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Preface

Chapter 1 and 2, a brief introduction role of surface science, photoelectron spectroscopy and
gas solid interaction in catalysis has been given. Photoelectron spectroscopy is a versatile
technique that can be advantageously used for characterization of a number of surface
properties of the solid surface and interfaces, like chemical composition, oxidation state,
element mapping, solid-gas interactions etc. Conventionally, the photoelectron spectroscopy
is an ultra-high vacuum technique. However, the photoelectrons cannot reach the detector due
to inelastic collision with gas-phase molecules at high-pressure (>10° mbar) conditions. This
obstacle has been overcome in the development of photoelectron spectrometers which can
function at near ambient pressures. A new term ambient pressure (AP) or near ambient
pressure (NAP) or high pressure (HP) has been introduced with photoelectron spectroscopy
(PES) to distinguish it from the traditional UHV set ups. The NAP-PES can operate at near
ambient pressure, by using the sophisticated electron energy analyzer and differentially
pumped electro static lenses. Thus the NAP-PES, can bridge the “pressure gap” between the
real world and ideal surface science studies. This thesis mainly focused on different studies to
bridge the pressure gap between a real-world condition where the actual surface reaction
happens and ideal surface science condition.

All experiments are carried out in a custom built laboratory ambient pressure
photoelectron spectrophotometer unit installed in our laboratory at CSIR-National Chemical
Laboratory, Pune. The system is equipped with the differentially pumped Scienta R3000HP
analyzer. Two sets of differential pumping are available in the electrostatic lens regime
(ELR), and the third one is available in the electron energy analyzer (EEA). The distance
between sample surface and aperture (of the cone, R = 0.4 mm) attached to ELR was
maintained at 1.2 mm for all of the experiments reported. The main advantage with this
design is a fast decrease in pressure with a steep pressure gradient from the aperture to the
EEA. It is to be underscored that the first differential pumping records 2 x 10™* mbar when
the analysis chamber is at 1 mbar. This helps to minimize the inelastic scattering of low KE
electrons. Further, R3000HP employs the advanced concept of electron converging with an
aperture free ELR. In contrast to the conventional ELR, electrostatic voltages in the R3000HP
model analyzer are applied in such a way that they converge all the electrons. The system
also equipped AIl-Mg dual anode, Al- monochromatic X-ray source, differentially pumped

XV



discharge lamp to generate He | and He Il UV radiation source The polycrystalline foils (Ni,
Co, Si, Ag, Au, 99.999 pure) which are used in the experiments are purchased from MaTeck,
Germany. These foils are cleaned by the several cycles of Ar sputtering and annealing in
UHV up to 1000 K. A series of sputter-anneal cycles produced clean metal foil surfaces
which is confirmed by the XPS as well as UVPES.

In chapter 3a, Silver valence band was probed by PES at near ambient pressure of
oxygen (up to 0.2 mbar) with He | radiation. Three distinct regimes have been identified in
silver-oxygen interaction between 300 and 500 K, which are, (a) oxygen chemisorption
between ambient and 390 K, (b) O-diffusion into the subsurface layers of Ag from 390 to 450
K, and (c) formation of metastable oxide on the silver surface above 450 K; the latter two
regimes are dynamic in nature.. The trend in oxygen coverage on Ag 390 K and above 475 K
is similar, but it decreases to the lowest in between 390 and 450 K, in the presence of large
excess of molecular oxygen. Interaction with oxygen changes the work function of Ag from
4.95 (<390 K) to 5.30 eV (400-450 K), and then to 5.7 eV (>450 K). It is attributed to oxygen
diffusion into the subsurface layers of Ag between 400 and 450 K and plays a key role for
ethylene epoxidation reaction on Ag surfaces. Subsurface oxygen influences in two
significant ways; it converts the Ag surface from metallic to electron deficient in nature, and
facilitates the formation of space charge layer above the Ag surface. Oxygen when adsorbed
on this electron deficient Ag surface, acts as electrophilic oxygen. The electrophilic oxygen
can insert into the C=C double bond of an alkene, and hence forms an epoxide. Above 450 K,
oxygen binds strongly and acts as nucleophilic oxygen. The nucleophilic oxygen favors
complete combustion of alkene to carbon dioxide. Changes in the Ag-oxygen system are
dynamic. The metallic surface reappears if oxygen supply is removed above 400 K. This
emphasizes in situ and operando investigations are essential to understand the active structure

of a catalyst.

In chapter 3b, we have synthesized 5 wt % Fe,Os/support (support=Al,03, CeO,,
MgO, ZSM-5 and Nb,Os) catalysts by wet impregnation method. The synthesized catalysts
subjected to different physico- chemical characterization techniques to understand the
structure and morphology of the catalysts. These catalysts were screened for butane oxidative
dehydrogenation (ODH) reaction in fixed bed reactor at different temperature between (450°C
to 600°C) with varying butane: oxygen ratio (1:1, 1:0.5 and 1:0.25). Among all these catalyst
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Fe,03/Al,03 shows best activity in terms of 1,3-butadiene yield (higher selectivity towards
1,3-butadiene) at all different temperatures. In order to understand the active site of the
compared the results with another average catalyst i.e., Fe,O3/Nb,Os. The catalyst was
screened at 0.2 mbar pressure (Argon: Butane: Oxygen is 2:1:0.5 respectively) under in situ
condition from 298 to 500 K. We have concluded that the Fe on the Al,O3 support reduced to
Fe*? from Fe*?, whereas Fe on the Nb,Os support remains in Fe* states and the reduced Fe*?

is responsible for the higher selectivity towards 1,3-butadiene

Chapter 4 shows Valence band and core level photoelectron spectral measurements at
near-ambient pressures (up to 0.5 mbar) were made in the presence of molecular oxygen to
explore the various stages of silicon oxidation. Dangling bonds feature observed in NAP-UPS
on clean Si-surfaces decreases due to adsorption of molecular oxygen between ambient
temperature and up to 400 K at 0.1 mbar O, pressure. The adsorption of oxygen on dangling
bonds seems to be localized as islands and the same reflects as heterogeneous surface and
responsible for the broadening in the oxygen gas phase vibrational features. This is further
supported by an increase in the work function and can be correlated with the presence of
Hofer (molecular) precursor. When the temperature increased to 500 K, molecular precursor
species dissociates to —Si=0 species and further supported by the change in the work function
as well as by the oxidized silicon species from Si 2p core level. At 600 K the —Si=0O species
dissociates to form a uniform 2D oxide layer on the silicon surface, which is characterized by
the sharp vibration features of gas-phase oxygen molecules. This layer is also quite stable up
800 K and without any further oxidation in bulk. However, when the temperature increased to
850 K at 0.2 mbar oxygen pressure, bulk Si oxidation begins and the work function increases
drastically by 1 eV. An angle-dependent Si 2p core level spectra recorded map out the
presence of all possible oxidation states (elemental Si® to Si*) from bulk to the surface. A
continuous change in work function and electronic states observed due to gas-solid (O-Si)
interaction indicates the implications of heterogeneous catalysis and electrochemistry.

In chapter 5 the gas phase vibrational spectra of reactive and inert gases have been
studied by the in situ ultraviolet photoelectron spectroscopy up to 0.3 mbar. Results obtained
is divided into two parts and discussed. In the first part, we have studied the molecular
photoelectron spectra of monoatomic Argon gas and some homonuclear diatomic molecular

gases like H,, Oy, and N by using NAPUPS and the effect of pressure on their energy
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position. In this study, we have demonstrated that NAPUPS can be an essential tool to
determine the gaseous composition and their electronic configuration. In the second part, we
have studied the influence of surface nature on the binding energy position and pattern of the
vibrational features of Nitrogen and Argon gas. It has been observed that with changing the
electronic nature of the surface, the binding energy of vibrational spectra also changes which
reflects the change in the work function of the material. Further, if the solid surface undergoes
any chemical/electronic changes due to gas-solid interaction, such as oxidation, the work
function of the surface changes again and underscores the identification of in-situ changes.
Therefore, the change in the binding energy of the gas phase can be used to determine the

actual work function change of material during the chemical reaction.
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Chapter 1

Introduction

1.1 Surface Science in Recent Times

Surface science is perhaps one of the most interdisciplinary area of modern science. The
surface and interface can be defined as the boundary between a material and its environment
and the surface influence the environment; in turn, environment also influences the surface
and induces electronic, physical and/or chemical changes. The surface science and related
fundamental studies played a very important role in developing advanced technologies, to
produce valuable chemical/fuel and help to improve the application process. The surface
atoms have different electronic and chemical environment than the atoms from the bulk. As a
consequence of this different nature, the surface exhibits the distinct physical and chemical
properties than the rest of bulk matter. These properties make the surface ideal medium for
the chemical, physical and biological process. The modern surface science is about
understanding the surface chemical process at the molecular level and possibly regulates
them. Importance of surface science in modern science has been recognized in the last few
decades and simultaneously various surface science techniques have been developed, and that
led to the advancement in understanding of surface phenomena under various conditions,
particularly at or closer to the application conditions. It is to be emphasized that the last 2-3
decades witnessed quite an impressive growth in surface analytical techniques that works at
near-ambient pressure, ambient pressure (or even high pressure) conditions. These enabled
researchers world-wide to explore the surface dependent phenomena at realistic conditions or
closer to that. This was not possible with conventional high vacuum techniques, such as
photoelectron spectroscopy, just two decades ago. The understanding of the surface chemistry
at the molecular level under working condition of the material provides the foundation for the
development of many industrial technologies including heterogeneous catalysis for fuels and
chemicals,” advanced semiconductor devices® and biomedical devices.* In this perspective,
several applications of surface chemistry is expected to have a tremendous economic impact
on our society. The technological advancement, in turn, necessitates the further development
of new surface characterization technique with higher spatial, temporal and energy resolution.
Over the time there is a lot of advancement has taken place in the surface science studies and

developed new in situ spectroscopy and microscopy techniques that help to explore the
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material at atomic and molecular level structure, electronic and compositional and

thermodynamic properties of surfaces. These advancements are represented in Figure 1.1.

Nanosciences
Monodispersed nanoparticles 2D and 3D

Applications in Catalysis, Tribology, Polymers,
Biointerfaces, Microelectronics, Energy Conversions,
Environmental Chemistry, Electrochemistry, Corrosion

Surface Instruments at High Pressures, Liguid Interfaces
(STM, SFG, AFM, QCM, RAIRS)

Surface Dynamics
Rapid energy transfer between incident and product molecules
Mobility of the adsorbed molecules along surfaces during catalytic turnover

Surface Thermodynamics
Adsorbate coverage dependent heats of adsorption
Coadsorption induced ordering
Surface segregation
Surface Structure and Bonding
Clean surface reconstruction
Adsorbate induced restructuring
Surface defects (steps, kinks) are chemically active

Model Surfaces - Single Crystals, (Metals, Semiconductors)

Surface Instruments in Vacuum (XPS, AES, LEED, SIMS)

Figure 1.1: Evolution of the surface science of catalysis from single crystals to metal
nanoparticles under elevated pressure (From reference 1; Copyright permission obtained from
the American Institute of Physics)

1.2 Heterogeneous Catalysis and Surface Science

Catalysis, especially heterogeneous catalysis plays an extremely important role in global
production of several valuable chemicals. Generally catalysts are necessarily involved at some
point in the production of 80% of manmade chemicals, and the majority of these chemicals
are produced by the heterogeneous catalysis route.> This contribute directly or indirectly to
around 35 % of world GDP.> The heterogeneous catalyst has many intrinsic advantages over
its homogeneous counterpart like low cost, high stability, recyclability and low toxicity. They
are also easy to synthesize, handle, recover from the reaction mixture, and reuse. The
heterogeneous catalytic reactions take place on the surface of a solid catalyst, and many
surface chemical processes occur during the catalytic reaction like adsorption of reactant(s),

surface diffusion, and reaction between adsorbed species and desorption of product(s).
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Figure 1.2 gives a schematic representation of various processes associated in a gas-solid
catalytic reaction. The main goal of heterogeneous catalysis research is to understand these
elementary processes at the molecular level and their relations with the catalyst composition
and electronic structures; by acquiring this knowledge one can go to the next step is to design
a better catalyst of improved activity and selectivity. Before the 1960°s the catalysis,
especially heterogeneous catalysis, was considered as either an “art” or “black box magic”.
The surface science has played a pivotal role in the development, production and the

fundamental understanding of valuable catalyst systems.
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MProducts Reactants

Scattering
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Transition ,
; Molecule-
States) 'Adsorbed Physical St
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: Transfer,
Adsorbed
Reactants

Charge

Dissociative iransfer
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Figure 1.2: Various surface chemical phenomena during a heterogeneous catalytic reaction.
(From Ref 6; Copyright permission obtained from BNL)

Over the past several decades, a molecular level understanding of surface properties
and adsorbate structures has been made on many model catalysts by developing a handful of
surface sensitive techniques. In 2007, Surface chemist Gerhard Ertl was awarded the Nobel
Prize in Chemistry for his scientific contributions to understand the chemical process on a
solid surface. Notably, Ertl decisively contributed to the rate limiting step in ammonia
synthesis and the non-linear kinetics observed for CO oxidation kinetics on Pt supported

zeolites. He also developed necessary surface analytical methods such as photoelectron
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emission microscopy (PEEM), which was not present in seventies, to visualize the non-linear

kinetics due to surface structural changes.

In many cases, the surface scientists have shown very good correlations between
model and industrial catalyst samples. The ammonia production is the best-known example
for model correlation between model and industrial catalyst system.” However, the correlation
between surface science studies and “real world” catalysis is not always satisfactorily
established. Conventional approach of exploring the catalysis on pure metal or single crystal
surfaces with sophisticated high vacuum techniques often failed to explain the changes
occurring on the real-world catalyst materials under real-world conditions. This is mainly due
to a “disconnect” between the surface science approach operating under ideal conditions, and
the real-world catalysis happening under drastically different conditions of high pressure on
complex real-world catalysts. The major challenge of catalysis research is the prior designs of
catalyst for a reaction which can give high selectivity and reactivity for a particular product.®
This challenge opens a window for heterogeneous catalysis research in many aspects. These
aspects mainly divided into two parts, theoretical and experimental aspects. The theoretical
aspects are founded on the electron density function or electronic wave function calculations.’
These aspects mainly deal with the electronic and mechanical bulk properties of the catalyst.
The experimental aspects are based on the various approaches like preparation techniques,
mechanistic-kinetic elucidation, activity-selectivity testing, etc. These aspects are integrated
too many factors to understand the catalytic reactions and cycles.

There are such a large number of processes occur on the catalyst surface (as explained
in Figure 1.2) under the reaction conditions, which makes the surface analysis very much
complex. Adsorption of reactants followed by dissociation, diffusion of reactants, products
formation and finally desorption of products. During these processes there could be many
other steps involved such as, charge transfer between adsorbates and with catalyst surface,
non-regular sites (such as edge or corner sites) can react differently, spill-over and reverse
spill-over process and possibility of any poisoning due to impurities. The complicity or more
precisely the structural and chemical complicity is the dilemma of catalysis research.

However, these complications provide the great opportunity for better understanding of
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catalytic material behavior. There are two major hurdles in correlating the results obtained
from controlled surface science experiments and industrial catalyst samples under real-world
catalysis conditions. The first is the surface science experiments, which required atomically
clean surface and the second is ultra-high vacuum (UHV) condition to avoid the momentum
and energy loss of probe atom/ion/electron. Then the question that emerges is on how to
handle the complicity of reaction process? To handle this complicity, historical approach
suggested by Langmuir in 1922 could be adopted.'® This approach is described in his words:
“Most finely divided catalyst must have the structure of great complexity. In order to simplify
our theoretical consideration of reaction at the surface, let us confine our attention to the plane
surface. If the principle, in this case, is well understood, it should be possible to extend the
theory to the case of porous bodies. In general, we should look upon the surface consisting of
a checker board”. Since 1960, the metal single crystals are used for surface science studies to
correlate with model catalyst and real-world catalysis process. The extrapolation of an
experimental result obtained from this approach is successfully able to explain the significant
number of heterogeneous catalytic process giving the hope that someday the entire
heterogeneous catalytic process can be explained by this approach. The ammonia synthesis
system is a classic example for the success of this approach.” The 70 years of research on
ammonia synthesis finally led to the conclusion that the chemisorption of N, into atomic
nitrogen over the Fe catalyst surface is the rate determining step’ and developed a kinetic
theory that precisely predicted the catalytic reaction rate.’* Unfortunately, there are many

catalytic process**™®

which are less known from the molecular point of view. It doesn’t mean
that this strategy is failing. It is because of the structural and chemical complexity of a

heterogeneous catalyst system is poorly understood.

The major hurdle in understanding structure-reactivity is the dynamic nature of surface
and bulk. Here, dynamic nature indicates, but not limited to, geometry of the surface,
electronic state of active center, composition etc. Thus the catalytic activity and selectivity are
controlled by the metal support interaction, geometry and electronic state of the active center,
promoters, poison, catalyst preparation method, etc. It is very necessary to include all these
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factors for proposing a kinetic theory or reaction mechanism model for the catalysis reaction.
The definite single crystal surfaces are used in the classical surface science studies and the
single collision, scattering of the molecule, adsorption-desorption are prominent phenomena
on these crystal surfaces. Whereas, in real word catalysis condition, single metal or more than
one metal or their oxide catalyst are supported on various support materials, therefore, the
restructuring of catalyst, diffusion, heat or mass transfer, multiple adsorptions are the
prominent phenomena in the industrial catalyst (explained in Figure 1.2). Thus, there is a
serious “disconnect” between the classical surface science studies and real-world catalysis
with respect to the material. This disconnection between these two extreme is known as the
“material gap.” The material gap arises because of many factors' which are shown in Figure
1.3. There are several efforts have been made globally to bridge the material gap. The
industrial catalysts are mainly metal or their oxides supported on the high surface area
materials which are directly not suitable for surface science studies. Gunter et al. proposed
the concept of flat model support catalyst system which is the replacement of porous material
and suitable for UHV surface science studies.’® Nano metal particle can be deposited by
suitable vacuum method. However, this model cannot be employed for high temperature
studies. Another solution is the spin coating which is proposed by the Kuipers et al.* Saib et
al., ? employed spin-coating technique successfully for generating metal-supported thin films
for exploring many details of reactions ranging from ethylene polymerization to Fischer—
Tropsch synthesis. Sol—gel dip coating method employed by Brinker et al.? is another useful
way for making quality thin films for reproducing catalytically relevant surfaces. However,
number of problems is yet to be answered satisfactorily; importantly the correlation between
surface properties measured on thin films under ideal conditions and catalysis on
corresponding powder materials and measured at ambient pressure and high temperatures.
Dubey et al. successfully prepared porous ceria-zirconia thin film and addressed the
fundamental aspects such as adsorption, diffusion, and other elementary reaction steps, heat
and mass transfer by using MBI and NAP-PES (Figure 1.4).>%® Specialty of this series of
reports lies in generating porosity of the material within the thin films and addressing the

diffusion into the pores. This is achieved while maintaining the high quality surface, but
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prepared by simple wet-chemical methods. Dubey et al. also demonstrated a correlation
between surface science parameters measured, such as oxygen storage capacity, sticking
coefficient to that of the bulk kinetics measured for CO oxidation on ceria-zirconia surfaces. It
is also to be mentioned that diffusion of oxygen atoms into the bulk of the thin film occurs;
while this can be measured (to quantify oxygen storage capacity), the same also complicates
the analysis and underscores the dynamics that occur under measurement conditions.
Importance of this particular study is the simulation of actual reaction conditions that occur
under surface science measurement conditions, and hence its total relevance to the
heterogeneous catalysis. More such studies are required to address the complicated issues in

heterogeneous catalysis from surface science point of view.
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Figure 1.3: Structural parameter and kinetic effect on the supported metal catalyst (from
reference 17; copyright permission obtained from Elsevier publishers.)

The other aspect which comes in between surface science and practical catalysis is the
significant to large difference in their pressure regimes. Most of the surface science
techniques use electrons, photons, or ion beams as probes or detection tool, which need high

vacuum conditions. Therefore, many important surface sensitive techniques are operational
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under ultra-high vacuum (UHV) conditions. UHV condition is essential to obtain information
from a very clean or atomically clean surface of catalyst material. However, this stands far
from the thermodynamic chemical equilibrium condition. It seems the system is locked in an
adiabatic condition, and can hardly simulate the changes in chemical potential and surface

space charge which occur due to the presence of reactants in a practical situation
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Figure 1.4: Porous thin films is the possible solution to uncover the various processes
involved in heterogeneous catalysis under operando conditions and investigated by surface
science methods (from reference 22; copyright permission obtained from Taylor & Francis
publishers.)

Especially, ambient or high pressure employed in many industrial catalysis conditions
lead to many changes, such as weakly adsorbed reactants, spill-over of reactant(s) from active
to support material or the reverse, are difficult to simulate under high vacuum conditions. This
huge difference in operating conditions is termed as “pressure gap’ in heterogeneous catalysis
(Figure 1.5). In the last few decades a number of surface sensitive techniques have been
developed which could be operated under elevated pressure regimes, among them are near-
ambient pressure photoelectron spectroscopy (NAPPES), sum-frequency generation (SFG),

neutral-impact collision ion scattering spectroscopy (NICISS), high pressure scanning-
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-tunneling microscopy, environmental scanning electron microscopy, near edge X-ray
absorption fine structure (NEXAFS), meta-stable impact electron spectroscopy (MIES) etc.
Among them, NAP-PES is a versatile technique that can be advantageously used for
characterization of a number of surface properties of the solid surface and interfaces, like
chemical composition, oxidation state, element mapping, gas-solid interactions, etc. under
near-operando conditions. Many new results are being reported in the last decade on several
aspects of heterogeneous catalysis. Notably, systematic surface modification of palladium to
palladium with oxygen in the subs-surfaces and demonstration of the same for ambient
temperature CO oxidation, copper/cobalt/molybdenum oxidation to corresponding oxides,
hydrogen reduction of ceria-zirconia surfaces, CO oxidation on CozO4 nanorod surfaces and
the influence of water vapor on such surfaces.?** Following these works, our group reported
on interaction of molecular oxygen with silver surfaces under technically relevant conditions

and the results are described in chapter 3A.

Material Complexity

Single Crystals Supported Nanoparticles

Gas Pressure

‘ Thin Film Impregnated
Model Catalysts Catalysts

Figure 1.5: The graphical representation of the pressure gap and material gap existing
between classical surface science measurement studies and industrial heterogeneous catalysis
conditions (from reference 34, copyright permission obtained from University of Innsbruck)
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In chapter 3 part A, we have studied the Ag-O, interactions by and near-ambient
pressure X-ray photoelectron spectroscopy (NAP-XPS) and near-ambient pressure ultraviolet
photoelectron spectroscopy (NAP-UPS). The Ag-O, interactions, which are the center-stage
of Ag-catalyzed partial oxidation reactions, especially for ethylene to ethylene oxide (EtO).
Ethylene to EtO conversion takes place on metallic silver catalyst without formation of any
bulk silver oxide, and this is an interesting example of a kinetically controlled selective
oxidation reaction. However, carbon dioxide formation is thermodynamically more favorable

on the silver catalyst. There is no doubt that Ag — O interaction is the critical factor to control

the selectivity of Et0.*>%
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Figure 1.6: Surface electronic changes that occur on silver surfaces due to its interaction with
oxygen between 300 and 500 K. Note the maximum change observed for Ag 4d/O 2p
between 400 and 450 K is in good correlation with that of maximum epoxidation catalytic
activity observed on industrial Ag/Al,Os.

For the last 50 years, this reaction was explored by the theoretical and experimental
method to understand the Ag — O interaction and different models have been proposed;
however, the mechanism still remains heavily debated. In this work, silver valence band was
probed by photoelectron spectroscopy at near ambient pressure of molecular oxygen (up to

0.2 mbar) with He I excitation as photon source. Three distinct silver-oxygen interactions
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regimes have been identified between 300 and 500 K (Figure 1.6), namely, (a) oxygen
chemisorption between ambient and 390 K, (b) O-diffusion into the subsurface layers of Ag
between 390 to 450 K, and (c) formation of metastable oxide on Ag surface above 450 K; the
latter two regimes are dynamic in nature. The trend in oxygen coverage (6o) observed on the
Ag surface below 350 and above 475 K is comparable; however, it is the lowest between 390
and 450 K, but in the presence of large excess gas-phase O,, highlights the unique nature of
the Ag+O; interaction. Interaction with oxygen changes the work function (¢) of Ag from
4.95 (<390 K) to 5.30 eV (390-450 K), and then to 5.7 eV (>450 K). The present study
suggests that O-atom diffusion into the Ag subsurface plays the key factor for epoxidation.
Subsurface oxygen plays the major role in selective epoxidation by two ways; it changes the
nature of Ag surface to be electron deficient in nature and creates a space charge region above
the Ag surface. O-atoms that adsorb on electron deficient Ag surface act as electrophilic
oxygen, which gets inserted into electron-rich alkene to form an epoxide. Above 450 K,
oxygen binds strongly to the Ag surface and acts as nucleophilic oxygen. The nucleophilic
oxygen favors complete combustion of alkene to carbon dioxide. The metallic surface
reappears when O, supply is removed above 400 K. Present study emphasizes the necessity of

in situ and operando investigations to understand the active nature of any catalyst.

