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ABSTRACT OF THE DISSERTATION

Probing Active Sites and Their Evolution in Surface Catalysts: From Electrochemical to Thermal

Environments

Simran Kumari
Doctor of Philosophy in Chemical Engineering
University of California, Los Angeles, 2023

Professor Philippe Sautet, Chair

The urgent global need for sustainable solutions has propelled the search for efficient catalytic
systems. This thesis focuses on key reactions crucial for achieving a greener and more sustainable
future. Employing computational techniques and theoretical models, the research investigates
catalytic processes to unravel fundamental principles, guiding the design of advanced catalysts.
The thesis leads to a comprehensive exploration of the hydrogen evolution reaction (HER), oxygen
evolution reaction (OER), partial oxidation of methane to methanol, and CO> hydrogenation. By
elucidating the structure, stability, and catalytic reactivity of diverse clusters and surfaces, the
research aims to develop efficient and sustainable catalytic systems.

Emphasizing accurate characterization of active site composition and understanding
catalyst behavior under reaction conditions, the thesis employs first-principles density functional

theory (DFT) calculations to determine optimal doping sites and structures for Sn atoms on the



Sn-doped Indium Oxide (ITO) surface. The interaction between the ITO surface and Pt clusters is
also explored, providing insights into the role of active sites in catalytic reactivity. Investigating
small Pt clusters supported on ITO in HER, a size-dependent activity trend is uncovered,
highlighting the catalytic potential of Pt hydride compounds. The inclusion of metastable isomers
in microkinetic models emphasizes the significance of considering accessible isomer ensembles
for accurate simulations of sub-nano supported cluster catalysts. Furthermore, the thesis unravels
the intricate mechanism of OER, identifying the rate-determining step and changes in the oxidation
state of Pt surface atoms (Pt-SA) during the catalytic cycle. Understanding electron transfer
contributions from both Pt-SA and the ITO surface provides valuable insights for designing
efficient OER catalysts. In the context of partial oxidation of methane to methanol, the research
explores electrochemical methods for catalyst deposition, focusing on thin-film transition metal
(oxy)hydroxides. The activity and selectivity of various catalysts are investigated, emphasizing
control over kinetics and mass transfer for sustainable methanol production.

Finally, the thesis investigates CO> hydrogenation, a promising avenue for converting
carbon dioxide into valuable chemicals. Analyzing the Zr;0xOHy (HCOO),/Cull1 cluster under
different reaction conditions, the research unveils the pivotal role of hydroxyls and HCOOs in
shaping the reaction mechanism. Electronic insights guide the design of catalysts with optimal
properties, potentially enhancing catalytic performance. By integrating computational modeling
and experimental characterization techniques, this research enhances our understanding of critical
catalytic reactions. The findings underscore the importance of active site composition, surface
structures, and electronic properties in determining catalytic reactivity. The synergy between
theory and experiment holds promising prospects for designing advanced catalysts with improved

activity, selectivity, and stability.
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Figure 3-6 (a) Formation energies per Pt atom (E¢/Pt atom) for the supported Pt,Hx clusters as a
function of the particle size w.r.t Pt bulk. Chronoamperometry of 0.03 ML Pt,/ITO (n=1, 4, 7, 8)
and blank ITO electrodes in an Ar-saturated 0.1 M HCIO4 solution at applied potentials of (b) —
0.116 and (c) 0.004 V vs. SHE. The error bars represent the standard deviations of repeated
TNECASUTCITIETIES. .....eteeutieeitteiee et etee et e st e et e et e et e s e e et e esae e et e e s eneesbeeeaneeneesaneenseeemneeseesaneeneeenneennnes 53
Figure 3-7 Comparison of mass activities measured under identical conditions for 0.03 ML
Ptn/ITO (n =1, 4, 7, 8) and polycrystalline Pt (Ptpoly), all at -0.086 V vs. SHE, corresponding to
an overpotential 1 =0.05V. The calculation method for the mass activities can be found in the
TIIATIL EEXE. ettt ettt ettt ettt et e ettt et e e e at e et e e s at e eabeeesbe e b eeea b e e bt e eabe e bt e e ate e beeenbeeanteeabeennteenbeenneas 56
Figure 4-1 OER reaction mechanism on our initial structure for a Pt single atom on ITO determined
in vacuum and in the absence of electrochemical potential (a) 4 electron step reaction mechanism
(b) reaction energy profile for the 4 OER reaction steps at potential U = 0 V vs SHE (Blue), U=
1.23V vs SHE (Green), U =1.5 V vs SHE( Red) and U = 1.8 V vs SHE (Cyan). (c) experimental
cyclic-voltammograms for Pt;/ITO at 0.05 ML and 0.01 ML coverages, and for ITO, acquired at
0.1 V/sec. scan rate (reprinted with permission from
Figure 4-2 Free energy surface exploration via GCBH. The heat plot shows the formation energy
of the active site configurations, as a function of the number of hydroxyl groups and O atoms
added. The blue arrows represent the electrochemical reaction * + HoO = OH + H" + ¢, the yellow
arrow the electrochemical reaction *OH > *O + H' + ¢ and the green arrow the chemical
dissociative adsorption of H>O. The black box shows the active site and intermediates of the OER
mechanism. The structures of the active site along with the OER intermediates are also shown,

Blue: Sn, Light Blue: In, Grey : Pt, Red : O and White : H. The X and Y axis indicate the number
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of Hydroxyls and Oxygen added to the initial Pt-SA/ITO. The electrochemical conditions
correspond to a potential U=1.5 Vvs SHE and pH = 1......cccceoiiiiiiirii e 70
Figure 4-3 Full mechanism of formation of the active site for Pt-SA/ITO in electrochemical
conditions found via GCBH. The blue arrow corresponds to the hydroxylation step, which is the
first step of OER (* + H,O — *OH + H" + ¢"). The hydroxyl in green represents the hydroxyl
already present on the surface in our initial Pt-SA structure. The yellow arrows correspond to the
second OER step (* OH — *O + H" + ¢"). The green arrow corresponds to water dissociation (H20
— *OH + *H). The Final structure is the proposed active site for OER. The reaction free energies
are given for each step and are calculated at a potential U = 1.5 V vs SHE and pH=1 for
electrochemical steps. The hydroxyl and oxygens attached to Pt and directly participating in the
active site are represented in light BIUe. ........cocooiiiiiiiiiii e 72
Figure 4-4 Free energy surface for Pt-SA/ITO in OER conditions at (a) U = 0.75V vs SHE (b) U
= 1.4V vs SHE and pH=I1. The black box on the free energy surface represents the energetically
favorable composition for Pt-SA/ITO at the corresponding potential. The arrows represent the
combination of reaction pathways needed to reach the favorable composition. (c) Oxidation state
(OS) of the Pt atom as a function of the composition of the active site. The 1% oxidation of Pt from
0 -2 takes place at U =0.75 V vs SHE, the second oxidation from 2->2.66 takes place at U = 1.4
V vs SHE and finally within the OER catalytic cycle, Pt cycles between the OS of 2.66 and 4. 74
Figure 4-5 OER reaction mechanism on the active site of Pt-SA/ITO (PtO;OH4) found via GCBH
as discussed in Fig 3, at the electrochemical reaction conditions (potential U = 1.5 V vs SHE). (a)
4 step OER reaction mechanism (b) Reaction energy profile at U =0 V vs SHE(Blue), U = 1.23V

vs SHE (Green) and U = 1.5V vS SHE (Re€d). ...cccuviiiiiiiiiiiieeeeeeeeee e 75
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Figure 5-1 Schematic representation of the most important steps in direct methane to methanol
oxidation. The simplified reaction energy diagram includes: the regeneration of the active site by
an oxidizing agent or electron collector, the activation and hydroxylation of methane through two
hypothetic reaction pathways (ionic in red trace and radical in blue trace), and the endothermic
solvent-assisted desorption of methanol along the competing methanol overoxidation. Parasitic
decomposition of the regenerated catalytic site and non-catalytic oxidation of methanol are not
Sy 0N 4 I 0 1001 0] H o3 L 2RSSR 82
Figure 5-2 (a) Production distributions of methanol and acetate on different transition metal oxides,
TiOx, MnOx, FeOyx, CoOx, NiOx, and CuOy, for electrochemical methane oxidation reaction at
multiple reaction times (20 minutes intervals) within two-hours experiments using
chronoamperometry performed at 1.06 V vs SHE under rotational speed: 800 rpm, catalyst
loading: 5 cycles of linear sweep voltammetry, and temperature: 17°C. NMR spectra for liquid
products of electrochemical partial oxidation of methane on electrodeposited CoOx taken at 20-
minute interval (b) under an applied potential: 0.8 V vs. SHE, rotational speed: 800 rpm, catalyst
loading: 100 LSV, and temperature: 17°C and (c) under an applied potential: 1.06 V vs. SHE,
rotational speed: 800rpm, catalyst loading: 5 LSV, and temperature: 17°C. ........cccccecereruennene. 88
Figure 5-3 Production distributions of methanol and acetate on cobalt oxides, CoOx, for the
electrochemical partial oxidation of methane at multiple reaction times (20 minutes intervals)
within two-hours experiments using chronoamperometry performed at different applied potentials:
0.8, 0.86,0.96, 1.06, 1.16, and 1.26 V vs SHE under rotational speed: 800rpms, temperature: 17°C
with (a) catalyst loading: 5 cycles of linear sweep voltammetry and (b) catalyst loading: 100 cycles

of linear SWeep VOIAMIMELIY . ......cccuiiiiiiiiieriie ettt ettt ettt ettt et e s e et e e seaesbeesaeesnbeessaaenseens 90
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Figure 5-4 Reaction mechanism and reaction energy diagram at (a) U= 0.5 V vs SHE (b) U= 1.1
V vs SHE. The top panel shows the most favorable reactions at certain electrochemical potential
windows. In the red box the CoOOH formation takes place starting from 0.5 V vs SHE.*! The
yellow box shows methanol production in the potential range of 0.5 — 1 V vs SHE after which the
most favorable reaction would be the overoxidation of methane to CO, competing with the oxygen

evolution reaction starting from U = 1.3 V vs SHE. The reaction diagrams are evaluated at pH =

Figure 5-5 Redox potentials experimentally measured for oxidatively electrodeposited transition
metal (oxy)hydroxide in 1 M KOH. .......cccooiiiiiii e e 97
Figure 6-1 (a) The FES of Zr;0xOHy (HCOO), /Culll surface. The y-axis represents the
adsorption energies of ligands such as -O, -OH and -HCOO on the cluster relative to Zr;Os/Cu 111
system. The x axis represents the number of formates on the cluster. The three different colors on
the plot represents the three different reaction condition. Purple: pressure = 0.013atm, conversion
= 2%, CO2/Hz ratio = 9, and temp = 500K, Blue: pressure = 4.93 atm, conversion = 0.8%, CO2/H>
ratio = 1:3, and temp = 493.15K and Green: pressure = 30 atm, conversion = 19.7%, CO2/Hz ratio
=3, and temp = 493.15 K . (b) The Boltzmann probability of the corresponding structures shown
in (a) for the three different reaction CONAItION. ..........cceeriiiiiiiriiieiieiceeee e 108
Figure 6-2 The side and top views for the 5 energetically most favorable structures found via
GCBH in the reaction condition: pressure = 0.013atm, conversion = 2%, CO»/H; ratio = 9, and
temp = 500K (condition a in the text). The bottom colored panel show the Boltzmann distribution

of all the unique structures explored in the reaction condition. ............ccceeeeeerieneeesieenieeieenen. 111
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Figure 6-3 The number of hydroxyls on the most favorable structures at a specific temperature.
The structures within the range of 0.35 eV from the global minima were considered at each
EEMPETATUTE VAIUC. ..veieiiieeiiieeiiie ettt e et e et e et e e st e e e taeeesaeeessaeesssseesssseesssaeessseeessseeennseesseeas 112
Figure 6-4 The side and top profile of the 5 energetically most favorable structures found via
GCBH in the reaction condition: pressure = 4.93 atm, conversion = 0.8%, CO»/H; ratio = 1:3, and
temp = 493.15K The bottom colored-panel show the Boltzmann distribution of all the unique
structures explored in the reaction condition. The colors correspond to a specific configuration of
Z130x(OH)y(HCOO)/ CU . ettt ettt ettt e e esaesseeseeseessaensesnaenseensens 113
Figure 6-5 Energy for formate adsorption on the cluster at each step starting from Zr;O3(OH)s.
The energy for each formate adsorption step in given under the arrow in eV..........ccceeveeneennee. 115
Figure 6-6 Heat bubble plot with the (a) y axis as the number of formates and the x axis as the
number of hydroxyls on the cluster, (b)) y axis as the number of oxygens and the x axis as the
number of hydroxyls on the cluster. The heat map represents the Boltzmann probability for the
structure with bigger bubble meaning higher probability of occurrence. The total probability of
finding a specific number of ligands is also provided in the green box on the ligand specific axis
alongside the number of [IGANdS. .........oocuiiiiiiiiii e s 116
Figure 6-7 The bar-graph represents the number of structures vs the energy of the structure from
the global minimum for the reaction condition (b). The lighter shade bar represents the total
number of structures in the specific energy range, whereas the darker shade represents the number
of structures that have HCOOs adsorbed at the interface between Zr and Cu. The arrows from the
bar point toward the side and top profile of the corresponding structures. The Boltzmann

probability of the structures shown are given under the respective structures. ..........c.ccecueeueeee. 119
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Figure 6-8 Bader charge on the (a) first layer of the Cu surface which supports the
Z130x(OH)y(HCOO); cluster (b) three Zr atoms in the Zr3;Ox(OH)y(HCOO): cluster (c) first layer
of the Cu surface which supports the Zr;Ox(OH)y(HCOO); cluster and (d) three Zr atoms in the
Z1r30x(OH)y(HCOO); cluster. The Bader charges are calculated with respect to the global minima
of Zr306/Cu 111 surface. The x axis is the number of hydroxyls on the cluster whereas the y axis
is the number of oxygens on the cluster. The yellow arrow represents the change in the number of
hydrogens on the cluster, with the number of hydrogens increasing in the direction of the arrow.
Similarly, the white arrow represents the increase in the number of oxygens. The annotated value
on the heat plot is the difference in the Bader charges with more negative value meaning the atoms
are oxXidized W.r.t Zr306/Cu LT11. oot 121
Figure 6-9 : Charge density difference iso-surface along with the side view of different structures.
The green represents the negative iso-surface (Charge depletion) whereas the red represents the

positive iso-surface (Charge accumulation)...........c.cocieriiiiiiniiiiie et 124

Figure A.1 (a) Bulk structure of InoOs-1I where Pink and Red represent Indium and Oxygen atoms
respectively. (b) Solving the Equation of State to find the optimum Lattice Constant for In,Os-II
BULK STTUCKUTE......oeeeiiiiiieeee ettt sttt b et naeeane 131
Figure A.2 The different site representation of In203 111 surface........ccoeceevieeviienieniiennnne. 132

Figure A.3 Doping energy of 1 Sn doping on to the different In sites (represented by the color).
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Figure A.5 Surface energies of InoO3 111 slab and different doping levels of ITO wrt their bulk
EIICTZICS. ©eeuvreeeureeeeteeesseeessseeeasseeaassaeasseeasseeasssaeasssseanssaeassseeassseeassseenssesessseeeasseesnsseessseesnsseesnssens 134
Figure A.6 Doping Energies at different sites represented by the different colors for 5% doping
1N (@) 2-Layer ITO (D) 4 LAY ....ccveeeiiieeiiie ettt te et e st e s e e ssveeesaseeenneeenneeennaeas 134
Figure A.7 Density of States of (a) In2O3 111 slab and (b) ITO 111 slab. The notations mentioned

in the figures are - R: Red; LB: Light Blue; Y : Yellow; L: Lime; B: Blue; G: Green ; In : Indium

Figure A.8 (a) The different Oxygen sites marked as different Greek letters on the ITO surface.
The metal atoms are marked with different colors, red and light blue balls are Tin atoms whereas
lime, yellow, blue, and green are Indium atoms. (b) The clockwise and counterclockwise notation
O H2O @dSOTPHION. ...ttt ettt et ettt e st e et e e sseeenbeesaeeenseenneas 136
Figure A.9 Different sites of Pt-Single Atom adsorption on the InoO3 111 surface. The different
colored atoms represent the non-equivalent In atoms. The Platinum atom is marked. .............. 140
Figure A.10 Different sites of Pt-Single Atom adsorption on the ITO 111 surface. The different
colored atoms represent the non-equivalent In atoms and the grey atom represent the Tin. The
Platinum atom 1S mMarked. .........coccoiiiiiiiiiiii e 140
Figure A.11 Interface energy dependence on the O chemical potential when the Sn is substituted
with a Pt atom in the ITO 111 SUPPOTt.....eiruiiiiieiiiiiieee e 141
Figure A.12 A comparison of the DOS projected on O p orbitals, In or Sn p orbitals and Pt d
orbitals between (a) In203 (111) (b) ITO (111) (c) Pt-SA on In203 (111) and (d) Pt-SA on ITO
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Figure A.13 The 5 best Pt dimer structures on InoO3(111) surface obtained using Basin Hopping.
The relative energies of the structures are given below. The first structure on the left is the
energetically most favorable. ........c.oioiiiiiiiiicce e e 142
Figure A.14 The 5 best Pt trimer structures on In»O3 (111) surface obtained using Basin Hopping.
The relative energies of the structures are given below. The first structure on the left is the
energetically most favorable. ........c.ooooiiiiiiiicce e e 143
Figure A.15 The 4 best Pt dimer structures on ITO (111) surface obtained using Basin Hopping.
The relative energies of the structures are given below. The first structure on the left is the
energetically most favorable. ..o 143
Figure A.16 The 4 best Pt trimer structures on ITO (111) surface obtained using Basin Hopping.
The relative energies of the structures are given below. The first structure on the left is the
energetically most favorable. ..o 144
Figure A.17 The 5 best Pt-SA structures on Hydroxylated ITO (111) surface obtained using Basin
Hopping. The relative energies of the structures are given below. The first structure on the left is
the energetically most favorable. ..........cooiiiiiiiiiiiec e 144
Figure A.18 The 4 best Pt dimer structures on Hydroxylated ITO (111) surface obtained using
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Figure A.19 The 5 best Pt trimer structures on Hydroxylated ITO (111) surface obtained using

Basin Hopping. The relative energies of the structures are given below. The first structure on the
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Figure B.1 GCBH results for (a) Pts4, (b) Pt; and (c) Pts with varying H coverage. ................... 157
Figure B.2 HER reaction mechanism on PtiHyx/ITO.........ccccociiiiiiiiiieeeee e 157
Figure B.3 (a) PES of Pt4sHx/ITO representing GM and MS structures (b) and (c) represents the
theoretical HER current generated by individual reactions. ...........cccccveevveeeciieenciie e, 158
Figure B.4 (a) PES of PtsHx/ITO representing GM and MS structures (b) and (c) represents the
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Figure B.5 Density of States projected on the d orbitals of Pt atom for the case of PtsHise........ 159
Figure B.6 Theoretical Tafel slopes calculated for Pts, Pt; and Pts. The units on the slopes are
ATDITAry UNIS (AU). coueeieiieeii ettt ettt ettt et e et e bt e et e e bt e enbeesseeenbeesaeeenne 160
Figure B.7 Schematic view of the bench-top electrochemical measurement system. ................ 169
Figure B.8 Potential wave sequence applied in the electrochemical experiments. Three different
potential windows were examined by CV, with the potential cycled twice for each potential
window to ensure that the electrochemical measurements were performed in steady state
conditions. The chronoamperometric measurements were carried out immediately after the CVs
WItH 110 PAUSE. ..ottt ettt e et st e e bt e e bt e bt e et e e bt e eabeenseeenbeenaeeenne 169
Figure B.9 CVs of 0.1 ML Pts/ITO at 0.1 V s ! in 0.1 M HCIO4 sparged with Ar and O, obtained
in narrow and wide potential windows. Signals for the ORR and hydrogen peroxide oxidation
reaction (HPOR) are observed in the presence of O 2, as previously reported for Pt,/ITO in in situ
electrochemical experiments.”> For the Ar-sparged experiments, no ORR or HPOR signals were
detected. Note also that the onset and peak of the ORR is at potentials well above the potential
range where Hupp is observed (see main paper), thus if O, were present in those experiment, that

signal would easily be distinguishable from Hupd. ......ccveerveeiiieniiiiiiiiiieeieeeee e 170
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Figure B.10 Scan rate dependence of currents. (a) CVs of a polycrystalline Pt working electrode
in 0.1 M HCIlOs at scan rates between 0.1 and 0.5 V s™'. For the 0.1 V s! CV, the gray area
represents the Hupa integration. The Hypa peaks with arrows and labels “2nd peak” were used to
look into the current response to the scan rate that was plotted in Fig. S5a. The calculated Hupq
charges were plotted against the scan rate in Fig. S5b. (b) CVs of 0.1 ML Pt7/ITO in Ar-saturated
0.1 M HCIOy at various scan rates. At higher scan rates, the Hypa region started to exhibit wave-
like structure, and the H desorption peaks on the positive sweep became were more evident. Note
that the ORR contribution to the Hupa structures cannot completely be ruled out in this wide
potential window, because the potential range extended to the onset of the oxygen evolution
reaction. (¢) CVs of 0.1 ML Pt7/ITO in Ar-saturated 0.1 M HClO4 at various scan rates over a
narrow potential range. The scan rate-dependent CVs of blank ITO are plotted with dotted lines.
The background-subtracted data were used to estimate the peak currents and total charges plotted
in Figs. S4a and S4b, respectively. Note that the ORR contribution to the H adsorption currents
should be negligible because the potential was not high enough to generate O,. Note also that if
ORR were significant, then that signal would peak in the potential range around 0.2-0.3 V (Fig.
NI I 1) o) S PSPPI 171
Figure B.11 (a) Hupa current (peak tops indicated with arrows in Fig. S4a) and (b) charge responses
to the scan rate for polycrystalline Pt. The linear response of the Hupa current to the scan rate, as
well as the Hupq charge independent of the scan rate, shows a Hupa nature that the electrochemistry
in the Hupa region involves an electrode-adsorbed species, which is proton in this case. (c) Peak
heights of the H adsorption and desorption currents as a function of the scan rate, extracted from
data in Fig. S4c. Least squares regression lines are also drawn. The ratios of the H adsorption and

desorption currents are indicated with open circles. (d) Total charges involved in the H adsorption
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and desorption as a function of the scan rate derived from data in Fig. S4c. The ratios of the H

adsorption and desorption charges are indicated with open circles. ........c.ccoeevveeeiieeciieecieeenneen. 172
Figure C.1 Oxygen evolution reaction mechanims on Pt-SA replace one of the In atoms. ....... 175
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Figure D.1 Schematic of the gas-tight electrochemical cell with a rotating cylinder electrode.
Adapted with permission.?” Copyright 2022 WilEY..........cocovvevrreeueeeeeeeeeeeeeeeeeeeeeeseneeeenas 182
Figure D.2 SEM images of (a) blank titanium, (b) CoOx, (c) CuOx, (d) NiOx, (e) MnOx, and (f)
FeOx electrodeposited on a titanium cylinder electrode. SEM images are shown for the as-prepared
samples and after electrochemical oxidation of methane for 2 hours. The scale bars in all the
samples cOrreSPONAd t0 1 LML c...eiiiiiiiiiiiieiie et sttt ettt saee e e e 185
Figure E.1 FES of the structures with no formates in the reaction condition: Pressure = 0.013atm,
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Chapter 1 Research Background

1.1 Heterogeneous catalysis

Heterogeneous catalysis!™

is an essential technology that underpins the chemicals and
energy industries and plays a central role in driving the transition to carbon-neutral operation. The
ultimate goal is to design active and robust catalytic processes that can improve the world. Ideally,
materials with self-regenerating active sites under operating conditions could be created at the
atomic level for critical catalytic processes. The pursuit of rational design in catalysis has been one
of the "holy grails" of chemistry since the publication of articles by Breslow and by Bard and Fox
in 1995, and this quest continues with greater urgency today.

The need for catalyst development has never been greater than it is now, particularly in key
processes such as biomass upgrading, CO; reduction, water splitting, and light alkanes activation.
The soaring demand for energy, chemical products, and food, along with the rise in anthropogenic
CO» emissions worldwide, has made it essential to develop catalytic processes that can meet these
needs sustainably. Catalytic processes are central to the production of chemicals, which accounts
for approximately 25% of industrial energy use, and the most energy-intensive processes rely on
heterogeneous catalysis. Therefore, there is a significant opportunity to decrease energy
consumption and reduce environmental impact by increasing the efficiency of catalytic processes.
Developing COz-neutral processes, efficient and sustainable production of Hz, selective oxidation
of methane, and electrochemical production of ammonia are some of the most pressing challenges
that require innovative catalytic technologies.

Overall, the importance of heterogeneous catalysis in enabling the sustainable development

of the chemical and energy industries cannot be overstated. The design of efficient and sustainable

catalytic processes will be essential for meeting the ever-increasing demand for energy, chemicals,
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and food while reducing the environmental impact of these industries. Therefore, investing in
catalytic research and development is crucial for a sustainable future.

Heterogeneous catalysis (gas or liquid phase and solid catalyst) proceeds via adsorption of
one or two reactant molecule(s) on the solid surface, enhancing the reactant(s) concentration on
the surface and favoring its (their) activation. The first step of the reaction is thus the reactant(s)
adsorption, whereas the reaction energy includes the activation barrier energies of adsorbed
reactants, of adsorbed intermediates and of desorption of products. In other words, the degree of
catalytic efficiency gained in following a given path is governed by the energetics of the various
intermediates, which encompass adsorbed reactant, the activation energy required to convert the

bound reactant into a surface intermediate and finally to a product and its desorption.
1.1.1 Metal Oxide Catalysts

Metal oxide catalysts hold a significant position in the realm of heterogeneous catalysis,
encompassing a wide array of industrial processes and catalyst families. Examples include silica,
alumina, clays, zeolites, TiO>, ZnO, ZrO,, porous and mesoporous metal oxides,
polyoxometallates (POMs) like Keggin or Dawson types, as well as the phosphates family (e.g.,
VPO, FePOsy, silica phosphoric acid (SPA)). Multicomponent mixed oxides such as molybdates,
antimonates, tungstates, MoVTe(Sb)Nb-O, perovskites, and hexaaluminates are also essential
components.

Metal oxides emerged as significant catalysts in the mid-1950s due to their effectiveness
in a wide range of reactions, particularly oxidation and acid-base reactions. They play vital roles
in petrochemicals, intermediates, fine and pharmaceutical chemicals, and biomass conversion
reactions. Additionally, they serve as the foundation for metallic catalysts, both mono- and pluri-

metallic, hydrodesulphurization catalysts (e.g., CoMoO*, NiMoO*, NiWO* based), deNOx and



deSOx catalysts, as well as bulk single or mixed metal oxide catalysts. The catalytic domains
encompass oxidation (selective or total), acid and base catalysis, photocatalysis, depollution, and
biomass conversion.

Metal oxides* are categorized as inorganic materials with diverse properties and
applications, including sensors, catalysts, and fuel cells. Oxide surfaces are terminated by oxide
O?* anions, which are much larger in size compared to Mn" cations. Consequently, the surface
symmetry and coordination of Mn" cations are disrupted. Furthermore, oxide surfaces may exhibit
various types of defects and environments, such as kinks, steps, and terraces, which significantly
influence the catalytic phenomenon®’. This surface unsaturation is often compensated by reacting
with water vapor, resulting in the formation of surface hydroxyls through the reaction: 0> + H,O
— 20H". OH, groups act as conjugated acids of lattice oxygen ions (O*’), which function as strong

bases and conjugated bases of water molecules.

1.1.2 Single Atom and Small Clusters supported on Surfaces.

Small nanoclusters and highly dispersed single atom catalysts, composed of a limited
number of atoms, have emerged as highly promising catalysts in heterogeneous catalysis® 2. These
nanoclusters possess unique properties attributed to their size, composition, and surface structure,
making them effective in various catalytic reactions. By precisely controlling the cluster size and
composition, their catalytic activity and selectivity can be finely tuned. Small nanoclusters offer
advantages such as high atom utilization, increased surface-to-volume ratio, and enhanced
accessibility of active sites, leading to improved catalytic efficiency. Moreover, their size-
dependent electronic and geometric properties enable tailored reactivity, allowing for specific

transformations and reaction pathways 3% The confinement effect in small nanoclusters induces



quantum size effects, resulting in discrete energy levels and altered electronic structures, which
can significantly influence their catalytic behavior'”!® Additionally, the interaction between small
nanoclusters and the support material plays a critical role in stabilizing the clusters, modifying

their electronic structure, and influencing the catalytic performance!®-?°

. Therefore, exploring
small nanoclusters as catalysts opens exciting opportunities for developing efficient and selective
heterogeneous catalytic systems. Their unique properties and tunability make them potential

candidates for various applications, ranging from energy conversion and storage to environmental

remediation and chemical synthesis.
1.2 Determining the “true” Active Site

Catalysts are crucial in many chemical reactions, as we have seen from the previous
section. Modeling catalytic reactions requires an understanding of the structure and active site of
the catalyst in realistic conditions. This task is especially difficult with surface-supported clusters
and metal oxide surfaces because of various variables such as pressure, temperature, and adsorbate
coverage.

One of the easiest ways to model surface supported clusters is to optimize a predetermined
cluster in gas phase and then deposit it on the surface. Researchers then take this system as the
active site for their reactions and study the full reaction mechanism on this active site. One clear
problem with this method is that it does not take into consideration the effects of the interaction
with the support, the effect of reaction conditions or the effect of restructuring induced by the
adsorbates generated during the reactions. This led the researchers to shift their focus on
determining the global minimum or most stable structure of the nanoclusters on metal or metal-
oxide surfaces in the presence of ligands that are directly or indirectly involved in the reaction

mechanism. However, the global minimum structure can be difficult to determine without any



initial knowledge of the catalyst active site. Hence, to find the global minimum in the real reaction
condition we need to utilize stochastic global optimizing and sampling methods. Different
optimization techniques, such as Particle Swarm Optimization (PSO)?!*2, Genetic Algorithms>*

152739 and Simulated Annealing®' have been developed. These are combined

26, Basin Hopping
with ab-initio electronic structure calculations to generate the free energy surface of the catalyst in
the reaction condition. During the global sampling process not only the cluster shape is modified
but compositional changes are also allowed that could affect the main backbone of the cluster
itself. Such extensive studies have revealed that clusters can exhibit significant variations in
appearance, charges, chemical bonds, and reactivity. For example, in an oxidizing environment,
the metallic cluster may be able to uptake oxygen, but the amount depends on factors such as
partial pressure, temperature, electrochemical potency (in the case of electrochemical systems),
and cluster geometries. In the case of electrocatalysts, the interaction between the catalyst and
water necessitates determining the coverage of hydroxyls and hydrogen on the catalyst.

However, the aforementioned approach assumes that the global minimum structure
represents the "real" active site of the catalyst. Unlike extended surfaces, catalytic clusters are
highly dynamic, with the ability to alter their composition, size, and shape in response to
temperature, pressure, and other factors. Hence, it is crucial to determine which cluster
compositions serve as the active sites in a reaction. Clusters can also experience partial poisoning
or sintering, leading to a loss of their catalytic properties associated with specific sizes. This
complex dynamic makes it challenging to predict the behavior of a catalytic system solely based
on its initial structure.

Researchers have discovered that a single structure alone is insufficient to describe a

catalyst?®3233, The “real” active site comprises of numerous thermally accessible structural forms



that collectively constitute the catalyst. This understanding has challenged the conventional belief
that global minimum structures are catalytically active, suggesting instead that rare, transient
structures with thermally populated surfaces drive the catalytic activity. This hypothesis gains
support from the observation that nanoclusters with nearly flat potential energy surfaces can
readily isomerize and explore multiple isomers within nanosecond timescales at catalytic

temperatures. It emphasizes the dynamic nature of catalyst.

1.3 Reactions to be considered.

In this dissertation we have studied the following reactions on various heterogenous catalysts:
1.3.1 Hydrogen evolution Reaction

Hydrogen gas (Hz) is an attractive fuel known for its high energy density and
environmentally friendly water byproduct when combusted®*3’. However, the current method of
H> production through steam reforming of fossil fuels is inefficient, resource-intensive, and
contributes to CO; emissions. Electrochemical water splitting, or water electrolysis, offers a clean,
efficient, and sustainable alternative for H> generation. By utilizing water as both the input and
output, water electrolysis presents a promising solution to replace fossil fuels in the hydrogen
economy. The process involves two half-cell reactions: the hydrogen evolution reaction (HER)
and the oxygen evolution reaction (OER), both requiring suitable catalysts to minimize energy
losses and enhance efficiency. While platinum group metal (PGM)-based catalysts have shown
high performance, their limited availability and cost hinder widespread implementation®”**. Thus,
the objective is to either reduce Pt usage while maintaining catalytic effectiveness or explore earth-

abundant, non-noble metal alternatives with comparable catalytic activity.



1.3.2 Oxygen evolution reaction

The oxygen evolution reaction (OER) plays a crucial role in various processes that involve
the production of molecular oxygen, such as water oxidation during oxygenic photosynthesis,
electrolysis of water to generate oxygen and hydrogen, and electrocatalytic oxygen evolution from
oxides and oxoacids **#. Enhancing the performance of OER catalysts is essential for the
advancement of renewable energy technologies, including solar fuels production and metal-air
batteries. Currently, precious metal oxides like ruthenium and iridium oxides exhibit the highest
OER activities*’>!. However, their limited availability and high costs pose challenges for large-
scale applications. Therefore, there is a need to develop alternative catalysts that are abundant,
cost-effective, and exhibit comparable or even superior OER performance. Especially, efforts are
being made to explore earth-abundant transition metal-based catalysts, such as manganese, cobalt,
nickel, and iron oxides, as potential alternatives for precious metal catalysts %, These transition
metal oxides have shown promising OER activities and offer the advantage of abundant reserves,
reducing the reliance on scarce and expensive materials. Moreover, extensive research is being

43:48,35-60 - composition* 3, and morphology®'® of OER

conducted to optimize the structure
catalysts to enhance their catalytic efficiency. Nanoscale engineering, surface modification, and

doping techniques are employed to tailor the active sites, improve charge transfer kinetics, and

minimize energy losses during the OER process.
1.3.3 Partial Oxidation of Methane to Methanol

The conversion of methane to methanol is a topic of significant interest due to several
reasons. First and foremost, methane is the main component of natural gas, which is a plentiful
and widely available resource®. By converting methane to methanol, we can transform a gaseous

fuel into a liquid form, which is more versatile and easier to handle for various applications %57,



Methanol itself is a valuable chemical compound with numerous uses. It serves as a crucial
building block for the production of various chemicals and materials, including formaldehyde,
acetic acid, and olefins. Methanol is also utilized as a transportation fuel, either directly or as an
additive to gasoline or biodiesel. Its use in fuel cells and as an energy carrier for renewable energy
systems is being explored as well. *® Another important reason to consider methane to methanol
conversion is the environmental aspect. Methane is a potent greenhouse gas, with a much higher
global warming potential than carbon dioxide over a specific timeframe. Methane emissions from
various sources, including natural gas production and livestock, contribute significantly to climate
change. By converting methane to methanol, we can mitigate its environmental impact and utilize
it as a cleaner-burning fuel or a precursor for sustainable chemical production. Furthermore, the
methanol market is experiencing substantial growth, and demand is expected to continue rising in
the coming years. While current methanol production relies heavily on natural gas and coal, there
is an increasing interest in renewable and sustainable sources for methanol production. The
development of efficient and economically viable methods for methane to methanol conversion

can contribute to the diversification of feedstocks and reduce reliance on fossil fuels.
1.3.4 CO, hydrogenation

The study of CO; hydrogenation to methanol is of great significance due to its potential to
address pressing environmental and energy challenges. This process involves converting carbon
dioxide, a major contributor to climate change, into methanol, a valuable chemical compound and
potential clean fuel. CO2 hydrogenation to methanol offers a promising approach to mitigate CO>
emissions by utilizing this greenhouse gas as a feedstock instead of releasing it into the atmosphere
6980 By transforming CO» into methanol, we can effectively recycle and reuse carbon dioxide

emissions from various sources, closing the carbon cycle. Methanol derived from CO>



hydrogenation has multiple applications. It can serve as a cleaner-burning fuel or fuel additive,
offering an alternative to traditional hydrocarbon fuels. Additionally, methanol is a vital building
block for the production of various chemicals and materials. By harnessing CO> as a raw material
for methanol synthesis, we can reduce our reliance on fossil fuels and foster the development of a
circular carbon economy. Furthermore, CO> hydrogenation to methanol holds promise for energy
storage and the integration of renewable energy sources. It allows for the production of methanol
using renewable electricity and green hydrogen, enabling the storage and utilization of excess
energy generated from renewable sources. This process facilitates the conversion of intermittent
renewable energy into a storable and transportable form, promoting its integration into existing
energy infrastructure. In-depth studies of CO2 hydrogenation to methanol are crucial for advancing
the development of efficient and selective catalysts. Catalysts play a vital role in driving the
reaction and optimizing its performance in terms of conversion efficiency, selectivity, and reaction
rates. Understanding the underlying mechanisms and kinetics of this reaction is essential for
designing and optimizing catalysts, enabling more sustainable and economically viable CO-
utilization technologies. Overall, the study of CO> hydrogenation to methanol offers significant
potential for carbon capture and utilization, renewable energy storage, and sustainable chemical
production. By converting CO; into methanol, we can contribute to reducing greenhouse gas
emissions, utilizing renewable energy, and transitioning to a more sustainable and circular

economy®®,

1.4 Thesis Objectives

In this dissertation, we seek to investigate the true nature of the active site under reaction

condition in both thermal- and electro- catalysts using state-of-the-art periodic DFT calculations,



atomistic thermodynamics, enhanced sampling methods such as grand canonical basin hopping
and microkinetic modeling.

