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Abstract

In Situ and Operando X-ray Spectroscopy Studies of Solid/Gas and Solid/Liquid
Interfaces
by
Chenghao Wu
Doctor of Philosophy in Chemistry
University of California, Berkeley
Professor Miquel B. Salmeron, Co-Chair

Professor Tanja Cuk, Co-Chair

Gas-phase catalytic reactions and electrochemical reactions are two important categories
of heterogeneous reactions. In order to determine the reaction mechanisms and
potentially improve the technologies based on these reactions, it is essential to understand
what happens at relevant solid/gas or solid/liquid interfaces under reaction conditions. X-
ray photoelectron spectroscopy (XPS) and x-ray absorption spectroscopy (XAS) are two
element-specific and chemical-state-specific characterization techniques. Recently,
researchers have demonstrated that with proper modifications, these vacuum-requiring
techniques can also be used to characterize various solid/gas or solid/liquid interface
systems under ambient conditions, which opens the way towards in situ and operando
characterization of many heterogeneous reaction systems. In this dissertation, the studies
on two solid/gas interface systems and two solid/liquid interface systems are presented.

The solid/gas interface systems were characterized by ambient-pressure XPS (AP-XPS).
In the study regarding Co catalyst for Fischer-Tropsch (F-T) synthesis, it was found that
CO adsorbs strongly on Co surface; but small amount of sulfur substantially weakens the
CO adsorption and consequently poisons the F-T reaction. Under reaction conditions, Co
surface remains metallic. At lower temperatures, water molecules in the reaction products
can potentially oxidize the Co surface and thereby hinder the catalytic reaction. When the
reaction temperature is above 250°C, H, is responsible for reducing Co to its metallic
phase and keeping the catalyst active. In the study of Co.Pd, alloy nanoparticles for
catalyzing CO oxidation reaction, a clear dependence of catalytic activities on
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nanoparticle composition was observed. AP-XPS results revealed that Co segregates to
the surface and stays in the oxide form after the pretreatment process. Small amount of
Co coexisting with Pd on the surface can promote the CO oxidation reaction
synergistically and the synergetic effect becomes more prominent with increasing Co
content. However, when Co/Pd ratio is too high, after the cleaning processes, the surface
of the nanoparticles is fully covered by thin layers of CoOy, preventing CO molecules
from binding with Pd, which leads to significant drop in catalytic activity of the alloy
nanoparticles.

The solid/liquid interface systems were characterized by our newly developed in situ and
operando XAS technique. Total electrode yield (TEY) signal collected through the
working electrode can provide information that is sensitive to the solid/liquid interfaces.
At Au/H;O interfaces, the hydrogen-bonding network is greatly disrupted by the
interface, leaving more broken hydrogen bonds than in bulk water. But the delocalization
of the LUMO orbitals of water molecules into the gold substrate, greatly suppresses the
pre-edge feature in O/s XAS spectrum that is typically associated with broken hydrogen
bonds. These polar molecules can respond to external electrical field and reorient at the
interface, producing potential-dependent O/s TEY XAS spectra. At Pt/H,SOs(aq) or
Au/H,SO4(aq) interfaces, similar water reorientation behaviors were observed in the
negative potential region. In the positive potential regions, the evolution of O/s XAS
spectra is different from that of Au/H,O system. The changes in the spectra are possibly
related to the adsorption of sulfate ions at the interface, contradicting many reports that
proposed an oxide formation or oxygen/ hydroxyl adsorption processes.

The studies on four interface systems presented in this dissertation illustrate the
capabilities and great potentials of these two in situ x-ray spectroscopy techniques, i.e.,
AP-XPS and in situ/operando XAS, in the investigation of interfacial phenomena and
reaction mechanisms in various heterogeneous reactions. Such mechanistic information
can potentially provide insightful guidance for better designs of catalysts and electrode
materials.



Dedicated to my dearest parents and grandparents.
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Chapter 1

Introduction

Abstract

This chapter discusses the importance of solid/gas interfaces and solid/liquid interfaces
with relevance to gas-phase catalysis and electrochemistry, and the difficulties to
characterize these interfaces under realistic conditions. Deep understanding of the
physical and chemical properties of these interfaces, especially under catalysis- or
electrochemistry-relevant conditions, is essential in the mechanistic study of various
heterogeneous reactions. Existing in situ characterization techniques are also briefly
introduced and their drawbacks are discussed.



1.1 Heterogeneous Reactions and Interfaces

Chemical reactions can generally be divided into two categories: homogeneous reactions
and heterogeneous reactions. Homogeneous reactions occur in a single phase, gas, liquid,
or solid, for example, the combustion of flammable gases, the reactions between acid and
base in aqueous solutions, etc. In homogeneous reactions, the substances that participate
in the reactions are distributed in the system as simple gas molecules, solvent molecules,
solvated ions, and the like. The reaction mechanisms of such reactions primarily depend
on the interactions of the reacting substances, which are simpler and easier to understand
from the theoretical point of view.

Heterogeneous reactions involve multiple phases with at least one condensed phase,
because gaseous substances are always well mixed into one phase. In almost all the
heterogeneous reactions, different reactants need to migrate to the interfaces between
different phases, encounter with each other, and then undergo chemical changes at the
interfaces. Consequently, heterogeneous reactions are inevitably influenced by many
factors other than just the interactions between reactants, for instance, the transport
properties of the reactants in each phase, the chemical composition and physical
properties of the interfaces, and the chemical and physical changes that some reactants
undergo when they pass through the interfaces. All these factors make heterogeneous
reactions much more complicated than homogeneous reactions and thus more difficult to
understand.

Gas-phase catalysis and electrochemical reactions are two categories of heterogeneous
reactions that attract most attention in the research community. Both of them have a great
many important industrial applications. Two distinct types of interfaces are involved in
these two categories of heterogeneous reactions: solid/gas interfaces in gas-phase
catalysis and solid/liquid interfaces in electrochemical reactions. Each type of the
interfaces has its own unique properties and presents different challenges for in situ
characterization. The physical properties of the interfaces and the chemical processes at
the interfaces are the key information for the understanding of reaction mechanisms and
kinetics in these heterogeneous reactions.

1.1.1 Gas-Phase Catalysis and Solid/Gas Interfaces

Gas-phase reactions are typically considered as homogeneous reactions. But for some of
the gas-phase reactions, the participation of a solid catalyst, such as metal nanoparticles,
mesoporous oxides, or metal nanoparticles dispersed on oxide support, can alter the
reaction pathway and substantially reduce the activation barrier of the reactions, which
further leads to faster kinetics, lower reaction temperatures, and potentially lower energy
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input and production cost. Many of the reactions in oil refinery and related industry
involve such gas-phase catalysis, which produce petroleum and other important
chemicals such as additives, lubricants, and raw materials for other chemical industry.'
Another example is the CO oxidation and NOy decomposition reactions catalyzed on
various metal surfaces,”® such as platinum, palladium, ruthenium, and copper, or
transition metal oxides.” Such reactions convert poisonous and polluting exhaust gases
into non-toxic molecules, such as CO, and N», and therefore have positive environmental
impact. Many automobile manufacturers have already incorporated such catalysts in
different cars, to reduce the air pollution caused by exhaust gases. Other gas-phase
catalytic reactions of industrial importance include ammonium synthesis, Fischer-
Tropsch synthesis, water gas shift reaction, steam reforming reaction, etc.

Figure 1-1 schematically illustrates a typical solid/gas interface. The gas-phase catalytic
reaction at such interface involves a series of complex processes. The first step usually
involves the adsorption of one or more reactant gas molecules at different sites on the
catalyst surface, as illustrated in the purple circle A. The interaction between the adsorbed
molecules and the catalyst can profoundly alter the surface structure of the catalyst, as
well as the electronic structure of both the adsorbate and the substrate. Some molecules

Catalyst Surface Gas Phase
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Figure 1-1. A schematic illustration of a typical solid/gas interface.
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will decompose on the catalyst surface and break into reactive fragments such as radicals
and atomic species, as illustrated in circle B. Some atomic species can even penetrate into
the sub-surface regions (circle C). These activated molecules and reactive fragments can
migrate on the catalyst surface at reaction temperatures. When they encounter with each
other, reaction intermediates start to form and eventually evolve into the reaction
products and desorb from the catalyst surface (circle D).