In chapter 3 part B, we have synthesized 5 wt % Fe,Os/support (support=Al,03, CeO5,
MgO, ZSM-5 and Nb,Os) catalysts by wet impregnation method. The synthesized catalysts
are subjected to different physicochemical characterization techniques to understand the
structure and morphology of the catalysts. These catalysts were screened for butane ODH
reaction in fixed bed reactor at different temperatures between (523 K to 873 K with varying
butane: oxygen ratio (1:1, 1:0.5 and 1:0.25)). Among all these catalysts Fe,O3/Al,03 catalyst
shows the best activity in terms of 1,3-butadiene yield (higher selectivity towards 1,3-
butadiene) at temperature evaluated. In order to understand the superior nature of the active
site of the Fe,O3/Al,O3 catalyst, properties of not-so-active catalyst, i.e., Fe;0O3/Nb,Os was
compared by performing in-situ XPS analysis under simulated reaction conditions. The NAP-
XPS spectra of Fe,03/Al,03 and Fe,O3/Nb,Os are carried out at 0.1 mbar pressure of butane:

oxygen: argon (2:1:3) between 300 to 873 K. It has been observed at room temperature the Fe
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Is present in Fe,O3 phase on both support. From the temperature dependent NAP-XPS studies
carried out on both catalysts at different temperatures it is observed that there is no change in
the oxidation state of Fe catalyst on the Nb,Os catalyst, i.e. there is no or minimum interaction
between Fe and Nb,Os. Whereas, Fe is reduced to Fe*? state on Al,O5 support, and there is a
possibility of iron carbide formation is indicated. These result confirmed that Fe*? is the
active species for high selectivity for 1, 3- butadiene which is stabilized by the Al,O3 support.

1.3 Gas-Solid Interaction: The Fundamental phenomenon of heterogeneous catalysis

and Electronic Structure modification

The chemical reactions on the surfaces are very important for many areas of science and
technology. Especially, the gas-solid interaction is the foundation of various surface
dependent applications like, heterogeneous catalysis, electrochemistry, sensors,
semiconductor etc. For the first time, Hugo et al. discovered the association of kinetic

39, 40

oscillation of CO oxidation reaction on supported Pt catalyst and this is also first reaction

which is studied by using surface science approach on well-defined single crystal Pt (110)
surface under low pressure condition.** Now, this reaction mechanism is well established***®

and it proceed with following elementary reaction steps:-
CO + *COqy
Oz + 2% — 2 Oy
Oag + COyg — CO, + 2%
Here * denotes the vacant adsorption site

According to the reaction mechanism the pre-adsorbed CO strongly inhibit the
dissociative adsorption of molecular oxygen. Therefore, high temperature is required (>400
K) during the steady state flow condition to continuous desorption of CO adsorbates to create
the free adsorption sites; otherwise, CO would completely block the surface sites,
consequently, there won’t be any catalytic reaction. Gopinath et al. have shown the effect of

Pd surface modification on CO oxidation reaction at room temperatures.®® Pd surface is
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modified by the oxygen diffusion in to subsurface. The oxygen diffusion to sub-surface
region, modified the electronic nature of Pd catalyst, consequently, the CO poisoning of Pd
surface was partially reduced. Hence, the reaction temperature is shifted to 350 K from high
temperature (>400 K).** Derouin et al.* also studied the similar kind of sub surface
modification of silver to explain the selectivity towards the ethylene epoxide in to a narrow
temperature window (400 to 500 K). By using the combination of surface science techniques,
such as STM, LEED and TPD, that in between 400 and 500 K subsurface oxide is formed.
When the subsurface oxide is formed the silver surface is dramatically reconstructed to striped
structure at the cost of all other surface structure shown in Figure 1.7. Interestingly, the
subsurface oxygen formation is hindered above 500 K. The temperature dependence of
subsurface oxygen formation might be the key factor for the industrial catalyst for the high

selectivity towards ethylene epoxidation around 450 K rather than CO, formation.
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Figure: 1.7 Thermally selective formation of subsurface oxygen in Ag(111) and consequent
surface structure (from reference 45, copyright permission obtained from ACS publication)
Since the middle of 19" century the concepts of semiconductor physics are used to
explain the working mode of selectivity of oxidation catalyst, especially alkane and alkene
oxidation.***® According to semiconductor theory, the charge created due to the fermi
potential difference between catalyst and redox potential of adsorbate molecule is the driving

force for the charge transfer between bulk surface to adsorbate interface.*® The height of
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surface barrier, which charge carrier have to overcome between surface and bulk, could have
a significant impact on the activation of adsorbed species as well as selectivity of catalyst.
Eichelbaum et al. applied the NAP-XPS to address this fundamental issue.”® The selective
oxidation of n-butane to maleic anhydride reaction was studied on the moderately selective
MoVTeNbOx (M1 phase), highly selective vanadyl pyrophosphate catalyst, and total
oxidation catalyst V,0s. It has been observed that the highly selective vanadyl pyrophosphate
catalyst act as a semiconductor gas sensor and shows the dynamic charge transfer between
bulk and the surface, consequently, it shows gas phase dependent response of ¢. Whereas the
total oxidation catalyst V,Os does not show any ¢ changes due to reactant adsorption. It was
suggested that the surface potential barrier is the descriptor of selectivity to maleic anhydride.
However the surface reaction of metal surface and semiconductor surface are very different.
On the metallic surface, the surface reaction has been explained by using the sticking
coefficient for the adsorbing molecule on the surface, surface adsorption and diffusion of
adsorbate, clustering by attractive interactions between adsorbates. Whereas on the
semiconductor surface, the bonding is largely covalent in nature and surface electronic states
have a tendency to be spatially localized. The sticking coefficient of semiconductor surface is
very weak,”? and chemical species also have a tendency to adsorb on the preferential site
because of the spatially localized electronic site.>® The adsorption rate also decreases with
decreasing the availability of preferential adsorption site on the semiconductor surface.>® In
addition to this, the surface diffusion on the semiconductor surface is also insignificant
because of the spatially localized electronic site which reduces the surface mobility of the
adsorbed species. Therefore the models which are used to explain for metal and adsorbate
interaction are unable to explain the molecular reaction on the semiconductor surfaces. All
these complications make the semiconductor surface difficult to understand a priori, how the
molecular adsorption takes place on a specific site of virgin surface and the completion of
process on the whole surface. Many technologically important surface reactions proceed
through various surface processes such as, epitaxial layer growth, dopant incorporation,
patterning of semiconductor surfaces by self-assembly. These processes have vital
implications for the structural and electronic properties, and therefore the -
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performance, of semiconductor devices, especially, nanostructured devices that need high
native management over surface properties. The recent investigations have featured the
significance of particular specific surface sites and local reaction to absorbable species in
surface reaction on semiconductor surfaces.

In this direction, in chapter 4, NAP-UPS and NAP-XPS studied of Silicon is carried
out in the presence of molecular oxygen at near ambient pressure (up to 0.5 mbar and 900 K)
to understand the various steps involved in the initial oxidation of silicon surface and towards
silica formation. Initially, the oxygen adsorbs on the dangling bond sites which can be
measured by the decrease in the intensity of the dangling bond in NAP-UPS spectra. The
adsorption of oxygen on the dangling bonds is localized because of that the topography of the
Si surface becomes heterogeneous in nature, which is responsible for the broadening in the

oxygen gas phase vibrational spectra. According to literature reports,>™ °°

the initially
adsorbed oxygen is molecular in nature, which is also known as Hofer precursor. Initial strong
increase in the ¢ can be correlated with the presence of Hofer precursor and this state is stable
up to 400 K. When the temperature increases to 500 K, this species dissociates to —Si=0
species which can be confirmed by the decrease in the ¢ as well as by the NAP-XPS. At 600
K the —Si=0 species dissociates and form a uniform 2D oxide layer on the silicon surface.
This layer is also quite stable up to 800 K, and there is not much change observed in NAP-
UPS as well as NAP-XPS. However, when the temperature increases up to 850 K at 0.2 mbar
oxygen pressure, bulk Si oxidation begins to take place and the ¢ increase to 1 eV which is
confirmed by the secondary electron cut off in UPS spectra as well as a shift in gas phase
vibrational spectra. To find out the composition of the Si surface, the angle-resolved spectra is
also carried out and found that Si did not completely oxidize to Si**. Other species like Si**,
Si*?, Si** also present from bulk to the surface.

In chapter 5, the gas phase vibrational spectra of reactive and inert gases have been
studied by (NAP-UPS) up to 0.3 mbar. Results obtained is divided into two parts and
discussed. In the first part, we have studied the photoelectron spectrum of monoatomic Argon
gas and some homonuclear diatomic molecules like H,, O, and N, by using NAP-UPS and
the effect of pressure on their energy position. The atomic/molecular gas phase spectrum is
essential to study the atmospheric and exo-atmospheric gas-phase composition. In this study,

we have demonstrated that NAP-UPS could be an essential tool to determine the -
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intermolecular interaction. In the second part, we have studied the influence of solid surface
nature on the binding energy (BE) position and pattern of the vibrational features of nitrogen
and the first shallow levels (3ps, and 3p1/2) of Argon. It has been observed that with change in
the (electronic) nature of the surface, the BE of the above states also changes and reflects the
change in the ¢ of the material. It is to be underscored that Ar is an inert gas and nitrogen is
the most stable molecule, and the above changes observed underscores that they can be
employed as probe atom/molecule to explore even the minor changes occurring for any
reason. Further, if the solid surface undergoes any chemical/electronic changes due to gas-
solid interaction, such as oxidation, the ¢ of the surface changes again; this underscores the
identification of changes happening under reaction/measurement conditions. Therefore, the
change in the BE of the gas phase features can be used to determine even the minor ¢ changes
of solid surfaces during the reaction or due to the reaction. These sets of findings have
implications to probe the surface changes that occur in any surface dependent phenomena,
such as heterogeneous catalysis, electrochemistry.

In the present thesis efforts are directed to explore and understand the fundamental
phenomenon of heterogeneous catalysis, which is the gas-solid interaction with different
systems. On the way, controlled material making is also addressed by oxidizing Si to SiOy
layers, Ag to modified silver with oxygen in the subsurfaces. Most reactive and most stable
molecule/atom was employed to probe the gas-solid interaction with NAPPES technique
under relevant conditions for very different surfaces. Some of the critical results, such as
changes in surface ¢, charge transfer between surface and molecules, are addressed in the
present thesis. Butane to 1,4-butadiene was explored on a working catalyst and active species
are identified from the NAPPES studies.
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2.1 History, Principle and General Introduction of Photoelectron Spectroscopy

Surface science and heterogeneous catalysis have an immense impact in this technology
driven world and has significant contribution in the world GDP. It is a challenging task to
develop new materials and processes to remain at the forefront of advanced technology. In
the last few decades, surface science emerged as a strong interdisciplinary science and shows
a prominent role in the development of new technologies. Parallel to the development of
surface science, various surface characterization techniques are also developed, and they
contribute to the advancement of surface science knowledge. Among them photoelectron
spectroscopy is a versatile technigque that can be advantageously used for characterization of a
number of surface properties of the solid surface and interfaces, like chemical composition,
oxidation state, element mapping, solid-gas interactions etc. The history of photoelectron
spectroscopy dates back to the 1950s.? Based on the work of Kai Siegbahn at Uppsala
University, Sweden the high-resolution photoelectron spectrometer was commercialized from
the early seventies. Photoelectron spectroscopy works with the principle of the photoelectric
effect, which is the emission of photoelectrons from a material when exposed to photons of

sufficient energy. The photoelectric effect equation is:
hv = B.E.+K.E.+¢ Eg- 2.1

Here, hv is the energy of incident photon, B.E. is binding energy required for exciting
electron from any occupied level to Er level in an element, ¢ is the additional energy which
is required to eject the electron from Eg, and is known as the work function (¢), and K.E. is
the kinetic energy of ejected electron which depends on the energy of incident photon.

Photoelectron spectroscopy can be divided into two parts based on the radiation source used:
1. X-ray photoelectron spectroscopy (XPS)
2. UV (ultra-violet) photoelectron spectroscopy (UPS / UVPES)

Generally, in a laboratory-based X-ray photoelectron spectroscopy set up, characteristic Al

Ka (1486.6 ¢V) and Mg Ka (1253.4 eV) sources are used as standard X-ray sources, whereas
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the source of UV radiation is noble gas discharge lamp, usually a helium discharge lamp. The
Helium discharge lamp emits two different energy radiations, namely, He | (21.2 eV) and He
I1 (40.8 eV). Both UV radiations can be obtained by varying the partial pressure of helium.
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Figure 2.1: Photon-electron interaction with (a) X-ray and (b) UV radiation

XPS gives information about the core levels and valence level of elements, and the
penetration depth is also more (approx. 10 nm with 1000 eV X-ray photons); whereas UV
photoelectron spectroscopy (UVPES) gives the information about the valence band, and the
penetration depth is very less, around 2 nm. Even though UVPES spectra are very complex,
compared to the XPS spectra, but they are rich in information; often when the changes are
subtle and limited to the top few layers, in phenomena such as heterogeneous catalysis,
sensing, UVPES provides more information. Other reason being the different photoionization
cross section (o) for a particular valence orbital; for example, O 2p could be seen more
prominently with UPS compared to XPS, due to high (10.67 Mb) and low & (0.0005 Mb),
respectively. By performing both XPS and UVPES, it is also easy to ascertain the origin of
the energy level from a particular orbital of specific element. Photoelectron spectroscopy is
traditionally an ultra-high vacuum technique. The photoelectron which is ejected from the
sample should reach the detector without losing kinetic energy due to inelastic collision with
atoms or molecules within the solid or with the residual gas molecules in the UHV

environment; due to this it is necessary to maintain the ultra-high vacuum in the photoelectron
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spectrometer. At high-pressure, electrons have very short mean free path (A); for example,
the mean free path of an electron having 400 eV kin etic energy in 1 mbar O, will be
approximately 4 mm. So the main obstacle for photoemission at elevated pressures is the
attenuation of electrons through inelastic scattering with gas phase molecules. This obstacle
has been overcome in the development of photoelectron spectrometers which can function at
near ambient pressures. A new term ambient pressure (AP) or near ambient pressure (NAP) or
high pressure (HP) has been introduced with photoelectron spectroscopy (PES) to distinguish
it from traditional UHV setups. In the last 20 years, NAPPES has emerged as an important
investigating tool for many surface related phenomena like electrochemical reactions (Li-O;
system), environmental chemistry (reaction under humid conditions, dissolved halide to gas
reactions), and heterogeneous reactions on catalysts.®> After the successful development of
UHV XPS, the Kai Siegbahn’s group shortly developed the NAPPES in early 1970’s at
Uppsala university.*® Parallel efforts were made and another such system was installed in
Cardiff University, UK at the end of 1070’s, and used for the investigation of the solid-vapor
interface. This system is equipped with several differential pumping stages between the
sample chamber and hemispherical analyzer. This NAPPES system was developed by Roberts
et al. for the measurement of solid/vapor interface at Cardiff University.® The new generation
NAPPES is developed by the constant effort by many groups around the globe. Probably,
Roberts’s group from Cardiff University attempted for the first time and developed a high-
pressure XPS analyzer to study the solid —gas interaction up to 1 mbar to bridge pressure gap
but with limited success.” The major limitation of this system is the low resolution due to the
lack of electrostatic lens system. Finally, it was successfully attempted by Salmeron’s group
at University of California, Berkeley® and Schlégl’s group, Fritz-Haber Institute; Berlin.’
These systems are designed for synchrotron radiation equipped differentially pumped
electrostatic lenses and analyzer system. These electrostatic lenses increase the collection
efficiency of electron counts to analyzer resulting in the high-resolution spectra. Later on
several state of-the-art lab-based and synchrotron NAPPES have been developed summarized
in Figure 2.2.1° The basic design and principle of lab-based and synchrotron NAPPES system

is similar; the only difference is the radiation source. In the lab-based system the Al or Mg
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anode is used as an X-ray source. Whereas, in synchrotron source the charged particles are
accelerated perpendicular their velocity, these particle produce the radiation with all energies
and required energy radiation is used as X-ray source. There are limited availability of
synchrotron sources and demand is very high, therefore several lab-based- NAPPES
successfully installed equipped with modern state of the art high-pressure analyzers,*®
which are capable of operating up to 30 mbar pressure.*? Several technical aspects which are

very important in APPES are briefly described in the next section.
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Figure 2.2: Ambient pressure XPS timeline, showing both the cumulative number of
publications and the installation of new instruments. Red labels denote laboratory-based
systems, and blue labels for synchrotron-based instruments. The dates for the installation of
the instruments are approximate and to the best of our knowledge. (from reference 10,

copyright permission obtained from RSC publication)
2.2 Development of NAPPES, Challenges and Solution
2.2.1 Electron — Gas Inelastic scattering:

The main challenge of NAPPES is the loss of kinetic energy and scattering of photoelectron
because of inelastic and elastic collisions between the electron and gas molecules. The elastic
scattering contribution in signal attenuation at electron kinetic energy below 100 eV and

inelastic scattering dominate in signal attenuation with electron having high kinetic energy,
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> 100 eV. The attenuation of the photoelectron signal follows Beer’s law:-
| = 1,eC7oKEPkD) Eg- 2.2

Here | is the intensity of the signal at pressure p; I, is the intensity of the signal in UHV;
o(KE) is the electron scattering cross section; and z is the distance traveled by an electron at
gas pressure p and T temp. It means the intensity of the signal is inversely proportional to the
distance (z) traveled by the electron at pressure p. A minimum distance between the sample
surface and the front cone aperture, attached to the electrostatic lens region (or simply
electron collection region and attached to differential pumping setup), will help to increase the
electron counts (Figure 2.3). Generally, the distance between sample and cone/aperture is >D
(D is the diameter of the cone). To minimize the elastic collision probability, cone aperture

diameter (D) could be fixed smaller than the X-ray spot size. The smaller size of cone

Mono
X-ray
Source

Figure. 2.3: Photograph of the open-reactor design employed in NAPPES unit. The sample
holder is stationed on 4-axis manipulate which provide movement of sample holder in x, vy,
and z direction with 360° rotation. In inset, the analyser cone image is shown with 0.3 mm
diameter. Gas doser can be heated to heat the input gas to minimize the temperature
difference between spectral measurement and gas temperatures. (from reference 18, copyright
permission obtained from ACS).
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aperture is also helpful to improve the differential pumping (explained in the next section),
but decreasing the cone diameter will also decrease the electron counts reaching the detector.
In fact, a pressure higher than 1 mbar is critically achieved by decreasing the aperture size.
The feasible solution for this problem is to increase the X-ray flux in a small area, but it can
cause sample damage. Another way to get better electron counts without increasing the cone
size or X-ray flux is the use of electrostatic focusing lens in each differential pumping stage
(Figure. 2.4). These lenses makes possible the collection of substantially a larger fraction of
electrons which were scattered because of diverging nature of their trajectories and small solid
angle captured by the apertures separating the pumping stages. These electrostatic lenses are
first time used in the NAPPES developed by ALS, Berkeley in 1991-2002.

New design: Electrostatic focusing
Previous designs:

conventional X-ray X-rays from

Figure 2.4: Traditional design of differential pumping (left) and modern design of differential

pumping with electrostatic lens (Right)
2.2.2 Gas flow, Differential Pumping and Membrane-Based Setup

It has already been mentioned that at high pressure the electrons mean free path is very short
and it is also necessary that it is essential to maintain high vacuum towards the electron
energy analyzer (< 107 mbar) during the course of any measurement, which limits the

application under ambient pressure. These considerations led to design a multistage pumping
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system between sample, electrostatic lens region and the hemispherical electron energy
analyzer. Each differential pumping stage is effectively creating a pressure difference of two-
three order of magnitude from the earlier pumping state and depending on the type of gas,
aperture size and pump capacity. Therefore several differential pumping stages are required if
the sample is measured to be in high-pressure condition. A minimum of three differential
pumping stages with sufficiently high pumping capacity is considered to maintain an
increasingly better vacuum at each stage from sample surface to analyzer. The basic scheme
of differential pumping pioneered by the Seighbahn et. al.*® is used in the modern NAPPES
system. Where the sample is located in the in situ analysis chamber and placed close to the
differentially pumped aperture. Since the pressure distribution is not homogenous close to the
aperture, the distance between sample and analyzer aperture should always be significantly
greater than the diameter of the analyzer aperture. Figure 2.5 shows the schematic
representation of variety of differential pumping stages, which are being used in NAPPES
system around the globe.® When the electron enters the analyzer path it feels higher and
higher vacuum through the differential pumping stages. This differential pumping combined

with the electrostatic lens improves the signal to noise ratio.

Another way to avoid the gas-electron collision is the membrane. In this approach, the
sample is placed in a vacuum sealed membrane. These membranes exhibit electron permeable
but liquid-gas impermeable characteristics. These membranes are made by the carbon foils, a
graphene sheet, and silicon nitride and mainly used in X-ray absorption spectroscopy and
microscopy applications.**** Among them silicon nitride membrane is very popular because
of their easier synthesis, handling, very robust and homogenous in composition and thickness.
Additionally, the liquid can also flow for liquid reactions in the cell as well the electron can

2122 However, for

be integrated with silicon chip for electrochemical measurement.
photoelectron spectroscopy applications, these membranes must be sufficiently transparent
for the low Kinetic energy electrons and it should withstand high pressure difference. For
example, 10 nm thick SizN4 film can maintain the 1 bar pressure and it is permeable for
electron having kinetic energy in few keV.?*?* Therefore, the SisN4 cannot use for soft X-ray

spectroscopy where the K.E. of ejected electron is in range of 100-1000 eV. Graphene oxide,
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graphene and hexagonal boron nitride show very good transparency for low K. E. electron.
The graphene attracted more attention for insitu cell in photoelectron spectroscopy because of
its mechanical strength and transparency for low Kinetic energy electron. A single layer of
graphene has shown 50% transparency for electrons with kinetic energy 1070 eV at an
emission angle 60°.%° There are several reports are available where graphene is used for the
fabrication of insitu cell for NAPPES.?® However, all these developments are still at the
laboratory levels and robust membranes are yet to be demonstrated for its stability under

variety of conditions.
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Figure 2.5: The schematic representation of differential pumping stages, which are used in

NAPPES system around the globe (from reference 10, copyright permission obtained from
RSC publication)
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2.2.3 In situ Reaction Chamber

The advancement of differential pumping and photon source also increase the NAPPES user
base. In modern science the NAPPES is playing an indispensable role in the chemical,
biological and physical sciences. Therefore, it is necessary to precisely control the sample
environment (Like, temperature, pressure, composition irradiation with another source like
UV, IR etc) according to reaction requirement. Most of the NAPPES system has open
reaction chamber as shown in the Figure 2.6(a) and 2.3. These types of reaction chambers
have a large volume and large internal wall area. Because of the large area this chamber can
accommodate various another radiation source like UV, mass spectrometer, sputter gun etc.
and the sample in and out transfer is also very easy. This design also provides the
homogenous distribution of gas pressure around the sample. The biggest disadvantage of this
design is the quick switch to UHV from elevated pressure. This obstacle is overcome by the
different design where a new insitu cell is in the vacuum chamber and sealed against it during

the exposure of the sample to the gaseous environment as shown in Fig. 2.6 (b). This design

in situ cell I:EI]

~
nll\

UHV chamber (b)
1
™~

Figure 2.6: In situ reaction chamber design schematic. (a) Open reaction cell (b) in situ closed
reaction cell is located inside a larger vacuum chamber (from reference 10, copyright

permission obtained from RSC publication)

enables to quick switching between UHV and high-pressure as well as also reduced exposed

chamber volume for high pressure. However, this is a more complex design and requires
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precise manipulation to safely transfer the sample into the reaction cell. In addition, hardly
any sample manipulation is possible within the high pressure area in the closed reactor design.

2.2.4 X-ray Windows and Photon-Gas Interaction

The X-ray source in NAPPES set up is generally separated from the high-pressure chamber
by a thin membrane (50-100 nm). This is mainly to minimize the photon absorption by high
pressure environment employed under NAPPES measurement conditions. Generally silicon
nitride (SisNg) and aluminum foil are used, because they have low X-ray absorption
coefficient and they are X-ray transparent. However, the photon-gas interaction is weaker
than electron- gas interaction and photon-gas scattering cross section is also very less.
However, X-rays ionize the gas phase molecules in the analysis chamber, and the gas phase
signal can be obtained as well. If the NAPPES measurements are made in a wide pressure
range, it is suggested to measure the X-ray flux at different pressures to know the decrease in
photon flux. This measurement helps to normalize the intensity losses that would occur,
especially, at high pressures. Nonetheless, these gas phase signals indirectly help to determine
the ¢ of the solid surfaces in operando condition.”! It is also to be mentioned that gas-phase

features can be observed at significantly high pressures around 1x10 mbar and above.
2.3 Angle Dependent X-ray Photoelectron spectroscopy

Angle dependent XPS is a corollary technique which is used to increase the surface sensitivity
of the XPS method as well as to know the thickness of the surface layers, such as
contamination, deposited layers. This is a nondestructive, highly sensitive technique which is
used to determine the compositional variation of a sample from the surface to near surface
region. Here the sample surface is tilted towards or away from the analyzer, which makes the
less or more sensitive to surface or bulk (within the 10 nm probing depth of XPS). In other
words, by changing the angle & between sample surface normal and analyzer, it is possible to
probe different depth from the top surface layers. This angle is called the emission angle or
emission angle of photoelectron or take-off angle of photoelectron and denoted by a. To

decrease the sampling depth, the take-off should be decreased as shown in Figure 2.7. The

32



Chapter 2

relation between analysis depth and takeoff angle can be given as in equation 2.3.* While
changing the sample angle @ the inelastic mean free path of the electron (IMPF) or attenuation

length of the photoelectrons remains the same.

day =d sin a.=d cos 0 Eg- 2.3
dav = The average sampling depth.
d = Maximum sampling depth at angle a,

When o or 8 = 90° then d,, = d.