Chapter 2 focuses on the using first-principles simulations to study small Pt, (n: 1,2,3)
clusters on indium oxide, tin doped indium oxide, and hydroxylated tin doped indium oxide. We
report that the Pt, cluster is stabilized in the presence of tin and that this is especially the case for
Pt single atoms on the hydroxylated indium tin oxide support, which are anchored to the
support via the hydroxyl group. On this support, the Pt single atoms become more stable than
Pt and Pt; clusters, hence decreasing sintering. These findings provide a promising way to design
single-atom catalysts on electrically conducting supports for electrocatalytic applications and to
better understand how functional groups on supports can increase the adhesion of cluster catalysts.

Chapters 3 focusses on using a combination of DFT and experiments with atomically size-
selected Pt, clusters deposited on indium-tin oxide (ITO) electrodes used to examine the effects of
applied potential and Pt, size on the electrocatalytic activity of Pt, (n= 1, 4, 7, and 8) for the
hydrogen evolution reaction (HER). Activity is found to be negligible for isolated Pt atoms on
ITO, increasing rapidly with Pt, size such that Pt;/ITO and Pts/ITO have roughly double the
activity per Pt atom compared to atoms in the surface layer of polycrystalline Pt. The exception is
Pt1/ITO, where H adsorption at the HER threshold potential is energetically unfavorable. The
theory combines global optimization with grand canonical approaches for the influence of
potential, uncovering the fact that several metastable structures contribute to the HER, changing
with the applied potential. It is hence critical to include reactions of the ensemble of energetically
accessible Pt,Hx/ITO structures to correctly predict the activity vs Pt, size and applied potential.
For the small clusters, spillover of Hads from the clusters to the ITO support is significant, resulting

in a competing channel for loss of Hads, particularly at slow potential scan rates.
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Chapter 4 focusses on using density functional theory calculations and grand canonical
basin hopping to theoretically investigate the active site for the oxygen evolution reaction (OER)
on a single Pt atom supported on indium tin oxide, including the influence of the electrochemical
potential. We show that the ligands on the Pt atom change from Pt—OH in the absence of
electrochemical potential to PtO(OH)4 in electrochemical conditions. This change of the chemical
state of Pt is associated with a decrease of 0.3 V for the OER overpotential. This highlights the
importance of accurately identifying the nature of the active site under reaction conditions and the
impact of adsorbates on the electrocatalytic activity. This theoretical investigation enhances our
understanding of SACs for the OER.

In Chapter 5, we utilize a combination of control experiments and DFT calculations to shed
light on the intrinsic activity of high valence transition metal oxides for the activation and oxidation
of methane to methanol at ambient temperatures. Our calculations reveal that electrocatalytic
oxidation allows for the attainment of an optimum potential window, in which both methane
activation to form methanol and methanol desorption are thermodynamically favored.
Additionally, we find that methanol desorption is favored due to competitive adsorption with
hydroxide anions. Notably, our results demonstrate that the oxidized form of as-deposited
(oxy)hydroxide catalyst films exhibit activity for the thermal oxidation of methane to methanol
even without the application of bias potential.

Chapter 6 focusses on addressing the growing concern over the escalating levels of
anthropogenic CO> emissions necessitates effective strategies for its conversion into valuable
chemicals and fuels. In this work, we embark on a comprehensive investigation of the zirconia-
copper inverse catalyst's true nature under CO; hydrogenation conditions. To achieve this, we

employ density functional theory calculations in combination with Grand Canonical Basin
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Hopping search, enabling an exploration of the complete free energy surface within the relevant
reaction conditions. Our focus centers on the Zr;OxOHy(HCOO),/Culll cluster, revealing
noteworthy changes in the active site induced by various reaction parameters such as pressure,
temperature, conversion levels, and CO»:H> feed ratios._Through our analysis, we have unveiled
intriguing insights into the dynamic behavior of the catalyst. Specifically, under reaction
conditions, we observe a relatively flat free energy surface, suggesting that the active site should
be regarded as an ensemble of diverse structures, especially involving changes of the type, number,
and binding sites of adsorbates, rather than being solely dictated by the global minimum. This
finding challenges the traditional notion of a single dominant structure and emphasizes the
importance of considering the ensemble nature of the active site for an accurate understanding of

the COz hydrogenation process.
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Chapter 2 Highly dispersed Pt atoms and clusters on hydroxylated indium tin

oxide: a view from first-principles calculations

2.1 Introduction

Assembling metal clusters on high-surface-area supports has been extensively explored to
achieve high activity and stability in heterogeneous catalysis®'#*. Other applications of supported
metal clusters include nanoscience, information storage, and magnetism®®. Sub-nanometer scale
metal clusters present the advantage of an optimal dispersion, where nearly all the atoms present
on the surface contribute towards improving the catalytic activity, which is vital since the active
phase is often formed by rare and expensive transition metals such as Pt or Rh?*“2, Pt-based
catalysts have long attracted scientists' attention because of their importance in catalyzing a large
range of chemical reactions, including emission control of toxic gases, production of chemicals,
and energy conversion in fuel cells®>°. Theoretical modeling and experimental research on Pt-
based catalysts' properties have been extensive’’'%. Under the regime of supported metal

catalysts, the control of the metallic particle size is a fundamental question'®!

. The general behavior
is that an increase of metallic coordination number, and hence size, improves the stability.
Therefore, the small, bare metallic particles tend to sinter into larger ones, leading to a loss of
activity and selectivity. As a result, one of the primary barriers to the industrial application of
supported metal catalysts is their stability. Scientists have focused on studying the sintering of
supported metal catalysts, and a sizeable metal-support interaction has proven to be vital for the
stability of heterogeneous catalysts. Sub-nanometer-sized metal particles present specific

electronic and chemical properties.'>!% Hence, understanding the mechanisms that allow small

particles' stabilization is crucial for many application fields including catalysis.

13



High-surface area supports such as metal oxides have been thoroughly investigated to study
their interaction with small metal clusters and have been found to favor small particles kinetically.
This approach is used in heterogeneous catalysis, in which the optimal stabilization of small
particles by the support is of significant importance to slow down the often-unavoidable sintering
into larger particles and the loss of catalytic activity. One way to increase the stability of small
metal particles on supports is to increase the adhesion energy between the particle and the support.

This can be accomplished by modifying the oxide interfacial properties, such as defect

104-106 7 108,109

concentration , surface termination, functionalization'®” or reaction conditions
Hydroxyls represent one of the most common functional groups, often omnipresent in realistic
conditions and essential for metal support interaction!!%!!!_ Scientists have already noted evidence
of enhanced interactions between the supported metals and the hydroxylated metal oxide for Pd/y-
ALOs'"!, Pt/ALOs'2, Co/ALO3(0001)!'3, Pt/ TiO2(011)- 2 x 1'%, Rh/ZrO, 5116 Ru/ZrO2!"7,
PYTiO, '8, Ir/In,O5 ', PA/MgO'? and Pd/Fe;0Os '*! etc. These interactions cause thermal
stabilization and hence more durable catalytic activity of the single-atom or, more generally, highly
dispersed catalysts. Understanding how the support and its chemical nature control particle
stability as a function of size is key to the conscious design of well-controlled, monodispersed,
supported catalysts.

In,0; is a wide band-gap semiconductor used in semiconductor gas sensors'?* and more
recently has also been explored as a potential catalyst for CO, hydrogenation'**!>*, On doping
with Sn, it becomes Indium Tin Oxide (ITO), a transparent conducting oxide that has optical
transparency in the visible range with metal-like conductivity. This material has applications in

transparent electrodes for electro-optical displays, e.g., liquid crystal displays and solar cells'?.

14



Each has been a subject of intensive research and development activities. Sn doped Indium oxide
demonstrates high conductivity, crucial for application in electrocatalysis. These properties have
incited scientists to investigate these conductive oxides as supports for Pt-metal clusters for

electrocatalytic applications in water 1267128

, Where the surface might be hydroxylated.

In this first chapter, we report first-principles DFT calculations of Pt single atom and small
clusters supported on the defect-free InoO3(111), Sn-doped In,O3(111), and hydroxylated Sn-
doped InoO3(111) surfaces. By analyzing the structural and electronic properties of the metal
clusters on the supports, including the detailed sampling of geometric configurations, we provide
insights on the metal-support interactions and the effects of hydroxyl groups. We show that H
atoms from hydroxyl groups migrate on the cluster and that this is a crucial mechanism to stabilize
and anchor the cluster on the support. This effect is proportionally more substantial on Pt single
atom, and therefore hydroxylated support better stabilize Pt; compared to Pt; or Pt; clusters, hence
hindering sintering. The manuscript is organized as follows: In Sec. 2.2, we present calculation
details and the grand canonical methods used in this work. In Sec. 2.3, we discuss in detail the
doping of In,O3(111) by Sn to produce the ITO (111) surface, the water adsorption on ITO (111)

, and finally, we discuss the structures of Pty(n=1,2,3) clusters on the three different supports, their

stability, and their electronic and structural properties.

2.2 Methods

2.2.1 Total Energy Calculations

All calculations were carried out within the density functional theory framework using the
Vienna ab-initio simulation package (VASP). 12130 The electron-ion interactions are treated using

the projector augmented wave (PAW) method.!*! We use the Perdew—Burke—Ernzerhof (PBE)
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functional to treat the exchange-correlation interactions.!*? The Gaussian smearing method with a
smearing of 0.01 eV is used to improve K point convergence. The valence electronic states are
expanded in plane-wave basis sets with an energy cutoff of 500 eV. The structures are optimized

until the force on each atom is less than 0.01 eV/A°!.

2.2.2 Models

The calculated lattice parameters of the bulk Indium Oxide (a= b = ¢ = 10.352A), which

agree well with experiments 133

, were used to construct the periodic slabs (111) surface
calculations., were used to construct the periodic slabs (111) surface calculations. The InoO3(111)
unit dimension in the surface plane is 14.63 x 14.63 x 28 A, including a vacuum region of ~20 A.
The In2O3(111) unit cell model contains four tri-layers of O-In-O in that order; each unit cell has
64 Indium atoms and 96 Oxygen atoms, out of which 16 In atoms are 6 coordinated(6c), 48 In
atoms are Sc, 48 O atoms are 3c, and other 48 O atoms are 4c. There are 6 non-equivalent In atoms
present in the unit cell, and a top view of the slab surface is shown in Figure 2-1.The different
colors represent the non-equivalent metal atoms; light blue : In(6¢c) bonded with 30(3¢) and 3
O(4c), dark blue : In(6¢) bonded with 30(3¢), 20(4c¢), red : In(5¢) bonded with 30(3c) and 10(4c¢),
dark green : In(5¢) bonded with 20(3¢) and 30(4c), lime : In(5c) bonded with 20(3¢) and 20(4c¢)
and yellow: In(5¢) bonded with 10(3¢) and 30(4c). All the metal atoms, except the light blue
atom, also have 1-O interaction from the second layer and are located at the same z-value on the
surface layer. Only the atoms exposed on the surface were shown in the figure. The atoms in the
lower layers were removed for clarity. The structures were first studied on 2-Layer slabs, after
which the structures with reasonable stability were recalculated on a thicker slab containing four

tri-layers. This was done to save computational time and resources. The atoms in the two lower In

layers of the 4-layer system and the associated O layers, i.e., the lower half of the slab, were fixed
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at their bulk positions for all the calculations. The Brillouin-zone (BZ) integration is sampled by

adopting the Monkhorst—Pack!** k-point grids of 5x5x1 for all the surfaces.

2.2.3 Pt-cluster structure exploration.

We used the Basin Hopping global optimization method to explore possible adsorption
sites for the Pt-SA on the hydroxylated ITO (111) surface and Ptz and Pt; adsorption structure and
site on In2O03(111), ITO(111), and Hydroxylated ITO(111). The premise behind the Basin hopping
method is very similar to that of canonical Monte Carlo (MC) simulation, '%°, where the algorithm
perturbs the coordinates of the current structure by a random displacement (called perturbation)
and then optimizes the new geometry to a local minimum. The optimized structure can be either
discarded or accepted, and the algorithm decides this by evaluating the probability that depends
on the energy difference between the previously accepted structure and the temperature (full
description of the method is provided in Basin Hopping Algorithm). The motivation to use basin
hopping for our studies was from Sun et al., where they used this method to study Ptg cluster on

alumina under a pressure of hydrogen.'’

2.2.3 Energetic Analysis

The doping energy for the Sn doping onto the In2O3(111) surface is defined by the

following equation:

N Sn0,,,, + Iny,0, (111 slab) >Sn,In 4y 10,4 (111 slab) + 2Inp03pulk + 3 02gas

Hence, the doping energy can be calculated as:
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E(doping) = E (S, O, 111slab) + “E(In203Bylk) + 5 E(02,,) — nE(SnO,,,) -

E(In,,0,, (111 slab) )

Where E(SnnInz2-nyOas 111 slab) is the energy of the slab with n-Sn dopants, E(In32O48(111 slab)
) is the energy of the In2O3(111) slab, E(In2O3bui) and E(SnOzbuik) are the energies for the bulk

structures of In2O3 and SnO: respectively, E(Oazgas) is the energy of the gas phase O2 molecule.

The adsorption energy of H>O on the ITO (111) surface is defined by:

G(Adsorption) = E (Sn_In O, +pH,0 1llslab) - E(SnlIn,, O, 111 slab ) -

(32-n) (32-n) 48

pG(H>O (gas))

Where G(H,0 gas) is the Gibbs free energy for gas-phase H>O and p is the number of H>O

molecules chemisorbed on the surface, E(Sn_In O, + pH,O 111 slab) is the energy of the slab

(32-n)

with p-H2O molecules, and E ( Sn,In s, 045 111 slab ) is the energy of ITO(111) surface slab.
To analyze the evolution of the stability of the clusters on each of the four surfaces, the normalized
cluster binding energy, Ebinding, 1n the presence of the surface was calculated, with the Pt bulk and

the bare oxide surface as a reference, following eq:

Enpt + surface — Esurface = Ept—bulk
n

Ebinding =
Here, E,pt 4 surface 1S the energy of the Pt cluster with n Pt atoms on the surface, Egypface 1S the
energy of the oxide support and, Ep;_pyu1k 1S the energy of Pt-bulk. Epinding 1 positive (meaning less
stable) and corresponds to the energy loss, normalized to 1 Pt atom, for the supported cluster
compared to Pt bulk.
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2.3 Results and Discussion

Before presenting the results of Pty (n = 1,2,3) interaction with the surface of InoO3(111),
ITO (111), and hydroxylated ITO (111), we first determine the most energetically desirable
structure for our ITO (111) surface. To do this, we begin with doping Sn onto each of the non-
equivalent sites (Figure 2-1a). After a detailed analysis, the Sn prefers to reside in the light blue(6¢)
and the red(5c) sites and at a vertical z coordinate 0.14 A higher than that of the In they substitute.
We increased the Sn doping concentration from 1.25% (1Sn atom for 80 atom bilayer slab) to 5%
(4Sn atoms for a 80 atom bilayer slab). We observe that as we increase the doping level, the surface
energy decreases; hence the substitution of In by Sn stabilizes the surface (Appendix A.2). We
have considered 5% ITO (111) for our studies in this work as it has been previously reported to
provide an optimum Tin doping level for the highest carrier density 3. In the case of 5% doping,
we find that all Sn atoms prefer to locate in the surface layer. For a four-layer slab, 8 Sn atoms are
present, 4 in the top and 4 in the bottom layer. 3 Sn atoms replace the In atoms in the red 5
coordinated sites, and 1 Sn atom replaces the In in the light blue 6 coordinated site. The Appendix
A shows detailed results of the different doping energies of all the possible sites (Figure A.2). We
also did not observe any dependence of doping energies on the Sn-Sn distance in the slab (Error!
Reference source not found.). In Figure 2-1b and c, we show the simulated empty state STM
image (Vsample = 1.7V) using the p4vasp code alongside the experimental image (Figure 2-1d)
for the Sn doped In2O3(111) surface. We observe that the calculated and experimental STM images
are very similar with very prominent dark triangular features (marked in yellow on the simulated
images of Figure 2-1b and c). These black zones correspond to the triangle defined by the In (6¢)

atoms (blue in Figure 2-1a), one Sn atoms being at its center (light blue position). The repeat vector
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for these black features from our simulations (14.65 A) also compares well with the experimental
value (14.44 A)137. The 6 coordinated Indium atoms are saturated, and hence the local density of
empty states is decreased. The slightly brighter points between the dark triangles on the simulated
STM image are the Sn atoms in the red positions. The contrast in the STM image is explained by
the electronic density of states (DOS) projected on each surface atom of ITO(111) , between the
Fermi level and the Fermi level + 1.7 eV (Appendix A Figure A.7(a), (b)): 6-coordinated Sn (light

blue) and In (blue) show a very low DOS and hence appear dark in the image, while 5-coordinated
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Figure 2-1 Structure of the first layer of the InoO3(111) 2x2 surface. The different color In atoms
represent the non-equivalent In atoms (see text). The orange balls are the O atoms that are 3-
coordinated and the red balls are the O that are 4-coordinated. (b) and (c): Calculated STM image
of the 5% Sn doped In,O3(111) surface. In (a) and (b), the black dotted line represents one unit
cell and in (a), (b) and (c) the yellow triangles highlight the lower current (dark) regions. d)
experimental STM image of the 5% Sn doped In2O3(111) surface (Iunnel = 0.4nA and Vsample =
+1.7V) from *7 (e) topographic profile along the line marked in (d) gives an experimental lattice
constant of 14.44A for the dark areas which is very close to the lattice constant of 14.65A from

our calculations.
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2.3.1 H,O interaction with the ITO (111) surfaces

To study the interaction of Pt-clusters with the hydroxylated surface of ITO (111), we first
need to resolve the structure of the hydroxylated ITO (111) surface. We performed a series of DFT
calculations to determine the adsorbed water structure on the ITO (111) surface to achieve this
goal. The first step was to start with the 1-H>O molecule and study the configurations of both
dissociative and molecular adsorptions onto the surface. The supplementary information gives a
detailed analysis of the adsorption energies of the different configurations. The calculations show
that molecular adsorption of water molecule takes place via their oxygen atom, Ow, to the
unsaturated In (5c¢) sites, and in the case of dissociative adsorption, the proton converts an O(3c)
surface oxygen, Os, to a hydroxyl (OsH). The remaining OwH group from the water molecule
takes either an on-top or a bridging position at the In(5c) sites. Dissociative adsorption is preferred
over molecular adsorption by 0.23eV. In the most favorable configuration (Figure 2-2 (a)), the
proton adsorbs on one of the three O(3c) binding to two In(6¢) and one In(5c¢). The remaining OwH
group adsorbs in a bridging position between the two In(5c) closest to the OsH group.
Subsequently, a second, third and fourth water molecule was added to the surface unit cell; in this
case, only a handful of adsorption sites were considered depending on the adsorption energies they
had with respect to 1-H2O molecule adsorption. In the most favorable configurations, the water
molecule was dissociatively adsorbed until 2-H>O adsorption. After this, any additional water
molecule would be molecularly adsorbed. The two hydroxyls adsorb to two of the three
symmetrically equivalent sites (Figure 2-2 (b)). However, the third site favors the molecular
adsorption of H,O over dissociative adsorption (Figure 2-2 (c)). The fourth H>O took the second
most favorable site for molecular adsorption (Figure 2-2 (d)). We can notice a direct H-bonding

between the dissociated H2O and nearby molecularly adsorbed H>O. The direct adsorbate-
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adsorbate interaction contributes to the stabilization of partially dissociated H,O over completely
dissociated and intact H>O molecules. This behavior is also observed in methanol adsorption on
rutile TiO2(110). 138

The binding energy per molecule decreases slightly from -1.02 to -0.97 to -0.90 and -0.88
eV when going from one to two to three and four water molecules, respectively. The decrease in
the binding energy can be attributed to the slight, surface-mediated repulsion between the
molecules due to the surface re-relaxation. This re-relaxation contributes to the binding energy and
affects the first adsorbate to the fullest, after which it starts reducing. This phenomenon is of
general importance for oxides'3®%, On the surface stability diagram Figure 2-2 (e), the pink
shaded region corresponds to the chemical potential range for water where the surface would only
contain hydroxyls but no water molecules. As we move beyond the pink region, we observe that
any additional water molecule would undergo molecular adsorption. Hence, the maximum
hydroxyl coverage on the ITO (111) surface is 1.1 hydroxyl per unit area of the cell. The vertical
black dotted line marks the water chemical potential at room temperature and standard pressure.'*°
We also studied solvation effects on water adsorption by including an explicit solvent and found
that the conclusions are not qualitatively modified.

Our primary motivation to resolving the structure of hydroxyl/water adsorption on the ITO
(111) surface is that when we move forward to study the Pt-cluster adsorption on the hydroxylated
surface, the hydroxyls will become very important as they might provide extra anchoring to the
Pt-clusters. On the other hand, the intact water molecules are less critical because they do not have
any strong chemical interactions with the Pt-cluster and can also move around on the surface upon

Pt-cluster adsorption. Hence, keeping this in mind, we move forward with the 4H>O on ITO (111)
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surface as it provides the maximum number of hydroxyl groups, and even if additional water

molecules could be molecularly adsorbed on the surface.
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Figure 2-2 (a), (b), (c), (d) gives the best structures for H2O adsorption on the ITO(111) surface.(a)
1H>O dissociative adsorption (b) 2H>O dissociative adsorption (¢) 3H>O : 2H>O dissociative
adsorption + 1H>O molecular adsorption (d) 4H,O : 2H>O dissociative adsorption +2 H>O
molecular adsorption. The atoms with black border represent the atoms from water (e) The phase
diagram at constant room temperature. The dotted line is the liquid water chemical potential at
room temperature and latm pressure. The red shaded region is the region where the hydroxylated
surface is stable, and the blue shaded region is where the molecular + dissociative adsorption is

more stable.

2.3.2 Pt, (n=1,2,3) on the In,O3(111) and ITO (111) surfaces

Pt-SA: We systematically probed all non-equivalent adsorption sites on the InoO3(111) and
ITO (111) surfaces for Pt-Single atoms (SA). In total, we found six stable sites for the Pt-SA
adsorption. These different sites for InO3(111) and ITO (111) are shown in Chapter 7A.7. Figure
2-3 shows the adsorption energy for every site, while the structure of the best site is shown in

Figure 2-4 (a) and (d), for InoO3111y and ITO (111) , respectively. In the case of InoOs3(111), site 3 is
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the most stable adsorption site for the Pt-SA, where Pt is located 1.20 A above the top layer of the
surface and is interacting with one In(6), two In(5), and two O atoms (Pt-O bond distances of 2.01
and 2.05 A which is very close to the bond distances observed in PtO2, 1.97A). A significant
restructuring of the oxide support occurs with the displacement of each of these two O atoms by
1.06 A, including a vertical move by 0.62A, breaking two In(6)-O bonds and forming two Pt-O
bonds. The adsorption of Pt on In,O3 is hence markedly reactive, Pt inserting into two In(6)-O
bonds. On the ITO(111) surface, Pt is similarly located 1.16 A above the plane of the surface, but
the adsorption site differs: the most favorable site is site 1, Pt interacting with two nearby Sn atoms
and one In, displacing the O atom between these 3 atoms by 2 A. The Pt-O bond distance is 1.99
A, the Pt-Sn distances are 2.6 and 2.52 A, and the Pt-In distance is 2.63 A. The oxide surface is
again markedly modified, with one In(5)-O and one Sn-O bond broken.

One key aspect to explain the change in the adsorption site preference is the very different work
functions for the two supports: In203(6.12eV) and ITO(111) (4.46eV). This difference arises from
the filling in ITO(111) of bands initially vacant in InoO3 since the Sn atom substituting In has one
more electron. On In203, the Pt atom is, depending on the binding site, neutral (as evaluated from
the Bader charge) or slightly electronically depleted by transfer to the support (by 0.3e at most on-
site 4). On ITO(111), and its much lower work function, the electronic transfer is very different,
and Pt is generally electronically enriched. Site 3 (Pt atom attached to 1 In(6), 1 In(5) and 1 Sn(5c¢))
and site 4 (Pt atom attached to 1 In(6), 1 In(5), and 1 Sn(6¢)) however, do not follow this trend and
keep a small depletion on Pt. As a consequence, their adsorption energy on ITO(111) is
significantly weakened. The best binding site for Pt shifts to site 1, which is well adapted for a
transfer (0.30e) from ITO(111) to Pt due to the strong interactions with the nearby Sn atoms. The

DOS of the most energetically favored structures are given in Appendix A.6. We observe that for
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Pt-SA on In;O3(111), the Fermi energy moves towards the conduction band, whereas, for Pt-SA
on ITO (111) , the Fermi energy moves towards the valence band. This movement of Fermi level
confirms that the transfer of electrons occurs from Pt(4d) to InoO3(111) surface and from ITO
(111) surface to Pt(4d), as discussed above. When we dope 4 Sn in the InoO3(111) surface, the four
extra electrons from the Sn do not distribute uniformly but accumulates in the area surrounding
the doping site. The heterogeneity of electron distribution in the ITO (111) surface causes the
charge to play a role in the Pt adsorption, inducing the Pt SA to choose a site that will help Pt gain
electrons from the ITO (111) surface. Hence, both the adsorption environment and the charge
distribution play a significant role in the Pt-SA adsorption. The adsorption energies of all the
systems are positive with respect to bulk, which means that the Pt atoms in the bulk phase are more

stable than the Pt atom adsorbed on the supports.
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Figure 2-3 Adsorption energy of Pt-SA adsorption on the different sites on In2O3(111) and
ITO(111) alongside the different sites shown on the surface. The different sites ae marked on the
surface in the Appendix A Figure A.8, A.9. The bader charges are given on the respective points

for the different Pt adsorption sites. It is calculated as (electrons on Pt — 10). Hence, positive means
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higher electron density-gain in charge from the support whereas negative means lower charge

density- loss in charge to the support. (In case of ITO(111) red and light blue sites are Tin)

Another aspect to consider is if the Pt-SA would displace the Sn atoms leading to formations of
Sn defect sites. This can be simulated when we consider reactions between the ITO(111) slab,
In,O3 bulk, and Pt-bulk in an oxygen rich environment, leading to PtSn7Ins¢O9s (With one Pt
substituting an Sn) and ITO(111) bulk. We observe that the Pt-SA will stay as a single atom on
the surface until an oxygen chemical potential of -1.48eV, and as we increase the oxygen chemical
potential, the Pt-SA would displace Sn and interact directly with the surface through the defect site
(SI-Section:5)

Pto/Pt3: To explore the possible configurations of the Pt-dimer and trimer on the InoO3(111) and
ITO(111) surfaces, we employed the basin hopping method. The procedure generated a total of
around 300 optimized structures in both cases. We concluded our basin hopping algorithm once
all the sites on the slab were covered, and no new structure was found for ~100 steps. We have
presented a few of the best structures for both the dimer and trimer cases, along with their relative
energies in the Appendix A-7.0n InoO3(111), the dimer prefers the triangular region containing
the In(6¢) atoms (marked with a yellow line in Figure 2.1 (a), In(6¢c) being blue). The preferred
sites for Pt-SA (site-3 and site-4) are also close to this triangular region. Three oxygen atoms are
displaced, five In-O bonds are broken (four In(6)-O and one In(5)-O), and four Pt-O bonds are
created, one O bridging two Pt atoms. Hence the dimer adsorption involves a rearrangement of
the support. In the case of the trimer, even though the most energetically favored structure does
not sit in the triangular region, 4 out of the 5 best structures (Appendix A- Figure A.14) have the

Pt3 cluster interacting with the specific triangular region. On the most stable structure of Figure.
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2-4 (c¢), the Pt3 structure is gaining stability by its interaction with the neighboring 3 In(5c) (2.67
A) and 3 O (1.93 A) and sits on the site in a perfect triangular shape (Pt-Pt =2.61 A), displacing
three O atoms. Again, a substantial reconstruction of the O atoms occurs, breaking two In(5¢)-O
bond for each involved O. In contrast, on ITO(111), the dimers/trimers do not prefer the triangular
region but interact more favorably with the Sn atoms in between these triangular regions for the

same reason the Pt-SA did. The Bader

(a) “-} ™ Yy )

/()

Figure 2-4 Pt-SA, dimer, trimer respectively on (a), (b), (¢) In2O3 111 (d), (e), (f) ITO(111) and

(g), (h), (1) on hydroxylated ITO(111) .
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charge analysis shows that the dimer and trimer on In2O3(111) lose a total electronic population of
0.62 and 0.06 e, respectively. Whereas in the case of ITO(111), the dimer and trimer gain a total
electronic population of 0.27 and 0.70 e, respectively. This loss or gain in the electronic population
is again in line with the work functions of these materials, as discussed above. The adsorption
energy per Pt-atom on In,O3(111), referenced to Pt bulk, stabilizes from +1.67¢V to +1.45eV to
+1.21eV as we move from Pt-SA to dimer and trimer, hence slowly trending towards the bulk
value of zero. Similarly, for the case of ITO(111), the adsorption energy of Pt-atom, reference to
Pt-bulk, stabilizes from +1.36eV to +1.29¢V to +1.19¢V when we move from Pt-SA to dimer to
trimer. This implies that the Pt-SA would sinter to a larger cluster or particles on In2O3(111) and
ITO(111). We also studied the stabilization of the dimer and trimer on the surface relative to 2 and
3 separated adsorbed Pt-atoms. The energy of the dimer and trimer were 0.83eV and 0.57eV lower
than that of their fragmented counterparts for InoO3(111), verifying the better stability of these

clusters on the In,O3(111), with respect to the SA.

2.3.3 Pty (n: 1,2,3) on hydroxylated ITO(111) surface

Finally, we studied the effects of surface hydroxyls and water molecules on the adsorption of the
Pt clusters. We used the 4H,O-ITO(111) surface, including two dissociated water molecules
(hence 4 surface OH groups) and two molecularly adsorbed waters, as our starting point, and we
introduced the Pt-clusters. We employed the basin hopping approach for finding the best possible
adsorption site and structure for our Pt — structures. The most important point to remember in this
case is that the -OH/H>O groups can move around the support to find a new binding site depending
on where the Pt-cluster prefers to bind. We considered the possibility of -OH/-H/-H20 migrations

throughout the surface and reverse spillover of these groups onto the Pt-clusters. Ultimately, after
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Adsorption energy per Pt atom (eV)

—e— Pt,/In;0; (111) slab around 350 local optimizations, we were able to

Pt,/ITO (111) slab
—@- Pt,/ITO+4H,0 (111) slab

1.6

find the putative global minimum structures for
1.4+

our Pt-SA, dimer, and trimer structures, shown in

1.2 P

1.0 //./‘// Figure. 2-4 (g), (h), (i). The few of the best

0.8 ‘/./‘/'/. structures for Pt-SA, dimer, and trimer are given

0.6 .,.//'/"'/// in the supplementary information along with their
1 2 3

number of Pt atoms in Pt, cluster

relative energies (Appendix A-8). Pt-SA is best

Figure 2-5 Pt-SA, dimer, trimer respectively
located in the Sn rich area of the surface, similarly

on (a), (b), (¢) InoO3z 111 (d), (e), ()

ITO(111) and (g), (h), (i) on hydroxylated

to the non-hydrated case, and it displaces an O atom

to interact with that O atom, two Sn and one In. In
ITO(111).

addition, that O atoms become protonated, forming
an OH group bridging Pt and Sn. The low coordinated bridging O is markedly stabilized by the
interaction with the proton, explaining the more stable energy of the Pt-SA on the hydroxylated
ITO(111) surface. The Pt-SA atom moves farther from the surface compared to that of the non-
hydroxylated ITO(111) surface by 0.08 A. The dimer maintains one Pt in the position of the SA
and adds a second Pt bridged by the OH group, with a Pt-Pt bond distance of 2.74 A (2.5% shorter
than in Pt bulk). The trimer also sits close to the tin atoms, interacting with 3 Sn sharing 1 O and
one OH with neighboring In. The Pt trimer has an average Pt-Pt bond distance of 2.62A (6.8%
shorter than in Pt bulk). A comparison of adsorption energies of all the structures of Pt-SA, dimer,
trimer for the InoO3(111), ITO(111), and hydroxylated-ITO(111) supports of is given in Figure 2-
5. We observe that the presence of water/hydroxyls stabilizes all three Pt-structures compared to

In205(111), and ITO(111), but the stabilization per Pt atom is much larger for Pt, followed by Pt>,

and is very small on Pt3. Consequently, the Pt-SA becomes more stable than the dimer and trimer.
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The adsorption energy per Pt-atom on the hydroxylated surface is destabilized from 0.52eV to
0.71eV to 1.20eV when going from Pt; to Pto and Pt3. Although the adsorption energy of the Pt-
SA is still slightly positive, indicative of a global small thermodynamic trend to sintering, the
nucleation of a larger cluster is kinetically not favorable. This sintering resistant adsorption of Pt-
SA on the 4H>O-ITO(111) can be attributed to the strong anchoring provided by the nearby

hydroxyl. This observation is also corroborated by Weber et al'?®

in their study of size selected Pt,
clusters (n=1-14) deposited on ITO(111) , where they suggested from their electrochemical study

that even at a high Pt; coverage (0.1 monolayer) a substantial fraction of the deposited Pt; remain

isolated and do not sinter into larger Pt-clusters. In the case of the non-hydroxylated ITO(111)
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Figure 2-6 Atom-resolved density of states corresponding to the atoms interacting with Pt before
deposition of (a) ITO(111) (b) ITO(111)+4H>0 and after deposition (c) Pt-SA/ITO(111) (d) Pt-

SA/ITO(111)+4H,0
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1)

2)

surface, the surface restructuring upon Pt interaction displaces a O atom, putting it in a bridge
position between Sn and Pt. This low coordination O atom is reactive (electronic depletion of
0.23¢) and water molecules are introduced on the surface this O gets protonated, which helps
stabilizing the Pt atom. This is also visible through the density of states presented in Figure 2-6(c)
and 6(d), where we observe well defined Pt states that primarily mix with orbitals of the bridging
O and of Snl, and where these states are lying lower in energy into the valence band of the
hydroxylated system than in the case of the non-hydroxylated system. In the case of the dimer,
we observe the complete migration of an OH from the oxide support to the metal, also called
reverse-spillover, which is a feature that is also observed on Pt/Al,O3. Whereas for the trimer, we
see the interaction with a nearby -OH group, but the energy stabilization compared to the non-
hydrated ITO(111) is very modest. Spillover of OH is hence of utmost importance for the
stabilization of highly dispersed Pt clusters on hydroxylated ITO(111). The Bader charge analysis
shows that all the three Pt clusters gained charge from the 4H>O-ITO(111) surface. The Pt-SA,
dimer, and trimer gained an electronic population of 0.33, 0.15, and 0.51 e, respectively.

