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1. EXPERIMENTAL SECTION:

1.1. Materials. Nickel(II) acetate tetrahydrate (Ni(CH;COO),.4H,0)-98%,from Central Drug
House (P) Ltd., Furfural (CsH40,)-99% and Tetrahydrofurfuryl alcohol (CsH90,)-99%from
Sigma Aldrich, Furfuryl alcohol (CsH¢O,)-98% from Avra synthesis Pvt. Ltd.,
Cyclopentanone (Cs;HgO)-99% from Spectrochem Pvt. Ltd., Cyclopentanol (CsH;c0O)-
99%from Alfa Aesar, Hydrochloric acid (HCI, 37%) from Merck Life Science Pvt. Ltd.,
Titantum(IV) iso-propoxide (C;,H,304T1)-98% from Spectrochem Pvt. Ltd., Anatase TiO,
(99.7% trace metals basis)from Sigma Aldrich, Hombikat UV-100~99%from Sachtleben
Chemie GmbH, Anatase-rutile mixed phasesTiO,(99.9% trace metals basis) from Sigma
Aldrich, Degussa P25 (AEROXIDE TiO,, 99.5% trace metals basis) from EVONIK

industries, and deionized water from Merck were used without further purification.

1.2. Preparation of Supports.

Anatase and mixed phases supports were used as received. Rutile TiO, supports were
synthesized from titanium iso-propoxide using sol-gel and hydrothermal methods as

described below!-2.

1.2.1. 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' aqueous solution of
hydrochloric acid under vigorous stirring. 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.

1.2.2. 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
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clear as opposed to 7 days as in the case of sol-gel method. 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.

1.3. Preparation of catalysts

1.3.1. Synthesis of catalysts. All Ni/TiO, were prepared by wetness impregnation method. In
brief, 0.64 g Ni(CH;C0OO),.4H,0 was dissolved in 30 mL of deionized water in a beaker.
The temperature was raised to 60 °C. 2.85 g TiO, support was added under stirring and water
was allowed to evaporate. The sample was further dried at 100°C for overnight. The sample
was then calcined in static air at 450°C for 6 h, followed by reduction in H, flow at 450°C for
6 h (ramp rate: 5 °C/min). It was cooled to room temperature in H, flow for further catalytic
evaluation. The optimum nickel loading on all catalysts was 5 wt%. The prepared catalysts
were designated as three letter abbreviation. For example, those catalysts prepared from
anatase titania supports obtained from Aldrich and Hombikat are labelled as ATA and ATH,
mixed phase titania supports obtained from Aldrich and EVONIK are labelled as ART and
P25, and rutile titania supports synthesized from hydrothermal and sol-gel method are

labelled as RTH and RTS, respectively.

1.3.2 Synthesis of RTH catalyst by hydrazine reduction method. 10 mL of ethanolic
solution of Ni(CH3;COO),.4H,0 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 TiO, 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%.
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1.4. Experimental procedure

Catalytic hydrogenation was carried out in 100 mL stainless steel autoclave batch reactor
(Parr Instrument Company 4565). In a typical run, the autoclave was loaded with 5.2 mmol
furfural in 50 mL water, and 100 mg catalyst. Before the reaction, the reactor was flushed and
pressurized with hydrogen. The reactor was heated to the desired reaction temperature and
then the reaction was initiated by switching on the stirrer at 500 rpm. The reaction was
quenched after desired time by cooling reactor in a water-ice bath. The reaction solution was
filtered and solid catalyst was separated to analyse products 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.
1.5. Characterization of catalysts

Powder X-ray Diffraction (PXRD) patterns of samples were recorded using Bruker AXS D8
advance diffractometer at room temperature using Cu Ko radiation source (A = 1.5406 A) and
scanning in the 260 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.

N,physisorption measurements on freshly prepared catalysts were carried out using a
Micromeritics ASAP 2020 instrument at 77 K. Before measurements, catalysts were

degassed under vacuum at 200°C for 8 h. Surface area was measured by BET method in the
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range of 0.04-0.22 relative pressures (P/Py) and pore volume and pore size distribution by

BJH method.

The amount of Ni loaded on catalyst was measured by Shimadzu AA-7000 atomic absorption

spectrometry.