/|d

| N

hv

Figure 2.7: Surface sensitivity enhancement by variation of the electron take-off angle.
2.4 Inelastic Mean Free Path (IMFP) of Electrons in Solids

XPS and UPS are used for chemical analysis of surface and near surface region of solid. To
determine the compositional variation of surface and near surface regions it is necessary to
measure the electron sampling depth. This electron sampling depth can help to determine the
role of each layer of sample in the XPS or UPS intensity or electron counts. The sampling
depth can be derived from the IMFP values. IMFP could be defined as follows: how far an
electron can travel through a thin film of a solid lattice or a near surface region of a solid
before it encounters first inelastic collision either with solid atoms and/or gas-phase

molecules. Any inelastic collision is known to decrease the kinetic energy of the electron and
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after an inelastic collision it will contribute to the background, rather than to the particular
energy level in the spectrum. It is also to be noted that very high kinetic energy electrons
undergo less number of collisions than its counterpart with low kinetic energy. Background
intensity in any typical XPS spectrum increases from low to high binding energy. Most
reliable calculations, for IMFPs measurement for element inorganic compound and organic
compound were already made by Seah and Dench.*® The proposed equation for IMFPs by

Seah and Dench as follows:-
For elements

_ 538

1
Am = =t 0.41(aE)z Monolayer Eq. 2.4

For inorganic compounds

_ 2170
==

1
Am + 0.72(aE)z Monolayer Eq. 2.5

For organic compounds

Am =2 1 0.11(aE)? mg m” Eq. 2.5
Here; Am = IMFPs in monolayer

E = Energies between 1 to 10000 eV above fermi energy

a = monolayer thickness in nm

2.5 Near Ambient Pressure Photoelectron Spectrometer at CSIR-NCL, Pune

2.5.1 System Overview

Figure 2.8 shows the image of NAPPES system installed in CSIR- National Chemical
Laboratory, Pune. The system was fabricated and supplied by Prevac, Poland. It consists the
four chambers, namely, (1) Load lock chamber (2) preparation and storage chamber (3) High-

pressure reactor, and (4) Analysis chamber and VG Scienta R3000 three stage differential
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pumping hemispherical analyzer. Analysis chamber is made of p—metal, while other
chambers are made of SS-316. All these four chambers are separated by the three manual gate
valves. This system equipped with two X-ray sources, one is VG Scienta MX 650 Al ka
monochromatic X-ray source and another is Al ko and Mg ko dual anode X-ray source; it
yields photons of 1486.7 and 1253.6 eV, respectively, energy. It also equipped with one He-I
and He-Il ultra-violet (UV) radiation source. The excitation energy of He-1 and He-Il are 21.2
and 40.8 eV respectively. All radiation sources can work in UHV and high pressure
conditions. The instrument is equipped with a gas-manifold with three mass flow controller
systems, connected with a common gas mixing chamber, which enables mixing of up to three
gases. The vacuum in the system is maintained by the various capacity turbomolecular pumps

backed by rotary pumps. More details about the instrument is available in ref. 18.

2 I " TN

Figure: 2.8: Image of Lab- NAPPES instrument installed in CSIR- National Chemical

Laboratory, Pune
2.5.2 Load lock and Preparation chamber

The system is equipped with a fast entry load lock system, where the vacuum is maintained by
the 260 I/s HiPace300 Pfeiffer turbo molecular pump backed by the DUO 10M Pfeiffer

double stage rotary vane pump. Load lock and preparation chamber is separated by a manual
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gate valve from VAT. The load lock is fitted with a manual drive linear arm. With the help of
this arm the sample is transferred from load lock to preparation chamber and then high-
pressure reactor or analysis chamber. The preparation chamber is equipped with Ar-ion
sputter gun (IS 40C1, Prevac) operating between 0 to 5 kV and 0 to 10 mA, quadrupole mass
spectrometer (QMS) from SRS, RGA200 and 4-axis manipulator connected with sample
heating and cooling system from 100 (liquid N, temperature) to 1023 K. The QMS is
connected with the analysis chamber through leak valve to analyze the reactions products
from the sample surface. The preparation chamber is pumped by the 355 L/s HiPace300
Pfeiffer turbo molecular pump backed by the DUO 20M Pfeiffer double stage rotary vane
pump. The preparation chamber has a sample parking system, and up to 10 samples can be
stored. The metal foils which are used in this thesis experiments are atomically cleaned by Ar-

ion sputtering followed by vacuum annealing up to 1000 K.
2.5.3 Analysis chamber and Analyzer

The analysis or reaction chamber has an open cell design (Fig. 2.3). The design has been
explained in section 2.4. The analysis chamber is pumped by two 355 L/s capacity HiPace300
Pfeiffer turbo molecular pump backed by the DUO 20M Pfeiffer double stage rotary vane
pump and an ion pump. These pumping systems are efficient to fast switch between 1 mbar
pressures to UHV (ultra-high vacuum) within 5 min. Inside view of the analysis chamber is
shown in Fig. 2.9. The pressure of the analysis chamber is measured by the Oerlikon Leybold
TTR 90 gauges and a BAG (Bayard-Alpert ionization gauge). One another CTR gauge is also
fitted to measure the accurate pressure near the reaction zone i.e. close to the sample surface.
The analysis chamber is equipped with a differentially pumped VG Scienta MX 650 Al ka
monochromatic X-ray, Al ko and Mg ka dual anode X-ray. These X-ray sources are isolated
with analysis chamber by a thin Al window. The differential pumping and Al window are
keeping the radiation sources in UHV, even when the analysis chamber pressure is 1 mbar.
The analysis chamber is also equipped with a UV source which can give stable He | and He 11
UV radiation for valence band photoelectron spectroscopy (UVPES) measurements under
UHYV as well as 1 mbar conditions. The water-cooled UV source is mounted on a CF40 flange

which can give an emission current up to 100 mA for He I and 200 mA for He Il. An electron
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flood source operating between 0 and 500 eV for charge compensation during XPS operation
is attached to the analysis chamber. A gas mixing manifold equipped with the mass flow
controllers, which is useful to mix three gases to the desired composition to simulate the
reaction condition. This gas mixing manifold is connected with gas doser via a z-axis
manipulator in the analysis chamber. Further, the gas doser can be heated up to 873 K to heat
the input gas for high temperature experiments. The sample is stationed on a 4 axes
manipulator with the capability of 360° rotation of sample. This 360° rotation of sample is

helpful to carry out the angle-dependent experiments to depth profiling of the sample.

Bapillary for gas dosing

UPs
Monochromator X-ray

source

\
CTR gauge
gque

(A
L

Figure 2.9: The schematic view of the analysis chamber without analyzer. The inset shows an
expanded view of the analysis spot. (from reference 18, copyright permission obtained from
ACS publication)

The analyzer is the heart of the XPS system. There are various designs of high-
pressure analyzers are developed, which is explained in section 2.2.2. This NAPPES system is
equipped with the VG Scienta R3000HP analyzer. The loss of electron K.E. due to the
inelastic collision between electron and gas molecules is major problem in NAPPES. To
minimize the probability of inelastic collisions there are three parameters are adopted in the

R3000HP analyzer. First, the sample is kept close to the cone of ELR (electrostatic lens
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region, where effective differential pumping is started). It has been already explained that at 1
mbar pressure the electron can travel a maximum up to 4 mm without an inelastic collision.
The open reaction chamber and 4 axes manipulator allow varying the distance between the
sample and analyzer cone from 0.5 mm to few mm according to pressure requirements. Once
the electron enters in the ELR region, there are two factors contribute to getting the high-
quality spectra at high pressure, effective differential pumping and converging of electron in
ELR region. Total three differential pumps are fitted in the analyzer; first and second
differential pumps are fitted in ELR region and third differential pump is in the electron
energy analyzer (EEA) as shown in Fig 2.9. At 1 mbar N, pressure, a vacuum of 5 x 10, 10°
® and 107-10"® mbar is maintained in the first, second and third differential pumping sections,
respectively. First, second, and third differential pumping regimes are pumped down by a

combination of 400, 300, and 400 L/s turbomolecular pumps, backed by rotary pumps.

(a) ®)

Y ¥ Y o Y W v e

Figure 2.10: Double front cone pumping arrangement (shown in green and yellow)
effectively improves the differential pumping to minimize inelastic scattering in electrostatic
lens regime (ELR) as well as to decrease the data collection time under high-pressure
conditions. The electron energy analyzer region is shown in purple. (b) A schematic of the
aperture free ELR and the electron trajectory for faster data acquisition. (from reference 18,

copyright permission obtained from ACS publication)
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The area of pumping is gradually increased from first to second ELR to EEA. Further,
a double front cone pumping arrangement design is adopted which help to decrease the
pressure with a steep pressure gradient from the bottom of the cone (which is very close to the
sample surface) to the EEA. This differential pumping arrangement helps to minimize the
inelastic collision in ELR region. In contrast to conventional analyzers,'® (Figure 2.2) in
R3000HP aperture free electrostatic lens design is adopted and the voltage is applied in such a
way that they converge all electrons. Apart from the advanced design of analyzer there are
other critical aspects are also incorporated. An exchangeable analyzer cone with different
aperture size from 0.3 to 5 mm. Currently, the analyzer is fitted with 1.2 mm aperture and
data reported in this thesis are obtained with this aperture. A distance of 1.5 mm is maintained
between sample surface and aperture for all the data collected and reported in this thesis. The
highest resolution achieved is 0.42 = 0.02 eV with 50 eV pass energy at a (analyzer entrance)
slit width of 0.2 mm, and it is in good agreement with that reported for the R3000HP by
Mangolini et al.;*> however, the resolution measured is 0.6 + 0.02 eV with the maximum slit
width of 3.0 mm of the analyser.

The XPS and UPS analysis at near ambient pressures was carried out on the special
sample holders supplied by Prevac, Poland. PTS 1000 Res for UHV heating, and PTS 700
HPC res. have been used for 1 mbar experiments and temperature is measured by c/k type
thermocouple. Both sample holders are based on resistive heating. The PTS700 HPC sample
holder also has the cooling assembly which allows cooling down the sample up to 100 K. The
sample has two potential contacts. The potential contact can be connected from outside by a
multimeter through the electrical feedthrough on manipulator. These feedthroughs allow
apply the required voltage, current and measuring the voltage and current created on sample
holder due to gas ions. For this thesis work, the Keithley 2700 multimeter is used for applying
the voltage/current on sample. PTS700 sample holder can be used up to 1 mbar and 1023 K.
For high temperature measurement the system is equipped with electron beam heating and the
sample can heated up to 2273 K; however this is applicable only in UHV conditions.
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Subtle interaction between Ag and O;: a near ambient pressure UV photoelectron

spectroscopy (NAP-UPS) investigations
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A part of the work presented in chapter 3.1 has been published, and publication detail is:-

Ghosalya, M. K.; Reddy, K. P.; Jain, R.; Roy, K.; Gopinath, C. S., Subtle interaction between
Ag and O, : a near ambient pressure UV photoelectron spectroscopy (NAP-UPS)
investigations. J. Chem. Sci. 2018, 130, 30.
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3.1 Introduction

Silver is a unique catalyst for two technologically important partial oxidation reactions,
namely, ethylene to ethylene oxide (EtO) and methanol to formaldehyde production.’™
Ethylene to EtO conversion mostly takes place on supported silver catalysts. It was
discovered by Emile in 1931. EtO is a versatile intermediate chemical for the production of
ethylene glycol, glycol ethers, etc. which are used in the production of detergent and
surfactant, anti-freezing agent, coolant etc. Ag supported on a-Al,O3 is being used as a
catalyst for EtO production with 40 to 50 % selectivity. However, the addition of promoters
such as chlorine, alkali or alkaline earth metal increases the selectivity up to ~80%.%°Around
15 MT EtO was produced on 2010 on chlorinated hydrocarbon promoted Ag/a-Al,Ozat 10 to
30 bar pressure between 450 and 520 K.° Even 1 % improvement in the EtO selectivity could
save several millions of dollars per year. Many efforts are under way to optimize the reaction
conditions and the catalyst to improve the selectivity.

Ethylene to EtO is a kinetically controlled selective oxidation.™® Despite being more
prone to combustion than ethylene, EtO formation is high, but in a narrow temperature regime
(430-500 K). Oxygen interaction with silver has a crucial role in controlling the EtO

selectivity. For the last fifty years, theoretical ™ 113

and experimenta investigations led to
various models of Ag-O, interaction to explain its role in the partial oxidation reactions
catalyzed by silver; however, the mechanism still remains debated, particularly regarding the
nature of oxygen involved in the activation of ethylene and the nature of silver surfaces under
reaction conditions.2**® The process of EtO (or any epoxide) formation, which involves the
insertion of oxygen into the n-bond of ethylene (alkene) molecule, requires a ‘special’ oxygen
which can activate the alkene.

Campbell et al.,**? studied ethylene epoxidation by varying four reaction parameters
like the temperature, the partial pressure of oxygen and ethylene, and surface oxygen
coverage (0p), and a reaction model was proposed. It suggests that under isothermal
conditions, 0o plays the major role in the epoxide selectivity. Theoretical calculations by van

Santen et al.,*’

shows that dissolved O-atoms in the subsurfaces of Ag is responsible for
epoxidation over complete combustion by Ag catalysts. The presence of dissolved oxygen

species in the subsurfaces of Ag facilitates, (a) the reduction in bond energy of adsorbed
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oxygen on silver, and (b) modifies the repulsion of adsorbed oxygen atoms and adsorbed
ethylene into an attractive one. According to thermodynamic studies, the active oxygen
species in ethylene epoxidation over Ag catalysts is a weakly bound species under steady-
state conditions,"® and in situ techniques are indispensable for its detection. A series of

articles®"1214

on in situ characterization are available that reports the nature of active species,
oxygen adsorption site, and reaction intermediates. XPS studies under in situ conditions are
available in the identification of the active oxygen species. Bukhtiyarov et al., reported that
electrophilic and nucleophilic oxygen species are present on the catalytically active surface
under epoxidation conditions.* In the O 1s spectra, the components at 528.5 and 530.2 eV
B.E. were attributed to the nucleophilic and electrophilic oxygen, respectively. The
nucleophilic oxygen leads to the total combustion of ethylene, whereas the electrophilic
oxygen is active for partial oxidation. The nature of nucleophilic oxygen was studied earlier,?
whereas the role of electrophilic oxygen is inconclusive. The fact is that even the NAP-XPS
measurements carried out so far were not able to detect any charge transfer between Ag and
O.”™ In fact, Ag 3d core level shows no change in the present and earlier studies. However,
probing the VB with low energy photons (He- I source; hv = 21.2 ¢V) reveals many crucial
changes in Ag-O, interaction, which otherwise remain untraced in core level XPS.

VB photoelectron spectroscopy with low energy photons is an important tool to access
mostly surface specific electronic changes. Indeed, NAP-UPS is fully relevant to explore
silver-oxygen interaction, since Ag 4d and O 2p orbitals exhibit high photoionization cross
sections (o) of 16.62 and 10.67 Mb, respectively, with He-1 (21.2 eV) photon.?? The changes
observed with He-I excitation is not possible to detect with Mg or Al Ka, due to, (a) three to
five order of magnitude smaller ¢ for Ag 4d (0.1030 with 800 eV; 0.021 Mb with Al Ka
photons), and O 2p (0.0022 with 800 eV; 0.00024 Mb with Al Ka photons); (b) low
resolution of X-ray; and (c) comparatively high probing depth of X-ray photons. Earlier VB

224 or at low pressure (<10~* mbar),® whereas

studies on Ag were carried out in vacuum
NAP-UPS is able to measure under more practical in situ conditions. In situ NAPUPS
analysis provides the information about the work function (¢), Er, chemical bonding, etc. This
information is very important to determine the nature of oxygen present on the Ag surfaces

under high pressure conditions. In the present work, the NAP-XPS and NAP-UPS data was
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employed to understand the silver-oxygen interaction and subsequent electronic structure
changes in the critical epoxide formation temperature conditions. Three temperature regimes
have been identified, and the silver-oxygen interaction changes drastically from one to
another regime. Present NAP-UPS analysis provides the direct evidence of subtle Ag — O,
interaction in the active temperature window of 390-450 K for epoxidation. As the
temperature reaches 390 K, the oxygen begins to diffuse into the subsurface layers of Ag,
which makes the silver surface marginally cationic and it is confirmed from the ¢ change as
well as angle-dependent NAP-XPS. It has also been observed that between 390 to 450 K, the
oxygen coverage on Ag surface decreased significantly, in spite of the presence of large
excess of gas-phase oxygen (0.1 mbar). On the basis of these observations, it is suggested that
the modified surface attract the electron-rich alkene molecules and facilitates alkene
adsorption and subsequent epoxidation. The present study contributes significantly to
understand the gas-solid interaction at several orders of pressure higher than the conventional
surface science measurements at high vacuum (10° mbar) and hence closer to the actual
conditions (1030 bar).®3*

3.2. Experiment

A polycrystalline foil of Ag (purity 99.999%, MaTeck, Germany) was used for the present
studies. The samples were cleaned by argon ion sputtering by applying a potential of 3 kV and
an acceleration current of 6 mA to the sputter gun, followed by annealing at 1000 K. A series
of sputter-anneal cycles produced clean silver surfaces. No contamination of oxygen and
carbon was detected by XPS/UVPES. The impurity level of any sulfur, silicon, and
phosphorous was lower than the detection limits of R3000 analyzer. Detailed O, Ag gas-solid
interaction experiments were carried at 0.1 mbar oxygen (99.99%) partial pressure from RT
(295 K) to 500 K. Similar but representative studies were carried out at 0.2 mbar O, pressure
also. A cone with 1.2 mm aperture was fitted to the entrance column of the R3000HP
analyzer, and a sample to aperture distance of 1.5mm was maintained for the present
measurements. More details about NAPPES are available in chapter 2. The spectra were
deconvoluted with Gaussian-Lorentzian type synthetic components after subtracting a Shirley
type background in CasaXPS. All the spectra were calibrated with respect to the Er of Ag.
The spectra obtained at elevated pressures and temperatures were intensity-normalized with

respect to the spectrum obtained under vacuum and at RT.
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3.3. Results and Discussion

3.3.1 Comparison of VB Spectra in UHV and at 0.1 mbar O,

Figure 3.1 shows the VB spectra of (a) a clean Ag surface recorded at RT (295K) in UHV and
(b) in the presence of 0.1 mbar O,. Gas-phase molecular oxygen recorded at RT is given for

comparison in Figure 3.1c. Ag 4d band observed for clean silver has three distinct features

(c) O, at 295 K

(b) 0.1 mbar O,/ Ag at 295 K
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Figure 3.1: Valence band spectra of silver surface recorded. (a) in UHV, and (b) at 0.1 mbar
O, partial pressure at RT. (c) Gas-phase molecular oxygen spectrum is given for comparison.

between 3.8 and 7 eV and metallic Ef feature at 0 eV; the spectrum is in good correspondence
with that of reported in the literature.?****" The hump observed between 6.8 and 7.6 eV

relates to the mixing of the density of states of Ag 4d and 5s orbitals; this is fully supported
by the experimental XPS VB studies with high energy photons (hv = 7912 eV) in combination
with DFT studies.®” In fact, it is known that the outermost s orbitals of coinage metals
penetrates so deep and hence it is worth exploring further;*** however, early transition

metals do not show this trend. A broad and low-intensity peak at ~2.6 eV is a satellite peak
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due to the secondary He IR radiation (excitation energy 23.06 eV).* The exposure to oxygen
at 0.1 mbar pressure at 295K (Figure 3.1b) broadens the Ag 4d features to such an extent that
only a single broad feature was observed without any fine structure (as on clean surface). In
addition, a new and broad peak appeared between ~2.3 and 4.0 eV; indeed this feature was
not present on the clean Ag surfaces. Dissociative adsorption of molecular oxygen occurs on
the Ag surface at room temperature and forms the metal oxide pair. Oxygen covered islands
are indicated to be present (discussed later) and lead to metal oxide pair. The new peak
observed between 2.3 and 4 eV is due to the contribution from hybridization between O 2p
antibonding and Ag 4d orbitals and assigned to m—antibonding orbital. Another low intensity
and broad peak was observed at 8.8 eV, which is attributed to hybridized bonding feature
between O 2p bonding and Ag 5s orbitals.’* Indeed Ag 4d is a fully-filled d band and no
formal hybridization with Ag 4d is expected. Both observations are attributed to the formation
of metal oxide pair and associated charge transfer from silver metal to oxygen to form oxide
anion. O 1s spectrum supports the formation of oxide (O, appearing around 530 eV) and
without any superoxide/ peroxo species (Figure 3.11). The difference spectrum calculated
between Figure 3.1b and 3.1a after normalization is Figure 3.2 expected to show the
contribution due to metal oxide pair formation and information about, particularly, sigma
orbitals of the metal-oxide pair. One of the star marked features could be the energy position
of sigma orbital. Large electron donation from Ag surface to oxygen and a significant
redistribution of electrons is evident from the difference spectrum. Gas phase features of
oxygen on Ag surface appears between 7 and 8 eV, which is different from pure gas phase
oxygen peaks that appear between 7.5 and 8.5 eV (Figure 3.1c). The vibrational features of
the pure gas phase oxygen and oxygen in the presence of Ag, shows the same width which
indicates a homogeneous nature of the surface silver atoms on the sample. A shift by 0.3 eV
to low BE is due to the surface potential of Ag (Figure 3.1b). No change in intensity of the E¢
characterizes a largely metallic Ag surface (Figure 3.1b).

3.3.2 Temperature Dependent Ag-O, Interaction

Figure 3.3a provides a set of temperature dependent VB spectra recorded on Ag surface from
295 to 500 K at 0.1 mbar O, pressure. From 295 to 350 K, no change was observed. At 370 K,
the gas phase features of oxygen begin to broaden and shift to 7.4 eV. BE of the most intense

O, vibration feature is always referred to indicate the changes observed unless indicated. Ag
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Figure 3.2 : Difference spectrum calculated between clean Ag surface and in the presence of
0.1 mbar O, at 295 K spectra (given in Figure 3.1). Sigma orbital energy could be one of the *
marked feature.

4d features were unchanged whereas the intensity of O 2p, at 3.35eV, decreased. These
observations indicate an onset of change in the electronic nature of silver surfaces under the
measurement conditions. The Eg intensity did not change. When the temperature was raised to
390 K, (a) gas phase O, vibrational features were observed to be less intense, broadened, and
shifted to 7.24eV (Figure 3.3a), and (b) Intensities of bonding and antibonding O 2p features
decreased, while features of Ag 4d remain unchanged. Substantial changes were recorded
when the temperature was raised to 410 K. (1) ¢ of the Ag surface increased sharply from
4.95 eV (up to 390K) to 5.30 eV (see Figure 3.9). (2) The intensity of the O 2p antibonding
and bonding features sharply decreased (Figure 3.3b) which indicated that the surface 6o is
low, even in the presence of large excess of O,. (3) Ag 4d band peaks at a higher intensity,
particularly for the first two components figure 3.4. (4) The gas phase O, vibrational features

further broadened and shifted towards lower BE to 6.9 eV, indicating the change in nature of
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the surface to be heterogeneous in character. The change in ¢ of Ag by 0.35eV and the change
in BE of vibrational features of oxygen on Ag (0.34 eV) are found to be in good correlation.
The change in ¢ indicates a discreet change in the electronic nature of the Ag surface. (5) Er
intensity remains unchanged. All these observations are fully reversible to metallic Ag, when
the O, supply was cut-off (vide infra Figure 3.10).
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Figure 3.3: (a) Valence band spectra of Ag recorded with He | excitation as a function of
temperature at 0.1 mbar O,. Note a decrease in the intensity of antibonding and bonding O 2p
features at 3.15 and 9.5 eV at 410 K with shifts in BE are indicated by dashed and solid
arrows, respectively. (b) The contribution from O 2p antibonding band at 0.1 mbar oxygen is
plotted against the temperature. (c) Ag 4d/O 2p intensity ratio is plotted as a function of
temperature.

It underscores the dynamic changes that occur on the Ag surface in the presence of

oxygen. Even if Ag is exposed to plenty of O, the intensities of Ag 4d increases and O 2p
antibonding decreases; this reflects the unique change that occurred on the surface. Except
gold, any other transition metals get oxidized irreversibly under the present measurement

conditions; however, the above reversible nature highlights the unique nature of Ag-O; -
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interactions. We attribute this change with the diffusion of chemisorbed O-atoms into the
immediate sub-surfaces of Ag, which modifies the ¢ of Ag. A dynamic equilibrium among the
oxygen adsorption, O atoms diffusion into the sub-surfaces of Ag, and oxygen desorption is
considered at and above 400 K. No detection of silver oxide (Ag.0) was observed in the

present experimental conditions; this also supports the above conclusion (see Figure 3.10).

(b) 410 K

Intensity / Arbitrary Unit

(a) 295 K
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Figure 3.4: Deconvoluted Ag valence band spectra recorded at 295 and 410 K and 0.1 mbar
O, are shown after normalization. Deconvolution was performed with reference to the binding
energy reported from an earlier work (ref. 37: J. Phys.: Cond. Matter 17 (2005) 2671). Note
an increase in the intensity of first Ag 4d peak (red color) at 410 K, compared to 295 K. In
contrast, the O 2p antibonding band at 3.2 eV decreases in intensity at 410 K, compared to
295 K. Deconvolution was carried out to quantify the changes (reported in Figure. 3.3b and
3.3c) occurring due to the temperature and oxygen pressure.