In the past, various single crystal surfaces, as model catalysts, have been studied by a
variety of surface techniques, such as scanning tunneling microscopy (STM), low energy
electron diffraction (LEED), and x-ray photoelectron spectroscopy (XPS). However,
traditional surface techniques require ultra-high vacuum (UHV)."° Therefore, most of the
measurements on different catalyst surfaces were performed in vacuum by brief exposure
of the surface to the reactants. In order to obtain a low desorption rate compatible with
the low partial pressure required, the surfaces are often kept at cryogenic temperatures.
Such experimental conditions are far from equilibrium and thus the information obtained
may not be entirely relevant in the catalysis context. It has been demonstrated in recent
years that more realistic conditions, i.e. higher pressures (>10° Torr) and higher
temperatures (at least room temperature), can profoundly alter the structure of the catalyst
surfaces, or more precisely the solid/gas interfaces.”® For instance, at pressure of 10
Torr and above, the surface is usually covered with a dense layer of adsorbates.
Moreover, the surface species, not only the adsorbates but also the substrates, can be

extremely dynamic.”'”

1.1.2 Electrochemistry and Solid/Liquid Interfaces

Electrochemical reactions also have serious impact on different aspects of industry as
well as our daily life. For instance, electrochemical corrosion of different metals and anti-
corrosion coatings have serious impact on the long-term stability of these metals
immersed in various electrolytes such as sea water, and therefore the long-term safety of
large vessels that are made of these metal materials. More importantly, the global demand
for energy has increased tremendously in the past few decades. Many researchers around
the world are devoted to improve the current technologies or develop sustainable new
technologies to boost overall energy production and enable effective storage of this
energy. Electrochemistry stands at the center of many energy technologies. For example,
the lithium intercalation into the electrode materials is the key process in various lithium
ion batteries, which power all the portable electronic devices or even electrical vehicles
nowadays. Efficient electrolysis, particularly the (photo)electrolysis of water and (photo)
reduction of CO,, can potentially produce clean chemical fuels, such as hydrogen gas or
hydrocarbons, by using clean energy source such as sun light. In order to improve the
efficiency or performance of energy-related technologies, it is important and necessary to
4



understand the reaction mechanism in these important electrochemical systems.

According to classical electrochemistry theory, the solid/liquid interface, as illustrated in
Figure 1-2, also known as electrical double layer (EDL) or Helmholtz layer, plays a vital
role in many electrochemical systems.'' Most important elemental processes take place at
such interfaces, for example, the accumulation and selective adsorption of ions on the
electrode surface, the solvation/de-solvation process of ions and the re-organization of
solvent molecules, charge transfer between the electrode and electrolyte, ion intercalation
into the electrode, etc. Although classical EDL theories, mostly continuum theories, have
been established and widely accepted for almost a century, the molecular-level details of
such interfaces during electrochemical reaction are much less well understood. For
example, in a lithium ion battery system, the following questions remain (at least partly)
unanswered: How does the solid/electrolyte interface or interphase (SEI) form? What is
the composition of the SEI layer? How do the solvated lithium ions escape from the
solvation shell, pass through the SEI layer and intercalate into the electrode materials?
Considering the importance of the SEI formation and ion intercalation mechanism in
battery systems, the answer to these questions will provide useful insights relevant to the
development and improvement of the next-generation batteries.

Electrode Electrolyte

Solvent Molecules

Under-
Coordinated— @
lons

. Solvated lons

/ o

Intercalated lons

Figure 1-2. A schematic illustration of a typical solid/liquid interface.




Nevertheless, to experimentally characterize such solid/liquid interface is even more
challenging than characterizing solid/gas interface. The difficulties mostly arise from the
large-quantity of condensed matter on both sides of the interface. A variety of ex-situ
characterization techniques have been explored in the past to characterize such
interfaces,'”'® but in most cases the electrode surfaces, as well as the loosely adsorbed
species at the interface, undergo inevitable changes when taken out of the solution and
transferred into the measurement chamber."”

1.2 Existing In Situ Techniques for Interface Characterization

Over the past decades, a variety of in situ characterization techniques have emerged,
allowing scientists to investigate various solid/gas interfaces under realistic conditions.
Examples include environmental scanning electron microscopy (E-SEM),*

21,22 .
’ surface-sensitive or

environmental transmission electron microscopy (E-TEM),
surface-enhanced vibrational spectroscopy,”* grazing-incidence hard x-ray diffraction
and spectroscopy,’ etc. E-TEM is a particularly powerful technique. With the
development of aberration-corrected high-resolution TEM and incorporation of
differentially pumped sample stages, researchers are now able to study the detailed
structure and chemical changes of nano-catalysts under different gas environment.
Another useful technique is sum frequency generation (SFG) spectroscopy. The selection
rules governing the non-linear optical processes in SFG guarantee a very high surface

sensitivity.”

Although the UHV requirement once limited the application of the traditional surface
science techniques in the characterization of solid/gas interface under realistic conditions,
in the past decade, scientists have successfully demonstrated that, with proper
modifications, traditional surface characterization techniques can be used for in sifu and
operando characterization of solid/gas interfaces. High-pressure STM (HP-STM)*® and
ambient-pressure XPS (AP-XPS)™?” are two of the successful examples. It has been
demonstrated in our group that with a home-built STM instrument housed in a high-
pressure cell,”® one can measure various single crystal surfaces under different gas
environment, up to 700 Torr. It is also possible to implement HP-STM techniques at
elevated temperatures, where high-speed scanning is required to cope with the thermal
drift.***’ By incorporating differential pumping systems as well as electrostatic focusing
system into the XPS analyzer,”’ one can collect XPS spectra in situ and operando in the
presence of different gases, up to a few Torr. These modifications bring the traditional
surface characterization into the catalysis-relevant temperature and pressure range, which
enables new discoveries in various catalytic systems under realistic conditions.”® AP-
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XPS is the main technique used in the studies of solid/gas interfaces presented in this
dissertation. The details about the AP-XPS instrumentation will be described in Chapter
2.

In situ characterization of solid/liquid interfaces is even more challenging than that of
solid/gas interfaces. In order to characterize solid/liquid interfaces in situ, one would need
a probe, such as a metal tip, photons, or electrons, which can penetrate the solid and/or
the liquid layer, while generating collectable signals solely from the interface layer
(typically several nanometers thick) without interference from the bulk solid or bulk
liquid. Meanwhile, because of Brownian motion and other thermal movement, the
interface, especially the interfacial liquid layer, is extremely dynamic under ambient
conditions. Therefore, fast probing tools are needed, at least faster than the time scale of
the thermal movement of interfacial species; otherwise, the signal will simply average out
both in space and in time domains.

Many of the above-mentioned in situ techniques for solid/gas interface characterization
have been explored for solid/liquid interface characterization, such surface-sensitive and

23035 grazing-incidence hard  x-ray

surface-enhanced vibrational spectroscopy,
diffraction/scattering'*~**" and spectroscopy,”® *' E-TEM,** etc. STM technique can
also be modified into so-called electrochemical STM (EC-STM) to characterize
solid/liquid interface in situ and operando. Although the information obtained from in
situ studies by these techniques has collectively enriched the knowledge of various

solid/liquid interfaces, each of the methods has their own advantages and disadvantages.

EC-STM has been utilized to investigate many electrochemical systems, including the
g y y g
adsorption of various halide ions on different metal surfaces,”*® Cu under-potential

15,47

deposition on noble metal surfaces, interfaces between various metals and H,SO,4

*30 to name a few. Various absorbate-induced surface superstructures were

solutions,
observed at these interfaces. However, such scanning probe techniques have a few
obvious drawbacks. First of all, such techniques typically require single crystal surfaces
or large domains of atomically flat surfaces, which limits their application in more
practical electrochemical systems, where the electrode surfaces are usually
polycrystalline and rough. Secondly, scanning requires physical movement of the tip,
which dictates the slow imaging rate, with respect to the time scale of the thermal
movement of the species at the interfaces. As a result, STM can only be used to measure
the structural changes of the electrode surface or the surface adsorbates that are strongly
bonded to the surface and barely move. Another potential problem with proximal probes
(STM, or atomic force microscope, AFM) is the sub-nanometer distance between the
probe and the surface, which can perturb the structure of the EDL during the

measurement.