BELCAT-II Chemisorption analyzer was used to perform both temperature programmed
desorption of ammonia and temperature programmed reduction by hydrogen. In a typical
NH;-TPDexperiment, the reduced sample was pre-treated at 300 °C for 1 h under a He
(99.9%) flow at a rate of 50 mL min-!. After pre-treatment, the sample was saturated with
anhydrous ammonia (5% NH; balance He) at 100 °C for 30 min and subsequently flushed
with He at the same temperature to remove physisorbed ammonia. Then, the TPD analysis
was carried out by heating the sample in He flow (30 mL min') upto600°C at a rate of 10
°Cmin’!, and the desorbed NH; was measured. The detector inNH;-TPD is thermal
conductivity detector (TCD). For H,-TPR, the Ni impregnated sample calcined at 450 °C in
air was taken. Prior to analysis, the sample was heated at 300 °C in high purity He gas (50
mL min') for 1 h and then on cooling to 50 °C the gas was switched to Ar flow. After 15 min
the flow was adjusted to 5 % H, in Ar (30 mL min') at 50 °C and waited till baseline was
stabilized. TPR of catalyst was recorded from 50 °C to 900 °C with a heating rate 10 °Cmin’.
X-ray photoelectron spectra (XPS) of the reduced catalysts were obtained
fromPHI5000VersaProbe III X-ray photoelectron spectroscopy using 1486.6 eV
monochromatic Al-K, radiation source. The binding energy of all catalyst atoms were

calibrated with carbon Is peak present at 284.8 eV.

1.6. Computational details

All electronic structure calculations were performed with Gaussian 16 program using density

functional theory3. The geometry optimization of metal cluster and other molecules were
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carried out using PBE functional, where metal atoms were treated with LANL2DZ basis set
with effective core pseudopotential (ECP) and 6-31g** basis set was employed to describe all
other atoms type*>6. The Grimme's D3 dispersion correction was also included in
calculations’. Lowest energy icosahedra Ni geometry is obtained with spin multiplicity 9 and
8 for neutral and charged (-1) cluster. The Ni cluster was fixed at optimized coordinates for
further catalytic studies. All calculations are done in aqueous medium using implicit solvent
as conductor like polarizable continuum model (CPCM)®. The minima and transition states
on potential energy surface were confirmed by the presence of all positive frequencies for
minima and one negative frequency for the transition state geometry®. The transition states
were connected to minima on potential energy surface by tracing intrinsic reaction
coordinates'?. The minima were characterized by all positive frequencies, whereas transition
states exhibit one imaginary frequency. All structures were visualized using Chemcraft 1.8
software!!. The zero-point energy corrected adsorption energy (E,qs) of a substrate on the

metal cluster is given by,

Eus=Ey ¢+ AZPVE - E, - Eg

Where, AZPVE stands for zero-point vibrational energy correction. Eg, Ey, and Eyg are the
total energy corresponding to the substrate, metal cluster and substrate adsorbed on a metal

cluster system.

REFERENCES

(1) F. Bosc, A. Ayral, N. Keller and V. Keller, Appl. Catal. B: Environ., 2007, 69, 133-137.

(2) S. Wang, J. Xu, H. Ding, S. Pan, Y. Zhang and G. Li, CrystEngComm, 2012, 14, 7672—
7679.

(3) M. J. Frisch, G. W. Trucks and H. B. Schlegel, Gaussian 16 (Revision B.01), Gaussian
Inc., Wallingford CT, 2017.

(4) J. P. Perdew, K. Burke and M. Ernzerhof, Phys. Rev. Lett., 1997, 78 (7), 1396.



144

145

146

147

148

149

150
151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

(5) C. M. M. Rohlfing, P. J. Hay and R. L. Martin, J. Chem. Phys., 1985, 85 (3), 1447.

(6) W. J. Hehre, K. Ditchfield and J. A. Pople, J. Chem. Phys., 1972, 56, 2257.

(7) S. Grimme, J. Antony, S. Ehrlich and H. Krieg, J. Chem. Phys., 2010, 132 (15),154104.
(8) M. Cossi, N. Rega, G. Scalmani and V. Barone, J. Comput. Chem., 2003, 24 (6), 669-681.
(9) S. H. Schlegel , J. Comput. Chem., 1982, 3, 214-218.

