List of figures

List of Figures

Figure 1.1: (a) Plot of activation energies for an ordinary gas phase reaction (blue) and
the same reaction with an appropriate catalyst (green). (b) Energy path for atoms (blue)
and molecules (green) approaching a surface. (¢) Schematic illustration of the formation
of a chemical bond between an adsorbate valence level and the s and d states of a
transition metal surface. (d) Illustration of the elementary reaction steps on surfaces. .2

Figure 1.2: (a) Relevance of catalysis for the chemical industry. Over 90% of the world’s
manufactured consumer goods involve catalysis at one or more stages. Approximately
80% of all catalytic processes require heterogeneous catalysts, 15% homogeneous
catalysts, and 5% biocatalysts [7]. (b) The evolution of heterogeneous catalysis from the
19 t0 the 215 CentULY [2]. .ooiiiiiiiii i 4

Figure 1.3: A timeline of the development of reactivity descriptors and scaling
relationships in heterogeneous catalysis [18]. The grey, blue, and pink boxes represent

electronic, structural, and binary descriptors, respectively..........cccooooiiiiiii. 6

Figure 1.4: Schematic of pure metal clusters. From left to right: icosahedral, decahedral,
cuboctahedral, and tetrahedral, with point group symmetries. ............ccccccovviiiiieniniii. 8

Figure 1.5: The schematic illustration of E-R and L-H mechanism pathway for CO

OXAAATIOTL. et e, 13

Figure 1.6: (a) Carbon cycle of CHsOH, a platform molecule for the chemical industry
[79]. (b) Trend analysis on global CHs;OH market size and forecast by end-use [80]. .. 15

Figure 2.1: From many-body problem to density functional theory (DFT). Born-
Oppenheimer approximation, Hohenberg-Kohn theorem and Kohn-Sham ansatz. ...... 27

Figure 2.2: Schematic flowchart for finding self-consistent solutions of the Kohn-Sham

LT E L E2 1 (0 T P TP 31

Figure 2.3: Comparison of a wavefunction in the Coulomb potential of the nucleus (blue)
to the one in the pseudopotential (red). The real and the pseudo wavefunction and
potentials match above a certain cut-off radius (core radius) r.. Sketch inspired by Ref.

iv


file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141951
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141951
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141951
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141951
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141951
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141952
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141952
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141952
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141952
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141952
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141953
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141953
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141953
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141954
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141954
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141955
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141955
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141956
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141956
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141957
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141957
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141958
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141958
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141959
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141959
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141959
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141959
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141960

List of figures

Figure 2.5: Schematic illustration of broken symmetry and functional form of the density
of states in 1D, 2D, and 3D confined materials [28]. .............cccooiiiii 38

Figure 2.6: Schematic illustration of the spin-polarized DOS of the transition metal with
the electronic reactivity deSCriptOrS. .........uiiiiiiiiiiiiiiiiiiiiiiiiii 40

Figure 2.7: Density functional theory calculations of the minimum energy path for CH,
dissociative adsorption on an Ir(111) surface [43]......coooiiiiiiiiiiiiii, 43

Figure 3.1: Lowest-energy structures (obtained with PBE functional) of the Ni,; and
NinCu cluster (2 S0 < 12). i 54

Figure 3.2: Skeleton representation of lowest-energy structures of the Ni,.; cluster (2 <
n < 12) with their corresponding effective coordination number (ECN) and point-group

SYIMIMEETY (STITCTUTE ). ¢.etteiiteiiit ettt ettt ettt et 55

Figure 3.3: Skeleton representation of lowest-energy structures of the Ni,Cu cluster (2 <
n < 12) with their corresponding effective coordination number (ECN) and point-group

SYIMIMEETY (STITCTUTE ). ¢.etteiiteiiit ettt ettt ettt et 56

Figure 3.4: Simulated XANES spectra of (a-b) Ninii clusters and (c-d) Ni,Cu clusters (1
< n £ 12). The shaded area in cyan color represents the pre-edge region and its enlarged
counterparts shown in the right panel of the corresponding XANES spectra. The

calculated Eigngedge (blue color) and Eguitenne (red color) peaks corresponding to the (e)
Nin 1 clusters and (f) NiaCu clusters (1 €1 < 12). oo 58

Figure 3.5: Mixing energy per atom (E:) of NizCu clusters (1 £ n < 12). The black and

light green symbols represent the positive and negative value of (E,..), respectively. . 60

