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ABSTRACT OF THE DISSERTATION

Understanding the Stability and Reactivity
of Highly Dispersed Metal Catalysts Supported on Titania for the Decomposition

of Chemical Warfare Agents

Celine Tesvara
Doctor of Philosophy in Chemical Engineering
University of California, Los Angeles, 2024

Professor Philippe Sautet, Chair

Chemical warfare agents (CWAs), in particular sarin pose a severe threat to both military
personnel and civilians, necessitating the development of effective and efficient methods for their
decontamination. The use of small, highly dispersed metal catalysts and single atom catalysts
(SACs) supported on metal oxides has been a growingly appealing solution due to their superior
reactivity and efficiency for the decomposition of CWAs. However, their dynamic stability and
reactivity in reaction conditions are still subject of debate and insufficiently understood due to
experimental limitation. This thesis aims to reconcile these shortcomings using Density Functional

Theory, ab-initio thermodynamics theorem, and microkinetic modeling to help understand: (1) the
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dynamic stability of these highly dispersed metal single atom and nanoparticles, and (2) understand
its implication towards the catalytic activity of CWA decomposition.

Firstly, DFT calculations were performed to understand sarin’s base reactivity on plain,
undoped rutile titanium dioxide, r-TiO2(110). We found that DMMP is a sufficient simulant to
describe the chemistry of sarin as both molecules have strong binding on titania, with low reactivity
and similar barrier to decompose. We then incorporate ab atomistic thermodynamics to explore the
stability of Pt single atom (SA) on anatase TiO2(101). In reducing pretreatment, we show that Pt
prefers adsorbed structure, occupying the surface oxygen vacancy. Using CO as probe molecule,
we showcase the dynamic behavior of the Pt single atom and its intricacies in determining the rate
determining intermediates during steady state reactions that is elusive to be determined by
experiments alone. We then study the reactivity of GB and DMMP on Pt SA in oxidative
conditions. Pt provides the thermodynamic drive to cleave P-X bond, while lowering the barrier
to do so via a unique PtO4 planar-like structure.

We then briefly study the role of highly dispersed Cus4 cluster with and without co-
deposition of potassium to facilitate the decomposition of dimethyl methyl phosphonate, a
simulant for sarin in controlled environments. We studied the role of highly dispersed Cus clusters,
with and without potassium, in decomposing dimethyl methyl phosphonate (DMMP), a sarin
simulant. Using NAP-XPS and DFT, we found that DMMP decomposes into highly reduced P-
species at room temperature. Co-deposition of K and Cu4 clusters further improved reactivity,
leaving no intact DMMP. The Cuy4 clusters' fluxional nature enhances the exothermic cleavage of
DMMP bonds, with reaction products binding preferentially to TiO.. Calculations of P 2p chemical

shifts from various decomposition products align well with observed XPS spectra.
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Finally, we explored the stability of PtsOx supported on anatase TiO2(101) using the grand
canonical basin hopping algorithm. Methanol reactivity studies showed that Pt single atoms
facilitate methoxy formation, leading to CO, + 2H>0 and dioxomethylene pathways. Pt clusters
oxidize to PtsO10 in oxidative conditions, forming a stable bilayer structure with planar PtOs-
subunits. This structure provides active O adatoms for oxidation reactions, crucial in methanol
dehydrogenation. We found that reactivity of methanol translates well to the thermodynamic
analysis of CWA decomposition, providing addition insights on potential catalyst performance for

CWA degradation.
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Chapter 1

Introduction

1.1. Motivation

The establishment of the Chemical Weapon Convention in April 1997 prohibits the signatory states
of production and use of chemical weapons, and enforces the destruction of all chemical weapons,
their precursors and production facilities. The United States is among the countries that ratified the
Chemical Weapon Convention and has been actively putting efforts towards disposal and
decontamination of CWA. However, the fact that not all countries have completed the weapon
destruction of declared stockpile or have not ratified the convention, coupled with potential
terrorist attacks remains a cause for concerns. An example of such grim event is the use of sarin
gas in to inflict casualty amongst civilian in Syria', a country which had long been suspected to be
in possession of sarin. Despite Syria declaring the materials to be destroyed in August of 2014, the
famous Khan Shaykun chemical attack in April 2017 proved otherwise, killing 58 and wounding
more than 300 people?. Such attacks underscore the ongoing imperative to develop and provide
effective decontamination catalysts, especially for the application of personal protective

equipment, to ensure the safety of personnels and civilians.

Chemical Warfare Agents (CWAs) are extremely toxic chemicals that can inflict significant harms
and even death. CWAs can be classified into nerve agents, blister agents, choking agents, blood
agents, etc. depending on the target organs.® Amongst all agents, nerve agents, in particular sarin,
poses the most lethal (26 times more deadly than cyanide) and persisting harm (shelf life of weeks

to months), as it can be easily employed in its gas phase making it the ideal chemical weapon for



war and terrorism®. Sarin is an organophosphorus compound with a P center, connected with an
isopropoxy, a fluorine, a methyl group (Figure 1.1). Due to its toxicity, researchers usually
substitute sarin with its simulant dimethyl methylphosphonate (DMMP). Sarin and DMMP both
share the O=P(OR1)(X)(R2) structure, where R1 and R2 are alkyl groups and X an electronegative
monovalent substituent. In the case of sarin, R2 and X are an isopropoxy and a fluorine group
whereas in the case of DMMP, both R2 and X are methoxy groups. The mechanism of action, and
the natural decomposition pathways of Sarin alongside its fate in the environment have been

47 Conventional

thoroughly researched and accounted for in past literature reviews
decontamination of sarin from gas phase consists of filters containing adsorbents with active
materials such as silica gel, carbon or metal oxides (titania, alumina, etc.)®>!!. However, these
measures do not disarm the toxicity of sarin, but merely trapping it before exposing it to the next
phase of decontamination. Neutralization of these filtering equipment follows extreme measures
such as pyrolysis, oxidation in high temperatures, or exposure to high PH conditions to induce the
decomposition of the intact sarin’!2, There are a few more downsides to this approach. Firstly, the
filters work under limited time as they become inactive after complete saturation by the agents.
Needless to say, that these filters pose significant risk to personnels during transport from point of

contact/exposure to decontamination facilities. Extreme neutralization effort also degrades the

filters and their effectiveness, making this process not environmentally friendly.
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Figure 1. 1 Chemical structure of sarin and DMMP

Continual efforts to develop catalysts that can actively degrade sarin upon contact are ongoing,
aiming to enhance the safety of personnel. One of such efforts is to embed the filters (in this study,
metal oxides) with highly dispersed active catalyst that may induce decomposition in mild
conditions. Particularly single atom catalysts (SAC) and highly dispersed nano clusters (n<13)
have amassed huge amounts of interest due to their newfound reactivity and promising solution
for controlling the usage of highly precious (expensive) metal catalyst within the automotive
industry. Combining the strong interactions between the metal oxides (filters) and the agents, with
the reactivity of the highly dispersed catalyst to lower the activation barrier of the ‘trapped’ agents
proposes an enticing solution for efficient CWA decontamination strategies. TiO> is one of the
most extensively studied metal oxides in this context due to its large surface area and strong
interaction with CWAs!*"' including its widespread use in various applications and its high

degree of understanding at the atomic level'¢ 22

, making it an ideal as a trap for CWAs and support
for SACs. Additionally titania often hosts various special surface structures, such as hydroxylation

and defects, which have been found to act as a source of reactivity.
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Figure 1. 2 Schematic of single atom catalyst supported on metal oxide for oxidative decomposition of

DMMP

This chapter of the thesis will first focus on the current chemistries of sarin and DMMP on titania,
followed by the development and use of state-of-the-art metal oxide supported highly dispersed
catalyst, to finally various computational modeling techniques needed to holistically sample these

highly dispersed catalysts, including its limitations.

1.2. Review on experimental (thermal) catalytic reactivity of sarin and DMMP on titania.

The most widely accepted mode of dissociation of GB on TiO; involves either the cleavage of P-
O bond, transferring an OR alkoxy groups or the P-F bond, transferring a fluorine to the available
Lewis acid sites (Ti*") on the surface. Both theoretical and experimental studies suggest that
dissociation on the dry, clean surfaces of TiO», both anatase and rutile are not exothermic and facile
in general, particularly at room temperature. However, special deformation on the surface, oxygen
vacancies, surface hydroxyls or alkaline promoters, have been hypothesized to promote
decomposition by reducing activation energy barriers, triggering unique or coexisting

decomposition mechanisms, or stabilizing dissociated products. Sarin decomposition on pristine,



defective (O vacancy) and hydroxylated anatase titania (a-TiO2 (101)) has been studied using DFT
and compared against DRIFTS measurements performed on P25 Degussa sample, containing mix
of 17% rutile and 83% anatase phase of titania!’. Experimentally, it was found that on room
temperature, no significant signs of decomposition were observed. However, DFT calculations
showed that hydroxylation and stepped surface may promote P-F bond elimination by lowering

the activation barrier.

On rutile, a thermodynamic study by Quintero et. al. showed that sarin adsorption is dissociative
by transferring F towards the surface Ti cation.?® Reaction barriers were not calculated. However,
a recent work using combined IR and DFT studies on UHV-dry rutile TiO>(110) suggested that the
first step of sarin decomposition most likely proceeds via propene elimination via O-C3H7 bond

1.1* A similar behavior is not observed, however in the

cleavages, with a barrier of 108 kJ/mo
experimental study using FTIR of partially hydrated surface performed in the dark by Hirakawa
et.al., where production of isopropyl methyl phosphonic acid (IMPA) is shown along with changes
in OH bands linked with the displacement of OH groups, suggesting P-F bond cleavage instead.?*
This further corroborate the findings on anatase, where hydroxyl facilitate the P-F bond cleavage.
Particularly for rutile phase, past theoretical studies on titania have been focused only on the
thermodynamic analysis or on the barrier for the first dissociation step and did not investigate
further reaction steps nor studied the effect of oxygen vacancy. Nevertheless, past works suggest

that the decomposition of sarin is inert without the intervention of defects, surface hydroxyls or

elevated temperatures despite its strong interaction with the surface.

A deeper body of literature can be found with the study of sarin’s non-toxic simulant, DMMP.

Panayotov et al studied the thermal decomposition of DMMP on P25 Degussa titania sample using



infrared spectroscopy. Only at elevated temperatures, 295-400 K, particularly the v(P=0) modes
at 1235 and 1215 cm—1 undergo a conversion into O—P—O groups, intereacting with surface Ti
sites with va(O—P—0) and vs(O—P—0) modes at 1100—1097 and 1068 cm—1, respectively.?>?
These decomposition modes, particularly at 400 K and above was attributed to the naturally
occurring oxygen vacancies on the surface. However, this poses a question of whether DMMP is
an accurate simulant to describe the chemistry of sarin, with the recent report showcasing the
fluorine group of sarin being cleaved easily in the presence of water. Due to deeper research being
done on DMMP to assess the efficiencies of filters/catalyst systems, it is crucial to compare and

understand the true chemistries between sarin and DMMP.

Defects, such as oxygen vacancies or hydroxyls are known to modify DMMP decomposition
pathways. FTIR studies on powder titania showed that the P-OCHj3 bond cleavage is facilitated by
the presence of surface hydroxyls at temperatures starting from 214 K.?” This is denoted by the
shift of the P-CHj3 signal and a decrease of the surface O-H signal, and leads to the formation of
adsorbed methyl phosphonic acid and possibly to the release of methanol.?6>* Another work on
rutile TiO2(110) showcase the barrier to cleave the P-O bond reduces from >2 eV to 1.4 eV’
Reason behind this is the DMMP adsorbed on oxygen vacancies allows for penta-coordinated
transition state prior to cleaving P-O bond, taking advantage the close distance between P center
and the neighboring Ozc atom. It was further proved that the product formation at >500K consisting
of methanol and formaldehyde could only result from a methoxy disproportionation reaction
resulting from decomposed DMMP on defect sites.*! The behavior of DMMP adopting this penta-
coordinated structure has been seen before in ZnO, zirconium hydroxide, and Zr-based metal-
organic frameworks (MOFs) where DMMP is binds to surface hydroxyl groups to facilitate the

release of methanol at room temperature.>® The influence of defects and different surface

6



morphology on the decomposition of DIMP has been observed as well. On alumina, the release of
2-propanol is observed, however on silica, the release of propene was observed instead.?” To move
from model molecules to real toxic nerve agents, it is important to also investigate if the reactivity
of sarin with TiO> surfaces is similar to that of the simulant DMMP and whether a similar influence

of oxide surface defects can take place with sarin decomposition chemistry.

1.3. Highly dispersed catalysts: Structure, Stability, and its relation to reactivity

In heterogeneous catalysis, the most important site of a catalyst is the exposed metals that are
directly in contact with the gas reactant. As such, it makes sense to first understand the behavior
of metal catalysts through the model study of defined termination of surfaces such as (111), (110),
etc. However, this leaves the metal underneath the surfaces unused, and hence, inefficient.
Reducing the size of the metal atoms to the extreme (single atoms and nanoparticles) helps with
the inefficiency issue and various benefits, such as discrete states, unique bandgaps, and even metal
support interactions that may improve reactivity. However, these benefits come but not without its
drawbacks. This sub-chapter provides a short summary on supported single-atom and

nanoparticles catalysts on titania.

1.3.1. Single atom catalyst

Single atom catalyst has been an emerging field of research in catalysis due to its promising
performance and efficiency, as each atom is exposed and provides active sites during reactions.
Perhaps one of the very first promising work of SAC is the synthesis of Pt SA supported on FeOx
which showcase a high performance for CO oxidation (TOF of 138x1072 s1)*. Despite its

promising potential, challenges in the synthesis and stabilization remains, particularly in elevated



temperature and harsh reaction conditions.>**! A comprehensive investigation, employing a blend
of experimental techniques (Fourier-transform infrared spectroscopy (FTIR), scanning
transmission electron microscopy (STEM), and X-ray photoelectron spectroscopy (XPS))
alongside theoretical analysis (density functional theory (DFT)), was conducted on rhodium
single-atom catalysts (SAC) supported on rutile TiO>(110). The findings revealed the capability of
rhodium to adjust its adsorption site and coordination in response to different gas pretreatment
conditions.*’. Under oxidative conditions, thodium (Rh) exhibits a tendency to replace the surface
Tisc (five-fold coordinated titanium), while under reducing conditions, Rh tends to favor surface
support rather than substituting titanium. A recent study conducted by DeRita and colleagues
explored the deposition of platinum (Pt) as stable isolated atoms on anatase TiO; nanoparticles.
The research demonstrated that Pt can be deposited in this form under various pretreatment
conditions, including oxidative (heated to 300 °C in 100% O2), mild reduction (heated to 250 °C
in 10% H>), and harsh reduction (heated to 450 °C in 10% H3). Notably, the study revealed that
the local coordination and oxidation/charge state of Pt single-atom species are influenced by these
pretreatment conditions. This, in turn, affects the stability and activity of the supported Pt atoms.
For instance, at 300 °C oxidation, Pt substitutes six-fold coordinated Ti, while at 250 °C reduction
or 450 °C reduction, Pt forms adsorbed Pt(O>) species or adsorbed Pt(OH) species, respectively;
with the Pt remaining as isolated atoms.!® In another study, Thompson et al. showed that reduction
pretreatment under CO induced the formation of supported Ir SA is on anatase; forming a gem-
dicarbonyl ligand environment and binding to two lattice O from TiO2. Under CO oxidation
atmosphere, the Ir SA ligand environment changes where Ir is coordinated to one CO

(monocarbonyl), one lattice O, and two other O from gas-phase O dissociation.*?



As we have observed, reducing the number of active sites into a singular atom does not simplify
the reaction at hand, but rather introduces a whole new degree of freedom in understanding the
root of the catalytic activity of the system. The intricate dynamics of SAC during catalyst
pretreatment and under operational conditions complicate the correlation between the catalytic
activity for highly dispersed single atoms with the characterized/local geometric structure (resting
state), if gleaned solely from experimental observations. This complexity is heightened by the
difficulty in tracking the evolution of the local coordination of these isolated SAC species during
oxidation, specifically through the reaction cycle, unless multiple intermediates can be captured
experimentally. Furthermore, while there were studies where structural nuances of these isolated
active sites (for example the work by DeRita on Pt single atom) and their responsive behavior to
pretreatment conditions have been examined, the origins of their activity, the kinetics of their
reactions, rate-determining intermediates, and comprehensive reaction pathways and mechanisms
remain elusive. Unraveling these specifics is crucial for establishing guiding principles that will

enable the future design of active and efficient Pt catalysts composed of isolated single atoms.

1.3.2. Nanoparticles

Nanoparticles (NPs) are garnering significant scientific interest due to their intriguing properties,
different from their bulk counterparts. Past literature has shown improvement of catalytic activity
due to the metal-oxide interaction, particularly the charge transfer phenomena. But also, like SAC,
NP exhibit dynamic fluxionality driven by the reaction conditions. One would expect this since it
is well understood that under realistic conditions, atoms constituting active sites are in constant
motion, vibrating and diffusing due to temperature effects. Particularly at high reaction

temperatures, it is evident that substantial restructuring and fluxionality are to be expected. This



poses several key challenges; unlike its metal counterparts with defined sets of active sites, the
active sites undergo both structural transformations and variations in coverage. A few select
examples are shown by the works of Geng et. al. on CusOx clusters supported on the amorphous
alumina, which adopt various stoichiometries depending on the oxygen chemical potential present.
This has a huge implication in our understanding of the reactive cluster state responsible for the
reaction in the reaction conditions. It was found that in reaction conditions exist metastable states
which are only 0.1-0.3 eV less stable than the global minima, which has reactive oxygen that
allows for thermodynamic drive to perform oxidative propane dehydrogenation (difference in
reactivity >1 eV). Considering the low barrier to restructuring, many of these metastable states are
very much accessible and contributing to the overall reaction seen experimentally yet difficult to
observe experimentally. In another study, the stability of Pt SAsHx cluster was studied for the
activation of methane. Using global minimization methods (explain in later part of this chapter)
and reaction condition selected as 400 °C and 0.5 bar of Ha, it was found that Pt SA3Hye is the
most stable configuration. Despite so, around 19 metastable states were observed which are
accessible in reaction condition. Select interesting structures which exhibit vacancies that create
PtHs and PtH4 coordination was found, and using the Boltzmann distribution it was found that the
relative occurrence probabilities of these isomers of the catalyst are 5.1%, and 0.89% only with
respect to the global minima. In typical experimental characterizations, the presence of these
isomers is close to impossible to detect. These metastable states also contribute significantly to the

overall reactivity, offering barrier for C-H activation of 0.6 eV, 0.4 eV less than the global minima.

Despite their fluxionality, NP can act as surface modifier to enhance the reactivity of the support.
Past work showcases NP being able to act as a proton source, donating electrons to the surface to

facilitate the formation of defects, which in turn increases the activity of the said catalyst***
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Thus, to understand the role of NP, one must be able to probe the accessible ‘state’ of the supported
NP in reaction condition, to gain a full picture of the effects it has on the support. More importantly,
it is key to probe these states in a way that can be correlated with experimental observation.
Considering the short lifespan of these metastable states, it is difficult to characterize it

experimentally as traditional spectroscopy techniques often produce unresolved spectra.

1.4. Modeling highly dispersed metal catalysts in realistic conditions

Due to the highly dynamic stability behavior and sensitivity towards reaction conditions, exploring
all possible structures of highly dispersed metal catalysts in a comprehensive manner is a rather
tricky process. As mentioned before, few techniques can be used to efficiently sample the potential
energy surfaces. This section reviews briefly the basis theory for the global sampling method used

in this thesis.

1.4.1. Ab initio Thermodynamics

While DFT allows for accurate calculation of the total energy of a system, it is ultimately important
to achieve agreement with thermodynamics such that the effect of pressure and temperature can
be considered while sampling the potential energy surface. This is especially important for a highly
dispersed catalyst which is known to be very sensitive towards the reaction condition. The term
‘ab initio’ thermodynamic arises, namely a technique to apply the total energy obtained from first
principle calculations to derive thermodynamic properties such as the Gibbs Free energy of
formation. Using the assumption of ‘constrained equilibrium’, select species of a system (usually
gas phase reactant) can be said to be in equilibrium with an arbitrary reservoir, matched to the

experimental condition of steady state catalysis. Thus, the stability diagram as a function of
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temperature and pressure can be built to determine the most stable structure at different reaction

conditions.

The derivation of the thermodynamic properties of both the solid and the gas phase of a system
has been thoroughly explained in Karsten et. al works. If we take an example of formation energy
of Pt20x supported on titania, at a given temperature T and partial pressure of reactant i, p;, the

Gibbs formation energy of the system can be described as
Gformation = ESurf+Pt2.and — Esyrr — ZEPt(bulk) — X Ho (1-1)

With the chemical potential of the oxygen being described by
1 1 1
ko(T,p) = 5 Eo, + 3 ES)" + Buo(T,p) + 5 ksTin (%) (1-2)

Where x denoted the number of O adatoms adsorbing on the surface. We can see that the free
energy of formation depends on the chemical potential of oxygen. Since the oxygen chemical
potential is constructed as a function of temperature and pressure, one can construct a stability
diagram by comparing the Gibbs free energy of various structures at realistic reaction conditions.
Despite its simple formulation, this technique allows for better understanding of the stability of
highly dispersed catalyst that may be difficult to probe even using state-of-the-art experimental
spectroscopy, thus providing important insights into the role of SAC towards the decomposition

of CWA.

1.4.2. Grand Canonical Basin Hopping
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For single atoms interacting with gas phase species (N total atom less than 5), performing manual
permutations and exploration is possible, and could be advantageous as one can construct
ensemble that is based on a chemist’s intuition. Unlike metal surfaces, the surface of titania is often
decorated with kinks and trenches made of both Ti’" and bridging oxygen. Having chemical
intuition on where the metal atoms may systematically adsorb will accelerate the search process.
However, as the number of adsorbed atoms increases, so is the configurational space (in
exponential). Several algorithms to quickly sample accessible metastable states have been
proposed to tackle this issue, ranging from Genetic Algorithm (GA) to Basin Hopping. In
understanding the stability of highly dispersed and reactive nanoclusters, it is advantageous to use
the so called Grand Canonical Basin Hopping algorithm, as it allows for sampling method that can
be highly personalized towards the system by while incorporating thermodynamic information at

the same time.

The grand canonical basin-hopping algorithm was first introduced by Calvo et. al. In this
algorithm, Calvo proposed a grand canonical based algorithm to evaluate the free energy of the
system on the fly during global optimization while at the same time incorporating modifiers to
sample the stability of system with different size and composition. In the grand canonical
ensemble, the volume, temperature T, and chemical potential of the gas reservoir p are fixed,
whereas the energy and number of particles, N, can fluctuate, hence one can optimize the size and
composition of the catalyst of interest as a function of chemical potential of the gas phase reservoir

and temperatures.
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Figure 1. 3 Schematic of Grand Canonical Basin Hopping algorithm.

The algorithm is illustrated in Figure 1.3. In Basin Hopping, the potential energy surface is
explored by hopping from one local minimum of the potential energy surface to another. These
hops involve a set of randomly chosen ‘modifier’, set by the user, which could consist of randomly
moving one or more atoms, or all atoms, in the system to new positions, followed by a local
geometry optimization. The acceptance or rejection of each new structure is determined by an
acceptance criterion of a calculated property (for example the Gibbs Free energy of formation),
typically using the Metropolis criterion, although other acceptance schemes such as threshold
acceptance and Tsallis statistics have been proposed. This thesis utilizes an in-house code,
developed using the Atomic Simulation Environment (ASE) package, to conduct GCBH
explorations. These explorations simultaneously explore the configuration and composition space
to minimize the free energy (or formation energy) of the system in question, typically a supported
metal cluster under the specific oxidation condition/fixed oxygen chemical potential. This method
has been proved to be effective in exploring ensemble of accessible metastable states in various
reaction conditions and systems as this method allows for customized modifiers that can be fine

tuned for each specific systems.* !
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1.5. Thesis Objectives

This thesis aims to understand the potential of highly dispersed single atom catalyst or nanocluster
deposited on titania to facilitate the decomposition of sarin and its simulant DMMP at low
temperatures. This thesis will be divided into 6 chapters, where chapter 2 discusses the baseline
reactivity of sarin and DMMP with undoped pristine titania on rutile alongside the effect of the
presence of oxygen vacancies, as well as comparing it with anatase. Chapter 3 will delve into the
intricacies of the stability of single atoms deposited on anatase titania and understanding its
oxidative abilities using CO as probe molecules. Microkinetic analysis will be employed to
elucidate the highly convoluted reaction pathways of a seemingly simple reaction such as CO and
the role that the Pt plays in activating CO and O». Chapter 4 would also discuss Pt SA for the
decomposition of the OR group of sarin and DMMP. Chapter 5 will focus on the role of highly
dispersed Cus cluster in a highly controlled UHV environment towards the decomposition of
DMMP. Soft landed Cus cluster with and without alkaline promoter potassium on rutile TiO2(110)
was found to facilitate the decomposition of DMMP in highly controlled environments. Lastly,
chapter 6 will discuss the exploration of the stability of highly dispersed Pt cluster in oxidative
condition and how it alters the surface. Exhaustive sampling of accessible metastable states will
be performed with GCBH, and we showcase the role of Pt of activating O» to facilitate

decomposition of sarin & DMMP using methanol dehydrogenation as a probe reaction.
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Chapter 2
Decomposition of the Toxic Nerve Agent Sarin on Oxygen Vacancy

Sites of Rutile TiO2(110)

2.1. Introduction

One of the most used and dangerous chemical warfare agents (CWAs) is the nerve gas agent sarin
(commonly referred to as GB), with its prevalent use dating back from the first world war, and
more recently for terrorist attacks.* However there is a lack of understanding of the molecular
interaction and decomposition mechanisms of sarin on different types of materials, which poses a

critical challenge in practical applications toward the neutralization of CWAs.

Metal oxides are often the customary material chosen as the base material for protective equipment
as they are efficient in trapping pollutants, present high surface areas, and are chemically stable.>?"
54 The ideal metal oxide should be able to strongly adsorb CWAs and simultaneously decompose
CWAs under ambient conditions, transforming them into benign compounds. To understand the
interaction of such CWAs with oxide surfaces, most experimental studies substitute CWAs with
simulants. Accordingly, experimental studies regarding sarin on metal oxides often replace sarin
with dimethyl methylphosphonate (DMMP). The basis of this choice lies in the similarities of
chemical structures between sarin and DMMP. It is unclear however if DMMP is a good simulant

of sarin for the decomposition chemistry at oxide surfaces.

Past works have shown that the decomposition of DMMP is indeed sensitive to the type of metal

oxide used, and the presence of defects and contaminants. FTIR studies showed that aluminum
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oxide, magnesium, and lanthanum oxides are able to cleave the P-OCH3 bond of DMMP at room
temperature, and in the case of Fe2O3, Fe304, and CeO; activation of the P-CH3 bond to produce
dimethyl ether are also observed.>> " In the case of ceria, the formation of product (methanol and
formaldehyde) can only be seen above 575K, signaling decomposition via P-OCH3 between 300
to 550K.>® On the other hand, combined experimental and theoretical studies showed that in the
case of rutile-phased oxides in ultra-high vacuum conditions such as SnO; and TiO;, the
decomposition of DMMP via P-OCHj3 bond cleavage have considerably high barriers, and thus
decomposition may be initiated via O-CH3 bond cleavage instead.*!*! Similar phenomenon occurs
for the decomposition of another sarin surrogate, diisopropyl methylphosphonate, on alumina. Ab
Initio Molecular Dynamics predicted that decomposition via the O-C bond cleavage would lead to

a release of propene at high temperatures (700-1000 K).%?

Experimental studies combining X-ray
photoelectron spectroscopy and temperature-programmed desorption of DMMP decomposition on

rutile TiO; (110) under ultra-high vacuum show a broad signal for intact DMMP desorption and

suggest low reactivity of TiO2 up to 550 K.%

Defects, such as oxygen vacancies or hydroxyls are known to modify DMMP decomposition
pathways. FTIR studies on powder titania showed that the P-OCH3 bond cleavage is facilitated by
the presence of surface hydroxyls at temperatures starting from 214 K.?’ This is denoted by the
shift of the P-CHj3 signal and a decrease of the surface O-H signal, and leads to the formation of
adsorbed methyl phosphonic acid and possibly to the release of methanol.?"?° This is similar to
the behavior of DMMP observed on ZnO, zirconium hydroxide, and Zr-based metal-organic
frameworks (MOFs) where DMMP is transformed into penta-coordinated phosphor-center
intermediate by surface hydroxyl groups prior to the release of methanol at room temperature.*>-

36 Our previous work on rutile TiO2(110) also showed the effect of oxygen vacancies in facilitating
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the P-OCH3 bond cleavage, reducing its barrier from >2 eV to 1.4 eV and rendering the process
possible at 600K. It was also found that the product formation (methanol and formaldehyde) could
only result from a methoxy disproportionation reaction resulting from decomposed DMMP on
defect sites.?! The influence of defects and different surface morphology on the decomposition of
DIMP has been observed as well. On alumina, the release of 2-propanol is observed, however on
silica, the release of propene was observed instead.’” To move from model molecules to real toxic
nerve agents, it is important to also investigate if the reactivity of sarin with TiO> surfaces is similar
to that of the simulant DMMP and whether a similar influence of oxide surface defects can take

place with sarin decomposition chemistry.