An influence of surface hydroxyl groups on the binding of single atoms on oxide surfaces was also
observed and the authors provided three possible reasons for the stability:

An enhanced binding of adatoms to surface sites adjacent to hydroxyl groups as observed in the
case of Pd/y-ALOs'!, Pt/ALL,Os 2, Co/Al,03(0001)''3, Rh/ZrO, 5116 Ru/ZrO2'7, Pt/TiO,>,
Pd/MgO'?, Pd/Fe;04'?!. This metal - hydroxyl interaction will be different for different adatoms
and might in some cases lead to decreased stability and hence increased mobility and sintering as
observed in Au/TiO2(110)'!.

The hydroxyls can provide excess oxygen to oxidize the metal adatom leading to formations of

MOx type moieties as observed in Ru/ZrO2!''7 and Pt/TiO,'%.
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3) The increased stability of the smaller clusters can also be caused due to the higher surface diffusion
barriers of the metal atoms which reduces the mobility and the sintering effects. This diffusion
barrier is the direct consequence of the high hydroxyl coverage on the support. As the metal
coverage is increased the hydroxyl coverage decreases because of the reverse spillover of -H/-OH
atoms from the support to the cluster. This causes increase in the mobility of the clusters followed
by sintering which is observed in Pt/ TiO2(011)- 2 x 1!, In this case oxide supports, which
inherently have a higher hydroxyl coverage and binds them strongly (not allowing reverse

spillovers to the cluster) might be a strategy to stabilize the small metal clusters.

2.4 Conclusion

We used first-principles DFT calculations to determine the best doping sites and structure for the
Sn doped Indium Oxide(111) surface. Sn atoms substitute In atoms and prefer to reside in the
surface layer. Two locations for Sn are seen. The Sn atom can be 6 coordinated with O, in the
middle of a triangle of 6 coordinated In atoms. In this case, Sn is saturated, does not show in the
STM image, and is not reactive. Alternatively, Sn can be 5 coordinated with O, bright in the STM
image and reactive with Pt clusters. We also study the ITO(111) surface after exposure to water at
room temperature. ITO(111) is one of the most frequently used materials in flat panel displays;
despite its popularity, very little is known about its reactivity with water. From our calculations,
the maximum hydroxyl coverage is relatively low, with only 1.1 hydroxyl per nm?. After which,
the H>O molecules tend to stay in the molecular form on the surface. The four hydroxyls bridge 5-
coordinated In atoms at pairs of symmetrically equivalent sites. Even though a third pair of
symmetrically equivalent site was present, the third H>O chooses to adsorb molecularly and not

dissociatively. This, therefore, means the hydroxyl coverage is not site-dependent but surface
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dependent. The stability of intact water molecules over hydroxyls with increasing water coverage
can be attributed to the attractive adsorbate - adsorbate interaction (in this case, the H-bonding)
and the repulsive substrate mediate adsorbate-adsorbate interaction.

The adsorption of Pt clusters on the InoOs3, ITO(111), and 4-H>O-ITO(111) surface is markedly
reactive, displacing O atoms to form Pt-In or Pt-Sn bonds. The adsorption site on InoO3(111)
involves the electronically deficient area which encompasses the In(6¢) and In(5¢c) whereas on
ITO(111) the Pt adsorbs on the electronically enriched site encompassing the Sn(5c¢). This change
in adsorption site is attributed to the different work functions and the heterogeneity in the two
surface's charge density. This heterogeneity is the direct consequence of the Sn-doping in the
In;O3(111) surface that injects 4 electrons in the surface unit cell. On ITO(111), Pt clusters adsorb
preferentially on the reactive 5-coordinated Sn atoms, also bridging with neighboring unsaturated
In atoms and displacing a O atom. The adsorption energy per Pt atom is decreased as the number
of Pt atoms is increased in the adsorbed clusters due to the formation of the strong Pt-Pt bonds in
the case of InoO3(111) and ITO(111) , which thus tells us that the Pt-SA is not globally stable and
can sinter to a dimer, trimer and eventually to bigger Pt-clusters. This sintering behavior is
modified by introducing hydroxyls/water on the surface of ITO(111) . The Pt-clusters interaction
with hydroxyls and water stabilizes the Pt-SA and the dimer by ~0.5 eV while the trimer is not
significantly stabilized. This results in a considerable energy cost to form the trimer on the hydrated
ITO(111) surfaces (0.6 eV) such that sintering becomes more difficult to sinter and that Pt-SA can

remain metastable at moderate temperature.
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Chapter 3 Electrocatalytic hydrogen evolution at full atomic utilization over ITO-
supported sub-nano Pt, clusters: High, size-dependent activity controlled by

fluxional Pt hydride species.

3.1 Introduction

The hydrogen evolution reaction (HER) is a major process for energy conversion and
storage, motivating considerable interest in improving the cost-effectiveness of electrolyzers.>*
3745 To lower the high cost of the electrocatalysts, which are currently made of expensive metals

like platinum?”-3

and iridium'#?, the precious metal concentration must be decreased. Dispersing
the metals on supports as single atoms or sub-nanometer clusters can help lower the metal content
by ensuring that every metal atom is accessible throughout the catalytic process. Due to their
unique topologies and electronic properties, which are crucial to understanding their chemisorption
properties, small nanoclusters are also interesting from a fundamental perspective. There may be
substantial adsorbate-induced reconstructions for such a small cluster, altering the geometry and
electronic structure of the active sites during the reaction 1437145 maybe for the better. There is also
the possibility for adsorbate- or potential-induced sintering or cluster disintegration, modifying the
catalyst properties and possibly reducing the catalyst lifetime!*S. These small clusters can also
exhibit fluxionality, which denotes their capacity to not only reorganize under reaction conditions
but also to access not just a single but a collection of low-free energy structures'*’.

To maximize insights regarding the activity of sub-nano clusters it is important that the
electrocatalysts be atomically monodisperse, and theory must follow the ensemble of dynamically
coupled isomers, rather than focusing on just a static global minimum structure. For example, Sun

et al. reported that the most stable isomer of Cu4O; was inactive for alkane oxidative

dehydrogenation, however, barrierless isomerization to metastable isomers with low barrier

34



facilitated its catalytic activity’®. Pti3 can populate low-energy metastable structures under

hydrogen pressure, which play a major role in its catalytic reactivity?®. Pure and alloyed Pt clusters

supported on A,Os were also extensively studied theoretically and experimentally!43-15

, showing
that at temperatures typical for catalysis, the cluster geometry changes frequently. For the catalysis
of CO oxidation, Ghosh et al.'*! investigated Au clusters deposited on CeO> (111) with O
vacancies. They discovered that, in this case, cluster fluxionality promotes the reaction. In the
presence of CO, Auz on ceria dissociates, whereas Ausz survives. Reorganization of supported
clusters under electrochemical potential and adsorbates of oxygen reduction reaction was also
recently reported!4>14,

While small, electrode-supported Pt clusters allow reactant access to all the Pt atoms, it is
unclear how cluster size affects reactivity of the atoms. The hydrogen adsorption energy is a key
reactivity descriptor for HER, and extended Pt surfaces, such as Pt(111), have H binding energies
slightly more negative, but close to the theoretical optimum( AGads~0eV)!*2. The Pt atoms in small
Pt clusters have lower Pt-Pt coordination, and have H adsorption energies at low coverage which
are more negative (i.e. more stable) than those for extended surfaces'*®, and on this basis would
appear to be poor candidates for HER catalysts. This low H coverage picture is, however,
insufficient because high H coverages can adsorb on such small Pt clusters under HER

conditions 3133

. Sun et al. have used DFT calculations to study the Pti3 cluster under high
coverage of hydrogen (Pti3H26)?°. They showed that the most stable structure presents a compact
cuboctahedra structure and a H adsorption energy at least 0.2 eV stronger (more negative) than Pt
(111): it would, therefore, not be a good catalyst for HER. Metastable isomers of Pti3Has can

provide optimal H adsorption energies that would give high HER activity, but they are too

energetically unstable and do not have significant populations at room temperature. As a result,
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Pti13H26 was predicted to be a poor HER catalyst. In contrast, here we show by a combination of
experiments and simulations, that smaller supported cluster sizes (n=4, 7, 8) have high HER
activity.

The development of single atom and cluster-based catalysts, where cluster size-dependent
activity was observed, has received a lot of attention over the past few decades. Indeed, recent
advances in experimental techniques made it possible to prepare and observe catalysts consisting
of atomically dispersed species!>®. It has been reported that highly dispersed Pt atoms and clusters
on transition metal oxide layers have a higher catalytic activity toward the HER compared to bulk
Pt and commercial Pt nanoparticles'>’ 1>, In addition, size effects of sub-nano cluster catalysts are
also of fundamental interest, as adding or removing a single atom can cause large, non-monotonic
variations of the clusters’ electronic and chemical properties, with contrasted impact for different

160,161

reactions. An excellent perspective paper by Vajda and coworkers reviewed size- and

composition-dependent cluster catalysis and electrocatalysis, and the Vajda group has reported

161,162

several cluster electrochemistry studies with strong size effects Heiz, Arenz, and

coworkers'03164

provided an experimental framework addressing electrocatalytic processes that
are mediated by size-selected Pt clusters and nanoparticles, with a particular focus on the oxygen
reduction reaction (ORR) and potential-induced sintering. In this regard, von Weber ef al. showed
non-monotonic order-of-magnitude variations in the activity of Pty (n = 1 — 14) deposited on
indium tin oxide (ITO) electrodes for ethanol electro-oxidation'®> and showed that the activity
correlated with Pt electronic properties probed by X-ray photoelectron spectroscopy (XPS), but
the same Pt,/ITO electrodes showed a monotonic size effect on the branching between water and

H,0, products in the oxygen reduction reaction (ORR)'?’. Sun and coworkers'® produced

ensembles of single Pt atoms using atomic layer deposition (ALD) and investigated how size
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affected the HER. Other research teams have examined the catalysis of single Pt atom ensembles
in a variety of settings, including the HER on Pt-doped MoS; substrates'®’ and CO oxidation on
FeOx substrates'®®,

Here, we present a comprehensive study of the effects of Pt cluster size on the HER activity
for atomically size-selected Pt atoms and clusters deposited on ITO electrodes. ITO is a transparent
conducting oxide prepared by doping In,Oz with Sn (~5%)1?3124144 " and is common in both
electrochemical and photoelectrochemical investigations. To understand how size affects the HER
mechanism, the experiments used mass-selected cluster ion deposition in ultra-high vacuum to
prepare atomically monodisperse electrodes, and density functional theory (DFT) was used along
with the grand canonical basin hopping method (GCBH) to explore the structural diversity of small
Pt-clusters deposited on ITO under electrochemical conditions. We explored the effects of cluster

restructuring and multiple accessible adsorption isomers on the catalytic surface and HER activity.

3.2 Methods

3.2.1 Total-Energy Calculations

All calculations were carried out within the density functional theory framework using the
Vienna ab-initio simulation package (VASP). 1170 The electron-ion interactions are treated using
the projector augmented wave (PAW) method.!”! We use the Perdew—Burke—Ernzerhof (PBE)
functional to treat the exchange-correlation interactions.!”> The Gaussian smearing method with a
smearing of 0.01 eV is used to improve K point convergence. The valence electronic states are
expanded in plane-wave basis sets with an energy cutoff of 500 eV. The structures are optimized
until the force on each atom is less than 0.01 eV/A®!. ITO is not considered to be strongly

correlated material as both Sn and In have low electron density. As a result, we have chosen not
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to apply any Hubbard corrections in our calculations as PBE would be sufficient for accurately
describing the electronic properties of ITO. The Brillouin-zone (BZ) integration is sampled by
adopting the Monkhorst—Pack (MP) k-point grids of 5x5x1 for all the surfaces. During the
geometry relaxations of the surface, only the outer atoms were allowed to relax. The cell
parameters and inner atoms (in a 2 A thick middle layer) were fixed to those determined for bulk
ITO. Inversion symmetry was kept in all calculations to nullify the dipole moment. Structures were
relaxed until the force on each atom was less than 0.01 eV/ A . Accounting for solvation effects
was achieved by exploiting the implicit solvation model implemented by Hennig and co-workers
under the name VASPsol'”*>"'7°. The electrochemical potential was modified using a surface-
charging method based on the linearized Poisson—Boltzmann (PB) equation implemented in the
VASPsol!"176, This equation allows us to include an idealized electrolyte distribution in the
electronic structure computations. This electrolyte distribution also balances the surface charge
without correction terms, in contrast to a surface-charging model relying on a homogeneous
background charge.!”” The cavity surface tension was set at 0.00, and the electrolyte concentration
within the linearized PB equation was set as 1.0 M. The vaccum for surface charging calculations
have been set to 60A. The surface charging method is a generalized approach for modeling
electrochemical systems that involves approximations in order to simplify the calculations and
make them more computationally efficient. However, this method should be used with caution and
with a full understanding of its limitations. Despite this, it is still a valuable tool for studying large
systems and performing multiple calculations. This is because it is more computationally viable
compared to other explicit models. Additionally, the surface charging method has been previously

used to study electrochemical reactions and has been benchmarked against experimental results'’®.
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This gives confidence in using this method for our work as it has been found to be reliable in

previous studies!” 132,

3.2.2 Models

We have modelled 5% doped ITO (111) as our ITO substrate model, in link with our
experiments, as it has been previously reported to provide an optimum tin doping level for the

136 we found that all Sn atoms prefer to locate in the surface layer. For a

highest carrier density
four-layer slab, with unit cell dimension in the surface plane of 14.65 x 14.65 A, 8 Sn ( 5% atom)
atoms are present, 4 in the top and 4 in the bottom layer. 3 Sn atoms replace the In atoms in 5
coordinated sites, and 1 Sn atom replaces the In in the 6 coordinated site. The unit dimension in
the surface plane for ITO is 14.65 x 14.65 x 60 A. From our previous study, the surface has 4 H,O
molecules per cell; two are dissociatively adsorbed, and the other two are adsorbed intact. For full
details of the surface structure and water interaction with the surface, we refer the reader to our
previous work!#*. To explore possible adsorption sites and shapes of the Pty (n =1, 4, 7, 8) clusters,
we used the Grand Canonical Basin Hopping (GCBH) global optimization method. The motivation

to use basin hopping for our studies was from Sun et al'> and our previous work'#*. The full details

of the GCBH method are provided in the Appendix A.9.

3.3 Results and Discussion

3.3.1 Potential Energy Surface exploration under the electrochemical reaction

condition
In this section, we explore the structures of PtiHx, Pt4Hx, Pt;Hx, and PtsHx clusters supported
on ITO at a potential of E=0V vs. SHE and pH = 1 using the GCBH method (Appendix A.9). For

this free energy surface (FES) exploration, we use the following mutations in our GCBH method:
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A. The cluster can move randomly over the ITO surface to find its most stable adsorption site.

B. The cluster shape can change randomly by a move of one Pt atom to find the most stable
cluster shape.

C. The H coverage is mutated grand canonically to find the most stable H coverage across the
different clusters. The changing H coverage under the electrochemical reaction condition

can also modify the cluster shape and the adsorption site.

D. The hydroxyl groups on the ITO surface can move around and transfer to the cluster.

In

B D

- 1 . s \

Figure 3-1 Most stable structure for Pti, Pts, Pt; and Ptg on ITO (111) at a potential E =0 vs SHE,

pH = 1. (a) PtiHo/ITO (b) Pt4sH7/ITO (c) Pt7H12/ITO (d) PtsHi6/ITO. The optimal structure for
Pts/ITO with no added H atom is given for comparison in (e¢). The average Pt-Pt coordination

number (CN) is indicated for b, ¢, d and e.

Using the above four mutations together, we generated 2343, 2894, and 3222 unique
structures for Pt4Hx, Pt7Hx, and PtgHx, respectively. The FES for the clusters with varying hydrogen
coverages is given in the Appendix B.1. The global minimum for the Pt; structure was taken from
our previous work!#4 The optimum global minimum H coverage and structures for the different
cluster sizes at U =0V vs. SHE and pH=1 are given in Figure 3-1 (a,b,c,d). For comparison, Figure
3-1e provides the Ptg/ITO structure found via GCBH with no H coverage ( E = 0 V vs SHE) ,
showing how the Pt cluster core structure changes due to the high H coverage under

electrochemical conditions. We find that, independent of the cluster size, the Pt atoms tend to stay
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in close interaction with the surface Sn atoms on the ITO surface. This result is consistent with our
previous work, in which Pti, Pt, and Pts all preferred interacting with the Sn. The nearby hydroxyls
and O atoms also help anchor the clusters, stabilizing them and restricting them from diffusing
across the support44.

Except for Pti, all other cluster sizes were observed to have high optimum hydrogen
coverage at E =0 (vs SHE) and pH = 1, averaging at ~2 H/Pt atom. As the potential goes negative,
the optimum hydrogen coverage increases, as shown in Figure 3-2(e). focusing on the window
from +0.025 to -0.1V to -0.1V vs. SHE, i.e., at potentials above and below the HER onset potential
(Appendix B). In the case of Pti, we observe that in the potential range from 0 to -0.1 V vs. SHE,
the most stable structure was PtiHo/ITO, i.e., there is zero H adsorption in the UPD and HER
region. Only after the potential reaches an overpotential of -0.3 V does the PtjH2/ITO structure
become the most stable one (Appendix B.2). On the other hand, all the other cluster sizes (4, 7,
and 8) show a very high hydrogen coverage in the potential range from 0.025 to -0.1eV. The high
overall H content (~2H/Pt) shows that the initially metallic Pt cluster transforms in

electroreduction conditions to Pt hydride species. Pt di-hydride species are known for ligated Pt
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Figure 3-2 CVs obtained for (a) 0.03 ML Pt;/ITO, (b) 0.03 ML Pt4/ITO, (c) 0.03 ML Pt7/ITO, (d)
0.03 ML Pts/ITO, from left to right. in Ar-saturated 0.1 M HCIOs at a scan rate of 0.1 V s™!. For
each cluster electrode, the first and second CV cycles are shown as gray and colored solid curves,
overlapping closely except for Pt;. The dashed curves show the second CV for Pt-free ITO
recorded under the identical conditions. The error bars represent the standard deviations of repeated
measurements. (¢) H atom coverages on the global minima for Pt;, Pt4, Pt7, and Pts on ITO(111)
at varying potentials. (f) Negative sweep of the voltammograms for 0.03 ML Pt,/ITO (n=1,4, 7,
8) after subtracting the capacitive background current from ITO, ic. The subtracted currents were
integrated to calculate the total charge transferred in the Hypa potential region, assumed to extend
to -0.036 V. For example, the integration area for Pt7/ITO is shaded gray. (g) Bars give the size-
dependent numbers of H atoms per Pt atom adsorbed in the UPD region, estimated from the
integrated Hupa currents from (g). Error bars represent standard deviations of repeated
measurements. The black dots represent the H atom coverage per Pt atom determined from GCBH

and DFT at the potential E =-0.05V vs SHE.



spectroscopy supplemented with theory!®*.

Pt hydride species have also been computationally proposed in the case of small Pt, clusters

15107 “and hence are not specific to

(n=8,13) on alumina exposed to a gas phase of hydrogen
electroreduction conditions. Bulk Pt, in the form of nanoparticles for example, does not form a
hydride under normal catalytic or electrocatalytic conditions becoming covered by just a
monolayer of H, i.e. a 1:1 H:Pt ratio for Pt surface atoms, hence giving a smaller H/Pt ratio. The

bulk hydride species PtH is only formed at high pressure (>20 GPa)'®.

To accommodate such high hydrogen System | Avg. Pt-H (&) [ Avg Pt-Pt (A)

coverage, our calculations show that the clusters PtsH7/ITO 1.65 2.71
) Pt7H12/ITO 1.66 2.75

tend to form open structures with an average Pt-
PtsHi6/ITO 1.68 2.76
Pt coordination number (CN) of 2.5, 2.57, and 3 PL/ITO _ 762
for Pt4H7, Pt7Hi2, and PtsHie, respectively (Teutoft Pts/ITO - 2.66
for Pt-Pt distance is taken as 2.87 A). These CNs Ptbulk . 281

Table 3-1 Avg. Pt-H and Avg. Pt-Pt bond
are low compared to the CNs for bulk Pt surfaces

lengths for different systems

(e.g. CN = 9 for Pt(111)) and for PtsHis

compared to that of the bare supported Pts cluster (4.9). The avg. bond lengths of first-neighbor
Pt-Pt pairs and Pt-H pairs are given in Table 3-1. All Pt-Pt distances are compressed compared
with bulk Pt. Both the avg. Pt-H and Pt-Pt bond length increases as we increase the Pt cluster size.
We also compare the avg. Pt-Pt distance of the Pt,Hx/ITO systems with Pt3/ITO from our previous
work and Pts/ITO (global minimum structure from GCBH of Ptg cluster on ITO, (Figure 3-1(e)),
showing that with H coverage, the avg. Pt-Pt bond distance increases. This result agrees well with

)i 186

previous work by Itoi et al.'*® and Sun et al.?° , where they observed the contraction of the Pt-Pt

bond for nanoparticles below 1 nm and Pt-Pt bond expansion upon Hz adsorption. It is important
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to note that the Pt, clusters are not static but adapt their shape and support interaction in response
to the hydrogen coverage, itself determined by the electrochemical potential value, as can be seen
in Fig 1 for the example of Pts.

Figure 3-2 (a-d) shows the first and second cyclic voltammetry (CV) data for each Pt,/ITO
electrode in the potential range between —0.196 and 0.514 V vs. SHE, showing the absolute
currents. As noted, each electrode contained precisely 0.03 ML-equivalent of Pt in the form of
different size Pt,. Except for Pti, the first and second CVs are essentially superimposable, i.e., the
voltammetric responses are already essentially in steady state during first CV cycle. The dashed
curves show the currents observed in the second CV for Pt-free ITO, primarily due to non-faradaic
(capacitive) contributions. Note that because all Pt,/ITO samples had the same 0.434 ng of Pt
present, the relative activities are directly proportional to the measured currents.

Figure 3-2(f) shows the faradaic current responses of the 0.03 ML Pt,/ITO electrodes in
the potential range near the thermodynamic HER threshold (gray vertical line), obtained by
subtracting the ITO background current from the voltammograms in Fig. 3-2. At potentials
negative of the threshold, the Pt,/ITO electrodes catalyze HER, with activities increasing rapidly
with cluster size, and negligible activity for Pti/ITO. These background-subtracted currents are
reported as mass activities, i.e., currents normalized to the Pt mass, as discussed in the Appendix
B.16.

In addition to HER, for n =4, 7, 8, the experiments also find large reduction currents at
potentials positive of the HER threshold, in the H underpotential deposition (Hypd) region, where
protons adsorb, building up Hags coverage. The currents are proportional to the scan rate, which is
characteristic of an electrode-adsorbed species involved in the reaction® (see Figs. B.10 and B.11).

For reference Fig. B.10 shows CVs for polycrystalline Pt (Ptpoly) taken using the same cell and
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electrolyte, showing the expected Hypa structure in the potential range between ~0.3 and 0 V vs.
SHE. We rule out the possibility of other reduction reactions contributing to the currents in the
Hupd region, as no further reduction signals appeared even when the potential was cycled over the
potential range up to 1.2 V (see Figure B.9 top). We also measured ORR in electrolyte that was
not Ar-purged (Figure B9 bottom), showing that the potential dependence of the ORR current is
quite different from the currents observed for Ar-purged electrolyte, extending well positive of the
Hupa region. Thus, we conclude that the currents in the Hupa region for Ar-purged electrolyte are
not significantly contaminated by ORR currents.

Since the Hypq feature in acidic media represents the one-electron Volmer reaction (H + ¢
— Hads), integration of the Hupa current allows quantification of the number of H atoms adsorbed
on each Pt, cluster in the Hypq potential range, as summarized in Figure 3-2(g) with details in Table
B.1. Except for Pti, the Pt;, clusters were found to adsorb well over 1 H atom/Pt atom in the Hypa
potential range, i.e., substantially more H/Pt than is observed for bulk Pt and most Pt-based
electrocatalysts.” The measured high Hypa coverage is consistent, however, with the large number
of adsorbed H atoms predicted by theory at the same potential (~2H per Pt) discussed above.
Furthermore, the onset potential for Hupa on Pto/ITO electrodes (~0.45 V vs. SHE) was found to
be substantially higher than that for Ptpory (~0.3 V vs. SHE, Fig. S3), consistent with the theoretical
finding that the H adsorption energy on small Pt clusters is higher than on bulk Pt at low
coverages'>. Finally, we note that the fact that such high Hupd signals were observed, in agreement
with the DFT predictions, is evidence that air exposure during transfer to the electrochemical cell

did not irreversibly poison or block H adsorption sites on the clusters.
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3.3.2 Ensemble of structures for HER via thermodynamic analysis.

A
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Formation energy of the cluster(eV)
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11-H 12-H 13-H 14-H 15-H 16-H
Figure 3-3 Formation energies of the ensemble of low energy structures for Pt7Hx/ITO from each
hydrogen coverage value evaluated using the surface charging method. Electrochemical
condition: E=0V vs SHE, pH = 1.

To model the HER activity of the clusters under electrochemical conditions, we first need
to determine the ensemble of cluster structures that would be energetically accessible to perform
HER in the relevant potential range and not only the global minimum, as previously shown on
Figure 3-1. To determine this ensemble of structures, we have exploited first-principles
thermodynamics to calculate the formation energy of the various Pt,Hx isomers, using Pt bulk as
a reference and the surface charging method to express the potential dependence.

We consider the ensemble of structures within 0.3 eV in free energy of formation from the
global minima (GM) for the various cluster sizes. These not only include the metastable structures

(MS) with the same hydrogen coverage as the GM but also include structures from other hydrogen
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coverages neighboring the minima. Figure 3-3 presents the ensemble of structures for Pt7Hx/ITO
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Figure 3-4 HER current plot from the Butler Volmer type kinetic modeling for Pt7Hx/ITO; (a)
network of various elementary reactions on Pt;H,/ITO where energetically accessible structures of
the Pt7Hx cluster are connected by curved arrows representing 2-step Volmer-Heyrovsky reactions,
and pairs of straight arrows representing 3-step Volmer-Tafel reactions. The HER currents for the
reactions in (a) are given in the potential range (b) -0.10 — -0.05 V vs SHE and (¢) -0.05 -0 V vs
SHE (d) Total simulated HER currents obtained by combining all the currents from various reaction
channels for Pt./ITO (n =1, 4, 7, 8), considering all accessible (i.e., GM+MS) structures are shown
by solid lines. Currents calculated considering only GM structures are shown as dashed lines. (e)
Raw experimental voltammograms for 0.03 ML Pt,/ITO (n = 1, 4, 7, 8) in an Ar-saturated 0.1 M
HCIOs solution at a scan rate of 0.1 V s~!. The capacitive current from ITO has not been subtracted,
and only the negative-going sweeps are shown. The error bars represent the standard deviations of
repeated measurements. (f) Tafel plots of 0.03 ML Pt,/ITO (n =1, 4, 7, 8) obtained from (a). Tafel

slopes are indicated forn =4, 7, 8.
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at E=0 V vs SHE, pH = 1. As previously mentioned, PtHi> is the GM, but there is still a
significant Boltzmann probability (at T = 294K) that other structures are populated under reaction
conditions and participate in the HER reaction network. The ensembles of low energy structures
for the other cluster sizes PtiHx, PtsHx, and PtsHx are provided in the Appendix B.4. Note that in
the low energy ensemble, the Pt, core structures and their adsorption geometries on the ITO
support are unaffected by the (slightly) varying H coverages, i.e., the clusters are fluxional only in
the sense that hydrogen numbers and adsorption sites are quite variable. This comment is valid
only for the limited ranges of hydrogen coverages predicted to be present near the HER threshold
potential. As shown in Figure 3-1 for Pts, the cluster structure is quite different for that at zero H

coverage.
3.3.3 Hydrogen evolution reaction: Microkinetic Analysis and Role of Metastable

states.

A factor that is important to consider is the fluxionality of the Pt,Hx/ITO structures and the
ensembles of reaction channels that contribute to the HER activity. These effects are illustrated in
Figure 3-4a-c for the case of Pt;Hy/ITO, which is the most fluxional of the cluster sizes studied,
judging by the number of accessible isomers. We first construct a network of reaction paths that
contribute to HER (Figure 3-4a) involving all the accessible isomers with different H coverages.
The hydrogen coverages and isomers are indicated by numbers within in the circles. For example
12, indicates the n™ isomer of Pt;H > with higher n indicating higher energy isomers. Figure 3-4b
and 3-4c shows contributions from each path to the HER currents, simulated using a Butler-
Volmer-type formulation as explained in the Appendix B.1. The analogous networks and

simulations for the other cluster sizes are given in the Appendix B.6 and B.7.
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To build reaction networks, we need to consider the ensemble of structures, such as those
for PtH/ITO from Figure 3-3. In acidic electrochemical conditions, HER can proceed via two
different catalytic cycles: the Volmer-Tafel reaction, where two protons adsorb on the catalyst,
neutralize, and combine to form Ha:

Volmer step Hf,q) + €~ = Hag

Tafel step Hag + Haqg = Hy gas

and the Volmer-Heyrovsky reaction, where just one proton adsorbs, reacting with a second proton
impinging from solution to form H,.
Volmer step Haq) +e” - Hyy
Heyrovsky step Hg) + Hag + €7 = Hy g

The reaction network for Pt7Hx/ITO is illustrated in Figure 3-4(a). The hydrogen coverages and
isomers are shown in the circles. For example, 12, indicates the n' isomer (higher n = higher
energy) of Pt7Hia. 2-step Volmer-Heyrovsky catalytic cycles (e.g., 11H = 12H; = 11H) are
represented in Fig. 4a by single curved arrows, which pairs of straight arrows represent 3-step
Volmer-Tafel reactions (e.g., 11H = 12H; = 13H; = 11H). The arrow colors differentiate
between various possible reactions in the reaction network.

To evaluate the HER activity contribution, we calculated HER currents for all the
reactions from the reaction network and plotted them as a function of potential in Figure
3-4(b,c) for two different potential ranges. The kinetic formulation used here for simulating
HER activities is directly adapted from the work of Zhang et al'®” and is explained
thoroughly in the Appendix B.1. At low negative potential (range [-0.05, 0] V vs. SHE) the
HER current mainly involves structures with 12, 13, and 14 H coverage, and both the

Volmer-Tafel and Volmer-Heyrovsky reaction mechanisms come into play (Figure 3-4(c)).
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As we move toward more negative potentials in Figure 3-4(b), the dominant contributions

to the HER current shift to 14, 15, and 16 H coverage. This is directly related to the fact

that as we move toward negative potential, the optimum hydrogen coverage on the cluster

increases (Figure 3-2¢).

To compare the HER activity for the different cluster sizes, we combine the individual currents

from the different reaction pathways (e.g., Figure 3-4(b,c) and Appendix B.16, B.17) for each

cluster size to give the total theoretical currents for that cluster size, which are shown in Figure 3-

4(d). The experimental voltammograms are shown in Figure 3-4(e), where only the cathodic

current responses are shown, and the ITO capacitive current has not been subtracted. For

reference, the currents for blank, Pt-free ITO is also shown.

Both simulations and experiments show that the HER activity is strongly dependent on the

cluster size, with negligible activity for Pti/ITO and increasing activity with size in the order 0 =

Pt < Pty < Pt; <Pts. Because the Pt,/ITO samples contained identical amounts of Pt (0.434 ng),
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Figure 3-5 (a) Normalized activity contribution from various elementary reactions vs the potential.

(b) The contribution from various reactions at -0.01V vs SHE (marked as the blue dashed line on
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ng), the differences in currents show that the activity per Pt atom increases with cluster size. The
low activity for Pt;/ITO is theoretically found to result from the H adsorption step from Pt;Ho/ITO
- PtiHi/ITO being energetically unfavorable, with an overpotential of -0.3V vs. SHE. This also
explains why Pt;/ITO shows no Hupq current (Figure 3-1). The observed low activity of single Pt
atoms on ITO contrasts with other results in the literature for Pt; on nitrogen-doped graphene
nanosheets!>® or WOx'*® support. One explanation of the difference could be a distinct influence
of the support, or that the single Pt atom sinter into larger catalytically active clusters.

The sharp increase in HER activity with increasing cluster size raises the question of what
particle size would be optimum. One point is certain, that as the clusters become larger, eventually
they will adopt more compact structures with higher Pt-Pt coordination, and with an increasing
fraction of the Pt no longer in the surface layer. The Pt atoms in the core would no longer be
catalytically accessible, which would result in activity/Pt loss. Therefore, the HER activity will be
high till these clusters remain very open where every Pt atoms is catalytically utilized.

The theoretical HER currents shown as solid lines in Fig. 3-3d include the contributions
from all the structures present in the energetically accessible ensembles of structures for each
cluster size. Figure 3-3d also shows theoretical voltammograms evaluated considering only the
GM structures (dashed lines), to emphasize the importance of including contributions from the
metastable structures. Note that if only GM structures are included, the predicted HER activity
has an incorrect dependence on cluster size (Pt; < Pt; < Pty < Ptg) versus experiment because the
metastable structures make a strong contribution to the Pt;Hx/ITO HER current, increasing it by
upto ~60 %. To probe this issue further, we evaluated the normalized activity contributions at
varying potentials, as shown in Figure 3-5(a). Consider the potential E = -0.01V vs. SHE; at this

potential, the dominant reactions are shown in Figure 3-5(b). The dominant contribution (36%) is
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the Volmer-Tafel reaction between structures 12H1,13H; and 14H;, which all are global minima
for the respective hydrogen coverages. There is a 30% contribution from another Volmer-Tafel
reaction involving the metastable structure 12> and the GM structures for 13 and 14 H coverages.
There are also significant contributions from Volmer-Heyrovsky reactions involving metastable
structures, including 132 = 14 > 132 (R5), 121 > 13 = 12; (R2), and 123>13; 2123 (R4),
representing a total of 31.2% to the HER current. Clearly, it is essential to include the ensemble
of accessible structures in calculating activity for sub-nano cluster catalysts.

Another intriguing finding is that for Pt4Hx/ITO, adding the metastable structures reduces
the overall HER current, in contrast to the Pt;Hx/ITO system. This can happen when some of the
thermally populated metastable structures are catalytically inactive but reduce the populations of
the catalytically active structures. In this case, the GM isomers are considerably more catalytically
active than some of the energetically accessible metastable isomers, so that populating metastable
isomers reduces the total activity. Again, this demonstrates the importance of considering the full
ensemble of accessible isomers.

Our results also show that Volmer-Tafel reactions are dominant over Volmer-Heyrovsky
reactions in the case of Pt;Hx/ITO. For PtsHy/ITO, the HER current comes solely from the Volmer-
Tafel reaction between 16, 17, and 18 H-coverages in the potential range above -0.05V vs. SHE
(Figure B.4). For Pt4Hx/ITO, however, there are significant contributions from both Volmer-Tafel
and Volmer-Heyrovsky reactions, with Volmer-Tafel dominating (Figure B.3). Therefore, the
Volmer-Tafel mechanism appear to be dominant (or exclusive) for Pts, Pt; and Pts. In addition, in
each case a Volmer step was found to be the rate determining step at a potential -0.15 V vs SHE.
From the experimental viewpoint, the Tafel plots shown in Figure 3-4(f), show that the Pt./ITO (n

=4, 7, and 8) catalysts all show similar Tafel slopes of 130-160 mV dec™'. From the experimental
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viewpoint, the Tafel plots shown in Figure 3-4(f), show that the Pt,/ITO (n =4, 7, and 8) catalysts
all show similar Tafel slopes of 130-160 mV dec™!. These values are fully compatible with a
Volmer rate-determining step involving one electron transfer.!®® The theoretical Tafel slopes are
also given in Figure B.6, which predicts a similar trend of the slope as Pt4=Pt; > Pts.
However, because small, supported clusters have very different properties than bulk Pt or Pt
nanoparticles, specifically in the amount of adsorbed H and adsorption energies, it is not obvious

that the Tafel plots can be interpreted in a manner analogous to macroscopic Pt surfaces.
3.3.4 Size-dependent stability analysis of the clusters in electrochemical conditions.