Figure 3.6: (a) Schematic orientation for the adsorbate (in x, y, and z axis) onto the
adsorbent in four reference positions, i.e., bridge (parallel to the xz plane), hollow
(perpendicular to the xy plane and parallel to the z axis), top (aligned parallel to the z
direction), and side-on (parallel to the xz plane). The tilted orientation shows the
deviation of adsorbate state after complete relaxation in some cases. In some cases, the
adsorbate deviates from top to tilted orientation at a certain angle (6) after complete

relaxation. Lowest energy structures of (b) Ni,1CO and (¢) Ni,CuCO systems.......... 62

Figure 3.7: Heatmap of CO adsorption energy (Eco-wseV) over (a) Niniand (b) Ni,Cu
clusters with respect to different functionals and their combination with dispersion
corrections (D2 and D3). ..o 66

Figure 3.8: The spin-polarized projected density of states (PDOS) of (a) Niy, (b) Niys,
(¢) NigCu, and (d) NipCu clusters. The short dash line in black and red color represents
the d-band center of Ni and Cu respectively for spin-up and spin-down state. The long

A%


file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141961
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141961
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141962
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141962
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141963
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141963
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141964
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141964
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141965
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141965
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141965
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141966
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141966
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141966
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141967
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141967
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141967
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141967
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141967
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141968
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141968
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141969
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141969
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141969
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141969
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141969
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141969
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141969
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141970
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141970
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141970
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141971
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141971
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141971

List of figures

dash line at zero indicates the Fermi energy. The filled and unfilled regions represent
the bonding and anti-bonding states, respectively............ooccciii 69

Figure 3.9: (a) The spin-polarized density of states of CO molecule and labeled orbitals.
The spin-polarized projected density of states of (b) NiyCO, (c¢) NiisCO, (d) NisgCuCO
and (e) NipCuCO systems. The green dash line indicates the HOMO and LUMO state
of the CO molecule. The short dash line in black and red color represents the d-band
center of Ni and Cu respectively. The long dash line at zero indicates the Fermi energy.
The filled and unfilled regions for the metals represent the bonding and anti-bonding

StAtes, TESPECTIVELY . ..ouii i e 70

Figure 3.10: The molecular orbital of HOMO and LUMO state (for spin-up and spin-
down) of (a) NigCO and Ni;sCO systems and (b) NisCuCO and NipCuCO systems with
an iso-surface value of £0.0004 €/A%. ..o 74

Figure 3.11: Charge density difference for CO adsorbed Niy, Niy, NigCu and Ni;xCu
clusters. The orange (green) color represents the charge accumulation (depletion). The
value of iso-surface is set to £0.005 e¢/A? for NiyCO and NizCO systems. The value of
iso-surface is set to £0.01 e/ A3 for NigCuCO and Ni;;CuCO systems. The charge density
difference is calculated using the formula Ap = p(Cluster + gas/atom) — p(Cluster) —
PUGASAEOMN) . ceeiiiiiiiiiii e 75

Figure 3.12: The change of work function A® (eV) induced by CO adsorption over Niny
(left side) and Ni,Cu (right side) clusters. The generalized formula to calculate work
function for bare system or gas adsorbed system is ® = E.. - Er, where, Ey. is the
energy of vacuum level of the system and Ep is the energy of Fermi level of the system.

Figure 3.13: The complete L-H reaction pathway and activation barrier for CO oxidation
over Niy cluster. IS, IM, TS, and FS indicate initial state, intermediate state, transition
state, and final state of reaction, respectively. The orange, black, and red balls represent
Ni, C, and O atoms, respectively. The thermodynamically unfavored intermediates are
connected with a red e, ... 78

Figure 3.14: The complete L-H reaction pathway and activation barrier for CO oxidation
over the Nijz cluster. IS, IM, TS, and FS indicate initial state, intermediate state,
transition state, and final state of reaction, respectively. The orange, black, and red balls
represent Ni, C, and O atoms, respectively. The thermodynamically unfavored
intermediates are connected with a red line................cooooeiiiiii 79

Figure 3.15: The complete L-H reaction pathway and activation barrier for CO oxidation
over NizCu cluster. IS, IM, TS, and FS indicate initial state, intermediate state,

vi


file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141971
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141971
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141972
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141972
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141972
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141972
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141972
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141972
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141972
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141973
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141973
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141973
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141974
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141974
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141974
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141974
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141974
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141974
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141974
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141975
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141975
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141975
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141975
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141975
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141976
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141976
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141976
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141976
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141976
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141977
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141977
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141977
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141977
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141977
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141978
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141978