Experimental studies on sarin are rare, but the decomposition chemistry of sarin has been the
subject of theoretical investigations. Cluster studies on MgO showed that the cleavage of the P-F
bond has a barrier of 0.95 eV and that the fluorine ion stayed on the cluster. However, the presence
of surface hydroxyl groups may reduce the barrier to 0.43 eV, resulting in the release of HF.®* A
combined XPS and DFT work on MoO2(110) showed that the decomposition of sarin most likely
proceeds via the elimination of propene, with surprisingly low barriers around 54 kJ/mol, in
contrast to the case of DMMP where the lowest barrier is calculated to 116 kJ/mol on the same
surface.®> Additional work on ZnO hints at the possibility of different decomposition reactivity
between sarin and DMMP as the barrier to cleave the P-OR bond of DMMP on ZnO was found to
be 1.77 eV, 0.6 eV higher than the barrier to cleave the P-F bond of sarin on pristine ZnO, which
is 1.17 eV.%>%6 On titania, a thermodynamic study by Quintero et. al. showed that sarin adsorption
is dissociative by transferring F towards the surface Ti cation, which would be analogous to
DMMP’s P-OCH;3 bond cleavage.” Reaction barriers were not calculated. However, a recent work

using combined IR and DFT studies on UHV-dry rutile TiO2(110) suggested that the first step of
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sarin decomposition most likely proceeds via propene elimination via O-C3H7 bond cleavages,
with a barrier of 108 kJ/mol.!* A similar behavior is not observed, however in the experimental
study using FTIR of partially hydrated surface performed in the dark by Hirakawa et.al., where
production of isopropyl methyl phosphonic acid (IMPA) is shown along with changes in OH bands
linked with the displacement of OH groups, suggesting P-F bond cleavage instead.>* On alumina,
both processes (propene formation and P-F bond cleavage) are deemed to be possible; the
experimental IR work of Kuiper et.al. suggests two decomposition channels of sarin, via a P-F
bond cleavage or the dealkylation to produce propene.” To the best of our knowledge, past
theoretical studies on titania have been focused only on the thermodynamic analysis or on the
barrier for the first dissociation step and did not investigate further reaction steps nor studied the

effect of oxygen vacancy.

Finally, despite the fact that DMMP is structurally similar to sarin, it is still now an open question
whether DMMP can accurately depict the decomposition chemistry of sarin due to the difference
in chemical groups (methoxy on DMMP vs -F and -OC3H7 on sarin). Thus, in this study, we will
focus on investigating the decomposition pathways of sarin on rutile TiO2(110) from quantum
chemical calculations and compare these pathways with our previous work on DMMP
decomposition on the same surface.>! TiO, was chosen as it has been suggested as a promising
material to quickly adsorb toxic agents and their degradation products. This can be seen by the
strong adsorption energies of DMMP on dry rutile TiO2(110), found in previous works.?*¢-72 Our
work here aims not only to provide full and detailed decomposition studies of sarin on titanium
oxide but also to serve as a benchmark comparison of the difference between sarin and DMMP
decomposition on titania. Additionally, we will also investigate the effect of surface oxygen

vacancy on the sarin decomposition pathways, in comparison with DMMP, and link our
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computational results with vibrational spectroscopy experiments through vibrational frequency

calculations.

2.2. Methods

2.2.1. Computational Set-up

The density functional theory calculations were done using the Vienna Ab initio Simulation
Package (VASP). 7>* The Perdew-Burke-Ernzerhof (PBE) functional was used with Hubbard U
correction of 4.2 eV on Ti sites to adjust the incorrect description of Ti 3d orbitals.”>’® The U value
4.2 eV was taken as it correctly depicts the electronic structure features observed experimentally
with TiO», particularly the localized nature of electrons on surfaces with oxygen vacancies.”’ The
dDsC dispersion correction was used to describe long-range van der Waals interactions. "*%° The
electron kinetic energy cutoff is set at 500 eV. 81733 The electronic energies and atomic forces were
converged within 107® eV and 0.03 eV/A, respectively. The spurious dipole-dipole interaction
between neighboring slabs in the z-direction was corrected using the Harris correction (Makov-

Payne).?

The transition states were calculated using the Nudged Elastic Band Method using 8 images.

The adsorption energies/reaction pathway energies are calculated with equation 1:

Eads/intermediate = Lsurf+DMMP — Eclean surface — ESarin(g) (2'1)

2.2.2. Computational Model
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The 2x4 TiO2(110) surface was cut from the bulk. The calculated bulk lattice constants using a
gamma-centered k-points mesh of 4x4x4 are: a = 4.65 A and ¢ = 3.02 A %%7 The surface lattice
vectors are: a=13.16 A and b= 12.07 A (Figure A.1). The surface consists of four O-Ti-O trilayers
(12 atomic layers). A vacuum distance of 15 A is set between slabs to avoid periodic interaction in
the z-direction. The bottom-most three atomic layers are frozen to mimic the bulk. To model the
defective surface, one oxygen atom in the bridging site (O2c) was removed (Figure A.2) as it was
found to be the most stable vacancy site. ¥ The removal of 1 O represents a vacancy site
coverage of 0.125 ML, which agrees well with the experimentally observed vacancy coverage of
r-TiO2(110) crystals (between 0.08 to 0.15 ML), All surface calculations use the k-point mesh
of 1x1x1. Literature and our test calculations®' showed that using a k-points mesh of 3x3x1, larger
surface or thicker surface models show no significant difference compared to our selected 2x4

surface calculated at the gamma point.>!

Figure 2. 1 Top view of 2x4 rutile TiO,(110) used for optimization. The surface consist of 2 Tis. rows
and 2 O3 rows.

21



2.3. Results

2.3.1. Pristine surface

The most stable sarin adsorption geometries on pristine TiO2(110) from our DFT calculations can
be seen in Figure 2.2. Sarin adsorbs molecularly via the interaction between the O atom of the P=0O
group and a surface Ti cation (distance 2.09 A) with an adsorption energy of -1.80 eV (Figure
2.2A). An additional bond either between the oxygen of sarin’s isopropoxy group and a surface Ti
(2.60 A) or fluorine with Ti (2.59 A) further stabilizes the geometry with total adsorption energies
of -1.92 and -1.94 eV respectively (Figure 2. 2 B and C). Finally, the adsorption geometry via the
interactions of -F or -OC3H7 group with surface Ti atoms (with distances of 2.40 A and 2.51 A
respectively) yields the weakest adsorption energy of -1.13 eV (Figure 2. 2, D). Overall, our
calculations showed that TiO2(110) is an excellent trap for sarin due to the strong molecular
binding. The adsorption energy of sarin is however significantly weaker than that of its simulant

DMMP (by 0.41 eV).

A B C D
Eads =-1.80 eV Eads =-1.92 eV Eads =-1.94 eV Eads =-1.13 eV
(-174 kJ/mol) (-185 kJ/mol) (-187 kJ/mol) (-109 kJ/mol)

Q Q

QO (»] 0

7

Figure 2. 2 Molecular adsorption modes of sarin on TiO:(110) with their adsorption energies referenced

to the gas phase.
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The decomposition pathway initiated via the P-OC3sH7 cleavage starts from geometry B of Figure
2.2 and follows the B1-B3 pathway, whereas the pathway initiated via the P-F bond cleavage starts
from geometry C of Figure 2. 2 and follows the C1-C2 pathway. Note that B1 is identical to B and
C1 identical to C. The cleavage of either the P-OCsH7 or the P-F bond has significantly high
barriers, P-F being the least difficult bond to break (2.27 eV and 1.77 eV respectively). The P-
OCsH7 bond cleavage transfers an isopropoxy towards a Tisc site and yields the B2 intermediate.
B2 is more stable by 0.64 eV than the molecularly adsorbed sarin B1. On the other hand, the P-F
bond cleavage to leave F on Tisc yields intermediate C2 which is 0.96 eV more stable than C1. A
similar behavior persists for the second decomposition step (TS-B2 and TS-C2), where we can see
that the P-F bond is easier to cleave than the P-OC3H7 bond, although both bond cleavages still
have considerably high barriers (1.53 and 1.67 eV respectively). We conclude that decomposition
is unlikely to happen via the P-F or the P-OC3;H7 bond cleavage on the pristine surface, unless at

high temperature.
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Figure 2. 3 The energy profile of sarin decomposition on pristine r-TiO: via P-F and P-OC3H; bond
cleavage starting from the two most stable adsorption modes (adsorption modes B and C). The

decomposition via P-OC3H cleavage is shown in the path B1-B3 whereas the P-F bond cleavage occurs

along the path C1-C3. Elementary reaction barriers are indicated as AE 4.

On the other hand, decomposition via the O-C3H7 bond cleavage, transferring C3H7 towards a
nearby Oac is more likely (Figure 2. 4). The barrier for this step stood at 1.17 eV, rendering it a
possible pathway at 455 K (via Transition State Theory). Further P-F bond cleavage as the second
step also has a comparable low barrier of 1.00 eV. It is interesting to note that the removal of C3H>
reduces the barrier to cleave the P-F bond, compared to the case in Figure 2. 3. However, the
release of products such as HF and propene does not seem to be possible at low temperatures
(Figure 2. 4, intermediate C4*) as the barrier for C-H cleavage to form propene is 1.60 eV, which

requires temperatures around ~610 K to overcome. Note that at any point during the decomposition
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pathway, the P-containing intermediate may rearrange to a more stable configuration. We see such
a case here where from C2* after O-C bond cleavage, the IMPA-like intermediate can rearrange
first to an 71, structure and be stabilized as an 1, structure (C2* 1,), maximizing the P-O-Ti
interactions. This rearrangement of the C2* intermediate competes with the P-F bond cleavage.

We will now investigate the effect of O vacancies on the surface toward the barriers associated

with either P-F, P-OCsH7, or O-C3H7 bond cleavage.
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Figure 2. 4 The energy profile of sarin decomposition on pristine r-TiO; via C-O bond cleavage
starting from the two most stable adsorption modes C.

2.3.2. The effect of O vacancy

With the presence of an oxygen vacancy site, the most stable molecular sarin adsorption geometries
involve the P=0O group occupying the vacancy site (Figure 2. 5) with two possible isomers
depending on which group interacts with Tisc (geometry E and F). In geometry E, in addition to

P=0 occupying the vacancy, there is a stabilizing interaction from a F-Tisc interaction. This
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geometry has an adsorption energy of -1.95 eV. Similarly, with geometry F, there is an additional
interaction between the oxygen of the isopropoxy substituent and a surface Tisc, bringing the
adsorption energy to -2.20 eV, which is the most stable configuration found. Further sarin
decomposition initiated via P-F and O-C bond cleavage may follow geometry E, whereas

decomposition initiated with P-OR bond cleavage may follow geometry F.

E F G H [
E,q = -1.95 eV E,q = -2.20 eV E,g =-2.13 eV E,g, = -1.79 eV E,g =-1.29 eV

(-188 kJ/mol) (-212 kJ/mol) (-206 kJ/mol) (-170 kJ/mol) (-125 kJ/mol)

Figure 2. 5 Sarin adsorption modes on the r-TiO: surface with an O vacancy.

Figure 2. 6 shows the reaction pathway for O-CsH7 (E1-E2-E3) or P-F (E1-E4) bond cleavage
starting from geometry E (EI1=E). Since geometry F=F1 is more stable, it has also been included
in the diagram, as the resting state of the molecule, and for the first step overall activation energies
starting from F is indicated in the Figure 2. 6. The barrier to cleave the O-C3H7 bond from E1 is
1.4 eV (1.65 eV from F), which is higher than the case on the pristine surface (1.17 eV) and yields
a stable intermediate E2 at -2.43 eV. Further P-F bond cleavage (E2-E3) as the second step is also
exothermic by 0.35 eV (E3) with a barrier of 1.25 eV. Interestingly if we opt to first cleave the P-
F bond (E1-E4), the barrier for this step is now greatly reduced from 1.77 eV (on the pristine
surface) to only 0.85 eV from E1 (1.1 eV from F1). This process yields an intermediate E4 which
is 0.79 eV more stable than the molecularly adsorbed sarin. Though further decomposition to
cleave the P-OR bond from E4 is endothermic by 0.68 eV (not shown in Figure 2. 6), the

intermediate may undergo C-H bond cleavage instead to produce gas phase propene. The barrier
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to release propene is 1.53 eV and the reaction is slightly exothermic by 0.16 eV (E4-E5). This
pathway shows that the O vacancy defect facilitates the P-F bond cleavage and enables it at a

temperature as low as 425 K, even if starting from the most stable structure F (compared to 675K

on the pristine surface, see table S1 and S3 in the SI).

Figure 2. 6 Sarin decomposition on the r-TiO; (110) surface with an O vacancy initiated via P-F (blue)
or O-C (black) bond cleavage. The decomposition starts from Sarin’s most stable adsorption mode

(intermediate I here is written as F1, the numbering is to denote

A similar barrier decrease can also be seen for the decomposition initiated with the P-OR bond
cleavage from geometry F (Figure 2. 7). Oxygen vacancies reduce the barrier to cleave the P-OR
bond from 2.27 eV (pristine surface) to 1.05 eV (defective surface), and this cleavage can occur at
410K (table S3 in SI). The P-OCs;H7 bond cleavage transition state shows a hexa-coordinated P

atom, with an extra P-O bond involving a three-fold O atom on TiO», trans to the P-F bond. This
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additional P-O interaction stabilizes the transition state and is not present in the initial state F1 nor

in the product state F2 of that elementary step. The following step to cleave the P-F bond remains

relatively more facile in comparison to the case of pristine surface as well with a barrier of 1.01
eV.
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Figure 2. 7 Sarin decomposition pathway on the r-TiO; (110) surface with an O vacancy initiated via P-
OR (R=isopropyl) bond cleavage. The sarin initial adsorption geometry is structure F = F1.

2.3.3. Vibrational analysis

To strengthen the interaction with experimental observation on the nature of adsorbed sarin and
decomposition intermediates, vibrational analysis calculations were performed on the molecularly
adsorbed species and selected intermediates which are accessible at 500 K from our pathways
(following previous experimental work by Tsyshevsky et.al.!®). However, it is known that the PBE
functional tends to underestimate frequencies in comparison to the experiment. A work by Le et.

al. comparing experimental and theoretical frequencies for sarin adsorbed intact on anatase
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TiO2(101) suggested that PBE underestimates sarin characteristic modes by 60 cm-1 in comparison
to experimental observation.’® In order to better understand the intrinsic error on frequencies from
our first principle calculations, IR frequencies for gas phase sarin were calculated with the DFT
PBE-dDsC functional as a benchmark and compared with the experimental result (Table 1). In
comparison to the experiment, PBE-dDsC underestimates IR frequencies by ~ 50 cm-1. This value
is used here as a correction shift term when comparing the frequencies of the molecularly adsorbed

sarin and the intermediates obtained after thermal treatment.

Table 2. 1 Experimental and calculated vibrational frequencies for gas phase sarin. Experimental data

is from ref '°.

IR band assignment GB vapor phase | GB vapor phase
(exp.) (theory)
v(P-0) 1303 1250 -53
v(C-0—(P)) 1020 978 -42
v(P-F) 845 792 -53
O(P-CHz3) 1328 1285 -43

Table 2 shows the characteristic IR frequencies for molecularly adsorbed sarin prior to the thermal
decomposition treatment. The four best geometries of molecularly adsorbed sarin were chosen to
represent the ensemble of surface species (on the pristine surface, structures A, B, and C from
Figure 2. 2, on the defective surface with O vacancies, structures E and F from Figure 2. 5).
Corrected values (shown in parenthesis in table 2) show good agreement with experimental
observation. The ensemble of frequencies observed experimentally in the range 1271-1200 cm’!
can be assigned to the P=0 bond stretch, more or less weakened by the interaction with surface Ti
(dative bond P=0-Ti) compared to the gas phase species. Such frequencies are seen for the

chemisorption structures on the pristine surface, structures A, B, and C, wherein A sarin is
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interacting with the surface with only one P=O-Ti bond while in B and C, an additional P-OPr-Ti
or P-F-Ti interaction is created. The modes associated with these frequencies are not purely located
on the P-O bond but show small couplings with deformations on other ligands of P. For C, which
is the most stable chemisorption structure, one mode is lowered to 1125 cm™ and can be described
as a P=0 stretch, coupled with the O of the alkoxy ligand in a symmetric (O-P-O) stretch modes,
which is seen in the experiment. Adsorption modes on defective surface E and F (P=O occupies
an O vacancy with either F or O-Pr interacting with Ti) also show similar (O-P-O) stretch modes.
Amongst all structures, these calculated (O-P-O) stretching modes at 1125-1173 cm-1 are slightly
overestimated in comparison with the experimental peak assigned to (O-P-O) at 1090-1145. All
sarin adsorption configurations possess the (C-O-(P)) stretch modes and the (P-CH3) seen
experimentally, with significant weakening of the frequency for geometry B and F. Note that the
experiment was performed on a powder P25 sample which contains a mixture of anatase and rutile
phase of titania. Vibrational modes on the anatase phase of the sample might differ somewhat and

are not included in the calculation.

Table 2. 2 IR band assignment comparison between sarin adsorption experiments at room temperature
(ref 13)and theoretical frequencies for molecularly adsorbed sarin. Corrected frequencies are shown in

parentheses. *Data unavailable in reference.

IR band Molecularly adsorbed
exp theory theory theory | theory | theory
assignment (A) (B) ©) (E) (F)
v(P-0O) 1271- 1180, 1190 1171, 1167 1159
1200 (1230, 1240) | (1221, 1217) (1209)
vs(O—P-0) 1090 1075
(1125)
Vas(O—P-0) 1145 1116 1123
(1156) | (1173)
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v(C-O—(P)) | 1038 1007 921,917 998 1033 924
(1057) (971, 967) (1048) | (1083) | (974)

v(P—F) * 836 836 727 819 845
(886) (886) (777) | (869) | (895)

8(P—CHs) 1320 1298 1296 1299 | 1291 1293
(1348) (1346) (1349) | (1341) | (1341)

Table 2.3 shows the characteristic IR frequencies for decomposed sarin after thermal treatment.
Experiment at 500 K shows a decrease of intensity for the modes in the region 1271-1200 cm™!, an
increase in the broad region 1200-900 cm™, mainly at 1145-1135 and 1095-1075 cm™!, and a
decrease at 1038 cm™'. From the calculated reaction profiles, on the pristine surface, the most
abundant decomposition intermediate should be C2*n, (Figure 2. 4), where the sarin O-C bond is
cleaved, followed by a rearrangement to form two Ti-O-P interactions. Consistently with the
experiment, no mode occurs in the 1271-1200 cm™! region, while O-P-O stretching modes arise at
1114 and 1088 cm!, associated with the Ti-O-P-O-Ti linkage formed in C2*7,. Since the O-C
bond is cleaved, no mode occurs at 1038 cm™ (where the C-O-(P) stretching mode of chemisorbed
sarin was). The vacancy defects pose a challenge to IR spectroscopy because of their low
concentration. The most abundant intermediate after decomposition on the defective surface
should be the intermediate E4, following sarin P-F bond cleavage. The release of propene from
this intermediate is not accessible at 500 K. This intermediate is similar to IMPA and has three P-
O bonds, two with the surface (one of them corresponds to the filing of the vacancy by the oxo
(P=0) of sarin), hence generating three modes. One of them occurs at 1132 cm-1, close the 1145-
1135 cm-1 enhanced region in the experimental spectrum. The other two (1029, 1054 cm-1) are
lower. The C-O-(P) stretch is present but it is shifted to 1073 cm™, which is close to the
experimental IR band peak assigned to O-P-O stretching, hence compatible with the decrease in

the experiment around 1038 cm™!, initial value of the C-O-(P) stretch in intact chemisorbed sarin.
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Table 2. 3 IR band assignment comparison of decomposed sarin after heating to 500 K between the

experiment and theory. A negative sign (-) indicates disappearing bands and a positive sign (+) indicates

increasing bands.
IR band Heated to 500 K
assignment exp theory theory (E4)
(C2*n,)
v(P-0O) 1271-1200
)
vs(O-P-0) 1095-1075 1038 1082(1132)
(+) (1088)
vas(O—P-0) 1145-1135 1064 994, 979
(+) (1114) (1054,
1029)
v(C-O—(P)) 1038 1023
) (1073)
v(P-F) * 821
(871)
0(P—CH3) 1310 1294 1278
(1344) (1328)

Therefore, the calculated vibrational frequencies validate the surface species obtained with our
total energy calculations, with an ensemble of sarin chemisorbed structures at low temperatures,

and intermediates of decomposition from C-O or P-F bond cleavage after thermal treatment.

2.3.4. Discussion

The complete decomposition pathways of sarin on the pristine and defective surface of rutile
TiO2(110) have been investigated via DFT calculations. On the pristine surface, the most stable
sarin adsorption geometries involve the dative P=O---Tisc bond, with an additional stabilizing
interaction from either the isopropoxy or fluorine groups, with adsorption energies of -1.92 eV (-
185 kJ/mol) or -1.94 eV (-187kJ/mol), respectively. Our results agree very well with the data for

other rutile metal oxides. The adsorption of sarin has previously been theoretically studied on

32



MoO>(110) where the most stable structure found is identical to that of structure C (P=0O-Ti and
F-Ti binding modes) in Figure 2. 2, with a stronger adsorption energy of -229 kJ/mol.%> The
differences in adsorption energies may be attributed to the difference in surface cation acidity
between titania and molybdenum. Additionally, our result agrees well with the work of Quintero
et al. on rutile TiO> (sarin adsorption of -178 kJ/mol vs -187 kJ/mol). A slight difference may be

attributed to the difference in dispersion correction employed.?

On the pristine surface, the cleavage of the P-OCs;H7 or P-F bond of sarin was found to have high
barriers (2.27 eV and 1.77 eV respectively). This behavior has been observed as well on DMMP,
where the cleavage of a P-OCHj; bond requires overcoming a barrier higher than 2 eV.*! On the
pristine surface, the P-F bond of sarin is less difficult to cleave compared to the P-OC3H7 bond,
but still, the barrier is large. On the defective surface, both barriers to cleave the P-OC3H7 or P-F
bond are considerably lowered and they become similar in magnitude. The barriers calculated with
respect to the most stable isomer F1 of sarin are 1.1 and 1.05 eV, for the P-F and P-OCsH7 bond
cleavage respectively. These bonds can therefore be broken on defective TiO, at moderate

temperature (~425 K).

Calculations of vibrational frequencies of chemisorbed species and intermediates enable the
validation of the dominant species proposed by the DFT reaction profiles and the interpretation of
the experimental spectra in details. Two main results arise. First, Intact chemisorbed sarin
configurations can introduce new O-P-O stretching frequencies, compared to the gas phase
spectrum, seen in the room temperature experiment at 1145 and 1090 cm™'. This is especially the
case for the most stable configuration C. When interpreting their room temperature experimental

spectrum, Tsyshevsky et al. interpreted the two new IR modes (1145 and 1090 cm™) as arising
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from decomposition products of sarin via P-F or P- O(Pr) bond cleavage (Pr stands for the
isopropoxy moiety). Our vibrational calculations provide an alternative interpretation as intact
chemisorbed sarin can explain the features at 1145 and 1090 cm™! which is consistent with DFT
calculations (ours and those from Tsyshevsky et al.) which show a sizeable barrier (>1eV) for

decomposition which cannot be passed at room temperature.

Second, our vibrational analysis showed that dissociated sarin formed after temperature treatment
reinforces the occurrence of frequencies at 1145 and 1090 cm™ while decreasing modes in the
higher range of 1200-1271 cm-1. In the presence of oxygen vacancies, unavoidable on rutile titania
in UHV conditions, decomposition at moderate temperature (~425 K) can involve P-F or P-OC3sH5
bond cleavages. The barriers are very similar for these two pathways, but P-F bond cleavage is
more exothermic so products from P-F bond cleavage should dominate on the surface
(intermediate E4). O-C bond cleavage is favored on the pristine surface, and afterward, the
remaining surface intermediate may rearrange to a more stable adsorption geometry. Such a
rearrangement is very accessible as the barrier is very low (+0.35 eV) and the reaction is quite
exothermic (Figure 2. , 4 C2* to C2*n, AE = -0.72 eV). If the intermediate adopts the C2*7,
conformation, further decomposition is unlikely. Our frequency calculations show that both the
formation of C2*1n, and E4 agree with the experimental spectra where Tsyshevsky et.al observe
the disappearance of 1200-1271 cm-1 and an increase of intensity around 1145 and 1090 cm’!

frequencies.
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Table 2. 4 Barrier comparison of the first step of sarin decomposition via P-O, P-F; and O-C bond

cleavage on pristine and defective surface

Bond Pristine surface Defective surface
cleaved (activation T in K) (activation T in K)
P-OCsHy 2.27 eV (>800 K) 1.05 eV (~410 K)
P-F 1.77 eV (~675 K) 1.10 eV (~425 K)
O-C3Hy 1.17 eV (~455 K) 1.39 eV (~535 K)

Upon decomposition, the P-containing intermediate persists on the surface, as P coordinates itself
with surface oxygens. Gas products such as propene may arise from the alkoxy resulting from the
decomposition via C-H bond cleavage. However, the barrier to cleave C-H is very high and both
P-containing intermediates and alkoxy may poison the surface over time. The phenomenon of
surface passivation for sarin is expected and has been before observed on DMMP and DIMP on

titania and other metal oxides experimentally such as cupric, manganese, alumina, and iron oxides.

31,58,95-97

It is also interesting to note that F- is stable on Ti sites. An experimental (FTIR) work by Hirakawa
et.al. suggests that the formation of F-Ti species is favorable on fully hydrated powder titania in
which all the Ti sites are occupied with water and proton molecules. Upon F- ion injection towards
a hydrated titania surface, Hirakawa et. al. observed v(OH) and §(H2O) shift, which indicates that
either the dissociated water molecules (Ti-OH and proton on Oz¢) or molecular H O on Ti sites
are substituted by F- ions.?* Our calculations agree well, as we see large stabilization of the
intermediates in steps involving the formation of Ti-F species on the surface, compared to the

intermediates which involve the formation of Ti-OC3sH7. On a defective surface, P-F bond cleavage
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and subsequent Ti-F and P-containing (similar to IMPA) surface intermediate formation are
exothermic by 0.79 eV. The P-F bond cleavage renders the following P-OC3H7 bond cleavage
difficult, which is in agreement with the experimental observation reporting the presence of IMPA -

like surface fragments.'>?*

Our results shed light on the question of whether DMMP is a good enough simulant for sarin
decomposition reactivity. The decomposition profiles of sarin and its simulant DMMP show
similarities but also key differences. Similarities are: (1) strong adsorption of both molecules which
involves the dative P=O---Tis. bond, (2) difficult P-OR/P-F bond cleavage on the pristine surface,
the O-C bond being the easiest to cleave on the pristine surface, and (3) the decrease of the barrier
for P-OR (or equivalently P-F) bond cleavage in the presence of O vacancies. The key difference
between sarin and DMMP chemistries lies in the presence of the P-F bond itself in sarin and not
in DMMP. The P-F bond cleavage is significantly less difficult than the P-OR bond cleavage on
the pristine surface. Additionally, the Ti-F formation upon P-F bond cleavage is much more
favorable than the Ti-OC3H7 formation. As a consequence, there is a pathway initiated by P-F bond
cleavage for sarin, which is absent for DMMP. The most obvious difference is in the case of the O
vacancy containing TiO2(110) surface with a first decomposition step of sarin by P-F bond
cleavage possible at 425 K (with much higher exothermicity), while the reactivity of DMMP starts
at 600K by P-OR or O-C cleavage.’! The F substituent also has an influence in facilitating the P-
OR bond cleavage of sarin in the presence of the O vacancy, the energy barrier being 1.05 eV for
sarin versus 1.4 eV for DMMP. An additional bond between P and surface O atoms is created in
the transition state for P-OC3H7 bond cleavage of sarin: the electronegative F ligand positively

polarizes P, which is more prone to interact with surface O atoms.

36



Therefore, DMMP is not an accurate simulant of sarin for chemical reactivity since sarin is

significantly more reactive for decomposition than DMMP.

2.3.5. Conclusion

In conclusion, our analysis shows that the reactivity of sarin on pristine rutile titania is low, despite
the strong adsorption energy, and that decomposition most likely initiates via the O-C bond
cleavage (barrier 1.17 eV) while P-OR (R= C3H7 isopropyl) or P-F cleavage is highly activated
(barriers larger than 2 eV). In contrast on the defective rutile surface containing O vacancies, a
first decomposition step by P-OR or P-F cleavage can occur at moderate temperature (~425K),
with a barrier of ~1.1 eV. The transition state for the P-OR bond cleavage is stabilized by an
additional interaction between P and surface O, facilitated by the electronic effect of the F ligand.
These relatively easy initial decomposition paths for sarin on rutile TiO> in the presence of O
vacancies are in sharp contrast with the reactivity of the less toxic simulant DMMP, for which the
decomposition only initiates at 600K on the same O vacancy-containing model surface. The
formation of the Ti-F bond stabilizes the system significantly which gives thermodynamic
preference towards the P-F bond cleavage. The produced surface IMPA-like intermediate is
unlikely to undergo further decomposition via P-OC3H7 bond cleavage. It may react to produce
propene, but the reaction is significantly activated and requires a higher temperature (585 K).
Frequency calculation indicates that intact molecular adsorption of sarin can explain the
experimental spectrum at room temperature, while further decomposition by C-O or P-F bond
cleavage, presumably at O vacancies, is responsible for the spectral evolution seen at 500K, in
agreement with calculated barriers. This theoretical work, therefore, reconciles theory and

experiments for the sarin decomposition pathway on TiO; surfaces, proposes a pathway for initial
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moderate temperature decomposition by P-F or P-OC3H; cleavage on O vacancies, and

demonstrates the limited accuracy of DMMP as a reactivity simulant for sarin.
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Chapter 3
Unraveling the CO Oxidation Mechanism over Highly Dispersed Pt

Single Atom on Anatase TiO2(101)

3.1. Introduction

Pt group metals (PGM) are widely used in many industrial catalytic processes. However, their
expense and scarcity led to much attention and effort towards singly dispersed supported metal
atoms as these systems provide maximum metal utilization, well-defined active sites, and in some
cases improved catalytic efficiency. Moreover, metal single atoms offer unique electronic
properties due to unsaturated coordination environment and better access to frontier orbitals for
interaction with the support atoms, which allows for chemical transformations that would
otherwise be difficult®®*1% To utilize the full potential of the single-atom catalysts, however, it
is important to understand structure-activity relations and to obtain mechanistic insights for the

relevant reaction.