With further increase in temperature to 430 K at 0.1mbar O, the intensity of oxygen
antibonding and bonding features increased; however, antibonding feature shifted to lower BE
(3.1 eV) and bonding feature shifted to higher BE at 9.5eV. This is due to the reactive nature
of antibonding O 2p band at 3.15 eV, and less reactive and stable nature of bonding O 2p
band at 9.5 eV. Ag 4d features are similar to that of recorded at 410 K. The O, gas phase
feature shifted further down to 6.8 eV, and there is no significant change in the ¢ of Ag. The
possibility of any interference due to impurities, like carbon or formation of carbonate®
species, which are likely concerns with a typical high-pressure cell, is absent in the present

measurements. No C-species observed in the C 1s spectrum reiterates the clean Ag-surface.
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Within the range of 450 to 500 Kat 0.1 mbar, the following changes were recorded. (a) The ¢
of Ag increased from 5.30 (410-440 K) to 5.70 eV (450-500 K). (b) The intensity of the
bonding and the antibonding O 2p features further increased, and it is comparable to the
intensity observed at 350 K. O 2p antibonding feature is narrow at 450-500 K, compared to
that of at <430 K. NAP-UPS spectra recorded at 0.2 mbar O, pressure Figure 3.5a shows the
similar trend. Except a significant decrease in Ef intensity at 500 K, no other important
change was observed at 0.2 mbar Figure 3.5a. (c) Increase in the ¢ of Ag and temperature
affects further downshift of the oxygen vibrational peaks, and they merged with Ag 4d
features. Increase in ¢ at 450K as well as the appearance of O 2p bands at different BE
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Figure 3.5: Valence band spectra recorded with He-1 photons on Ag surface as a function of
temperature at 0.2 mbar O, partial pressure. Results are shown after normalization. Note the
metallic character did not change even in the presence of 0.2 mbar O, and up to 500 K.
Changes observed at 0.1 and 0.2 mbar O, pressure at various temperatures (Figure. 3.3) are
very similar.

demonstrates the change in the nature of the surface due to electronic as well as chemical
reasons. A similar observation of the change in ¢ of Cu due to the formation of CuxO with
oxygen was reported earlier.” In fact, a mere 0.6 eV shift was observed on the Cu,O

formation with O, vibration features, whereas 0.9 eV shift was observed at 450 K just with O-
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diffusion into Ag sub-surfaces. It is very likely that the Ag surface undergoes a dynamic
partial oxidation. A further increase in temperature up to 650 K does not show any change in
the VB. In each set of temperature dependent measurements, three important characteristics
were common: (a) Above 400 K, when the oxygen supply was cut-off, all the oxygen-induced
changes to disappear, and the surface returns to its original metallic state. It indicates that the
presence of oxygen is essential to observe a reversible and dynamic change on the Ag surface.
A fast decrease in oxygen-related features observed on increasing the temperature above 500
K after oxygen dosing at 0.1 mbar at 410 K is shown in Figure 3.6. More drastic changes are
expected at high pressures under industrial epoxidation conditions. (b) Albeit the intensity

changes, Ag 4d band always appear between 4 and 7 eV and shows hardly any shift,

irrespective of the applied temperature and oxygen pressure (between UHV to 0.2 mbar O,

0.1 mbar/350 K

0.1 mbar/410 K

UHV 410 K

UHV 450

Intensity / Arbitrary Unit

Binding Energy / eV

Figure 3.6: NAP-UPS recorded while dosing oxygen at 0.1 mbar and at 350 and 410 K
followed by oxygen evacuation. Subsequently UPS was recorded at higher temperatures in
UHV shows the disappearance of oxygen related features and room temperature spectrum
shows the typical metallic features at UHV. These observations indicate the reversible
changes on removing oxygen supply. Normalized spectra are given. It is to be noted that the
oxygen (adsorbed and diffused into the subsurfaces) is simply desorbed by a simple thermal
treatment.
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pressure and up to 600 K). These two observations indicate a subtle and unique interaction of
oxygen with Ag under the present reaction conditions. The constant E intensity of Ag under
the measurement conditions also supports this Figure 3.6. Gold, within group IB elements,
possesses similar characteristics and shows hardly any interaction with O,. However, under
such comparable measurement conditions, Cu is prone to form its oxides (Cu,O and
Cu0).?®% Figure 3.3b shows a relative quantification of O 2p antibonding intensities at
different temperatures. The integrated peak area at 295K was considered as 100% oxygen
coverage (0p) on Ag-surface. With reference to this, other areas were given in relative
percentage and are plotted as a function of temperature. The first drop in relative 0o at 350K
does not accompany any change in ¢. Nonetheless, the second and major change between 390
and 410 K accompanies with a change in 0o and of Ag. At 450 K, the 6o again increases to
the values similar to that observed at 350 K, but with a change in silver ¢. The intensity ratio
of Ag 4d to antibonding O 2p features was estimated (Figure 3.1.3c) to complement the result
shown in Figure 3.3b. First two deconvoluted peaks of Ag 4d Figure 3.4 were considered for
this plot. The calculation with the total Ag 4d intensity does not change the trend, shown in
Figure 3.3c. Three temperature regimes identified earlier is observed in Figure 3.3c also,
reiterating the earlier conclusions. Even though a large amount of gas phase oxygen is
available, an unusual decrease in the O 2p feature between 390 and 450K is partly attributed
to diffusion of O atoms into the immediate sub-surfaces of Ag. Although oxygen desorption
could occur at and above 400 K, this does not support the change in ¢ observed in this
temperature window. Further, no impurity such as carbon, carbonate species were observed
under the above conditions >450 K metastable surface oxide forms and the strong O 2p
bonding and antibonding features support this conclusion. This is also evidenced by the
decrease in Ag 4d/O 2p ratio (Figure 3.3c). A valley observed between O 2p and Ag 4d
features in UVPES deepens further at and above 450K due to increase in the energy
difference between them (Figure 3.3a), and ¢ changes from 5.3 (410K) to 5.7 eV (>450 K).
On the basis of these results, it can be concluded that the silver surface has become
significantly cationic with the formation of metastable oxide on the surface. Although
metastable oxide formation is suggested >450 K, it is highly dynamic in nature; the surface

shows well resolved Ag 4d features when oxygen was evacuated.
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Figure 3.7a is an enlarged view of oxygen vibration features recorded at different
temperatures. The vibrational features are characteristic of the Schumann- Runge bands
observed in the ultraviolet region around 175-205 nm.** As explained above, these narrow

vibration features shift towards lower BE, due to the influence of silver surface potential on
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Figure 3.7: (a) Gas phase vibrational features of 0.1 mbar oxygen on Ag is plotted against the
temperature. (b) Change in the binding energy of the most intense vibrational peak of O, is
plotted as a function of temperature. The change in FWHM of O, vibration feature with
temperature is shown in the inset.

the molecules vibrating close to it. It is to be noted that vibration features are from free O,
molecules in the gas-phase, but close enough to the surface to sense the electronic changes
occurring on the Ag-surface. The broad feature observed at T >390K is partly due to surface
inhomogeneity, in view of O-diffusion into the sub-surfaces. This is further supported by the
gas phase spectrum of in situ heated oxygen shows no significant broadening between 300
and 500 K Figure 3.8. Surface potential influencing Ar 2p core level was recently reported by

Axnanda et al.*

observations, we propose that the sub-surface oxygen population cannot
occur in a continuous film; however, it grows into macroscopic size islands with increasing
temperature. It is also very interesting to underscore that, in contrast to the expectations of
surface potential influencing very limited layers of gas-molecules (of the order of
nanometers), surface potential exerts its influence much farther (several hundred microns).

This aspect is worth investigating further in a systematic manner. BE of the most intense
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Schumann-Runge band is plotted as a function of temperature in Figure 3.7b. A shift toward
lower BE was observed above 350 K, compared to RT value. Sharp changes observed at 410
and 450 K are due to the change in the surface potential of Ag, accompanied by a change in ¢
of the Ag surface. The full width at half maximum (FWHM) of oxygen vibrational features is
plotted in the inset of Figure 3.7b. Increase in FWHM supports the chemical and electronic
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Figure 3.8: Temperature dependent oxygen gas phase spectra were recorded between 300 and
500 K. No significant change in the BE or FWHM of vibrational features was observed. This
observation fully supports the shift in BE and FWHM changes observed with oxygen
vibrational features in the presence of solid surface is due to the exerting of surface potential.

changes that occur on the surface due to interaction with oxygen. A careful look at the
vibration profiles shows that the peak splits into two features at and above 390 K. The
heterogeneous nature of the Ag surface imparts such changes. Based on the above due to the
heterogeneous distribution of subsurface oxygen, two different surface Ag sites form, one
with the presence of subsurface oxygen in its coordination, and the other without any
subsurface oxygen. Nonetheless, overall (or average) surface potential also seems to change,
which is reflected in the BE shift of oxygen vibrational features. This indicates that
epoxidation, as well as combustion of alkenes, are possible simultaneously on such
heterogeneous surfaces. However, this needs to be explored by in situ microscopy under

relevant conditions.
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3.3.3 Temperature Dependent Work Function (¢) Changes

Figure 3.9 shows the secondary cut-off of the Ag VB spectra. The changes in Ag ¢ at
different temperatures are evidently notice able. The onset of a change in ¢ begins around 390
K and it increased sharply at 410 K. The second major change in ¢ was observed at 450 K
which remains stable up to 650 K. No change in O, vibrational features and ¢ of silver
observed below 370 K indicate that the nature of the Ag surface is largely unaffected in this
regime and it remains largely metallic in nature. Low oxygen desorption temperature at 400 K
marks this type of oxygen, which is neither active for epoxidation or combustion.?® The
results discussed above categorize three separate temperature regimes, where each
temperature regime has a distinct nature of the interaction between O and Ag. It is also to be
mentioned that the ¢ measurements were made at an applied bias of 3V (data not shown).
Same ¢ values were obtained with (after correcting values for) applied bias or without bias
further supports the actual change in ¢ due to gas-solid O,-Ag interaction and consequent

electronic changes.
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Figure 3.9: Work function measured as a function of temperature at 0.1 mbar oxygen and for
clean Ag in UHV at 295 K. The work function of Ag changes from initial 4.95 to 5.3 eV at
410 Kand to 5.7 eV at 450 K.
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3.3.4 Subtle Silver-Oxygen Interaction

A simple experiment was carried out to understand the nature of antibonding O 2p =n-band.
Silver surface was exposed to 0.1 mbar O, at 350 K and the NAP-UPS was measured.
Subsequently, oxygen was evacuated and UPS was measured simultaneously at different
temperatures, and the results are shown in Figure 3.10. On gradually increasing the
temperature, the intensity of O 2p features decrease while the features of metallic silver
reappears >350 K. A simple comparison of spectra recorded in UHV and at 0.1 mbar O,

pressure (Figure 3.3a) fully supports this observation. Critically, no change in ¢ was observed

Normalised Intensity

0.1 mbar O, @ 350 K

' 6 9
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Figure 3.10: UVPES recorded at 0.1 mbar O, at 350 K followed by evacuation to UHV and
spectral recording at different temperatures. The weakly bound oxygen desorbs and the
metallic features of silver revert back gradually.

at 400-420 K, and this underscores that the metallic nature of the silver surface is fully
restored. It is also to be reiterated that ¢ changes occur exclusively in the presence of oxygen,
and no change observed under UHV conditions further supports the subtle interaction
between silver and oxygen. Another point to be highlighted is the large intensity ratio of

antibonding to bonding O 2p character (between 5 and 11) across all temperature regions.
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This also directly indicates that the oxygen present on the surface is ready to desorb
when the oxygen supply was cut-off and makes the Ag-O, interaction as the unique one. The
diffusion of O atoms into the immediate subsurfaces makes Ag marginally cationic (Ag®") in
nature; it is to be noted that the diffused oxygen is present as O (Figure 3.11) as counter
anion to the Ag®". This cationic nature creates a space charge layer on the Ag surface and
possibly induces a semiconductor-like character.”® As predicted by van Santen et al.,'” Ag®*
character is expected to change the repulsive behavior of alkenes toward Ag to an attractive
one > 390 K. In fact, a decrease in the O 2p antibonding character and a shift towards lower
BE (Figure 3.3) hints an imminent enhancement in reactivity. A comparison between Figures
3.3b and 3.3c shows an apparent inverse correlation among them. Angle-dependent XPS
studies on oxygen interaction with Ag (111) surface too indicates the O-diffusion into
subsurface at 420 K.**

3.3.5 Core level studies

Figure 3.11 shows O 1s core level spectra recorded at 0.2 mbar O, pressure between 295 and
500 K. Very similar to VB, O 1s peak of gas phase molecular oxygen shifts toward low BE
(red dash arrow). At 295 K, two peaks for O 1s appear at 538.3 and 539.3 eV, which are
typical for O,. Molecular oxygen has two configurations and photoionization of 1s core level
leads to two multiplet states of *s~ and 2y~ symmetry with different energies.*® The peaks
broadened, and shifted to 537.9 eV at 400 K, and to 537.6 eV at 450-500 K. It is also to be
noted that the doublet observed for O, up to 350 K, changed to a featureless single broad peak
at >400 K. Similar BE shift observed for vibration feature in NAP-UPS and core level of gas-
phase O attest the heterogeneity of the surface. While Ag 3d core level does not show any
change in the presence of oxygen between 295 and 500K Figure 3.12, O atoms chemisorbed
on the surface gives a broad peak around530eV, which can be deconvoluted to three
components at 529.4, 530.3 and 531.1 eV. First two components at 529.4 and 530.3 eV are
attributed to the nucleophilic and electrophilic O-atoms chemisorbed on the Ag-surface,
respectively. This is in accordance to the earlier literature reports.***** High BE electrophilic
oxygen indicates a relatively low negative charge on it and electron-rich alkenes are attracted
towards this. Electrophilic oxygen is expected to be present on cationic Ag®" islands, which
also makes the reaction with alkene easier. BE of both oxygen species shows the typical oxide

(O*) nature and supports the metal-oxide pair formation. It is also to be noted that there is no
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superoxo/peroxo type species are present on the silver surface and no feature observed
between 532 and 533eV supports this. The component at 531.1 eV is attributed to O atoms
associated with defect sites as well as possible hydroxyl groups, due to interaction with

Intensity / Arb. Units

AR 295 K
s

528 530 532 536 538 540 542
Binding Energy /eV

Figure 3.11: O 1s spectra recorded on the silver surface at 0.2 mbar oxygen pressure between
295 and 500 K. Gas-phase oxygen features observed between 536-540eV show a similar BE
shift, as observed in NAP-UPS (Figure 3.2), indicating that the oxygen molecule can be used
as probe molecules to observe the change in surface potential.

residual hydrogen in the chamber. When the temperature is raised to 350 K, the relative
amount of electrophilic oxygen also increases. With further increase in temperature, the
overall intensity at 530 eV decreases, and a new peak appears at 528.7 eV. This new peak is
attributed to subsurface oxygen in Ag. The lowest BE of O 1s for subsurface oxygen among
the three components indicates the electron donation by adjacent Ag atoms. The lowest BE
for subsurface oxygen suggests the oxide nature of subsurface oxygen. In fact, this induces
marginally cationic character of the Ag surface. We correlate the diffusion of O into the
subsurface with the change in ¢. In addition, the space charge layer, created on the Ag
surface, is likely to hinder the O, approaching the surface and this leads to a decrease in
surface 0o. We consider that this is crucial for the onset of attractive interaction with alkenes
and subsequently to epoxidation. On further increasing the temperature to 450 K, surface

oxygen content increases again while subsurface oxygen was still observed (Figure 3.11).
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Electrophilic oxygen at 530.3 eV increases more than other O-species. We attribute that
electrophilic oxygen adheres to only those surface atoms beneath which subsurface O atoms
are present. Surface defects, which are present in large numbers on polycrystalline Ag, can
facilitate the diffusion of subsurface oxygen as in the case of Pd.*°

Ag 3d @0.2 mbar O,

5/2 3d

3/2

Intensity / Arbitrary Unit

L ]

'368' I I3'|{2I . ‘3'}6'
Binding Energy / eV

Figure 3.12: Ag 3d core level spectra were recorded at 0.2 mbar O, pressure at different
temperatures and plotted after normalization. No significant change in the spectra was
observed, even though many dynamic changes observed in the VB spectrum under similar
conditions (Figures. 3.1-3.4). This is partly attributed to the high probing depth of XPS than
UVPES. The metallic character of the silver surface is largely preserved under measurement
conditions, as reflected in the Fermi level intensity in Figures 3.1-3.2. These observations
underscore the unique and subtle changes that are occurring on the silver surface under the in-
situ measurement conditions.

Table 3.1: Table : Binding energy position, FWHM, and percentage ratio of different oxygen
species on silver surface at different temperatures from 295 K to 500 K (as in Figure. 3.11).
T /K | Electrophilic Oxygen | Nucleophilic Oxygen | Subsurface Oxygen -OH oxygen

(~530¢eV) (~529.4 eV) (~528.7 eV) (~531eV)
B.E. FWHM B.E. FWHM B.E. FWHM B.E. FWHM
(eV) (eV) (Area | (eV) (eV) (Area | (eV) (eV) (Area | (eV) | (eV) (Area
%) %) %) %)
295 530.3 1.07 (~41) | 5294 1.07 (=32) 531.1 | 1.07 (~27)
350 530.3 1.10 (~50) | 529.4 1.10 (~29) 531.1 | 1.1(~21)
400 530.3 1.10 (~23) | 529.5 1.10(~22) |528.7 |110(~38) |5311 |1.1(~17)
450 530.4 1.10 (~45) | 579.7 1.12(~33) | 528.7 | 1.12(~22)
500 530.6 | 1.12(~42) | 529.7 1.12 (~44) | 582.7 | 1.10(~14)
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It is to be noted that nucleophilic oxygen is also present on the surface, and they can
simply combust alkene molecules. At 500 K, the intensity of the subsurface O 1s decreases
while the nucleophilic and electrophilic oxygen nature changes and shifts to high BE at 529.7
and 530.6 eV, respectively. The intensity of the two components also grows in intensity. This
indicates that silver surface is now covered with more oxygen than <450 K. This is attributed
to the growth of surface oxide, begins above 450 K, and spreads to the immediate sub-surface
layers. Consecutive changes in the ¢ of Ag indicate that the surface nature changes, which in
turn supports the growth of oxide layers. Diffusion of oxygen into sub-surfaces was further
confirmed by angle-dependent O 1s studies and the results are shown in Figure 3.13, and peak
fitting parameters are given in Table 1. Development of a new peak at 528.7 eV for O, at the
normal emission of photoelectrons. However, under the above conditions, angle-dependent
XPS shows decreasing subsurface oxygen intensity at lower angles and a simultaneous
increase in electrophilic oxygen. This observation fully supports the presence of subsurface
oxygen within the probing depth of XPS. Even at the beginning of evacuation of gas-phase
oxygen, the surface nature changes considerably at 430 K. With increasing time in UHV or at
high temperatures in UHV, the surface reverts to metal. A simple heating to 550K for 2 min
removes all the oxygen atoms present on the surface is shown in the top spectrum in Figure
3.13.

550 K/ UHV /90"
W\/"W‘\*\WWM

430 K 1 90° Lamseeeeee, ...

Normalised Intensity

528 529 530 531 532
Binding Energy / eV

Figure 3.13: Angle-dependent O 1s spectra recorded under relevant conditions. Measurement
at 430K was made at the beginning of oxygen evacuation.
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Figure 3.14 represents the effects of subsurface oxygen in a schematic way. The
population of oxygen in the sub-surfaces of Ag imparts a cationic character to the surface. As
an electron-rich molecule, the sticking probability of ethylene to this modified Ag surface is
subsurface oxygen is evident at 410 K (orange colour component) in the presence of 0.1mbar
likely to be higher than to metallic Ag. The surface silver atoms, which are coordinated to the
subsurface oxygen, behave differently from those which do not have subsurface oxygen in
their coordination. The former induces electrophilic nature in the oxygen adsorbed onto it. We
speculate that the electrophilic oxygen activates ethylene to form EtO. The formation of space
charge layers on modified Ag restricts oxygen but favors ethylene adsorption. With the
increase in oxygen population in the sub-surface, the surface starts to oxidize gradually and at
a certain extent forms the metastable surface oxide. It is to be reminded that commercial Ag-
based catalysts work continuously at high pressures, and silver oxide is not active for
epoxidation catalysis. A combination of the above facts with our observations suggests a

subtle to moderate changes on silver surfaces under actual catalysis conditions.

Figure 3.14: Mechanism of (a) ethylene oxidation to EtO, as well as carbon dioxide and
water formation. (b) Exclusive combustion occurs on oxidized surface at high
temperatures/pressures.

3.4. Conclusions

Ethylene oxide is known to be thermodynamically unstable and it is more prone to

combustion than ethylene under typical reaction conditions of epoxidation. We studied the
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changes in Ag over the temperature range which is actually employed in ethylene
epoxidation. Oxygen diffusion into the subsurface of Ag predominantly occurs between 390
and 450 K, and due to this subsurface population, the Ag surface turns to marginally cationic
in nature. The oxygen, further adsorbed on such a cationic Ag-surface, is electrophilic and is
highly reactive to ethylene to form epoxide. The increase in ¢ of marginally oxidized silver,
in the presence of O, at 400 K, compared to its metallic counterpart, fully supports the
change in electronic nature of the Ag surface. In a very similar manner, the ¢ increases again
at and above 450 K, which reflects the increase in the extent of oxidation. Dynamic and
metastable oxide formation on silver surfaces above 450 K favours the complete combustion
of alkene to CO,. A plausible reaction mechanism can thus be proposed from the present

findings.

Valence band measurements reveal important changes in the Ag surfaces while Ag
3d core level shows minimal or no change. However, O 1s core level spectra reflect many
changes observed in the VB regime. It suggests that changes specifically related to the
surface are notably important to understand the reactivity of Ag and oxygen. The behavior of
supported Ag catalysts, employed in industrial epoxidation processes, strongly depends on
the size of Schottky barriers and band offsets in the heterojunctions between Ag and the
semiconducting/insulating support.*’° The band offset between metal and the support is
expected to be minimized due to the space charge formation on the Ag surfaces by
subsurface diffusion of oxygen, and hence ¢ changes on Ag also to be minimized. Indeed, a
nearly equal Er or a minimum difference in Er is expected between Ag and the support
surfaces in the active temperature-window under reaction conditions. Besides that, the
formation of space charge on Ag, likely, facilitates epoxidation by facilitating the attraction
of alkene molecules toward the catalyst. However, the nature of oxygen on the Ag surface
might remain as observed in the present manuscript. The second change in ¢, observed
above 450 K, helps the formation of surface oxides which causes complete combustion of
ethylene. It is also to be noted that industrial epoxidation catalysts employ silver supported
on alumina with promoters and few other ingredients at high pressures (10-30 bar). Hence,

we suggest for detailed ¢ measurements on model surfaces as well as on industrial catalysts
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with Kelvin probe force microscopy under reaction conditions. This is expected to give more

information about the formation of the space charge layer and the role of surface charge in

the reaction.
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FeOy Supported Catalyst for Oxidative Dehydrogenation of n-Butane to 1, 3- Butadiene:
Catalysis and Mechanistic Aspects

3.6 Introduction

1,3-butadiene (1,3-BD) is an important monomer for manufacturing styrene butadiene rubber
which is the main component in the car tyres. Butadiene is also being used to produce a
variety of polymers/chemicals, such as adiponitrile, acrylonitrile—butadiene—styrene,
polybutadiene, vinylcyclohexene, hexamethylene diamine, styrene-butadiene latex,
chloroprene, and nitrile rubbers.>*? Industrially, 1,3-BD is obtained as a side product from
naphtha cracking process.>® Since the amount of naphtha being cracked around the world is
huge, C-4 side streaming were sufficient to meet the world’s need of 1,3-BD. However, the
advent of shale gas and the uncertainties associated with crude oil price opens up the path to
find the alternate ways to produce 1,3-BD. Hence, converting butane to 1,3-BD seems to be

an attractive way although it poses a significant challenge.>*

450-600 °C
NNt 02 e (1)
AN + \A
1-butene 2-butene
isobutene 1,3-butadiene

Eq. 3.1 Oxidative dehydrogenation of butane to butenes and butadiene.

In general, commercial productions of small olefins are not common due to
thermodynamic limitation, coke formation, high energy uptake and large favorability of
cracking. To overcome all the above limitations, oxidative dehydrogenation (ODH) is the best
alternate way to produce 1, 3-BD from butane. Addition of oxygen removes H; by
combustion and also initiates dehydrogenation of the butane and removes the coke by burning
off at reaction temperature. Again this process is still far from the commercial application
due to combustion of butane and low selectivity of 1,3-BD.> Therefore it is important to

develop the highly active and selective catalyst for the oxidative dehydrogenation of butane to
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1,3-BD reaction. In the literature, many supported catalysts such as VOx/support, Cr,03/SiO,,
Fe-Zn-O, Ni-B/Al,O3 and Mg-V based catalysts have been explored for the butane ODH
reaction.”®® Most of the catalysts suffer either activity and/or selectivity problem. In general,
butane ODH reaction results in cracking and combustion products (CO and CO,) along with

dehydrogenation products (1-butenes and 2-butenes) and less selectivity towards 1,3-BD.

