTaO(3+x)) was prepared by hydrothermal method and characterised by various analytical techniques. Co-catalysts, Ag, Au, Pt, Pd, NiO, CuO and RuO2 were introduced separately by incipient wetness method and activated suitably. The co-catalysts extend the light absorption edge of the tantalate into the visible region and also retard the recombination of charge carriers. Catalyst formulations in conjunction with different co-catalysts display significant activity for PCRC with water as reductant, leading to the formation of methanol and ethanol as major products. The location of the conduction band of NiO/CuO with respect to that of Na(1-x)LaxTaO(3+x) facilitates easy transfer of photo-generated electrons from Na(1-x)LaxTaO(3+x) to the conduction band of NiO/CuO, wherein these electrons participate in simultaneous hydrogen generation (by water splitting) and CO2 photo-reduction processes. Hence Na(1-x)LaxTaO(3+x) modified with co-catalysts NiO & CuO display maximum activity. Other co-catalysts, Pt, Ag, Au and RuO2 display marginal improvements in activity vis-à-vis neat NaTaO3. Bimetallic co-catalysts, Pt-Cu & Pt-Ni also display improved CO2 conversions and higher selectivity towards hydrocarbons. OH- ions in alkaline reaction medium act as hole scavengers, increase solubility of CO2 and stability of the catalyst by arresting solubilisation of NiO. NaTaO3 based catalysts could become viable alternatives to titania for this crucial application.

In the second part, the effect of doping/co-doping with N & Fe on the photo physical properties of the Na(1-x)LaxTaO(3+x) has been studied.  XRD & XPS results reveal that doped La3+, Fe3+ and N (possibly as N3-) ions occupy Na+, Ta5+ and O2- ion sites respectively, in the tantalate matrix. Incorporation of the dopants in the tantalate matrix has been established by SEM-EDXA, STEM-EDS elemental mapping, and surface composition analysis by XPS. Synergistic effects of La, Fe & N co-doping in tantalate matrix results in the narrowing of the band gap due to the creation of additional energy levels within the band gap. Band gap narrowing promotes visible light absorption. Presence of dopants in the lattice ensures electro-neutrality. Efficient charge trapping and de-trapping by Fe3+ and Fe4+ reduces the probability of charge carrier recombination. Synergetic effects due to co-doping with La, Fe and N and suitable conduction band edge energy levels for CO2 reduction with water help to improve the photo catalytic properties of co- doped NaTaO3. Compared to neat NaTaO3, AQY for La-N-Fe co-doped NaTaO3 is nearly three times higher.
In the third part, the effect of addition of basic component, MgO, on Fe-N/Na(1-x)LaxTaO(3+x) surface, has been explored. MgO is expected to increase basicity, and facilitate adsorption and activation of CO2, leading to  significant improvements in photo efficiency of the material due to increase in the availability of CO2 molecules, compared to unmodified tantalate. 0.5 % w/w MgO loaded tantalate displays high photo catalytic activity (AQY-11.1x 10-3). Thus MgO modified La-N-Fe-NaTaO3 could be an efficient visible light active photo catalyst for CO2 reduction with water.
In the fourth part, the sensitization of Na(1-x)LaxTaO(3+x) surface by Cobalt tetra phenyl porphyrin (CoTPP) on has been studied. Na(1-x)LaxTaO(3+x), in conjunction with cobalt tetra phenyl porphyrin (CoTPP) as sensitizer, displays significant improvement in activity for PCRC with water. Methanol and ethanol are the major products, besides trace levels of methane, ethane and ethylene. HOMO and LUMO energy level characteristics and redox potentials show that sensitization of Na(1-x)LaxTaO(3+x), with visible light is favoured. Sensitized tantalate simultaneously absorbs both visible and UV radiation, resulting in the direct transfer of photo generated electrons to its conduction band. Sensitization also retards charge carrier recombination rates, as evidenced from photo luminescence spectral data for the pristine and sensitized Na(1-x)LaxTaO(3+x). These factors contribute towards enhancement of photo catalytic activity that results in an increase in the formation of ethanol, via multi-electron reduction process. Sensitized catalyst exhibits chemical and structural stability after 20 hrs of irradiation. 