As Pt is an important catalyst for many industrial applications, including CO oxidation for
automobile pollution control, Pt single-atom (Ptsa) catalysts have been investigated extensively in
recent years®$100:104-106.108-112 “ Amonest metal oxide supports for single atom catalysts, titanium
dioxide (TiOy; Titania) has been gaining popularity due to its affordability, ease of access, and
established routes of synthesis in the literature!!*!'%, Titania exists in three crystal structures,
namely anatase, brookite and rutile at temperatures below 773 K518 There are not many studies
on brookite itself as support for single atoms, not only because it is a metastable phase, but also

119

because it is difficult to synthesize' . Due to its higher surface area and less constrained structure,
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anatase is often found to be the common product phase during the synthesis of titania'?’. Although
both rutile and anatase can anchor metal single atoms, the synthesis of supported single atoms on
anatase TiO: is more accessible and has already been performed!!®!21122. The ease of synthesis,
stability at low temperatures, and ability to stabilize single atoms make anatase TiO» an ideal

candidate as a metal single atom catalyst support.

Despite Titania’s ability to stabilize single metal atoms, the determination of their stability and
intrinsic reactivity under operating reaction conditions is intricate due to the heterogeneity in the
local coordination of these active metal sites and the dynamic changes in their coordination under
different chemical environment and reaction conditions''*12>7126 A combined experimental
(Fourier-transform infrared spectroscopy (FTIR), scanning transmission electron microscopy
(STEM), and X-ray photoelectron spectroscopy (XPS)) and theoretical (density functional theory
(DFT)) study on Rh single-atom catalyst (SAC) on rutile TiO2(110) showed that Rh may adapt its
adsorption site and coordination depending on the gas pretreatment condition'?*. In oxidative
conditions, Rh may substitute the surface Tisc (five-fold coordinated Ti), whereas in reducing
conditions, Rh prefers to be supported on the surface instead of substituting Ti. A recent work by
DeRita et al.''® on TiO»-supported Pt single atoms showed that Pt can be deposited as stable
isolated atoms on anatase TiO2 nanoparticles under various pretreatment conditions: oxidative
(300 °C in 100% O2), mild reduction (250 °C in 10% H3>) and harsh reduction (450 °C in 10% H>).
Interestingly, it was shown that the local coordination and oxidation/charge state of Pt single-atom
species depend on these pretreatment conditions, which in turn impact the stability and activity of
the supported Pt atoms. For instance, 300 °C oxidation, 250 °C reduction or 450 °C reduction
resulted in Pt substituting six-fold coordinated Ti, adsorbed Pt(O>) species, or adsorbed Pt(OH)

species, respectively. The Pt atoms remained isolated in all cases with the Pt(OH) species being
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mobile and adsorbed on both step and terrace sites. In another recent study, Thompson et al.*

showed that Ir SA is adsorbed/supported on anatase TiO» after CO reduction pretreatment with a
gem-dicarbonyl ligand environment and binding to two lattice O from TiO. Under CO oxidation
atmosphere, the Ir SA ligand environment changes where Ir is coordinated to one CO

(monocarbonyl), one lattice O, and two other O from gas-phase O» dissociation.

The dynamic nature of SA Pt species during catalyst pretreatment and under reaction environment
makes it challenging to describe the catalytic activity of highly dispersed single atoms in a level
that connects to the characterization/local geometric structure (resting state) from experiment
alone. This is more so because evolution of the local coordination of these isolated Pt species
during CO oxidation, i.e. the evolution through the reaction cycle is difficult to follow
experimentally unless more than one intermediate can be isolated*>. Moreover, although the
structural details of the isolated Pt sites, their dynamic response to pretreatment environments
causing difference in local coordination, and its influence on chemical reactivity have been studied
by DeRita et al. ''°, the origin of their activity and reaction kinetics, rate-determining
intermediates, and detailed reaction pathways and mechanism are still missing. It is important to
understand these details for achieving guiding principles so that active and efficient Pt catalysts

consisting of isolated single atoms can be designed in the future.

Additionally, it is crucial to understand what role oxygen atoms from the TiO; lattice play in the
CO oxidation mechanism, given that TiO> is a reducible support. This will allow for optimal
selection and tuning of support for single-atom Pt group catalysts. Previously, it has been reported
for CeO»-supported Pt nanoparticles that reactive and mobile/labile support lattice oxygen (O*)

can be supplied by the interfacial sites at the Pt-CeO; interface, where labile/reactive O* can travel
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from distance to react with the adsorbed CO at the interfacial Pt sites, thus enhancing CO oxidation
reactivity'?”1?8. However, the involvement of reactive labile lattice oxygen for CO oxidation on

TiO2-supported Pt single-atom is still unknown.

In this work, we describe the dynamic structure of stable and uniform Pt single atoms (Ptsa
hereafter) deposited on the surface of anatase TiO», their reactivity towards CO oxidation, and the
detailed mechanism of the reaction by combining experimental methods (DRIFTS, STEM, X-ray
absorption spectroscopy (XAS) and kinetic studies) and computational approaches from first
principles (DFT and microkinetic modeling). We studied the local coordination environment of the
Pt single atoms and the CO adsorption behavior on these isolated sites after reduction and during
CO oxidation to identify the rate-controlling intermediate(s) and step(s). We show that the starting
catalyst after reduction is a supported (adsorbed) Pt atom on anatase-TiO, (101) with one oxygen
vacancy (PtagsOvac1). Upon exposure to CO and O3 it turns into Pt(CO) without O vacancy, and
initiates the reaction cycle with competing branching pathways involving Langmuir—Hinshelwood
or Eley-Rideal type CO oxidation. We demonstrate that the first chemisorbed CO generally binds
strongly on Pt and that a second gas-phase CO can be involved favorably in the reaction resulting
in the experimentally observed Eley-Rideal step. Furthermore, microkinetic modelling reveals that
the fractional CO and O reaction orders originate from multiple competing rate-determining
intermediates and transition states. These results demonstrate that CO oxidation may undergo

multi-branch convoluted reaction pathways even on a simple supported single-atom system.

3.2. Computational Methods

Anatase TiO2(101) was chosen as the support because it is the most stable facet, followed by the

(010) and the (001) facets with surface energies of 0.44, 0.53 and 0.9 J.m™%, respectively, with the
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4243 The Vienna Ab Initio Simulation

(101) facet dominating (>94%) the surface of nanoparticles
Package was used for the density functional theory computations (VASP)***. All calculations
were performed using the Perdew-Burke-Ernzerhof (PBE) functional to describe the exchange and
correlation energy. In order to correctly include the van der Waals interactions, the dDsC dispersion

d**. The electron-ion interactions were described by the Projector

correction was adde
Augmented Wave (PAW) approach. One-electron functions were developed on a plane wave basis
set and a 500 eV cutoff was chosen*”>!. Following the Dudarev approach, Ti was given an effective
Hubbard U (DFT+U) parameter of 4.2 eV due to the onsite coulomb repulsion of the Ti 3d
orbitals®>**. The value of 4.2 eV was chosen because it accurately captures the characteristics of
the electronic structure that were seen with TiO: in experimental settings, particularly the localized
nature of electrons on surfaces with oxygen vacancies>*. The electronic energies were converged
within a 107% eV accuracy and atomic force convergence criterion was set to 0.03 eV/atom. The

transition states structures and energies were calculated using the Nudged Elastic Band Method

including 8 images.

The periodic slab of anatase TiO, (101) was cut from a TiO: bulk of lattice constant: a = 3.83 A
and ¢ = 9.63 A. The ab initio thermodynamics analysis to study the stability of Ptsa/a-TiO2(101)

was performed using the following equation:

1
G = ETiOZ(surface)+Pt5A - ETiOZ(surface) - ZEPt4(bulk) (3'1)

To account for the anharmonicity of the vibrational spectra simulation, the values obtained by the
simulation are usually normalized with respect to a reference, where CO gas is the common choice.

However, CO gas is not an appropriate structure to obtain a scaling factor ~ for Pt(+2) species as
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it fails to reproduce the CO stretches of Pt(II)-CO complexes (PtClo(CO).).>> Hence, in this work,

the CO stretch is normalized by PtCl(CO); instead of CO gas phase to account for this error.

3.3. Results and Discussion

3.3.1. Synthesis, Structure, and Stability of Ptsa/a-TiO2(101)

We confirm the presence and the stability of isolated Pt atoms on anatase TiO; using ex-situ
microscopy and in-situ DRIFTS. Ex-situ aberration-corrected high-angle annular dark-field
scanning transmission electron microscopy (AC-HAADF-STEM) images collected after CO
oxidation kinetics experiments (in Figure 3.1 (a) and Figure C.4) show singly dispersed Pt atoms
(enclosed in dashed pink circles) on the TiO> surface even after enduring the high-temperature
reduction pretreatment (350 °C) and prolonged reaction gas environment (after several hours of
CO oxidation kinetics measurement at 160 °C). In-situ CO adsorption DRIFTS at 35 °C on the H»-
reduced state shows a symmetric peak at ~2073 cm (Figure 3.1 (b)) in the vco region
corresponding to the C-O vibrational frequency on the reduced Ptsa. The 2073 cm! peak observed
experimentally matches the DFT-calculated frequency for the most stable adsorbed structure of the
Ptsa under these conditions (2065 cm'; structure labelled “PtagsOvac1” in Figure 3.1 (c)). This
suggests consistency between the synthesized Ptsa species and the modeled Ptsa/a-TiO2(101)
species. An almost identical CO chemisorption peak was obtained after regenerating the catalyst
following CO oxidation, showing the stable nature of the Ptsa/a-TiO; catalyst (see Figure BS5).
Thus, STEM and DRIFTS show that Pt stays as single-atom species supported on anatase TiO»
during CO oxidation. Our DFT calculations and in-situ DRIFTS show that Ptsa/a-TiO2(101) can
adopt different configurations depending on pretreatment condition and gas environment. Figure

3.1 (d) shows the sensitivity of the Ptsa/a-TiO2 (101) structure on the condition prior to CO
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exposure. In reducing conditions, Ptsa is most stable as supported on the two-fold-coordinated
surface oxygen (Oxc) vacancy sites formed on a-TiO» (structure “PtadgsOvaci” in Figure 3.1 (¢)). As
discussed earlier, the measured C-O vibrational frequency on the reduced Ptsa species was 2073
cm™' which matches well with the DFT-calculated frequency of 2065 cm™' corresponding to Pt
adsorbed on TiO> with one O vacancy sites (structure “PtagsOvac1” in Figure 3.1 (¢), (d), and Figure
B.6 (a)). This state represents the initial reduced state of the catalyst before exposing it to the
oxidizing reaction environment, i.e. CO + Oz flow. In contrast, in oxidizing conditions under Oz
(high oxygen chemical potential; right-hand side of the stability diagram in Figure 3.1 (d)), the
most stable species corresponds to Ptsa substituting a six-fold-coordinated Ti sites (structure
“Ptsubti”” in Figure 3.1 (d) and Figure B.6 (a)). The behavior of Ptsa substituting the Ti cation as

1.3% showed a thermodynamic analysis on

dopant has been seen before on rutile TiO,. Tang et a
rutile TiO> where Rh prefers to substitute the bridging Tisc (six-fold-coordinated Ti) sites.
Meanwhile, a combined FTIR and DFT work by Thang et al. suggested that Ptsa most likely adopts
the  supported/adsorbed structure®’. However, a follow up work by DeRita et al. confirmed the
dynamic nature of Ptsa: substituted Pt on six-fold-coordinated Ti (Tiec) site upon oxidation
conditions and supported/adsorbed Pt.asO2 species after mild reduction'®. Since the catalyst in this
study undergoes reduction prior to CO oxidation, the subsequent DFT modeling of the reaction

pathways follows the reduced “PtadasOvac1” structure, as per agreement found by DRIFTS and DFT-

calculated C-O vibrational frequency.
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Figure 3. 1(a) Ex situ AC-HAADF-STEM images of the SA Pt/TiO; sample taken after the reduced
sample went through the CO oxidation kinetic experiment, showing the singly dispersed Pt atoms as
enclosed in pink circles. (b) In situ DRIFTS spectra of CO adsorption at 35 °C after H, reduction
pretreatment. H; reduction pretreatment was performed at 350 °C for 2 hr. (c) Calculated structure and
vibrational frequency of CO adsorbed on Pt SA supported on anatase TiO; which corresponds to the
reduced state of the catalyst and the starting catalyst for the CO oxidation cycle. The frequency value
agrees well with DRIFTS spectrum in Figure 3.1 (b). (d) Stability diagram of the different configurations
of the supported Pts, on anatase TiO; under different gas environments (please see Figure B.6 (a) for

all structures).
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To further understand how CO would affect the stability of Ptsa/a-TiO2(101), a similar study was
conducted with the presence of CO absorbed on all the Ptsa species, with the CO chemical potential
corresponding to the conditions Pco =1 kPa and T =25 °C. Upon exposure to CO, Pt(CO) structure
on the pristine TiO> surface where Pt is supported/adsorbed on TiO2 (“Ptads” structure in Figure
B.6 (b)) becomes the most stable configuration in a large range of reducing condition oxygen
chemical potential, while in oxidizing conditions, Pt substituting Tisc (“Ptsusi” in) is still the most
thermodynamically stable species followed by the metastable supported/adsorbed “PtagsO2”
structure (see structures in Figure B.6 (b)). The crossing in stability between the Ti-substituting
Ptsa and the supported Ptsa now occurs at a much higher chemical potential (-0.9 eV, compared to
-1.75 eV prior to CO exposure). Therefore, the interactions between CO and Pt decrease the
thermodynamic driving force for  restructuring the Pt atom from adsorbed to substituted in

oxidizing conditions.

3.3.2. Elucidation of CO Oxidation Pathway and Active Species

The oxidation pathways of CO and its Gibbs Free energy diagram were explored using DFT at
experimental conditions (T =160 °C, P¢o= 1 kPa, Py, = 10 kPa) and 5% conversion (Figure 3.
2 (a) and (b), respectively). The supported/adsorbed PtagsOvaci structure was the starting
configuration (structure I in Figure 3.1(c) and Figure 3.2(a)). Calculations show that the reaction
consists of an initiation step and a reactive cycle where the system does not return to the initial
catalyst configuration. The initiation step consists of CO and Oz adsorption on structure I, followed
by an Eley-Rideal (ER) type CO oxidation using a gas-phase CO to ultimately form Pt(CO)
(structure IV in Figure 3.2(a)). The initiation step is very facile as the adsorbing O heals the
vacancy and provides a reactive O adatom, resulting in a large thermodynamic driving force and

a small barrier to form CO> even at room temperature via the ER mechanism (Figure 3.2 (b)). This
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is shown experimentally as the fresh reduced Ptsa catalyst with a CO vibrational frequency of 2073
cm’! gets oxidized when exposed to Oz (Figure 3. 3 (a)) and the CO  peak blueshifts from 2073
cm’! to two peaks positioned at 2087 and 2115 cm™ upon Oz flow. Upon CO re-adsorption the
intensity of both peaks increases, indicating a role of both CO and O> in the initiation cycle.
Notably, the co-flow, or reversing the order of CO and O> flow at 35 °C on the reduced Ptsa state
also led to the same two peaks with similar intensity (Figure B.7 (a)). These two peaks, positioned
at 2087 and 2115 cm™!, merge into a single peak positioned at 2115 cm™! in the initial stages of
heating the catalyst (Figure B.7(b)), which is the same peak observed under steady state at 160 °C
(Figure 3. 3 (b)), and suggests  that the initiation step is facile, but not barrierless, in agreement
with the DFT calculated initiation pathway in Figure 3.2. Furthermore, the CO-Pt peaks obtained
experimentally upon exposure to Oz followed by CO or CO and O co-flow on the reduced Ptsa
agree well with DFT-calculated vibrational frequencies of the states in the initiation cycle.
Specifically, upon O, healing the O vacancy, the frequency shifted from 2065 cm™ (experimental
2073 ecm!) (starting CO-PtadsOvac structure) to 2081 cm! (structure 11 in Table B.3), forming an
adsorbed Pt(O)(CO) species (structure II in Figure 3.2 (a)). Finally, flowing CO leads to CO>
formation via an Eley-Rideal step and results in the formation of state IV with a calculated CO
vibrational frequency of 2106 cm™!, all in very good agreement with the experimental results in
Figure 3. 3 (a). Importantly, the Ptsa remains in the same state as in Figure 3. 3 (b) when cooled to
room temperature (Figure B.7 (c); red spectrum) indicating that this is an irreversible initiation

cycle. As will be discussed below, this is further shown by our calculations as well.

In summary, the initiation pathway starts with structure I and results in a reduced Pt(CO) species
without O vacancy (intermediate IV, Figure 3.2(a)). From this Pt(CO) species, the reaction can
continue via O, adsorption in an n?-manner on Pt (intermediate V). The dissociation of this O>
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results in intermediate VI (Pt(O)(O)(CO)). From intermediate VI, two possible pathways arise: the
formation of CO» via an LH mechanism (black path) that results in the reduced Pt(O) intermediate
(structure VIII(a)) or via an ER mechanism involving an additional CO from gas phase, which is
prone to formation of carbonate (red path, structure VIII(b)). Carbonate formation during CO
oxidation has been observed from experiment via DRIFTS (Figure B.8), supporting this red ER
pathway. Both pathways form a Pt(O) species adsorbed with CO (Pt(CO)(0O), intermediate 1X)

upon adsorption of CO (VIIIa-IX, black path) or release of CO> (VIIIb-IX, red path).

From this Pt(CO)(O) species (structure IX), the reaction can continue via O» adsorption in a
bridging manner between Pt and Ti, immediately followed by an Eley-Rideal CO oxidation from
the gas phase to form CO> with the remaining O adatom (Oaq) of Pt(O)(CO)(O2) (intermediate
X(a), blue path). The barrier ~ along this blue pathway is +0.58 eV (TS Illa-IV). The release of
CO; yields an isomer of intermediate V - the Pt(CO)(O:) species (intermediate XII(a)).
Rearrangement of Pt(CO)(O:) to a more stable isomer is facile via desorption and re-adsorption of
02 (XII(a)-IV-V). Alternatively, the Pt(CO)(O) species can absorb another CO (intermediate X(b),
black path). This path is only limited by the CO adsorption barrier (0.46 eV) and will initiate a LH
type mechanism for the second CO; formation. The barrier to form CO; from intermediate XI(b)
[Pt(CO)(CO)(O)] is very low (0.14 eV, TS 2), and the subsequent  release of CO; regenerates
the initial Pt(CO) structure (intermediate IV). We note that the Pt does not return to state I,
confirming that the catalyst changes irreversibly ~ after  the initiation cycle as was seen from

experiment as well (Figure B.7).

It is interesting to note that both the initiation steps and the reactive pathway do not involve lattice

oxygen of TiO; since all the pathways involve either an Eley-Rideal = or Langmuir Hinshelwood
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type of mechanism with  an O adatom on Pt. This  behavior  has recently been shown with
other TiO; supported SAC. Awork by Liuet al. showcased the CO oxidation kinetics on Ir1/TiO2
to follow mostly an Eley-Rideal mechanism and not Mars-van Krevelen mechanism that would

involve oxygens from TiOz lattice.>®’

Our mechanistic exploration ~ shows a rich complexity of = pathways  involving different
branches with similar barriers. Determining the favored path is therefore not directly possible from

the reaction profile and requires microkinetic modeling as will be discussed below.
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reaction conditions (T = 160 C’, PCO=1 kPa, PO;=10 kPa, conversion = 5%). Surfaces

represented by an inward concave. (b). The reaction pathway consists of an




processes are connected with solid lines, indicating their respective adsorption free energy barrier. For
elementary reaction steps, transition states energy levels are explicitly indicated (labeled TS X) and linked

by dashed lines.

3.3.3. Kinetics of CO oxidation: Microkinetic Analysis

Microkinetic Modeling (MKM) was employed to further understand the kinetics of CO oxidation
on Ptsa/a-TiO2(101). As the system does not return to the initial PtagsOvac1 structure (intermediate
I) at steady-state, the microkinetic modeling was built on elementary reaction steps which describe
the reactive cycle only. A list of elementary reaction steps describing the reactive cycle was  built
for the microkinetic analysis (Table B.2). The MKM employed Gibbs Free energies at
experimental reaction conditions (T = 160 °C, Pco = 1 kPa, Po, = 10 kPa, conversion = 5%).
Details of the MKM setup are listed in the supporting information (Table B.2 and associated

discussion).

The MKM was run towards steady state. The most abundant intermediates on the surface were
Pt(CO) (structure IV, 35.5%), Pt(O2)(CO) (structure V, 26.8%), Pt(CO)(CO3) (structure VIII(b),
19.6%), and Pt(O)(0O2)(CO) ( structure X(a), 16.8%) (all shown in Error! Reference source not f
ound. (d)) . We note here that intermediates [V and V are the most abundant species under
steady-state and have CO vibrational frequencies of 2106 and 2116 cm™', respectively,
providing a detailed interpretation of the CO vibrational frequency of 2115 cm™! that we
experimentally observe during steady-state CO oxidation at 160 °C (Figure 3. 3 (b)). However,
species VIII(b) and X(a) were not observed as distinct peaks in DRIFTS (Figure 3. 3 (b)) likely
due to their small contribution and their CO vibrational frequency (2137 and 2156 cm’,

respectively; Table B.3) falling in the same range as the large gas-phase CO peak. It is important
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to note that CO bound on structure IV and V are strongly chemisorbed with calculated binding
energy of -3.76 eV and -1.51 eV, respectively. Strong CO binding is observed experimentally as
well from temperature-programmed desorption (TPD) of the chemisorbed CO observed during
steady-state CO oxidation (Figure 3. 3 (b)). The estimated binding energy was ~140 kJ/mol or -
1.45 eV (see Figure B.11, Table B.5, and associated discussion for TPD procedure and analysis).
Since any adsorbed O» would be desorbed during the TPD process, this experimental value would

correspond to the CO binding energy on structure IV rather than on structure V.
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Figure 3. 3 In-situ/operando CO adsorption DRIFTS spectra for PtSA/TiO; (a) under different gas
environments at 35 °C on the H; reduced state and (b) during CO oxidation at 160 °C and under different
duration of N2 flush of the reaction gas environment afterwards. (c) The White Line Intensity (WLI)
region of the in-situ XANES spectra for Pts after CO oxidation compared against three standards — Pt
foil, PY**, and Pt*. (d) Surface coverage along the MKM simulations for the primary Pts./a-TiO; species
present during CO oxidation. In the legend, we indicate the corresponding CO vibrational frequency in
cm’™ (above the line) and the formal Pt oxidation state derived from the Bader charge analysis (below

the line; see Table B.4 for more details).
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The MKM ensemble of surface species with significant coverage  is consistent with the Gibbs
Free Energy landscape, which suggests that there are few competing turnover frequency-
determining intermediates (TDI), particularly intermediates IV and V. To estimate the oxidation
state of the Ptsa species, we performed in-situ XAS at 35 °C after CO oxidation at 160 °C and
compared the XANES white line intensity region against that of Pt foil, Pt II [Pt(acac):], and Pt IV
[NaxPt(OH)s] standards (Figure 3. 3 (c)). It is evident from the similar white line intensity of the
Ptsa and Pt(acac): that the Ptsa species after CO oxidation is close to Pt**. From Bader charge
analysis (Table B.4), the Pt oxidation state (Figure 3. 3 (d)) of the most abundant intermediates
(structure IV and V) during steady-state CO oxidation (at 160 °C) were found to be 0 and +2 (Bader
charge 0.16 and 0.82, respectively; see methods for calculation details and Table B.3-4),
respectively. To be consistent with the conditions of the XANES measurements, we ran
microkinetic modeling of the CO oxidation at 27 °C and found that structure V (Pt(O2)(CO)) is
more stable and hence more probable than structure I'V. Therefore, a Pt oxidation number of +2 is
predicted by simulations under conditions similar to the experimental XANES measurements,

suggesting consistency with the experimentally observed oxidation state.

CO oxidation rate measurements under strict kinetic control (Figure 3. 4 (a) and (b)) show apparent
activation energy of 69+2 kJ/mol and fractional CO and O: reaction orders of 0.55+0.15 and
0.36+0.10, respectively. The reaction orders obtained from MKM are  0.24 and 0.46 respectively

for CO and O, qualitatively agreeing with the experimental values.

The turnover frequency (TOF) at 160 °C obtained from MKM on the other hand is significantly
overestimated at 3.3x10° (mol COz).(mol surface Pt)'.s' | compared to the experimental value

of 3.8x10° (mol CO,).(mol surface Pt)"!.s!, indicating that the DFT calculation underestimated
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barriers in the reaction network, which is a general behavior.>’** This is also reflected in the
calculated apparent activation energy of 45 kJ/mol compared to the experimental value of 6942

kJ/mol. A summary of the computational and experimental CO oxidation kinetics is presented in

Table 3. 1.

Table 3. 1 Turnover Frequency (TOF), CO and O; reaction orders, and apparent activation energy (Epp)
obtained from microkinetic modeling under  experimental conditions. TOF, CO order, and O; order

values are at 160 °C and apparent activation energy was measured between 150 and 170 °C.

Kinetic parameter Value obtained from MKM Value obtained from
experiment
TOF (1/s) 3.3x10° 3.8 x107
CO order 0.24 0.55+0.15
O> order 0.46 0.36+0.10
Eapp (kJ/mol) 45 69+2
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Figure 3. 4 CO oxidation kinetic measurements on PtSA/TiO; with turnover frequency (TOF) calculated
considering 100% Pt atoms are singly dispersed, i.e., on the surface. (a) Arrhenius plot (TOF vs 1000/RT)
with the calculated apparent activation energy (Eapp) value. E.,, was measured between 150 and 170 °C
with 1 kPa CO, 10 kPa O, and balance He to atmospheric pressure at 75 sccm total flow rate. (b) Effect
of CO and O; partial pressure on TOF at 160 °C. Gas flow conditions: 0.4-1 kPa CO and 10 kPa O; for
the effect of CO partial pressure; 1 kPa CO and 4-12 kPa O: for the effect of O: partial pressure with
balance He to atmospheric pressure at 75 sccm total flow rate. (c) Surface coverage for model kinetic
simulations including only part of the reaction pathways shown in Figure 3.2 (“black”, “black + blue”’,

and “black + red” paths following colors of Figure 3.2) and corresponding majority structures.

On supported nanoparticles, fractional orders indicate competitive adsorption of CO and O on the
metal and/or a two-site mechanism where CO adsorption proceeds on the metal site while O2

activation proceeds on the metal-support interface. However, on supported single atom catalysts
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the reaction pathway can be more complex due to the ability to adsorb more than one molecule at
the same time as shown above (Figure 3.2) and can involve more than one kinetically relevant
step.>®37 Therefore, a detailed discussion of the experimental and simulated kinetics requires the
computation of the TOF-determining transition states (TDTS), obtained with a degree of rate
control (DRC) analysis*! (shown in Table 3 .2). Several TDTS are obtained along the branches of
the pathway. The greatest DRC (0.45) is obtained for the O, dissociation step along the black
pathway (V-TSI-VI). However, the second Eley-Rideal CO; formation along the blue pathway
(X(a)-TS IIa-XI(a)) also provides a significant DRC (0.24), together with the first CO; formation
along the black pathway (VI-TS Ila-VII(a)). Overall, the MKM results summarized in Table 1,
Table 3. 2, and Figure 3. 3 (d) show that fractional CO and O; order come from multiple competing
rate-determining processes. Our computational results suggest that there is an ensemble of active

surface species and pathways persisting on the catalyst during reaction.

Table 3. 2 Computed Degree of Rate Control obtained from the Microkinetic Modeling (MKM) at
reaction conditions (T = 160 °C, Pco = 1 kPa, Po; = 10 kPa, conversion = 5%) for the TOF-determining

transition states (TDTS)

Label Reaction Type of reaction DRC

R5 | Pt(CO)(0,)[V] > TSI - Pt(CO)(0)(0O)[VI]| Surface, O dissociation | 0.45

R9 | Pt(0)(C0)(0,)[X(a)] + COyos — TS Illa Eley-Rideal, CO; 0.24
- Pt(C0)(CO2)(0z) [XI(a)] formation
R6 Pt(CO)(0)(O)[VI]| > TS Ila Surface, CO: formation | 0.18

- Pt(0)(CO)[VII(a)]

58



R8 Pt(0)(CONIX] + 0z Adsorption 0.05

= Pt(0)(€0)(02) [X(a)]

3.3.4. Origin of Partial Orders and Apparent Activation Energy

The main TDTS of the complete reaction network (TSI) and the main TDI (IV and V) are located
along the black pathway, associated with the re-oxidation of the catalyst. The resulting reaction
order depends on the choice of the TDI species: If structure IV is selected, one O, adsorption step
occurs between TDI and TDTS so that the O; order is 1; If structure V is selected, O is already
adsorbed, hence the order is zero. Since both IV and V have TDI nature, the overall order is a
weighted average, hence close to 0.5. No CO adsorption occurs between TDI and TDTS along this
pathway, so that the CO order should be zero. This is confirmed by a model MKM simulation
where only the black pathway of Figure 3.2 is included (see Figure 3.4 (c) and Table 3.3 ) where

the O> order is mainly unchanged while the CO order drops to 0.03.