We have evaluated the relative thermodynamic stability of the 4 different cluster sizes at 3
different potentials (0, -0.05, -0.1 V vs. SHE) given in Figure 3-6(a), to qualitatively explore
whether the larger clusters might disintegrate or sinter under electrochemical conditions. The
hydrogen coverages at different potentials from Figure 3-2(f) were mapped to evaluate the

formation energy per Pt atom. The positive formation energy ( details on how the formation energy
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Figure 3-6 (a) Formation energies per Pt atom (E¢#Pt atom) for the supported Pt,Hx clusters as a

E;(eV/Pt atom)

function of the particle size w.r.t Pt bulk. Chronoamperometry of 0.03 ML Pt./ITO (n=1,4, 7, 8) and
blank ITO electrodes in an Ar-saturated 0.1 M HC1O4 solution at applied potentials of (b) —0.116 and

(c) 0.004 V vs. SHE. The error bars represent the standard deviations of repeated measurements.
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is evaluated is given in Appendix B.1) here that clusters are slightly less stable than bulk platinum,
as expected, and a less positive value indicates a more stable structure. For each cluster size, the
formation energy per Pt atom is almost independent of the applied potential, but the stability
increases with cluster size (smaller the formation energy the more stable the cluster), suggesting
that larger clusters should not disintegrate into smaller clusters under the HER conditions of our
study. To study the effect of hydrogen coverage on stability, we also compare the formation
energy/Pt atom of PtgHx/ITO (~0.7eV) and Pts/ITO (0.89¢V). The decrease in formation energy is
directly related to the increased number of adsorbed H, which stabilize the cluster by ~0.2 eV.
Therefore, the hydride clusters formed in electroreduction conditions are more stable than bare
clusters, and thus should have reduced tendency to sinter.

Experimentally, we probed the stability of the Pt,/ITO catalysts by chronoamperometry.
As shown in Figure 3-6(b), the Pt,/ITO catalysts gave that initially declined, but appeared to be
leveling off, remaining active after 300s at —0.116 V, and the size-dependent magnitude of the
HER current (Pts > Pt; > Pt4 > Pt;) was consistent with the HER activity order observed in the
voltammograms in Figure 3-4 (e). The decrease may relate to cluster degradation of some sort;
however, we note that small clusters at low loadings are extremely sensitive to poisoning by
contaminants in the electrolyte'®’.

The amperograms in Figure 3-6(c) were obtained at a potential of 0.004 V, which is slightly
positive of the thermodynamic HER threshold, but because the H> pressure is essentially zero,
some HER may occur, in addition to hydrogen underpotential deposition. Note that for ITO and
Pti/ITO, there were no significant currents apart from the initial double-layer-charging peak. For
the cluster/ITO electrodes, small but significant currents were observed, persisting long after the

initial capacitive charging current decayed. This could be due to HER driven by the negligible H>
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product pressure, but as discussed below there is also evidence for some non-electrochemical
process that removes adsorbed H atoms from the Pt clusters, which would free sites for additional
proton adsorption.

If there is, indeed, such a non-electrochemical H removal process, we might expect that
little or no H desorption signal (i.e., Hags — H' + €”) would be observed during scans to positive
potentials, and that is the case for slow potential scan speeds, as shown in Figure 3-2(a-d). As
shown in Figure B.10 and B.11, however, significant H desorption signals were observed for high
scan rates, implying that this non-electrochemical H removal process is slow, allowing significant

H coverage to remain adsorbed on the few-second time scale.
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Our experiment provides no direct insight into the nature of this non-electrochemical Hads
removal process; however, we might expect that H spillover to the ITO support would be more

significant for sub-nano Pt, clusters compared to larger Pt nanoparticles. Indeed, on some sub-

nano Pt-based catalytic systems, spillover of <3 19 1
o 1.2
adsorbed species has been found to be quite efficient, E 1
< 1.0
due to the short pathways from Pt to oxide Z 1
X 0.8+
supports.>%1837192 The fate of H spilled over to the © ;
@ 0.6 1 ~05
oxide support is unclear, but possibilities include > 1 T
2 0.4
incorporation into the oxide lattice or recombinative & ; J_
) % 0.2 -
desorption as Ha. 3 |
. . . 0.0 54 ; ; .
3.3.5 Mass activity comparison with other Pt- Pty Pty Pt; Pty Pty
ITO
based HER catalysts Figure 3-7 Comparison of mass activities

measured under identical conditions for
0.03 ML Pt/ITO(mn = 1, 4, 7, 8)

increasing cluster size raises the question of what and polycrystalline Pt (Ptpoly), all at -

The sharp increase in HER activity with

particle size would be optimum, and how the activity 0.086 V. vs. SHE, corresponding to

an overpotential n =0.05V. The
of the Pt,/ITO compares to other HER catalysts.

calculation method for the mass activities
Because our samples have a precisely known amount ¢an be found in the main text.
of Pt deposited (0.434 ng), it is straightforward to convert the background-subtracted HER currents
(Figure 3-1g) to mass activities, i.e., currents per milligram of Pt deposited. Figure 3-7 compares
the mass activities at a potential of -0.086 V vs. SHE, corresponding to an overpotential # = 0.05
V, for our 0.03 ML Pt,/ITO electrodes and polycrystalline Pt (Ptyoly). For Ptpoly a true mass activity

cannot be calculated, and the “mass activity” reported in the figure is a “top layer mass activity”,

1.e., the measured current normalized to the mass of just the top monolayer of the wetted Ptpoy

56



electrode area, which was estimated using the electrochemically active surface area measured in
the same cell and under the same conditions as the Pt,/ITO measurements (see Figure B.10a for
the Ptpory CVs). This top layer mass activity represents an upper limit on the actual Pty mass
activity, but it allows the mass activity of the clusters to be compared to the activity of the exposed
surface atoms of a standard Pt electrode.

As noted, Pti/ITO is the least active Pt./ITO electrode, with a mass activity of just 0.06 +
0.04 A mgpi!. For Pts, Pt7, and Pts on ITO, the mass activities are 0.38 = 0.10 A mgpi ', 0.88 +
0.26 A mgp; !, and 0.96 = 0.26 A mgp, respectively. The Ptyoly top layer mass activity was ~0.5
A mgp!. Thus, activity per Pt atom of Pts#/ITO was already nearly as high as the activity per
surface atom for Ptply, and the activities per atom of the Pt; and Pts/ITO electrodes were

substantially greater.

3.4 Conclusion

We demonstrated that the HER activity of small ITO-supported Pt clusters is strongly
cluster-size dependent, with Pt;/ITO being inactive, and the activity per Pt mass significantly rising
from Pt4/ITO to Pts/ITO, with Pt;/ITO and Pts/ITO having activity per Pt atom roughly double the
activity per surface atom for Ptyoy under the same conditions. Additionally, the clusters present
Hupa currents per Pt atom roughly twice as large as those reported for bulk Pt or large Pt
nanoparticles, equating to adsorption of ~2 H atoms per Pt atom. The large Hupa currents are
consistent with the DFT results, which found open, low Pt-Pt coordination Pt,Hx/ITO structures
under electrochemical conditions, with x ~ 2n. The cluster catalysts under electrocatalytic
conditions are hence best described as a Pt hydride compound, significantly departing from a

metallic Pt cluster.
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The use of global optimization techniques and first-principles thermodynamics to predict
structural ensembles, factoring in the changing numbers of adsorbates at various electrochemical
potentials was also proven to be effective in predicting the observed currents using microkinetic
models based on Butler-Volmer-type equations. Low-energy metastable isomers were shown to
contribute significantly to the experimentally observed HER activities, sometimes increasing but
sometimes decreasing the activity, pointing out the importance of considering the accessible
isomer ensembles when simulating properties of sub-nano supported cluster catalysts. On the
formed open Pt hydride clusters under potential, HER can occur on a very flat free energy surface.
We analyzed the mechanisms that account for the HER currents for varying cluster sizes and
showed that Volmer-Tafel mechanisms combining two proton reductive adsorptions and a non-
electrochemical H> desorption step dominate. We are also able to better understand the stability of
the clusters under reaction conditions with the use of computational thermodynamic analysis and
chronoamperometry measurements. This study demonstrates that clusters are stabilized by the H
overlayer and only show a small increase of stability with cluster size, in the range n=4-8. The
clusters are further anchored to the support by the hydroxyls and oxygen on the ITO surface, which
should tend to limit the clusters' ability to diffuse across the surface, thereby decreasing the
likelihood that they may sinter.

Small Pt clusters on ITO bind hydrogen strongly, which at first sight can be considered as
very unfavorable for HER. However, as shown in this paper, they transform under potential to a
hydride compound (PtH»),, which, in the case of large enough clusters (n=7,8), provide multiple
sites with optimal binding energy for H and hence high HER activity. These clusters, exposing all

Pt atoms, have high mass activity for HER.
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The finding that it is crucial to include the ensembles of accessible metastable structures
under reaction conditions to predict catalytic activity correctly is expected to apply to many other
types of electrocatalysts where a local rearrangement would produce a slightly less stable but much
more reactive site. Such metastability-induced surface reactivity may be important to not only

catalysis but also film growth and surface reactions.
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Chapter 4 Elucidation of Active Site for the Oxygen Evolution Reaction on Single

Pt Atom Supported on Indium Tin Oxide

4.1 Introduction

Single-atom catalysts (SACs), with their potential maximized atom utilization efficiency,

have attracted significant attention due to their high catalytic activity and selectivity'91%4, These

catalysts have been applied to a large range of reactions, including CO oxidation,'?>2%

01 201,202

hydrogenation®”!, dehydrogenation and other electrocatalytic reactions’®>2%. For the

expensive and in-demand noble metal catalysts like Ir, Pd, and Pt, SACs represent an ultimate

dispersion of the metal with all the atoms exposed??¢-2%

and, if activity remains high compared to
nanoparticle catalysts, an optimal utilization and cost. Additionally, SACs might open up particular
reaction pathways, different from that of larger particles, and are well suited for a molecular-level
understanding of the active-site structure and reaction mechanism by utilizing a variety of element-
specific analytical tools supplemented by in situ/operando characterization and coupled with
computational modeling!*”-?*-2!1, There is now strong evidence that SACs are not static catalysts,
but that they respond to reaction conditions by adapting their set of ligands and their mode of
interaction with the support, making the determination of the active site challenging!®® Significant
effort has been devoted to obtaining a thorough understanding of SACs through unique

characterization techniques and theoretical calculations?'? 214,

The oxygen evolution reaction (OER) is a key bottleneck in the electrocatalytic water splitting
process, which is a promising method for producing hydrogen in an environmentally friendly
manner>”# . The two half-processes that makeup water splitting, hydrogen, and oxygen evolution

reactions (HER and OER) are carried out in acidic or alkaline environments, but the high

60



overpotential required for OER in acidic conditions has limited the efficiency of acidic water
electrolysis, despite its other advantages such as higher current density and pressure’'>. While
numerous materials have been studied for OER, a lack of efficiency, durability, and high cost have
hindered their widespread industrial use. Single-atom catalysts (SACs) have received significant
attention for their potential to improve the efficiency and durability of OER catalysts, as they have
a large fraction of exposed active sites, high durability, and good stability in aggressive

environments>'©.

4.2 Methods

4.2.1 Total energy calculations

All calculations were carried out within the density functional theory framework using the Vienna
ab-initio simulation package (VASP). '®170 The electron-ion interactions are treated using the
projector augmented wave (PAW) method.!”! We use the Perdew—Burke-Ernzerhof (PBE)
functional to treat the exchange-correlation interactions.!”> The Gaussian smearing method with a
smearing of 0.01 eV is used to improve K point convergence. The valence electronic states are
expanded in plane-wave basis sets with an energy cutoff of 500 eV. The structures are optimized
until the force on each atom is less than 0.01 eV/A°"!. The Gaussian smearing method with a
smearing of 0.01eV is used to improve K-point convergence. The valence electronic states are
expanded in plane-wave basis sets with an energy cutoff of 500 eV. The Brillouin-zone (BZ)
integration is sampled by adopting the Monkhorst—Pack (MP) k-point grids of 5x5x1 for all the
surfaces. During the geometry relaxations of the surface, only the outer atoms were allowed to
relax. The cell parameters and inner atoms (in a 2 A thick middle layer) were fixed to those

determined for bulk ITO. Inversion symmetry was kept in all calculations to nullify the dipole
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moment. Structures were relaxed until the force on each atom was less than 0.01 eV/ A ..
Accounting for solvation effects was achieved by exploiting the implicit solvation model
implemented by Hennig and co-workers under the name VASPsol!*>"'7>. The electrochemical
potential was modified using the surface-charging method, the counter charge in the model
electrolyte being based on the linearized Poisson—Boltzmann (PB) equation implemented in
VASPsol'7#176 This equation allows us to include an idealized electrolyte distribution in the
electronic structure computations. This electrolyte distribution also balances the surface charge
without correction terms, in contrast to a surface-charging model relying on a homogeneous
background charge.!”” The cavity surface tension was set at 0.00, and the electrolyte concentration
within the linearized PB equation was set as 1.0 M. The vacuum for surface charging calculations
have been set to 60A. Because we are dealing with a grand canonical description of the electrons
from the surface charging methods, the energies reported in this work are free energies. The
217,218

influence of the change in zero-point energy (ZPE) was found to be small in other works.

Therefore, considering the number of intermediates, the influence of ZPE was not computed here.

4.2.2 Oxygen Evolution Reaction Mechanism

In the oxygen evolution reaction (OER), oxygen gas is produced from water through a 4-
electron transfer process. This means that four electrons are transferred from the anode to the
cathode during the reaction, which drives the production of oxygen gas. The OER elementary

mechanisms can be written as:

H,0(D+ *—> *OH+H" + e~ (D
*OH » "0+ H* +e” @)
H,0() + *0 - *OOH + H* + e~ 3)
*OOH - *+ 0,(g) + H" + e~ 4)
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Where * represents the active site of the catalyst, (g) and (1) refer to the gas and liquid phase
respectively, and *OH, *O, and *OOH represent the reaction intermediates adsorbed on the active
site. The catalytic activity for OER is typically characterized by calculating the Gibbs free energies
of the individual reaction steps as a function of the electrochemical potential defined using the
standard hydrogen electrode (SHE) as a reference. The acidic mechanism involves the production
of H* + e~ pairs, and their Gibbs free energy is calculated from the equilibrium:
H* + e~ < V5H

in the SHE at standard conditions (pH = 0, pressure py,= 1 bar, and 7= 298.15 K) and using the
Gibbs free energy of hydrogen gas. The reaction Gibbs free energies, which stem from the binding
strength between the catalyst and OER intermediates, are affected by the electronic properties of
the active site. The typical procedure widely used in the literature to calculate the reaction Gibbs
free energies, AG, corresponding to equations (1)—(4) at standard conditions is shown in

equations in the SI-S2; more details about the derivation can be found in reference?!”

4.2.3 Model

In,0; is a wide bandgap semiconductor that has been used in gas sensors'?* and has also
been explored as a potential catalyst for CO, hydrogenation'?*?*° . When doped with Sn, it
becomes indium tin oxide (ITO), a transparent conducting oxide with metal-like conductivity and
optical transparency in the visible range. This material is used in transparent electrodes for electro-
optical displays, such as liquid crystal displays and solar cells??!. Sn-doped indium oxide has high
conductivity, making it useful for electrocatalysis applications in water. Researchers have
therefore been interested in using these conductive oxides as supports for Pt-metal clusters in

electrocatalytic applications'?¢-128222 The electrochemical behavior of ITO in acidic solutions with
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pH 1 can be affected by dissolution at high anodic and cathodic potential. However, in our study
we have taken precautions to prevent this be carefully selecting the potential window for our
calculations and limiting the potential to below 2V vs SHE. This potential range has been reported

in literature to result in stable ITO behaviors in acidic solutions with pH 1223

. Following
the experimental studies, we modeled the (111) surface of 5% doped ITO as our substrate model
and determined that all Sn atoms prefer to reside in the surface layer, which has been previously
reported to give the maximum carrier density.'*® We chose the 111 termination for the ITO surface
because it has the lowest surface energy and hence higher stability when compared to other surface
terminations®?* . For a four-layer slab, with unit cell dimension in the surface plane of 14.65 x
14.65 A, 8 Sn (5% atom) atoms are present, 4 in the top and 4 in the bottom layer. 3 Sn atoms
replace the In atoms in 5 coordinated sites, and 1 Sn atom replaces the In in the 6 coordinated site.
The unit cell dimension for ITO(111) is 14.65 x 14.65 x 60 A. From our previous study (Chapter
2), the surface has 4 H,O molecules chemisorbed per cell; two are dissociatively adsorbed, and
the other two are adsorbed intact. For full details of the surface structure and water interaction with
the surface, we refer the reader to our previous work!#**. To explore possible adsorption sites of Pt
on ITO and to determine the optimum O and OH ligand number for the surface PtOxOHy complex,
we used the Grand Canonical Basin Hopping (GCBH) global optimization method. The full details
of the GCBH method are provided in the Appendix A.9. According to our earlier research, the
presence of hydroxyls and water on the ITO surface plays a significant role in anchoring Pt single
atoms (Pt-SA). The hydroxyls that are formed on the surface of ITO in the presence of water would
interact with the Pt-SA and assist stabilize it by preventing it from sintering into larger clusters.
We refer the reader to our earlier study for complete details on the surface and Pt-SA structure and

water interaction with the surface?* .
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4.3 Results and Discussion

As a first step in investigating the OER activity on a Pt-SA/ITO system, we utilized a Pt-
SA/ITO structure previously determined in our previous work!%??*. The structure, shown in Fig.
I(a) as 1, consists of Pt atoms bound to two Sn atoms and one hydroxyl group in a Pt-Sn bridging
position, acting as an anchor for the SA. Further details of the structure can be found in the previous
works that is explained thoroughly in the previous chapters??*. To determine the most stable
adsorption site for the Pt surface complex, we employed a basin hopping method to optimize the
position of the Pt atom and the movement of hydroxyls and water already present on the surface,
under vacuum conditions and without considering electrochemical conditions such as pH and
potential. OER was experimentally investigated on dispersed Pt atoms on ITO by Weber et al.!?8
From the experimental findings reprinted in Figure 4-1(c), three distinct peaks in the positive
sweep of the cyclic-voltammogram are seen at pH 1. On the positive-going sweep, the first and
second oxidation peaks are present at 0.82 V, and 1.28 V vs SHE. Additionally, the onset for OER
is seen at ~ 1.5 V. Our study focused specifically on the anodic sweep and the characterization of
the oxygen evolution reaction (OER) on ITO. As a result, we did not include any computational
calculations or analysis in the cathodic region. While the reactions occurring during the cathodic
sweep are not the primary focus of our work, they have been thoroughly addressed in the
experimental paper. With this information, we investigated the overpotential of OER on Pt-

SA/ITO.
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4.3.1 OER activity on a Pt-SA/ITO system: The usual way.

H*'+ e

H:0+* > *OH+H' + ¢
*OH — *O+H +¢
*Q + H,0 — *OOH + H" + ¢
*OOH — *+ O+ H + ¢

H" +e
b \J‘ .J
( ) 5+ 2H,0() —+ Oy + 4H' +4de ; AG,
4-’ M_o T T T T T T T
+ e+ |~ ——0.05 ML Pt 2% 0x, RER
3l no |M-0OH o 8 . 1
MoH + E20F ——010MLPt,
. |+
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Figure 4-1 OER reaction mechanism on our initial structure for a Pt single atom on ITO
determined in vacuum and in the absence of electrochemical potential (a) 4 electron step
reaction mechanism (b) reaction energy profile for the 4 OER reaction steps at potential U =0
V vs SHE (Blue), U= 1.23V vs SHE (Green), U = 1.5 V vs SHE( Red) and U = 1.8 V vs SHE

(Cyan). (c) experimental cyclic-voltammograms for Pt;/ITO at 0.05 ML and 0.01 ML

The four-step OER reaction mechanism is given in Figure 4-1 (a), and the corresponding

reaction free-energy diagram is given in Figure 4-1(b) for four potential values (U = 0, 1.23,1.5
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and 1.9 V vs SHE) at a pH=1. For the catalytic cycle starting with our initial Pt-SA/ITO structure,
we determine the third step as the rate-determining step with an overpotential of 0.57 V. This is
0.3 V higher than what is found experimentally (overpotential = 0.27 V). We interpret this high
discrepancy in the overpotential values as an indication that the active center of the catalyst we are
using to simulate the OER reaction mechanism, determined in the absence of electrode
polarization, is not correct. The functional groups generated in reaction conditions (positive
potential vs SHE) can largely affect/modify the active site and hence should be properly

investigated.

Due to the presence of water molecules, hydroxyl, and oxygen adsorbates in the OER reaction
condition, it is of utmost importance to determine the true nature of the active site of the catalyst.
This is very important in the case of SACs, as the metal atom is not surrounded by any other metal
atoms, and the active site is more exposed to the reactants. To better understand the active site of
the catalyst and the nature of the interaction with the reactants, the interaction of the Pt-SA with
the hydroxyl and oxygen species needs to be explicitly studied. The characterization of SAC
catalysts under realistic reaction conditions is a relatively unexplored field. However, in-situ
techniques such as operando X-ray absorption spectroscopy (XAS) have demonstrated potential
in understanding the dynamic electronic and local environments of these structures and identifying
the nature of their active sites>*>2*°, Li et al observed the formation of a stable Pt oxide during
ORR on Pt single atoms (2.0 wt%) on graphitic carbon nitride (g-C3N4) derived N-doped carbon
nanosheets (NCNS), which may suppress the adsorption and activation of Oz and therefore be
detrimental to ORR 23!, Cao et al. were able to achieve atomically dispersed Fei(OH)x on Pt
nanoparticles (NPs), resulting in a 30-fold increase in mass activity compared to conventional

catalysts and 100% CO selectivity over a wide temperature range for the preferential oxidation of
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CO in hydrogen. The in-situ XAS results revealed selective deposition of iron hydroxide on the
surface of Pt NPs and illustrated that the Fei(OH)x/Pt interface can easily react with CO and
facilitate oxygen activation?*2. Furthermore, Cao and co-workers used operando XAS to study the
formation of a high-valence HO-Coi-N» (Single atomic Co supported on phosphorized carbon
nitride) moiety and were able to successfully demonstrate the formation of the reaction
intermediate H>O-(HO-Co1-N»). Theoretical calculation results further confirmed that the highly
oxidized and reconstructed Col single atoms decreased the energy barrier for water dissociation,

thus resulting in high catalytic performance for HER in alkaline media®*°.

4.3.2 Optimum coverage of ligands

To find the optimum coverage of -OH/-O/-OOH around the Pt-SA supported on ITO at
varying electrochemical potential and for different Pt adsorption sites on the oxide, we used the
Grand Canonical Basin Hopping '>?*%° (GCBH) method (Appendix A.9). For this free energy

surface (FES) exploration, we use the following mutations in our GCBH method:

A. The Pt-SA can move randomly over the ITO surface to find its most stable adsorption site.

B. The -OH/-O/-O0H coverage is mutated grand canonically to find the most stable coverage of
the adsorbates on the Pt-SA. The changing adsorbate coverage under the electrochemical reaction
condition can also modify the adsorption site. Hence, it’s also important to simultaneously move
the Pt-SA. The adsorbates can also attach to the ITO surface. Hence the adsorbates are not

restricted to the Pt-SA but can access the whole catalyst surface.

C. The -OH/-H20 groups already present on the ITO surface can move around and transfer onto

the Pt-SA.
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The three above-mentioned mutations are carried out simultaneously and one can affect the other
so that the effect of all three needs to be studied simultaneously. The free energy surface explored
by GCBH relies on the formation free energy of PtOxOH,/ITO at pH = 1 and temperature(T) =

298K. This formation free energy is calculated as follows:
Formation free Energy = G(PtOXOHy(U)) — G(PtSA;ro(U)) — XUp — YHon

Where, G(PtOXOHy(U)) is the potential dependent energy of PtO,OHy, and G(Pt SA;ro (U)) is the
potential depended energy fo the initial state of Pt-SA ITO calculated via the surface charging
method (Appendix C.2), pg is the chemical potential of oxygen and is obtained from the
experimental formation energy of O with respect to water, since the O> molecule is not very well
described within DFT. pgy is the chemical potential of hydroxyl. The chemical potential is

evaluated via the following equations:
Hou = Mu,0a) — (Mg+(U,pH) + pe-(U,pH) ); ko = Hu,0q) — 2(ky+(U, pH) + pe-(U,pH) );

Here, py,oq) 1s the chemical potential of liquid water, at room temperature and 1 atm pressure

take from the work of Munnik et al.58 and py+(U, pH) + pe-(U, pH) can be calculated using the

reference hydrogen electrode59.

1
ug+(U,pH) + pe-(U,pH) = 3 uw(H,) — eU + kg TpHIn10

One more important factor to keep in mind while exploring the free energy surface in these cases
is the electrochemical potential at which we perform the GCBH. The catalytic active site would
be different at varying electrochemical potential; hence in this work, we have chosen four different

potentials to perform the GCBH, U=0V vs. SHE, U=0.75V vs. SHE, U =1.4 V vs. SHE, and
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U= 1.5V vs. SHE. We choose these potential values based on the experimental findings (Fig 1c)
as already discussed. Our simulation model uses surface charging to maintain a constant potential,
with surface charge adjusted to reach the desired potential (in this case the onset potential of 1.5V

vs SHE). Figure 4-2 provides the free energy surface found via GCBH at U =1.5 V vs. SHE and

*+H,0—*OH+H" +e *O + H,0 — *(OH),

-0.8(eV) -2.3(eV) -

/

-1.5(eV) -3.0(eV) -42(ev; -
Active Site

-3.3(eV) -3.8(eV) -5.0(eV) -

to the active site

-3.8(eV)

Number of Oxygen added

1 2 3
*O Number of Hydroxyl added to the active site

*OOH

Figure 4-2 Free energy surface exploration via GCBH. The heat plot shows the formation energy
of the active site configurations, as a function of the number of hydroxyl groups and O atoms added.
The blue arrows represent the electrochemical reaction * + H,O = OH + H" + ¢, the yellow arrow
the electrochemical reaction *OH = *O + H" + ¢  and the green arrow the chemical dissociative
adsorption of H>O. The black box shows the active site and intermediates of the OER mechanism.
The structures of the active site along with the OER intermediates are also shown, Blue: Sn , Light
Blue: In, Grey : Pt, Red : O and White : H. The X and Y axis indicate the number of Hydroxyls and
Oxygen added to the initial Pt-SA/ITO. The electrochemical conditions correspond to a potential U

=1.5V vs SHE and pH = 1.
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pH = 1, which corresponds to the experimental electrochemical potential for OER found for Pt-

SA deposited on ITO.

We start with the most stable Pt-SA/ITO found in our previous work??*. At any given catalytic
active structure, there are three possibilities for evolution: (1) electrochemical addition of OH on
the active site: * + H,O 2 *OH + H' + €7, (2) After the addition of OH on the active site, this can
electrochemically convert to *O : *OH - *O + H' + ¢ and (3) is the dissociative chemical
adsorption of HO ( H,O - H'+OH") on the active site where the H" will adsorb on *O and OH"
will adsorb directly on the SA. We need to consider all the three possibilities above at each step to
get to the active site of OER at the considered conditions. The reaction pathway to reach the active
site at U = 1.5 V vs SHE is represented by differently colored arrows on the free energy surface.
The blue arrow represents electrochemical reaction (1), yellow represents electrochemical reaction
(2) and green represents chemical reaction (3). The numbers given inside the boxes in Figure 4-2
are the formation energy of PtOxOHy/ITO. To jump to the next configuration via reactions 1, 2 or
3 the thermodynamics should be favorable at a particular potential. The thermodynamically
favored transformations are indicated by colored arrows in Figure 4-2. This will then decide at any

electrochemical potential what the configuration of the active site is.

Figure 4-3 provides the full pathway of forming the active site at U = 1.5 V vs SHE from Pt-
SA/ITO (*) which were previously represented as arrows on Figure 4-2. We start with our initial
structure for Pt-SA/ITO, where the Pt atom is already interacting with a hydroxyl present on the
surface, which is represented in green throughout the reaction pathway. At the electrochemical
potential of 1.5 V vs SHE, the first step is the adsorption of a hydroxyl via the reaction (1) (blue):

*+H,0 - *OH + H" + ¢". The hydroxyl adsorbs on the Pt atom, causes a change in the adsorption
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Figure 4-3 Full mechanism of formation of the active site for Pt-SA/ITO in electrochemical
conditions found via GCBH. The blue arrow corresponds to the hydroxylation step, which is the
first step of OER (* + H,O — *OH + H" + ¢"). The hydroxyl in green represents the hydroxyl
already present on the surface in our initial Pt-SA structure. The yellow arrows correspond to the
second OER step (* OH — *O + H" + ¢"). The green arrow corresponds to water dissociation (H,O
— *OH + *H). The Final structure is the proposed active site for OER. The reaction free energies
are given for each step and are calculated at a potential U = 1.5 V vs SHE and pH=1 for
electrochemical steps. The hydroxyl and oxygens attached to Pt and directly participating in the

active site are represented in light blue.

site of the Pt atom and leads to the formation of a Pt(OH), species. The Pt atom, which was
previously interacting with 2 Sn atoms, now interacts with 2 In atoms. In the next reaction step, Pt
is once again hydroxylated, but one of the -OH from the previously formed Pt(OH), group spills
over on the ITO support so that a Pt(OH), ITO-OH species is formed, with still 2 OH on the Pt
(here ITO-OH represents the hydroxyl attached to ITO which spilled over on the surface).
Concomitantly Pt moves to a Sn-In bridge site. The next more favorable step is to extract a proton
via the reaction *OH - *O + H' + ¢ from a neighboring hydroxyl present on the surface instead

from the hydroxyl attached to Pt(OH),, leading to the formation of Pt(OH), ITO-O. The surface
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oxygen species from ITO-O transfers onto the Pt(OH), group in the following step, moving from
the surface to a position immediately below the Pt, and another OH species occupies the vacant O
site in the same concerted step to create PtO(OH)2ITO-OH species. In the next step, we observe
the dissociative adsorption of a H,O molecule onto PtO(OH),ITO-OH, where H" attaches to the O
and OH attaches to Pt, to form Pt(OH)4sITO-OH. This is followed by an electrochemical addition
of OH to the Pt site, making Pt(OH)sITO-OH, and finally in the next step of deprotonation of a *-

OH from the Pt site, we form PtO(OH)4sITO-OH which is the active site for OER.

4.3.2 Evaluating the Oxidation States

Calculations also provide insights on the dependence of the Pt hydroxylation level on the
electrochemical potential. We now depict the same free energy surface shown in Figure 4-2 but
with an electrochemical potential of 0.75 V and 1.4 V vs. SHE to show the potential-dependent
formation process and the oxidation states (OS) of the active site. These electrochemical potentials
are chosen to closely represent the oxidation peaks identified experimentally in the cyclic
voltammogram. The free energy surface is shown in Figure 4-4(a) at U =0.75 V vs. SHE, and in
(b), it is shown at U = 1.4 V vs. SHE. We find that the most stable active site composition is
PtOo(OH)4ITO-OH at U = 0.75V versus SHE. The chemical route depicted by the arrows creates
this active site. (PtOoOH: > PtOo(OH): = PtOo(OH)ITO-OH -> PtOo(OH)ITO-O ->
PtO1(OH)2ITO-OH - PtOo(OH)4ITO-OH). Along the reaction pathway, we also illustrate the Pt
OS at various PtOxOHy compositions (Figure 4-4c). By comparing the Bader charge of Pt in the
active site with the Bader charges of known Pt compounds with well-defined oxidation states, for
example, OS 0 for Pt(111), OS 2 for PtO, OS 2.66 for Pt203, and OS 4 for PtO>, the OS for each
composition was estimated. PtOoOH; has an OS of 0 in its initial state, which is similar to metallic
Pt. Despite requiring four electrochemical steps to reach the state Pt(OH).ITO-O, the OS of Pt
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Figure 4-4 Free energy surface for Pt-SA/ITO in OER conditions at (a) U =10.75V vs SHE (b) U =
1.4V vs SHE and pH=1. The black box on the free energy surface represents the energetically
favorable composition for Pt-SA/ITO at the corresponding potential. The arrows represent the
combination of reaction pathways needed to reach the favorable composition. (¢) Oxidation state
(OS) of the Pt atom as a function of the composition of the active site. The 1* oxidation of Pt from

0 -2 takes place at U =0.75 V vs SHE, the second oxidation from 2->2.66 takes place at U = 1.4

V vs SHE and finally within the OER catalytic cycle, Pt cycles between the OS of 2.66 and 4.

remains 0. This could be the result of ITO surface oxidation rather than Pt active site oxidation.
When the composition changes to PtO1(OH)2ITO-OH in the following step, we see an increase in
the OS to +2 because of the above-described migration of O to Pt accompanying the
electrochemical addition of OH on ITO, which takes place at a potential of 0.75V versus SHE. The
next composition of PtOyOHy is formed by chemical dissociative adsorption of H>O on PtO;0OH>
which doesn’t cause any change in the OS as this is a non-electrochemical step. At the

electrochemical potential of 1.4 V vs SHE, the PtOo(OH)4ITO-OH can further oxidize to
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PtOo(OH)sITO-OH, where the Pt OS is around 2.66. At a slightly higher potential of 1.5 V vs SHE,
we observe the formation of the active site for the OER which is PtO1(OH)sITO-OH. This step
doesn’t cause any change in the OS of the Pt, which means that this electrochemical step has
caused further oxidation of ITO. At this potential, we also observe the extensive hydroxylation of
the support surface where the surface In and Sn sites gets completely covered with hydroxyls. This

surface hydroxylation of ITO at positive potentials was also observed by Lebedev et al*®.
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Figure 4-5 OER reaction mechanism on the active site of Pt-SA/ITO (PtO1OH4) found via GCBH as
discussed in Fig 3, at the electrochemical reaction conditions (potential U= 1.5 V vs SHE). (a) 4 step
OER reaction mechanism (b) Reaction energy profile at U =0 V vs SHE(Blue), U = 1.23V vs SHE

(Green) and U = 1.5 V vs SHE (Red).

4.3.2 OER activity on a Pt-SA/ITO system: from the “optimal” active site.

In Figure 4-5, we finally investigate the reaction mechanism of OER starting from the
“optimal” active site found via GCBH as discussed earlier, for a potential of 1.5V vs SHE. In the
first reaction of the 4-step OER mechanism, the OH adsorbs on the active site at a bridge position

between the Pt-SA and Sn. In the next step, a proton is evolved from another hydroxyl located on
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the bridging position of Pt and In. Deprotonation of other hydroxyl groups are not as favorable;
this means that the acidity of the various hydroxyls is very different. After the deprotonation
another hydroxyl adorbs on the *O forming *OOH. This then produces O and regenerates the
active site. The reaction diagram of this OER pathway is given in Figure 4-5(b), where we find the
third step to be the rate determining step with an overpotential of 0.27 V vs SHE. This overpotential
value is in excellent agreement with the experimental data (0.27 V). It should be noted however
that exact coincidence is fortuitous, since calculations present several approximations in model
and method aspects. During this catalytic cycle the oxidation state of Pt cycles between 2.66 and
4. Not all the 4 electrons required for the oxygen evolution reaction come from Pt-SA, other
electrons come from the reduction of the ITO surface itself. It becomes abundantly evident that
there is a significant discrepancy of 0.3V vs. SHE between the overpotential computed using the
active site formed in electrooxidation conditions and the overpotential calculated using the initial
non-optimal active site. Only the approach using the active site determined at U=1.5 V vs SHE is
self-consistent and physically meaningful, since the onset potential is 1.5 V, potential for which

the determined active site is stable.