List of figures

transition state, and final state of reaction, respectively. The orange, green, black, and
red balls represent Ni, Cu, C, and O atoms, respectively...........ccccooovveeiiiiiiiiiiiiinnnnn... 80

Figure 3.16: The complete [-H mechanism reaction pathway and activation barrier for
CO oxidation onto the NijCu cluster. IS, IM, and TS indicate initial state, intermediate
state, and final state of reaction respectively. The orange, green, black, and red atoms
represent Ni, Cu, C, and O respectively. ............uiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiia 81

Figure 4.1: The optimized configuration of I, PdnCu, (m 4+ n = 13) clusters with different
CU COMPOSTEIONS. 1oeiiiiiiiiiiiii 94

Figure 4.2: Average binding energy per atom (F; eV) of I, PdnCus (m 4 n = 13) clusters
with a different numbers of Cu atoms. ... 95

Figure 4.3: Second order energy difference (4°FE eV) of I, PdnCun (m + n = 13) clusters
with a different numbers of Cu atoms. ..........ccccooiiiiiii 97

Figure 4.4: Average bond length R (A) of I, PdnCu, (m 4 n = 13) clusters with different
NUMbETS Of CU ATOTNS. ..oiiiiiiiiiiiiii e 99

Figure 4.5: The PDOS of (a) Pdis, (b) Cws, and (c) Pd;Cus clusters. The Fermi level is
set 10 zero (black LNe). ..ot 100

Figure 4.6: (a-n) Raman spectra of I PdnCus (m + n = 13) clusters........ccccceveenee. 103

Figure 4.7: The vibrational mode of I, PdnCu, (m + n = 13) clusters corresponding to
the high intense peak of their respective Raman Spectra............ccccccuvviiiiiiiiiiiiiinnnnnnns 104

Figure 4.8: Different adsorption geometries for CO, adsorption over I, PdnCuy (m + n
= 13) CLUSTOIS. covtieiieiit e 108

Figure 4.9: The CO, adsorbed I, PdnCu, (m + n = 13) clusters. The green, light pink,
yellow, and red color sphere indicates Pd, Cu, C, and O atoms, respectively............ 108

Figure 4.10: (a~c) Charge density plots of CO, adsorbed Pd;3, Pd;Cus and Cuys clusters.
The green, light pink, yellow, and red color sphere indicates Pd, Cu, C and O atoms,
TESPECTIVELY . . 109

Figure 4.11: The possible reaction pathways of CO, hydrogenation to HCOOH, CH;OH,
and CHy on the Pd;Cus cluster. The symbol (*) and (g) indicates the adsorbed and gas
phase SpPecies, TESPECTIVELY . ... .uu.iiiiiiiiiiii e 114

Figure 4.12: The low-lying adsorption configurations of intermediates in the
hydrogenation of CO; on the Pd;Cus cluster. The white, orange, black, red, and cyan
balls represent Pd, Cu, C, O, and H atoms, respectively. ........cccccvviiiiineniiiiiiiiinn.. 116

vii


file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141978
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141978
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141979
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141979
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141979
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141979
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141980
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141980
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141981
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141981
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141982
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141982
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141983
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141983
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141984
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141984
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141985
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141986
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141986
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141987
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141987
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141988
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141988
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141989
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141989
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141989
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141990
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141990
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141990
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141991
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141991
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141991

List of figures

Figure 4.13: The initial state (IS), transition state (TS), and the final state (FS) of
elementary step in CO; hydrogenation over the Pd;Cus cluster from R1 to R12....... 118

Figure 4.14: The initial state (IS), transition state (TS), and the final state (FS) of
elementary step in CO, hydrogenation over the Pd;Cus cluster from R13 to R18..... 119

Figure 4.15: The optimized pathways for the production of HCOOH, CH;OH, and CHy
over the Pd;Cus CIUSTET. ..o 120

Figure 5.1: Surface sites, bond lengths and angles of Cu,O(111). Cuy and Cus
correspond to unsaturated and saturated copper surface sites, respectively. O, and Oga
correspond to unsaturated and saturated oxygen surface sites, respectively. d(Oa—Cus)
and d(O,—Cuy) are the bond length of O and O, to Cu, atoms, respectively.
d(Cuwa—Cus,) is the distance between Cuy, and Cus atoms. Color key: white, Cu; and
TEA, (1 oottt 133