Table 3. 3 Results from the decomposed microkinetic analysis of the three simpler reactive cycles

within the complete reaction cycle
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All combined Black Black + Blue Black + Red
TOF (s 33x10° 5.3x10° 42x 103 2.1x10°
CO order 0.24 0.03 0.33 0.01
O2 order 0.46 0.53 0.38 0.2
Eapp (eV) 0.47 0.38 0.29 1.15




The origin of the partial CO order is located in the blue pathway. Structure XI(a) along this path
has a significant coverage (~0.17) and hence some TDI nature, associated with TS Illa as a TDTS
(DRC 0.24). This Eley-Rideal CO oxidation step obviously sees a CO adsorption between the TDI
and the TS, so that the CO order is 1, but no O» adsorption so that the O> order is zero. The
combined orders when mixing the blue pathway with the black pathway depend on the weight in
the rate. A model MKM simulation including only the black and blue paths gives 0.33 and 0.38

for the CO and O order, in good agreement with our qualitative discussion above.

The involvement of a 2" CO from the gas-phase (during the ER steps) has been confirmed by
multiple in-situ DRIFTS experiments. The CO adsorption peak after cooling down (under CO and
O: flow) from steady-state CO oxidation (at 160 °C) to 35 °C and -75 °C shows identical shape
and intensity (Figure B.9). This shows that there are no bare Pt sites (without chemisorbed CO)
during steady-state CO oxidation, indicating that the positive CO order is not due to weak CO
adsorption on bare Pt sites, but rather due to a 2" CO from the gas phase reacting with adsorbed
and/or interfacial oxygen. To investigate further, we performed *CO/!>CO exchange experiments
at 160 °C both in the presence and absence of Oy, i.e. *CO oxidation and *CO pulse (Figure B.10
(a) and (b), respectively). Exchange of 3CO with 2CO occurs during CO oxidation, as evident
from the evolution of the peak centered at ~2066 cm™!, but with an exchange rate (~36% in 30
mins) that is slower than the turnover number in the equivalent time (~5 turnovers in 30 mins)
suggesting a 2" CO is likely involved but that this is not the only CO oxidation pathway. If the
chemisorbed CO was the only one involved in the reaction, all '>CO would have been replaced by
13CO ;

in 30 mins because of the 5 turnovers observed. Interestingly, the absence of gas-phase O»

seems to promote the exchange of *CO with >CO, which was also observed for Ir;/TiO,*. The
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experimental results therefore confirm the simultaneous presence of ER and LH CO oxidation

steps in the mechanism as proposed by our calculations (black and blue paths).

The red pathway introduces the TDI structure VIII(b) (Pt(CO3)(CO) with overall coverage 0.2)
and explains the carbonate formation leading to partial poisoning of the active site. A model
simulation including only the black and red paths (Figure 3. 4 (c)) provides a higher carbonate
coverage (0.6) compared to its overall coverage. This is due to the fact that in the overall system,

the blue pathway opens up an extra channel to consume structure IX and hence the carbonate

structure VIII(b) (Figure 3.2).

If we now focus on the apparent activation energy, it also has a composite nature. Since the
activation energy is an enthalpy, it should be obtained from the enthalpy differences for the TOF-
determining processes (see Figure B.13 in Appendix B). Contributions from the initial O2
dissociation pathway (black path) are —0.25 eV for [V-TSI and +0.76 eV for V-TSI, while from the
red path, the carbonate decomposition corresponds to an enthalpy of +1.5 eV (CO: release), and
from the blue path, X(a)*-TS3(a) is associated to a barrier of 0.33 eV. The overall computed value
is 0.47 eV, corresponding to a rate-weighted combination of the various active pathways, while
model simulations with only part of the paths can provide strongly altered values (Error! R
eference source not found.). For example, only “black + red” path shows an effective barrier of

1.15 eV, while the “black + blue” path shows an effective barrier of 0.29 eV.

The overall kinetics and kinetic parameters  therefore  result from the combination of different
reaction branches in the mechanism. Small energy differences in the profile can change the
contribution of each path in the reaction rate and affect the orders and apparent activation energy.

Computational results can be sensitive to errors in Free Energy values from various
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approximations (DFT energy, entropy values), meaning it is very challenging to obtain accurate
values *’. The impact of the sensitivity of the DFT accuracy is further illustrated in the supporting
information (Figure B.12 and associated discussion). Combining theory and experiment is hence

essential to provide detailed insights in such cases where reaction channels/branches compete.

3.3.5. Conclusions

In this study, we investigated the mechanism of CO oxidation on a single-atom Pt supported on
anatase TiO; (Ptsa/a-TiO7) using a combination of DFT calculations, microkinetic analysis,
experimental kinetic measurements, and several in-situ/operando spectroscopic techniques.
Despite remaining as isolated atoms, Ptsa species shows dynamic coordination behavior under
different gas environments, i.e., oxidative, reductive, and reactive. We show that despite the
apparently simple system of a supported single Pt atom, the CO oxidation reaction on Ptsa/a-TiO>
involves a complex reaction mechanism consisting of initiation steps followed by a reactive cycle
involving multiple competing pathways. As shown by the combination of DFT calculations and
DRIFTS experiments,  under reducing conditions the initial catalyst consists of a Ptsa structure
having an adsorbed/supported Pt atom on the anatase-TiO> (101) with one oxygen vacancy. The
initiation steps consist of CO adsorption and healing of O vacancy with an O> molecule, followed
by an Eley-Rideal type CO oxidation on the surface O> species involving another gas-phase CO
and forming the supported Pt(CO) structure. The subsequent reactive cycle starts from the
oxidation of Pt(CO) with O, and proceeds via competitive CO oxidation events occurring either
from chemisorbed CO (Langmuir-Hinshelwood mechanism) or form additional gas phase CO
(Eley-Rideal mechanism) forming a Pt(O)(CO) species. Another CO oxidation step follows, also
through competition between two mechanisms, completing the cycle to form the initial Pt(CO)
species. Microkinetic modeling reveals that the most abundant intermediates during steady-state
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CO oxidation are Pt(CO) and Pt(O2)CO, both exhibiting CO stretching frequencies close to the
experimentally observed value of 2115 cm™'. The kinetic measurements and the microkinetic
modeling simulations from first principles show fractional positive CO and O» orders, originating
from an O dissociation and an Eley-Rideal CO, formation steps exhibiting the highest degree of
rate control. Our study also shows that the reaction pathways proceed with the involvement of
oxygen adatoms directly provided by O; dissociation, and not lattice oxygens as it would be the
case for a Mars-van Krevelen mechanism. Our results show that microkinetic modeling is sensitive
to the uncertainties in energies and barriers from DFT, and without experiments, could lead to
incorrect conclusions regarding reaction rate, dominant reaction pathway, and most abundant
reaction intermediates. Overall, our findings shed light on the intricate reaction pathways followed

by even a seemingly simple single-atom catalyst system for a model CO oxidation reaction.
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Chapter 4
Chemical Warfare Agent decomposition on Pt SA/a-TiO»(101):

reactivity & establishing descriptors

4.1. Introduction

The persistent threat posed by chemical warfare agents (CWAs) necessitates the development of
effective and efficient neutralization methods. Among various strategies, the combination of metal
oxide as a support for single-atom catalysts has emerged as a promising solution due to the unique

opportunities to entrap agents on metal oxide>%-6497:129-133

and enhance decomposition by utilizing
the reactivity of single atom catalyst'*!31:13%137 Recent advances in the study of DMMP/GB
decomposition on SAC supported on MOF showcases examples of fruition of this idea. Cu
supported on MOF UiO-66 was seen to be able to facilitate decomposition whereas the MOF was
able to entrap the agent efficiently!*®!*. Cu deposited as isolated metal cations was shown to be
able to actively catalyze the decomposition of DMMP. Furthermore, DFT calculations show that
these cations prevent the over binding of phosphate decomposition products at the zirconia node
by occupying the bridged binding sites. The cationic states of Cu were calculated to be Cu (I) and
Cu (II), with their oxidation states varying based on the pretreatment methods. The two combined
factors of reduced Lewis acid strength and the obstruction of the zirconia node sites showcase the

role of Cu SAC as an active site to facilitate the catalyst performance compared to the pristine

MOFs.

The addition of SAC or nanoparticles could also alter the state of the electronic states on the

surface, making it more favorable to form defects. It has been established before that defects such
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as oxygen vacancies and hydroxyls may facilitate decomposition of CWA?23-26:31.132,137.140,141
Changing the PH or dissociative adsorption of H>O on the surface was shown to facilitate the P-F
bond cleavage onto the surface. Work by Son and Li et. al. showcases the doping of titania with
Au NP encourages the presence of additional oxygen atoms at the Au/TiO> interface****1%2, This
oxygen adsorption leads to charge depletion from the Au atoms, thereby creating more accessible
vacant states to accept electrons from TiO». It is interesting to note that DFT calculations was able
to reveal that the specific facet of titania (Au/TiO2(001)) interface exhibits the greatest charge

depletion.

This chapter continues to investigate the reactivity of Pti/a-TiO2(101) towards various CWAs,
aiming to identify the key reactive species and elucidate the underlying mechanisms of
decomposition. Furthermore, we explore a range of descriptors that govern the reactivity of this
catalyst system by first investigating the stability of 13 supported metal catalyst on anatase,
followed by its reactivity using the key intermediates found during the decomposition of GB on
the Pt system. These descriptors include properties that may be inherent to the metal: d-band center
and Lewis acidity. This study aims to deepen the understanding of CWA decomposition
mechanisms on Pti/a-TiO2(101) and to establish a set of reliable descriptors that can predict
catalytic performance. This work not only contributes to the field of chemical defense but also

enhances our understanding of single-atom catalysis in environmental detoxification applications.

4.1.1. Computational Set-up

For the density functional theory (DFT) simulations, the Vienna Ab Initio Simulation Package
(VASP) was employed’®. These calculations utilized the Perdew-Burke-Ernzerhof (PBE)
functional to define exchange and correlation energies, complemented by the dDsC dispersion
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correction to accurately account for van der Waals forces’***’. The electron-ion interactions were
modeled using the Projector Augmented Wave (PAW) method, and a plane wave basis set with a
500 eV cutoff was adopted®>!*3. Titanium d orbitals was assigned an effective Hubbard U
parameter of 4.2 eV, following the Dudarev approach to DFT+U, to capture the electronic structure
details consistent with experimental observations of TiO», especially the localized electron
behavior on surfaces with oxygen vacancies'**!%°. The calculations aimed for electronic energy
convergence within 10 eV and atomic force convergence at 0.03 eV/atom. Transition state
structures and energies were determined using the Nudged Elastic Band Method with eight

intermediate images.

The computational model utilized a periodic slab of anatase TiO2(101) cut from a bulk TiO> crystal
with lattice constants a = 3.83 A and ¢ = 9.63 A. Supported PtO; structure was chosen as it was
shown to be the most stable supported Pt structure in oxidation condition shown in the literature
The surface lattice vectors are: a=19.35 A and b= 16.76 A (Figure 4. 2.). The large unit cell was
chosen in order to avoid intra-cell interaction error. The surface consists of four O-Ti-O trilayers
(12 atomic layers). A vacuum distance of 15 A is set between slabs to avoid periodic interaction in
the z-direction. The bottom-most three atomic layers are frozen to mimic the bulk. The transition
states were calculated using 8 images on a smaller test unit cell (: a=11.61 A and b= 11.18 A).
Found TS was recalculated to confirm the negligible effect of cell size towards the calculated

barrier.
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Row of Tig,

Figure 4. 1 Side and top representation of the unit cell used in the reactivity study. Highlighted Ti sites

in yellow signify the rows of Tis..

4.2. Results & Discussions

The binding modes and strength of DMMP and GB were calculated and shown on Figure 4.1 and
Figure 4.2. Overall, the adsorption of DMMP and GB with strongest adsorption energies of -1.93
eV and -1.61 eV, respectively. The most stable binding mode of DMMP follows an 7,
configuration (Ti-O-P=0-Ti) creating 2 P-O-Ti bond interactions with 2 Tis sites (Figure 4.1 A &
B). Adsorption via the phosphoryl group on Ti (P=0O-Ti) bond only (denoted as n;) reduces the
adsorption energy by around ~0.3 eV (Figure 4.1 C & D). Adsorption on Pt sites on the other
hand, is not very strong. DMMP physisorbs on Pt SA unless the Pt SA rearranges by cleaving the
Pt-O2 bond to accommodate DMMP via the phosphoryl P=O group to form the P=O-Pt bond

(Figure 4.1 E-F).
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Figure 4. 2 Molecular adsorption modes of DMMP on Pt SA/TiO(101) with their adsorption energies.

Different adsorption behavior was seen on GB (Figure 4.2). Sarin adsorbs most favorably on
rearranged Pt SA via dative P=0O-Pt bond (Figure 4.2 A). Second best configuration adopts series
of n;-adsorbed GB on Ti sites surrounding the Pt SA. Unlike DMMP, the 1, configuration either
via additional interaction of -F-Ti or —(C3H7)O-Ti does not offer additional stabilization (Figure
4.2 D, F, G). The size and steric effects of the functional groups of sarin results in it having weaker
binding with Pt/titania overall. Sarin’s isopropyl group is bulkier than DMMP’s methoxy groups,
causing more steric hindrance and reducing the molecule's ability to approach and interact with
the adsorption surface closely. Additionally, the presence of the fluorine atom in sarin can influence
its electronic properties and interactions with the surface and does not offer stabilization with
surface Ti sites. On the other hand, DMMP’s smaller methoxy groups allow for closer and more
effective interaction with the surface, leading to stronger adsorption. Similar to DMMP however,

GB physisorbs weakly on the un-rearranged Pt SA species on the surface (Figure 4.2 1-K).
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Figure 4. 3 Molecular adsorption modes of GB on Pt SA/TiO(101) with their adsorption energies.

4.2.1. Thermodynamic analysis

To quickly identify probable decomposition pathways upon adsorption, select ensembles of most
stable and interesting molecular adsorption modes are used to investigate the thermodynamics of
decomposition of both DMMP and GB via all possible bond cleavages (Figure 4.3). Yellow, green
and black highlight represent structures being adsorbed on the titania whereas the blue highlight

represents GB/DMMP adsorbed on the restructured Pt SA.

Let us first look at the thermodynamics of DMMP (Figure 4.3 top left). DMMP adsorbed on Pt

can favorably cleave an O-C bond, transferring a -CHj3 group to an oxygen adatom, forming the
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remaining (O)P(CH3)(OCH3). For adsorption modes where DMMP is adsorbed on Ti sites,
however, there are clear endothermic trends to cleave the O-C bond cleavage. This was the
opposite behavior compared to the undoped surface, in which the O-C bond cleavage was the most

facile pathway.

In the case of P-O bond cleavage, DMMP adsorbed on Ti on the same Tisc row as the PtSA catalyst
via 17; mode (yellow) and those on different row via , mode (black) are not viable for P-O and P-
C bond cleavages for a couple of reasons: (1) the adsorbed DMMP is limited by distance to perform
P-X cleavage, while transferring a methoxy or methyl onto the Pt and (2) the long pathway (>6
Angstrom) for P center to rebind with the nearest surface Ozc. As we have found in the literature,
long pathway for P-O rebinding after P-X bond cleavage results in extremely high barrier and thus
is unlikely to happen. An exception was intermediate ‘green’ where the DMMP is absorbed on the
neighboring Tisc row of those on which Pt SA resides. This positioning creates an accessible
pathway to cleave P-O or P-C bond while keeping the P center fully coordinated with surface Oac.
Both of these processes (P-O and P-C) are exothermic by -1.17 and 1.39 eV for P-O and P-C

respectively.

GB seems to exhibit a similar trend with DMMP, where O-C bond cleavage is in general
endothermic no matter which site GB is being adsorbed and exothermic trend for P-X bond via
GB adsorbing via 1; mode on the neighboring Ti sites across the active Pt SA (green). It is
interesting to note that the drive to cleave the P-X bond are not all of the same strength with P-C
being the most favorable, followed by P-O and P-F bond. This behavior was seen before in the
literature where P-F bond was deemed to offer less thermodynamic drive, but lower barrier to

cleave. From adsorption to P-O, P-F and P-C bond cleavage, the energy stabilization stands at (AE,
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eV), 0.82, 0.72 and 1.47 eV respectively. There is a stark difference in the P-C bond cleavage
behavior between GB and DMMP, perhaps due to the difference in electronic properties stemming

from the -F group.

Literature suggests that C-H bond cleavage to trigger propylene release is the most favorable
channel of decomposition seen on the pristine surface. Our calculations showcases that this process
is uphill in electronic energy by average of ~0.7 eV, although this does not rule out the possibility
that the release of propylene may allow for this process to be favorable due to the contribution of
the propylene gas phase entropy. We conclude that DMMP/GB adsorbing on Ti via 1, mode
(green) is the most reactive adsorption mode and further kinetic study was performed on this

intermediate.
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Figure 4. 4 Thermodynamic analysis of O-C, P-O, P-C, C-H and P-F bond cleavage for DMMP (top
left) and sarin (top right). The selected ensemble of molecular adsorption for the thermodynamic study
is shown on the middle bottom panel. The colors on the energy diagram correspond to each molecular

adsorption mode shown.

4.2.2. Kinetic analysis

After confirming the most reactive adsorption modes and favorable bond cleavages, the
decomposition of DMMP and sarin via P-O, P-C, and P-F bond cleavage pathways was calculated

alongside its barriers.

For DMMP (Figure 4. 4, left), the P-O bond cleavage results in the formation Pt-OCHj3 and a

phosphoryl intermediate, with an activation barrier 1.1 eV, much lower than the previously
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reported system of pristine titania (rutile) of 2.2 eV. In contrast, the P-C bond cleavage pathway
exhibits a significantly higher activation barrier of 2.25 eV. This higher barrier indicates that P-C
bond cleavage is a less likely pathway under standard conditions. The relatively low barrier for the
P-O bond cleavage and the fact that it is the only exothermic pathway for DMMP, suggest that P-
O bond cleavage would be the primary reaction channel for DMMP. However, one must remember
that in order to activate DMMP, it has to reorient from the most stable adsorption mode at -1.93
eV towards the activated adsorption mode at -1.58 eV (A-D), climbing the potential energy surface
uphill by 0.35 eV. This makes the effective rate limiting barrier at 1.45 eV, making this reaction

possible at approximately 562 K (using Transition State Theory approximation)

Sarin, on the other hand, demonstrates a similar preference for the P-O bond cleavage pathway,
resulting in the formation of an isopropyl on Pt and a phosphoryl intermediate with an activation
barrier of 0.75 eV. The P-C bond cleavage in sarin, has a barrier of 2.19 eV, further supporting the

conclusion that P-C bond cleavage is less favorable.

Notably, the P-F bond cleavage pathway in sarin is also energetically feasible, but with much
higher barrier of 1.35 eV in comparison to the P-O bond cleavage (0.75 eV). The reasoning behind
this is that unlike the transfer of isopropoxy, Pt SA was not able to stabilize the ‘bridging’ Pt-O4
planar-like intermediate using the interaction with the fluorine group; where the P-F bond is
elongated to facilitate the new Pt-F bond, while at the same time interacting with the surface Oxc.
Hence, the most probable channel of decomposition on sarin would also proceed via the P-O bond

cleavage, with an effective rate limiting barrier of 0.84 eV (326 K).

The reaction energy diagrams for these pathways illustrate the similar chemistry between DMMP
and Sarin, with sarin being slightly more active. For both molecules, decomposition via P-O and
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P-F bond can be achieved via mild heating. The lower activation barriers for the P-O bond cleavage
pathways in both DMMP and sarin underscore the primary role of Pt SA in the decomposition
processes, due to its unique interaction with the methoxy/isopropoxy group in the decomposition
of DMMP and sarin. This finding of course raises a question of whether DMMP is a good simulant

for sarin, particularly to describe the reactivity of fluorine group on sarin.
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Figure 4. 5 Reaction pathway for P-X (X=0OCH3, OC3H; or F) bond cleavage. Pathway for DMMP shown
in left and sarin shown in right. The naming nomenclature follows the ID assignment from Figure 4.3

and 4.2.

4.2.3. Descriptor screening across transition metal

In our investigation, we first focused on studying the reactivity for Pt SA, which served as a
benchmark for our subsequent analyses. Utilizing key intermediates and the so called ‘bridging’
state identified in this preliminary reactivity study, we expanded our scope to screen the reactivity
of ten additional metals. This comprehensive screening aimed to identify metals that exhibit

optimal reactivity and stability for our target reactions.
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The stability of 10 selected transition state metal as a single atom supported on anatase titania was
explored and calculated using the ab initio thermodynamic principles. As shown in stability
diagram (Figure 4. 6), amongst all 10 metals, the system tends to adopt either an MO or MO» type
of species on the surface (M=Metal). The stability diagram generally follows the electronegativity
trend of the periodic table very well. Highly oxophilic (less electronegative) transition metals such
as Pt, Ir, Rh and Ru adopt the MO; structure whereas highly electronegative species adopt the MO
structure. Few metals with oxophilicity in between the two extremes are Co, Fe and Pd which
seems to have competing MO and MO stable states. This can also be correlated very well with
the respective metal oxidation states. Metals that exist in more cationic phase (eg. Pt4+, Rh6+,
etc.) tends to adopt the MO states. This would also imply that the presence of less oxophilic metals
such as Ag, Cu which exist in +1 oxidation state as a single atom seems to be unlikely. Although
it is unlikely, for the sake of comparison, these systems will be included in the descriptor and
reactivity study. Based on the stability diagram, 13 systems were chosen for further descriptor

search: AgO, CuO, PdO, PdO., NiO, CoO, CoO», FeO, FeO,, PtO,, RhO2, RuO,, IrO».
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Figure 4. 6 Stability plot of 13 selected single metal atom catalysts plotted as a function of oxygen
chemical potential. The vertical red line denotes oxygen chemical potential corresponding to the ambient
condition. Each line color correspond to a chemical formula; MOy (M: Metal, x=number of oxygen

adatom).

In heterogeneous catalysis, the volcano plot is a common way to visualize the relationship
between catalytic activity and the binding energy of a key intermediate. The plot typically shows
catalytic activity on the y-axis and a descriptor, such as the adsorption energy of the intermediate,
on the x-axis. The characteristic volcano shape suggests that there is an optimal binding energy

that maximizes catalytic activity. If the binding is too weak, the intermediate does not adsorb
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sufficiently, leading to low activity. Conversely, if the binding is too strong, the intermediate cannot
desorb easily, also resulting in low activity. At the peak of the volcano, the binding energy is just

right, resulting in the highest catalytic activity.
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Figure 4. 7 (a) Volcano plot correlating the thermodynamic drive to cleave the P-O bond with the 'barrier’
across all selected 13 transition state metals single atoms. (b) the schematic of parameter defining the

activity (A Epriaging) and thermodynamic (AEp.o).

A volcano plot-like relationship was discovered in relation between the 13 d-transition metal for
based on the key intermediates found in the decomposition pathway on Pt system, namely: (1) the
quasi-stable ‘bridging’ Pt-O-P structure, as it facilitates the P-O bond cleavage, (2) the cleaved P-
O bond intermediate (Figure 4. 7). In this particular ‘volcano’ plot, the trend illustrates the
relationship between the thermodynamic drive to decompose the isopropoxy group and its kinetic
(barrier). What is interesting to note, is that there is an interesting correlation; metals on the right
side of the volcano plot, with weak (even endothermic) thermodynamic drive, correlates with more
unstable TS-like bridging state to cleave the P-O bond. This is clear, since the binding of the metals
is endothermic with the isopropoxy, it would less likely facilitate the formation of the bridging
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intermediate. Conversely, catalysts on the left side, with stronger binding energies, also exhibit
low activity because the isopropoxy binds too strongly, hindering the formation of the penta
coordinated P-center of the GB with the surface Oz.. Amongst metal which have favorable
thermodynamic, fortunately, the energies of the bridging intermediate seems to be on a rather

acceptable range that can be accessed with a mild heating.

Among the systems investigated, PdO, RhO>, and RuO; were found at the peak of the volcano
plot, indicating their optimal balance between the thermodynamic drive to cleave P-O and
accessibility of the bridging intermediate, ideal to facilitating efficient decomposition. On the other
hand, it is interesting to note that metal with either low oxophilicity or interesting magnetic
properties such as AgO, NiO, FeO2 and CoO: does not exihibit stable ‘bridging’ intermediate. For
Ag, this could be due to the mismatch of the oxidation state that was enforced upon it being
supported as AgO species (Ag (II)) and its commonly found oxidation states which are Ag(I) or
Ag(IIT). Not to mention Ag (and Ni) is a metal with low oxophilicity, yielding to weak interaction
with the isopropoxy. This can be seen by the AEp_, of Ag and Ni being +0.13 and -0.08 eV

respectively. One could also argue the fact that FeO, and
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CoO2 does not have a bridging state lies in its metal-oxygen bonds nature. If we take for example
Pt-O and Pd-O, the nature of the metal-oxygen bonds in Pt and Pd oxides includes significant -
backbonding due to the availability of d-orbitals. This backbonding stabilizes the planar MO4
geometry. Whereas Co-O and Fe-O do not have the same extent of d-orbital overlap with oxygen
p-orbitals of the isopropoxy. This limits the ability of these metals to stabilize planar structures
through n-backbonding, making them favor octahedral or other non-planar structures for increased

stability.

It is also interesting to note that this volcanoic relationship does not give a holistic picture towards
the complete reactivity behavior between the screened metals. One would expect that the ability
to cleave the P-O bond would translate into the P-F bond. This is not entirely true. Figure 4. 8, a
showcase the relationship between the drive to cleave the P-O and the P-F bond. Metals with high

electronegativity and low oxophilicity have significantly huge deviation from the expected
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Figure 4. 8 (a) Comparison of the change of energy to cleave P-O vs P-F bond. (b) adsorption energy of
sarin on various system compared between two different modes: on Ti sites (""Ads Ti") and on the active

metal (""Ads on Metal")
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Another point that one should consider is the energy required to bring the simulant or agent from
the most stable adsorption mode towards the activated adsorption mode. Figure 4. 8 (right)
showcase the adsorption energy trend across the system on two adsorption modes: on M site and
on Ti (activated) site. There is a wide range of adsorption energy on the metal site from -1.34
(FeO?) To -1.90 eV (PdO), a deviation range of 0.56 eV in comparison to GB adsorbing on the Ti
sites (average of ~-1.25 eV across all metal, not including few exceptions: PdO, NiO, CoO; to be
discussed later). This imbalance in adsorption energy is important because as we have shown
before, the GB must migrate to the nearby Ti site to allow active metal to initiate favorable
decomposition of P-X bond. Previous volcano plot suggested that PdO to be a promising candidate
due to the ideal thermodynamic drive and accessible ‘bridging’ (TS) state. However, the strong
adsorption of GB on Pd (-1.90 V) and weak adsorption on Ti (-0.85 eV) means that on this system,
GB must climb 1.05 eV in potential energy surface before initiating the P-X bond decomposition.
This means, even though the bridging state of GB on PdO is more stable than molecularly adsorbed
GB (-0.40 eV w.r.t. adsorbed GB on Ti), giving the illusion that P-O bond cleavage is barrierless,
the potential effective barrier will still stand at 1.05 eV to account for GB diffusion from Pd site to
Ti site. Morris et.al. suggest that Ti sites with stronger Lewis acidity helps increase the binding
strength and dissociation of P-O bond cleavage of DMMP on titania. The strong adsorption of GB
on these few select system may indicate a different pathway at play that is different from what we
have seen on the Pt SA system. Secondly, adsorption of GB on Ti site seems to show consistent
stable strength across d-transition metals with few exceptions: PdO, NiO, CoO. Suggesting that
the metal modified the electronic structure of the Ti sites. Literature suggests that the deposition
of these metal can significantly increase the formation of oxygen vacancy, which could alter the

binding strength of GB on Ti sites.
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4.2.4. Relating the activity with the d-state center of active SAC

The d-state (or d-band on bulk metal) center is one of the most used concepts to understand the
catalytic activity of transition metals. Norskov et. al. show that the position of the d-band center
relative to the Fermi level can influence the strength of adsorption of reactants and intermediates
on the metal surface, in which this understanding can be further expanded towards the Sabatier
principle to ultimately guess the performance of a catalyst. This understanding is key to describe

why certain metals are better catalysts than others.

Figure 4.9 showcases the relationship between few key reactivity parameters such as the
thermodynamic drive to cleave P-O/P-F bond, perceived barrier, and adsorption on Ti sites. For all
catalytic parameters chosen, there is a clear linear correlation for metal systems that have d-state
center lower than -1.8 eV. As the d-state of the metals become farther than the Fermi level (lower
than -1.8 eV), the thermodynamic drive to cleave either P-O or P-F bond cleavage increases and
the binding strength of sarin on Ti sites increases as well (Figure 4. 9), indicating that metals with
deeper d-state center may exhibit better P-X bond cleavage thermodynamics overall and are more
unlikely to be poisoned by the molecular adsorbed sarin on the metal active sites. This correlation
agrees well with the work of Nerskov et. al. which showcases the deeper d-band allows for
deeper/more stable bonding orbitals with the adsorbed molecule. This signify that the metals with
deeper d-state center will form stronger binding with the isopropoxy or fluorine fragment. On the
other hand, deeper d-state suggests higher barrier to cleave the P-X bonds, in agreement with the

Sabatier/volcano relationship found previously.