Photon-matter and electron-matter interactions are usually much faster than Brownian
motion in a solution or at the solid/liquid interface. Therefore, probing the interface with
beams of photons and electrons makes it possible to capture snapshots of the dynamic
interfaces. Surface-sensitive and surface-enhanced vibrational spectroscopies, such as

surface-enhanced infrared and Raman spectroscopy” "

and sum frequency generation
(SFG) spectroscopy,” use infrared and/or visible photons to probe the vibrations of the
chemical bonds at the interfaces. But vibrational spectroscopies can only provide
information regarding chemical bonds at the interface, meaning that the structural
information at the interface can only be derived indirectly. X-ray diffraction and
scattering are capable of determining the long-range or short-range periodicity based on
the diffraction or elastic scattering of x-ray photons by the structure of the specimen.
Operating in grazing-angle incidence or reflection geometry can greatly reduce the
probing depth of x-ray photons, which is typically referred to as surface x-ray diffraction
and scattering.'””*’" However, grazing-incidence and reflection geometry imposes
stringent requirements on the surface flatness of the sample. Moreover, the data analysis
typically requires extensive curve fitting and heavily relies on prior knowledge of the
interface, such as presumed reconstructed superstructures at the electrode surfaces. TEM
and related techniques (such as energy dispersive x-ray spectroscopy, EDS, and electron
energy loss spectroscopy, EELS) use electrons to probe the detailed structure as well as
element distribution of miniature objects. The development of E-TEM enables such

42,43,51-53 P 54
e and even solid/liquid interfaces.” Because the

observations of liquid samples
electrons have to pass through the entire thickness of the specimen in TEM, the thickness
of the specimen has to be very thin, typically tens of nanometers. As a result, the
application of TEM and related techniques is most successful in the observation of

nanoparticles or other miniature structures sandwiched inside liquid cells.

1.3 Organization of Thesis

This dissertation is organized in 5 chapters. Chapter 1 discusses the importance of
solid/gas and solid/liquid interfaces with relevance to gas-phase catalysis and
electrochemistry, and the difficulties to characterize these interfaces in situ. Chapter 2
discusses the basic principles of x-ray core-level spectroscopies, particularly XPS and
XAS, and the approaches to implement these two spectroscopic techniques for in sifu and
operando characterization of solid/gas and solid/liquid interfaces. Chapter 3 presents two
case studies on solid/gas interfaces by AP-XPS, including cobalt catalyst for Fischer-
Tropsch synthesis and palladium-cobalt alloy nanoparticles for CO oxidation reaction.
Chapter 4 discusses in situ and operando XAS characterization of gold/water interface
and noble metal/sulfuric acid solution interface. Chapter 5 summarizes the dissertation
8



and discusses the potential optimization as well as future directions of in situ and

operando investigation of solid/gas and solid/liquid interfaces.
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Chapter 2

X-ray Core-Level Spectroscopies and In Situ Apparatus

Abstract

This chapter describes the basic principles of x-ray core-level spectroscopy, in particular
x-ray photoelectron spectroscopy (XPS) and x-ray absorption spectroscopy (XAS). The
designs of in situ and operando apparatus based on XPS and XAS are also described and
illustrated with detailed diagrams.
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2.1 X-ray Core-Level Spectroscopies

X-ray is a useful probe to selectively access the core level information of the target
atoms. An x-ray photon with sufficient energy can excite a core-level electron to an
unoccupied state at higher energy level or even into the continuum vacuum level, as
shown in Figure 2-1a. Following the excitation event, the relaxation of the short-lived
core-hole states can result in emission of electrons and photons through various
mechanisms, some of which are illustrated in Figure 2-1b. Measuring the absorption
event itself or the characteristics of the emitted electrons and photons provides rich
information regarding the chemical states and chemical environment of the probed atoms.
Depending on which step within the entire excitation-relaxation process is being detected,
x-ray core-level spectroscopies can be divided into several basic categories:

e X-ray photoelectron spectroscopy (XPS)

* X-ray absorption spectroscopy (XAS)

e X-ray emission spectroscopy (XES)

* Resonant inelastic x-ray scattering (RIXS)

* Other core-level spectroscopies, such as x-ray Raman scattering (XRS)

X-ray photoelectron spectroscopy (XPS) measures the kinetic energy distribution of the
photoelectrons ejected out of the sample surface with an electron analyzer, which can be
used to extract binding energies of core levels from which photoelectrons are excited. In
x-ray absorption spectroscopy (XAS), core-level electrons are excited to the unoccupied
states with tunable x-ray energies across the absorption edge and x-ray absorbance is
recorded as a function of x-ray energy; therefore, XAS spectra carry information
regarding the unoccupied states of the materials. X-ray emission spectroscopy (XES)
measures the energy profile of the emitted photons from the radiative recombination
process of an x-ray-excited core-hole and an electron that occupies a higher energy level,
which provides information about the occupied states. Resonant inelastic x-ray scattering
(RIXS) is a resonant photon-in/photon-out technique where the incident x-ray wavelength
coincides with, and hence resonates with one of the absorption edges. Such resonance
greatly enhances the cross-sections of inelastic scattering processes, and provides
information about both occupied and unoccupied states in a convolved manner. X-ray
Raman spectroscopy (XRS) is analogous to the Raman scattering with visible light
excitation. The XRS process is in principle similar to the XAS process, but it is not the
absorption of x-ray photons that excites the core-level electrons, but the energy transfer
from high-energy x-ray photons instead.

13
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Figure 2-1. Schematic diagrams that illustrate: (a) the excitation processes of a core-level
electron by an x-ray photon; (b) two relaxation pathways of the excited core-hole states,
i.e. the fluorescence and Auger + secondary electron pathways.

In all of these x-ray core-level spectroscopies, core-level electrons are excited to higher
energy states. The energies of these transitions are characteristic of different elements.
Therefore, all these x-ray core-level spectroscopies are element-specific. Moreover, the
electrons in valence level, which shield core-level electrons, or even directly participate
in the transition-relaxation processes, are sensitive to the local geometry and chemical
bonding of the excited atoms. Therefore, all these x-ray core-level spectroscopies can
provide information regarding the chemical environment of the probed elements.

XPS and XAS are the main techniques used in the studies presented in this dissertation,
which will be introduced in more detail in the following sections.

2.1.1 Basic Principles of X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy is based on the photoelectric effect that electrons are
emitted from materials after absorbing photons with high enough energy.! The
distribution of the kinetic energy of the ejected photoelectrons is what is actually being
measured in XPS by an electron analyzer. When the intensity of photoelectrons is plotted
against their kinetic energies, a serious of peaks can be identified. Each of peaks
corresponds to one transition process from one particular core level or valence level to
vacuum, as illustrated in Figure 2-la. According the energy diagram of XPS
measurement (Figure 2-2), the corresponding binding energy of electrons in the core
levels or valence levels can be calculated by

14
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where /v is the incident photon energy, Ej is the kinetic energy of ejected photoelectrons,
&5 and @, are the work functions of the sample and the analyzer, respectively. Electrons
at the Fermi level in the sample are set to have zero binding energy. A typical XPS
spectrum is a plot of photoelectron intensity versus binding energy.
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Figure 2-2. The energy diagram of XPS measurement.

@ 1s

The most commonly used lab x-ray sources are generated from the Ka emission lines of
Mg (1253.6 eV) and Al (1486.3 eV). Synchrotron x-ray sources, particularly soft x-rays,
are also used for various XPS measurement. According to the electron mean free path
(MFP) universal curve, in solid materials, the MFP of electrons with kinetic energy below
1500eV is typically below 2nm.>’ Therefore the probing depth of the photoelectrons
excited by these common x-ray sources is typically less than 2nm, which makes XPS a
surface-sensitive technique. Because the binding energies of core level electrons are
characteristic of each element, XPS peaks can be used to identify different elements
contained in the surface layer of the sample. Besides element identification, the atomic
fraction of each constituent element, as well as the relative concentration of different
chemical states of the same element, can also be quantitatively determined by XPS, via
peak integration and proper deconvolution. Since each atomic level has its own
possibility to interact with photons, relative sensitivity factors, also known as
photoemission cross-sections, must be taken into consideration for quantification.

