Chapter-2
Experimental Methods
For all technical chapters from chapter 4 to 7, the following experimental methodology is adopted,
2.1. Materials Required 
Nickel(II) acetate tetrahydrate (Ni(CH3COO)2.4H2O)-98% was purchased from Central Drug House Pvt. Ltd., Cerium(IV) nitrate (Ce(NO3)4.6H2O)-99% was purchased from Sisco Research Laboratories Pvt. Ltd., Aluminium(III) nitrate nonahydrate (Al(NO3)3.9H2O)-95%, Ammonium carbonate ((NH4)2CO3)-98% and Hydrochloric acid (HCl, 37%) were purchased from Merck. Titanium(IV) iso-propoxide (C12H28O4Ti)-98% was purchased from Spectrochem Pvt. Ltd., Anatase TiO2 (99.7% trace metals basis) from Sigma Aldrich, Hombikat UV-100~99% was purchased from Sachtleben Chemie GmbH, Magnesium (II) nitrate hexahydrate (Mg(NO3)2.6H2O)-99%, Anatase-rutile mixed phases TiO2 (99.9% trace metals basis), Furfural (C5H4O2)- 99%, Tetrahydrofurfuryl alcohol (C5H10O2)-99% were purchased from Sigma-Aldrich. Furfuryl alcohol (C5H6O2)-98% was purchased from Avra synthesis Pvt. Ltd., Cyclopentanone (C5H8O)-99% from Spectrochem Pvt. Ltd., Cyclopentanol (C5H10O)-99% were purchased from Alfa Aesar. Aqueous ammonia (NH3 in H2O, 25%) was purchased from Thermo Fisher Scientific India Pvt. Ltd. Amorphous silica (Aeroperl 300 pharma) and Degussa P25 (AEROXIDE TiO2, 99.5% trace metals basis) were purchased from EVONIK. Pseudoboehmite (Al(OH)O) PURAL SB) were purchased from  SASOL Germany GmbH. Deionized water (Merck) were used for all experiments. All chemicals were used as received.
2.2. Preparation of Supports
We used different metal oxides supports such as, TiO2 (P25), SiO2, CeO2, γ-Al2O3, Mg3AlOx. for chapter-5. The titania phases such as Rutile, Anatase and mixed phases in different compositions were further explored in chapter-6. and 7. Commercial titania (Degussa P25, Anatase TiO2 Sigma-Aldrich, Anatase TiO2 Hombikat, Anatase-Rutile TiO2 (composition: 50:50)) and silica supports as received were used without further modification. Supports such as γ-Al2O3, CeO2, Hydrotalcite and Rutile TiO2 were prepared by the following methods.
2.2.1. Synthesis of γ-Al2O3
γ-alumina support was prepared by calcination of pseudoboehmite in air at 550 oC for 5 h (heating rate of 5 oC/min).  
2.2.2. Synthesis of CeO2. In a typical synthesis procedure, 21.71 g Ce(NO3)4.6H2O was dissolved in 250 mL of deionized water in a three-neck round bottom flask equipped with a condenser, thermometer and a bubbling tube.1 The temperature of solution was raised to 90 oC and bubbled with a stream of zero air. 125 mL of 3 M aqueous ammonia solution was added under vigorous stirring. The white precipitate of Ce(OH)3 formed initially was further oxidized by bubbling air in to the solution with stirring for 2h. On completion, the precipitate became pale yellow. It was separated from mother liquor by decantation and further washed with deionized water for three times. The sample was subsequently dried at 100oC overnight and then calcined at 500 oC for 5 h in static air (heating rate of 5 oC/min).        
2.2.3. Synthesis of Hydrotalcite (Hd): In order to prepare the hydrotalcite by co-precipitation method, 30.77 g Mg(NO3)2.6H2O and 15 g Al(NO3)3.9H2O (molar ratio Mg:Al=3:1) was dissolved in 160 mL of deionized water.2 A second solution was prepared by dissolving 3.14 g (NH4)2CO3and 27 mL of 25 % aqueous ammonia into 240 mL of deionized water. Both solutions were added dropwise to 175 mL of deionized water at 40 oC under magnetic stirring over an interval of 30 min by maintaining the pH around 9. The precipitate formed was stirred for another half an hour at 40 oC. The white precipitate was separated from aqueous solution by decantation. It was washed with deionized water at room temperature for three times, and then dried at 120 oC overnight in air oven.