This simple correlation showcases that by simply checking an inherent parameter of the active
metal catalyst such as d-state center, one can quickly predict the performance of the catalyst to
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decompose CWA. Not only that, the inverse relationship between the thermodynamic drive of
decomposition and the barrier suggests that there is an ideal d-state center values that optimizes
the potential of both parameters, highlighting the potential predicting power of this simple

descriptor to find previously unexplored catalyst systems.
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Figure 4. 9 Various correlations between d-band center and (top left) the thermodynamics to cleave P-F
bond, (top right) P-O bond, (bottom left) adsorption strength on Ti sites and (bottom right) the perceived

barrier (the change in energy to reach the bridging intermediate from molecular adsorption).

4.2.5. Conclusion

In conclusion, we have studied the reactivity of Pt SA/a-TiO2(101) catalyst towards sarin and
its simulant DMMP using DFT. We show the different adsorption behavior between sarin and
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DMMP, where DMMP prefers to adsorb via 1, configuration on 2 Ti sites whereas sarin adsorbs
stronger on the active Pt SA due to the steric hindrance of creating the similar 1, configuration.
However, a quick thermodynamic study shows that the two reactant seems to follow a similar
pathway, where the DMMP/Sarin migrate to a Tis site via n,binding mode (‘activated molecular
adsorption’) on the neighboring row close to the active PtSA site before starting the decomposition.
DMMP and Sarin decompose most favorably via the P-X (X=methoxy, methyl, isopropoxy and
fluorine) bond cleavage, with P-O and P-F bond cleavage showing acceptable barrier ranging from
0.75 to 1.35 eV w.r.t activated molecular adsorption mode and thus can be achieved with a mild
heating. This low activation barrier can be attributed to the Pt SA ability to stabilize the
isopropoxy/methoxy group of sarin/dmmp in their penta-coordinated P center (binding with

surface bridging oxygen). In order to do this, Pt SA adopts a very stable PtO4-planar like structure.

Using decomposition on Pt SA as a base, several key intermediates were chosen to establish
reliable descriptors for predicting catalytic performance. The stability of 13 different d-transition
metal/titania system studied in ambient condition. Metals with low oxidation state exist on the
surface adopting the MO (M=Metal) chemical formula whereas metal that can adopt higher
oxidation states adopt the MO> chemical formula. Key intermediates such as decomposed GB via
P-O bond and P-F bond and the bridging intermediate were recalculated on the 13 metal systems
to uncover an interesting ‘volcano’-like relationship, where the metals which exhibit too low or
too high thermodynamic drive to cleave P-O suffers in terms of kinetics. A deeper study of the
inherent properties of the metal shows linear correlation between Lewis acidity of the metal system
and its d-band center. We showcase that linear correlation can be established for reactivity
pertaining to the P-O bond cleavage, specifically for metals with more Lewis acidity. Overall this
study has deepened the understanding of CWA decomposition mechanisms on Pt SA/a-TiO>(101)
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and has established a set of descriptors that can be helpful in predicting catalytic performance of

SAC/titania system.
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Chapter 5
Decomposition of Dimethyl Methyl Phosphonate on Surface Modified

TiO(110): Cu Clusters and Alkali Atoms

5.1. Introduction

The addition of an active transition metal (TM) to the oxide surface as a supported
nanoparticle (NP) appears to enhance DMMP reactivity. There seems to be a correlation between
the enhanced reactivity and the reducibility of the oxide. Despite this higher activity, the strong
binding of the remaining POx residue also results in difficulties of the removal, which often
poisons the surface.!!"'® More recent studies of single metal atoms supported on the metal oxide
nodes of metal organic frameworks (MOFs), e.g., Cu@MOF-UiO-66, suggest that the isolated
metal cation can be active for promoting DMMP decomposition, while also blocking the bridged
binding site for phosphate decomposition products on the zirconia node. Unlike larger Cu NPs
which are metallic, the single Cu atoms incorporated into the MOF were found to be cationic,
Cu(I) and Cu(II), with the distribution of oxidation states dependent on pretreatment. Theoretical
studies on the Cu@UiO-66 system show that the weaker Lewis strength of the Cu cations and the
blocking of zirconia node sites should result in overall better performance than the pristine MOFs.
In chapter 2, we showed that reduced Ti** cations at O-vacancies act as adsorption sites for DMMP,
but with a slightly lower adsorption energy compared with the pristine surface, consistent with the
lower cation acidity.?” Oxygen vacancies are shown to play an important role in reducing the
barrier for P-OCHj3 cleavage, but the barrier values remain rather high and decomposition is

unlikely below ~600 K consistent with experiments on bare TiO2(110).26°
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In this work, we explored the decomposition of DMMP on ultrasmall Cus clusters
supported on a reducible support, TiO2(110), with and without the presence of an alkali metal
modifier, i.e., K atoms. This combination of materials adopts many modifications expected to
improve CWA decomposition and catalyst regeneration by decreasing the metal particle size to
promote the formation of cationic Cu atoms via direct interaction with the titania support; (2) use
of a reducible oxide, TiOz, to allow the formation Ti*" cations with lower Lewis strength via O-
vacancy formation; (3) adding an alkali modifier (K) to further increase the basicity of the oxide
support to weaken DMMP interactions. The co-deposition of an alkali atom, K, is hypothesized to
enhance the basicity and reducibility of the TiO> support via electron transfer, e.g., K + Ti**
— K* + Ti3* .33 The increased basicity of the surface is expected to weaken the strength of the

P-O-Ti*"*" bonds, making it easier to remove the final POy decomposition products.?>-3

Surfaces of Cus/TiO2(110) and K/Cu4/TiO2(110), noted hereafter as Cu and K-Cu,
respectively, were tested for reactivity with DMMP using near ambient pressure XPS at a pressure
of 1x10* Torr of DMMP. The P 2p and C 1s core level spectra were used to identify surface
intermediates resulting from adsorption and decomposition of DMMP and their stabilities on the
surfaces from room temperature to 800 K. Detailed ab initio DFT calculation were performed to
determine the structures of the Cu and K-Cu surfaces and elucidate the complex decomposition
pathways that involve synergistic interactions between Cu4, K and the TiO: surface. The
calculations show that the Cus clusters strongly promote P-O, O-C and P-C bond cleavage of
DMMP by stabilizing the products of these decomposition and are highly fluxional with atomic
structures that depend on the configuration of fragments bound to the surface. Moreover, the large

number of energetically accessible configurations of decomposition products results in a near
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continuous distribution of calculated P 2p chemical shifts that proposes an alternative approach to

assigning broad, unresolved core level spectra.

5.2. Computational methods

The density functional theory (DFT) calculations in this study were performed using the
Vienna Ab initio Simulation Package (VASP). The Perdew-Burke-Ernzerhof (PBE) functional was
employed, along with a Hubbard U correction of 4.2 ¢V applied to Ti sites to better describe the
onsite coulomb repulsion of the Ti 3d orbitals. This particular U value of 4.2 eV was chosen to
accurately represent the electronic structure observed experimentally in TiO, particularly in
relation to the localized nature of electrons on surfaces with oxygen vacancies. The dDsC
dispersion correction was implemented to account for long-range van der Waals interactions. The
one electron orbitals are developed on a bais set of plane waves, with a cutoff energy set at 500 eV
and the convergence criterion were established at 10" eV for electronic energies and within 0.03
eV/A for atomic forces. To correct for the spurious dipole-dipole interaction between neighboring
slabs in the z-direction, the Harris correction (Makov-Payne) was applied. Transition states were
determined using the Nudged Elastic Band Method with eight intermediate images, with climbing

image turned on after the forces of all images are below 0.1 eV.

The adsorption energies and reaction pathway energies for systems with Cus and CusK

were calculated using Equation 1 and 2 respectively:
EDMMPadS = Eintermediate - ETi02+Cucluster - EDMMP (5'1)

EDMMPadS = Eintermediate - ETi02+Cucluster+K - EDMMP (5'2)
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The 2x5 TiO2(110) surface was built from the bulk crystal structure. The bulk lattice
constants were computed with a gamma-centered k-points mesh of 4x4x4, resulting in values of a
=4.65 A and ¢ =3.02 A. The 2x5 surface lattice vectors were determined from the bulk geometry
asa=13.16 A and b = 15.09 A. This surface comprised four O-Ti-O trilayers, equivalent to 12
atomic layers. A vacuum distance of 15 A was introduced between slabs to prevent periodic
interactions along the z-direction. The bottom three atomic layers were kept frozen to emulate the
bulk. All surface calculations employed a k-point mesh of 1x1x1. Using a larger k-points mesh
(e.g., 3x3x1) or thicker surface models did not yield significant differences compared to our

selected 2x5 surface, calculated at the gamma point.

A total of 22 and 25 isomers of deposited Cus clusters and Cus clusters with K atoms were
manually generated and explored exhaustively. The stabilities of each isomer are expressed relative
to the most stable one. Subsequently 290 isomers of molecular and dissociative DMMP adsorption

were explored on the Cu4/TiO2 and K/Cus/TiO2(110) surfaces.

5.3. Results

5.3.1. Experimental Characterization of Cus/TiO2(110) and K/Cu4/TiO2(110)

Figure 1 provides a summary of the state of the Cu and K—Cu surfaces prior to DMMP exposure.
The level of reduction of the TiO2(110) support was inferred from Ti 2p XPS spectra that were
fitted to contributions from Ti4+ and reduced Ti3+ cations that appeared at lower binding energies.
Figure 1a,d shows that the TiO>(110) surface is only slightly reduced for both the as-prepared Cu
(3.8% Ti3+) and K—Cu (7.5% Ti3+) surfaces; adding K increases surface reduction as expected
for electron transfer to the TiO» support (Figure 1d). The Cu 2p spectrum in Figure 1b is

characteristic of both surfaces with the binding energies consistent with Cu0 and/or Cu'* as these
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oxidation states are too close to be resolved. Moreover, the K 2p binding energies are consistent
with completely ionized K+ when deposited onto oxide surfaces (Figure 1e). (39,50) The Cu LMM
Auger spectra are complicated by overlap with the Ti 2s core level and associated satellites, but
the satellite peak at ~577.4 eV is largely free of overlap and was used to fix the Ti 2s contributions
for the entire spectrum. The relative intensities and peak widths for the Ti 2s states were
experimentally determined from the bare TiO2(110) surface. The least-squares fits included LMM
contributions from both Cu0 and Cu'* along with the scaled Ti 2s peaks, but the Cu0 contribution
was found to be too small to fit with confidence (see the SI for the description of fitting). (51) The
sharp peak near 570.1 eV (kinetic energy of 916.6 eV) is a signature of Cu!", whereas Cu0 has a
characteristic peak near 568.3 eV (kinetic energy of 918.4). As shown in the SI, significant Cu0
contributions are only observed in LMM Auger spectra taken after exposure to DMMP and heating
to 900 K (Figure C. 1). Hence, the fits shown in Figure lc,f only include contributions from the
Cu'* LMM and Ti 2s photoemission peaks; these spectra indicate that Cu!" is the dominant

oxidation state in the Cuy clusters on the as-prepared Cu and K—Cu surfaces.
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Figure 5. 1 Surface characterization using (a, d) Ti 2p, (b) Cu 2p, and (e) K 2p XPS spectra and (c, f) Cu
LMM Auger spectra prior to DMMP exposure for the (a—c) Cuy/TiO(110) and (b—f) K/Cuy/TiOz(110)

surfaces.

5.3.2. Theoretical description of Cus/TiO2(110) and K/Cu4/TiO2(110) surfaces and adsorption of

molecular DMMP

The calculated lowest energy structures of the Cu and K-Cu surfaces are shown in Figure 2.
The Cuy cluster on TiO2(110) maximizes the interaction with the surface by adopting monolayer
structures, either as flat rhombus or square geometries, while the tetrahedral structure lies +0.64 eV
higher in energy (Figure 5. 2, top row). The Cu atoms interact with bridging O atoms of the
TiO2(110) surface. These structures are similar to those found in previous DFT calculations of Cus
clusters on TiO2(110).!72° From the Bader charge analyses shown in Figure 3C, the Cu4 cluster

donates 0.84e to the surface for the most stable configuration, which results in spin density
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localization observed on the two Ti atoms located below the Cus cluster (with values ~1 and 0.1

uB, Figure 3A).

Figure 5. 2 Lowest energy structures for Cuy/TiOx(110) and K/CuyTiOx(110). Values below each

structure denotes the relative stabilities (in eV) with respect to the most stable isomer.

The K atom prefers to interact with both TiOz and the Cus cluster, inducing a deformation
of its geometry (Figure 5. 2, bottom row). The electron charge donated to the TiO; surface
increases to ~1.4e with the addition of both K and Cuy, but the electron transfer is mostly from
the K atom (Figure 3F). Here, the K atom is completely ionized, creating a localized electron on
a surface Ti atom in the vicinity (spin 1 uB, Figure 5. 3D). The Cus cluster donates less electrons

to the surface (~0.5) in the presence of K (Figure 5. 3F). Nonetheless, the calculations suggest
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the presence of cationic Cu®" atoms on surfaces with and without K, which is in qualitative

agreement with the observed Cu LMM Auger spectra (Figure 5. s 1c ad 1f).

Figure 5. 3 (a, d) Electronic spin density for the most stable (a) Cuy/TiOx(110) and (d) K/Cuy/TiO:(110)
structures; (b, e) charge density difference upon adsorption of (b) Cuy and (e) K-Cuy adsorption on
TiOx(110). The yellow and blue color denotes spin up and down density or charge accumulation and

depletion, respectively. (c, f) Electronic Bader charge for (c) Cuy and (f)

The calculated lowest energy structures for binding molecular DMMP on the Cu and K-Cu
surfaces are shown in Figure 4. DMMP prefers to bind to the TiO>(110) surface and not onto the
Cuy cluster or K atom. For the lowest energy configurations (Figure 5. s 4a and 4e), DMMP binds
in an 1,-O-P-O(CH3) configuration to two Tisc*" cations aligned along the [001] direction of the
TiO2(110) surface, while the second methoxy and the methyl groups are oriented perpendicular
along the [110] direction. This DMMP adsorption structure is essentially identical to that predicted

for DMMP on the bare TiO2(110) surface.?>>! On the Cu surface (Figure 5. 4a), the Cus cluster is

92



located in the same row as DMMP and adopts a square geometry by forming four Cu-O bonds

with nearby bridging O-atoms. This is also the case on the K-Cu surface (Fig 4e) although the

2183

Figure 5. 4 Low energy surface configurations for DMMP adsorption on (a-d) Cuy/TiO(110) and

(e-h) K/Cuy/TiO:(110). DMMP adsorption energies are shown below each (in eV).

structure of the Cus cluster is modified by direct interactions with the K atom. For the other low-
lying isomer configurations, DMMP remains mostly bonded to the TiO2(110) surface, but can also

interact with the Cus cluster (Figure 5. 4c) or K atom (Figure 5. 4g).

Although the lowest energy adsorption structures for DMMP on the Cu, K-Cu, and bare
TiO2(110) surfaces are essentially the same, the DMMP adsorption energies show that the addition
of the Cuy cluster strengthens DMMP binding (-2.70 eV), while K addition destabilizes DMMP
binding (-2.19 eV) relative to DMMP on the bare TiO> (110) surface (-2.35 eV). The latter value
was recently reported by Tesvara, et al., using a similar level of DFT.?>! The lower DMMP

adsorption energy on the K-Cu surface is attributed to the additional electron charge donated from
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the K atoms to the TiO, surface as indicated by the calculated Bader charges (Fig.s 3c and 3f).
Lowering the binding energies of DMMP and its decomposition fragments is one of the expected
outcomes of alkali addition, as electron transfer to the TiO; surface should effectively decrease the

Lewis acidity of the Tis. cations and weaken bonds to electrophilic adsorbates like DMMP.

5.3.3. NAP-XPS results for DMMP exposure at room temperature

The P 2p spectra shown in Figure 5 for the Cu and K-Cu surfaces exposed to DMMP at RT
consist of a number of overlapped peaks that extend over a range of ~8 eV. The spectrum for the
Cu only surface (Figure 5.5a) could be fit to four P 2p doublets (labeled Pi-P4) where the peak
widths and doublet separations (0.85 eV) were constrained to be the similar.>? For the K-Cu surface
(Figure 5.5b), the spectrum starts at lower binding energy and requires only three P 2p doublets to
fit the data, with binding energies essentially the same as peaks P>-P4 in the Cu spectrum. By
comparison, the K only surface exhibits only one P 2p peak (Figure 4c), with a fitted binding
energy identical to peak P; in the Cu only spectrum. We note that the K only spectrum was obtained
by moving the small NAP-XPS entrance aperture (~300 um) to the edge of the K-Cu surface where
there was no detectable Cu; the Cuy4 cluster deposition area was limited to region 3-4 mm (dia)

near the center of the TiO2(110) substrate.

150+ (a) Cu/TiOx(110) 1507 (b) Cu/KITiO,(110) 150 (¢) KITiOx(110)

P, P, P,
1004 :1 .2 Ir.:\
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Binding Energy [eV] Binding Energy [eV] Binding Energy [eV]
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Figure 5. 5 P 2p XPS spectra showing phosphorous surface species during exposure of 1x10 4 Torr of
DMMP at room temperature on the surfaces of (a) Cuy/TiO,, (b) K/Cuy/TiOx(110) and K/TiO(110).The

different colored solid lines correspond to least-squares fits.

Table 5. 1 Summary of P 2p and C 1s binding energies for DMMP on TiO;(110) surfaces with and

without Cuy clusters and K atoms, along with data from previous studies on related surfaces
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Surface P: P2 P3 P4 Ci C2 Cs
K/Cu4/TiO2 -—-- 133.7 | 1313 129.3 288.8 287.0 285.5
Cu4/TiO2 134.6 133.3 131.5 129.4 288.9 287.2 285.4
K/TiO2 134.6 n/a -- -- 288.7 287.3 285.8
TiO2? 134.98 - - - -- 287.7" 286.3°
Cu-NP/TiO2" 134.9¢ | 133.7° - - -- 287.7" 286.3°
Ni-NP/TiOz¢ 134.5¢ | 133.7" -- 129.1! -- 287.8" 286.3°
Pt-NP/TiO2¢ 134.88 | 134.0° -- 129.5! - 287.8" 286.3°
284.6°
CuO¢ 133.88 132.8 --- -- 288.1™ 287.1" 285.1°
Cu20f 134.1¢ 133.11 | 132.10 | 128.9' -- 286.4" 284.2°

130.0%

¥ Ref [26] UHV dose at RT
® Ref[12] UHV dose at RT
¢Ref [16] UHV dose at RT

dRef [11] UHV dose at RT

¢ Ref[21] exposure to 1x10* Torr DMMP at RT

f Ref [22] exposure to 1x10* Torr DMMP at RT

£ Chemisorbed DMMP

h PO,

I Methyl methyl phosphonate

O=P(OCH3)(CH3)O

(MMP)

i Phosphinate, O=PH(OCH3)O-Cu

X Phosphine, Cu-P-CHj or O-P-CH;
! Atomic phosphorous, P-Cu or P-O
™ carbonate, CO3*

" methoxy, -OCHj3

° P-CH3

P Pt-CHx
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The binding energies for the best-fit P 2p3» peaks for all three surfaces are given in Table 1
along with those obtained on related surfaces reported in the literature. The 2p3/2 binding energy
for P1 (134.6 eV) is similar to chemisorbed DMMP on bare TiO2(110),%° Ni and Pt nanoparticles
(NPs) supported on TiO2(110)!">3 and bulk Cu0*? and CuO?! surfaces. Additional support for
assigning P to chemisorbed DMMP comes from P 2p XPS spectra which show that Py disappears
from the Cu surface at ~500 K (see Figures 7a and S3b). On TiO2(110) surfaces with and without
metals, chemisorbed DMMP was shown to desorb reversibly and/or decompose at temperatures >
400 K.1-12.1626 Hence, we assign P; to intact, chemisorbed DMMP. As P is the only peak observed
on the K-only surface (Figure 5.5¢), we conclude that the K-only surface is unreactive with respect
to DMMP at RT, similar to bare TiO2(110).2¢?’ Moreover, the fact that P; does not appear in the P
2p spectrum for the K-Cu surface (Figure 5.5b) indicates that intact DMMP is not stable on this

surface at RT and is thereby more reactive than the Cu or K-only surfaces.

The P»-P4 peaks appearing at lower binding energies are assigned to the decomposition
products of DMMP in line with previous studies. In particular, the P 2p spectra for the Cu and K-
Cu surfaces are similar to those obtained for DMMP exposure on a polycrystalline Cu2O surface

using NAP-XPS under identical conditions, i.e., RT and 1x10™* Torr of DMMP.??> On the Cu,O

surface, the P 2p peaks from highest to lowest binding energies were assigned to chemisorbed
DMMP, methyl methylphosphonate (MMP), phosphinate, phosphine (P-CHs), and atomic

).22 These assignments indicate that the degree of DMMP fragmentation and P-

phosphorous (P
atom reduction increases with decreasing P 2p binding energy. Although the P 2p binding energies
for the CuxO surface differ somewhat from those observed here (see Table 1), we can tentatively

and initially assign the P, peaks to MMP and P4 to atomic-P, while the P3 peak results from

unresolved contributions from other species such as phosphinate and phosphine. These
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assignments will be later reanalyzed in the light of the theory simulations. The assignments for P>
(MMP) and P4 (atomic P) are consistent with those proposed for Ni and Pt NPs supported on
TiO2(110), and both are observed at temperatures > 400 K, while only P4 is present after heating
to 850 K.!'** 1In sharp contrast to the results presented here, larger Cu nanoparticles (4-15 nm)
supported on TiO>(110) were reported to be mostly unreactive towards DMMP at saturation
coverage, with only the P> species present at RT and a very small contribution from P4 after heating
to > 700 K.'? Although the DMMP exposure conditions were very different in the latter work, the
results presented here (Figure 5.5) strongly suggest that the small Cus clusters with and without
co-deposition of K are far more reactive than larger Cu nanoparticles on the same support,

TiOx(110).

The C 1s core level spectra for the Cu and K-Cu surfaces taken under 1 x 10 Torr of
DMMP at RT are shown in Figure 6. These spectra were obtained by subtracting the background
spectrum taken under UHV prior to DMMP exposure. This eliminates contributions from
adventitious carbon (Caq) and other species resulting from the decomposition of background gases
during the transfer and exchange of samples in the NAP-XPS instrument. The resulting spectra
could be least-squares fit with three peaks, Ci-Cs, with similar, but not identical binding energies
on all three surfaces. The fitted C 1s binding energies are given in Table 1. Earlier studies of
DMMP on bare TiO2(110)?® and metal NP’s (NPs; Cu, Ni, Pt) supported on TiO2(110)!!-12>3 found
C 1s peaks with binding energies very close to that observed here for C; and Cs; the latter were
assigned to methoxy (*OCH3) and methyl (*CH3), respectively. As shown in the calculations
described later, both methoxy and methyl can be bound to the P-atom in DMMP or DMMP
fragments, and as dissociation products bound to the Cus clusters or Ti*" cations on the TiO

surface. The higher binding energy for the C; peak is in the range for formate (HCOO*) and
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carbonate (CO3*) which have been observed in IR spectra of titania-supported powder systems
exposed to ambient pressures of DMMP.?*?® Here we will identify C; as an oxidized carbon
species, COx. The fraction of COy is small compared to the other carbon intermediates on the all

three surfaces (10-20%).
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Figure 5. 6 Cls XPS spectra taken on the (a) Cuy/TiO(110), (b) K/Cuy/TiO:(110) and (c) K/TiO»(110)
surfaces under 1x10-4 Torr of DMMP at room temperature. The colored solid lines correspond to least
squares fits of the data to three different peaks corresponding to different surface intermediates with

labels C1-C3.

For the bare TiO2(110) surface and larger Cu NPs on TiO(111) surface at RT, Ma et al.,
measured the methoxy-to-methyl (C,:C3) peak ratio to be approximately 2:1 suggesting the
presence of only intact molecular DMMP (see Scheme 1).!2%° Ratios < 1 are typical for surfaces
on which DMMP decomposes via P-OCH3, PO-CH3 or P-CH3 bond cleavage. For the Cu only
surface studied here, the methoxy-to-methyl ratio is 0.34 and is even smaller for the K-Cu surface,
0.26. The smaller value for K-Cu is consistent with the earlier conclusion that no molecular DMMP
is present on this surface. The observed C2:C3 ratios suggest that DMMP decomposition on the
Cu and K-Cu surfaces leads to a build-up of methyl fragments on the surface that could result from
preferential P-CH; and PO-CHs bond cleavage of DMMP or other P-intermediates. Methoxy

fragments could also be lost via secondary reactions, e.g., methanol formation followed by
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desorption, but this is less likely at RT. For the K-only surface (Figure 5.6¢), the ratio is C2:Cs ratio
is larger than for Cu and K-Cu but is still less than one (0.78), which is unexpected since the P 2p
spectrum suggests the presence of only unreacted DMMP on the surface (Figure 5.5c). We
tentatively attribute the K-only spectrum to spillover of C-based fragments from the center of the
sample, where the Cus clusters are deposited, to the edges of the support where only K is present.
Hence, the K-only C 1s spectrum is a likely a combination of chemisorbed DMMP and C
fragments generated from the K-Cu regions (center) of the surface. Overall, the results in Figure 6
indicate that DMMP decomposition leads to a larger fraction of methyl products on the K-Cu and
Cu surfaces. Moreover, the K-Cu surface is significantly more reactive as evidenced by the larger

surface concentration of carbon-based intermediates (~1.8 times more than Cu only surface).

As shown in Figure C.2, the Cu LMM Auger spectra for the Cu and K-Cu surfaces during
exposure of 1x10™* Torr of DMMP at RT are nearly identical to the surfaces prior to DMMP
exposure (see Figure 5.1c and 1f). These results show that DMMP adsorption and decomposition

do not alter the Cu oxidation state, which remains mostly Cu!* in the Cuy clusters at RT.

5.3.4. Temperature dependence

Figure 7 shows the temperature dependence of the P-based and C-based surface species on
the Cu and K-Cu surfaces following DMMP exposure at RT. Heating experiments were performed
under high vacuum (~1x107® Torr) after DMMP was pumped out of the XPS main chamber. The
individual P 2p and C 1s XPS spectra at each temperature from which these curves were derived
are given in SI, Figure C. 3 and S4, respectively. On the Cu surface (Figure 5.7a), the P, P3 and
P4 species drop rapidly with increasing temperature with P; and P3 undetectable above 400 K and

600 K, respectively. The loss of P; at low temperatures is consistent with the assignment to
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molecular DMMP which is known to desorb and decompose on TiO2(110) above 400 K.!!'1226 The
P4 species, assigned to atomic-P, is more stable with ~20% remaining on the surface at 900 K. By
contrast, the P> peak intensity exhibits the opposite behavior and increases by more than 3x from
RT to 900 K. These temperature trends suggest that P3 and P4 species are being oxidized and
converted to P> at higher temperature. This conclusion is supported by the total surface
concentration of P species, which drops when heated to 600 K and then increases to ~80% of its

initial value at 900K where it is nearly equal to the P; signal.
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Figure 5. 7 P 2p (a,b) and C Is (c,d) peak intensities versus temperature for the (a, ¢c) Cuy/TiO(110) and
(b,d) K/CuyTiO:(110) surfaces exposed 1x10-4 Torr of DMMP at room temperature. The DMMP was

pumped out of the NAP-XPS chamber prior to heating the surfaces.
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The surface concentration of the reduced P3 species on the K-Cu surface (Figure 5.7b)
follows a similar trend as the Cu only surface and is undetectable above 600 K. However, the
trends for the surface concentrations of P2, P4 and total P are very different for the K-Cu surface
as compared to the Cu only surface. Specifically, the concentrations of both P> and P4 are
essentially constant from RT to 600 K, while the drop in total P can be largely associated with the
loss of P3 species. Above 600 K, the P4 species falls off rapidly to ~20% of its maximum value,
while P> remains constant till 800 K and then increases at 900K (Figure 5.7b). The drop in the total
P intensity above 600K follows the sum of P> + P4, and is nearly the same as P> at 900 K. Overall,
the total P present on the K-Cu surface continuously drops with increasing temperature to only
~40% of its maximum value at 900 K as compared to 80% on the Cu surface. The temperature
dependent results show that the presence of K atoms enhances stability of the highly reduced P4
species, while also promoting the removal of all P-containing decomposition products at

temperatures > 600K.

The temperature dependence of the C 1s peak intensities after heating the Cu and K-Cu
surfaces are shown in Figure 7c-d (the individual C 1s XPS spectra at 300 K, 500 K and 800 K for
both surfaces are shown in SI, Figure C. 5). The primary difference between the Cu and K-Cu
surfaces is that the initial concentrations of C-species associated with DMMP decomposition are
higher on the K-Cu surface. On both surfaces, the peak intensities for C1-C; decrease rapidly with
increasing temperature and are mostly undetectable above 600 K. The exception is C3 on the K-
Cu surface, where its larger initial concentration extends its detectability to > 600 K. These results
show that the Cu and K-Cu surfaces are mostly free of C-based intermediates resulting from

DMMP decomposition after heating to 600-800 K (see Figure C. 5c and f).
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Figure 8a shows the effects of DMMP adsorption, decomposition and increasing surface
temperature on the state of reduction of the TiO2(110) support for the Cu and K-Cu surfaces (the

individual Ti 2p XPS spectra with fits are given in SI, Figure C. 6). Without K, the fraction of Ti**

is roughly unchanged (~4%) from the as-prepared surface (Figure 5.1a) and increases above 600 K
to about 8% at 900 K. Reduction of the TiO>(110) surface is expected at temperatures > 600 K via
the formation of bridged oxygen vacancies and associated reduced Ti**cations.?* Interestingly, the
K-Cu surface exposed to DMMP becomes more oxidized when heated from 300-600 K, i.e., the
Ti** percentage drops from 8% to 4%, followed by reduction at 800 K. The final state of reduction

is the same for both surfaces at (~8%) at 900 K.
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Figure 5. 8 (a) Ti3+ concentration (%) as determined from fitting the Ti 2p XPS spectra at different
temperatures for the Cuy/TiO:(110) and Cuy/K/TiOx(110) surfaces. (b) K 2p XPS peak intensity versus
temperature for the CuyK/TiO(110) surface. The 300 K data points presented in parts (a) and (b) were
taken under 1 x 10—4 Torr of DMMP, while DMMP was evacuated for the measurements taken at higher

temperatures.