2.1.2 Basic Principles of X-ray Absorption Spectroscopy

When a beam of monochromatic x-rays passes through matter, the intensity of the x-ray
15



beam drops because of the strong interaction between x-ray photons and atoms in the
materials. Similarly as the ultraviolet-visible (UV-vis) absorption, the intensity drops
exponentially with distance. If the material is homogeneous, the intensity after
transmission is:

~pu(E)t
I=1e ,

where / and [ are the transmitted and the incident x-ray intensities, respectively; p is the
mass density of the material; u(E) is the absorption coefficient as a function of incident x-
ray photon energy E; ¢ is the thickness of the sample or penetration depth of the light
beam. In the energy range of x-rays, i.e., hundreds to tens of thousands electron volts,
absorption coefficients decrease smoothly with increasing photon energy, except for
certain photon energies, where the coefficients increase abruptly. These sharp features are
known as absorption edges, where the incident photons have just enough energy to
promote a core-level electron to an unoccupied valence level or into the continuum. The
transition probability of such process is largest when the photon energy matches the
energy difference between the initial and final states in the transition process, which gives
rise to the abrupt increase in absorption coefficient. After each absorption edge, the
absorption coefficient will continue to decrease with increasing photon energy.

The absorption edge together with the neighboring region is what XAS measurements
focus on.* Because the electrons excited by x-ray photons come from core levels, the
energy required for such excitation is characteristic of probed atoms, which provides the
element specificity in XAS measurements. Meanwhile, because the absorption events
also involve valence-level states, such as the lowest unoccupied molecular orbital
(LUMO) of a molecule or the conduction band of a solid, the detailed shape of the
absorption edge depend on the electronic structure of the unoccupied valence levels,
which is why x-ray absorption spectra are sensitive to chemical environment of the
probed atoms.

Figure 2-3 shows an example of Pt Ls-edge x-ray absorption spectrum. The spectral
features close to the absorption edge, typically from the pre-edge region to about 50 - 100
eV above the edge, are sometimes referred to as near-edge x-ray absorption fine structure
(NEXAFS). When the core-level electrons are excited by x-ray photons with higher
photon energies than the absorption edge, for example, 100 eV and more above the
absorption edge, the excited electrons can leave the probed atom and will be weakly
backscattered by neighboring atoms. This extended part of an XAS spectrum usually has
a sinusoidal shape, the frequency of which is a function of interatomic distances, the
number of neighbors, and the type of coordinating atoms. This part of spectrum is called
extended x-ray absorption fine structures (EXAFS). In order to reliably extract

information from EXAFS spectra, one needs to scan the region up to several hundred
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Figure 2-3. An example of Pt Lj;-edge XAS spectrum including both near-edge
(NEXAFS) and extended (EXAFS) region, measured at Beamline 10.3.2.

electron volts above the absorption edge. Therefore, EXAFS spectra can only be

measured in the hard x-ray region, as in the soft x-ray region (100 - 1000 eV), the
absorption edges of different elements are very close to each other.

In this dissertation, all the XAS results were measured within the soft x-ray region, and
only NEXAFS spectra were analyzed.

2.1.3 Different Detection Modes of X-ray Absorption Spectroscopy

UV-vis absorption measurement is typically performed in transmission geometry, where
the light source and the detector locate on two opposite sides of the sample. The detector
measures the intensity of light / that passes through the sample, which can be used to
extract the absorption coefficient according to the relationship below:

_ —-pu(E)t
I=1e

In the soft x-ray region, the absorption coefficient of most materials is so large that the
intensity of the x-rays will drop to zero within very small distance, typically on the orders
of micrometers or hundreds of nanometers. In order to measure XAS in the transmission
mode, the thickness of the sample has to be kept extremely small, which very much limits
the types of samples that can be measured. One type of sample that has been measured by
XAS in the transmission mode is liquid thin film sandwiched between two x-ray-
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transparent membranes, for example, water films sandwiched between two ultra-thin
Si;N, membranes.’

For regular samples, XAS measurement in transmission mode is obviously not feasible.
Alternatively, the electrons or photons emitted after the relaxation of the core-holes, as
shown in Figure 2-1b, can be detected. Naturally, the intensity of these secondary signals
(I, or 1.) should be proportional to the intensity of the absorbed x-rays:

I,or I, ~I,-1= I,(1— ey,

If the exponential term pu(E)t is small enough, i.e., pu(E)t <<1, we can use Taylor
expansion to approximate the exponential term and ignore the second and higher order
terms:

e =1-x+o0(x*)=1-x.
Now the relationship between I, or I, and u(E) can be approximated as:
I,or I, ~1,-1=1,(1-¢"™"") = I, pu(E)t < u(E)

For fluorescent photons, the Taylor expansion can be problematic because the MFP of
soft x-ray photons is typically hundreds of nanometers. When the condition pu(E)t <<l is
not satisfied, the non-diminishing higher order terms can substantially alter the linearity
between fluorescence yield (FY) signal and u(E). Moreover, secondary absorption of the
emitted photons in the materials can also contribute to the distortion of the FY spectra.
Nonetheless, FY spectra still provide useful qualitative information of the bulk materials,
because of the large probing depth of fluorescence photons.

For photoelectrons, Auger electrons, and most secondary electrons, their MFPs in

condensed matters are very small, typically several nanometers,>®®

so that only the
electrons generated very close to the surface can be ejected and detected. As a result, for
electrode yield (EY) signals, either Auger electron yield (AEY), partial electron yield
(PEY), or total electron yield (TEY), the sampling depth ¢, is extremely small; hence the
linear correlation between EY signals and u(E) is valid in most cases. It is noteworthy
that AEY or PEY signal is usually measured by an electron analyzer, such as the one
used in XPS, whereas TEY signal is usually measured as a current between the sample
and the ground. Because electron analyzers can selectively collect electrons with specific
kinetic energies or within certain energy ranges, the probing depth of AEY or PEY is
relatively well defined. In TEY detection mode, the electrons with different kinetic
energies cannot be distinguished in a simple current measurement. Since the electrons
with different kinetic energies have different MFPs in condensed matters, therefore the
probing depth of TEY signal is not as well-defined as AEY or PEY. Nonetheless, within

the soft x-ray energy range (100-1000 eV), the MFPs of electrons are all below 2nm and
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thus the assumption in the Taylor expansion, pu(E)t <<1, is still valid in most cases.
2.1.4 Synchrotron Radiation

When charged particles, such as electrons, are accelerated in a storage ring or a
synchrotron, electromagnetic radiation including x-rays can be produced. With the
development of high-brilliance synchrotron facilities all around the world, more and more
x-ray-based characterization techniques are being developed, optimized, and utilized in
many different areas of scientific research.

XAS measurement requires tunable x-ray source, therefore it is only feasible at
synchrotron facilities. Although XPS measurement can be done with lab x-ray sources,
using synchrotron x-ray source for XPS measurement is beneficial in multiple ways. First
of all, synchrotron x-ray source is much brighter than regular lab source, which can
substantially improve the signal intensity and reduce the data acquisition time. Secondly,
with tunable x-ray source, it is possible to selectively choose the excitation photon energy
to achieve optimum surface sensitivity for each element. Last but not least, with tunable
x-ray source, PEY or AEY XAS measurement can be realized using the electron analyzer
inside the XPS chamber.

All the experiments presented in this dissertation were performed at the Advanced Light
Source (ALS), a third-generation synchrotron facility operated by Lawrence Berkeley
National Laboratory, which specializes in soft x-rays. The in situ XPS experiments were
performed at two ambient-pressure XPS (AP-XPS) stations at Beamline 9.3.2 and
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Figure 2-4. ALS Beamlines, highlighting the four beamlines involved in the studies
presented in this dissertation. Modified from ALS website: www-als.l1bl.gov.
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Beamline 11.0.2, respectively. The in situ XAS experiments were performed at the wet-
RIXS station at the Beamline 8.0.1 and the ISAAC station at Beamline 6.3.1.

It is worth mentioning that, despite all the benefits, high brilliance x-ray source may
cause undesired beam-induced effects, such as degradation of organic materials,’
" and the like. At two of the
undulator beamlines, Beamline 8.0.1 and 11.0.2, such beam-induced effects have been
indeed observed in some experimental systems. Therefore, special care needs to be taken

decomposition of metal complexes,'’ oxidation of metals,’'

at these beam lines to minimize, if not eliminate, such beam-induced effects. The
precautions include defocusing the x-ray beam, frequently moving the beam spot on the
sample, or even compromising the photon flux if necessary.