In our current work, we have synthesized 5 wt % Fe,Os/support (support=Al,O3, and
Nb,Os) catalysts by simple wet impregnation method. The synthesized catalysts were
subjected to different physico-chemical characterization techniques to understand the
structure and morphology of the catalysts. These catalysts were screened for butane ODH
reaction in a fixed bed reactor between 723 and 873 K with varying butane: oxygen ratios
(1:1, 1:0.5 and 1:0.25). Among all these catalyst Fe,O3/Al,O3 catalyst shows best activity in
terms of 1, 3-BD vyield (higher selectivity towards 1,3-BD) at all different temperatures. In
order to understand the active site of the Fe,O3/Al,O3 catalyst compared with less active
catalyst i.e., Fe,O3/Nb,Os catalysts we have performed in-situ XPS analysis under simulated
reaction conditions. XPS study shows that the iron is present in Fe,O3 form on the both fresh
catalyst. ODH reactions were carried out at Amsterdam University, Netherlands and NAPPES

studies were measured at CSIR- National Chemical Laboratory, Pune India.
3.7: Experimental Section
3.7.1 Synthesis of the Supported Catalysts

Fe supported catalysts were prepared by wet impregnation method. Initially, 50ml of DI water
was taken into 250ml RB flask. Then the required amount of Fe(NO3)3.9H,0 was dissolved
into the water. The calculated amount of alumina, as support, was added to the iron nitrate
solution. The mixture was kept for stirring on the magnetic stirrer at 80°C for overnight. Then
the powder was calcined at 500°C for 4 h at a ramping rate of 4 °C/min. In this synthesis
method, different amounts of Fe (1, 5, 10, 20 wt%) supported catalysts were prepared to find
out the best active catalyst. Similarly, Fe supported niobia (Fe/Nb,Os) catalyst was also

prepared using the same procedure.
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3.7.2 Procedure for Catalytic Tests

Oxidative dehydrogenation of butane was carried out in the custom built six-flow parallel
fixed-bed setup.®” This set up enables the fast, yet accurate, screening of catalysts and
systematic studies of the reaction conditions. The catalytic reactor system is directly
connected to a gas chromatograph (Interscience micro GC, with FID and TCD). The gas feed
flow rate and the composition of each catalyst bed can be selected independently, whereas the
gas feed composition and the temperature are the same for all six reactors. A back-pressure
regulator maintains the feed pressure to the six distributing mass-flow controllers of the
individual reactors. A selection valve sequentially selects the product mixture of each reactor
and sends it for analysis to the gas chromatograph. Each reactor was loaded with 100 mg
catalyst. The reaction temperature was varied from 450 °C to 650 °C. The total reaction feed
of each reactor was 32 ml/min, with a volumetric ratio of O,. n-butane: argon varying from
0.25:1:18 to 1:1:18.

3.8 Reaction Results

Butane ODH reaction was carried out using oxygen as an oxidant. The reaction temperature
was varied from 723 to 923 K, and at each temperature, the reaction was kept for 30 min to
attain the steady state of the reaction. Butane to oxygen ratio was varied from 1:0.25 and 1:0.5
Initially Fe,O3/Al,O3 with different amount of iron oxide (1, 5, 10 and 20 wt%) loaded
catalyst was screened for the butane ODH reaction at different temperatures as well as

different butane: oxygen ratios.

Figure 3.15 shows the butane ODH results of Fe,03/Al,03 with different iron oxide
(1, 5, 10 and 20 wt. %) loaded catalyst using 1:0.25 butane to oxygen ratio. It is important to
note that, in this discussion to avoid the complexity the products are clubbed into three
groups, namely selectivity for 1, 3-BD, all C4-products except 1, 3-BD (C4-total) and
propylene. The rest of the products are ethylene, methane, CO, and CO,; however, they are
not shown directly in the result. The conclusions derived from these results are as follows (a)
1 wt % Fe,03/Al,03 catalyst shows butane conversion of 3.9 % with a 1,3-BD selectivity of

15.8% at 723 K. As the reaction temperature increases conversion of the butane also increases
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and reaches the maximum conversion of 9.7%. However, the highest selectivity i.e., 23.7 %
for 1,3-BD was achieved at 773 K at a conversion level of 7.6%. (b) Butane conversion
increased to 6 % at 723 K with 1,3-BD selectivity of 33.5% for 5 wt % Fe,03/Al 03 catalyst.
Expectedly, butane conversion increases as the reaction temperature increases. At 773 K, the
maximum 1,3-BD selectivity of 33.7 % is achieved for 1,3-BD with 6.1 % butane conversion.
(c) 10 wt. % Fe,O3 /Al,O5 catalyst gives 5.2% conversion of butane with maximum 1,3-BD
selectivity (28.8 %) at 723 K among all the reaction temperatures. This catalyst also results in
the higher conversion of butane with an increase in temperature. At 923 K, maximum of
butane conversion of 9.2 % is achieved with 22 % of 1, 3-BD selectivity. (d) 20 wt %
Fe,O3/Al,03 catalyst results in 4.5% conversion of butane with 16.9 % selectivity of 1,3-BD
at 723 K. Similar to other catalysts, conversion of butane is directly proportional to the
reaction temperature and maximum butane conversion of 8.5 % is observed at 923 K with 1,3-
BD selectivity of 23.3 % . Highest 1, 3-BD selectivity of 26.1 % is obtained at 873 K with

6.7% butane conversion.
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Figure 3.15: The catalytic performance of (a) 1 wt % of Fe,O3/Al,03; (b) 5 wt % of
F9203/A|203 (C) 10 wt % of F6203/A|203 and (d) 20 wt % of Fe203/AI203 catalyst. 5% of
Fe,O3/Al,03 shows the high selectivity for 1,3-BD observed at lower temperatures (723 and
773 K). Butane to oxygen ratio was maintained at (1 : 0.25).
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The next batch of butane ODH reaction is carried out with 1:0.5 ratio of butane to
oxygen ratio for different Fe,O3/Al,O3 supported (1, 5, 10 and 20 wt%) catalyst and the
results are shown in Figure 3.16. 1,3-BD conversion doubles for all the catalyst compositions
and in the measured temperature range, compared to the results obtained with feed
composition of 1:0.25 (Figure. 3.15). The important conclusions derived from this reaction
are as follows: (a) 1 wt % Fe,O3/Al,03 catalyst shows 5 % butane conversion with 14.1 %
selectivity towards 1,3-BD at 723 K. Conversion of the butane increases as the temperature of
the reaction increases and reached a maximum of 16.1 % at 923 K. Maximum selectivity of
17.2% for 1,3-BD is obtained at 773 K with 13% butane conversion (b) At 723 K, 5 wt %
Fe,O3/Al, 03 catalyst gives 9.9 % butane conversion with 1,3-BD selectivity of 27%.
Maximum selectivity for 1,3-BD, i.e., 28.2 % is achieved at 773 K with 10.3% butane
conversion (¢) 10 wt % Fe203/Al,03 catalyst shows 8.7% butane conversion with 20.3 %
selectivity towards 1,3-BD at 723 K. Maximum 1,3-BD selectivity of 22.8 % is obtained at
823 K with 9.5 % butane conversion. Conversion of butane is increasing as the reaction
temperature increases and reached the maximum conversion of 13.5 % with 20.1 % selectivity
of 1, 3-BD. (d) 20 wt % Fe203/Al,03 catalyst results in butane conversion of 7.4 % at 723 K
with 1,3-BD selectivity of 10.7 %. Similar to the other catalysts, conversion of butane is
directly proportional to the reaction temperature. Highest selectivity for 1, 3-BD i.e., 21.8% is
obtained at 873 K with 10.9% butane conversion. It is to be noted that at high temperatures,
large amount of cracking also occurs and that leads to other products, such as CO, CO.,
ethylene, methane. Hence a relatively low temperature is preferred to minimize cracking as

well as to maximize 1, 3-BD selectivity.

The same reaction is also carried out with 1:1 ratio of butane to oxygen; although the
butane conversion increases between 15-20 %, selectivity to 1.3-BD is the lowest than the
butane to oxygen ratio 1: 0.5 for different amount of Fe,O3/Al,O3 supported (1, 5, 10 and 20
wt%) catalyst. In addition to that, large amount of cracking and combustion occurs, which
leads to CO, CO2, methane etc. In view of this the results obtained with 1:1 ratio of

butane:oxygen is not shown .
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Figure 3.16: The catalytic performance of (a) 1% of Fe,O3/Al,03 (b) 5% of Fe,O3/Al,03 ()
10% of Fe,O3/Al,05 and (d) 20% of Fe,03/Al,03 catalyst. 5% of Fe203/Al,03; shows the
high selectivity for 1,3-butadiene observed at 773 K. Butane oxygen ratio was maintained at 1
:0.5.

The conclusions derived from above reaction are as follows: (1) Generally, when the
reaction temperature increases the conversion of the butane also increases due to the
contribution from thermal effect for different butane to oxygen ratio. (2) Selectivity for 1, 3-
BD is increasing from 723 K to a higher reaction temperature. However, once it reaches the
maximum, it started to decrease at higher temperatures (3) Butane to oxygen ratio plays an
important role in determining the conversion of butane and selectivity of 1,3-BD. When
1:0.25 butane to oxygen ratio is used, lower conversion of butane and best selectivity of 1, 3-
BD is obtained at certain temperature compared with 1:0.5 and 1:1 butane to oxygen ratio at
the same temperature. (4) Among all screened Fe,O3/Al,03 catalyst compositions, 5 wt %
Fe,O3/Al,O3 catalyst gives better butane conversion and high selectivity towards 1, 3-BD
compared to another Fe,O3/Al,O3 supported catalyst; this composition also provides smaller
amount of cracking products. Hence 5 wt % Fe,O3/Al,O3 catalyst is considered as an optimum
performance catalyst.

In order to see how other supported catalyst performs for the same butane ODH

reaction, 5 wt% Fe,O3/Nb,Os catalyst was synthesized and tested using different butane to
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oxygen ratio between 723 K to 923 K. Reaction results obtained for 5 wt % Fe;O3/Nb,Os
catalyst is shown in Figure 3.17. The highest butane conversion is obtained with 1:0.5 ratio of
butane to oxygen at 923 K. However, the highest 1,3- BD selectivity (10 %) is observed with
1:0.25 ratio of butane to oxygen at 923 K. 5 wt % Fe,O3/Nb,Os catalyst always gave
significantly low butane conversion and selectivity towards 1,3-BD irrespective of the butane
to oxygen ratio. It is important to note that, even the butenes selectivity altogether were
extremely lower than the 5 wt % Fe,O3/Al,O3 catalyst.
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Figure 3.17 : The catalytic performance observed for 5 wt % Fe;03/Nb,0Os with (a) butane to
oxygen ratio (1 : 0.25) and (b) 1 : 0.5. The highest 1,3- BD is observed with 1:0.25 ratio of
butane to oxygen at 923 K and highest conversion is obtained with 1:0.5 ratio of butane to
oxygen at 923 K. However, the conversion and selectivity is far lower compared to the
catalyst supported on alumina.

From the comparison of 5 wt % Fe,O3/Nb,Os and 5 wt % FeOx/Al,O3 catalyst we can
derive the following conclusions: (1) 5 wt % Fe,O3/Al,05 catalyst is selective towards 1,3-BD
with relatively high conversion irrespective of all temperatures and butane to oxygen ratios.
(2) Fe,03/Nb,0s catalyst shows poor conversion compared to Fe,O3/Al,O3 catalyst; however
1,3-BD selectivity is very poor. It is important to note that even other butenes selectivity is
not good. Very high percent of butanes undergoes combustion reaction leading to CO, CO..
(3) Even though both the catalyst have the same amount of Fe,O; species, different
reactivity/selectivity for butane ODH products were obtained for similar reaction conditions.
Although the difference in activity could be attributed to catalyst-support interaction, is there

any other changes occur, which is not obvious from the reaction results are worth exploring.
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Here, we have synthesized the Fe,O3 catalyst on two supports and tested the catalyst
for butane ODH reaction with varying the temperature and butane-oxygen ratio. The best
yield and selectivity was obtained with the 5 wt % Fe,03/Al O3 catalyst with 1: 0.5, butane
oxygen ratio. Whereas, Fe,O3/Nb,Os catalyst showed very low butane conversion and very
low selectivity to 1, 3-BD also. In both catalysts, Al,O3 and Nb,Os are not active for butane
ODH reaction, and Fe,O3 is the common and active catalyst for this reaction. Our efforts to
measure the activity with support alone leads exclusively to combustion products with very
low conversion indicating the role of catalytic activity of support is minimal. However,
interestingly Fe,O3/Nb,Os does not show any activity and 5% Fe,O3/Al,O3; shows very good
conversion of butane with ~30% 1, 3- BD selectivity. All these results, clearly indicating that
there are possible electronic interactions which are the critical for the ODH reaction of butane
as well as high selectivity to 1, 3 BD. To understand these results we have carried out the

NAPXPS study under the simulated reaction condition.

3.9 NAPPES Study

The NAPXPS spectra recorded on Fe,O3/Al,05; at 0.1 mbar pressure of Butane: Oxygen:
Argon (2: 1: 3) mixture between 573 to 873 K is shown in Figure 3.18. It can be seen that at
573 K a broad Fe 2p core level peaks are observed with significant satellite intensity.
Deconvolution procedure adopted to Fe 2ps;, core level shows peaks at 710.1, 711.4, 712.6
and 713.9 eV with a strong satellite feature at 719.0 eV, which indicate that Fe is present in
the form of (Fe**) Fe,0s. Here Fe,Oj gives four features (Fe** 2p gives four multiples due to
crystal field splitting)®®*°. Similarly due to spin orbit coupling, the Fe 2py, core level is also
observed in between 722.5 to 726 eV which are fitted to four peaks. Although no butane
conversion and any products were observed below 700 K, different Fe oxidation states
observed testifies the beginning of the interaction. . On increasing the temperature to 723 K,
two new peaks arises at 707.6 eV (purple color) and 709 eV (wine blue). These are related to
iron carbide®® and FeO (Fe*®)®, respectively. The presence of satellite at 714.8 eV (dark cyan
color) is strongly support the presence of FeO species on the catalyst surface. However; iron
carbide does not give any satellite peak. In iron carbide, the partial charge transfer takes place

from carbon to iron, as carbon is less electronegative than oxygen. In fact, the nature of iron
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in iron carbide is closer to metallic iron due to high charge density. Iron carbide and metallic
iron appears between 707-707.5 eV and it fully supports the metallic character of iron carbide
under the reaction conditions. Mattevi et al.%? studied the Fe,O3/Al,0; and Fe,0s/SiO;
interactions and growth of carbon nanotubes (CNT) by in situ XPS. They observed that, Fe*?
and Fe*? both species were present on the Al,O3 supported catalyst whereas, on SiO, only
Fe*® species were present at 1023 K. This study indirectly supports our observations of Fe*?
and Fe*? species. Under the reaction and NAPXPS conditions, butane act as a reducer gas for
iron due to that Fe,O3 was reduced to FeO. Kramm et al. observed by XRD that FeO can be
converted to FeC at 773-873 K.®® However, we observed the carbide formation at 723 K. It is
to be noted that butane ODH reaction is an exothermic reaction and local hotspots are very
much possible; in fact the average catalyst surface temperature is expected to be more than the

applied temperature due to formation of hot spots.

(a) ; 873K (b)

Intensity arb unit

705 710 715 720 725 730280 282 284 286 288 290 292 294
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Figure 3.18: (a) Fe 2ps, and Fe 2py, spectra obtained on 5 wt % Fe,O3; on Al,O3 catalyst
under NAPPES conditions recorded at 0.1 mbar pressure of butane:oxygen:argon (2: 1: 3)
from 723 K to 873 K. At 573 K Fe is present in Fe*™ (red color peaks are associated with +3
oxidation state).” At 723 K two peaks are observed at 707.6 eV (purple color) and 709.1 eV
(wine color) due to iron carbide and FeO respectively. Carbon 1s spectra recorded under
NAPPES conditions are shown in panel b. At 723 K carbide formation (Purple color) occurs,

which is stable up to 823 K and disappears above 823 K.
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The iron carbide formation on catalyst surface is also confirmed by the carbon 1s core
level spectra shown in Figure 3.18b. At 523 K, five peaks are present at 282.8 eV, 284.6 eV,
286.6 eV, 288.8 eV and 291 eV. The first peak at 282.7 eV is observed due to the carbide
formation on catalyst surface. Second component is the major component and it is attributed
to the adsorbed butane. Higher BE peaks are attributed to the carbon bonded to either lattice
oxygen or adsorbed oxygen. As the temperature increases to 723 K, low BE carbide feature at
282.8 eV gets shifted towards higher BE at 283.2 eV; it is to be noted that at the same
temperature (723 K) there are two new low BE features develops in Fe 2p spectra, as
explained in Figure 3.18a which is confirmed the formation of iron carbide. The peak
centered at 284.6 eV carbon spectra is arises due to the sp® C of butane on catalyst surface.
Next three peak are centered at 286.6 eV, 288.8 eV and 291 eV arises due to the carbon of C-
0, C=0 and CO, respectively.* The presence of carbon peak at 283.2 eV shows the solid
evidence on carbide formation at 723 K. Carbide peak of C 1s at 283.2 and Fe 2p3/, peak at
707.6 are present up to 800 K. However, at and above 823 K the intensity of both peaks
decreased drastically and at 873 K they diminish completely. It is very likely that at 873 K,
the iron carbide and FeO is re-oxidized to Fe,Os; which can be confirmed by the
disappearance of the iron carbide peak at 707.6 eV and FeO main peak and satellite peak at
709 and 714.8, respectively. It is also to be noted that the intensity of satellite peak of Fe,O3
also increased. It can be concluded that the iron carbide formation takes place around 723 K
which is stable up to ~800 K. As explained in section 3.8 (Figure 3.16b) below 723 K there is
no 1,3-BD formation was observed. The identification of carbide features in NAP-XPS and
high yield of 1,3-BD correlates very well and both occur simultaneously. This reiterates the
importance of carbide formation, possibly as a precursor for 1,3-BD formation. It is also
possible that iron carbide could be an active phase and responsible for 1,3-BD and more
studies may be required. It is to be noted that, as explained in other chapters, ¢ of the active
phase matters a lot for the reaction. Compared to oxide, carbide is expected to exhibit
different work function, which might be a reason for the high catalytic activity associated in

the presence of carbide.

An interesting result is also observed with Al 2p core level features and the result is

79



Chapter 3b

shown in Figure 3.19. Generally, Al 2p feature of Al*® (Al,O3) is observed at ~75 eV. In
addition to the Al 2p feature observed at 75.2 eV, very low intense peak was also observed at
72.7 eV at 573 K. However, when the temperature is increased to 723 K the peak shift to
lower B. E. to 74.7 eV as well the intensity of the peak centered at 72.4 eV increased
substantially. The interesting aspect is that Al,O3 is very stable and it cannot be reduced at
least under the above reaction conditions. There is a possibility of formation of a
heterojunction on Al,O3 leading to metal-semiconductor (iron carbide-alumina) junction. .

Although oxidation state of aluminum to be retained in 3+ state, the heterojunction would

/\ .

make the alumina to appear at lower BE.
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Figure 3.19: Al 2p core level feature recorded under NAPXPS conditions from 573K to 873
K. Two peaks are observed at 75.2 and ~72.7eV.

To further confirmation we have also studied the least active and least selective
catalyst Fe,O3/Nb,Os catalyst by NAP-XPS under similar condition, employed for Figure
3.17 and 3.18. The XPS spectra of Fe,O3/ Nb,Os shown in Figure 3.20 at 0.2 mbar pressure
Butane: Oxygen: Argon (2: 1: 3) from 573 to 873 K. Fe remains to be present in Fe,O3 form
on Nb,Os catalyst. It has been observed that with changing the temperature there is no change
in the oxidation state of Fe catalyst on the Nb,Os catalyst. This directly indicates that there is

no interaction between Fe catalyst and Nb,Os. Further, there is no carbide feature formation

80



Chapter 3b

was observed, as in the earlier case. However, there is a small shift is observed towards lower
BE in Nb 3d spectra. Nb,Os is stable up to ~1300 K even in reducing environment® and
hence the possibility of Nb,Os reduction is ruled out. Probably this shift is observed due to
the adsorption of reactant and product which leads to the band bending resulting in the

changes in BE.®
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Figure 3.20: (a) Fe 2psz and Fe 2py, spectra recorded on 5 wt % Fe,03/Nb,Os catalyst under
NAPXPS conditions recorded at 0.2 mbar pressure Butane: Oxygen: Argon (2: 1: 3) from 573
to 873 K. There is no reduction observed for Fe. (b) Nb 3d of Nb,Os

3.10 Conclusion

We have synthesized the Fe,O; catalyst on Al,O3 and Nb,Os supports for ODH of butane.
ODH of butane has been carried out as a function of temperature, % of Fe,O3 on supports and
ratio of butane and oxygen mixture. It has been observed that 5% Fe,03/Al,03 catalyst shows
high selectivity for 1,3-BD at low temperature (723 K) with 1:0.5 butane oxygen ratio. To
understand the active center of catalyst for high selectivity and effect of support on selectivity
to 1,-3BD, we carried out the NAPXPS studies. NAPXPS studies were carried out on high
selective catalyst 5% Fe,O3/Al,O3 and least selective catalyst 5%Fe;03/Nb,Os. In NAPXPS
study it has been observed the reduction of Fe,O3 to FeO and formation of iron carbide on

Fe,03/Al,03 catalyst under the simulated butane ODH reaction conditions. Whereas, no
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reduction of Fe,Og3 or carbide formation was observed on Fe;O3/Nb,Os catalyst under similar
reaction conditions. Portela et al.®® observed that with increasing the coal charge on nickel-
molybdenum metal oxide catalyst at 673 K also increased the 1, 3-BD selectivity in butane
ODH reaction and after 873 K the selectivity is decreased. However, there are no reasons
available about the origin of active center(s) and reason for decrease in the selectivity after
873 K. Present studies clearly indicating the relation between the high selectivity to 1,3-BD
and iron carbide formation on catalyst surface. Based on the experimental results and
observations it has been concluded that iron carbide is very likely to be the active center for
the butane ODH reaction to 1,-3-BD rather than other alkene. When the temperature increased
more than 800 K, the iron carbide and FeO re-oxidized to Fe,O3 which leads to decrease in
the selectivity to 1,3-BD. This study has demonstrated the role of new phase formation under
catalysis conditions and metal-catalyst support interactions on the selectivity and activity of

catalyst.
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Silicon Oxidation by NAPPES: From Dangling Bonds to Oxygen lIslands to 2D SiOy
Layer to the Onset of Bulk SiO, Formation

A part of the work presented in chapter 4 is published, and publication details are:-

Ghosalya, M. K.; Jain, R.; Reddy, K. P.; Gopinath, C. S., Silicon Oxidation by NAPPES:
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4.1. Introduction

Silicon has unique ability to form a protective SiO, layer on the surface, and advance MOS
(metal oxide semiconductor) technology, and VLSI (very large scale integration) is based on
the extraordinary properties of the Si—SiO; interface layer. Properties of the Si-SiO, interface
are controlled by the atomic composition, electrical properties, and Si—O bonding features.
Although these features have been explored quite well in the past, however, there are many
issues remain unresolved. Therefore, a deep understanding of physics and chemistry of Si-
SiO; interface is required. SiO, layer can be grown on Si surface thermally, but controlling
the thickness and defect free SiO, layer on Si substrate are still a challenging task. For the
fabrication of defect-free SiO, layer with a controlled thickness, it is necessary to understand
the kinetics of Si oxidation from the initial elemental Si to SiO, layer formation with an
understanding of the nature of adsorbed state of oxygen. Therefore, Si—O interaction is the
central point of surface science studies.' Although many Si—O; interaction studies has been
reported in the past, no study has been reported in the presence of molecular oxygen at
pressures close to ambient pressure and the present efforts fill that gap. By leaving Si in the
atmospheric pressure at 1 bar, it is known to form SiO, layers on the surface; however, how
the gas-solid interaction between O,-Si begins, nucleates and growth occurs is not known.
How the ¢ and electronic nature of surface changes as a function of surface oxidation is
important to understand the device making, as well as device failure. In addition, silica is
known to be an inert support in catalysis; however, how the surface dangling bonds interacts
with the adsorbed oxygen molecules is of immense importance to the fundamental
phenomenon of catalysis. Globally many efforts have been made to understand the kinetics of
Si oxidation and properties of the Si-SiO, interface. On 1965, Deal and Grove proposed a
mathematical model for thermal oxidation kinetics of single crystal substrate.* However; this
model is useful only for single crystal surfaces. In case of thinner layer, the Deal and Grove
model has been modified, and several other models have been proposed subsequently.’™” The
adsorption of oxygen molecule on Si surface is the first step of oxidation; however, due to the
lack of availability of precision tools to identify the mechanism of early stage oxidation and

bonding configuration of initial adsorbed oxygen was not possible. This is also the main
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interest of surface science studies and still unresolved. NAPPES can immensely help to
pursue the oxygen interaction with the semiconductor surface, especially with NAP-UPS.
UPS have few distinct advantages over the XPS, such as very low probing depth and high
resolution, and the valence band spectra provide a wealth of information about chemical
bonding, hybridization, work function, Ef, etc. In view of this, NAP-UPS was employed
extensively in the present study to explore the Si oxidation process in the presence of gas-

phase oxygen partial pressure up to 0.2 mbar and evaluated Si—O, interaction.

Si-oxygen interaction has been studied by NAP-UPS, NAP-XPS, and angle-dependent
NAP-XPS. In the current study, we attempted to address three major points of Si oxidation.
First point is on the nature of initially adsorbed oxygen at NAP conditions. The second point
is the kinetics or progress of Si oxidation as a function of temperature and pressure. The third
point is focused on the composition of various silicon species due to the oxidation at 0.2 mbar
of O, pressure and high temperatures (800-900 K). There is general consensus for well-
ordered 7 x 7 Si(111) surface that oxidation of Si surface takes place via molecular adsorption
of oxygen followed by the dissociative adsorption and finally incorporation of oxygen atom in
Si-Si bond.®® However, there is no consensus on the fate of chemisorbed oxygen. This
chemisorbed oxygen can directly dissociate to form atomic oxygen,*° or it can dissociate via
the negatively charged molecular precursor state.>*'* According to theoretical studies both
types of pathways are possible.*** When the chemisorption takes place on the dimer—bridge
site it immediately dissociated to atomic oxygen; however, if the oxygen adsorption occurs on
nondimer bond site, it dissociated via metastable precursor to atomic oxygen.*® Present study
indicates that there are dangling bonds present on the clean silicon surface, and initially,
molecular oxygen adsorbs on these dangling bonds, also known as Hofer precursor; molecular
oxygen dissociates at high temperatures and then the oxygen atoms are inserted in to Si—Si

bond in a stepwise manner.