The unusual temperature dependence observed for the Ti** concentration for the K-Cu

surface is attributed to the surface coverage of K atoms, which can be probed by the K 2p XPS
103



intensity. As shown in Figure 8b, the K coverage is roughly constant up to ~800 K, above which
the K coverage decreases by about 30% via evaporation. The loss of K from the surface reduces
electron donation to the TiO2 support and thereby “oxidizes” the surface with a decrease in the
number of reduced Ti*" cations (Figure 5.8a). We expect the bonding of P-intermediates to reduced
Ti*" cations to be weaker (lower Lewis acidity) compared to Ti*" so that they can be more readily
removed from the surface with increasing temperature. This may explain why the K-Cu surface
generates a lower concentration of oxidized P; species at temperatures below 800 K where the K
adatoms are stable (Figure 5.8b). Moreover, the temperature dependence of highly reduced P4
species on the K-Cu surface (Figure 5.7b) exhibits a similar profile as the K intensity (Figure 5.8b)

suggesting that K enhances the stability of the P4 species.

5.4. Discussion

A comparison of the XPS spectra for the Cu, K-Cu, and K surfaces (Figure 5.5),
demonstrates that the presence of Cugs clusters is essential to DMMP decomposition, as no P-based
fragments are observed for the K only surface. The presence of both K atoms and Cuy4 clusters on
TiO2(110) further enhances reactivity with only decomposition fragments and no molecular
DMMP observed on the surface at RT. The K-Cu surface also improves the removal of the
decomposition products at high temperatures. Comparing the results of this work with XPS
experiments of DMMP decomposition on other related surfaces (see Table 1), we can make
reasonable assignments of the fitted P 2p peaks to specific DMMP molecular fragments. Because
the observed binding energies vary for different TiO> surfaces with different admetals, these
assignments are tentative at best without other corroborating evidence such as IR vibrational

spectra under the same experimental conditions. Moreover, the complexity of the ternary
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K/Cus/TiO2(110) system, where the decomposition fragments can bind at TiO2, Cus, or K sites and
their interfaces, could give rise to a much wider range of P 2p binding energies than on the surfaces
of pure materials (e.g., CuxO) or a binary metal-on-oxide surfaces. Hence, it may be more
appropriate to view the P 2p spectra as representing an overlapping distribution of chemical shifts
corresponding to P atoms in many different local environments instead of assigning the
incompletely resolved XPS spectra to a few specific decomposition products. Here, we used DFT
calculations to sample a large number of energetically favorable decomposition configurations for
DMMP on the Cu and K-Cu surfaces to better understand how the Cus and K metals promote
DMMP decomposition and how final state fragment distributions influence the chemical
environment of the P-based fragments. The latter is reflected in the calculated P 2p chemical shifts

(6xps) and the resulting manifold of shifts can be compared to the experimental P 2p XPS spectra.
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Figure 5. 9 Computational exploration of DMMP decomposition intermediates, combining bond

dissociation at the P atom (P-C or P-OCH; bond cleavage) and O-C bond dissociation on (a)
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CuyTiOz(110) and (b) K/Cu TiOx(110) surfaces. “Molecular” indicates non-dissociated chemisorbed

DMMEP. The adsorption energies (AE) of each configuration are referenced to gas phase DMMP.

Possible isomers of decomposed DMMP via the cleavage of one, two, or three O-C, P-O,
and P-C bonds on the Cu and K-Cu surfaces were exhaustively explored (290 configurations). The
adsorption energies of the different chemisorbed DMMP and their decomposition configurations
relative to the gas phase DMMP on the Cu and K-Cu surfaces are plotted in Figure 9. On both
surfaces, the Cus clusters provide a very strong thermodynamic drive for full DMMP
decomposition with many isomer configurations having energies lower than chemisorbed DMMP,
up to 2 eV (~190 kJ/mol) lower. The isomer configuration energies are systematically larger in
absolute value (more negative) for the Cu compared to the K-Cu surface suggesting that the
presence of K atoms weakens interactions between the dissociation products and binding sites on
the K/Cus/TiO2(110). The latter is consistent with the observed temperature trends in Figure 7
where P-species resulting from DMMP decomposition are more easily removed from the K-Cu

surface when heated above 600 K.
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Figure 5. 10 Surface structures for the most stable and unique P-center containing intermediates for
DMMP decomposition on CuyTiO:(110) along with their respective adsorption energies (AE_ads

referenced to gas-phase DMMP) and XPS binding shifts (6_XPS) for breaking one, two, and three bonds.
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Figure 5. 11 Surface structures for the most stable and unique P-center containing intermediates for
DMMP decomposition on K/CuyTiOx(110) along their respective adsorption energies (AE_ads

referenced to gas-phase DMMP) and XPS binding shifts (6_XPS) for breaking one, two, and three bonds.

adsorption energy after breaking one, two, and three bonds in DMMP on Cu and K-Cu surfaces
are shown in Figures 10 and 11, respectively. On the Cu surface, the most stable configurations

resulting from 1-bond and 2-bond cleavages involve breaking O-C bonds to form CHj3 fragments,




while 3-bond cleavages that release three CH3 fragments by breaking two O-C and one P-C bonds
are thermodynamically more favorable. The released CHs fragments bind predominantly to the
Cug clusters or more rarely to O-lattice atoms of the TiO» support. These most stable configurations
therefore generate a large fraction of methyl groups bound to Cu, in complete agreement with the
very low C2:C3 ratio of peaks in the C XPS spectra discussed above. The best two-bond cleavage
configuration is slightly more favorable (§E,.; =-1.99 eV, §E,.; denotes the stability of an
intermediate with respect to the chemisorbed DMMP) than the best one-bond configuration
(6E,e;=-1.75 eV), but the product of the 3-bond cleavage is somewhat less stable (§E,¢=-1.35

eV), although still markedly favored compared to intact chemisorbed DMMP on the TiO; surface.

On the K-Cu surface, breaking only one O-C bond still results in the most stable 1-bond
configuration (6E,..;= -1.27 eV), whereas the lowest energy configuration for breaking 2-bonds
involves one O-C and one P-O bond (§E,.;= -1.85 eV), while the result of two O-C cleavages is
close in energy ( 0 E,.; =-1.71). Similar to the Cu surface, two O-C and one P-C bonds are broken
in the lowest energy configuration for 3-bond cleavages (JE,,=-1.53 eV). In all the
configurations sampled, the CH30 and CH3 fragments are stabilized on the Cus clusters, even in
the presence of K atoms. Again, a large ratio of methyl bound to Cu is formed, in agreement with
the C 1s spectra. The surface structures in Figures 10-11 also highlight the dynamic (fluxional)
nature of Cus clusters, with marked deformations of the structure of the Cus cluster to
accommodate the methyl or methoxy ligands, and the wide range of molecular fragment binding
sites for the remaining P-moieties that determine the local chemical environment and, thereby, the

2p binding energies of these P-fragments.

In order to identify the P-fragments that are most likely to contribute to the XPS spectra,
P 2p binding energy shifts (dxps) were calculated and plotted as a function of the stability of the
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isomer configuration (Figure 12). Stability here is defined as the absolute value of the energy

change with respect to chemisorbed DMMP, i.e.,

Estability = |Eisomer - Echemisorbed DMMPl (5'1)

A more positive value hence means a more stable configuration. The calculated P 2p binding
energy shifts for all the fragment configurations sampled on the Cu and K-Cu surfaces are shown
in Figures 12a and 12b, respectively. The calculated shifts range from -1 to -4 eV, agreeing well
with the experimental data (Figure 5). Moreover, the magnitude of the calculated shifts exhibits
clear trends with (1) the number of bonds broken or fragments transferred to the surface and (2)
the types of bonds cleaved. These trends are evident in Figures 12b-12d and 12f-12h, which
separate the calculated shifts for fragment configurations resulting from 1-bond, 2-bond, and 3-
bond cleavages. Firstly, as the degree of decomposition increases, the binding energy shift
increases. Secondly, for isomers resulting from 1-bond dissociations, the largest shifts are
associated with O-C bond cleavage, followed by P-O and P-C bonds, although intermediate shifts
can also be seen for O-C bond cleavage (Figure 5.10). For 2-bond dissociations, isomers with a P
center that possesses either phosphoryl groups (P=0) resulting from O-C bond cleavage or that
underwent P-O bond cleavage generally have larger shifts. Isomer configurations with fully
reduced P centers, where all the P-O and P-C bonds are cleaved, have the largest calculated shifts,
close to -4 eV. These P centers re-coordinate with Cu atoms and a few surface O atoms for their
stability. Correlations between the calculated P 2p binding energy shifts and the oxidation state
of the P center as inferred from Bader charge analyses are shown in Figure C. 7 and Figure C. 8

for the Cu and K-Cu surfaces, respectively. The latter shows that as the degree of decomposition
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increases, the Bader charge on the P atom decreases, i.¢e., it becomes more reduced, and the binding

energy shifts to lower energies.
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Figure 5. 12 Calculated XPS binding energy shifts on P atom against its stability on Cuy/TiO; (a-d) and
KCuyTiO:; (e-h) referenced to the molecularly chemisorbed DMMEP. Plot b-d and f-h showcase the peaks
obtained from isomers with one, two and three fragment transferred onto Cuys and Cu,K clusters
respectively. The label P-O, P-C and O-C denotes which bonds/combination of bonds are broken (P-0O,

P-C and O-C bonds respectively).

Overall, the calculated trends in Figures 12, S7, and S8 are in qualitative agreement with
previous studies of DMMP decomposition where negative P 2p binding shifts (relative to intact
DMMP) were attributed to fragments with fewer bonds to the P center, with atomic P species
exhibiting largest shift (see Table 1). Here, we identified the P> peaks with a shift of about -1 eV
(w.r.t. to P1, chemisorbed DMMP) to methyl methylphosphonate (MMP). This assignment is
consistent with the calculated 1-bond shifts for O-C bond cleavage on Cu and K-Cu surfaces (Fig.s
12b and 12f); however, binding energy shifts near -1 eV can also include contributions from P-

species resulting from 2-bond breaking processes (O-C and P-O) with similar energy stabilities
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(Fig.s 12c and 12g). Similarly, the P3; peaks with observed shifts near -3.2 eV are likely to be a mix
of P-species resulting from multiple 2-bond dissociations (Figure 5.12¢ and 12g) on both surfaces,
although configurations resulting from two O-C cleavages have the highest calculated stability.
Finally, the calculations suggest that the P4 peaks exhibiting the largest calculated (-4 eV) and
observed (-5.2 eV) binding energy shifts are likely associated with P-species resulting from 3-bond
dissociation processes, i.e., two P-O and one P-C or two O-C and one P-O bond cleavages (Fig.s
12d and 12h). The P 2p peaks observed in this binding energy range on other surfaces such as those
listed in Table 1 are typically assigned to “atomic P.” The lowest energy structures in Figures 11
and 12 show that the most reduced species is a P-atom bonded to two O-atoms and the Cus cluster
on the Cu and K-Cu surfaces. Overall, the calculations show that the apparent peaks in the
experimental P 2p spectra (Figure 5) are not likely associated with any specific DMMP fragment.
Instead, the XPS spectra are better described by a manifold of P-atom chemical environments that
depend sensitively on the final state configuration of fragments on the surface and the number and

type of bonds broken (Fig.s 10-12).

5.5. Conclusions

In this work, NAP-XPS combined with DFT calculations were used to probe the reactivity
of the TiO2(110) surface modified with the deposition of ultra-small Cus4 clusters and alkali metal
(K) atoms for the decomposition of a CWA simulant, DMMP. By itself, TiO2(110) is inactive for
DMMP decomposition except at elevated temperatures. By contrast, the Cusa/TiO2(110) surface is
found to be very reactive, with highly reduced P-species observed even at RT. The co-deposition
of K atoms further enhances the reactivity and also improves the removal of the decomposition

products at high temperatures. The P 2p and C 1s core level spectra, and our DFT calculations,
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indicate that DMMP decomposition on Cu and K-Cu surfaces involves cleavage of P-O, P-C, and
C-O bonds to form chemisorbed methoxy and methyl groups on the surface. Using comparisons
with previous studies of DMMP decomposition on other related surfaces, the incompletely
resolved peaks in the P 2p spectra could be tentatively assigned to specific P-based species,
including DMMP, MMP, and “atomic” P. To gain a more atomistic picture of the decomposition
pathways that lead to the observed decomposition products, detailed ab initio DFT calculations
were performed to determine the surface distribution of decomposition products for a large number
of energetically favorable final state configurations (290) resulting from 1-3 bond cleavages in
chemisorbed DMMP. The calculations show that intact DMMP preferentially binds to the
TiO2(110) surface, although the binding energy is sensitive to the presence of nearby Cus clusters
and K atoms. Moreover, the calculations show that the Cuy4 clusters strongly promote P-O, O-C,
and P-C bond cleavage in DMMP and are highly fluxional with atomic structures that depend on
the configuration of fragments bound to the surface. For each configuration of final state
decomposition products, the P 2p binding energy shift relative to chemisorbed DMMP was
calculated. The predicted energy shifts range from -1 to -4 eV, which is in reasonable agreement
with the energy widths of the experimental P 2p spectra. The magnitudes of the calculated shifts
depend on the number of bonds broken and which type of bond is cleaved, e.g., P-O or P-C. The
largest shifts are associated with P centers where all three P-O and P-C bonds are cleaved and re-
coordinate to Cu at surface O atoms (“atomic” P species). This suggests that the broad P 2p core
level spectra are better described by a near-continuous distribution of P 2p chemical shifts that
arise from a large number of energetically accessible decomposition configurations. When only a
few final state configurations are energetically favorable, this analysis leads to similar conclusions

as the conventional peak fitting approach, where each peak can be “assigned” to a different
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oxidation state. More broadly, this combined experimental and computational study sheds new
light on the interpretation of core-level spectra associated with intermediates resulting from

complex surface reactions.
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Chapter 6
Methanol as a probe for CWA decomposition on highly dispersed Pt

nanocluster on Anatase TiO»(101)

6.1. Introduction

The reactivity of organophosphonate is hypothesized to correlate with the Lewis acidity of
the active metal site’#12-132.136.138146-148 "Dyeyylapalli et. al found that the active site in UiO-67
MOFs responsible for the hydrolysis of DMNP is the metal node and is dependent on the Lewis-
acidic strength of the metal, where weaker acid correspond to lower rate of hydrolysis'*’. Similarly
with DMMP, promoting the Lewis acidity of the active site by introducing highly dispersed
nanoparticles could promote decomposition, as seen before in the case of Cu on TiQ,!3:13%141.142,
The work of Panoyotov examine the reaction pathways of the chemical warfare agent simulant
dimethyl methylphosphonate (DMMP) on nanoparticulate Au/TiO>!*. The infrared spectral
signature of adsorbed CO, a primary reaction product, was used to monitor the oxidation states of
Au and Ti during the reaction. It was shown that small Au particles (<5 nm) on TiO; enhance the
oxidative degradation of DMMP via 2 mechanism: (1) anaerobic pathway, where vapor-phase
DMMP reacts upon adsorption, producing various organic compounds and adsorbed CO. This
initial oxidation pathway likely involves lattice oxygen around the Au particles' periphery. The
second mechanism involves charge transfer from Au particles to gas-phase oxygen, which then
reacts with DMMP adsorbed on TiOz, resulting in complete oxidation of DMMP and CO; release.

It was hypothesized that this charge transfer is responsible for the increase of surface Ti acidity,

thus altering the dative bond of DMMP to favor P-O bond cleavage. These findings suggest either
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NP can: (1) alter the state of the surface or (2) rearrange dynamically by reacting with gas phase

species.

In the examples above, the chemical potential of oxygen and reductive agents determines
the oxidation states of Au in nanoparticulate Au oxide-supported catalysts'**!*°, Thus, the dynamic
nature of SAC seems to be extended as well to highly dispersed supported NP. As we have seen in
the case of supported single atom on titania, understanding the stability of highly dispersed catalyst
is not always a straightforward path. As the size of the cluster increases, the degree of freedom in
which the cluster can rearrange and interact with the surface increases exponentially. Especially in
reaction conditions, the structure of the catalyst may still change, hence adding another layer of
difficulty when one tries to probe the state of the catalyst using traditional spectroscopy methods.
This was evidenced by various studies of highly dispersed metal catalyst ranging from oxidation
to electrochemistry, where the state of the active NP changes as the reaction condition

changes.45’46’“0’137’15 1-153

Methanol oxidation (dehydrogenation) serves as fascinating probe reactions to understand
the Lewis acidity and basicity of a site. By analyzing the products formed, we can identify the
active site involved. Tatibouét'* established that when methanol is exposed to catalyst with very
strong acid sites, formaldehyde becomes a rate limiting intermediate, allowing it to form
dioxymethylene species. These species can react with nearby methoxy groups or adsorbed
methanol to produce methylal. However, at high temperatures, this reaction doesn't occur because
formaldehyde desorbs faster than it reacts to form dioxymethylene species. The equilibrium then
shifts towards the dissociation of methylal as the temperature rises. If both acid and basic sites on

the catalyst system are stronger than required for methylal formation, dioxymethylene species
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oxidize into formate species, which quickly react with methanol to produce methyl formate or
further oxidize into carbon oxides. Conversely, if strong acid sites and very weak basic centers are
present, only dimethyl ether is formed. Thus, the variety of products formed in methanol oxidation

and dehydrogenation may guide us on the nature of the catalytic sites involved.

Extensive research has been carried out to understand the mechanistic details of methanol
oxidation on noble-metal catalysts. In one notable study, Yoon et al. investigated methanol
oxidation on various oxide-supported platinum catalysts'*°. Their findings indicated that a TiO»
support enhances selectivity towards partial oxidation products, such as formaldehyde and methyl
formate, due to increased charge transfer from TiO: to Pt. Furthermore, by controlling the growth
of titania particles, they discovered that partial oxidation products preferentially form on the
Pt/TiO2(001) facets. Complementing this work, Reece et al. employed a combination of
microkinetic modeling and transient product analysis to unravel the mechanistic steps of methanol

155 Their study revealed that increasing the partial pressure of CH;OH

oxidation on nanoporous Au
led to higher selectivity for methyl formate. This was attributed to the high surface coverage of
methoxy groups, which enabled a coupling mechanism where two methoxy species reacted to
produce methyl formate. Importantly, their research demonstrated that the pathway to methyl
formate formation was distinct from the overoxidation pathway leading to CO; and H20. A work
by Sapienza et. al. employed a combination of packed-bed reactor experiments and high-vacuum
surface science techniques to unravel the reaction mechanism of methanol oxidation on a Pt/TiO2
catalyst'>®. The reactor studies revealed that under mild reaction conditions, methyl formate is the
primary product, while complete combustion to CO2 occurs at elevated catalyst temperatures.

Surface science investigations further elucidated that CO» production proceeds through a surface-

bound formate intermediate via multiple proton-coupled electron-transfer steps. Interestingly
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water, produced during the initial methanol adsorption, is crucial for activating the oxidative
pathways of this Pt-based catalyst. Hence it seems that Pt enhances the Lewis acidity of titania
which can be beneficial for the decomposition of GB/DMMP. Understanding these findings and
translating it to the reactivity of DMMP or GB remains to be an interesting question for
computational scientists to address, as the electronic effects between the metal NP and its support
is tightly correlated with it stability in the reaction condition while the experimental elucidation

using traditional spectroscopy methods remains limited.

In this chapter we explored the stability of PtsOx supported on anatase TiO2(101) and all of its
accessible metastable states under reaction condition using the grand canonical basin hopping
algorithm. We then performed methanol reactivity studies as a probe in understanding the role of
the Pt NP in oxidative conditions, by observing its electronic effect towards the support and the
product formed from all possible oxidation pathways; particularly in comparison to the single
atom. It was found that Pt SA facilitate the formation of methoxy species, followed by two
accessible pathway, the CO, + 2H>O formation and the dioxomethylene species that can react to
form methyl formate. On Pt cluster, we observe the cluster would be partially oxidized in oxidative
conditions, adopting the Pt6O10 chemical formula. Pt60O1o adopts a bilayer structure made of planar
PtO4-subunits. Analysis of isomers found by GCBH reveals that this cluster is a very stable global
minima, while providing active O adatoms that may participate in oxidation reactions. Methanol

dehydrogenation study reveals the role of surface O adatoms in

6.2. Computational Methods

6.2.1. VASP set-up
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The density functional theory (DFT) simulations was calculated using the Vienna Ab Initio
Simulation Package (VASP)’?. The Perdew-Burke-Ernzerhof (PBE) functional was used for
defining the exchange and correlation energies, along with the dDsC dispersion correction to
accurately account for van der Waals forces”3%!157158 The Projector Augmented Wave (PAW)
method was employed to model electron-ion interactions, and a plane wave basis set with a 500
eV cutoff was adopted®":33. To capture the electronic structure details consistent with experimental
observations of TiO», particularly the localized electron behavior on surfaces with oxygen
vacancies, titanium d orbitals were assigned an effective Hubbard U parameter of 4.2 eV, following
the Dudarev approach to DFT+U!*. The calculations aimed for electronic energy convergence
within 10 eV and atomic force convergence at 0.03 eV/atom. Transition state structures and
energies were determined using the Nudged Elastic Band (NEB) method with eight intermediate

images.

6.2.2. Cell size for reaction pathway optimization

The computational model involved a periodic slab of anatase TiO»(101) cut from a bulk TiO»
crystal with lattice constants a = 3.83 A and ¢ = 9.63 A. A supported PtO2 structure was selected
based on its stability under oxidation conditions as demonstrated in the literature. The surface
lattice vectors were a = 19.35 A and b = 16.76 A (Figure D.1). A large unit cell was chosen to
minimize intra-cell interaction errors, and the surface consisted of four O-Ti-O trilayers (12 atomic
layers). A 15 A vacuum gap was set between slabs to avoid periodic interactions in the z-direction,
with the bottom-most three atomic layers fixed to simulate bulk conditions. Transition states were

initially calculated using eight images on a smaller test unit cell (a=11.61 A and b = 11.18 A),
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and the found transition state was recalculated to confirm the negligible effect of cell size on the

calculated barrier.
6.2.3. Global optimization using GCBH

The GCBH explorations are carried out by an in-house code (Catal App>*!'3%1¢%) developed by Sun
et.al., which is developed based on the Atomic Simulation Environment (ASE) package in python.
GCBH efficiently explores the configuration and chemical composition of the cluster by

minimizing the free energy of the supported PtsOx cluster at the specific oxygen chemical potential.

Mspecies

G(Pts0,@Ti0,) = E(Pty0,@Ti0,) — Z N,
j=1
Where, E(PtsOx@TiO2) is the DFT calculated electronic energy of the system which is
approximated as the free energy of the slab. This algorithm assumes that the vibrational
contributions are ignored for slab systems considering that those contributions are negligible. The
grand canonical treatment comes from the chemical potential of reacting gas phase species, where
L; is the chemical potential of element type j, and N; is the number of element type j in the system.
To understand the effect of oxidation condition, only the number of oxygen is varied. The oxygen
potential is sampled at 4 different equilibrium conditions: -0.27 eV (ambient condition), -0.5 eV,
-0.75 eV, and -1 eV. The reason for the different points of sampling is because the nature of basin
hopping in which it hops towards the most stable basin, which is defined by the Gibbs Free energy
of formation. These basins are calculated at a specific, pre-defined oxygen chemical potential
equilibrium, and thus the algorithm would risk under sampling the basins (chemical formula) that

could be favorable otherwise at different value of oxygen chemical potential. For example, in
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ambient conditions, the oxygen chemical potential is known to be of small (absolute) value, and
thus one would expect the adsorption/formation of supported oxide would be probable. On the
other hand, in reducing conditions, the oxygen chemical potential increases (in absolute) value. As
a result, the Gibbs free energy of conformers with less oxygen adsorbed in the system would have
much higher basin than those with more oxygen adsorbed in the system. these process is highly
unlikely (oxygen chemical potential is very low) and hence the algorithm would risk
undersampling conformers with less oxygen adsorbed on the cluster. By sampling across ranges
of oxygen chemical potential, we ensure to sample most stable conformers at across wide range of

oxygen pressure.

A total of 9 metallic Pts deposited on smaller unit cell of anatase (a=11.61 A andb=11.18 A) are
used as initial geometries for 9 different basin hopping, each rerun with the 4 oxygen chemical
potential (a total of 36 separate basin hopping run). Select modifiers were employed to ensure
proper sampling: translation, rotation, rattling (parts of the clusters), random displacement of
oxygen adatoms and addition/deletion of O atoms on Pts sites to create a grand canonical ensemble
of PtsOx. Each GCBH step consists of three steps: (a) generating new structure using the before-
mentioned modifiers and the previous local minimum, (b) local optimization of the new-found
structure, and (c) the acceptance or rejection of the optimized new structure. Throughout this
process, the modifiers was not applied on the surface, however, the surface is allowed to relax
alongwith the Pts cluster. Hence, any structural effects of the NP towards the support is properly
sampled. The newly generated structure is optimized in step (b) using the BFGS algorithm in ASE
until the maximum force on the atoms is below 0.03 eV/A. In step (c), the acceptance probability
of the new structure is determined by the Metropolis algorithm, which depends on the free energies

of the new (Gi'") and old (Gi) structures. A temperature of 1500 K is used for this calculation to
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ensure the sampling process does not converge too quickly. Note that this high temperature is only

for the BH acceptance probability and is different from the temperature of the O reservoir.

6.3. Results & Discussion

6.3.1. PtsOx stability and its electronic effect

To explore the possible chemical stoichiometry and its geometry diversity of Pts cluster, the GCBH
algorithm was used to explore the potential energy surface globally. Figure 6.2 showcases the
calculated Gibbs Free energy of formation of the most stable conformers of each chemical formula
found (PtsOx, x=0-14) during the GCBH exploration. In ambient condition (red line) the most
stable chemical formula is Pt6O1o, where the Pt is partially oxidized to form combination of Pt*?
and Pt™ species, confirmed by Bader charge analysis referenced to the bulk PtO and PtO, (Figure
D.1). The most stable Pt60O1o cluster adopts a bilayer structure, composed of series of planar PtOs-
like building blocks (Figure 6.3). Comparison of the relative Gibbs free energy of formation of all
found conformation as a function of number of oxygens in the chemical formula showcase the
stable nature of this particular Pt6O1o species, where most isomers are around 1.25 eV less stable
than the global minima. This could partly be explained by the structure of the global minima itself,
suggesting that the linkage of PtO4 subunit is highly stable and thus it is not prone to restructuring
or diffusing (since the PtO4 subunit is anchored onto the surface oxygens). The partly oxidized Pts
also showcase the ability of the cluster to provide active O species, with the free energy cost to
remove the oxygen as low as 0.68 eV, compared to the bridging oxygen of the undoped pristine

anatase (>4 eV).

122



a s b 2715 ¢ ¢ ’
Pt | pt,0 ? $ o
< 6 2.25 .
4 1.75 ?
= = 1. .
a 2 ¢
g 2 < 1.25 4 *
g P 4
S < $ o
O < 0.75 ps
<, ®
0.25 ° *
4 -
-0.25
-2.00 -1.75 -1.50 -1.25 -1.00 -0.75 -0.50 —-0.25 0.00 7 8 9 10 11 12 13 14
KoleVl #0

Figure 6. 1 Constructed stability diagram of PtsOx as a function of oxygen chemical potential (left).
Highlighted in the square are the accessible region in ambient condition. The relative stability of
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Figure 6. 2 Global minima of PtsOx found by GCBH method. The cluster adopts the Pt60:9 chemical

formula (a). A and B denotes the side view. Charge density difference plot (b).
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6.3.2. Methanol reactivity on Pt SA

Methanol is used as a probe to understand the effect of highly dispersed SAC and NP towards
CWA decomposition in preventing catalyst poisoning and increasing the lewis acidity of the
surface. Firstly, the study was conducted on single atom system, the supported PtO; species on a-
TiO». Methanol still adsorbs most favorably on Ti sites, with adsorption energy comparable to the
pristine system without SAC (Figure 6. 4) at -1.16 eV (-1.17 eV on pristine), indicating that the
Pt species in unlikely altering the electronic structure of the support. Second best adsorption mode
follows Methanol adsorbing on PtO; species. On the other hand, rearrangement of the PtO; species
by breaking a Pt-O>c bond with the surface weakens the methanol binding energy to (Figure 6. 4

b, -0.74 eV).