2.1.5 Limitations of Traditional X-ray Photoelectron and Absorption Spectroscopy

With the development of synchrotron facilities providing high-brilliance x-rays, x-ray
core-level spectroscopies, such as XPS and XAS, have been extensively utilized in
materials science research. As hard x-rays, whose photon energy is typically thousands or
even tens of thousands electron volts, don’t require ultra-high vacuum (UHV) chambers
due to their penetration ability, in situ hard x-ray techniques are far more straightforward
to implement compared to in situ soft x-ray techniques. Therefore, most attempts so far to
use x-ray spectroscopies to characterize ambient-condition interface systems in situ have
involved hard x-ray NEXAFS and EXAFS with grazing-angle incidence or reflection
geometry.lz_14
However, hard x-rays are typically used to access the core levels of relatively heavy
elements, with exceptions of x-ray Raman scattering and the like, most of which have
extremely small scattering cross-sections. But most of the gas molecules involved in gas-
phase catalysis, as well as the solvent molecules and solute species in electrochemical
systems, contain exclusively light elements, such as carbon, nitrogen, oxygen, and
lithium. To access the core levels of these elements, soft x-rays with typical energies of
50 - 1000 eV are necessary. But the requirement of vacuum for soft x-ray propagation
and photoelectron detection has been a long-standing obstacle for the application of soft
x-ray techniques under ambient conditions.

2.2 Ambient-Pressure X-ray Photoelectron Spectroscopy
2.2.1 The Development of Ambient-Pressure X-ray Photoelectron Spectroscopy

In XPS measurement, both incident x-ray and ejected photoelectrons can interact with
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gas molecules. As a result, the introduction of ambient-pressure gases will substantially
reduce the signal intensity. This is one of the main reasons why the conventional XPS
chambers and electron analyzers are kept under UHV conditions. Nonetheless, the
interaction between x-ray photons and gas molecules is much weaker than that between
photoelectrons and gas molecules. For instance, when a soft x-ray beam with energy
around the O/s absorption edge (~535 eV) pass through a 1cm layer of room temperature
30 Torr O, gas, the transmission is more than 30% (estimated by the CXRO online
simulation tool, http://henke.lbl.gov/optical constants/gastrn2.html). Therefore, the
transmission of x-ray beam under ambient-pressure gases is not a limiting factor for in
situ XPS measurements. The interaction between photoelectrons and gas molecules, on
the other hand, is much stronger than the photon-gas interaction and thus brings more
serious issues for im situ measurement. In order to implement in situ XPS
characterization, one would need a strategy to greatly reduce the electron-gas interaction
on the trajectory of photoelectrons, from the sample surface all the way into the analyzer.

The history of ambient-pressure XPS dates back to the beginning of the method."> One
successful strategy is the differential pumping system between analysis chamber filled
with ambient-pressure gases and the electron analyzer kept in UHV.'®' On their

Differential Pumping

] 1 1 1
P, (up to Torr) P,<<P, P,<<P,

Sample

AN,
Si;N, Window _] \/

Monochromatic X-ray Beam Electrostatic Focusing

Figure 2-5. The conceptual design of ambient-pressure XPS first developed in 2002.
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trajectory to the electron analyzer, the photoelectrons emitted from the sample surface
pass through one or more pumping stages through small apertures, as illustrated in Figure
2-5. The pressure in each pumping stage is much smaller than the previous one, which
greatly reduces the signal attenuation by gas scattering. The XPS instrument with
differential pumping system was capable to operate at pressure up to 1 mbar.'®'” In 2002,
a new design was developed at the ALS, where an electrostatic lens system was used to
focus the photoelectrons emitted through an aperture,'® as illustrated in Figure 2-5. The
electrostatic lens system substantially increases the fraction of collectable photoelectrons
that would otherwise be lost because of the small solid angle captured by the apertures
separating the pumping stages as well as the diverging nature of photoelectron
trajectories. Since then, newer generations of AP-XPS instrument based on the original
design in 2002 have been developed and constructed or under construction at many other
synchrotron facilities around the world,"”** which led to rapidly growing efforts in in situ
and operando characterization of various solid/gas or liquid/gas interfaces under ambient-
pressure conditions.

2.2.2 The AP-XPS Endstations at the Advanced Light Source

The AP-XPS system at Beamline 11.0.2 at the ALS was designed with two chambers

l gas supplies (3x)

74

SiN, window,
0.5x 0.5 mm?,_
100 nm thick >«

spectroscopy chamber preparation

chamber
LEED,

sputter gun,
QMS,

Evaporator,
QCM

. Po= UHV...~ torr

sample temperature

100..1400Kk L=

aperture dia.
0.3 mm
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hemispherical
analyzer
(Phoibos 150, SPECS)

Figure 2-6. Schematic design of the AP-XPS endstation at Beamline 11.0.2.%
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separated by a gate valve, one for sample cleaning and preparation and the other for
ambient-pressure measurements,” as illustrated in Figure 2-6. The base pressure of the
preparation chamber is routinely kept in the 10™'° Torr range. A load-lock connected to the
preparation chamber allows easy introduction of samples without significant perturbation
to the base pressure. The preparation chamber is equipped with surface science
instruments, such as ion sputtering, sample heating, and low energy electron diffraction
(LEED), which is necessary to prepare clean single crystal samples.

After sample preparation, the sample can be transferred into the analysis chamber with a
transfer rod. Multiple leak valves are connected to the analysis chamber, allowing the
introduction of different gases up to total pressure of about 1 Torr. X-ray is delivered into
the analysis chamber through a 100 nm thick SizN; window, preventing the gas
molecules entering the x-ray source under UHV. A hemispherical analyzer is located at
the end of the workstation and connected with the analysis chamber through an integrated
differential pumping system. Photoelectrons enter the first pump stage through an
exchangeable nozzle with a small aperture located very close to the sample surface and
then travel through the entire differential pumping and electrostatic lens system towards
the electron analyzer.

The sample is typically mounted on a ceramic button heater on the sample holder using
tantalum or stainless steel clips, with thermocouple wires underneath to measure the
surface temperature. The materials of the sample holder, clips, button heater, and
thermocouple wires need to be carefully selected depending on the experiments, to avoid
undesired catalytic reactions catalyzed by these components upon heating.

Since the analysis chamber is frequently exposed to different gases in different
experiments, each time before our experiments, the analysis chamber (and sometimes the
preparation chamber too) is carefully cleaned by a proper bake-out or ignition of nitrogen
plasma or both. A clean chamber is crucial for meaningful AP-XPS measurements, as
cross contamination from previous experiments can lead to detrimental consequences.

The design of AP-XPS endstation at Beamline 9.3.2* is very similar to Beamline 11.0.2.
The main difference is the characteristics of the x-ray source. Beamline 11.0.2 is an
undulator beamline, where the photon flux can reach 5x10'* photons/second under
regular operation conditions. The x-ray energy range is 75 - 2000 eV, and thus the 2p
orbitals of all 3d transition metals are accessible at this beamline. Beamline 9.3.2 is a
bending magnet beamline, where the photon flux is much lower (up to 1.5x10'"
photons/second). Moreover, the photon flux drops significantly beyond 800 eV, making it
almost impossible to access the 2p orbitals of 3d transition metals beyond cobalt.
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2.3 In Situ and Operando X-ray Absorption Spectroscopy

Because soft x-ray absorption spectroscopy typically operates in UHV environment,
materials under ambient conditions cannot be directly characterized in regular XAS
chambers. Over the past few years, many different strategies have been explored to
resolve the compatibility issue between ambient-condition samples and the vacuum
requirement. In particular, for liquid samples, high-speed liquid jet is one successful
strategy, where ambient-condition liquid is ejected into the vacuum chamber at extremely
high speed through a micrometer-diameter nozzle.***® This strategy allows introduction
of real ambient-condition liquid into a vacuum chamber, where XAS measurement can be
carried out. Our strategy to introduce ambient-condition liquid into the XAS chamber

under UHV conditions is using a specially designed liquid cell.”” >

2.3.1 The Liquid Cells for In Situ X-ray Absorption Measurements

Figure 2-7 illustrates the core part of the liquid cell. This type of liquid cell allows liquid
to flow in and out during the measurement; therefore, it is referred to as flow liquid cell.