4.4 Conclusion

In this chapter, the reaction mechanism of oxygen evolution reaction (OER) was
investigated using the "optimal" active site obtained via GCBH. The OER mechanism involved a
four-step process starting with the adsorption of OH on the active site, followed by proton
evolution, deprotonation, and finally O» production. It was found that the third step was the rate-
determining step with an overpotential of 0.27 V vs SHE, which was found to be in excellent

agreement with experimental data.
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It was noted that during the catalytic cycle, the oxidation state of Pt cycled between 2.66 and 4,
and that not all the 4 electrons required for the oxygen evolution reaction came from Pt-SA, as
other electrons came from the reduction of the ITO surface itself. It was also emphasized that
identifying the composition and geometry of the active site under the reaction conditions was
crucial, as the numerous adsorbates from the original initial structure could greatly change it. This
change could be in both the adsorption site of the Pt atom on the support and in the composition

of the active site in terms of ligands.

The computational approach used in this study helped in identifying the active site
composition at oxidation peaks to understand the electrocatalytic process and species involved, as
well as determining the oxidation state of Pt-SA at these peaks. This work also emphasizes how
crucial it is to identify, using operando computational approaches, the composition and geometry
active site under the reaction conditions which may change greatly due to the numerous adsorbates
from the original initial structure. This change could be in both the adsorption site of the Pt atom
on the support and in the composition of the active site in terms of ligands. This computational
approach also helped us identify the active site composition at oxidation peaks to understand the
electrocatalytic process and species involved, as well as determining the oxidation state of Pt-SA
at these peaks. Such a first-principle determination of the nature of the active site in electrocatalytic
conditions, coupled with experimental operando characterization, opens major perspectives for our

fundamental understanding of electrocatalysis and for the design of efficient catalysts.
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Chapter 5 Electrochemical Oxidation of Methane to Methanol on Electrodeposited

Transition Metal Oxides

5.1 Introduction

The direct partial oxidation of methane to methanol is one of the grand challenges in the
area of catalysis and energy®’. Methane is the major constituent of associated petroleum gas which
is routinely flared at remote oil fields where its collection and use are unprofitable?*®*7. The
energy losses associated with flaring are roughly equivalent to the natural gas demand of Central
and South America resulting in significant economic losses, while the associated greenhouse gas
(GHG) emissions result in adverse effects on the climate and environment. In 2021 alone, gas
flaring was responsible for the emission of 361 million metric tons (MMT) of CO2, 39 MMT of
CO; equivalent in non-combusted methane, and other GHGs and pollutants. There are large
environmental and economic incentives to develop technologies for the decentralized
transformation of methane into easy-to-transport liquid methanol as these would reduce GHG

emissions, 6%’

increase global carbon utilization, and expand the global methanol production
capacity. Methanol current annual global demand is close to 100 MMT and is further projected to
rise at a compound annual growth rate of over 5% to double by 2030.23® This increase in methanol
demand is primarily due to expansion of consumption by the automotive and olefin industries.
Therefore, new and efficient technologies for the production of methanol from methane at medium
and small scales could offer a paradigm shift by connecting directly stranded carbon and energy
resources to the base chemicals and energy markets.

The direct transformation of methane to methanol in remote locations requires selective catalysts
capable of operating at near-ambient temperatures inside a modular device.?**?*} Although various

catalytic systems have been studied for more than 100 years,>**2*’ these have never reached
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commercialization due to low yields and poor selectivity. The main challenge in developing a
selective and efficient catalyst for the direct partial oxidation of methane to methanol originates
from the difficulty to simultaneously control the kinetics for i) the regeneration of the catalytic
active site, i1) the transport, activation and hydroxylation of methane, and iii) the desorption and
removal of the produced methanol (Figure 5-1). Traditional catalytic systems require high
temperatures or use strong oxidizing agents to regenerate the catalytic site and overcome the barrier
for methane C-H bond activation. Under these reaction conditions, it is difficult to prevent over-
oxidation of methanol to CO and COs. Particularly, the oxygen atom in the produced methanol
binds strongly to the metal site and re quires the use of a solvent (i.e. H2O in Figure 5-1) to desorb
methanol and stabilize the reduced catalyst center.?*3 Slow methanol desorption makes the product
complex prone to over-oxidation and introduces additional layers of complexity.?**2** Because of
the multiple steps that need to be simultaneously controlled during the direct transformation of
methane to methanol, developing selective and efficient catalysts®! for this transformation has
become one of the most remarkable challenges in synthetic catalysis.

Enzymatic systems, on the other hand, offer clues on how to selectively catalyze this
transformation. Methane monooxygenase, for example, catalyzes the transformation of methane
directly to methanol with exceptional selectivity under ambient conditions. This is achieved
through the exquisite control on the transport of oxygen, methane, protons and electrons to the
transition iron(IV)-oxo complex in the active center.?*?2 Conformational changes prevent
consecutive oxidation and back diffusion and are responsible for the isolation of the active site and
the exceptionally high selectivity for methanol.>*?

Electrocatalysis offers a precise control over the surface oxidative power via the applied potential

and is a promising approach to control kinetics and impart product selectivity in the oxidation of
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methane to methanol just as in the enzymatic system.%” Electrocatalysts can also replicate many of
the mechanistic features in methane monooxygenases through the rational design and control of
the electrostatic interactions between catalytic sites on the electrode surface, and the reactants and
products penetrating the relatively immobile solvated ions that make up the coordination
environment at the electric double layer. Advanced methane to methanol electrocatalyst should 1)
bring methane into the active site in the appropriate orientation to lower activation energy barriers
and accelerate the rates of transformation, ii) regenerate metal-oxo species on electrode surfaces
directly from water and remove electrons at slow rates relative to methanol desorption and over-
oxidation, and iii) have an electrode architecture with a high density of active sites connected to
fast methanol transport and collection networks.

Over the last decade, the use of transition metal oxides as catalyst for the electrochemical partial
oxidation of methane to methanol has drawn significant interest. Mustain and co-workers, for
example, have shown that binary transition metal oxides of NiO/ZrO> catalyze the electrochemical
oxidation of methane in carbonate electrolytes.?>*>¢ Park and co-workers also utilized a chemical
precipitation method to prepare Co304/ZrO2 nanocomposites and Co3O4 powder/ZrO2 nanotubes
that show activity for the production of higher alcohols such as 1-propanol and 2-propanol.?*’-%8
In these works, the introduction of zirconia to unary transition metal oxides has been suggested to
be indispensable in order to promote methane partial oxidation in the presence of the carbonate
ions. The challenge in these works utilizing particle catalysts is, however, that zirconia has multiple
additional effects on transport which are poorly understood and must be deconvoluted. For
example, the introduction of the catalytically inert, non-conductive zirconium oxide leads to
different catalyst morphologies and spatial distributions of the active phase of the catalyst. These

differences should be expected to affect selectivity as these modify the residence time of the
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methanol intermediate near the oxide surface and thus modify the probability for methanol over-
oxidation.?® The requirement to use carbonate as mild oxidant is also not fully understood. Porous
hollow fiber NiO/Ni anodes and iron nickel hydroxide nanosheets have also been reported to
produce methanol and ethanol as methane electrochemical oxidation products in aqueous
hydroxide solutions where carbonate is not present in significant amounts.?6*262 CO, generated by
the overoxidation of methane is likely to react with the highly alkaline environment to form
carbonate in solution, but whether this carbonate can in turn become the major oxidant is not clear.
It must also be noted that the faradaic efficiencies (FEs) in some of these systems exceed 100%
(Table S1) implying that chemical reactions between methane and stoichiometric oxidants in the
oxide catalyst or the electrolyte contribute to methane oxidation and could be responsible in part
for the production of oxygenates. The production of methanol and other carbon products could
also be the result of the degradation of carbon conductive materials and binders added in the
preparation of the catalyst inks in some of these systems. To date, the intrinsic mechanisms for the
activation of methane and the formation of methanol are largely unknown and are likely obscured
by the lack of consistency across the existing literature with regards to the electrochemical setups
used, the morphology of the catalysts, the composition of the electrolytes, the analytical tools used
for product quantification, as well as the standards used for the reporting of activity, selectivity,
and faradaic efficiency.

Recently, Prajapati et al. demonstrated a comprehensive work that avoids the use of carbon
conductive materials or binders and utilizes the surface oxides formed on metals upon
electrochemical oxidation to show that four types of different transition metal oxides (TiO2, IrO2,
PbO,, and PtO,) are active for the electrochemical methane oxidation reaction to CO; at oxidative

potentials positive of 1.1 V vs SHE. A bimetallic Cu203 on TiOz catalyst was reported, where Cu
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was proposed to modify the reaction barrier for the key intermediates and facilitate the desorption
of CH3;OH showing faradaic efficiencies for methanol of up to 6%.2%> Although these
electrocatalysts have been shown to activate methane, none of the unary metal oxides was reported
to produce methanol. Potential-dependent theoretical studies have suggested that methane
oxidation on oxidized transition metal surfaces proceeds favorably at oxidative potentials where
oxygen evolution also occurs.?%2%° The mechanism for the formation of methanol and the factors

controlling its selectivity, however, are not well understood.
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Figure 5-1 Schematic representation of the most important steps in direct methane to methanol
oxidation. The simplified reaction energy diagram includes: the regeneration of the active site by
an oxidizing agent or electron collector, the activation and hydroxylation of methane through two
hypothetic reaction pathways (ionic in red trace and radical in blue trace), and the endothermic
solvent-assisted desorption of methanol along the competing methanol overoxidation. Parasitic
decomposition of the regenerated catalytic site and non-catalytic oxidation of methanol are not

shown for simplicity.
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In order to gain a better understanding of the underlying mechanisms for methane partial oxidation,
we have systematically approached this reaction through the breakdown of the three competing
rates in the oxidation of methane to methanol (Figure 5-1), namely, we have attempted to
determine to the best of our abilities 1) the rate of catalytic site regeneration and oxygen evolution;
i1) the rate of methane transport, activation and hydroxylation; and iii) the rate of desorption and
removal of the produced methanol. We have done this through the combination of high sensitivity
product quantification tools, the use of advanced electrochemical reactors with well-characterized
transport properties, and the design of experiments tailored to systematically decouple the multiple
convoluted steps summarized in Figure 5-1. These experiments are combined to first-principle
atomistic simulations to provide mechanistic understanding.

As a first step, we have decided to circumvent the use of catalyst inks. Here, we have used a one-
step electrodeposition method for the preparation of transition metal (oxy)hydroxides as
electrocatalysts. The oxidative electrodeposition method utilized here is self-limiting in growth
and allows the deposition of largely amorphous, thin-film conductive metal (oxy)hydroxide films
of known activity for water oxidation, well-defined charge transport mechanisms and measurable
charge transport resistance.?®® Upon testing of these materials, we discover that CoOx, NiOx, CuOx
and MnOx prepared via electrodeposition are active for the methane partial oxidation to methanol.
In this work, we show that the detection and quantification of methanol and other oxidation
products depends on the electrochemical cells used and the conditions for the collection of liquid
and gas samples as reaction-transport kinetics control methanol product selectivity. Through the
utilization of an advanced gas-tight cell with a rotating cylinder electrode, unique conditions of

hydrodynamics for the partial oxidation of methane are realized, elucidating the importance of the
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control on both kinetics and mass transfer for each of the steps involved in the reaction.

Calculations show an optimum potential window for selective methane oxidation into methanol.

5.2 Methods

5.2.1 DFT Calculations

All calculations were carried out within the density functional theory framework using the
Vienna ab-initio simulation package (VASP). '2>13% The electron-ion interactions are treated using
the projector augmented wave (PAW) method.!*! We use the Perdew—Burke-Ernzerhof (PBE)
functional to treat the exchange-correlation interactions.!3? Oxide catalyst surface were modelled
with periodic slabs, with supercell vectors of size 5.75 A and a 4x4x1 Monkhorst-Pack grid was
used for the k-point sampling of the first Brillouin zone. The cut-off energy for the plane wave
was set at 600 eV, and the energy convergence threshold for the self-consistent-field (SCF) cycles
was set at 10 eV per cell. Dispersion interactions were included according to the dDsC
correction, !72-267:268
Accounting for solvation effects was achieved by exploiting the implicit solvation model
implemented by Hennig and co-workers under the name VASPsol'”*"!7>, The electrochemical
potential was modified using the surface-charging method, the counter charge in the model
electrolyte being based on the linearized Poisson—Boltzmann (PB) equation implemented in
VASPsol'"176, This equation allows us to include an idealized electrolyte distribution in the
electronic structure computations. This electrolyte distribution also balances the surface charge
without correction terms, in contrast to a surface-charging model relying on a homogeneous
background charge.!”” The cavity surface tension was set at 0.00, and the electrolyte concentration

within the linearized PB equation was set as 1.0 M. The vacuum for surface charging calculations

have been set to 60A. Because we are dealing with a grand canonical description of the electrons
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from the surface charging methods, the energies reported in this work are free energies. The
influence of the change in zero-point energy (ZPE) was found to be small in other works.?!7-18

Therefore, considering the number of intermediates, the influence of ZPE was not computed here.
5.2.2 Catalyst Model

Since B-CoOOH (R3m space group) was found to be the cobalt oxide phase that was most
active under alkaline pH and oxidative circumstances, preliminary bulk full relaxation was
conducted on this compound.?672¢270 According to Bajdich ef al.,”®® the reference surface slab
was taken as a 2x2 supercell of the primitive surface cell cut from bulk f -CoOOH in the most
active (10-14) direction. Convergence in the adsorption energies and recovery of the bulk magnetic
ordering of the center layers was obtained with a minimum thickness of four Co oxide layers and
30 A of vacuum. To complete their octahedral coordination shell, each surface Co atom was
liganded with one hydroxyl group, which would be expected in electrochemical conditions under
liquid water.?!7224267270° A]] model slabs show two identical surface and present an inversion
symmetry to cancel any dipole moment in the perpendicular direction. Only the outer atoms were
allowed to relax during the surface geometry relaxations; the inside atoms (in a 2 A large
intermediate layer) and cell parameters remained fixed at the values established for the bulk -
CoOOH. These relaxations were continued until the residual forces were less than 0.02 eV A1, A
Fermi smearing of 0.026 eV, or 298 K in temperature, was used to calculate the electronic
occupancies. To better describe the electronic structure of this high electronic correlation material,
a model Hubbard Hamiltonian (designated + U) was included in the calculations On the basis of
previous works, the formalism proposed by Dudarev et al.?’! was used, along with the U-J value

of 3.52 eV for the cobalt 3d electrons, 26728
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5.3 Results

The results section of this chapter is organized in the chronological order in which we approached
the research of methane oxidation catalysts. First, we describe the deposition and physical
characterization of the thin-film transition metal (oxy)hydroxides. Second, we describe the
catalytic activity of transition metal (oxy)hydroxides for the partial electrochemical oxidation of
methane and the results obtained during the systematic interrogation of these materials to separate
the transport, electrochemical and thermochemical contributions to the experimental performance.
Finally, we present our DFT study of the reaction mechanism and potential dependence and show

that there is an optimal window of potential for selective methanol oxidation.

5.3.1 Catalyst Preparation

Unary transition metal (oxy)hydroxides of CoOx, CuOx, NiOx, FeOx, and MnOx were prepared by
electrodeposition as described in the experimental section.?’? Scanning electron microscopy
(SEM) was used to characterize the morphology and microstructure of different transition metal
(oxy)hydroxides on the surface of the titanium substrate (Figure Appendix D.2) before and after
electrochemical oxidation of methane for 2 hours. The titanium substrate showed a relatively flat
surface after mechanical polishing and immersion in the HCI solution to remove the surface oxide.
Electrodeposited cobalt (oxy)hydroxide shows the typical dense film morphology observed for
electrodeposited cobalt oxides.?”* Cracking of the films is observed upon drying and the pulling of
vacuum for electron microscopy. After electrochemical testing over 2 hours, some of the cobalt
oxide film was lost (Figure Appendix D.2b). The electrodeposited copper oxide (Figure Appendix
D.2c) showed angular particles before oxidation with edges and corners closely packed on the
surface of the titanium substrate. The copper oxide film after 2 hours of testing appeared less

densely packed while the particle edges were still well defined. Nickel (oxy)hydroxide (Figure
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D.2d) exhibited a porous film morphology formed by small nanoplates. This nanoplate
morphology was maintained after methane partial oxidation and is similar to those obtained during

electrodeposition of other nickel (oxy)hydroxides?’

. Manganese (oxy)hydroxide (Figure
Appendix D.le) showed larger nanoplates compared to the nickel oxide catalyst. The MnOx film
also showed cracks upon drying. Iron (oxy)hydroxide (Figure Appendix D.2f) showed a porous
structure in a dense film similar to NiOx before oxidation, while its porous microstructure could
not be clearly resolved after oxidation. In general, the oxidatively electrodeposited transition metal
(oxy)hydroxide films can be characterized as porous thin films while CuOx is dense and
nonporous. The thickness of the catalyst films varies between a few nanometers for the films
deposited with only 5 LSVs to a few hundred nanometers for the films deposited with 100 LSVs.
The maximum catalyst loading achieved by oxidative electrodeposition is of less than 100 pg per

cm? as determined by electrochemical quartz crystal microbalance measurements.>’?

5.3.2 Product analysis of electrochemical methane oxidation reaction.

Product analysis using NMR shows methanol and acetate are the major products during the
electrochemical partial oxidation of methane on the various transition metal (oxy)hydroxides at a
potential of 1.06 V vs SHE (Figure 5-2). By collecting and analyzing samples at 20-min intervals,
we have observed fluctuations in the concentration of the liquid products over time. These
fluctuations reveal the dynamic nature of partial oxidation studies in the RCE cell as the produced

methanol accumulates in the bulk of the electrolyte and can be further oxidized over time.
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Two different thickness of the various transition metals were tested. Catalysts deposited using

more linear sweep cycles result in lower methanol and acetate concentrations at the same applied
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Figure 5-2 (a) Production distributions of methanol and acetate on different transition metal
oxides, TiOx, MnOx, FeOx, CoOx, NiOx, and CuOx, for electrochemical methane oxidation reaction
at multiple reaction times (20 minutes intervals) within two-hours experiments using
chronoamperometry performed at 1.06 V vs SHE under rotational speed: 800 rpm, catalyst loading:
5 cycles of linear sweep voltammetry, and temperature: 17°C. NMR spectra for liquid products of
electrochemical partial oxidation of methane on electrodeposited CoOx taken at 20-minute interval
(b) under an applied potential: 0.8 V vs. SHE, rotational speed: 800 rpm, catalyst loading: 100
LSV, and temperature: 17°C and (c) under an applied potential: 1.06 V vs. SHE, rotational speed:

800rpm, catalyst loading: 5 LSV, and temperature: 17°C.
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potential. Methanol production for films prepared by 100 LSV cycles are shown in Figure S8.
Among all the electrocatalysts tested, CoOx, NiOx, MnOyx, and CuOx are found to be active to
produce methanol and acetate while FeOx produces O> and the titanium substrate (TiOy) is largely
inactive. Although the FeOx catalyst can generate reactive oxygen species and evolve oxygen, the
catalyst either does not activate methane or oxidizes it completely to CO> which cannot be
measured accurately in our system due to the dissolution of CO> in the alkaline carbonate
electrolyte and the ubiquitous CO> background signal from the CO> and carbonate buffer
equilibrium observed in the GC. Measurement of the electrolyte pH before and after testing shows
a decrease in pH of between 0.08 and 0.1 pH units when methane is the reactive gas for all the
transition metals including FeOx. This pH drop is not observed when Ar is flowed through the cell
in control electrolysis experiments even when the current densities are similar. The decrease in pH
in the Argon control electrolysis experiments is below 0.01 pH units and within the pH meter
experimental error. This suggest that methane is indeed oxidized on all the transition metal oxides
under the applied potential of 1.06 V vs SHE although no significant amounts of methanol are
observed for the FeOx film. We have not made any attempts to quantify CO; from the decrease in
pH in the electrolyte.

Interestingly, at the beginning of the methane partial oxidation experiments (t=0 min), methanol
and acetate are already detected although at low concentrations indicating that the production of
methanol and acetate is thermodynamically favorable even before the application of oxidative
potentials due to the likely participation of thermal reactions between the methane and the
electrodeposited metal (oxy)hydroxide. Figure 5-2 (b) and (c) shows the 'H NMR spectra as a
function of time for two experiments carried out at two different potentials for a CoOx catalyst.

Before the start of the chronoamperometry experiments, a similar amount of acetate and methanol
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can be observed in both experiments. These products come from the chemical reaction of methane
with the electrodeposited film. At a less negative applied potential of 0.8 V vs SHE (Figure 5-3 a),
the methanol concentration remains low and fluctuates over time although the changes in
concentration are not significant while the acetate concentration increases over the first 60 minutes

of the experiment and then decreases to reach again a second maximum at the end of the

experiment.
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Figure 5-3 Production distributions of methanol and acetate on cobalt oxides, CoOx, for the
electrochemical partial oxidation of methane at multiple reaction times (20 minutes intervals)
within two-hours experiments using chronoamperometry performed at different applied potentials:
0.8,0.86,0.96, 1.06, 1.16, and 1.26 V vs SHE under rotational speed: 800rpms, temperature: 17°C
with (a) catalyst loading: 5 cycles of linear sweep voltammetry and (b) catalyst loading: 100 cycles

of linear sweep voltammetry.
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At higher applied potentials of 1.06V vs SHE (Figure 5-3 b), the acetate concentration remained
low over the duration of the experiment while the methanol concentration increased and also
reached a maximum at 60 min. The methanol concentration then decreased almost to the initial
values and then increased again for the last sample at 120 min. The generation of methanol and
further oxidation makes the determination of faradaic efficiencies difficult as the net rates of

methanol formation cannot be measured.

5.3.3 Effect of Applied Potential

The driving force for the partial oxidation of methane and the overoxidation of methanol
changes as the applied potential is increased. At low applied potentials of around 0.8 V vs SHE,
acetate is preferentially accumulated in the electrochemical cell for the thicker CoOx films (Figure
5-3 a). This indicates that although the activation of methane occurs readily, the activated methane
intermediate likely reacts with the carbonate or the CO> generated from the complete oxidation of
methane to produce acetate. At potentials higher than 0.86 V vs SHE, the selectivity changes to
methanol reaching a maximum accumulation of methanol at intermediate overpotentials. Higher
overpotentials lead to the complete oxidation of methanol as corroborated by the decrease in the
pH at the end of the experiments while the pH does not change in experiments under Ar flow.
Higher applied potentials indeed modify the density of high valence oxidation states available for
catalysis which are also needed to conduct charges in the porous transition metal (oxy)hydroxide
films. Therefore, electrochemical partial oxidation of methane to methanol should be more
favorable at relatively intermediate overpotentials where enough of the higher oxidation states of
the catalysts are present on the surface of the catalyst but before the oxygen evolution reaction

becomes dominant at high overpotentials.
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5.3.2 Insights into the Reaction Mechanism

| CoOOH formation | Methanol production | Overoxidation to CO, Oxygen Evolution Reaction |
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Figure 5-4 Reaction mechanism and reaction energy diagram at (a) U= 0.5 V vs SHE (b) U= 1.1
V vs SHE. The top panel shows the most favorable reactions at certain electrochemical potential
windows. In the red box the CoOOOH formation takes place starting from 0.5 V vs SHE.*! The yellow
box shows methanol production in the potential range of 0.5 — 1 V vs SHE after which the most
favorable reaction would be the overoxidation of methane to CO2 competing with the oxygen

evolution reaction starting from U = 1.3 V vs SHE. The reaction diagrams are evaluated at pH = 12.

To understand the mechanism during the electrocatalytic methane oxidation process, DFT
simulations were performed. The reaction mechanism and thermodynamic analysis are shown in
Figure 5-4. The focus is on the main reaction pathway for methane to methanol and CO», while
the side reaction dealing with acetate formation was not explored as it is the major product only in
a very narrow potential window for the thicker CoOx film. Understanding the Cobalt oxide stability
in reaction conditions is the first step in this process. CoOOH is the most stable phase for Cobalt

oxide that is observed in the potential range of U = 0.5 to 1.5 V versus SHE at highly alkaline
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pH.272%8 Therefore, we consider that the catalyst is CoOOH as soon as the potential reaches 0.5
V vs SHE. Experimentally, the formation of CoOOH was achieved by activating the surface by
performing CV measurement and reaching potentials more positive than 0.5V vs SHE. The open
circuit potential for CoOx films after deposition and electrochemical activation were indeed
between 0.55 and 0.75 V vs SHE depending on the final potential applied during the activation
cycle. The open circuit potentials also change upon the switch of the atmosphere from argon to
methane. The activated surface then can perform partial oxidation of methane via the
electrochemical reaction between methane and high oxidation states of the catalyst, even without
an applied potential. Understanding the thermodynamic branching between various reaction
mechanisms when the electrochemical potential is modified then becomes the primary objective
of this section of the work. As CoOOH is only stable in the potential range of 0.5 — 1.5 V vs SHE
at alkaline pH we have studied the various reactions in the same potential range. From our
calculations, three main reaction mechanism are at play, the predominant one depending on the
potential, as shown in Figure 5-4

(a) Selective methane oxidation to methanol.

“OH + CH, + OH™ > CH50H + H,0 + e~ 1)
*CH;0H + OH™ - CH;0H + *OH + e~ )
*CH;0H + OH™ - *OCHs + Hy0 + e~ 3)

In the initial potential window of 0.5 — 1 V vs SHE, where methanol formation is favored, the first
reaction step is to activate the C—H bond of methane, and this happens electrochemically on the
hydroxyl group of the CoOOH surface (Equation 1). Figure 5-4 (yellow zone) shows the reaction
diagram of methane oxidation to methanol. At 0.5 V vs SHE (Figure 5-4a), we observe the
electrochemical methane activation to be thermodynamically favorable (-0.43 eV). This step

(Equation 1) combines electrochemical activation of the C-H bond of methane with OH™ and
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concerted rebinding of the CH3 fragment with a surface adsorbed OH (*OH). The formed adsorbed
*CH30H on the surface has two options (1) the CH3OH group on the surface can desorb and the
hydroxyl group on the surface can be replenished electrochemically by hydroxyl ion to give back
the initial catalyst (CoOOH), represented in Equation 2. (2) the *CH30OH can further oxidize to
*OCH3 (Equation 4). We have studied both possibilities and observe that the selectivity between
the two reaction is potential dependent. At lower overpotential (< 1V vs SHE), electrochemical
desorption of methanol is thermodynamically favorable (Figure 5-4a). As we move toward more
positive potential (> 1V vs SHE), the methanol oxidation to *OCH3 becomes more favorable. This
can be seen on Figure 5-4b, where the potential (1.1 V) is just above 1V, and the *OCH3 species
(AGadgs= -1.59 eV) is becoming more stable than desorbed methanol and hydroxylated CoOOH
surface site (-1.55 eV). Increase in potential causes the H on the methanol attached to the surface
to become more acidic, which then reacts with a OH™ in the solution to produce *OCH3 and water,
which actively encourages the oxidation of *CH30H. At 1 V vs. SHE, the thermodynamic
favorability of the two reactions switches. Thus, thermodynamics informs us that CoOOH behaves
as an excellent catalyst for the selective oxidation of methane into methanol at an intermediate
window of potential (0.5 — 1 V versus SHE), which is in good agreement with our experimental
observations.

(b) Methane overoxidation to COa.

*OCH; + OH™ - "OCH, + H,0 + e~ (4)
*OCH, - --- -» €0, evolution

As already mentioned above, if we go towards a sufficiently large overpotential, the surface
methanol is overoxidized to *OCH3 (above 1 V vs SHE, Figure 5-4 blue zone), *OCHj3 then

oxidizes to *OCHa, a step again thermodynamically favorable (Equation 4). These are the first
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steps toward the overoxidation of methane to CO> which is captured as carbonate in the alkaline
electrolyte. The other favorable oxidation steps after *OCH> were not explicitly calculated here.

(c) Oxygen evolution reaction

*OH+O0H™ -» "0+ H,0 + e (5)
*04+0H - "00H +e" (6)
*OOH+OH™ - "+ 0,+H,0+e” (7)
OH + *= "OH+e" (8)

Finally, at sufficiently large overpotentials, we will observe the oxygen revolution reaction which
would be directly competing with methane overoxidation to CO». The reaction mechanism for
OER in alkaline conditions is given in the Equations 5-8. OER reaction on CoOOH has been
extensively studied in the literature.?*” 2% We find that the OER occurs at a potential on 1.28 V vs
SHE in pH = 12 with the rate determining step (RDS) as the desorption of O> (Equation 7). This
matches very well with what has already been reported by Curutchet et al.*!’

The competition between the OER process and the methane oxidation reaction for the active site
is an essential element to consider in the reaction condition. Methane activation can interfere with
OER intermediates at two different reaction stages. First, as seen above, surface *OH can be used
to form *OHCH3 (Equation 1), preventing their conversion into *O (Equation 5). Second, *O
intermediates might interact with methane and OH" to form *OCHj3 (Equation 10), preventing the
formation of *OOH (through Equation 6).

*0+CH,+O0OH™ - "OCH;+ H,0 + e~ 9)

Both reactions occur at high overpotentials and are thermodynamically favorable. For example,
Equation 1 will have a AG of -0.8 eV at a potential of 1.3 V vs SHE, but Equation 5 will have a

AG of -0.15 eV. Similarly, equation 10 will have a AG of -1.4eV at the same potential but equation
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6 will only have a AG of -0.1 eV. In any scenario, the two competing reactions mentioned above
will have a significant impact on OER but have no impact on the formation of methanol at

moderate overpotentials.
5.4 Discussion

From a thermodynamic perspective, the electrochemical partial oxidation of methane to methanol
in alkaline electrolytes (Equation 10) requires a relatively low oxidative potential of only 0.18 V
vs SHE at pH 14 compared to the oxygen evolution reaction (OER, Equation 11) which requires
an additional 0.22V. Despite methane partial oxidation to methanol being thermodynamically
accessible in an electrochemical cell, this reaction is kinetically difficult and requires an adequate
catalyst to reduce activation energy and a large overpotential to drive measurable partial current
densities. Driving large enough currents often requires biasing the electrode to oxidative potentials
at which oxygen evolution also takes place despite this reaction also being kinetically slow.
CH,+ 20H™ = CH3;0H + H,0 + 2e~ E° = 0.18V (10)

20H™ = 0.50, + H,0 + 2e~ E® = 0.40V (11)

At very high oxidative potentials, the oxygen evolution reaction outcompetes the methane
oxidation reaction and oxygen or CO, are predominantly formed.?** An often ignored fact is that
high overpotentials are also needed to transport charges on porous oxide electrodes as these
materials are electrically insulating and become conductive only when the population of high
oxidation states in the catalyst film is high.?’>*"* This means that we cannot expect to see methane

activation until transition metal (oxy)hydroxides become oxidized and conductive.
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The first point is to form on the catalyst surface the right oxidation number at the considered
transition metal for electronic conductivity and methane oxidation. Figure 5-5 shows the ranges of

applied potentials vs SHE at which electrodeposited transition metal (oxy)hydroxides?’?2"

EQi/0,=0.40V vs SHE OER

E24 cn.0n=0.18V SHE —
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Figure 5-5 Redox potentials experimentally measured for oxidatively electrodeposited transition
metal (oxy)hydroxide in 1 M KOH.

become conductive by changing the valence state from +2 to +3 for the Co, Ni, Fe, and Mn

(oxy)hydroxides in 1 M KOH. At potentials positive of the water oxidation potential (0.4 V vs

SHE in pH 14), many of these metal (oxy)hydroxides enter higher oxidation states and become

active for both the methane partial oxidation reaction and the oxygen evolution reaction requiring

somewhere between 250 and 500 mV overpotential to sustain meaningful oxidative currents.?’®

From a purely experimental perspective, the potential window between 0.5 and 1.0 V vs SHE is
thus optimal to enable any of the transition metal (oxy)hydroxides to be conductive while
accessing a large population of metal-oxo sites on the surface of the catalysts to activate and
oxidize methane. It must be noted, however, that the redox potentials in Figure 10 and the rates of
water oxidation are a function of pH and will change in a different manner for each metal

(oxy)hydroxide relative to the 0 V vs SHE.?’¢ That is, the onset of conductivity and the population
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of high oxidation states on the surface of the catalyst during operation is a complex function of the
potential and the local pH. Based on previous theoretical works for the activation of methane,?’”-*’8
and on the DFT results on CoOOH presented here, we hypothesize that indeed various transition
metal oxides are active for the transformation of methane to methanol at ambient temperatures
provided four conditions are met: 1) enough methane is supplied to the catalyst surface, 2) the
transition metal oxide is conductive without the need of large overpotentials where OER could
become dominant, 3) the potential is low enough so that methanol can be preferentially desorbed
versus the formation of methoxy and further oxidation, and 4) the catalyst architecture and the
transport properties of the cell allow methanol to be transported away from the electrode before it
can be further oxidized. Indeed, our DFT calculations on CoOOH show for a potential below ~1
V, desorption of methanol coupled with adsorption of OH™ on the Co site is thermodynamically
favored versus further oxidation to methoxy, so that electrocatalytic oxidation with the control of
the potential could open a possibility of selective formation of methanol.

We have shown here that partial oxidation of methane proceeds via the chemical reaction between
methane and high oxidation states of the catalyst, even without an applied potential beyond the
one needed to maintain the oxidation state of the site. Faradaic efficiency may then no longer be a
good descriptor for selectivity in the partial oxidation of methane to methanol. We consider the
following steps for the partial oxidation of methane on metal-oxo sites. At intermediate
overpotentials (0.5 - 1 V vs SHE), the methane is activated electrochemically by dissociation of a
C-H bond via reaction with a hydroxyl anion and concerted rebinding with a hydroxyl located on
the surface of the electrode to form adsorbed methanol (Equation 1). Methanol can desorb from
the site, and this reaction is made exothermic by a concerted electrochemical adsorption of OH".

At larger overpotentials (1 - 1.3 V), the hydroxyl group attached to the methanol on the surface

98



becomes acidic leading to the formation of methoxy which subsequently over-oxidizes to CO;
which is captured as carbonate in the alkaline electrolyte. At even higher overpotentials (>1.3 V),
the oxygen evolution process becomes a competitive reaction as well.

According to thermodynamics of the reactions, methane overoxidation to CO> by methoxy
formation would be preferable over OER. A significantly greater methane concentration might
result in a drop in OER and an increase in over-oxidation since both processes utilize the same
active site. However, at moderate methane concentration not all active sites would be
occupied/deactivated by methoxy, hence we would observe significant OER on the CoOOH

surface at large overpotentials.
5.5 Conclusion

In summary, we have demonstrated the use of electrochemical methods for the deposition
of a family of thin-film transition metal (oxy)hydroxides, which is a simple, clean, and efficient
strategy for the fabrication of electrodes for the partial oxidation of methane to methanol in a
carbonate electrolyte. CoOx, N1Ox, MnOx and CuOx are active for the partial oxidation of methane
to methanol while FeOx oxidized methane entirely to CO> in the potentials tested. We have
extensively studied CoOx as the prototypical catalyst for understanding the reaction mechanism
of the partial oxidation of methane to methanol. We also found Acetate to be a side-product at low
overpotentials (0.8V vs SHE) while methanol is the favored product at medium overpotentials
(0.86~1.06V vs SHE). This very interesting potential regime where selective oxidation of methane
to methanol is seen is confirmed and explained by our DFT simulations. We find an optimum
potential window in which methane activation forming methanol and methanol desorption are both
thermodynamically favorable on fully hydroxylated CoOOH. Methanol desorption from the site is

favored due to the stabilizing concerted electrochemical adsorption of a OH™ from the solution.
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The selectivity is hence explained by competitive adsorption with hydroxide anion, which expels
the methanol from the site, and by the transport of methanol away from the electrode. High
overpotentials (above 1.16 V vs SHE) result in the over-oxidation of the produced methanol to
CO2, since electrooxidation of methanol to methoxy becomes more favorable than its desorption,
and the production of oxygen through OER.

Through the use of the gas-tight rotating cylinder electrode cell, unique conditions of
hydrodynamics for the partial oxidation of methane show the importance of the control on both
kinetics and mass transfer of each step during the reaction. Consequently, this work demonstrates
electrodeposition as a viable strategy for catalyst fabrication and may pave the way for efficient
strategies of catalyst preparation for further studies of the electrochemical partial oxidation of
methane under ambient conditions as well as well-defined conditions of mass, heat, and charge
transport.