Ly N u.‘u\‘ﬁ
-0.74 eV

e f
2ok ‘%d}
S Sdaa s kA

-1.06 eV -1.16 eV -1.17 eV

Figure 6. 3 Explored adsorption mode of methanol on Pt SA/TiOx(101)

The methanol reactivity proceeds via O-H abstraction Figure 6. 5, transferring a proton to a nearby
surface bridging oxygen to form methoxy. The increase of Pt-OCH3z binding triggers the

rearrangement of the PtO catalyst by breaking the Pt-O»c bond. Subsequent C-H abstraction to
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form formaldehyde and an Pt-O.4¢H species is facile with barrier of 0.97 eV (Figure 6. 5, I to III).
Upon formation of formaldehyde, the second C-H cleavage to form the second O.¢H requires very
high barrier (>2.2 eV, brown path). The oxidation then follows two possible pathway: (1) the
formyl (OCH) pathway and (2) the formate (OCHO) pathway. The first pathway follows the
rearrangement of the Pt active site, (OPt(O.q¢H)-CH2O) by Pt breaking the Pt-O.qH bond and
reattaches to nearby surface oxygen (OPt(O2.)-CH20) (intermediate III-IVb). This transformation
is slightly uphill by 0.38 eV, however from here on the OCH formation has a much lower barrier
of 0.8 eV, making TS Vb as the effective rate determining transition state (RDTS) and 74-
formaldehyde (III) as the rate determining intermediate (RDI). This change in activity can be
attributed due to Pt being less reduced and more stable as rebinds with the bridging oxygen,
allowing it to activate the remaining oxygen adatom. The effective barrier is thus 1.18 eV, which

is possible to be overcome at ~457 K.

Second pathway (formate formation) begins with the carbon of the 7, -formaldehyde binding with
the Oaq on Pt, forming an and 7,-dioxomethylene (IVa). This step is downhill by 0.2 eV, with
barrier of 0.25 eV making this step very facile. After the facile formation of dioxomethylene
(CH203), one prominent pathway involves the formation of formate (HCOO~). Dioxomethylene
can interact with the Pt site to cleave a C-H bond, leading to the formation of formate (OCHO)
and Pt-H, which is a key intermediate in many literature studying methanol oxidation reactions. A
significant resulting pathway from this formate formation is the formation of methyl formate
(HCOOCHS3). This formate can couple with a nearby methoxy (CHsO) species present on Ti sites
(O-H cleavage was found to be favorable nevertheless). This coupling reaction results in the
formation of methyl formate, The formation of methyl formate is particularly a notable because it
confirms the experimental observation in mild oxidation reaction found previously, whereas
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harsher condition would see overoxidation to CO., which was seen on the other possible minority
pathway (Figure 6. 5 b). These reaction pathways highlight the versatile nature of dioxomethylene

as an intermediate and its role in facilitating selective oxidation processes on catalytic surfaces.

A minority oxidation pathway follows the rearrangement of PtO; active site prior to any O-H
cleavage of methanol (Figure 6. 5, b). This pathway creates interesting products, particularly H.O
and CO, which are prone to be oxidized further into CO». Methanol being adsorbed on rearranged
Pt SA directly allows for it to protonate all its -H to the more active O adatom near Pt. Similarly,
the pathway begins with the deprotonation of the O-H group in methanol, forming methoxy
(CHs:0). The methoxy intermediate then undergoes successive dehydrogenation steps, but
interestingly without the direct formation of formaldehyde. Upon forming methoxy, the presence
of nearby OH facilitates C-H abstraction to form a hydroxylated dioxomethylene (HOCH-O)
(Figure 6. 5, b, II-III). From here on, a proton coupled electron transfer (PCET)-like process by
cleaving another C-H to form H>O and Pt stabilized CHO radical is quite facile. We note that the
process resembles somewhat a PCET, where a nearby OH activate a proton to form H2O from the
formaldehyde whereas Pt is storing the electron to stabilize the remaining radical. Another round
of ‘PCET" like process on the very reactive formyl and OH complete the formation of CO and
another H>O. The generated CO, in the presence of excess oxygen, can be further oxidized to CO:
as the catalyst reoxidizes/ goes into steady state, confirmed by the study of CO oxidation on PtSA
system as shown previously, completing the oxidation pathway of methanol. This sequence of
reactions illustrates the comprehensive breakdown of methanol to carbon dioxide and water,
emphasizing the role of the PtO: active site rearrangement in facilitating efficient proton and
electron transfers essential for the complete oxidation process. It is interesting to note that a

previous work by Sapienza et. al. albeit on a bigger Pt loading, suggests the autocatalytic nature
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of methanol oxidation on Pt cluster supported on anatase. The adsorption of methyl formate, a key
intermediate seen during normal methanol oxidation, in anhydrous condition only results in
dissociative adsorption as methoxy and formate. However, co-adsorption with O2 and water allows
methyl formate to fully oxidize the methoxy as other forms of carbonates. Sapienza et. al. also see
formations of hydroxyls on the surface, a process that we have seen on the single atom study. We
could compare the process of the first C-H bond cleavage with and without the help of surface OH,
seen on pathway a and b. Without nearby OH (Figure 6. 5 a, I-II), the C-H deprotonation barrier
stands at 0.96 eV, whereas with surface OH (Figure 6. 5 b, II-1II) the barrier goes down to 0.75 eV.
We discovered the role of nearby OH to stabilize the formed hydrogenated DOM which is

otherwise difficult to proceed.

From a simple study of a single atom system, we’ve discovered the various role Pt can do to
facilitate the O-H and C-H abstraction steps during methanol oxidation. Firstly, Pt site helps
activate the methanol O-H (or C-H for methoxy) proton by providing oxygen adatom from the gas
phase. Pt and oxygen adatoms can participate in a ‘PCET’-like process, where oxygen adatom
activates a proton, while Pt act as electron sink to stabilize the remaining carbonate species.
Secondly, these oxygen adatoms may form OH, which could participate in stabilizing the
remaining formaldehyde during the second and third C-H proton transfer. In order to see whether

this role stays true in a bigger cluster, a test with Pt6O1o is performed.
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Figure 6. 4 DFT calculated methanol oxidation pathway on Pt SA/TiO>(101) starting from the most

stable adsorption mode on Pt (a) and second best adsorption mode on Pt (b).
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6.3.3. Methanol adsorption on Pt6O19 NP

Figure 6. 6 shows DFT calculated adsorption behavior of methanol on a Pt60O1¢/TiO>. The results
reveal that methanol preferentially adsorbs on the Ti sites rather than the Pt sites (a, b, ¢) with
slightly stronger binding compared to the pristine surface (-1.17 eV). Various adsorption isomers
on various Ti sites in the interface were explored, showing slight differences (-1.40 to -1.26 eV) in
adsorption energies, indicating that the cluster affects the Tisc sites. Unlike the single atom
however, methanol adsorption on Pt sites exhibited a lower energy and can only chemisorb on the
top layer of the Pt cluster (-0.67 eV, d). The PtO4 subunit on the interfacial layer of the cluster can
only physisorb the methanol. A plausible hypothesis for the weaker adsorption of methanol on the
Pt cluster compared to Pt SA sites is related to the geometric and electronic structure of the Pt
atoms. In the Pt cluster, the Pt atoms tend to adopt a stable PtO4 planar configuration, where each
Pt atom is surrounded by four oxygen atoms. This configuration maximizes the coordination and
stability of the Pt atoms, making additional adsorption sites less energetically favorable. In
contrast, isolated Pt atoms or single Pt atoms on the support are typically only three-coordinated,
lacking the complete stabilization provided by the PtO4 structure. This can be evidenced by the
most stable adsorption mode on PtSA, where methanol adsorb in an angle that completes the PtO4
planar structure while accommodating the 2 oxygen adatoms and a surface bridging oxygen.
Consequently, these under-coordinated Pt atoms are more prone to interact with adsorbates like
methanol. However, in the Pt cluster, since the Pt atoms already achieve a stable configuration
with their oxygen neighbors, the adsorption of methanol results in weaker binding energy
compared to the more under-coordinated Ti sites on the TiO> support, which offer more favorable
adsorption conditions. Further reactivity studies are then focused on the most stable adsorption

mode, where methanol is interacting with surface Tisc.
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Figure 6. 5 Various adsorption mode of methanol on Pt60:y¢/TiO:(101) calculated via DFT. The

numbers below denotes the adsorption energy in eV.

6.3.4. Methanol reactivity on Pt6O19 NP: Proton Coupled Electron Transfer (PCET)

Building on the work of Sapienza et al., which suggests that the generation of reactive hydroxyl
species derived from methanol participate in several proton-coupled electron transfer (PCET)
reactions, we explore an initial methanol oxidation pathway on oxidized Pt cluster. During each
PCET step, a proton is removed from the methanol fragment bound to the surface, while the Pt
cluster or the support’s band states accept the freed electron, resulting in a reduction of the catalyst
at each stage. Further computational calculations show the roles of Pt clusters and hydroxyl groups
on mechanistic pathways of methanol oxidation. Methanol initially adsorbs onto the Ti support
rather than directly onto the Pt cluster. Once adsorbed, O-H dissociation to form methoxy (CH30)
is generally very facile (+0.55 eV barrier). This step typically happens even at the TiO2 support
without any dopants, where methanol transfer an H to a nearby bridging oxygen. The next step is

the dehydrogenation of methoxy to form formaldehyde (CH20). This involves the breaking of a
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C-H bond, transferring an H to another O adatom available on the clusters, followed by the
concerted formation of a C-Pt bond (Figure 6. 7 intermediate II). Interestingly the barrier to achieve
this bond cleavage is difficult (+1.80 eV) even with the assistance of oxygen adatoms. To free up
more active O adatoms, H can diffuse throughout the cluster, with barrier of ~0.6 eV (intermediate
II-IIT). Second C-H abstraction to form HCO also encounter high barrier similar to the first

activation of C-H, making this path difficult.

From this initial study, it does not seem that the PCET happens solely on the surface. Past studies
note that the oxidation state of the Pt particles and local environment of the hydroxyl groups
involved are still currently unknown. Looking at the low barrier of H diffusion across the cluster,
we further probe whether reaction can proceed better when the hydroxyls can be transferred onto
other site of the cluster, or even the support, which in turn can help reducing the Ti sites, making

it more active.
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Figure 6. 6 DFT calculated methanol oxidation pathway via PCET process without hydroxyl diffusion

As shown on Figure 6. 7, the hydroxylated surface was able to reduce the Tis. site, allowing for

the PCET process to create formaldehyde to have a significantly lower barrier. We hypothesize
that further C-H abstraction can then occur after H migration towards the support, agreeing with
the past. Here we showcase that the role of the oxygen adatoms on the cluster, as active O species
to abstract the proton out of the methanol and Pt which acts as an electron sink. The formation of
DOM however was not seen in the cluster study, rather the formyl species. This, coupled with the

ease of hydroxyl transfer along the cluster to create available active oxygen adatoms makes the

possibility for full oxidation towards CO, more probable that in the single atom system
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Figure 6. 7 DFT calculated methanol oxidation pathway via PCET process with hydroxyl diffusion.

6.3.5. CWA thermodynamics on Pt60O1o NP

The adsorption of dimethyl methylphosphonate (DMMP) and Sarin on the Pt601¢/TiO> catalyst
predominantly occurs at the titanium (Ti) sites on the TiO> support (Figure 6. 9) either via the
singular P=0-Ti bond or the Ti-O-P-O-Ti (DMMP), denoted by the blue dots. The binding energies
ranges between ~-2 to ~-1.5 eV, with DMMP adsorption being slightly stronger mainly due to the
variation of size, conformation and interaction of the functional groups with the surface. We found
these values to be comparable to the adsorption energy of DMMP/Sarin on a pristine surface.
Interestingly, DMMP and sarin interacts weakly with the Pt cluster, with the strongest binding

mode being on top of the PtO4 subunit residing in the top layer of the cluster. The PtO4 subunit on
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the interface with titania is does not interact strongly with either of the nerve agent. This adsorption

trend is in similar behavior with what we have seen for methanol.
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Figure 6. 8 DFT calculated exploration of DMMP (left) and sarin (right) adsorption modes on

Pt60;¢/TiOx(101). The marker denotes the site of which the phosphoryl group is binding on. Blue dots

represents adsorption on Ti sites whereas grey on Pt.

The thermodynamic analysis of sarin decomposition pathways provides critical insights into the

role of the Pt NP as sarin breaks specific bonds, with select intermediates illustrated in Figure 6.10.

This analysis focuses on the P-O, P-C, P-F, O-C, and C-H bonds, with the energy changes for each

bond cleavage process color-coded for clarity: red for endothermic and green for exothermic

reactions. The starting molecular adsorption structure was chosen to be the n,-configurated sarin

to allow more interaction with the Pt catalyst. The figure details each intermediate's energy

adsorption values (E.ds), referenced to gas-phase sarin.
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Figure 6. 9 Thermodynamic analysis of possible sarin decomposition pathways via P-O, P-C, P-F, O-C
and C-H (propene release). Denoted in red is change of energy of the bond cleavage process which are
endothermic and in green exothermic. The values under each intermediate denoted ‘Eads’is referenced

to the gas phase sarin.

The P-O bond cleavage (highlighted in red) is an endothermic process by +1.43 eV. In order to
transfer a methoxy and accommodate the remaining phosphoryl intermediate, the cluster must
rearrange, by shifting an O adatom on the top layer upwards. Similarly, the P-F bond cleavage via
the substitution of the -F group with O adatom from the cluster is also an endothermic reaction by
+1.55 eV. The lack of stabilization by the transferred fragment onto the Pt NP after a P-F or P-O

bond leads to an endothermic process in general. Rearrangement of the location of the -F group
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and the remaining isopropyl methyl phosphonate (IMPA)-like intermediate to adopt n,-adsorption
mode can help stabilize the system to be more favorable (Figure 6.10, ‘P-F #2’). The general
endothermic behavior to cleave P-O and P-F bonds followed by unfavorable deposition of
decomposition fragment onto the Pt NP is in opposite behavior to our previous work on Cus on
rutile TiO2(110), where we showcase the role of Cus in stabilizing the decomposition fragment
(methoxy) after the P-O bond cleavage and thus provide the thermodynamic drive for further
decomposition. We contribute the endothermic change in energy due to the fact that this bond may
require a significant input of energy to break the already stable PtO4 subunit. Unlike Cus which is
highly fluxional and can accommodate the decomposition fragment, Pt6O19 is composed of highly
stable PtO4 subunit, making it unlikely to rearrange to accommodate the fragment. This is
evidenced by the difference of energy between the global minima of Pt6O1¢ and other isomers of
the same chemical formula found via GCBH (Figure 6.2 b). Thus, despite the Pt NP being able to
provide active oxygen adatoms to restabilize the P center in sarin, making this cleavage is still a

thermodynamically challenging step.

In contrast, the cleavage of the P-C bond is an exothermic reaction by -1.26 eV. This pathway does
not involve any rearrangement of the Pt NP. The oxygen adatoms activate the methyl fragment
whereas another O adatom stabilize the P-center, making it a thermodynamically favorable
process. The exothermic nature of P-C bond cleavage suggests the prominent role of the Oadatom
in activating role which does not require the rearrangement of the cluster itself. Another example
is the the O-C bond cleavage (transferring a methyl onto an oxygen adatom) which is as expectedly
found to be another exothermic process by -0.34 eV, even without the need of the remaining
phosphoryl intermediate to adopt the 1,- adsorption mode. Both process (P-C and O-C) bond
cleavage transfer a methyl fragment onto the cluster without the need of rearrangement and
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maintain the tetrahedral coordination of the P center with oxygen. The fact that P-C bond cleavage
have much bigger exothermic drive than O-C bond (P-C vs O-C) showcase the role of the oxygen
adatoms to stabilize the P-center. Finally, the C-H bond cleavage, associated with the release of
propene, is an endothermic process. This C-H bond is known to be difficult to break, despite the
eventual release of propene, a relatively stable product. However, rearrangement of phosphoryl

intermediate and the entropic contribution from the released propene may facilitate this process.

It is interesting to note that the thermodynamic of sarin decomposition in the Pt NP system
completely contrasts with the Pt SA system, where the Pt SA is able to stabilize either the
isopropoxy, the methyl or the fluorine group from any P-X bond cleavage (X: functional groups).
The strongly stable bilayer PtO4 building blocks highlight the give and take of providing active O
adatoms to stabilize P-center while at the same time providing open site for the fragment to
stabilize. The contrast behavior between Pt SA and Pt NP truly mimics the methanol adsorption
behavior between the two systems, signifying that methanol can be used as a probe to see how

decomposition fragment interact with a catalyst system.

6.4. Conclusions

The exploration of the Pts cluster's chemical stoichiometry and geometry using the GCBH
algorithm has identified Pt6O1o as the most stable formula under ambient conditions, attributable
to its bilayer structure of planar PtOs-like building blocks. This configuration, with partially
oxidized Pt+2 and Pt+4 species, demonstrates significant stability, while providing active oxygen
adatoms, with a free energy cost to remove oxygen as low as 0.68 eV. Utilizing methanol oxidation
as a probe, we investigated the role of Pt single atom catalysts (SAC) and nanoparticles (NP) on

stabilizing the decomposition products of sarin and DMMP. Methanol adsorption and oxidation on
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the PtO2/TiO; system indicated minimal electronic alteration by Pt, with methanol oxidation
proceeding through O-H abstraction and subsequent C-H abstractions. After formation of initial
formaldehyde, two facile oxidation pathways are observed: formyl and formate, with the latter
being more facile due to the lower barrier for formate formation from dioxomethylene. A minority
pathway involves PtO2 rearrangement, leading to formation of water and CO» through proton-
coupled electron transfer (PCET)-like processes. These findings highlight the critical role of Pt
and oxygen adatoms in facilitating proton and electron transfers, essential for complete methanol

oxidation.

On Pt60 cluster, methanol initially adsorbs onto the Ti support, where O-H dissociation to form
methoxy (CH30) occurs with a low barrier (+0.55 eV). The subsequent dehydrogenation of
methoxy to formaldehyde (CH20) has a high barrier (+1.80 eV). However, H diffusion either to
the surface or to another oxygen adatoms site across the cluster can free the initial O adatom and
is relatively easy (~0.6 eV). After transferring a hydroxyl to the surface, the barrier to form CH>O
reduces to 0.72 eV, suggesting that hydroxyl transfer to other cluster sites or the support could
enhance reactivity. Our findings indicate that PCET involves both the surface and the Pt cluster,
with oxygen adatoms playing a crucial role in stabilizing intermediates and facilitating further

oxidation steps.

Lastly we compare the methanol oxidation reactivity to CWA. The adsorption of dimethyl
methylphosphonate (DMMP) and sarin on the Pt6010/TiO; catalyst primarily occurs at the titanium
(Th) sites on the TiO» support, with binding energies ranging from ~-2 to ~-1.5 eV, slightly stronger
for DMMP due to its size and functional group interactions. Both DMMP and sarin interact weakly

with the Pt cluster, with the strongest binding mode on the Ti sitest, similar to methanol adsorption
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behavior. The thermodynamic analysis of sarin decomposition on Pt NP reveals that P-O and P-F
bond cleavages are endothermic processes, requiring +1.43 eV and +1.55 eV, respectively. These
processes involve rearrangements of the Pt NP and result in an overall destabilizing effect due to
the lack of stabilization of the transferred fragments. In contrast, P-C bond cleavage is exothermic
by -1.26 eV, and does not require Pt NP rearrangement, making it a thermodynamically favorable
process. Similarly, the O-C bond cleavage is exothermic by -0.34 eV. These pathways demonstrate
the role of oxygen adatoms in stabilizing the P-center without necessitating cluster rearrangement.
The C-H bond cleavage, associated with propene release, is endothermic due to the difficulty in
breaking this bond, despite the stable product formed. Interestingly, the Pt NP system's behavior
contrasts with the Pt SA system, where Pt SA can stabilize various decomposition fragments,
highlighting the complex interplay of active oxygen adatoms and the stability of the PtO4 subunits
in facilitating or hindering sarin decomposition. These findings provide a comprehensive
understanding of the mechanistic pathways and thermodynamics of methanol and CWA oxidation

on Pt-based catalysts, offering valuable insights for future catalytic design and application.
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Chapter 7

Conclusion

This dissertation employs DFT modeling to understand the characteristic of highly
dispersed metal catalysts (n=1-6), its interaction with the titania support and activity under reaction
condition using various probe reactions such as CO oxidation and methanol dehydrogenation to
understand its viability for chemical warfare agent decomposition, namely sarin (GB) and its
simulant DMMP (dimethyl methyl phosphonate). We showcased that titania works exceptionally
well to trap the nerve agents, as well as stabilizing highly dispersed clusters on the surface. Not
only that, using CO as probe reaction it was found that the stability of these catalyst remains
dynamic even in reaction conditions, offering unique reactivity despite making confirmation with
experiment elusive. We found that Pt single atoms facilitate P-X bond cleavage for both sarin and
DMMP; using these key intermediates and transition states, we established reactivity trend towards
decomposition of CWA across the transition state metals. Finally, we moved to nanoclusters (n=4
& 6) and examined the role of size, environment and its interaction with support towards reactivity.
We showcased that in UHV conditions, Cu4 and alkali promoters such as K can donate electrons
to the surface which reduces the Lewis acidity of the Ti sites, hence decreasing the overbinding of

the DMMP which in turn increase its reactivity.

In the first chapter of this thesis, we study the basic reactivity of sarin on rutile TiO2(110).
Sarin binds strongly to Tisc sites despite being slightly weaker than DMMP. As expected, the
reactivity of sarin on pristine rutile via P-F or P-O bond is low (>1.8 eV), with the most active
bond cleavage being the O-C bond, transferring a CsH7 group to the nearby surface bridging

oxygen. This reactivity can be improved in the presence of defect, which facilitates sarin to adsorb
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on the oxygen vacancy sites, allowing for shorter pathway towards P-F or P-O bond cleavage (~1.4
eV) making it possible at higher temperatures. An ensemble of molecularly adsorbed and
kinetically accessible decomposed sarin intermediates was then selected to calculate the key
vibrational stretches and compared with experimental IR stretches. We confirmed that peaks at
~1200 cm correspond to the phosphoryl group creating dative O=P-Ti bond while the peaks
between 1100-1000 cm-1 correspond to the bidentate Ti-O-P-O-Ti bonds. Upon increasing the
heat, the 1200 cm-1 peaks decreases whereas the 1100-1000 cm-1 peaks increase, signaling
decomposition taking place. This is consistent with the vibrational analysis showing that the 1200
cm-1 peaks being absent of the kinetically accessible intermediate. Despite the low reactivity, we
concluded that titania is a great trap for DMMP and Sarin, with both system having similar
chemistry on the surface. The creation of oxygen vacancies adds additional electrons on to Tisc
sites, increasing its Lewis acidity while at the same time reduces its binding strength with the P

containing intermediates, which also contribute to the overall reactivity of the agents.

In the second chapter we began to investigate the stability of single atom catalyst supported on
anatase. Anatase was selected as the support as it was found to exhibit higher reactivity compared
to rutile while maintaining strong interaction with CWAs. Using ab initio thermodynamics, after
reducing pretreatment, Pt resides on an oxygen vacancy site, confirmed via computed vibrational
stretch and DRIFTS. As the system enters the oxidative reactive conditions, Pt undergoes initiative
steps, consisting of first healing the oxygen vacancies with O, followed by a cycle of Eley-Rideal
CO oxidation to form a reduced PtCO. Each of these steps in the initiation path were captured by
timed DRIFTS spectra where it shifts upwards from 2073 (computed:), to 2087 () to finally a
mixture of 2115 and 2087 before resolving to steady state 2115 upon introduction of O> and CO.

All these stretches agree with the DFT calculations very well. Experimental kinetic studies
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showcase peculiar partial order behavior of CO and O, suggesting multiple competing pathways
at hand. To understand the state observed during steady state, meticulous pathway searches with
DFT indeed showcases multiple competing mechanisms, each convoluted with another, in the
reactive cycle in which all of them have a significant degree of rate control. Using microkinetic
modeling, we showcase the ensemble of intermediates: PtCO, PtCO(O;), PtO(O2)CO and
Pt(CO)(CO3), all having CO vibrational stretch close to the experimentally observed steady state
values at 2115 cm-1. We also unravel how the degree of rate control of each pathway can impact
the overall CO and O: reaction order via deconvoluted, satellite microkinetic modeling of each
found reaction cycle. DFT found pathway also points several branching pathways which features
2 CO species being adsorbed on the active Pt sites along the reaction pathway, whereas some that
only feature 1 CO species. This was further confirmed by experimental C13 experiment,
establishing the source of the fractional CO and O order. We also highlighted the accuracy of the
microkinetic modeling in predicting the turnover frequency which is incredibly sensitive towards

the energy accuracy obtained by DFT.

In the third chapter, we continued to model the reactivity of CWAs in the presence of Pt SA
catalysts on anatase TiO2(101). Our study revealed distinct adsorption behaviors between sarin and
DMMP, with DMMP favoring adsorption via an n2 configuration on two Ti sites, while sarin
adsorbs more strongly on the active Pt single atom (SA) due to steric hindrance. A quick
thermodynamic study indicated that both reactants follow a similar pathway, migrating to a Tisc
site via an 11 binding mode before decomposition. The decomposition of DMMP and sarin most
favorably occurs via P-X (X = methoxy, methyl, isopropoxy, and fluorine) bond cleavage, with P-
O and P-F bond cleavages showing acceptable barriers ranging from 0.75 to 1.35 eV relative to

the activated molecular adsorption mode, achievable with mild heating. This low activation barrier
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is attributed to the Pt SA's ability to stabilize the isopropoxy/methoxy group in a penta-coordinated

P center, adopting a stable PtOs-planar-like structure.

Building on the decomposition pathways observed on Pt SA, we selected several key
intermediates to establish reliable descriptors for predicting catalytic performance. We studied the
stability of 13 different d-transition metal/titania systems under ambient conditions, finding that
metals with low oxidation states adopt the MO (M=Metal) formula, while those with higher
oxidation states adopt the MO2 formula. By recalculating key intermediates such as the
decomposed GB via P-O and P-F bond cleavages and the bridging intermediate on these metal
systems, we uncovered a 'volcano'-like relationship. Metals with either too low or too high
thermodynamic drive to cleave P-O suffer in terms of kinetics. A deeper investigation revealed a
linear correlation between the Lewis acidity of the metal system and its d-band center, particularly
for reactivity involving P-O bond cleavage. This study has enhanced our understanding of CWA
decomposition mechanisms on Pt SA/a-TiO>(101) and established a set of descriptors useful for

predicting the catalytic performance of SAC/titania systems.

In the fourth chapter, we investigated the role of bigger cluster and alkali modifiers soft
landed on titania in UHV condition for decomposition of CWAs. The reactivity of dimethyl methyl
phosphonate (DMMP) was studied on rutile Cus/T102(110) and K/Cus/Ti02(110) surfaces using
DFT, supporting the observation of near ambient pressure x-ray photoelectron spectroscopy (NAP-
XPS). It was found that mass selected Cus clusters and potassium (K) atoms improved the
reactivity and recyclability of the TiO» surface after exposure to DMMP. Using NAP-XPS, we
observed the formation of DMMP by-products via the measurements of the phosphorous (P) 2p

and carbon 1s core level spectra shifts. Systems with Cus show many convoluted, unresolved peaks

143



of P 2p that signifies ensembles of products on the surface. The co-deposition of K atoms and Cus

clusters further improves the reactivity with no intact DMMP detectable.

To further understand the role of the clusters, detailed DFT calculations were performed to
determine the surface structures and energetically accessible pathways on the Cus/TiO2(110) and
K/Cu4/TiO2(110) surfaces. Firstly we found that Cug prefers to maximize contact with the surface,
adopting a monolayer rhombus coordination with potassium residing near the interfacial sites. Our
Bader charge analysis further confirms the source of reactivity of the system co-deposited with K,
where there are significant electron transfers from Cus and K towards interfacial Tisc sites. The
addition of K as alkali promoter weakens the Lewis acidity of Ti sites, making the binding energy
of DMMP (intact and decomposed) weaker, which in turn facilitates further decomposition. The
calculations show that DMMP and P-containing reaction products preferentially bind to the titania,
whereas the molecular fragments, i.e., methoxy and methyl, bind to both the Cuy clusters and TiOx.
This stabilization provides the thermodynamic drive to cleave the P-O, O-C, and P-C. One of the
reasons Cus was able to stabilize these fragments is because these Cus clusters are highly fluxional,
in order to accommodate the configuration of fragments that are bound to them. To fully
understand the state of the accessible surface species, 290 intermediates consisting of various
degree of DMMP decomposition (1-3 bond cleavages) was explored. For each configuration, the
P 2p binding energy shift relative to chemisorbed DMMP was calculated. The calculated energy
shifts range from -1 to -4 eV, which align well with the observed energy widths of the experimental
P 2p spectra. The extent of these shifts varies depending on the specific bonds broken, such as P-
O or P-C bonds. Notably, the most significant shifts occur at P centers where all P-O and P-C
bonds are severed and subsequently re-coordinate to Cu on surface O atoms, forming "atomic" P

species. This observation supports the idea that the broad P 2p core level spectra are best
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represented by an almost continuous range of P 2p chemical shifts, stemming from numerous
energetically feasible decomposition configurations. When only a limited number of final state
configurations are energetically favorable, the findings align with traditional peak fitting methods,
where each peak corresponds to a distinct oxidation state. Overall, this combined experimental and
computational investigation offers a new point-of-view into interpreting core-level spectra related

to intermediates from complex surface reactions.