A 100 nm silicon nitride (Si3N4) membrane serves as an x-ray transparent window, which
also separates the UHV environment in the chamber from the ambient environment inside
the liquid cell. The Si3N4 membrane, typically Imm x Imm in area, is supported on lcm
x 1cm and 500pm-thick silicon frame. The entire piece is mounted on the open end of the
small reaction chamber and seals the ambient-condition liquid underneath by O-rings or

Working Counter
Electrode Electrode
z}
» 1
Fluorescence

Reference
Electrode

Figure 2-7. Schematic design of the flow liquid cell. From Reference [29]. Reprinted
with permission from AAAS.
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vacuum-compatible epoxy. The electrode materials of interest can be deposited on the
flat side of the SisN4s membrane, which function as both working electrode and secondary
electron current collector. The thickness of the electrode is controlled to be very thin
(typically less than 50 nm) to ensure sufficient transmission of incident x-rays. A copper
wire is connected to one edge of the thin film electrode via silver paste, as electrical
contact for the working electrode. A platinum wire and a silver wire are inserted into the
reaction chamber as the counter electrode and the quasi-reference electrode, respectively.
In a newer version of the flow cell,”® the silver wire can be replaced by a miniature
Ag/AgCl electrode as a standard reference electrode, although the miniature reference
electrode is very fragile. The liquid inside the reaction chamber can be refreshed via two
plastic tubes connected to the other end of the reaction chamber, allowing switching
solutions during in situ experiments.

Most of the previous XAS studies involving the use of liquid cell mostly focused on the

£292 or the electrode materials.”” For these bulk samples, the fluorescence

liquid itsel
signal, or total fluorescence yield (TFY) is more relevant, given that the MFP of
fluorescence photons is on the order of hundred nanometers. On the other hand, the IMFP
of electrons in water or other liquid are extremely small compared to x-ray photons,
typically on the order of nanometers within the soft x-ray energy range,”® as shown in
Figure 2-8. Therefore, if the secondary electrons can be collected as a current through the
electrode, it is possible to obtain interface-sensitive information. Whilst the short IMFP of

secondary electrons in liquid ensures the interface sensitivity of these measurements,
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Figure 2-8. Calculated inelastic mean free path (IMFP) of electrons in liquid water.®
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secondary electrons with different kinetic energies cannot be distinguished in a current
measurement;” therefore, the spectra acquired in this mode are referred to as total
electron yield (TEY) spectra.

Flow liquid cells require a special load-lock port attached to the XAS chamber. There is
another type of liquid cells that is very similar in principle to the flow liquid cell but is
much easier to operate. This type of cell adopts the similar dimensions as the regular
sample holder at Beamline 8.0.1 or Beamline 6.3.1. Therefore, it can be transferred into
the chamber through the regular load-lock, mounted onto the regular manipulator and
measured very much like a regular sample. Figure 2-9 shows the design of such a liquid
cell used at Beamline 8.0.1. The small amount of liquid, typically several hundred
microliters, cannot be refreshed during one experiment; therefore, this type of cell is
referred to as the static liquid cell.

@) SLN, window (vi)
(i) Working Electrode

(Iv) Reference Electrade

(v) Counter Ekctrode

norme Electrochemical static liquid cell

(vif) Liquid reservior

Figure 2-9. Schematic design of the static liquid cell used at Beamline 8.0.1.

Similar concept can also be used to construct a gas cell to investigate materials under
ambient condition gases.’® Integrated with a heating system and a gas distribution/mixing
system, such gas cell apparatus enables the XAS characterization of solid/gas interfaces
in situ and operando, as demonstrated by Tuxen et al.”> Compared to AP-XPS, such gas
cell apparatus can push the pressure limit of in situ characterization even further, up to 1-
3 bar, depending on the mechanical strength of the Si;N4 membrane.

2.3.2 X-ray Modulation and Operando X-ray Absorption Measurements

The most important motivation behind in situ characterization of solid/liquid interfaces is
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Figure 2-10. Schematic design of operando XAS setup, including the liquid cell, x-ray
chopper and other electronics.

electrochemistry. However, when electrochemical potentials are introduced to this in situ
XAS system, the dominating ionic current (typically microamperes) severely hinders the
collection of the tiny secondary electron current (typically nanoamperes).

One approach to separate the secondary electron current from the dominant DC current
background is to make the electron yield signal an AC current, which can be extracted by
lock-in amplifiers.” In order to make the secondary electron current alternating, a piezo-
actuated chopper was installed in the x-ray tube located upstream of the XAS chamber. A
function generator is used to generate a sinusoidal signal to drive the vibration of the
chopper, which periodically blocks the incident x-ray. With such intermittent incident x-
rays, the secondary electron current becomes an AC component and can be readily
separated from the DC background. Combining the liquid cell and the x-ray modulation
system, as schematically illustrated in Figure 2-10, it is possible to study solid/liquid
interfaces operando.
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Chapter 3
Solid/Gas Interfaces Studied by Ambient-Pressure X-ray

Photoelectron Spectroscopy

Abstract

This chapter presents two case studies on solid/gas interfaces by ambient-pressure x-ray
photoelectron spectroscopy (AP-XPS). Both studies illustrate the capability of such in
situ and operando characterization technique for investigating reaction mechanisms and
other fundamental aspects of gas-phase catalysis. The first study concerns Co catalyst for
Fischer-Tropsch (F-T) synthesis. It was found that CO adsorbs strongly on the Co
surface; but small amount of sulfur contamination on the surface substantially weakens
the CO adsorption and thus poisons the F-T reaction. Under reaction conditions, the Co
surface remains metallic. The water molecules in the reaction products can potentially
oxidize the Co surface and consequently hinder the catalytic reaction. When the
temperature is high enough, H; is responsible for reducing Co to its metallic phase and
keeping the catalyst active. The second study focuses on CO oxidation reaction catalyzed
by CoPd, alloy nanoparticles. Catalytic activity tests exhibited a clear dependence of
activities on the nanoparticle compositions. AP-XPS results helped explain the origin of
such dependence. It was found that Co segregates to the surface in the oxide form after
the pretreatment processes. Small amount of Co coexisting with Pd on the surface can
promote the CO oxidation reaction synergistically and the synergetic effect becomes
more prominent with increasing Co content, up to 25%. However, when Co/Pd ratio is
too high, after the cleaning processes, nanoparticle surfaces become fully covered by
CoOy layers, preventing CO molecules from binding with Pd and resulting in significant
drop in catalytic activities.
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3.1 Fischer-Tropsch Synthesis on Cobalt Foil Studied by AP-XPS

Fischer-Tropsch (F-T) process is a series of CO hydrogenation reactions that convert a
gaseous mixture of CO and H, into long-chain hydrocarbons.' F-T process is a key
component of gas-to-liquid (GTL) technology that produces synthetic lubricants and
synthetic fuels (particularly low-sulfur diesel fuels). The gas mixture of CO and Ha,
known as the syngas, is typically produced from natural gas and coal through a
gasification process. Biomass is also considered as a viable syngas feedstock, which
makes F-T synthesis more environmental friendly. Commonly used F-T catalysts include
ruthenium, cobalt, iron, and nickel.”

Although F-T process was discovered almost a century ago and has been studied
extensively since then, many fundamental questions regarding its reaction mechanism
still remain open.” For example, does the surface structure of the catalyst changes under
operating conditions? Does the surface of the catalysts stay metallic, or does it transform
into some sort of oxides or even carbides? More fundamentally, in which steps in the
reaction sequence does the C-O bond break? Is hydrogen necessary for CO
decomposition? To answer all of these questions, one may need a series of in situ
techniques to characterize the catalysts under operating conditions.

Cobalt, as an active F-T catalyst, has been studied by several in situ techniques. In situ x-
ray diffraction (XRD)* and in situ x-ray absorption spectroscopy (XAS, mostly hard x-
ray)’’ have shown the metallic nature of the catalyst under reaction conditions. But XRD
cannot prove or disprove the existence of amorphous surface oxide layer. Deep
penetration of hard x-rays in the XAS studies also poses the same concern. High-pressure
STM results has suggested no obvious surface reconstructions on Co(0001) single crystal
surfaces when syngas was introduced in the system.” However, the surfaces of the real
catalysts are different from single crystal surfaces in many ways, such as much smaller
size and thus higher stress, and a lot more under-coordinated edge and kink sites.