2.2.4. Sol-gel method. In a typical sol-gel synthesis procedure,42 mL of titanium iso-propoxide was hydrolyzed by the addition of 72 mL of 2 mol L-1 aqueous solution of hydrochloric acid under vigorous stirring.3 The hydrosol formed was then stirred at room temperature for 7 days. The resulting mixture was washed with water and methanol, followed by drying at 110°Cin air oven for 24 h. This was then followed by calcination in air at 450°C for 4 h, at a heating rate of 2 °C/min. The obtained product is labelled as RS.
2.2.5. Hydrothermal method. The sol-gel method process is followed till the hydrolysis step of hydrothermal procedure except that the stirring was restricted to 2 h till solution became clear as opposed to 7 days as in the case of sol-gel method.4 Then the solution was transferred to a 250 ml Teflon-lined autoclave and heated at 180 °C for 12 h (ramp rate: 5 °C/min). After cooling down to room temperature, the precipitate was collected and washed with water and then with methanol. The sample was dried at 110 °C in air oven for 24 h, followed by calcination at 450°C for 4 h(ramp rate: 2 °C/min) giving the product named as RH.
2.3. Preparation of Catalysts
Ni catalysts on different supports (TiO2, SiO2, CeO2, γ-Al2O3 and Hd) were prepared by wetness impregnation method.
2.3.1. Synthesis of Ni catalysts: In brief, 0.64 g (equal to 5 wt%) of Ni(CH3COO)2.4H2O was dissolved in 30 mL of deionized water, followed by the addition of 2.85 g support (except Hd) with continuous stirring at 60 oC. Water was then evaporated slowly at 60 oC and further dried at 100 oC overnight in air oven. The dried sample was calcined at 450 oC for 6 h in air (heating rate of 5 oC/min). Subsequently all samples were treated in the hydrogen flow at 450 oC for 6 h (heating rate of 5 oC/min). Similarly, the catalyst derived from hydrotalcite was prepared by adding 5.08 g dried Hd support (equals to 2.85 g Mg3AlOx after calcination) to 7 mL Ni(CH3COO)2.4H2O (0.64 g) aqueous solution. The sample was dried in air at 60 oC and then at 100 oC overnight. It was then calcined at 450 oC for 6 h in air, followed by reduction at 600oC for 6 h (heating rate of 5 oC/min). The metal loading was maintained at 5 wt % on all supports.
2.3.2 Synthesis of monometallic group IB catalyst over RTH support.
The group IB monometallic catalysts were also synthesized by impregnation method, where loading of M=Cu or Ag or Au metal content impregnated was equal to the moles of Ni taken in the above (2.3.1.) procedure. These catalysts were labelled as Cu, Ag and Au.
2.3.3 Synthesis of bimetallic NiM (M=Cu, Ag and Au) catalyst over RTH support. 
For preparation of bimetal catalysts, the co-impregnation method was employed, where 10 atomic% of metal content from 5wt% Ni in above (2.3.1.) procedure was replaced by group IB metals. They were labelled as NiM (where M=Cu, Ag and Au). 
2.3.4 Synthesis of Ni catalyst over RTH support by hydrazine reduction method. This catalyst was specifically prepared for chapter-6 to compare its activity with impregnation method. In brief, 10 mL of ethanolic solution of Ni(CH3COO)2.4H2O was taken in a round flask attached with condenser. The temperature was raised to 80 °C. 5 ml 1M ethanolic NaOH solution was added under stirring, followed by 4 ml of hydrazine hydrate. 0.95 g TiO2 support was added once the solution turns black. The sample was further stirred for 1h. The resultant catalyst is obtained after washing with water till pH is neutral. The nickel loading calculated from AAS shows 4.9 wt%.