(10) K. Fukui, Acc. Chem. Res., 1981, 14, 363-368.

(11) G. A. Zhurko and D. A. Zhurko, Chemcraft-Graphical Program for Visualization of
Quantum Chemistry Computations, Version 1.8, https://chemcraftprog.com.



Intensity (a.u.)

/L

32 33 42 43 44
167 20 (degree)

168 Figure S1. XRD pattern Ni/TiO, catalysts: (a) ATA, (b) ATH, (c) P25, (d) ART, (e) RTH,
169 and (f) RTS showing (®) NiTiO3 (104) and (o) NiO (200) region. (JCPDS No. for NiTiO3
170 and NiO is 33-0960 and 47-1049, respectively)
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Figure S2. SEM images with EDX elemental mapping of Ni/TiO, catalysts: (a) ATA, (b)
ATH, (c) P25, (d) ART, (e) RTH, and (f) RTS.
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176 Figure S3. Nitrogen sorption isotherms and BJH pore size distribution of Ni catalysts. The

177 adsorption and desorption in isotherm are represented as closed and open circles respectively.
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180 Figure S4. Ti 2p core level XP spectra for the Ni catalysts supported on (a) ATA, (b) ATH,

181 (c) P25, (d) ART, (¢) RTH and, (f) RTS.
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183 Figure S5. O 1s core level XP spectra for the Ni catalysts supported on (a) ATA, (b) ATH,

184 (c) P25, (d) ART, (e) RTH and, (f) RTS.
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Figure S6. Co-adsorption of (a) FAL + 2H and, (b) CPO + 2H on Ni cluster. The adsorption
energy on neutral Ni cluster is given below, where values in parentheses are for adsorption

over charged (-1) cluster.
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Figure S7. Initial, transition, intermediate and final state geometry during hydrogenation of
(a and b) FAL to FOL and (c and d) CPO to CPOL over Ni cluster. Colour code: Figures in
brown box (a and c) are corresponding to path a (addition of hydrogen first to carbon and
then second hydrogen to oxygen of the carbonyl group). Figures in green box (b and d) are
corresponding to path b (addition of hydrogen first to oxygen and then second hydrogen to
carbon of the carbonyl group). Values in red and blue represent free energy barriers for

reaction over neutral and charged (-1 electronic charge) Ni clusters, respectively. The values



198 in bracket (a) shows energy barrier for furfural hydrogenation along path a over relaxed

199 neutral cluster. All values are in eV.
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205 Figure S9. XRD pattern of RH support loaded with 10 wt% Ni content. The enlarged region

206 shows overlapped Rutile and Ni peak.
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217 Figure S11. Recycling test over RTH catalyst. Reaction conditions: 5.2 mmol furfural, 50

218 mL water, 50 bar H,, 140°C, 4h, 500 rpm.
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Figure S12. XRD pattern of fresh and spent (after 5 recycles) RTH catalyst.
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231 Figure S13. Furfural hydrogenation over RTH catalysts prepared from imprgnation method
232 and hydrazine reduction method. Reaction conditions: 5.2 mmol furfural, 50 mL water, 50

233 bar Hy, 140°C, 4h, 500 rpm.
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240 Figure S14. H,-TPR profiles of bare anatase (AH) and rutile (RH) titania supports of ATH

241 and RTH catalysts, respectively.
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248 Figure S15. Raman spectra of ATH and RTH catalysts showing presence of (0) anatase
249 phase, (®) rutile phase, (*) NiTiO; and (#) NiO.
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267 Table S1. Physico-chemical properties of catalysts support

Catalyst A:R (%)° D (nm)® SpeT(mM?/g) V, (em¥/g) D, (nm)*
ATA 100:0 19.4/- 62 0.28 16.1
ATH 100:0 15.9/- 66 0.21 11.1

P25 77:23 23.1/31.8 40 0.29 26.0
ART 48:52 47.7/54.4 23 0.17 34.6
RTH 0:100 -/29.9 22 0.17 31.4
RTS 0:100 -/22.5 23 0.17 33.8