The second point is the kinetics of Si oxidation. The kinetics of dry Si oxidation is a
temperature- and pressure-dependent phenomenon;'* however no XPS/UPS measurements

has been reported at pressures higher than 10 ° mbar. It is well-known that the oxidation of

86



Chapter 4

the first layer is limited by the localized O, adsorption on dangling bond and phase transfer
takes place at 973—1073 K from passive oxidation to active oxidation.'*"® Current study
demonstrates a localized molecular oxygen adsorption phenomenon that occurs at 300 K
followed by a homogeneous 2D surface oxidation at 600 K; this is fully supported by changes
in the O, gas-phase vibrational features. Bulk oxidation begins to occur above 800 K and >0.2
mbar oxygen pressure. Graded oxidation layers could be observed with highly oxidized layers
present on the top surface. The third point is focused on the bulk Si composition after the
oxidation at 0.2 mbar of O, pressure and 900 K. In the angle dependent XPS experiments it
has been observed that Si is not fully oxidized to Si** and several other intermediate oxidation
states are observed. Si** and Si** oxidation states are dominantly present on the surface;

however, Sit* and Si®* present in the subsurface or bulk.
4.2. Experimental Section

The XPS spectra have been recorded with Al Ka and UPS spectra recorded with He I photons
(hv = 21.2 eV) from a He discharge lamp. A cone with 1.2 mm aperture was fitted to the
entrance column of R3000HP analyzer, and a sample to aperture distance of 1.5 mm was
maintained for the present set of measurements. More details of the system can be found in
our previous reports.**? Silicon disc purchased from MaTeck, Germany and cleaned with
argon ion sputtering by applying 5 mA current and 3 kV followed by vacuum annealing up to
1000 K.#* After several cycles of sputtering and annealing the clean silicon surface was
prepared and confirmed by XPS as well as UPS. UPS spectrum recorded for silicon surface is
in excellent agreement with spectra reported in the literature.?®#? No contamination was
detected by XPS/UPS. In the present studies, photoelectron spectral measurements were
carried out on Si surfaces up to 0.5 mbar of O, partial pressure (99.99% pure) and between
300 and 950 K temperatures. All spectra are calibrated with respect to Ef of gold surface and
normalized against room temperature measurement data. All spectra were deconvoluted after
subtracting the Shirley type background and Gaussian—Lorentzian (G—L) function for line

shape. Angle dependent XPS was recorded by changing the sample surface angle.

4.3. Result and Discussion
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4.3.1. Temperature-Dependent Oxidation at 0.1 mbar of O, Pressure

Figure 4.1 shows the results due to initial oxidation of silicon surface at 0.1 mbar oxygen
pressure between 300 and 700 K. NAP—-UPS studies provide plenty of information about the
molecular level interaction between the gas-phase molecules and solid surfaces under in situ
or operando conditions. In Figure 4.1a, the first spectrum (black) shows the UHV valence
band (VB) spectrum of the clean silicon surface recorded at 300 K. In this spectrum, a broad
peak is observed between 0.3 and 3.7 eV, which is attributed to surface state or dangling
bonds.>#*?* High intensity peak centered at 6.5 eV arises due to Si VB. VB features observed
is in good agreement with the data reported in the literature.>*® In the presence of 0.1 mbar
oxygen pressure at 300 K significant changes are observed in the VB spectra of silicon.
Intensity of the dangling bond feature is reduced to one-third of that of clean Si surface. A
significant shift in Si VB to 5.5 eV along with peak narrowing was observed. A new broad
peak centered at 12.2 eV arises and also can be seen the oxygen gas phase vibrational features
(corresponding to m-antibonding) around 8.0 eV. A careful look at the feature at 12.0 and 13.8
eV reveals the presence of not so well-resolved additional vibrational features of oxygen
molecules from 7-bonding and o-bonding orbitals, respectively.?® However, all vibrational
features observed due to bonding and antibonding orbitals are well-resolved for gas-phase
oxygen molecules in the absence of the Si surface. In comparison to pure gas-phase O, NAP—
UPS spectrum, the O, on the silicon surface shows not only broadening, but also shift toward
lower BE By 0.4 at 7.43 eV. It is to be noted that binding energy of the most intense O,
vibration feature (observed at 7.82 eV for pure O, without Si or any surface) is always
referred to indicate the changes observed. All these observations are indicating the onset of
changes in the electronic nature of Silicon surface even at ambient temperature and 0.1 mbar
of O, pressure.

The change in the vibrational spectra of O, on the surface with respect to pure gas
phase spectra can be corroborated with the change in the nature of Si surface due to gas-lattice
interaction and hence significantly different surface potential of oxidized Si surface.”® An

increase in Si surface potential by 0.4 eV due to oxygen adsorption at 300 K is deduced from
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the shift in gas-phase vibrational features to lower binding energy. The feature at 12.2 eV is
attributed to the molecular precursor state or well-known Hofer precursor state; our results are
in good agreement with the earlier experimental and theoretical results.>*"?® A simultaneous
decrease in the intensity of dangling bond feature and appearance of Hofer state corroborates
well and underscores the molecular precursor state of oxygen. The full-width at half-
maximum (FWHM) of O, gas phase vibrational features on Si surface also increases
compared to the pure gas-phase feature; this demonstrates the heterogeneous nature of silicon
surface due to O,-Si gas-solid interaction. At least two chemically different surface sites are
discernible; one with oxygen covered and the other without or less oxygen. Gas-phase
features are broadened so much that the vibrational features from any of the bonding state is
merged into a feature-less broad bands at 11.9 and 13.5 eV. These results shows a good
correlation with results published by other groups using STM,? polarization- and shows a
good correlation with results published by other groups using STM,? polarization- and
photon-energy-dependent UPS,* and Kelvin probe microscopy.'**" Further increase in the
temperature to 400 K results in a decrease in the intensity of Hofer precursor state as well as it
becomes narrow; in addition a new peak observed at ~9.3 eV (indicated by dotted arrow in
Figure 4.1a). According to literature reports,* this peak is attributed to oxygen insertion in Si-
Si bond. Simultaneously, the gas phase vibrational spectra broadened and shifted further
down to 7 eV compared to 7.44 eV at room temperature. However, the Si VB remains
observed at the same BE; a shoulder is observed at 3.7 eV, which disappears on heating to
high temperatures, and we do not know the reason for this feature. Intensity of the dangling
bond feature decreased further, compared to the spectrum recorded at 300 K and 0.1 mbar
pressures. The m-antibonding feature broadens to the level that it cannot be resolved into
individual vibrations. The shift in the vibrational feature can be correlated to a further increase
in the ¢ of the surface due to high temperature. Similar changes in ¢ were reported by Sturm
et al.** by using Kelvin probe force spectroscopy. They demonstrated the initial ¢ increases
with temperature because of the presence of Hofer precursor state. It is also to be highlighted
that oxygen insertion into silicon, oxygen island formation, patches of remaining pure Si

islands all coexists around 400 K and leads to broadening of VB as well as oxygen vibration
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(a) NAP-UPS at 0.1 mbar O, (b) O, Vibration Features
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Figure 4.1: (a) Temperature-dependent Si valence band spectra at 0.1 mbar of O, pressure
recorded with He I (hv = 21.2 ¢V) photons. The black color spectrum represents the clean Si
VB in UHV at 300 K and gas-phase O, spectrum is given for reference. (b) Shift and
broadening observed in the gas phase spectra of O, is shown in the enlarged manner; dotted
arrow drawn is for the guide to eye. It is to be noted that BE of the most intense O, vibration
feature (observed at 7.82 eV) is always referred to indicate the changes observed. Inset shows
the MO diagram of O..

features. This could also lead to local variation in ¢ and hence complicate the analysis. When
the temperature was further increased to 500 K, surprisingly the gas phase vibrational spectra
begin to shift to higher BE to 7.32 eV. Nonetheless, the gas phase vibrational feature remain
observed to be broad at 400 K (Figure 4.1b). The feature due to Si—O—Si is shifted to ~10 eV
with an increase in the intensity; whereas the peak at 12.15 eV was shifted to lower BE, as
well as the intensity decreases drastically. Si VB also shifts to higher B.E. by 0.3 eV. VB shift
and gas-phase vibrational features shift in the same direction underscores the change in the
electronic nature of the surface. The dissociation of Hofer precursor leads to a decrease in the
¢ which can be correlated with the shift or gas phase spectra toward the higher BE in Figure
4.1b. These results are indicating that the Hofer precursor state is quite stable at least up to
400 K, and at 500 K it begins to dissociates in to —Si=O species (Si’*) which leads to a

decrease in the ¢.**
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An important observation to be underscored from the NAP— UPS results is the
broadened vibrational features of oxygen molecules. From the sharp features observed for
reference gas phase spectrum recorded for O,, extent of broadening on the Si surface
increases from 300 to 500 K. In fact, the broadening is so much that all the vibrational
features are clubbed into one broad envelope. Without a detailed fitting procedure it is
difficult to make out how many different environments could be present on the surface; these
details are discussed latter with Figure 4.2. Another observation to be noted is the relative
higher intensity of antibonding orbital features of gas-phase oxygen molecules than the
bonding orbital features throughout the temperature and pressure regimes employed in the
present work. This is attributed to the following: while removal of electron from antibonding
(or nonbonding) orbital enhances the bonding character, it is exactly the opposite while
removal of electron from bonding orbitals. In other words, while bonding is improved or at
least unperturbed by removing electron from the antibonding orbitals; however, bonding is
significantly perturbed by removing electron from the bonding orbitals.”® These changes are
attributed to relatively low intensity for bonding orbital vibrational features of oxygen than
the antibonding features. It is also to be indicated that the dangling bond feature maintained
the same intensity up to 800 K, after initial reduction in intensity. It is known that the
oxidation of Si surface is localized and form islands/patches on the oxidized surface.
Therefore, the nature of surface changes to be heterogeneous and the same is the reason for
the broadened gas phase vibrational features. At least two different surface features due to
different extent of oxidation are possible. Surprisingly, when the temperature increases to 600
K, the gas-phase vibrational features fully reverts back to be narrow and shifted toward high
BE to 7.54 eV; high BE features of gas-phase oxygen also reappears at 600 K. Gas-phase
features at 600 K are very similar to reference O, spectrum. At 700 and 800 K, the NAP—UPS

results are similar to that of the results observed at 600 K.

The fitted data is shown in Figure 4.2. The FWHM of these peaks is kept constant and
as that of pure gas phase vibrational features. Energy gap between vibration features of one
set of gas-phase O, molecules on Si-surface also remains that of pure gas-phase features. It

can be clearly seen that when the oxygen dosed on silicon surface at 300 K, each vibrational
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feature split at least into three peaks and indicating that three different types of surface Si
species are present. When the temperature increased to 400 K, the gas phase vibrational
spectra shifted to lower binding energy, as well as broadened more. At 400 K, each
vibrational peak split into four peaks, which indicate that there are four different types of
surfaces present on silicon surface. Similar type of splitting was observed at 500 K. At 600 K,
the vibrational spectra become resolved much better than spectrum recorded at 300 K, and
shifted toward higher binding energy. This indicates the reduction in the heterogeneity of the
surface at 600 K and above. A predominantly homogeneous 2D oxidation layer occurs on the
Si surface; in fact a major and a minor vibration features was fitted. At 700 K, vibrational
spectra gets broadened and fitted with three peaks. The present observations may be critical
and relevant to understand some of the important aspects of heterogeneous catalysis. For
example, when the catalyst surface itself undergoes electronic and/or chemical changes due to
adsorption/ interaction with the reactant(s) and/or products, the work function also changes
significantly. Further the surfaces that are modified due to the above interaction influences the
electronic and vibrational levels of reactant molecules. This underscores the nature of catalyst
surfaces, especially highly reactive material surfaces, are moderate to completely different
under reaction conditions, compared to the fresh catalyst surfaces; current efforts provides
some light on such changes. Observation of such dynamic changes is possible exclusively due
to the deployment of NAP-UPS. Cu—0,,° Pd-0,,%**** Co-0,,** Ag-0,,*® CO oxidation on
C0304,>"% and H, on ceria zirconia® show similar changes, and they are reported in our
earlier reports. Recently, the 2D materials, like graphene, MoS,, and h-BNXx, has attracted a
significant attention due to indispensable role of them in energy,”’ environment, and
catalysis.***? The chemical and electronic property of 2D materials can be modulated by
several methods, such as doping with an heteroatom, introducing a functional group.*
Introduction of a particular type of functional groups on graphene layers could change the
surface potential, work function and hence reactivity. The present approach demonstrates the
efficacy of NAP-UPS as an effective diagnostic tool to understand the above aspects.
Particularly, how these materials behave in the presence of reactants can be explored in full

detail. Further, charge transfer, in situ growth of 2D material on different substrates,
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electronic and chemical changes of substrate and 2D material in the presence of reactant
molecules are important aspects and they can be evaluated with NAP—UPS. Si 2p and O 1s
core level spectra were also recorded parallel under 0.1 mbar of O, pressure at different
temperatures and the results are presented in Figure 4.3. Si 2p core level spectra recorded
under UHV-300 K and at 0.1 mbar of O2 pressure at 300 K are similar and BE of Si 2p was
observed at 99 eV corresponding to Si% however, O 1s core level shows a peak at 531.1 eV
indicating the possibility of peroxide like linkages. This supports the Hofer precursor state for
molecular oxygen on Si surfaces. In contrast to the significant changes observed in NAP—UPS
under the same conditions (Figure 4.1) NAP—XPS do not show any change; it is attributed to
the exploration of predominantly bulk (up to 7—8 nm) layers, which is unaffected by the gas-
lattice interaction that occurs on the surface between oxygen and Si. This result shows the
importance of NAP-UPS over NAP—XPS for the study of oxidation mechanism of the

semiconductor/material surface under relevant conditions.
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Figure 4.2: Fitted oxygen gas phase vibrational spectra at 0.1 mbar (pure gas phase and on Si
surface) and at temperatures between 300 and 700 K.

On increasing the temperature to 400 K, O 1s and Si 2p core levels were broadened
and observed at lower BE by 0.3 eV than that observed at 300 K. On increasing the
temperature between 500 and 700 K, Si 2p and O 1s core levels shift toward higher BE than
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that observed at 400 K. In addition, Si 2p core level displays a weak and broad peak at higher
BE between 101 and 102 eV. Si 2p shows a peak at 101.2 eV (at 500 K) and this is attributed
to Si** state. However, at 600-700 K, a low intensity feature is observed at 102.2 eV in Si 2p
core level and it is attributed to further oxidation to Si**. Higher BE feature due to oxidized
silicon is in good agreement with -Si=O and Si—O-—Si features observed in NAP—UPS. All of
these results indicate that Langmuir type of adsorption takes place below 600 K; in other
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Figure 4.3: (a) Si 2p, and (b) O 1s core level spectra recorded at 0.1 mbar oxygen pressure
between 300 and 700 K.

words, oxide grow randomly where dissociation of Hofer precursor takes place and form —
Si=0 (Si*") species. However, at 600 K, —Si=0 dissociates, and oxygen migrate from the
preferential site to form uniform 2D oxide layer on Si surface.'®*"*® This is fully supported by
the reappearance of narrow vibrational features of oxygen molecules underscoring the
homogeneous nature of the surface. Therefore, gas phase vibrational spectra become well
resolved between 600 and 800 K. On further increase in the temperature up to 800 K, minor
change in the vibrational features was observed and no other significant surface changes were

observed.
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4.3.2 High Temperature and High Pressure (0.5 mbar) Oxidation.

Very limited oxidation occurs on the Si surface up to 800 K in the presence of 0.1 mbar of O,
pressure (Figures 4.1-4.3). Indeed no Si** was observed under the above conditions indicating
the requirement of more severe oxidizing conditions for the propagation of oxidation to
subsurface and bulk layers. Within the current experimental limitations, these aspects are
studied between 800 and 900 K from 0.2 to 0.5 mbar of O, pressure. Interesting results are
observed in the NAP—UPS valence band measurements under the above conditions and the
results are displayed in Figure 4.4. When the temperature is increased from 300 to 850 K at
0.2 mbar and remained there for 30 min, following interesting changes is observed. (a)
Dangling bond feature observed at 300 K, completely disappeared after 30 min at 0.2 mbar of
O, pressure at 850 K. Kinetics of dangling bond disappearance is really slow that just
attaining 850 K in 0.2 mbar of O, pressure (850 K/O min) was not sufficient. (b) A major
change observed in the work function and the same increased by 1 eV at 850 K/30 min
compared to 300 K (indicated by two dashed arrows in Figure 4.4). (c) O, gas-phase
vibrational feature shifted from 7.4 to 6.15 eV, fully supporting the change in work function
due to surface oxidation. (d) A weak feature observed at 10.15 eV at 300 K increased in
intensity and shifted to 10.9 eV at 850 K/30 min.; thereafter, it remained at the same BE,
irrespective of higher pressure (0.5 mbar) and temperature to 900 K. (e) Valence band
remains observed at the same BE; however, the intensity of the main valence band increases
up to 850 K/30 min and it is attributed to the O 2p feature from the silica layers. This
enhancement in intensity is attributed to the silica formation on the surface. Photoionization
cross section* of Si 3p (0.3269 Mb) and O 2p (10.67 Mb) fully supports an increase in the
intensity due to the hybridization of Si and O orbitals. (f) 6 and n-bonding vibrational features
broadens to a large extent and single broad features were observed; while antibonding
vibrational features were broadened and observed with low intensity, even at 900 K. All these
observation underscoring the onset of bulk oxidation; however it is still limited to few layers,
which is discernible from the corresponding XPS data shown in Figure 4.5. 0.2 mbar oxygen
dosed for 90 min at 850 K shows no further changes indicating thermodynamically limited

oxidation. O, pressure was increased to 0.5 mbar and held at 850 and 900 K; however, the
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NAP-UPS spectra were recorded at 0.2 mbar pressure but at the same temperatures and the
results are shown in Figure 4.4. Except for a minor increase in the work function by 0.1 eV,
no other changes were observed and the valence band features remained the same.
Corresponding XPS studies indicate an increased oxidation in the bulk layers, while surface

layers remain the same.
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Figure 4.4: NAP—-UPS spectra recorded at 0.2 mbar oxygen pressure between 850 and 900 K.
Spectrum recorded at 300 K at 0.2 mbar is given for comparison. Two topmost spectra were
recorded at 0.2 mbar, but after exposure to 0.5 mbar oxygen for 20 min.

Figure 4.5 shows the NAP—XPS spectra recorded under the same conditions employed
as that of Figure 4.4. Deconvolution shows five peaks at 99.2, 100.5, 101.3, 102.5, and 103.4
eV which are due to elemental Si, Si**, Si**, Si**, and Si**, respectively. It is evident that the
intensity of highly oxidized silicon (Si** and Si**) features increases with increasing severity
of the oxidizing condition. Nonetheless, it is also evident that elemental silicon is still largely
present within the probing depth of 7-8 nm (Figure 4.6). However, a comparison of the
results obtained under same conditions between NAP—UPS and NAP—XPS suggests the
complete oxidation of silicon on the surfaces, possibly to 3+ and 4+ valence states (Figure

4.6). This is fully supported by the large change in work function observed in NAP—UPS.
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Low intensity peaks for lower valent (1+ and 2+) silicon hints its presence at the interface of

oxide and elemental silicon, at the bulk. This aspect is further supported by the angle-

dependent NAP—XPS measurements, and it is discussed later.
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Figure 4.5: Si 2p NAP—XPS spectra recorded between 0.2 and 0.5 mbar between 850 to 900
K. Deconvolution shows an increasing extent of oxidation in the bulk with predominant 3+
and 4+ oxidation state of silicon.

Surface oxidation states of silicon observed in Figure 4.4 is quantified and the results

are given in Figure 4.6. In NAP—XPS, it can be observed that initially at 0.2 mbar of O;

pressure at 850 K (10 min.), 74% elemental silicon is present. However, with increasing O,

pressure up to 0.5 mbar and temperature up to 900 K (30 min.), the percentage of elemental

silicon decreased to 65% and other oxide species percentage increased. High oxidation state

species increases from about 10 to 15%, while that of low oxidation states increased from 3 to

4% with increase in the severity of the oxidation conditions.
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Figure 4.6: Percentage of elemental silicon and oxidized silicon species as a function of
oxidation time and temperature and oxygen pressure.

To understand the mechanism of oxidation propagation and composition of oxidized
silicon layers, angle-dependent XPS study was carried out at 900 K at 0.5 mbar and the result
is shown in Figure 4.7. At normal emission angle (Figure 4.6, 900 K at 0.5 mbar/30 min) 35%
oxidized silicon species and 65% elemental silicon are present. When the angle of incidence
of X-ray decreased gradually from normal to grazing, the amount of elemental silicon
decreased and that of oxidized silicon species increased. At the lowest angle of incidence at
20°, the amount of elemental silicon decreased to 48 %, and the oxidized silicon increased to
52 %. It is to be noted that there is no complete oxidation of Si to oxidized silicon species was
observed within the XPS probing depth under the present experimental conditions. However,
it is evident from the spectral data shown in Figure 4.7a that close to the surface, Si** and Si**
are present predominantly and almost equal in amount. There is a surface gradation in the
oxidized silicon species observed from top to the bulk layers. Highest oxidized species are
present on the top surface and lowest oxidized silicon is present at deeper levels (or just above
elemental Si layers) suggesting the introduction of oxygen between Si atoms are occurring
one at a time. Oxidation from elemental to Si'* to Si** requires increasingly severe conditions,

in terms of both temperature and oxygen pressure. Between 850 and 900 K at 0.5 mbar
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oxygen pressure, the oxidized layer thickness is measured to be between 2.4 and 3.2 nm.
Indeed, our results are in good agreement with that of Enta et al. on 1.7-2.5 nm of SiO
thickness between 573 and 723 K and at 1 Torr of O, pressure.*® Because of the employment
of Al Ka radiation (1486.6 eV), the probing depth is up to 7-8 nm and hence large amount of
elemental Si was observed from the bulk layers in Figures 4.5—4.7. This also reiterates that
after initial oxidation, the oxidation propagation into the bulk layers becomes really slow.

This is also in good agreement with that of Enta et al.*°
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Figure 4.7: (a) Angle-dependent XPS spectra of silicon. (b) Percentage distribution of silicon
oxide species as the function of incidence angle.

4.4. Oxidation Propagation Model.

On the basis of the experimental findings described in Figures 4.1-4.7 a possible oxidation
propagation model is described in Figure 4.8. Clean Si surface is known to exhibit dangling
bond (Figure 4.8a), which disappears on exposure to molecular oxygen at room temperature

(Figure 4.8b). On heating the Si surface, in the presence of 0.1 mbar of O, pressure, leads to
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oxygen covered islands; however, the surface is not fully covered with oxygen even up to 500
K (Figure 4.8c). This leads to heterogeneity of the surface and leads to broadening of
vibration features of O, (Figures 4.1-4.2). On heating to 600 K, vibration features narrows to a
near single vibration feature (Figure 4.2) with uniform surface oxidation to SiOx layer (Figure
4.8d). On further heating to 850—900 K and high pressures up to 0.5 mbar leads to begin the
propagation of bulk oxidation (Figure 4.8e-f). In all these cases, initial oxidation appears to be

|.45

very fast, which is supported by Enta et al.” observations. Nonetheless, the propagation of

oxidation to bulk layers is slow.
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Figure 4.8: Model for various stages of silicon oxidation. (a) Bare silicon surface with
dangling bonds associated Si atoms are shown in yellow color. (b) Preferential oxygen
adsorption on dangling bonds at 300 K. (c) Oxygen islands formation occurs on heating to
500 K at 0.1 mbar of O,. (d) Nearly uniform 2D layer of SiOx forms on heating to 600 K. (e
and f) Onset of propagation of bulk oxidation beginning at 850 K and above at pressures
higher than 0.1 mbar. Dark blue and purple indicates highly oxidized Si** and Si** species,
respectively. Blue and bright blue indicates Si** and Si'*, respectively.

4.5. Conclusion

An attempt has been made to study and explore the initial oxidation mechanism of Si by the
NAP-UPS, NAP—XPS, and angle-dependent XPS. Our result indicates the molecular oxygen
adsorption occurs on the dangling bonds of Si surface which leads to an increase in the ¢ from
300 to 400 K. Heterogeneous nature of surface oxidation is evident from the NAP—UPS
results. However, a uniform 2D oxidized layer is evident from the results obtained at 0.1 mbar

oxygen pressure and >600 K. This 2D layer acts as a protective layer for the inner or bulk
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layers of Si, and prevent them from further oxidation up to 800 K. Between the above two
regimes, the initially adsorbed oxygen dissociate to — Si=O species around 500 K. At
temperatures higher than 800 K and pressures more than 0.1 mbar, oxidation begins to
propagate into the bulk. Within the maximum operating experimental conditions employed in
the present efforts, complete oxidation of Si to Si** was not observed within the probing depth
of 7-8 nm; however, a gradation in the oxidation layers is observed with most oxidized on the
top surfaces (Figure 4.8). More severe pressure and temperature are expected to increase the

oxidation extent and follow the same trend reported in the present manuscript.

Present investigations reveal the changes not only on the solid surfaces due to gas-
lattice interaction, but also with the interacting gas-molecules. Surface ¢ very much influences
the electronic state of gas-phase molecules. Changes observed in the ¢ of lattice due to
chemical/ electronic interaction with gas phase molecules, which in turn affects the electronic
state of interacting gas molecules. To the best of our knowledge no such information has been
obtained or published in the literature. Present studies are also relevant to any surface
dependent applications, such as heterogeneous catalysis, electrochemistry, nanomaterials, and
sensors. Particularly, 2D layered materials can be explored for change in work function,
nature of charge transfer. When the lattice surface is highly reactive, interaction with reactive
environments, such as oxygen, hydrogen, would lead to dramatic changes. It is also worth to
underscore the nature of such surfaces are very different under relevant application
conditions. Understanding this aspect would help one to design better quality material and
material surfaces for surface-dependent applications.