Figure 5.2: (a) The density of states of Cu,O(111) surface. (b) The charge density plot
of valence band maximum (VBM) and conduction band minimum (CBM) of Cu,O(111)
surface. The iso-surface value set to £0.0003 e/A%. The blue and red color represent the
depletion and accumulation of charge, respectively. (c-d) The projected density of state
(PDOS) of O and Cu atoms, respectively. (e) The average electrostatic potential of the
Cuz0(111) surface as a function of the distance in the z-direction...........ccccccoeeinnns 135

Figure 5.3: Top (upper panel) and side views (middle panel) of the optimized geometries
of Pty/CuO(111), PtsAu/Cus0O(111), and PtsCo/Cu.O(111) systems. The charge density
difference (CDD) of the Ptsy/CuO(111), PtsAu/Cu,O(111), and PtsCo/CuO(111)
systems (bottom panel). Yellow and light green regions in CDD represent charge
depletion and accumulation, respectively. The iso-surface value is set to £0.2 e/ A3 for
CDD. Color key: white, Cu; red, O; orange, Pt; yellow, Au; and dark green Co....... 137

Figure 5.4: (a) The total density of states of the Pts/Cu,O(111) system with the HOMO
and LUMO orbitals where charge depletion indicated by blue region and accumulation
of charge indicated by red region. The iso-surface value is set to £0.0007 e/A3. (b-e)
Atom-wise projected density of states of the Pts/CuO(111) system. The black and red
lines indicate the HOMO and LUMO levels. The Fermi energy is set to zero........... 141

Figure 5.5: (a) The total density of states of the PtsAu/Cu,O(111) system with the
HOMO and LUMO orbitals where charge depletion indicated by blue region and
accumulation of charge indicated by red region. The iso-surface value is set to +0.004
e/A3. (b-e) Atom-wise projected density of states of the Pt;Au/CusO(111) system. The
black and red lines indicate the HOMO and LUMO levels. The Fermi energy is set to

viii


file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141992
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141992
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141993
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141993
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141994
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141994
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141995
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141995
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141995
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141995
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141995
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141995
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141996
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141996
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141996
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141996
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141996
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141996
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141997
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141997
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141997
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141997
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141997
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141997
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141998
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141998
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141998
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141998
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141998
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141999
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141999
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141999
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141999
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141999
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86141999

List of figures

Figure 5.6: (a) The total density of states of the PtsCo/CusO(111) system along with
the molecular orbitals of the HOMO and LUMO states. The iso-surface value is set to
+0.002 e/A3. (b-e) Atom-wise projected density of states of the Pt;Co/Cu20(111) system.
The black and red lines indicate the HOMO and LUMO levels. The Fermi energy is set
LTOJ//5) o TP 143

Figure 5.7: The optimized geometry and structural parameter (bond length) of CO
(upper panel), CO + O, (middle panel), and CO + O (bottom panel) over
Pts/Cu0(111) and Pt:X/CuO(111) (X = Au and Co) systems. Color key: white, Cu;
red, O; black, C: orange, Pt; yellow, Au; and dark green, Co........ccccooeeeeeeiiiiiiiiinnnnnn. 145

Figure 5.8: The complete L-H mechanism reaction pathway for CO oxidation onto the
Pts/Cu0O(111) system. Color key: white, Cu; red, O; black, C; and orange, Pt. ...... 147

Figure 5.9: The complete .-H mechanism reaction pathway for CO oxidation onto the
PtsAu/CuO(111) system. TS indicates a transition state. Color key: white, Cu; red,
O; black, C: orange, Pt; and yellow, AU .......ccccoviiiiiiiii 147

Figure 5.10: The complete L-H mechanism reaction pathway for CO oxidation onto
the Pt3Co/Cu,O(111) system. TS indicates a transition state. Color key: white, Cu;
red, O; black, C: orange, Pt; yellow, Au; and dark green, Co. .......ccccccuvvvirviriiiinnnnnnn. 148

X


file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86142000
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86142000
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86142000
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86142000
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86142000
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86142001
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86142001
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86142001
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86142001
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86142001
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86142002
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86142002
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86142002
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86142002
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86142003
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86142003
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86142003
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86142003
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86142004
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86142004
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86142004
file:///C:/Users/Bhumi/OneDrive/Desktop/Thesis%20submission/Bhumi_FOS-1987_Thesis.docx%23_Toc86142004