2.4. Experimental procedure
Hydrogenation of furfural was carried out in 100 mL stainless steel Parr reactor (Model 4565). About 50 mL of 5.2 mmol aqueous furfural solution was loaded into reactor. Freshly reduced 100 mg catalyst was added and sealed immediately. It was then flushed and pressurized with hydrogen. The reactor was heated to reaction temperature and stirred at 500 rpm for 4 h. Further reaction was quenched by cooling in ice bath after desired time. The solution was filtered to analyse product distribution on Chemito GC 1000 gas chromatograph equipped with a Agilent HP-FFAP-19091F-413 capillary column (30 m x 0.32 mm) and a flame ionization detector. Before every reaction run, 0.4 μL initial reaction mixture is injected into GC and it area is taken as standard to represent the initial concentration of furfural. After reaction, 0.4 μL of reaction mixture is analysed. The conversion of furfural and selectivity for product were calculated as follows,


where, As- area of furfural in standard solution, ARP- area of furfural in reaction product, AP- area of desired product, and ASP- sum of areas of all products.
2.5. Characterization of catalysts
Powder X-ray Diffraction (PXRD) patterns of samples were recorded using Bruker AXS D8 advance diffractometer at room temperature using Cu Kα radiation source (λ = 1.5406 Å) and scanning in the 2θ range of 10-80° with a step of 0.03°. The diffractograms were analyzed by comparing with the JCPDS-ICDD data.
The surface morphology of catalysts support was investigated using Hitachi S-4800 Field emission SEM. Energy Dispersive X-ray Analysis, equipped with the SEM unit was used to chemically characterize the samples. The micrographs of nanoparticles dispersed on support were observed by FEI Technai T20 TEM, operating at 200 kV.
N2 adsorption-desorption measurements of catalysts were carried out at 77 K using a Micromeritics ASAP 2020 instrument. Samples were evacuated at 200°C for 8 h before analysis. Surface area was measured in the range of 0.04-0.22 relative pressures (P/P0) by BET method, whereas pore size distribution and pore volume by BJH method.
The Ni species leached out in the solution during reaction and metal content present in catalysts were measured by Shimadzu AA-7000 atomic absorption spectrometry. 
FT-IR analysis was carried out in spectrophotometer. 10 mg of catalyst was added to 1 mL of ethanolic furfural solution (20 mg) and stirred for 12 h. The solid was separated and dried in N2 flow for overnight. The sample was mixed with KBr and pelletized for analysis.
Hydrogen temperature programmed reduction (H2-TPR) was performed on BELCAT-II chemisorption analyser equipped with a thermal conductivity detector (TCD). H2-TPR was used to examine the reducibility of the various oxides supported NiO sample. For measurement, a weighed amount of sample was placed in a U-shaped quartz reactor and pre-treated at 300 °C for1 h in high purity He gas (50 mL min-1), followed by cooling to 50 °C. The gas was changed to Ar flow and then after 15 min to5% H2 in Ar with flow rate of 30mL min-1. After the baseline stabilization, the TPR pattern was recorded from 50 °C to a final temperature of 800 °C with a heating rate 10°C/min.
Acidity of the catalyst was analysed by temperature programmed desorption of ammonia (NH3-TPD) using BELCAT-II instrument. In a typical experiment, the reduced sample was kept at 300 °C for 1 h under He gas flow (50 mL min-1).  After pre-treatment, the sample was saturated with anhydrous ammonia (5% NH3 balance He) at 100 °C for 30 min and subsequently flushed with He for 15 min at the same temperature to remove physisorbed ammonia. The TPD analysis was carried out in He flow (30 mL min-1) by raising temperature to 600 °C at a heating rate of 10 °Cmin-1. The desorbed NH3 was measured with thermal conductivity detector (TCD). 
X-ray photoelectron spectra (XPS) of the reduced catalysts were obtained fromPHI5000VersaProbe III X-ray photoelectron spectroscopy using 1486.6 eV monochromatic Al-Kα radiation source. The binding energy of all catalyst atoms were calibrated with carbon 1s peak present at 284.8 eV.
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