Present study also indicates how difficult it is to form silica, found throughout the
globe. Although present studies are limited to a maximum of 0.5 mbar and 900 K, we are
surprised to learn the robustness of silicon to bulk oxidation. Needless to say that bulk
oxidation of silicon would require much higher temperature at ambient O, pressure or
possibly high pressure. Such drastic conditions are possible under non-ideal conditions, such
as volcanoes, forest burning. It is possible that these types of conditions might have severely
existed in the pre-historic periods. Although this point is not the objective of this chapter, it is

a corollary conclusion derived from the present studies. It is also interesting paradox to learn
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the easy oxidation of surface layers at very low oxygen pressures, but highly challenging to

oxidize bulk layers of silicon. Indeed the same point protects the bulk silicon from getting

oxidized under ambient conditions.
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Gas-Solid Interactions with Reactive and Not-So-Reactive Gas Molecules: Near
Ambient Pressure Ultraviolet Photoelectron Spectral Studies
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5.1 Introduction:-

There are numerous studies conducted on the molecular/atomic gas phase spectrum with
various gases by using IR spectroscopy® and/or UVPES.? These type of studies are very much
essential to understand the traces of atmospheric gases and their interaction with each other.
However, gas-solid interaction forms the basis for surface-dependent phenomenon/properties,
such as catalysis, electrochemistry, and nanomaterials. Simple adsorption of atmospheric
components (O,, CO,, and H,0) is known to affect the surface properties. Adsorption,
particularly chemisorption, is the fundamental phenomenon for catalysis. However, not much
is known about this important fundamental factor, and especially it is not evaluated at
atmospheric pressure or closer to ambient pressures in a reliable manner. Real-world catalysis
occurs under ambient pressure or high pressures, and it is essential to explore the gas-solid
interaction in a reliable manner at real-world applied conditions or closer to that. Ertl and
coworkers explained the non-linear changes in the catalytic activity for CO oxidation on
Pt(110) surfaces through surface reconstruction by O-atoms under reaction conditions.
Gopinath et al. explained the changes in the nature of Pd surfaces due to the interaction
between Pd and O, and the modified surface induces ambient temperature CO oxidation
activity. It is also to be noted that Pd —surfaces are known to exhibit CO oxidation activity
above 400 K.* Hence it is not necessarily the initial or the virgin catalyst surface is the active
surface for the actual catalysis, and surface changes are most often inevitable under actual
reaction conditions. Predominant number of catalysts surfaces is significantly different under
reaction conditions, compared to its virgin counterpart.””’ Catalysis being a surface
phenomenon, it predominantly depends on the surface nature. The elementary steps involved
in any catalysis reaction, such as adsorption of reactants, dissociation, diffusion, desorption of
products, involves bond-making and bond-breaking; they heavily depend on the nature of gas-
solid interaction in heterogeneous catalysis. Indeed it is essential to evaluate the fundamental

aspect to understand as well as to develop better catalysts.

For the present chapter, we have evaluated the atomic/molecular photoelectron
spectrum of monoatomic (Argon gas), and some homonuclear diatomic molecules like Hz, O,

and N by using the NAPUPS. This work is divided into two parts. In the first part, we have
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recorded the pure gas phase spectra of the gases mentioned above at 300 K with varying the
pressure from 1x107 to 3x10™ mbar. We made an unusual observation that with increasing
pressure the BE of molecular orbital of all gases mentioned above has increased. However,
when we recorded the NAP-UPS of these on the metal surfaces, surprisingly, no shift has

been observed in the BE.

The properties of metal and metal oxide film and their interaction with atmospheric
components have a lot of practical and fundamental interest in the heterogeneous catalysis,®™*
solar cell™® and semiconductor devices.*** Especially the ¢ is the key electronic property to
understand the relative Fermi energy'® and charge carrier concentration!’ of the material
which is highly surface sensitive properties. Because of the large dependence of ¢ on surface
nature, it is a very important as well as challenging task to measure the accurate work function
of the particular material under technically relevant conditions. The most prevalent technique
to measure the ¢ is Photoelectron spectroscopy and Kelvin probe force microscopy (KPFM);*®
however; both techniques have stringent surface preparation conditions. The KPFM method
depends on the potential change of the reference electrode; however, the inherent potential of
the reference electrode can be affected by the contamination even in high vacuum. This
applies very well to the electrochemistry measurements carried out with different electrodes at
ambient conditions. In PES, the ¢ is generally determined by the secondary electron cutoff;
however, because of adsorption of foreign particles or defect sites or heterogeneous nature of
the surface, the shape of secondary electron cut off line in PES spectrum may not be a straight
line. Under these conditions, the determination of secondary electron cut off line and ¢
measured may not be accurate. Hence in-situ prepared surfaces or in-situ cleaned surfaces
offer the best solution and NAPUPS on such surfaces provide the accurate values. The other
method for determining the ¢ like field emission and the PES of adsorbed xenon require UHV

condition.

In the second part, we evaluated the influence of different solid surfaces on nature
and energy position of electronic and vibrational features of interacting gas-phase
atom/molecules. For these studies, we have chosen the two inert gases, namely homodiatomic

N, and another one is monoatomic Ar gas. Both (Ar and N5) shows ultralow sticking
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coefficient across many metal/oxide surfaces and highly inert in nature, which is required to
understand the influence of surface on the gas-phase molecules. Both gas phase spectra is
recorded on the inert metal surfaces, like Ag and Au, semiconductor Si and SiO, surfaces,

4151922 \n/e have observed

reactive metal Ni, Cu, Co and their oxides. In our previous studies,
that with change in the electronic nature of the surface, the BE of the electronic state of
molecular gas-phase species also changes. However, in our previous studies mostly we used
the reactive gases, such as O, CO,, H, CO, on reactive metal/oxide surfaces.*'*1922
Therefore, with change in the experimental condition these reactive gas-phase molecules
reacts and changes the electronic nature of solid surface, which in-turn leads to a shift in the
BE of the gas phase molecules in the resulting spectrum. In this particular work, we have
chosen the inert gases (N, and Ar) interaction with above mentioned metal surface and their
oxides. Particularly inert gases are chosen to minimize the complications that would arise due

to the dynamic interaction between reactive gas molecules and the surface.
5.2 Experimental Section

All experiments are carried out in a custom built laboratory-based near-ambient pressure
photoelectron spectrophotometer (NAPPES) unit installed in our laboratory at CSIR-National
Chemical Laboratory, Pune. Design and performance of this system has been explained in
detail in the references 21 and 23. The system is equipped with the differentially pumped
Scienta R3000HP analyzer, capillary gas-doser, Al-Mg dual anode X-ray, monochromatic Al
X-ray source, differentially pumped discharge lamp to generate He | and He Il UV radiation
source. The polycrystalline foils (Ni, Co, Si, Ag, Au, 99.999 pure) which are used in the
experiments are procured from MaTeck, Germany. These foils are cleaned by the several
cycles of Ar sputtering and annealing in UHV up to 1000 K. A series of sputter-anneal cycles
produced clean metal foil surfaces which is confirmed by the XPS as well as UVPES. The
metal foils are oxidized in the 1 mbar oxygen environment at the appropriate temperature.
99.99 % pure gases are used for all of the experiments. All spectra are calibrated with respect
to Fermi energy and normalized against room temperature. All the UVPES experiments are

carried out at 298 K temperature.
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5.3 Electronic Spectrum of Gases

According to Born-0ppenheimer approximation, the total energy of a diatomic molecule is the
sum Of Eejectronic, Evibrational, @Md Erotational €N€rgies. All these three energies of a molecule can be
considered as completely independent of each other. So the total energy of a molecule can be

written as:- Etotal = Eelectronic + Evibrational + Erotational
And the approximate orders of magnitude of these transitions are following:*
~ 3 6
Eelectronic ~ Evibrational x10° = Erotational x 10

On an electronic transition, the vibrational and rotational changes produce “coarse structure”
and “fine structure” respectively. There is no quantum mechanical restriction on the change of
vibrational quantum number during the electronic transition, therefore, there may be n (n
=1,2,3....n) number of vibrational transitions are possible with different intensities. The
Franck-Condon principle governs the transition, and the relative intensities of the lines depend
on the position of potential well for the neutral atom and ionized species, giving the highest
intensities where the bond length of ion is closer to that of the neutral species. Above changes
happen within any two levels of diatomic or multi atomic molecules through excitation and
these aspects has been thoroughly studied by IR, Raman, and UV-Visible spectroscopy for
light absorption; similarly, light emission spectroscopy can be studied by fluorescence
methods. However, in photoelectron spectroscopy, an electron is ejected from one of the core
or valence level depending on the energy of the incident radiation employed. It is true that the
X-ray induced core level spectrum arises from the valence band to deep core levels. However,
UVPES spectrum arises exclusively from the valence band (for solids) or hybridized
molecular orbitals (in molecules) and the valence orbital energy range generally fall in
between 0-15eV, with reference to the vacuum level. In fact, the UVPES can provide the high
resolution or fine structure spectrum than the core level XPS results. This is mainly attributed
to the energy resolution and the energy width of the incident radiation. The relative intensity
of spectral lines mainly depends on the type of molecular orbital and the vibrational states

from which the electrons are ejected.
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Figure 5.1(a) shows NAPPES of the hydrogen molecule recorded at 0.1 mbar. Indeed,
hydrogen is the simplest molecule with only one fully-filled valence level/orbital and 1s
electronic configuration. 1s® level with vibrational fine structure is observed at a BE between
11 and 13 eV. When UV light is irradiated on hydrogen molecules, the electron is ejected
from the bonding orbital leaving behind the H," ion. In other words, photoelectron
spectroscopy measures the ionization energy of transition between the ground state of the
neutral hydrogen molecule and excited electronic state of the ion. The transition takes place
between v = 0 vibrational states of the neutral molecule to v’ = 0 states of the ion. The
required ionization energy for this process is known as adiabatic ionization energy. If the
transition takes place from v = 0 to v’ # 0 then the required energy for this excitation is known
as vertical ionization energy. Mostly, the transition occurs from the v = 0 state of a neutral
atom to one of several states of ion, which gives the approximately equally spaced bands of
spectrum. Here, the number of lines in a spectrum depends on the number of transitions
between several transition states. If the photoelectron is removed from the non-bonding
orbital, the intensity of vibrational lines is concentrated almost entirely close to 0,0 line.
Therefore, the first line will be more intense than the other and thereafter intensity will
decrease in a regular manner for subsequent line. Whereas if the photoelectron removal
occurs from the boning or antibonding orbital, the most intense line will arise from the v =0
to v'=n (n =2, 3, 4... depending on the inter-nuclear separation between ground state and
excited electronic state). Hence, the overall shape of the spectrum mainly depends on the
inter-nuclear distance between the ground state and excited electronic states. Lowest to
highest BE peaks originates from v = 0 to higher vibrational states. Highest intensity peak is
observed for v = 2, and thereafter the intensity decreases for higher vibrational states, mainly
due to lower population in those states. Beyond v = 12 states, the intensity is negligible due to
dissociation of hydrogen molecules into hydrogen atoms and hence there is a continuum
observed at high BE. This is in good correspondence with the results reported from Raman
results. Koopmans’s theorem suggests that for a closed-shell molecule, the ionization energy

of an electron in a particular orbital is approximately equal to the orbital energy. In the case of
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the hydrogen molecule, it is equal to the ionization energy of hydrogen to hydrogen ion. In
the hydrogen spectrum, very low intensity satellite peaks are observed between 9 and 11 eV is
attributed to the low intensity He-1p (23.06 eV) secondary radiation present along with He-I.
The removal of an electron from the bonding orbital of hydrogen molecule induces a
significant change in the molecular orbital; this leads to an increase in the bond length and
weakens the bond strength, resulting in the wider and shallower potential well and with a
lower vibrational frequency than the neutral molecule. In the hydrogen spectrum, the most
intense feature could be that of where the bond length of ion is closest to the bond length of a
neutral atom. However, the observed Raman line for neutral hydrogen molecule® is 4158 cm’
! Whereas, in the H, UVPES spectrum, the energy gap between two successive lines is 0.26
eV which corresponds to 2097 cm™, which is about 50 % of that of neutral molecule vibration
observed in the Raman spectrum. The electron in the H, atom is ejected from the bonding

orbital which is the reason for the decrease in the bond strength.
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Figure 5.1: The gas phase photoelectron spectra recorded at 0.1 mbar pressure at room
temperature. (a) The hydrogen spectrum represents the 1s o orbital. Low intensity features
observed between 9 to 10.5 eV is due to Helg satellite radiation associated with He-I, (1.5 %
intense as that of Hel,); similar features are observed with other spectra given in this chapter.
(b) Molecular oxygen gas phase spectrum arises from the 2p,*, 2p,, and 2p, orbitals from
low to high BE, respectively. (c) Molecular nitrogen gas phase spectrum arises from 2p, and
2p. bonds from low and high BE, respectively. (d) Monoatomic Ar gas phase spectrum
features arise from fully-filled 3p® spin-orbit coupled (3ps/; and 3ps) levels.
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Figure 5.1b displays the photoelectron spectrum of gas-phase O, molecule. For
oxygen molecule, all three types of orbitals (antibonding, bonding and non-bonding) can be
seen. The oxygen molecule has a total 12 electrons in its valence shell. However, the 2s
orbital electron remains non-bonded and considered as shallow core level; the He | photon
does not have sufficient energy to eject the electron from O 2s orbital. Hence in Figure 5.1b,
only three sets of vibrational features appear in the spectrum, at 7.5 eV, 11.8 eV and 13.7 eV
and they are related to the fine structure of 2p,*, 2p,, and 2p, orbitals, respectively. Energy
positions mentioned are for the highest intensity vibrational feature within a set of vibration
features. The overall shape of the spectrum is governed by the equilibrium geometry between
the initial and final state of the ionized molecule. Therefore, three different shape features can
be seen in Figure 5.1b. All these transitions give the distinct fine structures that can be used
for identifying the orbital. Feature at 7.5 eV is arising because of electron ejection from the
2p,+ antibonding orbitals. The removal of an electron from the antibonding orbital results an
increase in the bond strength and leads to a decrease in interatomic distance in O, molecule.
The an-harmonic oscillator potential well also became narrower and deeper and shifted to
higher BE than the neutral molecule. The average energy gap between two successive
vibrational features is around 0.23 eV which is equal to 1855 cm™. This frequency is
significantly higher in energy from the fundamental rotational-vibrational Raman peak (Q line
J = 0 pure vibrational excitation peak) for a neutral molecule which appears at 1556.2 cm™.2°
An increment in the vibrational frequency observed is apparently an indication for its relation
with antibonding orbital. The second feature is observed at 12 eV. The shape of this feature is
very similar to the hydrogen spectrum in Figure 5.1a. This spectrum is observed because of
the electron ejection from the 2p, bonding orbital. It is a known fact that when an electron is
ejected from the bonding orbital, it leads to a decrease in the bond order and an increase in the
interatomic distance. Because of the ejection of an electron from the bonding orbital, the
potential well became broader and shallower and BE shifts towards the lower energy side,
compared to vibration from a neutral molecule. This also can be confirmed by the energy gap
between two successive vibrational features which is observed around 0.11 eV, which

corresponds to 887.1 cm™. The third feature observed at 13.7 eV which arises due to the 2p
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bond transitions. Here again, the electron is ejected from the bonding orbital which leads to a
decrease in the bond order and associated increase in the interatomic distance and also
responsible for narrow potential well. Indeed the narrow and broader potential well observed
for 2p, and 2p; is characteristic of o and © bonds, respectively. The energy gap for these two
successive vibrational features is 0.14 eV which corresponds to 1129.2 cm™. In this case, also
the frequency is lower than the neutral molecule which indicates that this feature arises
because of electron ejection from the bonding orbital which leads to weakening the bond

strength.

Figure 5.1c shows the NAPPES for molecular nitrogen. The spectrum at 11.27 eV is
corresponding to the 2p, orbital. The additional low-intensity features are related to the other
vibrational state. Here, the energy gap between two vibrational lines is around 2091cm™. The
second feature is also observed at 12.4 eV, which is corresponding to 2p, bonding orbital.
Here, also the energy gap between two successive vibrational lines in the spectrum is similar
to 2p, orbital, which is 0.24 eV and corresponding to 1935 cm™. Both 2p, and 2p, are
bonding orbital but the vibrational energy difference in both peaks indicates the difference in
bond strength. It is known that the bond length of neutral molecular nitrogen is 1.09769 A;
while the same changes for 2p, and 2p, orbital final states in UVPES to 1.11642 and 1.1749
A?" respectively. UVPES results and bond length changes are in full agreement with each
other. Expectedly, the ¢ bond is stronger than the © bond, and ¢ bond features appear at higher
energy/frequency than the © bond.

Figure 5.1d shows the UVPES spectrum for the first shallow level of Argon. Argon
consists of the single atom with fully filled [Ne] 3s® 3p° configuration to give the simplest
photoelectron spectrum. Expectedly there is no hybridization with another Ar atom and hence
no vibration features. Ar spectrum arises because of electron ejection from the 3p orbital.
This spectrum gives two lines due to spin-orbit splitting to 3ps, and 3py, at 11.53 and 11.75
eV, respectively, with a full width at half maximum of 0.05 eV. In fact, the resolving power
of electron energy analyzer can be studied with gas-phase Argon atoms; this particular
analysis demonstrates the highest resolving power of R3000HP analyzer at NAP conditions,

which is unique among several such spectrometers available. The coupling constant “J”
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determines the intensity ratio of these two lines.” Therefore the ideal intensity ratio for 3ps,
and 3p1; is equal to two. The experimentally determined ratio is also equal to two. The energy

difference between these two lines gives the spin-orbit interactions.
5.4 Effect of Pressure on Binding Energy of Vibrational Spectrum

Figure 5.2 (a), (b), (c) and (d) shows the NAPUPS spectra of H,, N, Ar and O, gases as a
function of partial pressure between 1x107 and 0.3 mbar at 298 K. BE changes observed are
shown in the corresponding al-d1 panels. Below 1x10 mbar pressure, the spectral intensity
is not observed or insignificant in intensity. Only Ar shows decent intensity at 1x10™ mbar. It
is challenging to get decent quality spectrum above 0.3 mbar due to limitations; high pressure
limits the attenuation of photoelectrons reaching the detector due to large inelastic scattering.
Hence the minimum and maximum gas pressures are limited between 1x107 to 0.3 mbar in
our studies. In this region, we have observed that with increasing pressure from 1x10 to 0.3
mbar the vibrational features also shift towards higher BE side and this is the common
observation for all four gases (diatomic and monoatomic). A breakpoint occurs at or around
0.1 mbar for all gases underscoring the change in nature of flow from molecular to viscous
regime. However, the extent of BE shift is different for different gases. The shift in BE for H,
Ny, Ar, and O, are 0.4, 0.7, 0.7 and 0.55 eV, respectively. Incidentally, inert N, and Ar shows
the large increase in BE change (0.7 eV), while reactive H, and O, shows a relatively small
increase in BE change (0.4-0.55 eV). The most probable reason for this BE shift is the change
in the molecular flow to viscous flow during the change in pressure.? It is to be mentioned
that the gas manifold is connected to the capillary gas doser via a z-axis manipulator in the
analysis chamber.?® The capillary of the gas doser inside the analysis chamber can be
extended very close to the entrance slit/aperture or near the sample holder. It is earlier
reported by Guevremont et al.?® that in the pressure regime analyzed in the present work lead
to a viscous flow of gases to certain distance (from the entry point of molecular beam doser)
and until the expansion occurs. It is to be underscored that the molecular beam method
employed by Guevremont et al®® and in the present work are similar and gas expansion is

expected. At the point of gas expansion from the capillary doser, the input gas behaves as a
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condensed liquid and this is expected to lead to a change in the BE. However, at high
pressures, this trend reverses, and present work also shows a reversal at the highest pressure
employed (0.3 mbar).?®

In Figure 5.2 it has been observed that with increasing pressure the gas phase spectrum
shifts from their original position to the higher BE side. To understand this effect on solid
surfaces another set of experiments is carried out and the results are shown in Figure 5.3. In
this experiment, N, and Ar gas phase spectrum is recorded on Ag and Si surface while
varying the pressure from 0.1 to 0.3 mbar. Reference gas-phase spectrum recorded at 0.3
mbar is shown in red traces. An interesting observation is made with the results shown in
Figure 5.3. When the spectra are recorded (Figure 5.3a, b and c) on the metal (Ag) and
semiconductor (Si) surfaces, surprisingly, there is no BE shift observed for both gas-phase
atom/molecule at increasing pressure between 0.1 and 0.3 mbar. Several other interesting
observations are made and they are listed below: (a) Both N, and Ar features appears at lower
BE in the presence of solid surface compared to the reference spectrum given in red color. (b)
N, on Ag shows more shift to lower BE (by 1.42 eV) than that of on Si-surface (0.67 eV). (c)
Ar on Si surface shows lower BE shift (0.67 eV) compared to reference Ar spectrum. (d)
Interestingly, vibration features of nitrogen molecules are maintained on Si and Ag surface at
all pressure values; while spin-orbit splitting of Ar disappears and a broad feature appears on
Si-surface. This is attributed to a possible weak adsorption of Ar on Si surface at such high
pressures and hence the observation of line broadening. Indeed the VB of Si-features are high
in intensity in the presence of N,, while it is low in the presence of Ar, supporting a possible
Ar-adsorption. It is well known in the literature that Xe adsorbs on catalyst surfaces and used

as probe molecules.***

(e) N2 and Ar shows similar shift on Si indicating the possibility of
reliable work function measurement by using them as probe molecules. Indeed, we suggest
nitrogen could be employed due to its non-interacting and non-accumulating nature on

surfaces and in pores; however, Ar and N, may be used to probe different sites.
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Figure 5.2: Pressure dependent gas phase vibrational spectra of (a) Ha, (b) N2, (c) Ar, and (d)
O,. Binding energy changes observed for the highest intensity feature is plotted in al to d1
panels. All spectra are recorded at 298 K.

An important difference between Figure 5.2 and 5.3 is that there is no change in BE
value of gas-phase features at increasing pressure in the presence of solid surfaces in the latter
(N2) case. This is attributed to the heat-sink nature of solid surfaces. Intermolecular or
interatomic interaction increases in the viscous state, which should lead to a possible increase
in temperature in the viscous state. However, this is totally avoided in the presence of a solid
surface, due to effective heat dissipation in the bulk solids. In other words, Joule-Thompson
effect occurs in the presence of a solid surface. Our efforts to measure the temperature change
did not show any change. This is attributed to the bulk nature of solid and hence ultra-
sophisticated temperature measuring device, particularly on the top-surface, is required. With
our current sample holders, the temperature changes are measured from the bottom surface
and it is not expected to show any significant change. It is also to be noted that the VB of Ag
or Si decreases with increasing pressure; at 0.4 mbar and above, no VB feature of solid
surfaces are observed. This is attributed to the increasing inelastic scattering of photoelectrons
with gas-phase molecules, and hence attenuation in intensity was observed. This factor limits

the maximum pressure that can be employed to detect low energy electrons with He |
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photons. Another factor is the difference in work function of silver (4.26-4.74 eVV) compared
to silicon (4.60-4.85 eV). The difference in the energy of the vibrational feature of nitrogen on
silver and silicon surface is in decent correlation with that of difference in the work function
between them. Even though N, and Ar was used in Figure 5.3b and 5.3c, but they show the
same shift on Si entirely reflect the work function of Si surface.

(a) ‘ (c) |
L] I
I \ . 0.3 mbar N,@Ag ®) X30 ,,«-.A\“"‘“m'“‘h
Wt |t _N
f 0.3 mbar Ar@Si |
/'”f.
£ A W, [ “'\ i - |f
5 Jy J‘J\“\—ww" 7 "\0.2 mbar Np@Ag B e x %03 mbar N,@Si e
g |— f\ T ) B i I
< s ‘.A ‘ ‘lH / \ 0 X10 0.2 mbar A@Si Il
2 o PARL / \l M TS T I
? [\ [’ \ r.-’ﬂ\‘””‘\“"l W\ e T | —
8 ‘ \ / \ A \ \0.2 mbar N,@Si |
- \\.,"“'j 0.1 mbar N,@Ag | \ ] ‘

|\

AL W

4 \ ) 0.1 mbar Ar@Si | |
/ |\ / ‘P‘\y mbar N,@Si e
: I\ / \
: 0.§bmb‘arNﬁ2 hand wn P 0.3 mbar N, o //’// 0.1 mbar Ar T
I'é'é'sl)'1]2'11511]8 3 6 ;>1'2 15 18 "2 4 6 8 10 12 14 16 1
Binding Energy / eV Binding Energy / eV LI gindingEngrgylg\% 1416 18

Figure 5.3: (a) and (b) N, spectrum with varying the pressure from 0.1 mbar to 0.3 mbar at
room temperature on Ag and Si surface, respectively. (c) Ar spectrum recorded on Si at
increasing pressure from 0.1 to 0.3 mbar at room temperature. Due to Ar accumulation on
surface layers, Si-features intensity was observed to be low at high pressures and multiplied
spectra are shown. Reference spectrum of N, and Ar is given in red color at the bottom of the
panels.