The transition metal (oxy)hydroxide catalysts reported here should enable the decentralized
production of methane to methanol utilizing electrochemical units engineered for optimal methane
delivery to the electrode surface as well as rapid methanol product removal and collection.
Modular electrochemical devices with advanced electrode architectures for methane and methanol
transport can one day enable the efficient and decentralized partial oxidation of methane to
methanol at ambient temperatures. In this chapter we have provided a first understanding of how

to tackle the design of these devices.
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Chapter 6 Elucidating the True Nature of Zirconia—Copper Inverse Catalyst under

CO; Hydrogenation Conditions

6.1 Introduction

By the end of the century, it is anticipated that the amount of anthropogenic CO> produced
by human activity would have greatly increased. The burning of fossil fuels, which emits CO; into
the atmosphere, is primarily to blame for this increase. Being one of the main greenhouse gases
causing climate change and global warming, the growing concentration of COsz is a serious worry.
However, CO2 may also be seen as an alternative feedstock, and recycling it into value-added
chemicals can produce a fuel cycle that is carbon neutral. The process of CO> hydrogenation,
which turns CO; into methanol using hydrogen, is one possible method of CO: recycling 8,
Methanol is a great liquid fuel that may be used as a substitute for gasoline in the transportation
sector. Furthermore, using the MTO (methanol-to-olefins) method, methanol may be directly
transformed into useful compounds like ethylene and utilized as a raw material for synthesizing
higher hydrocarbons and oxygenates.

279-281 In

Copper-based catalysts have become the standard choice for methanol synthesis
particular, the commercial Cu/ZnO/Al>O3 catalyst has been widely used to convert synthesis gas,
which is a mixture of CO, hydrogen, and some COz, into methanol at temperatures ranging from
220-300 °C and pressures of 50-100 bar 4?8228 Significant efforts have been devoted to
improving the catalytic performance of the Cu-based catalysts. An enhancement in CO2 conversion

and CH3OH selectivity was achieved by forming Cu alloys?%+2%

, and using metal oxides as
support for Cu. Among the Cu/oxides studied, Zirconia-modified copper catalysts have been
shown to be effective in CO2/H> conversion to methanol due to their high stability under reducing

or oxidizing conditions 289286300 Kattel et al. (2016) reported that ZrO> can optimize the CO»
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conversion to methanol on Cu®” . Larmier et al. (2017) found that ZrO» enhances both the
methanol production rate and the selectivity’*!. Samson et al. (2014) studied Cu/ ZrO; catalysts
obtained by impregnation of ZrO> and complexation with citric acid for CO> hydrogenation to
methanol?®*®. In recent works, inverse ZrO»/Cu catalysts have also gained a lot of traction as they
display high activity, selectivity, and stability during the conversion of CO> to Methanol.
Rodriguez et al. (2021) investigated the CO> hydrogenation on ZrO»/Cu (111) surfaces and found
that the ZrO>/Cu (111) is an inverse oxide/metal catalyst that displays high activity and stability
for the hydrogenation of CO; into methanol at 500-600 K¢ . The study also found that at elevated
temperatures, ZrO> grows on a CuOx/Cu (111) substrate forming islands of 10-12 nm in size and
an average height of ~3 A. Wu et al. (2020) reported that inverse ZrO»/Cu catalysts with a tunable
Zr/Cu ratio have been prepared via an oxalate co-precipitation method, showing excellent
performance for CO» hydrogenation to methanol**!. White et al. also studied CO, hydrogenation
for the model inverse Zr/Cu;O/Cu (111) catalyst and found the promotional effects of small
amorphous zirconia particles for increasing CO; adsorption and the formation of hydrogenated
intermediates on the CuO»/Cu(111) surface’®.

Numerous scientific studies have been conducted to explore the adsorbates that accumulate on
catalyst surfaces under reaction conditions. This line of research is crucial as these adsorbates can
significantly alter the size and shape of the catalytic clusters. Hydroxyls and formates are
commonly identified as the primary ligands that accumulate on the catalyst surface, with certain
formates undergoing further hydrogenation to produce methoxy and methanol. However, the
quantity and diversity of adsorbates on the surface can vary considerably depending on the specific
reaction conditions. For instance, White et al. observed that formates, methoxy, and hydroxyls

were the main species present on the catalyst. However, the amount of formate was relatively
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lower compared to other ligands such as methoxy, and the number of hydroxyls decreased with
increasing temperature’®2. In contrast, Rodriguez et al. reported the presence of higher number of
formate and methoxy species. Interestingly, the formates on the ZrO; cluster exhibited low
reactivity and remained inactive throughout the reaction, while the formate at the interface
displayed high activity?’!. These studies underscore the significance of considering the structure
of the catalytic cluster when exposed to different ligands (-O, -OH, -HCOO) during reaction
conditions. Such an understanding is essential for fully comprehending the real active site and the
mechanism of CO: hydrogenation on these catalysts. In the current work, our focus is on
determining the ensemble of structures that potentially harbor the collective active site for CO»
hydrogenation, which is highly dependent on reaction conditions and the type and quantity of
adsorbates on the cluster. Furthermore, we aim to investigate the electronic states of the structure
to explore the synergy between Zr and Cu at the interface and their potential role in activating or
facilitating CO; adsorption. The manuscript is structured into five sections. Initially, we examine
how different reaction conditions impact the free energy surface of the catalyst in the presence of
ligands from a detailed sampling of multi-adsorbates configurations using first principle grand
canonical basin hoping. Subsequently, we delve into specific cases of reaction conditions to
thoroughly investigate the observed phenomena. Finally, we discuss the electronic structure of our
structures, providing insights into the electronic properties and potential mechanisms underlying
CO; hydrogenation. We show that under reaction conditions, the catalytic surface has a relatively
flat free energy surface, suggesting that the active site should be regarded as an ensemble of diverse
structures, especially involving changes of the type, number and binding sites of adsorbates rather

than being solely dictated by the global minimum.
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6.2 Methods

6.2.1 Model

The Cu 111 surface was selected, along with a small Zr cluster consisting of three Zr atoms, as
the model for studying the catalytic properties of the Zirconia-Copper inverse catalyst under CO»
hydrogenation conditions. The Cu 111 surface is a commonly used model for studying the catalytic
properties of copper-based catalysts due to its high stability and well-defined surface structure.
The small Zr cluster consisting of three Zr atoms was chosen to reduce the computational cost of
our calculations while still accurately representing the active sites of the Zirconia-Copper inverse
catalyst. This also represents a 12% coverage of Zr on Cu surface which was found to be the

optimum coverage for the highest CH3OH conversion and selectivity®!

. Using this model, the
optimum coverage of oxygen, hydroxyl, and HCOO species on the Zirconia-Copper inverse
catalyst under CO> hydrogenation conditions was investigated. The goal was to identify the most

stable configurations of these adsorbates on the surface of the Zr cluster, which could provide

valuable insights into the catalytic activity of the material.
6.2.2. Total Energy Calculations

All calculations were carried out within the density functional theory framework using the Vienna
ab-initio simulation package (VASP)'®17%. The electron-ion interactions are treated using the
projector augmented wave (PAW) method!”!. We use the Perdew—Burke-Ernzerhof (PBE)
functional to treat the exchange-correlation interactions'’?. The Gaussian smearing method with a
smearing of 0.1eV is used to improve K-point convergence. The valence electronic states are
expanded in plane-wave basis sets with an energy cutoff of 400 eV. The Brillouin-zone (BZ)
integration is sampled by adopting the Monkhorst-Pack (MP) k-point grids of 3x3x1 (lattice
constant: 12.76 x 12.76 A) for all the surfaces. During the geometry relaxations of the surface,
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only the outer atoms were allowed to relax. The cell parameters and the bottom two of total five
layers of Cu were fixed to those determined for bulk Cu. Dipole corrections were included to

nullify the dipole moment. Structures were relaxed until the force on each atom was less than 0.01

eV/ Al
6.2.3. Grand Canonical Basin Hopping

To investigate the possible adsorption sites of the cluster on the Cu surface (fcc, hep,top etc),
cluster shapes, and optimum number of adsorbates and its positions for the Zirconia-Copper
inverse catalyst under CO> hydrogenation conditions, we employed the Grand Canonical Basin
Hopping (GCBH) method. The GCBH method has been used in the field of catalysis to explore
the free energy surface of clusters and identify the most stable structures!®16-2%:30.187.224.303-305 B
using this method, we aimed to gain insights into the active sites of the catalyst under the reaction
conditions.
1. The Zr atoms were allowed to move freely on the surface, enabling them to find various
modes of adsorption.
2. Oxygen and hydroxyls were added grand canonically in the GCBH process, enabling us to
investigate their effect on the cluster.
3. The adsorption site and geometry of the overall cluster could also be altered by the oxygens
and hydroxyls.
4. The formates were added one at a time, up to a maximum of four formates, and we explored
the free energy surface for a fixed number of adsorbates. The addition of formates could

also change the adsorption site for O and OH adspecies, the geometry, and its binding mode

with the Cu(111) support.
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5. The formates were moved such that the formates can either adsorb on the Zr/Cu interface,
the Cu surface, at the bridging position of two Zr atoms or directly interact with just one

Zr atom.

6.2.4. Chemical potential of adsorbates

To accurately replicate the reaction conditions for the CO2 hydrogenation reaction, it is essential
to calculate the chemical potentials of all species involved. To define the accurate reaction
condition, four main parameters are considered: (a) total pressure, (b) the CO»: H» in the initial
feed, (c) the temperature at which the reaction is conducted, and (d) the conversion of the reaction
shown in the following equation, which provides the partial pressure of reactants and products:
CO2 + 3H2 - HCOO + 2.5H; - CH30H + H20

The chemical potential of O is calculated using the formula p(O) = p (H20) - w(Hz2), where p (H20)
represents the chemical potential of water. The chemical potential of OH is calculated using the
formula p(OH) = p(H20) — 0.5u(Hz2), The chemical potential of HCOO is calculated using the
formula W(HCOO) = pu(CO2) + 0.5u(H»2), where w(CO3) is the chemical potential of CO». The
chemical potential of H» and H>O is calculated in the vapor phase using the ideal gas

approximation.

6.2.5. Adsorbate interaction energy

The adsorption energy reported throughout the work is evaluated via the following equation:

AG =E (Zr;:0xOHy (HCOO), /Culll) - E (Zr30¢/Culll) — (x-6) Lo - YLOH - ZIL HCOO
Here the Zr;0xOHy (HCOO), /Culll represents the energy of the Zr;OxOHy (HCOO), cluster
supported on Cu 111 surface. Here, X, y, and z signify the number of O, OH, and HCOO on the
cluster, respectively. Additionally, we use Zr;Os /Culll as the frame of reference, which is the

global minimum energy state of the Zr3Og cluster supported on Cu 111 surface. We selected Zr3Og
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/Culll as our reference point since it is one of the most used representative systems for studying
COs hydrogenation on inverse ZrO»/Cu catalysts***2%-3%7 Moreover, we denote the free energy of

0O, OH, and HCOO as [ o, [t on, and [ Hcoo, Tespectively.

6.3 Results

6.3.1 Free energy surface of Zr;0OHy (HCOO), /Culll at different reaction

condition

In the first part of this work, our objective was to determine the free energy surface of the
Z130xOHy (HCOO), /Cul 1l system. To achieve this goal, we employed the GCBH method, which
is well-suited for exploring the complex energy landscapes of heterogeneous catalysts. Three
different reaction conditions were chosen to represent a variety of literature works. These
conditions were (a) pressure = 0.013atm, temp = 500K, CO»/H> ratio = 9, and, conversion = 2%
corresponding to the work of White et al. 3%, (b) pressure = 4.93 atm, temp = 493.15K, , CO2/H,
ratio = 1:3, and, conversion = 0.8% corresponding to the work of Chen and Liu et al ?*° and (c)
pressure = 30 atm, temp = 493.15 K ,CO»/H; ratio = 3, and conversion = 19.7% (equilibrium
conversion for CO, hydrogenation) corresponding to the work of Wen, Rodriguez and Ma et al *!,
The free energy search is depicted in Figure 6-1(a), with the purple lines representing condition
(a), the blue lines representing condition (b), and the green lines representing condition (c). The
structures within the energy range of 0.75 eV from the global minima (GM) for each number of
formates, ranging from 0 formate to 4 formates, are shown in the plot. The energy landscape of
the Zr;0xOHy (HCOO), /Culll system exhibits significant changes under different reaction
conditions. This shows that the reaction conditions play a crucial role in determining the most
stable ensemble of configurations for the system. As the initial feed pressure increases, the
HCOO/Zr ratio of the system also changes. We can clearly observe this change as we increase the
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pressure. The formate/Zr ratio for the most stable configurations increases as we go from low

initial pressure to higher initial pressures. However, this ratio also depends on the conversion. As
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we approach the equilibrium conversion of CO> hydrogenation, the formate/Zr ratio becomes 1:1.

It is noteworthy to mention that the stability of the various adsorbates (-O, -OH, -HCOOQO) on the

Z1r;0x0OHy (HCOO), /Culll cluster is not only influenced by the composition of the cluster, but
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also by the reaction conditions. Upon increasing the pressure of the initial feed, the overall stability
of the adsorbates on the cluster in relation to the Zr;Os/Cul 11 system also shows an upward trend.

To further investigate the probability distribution of different configurations at respective

. . e -A
reaction condition temperatures, we calculated the Boltzmann probability P, = iexp [K—i] for
B

each structure in the FES. This probability provided insights into the relative stability of the
structures and their likelihood of occurrence under specific reaction conditions. For the case (a),
we observe the Boltzmann probability to be accumulated one structure (88% probability), with
one minor configuration (5%). However, for case (b), we observe a very flat free energy surface
around the 2, 3 and 4 formate structures, which leads to highly distributed Boltzmann probability
across a large ensemble of structures. In the last case (c), we observe the Boltzmann probability to
be only distributed around the 2 and 3 formate structures.

The structures identified through the GCBH simulations for the various reaction conditions
are further analyzed in the subsequent sections of this study. The goal is to gain a deeper

understanding of the true nature of these clusters and their behavior during the actual reaction.

6.3.2. Reaction condition: Pressure = 0.013atm, Conversion = 2%, Temperature =
500K, CO,/H; ratio: 1:9

In the study, the free energy surface of the Zr;Ox(OH)y(HCOO),/Culll system was
thoroughly explored at given reaction conditions. In figure 6-2 we present the side and top views
of the 5 energetically most favorable structures found via GCBH in the reaction condition: pressure
=0.013atm, conversion = 2%, CO2/H; ratio = 9, and temp = 500K. The bottom-colored panel show
the Boltzmann distribution of all the unique structures explored in the reaction condition. The

Z1303(OH)3 configuration was found to be the most dominant one, with a massive 88% of the
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population occupying it. It was also observed that a smaller population of Zr;04(OH)3 was present,
indicating that this configuration may also have some importance in the reaction mechanism. In
the energetically most favorable structures, the hydroxyl groups in the cluster were found to prefer
interacting with Zr and not Cu atoms, forming Zr-OH bonds. On the other hand, the oxygen atoms
in the cluster tend to form Zr-O-Zr bonds, linking the Zr atoms together. As the number of oxygen
atoms increases, as in the case of Zr;04(OH)3, the oxygen atoms also start interacting with the Cu
surface, acting as an anchor for the cluster on the Cul11 surface.

Additionally, the study also observed a relatively small population of formate-containing
clusters, such as Zr3;03(OH);HCOO, Zr;03(OH);HCOO, and Zr;03(OH)>(HCOO), with a total
Boltzmann population of 4.55% (includes all formate containing structures). The relative energies
of each structure relative to the GM are also provided right below the structure. The presence of
formate-containing clusters is relevant as it has been suggested that formate is an intermediate in
the conversion of COz to methanol and can accumulate on the cluster. Therefore, understanding
the formation and stability of formate-containing clusters could provide further insight into the
reaction mechanism. The formate group in the Zr;O3(OH):HCOO cluster replaces one of the
hydroxyl groups in the Zr;03(OH); cluster and attaches to the same Zr atom in a bidentate fashion.
As the number of hydroxyl groups increases, as in the case of Zr;03(OH);HCOO, the hydroxyl
groups occupy the same sites as they do in Zr;03(OH)3, but the formate group attaches itself on
the bridging position between the two Zr atoms in a bidentate fashion.

Interestingly, White et al **? found that vibrational bands associated with formate were
generally weak in the IRAS spectra, and the peaks assigned to formate in the C 1s XPS spectra
were also weak compared to other intermediates in regions of the surface with zirconia. These

observations suggests that formate is not accumulating on the surface during the reaction
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conditions. These findings support the results obtained in our current study, where the global
minimum of the cluster composition was observed as Zr;O3(OH); , whereas the structures with

formates were found to be metastable.

S g

Zr;05(0OH), Zr304(0OH), ZrzO3(OH),(HCOO)  Zr;05(0H)5(HCOO) Zr;Og(OH),(HCOO0),
0 +0.12eV +0.21eV +0.23eV +0.25eV

80

Boltzmann Probability @500K

Figure 6-2 The side and top views for the 5 energetically most favorable structures found via GCBH
in the reaction condition: pressure = 0.013atm, conversion = 2%, CO»/H; ratio = 9, and temp = 500K
(condition a in the text). The bottom colored panel show the Boltzmann distribution of all the unique

structures explored in the reaction condition.

In the CO; hydrogenation process, the hydrogenation of formate is the rate-determining
step, which means that the rate of the overall reaction is limited by the speed at which this step
occurs. To make this step happen faster, we need to lower the barriers to the hydrogenation of
formate. One way to do this is to either weaken the strength of the adsorption of formate on the

catalyst surface or enhance the adsorption of the hydrogenated product H>COO. In our current

111



reaction conditions, we have observed that the adsorption of formate on the catalyst surface is not
very strong, but it is also not very weak. The importance of accurately determining the real-time
catalyst composition under the reaction conditions cannot be overstated, as it enables the
identification of the ensemble of structures that could represent or contain the active site.

As part of our
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Figure 6-3 The number of hydroxyls on the most favorable €an arise from various sources,

structures at a specific temperature. The structures within the  jn¢luding H atom spillover from Cu

range of 0.35 eV from the global minima were considered at ) )

surfaces and water formation via
each temperature value.

surface reactions like RWGS. Our
findings revealed that hydroxyls are indeed bound to the zirconia surfaces of the cluster, and their
concentration exhibits a significant decrease as the temperature is increased from 300K to 1000K.
This is an important finding as the coverage of hydroxyls on the surface is anticipated to have a
substantial influence on the reaction mechanism. At lower temperatures, when higher hydroxyl
coverages are observed, all the sites would be occupied by hydroxyl, which would make it

exceedingly difficult to bind CO: and initiate the CO> hydrogenation process. It is important to

mention that White et al **? also reported on the XPS O 1s spectra from their experiments, which
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illustrate that the surface concentration of OH* drops rapidly above ~ 450 K. This decrease in
surface hydroxyl content could have significant implications for the hydrogenation of
intermediates bound to zirconia and might contribute to the accumulation of HxCO* and CH30*
at higher temperatures. As a result, the coverage of hydroxyls on the surface is critically dependent
on temperature, and the rapid decrease above ~ 450 K could play a pivotal role in the reaction

pathway.

Zr,04(OH),(HCOO), Zr;03(OH)s(HCOO), Zr;05(OH),(HCOO), Zr;04(OH),(HCOO), Zr;04(OH),(HCOO),
0 +0.002eV +0.023eV +0.023eV +0.035eV

80

40 60
Boltzmann Probability @493K
Figure 6-4 The side and top profile of the 5 energetically most favorable structures found via GCBH

o

in the reaction condition: pressure = 4.93 atm, conversion = 0.8%, CO»/H; ratio = 1:3, and temp =
493.15K The bottom colored-panel show the Boltzmann distribution of all the unique structures

explored in the reaction condition. The colors correspond to a specific configuration of
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6.3.3. Reaction condition: Pressure = 4.93 atm, Conversion = 0.8%, CO,/H, ratio =

1:3, and Temperature = 493.15K

In this section, we will delve into a thorough analysis of another reaction condition, which
represents a more realistic catalytic condition but at a lower conversion, to gain a more
comprehensive understanding of the catalytic mechanism at play and identify the true nature of
the catalyst in the reaction condition. In Figure 6-4, we show the 5 most stable structures in the top
panel and on the lower panel, we show the distribution of Boltzmann probability among the
ensemble of structures. We can clearly observe that the Boltzmann probability is distributed over
a broad range of different clusters compositions and geometries. Compared to the low-pressure
case a key difference, in this case, is that the population of formate-containing systems is very high
(100% of probability), so the catalyst is covered by two to four formate molecules. When
considering the five best structures which only represent 35% of the total probability, we find that
three out of the five structures have four formates on the cluster, while the other two have two
formates on the cluster. Moreover, the number of hydroxyls present in the cluster varies
significantly across the structures, but the energy doesn't change considerably. This observation
suggests that the potential energy surface is very flat relative to the number of hydroxyls and
formates present in the cluster. Therefore, the cluster serves as a reservoir for hydroxyls and
formates that can be utilized in subsequent steps of the reaction mechanism.

The overall probability of finding 1,2,3,4 formate on the cluster is 0, 27.9,41.8 and 30.8 %
respectively. To understand the relative thermodynamics in between the ensemble of structures
containing 0,1,2,3 and 4 formates it was very important to calculate the entropic energy of the
system at different number of formates. A statistical definition of entropy utilizing the Boltzmann

probabilities of these discrete states (different number of formates) was applied to obtain the
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—Ej/kgT
entropy S¢ = kg Xy PiIn (P;), where P, = % and E, is calculated the as described in

Section I1.4, ks is the Boltzmann constant and T is the temperature. We can then include the
entropy to calculate the Helmholtz Free energy of the system as: F = U — TSg. This method has
been utilized in other works, Alexandrova et al used it to describe the free energy of clusters with
different ratios of Pt:Pd**®, Manoharan et al used this method to determine the free energy

landscape of Clusters®®’

. Using this method, we provide the thermodynamics between the different
number of formates in Figure 6-5. We can observe that the energies start to stabilize as we reach
the 2HCOO, 3HCOO and 4HCOO structure with minima reaching at 3HCOO structure. This is
also evidenced by the highest level of probability observed for 3HCOO at 41.8%.

OHCOO 1HCOO 2HCOO 3HCOO 4HCOO
0.039 0.075 0.041

-0.16eV -0.58eV -0.006eV +0.004eV
Figure 6-5 Energy for formate adsorption on the cluster at each step starting from Zr;O3(OH)s.

The energy for each formate adsorption step in given under the arrow in eV.

In order to gain a more comprehensive understanding of the distribution of formate, OH,
and O species on the cluster, we have plotted the probability distribution in Figure 6-6. The size
of the circles in the plot corresponds to the prevalence of a specific configuration in the FES (i.e.,
a large circle corresponds to a high Boltzmann probability for the given configuration). The darker
shades indicate a higher number of structures associated with that configuration. The probability
distribution of the number of formats, hydroxyl, and oxygens are also given in the green box on

the respective axis. The analysis reveals that the probability distribution is spread across various
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configurations, particularly between 2-4 formates, 2-7 hydroxyls, and 2-4 oxygens on the cluster.
The probability range spans from 0% to 9.5%. This indicates that in the present reaction condition,
no single state exhibits clear dominance, in contrast to our observations in the previous section
(Case a). Instead, we observe a statistical ensemble of multiple states, which more accurately
represents the catalytic behavior under catalytic conditions. It is important to note that the global
minimum structure, which indicates the most stable configuration, may not hold significant
meaning in this specific reaction condition. Therefore, when studying the CO> reaction
mechanism, it is crucial for readers and researchers to exercise caution when considering a single

active site as a starting point. The ensemble of states observed here emphasizes the need for a
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Figure 6-6 Heat bubble plot with the (a) y axis as the number of formates and the x axis as the
number of hydroxyls on the cluster, (b)) y axis as the number of oxygens and the x axis as the
number of hydroxyls on the cluster. The heat map represents the Boltzmann probability for the
structure with bigger bubble meaning higher probability of occurrence. The total probability of
finding a specific number of ligands is also provided in the green box on the ligand specific axis

alongside the number of ligands.
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comprehensive and dynamic understanding of the catalytic behavior, accounting for the statistical
distribution of species on the cluster.

The presence of a diverse ensemble of easily accessible structures within the system
provides significant advantages in facilitating the reaction mechanism and the formation of
hydrogenated intermediate products. This diversity enables flexible adjustment of the hydrogen
and formate content without incurring significant energy costs. The accumulation of formate
species on the cluster is a commonly observed phenomenon in studies related to CO»

hydrogenation. Prior research by Liu et al *°

, has highlighted the high adsorption energy of
formate on the cluster, as determined through DFT simulations. Experimental evidence obtained
through in situ DRIFTS measurements further supports this observation. Consistent with these
previous findings, our work confirms the high coverage of formate on the cluster. We also observe
that the adsorption of formate on the cluster reaches an optimal coverage, where the adsorption
energy of formate stabilizes. This behavior is clearly illustrated in Figure 1(a) by the blue lines.
This finding suggests that formate is adsorbed on the surface in a manner that is neither too strongly
nor too weakly bound, which is conducive to further hydrogenation to form H,COO. Furthermore,
the hydroxyls present on the cluster serve as a hydrogen reservoir, providing an additional source
of hydrogen not only for the hydrogenation of formates but also for other intermediate species.

This role of hydroxyls contributes significantly to the overall reaction mechanism, ultimately

leading to the production of methanol.
6.3.4. HCOOs at the interface

Numerous studies have found that the zirconia/copper interface plays a crucial role in the
CO2 hydrogenation reaction by facilitating the conversion of formate intermediates to methanol.

One such study was conducted by Coperet et al*’!, who utilized a combined experimental and
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computational approach with realistic models, including kinetics, in situ IR and NMR
spectroscopies, and isotopic labeling strategies. This study demonstrated that the reaction takes
place specifically at the interface between zirconia and copper particles and that the formate
species are stabilized at the interface between the Zr and Cu.

12°! utilized IR measurements and observed a

Another study conducted by Rodriguez et a
peak at 1350 cm™' (HCOO-Cu) which is attributed to the O-C-O vibration of the formate species
bonded on Cu or the interface. This peak was found to be about 18 cm™! lower than that for formate
adsorbed on the ZrO; (bidentate formate). The authors also observed that the generation and
consumption of formate-Cu were extremely fast under transient conditions compared with the
formate species on zirconia. This indicates that highly reactive pathways exist on the inverse
catalyst. The Cu sites at the zirconia/copper interface were proposed to serve as the adsorption site
for the formate intermediate, facilitating its hydrogenation conversion to methanol. This enhances
the turnover frequencies (TOF) of the oxygenates on the inverse catalysts. Therefore, the
zirconia/copper interface plays a crucial molecular role in the CO; hydrogenation reaction, as it
promotes the conversion of formate intermediates to methanol.

Hence, our primary objective now is to investigate the structures that contain formates
adsorbed on the interface of the Cu-Zr interface. We still are under the more realistic catalytic
condition as represented in case b. To this end, we present a bar graph in Figure 6-7, which
illustrates the number of structures versus the energy of the structure from the global minimum.
The lighter shade bar indicates the total number of structures in the specific energy range, while
the darker shade represents the number of structures (a subset of the total structures) that have

formates adsorbed on the interface of Zr-Cu. It is important to note that the formate adsorbs at the

interface in a bidentate manner, with one oxygen atom interacting with Zr and the other interacting
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Figure 6-7 The bar-graph represents the number of structures vs the energy of the structure from
the global minimum for the reaction condition (b). The lighter shade bar represents the total number
of structures in the specific energy range, whereas the darker shade represents the number of
structures that have HCOOs adsorbed at the interface between Zr and Cu. The arrows from the bar
point toward the side and top profile of the corresponding structures. The Boltzmann probability
of the structures shown are given under the respective structures.

with the Cu surface. Upon analyzing the results, we observe that the number of structures with
formate adsorbed at the interface is considerably lower than the total number of unique structures
found via the GCBH. Additionally, we provide the side and top profiles of the four most favorable

structures that include interface formate, along with their Boltzmann probability in Figure 6. The
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four most favorable structures are (in increasing energy order) Zr;O3(OH)4(HCOO)s,
Z1r303(OH)4(HCOO)4, Zr;02(OH)s(HCOO)3, Zr;03(OH)s(HCOO); with the Boltzmann
probability as 1.72%, 0.92%, 0.64% and 0.34% respectively. All the structures identified in our
study contain a high level of hydroxylation. This is an encouraging observation as the hydrogen
on the hydroxyl groups could potentially aid in the hydrogenation of formate to H>COO at the
interface between Zr and Cu. However, we notice a lower probability of occurrence of these
structures in the FES, which could be due to the possibility that these might be transient formates
that turn over to methanol via further hydrogenation. There are instances from our previous work
where species with a probability of ~1% were shown to be completely responsible for the catalytic

reactivity!6-2%187,

6.3.5. Electronic structure analysis

It is widely acknowledged in scientific literature that metallic copper and oxidized copper play
crucial roles in the formation of methanol. Metallic copper facilitates the dissociative adsorption
of hydrogen, which leads to the generation of atomic hydrogen by breaking apart H> molecules.

It 1s widely acknowledged in the scientific literature that metallic copper and oxidized
copper play crucial roles in the formation of methanol. Metallic copper facilitates the dissociative
adsorption of hydrogen, which leads to the generation of atomic hydrogen. This atomic hydrogen
directly participates in the hydrogenation process of CO», contributing to the production of
methanol. Conversely, oxidized copper is considered the active site for methanol formation, and
its presence is essential for achieving high selectivity for methanol and low selectivity for CO

under operating conditions.
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Figure 6-8 Bader charge on the (a) first layer of the Cu surface which supports the
Z130x(OH)y(HCOO); cluster (b) three Zr atoms in the Zr;Ox(OH)y(HCOO): cluster (c) first layer
of the Cu surface which supports the Zr;Ox(OH)y(HCOO); cluster and (d) three Zr atoms in the
Z130x(OH)y(HCOO)3 cluster. The Bader charges are calculated with respect to the global minima
of Zr;06/Cu 111 surface. The x axis is the number of hydroxyls on the cluster whereas the y axis
is the number of oxygens on the cluster. The yellow arrow represents the change in the number
of hydrogens on the cluster, with the number of hydrogens increasing in the direction of the arrow.
Similarly, the white arrow represents the increase in the number of oxygens. The annotated value
on the heat plot is the difference in the Bader charges with more negative value meaning the atoms

are oxidized w.r.t Zr;0¢/Cu 111.



Interestingly, it has been observed that metallic copper is more conducive to the Reverse
Water Gas Shift (RWGS) reaction than partially oxidized copper, as previously documented in the
literature®!?. The participation of Cu” species in the CO2 hydrogenation to methanol has already
been proposed, and researchers have explored this concept extensively. For instance, Klier et al
proposed that Cu” ions dissolved in ZnO lattice serve as active sites for methanol synthesis from
syngas and CO»/H> mixtures on Cu/ZnO-based catalysts 3!! .

Furthermore, Chinchen and Waugh et al conducted a study using a series of CO/CO2/H»

mixtures over a commercial Cu/ZnO/Al,O3 catalyst. They discovered that the surface of the
catalyst contained both metallic and oxidized copper under real methanol synthesis conditions, and
the copper on the surface was more oxidized with a higher CO»/CO ratio*!? . Similarly, Saito et al.
reported comparable findings regarding methanol synthesis from CO»/H», attributing the high
performance of Cu/ZnO/Zr0,/Al,03/Ga20;3 to an optimal Cu’/Cu ratio of approximately 0.73'3,
Homs et al also observed the presence of Cu+ states in the gallium-promoted ZnO-supported
catalyst 314 .
The Cu cations act as Lewis acid centers by accepting electrons, while OH groups serve
for further hydrogenation steps. These groups help to strengthen CO; adsorption and effectively
activate the inert molecules. In summary, the interplay between metallic and oxidized copper plays
a crucial role in the formation of methanol and involves complex chemical mechanisms that rely
on the properties of copper species, including their oxidation state and associated acid-base
characteristics.

In Figure 6-8, we aim to investigate the impact of adsorbates on the Bader charges of the

structure and try to see if we observe any oxidation of the Cu atoms due to the adsorbates. All

Bader charges reported are referenced to the global minimum of the Zr;Os/Cu 111 system. Our
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analysis focuses on the Bader charges in the first layer of the Cu surface, where it interacts with
the cluster, as well as the changes in Bader charges on the Zr atoms. Panels (a) and (b) depict the
system with 2HCOO, while panels (c) and (d) represent the system with 3HCOO. The yellow
arrow indicates the change in the number of hydrogen atoms in the structure, with its direction
representing an increase in the number of hydrogen atoms. Conversely, the gray arrow represents
the change in the number of oxygen atoms in the system.

In panels (a) and (c), we observe the Bader charge difference on the first layer of Cu,
whereas panels (b) and (d) illustrate the Bader charge difference of the Zr atoms, both relative to
the Zr30¢/Cu 111 system. Notably, the addition or removal of hydrogen atoms does not cause any
change in the charges on Zr (as observed in panels (b) and (d)), but it does affect the charges on
the Cu surface (as seen in panels (a) and (c)). In this case, Cu acts as an "electron reservoir"
adjusting to any changes in the electronic state caused by the addition or removal of the Hydrogen
atoms. On the other hand, alterations in the number of oxygen atoms impact both Zr and Cu
charges. The changes in Zr charges are attributed to variations in the coordination caused by the
addition or subtraction of O in the cluster which directly influences the electronic states of Zr.
Conversely, the addition of hydrogen does not significantly alter the Zr cluster's coordination, as
hydrogen interacts directly with oxygen to form hydroxyl groups, keeping the overall coordination
of Zr constant before and after the addition of H. Like the case of O, formates do have an effect on
the charges of both Zr and Cu as it again changes the coordinate states of Zr and also interact with

Cu. In the most energetically favorable structures, which are the hydroxyls range of (2-6) and
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oxygen range of (2-4) we can clearly observe on Figure 8 the high oxidation of the Cu surface
making it Cu".

Furthermore, we explored the interaction between the cluster and the Cu surface, particularly
the changes that occur across the global minimum structures as the formate content increases. This
involved subtracting the charges of the individual cluster and individual copper surface from the

total charge density of the system to determine any changes in charges upon cluster adsorption on

0 HCOO 1 HCOO 2 HCOO 3 HCOO 4 HCOO 4 HCOO
(1 at interface)

Figure 6-9 : Charge density difference iso-surface along with the side view of different structures.

The green represents the negative iso-surface (Charge depletion) whereas the red represents the

positive iso-surface (Charge accumulation).

the surface. Figure 6-9 illustrates the resulting charge density difference, with the top panel
displaying the isosurfaces and the bottom panel showing the corresponding structures. The red
isosurface represents charge accumulation, while the green isosurface represents charge depletion.
The global minimum structure was Zr3O3OHz/Cu when no formates were present. Upon
calculating the oxidation state of the individual Zr in Zr;O3OHs, it was determined to be Zr*,
while the Zr atom is typically in the Zr*" state. The extra electron remaining on Zr accumulates

between the cluster and the Cu support, hence creating a bond between the two partners. Copper
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also contributes to this charge accumulation and leads to the oxidation of copper atoms. The
electrons from the copper and Zr clusters are located precisely at the interface between the Cu-Zr
bonds (as seen in red for the OHCOO case in Figure 9). As the formate concentration increases,
the electron count modifies, with Zr being as Zr**, fewer electrons are available for the binding of
the Zr atoms with Cu. The presence of formate also dramatically changes the concentration of
other ligands on the cluster, such as -O and -OH. This increase in concentration with the increase
in lack of electrons causes the Zr atoms to move further away from Cu, with the hydroxyls and
oxygens anchoring the Zr atoms to the Cu surface. This results in a depletion of charges at the

interface and the electronic concentration is centered around the oxygen and hydroxyl centers.
6.4 Conclusion

In conclusion, our investigation into the Zr;0xOHy (HCOO), /Culll system has highlighted
the significant changes in the active site due to reaction conditions, such as pressure, temperature,
conversion, and CO2:H» feed ratio. The evolution of the active site under particular reaction
conditions is crucial for understanding the mechanism of CO; hydrogenation.

We found that the free energy surface is relatively flat at the reaction condition with respect to the
number of hydroxyls and formates, suggesting that these groups play a vital role in facilitating the
COz hydrogenation reaction. The cluster can act as a reservoir for hydrogen, as the free energy
surface does not change significantly with the gain or loss of hydrogens.