Metal foils are another type of model catalysts besides single crystals. Because of their
polycrystalline nature, foils also have numerous edge sites, kink sites, defect sites, and
grain boundaries, very much like the actual catalysts. On the other hand, unlike
nanoparticles samples, foils can be cleaned thoroughly via traditional surface science
cleaning procedures, which makes it possible to obtain clean surfaces, similarly as single
crystal surfaces. Herein, we investigated a cobalt foil by AP-XPS, aiming to understand
the fundamental aspects of Co catalysts under syngas. All the measurements were
performed at the AP-XPS endstation at Beamline 11.0.2.
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3.1.1 Cleaning Procedure of Cobalt Foil

Co is a very reactive metal, which makes it very difficult to clean. Moreover, the
solubility of carbon in Co is relatively high, up to ~5% (atomic percentage) at 450°C." As
a result, surface carbon species may dissolve into the bulk Co upon heating and then
precipitate to the surface during cooling as a result of super-saturation.

We have developed a recipe to thoroughly clean the Co foil inside the preparation
chamber. The cleaning procedure involves the following steps:

(1). Pre-heat the foil in vacuum up to 400°C for initial degassing;

(ii). Repeated cycles of Ar” sputtering (4x10” Torr Ar, 1.5 kV, 5 mA) followed by
thermal annealing up to 400°C;

(iii). Dose 1x10” Torr O, briefly (~10 seconds) at ~400°C;

(iv). Pump down O, and keep heating the foil in vacuum up to ~700°C;

(v). Repeat (iii) and (iv) if necessary and then cool down.

Step (iii) helps combusting the carbon on the surface, but the Co surface gets oxidized as
well. Step (iv) is designed to decompose the Co oxide at high temperature. Repetition of
steps (iii) and (iv) can potentially deplete the carbon impurities dissolved in the surface
layer of Co foil. The effectiveness of these steps was verified by monitoring Cls, Ols,
and Co2p XPS spectra in situ inside the analysis chamber.

Figure 3-1 shows a typical survey spectra measured on a clean Co surface during the final
cooling process. Only very small oxygen and carbon peaks appear in the spectra. Co2p
XPS spectrum (inset of Figure 3-1) indicates metallic nature of the surface, with a sharp
asymmetric 2p>” peak at 778.1 eV. Unfortunately, Co is so active that a clean Co surface
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Figure 3-1. The survey spectra measured on the clean Co surface with 735 eV incident
photon energy. The inset is the CoZ2p XPS spectra measured with 1000 eV photons.
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cannot be maintained for a long time even in UHV. If we waited until the foil cooled
down to room temperature in UHV, surface contaminants from the UHV background,
such as CO and CHy, could be spotted again in XPS spectra, especially after intensive
experiments in the analysis chamber under ambient pressures of CO and H,. Nonetheless,
these surface contaminants did not oxidize the Co surface. Since we intended to study CO
hydrogenation reactions, one strategy to circumvent this problem is to intentionally cover
the surface with CO, to protect it from adsorbing the contaminants present in the UHV
background. However, as will be discussed below, CO molecules can dissociate rapidly
on Co surface at temperatures higher than 140°C. Therefore, CO can only be introduced
below this temperature. Around 140°C, CO may still decompose slowly, resulting in
small amount of carbide-like carbon and oxide-like oxygen species on the surface after
the foil is cooled down to room temperature, as can be seen in some of the C/s and Ols
spectra presented later.

3.1.2 XPS Measurement Parameters

The XPS spectra for each element were acquired with such incident photon energy that
the kinetic energy of ejected photoelectrons is about 200 eV. For instance, 490 eV
incident photon energy was used for C/s spectra, 735 eV for O/s, and 1000 eV for Co2p.
The energy scales were calibrated by shifting the Fermi edge positions measured with
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Figure 3-2. C/s and O/s XPS spectra before and after introducing 100 mTorr CO.
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each photon energy to zero, except for CoZ2p. For Co2p spectra, the kinetic energy of
those photoelectrons coming from the Fermi edge is about 1000 eV, which is out of the
measureable energy range of the analyzer. Instead, the calibration was done by aligning
the energy positions of O/s components measured with 735 eV and 1000 eV incident
photon energies. According to the electron IMFP database, the probing depth of the
photoelectrons with 200 eV kinetic energy is around 0.6 nm.’

3.1.3 CO Adsorption/Desorption on Cobalt Foil

Upon introduction of CO, new peaks could be immediately observed in O/s and Cls
spectra, as shown in Figure 3-2. The new peak located at 285.7 eV in the Cls spectrum
and the one at 531.8 eV in the O/s spectrum can be assigned to the surface adsorbed CO.
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Figure 3-3. C/s XPS spectra measured in UHV at elevated temperatures, illustrating CO
desorption on the Co surface.
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When the CO pressure is higher than 50 mTorr, distinct gas-phase CO peaks appeared in
both Cls and O/s spectra, at ~291 eV and ~537 eV, respectively.

When gas phase CO was evacuated, adsorbed CO molecules did not desorb completely.
At elevated temperatures, adsorbed CO molecules started to desorb in UHYV, as shown in
the temperature-dependent C/s XPS spectra in Figure 3-3. Adsorbed CO molecules fully
desorbed when the temperature reached about 90°C, leaving only carbide-like
contaminants on the surface.

The cobalt foil that was used in this study contains ppm level of sulfur in the bulk. At the
beginning of the experiment, sulfur segregated to the surface during high-temperature
annealing, evidenced by S2p doublet peaks in the survey spectrum. Since sulfur is a

- 10,11
common poison for many gas-phase catalysts,

we intentionally left small amount of
sulfur (~0.05 ML) on the foil surface and investigated such surface as a model system for
sulfur-poisoned catalysts. When CO was introduced, the same CO adsorption peaks
appeared in both C/s and O/s XPS spectra. Upon evacuation of gas-phase CO, the peak
related to adsorbed CO molecules substantially decreased (Figure 3-4), indicating much
easier desorption on such sulfur-poisoned Co surface. Although the surface coverage of
sulfur was very small, it seemed to have strong affect on the binding strength of CO on

Co surface, which may contribute significantly in the poisoning effect of sulfur.

— Clean Co
With S

Intensity / A.U.

288 286 284 282
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Figure 3-4. Comparison of Cls XPS spectra on clean and sulfur-poisoned Co surfaces
after evacuating gas phase CO.
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3.1.4 Cobalt Foil under Syngas

To investigate the chemical changes of Co foil under syngas, i.e. a mixture of CO and H,,
CO was first introduced during the cooling process, as the protecting agent. When the foil
was cooled down to room temperature, H, was then introduced. Upon the introduction of
H,, Co surface became partially oxidized. Under 97 mTorr CO + 3 mTorr H, mixture,
Co2p XPS spectrum indicated mostly metallic surface, but the oxide component at 529.8
eV increased slightly in the O/s spectrum. When H, partial pressure was higher than
10%, discernible oxide components at higher binding energies could be found in the
Co2p spectra. When H,/CO ratio reached 1:1, the oxidized Co component became
dominant, as shown in Figure 3-5, with prominent satellite features similar to the
spectrum of bulk CoOy. Such bulk oxidation is particularly surprising, considering that
H, is supposed to be a reducing agent. Similar oxidation was also observed in a control
experiment when Co foil was cooled down in pure H, after the cleaning process.

— 50 mTorr CO
50 mTorr CO + 50 mTorr H,
—— 100 mTorr H,

Intensity / A.U.

Oxide sat
N

1 1 1 1

810 800 790 780 770
Binding Energy / eV

Figure 3-5. Co2p XPS spectra measured under pure CO, CO + H;, and pure H,.

The Co foil was slowly heated up under syngas with different CO/H, ratios, while
chemical changes on the surfaces were monitored by recording XPS spectra at different
temperatures. For all the CO/H; ratios tested, similar trends were observed. Figure 3-6
illustrates the Ol/s spectral evolution under 1:1 CO/H, mixture. While adsorbed CO
began to desorb upon heating, Co surface first got more oxidized, as evidenced by
growing intensity of the oxide component located around 529.8 eV (from the blue curve
to yellow). When the temperature reached above 220°C, the oxide component stopped
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growing and started to diminish rapidly, together with component related to adsorbed CO.
When the temperature increased to ~300°C, the adsorbed CO peak almost disappeared,
despite the presence of 50 mTorr CO in the gas phase. Meanwhile, the intensity of the
oxide component substantially decreased, to an even lower level compared to what we
started with, indicating that Co surface was metallic again. The metallic nature of the Co
surface was also confirmed by Co2p XPS spectra. In the actual industrial applications,
Co-catalyzed F-T processes that produces hydrocarbons usually operate around 300°C.'
Therefore, the disappearance of adsorbed CO is possibly indicative of the occurrence of
F-T reaction. Given that the probing depth of our XPS measurement is about 0.6 nm, we
can conclude that the top surface of active Co catalysts under such conditions is indeed
metallic.