5.5 Effect of metal Surface Nature on the Binding Energy of Gas Phase Spectrum

Adsorption of N, and Ar on Co, Ni, Si, Au and Ag surfaces has been evaluated by the NAP-
UPS at 0.1 mbar gas pressure at 298 K. Figure 5.4 (a) shows the N, gas phase spectra on Co
metal and in-situ generated Co3O,4 oxide surfaces. The wine red color spectrum in Figure 5.4
(a) represents the valence band spectrum of Co metal recorded at ultra high vacuum.* Gas-
phase spectrum of nitrogen at 0.1 mbar (red trace) is given for reference. There is a small shift
in the BE from 11.30 to 11.15 eV of the gas phase spectrum of N, on Co metal surface (blue
color) compared to pure N, gas phase spectrum (red color). The FWHM of N, feature
increased from 0.04 in reference gas-phase spectrum to 0.11 eV on Co metal surface. N, is an
inert gas with very low sticking coefficient and expected to have very poor interaction with

Co; however, while dosing N, gas on Co metal surface, a huge decrease in the Fermi level
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density of states of Co metal (while retaining the feature around 6 eV in both spectra), shift in
the BE of the gas phase features, and increase in the FWHM of N, features indicates that
there is, indeed, interaction between N, molecules and the Co-metal surface. It is already
explained in section 1 that when the electron is added into the antibonding orbital, there will
be a negative shift in the BE of the gas phase spectrum. A huge decrease in the ratio of Ef to
6 eV feature while dosing N, on Co-metal, compared to virgin Co, underscores the charge
transfer from Co-metal to nitrogen molecules. It is well known that N, is the most stable
homonuclear diatomic molecule with the bonding orbitals fully filled with a bond order of 3
(see Figure 5.1c), and antibonding orbitals are empty. Charge transfer from Co to N,
molecules resulting in the negative shift in the BE of the spectra as well as an increase in the
FWHM of all vibrational features of nitrogen molecules. This suggest a possibility of nitrogen
activation on Co-metal surface and it is worth exploring further towards various reactions,
including ammonia formation. Our efforts to identify the N-atoms on the surface did not yield
any meaningful results, possibly due to low N-coverage and large probing depth of XPS.
Careful experiments at higher pressures should be performed. It is also worth to note the

literature report on nitrogen activation on molecular cobalt complexes.*

To understand the influence of solid surface work function on the BE of the
vibrational features of N, was measured on Co30, surfaces. Initially, we have oxidized the Co
foil in the presence of O, at 1 mbar at 500 K. Co metal foil surface gets completely converted
into Co304. In Figure 5.4a olive green color spectrum represent the valence band spectrum of
C0304.% When N, gas is dosed on the Co30, surface the BE of the N, gas is shifted towards
a lower BE side by 0.85 eV compared to Co metal surface. BE changes in N, vibrational
features on Co-metal and Co30y4 is almost similar to work function changes from Co to Coz0,
(4.8, 6.3 eV respectively), which is around 0.74 eV. The secondary electron cut-off measures
the change in work function in Figure 5.4 (a), which is in good correlation with the above
changes. Unlike poorly resolved features of N, on Co, N, on Co3O4 shows well-resolved
vibrational features, even though it is broadened. This indicates the gas-solid (N2-Co30,)
interaction is poor under the present experimental conditions. We have also recorded the Ar

gas features (Figure 5.4b) on the pure Co metal and Co304 surfaces. The photoionisation cross
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section (o) of Ar 3p, Co 3d and O 2p are 38.1, 4.3 and 10.63 Mb, respectively.® o of Ar 3p is
nearly an order of magnitude higher than Co. Expectedly, the intensity of Co and Co0304
valence band intensity in Figure 5.4b is very low due to low o of Co 3d. Due to significantly
high 6 of O 2p in Co304 valence band intensity is relatively high than pure Co. For
comparison purposes, Co and Cos0, spectra are multiplied 5 times. Very small shift (0.07 eV)
is observed with the BE of Ar 3p spin-orbit doublet for Ar on Co-metal compared to reference
gas-phase spectrum. However, when the gas spectrum is recorded on Co3Qy, there is 0.6 eV
shift is observed on the lower BE side. The shift in the Ar spectrum is lower than the N, gas
due to the stronger interaction of N, than argon on Co metal surface. Another interesting
observation is the decrease in the intensity ratio for Ar 3ps;, to 3py, features on Co-metal
(2.05) and Co304 (1.71) surfaces. Like in the N-case, although Ef intensity decreases in the
presence of 0.1 mbar Ar on Co, no charge transfer is possible from Co Eg level to the
unoccupied orbitals of Ar 3d or Ar 4s, since they are very high in energy. However, the
reason for increasing Ar 3p, intensity on Co3O4-surface is not known. Further, FWHM of Ar
features remains the same in reference spectrum and on Co and Co304, highlighting that there

is hardly any chemical interaction between them. This is on the expected lines.
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Figure 5.4: (a) N, gas phase spectra of pure N, (red color), on Co metal (blue color) and
oxidized metal surface (Co30,) are shown. (b) Ar gas phase spectrum recorded for pure argon
(red color), on Co metal (blue color) and oxidized metal surface (Co3O4 olive color). Co
valence band (wine red color) spectrum recorded at UHV is shown for reference in both
panels.
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Figure 5.5a and b show the Ar and N; spectrum recorded on Ni metal and NiO
surfaces at 0.1 mbar pressure. Among the first row transition metals, many of them have high
relevance to heterogeneous catalysis. As a representative of them, Ni and NiO are chosen for
this particular study. How effectively the gas-solid interaction occurs between Ni and NiO
solid surfaces and inert Ar and N gases is the purpose of the present study. Figure 5.5a shows
the spectrum recorded while dosing N, gas at 0.1 mbar pressure on Ni metal surface (blue
color trace).*” The red color trace shows the pure N, gas phase spectrum employed as
reference and the valence band features of Ni-metal recorded at UHV is shown in wine red
trace. When 0.1 mbar N, gas is dosed on the Ni metal surface, the N, spectrum shift towards
lower BE side compared to reference N, spectrum from 11.25 to 10.80 eV as well as the
FWHM also increased from 0.041 to 0.065 eV, respectively. Interestingly, for cobalt (Figure
5.4a) and nickel metals the BE shift of N, features, compared to pure N; gas, shift by 0.15 and
0.45 eV, respectively. Significantly large shift observed on Ni surface indicating that N, gas
interacts with Ni stronger than the Co surface. However, well-resolved N vibration features
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Figure 5.5: (a) The nitrogen gas phase spectrum of pure nitrogen (red color), on Ni metal
(blue color) and oxidized metal surface (NiO olive color). (b) The argon gas phase spectrum
of pure argon (red color), on metallic Ni (blue color) andoxidized metal surface (NiO olive
color). Ni valence band (wine red color) spectrum recorded at UHV is given for reference in
both panels in wine red color.
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suggesting that there is no heterogeneity on the Ni- surface due to any Nj-dissociation. No
report on nitrogen activation on Ni-compounds are found in the literature. N, is isoelectronic
with CO molecule and interaction of CO with Ni metal has been studied in detail in the
literature.®® Therefore, the probable reason for the shift in the BE of the vibrational spectrum
on the metal surface is likely due to charge transfer from metal to N, gas. Like Co-metal, Ni
also shows large DOS at Ef, and the same decreases in the presence of N again highlighting
the charge transfer from Ni to N, molecules. Because Co and Ni have a different probability
of charge transfer to N, molecules, the shift in vibrational spectra is also different. N,
vibration spectrum shows a further shift towards lower BE side (olive color spectra in Fig
5.5a) on the NiO surface. The shift in the vibrational spectrum is around 0.3 eV which is

similar to the change in ¢ when Ni metal is oxidized to NiO, which is also around 0.3 eV.

Figure 5.5b shows the spectra recorded while Ar gas was dosed on Ni and NiO
surfaces. In this also the ¢ of Ar 3p and Ni 3d are 38.1 and 3.8 Mb, respectively, and Ar
exhibits an order of magnitude higher o than Ni. Therefor the intensity of Ni and Ni valence
band intensity in Figure 5.5b is very low. For comparision, five times multiplied spectra of Ni
and NiO is shown. The Ar 3p atomic orbital features show the same trend as N, in shifting
the BE position. Ar 3p levels shift towards lower BE side by 0.15 and 0.4 eV on Ni and NiO
surfaces, respectively, compared to the reference Ar spectrum recorded for Ar at 0.1 mbar on
Ni metal surface. The shift observed on Ni and NiO is in good correspondence with the
change in ¢ (of Ni and NiO) around 0.4 eV. These results indicate that the shift in the BE of

the gas phase features predominantly depends on the change in the ¢ of the material.

Figure 5.6a shows the spectra recorded while N, was dosed on the Si and SiO,
surfaces. The wine red color trace shows the valence band of Si reference spectrum recorded
at UHV, and the red color trace shows pure N, gas phase spectrum. When 0.1 mbar N, was
dosed on the clean Si surface, a BE shift by 0.25 eV was observed on the lower BE side for
N, features. It has been explained that this shift is observed due to interaction between Si and
N,. BE of N, features on Co, Ni and Si are observed to be 0.15, 0.45 and 0.25 eV,
respectively. The dangling bond features intensity observed on virgin Si-surface (1-3.5 eV)™

decreases in intensity while dosing N». This is clearly indicating the possibility of saturating
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the dangling bonds by possible physisorption of nitrogen molecule on those sites. Any N
dissociation or chemisorption and N-atoms are ruled out, based on the sharp feature of gas-
phase nitrogen observed on Si. Gold is considered as inactive and we explored for any
possible weak interaction between gold surface and the most stable N, molecules.*® We have
recorded the N, gas phase spectrum on the Au surface (Figure 5.6b). While gold valence band
features remain observed at the same BE, a BE shift of 0.5 eV was observed for N, features,
compared to the reference N, spectrum. FWHM of N, vibrational features also remains the
same as that of reference N, spectrum. This indicate that the shift in vibrational features
depends on the nature of the surface. No change observed either with N, or Au features
reiterates that the gold surface is totally inactive. Further, this also lends support to the
different observations made in earlier results (Figures. 5.1-5.6a) for gas-solid interaction

between reactive or not-so-reactive gas-phase molecules and different surfaces. To understand
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Figure 5.6: (a) The gas phase spectrum of pure nitrogen (red color), Si valence band (wine
red color), N, on Si (blue color), and N, on SiO, surface (green). When Si was oxidized to
SiO; the gas phase N features also shift towards lower BE side by 1.4 eV which is equal to
the change in work function. (b) The gas phase spectrum of pure nitrogen (red color), N, on
Au metal (blue color ), and Au valence band (wine red; recorded at UHV).

the effect of ¢ on the vibrational spectrum we have employed the silica surface (Si oxidized in

situ to SiO,; Figure 5.6a) and dosed the N, gas. It is observed that the N, vibrational feature
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shifts to 9.35 eV from 10.75 eV. This shift is similar to the change in ¢, when Si is oxidized to
SiO,. The ¢ change by 1.4 eV which is equal to the shift in the vibrational spectra observed by
1.43 eV. All these results indicate that the change in the energy position of vibrational

features mainly depends on the ¢ changes of material.

We also studied the Ar interaction with silver as well as the gold surfaces, and the
results are shown in Figure 5.7a and 5.7b, respectively. When 0.1 mbar Ar was dosed on Ag
and Au (blue color spectra) surfaces, the gas phase Ar features shifted to lower BE side, as
observed on other metal surfaces; however, the shift observed for Ni (0.15 eV) and Co (0.07
eV) (Figures. 5.4b and 5.5b) is smaller than that observed on Ag (0.88 eV) and Au (0.43 eV)
surfaces. Surprisingly the FWHM of Ar 3p levels increased on both silver and gold surfaces.
There was no significant increase in the FWHM of Ar 3p features on Ni and Co surfaces. The
intensity ratio of 3ps;, and 3pi, peak for Ar gas is also decreased on Au and Ag metal
surfaces. However, a careful analysis of the data reveals that the splitting between spin-orbit
components of Ar is still observed for both metal surfaces. This indicates the surface may
have a significant amount of defect sites and argon on those sites appears at marginally
different BEs. Deconvolution of Ar 3p features shown in the inset reveals several such
features clearly. It is well known in the literature that Xe adsorbs on catalyst surfaces and Xe
was used as probe atom to explore those defect sites.*>** Another important point to be noted
is the insignificant change in the Ef and valence band features of Au and Ag in the presence
of 0.1 mbar Ar, which is in contrast to Ni and Co. Although the Er and VB feature decreased
overall in intensity at 0.1 mbar Ar, which is attributed to high pressure, and the ratio of Ef to
main VB remains the same. This reiterates that there is no possible charge transfer from Ag or
Au surface to Ar atoms and the gas-solid surface interaction between them seems to be

minimum or negligible.

In the next experiment, the silver surface is oxidized at 0.3 mbar O, pressure at 450 K;
however, the complete oxidation of Ag to Ag,O is not observed. In our earlier work on
exploring the reasons for superior catalytic activity of silver surfaces for epoxidation, Ag+0O,
interaction was found to be critical. Between 390 and 450 K, Ag+O, shows different nature

and the same surface is reproduced (O, on Ag at 450 K) and evaluated for modified silver

124



Chapter 5

surfaces due to oxygen diffusion into the subsurfaces of silver. The modified Ag surface has a
different character with contributions from electrophilic and nucleophilic oxygen sites along
with subsurface coverage of oxygen. More details about the surface preparation is available in
ref. 22. When the argon is dosed on the mildly oxidized silver surface (olive green color;
Figure 5.7a) the Ar 3p levels shifts towards lower BE side by 0.5 eV which is equal to the
change in the work function of Ag and AgO, which is also around 0.5 eV. However,
surprisingly the intensity of 3pj/, increased and appeared to be more than that of 3ps;, peak
intensity. It is to be underscored that the mildly oxidized Ag surface still retains a large
amount of metallic silver and difficult to oxidize completely to AgO under the operative
conditions of NAPPES. Likely that there are Ag and oxidized Ag®* islands are present on the
surface, and they lead to two sets of spin-orbit doublets of Ar. In addition weakly adsorbed Ar
on silver surface also broadens the Ar 3p shallow levels. Deconvolution procedure applied

shows four sets of Ar present on the surface.
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Figure 5.7: (a) The gas phase spectrum pure argon (red color), Ag VB recorded at UHV, Ar
on Ag metal (blue color) and Ar on mildly oxidized Ag surfaces(olive color) (b) The gas
phase spectrum of pure argon (red color), Au valence band recorded at UHV (wine color) and
Ar on Au metal (blue color). Inset shows the deconvolution of Ar 3p observed on Ag and Au
surfaces.
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To confirm the influence of the surface and surface potential on the BE of gas phase
spectra, we deliberately applied a bias on the silver surface in the presence of 0.1 mbar N, gas
and recorded the NAPUPS spectra. The data is shown in Figure 5.8. The black color trace
shown is for the N, (0.1 mbar) on Ag surface at zero bias. When -1 V is applied to the silver
surface, expectedly, Ag valence band was observed to be shifted by 1 eV on the lower BE
energy side. The gas phase N, spectrum is also shifted 1 eV towards lower BE side, even
though N, molecules are present in the gas phase. This demonstrates the surface potential
fully influences the gas-phase molecules that are in proximity to the Ag surface. An important
advantage of UVPES is its high resolution, compared to the core level XPS; even a minor
change in the nature of surface by 20 meV can be detected easily with the gas-phase features.
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Figure 5.8: Effect of externally applied bias on the N, gas phase spectrum on the Ag surface.
The black color spectrum shows without applying bias. Whereas the red, green and purple
traces are recorded at -1, -2 and -3 volts, respectively. The observed shift in the spectrum is
equal to the applied bias.

Any changes that occur on the surface due to gas-solid interaction can be detected and
profiled under reaction conditions; this aspect has been documented by our earlier works.*>**"
2% .2 and -3 \V was applied on the Ag surface and recorded the spectrum: in this case also Ag
valence band and N, gas phase features are shifted by 2 and 3 eV on the lower BE side. These

findings reiterate that the gas phase vibrational features can be employed to detect the change
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in surface potential of any solid surfaces. One more point observed is that with increasing
applied voltage, the FWHM of gas-phase features is also increasing, while solid surface
features are retained without any change in FWHM. A careful analysis of the spectral features
of N, reveals a steep rise in the intensity and a large peak asymmetry observed on the higher
BE side. This hints a possibility of N, molecules experiencing a graded potential with
increasing distance from the surface. This finding needs to be verified with other

corroborating measurements.
5.6 Conclusion

An attempt has been made to understand the gas phase vibrational spectra and their electronic
configuration by the UV photoelectron spectroscopy under the near ambient pressure
conditions. Viscous state associated with gas-phase molecules around 0.1 mbar was
established and a definite change in the BE trend was observed. Irrespective of the nature of
reactive, not-so-reactive or noble gas, BE trend with pressure remains the same, hinting the
intermolecular or interatomic interactions increases in the viscous state. Vibrational features
associated with gas-phase molecules are sensitive enough to probe even the minor changes
occurring on the solid surfaces. The interaction between reactive and not-so-reactive gas
molecules/atoms with different solid surfaces are explored with NAPUPS. Several interesting
conclusions were derived and some of them potentially interesting and worth studying further.
N, on Co-surface shows significant charge transfer from Co to nitrogen molecules at room
temperature and possible N, dissociation is expected. However, the same is not true with Ni
and Co304 surfaces. Molecular nitrogen adsorbed on surface dangling bonds on silicon
surfaces. Diffusion of oxygen into the subsurfaces of silver was identified through Ar-Ag
interaction in NAPUPS. Some of these interactions are very minor in terms of energy/nature;
however, they can be identified by the shift in vibrational features of probing molecules due
to the high sensitivy of NAPUPS. In general, the present set of experiments indicate that the
BE position of these gas phase vibrational spectra depends on the electronic nature of the
surface and the gas-solid interaction. These results reveal that, not only the surface is
influenced by the interacting gas molecule, in turn the gas molecules senses the changes and

reflects the same in the resulting spectra. The ¢ is the key electronic property of a surface
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which mainly depends on the geometry and electronic nature of the surface. It is necessary to
measure the ¢ under realistic conditions or close to that; NAPUPS is expected to play a major
role in such studies and can help to map out the changes in ¢ as a function of reaction
conditions. The NAPUPS can also be helpful to overcome the limitation of traditional
methods employing high vacuum, for the ¢ determination. Present studies are very relevant to
the surface dependent application like sensors, heterogenous catalysis, semiconductor, etc.
Even though inert gases are employed for the present investigations, however, surprisingly
they are also affected by the surface nature which is quite interesting. Understanding of the
effect of surface nature on the interacting molecule can be quite intersting phenomena which
can lead to developing to revolutionary material for the surface relevant application.
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Chapter 6

Conclusion and Future Outlook

In this dissertation, we have studied the gas-solid interaction under operando condition by
using NAPPES. The gas-solid interaction is complex in nature; however, these interactions
play pivotal roles in wvarious applications like, heterogeneous catalysis, sensors,
electrochemistry, and semiconductor. Often there is no straight correlation between reactivity,
selectivity and structure of catalyst; however, reactivity and selectivity also controlled by
other parameter like, changes in electronic nature of catalyst surface under the operando
condition, the surface restructuring due to the adsorption of reactant, the competitive
adsorption between various adsorbing reactants etc. Hence, there are various factors which
are needed to be explored under operating conditions. To understand the gas-solid
interactions, several surface characterization techniques have been successfully developed.
Among them NAPPES is comparatively new and rapidly growing technique which has lot of
potential to explore the electronic nature of material under operando conditions. This
technique can be operated at elevated pressures and temperatures. In this thesis work, all
experiments were carried out in lab-based NAPPES available at CSIR-National Chemical

Laboratory, Pune, India. The detail of this system is explained in chapter 2.

In chapter 3a we attempted to address a fundamental question of ethylene epoxidation.
Why only silver shows high activity and selectivity for epoxidation product in a particular
temperature (420 to 500 K) window? Ag-O, interaction is studied by NAP-XPS and NAP-
UPS under technically relevant conditions. Three different types of silver-oxygen interaction
regimes have been identified between 300 and 500 K, namely, (a) 300-390 K, oxygen
chemisorption on Ag surface; (b) between 390 and 450 K, O-diffusion into the subsurface
layers occurs and lead to subtle surface modification; and (c) >450 K for metastable oxide
formation; the later two regimes are dynamic in nature. A significant change in the ¢ of Ag in
the presence of O, was observed between 390 and 450 K. The diffusion of O- atom in
subsurface region is the key step for high selectivity for ethylene epoxidation rather than
combustion. Subsurface oxygen makes the Ag surface to be marginally electron deficient,
which alters the initially repulsive interaction to an attractive one between ethylene and Ag

surface. The oxygen present on the electron deficient Ag surface may act as electrophilic and
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it can get inserted into ethylene to epoxide. Further increasing the temperature more than 450
K the leads to increase in ¢ and oxygen coverage (00). The high coverage and more positive
charge on surface are responsible for the complete combustion of ethylene to CO,. What is
important in this work is the observation of silver remains in the metallic state, in spite of
oxygen interaction with it. Although a large change in ¢ of Ag surface was observed under
NAPPES conditions, large metallic character reiterates that the gas-solid O,-Ag interaction is
subtle, and that too it occurs under operando conditions. Generation of space charge layer
alters the activity favorably towards epoxidation. This emphasizes in situ and operando
investigations are essential to understand the nature of active form of the catalyst. Indeed, it is
worth investigating many such reactions to understand the active form of catalyst, which will
help to develop more active catalyst. In chapter 3b, we have studied the active phase of
Fe/Al,O3 for oxidative dehydrogenation (ODH) of butane to 1, 3- butadiene. It is important to
develop the highly active and selective catalyst for the ODH of butane to 1, 3-butadiene
reaction. We have synthesized the Fe,Os—based catalyst5% Fe,Os/ Al, O3 shows the highest
selectivity between 723 to 773 K and 5% Fe,Os/ Nb,Os shows the least activity and
selectivity to 1,3-butadiene. The NAPPES studies of both catalysts indicate that there is no
interaction between Fe catalyst and Nb,Os. Whereas, Fe is reduced to Fe*? state on Al,O3
support, and there is a possibility of iron carbide formation is indicated. These result
confirmed that Fe* is the active species for high selectivity for 1,3- butadiene which is

stabilized by the Al,O3 support.

In chapter 4, we proposed a mechanistic model for Si oxidation from initial adsorption
of molecular oxygen on Si surface towards the bulk SiO, formation. The Si-O; interactions
are important in semiconductor as well as in catalysis. For Si semiconductor, controlling the
thickness and fabrication of defect free homogeneous SiO, layer on Si substrate is still a
challenging task. Therefore, a mechanistic understanding is required about the kinetics of Si
oxidation from initial adsorbed oxygen to bulk SiO, formation. We have carried out the in situ
Si oxidation up to 0.5 mbar from RT to 900 K and observed the changes in electronic
structure. It has been observed that the initial molecular oxygen adsorption as well as
dissociation to atomic oxygen takes place on the dangling bond site at 500 K. Up to 500 K,
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the oxidation of Si surface is localized and limited to initial dissociation sites. When the
temperature is increased up to 600 K the Si surface is homogeneously oxidized to 2D SiOx
layer. This 2D layer acts as a protective layer for the inner Si-layers and prevents them from
oxidation up to 800 K. However, more severe conditions, up to 900 K at 0.5 mbar O,
pressure, initiate the onset of bulk oxidation. There is a surface gradation in the oxidized
silicon species was observed from top to the bulk layers from highly oxidized to elemental
silicon, respectively. More severe pressure and temperature are expected to increase the
oxidation extent and follow the same trend reported in this thesis. The present studies show
that initial few layer of Si is oxidized at comparatively low temperature and low pressure
conditions but bulk Si oxidation requires harsh temperature and pressure conditions. This
studies also suggest that the initial oxidation of Si surface, can be controlled by the controlling
the number of dangling bond site on Si surface. Si ¢ very much influences the electronic state
of gas-phase molecules. Changes observed in the ¢ of Si, due to chemical/ electronic
interaction with gas phase molecules, in turn affects the electronic state of interacting gas
molecules. To the best of our knowledge no such information has been obtained or published
in the literature. Such dynamic changes are possible under catalysis conditions and it is worth

exploring in detail for different systems.

Chapter 5 investigated the gas phase vibrational spectra of reactive (H, and O,) and
less reactive gases (N, and Ar) with different surfaces by NAPUPS up to 0.3 mbar at room
temperature. In chapter 3 and 4 the effect of reactive gas on the surface has been studied,
however, in this chapter we have studied the effect of catalyst surface on the electronic-
vibrational spectra of gas molecule which are close to surface but not adsorbed. For this study
N2, this is considered as stable molecule and non-reactive noble Ar gas are chosen.
Vibrational features associated with gas-phase molecules are sensitive enough to probe even
the minor changes occurring on the solid surfaces. N, on Co-surface shows significant charge
transfer from Co to nitrogen molecules at room temperature and possible N, dissociation is
expected. However, the same is not true with Ni and Co30, surfaces. Molecular nitrogen
adsorbed on surface dangling bonds on silicon surfaces. Diffusion of oxygen into the
subsurfaces of silver was identified through Ar-Ag interaction in NAPUPS. Some of these
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interactions are very minor in terms of energy/nature; however, they can be identified by the
shift in vibrational features of probing molecules due to the high sensitivy of NAPUPS. In
general, the present set of experiments indicate that the BE position of these gas phase
vibrational spectra depends on the electronic nature of the surface and the gas-solid
interaction. These results reveal that, not only the surface is influenced by the interacting gas
molecule, in turn the gas molecules senses the changes and reflects the same in the resulting
spectra. The ¢ is the key electronic property of a surface which mainly depends on the
geometry and electronic nature of the surface. It is necessary to measure the ¢ under realistic
conditions or close to that; NAPUPS is expected to play a major role in such studies and can
help to map out the changes in ¢ as a function of reaction conditions.

In this thesis, we have demonstrated the direct relevance of NAPPES techniques to
catalysis applications and electronic structure evolution of solid surface. Electronic structure
evolution of solid surfaces as a function of reaction conditions is possible. This would help to
identify the “real active phase” of catalyst under working conditions. Present studies are also
relevant to many surface-dependent applications, such as heterogeneous catalysis,
electrochemistry, nanomaterials, sensors. Particularly, 2D layered materials can be explored
for change in work function, nature of charge transfer etc. Many demanding reactions, such as

water splitting, nitrogen/CO,/CH, activation could be explored in detail.
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