Furthermore, we identified an ensemble of metastable structures with formates at the interface and
including them in our future work to determine the reaction pathway would be essential. The
results of this study have significant implications for the design of effective catalysts for CO»
hydrogenation. By understanding the changes in the active site and the role of hydroxyls and

formates, we can better engineer catalysts to promote this reaction. Our results show that care
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should be given when studying the catalyst in model conditions, such as low pressure, since
different surface configurations occur under these circumstances.

Our investigation also revealed significant changes in the electronic state with the variation
in oxygens, hydroxyls, and formates in the system. We observed partial oxidation of Cu as well as
oxidation of Zr. Literature has shown that Cu” may be crucial in the CO, hydrogenation reaction.
Our findings on the electronic state changes highlight the need to consider the impact of reaction
conditions on the catalyst's electronic structure. This could guide the design of catalysts with

optimal electronic properties, potentially leading to improved catalytic performance.
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Chapter 7 Conclusion

Throughout this dissertation, we have undertaken a comprehensive exploration of catalytic
reactions, employing a range of computational techniques and theoretical models to shed light on
the structure, stability, and catalytic reactivity of diverse clusters and surfaces. By delving into the
intricacies of hydrogen evolution reaction (HER), oxygen evolution reaction (OER), partial
oxidation of methane to methanol, and CO2 hydrogenation, we have unraveled key insights into
these catalytic systems. In this concluding chapter, we aim to synthesize the findings from each
chapter, weaving them together to present a cohesive narrative that aligns with the themes and
objectives outlined in the introduction.

We began our journey in Chapter 2, where our focus was on the Sn-doped Indium Oxide
(ITO) surface. Through the application of first-principles DFT calculations, we investigated the
optimal doping sites and structures. Our findings revealed that Sn atoms preferentially substitute
In atoms within the surface layer. We identified two distinct locations for Sn: a 6-coordinated
configuration, where Sn is saturated and non-reactive, and a 5-coordinated configuration, which
appears bright in STM images and exhibits reactivity with Pt clusters. Additionally, we explored
the reactivity of the ITO (111) surface with water at room temperature, shedding light on its limited
hydroxyl coverage and molecular adsorption behavior. Furthermore, our investigations into the
adsorption of Pt clusters on the In203, ITO (111), and 4-H20-ITO(111) surfaces uncovered the
marked reactivity and bond formation with Pt-In or Pt-Sn species.

Moving forward to Chapter 3, we ventured into the realm of HER and examined the
behavior of small Pt clusters supported on ITO. Our investigations revealed a strong dependence
of HER activity on the cluster size, with Pt1/ITO being inactive and a remarkable rise in activity

per Pt mass observed from Pt4/ITO to Pt8/ITO. Furthermore, we discerned that these cluster
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catalysts deviate significantly from metallic Pt clusters and should be best described as Pt hydride
compounds. The inclusion of metastable isomers in our microkinetic models underscored the
importance of accounting for accessible isomer ensembles to simulate the properties of sub-nano
supported cluster catalysts accurately.

Shifting our focus to the OER in Chapter 4, we embarked on a quest to unravel its intricate
mechanism. By utilizing "optimal" active sites obtained via Grand Canonical Basin Hopping
(GCBH) simulations, we unveiled a four-step process governing the OER, with the third step
identified as the rate-determining step. Our computational approach not only allowed us to
understand the reaction pathway but also shed light on the changes in the oxidation state of Pt-SA
during the catalytic cycle. Furthermore, we emphasized the importance of discerning the active
site composition and geometry under reaction conditions, as numerous adsorbates from the initial
structure can profoundly impact the catalytic landscape.

In Chapter 5, our attention shifted towards the partial oxidation of methane to methanol, a
process of significant interest in sustainable chemistry. Here, we demonstrated the efficacy of
electrochemical methods for the deposition of thin-film transition metal (oxy)hydroxides as
catalysts. Our investigations revealed the activity of CoOx, NiOx, MnOx, and CuOx in the partial
oxidation of methane to methanol. CoOx surfaces showed the best catalystic capabilities and the
selectivity for methanol production was found to be influenced by overpotentials, with medium
overpotentials favoring methanol as the primary product. Unique hydrodynamic conditions
provided by the gas-tight rotating cylinder electrode cell highlighted the significance of controlling
both kinetics and mass transfer during the reaction, thus offering promising prospects for the

efficient and decentralized production of methanol from methane under ambient conditions.
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Lastly, in Chapter 6, we delved into the intriguing realm of CO> hydrogenation, a promising
avenue for the conversion of carbon dioxide into valuable chemicals. By scrutinizing the
Z1r;0x0OHy (HCOO),/Culll cluster under different reaction conditions, we discerned substantial
changes occurring within the active site. Hydroxyls and HCOOs emerged as crucial players in
facilitating the CO, hydrogenation reaction, with the cluster acting as a reservoir for hydrogen.
Furthermore, we uncovered the pivotal role played by HCOOs at the interface in shaping the
reaction mechanism. Identifying an ensemble of metastable structures containing HCOOs at the
interface proved instrumental in determining the true active site for CO; hydrogenation.

In conclusion, our collective investigations into HER, OER, partial oxidation of methane
to methanol, and CO: hydrogenation have provided invaluable insights into the structure,
reactivity, and performance of catalysts in these systems. Our utilization of DFT calculations,
Grand Canonical Basin Hopping simulations, microkinetic modeling, and electrochemical
modeling has synergistically unraveled the intricate details governing these catalytic processes.
The findings from each chapter intertwine to form a cohesive narrative, highlighting the
significance of active site composition, reaction mechanisms, and the influence of reaction
conditions on catalytic performance.

The overarching story that emerges from this thesis underscores the importance of
understanding the fundamental principles governing catalysis and how this understanding can
drive the design of more efficient catalysts. By utilizing computational approaches, we have
elucidated the behavior of catalysts at the atomic and molecular levels, unveiling reaction
pathways, and identifying key factors influencing catalytic performance. Our investigations have
emphasized the pivotal role played by active site composition, surface structures, and electronic

properties in determining catalytic reactivity.
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Moreover, our research highlights the synergy between computational modeling and
experimental characterization techniques. The insights gained from our theoretical investigations
can be used to guide and interpret experimental studies, providing a deeper understanding of
catalytic processes. This integrated approach, encompassing both theory and experiment, holds the
key to the design of advanced catalysts with improved activity, selectivity, and stability.

In summary, this thesis contributes to the broader field of catalysis by advancing our
understanding of critical catalytic reactions. The findings presented herein pave the way for the
design of more efficient and sustainable catalytic systems, holding tremendous potential for
addressing global challenges, such as energy conversion, carbon capture, and utilization. Through
the collaboration of computational and experimental approaches, we are poised to unlock new
frontiers in catalysis and drive the development of transformative technologies for a greener and

more sustainable future.
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Appendix A Supplementary Information for Chapter 2

A.1 Bulk Indium Oxide

Indium Oxide (In203) exists in three different phases characterized by space group symmetries
1213, Ta3, and R3 referred to as In,Os-type I, InoOs-type 11, and In2Os-type 11, respectively. The
bulk structural differences of these phases are as follows:

InyOs-type I: It crystallizes in a cubic bixbyite-type structure (space group No. 199) with 8 fu.per
unit cell, with those containing three types of In and two kinds of O atoms occupying 8a, 12b, 12b,
24c, and 24c¢ Wyckoff positions, respectively.

InyOs-type II: It also crystallizes in cubic bixbyite-type structure with space group No. 206 and 8
f.u. per unit cell. This phase consists of two types of In and one kind of O atom.

InyOs-type III: It crystallizes in corundum structure with 2 f.u. per unit cell and space group No.

167. It consists of one type of In and one type of O.

birchmurnaghan: E: -448.735 eV, V: 1109.399 A%, B: 166.102 GPa

(b)

-448.0 -

—448.2

energy (V]

-448.4 -

10‘80 llbO 1120 1140
volume [A%]

Figure A.1 (a) Bulk structure of InoOs-1I where Pink and Red represent Indium and Oxygen atoms
respectively. (b) Solving the Equation of State to find the optimum Lattice Constant for InoOs-11

Bulk structure
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Indium Oxide crystalizes in In,Os-type II structure under standard conditions, shown in Error!
Reference source not found.(a). We optimized the bulk structure of Indium Oxide to find the
optimum Lattice constants. We see in in Error! Reference source not found.( (b) that by solving
the equation of state, the lowest energy corresponds to the volume of 1109.399(A%). This
corresponds to a lattice constant of 10.35A, which is very close to the experimental value of
10.12A!. While considering different directions for slicing the bulk to make a slab, we need to
keep in mind that polar surfaces cannot have bulk-like surface terminations. Utilizing the notation
of Tasker for ionic surfaces?, the (100) termination can be classified as a type III polar surface. In
contrast, both the (110) and (111) surfaces have non-polar terminations. Walsh et al. * said that the
111 surface is the most thermodynamically favored termination of the InoO;3 slab. Hence, we used

our optimized and relaxed bulk structure to create the InoO3 111 structure.

@ : In(6¢) bonded with 30(3¢) and 3 O(4¢)

@ : In(6c) bonded with 30(3c), 20(4c)

@ : In(5¢) bonded with 30(3¢) and 10(4c)

@ : In(5¢) bonded with 20(3¢) and 30(4c)
: In(5¢) bonded with 20(3¢) and 20(4c¢)

 In(5¢) bonded with 10(3¢) and 30(4c) &
é

Figure A.2 The different site representation of In203 111 surface
A.2 Sn doping in In,O3 (111)

We conducted an extensive study to prepare the Tin doped InoO3 111 slab by finding the best Sn
doping positions. We first started with doping 1 Sn atom at various In locations, and then we

moved onto higher doping concentrations up to 5% (8 atoms of Sn in 160 atoms of the unit cell).
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1.25% doping: For studying the doping of 1 Sn onto the In2O3 111 slab, we considered the different
In sites on the 2-Layer slab. In total, there are six non-equivalent In atoms, and the doping energies
for all the sites are given in Error! Reference source not found.. The colors on the bar chart
represent the color-coding of the In atom where the Sn is doped. We can see that the best site is
the light blue site which is the In(6¢) site, followed by the red, blue, and green sites. The light blue
site has an adsorption energy of -1.11eV wrt to SnO, bulk, followed by -1.02eV for the red site.
The dark blue and dark green sites are very close contenders of doping after the red site with doping

energies 0of-0.94eV and -0.93eV, respectively.

0.0 7

=0.21

—0.4

—0.6 1

Doping Energy of Tin (eV)

—-0.8 1

-1.0 4

21 5 13 9. 17 1 25 4 12 20 29 31 27 16 24 8
Site number

Figure A.3 Doping energy of 1 Sn doping on to the different In sites (represented by the color).

0.5

0.3

0.1 I

-0.1

Doping energy per Sn (eV)

-0.3

-0.5

3.88 4.05 5.00 6.08 6.19 7.26 8.81
Sn-Sn Distance (A)

Figure A.4 Doping energy wrt to different doping sites and the Sn-Sn distance in 2.5% Sn dopant.
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2.5% doping: After doing an extensive study on the dependence of doping energy on the different
sites, we studied the doping energies when 2 Sn atoms are doped into In2O3 111 slab. One factor
that can contribute to the doping energy, in this case, is the distance between the two Sn atoms.
Hence, we varied both the doping sites and the distance between the Sn atoms. Error! Reference
source not found. gives a complete analysis of doping energy dependence on the sites and the Sn-
Sn distance. The range of Sn-Sn distance goes from 3.88A to 8.8A, and the different color mixtures

on the bar chart represent the different color-coded In sites that are doped with Sn. We can observe

1

) I I I I
0

In,0, 1.25% 2.5% 3.75% 5%

no dependence on the doping energy on the Sn-Sn distance
but only on the doping sites. The two Sn atoms prefer to

stay in any combination of the blue, green, or red sites,

Surface Energy(eV)

which also correspond to the preferred site for 1 Sn
Figure A.S Surface energies of In20O;

doping.
111 slab and different doping levels of

5% doping: As we move to the higher doping levels, we
ITO wrt their bulk energies.

observed that the surface energy decreases; hence the

(a) (b)
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Figure A.6 Doping Energies at different sites represented by the different colors for 5% doping in (a)
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substitution of In by Sn stabilizes the surface wrt their bulk configuration ( Error! Reference
source not found.). In the case of 5% doping, we found that all Sn atoms prefer to locate in the
surface layer.

In Fig - 6, we observe that in a 2-layer slab, the 4 Sn atoms tend to stay on the first layer on the
red and blue sites (Error! Reference source not found. (a)). We extrapolated our findings to the
4-Layer structure (Error! Reference source not found. (b)). We replaced 8 In atoms with 8 Sn
atoms, and we studied where Sn atoms would prefer to stay with respect to the layers. We found
that the 8 Sn atoms would distribute equally in the first and the last layer. There would be no Sn
in the middle layers. The doping site in the 4-Layer structure stays the same as the 2-Layer, which
is the 1-light blue and 3 red sites in the first layer and the last layer.

Density of states: Error! Reference source not found. shows the density of states projected on
surface metal atoms for InoO3(111) (a) and ITO (111) (b). For ITO(111), the most significant
contribution to the DOS is seen on the surface 5 coordinated Sn (red sites), in a large energy

interval around the Fermi Level, therefore explain the bright nature of these Sn atoms in the STM
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; Sn : Tin
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image, while 6 coordinated Sn (light blue) and In (dark blue) show a low projected DOS around

the Fermi level, and form a dark triangle in the STM image.

A.3 H>O adsorption on ITO (111)

To define the different configurations of water molecules in the (1x1) unit cell on the ITO(111
slab), we have used different notations for the oxygen atoms and different colors for the metal
atoms. These are represented in Error! Reference source not found. (a).

Molecular adsorption: Generally, water molecules coordinate via their O-atoms to the metal atom
on the oxide surfaces. After a complete analysis, we found that the H2O would adsorb by their Ow
to the low coordinated metal atoms (In or Sn). After relaxation, the water molecule adsorbs

relatively flat on the surface and both H’s point towards the O(3¢) atoms neighboring the In(5c¢).

Figure A.8 (a) The different Oxygen sites marked as different Greek letters on the ITO surface. The
metal atoms are marked with different colors, red and light blue balls are Tin atoms whereas lime,
yellow, blue, and green are Indium atoms. (b) The clockwise and counterclockwise notation for H20

adsorption.
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All the adsorption energies at different sites and different orientations are given in Error!
Reference source not found.. Each site is defined by the type (color) of the surface Sn or In on
which the O atom of water is bound and by the O atoms' labels (alpha, delta, etc.) towards which
the H atoms are pointing. When there is no O(3c) neighboring the water adsorption, the H’s
direction can be defined using clockwise (CW) or counterclockwise (CCW) from the Y - O(3c)

atom (Error! Reference source not found. (b)).

Sites Binding energy (eV)
Red towards o, -0.50
Red towards a, o -0.46
Yellow CW -0.53
Yellow CCW -0.58
Light Green towards Y, a -0.55
Dark Green towards B, & -0.63

Table A.1 Adsorption energy of water molecules on the different top sites defined by the color of
the surface metal site on which water O is bound and type of O atom (defined by greek symbols)

toward which the H atoms are pointing.

Dissociative adsorption: Dissociation of water and formation of OwH and OsH groups (Oy : oxygen
atom from water, Os : oxygen atom from the surface) has been considered on all possible sites on
the ITO surface (top sites on the In and Sn, bridge sites between the two metals, and hollow sites).

The proton from the water, Hyw, can adsorb to any of the O(3c) present on the slab, but we observe
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that the proton prefers to occupy the O(3c) that is shared with the metal that adsorbs OwH. The

adsorption energies of all the sites are given in Error! Reference source not found..

Site-OH | Sites (OH+H) Binding energy (eV)
TOP Red + « -0.27
Red +6 -0.54
Yellow + Y 041
Light Green + « -0.32
Light Green + Y -0.29
Dark Green + 6 -0.36
Dark Green + 3 -0.68
Bridge Dark Green - Light Green + -0.49
Dark Green - Light Green + Y -0.19
Dark Green - Light Green + 3 -0.89
Yellow - Dark Green + f3 -0.80
Dark Green - Light Green + a; -0.71
Dark Green - Light Green + o3 -0.28
Dark Green - Light Green + 6, -0.58
Dark Green - Light Green + 3, -0.82
Dark Green - Light Green + Y» -0.63
Dark Green - Light Green + Y3 -0.32
Hollow | Yellow +Y -0.16
Yellow + 6 -0.29
Yellow + a 0.10
Yellow + -0.56
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Table A.2 Adsorption energy of Hydroxyls on different sites given by the color of the surface
metal and adsorption of H on different Oxygens specified by the greek letters. For 1H.O
dissociation, we have done our studies on 2-Layer ITO to save computational time.

As we move further towards increasing the water adsorption, we increase the water molecules one
by one until 4H>O. The adsorption energies of the different adsorption modes are given in the

Error! Reference source not found..

2H,0 BE/H,0
2 molecular -0.63
1 dissociative + 1 molecular -0.71
2 dissociative -0.73
3H,0 BE/H,0
3 molecular -0.76
1 dissociative + 2 molecular -0.84
2 dissociative + 1 molecular -0.90
3 dissociative -0.80
4H,0 BE/H.0
1 dissociative + 3 molecular -0.71
2 dissociative + 2 molecular -0.88
3 dissociative + 1 molecular -0.63
4 dissociative -0.83

Table A.3 Adsorption energy of water in different configurations on the ITO surface
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A.4 Pt-SA adsorption on In,O3(111) and ITO (111)

Figure A.10 Different sites of Pt-Single Atom adsorption on the ITO 111 surface. The different
colored atoms represent the non-equivalent In atoms and the grey atom represent the Tin. The Platinum

atom is marked.
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A.5 Pt substituting the Sn atom in the ITO (111) slab
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Figure A.11 Interface energy dependence on the O

chemical potential when the Sn is substituted with a

Pt atom in the ITO 111 support.

directly with the surface.

We have also studied if the Pt-SA would
substitute any Sn atoms in an oxygen
environment. For this, we have considered the
reaction between the ITO 111 slab, In,Os
bulk, and Pt-bulk in an oxygen environment
which leads to the formation of PtSn7Ins¢Oos
and ITO bulk. We can observe from Fig. A.11
that the Pt-SA adsorption on the ITO surface is
preferred until an oxygen chemical potential of
-1.48¢V, after which Pt would substitute the Sn

atom present on the light blue site to bind

1
(( system ) =E (PtSn7Ins6096) + ZE (Ingg Sn4048bulk)

1 7
- ZE (PtsBulk)—E (SnglnggOog) — 3—2E(In32 O4gbulk) - Zﬂ(Oz)

and u(Oz) = E(OZ) + 2Au(0)

A.6 Density of States
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Figure A.12 A comparison of the DOS projected on O p orbitals, In or Sn p orbitals and Pt d

orbitals between (a) In203 (111) (b) ITO (111) (c) Pt-SA on In203 (111) and (d) Pt-SA on ITO

(111).

A.7 Pt-dimer/trimer adsorption on In,O3(111) and ITO(111)

We found a total of ~350 structures for each of the Pt clusters on different supports. The five or

four lowest energy structures for each cluster size and support are given below, along with their

relative energies.

| lncreasing Energy 4

Figure A.13 The 5 best Pt dimer structures on In,O3(111) surface obtained using Basin Hopping.

The relative energies of the structures are given below. The first structure on the left is the

energetically most favorable.
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Figure A.14 The 5 best Pt trimer structures on InpO3 (111) surface obtained using Basin Hopping.
The relative energies of the structures are given below. The first structure on the left is the

energetically most favorable.

0 0.24 0.55 0.84

Figure A.15 The 4 best Pt dimer structures on ITO (111) surface obtained using Basin Hopping.
The relative energies of the structures are given below. The first structure on the left is the

energetically most favorable.
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028 0.34 0.41

Figure A.16 The 4 best Pt trimer structures on ITO (111) surface obtained using Basin Hopping.

The relative energies of the structures are given below. The first structure on the left is the

energetically most favorable.

A.8 Pty(n:1,2,3) adsorption on hydroxylated ITO (111)

0 0.971 1.011.14

Figure A.17 The 5 best Pt-SA structures on Hydroxylated ITO (111) surface obtained using
Basin Hopping. The relative energies of the structures are given below. The first structure on the

left is the energetically most favorable.
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0 0.93 0.97 1.14
Figure A.18 The 4 best Pt dimer structures on Hydroxylated ITO (111) surface obtained using

Basin Hopping. The relative energies of the structures are given below. The first structure on the

left is the energetically most favorable.

Increasing Energy

@ Oxygen
© Tin

0 0.27 0.38 0.44 0.57

Figure A.19 The 5 best Pt trimer structures on Hydroxylated ITO (111) surface obtained using
Basin Hopping. The relative energies of the structures are given below. The first structure on the

left is the energetically most favorable.

A.9 Basin Hopping Algorithm

Basin Hopping (BH) Global Optimization is a sampling method used for finding meta-stable and
stable chemical structures. This BH algorithm, when used alongside the Monte Carlo method of
displacement, can efficiently sample a large potential energy surface to find local and global
minimums. The basic algorithm is represented in the flowchart displayed in Fig. A.20. We start

with a random initial configuration of the system (cluster + support) and minimize its energy and
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forces. After this, we displace the cluster on the support in a random direction to generate a new

" Initialize structure
Count =0, Define T

Structural Relaxation
Monte Carlo Displacement

Relaxation to nearby basin

Count=count+1

Metropolis

\ g
Criterion

Rejec
Recover old configuration

Update Structure/Adjust Temperature

Figure A.20 Basin Hopping Algorithm

site for the cluster adsorption on the support and randomly move the atoms in the cluster,
essentially changing the cluster's shape on the support. This new structure is relaxed and compared
against the old structure using the Metropolis algorithm to accept or reject the structure. The

Metropolis algorithm is explained in the flowchart represented in Fig. A.21(a).

In the metropolis algorithm, the new structure is always accepted if its free energy is lower than

the free energy of the old structure. But in case the energy is higher, then the structure is only
accepted if the probability exp [(Gold - Gnew/ksT] is higher than the number drawn randomly from
[0,1]. The free energy is calculated by subtracting the reference chemical potential (which is a

function of temperature and pressure) of individual species from the energy derived by density
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functional theory. Once the structure is accepted, the temperature of the BH run is adjusted
accordingly (this is the same temperature used to calculate the probability). The algorithm to adjust
temperature is given in Fig. A.21(b). Based on the acceptance and rejection of the structures while
running the BH simulation, the temperature increases if the acceptance ratio is too low and

decreases if the acceptance ratio is too high.

( ) Metropolis (b)
Criterion

Input: Gy » Goig Acceptance

Adjusting Temperature :
ratio (a

a>2(1-a) Decrease T

a<0.5(1-a) Increase T

e Cange
inT

Figure A.21 (a) Metropolis Algorithm (b) Adjusting Temperature in Basin Hopping.
If none of the above criteria comes true, then the algorithm moves on with the old structure. The
algorithm continues until the step count is smaller than a prespecified value Nmax. Once Nmax has

reached, the algorithm stops.

A.10 Pt Cluster structure exploration

We used the Basin Hopping global optimization method to explore possible adsorption sites for

the Pt-SA on the hydroxylated ITO surface and bigger Pt-cluster adsorption adsorption on
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In,O3(111), ITO, and Hydroxylated ITO. Detailed theoretical background on the algorithm is
provided in chapter-2, sec-2.8. The GCBH explorations are carried out by an in-house code written
by Dr. Geng Sun, which is developed based on Atomic Simulation Environment (ASE) package.
GCBH explores the configuration and composition space simultaneously to minimize targeted
function, which is the free energy or the formation energy of the system. The moves followed in

GCBH to generate new  structures change depending on the  system.

Moves on the non-hydroxylated surfaces:
Minimizing Function:
(3.1) G(Pt,(n: 2,3)@In, 05111, ITO)) = E(Pt,(n: 2,3)@In, 05111, ITO)) +Z Spems u;iN;
Moves:
1 Randomly find a (X, Y) on the surface.
2 Put the Pt cluster on the (X, Y) point.

3 Randomize the Pt cluster.

Moves on hydroxylated surfaces: Minimizing Function:

spemes

G(Pt, (n: 1,2,3)@4H,0 + ITO)) = E(Pt,(n: 1,2,3)@4H,0 + ITO) Z wiN,

Moves:

1 Randomly find a (X, Y) on the surface.
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2 Put the Pt cluster on the (X, Y) point.
3 Randomize the Pt cluster.

4 Choose one of the following ways to put the hydroxyls/water/H. They can randomly
choose any position on the surface/cluster.
a) —OH/H,0/—H on surface and nothing on cluster.
b) —OH/—H,0 on surface and —H on cluster .
¢) —H,0/—H on surface and —OH on cluster.
Moves on hydroxylated surface under H, pressure:
In this particular case when the system is under a Hydrogen pressure the number of H, in

the system can change which is also chosen randomly on the fly. Minimizing Function:
G(Pt,(n:7,8)@4H,0 + ITO + pH,)
= E(Pt,(n: 7,8)@4H,0 + ITO + pH;) — G(4H,0 + ITO) — gG(Hz)
Mgpecies

- Z iN;
j=1

Where G(Hz) = E(Hz) + ZPE(Hz) + TS(Hz) and ‘LlH = _EUSHE —_ 23kTpH and USHE =
—0.016eV; pH=1
Moves:

1 Randomly find a (X, Y) on the surface.

2 Put the Pt cluster on the (X, Y) point.

3 Randomize the Pt cluster.
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4 Choose one of the following ways to put the hydroxyls/water/H. They can randomly
choose any position on the surface/cluster.
a) —OH/—H,0/—H on surface and nothing on cluster.
b) —OH/H,0 on surface and —H on cluster .

¢) —H,0/—H on surface and —OH on cluster.

5 Randomly distribute the pH; on the cluster.
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Appendix B Supplementary Information for Chapter 3

B.1 Modeling Hydrogen Evolution Reaction in electrochemical acidic condition:

The HER occurs in stepwise reactions:

1. Volmer or discharge step: aqueous protons are electrochemically reduced to atomic

hydrogen and adsorbed on the metal surface

2. Tafel or combination step: molecular hydrogen is formed combination of two adsorbed H atoms.

3. Heyrovsky (ion + atom) step: reaction of an aqueous proton with an adsorbed H atoms to

produce Ha.
Steps Under acidic conditions Under alkaline conditions
Volmer step Hiogy +e” = Hag H,0+e” - Hyg + OH™
Tafel step Hag + Hag = Hy og Haq + Haqg = Hy og

Heyrovsky step  Hyy) +Hag+e” > Hy g HyO+Hyg+e” = Hyaq + OH™
The Volmer-Tafel catalytic cycle thus consists of Hags formation by the Volmer step (twice),
followed by H> formation via the Tafel step. The Volmer-Heyrovsky cycle consists of a Volmer
step, followed by H> formation via the Heyrovsky mechanism. We focus on acidic condition
reactions and will be considering the Tafel and Heyrovsky reactions as possible rate-determining
step. To model the kinetics of hydrogen evolution reaction, we have used the Butler-Volmer type
formalism?®'>.

(a) The first step is to calculate each surface state's grand canonical free energy with varying
Hydrogen coverage. This could be described as follows:
Q = A(x nH, U) — nuy+ (U, pH) — nue-(U, pH)
Here, A(* nH, U) is the potential dependent free energy of the surface state ‘A, ‘with a
hydrogen coverage of n. uy+(U, pH) and ue- (U, pH) are the electrochemical potentials of

protons and electrons, respectively. This formulation of the chemical potential of the proton
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and the electrons comes directly from the Computational Hydrogen electrode model
described in the below:

Computational Hydrogen electrode (CHE):

Under the CHE scheme, the chemical potential of an electron—proton pair can be
approximated in reference to the free energy of half a dihydrogen molecule, and it also

allows the effect of the applied potential and pH to be easily included in the model.

1
py+(U,pH) + pe-(U,pH) = Ell(Hz) —eU + kgTpH

Surface Charging (SC) method:

Under the CHE approach, the electrochemical potential is assumed to affect only the
chemical potential of the exchanged electrons. Thus, electronic energy is independent with
respect to the potential and is taken from neutral systems. However, the free energy for the
sites and the intermediates in the "neutral" situation is not the same as the U = 0.0 V
situation. To evaluate the potential dependent free energy (A(* nH, U) ) of each state in the

potential range of -0.3 — 0V vs SHE we have used the surface charging approach.

(b) One crucial assumption in this kinetic formulation is that at finite temperature, the aqueous
solution can act as a proton reservoir, hence, protons can diffuse through the
water—hydronium network without any kinetic barrier. With this assumption, the surface
states with varying hydrogen coverage can interconvert without any kinetic barrier and
reach equilibrium. In this case, the population of each surface state can be calculated by

the Boltzmann distribution as follows:

xp (~ )
oo ()
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The probability of each surface state (p;) is calculated at T = 298K and is dependent on the
potential (U).
(¢) In this model, we choose both the |AG| = [Q; — ], and the population (p) as descriptors

for the HER activity. The rates of forward and reverse reactions can be described as

follows:
AG(U
step 1 (+;+ H* +e” > H;) : 155 = ki [+] o< exp <_ l:.; )) e
AG-(U
step 2 (* Hj 4+ H " +e” =%+ HZ) FThij < kr,ij['*] X exp <_ ];’1(" )> Uy

Where AG{U) and AGH(U) are the potential-dependent free energy change of the forward
(1) and reverse (2) reaction steps, and p;i and p;j are the populations of the *and *H sites
calculated from the Boltzmann distribution in the grand canonical ensemble, respectively.
(d) Finally, we can derive the overall rate (r;;) for the steps i,j via the Butler-Volmer type

equation as following:

AGe(U)
kT

AGr(U)) .

Tij < exp (—a ) - D; — exp (—(1 —a) T

where a € [0,1] is the mechanistic symmetry factor. Here, we adopt the value of o = 0.5

assuming no asymmetry about the equilibrium potential.

B.2 Formation Energy Evaluation:

The formation energy is calculated by

AEy = E(*nH,U) — E(ITO,U) — E(Pt Bulk) — nuy+(U, pH) — nu.- (U, pH)

Where the * stands for the adsorption site, E (Pt Bulk) is the energy of bulk Pt and E(ITO, U) is

the potential dependent energy of the 5% ITO + 4H>O surface. The adsorption free energy of H is

calculated by
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AGy = AEy+ + AE;pg — TASy

AEzpe and ASH are the change in the zero-point energy and entropy upon H adsorption calculated
with respect to the free Ho molecule in the gas phase and n is defined as the H coverage on the
cluster.

B.3 Equation of Thermodynamics

The stability of any cluster on a support is defined by the adsorption energy of the cluster on the
support at a given temperature and pressure. Moreover, whenever there is an influence of a reactive
gas phase, such as water, hydrogen, etc. we need to use the first-principle atomistic
thermodynamics approach to study the stability of the clusters on the support. For any given

structure the Gibbs Free Energy is defined as:
G=H-TS

where H is the enthalpy, S is the entropy and T is the temperature. The enthalpy of any gas phase

reactant can be defined as:

T

H(T) = Eelec + EZPE + f CP dr
0

Where, E .. = Electronic energy, Ezpg = zero point energy and last term is the integral over the

constant-pressure heat capacity (Cp).

vib

1
Ezpg = Ez €;
L

Where €; =hw; are the energies associated with vibrational frequencies w;.

The constant volume heat capacity can be measured separately for translational (CV, tran),
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vibrations (CV, vib ), rotational (Cv’mt) and electronic part (CV’ elec ), and akp (in eV) term is added

to get C,, value as follows:
Cp =kp + CV, tran T CV,vib + CV,rot + CV,elec

For 3-D gas, the translational heat capacity can be calculated as:

3
CV,tran = §kB

Rotational heat capacity can be shown to be:

0, Monoatomic species
Cv ot = ks, Linear Molecule
3/2ky  Nonlinear Molecule

The integral form of vibrational heat capacity can be shown as:

vibDOF

f  CyorndT = Z &
o V,vib - . eEi/kBT -1

L

In the case of an ideal gas, we can assume the electronic contribution to the heat capacity as zero

since the separation between the lowest excited state and the ground state is much higher than kg T

The entropy terms for an ideal gas as a function of T and P can be expressed as a sum of of
translational ( S, ), rotational (S, ), electronic ( S ) and vibrational (S,;;) contributions with

a pressure correction as:
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P
S(T,P) =S(T,P°)—kgln P

P
= Strans + Srot + Selec + Svib - kBln Do

Po
2eMkgT\*/* kgT] 5
Strans = kB In ( h2 ) p° +§
, if Monoatomic
87T21kBT . .
kg |In Yz , if Linear
Srot = 3 o 3/2
T[I Igl 871 kgT 3

kg {ln [ ABC ZB ) + 50 if Nonlinear
\

vib DOF

Vlb kB Z Z [kBT(ee TkpT — —1In (1 — e_fi/kBT)]

Selec = kgln [2 X (total spin ) + 1]

The above enthalpy and entropy descriptions can be used to find the chemical potential of gas

phase molecules:

G(T,P) = H(T) — TS(T, P)

B.4 Grand Canonical Basin Hopping
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Figure B.1 GCBH results for (a) Pt4, (b) Pt7 and (c) Pts with varying H coverage.

Figure B.1 gives all the unique structures found via GCBH calculation on Pt4Hx, Pt7Hx and PtsHx

structures. The x-axis gives the H-coverage of the different clusters and the y axis gives the

Formation energies. Note that these are the direct results of structure exploration from GCBH, the

computational parameters used to do the GCBH exploration is much cheaper and coarser compared

to the converged computational parameters that we have used to evaluate the final formation

energies and structures. After the GCBH exploration with cheaper computational parameters are

performed we take the structures in the range of 1.5eV from the global minimum for each cluster

size and reoptimize the structures with converged computational parameters to find the final

energies.

B.5 HER reaction mechanism on

Pt;H/ITO

Figure B.2 represents the HER mechanism on T

g )

PtiHx/ITO. We start with the most stable

structure of Pt-SA/ITO which we reported in

our previous work??4 and detailed in Chapter 1. Figure B.2 HER reaction mechanism on Pt;Hy/ITO
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We did not find any nearby metastable structures in the case of Pt-SA which could potentially
contribute to the HER current. The first H adsorption step from Pt/ITO to PtH/ITO has an over-
potential of 0.37eV. Hence, we did not observe any HER currents on the theoretical and

experimental voltammograms for the case of PtiH,/ITO in the working potential range.

B.6 HER reaction mechanism on Pt,;H,/ITO

Figure B.3 shows the potential energy surface of Pt4Hx/ITO along with the GM and MS structures.
The individual currents from the various reaction pathways are shown in (b) and (c). We observe
that the most active HER current comes from the Volmer Tafel reaction between 612728 H
coverage states in the potential range of 0 = -0.05 after which the states 728> 9 H coverage

takes over the maximum current.
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Figure B.3 (a) PES of Pt4Hy/ITO representing GM and MS structures (b) and (c) represents the

theoretical HER current generated by individual reactions.

B.7 HER reaction mechanism on PtgH,/ITO

In the case of PtgHx/ITO, unlike Pt4Hx/ITO and Pt7Hx/ITO we have only 1 thermodynamically
accessible global minimum for the hydrogen coverages 14,15,16 and 17. The potential energy
surface is shown in Figure B.4 (a). The HER currents due to these states are shown in Figure B.4
(b) and (c). We observe that the current is generated almost completely from the Volmer tafel

reaction between 15> 16> 17 states.
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Figure B.4 (a) PES of PtgHx/ITO representing GM and MS structures (b) and (c) represents the

theoretical HER current generated by individual reactions.

B.8 Electronic Structure of PtgH e projected on the d orbital of Pt.
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Figure B.5 Density of States projected on the d orbitals of Pt atom for the case of PtgHis.