3. Studies on strontium titanate based catalysts
Investigations on this topic are covered in two parts, namely,

i. Effect of doping with Fe,N & S

ii. Comparative evaluation of layerd titanate phases, SrTiO3, Sr3Ti2O7, Sr4Ti3O10 
. Doping/co-coping improves the activity further. Doping/ co-doping with anions N, S and cation like Fe, results in the creation of additional energy levels within the band gap, leading to the absorption of visible light and also minimization of the recombination of charge carriers. Formation of smaller crystallites also reduces the probability for recombination. Layered structure of Sr3Ti2O7, Sr4Ti3O10 facilitates easy transport of charge carriers and separation of oxidation/reduction reaction centers. These factors contribute towards the significant improvement in activity for CO2 photo reduction on Sr3Ti2O7 co-doped with N, S and Fe together, wherein the influence of dopants is maximum.
Neat and tri-doped SrTiO3, Sr3Ti2O7, Sr4Ti3O10 samples have been prepared by modified polymer complex method and characterized by various techniques. While all the three titanate phases, on modifications with Fe,N & S, display significant activity for PCRC, Sr3Ti2O7 shows maximum activity, due to higher conduction band edge potential compared to other two titanate phases.
Salient features of the present investigation 
· Choice of preparation methods play a crucial role in achieving desired characteristics of photo catalysts, like, crystal structure, particle size, crystalline nature, porous structure, surface area and morphology which are the major factors that influence the PCRC  with water.
· Bicarbonate species present in the reaction medium (pH-8.0) get reduced to surface formate species, which undergo further reduction to yield products like methane, methanol and ethanol. Water as reductant is more efficient than external hydrogen, since water splitting generates active hydrogen atoms that facilitate further conversion of surface formate/CO to hydrocarbons.
· N & S co-doped mesoporous TiO2 show enhanced photo catalytic activity compared to commercial P-25 TiO2. Synergetic effect of N,S co-doping enhances visible light absorption and meso porous structure enhances diffusion rate resulting in improved photo catalytic activity.
· Fe-N-S tri doped TiO2(FNST) supported on sepiolite composite is found to be suitable photo catalyst composite, which enhances the adsorption of reactants on the active surface and retards the recombination of charge carriers and hence displays increase in photo catalytic activity.
· Co catalysts (Ag, Au, Pt, NiO, CuO and RuO2) loaded on La doped NaTaO3 show better photo catalytic activity. In particular, NiO and CuO as co-catalysts show higher activity, since the location of the conduction band of NiO/CuO with respect to that of Na(1-x)LaxTaO(3+x) facilitates easy transfer of photo-generated electrons from Na(1-x)LaxTaO(3+x) to the CBM of NiO/CuO, wherein these electrons participate in simultaneous hydrogen generation (by water splitting) and CO2 photo reduction processes.
· Metal-Non metal (Fe-N) doping on Na(1-x)LaxTaO(3+x) significantly enhances the activity due to narrowing of band gap and prolonged the lifetime of photo generated charge carriers.
· MgO as basic component increases adsorption of reactant molecules on active surface and consequently increase in activity is observed.
· Sensitization of Na(1-x)LaxTaO(3+x) by Cobalt tetra phenyl porphyrin (CoTPP) results in  better activity in solar region, since the band edge positions of CoTPP and Na(1-x )LaxTaO(3+x) are suitable for easy transfer of photo generated electrons to the surface reactant molecules.
· Layered structure of Sr3Ti2O7, Sr4Ti3O10 and its Fe-NS tri-doped photo catalysts show better activity compared to SrTiO3 and their pristine photo catalysts. Layered structure and doping with elements enhances the lifetime of charge carriers and visible light absorption, resulting improved photo catalytic activity.
· NaTaO3 and Sr3Ti2O7, with suitable modifications as described in the work, have been identified as highly efficient catalysts for photo catalytic reduction of CO2 with water.
· Understanding the performance of the catalysts on the basis of their respective photo-physical properties would be helpful in the design of better catalysts.