Although the result from Cus deposition is promising, the study did not include the effect
of ambient conditions towards the stability of the cluster and hence. In chapter 6, we investigated
the affect of ambient oxidative condition towards highly dispersed Pts nanocluster supported on
titania and its activity using various methanol as a probe reaction. The exploration of the Pte
cluster's chemical stoichiometry and geometry using the GCBH algorithm identified PtsO10 as the
most stable formula under ambient conditions, attributed to its bilayer structure of planar PtOs-like
building blocks with partially oxidized Pt and Pt* species. This configuration demonstrates
significant stability and provides active oxygen adatoms, with a free energy cost to remove oxygen
as low as 0.68 eV. Utilizing methanol oxidation as a probe, we investigated the role of Pt single
atom catalysts (SAC) and nanoparticles (NP) in stabilizing the decomposition products of sarin
and DMMP. Methanol adsorption and oxidation on the PtO2/TiO; system indicated minimal
electronic alteration by Pt, with oxidation proceeding through O-H abstraction and subsequent C-
H abstractions. Two primary oxidation pathways were observed: formyl and formate, with the
latter being more facile. These findings highlight the critical role of Pt and oxygen adatoms in

facilitating proton and electron transfers essential for complete methanol oxidation.

Moving on to chemical warfare agents (CWA), we found that dimethyl methylphosphonate

(DMMP) and sarin adsorb primarily at titanium sites on the TiO» support of the PtsO10/TiO2
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catalyst, with binding energies slightly stronger for DMMP. Both agents interact weakly with the
Pt cluster, similar to methanol adsorption behavior. Thermodynamic analysis revealed that P-O
and P-F bond cleavages in sarin are endothermic processes, while P-C and O-C bond cleavages
are exothermic and thermodynamically favorable. The Pt NP system's behavior contrasts with the
Pt SA system, which can stabilize various decomposition fragments. These insights into the
mechanistic pathways and thermodynamics of methanol and CWA oxidation on Pt-based catalysts

provide valuable guidance for future catalytic design and application.
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Appendix A

Supporting information for chapter 2.
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Figure A. 1 Side and Top view of pristine 2x4 r-TiOz(110) surface model.
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Figure A. 2 Top and side view of defective r-TiO,(110) surface model.

Figure A. 1 and A. 2 shows the surface model used in this work. There are 4 types of atoms
exposed on the surface, depending on their coordination, namely Tisc, Tisc, O2c, and Osc. These
atoms form rows in the [001] direction. The top-most layer consists of repeating Ozc rows
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(bridging oxygen row), Oz rows, and Tisc rows. Tisc rows reside beneath the top-most Oac

bridging oxygen row.

Al. Reaction Rate Constant Calculated using the Transition State Theory

The kinetic rate constant for each elementary step of sarin’s decomposition was calculated
using the Transition State Theory approximation, with vibrational contribution to entropy

neglected:

= () xp |- o

Where E - is the energy of the transition state and E. is the energy of the reactant.

Table A.1 and A2 list the kinetic rate constant on the pristine (Table S1) and defective (Table

S2) surfaces. The activation temperature of each step (where k=~1s) is also listed.

Table A. 1 Reaction rate constants [1/s] at 300 K of Sarin on the pristine surface starting from
intermediate C

C1toC2 C2toC3 C1to C2* C2*to C3* C3* to C4*
P-F P-O o-C P-F C-H
2.02 E-17 57! 1.34 E-15 5™ 1.80 E-7 5™ 1.72 E-8 1.30 E-14
(1.10s! at (1.12s' at (124 s at (133stat | (1.24s!at
675K) 635K) 455K) 390K) 615K)
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Table A. 2 Reaction rate constants [1/s] at 300 K of Sarin on the pristine surface starting from

intermediate C

Table A. 3 Reaction rate constants [1/s] at 300 K of Sarin on the defective surface starting from

intermediate E

B1to B2 B2 to B3
P-0 P-F
33 E-265" 8.74 E-13
(7.38 E-2 s at 800K) |(1.29 5! at 575K)

F1to E1 to F1 to E1 to
E2 E2 to E3 E4 E4toE5 || FI1toF2 | F2toF3
0-C P-F P-F | O-C andC- P-O P-F
H
1.65E-15s"| 799E-9¢" || 257E-65' | 253 E-8s" || 1.76 E-5s | 820 E-5
-1 -1
(069370; at | (1o2¢lat (0523’5; at | qorstar || (123s'at | (10757 at
) 485K) ) 585K) 410K) 425K)
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Appendix B

Supporting information for chapter 3.
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Figure B. 1 Zeta potential of anatase TiO; measured as a function of pH. The pH where the zeta potential
becomes zero is the point of zero charge (PZC) where the surface of TiO: particles would have a net
charge of zero. PZC for anatase TiO: is ~6.4 and therefore it gets negatively charged at a pH higher than
that. The Pt precursor, [Pt(NH3)4(NO3),, dissociates into [Pt(NH. 34’ and 2(NO™). Based on the PZC,
we therefore synthesized the PtSA/TiO; catalysts at pH 13.7 to electrostatically adsorb the Pt complex

(/Pt(NH;),J**) onto the TiO; particles.
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Figure B. 2 BET surface area plot for the BET surface area analysis of the as-received TiO; powders
(fresh TiO>), calcined TiO: (calcination temperature 450 °C), and spent PtSA/TiO; (after CO oxidation

kinetic measurement presented in Figure 4 (a) and (b)).
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Figure B. 3 PXRD patterns for fresh anatase TiO: (black), calcined (red) anatase TiO; (TiO: calcined at

450 °C in the same procedure as the PtSA/Ti0;), and PtSA/TiO: catalyst after CO oxidation kinetics
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experiment (green; calcined at 450 °C, oxidized at 300 °C, reduced at 350 °C, and then performed CO
oxidation kinetics.). The scan for the calcined TiO; shows peaks only for anatase TiO; ensuring that TiO;
was not converted to rutile phase during the calcination procedure (a prominent peak for TiO; (110) at
20 = 27° would be present if TiO; was converted to rutile phase). (Note: the peak at ~50° is from the

sample holder)

Table B. 1 Average crystallite size of TiO; in the fresh TiO,, calcined TiO,, and the spent PtSA/TiO; (after
CO oxidation kinetics experiment on the reduced PtSA/TiO;) samples calculated using the Scherrer

equation and the line broadening of TiO; (101) and TiO; (200) diffraction peaks.

Fresh TiO2 Calcined TiO2

Sample (450 °C) Spent Ptsa/TiO2
Averag_;e Crystallite 90 17.8 205
Size (nm)
Scherrer equation:
094 x 2
P B xCos6

Here, Dy: average crystallite size [nm], B: line broadening at half the maximum intensity, also
known as full width at half maximum (FWHM) [radians], 0: Bragg angle [°], A: X-ray wavelength

[nm] (Acuka = 0.15418 nm)
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Figure B. 4 STEM images of PtSA after CO oxidation confirm stability of the Pt single atoms under
reaction condition. Regeneration of the CO chemisorption DRIFTS spectrum after CO oxidation further

confirms the stability of PtSA.

153



1.2{ —— Ptga/TiO>
—— Spent and Regenerated Ptss/TiO»

~2074
1.0

e
[o:)

o
o

e
B

Normalized K-M Unit

0.2

02%00 2200 2100 2000 1900
Wavenumber (cm™1)

Figure B. 5 CO adsorption at 35 oC on the freshly reduced PtSA/a-TiO; catalyst (blue) and on the same
catalyst after ‘regenerating’ it following CO oxidation at 160 oC for 1 hr (red), both showing almost
identical spectra which suggests stable nature of the PtSA species. After the synthesis, the catalyst was
pretreated with 10 kPa O; at 300 °C for 1 hour, followed by reduction under 20 kPa H; at 350 °C for 2
hours prior to the exposure to 0.56 kPa CO at 35 °C. This state is referred as the freshly reduced PtSA/a-

TiO;. The sample was then ‘regenerated’ through repetition of the oxidation at 300 °C (1 hr) followed by

H; reduction at 350 °C (2 hr).
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Figure B. 6(a) The stability diagram of the different configurations of PtSA. (b) The stability diagram of
the different configurations of the supported PtSA on anatase TiO; bound with CO (the vertical lines
denotes the oxidizing condition and atmospheric condition). CO helps ‘pull’ the Pt substituting Ti onto

the surface.
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Figure B. 7 Structure representation of intermediates found in pathway exploration
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Figure B. 8 Mass spectrometer signals during '°0y"*0; switching under steady-state C'°0 oxidation
condition at 160 °C. After "°0; was replaced with '*05, we observed an instant depletion of C'°0; signal

with '°0 signal (almost at the same time) which eventually reaches the baseline level, suggesting that
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under C'*0 and '°0; co-flow, the adsorbed C'°0 was only reacting with the adsorbed '°0 and its reaction
with lattice °0 is unlikely. If lattice 0 were involved, the C'°0; signal would not deplete immediately
after '°0 being replaced with "*0. At the same time, C'°0" 0 signal instantly rose from its baseline level
suggesting that adsorbed and/or gas-phase C'°O reacted with adsorbed *0 on Pt. Details of the

experiment can be found in the “Experimental Methods” section.
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Figure B. 9 CO chemisorption DRIFTS spectra (a) under N, flow after CO and O; co-flow at 35 °C, (b)
under CO and O; co-flow as the sample is being heated up from 35 °C to reaction temperature (160 °C)
showing the transition of the CO-Pt, CO-Ti*", and gas-phase CO peak, and (c) at 35 °C with CO flow
only after cooling down from CO oxidation at 160 °C under CO and O; flow. The CO-Pt peak not
returning to the 2115 and 2087 cm-1 features shows complete and irreversible oxidization of the Pt sites

under CO oxidation.

B1. Microkinetic Modeling Methodology

DFT based microkinetic modelling was employed to quantitatively compare the theoretically proposed
reaction pathway to experimental measurements. The model consists of 13 elementary steps (Table S2),
following the ‘reactive cycle’ found from the Gibbs free energies pathways (intermediate IV onwards)
calculated by DFT. Transition State Theory was used to calculate the forward and reverse rate constant of

surface reactions!®!:
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kgT AGY,,
ksurf,i =Texp - RT

Whereas collision theory was used to calculate the rate of reaction steps involving adsorption and desorption

of gas molecules. The equilibrium constant (K4 ;) was used to calculate the rate of desorption step:

0
_ 0 Asite P

koo o= _—sier
adst V2mmgaskgT

_ exp(_Angs,i)

Kadsi -
' kgT
k _ kads,i
des,i — K
ads,i

where o is the sticking coefficient (assumed as 1), Agj¢, is the area of the active site, P° is the standard state
pressure, Mg, is the mass of the adsorbing/desorbing gas molecule, and kjp is Boltzmann’s constant. Each

Pt is assumed as an active site; hence the area can be approximated from the Pt neutral radii (135 pm),

which gives an approximately ~1E° m? of footprint area (A;te).

The rate of each elementary step i was calculated using the following equation:

forward forward

reverse reverse
r. = forward a”ﬁ a”ﬁ _ jreverse a ol
v j.surf j.gas l jsurf j.gas
Jj Jj j j
orward . orward
where kif and k[ ®7¢"°¢ are the forward and reverse rate constants for elementary step i, vj];
and v fY¢"5¢ are the stoichiometric coefficients of reactant in the forward and reverse directions,

Ji
respectively. @ ,r is the surface coverage fraction for surface intermediates j reactant and @; 44 1S the

ratio of the partial pressure to the standard pressure, Pi/P°, for gaseous reactant.
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The changes of each intermediate coverage as the function of time can then be written as a set of ordinary

differential equation (ODEs), which can be used to solve for the steady state coverage.

dei _ forward z reverse ,.
— = T+
dt

Opt0)co(t =0) = Z 9Pt0xC0y,i =1

Where 6p:(0)co are the surface coverage of initial Pt(O)(CO) intermediate at the beginning of reactive cycle
and ePtOXCOy,i are the coverages of all other Pt species on the surface. The set of ODEs are numerically

solved until the system reached steady state coverage (50s).

The calculation of the activation barrier of adsorbing molecule gases follows the works done by Vlachos et
al. where one can calculate the activation barrier of gas adsorption by equating the rates obtained from the

collision theory and the rates obtained from the transition state theory.!®?
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Table B. 2 Elementary reaction steps used for the microkinetic modeling (MKM).

Label Reaction (Black Cycle) Type of reaction
RO Pt(CO)[IV] + 0, = Pt(C0O)(02)[V] Adsorption
R1 Pt(C0)(0,)[V] Eﬁ Pt(C0)(0),[VI] Surface, Oz dissociation
R2 Pt(C0)(0),[VI] rﬂ? Pt(0)(CO,)[VII(a)] Surface, CO2 formation
R3  Pt(0)(COp)[VII(a)] = Pt(0O)[VIII(a)] + €Oz Desorption
R4 Pt(0)[VIIIa] + COyqs — Pt(0)(CO)[IX] Adsorption
R5 Pt(0)(CO)[IX] + COyqs — PL(0)(CO),[X(b)] Adsorption

TSIIIb
R6  Pt(0)(CO),[X(b)] — Pt(CO)(CO,)[XI(b)]

Surface, CO2 formation

R7 Pt(CO)(CO,)[XI(b)] = Pt(CO)[IV] + CozgaS

Desorption

Label Reaction (Blue Cycle)

Type of reaction

RS PtO(CO)[IX] + OZgas - PtO(C0)(0,) [X(a)]

Adsorption

Pt0(C0)(0)[X(a))] + COgys

Eley-Rideal, CO2

R9
P2 PH(C0)(€0,)(0) [XI(a)] formation
Pt(C0)(CO,)(0,)[XI(a)] — Pt(CO)(0x)[XII(a)] .
R10 Desorption
+ COZgas
R11 Pt(CO)(0,) [X1I(a)] = P(CO)[IV] + O, Desorption

Label Reaction (Red Cycle) Type of reaction

R12  Pt(C0)(0),[VI] + €Oy — Pt(CO)(CO3) [VIIIb] Activated adsorption
Pt(C0O)(CO5)[VIIIb]

R13 Desorption

- Pt(0)(CO) [IX] + CO2 445
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Table B. 3 Vibrational Stretch of CO on various intermediates during CO oxidation obtained from DFT

calculation.
3 SR |
\o"“? O/ ,ﬁ‘o"" r?z"" o”“,.@f Yy B0y 1Y :‘O—f" O‘f
KO S 2 Rahad Rod Po Bad For Lo O x By b P
Intermediat 1 v V VI VIlb IX Xa | Xla | Xlla| Xb XlIb
e
Pt Bader (0.120(0.164|0.823| 1.216 | 0.891 | 0.844 [1.106(0.908|0.672| 0.93 | 0.56
Charge 2 7
VPiCl,(CO), 2081(2106( 2116 | 2156 | 2137 | 2147 | 2156 12150|2034| 2193 | 2123
(A =1.023) /
2124

Table B. 4 The Bader charge analysis of various Pt states of the Pts./TiO;. The most stable Pt states
(supported and dopant) adopts +4 oxidation state.

System Pt charge Pt oxidation state
PtO (bulk) +0.845 +2
PtO2 (bulk) +1.561 +4
PtsubTisc +1.472 +4
PtsubTisc +Ovac +0.917 +2
PtO2 (intermediate I) +1.180 +2/+4
PtO (intermediate V) +0.571 +2

161



0.035
—— CO+N, (35 °C) s 1573

—— CO+0,+N; (35 °C)
—— CO+0,+N,; (160 °C)

CO & O, stopped
0.025 2 mins N, flush at 160 °C

0.030

é 0,+N>, (160 °C)

=

EIO.OZO 1625

g

E0.0IS

e h
0.010 [

|\

0.005 /A \/‘%‘5

0.000
1900 1800 170 1600 1500 1400

Wavenumber (cm~1)

Figure B. 10 Progression of carbonate formation on the PtSA/a-TiO; catalyst after CO adsorption on
the reduced catalyst, during CO and O2 flow at 35 °C and 160 °C, followed by N2 flush of CO and 02,

and finally under 02 flow following the N2 flush.
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Figure B. 11 CO chemisorption DRIFTS peak at 35 and -75 °C after CO oxidation at 160 °C (cooled

down under CO+0?2 flow). This demonstrates that mostly a single type of Pt site is present after CO

162



oxidation. Absence of unpopulated Pt sites from low-temperature DRIFTS can be coupled with the
positive CO order to suggest that a 2nd CO (other than the chemisorbed CO on PtSA) from the gas-

Dhase is most likely involved in the reaction cycle.

Q0.0008 15— Aeomnsteo | Bg 0008 gy S e
—__ After 30 mins 13co = After 3 mins 13CO pulse
0.0007 oxidation 0.0007 = After 5 mins 13CO pulse
After 7 mins *3CO pulse
0.0006 0.0006 After 10 mins 13CO pulse
= E
50.0005 >0.0005
= = ~2066
£0.0004 £0.0004
3 3
30.0003 30.0003
0.0002 0.0002
0.0001 0.0001
’.//
0.0000 0.0000f———~
2200 2150 2100 2050 2000 1950 2200 2150 2100 2050 2000 1950
Wavenumber (cm™1) Wavenumber (cm™1)

Figure B. 12 CO/>CO exchange experiment at 160 °C (a) in the presence of 02, i.e. “CO oxidation
and (b) in the absence of 02, i.e. CO pulse/flow. >CO/"CO exchange during >CO oxidation at 160 °C
shows that “CO does exchange with the adsorbed ">CO during >CO oxidation with an exchange rate
(~36% in 30 mins) that is slower than the turnover (~5 turnovers in 30 mins). If the chemisorbed CO
was the one involved in the reaction, all > CO would have been replaced by >CO in 30 mins. These results
indicate that a 2nd CO is involved in the reaction. The absence of gas-phase 02 seems to promote the
exchange of >CO with ">CO, which might be because more >CO are available for exchange in the

absence of 02.
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Figure B. 13 Normalized absorbance plotted as a function of temperature for temperature-programmed
desorption (TPD) of the CO adsorbed during CO oxidation on PtSA/TiO,. TPD was performed at three
different heating rate and shows similar desorption behaviour. Prior to the TPD experiments, CO
oxidation was performed at 160 °C for 20 mins (details in experimental section) to achieve the steady-
state CO chemisorption peak and then the sample was cooled down to 35 °C under CO and O2 flow
Jollowed by flushing of the gas-phase CO and O2 using N2. Afterwards, the sample was heated up under
N2 flow. TPD of the chemisorbed CO, corresponding to the 2115 cm-1 peak, shows that the CO adsorbed

on Pt is bound strongly.

Table B. 5 Binding energy (heat of adsorption) of the chemisorbed CO on the Pt SA/a-TiO; catalysts
during steady-state CO oxidation reaction estimated from DRIFTS TPD experiments using the
Redhead analysis (see details below).

TPDrgf:t'“g Tmax (°C)  Edes (kd/mol CO)
5 K/min 207 140
10 K/min 210 138
15 K/min 218 139
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B2. Redhead Analysis using CO chemisorption DRIFTS spectra from TPD

To estimate the heat of adsorption of CO chemisorbed on Ptsa species during CO oxidation, DRIFTS was
utilized to perform temperature-programmed desorption (TPD) of these chemisorbed CO species. Briefly,
the sample was cooled down to 35 °C under CO and O: flow after performing steady-state CO oxidation
for ~20 mins at 160 °C. CO and O, flow were then stopped, and the sample was heated at different rates (in
separate experiments) under only N, flow while DRIFTS spectra were being recorded simultaneously.
These DRIFTS spectra for each experiment were plotted as a function of temperature (not shown). The
absorbance value of each of these spectra was then measured using OMNIC™ Series Software by Thermo
Fisher Scientific Inc. and were normalized by the maximum value (absorbance of the DRIFTS spectrum at
room temperature). The normalized absorbance values are plotted in Error! Reference source not found.. T
he CO desorption rate was calculated using the normalized absorbance values with the following formula:

A — 4
T,—T

Desorption Rate =

Here, A denotes normalized absorbance value and T denotes temperature. A; and A, are the normalized

absorbance at T; and T», respectively.

After the desorption rates were calculated at different temperatures, the temperature corresponding to the
maximum CO desorption rate was then obtained and used for the Redhead analysis'®*!%*, Assuming CO
desorption is a first-order process, the formula for Redhead analysis to calculate the heat of adsorption is

as follows:

vT,
Eges = R Toax [ln( Z“") — 3.46]

Here, Eqes: activation energy of desorption [J.mol'];

R: gas constant [J.mol'.K];
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Tmax: temperature corresponding to maximum desorption rate [K];

v: pre-exponential factor [s™! for first-order desorption];

B: heating rate, dT/dt [K.s™'];

If the adsorption process is not activated, then Eqes becomes the heat of adsorption of the desorbing gas'®.
This condition is true in our case as the adsorbing gas is CO. We also assumed that the desorption process
is first-order in nature and the associated pre-exponential factor is 10! s7!. The latter takes into
consideration that the transition state of the desorbing molecule is similar to the chemisorbed state. A sample

calculation is given below.

For 5 K/min heating rate:

Tmax =207 °C =481 K
B =5 K/min=0.083 K/s

1077 x 481 3.46| = 140390 J =140 il
0.083 e mol

E40.c = 8.314 X 481 X |1
des n mol
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Figure B. 14 Steady-state surface coverage of the most abundant intermediates from the Modified
Microkinetic Analysis after the third and final modification of the Gibbs Free Energy landscape within

the error of DFT.

Microkinetic sensitivity towards DFT inaccuracies

To probe the sensitivity of MKM towards inherent DFT inaccuracies, a series of modifications within the
error of DFT towards the Gibbs Free energy pathways were applied in order to tune the results closer
towards the experimental results. Three main modifications and their results are reported succinctly below.
Details of the modification of the Microkinetic Analysis:
1. Al TS are increased by 0.2 eV (leads to TOF reduced to 24 s™)
2. To encourage CO E-R pathway, intermediates of blue pathway are stabilized by 0.125 eV. This
value was found as going too low will take all the rate determining behavior from black pathway

(O adsorption + dissociation), leads to CO and O, order equal to 0.27 and 0.24
167



3. Final effort, lowering intermediate IV, V (by 0.08 ¢V) and XlIa (0.08 e¢V) as much as possible to
further lower the TOF and Eapp
Implications of combined modifications:
* Highest CO and O, order attainable are 0.27 and 0.24, respectively.
* TOF is now 2.1, whereas apparent activation energy increases to 0.84 eV
*  Conclusion: although MKM is inadequate to explain TOF, it can explain the source of CO and O»
order and concurrent analysis with experimental observation is key to fully comprehend the kinetics

of the entire reaction network
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3% Co - Co
TS1 o B
8, s '
o L s o — LH(CO adsorption)
(/8 TS lla Pt _ .
T of o : ER (O, adsorption)

Ay ,
) -14.715 Xla_-"Xiia
¢ £ -16.18.15.60

_Pt S b
“ z‘mf"” 0§ 4

Q C—p,-Q
Pt \ .0
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—ER (CO;)

*LH: Langmuir Hinshelwood

Figure B. 15 Enthalpic energy diagram of reactive pathway calculated using DFT.
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Appendix C

Supporting information for chapter 5.

C1. Fitting of Cu LMM Auger Spectra

For the Cus/TiO2(110) and K/Cus/TiO2(110) surfaces studied in this work, the Cu LMM
Auger spectrum is overlapped by peaks from the Ti 2s photoemission peaks at the Al Kg x-

ray energy (1486.7 eV). The Cu 2p XPS spectra do not show the characteristic shake up peaks
associated with Cu(Il), so the Auger spectra were fitted with LMM contributions from Cu(0)
(blue) and Cu(I) (red) as well as Ti 2s (grey) peaks, with the latter being fixed by matching
the intensity of the satellite at peak at 577. 4 eV which is free of overlaps. The relative
intensities and peak widths for the Ti 2s states were experimentally determined from the bare
TiO2(110) surface. The contributions of Cu(0) and Cu(I) to the Auger spectra were least
squares fit using peak parameters determined in reference [1]. In that work, a collection of
empirically fit spectra for various Cu compounds with differing oxidation states (0, +1) and
ligands were used to quantify the line-shapes, FWHM and relative peak positions and
intensities for Cu(0) and Cu(I). The most prominent peak for Cu(l) lies near 569.9 eV while
Cu(0) exhibits a narrower, characteristic peak near 568.0 eV.! The experimental Auger LMM
spectra for the K/Cus/Ti02(110) and Cus/TiO2(110) samples from RT to 600 K exhibit a
distinct feature at 569.8 eV which can be assigned to Cu(I), whereas this feature drops in
intensity at 900 K and new peak appears at 568.1 eV consistent with the appearance of Cu(0).
The least squares fits shown in Figures 1, S1 and S2 using the peak parameters in reference
[1] confirm these qualitative assignments with Cu(I) being the dominant Cu species at RT to

600 K (red peaks), while Cu(0) is more prominent after annealing to 900 K (blue lines, Figure
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C.Ic). The contribution of Cu(0) at temperatures 0 600 K was too small relative to the Ti 2s

peak to be fit with confidence, but at 900 K the Cu(0) contribution is 065% of the total Cu

signal. Note also that the total intensity of Cu LMM peaks decrease substantially between

600 K and 900K, i.e., 42% of the total signal 600 K to 23% at 900K.

4004 (a) 300K 400+ (b) 600K 4004 (c) 900K

3004 —Ti2s .,
——Cu(l)LMM
Cu(0) LMM

1—Ti2s
—— Cu(l) LMM

3001 iz
Cu(l) LMM

2004 200

Intensity [cps]

1004 Lo

585 580 575 570 565 560 585 580 575 570 565 560 585 580 575 570 565
Binding Energy [eV] Binding Energy [eV] Binding Energy [eV]

Figure C. 1 Temperature dependence of the Cu Auger LMM spectrum for the K/Cuy/TiOx(110) surface

after exposure to DMMP at 1 x 10-4 Torr: (a) 300 K; (b) 600 K. (c) 900 K. The spectra are fitted as the

sum of contributions from the LMM Auger peaks associated with Cu0 (blue lines), Cu+ (red lines) and

the Ti 2s and satellite peaks (gray lines).
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Figure C. 2 Cu LMM Auger spectra for the (a) Cuy/TiOx(110) and (b) K/Cuy/TiO2(110)
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surfaces during exposure of 1x10-4 Torr of DMMP at room temperature. The spectra are fitted
as the sum of contributions from the LMM Auger peaks associated with Cu(l) (red lines) and

the Ti 2s and satellite peaks (gray lines).
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Figure C. 3 DFT calculated structures and relative energies for the co-adsorption of K and Cu,
on TiO,(110) sorted by relative stabilities. Atom colors: Ti: light blue; O: red; Cu: dark blue; K:

purple; P: grey; C; brown.

171



250+ 250+

a)

200+ 200+
2 150+ 150
KR
2
=100+ 100+
c
2
£ 504

b)

b N

290 288 286 284 282
Binding Energy [eV]

290 288 286 284 282
Binding Energy [eV]

Figure C. 4 Background C 1s XPS spectra taken at room temperature prior to exposure to

DMMP for the (a) Cuy/TiOz(110) and (b) K/Cuy/TiO; surfaces. Note that the C 1s spectrum

for the K only surface is the same as the K-Cu surface (b) since it was taken in a region of

the K-Cu surface where there was no detectable Cu as determined by XPS.
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Figure C. 5 Temperature dependence of the P 2p XPS spectrum for the Cuy/TiO:(110) surface after

exposure to DMMP at 1 x 10-4 Torr: (a) 300K; (b) 400K; (c) 600K; (d) 800K; (e) 900K.

Table C. 1 Binding energies for the various P-intermediates on the Cuy/TiO2(110) surface obtained from

its of the P 2p XPS spectra taken at different temperatures after exposure to 1 x 10 Torr of DMMP (see
P P p P

Figure C.3).
Temperature P1 P2 P3 P4
300 134.5 133.3 131.6 129.4
500 -- 133.5 131.5 129.3
600 -- 133.4 131.3 129.1
800 -- 133.4 -- 129.1
900 -- 133.6 -- 128.9
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Figure C. 6 Temperature dependence of the P 2p XPS spectrum for the K/Cuy/TiO:(110) surface

after exposure to 1 x 10-4 Torr of DMMP at (a) 300 K; (b) 400K; (c) 500K; (d) 600K; (e) 800K;

() 900K.

Table C. 2 Binding energies for the various P-intermediates on the K/Cuy/TiO:(110) surface obtained

from fits of the P 2p XPS spectra taken at different temperatures after exposure to 1 x 107 Torr of DMMP

(see Figure C.3).
Temperature P2 Ps3 P4
300 133.6 131.2 129.2
400 133.6 131.2 129.2
500 133.5 131.2 129.2
600 133.4 131.2 129.1
800 133.4 - 128.8
900 133.6 - 128.8
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Figure C. 7 Temperature dependence of the C 1s XPS spectrum after exposure to DMMP
at 1 x 10-4 Torr for the Cuy/TiOz(110) surface: (a) 300K; (b) 500K; (c) 600K; and the

K/Cu/TiOx(110) surface; (d) 300K; (e) 500K; () 600K.
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Figure C. 8 Temperature dependence of the Ti 2p XPS spectrum for the K/Cuy/TiOz(110)
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surface after exposure to DMMP at 1 x 10-4 Torr: (a) 300K; (b) 400K; (c) 600K; (d) 800K; (e)

900K.
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Figure C. 9 Calculated Bader charges of the P center of the decomposed DMMP intermediates on the
CuyTiO:(110) surface as a function of the calculate P 2p binding energy shift. The Bader charges are
colored coded by configurations resulting from (b) one, (b) two and (c) three bond cleavages on

DMMEP. Panel (a) includes all configurations in (b)-(d).
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Figure C. 10 Calculated Bader charges of the P center of the decomposed DMMP intermediates on the
K/CuyTiOx(110) surface as a function of the calculate P 2p binding energy shift. The Bader charges
are colored coded by configurations resulting from (b) one, (c) two and (d) three bond cleavages on

DMMEP. Panel (a) includes all configurations in (b)(d).
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