268 “Percentage of anatase:rutile phases calculated using (101) and (110) XRD peaks intensities;’crystallite size of (101) and
269 (110) plane of anatase and rutile phase calculated using Scherrer equation;‘pore volume and diameter obtained from BJH
270 analysis
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293 Table S2. Desorption temperature (°C) of NH; from titania catalysts based on their
294 desorption strength

Catalyst Weak Medium Strong

ATA 190 328 403,463
ATH 193 337 410,475
P25 201 307 350,410
ART 190 296 351,422
RTH 189 292 338,404
RTS 185 286 347,388
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318 Table S3. Binding energy values, atomic ratios of titania catalysts determined from XPS

319
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Binding energy (eV) Ti3+
Catalyst Ni/Ti
Ni® Niz* Tid* Ti4* (Ti3 toTitt )
ATA 852.2 855.8 457.8 458.5 0.101 0.424
ATH 852.2 855.5 457.9 458.6 0.118 0.512
P25 852.3 855.6 4573 458.5 0.062 0.630
ART 852.4 855.5 457.5 458.6 0.059 0.802
RTH 852.6 855.8 458.0 458.5 0.052 0.920
RTS 852.5 855.7 457.9 458.5 0.067 1.212




333 Table S4. Ni leaching (ppm) in the solution after reaction at different temperature.
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Catalyst Ni leaching Carbon balance
100°C 140°C 100°C 140°C
ATA 1.5 2.2 94.1 92.9
ATH 1.8 3.6 93.3 95.2
P25 1.4 0.4 94.8 95.7
ART 2.6 0.3 98.5 98.4
RTH 1.2 0.3 97.7 97.1
RTS 2.5 0.6 97.9 96.3




355 Cartesian coordinates
356 Cartesian coordinates (Angstroms) and energies (Hartree) of the adsorbed species on Ni

357 cluster along reaction coordinates.

358 1. FAL to FOL on neutral Ni cluster (path a)

359 a. Ni+FAL+2H

360 E+ZPE=-2545.619714

361 G=-2545.663595

362 Ni  1.506629000 -0.924052000  1.022357000
363 Ni  -0.778447000 -1.281485000  1.987863000
364 Ni  -2.425586000 -1.335050000  0.112106000
365 Ni  -1.184186000 -1.017015000 -2.041289000
366 Ni  1.243532000 -0.746652000 -1.463221000
367 Ni  1.519886000  1.291373000 -0.034598000
368 Ni  0.263980000  0.994243000  2.058990000

369 Ni  -2.133657000  0.685957000  1.455888000
370 Ni  -2.426088000  0.904408000 -1.006852000
371 Ni  -0.194546000  1.233535000 -1.990100000
372 Ni  -0.746197000  2.332189000  0.190397000
373 Ni  -0.431842000 0.018534000 -0.017420000
374 Ni  -0.200267000 -2.313701000 -0.151042000
375 C 3.077821000 -1.510490000 -1.082253000
376 C 3.164867000 -1.999403000  0.288994000

377 C 3.532083000 -0.888866000  1.122329000

378 C 3.620845000  0.244666000  0.233128000

379 O 3.637645000 -0.179571000 -1.088068000
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400
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404

QO - & T

Z T O =

. TS1

E+ZPE=-2545.570702

3.409316000

3.171786000

3.857813000

3.416403000

3.581644000

3.158087000

-0.390936000

-1.237474000

G=-2545.615413

Ni

Ni

Ni

Ni

Ni

Ni

Ni

Ni

Ni

Ni

Ni

Ni

Ni

C

1.414998000

-0.919928000

-2.496093000

-1.161356000

1.248999000

1.562411000

0.220143000

-2.165669000

-2.354996000

-0.071375000

-0.660341000

-0.440084000

-0.307612000

3.023296000

-2.098029000

-3.056655000

-0.901035000

1.651966000

1.994235000

2.499521000
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3. FAL to FOL on charged (-1) Ni cluster (path a)
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4. FAL to FOL on charged (-1) Ni cluster (path b)
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6. CPO to CPOL on neutral Ni cluster (path b)
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7. CPO to CPOL on charged (-1) Ni cluster (path a)
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8. CPO to CPOL on charged (-1) Ni cluster (path b)
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9. FAL to FOL on neutral relaxed Ni cluster (path a)

a. Ni+FAL+2H
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