B.9 Theoretical Tafel Slopes:
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We have simulated the theoretical tafel slopes from our theoretical CVs at a potential of -0.15V vs
SHE for the three different cluster sizes. Please note that the slope numbers here can only be
considered qualitatively and not quantitatively. The slopes show that Pt4 and Pt; have similar
slopes ~ 240 Arbitrary Units (AU) whereas the slope of Ptg is much less at 123.52AU.
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Figure B.6 Theoretical Tafel slopes calculated for Pts, Pt7 and Pts. The units on the slopes are

Arbitrary units (AU).
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B.10 Experimental Setup

All chemicals were commercially available and were used without further purification. 0.1 M
HClO4 was prepared from 70% solution (Sigma-Aldrich, 99.999% trace metals basis). Dilute
H>SO4 was prepared from 95.0-98.0% solution (Sigma-Aldrich, ACS reagent). Concentrate HCI
and HNO3 were purchased from Fisher Chemical (36.5-38.0% HCI, Certified ACS Plus and 68.0—
70.0% HNO;, Certified ACS Plus, respectively). 95% ethanol was obtained from Decon
Laboratories. The ITO substrates were 12 mm X 8§ mm x 1.1 mm rectangles obtained by dicing
ITO-coated glass slides (Sigma-Aldrich, surface resistivity 15-25 Q square !). For all purposes,

d™ MicroPure™ water

water was 18.2 MQ cm deionized water obtained from a Barnstea
purification system. Ar and Oz used for sputtering and annealing were UHP grade gas obtained
from Airgas, while standard grade Ar sourced from DJB Gas Services was used for the
electrochemical measurements.

All the electrochemical measurements were performed using a bench-top electrochemical
measurement system. As depicted in Figure B.7, the system consists of a CHI611E potentiostat
(CH Instruments), a cell body machined from polyether ether ketone (PEEK), and an inner glass
compartment separated by a fine glass frit housing the counter and reference electrodes. The
Pt,/ITO working electrode is mounted on an X-Y-Z translation stage that allows the electrode to
be centered and pressed against a Viton O-ring that seals it to the PEEK cell body, which has a 4
mm diameter opening large enough to ensure that the entire 2 mm cluster spot is in contact with
the electrolyte. The electrolyte solution for the working and counter/reference electrode
compartments was 0.1 M HCIO4. Before each experiment, 10 mL of the electrolyte was sparged

with for at least 10 min to remove dissolved O». The reference electrode was a leak-free Ag/AgCl

electrode purchased from eDAQ (ET072) or Innovative Instruments (LF-2), and the counter
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electrode was a Pt wire (Alfa Aesar, 0.5 mm in diameter, 99.997% metals basis). The configuration
was, thus, a three-compartment cell with working and counter electrode compartments separated
by the glass frit, with the reference electrode further isolated by its leakless membrane. This design
minimizes contamination of the working electrode by species produced at the counter electrode or
diffusing from the reference electrode. Two PEEK needles (Hamilton 8649-01) were used to purge
the cell compartments with Ar.

For the small coverage of Pt on the working electrodes, contamination is a serious concern. '
Glassware was cleaned by rinsing with 18.2 MQ cm water and 95% ethanol three times each. The
cell parts, PEEK needles, and glass frit were sonicated in 18.2 MQ cm water for 10 min and then
in 95% ethanol for 10 min. The reference electrode was stored in 0.05 M H,SO4 while not in use,
and it was rinsed with 18.2 MQ cm water prior to use. The counter electrode was dipped for 30
sec in aqua regia (3:1 v/v concentrate HCI and HNO3), followed by rinsing with 18.2 MQ cm

water.

B.11 Experimental details

Vacuum instrumentation. The home-built ultrahigh vacuum (UHV) end station is a key
component in the cluster beam deposition/surface analysis instrument used for this study. The end
station is equipped for sample cleaning by sputtering/annealing, gas-surface reactivity studies,
ultraviolet and X-ray photoelectron spectroscopy, and low-energy ion scattering experiments. The
base pressure in the end station was below 5 x 107° mbar for these studies, somewhat elevated
compared to our normal UHV conditions because samples were transferred in and out of vacuum.
Sub-nano Pt," cluster ions generated by laser vaporization were guided to a mass-selecting

quadruple (QMS), then the mass-selected clusters were passed through a 2-mm diameter
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deposition mask to deposit on the sample in the UHV end station. More information on this system
can be found in previous publications.16>316-319

Substrate precleaning. Each ITO substrate was sonicated for 10 min in 18.2 MQ cm water,
followed by 10-min sonication in ethanol (Decon Laboratories, 95%), which we have found to
leave undetectably low metal contaminant levels after drying in Noa.

Ar" sputtering and annealing. The precleaned ITO substrate was clamped into a substrate
holder with a tantalum backing plate held on two tantalum heating wires, with a type C
thermocouple spot-welded to the back of the backing plate. The substrate holder was loaded into
a small load-lock chamber, pumped down, and transferred into the UHV system, where it was
loaded onto a precision X-Y-Z-0 manipulator. The substrate was first sputtered by ~1 pA of 1 keV
Ar" for 3 min to remove residual adventitious carbon, then to ensure that the ITO surface was fully
oxidized, the substrate was annealed at 570 K for 20 min in 1.3 x 10~ mbar O,. Von Weber et
al.'®> analyzed the ITO surface prepared this way by X-ray photoelectron spectroscopy and
confirmed that the In:Sn stoichiometry remained unchanged.

Ptn" cluster deposition. The clean, annealed ITO substrate was positioned ~0.5 mm behind
the 2 mm diameter deposition mask, giving a cluster spot with ~0.03 cm? area. A fiduciary mark
etched on the back side of the substrate was aligned with the mask, so that the spot position could
later be aligned with the electrochemical cell. Pt," clusters were deposited at a kinetic energy of
~1 eV/atom and substrate temperature of 300 K. Deposition at higher energies was found to cause
spurious features in cyclic voltammetry, suggesting that the cluster impacts had damaged the
electrode. The coverage of the deposited Pt, clusters was monitored by integrating the
neutralization current of the Pt," clusters landing on the substrate. Unless otherwise noted, each

Pt,/ITO electrode had a single cluster spot containing the selected size Pt, clusters, with a total of
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1.35 x 10'2 Pt atoms (0.434 ng), corresponding to a coverage of ~4.50 x 10! atoms/cm?, equivalent
to ~3% of a close-packed Pt monolayer (0.03 ML). Typical ion currents were several tens of pA,
allowing Pt,/ITO electrodes to be prepared with deposition times of 10-20 minutes.

Cyclic voltammetry (CV) and chronoamperometry on the Pt,/ITO working electrodes. After
cluster deposition, the Pt,/ITO electrode was first transferred back to the load-lock antechamber,
which was then vented with UHP Ar to atmospheric pressure. The electrode was then transferred
onto the translation stage and sealed to the electrochemical cell, with the 2 mm cluster spot
centered in the 4 mm cell opening. Using a glass syringe (Poulten Graf, with a glass Luer slip tip)
and a PEEK needle, the 0.1 M HC1O4 electrolyte was injected into the two cell compartments, both
of which were bubbled with Ar to purge the electrolyte. The first CV was started after 5 minutes
of purging, and Ar continued to flow throughout the measurements. For all the electrodes studied,
three different potential windows were examined for CV, and four different potentials were applied
to obtain chronoamperometric data. The complete potential wave sequence is depicted in Figure

B.8. All the data were recorded at room temperature, which was typically ~21 °C.

B.12 Conversion of recorded potentials to SHE and the accuracy of the potentials

To facilitate comparison with the computational results, the potentials observed vs. Ag/AgCl,
denoted Eqbs, were shifted to reference to the standard hydrogen electrode (SHE). The potential of
0 V vs. normal hydrogen electrode (NHE) is equal to —0.205 V vs. Ag/AgCl (3.5 M KCl) at 25 °C,
with a temperature coefficient of 0.73 mV °C™! over the temperature range between 10 and 40
°C.%% The SHE is 5.7 mV positive of the NHE.**! These relationships are represented by the
equations (1) and (2):

Enng = Eops + 0.205 V — 0.00073 V/°C - (T — 25°C) (1)
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Esyr = Eyyg + 0.0057 V (2)
where Enue and Eshe are the potentials vs. NHE and SHE, respectively. T is the temperature of the
electrolyte in °C. Hence, the following equation (3) gives the relationship between Esur and Eops
at the room temperature 7= 21 °C.

Esyg = Egps + 0.214V 3)

Since the HER onset is quite sharp, it is particularly important to ensure that the potential scale

is accurate and stable when data obtained on different days are compared. To this end, after each
experiment, additional CVs were taken using a polycrystalline Pt working electrode, and the
hydrogen underpotential deposition (Hypd) peaks were compared and used to apply small (< 10
mV) day-to-day potential corrections. We, thus, estimate that the relative uncertainties for

comparing potentials in different CVs are on the order of £ 5 mV.

B.13 Considerations on experimental conditions in the electrochemical

measurements

In the bench-top measurements, the Pt,/ITO electrodes were briefly exposed to air during
transfer from the load-lock to the bench-top cell. O dissociatively adsorbs on small Pt clusters,’
but the resulting O/Pt should be reduced as the electrochemical potential is scanned into the
potential range of interest for HER. In addition, we have shown that O is reduced via the ORR at
potentials well above the onset of HER or Hypg,>!”*!? thus neither O, or Oags should be present in
these experiments after the initial scan to reducing potentials. Further evidence suggesting that
ORR is not significant in these experiments is discussed below. We also note that, as demonstrated

by scanning transmission electron microscopy (S/TEM),'®>*?2 sub-nano Pt, clusters appear to be
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stable with respect to diffusion and sintering on both carbon and oxide surfaces (ultra-thin carbon

and alumina grids), even after air exposure and under the influence of the focused electron beam.

B.14 Analysis of experimental currents

The Pt,/ITO samples have a precisely determined amount of Pt present (0.434 ng), however,
the wetted area on the electrodes is not as well defined. The clusters are deposited in a ~2 mm
diameter stop, but the Pt coverage in that spot is only ~3% of that in a close-packed Pt surface.
Furthermore, the wetted area of ITO is defined by a 4 mm diameter o-ring that seals the electrode
to the cell, and that area could vary slightly from day to day due to differences in how the o-ring
is pressed to the electrode surface. Therefore, the currents from the CVs and chronoamperometry
measurements are simply reported as absolute currents. Because the amount of Pt present on each
of the Pt,/ITO samples is identical, the relative activities of the samples are directly proportional
to the relative currents.

After subtraction of the capacitive background currents from the ITO support, the
remaining currents originate from under potential deposition or HER at the Pt clusters, and to allow
these currents to be compared to currents reported for other types of electrodes, they are reported
as mass activities, i.e., the raw currents normalized to the 0.434 ng mass of Pt present, reported as
A/mgpt.

For the Ptyly electrode used to provide CVs for comparison to the Pt,/ITO data, the
electrochemically active surface area (ECSA) was determined by integrating the current associated
with underpotential deposition of hydrogen (Hupd), assuming that the charge density for Ptpoly
should be 210 pC cm2, corresponding to a monolayer of hydrogen electrochemically adsorbed on

a polycrystalline Pt surface, i.e., 1:1 H:Pt ratio.3?* This ECSA was then used to calculate the mass
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of the exposed top surface layer of the Pt,oly electrode, which was then used to calculate a “top

layer mass activity” for Ptpoly (A/mgpy), as discussed in the manuscript.

B.15 Coverage and potential windows

All the Pt,/ITO working electrodes used in the main text were prepared by depositing 0.03 ML
of Pt. In our previous work,'we studied Pt,/ITO electrodes at 0.1 ML coverage, and while these
exhibited larger HER currents, there was evidence in the case of Pti/ITO, that there was significant
agglomeration/cluster formation on the electrodes. We therefore adopted 0.03 ML equivalent
coverage for all experiments, and as shown by the absence of HER signal for Pti/ITO, and the
strong HER signals observed for even small clusters, agglomeration and clustering for 0.03 ML is
negligible. The fact that the ITO supports are rough on the nanometer (and probably the atomic)

scale,!%

presumably reduced the tendency toward sintering. The only experiments done at higher
coverages were some UPD experiments described in the Supporting Information, done at 0.1 ML
coverage for comparison.

The potential windows scanned were typically between —0.196 and 0.514 V vs. SHE so that
they fully covered the potential range for HER and Hypd, which were the main reactions of interest.
Sweeping to more positive potentials can generate O, and/or peroxide species in the electrolyte,*!’
which could result in interference with the HER/Hypq observations from oxygen or peroxide
reduction. We also avoided scanning to more negative (reductive) potentials to avoid degradation

of the ITO electrode substrate, as has been demonstrated previously.3**

B.16 Subtraction of background current for Pt,/ITO
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The electrochemical currents measured in the experiments are the sums of Faradaic and non-
Faradaic (capacitive) contributions, the latter mostly from the ITO electrode support. A set of
experiments measured the capacitive current using a blank ITO working electrode, prepared using
the same protocol as the Pt,/ITO electrodes, but with no Pt deposited. Because the voltametric
response slightly varies depending on the upper/lower potential limits, blank ITO voltammograms
were measured for each of the potential windows used in the Pt,/ITO HER measurements.

In principle, the capacitive currents measured for blank ITO should be scaled to account for
the fact that on the 0.03 ML Pt,/ITO electrodes, there is slightly less empty ITO area than on the
cluster-free ITO blank electrodes. Note, however, that the wetted ITO area is ~4 times greater than
the 2 mm cluster spot, and that the Pt coverage within the spot is only ~3 % of that for close-
packed Pt, i.e., the correction to the background currents would be less than 1 %, and that is within
the uncertainty in the wetted area due to possible differences in how the o-ring sealing the working
electrode is seated. Thus, we have simply subtracted the raw current measured for Pt-free ITO
from the currents for the Pt,/ITO samples, and the validity of this assumption is supported by the
fact that when subtraction is done this way, there is no significant residual current for the Pt,/ITO

in the 0.4 to 0.5 V vs. SHE potential range, where no reactions occur on the clusters.

Table B.1 Complete data on the UPD integration for the Pt,/ITO (n=1,4, 7, 8) CVs

Catalyst Hypa charge / nC # of electrons / 10'2 # of Hypa per Pt atom*
0.03 ML Pt,/ITO 0.051 0.31 0.23+0.09

0.03 ML Pt/ITO 0.32 2.0 1.5+0.6

0.03 ML Pt7/ITO 0.63 3.9 29+14

0.03 ML Ptg/ITO 0.48 3.0 22+0.8
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*The number of electrons divided by the number of Pt atoms (1.35 x 10'2 for all the catalysts).

Errors represent the standard deviations of repeated measurements.
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Figure B.7 Schematic view of the bench-top electrochemical measurement system.
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Figure B.8 Potential wave sequence applied in the electrochemical experiments. Three different
potential windows were examined by CV, with the potential cycled twice for each potential window
to ensure that the electrochemical measurements were performed in steady state conditions. The

chronoamperometric measurements were carried out immediately after the CVs with no pause.
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Figure B.9 CVs of 0.1 ML Pty/ITO at 0.1 V s~! in 0.1 M HCIO4 sparged with Ar and O», obtained
in narrow and wide potential windows. Signals for the ORR and hydrogen peroxide oxidation
reaction (HPOR) are observed in the presence of O », as previously reported for Pt,/ITO in in situ
electrochemical experiments.” For the Ar-sparged experiments, no ORR or HPOR signals were
detected. Note also that the onset and peak of the ORR is at potentials well above the potential
range where Hupp is observed (see main paper), thus if O2 were present in those experiment, that

signal would easily be distinguishable from Hupa.
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Figure B.10 Scan rate dependence of currents. (a) CVs of a polycrystalline Pt working electrode
in 0.1 M HCIOs at scan rates between 0.1 and 0.5 V s™!. For the 0.1 V s! CV, the gray area
represents the Huypa integration. The Hupa peaks with arrows and labels “2nd peak™ were used to
look into the current response to the scan rate that was plotted in Figure B.11a. The calculated Hupd
charges were plotted against the scan rate in Figure B.11b. (b) CVs of 0.1 ML Pt7/ITO in Ar-
saturated 0.1 M HClOy4 at various scan rates. At higher scan rates, the Hupa region started to exhibit
wave-like structure, and the H desorption peaks on the positive sweep became were more evident.
Note that the ORR contribution to the Hupq structures cannot completely be ruled out in this wide
potential window, because the potential range extended to the onset of the oxygen evolution
reaction. (¢) CVs of 0.1 ML Pt7/ITO in Ar-saturated 0.1 M HCIO4 at various scan rates over a
narrow potential range. The scan rate-dependent CVs of blank ITO are plotted with dotted lines.

The background-subtracted data were used to estimate the peak currents and total charges plotted

171



in Figure B.10a and B.10b, respectively. Note that the ORR contribution to the H adsorption
currents should be negligible because the potential was not high enough to generate O,. Note also
that if ORR were significant, then that signal would peak in the potential range around 0.2-0.3 V

(Figure B.9 top).
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Figure B.11 (a) Hypa current (peak tops indicated with arrows in Figure B.10a) and (b) charge
responses to the scan rate for polycrystalline Pt. The linear response of the Hypa current to the scan
rate, as well as the Hypa charge independent of the scan rate, shows a Hupa nature that the
electrochemistry in the Hupq region involves an electrode-adsorbed species, which is proton in this
case. (c) Peak heights of the H adsorption and desorption currents as a function of the scan rate,
extracted from data in Figure B.10c. Least squares regression lines are also drawn. The ratios of

the H adsorption and desorption currents are indicated with open circles. (d) Total charges involved
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in the H adsorption and desorption as a function of the scan rate derived from data in Figure 10.4c.

The ratios of the H adsorption and desorption charges are indicated with open circles.
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Appendix C Supplementary Information for Chapter 4

C.1 Calculating the AG™ for each elementary step of OER:

From the reference hydrogen electrode, the energy of the H+ and e pairs at 0OV vs SHE
were considered as the energy of 1/2 H». In the framework of the SC approach (discussed in detail
in the next section), the energies of each intermediate is determined at a specific potential. The

free energies of elementary steps were calculated by the following equations

1
AGY” = G.on(U) = G.(U) — Enyo + 5 En, — TAS — eUsyg

AGY =G, ,(U) -G

*OH

1
(U) + EEHZ — TAS — eUSHE

1

3
AGELU) = G.(U) — G*OOH (U) + (ZEHZO - EEHZ) +4.92 — TAS — eUgyg

Here, the entropy contributions (TAS) from the molecules in the gas phase are considered for

calculating the free energies.

C.2 Surface Charging (SC) method:

Under the CHE approach, the electrochemical potential is assumed to affect only the chemical
potential of the exchanged electrons. Thus, electronic energy is independent with respect to the
potential and is taken from neutral systems. However, the free energies for the sites and the
intermediates in the "neutral" situation are not the same as the U = 0.0 V situation. To evaluate the
potential dependent free energy PtO,OH, (U) of each (x,y) in the potential range of 0 — 1.5V vs
SHE we have used the surface charging (SC) approach. The SC model considered here is based
on the linearized Poisson-Boltzmann (PB) equations and incorporates a few major
approximations!7&23%325-331,

1. Constant surface charge density: The method assumes that the surface charge density is

constant, which won’t be valid when we have huge charge transfers in the stern layer.
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2. Electrolyte concentration: The method assumes that the electrolyte concentration is
constant.

3. Linearization of Poisson-Boltzmann equation: The model assumes that the Poisson-
Boltzmann equation can be linearized. This approximation can be particularly limiting for
systems where the surface potential is high.

4. Constant dielectric constant: The model assumes that the dielectric constant of the solvent

is constant, while it could vary with time and space.

C.3 Oxygen Evolution Reaction on Pt-SA on the defected site

+H"+ e

Figure C.1 Oxygen evolution reaction mechanims on Pt-SA replace one of the In atoms.

From our calculations in the Chapter 2, we found that the Pt-SA occupying the defect site
is also a possibility at O2 chemical potential higher than -1.5 eV. Hence, we also considered a
viable reaction pathway for OER on the Pt-SA/Defected-ITO. We found that the reaction
overpotential is very high at 0.75 eV.

C.4 List of other reaction mechanisms with higher overpotential
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Figure C.2 Reaction Mechanism I for OER starting from Pt-SA/ITO
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Figure C.3 Reaction Mechanism II for OER starting from Pt-SA/ITO
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Figure C.4 Reaction Mechanism II for OER starting from Pt-SA/ITO
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Appendix D Supplementary Information for Chapter 5

D.1 Experimental Methods

Electrocatalyst materials and preparation.

Sodium acetate (NaOAc, anhydrous, >99%), Cobalt(II) chloride (CoCl2, anhydrous, >98%) and
manganese(I) chloride (MnCl2, tetrahydrate, 97%) were purchased from Sigma-Aldrich.
Nickel(I) acetate (NiOAc, tetrahydrate, 98%), iron(Il) chloride (FeCl2, tetrahydrate, 99%), and
copper(Il) acetate (Cu(CH3COO)2, anhydrous, 99%) were purchased from Fisher Scientific.
Millipore deionized water (18.2 MQ cm) was used to prepare all of the electrodeposition baths.
The concentrations of precursors used in electrodepositions of the different catalysts and specific
pH are compiled in Table D.l. Sodium acetate (0.1 M NaOAc) was used in all of the
electrodeposition baths as supporting electrolyte. The pH of the baths was adjusted using either
0.1 M acetic acid solution or 0.1 M sodium hydroxide solution. All of the electrodeposition

experiments were carried out under atmospheric conditions unless mentioned otherwise.

Table D.1 Concentrations and pH of precursors in the electrodeposition baths

Catalyst CoCl, NiOAc MnCl, FeCl, Cu(CH3COO0), pH

TiOx -- - - - - -
(Substrate)

CoOx 16 mM - - -- -- 5.5-6
NiOx -- 16 mM -- - - 7.5-8
MnOy - -- 16 mM - - 5.5-6
FeOx - -- -- 16mM -- 7.0-7.5
CuOx -- -- -- -- 16 mM 5.5-6
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Catalyst electrodeposition. An Autolab PGSTAT302N potentiostat/galvanostat was used for
electrodeposition of the different transition metal oxides in a three-electrode setup with a titanium
cylinder substrate (active geometric area = 3 cm?) as the working electrode, a graphite foil as the
counter electrode, and an Ag/AgCl as the reference electrode. Prior to use, the surface of the
titanium cylinder electrode was polished using an alumina slurry suspension of 0.05 um grain size
on a microcloth polishing pad (Buehler), rinsed thoroughly with Millipore deionized water (18.2
MQ cm), and sonicated in deionized water for 10-15 minutes. Prior to electrodeposition, the
titanium cylinder electrode was immersed in 2.5 M hydrochloric acid for 60 minutes to remove
surface oxides. The titanium cylinders were then rinsed in deionized water and dried under Ar
flow. In the electrodeposition process, all the applied potentials were measured against the
Ag/AgCl reference electrode. Except for copper, electrodeposition of all the other catalysts was
performed by 5 or 100 cycles of consecutive linear sweep voltammetry (LSV) within a specific
potential window from 0.8 to 1.1 V vs Ag/AgCl at a scan rate of 10 mV s~!. The deposition of
most metal oxides was done using oxidative potentials (M**(aq) — MOOH(s) + e~ + 3H") where
the transition metal deposits on the surface of the electrode directly as an (oxy)hydroxide. As the
oxidative electrodeposition proceeds, the oxygen evolution rate increases lowering the local pH
and leading to the dissolution of the electrodeposited film. To suppress catalyst dissolution, the
most positive potential during the LSV deposition was decreased by 50 mV after the 40" and 70™
LSV. Copper, on the other hand was deposited under constant applied potential (—0.18 V vs

Ag/AgCl) for 5 min via reductive deposition of the catalyst (2Cu** + 2e” + H,O — Cu,0 + 2H").

Electrochemical rotation cell setup for methane partial oxidation experiments. A gas-tight rotating

260,332

cylinder electrode (RCE) cell recently reported by us was used for all the methane partial
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oxidation studies in this work. In the RCE cell, a follower magnet inside the cap traces a driver
magnet outside the cell via magnetic coupling that allows for the rigorous control of the mass
transport in the cell (Figure D.1). The cell’s cap carries the electrical connections and is designed
to reduce the headspace above the electrolyte in the working electrode compartment. The cap for
the working electrode compartment has three threaded ports to accommodate leak-free gas fittings
(Swagelok). One of these ports is connected to a glass frit for the feeding of the CH4 into the
working electrode compartment, bringing in the gas feed and bubbling it directly into the
electrolyte ensuring a high surface area for contact between the gas and the electrolyte and the
consequent saturation of the liquid with dissolved methane. A second port serves as the gas outlet
which transfers gaseous products out to the gas chromatogram (GC) connected to the RCE cell for
the detection and quantification of gaseous products. The last threaded port is used to draw out
liquid aliquots for further quantification of liquid products via nuclear magnetic resonance (NMR).
This port is also used to measure the electrolyte temperature at intervals during an experiment. In
all experiments involving methane partial oxidation, methane is also bubbled in the counter
electrode compartment. This is to keep similar gas environments in both cell compartments thus
suppressing dissolved gas crossover. Hex screws that go through the entire lower compartments
and nuts are used to compress and seal the cell. A cooling block with a heat-exchange area of 16
cm? is positioned below the bottom of the RCE working electrode chamber for temperature control.
Liquid products accumulate in the cell over time and thus aliquots are drawn out at intervals of 20
minutes for analysis using a 500 MHz NMR.

Electrochemical measurements. Prior to setting up of the cell, transition metal (oxy)hydroxides
were freshly electrodeposited on a titanium cylinder electrode and rinsed thoroughly with

deionized water. A three-electrode gas-tight rotation cell setup was used in all electrocatalytic
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measurements with the cylinder as the working electrode, a 5.8 cm? platinum foil (Pt, 0.1 mm
thick, 99.99% metal basis, Alfa Aesar) as the counter electrode, a Ag/AgCl/1 M electrode (CH
Instruments, Inc.) as the reference electrode, and a solution of 0.1 M potassium carbonate at a pH
of 11.68-11.72 (K2COs, Sigma Aldrich, 99.995% trace metals basis) as the electrolyte. After
assembling the cell, the circulating bath was used to control and equilibrate the electrolyte
temperature inside the working electrode compartment. Before electrochemical measurements,
high purity argon gas (Ar, Airgas 99.999%) as the inert gas or methane gas (CHa, Airgas 99.999%)
as the reactant was flowed at a rate of 20 sccm for 30 Minutes in both the working and counter
electrode compartments to prepare the gas saturated environments for electrochemical testing.
These gas flow rates were maintained throughout the entirety of the electrochemical
measurements. In control experiments used to understand the role of carbonate ions, instead of a
0.1 M potassium carbonate solution, a 0.1 M KCIO4 (>99.99% trace metal basis, Sigma-Aldrich)
electrolyte adjusted to a pH of 11.8 was used.

In the electrochemical measurements, the uncompensated resistance was determined from the
system response at the high frequency (f > 100 kHz) during electrochemical impedance
spectroscopy (EIS) measurements. The potential drop across the resistance of the solution from
the reference electrode to the cylinder electrode was accordingly corrected. The electrochemical
response of the various catalysts was determined by cyclic voltammetry at the scan rate of 10 mV
s”!. The long-term electrochemical oxidation of methane was conducted in the RCE cell using
chronoamperometry. The overall duration of chronoamperometry was 120 minutes for the
electrochemical partial oxidation of methane and multiple gas and liquid samples were taken to
quantify products. The specific time of sampling is discussed and shown in the following results

and discussion section. Some of the most relevant electrochemical experiments and control
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experiments were run by duplicate or triplicate to generate statistically significant results.
Experiments that were carried only once are shown without standard deviation bars in this

manuscript.

gas product

CH4in —+ |_> out to GC
Reference electrode* ar’“q”‘d product

. aliquote out to
NMR

= 7 _,“:“‘t

F gas out

Working Counter
electrode electrode
Heatmg/coolmg—!— |
element CHzin
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Figure D.1 Schematic of the gas-tight electrochemical cell with a rotating cylinder electrode.
Adapted with permission.?’ Copyright 2022 Wiley.

Electrochemical measurements. Prior to setting up of the cell, transition metal (oxy)hydroxides
were freshly electrodeposited on a titanium cylinder electrode and rinsed thoroughly with
deionized water. A three-electrode gas-tight rotation cell setup was used in all electrocatalytic
measurements with the cylinder as the working electrode, a 5.8 cm? platinum foil (Pt, 0.1 mm
thick, 99.99% metal basis, Alfa Aesar) as the counter electrode, a Ag/AgCl/1 M electrode (CH
Instruments, Inc.) as the reference electrode, and a solution of 0.1 M potassium carbonate at a pH
of 11.68-11.72 (K>COs, Sigma Aldrich, 99.995% trace metals basis) as the electrolyte. After

assembling the cell, the circulating bath was used to control and equilibrate the electrolyte

182



temperature inside the working electrode compartment. Before electrochemical measurements,
high purity argon gas (Ar, Airgas 99.999%) as the inert gas or methane gas (CHa, Airgas 99.999%)
as the reactant was flowed at a rate of 20 sccm for 30 Minutes in both the working and counter
electrode compartments to prepare the gas saturated environments for electrochemical testing.
These gas flow rates were maintained throughout the entirety of the electrochemical
measurements. In control experiments used to understand the role of carbonate ions, instead of a
0.1 M potassium carbonate solution, a 0.1 M KCIO4 (>99.99% trace metal basis, Sigma-Aldrich)
electrolyte adjusted to a pH of 11.8 was used.

In the electrochemical measurements, the uncompensated resistance was determined from the
system response at the high frequency (f > 100 kHz) during electrochemical impedance
spectroscopy (EIS) measurements. The potential drop across the resistance of the solution from
the reference electrode to the cylinder electrode was accordingly corrected. The electrochemical
response of the various catalysts was determined by cyclic voltammetry at the scan rate of 10 mV
s”!. The long-term electrochemical oxidation of methane was conducted in the RCE cell using
chronoamperometry. The overall duration of chronoamperometry was 120 minutes for the
electrochemical partial oxidation of methane and multiple gas and liquid samples were taken to
quantify products. The specific time of sampling is discussed and shown in the following results
and discussion section. Some of the most relevant electrochemical experiments and control
experiments were run by duplicate or triplicate to generate statistically significant results.
Experiments that were carried only once are shown without standard deviation bars in this
manuscript.

Product detection and quantification. A gas chromatograph (GC) (8610C, SRI Instruments) was

used for the detection and quantification of gas products. In methane partial oxidation experiments,
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the gas environment in the headspace of the cell was allowed to equilibrate and the first injection
to the GC was made 20 minutes after the beginning of chronoamperometry measurements.
Following injections were made at a 20-minute interval. Each GC run consisted of 14 minutes of
running time and 6 minutes of cool-down between samples. Therefore, the gas product was
sampled after 20, 40, 60, 80, 100, and 120 minutes after the beginning of the electrolysis, and each
injection was used to calculate the Faradaic efficiency towards oxygen and , CO and CO; products
when generated. The detection limit for the detection of oxygen, CO and CO; gases is 250, 1 and
2 pA cm?, respectively.

Nuclear magnetic resonance spectroscopy (1D 'H NMR 500 MHz with cryoprobe, Bruker) was
used for the detection and quantification of liquid products. During the methane partial oxidation
experiments, liquid aliquots were also collected at 20 minutes intervals (at 0, 20, 40, 60, 80, 100,
and 120 minutes of electrolysis). Phenol (>99.5%, Sigma-Aldrich) and dimethyl sulfoxide
(DMSO, >99.9%, Sigma-Aldrich) were used as the internal standard for the quantification of liquid
products. The internal standard was prepared by making a 52.5 mM of phenol and 2.1 mM of
DMSO solution in deuterium oxide (D20, 99.9%, EMD Millipore). Calibration of the NMR
signals was done by calculating the ratio of the integration value of the signals for the different
protons and the external standards for standard solutions containing known concentrations of each
product. To quantify methanol partial oxidation products, all samples were prepared by pipetting
35 pL of the internal standard and 700 pL of the liquid aliquot into a new NMR tube. From the
resulting 1D 'H NMR spectra, the signal areas were normalized by that of DMSO, and the
normalized signal areas were compared to the standard curve to calculate concentrations of liquid

products during the partial methane oxidation reaction.
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D.2 SEM and XPS Characterization of Electrocatalyst Films

b) As-prepared After testing

‘mmm § CoOx

Ti substrate

c) As-prepared After testing d) As-prepared After testing

f) As-prepared After testing

Figure D.2 SEM images of (a) blank titanium, (b) CoOx, (c) CuOx, (d) NiOx, (¢) MnOx, and (f)
FeOx electrodeposited on a titanium cylinder electrode. SEM images are shown for the as-prepared
samples and after electrochemical oxidation of methane for 2 hours. The scale bars in all the

samples correspond to 1 um.
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E.1 Free Energy Surface [Reaction condition: Pressure = 0.013atm, Conversion =

2%, Temperature = S00K, CO,/H; ratio: 1:9]
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Figure E.1 FES of the structures with no formates in the reaction condition: Pressure =
0.013atm, Conversion = 2%, Temperature = 500K, CO2/H: ratio: 1:9. The x axis represents the
number of hydroxyls and the y axis represents the number of Oxygens on the Zr cluster. The
color gradient represents the adsorption energy of the ligand wrt the Zr30¢/Cu 111 surface. The

annotations on figure represents the adsorption energy.
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Figure E.2 FES of the structures with 1 formate in the reaction condition: Pressure = 0.013atm,
Conversion = 2%, Temperature = 500K, CO2/H; ratio: 1:9. The x axis represents the number of
hydroxyls and the y axis represents the number of Oxygens on the Zr cluster. The color gradient
represents the adsorption energy of the ligand wrt the Zr;Os/Cu 111 surface. The annotations on

figure represents the adsorption energy.
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Figure E.3 FES of the structures with 2 formates in the reaction condition: Pressure = 0.013atm,

Conversion = 2%, Temperature = 500K, CO2/H; ratio: 1:9. The x axis represents the number of
hydroxyls and the y axis represents the number of Oxygens on the Zr cluster. The color gradient
represents the adsorption energy of the ligand wrt the Zr;Os/Cu 111 surface. The annotations on

figure represents the adsorption energy.

E.2 Free Energy Surface [Reaction Condition : Pressure = 4.93 atm, Conversion =

0.8%, CO,/H; ratio = 1:3, and Temperature = 493.15K]
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Figure E.4 FES of the structures with no formates in the reaction condition: Pressure = 4.93 atm,
Conversion = 0.8%, CO2/H> ratio = 1:3, and Temperature = 493.15K The x axis represents the
number of hydroxyls and the y axis represents the number of Oxygens on the Zr cluster. The color
gradient represents the adsorption energy of the ligand wrt the Zr;Os/Cu 111 surface. The

annotations on figure represents the adsorption energy.
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Figure E.5 FES of the structures with 1 formate in the reaction condition: Pressure = 4.93 atm,
Conversion = 0.8%, CO2/H; ratio = 1:3, and Temperature = 493.15K. The x axis represents the
number of hydroxyls and the y axis represents the number of Oxygens on the Zr cluster. The

color gradient represents the adsorption energy of the ligand wrt the Zr;O¢/Cu 111 surface. The

annotations on figure represents the adsorption energy.
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Figure E.6 FES of the structures with 2 formate in the reaction condition: Pressure = 4.93 atm,

Conversion = 0.8%, CO2/H; ratio = 1:3, and Temperature = 493.15K. The x axis represents the

number of hydroxyls and the y axis represents the number of Oxygens on the Zr cluster. The

color gradient represents the adsorption energy of the ligand wrt the Zr;O¢/Cu 111 surface. The

annotations on figure represents the adsorption energy.
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Figure E.7 FES of the structures with 3 formate in the reaction condition: Pressure = 4.93 atm,

Conversion = 0.8%, CO2/H> ratio = 1:3, and Temperature = 493.15K. The x axis represents the

number of hydroxyls and the y axis represents the number of Oxygens on the Zr cluster. The

color gradient represents the adsorption energy of the ligand wrt the Zr3O0¢/Cu 111 surface. The

annotations on figure represents the adsorption energy.
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Figure E.8 FES of the structures with 4 formate in the reaction condition: Pressure = 4.93 atm,
Conversion = 0.8%, CO2/H; ratio = 1:3, and Temperature = 493.15K. The x axis represents the
number of hydroxyls and the y axis represents the number of Oxygens on the Zr cluster. The

color gradient represents the adsorption energy of the ligand wrt the Zr;O¢/Cu 111 surface. The

annotations on figure represents the adsorption energy.
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