— 28°C
— 55°C
— 70°C
— 85°C
et CO(ad)

Oxide
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Figure 3-6. O/s XPS spectra measured under 100 mTorr of 1:1 mixture of CO/H, with
increasing temperatures. Each spectrum was acquired at a different spot to avoid beam
damage. Similar precautions were taken for all the measurements in the presence of CO.

Another noticeable trend is that the gas-phase CO peak at ~538 eV moved around during
the entire process. At lower temperatures, the gas-phase peak shifted towards higher
binding energy slightly (from blue curve to yellow). The moment when Co started to get
substantially reduced, the gas-phase peak shifted towards lower binding energy rapidly
(from yellow curve to red). The shift of gas-phase peak is related to the work function of
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the surface, which is also correlated to the chemical states of the surface.'? In this case,
the shifts indicated that the work function of the foil surface first increased until ~250°C
and then rapidly decreased. The correlation between the gas-phase peak shifts with the
chemical changes observed in O /s XPS spectra suggests that the surface oxide layer has a
larger work function than the CO-covered metallic Co surface.

One interesting question still remains unexplained: What caused the oxidation of Co,
even at room temperature? CO itself can oxidize Co if it dissociates and passes on the
oxygen to Co. But CO dissociation occurs at elevated temperatures, as illustrated in the
CO dissociation test (Figure 3-7). The inset of Figure 3-7 shows the intensity of the
carbide-like component at ~283 eV as a function of temperature. The results indicate that
CO only substantially dissociate on Co surface when the temperature is above 140°C. At
room temperature, CO alone cannot oxidize Co. Another possibility is the impurities in
H,. It is known that small amount of water always exists in H,. Although a liquid nitrogen
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Figure 3-7. Cls XPS spectra measured under 100 mTorr CO with increasing temperatures.
The inset shows the intensity of the carbide-like component at ~283 eV, which is related to
the CO dissociation products, as a function of temperature.
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cold trap was used to freeze possible water contaminant before the H, gas was introduced
into the analysis chamber, small percentage of H,O could still be detected by the mass
spectrometer equipped in the chamber. In order to find out how much water it takes to
oxide Co surface, a control experiment was performed by dosing water vapor with low
pressures onto clean Co surface at room temperature. In this experiment, Co foil was
cooled down in vacuum without introducing CO for protection, and Co surface remained
metallic with small amount of contaminants from the UHV background. Under 1x107
Torr of water vapor, the Co surface still remained metallic, as shown in the CoZp
spectrum in Figure 3-8. When the pressure of water vapor increased to 1x10~ Torr, CoOx
components and their satellite features already became prominent, indicating severe
oxidation of Co surface. The control experiment suggests that very small amount of water
alone can oxidize Co at room temperature. A third possibility is that at low temperatures,
H, assists the dissociation of CO on the Co surface, as suggested by Tuxen et al.”
However, more experiments are required to prove or disprove such possibility.

The oxidative ability of water has serious impact on the catalytic activity of Co. In F-T
reactions, other than the long-chain hydrocarbons, water is also a reaction product. This
means that on an active catalyst surface, water is constantly produced in situ. If the
reaction temperature is not high enough, the water molecules produced at the surface will
immediately oxidize Co and the catalytic activity will drop immediately. Only when the
temperature is high enough to dissociate H, and then reduce CoOy back to metallic Co,
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Figure 3-8. Co2p XPS spectra measured under different pressures of water vapor.
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the reaction can keep on going. This would explain why in the experiments under syngas,
Co foil first got even more oxidized at relatively low temperature, and then became
metallic again at temperature above 250°C. This also explains why Co-based catalysts are
typically used under syngas with high H, content, as excess H, is necessary to keep the
Co surface metallic and the catalyst active. In addition, some noble metal additives, such
as trace amount of Pt, Pd, Ru, and Re, are commonly used to facilitate the dissociation of
H, and the reduction of Co catalyst at lower temperatures.

3.2 Cobalt-Palladium Alloy Nanoparticles for CO Oxidation Reaction

CO oxidation is one of simplest prototype reactions for gas-phase catalysis. It also has
important industrial applications, such as automobile exhaust treatment,'*" trace CO
removal for proton-exchange membrane fuel cells.'®'” Many Pt-based alloy nanoparticles
such as Pt-Co, Pt-Ni, and Pt-Fe, have shown much improved activity in such catalytic
1820 Recently, Pd-based alloy
paralleling studies of Pt-based alloy

reactions compared to single-element catalysts.
nanoparticles have also attracted much attention,” >*
catalysts. CosPd, alloy nanoparticles are among the list of promising bimetallic alloy
catalysts. These alloy nanoparticles showed promising activities in CO oxidation reaction
compared to each of the metals alone, which makes such alloy system a perfect platform

to investigate the synergetic effect of alloys in catalytic reactions.
3.2.1 Nanoparticle Synthesis and Composition-Dependent Catalytic Activities

CoyPdy alloy nanoparticles were synthesized via the thermal decomposition of Pd and Co
precursors in a tributylphosphine(TOP)/oleylamine(OA) solution. Precursors PdBr, and
Co(acetylacetonate), (Co(acac), for short) were dissolved in 20 ml OA with 1 mmol TOP
pre-dissolved in it. The amount of PdBr, was fixed at 0.3 mmol, whereas different
amount of Co(acac), was added in the mixture to control the Co content in the alloy
nanoparticles. The mixture was heated to 90°C and degassed in vacuum for 1 hour. Then
the mixture was heated to 260°C under nitrogen protection and kept for 2 hours. After
cooling down to room temperature, the nanoparticles were precipitated out of the solution
by adding 50 ml ethanol and centrifuging at 8000 rpm for 8§ minutes. The nanoparticles
were further purified by dispersing in hexane and once again precipitating by ethanol for
at least three cycles.

The alloy nanoparticles synthesized via the procedure described above have spherical
shapes, with very narrow size distribution, as shown in the representative TEM images in
Figure 3-9. By adjusting the ratio between the Pd and Co precursors, we can tune the Co

content in the alloy nanoparticles, while retaining the monodispersity of the products. The
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nanoparticles used in the catalytic measurements and in situ XPS characterization have an
average diameter of ~4.5 nm with different Co content, ranging from 0% to 50%. The
compositions of the alloy nanoparticles were confirmed by inductively coupled plasma
mass spectrometry (ICP-MS). Before the catalytic activity tests, the alloy nanoparticles
were loaded on mesoporous alumina support, heated in pure O, at 300°C for 5 hours to
remove the organic ligands and then in pure H, at 150°C for 30 minutes.

Figure 3-9. Typical TEM images of monodisperse Pd or CosPd, nanoparticles with
different compositions. The scale bar is 5 nm in all images.

Catalytic activities of these nanoparticles were tested in a flow reactor, equipped with a
gas-chromatography (GC) detector to monitor the compositions of the gas mixture that
had passed through the catalysts loaded on alumina support. CO, conversion yields were
calculated based on the percentage of CO, O,, and CO; in the gas mixture and plotted
against the reaction temperatures. The results are summarized in Figure 3-10. A clear
dependence of catalytic activity on the Co content was observed. With pure Pd
nanoparticles, full conversion could be achieved at ~170°C. When small percentage of
Co, up to 26%, was introduced in the alloy nanoparticles, the minimum temperature for
full conversion dropped below 120°C. However, when the Co content in the alloy
nanoparticles kept increasing, the minimum temperature for full conversion stopped
decreasing but increased again. Once the Co content reached ~50%, the catalytic activity
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became worse than pure Pd nanoparticles. The five samples with different Co content,
from Pd to Cos;Pdas, will be referred to as sample No.1 to No.5 in the following.
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Figure 3-10. Temperature-dependent CO, conversion yield for nanoparticles with
different Co content.

In order to understand the physical origin of the composition-dependence in catalytic
activities, a series of in situ measurements were carried out at the AP-XPS endstation at
Beamline 9.3.2.

3.2.2 Chemical Changes during Pre-Treatment Processes

As-synthesized alloy nanoparticles are usually wrapped in organic ligands, which
potentially prevent the adsorption of reactants and the reaction between them. Before
they can be used for catalysis, the nanoparticles have to go through some pre-treatment
processes to remove the surface ligands. Typical pre-treatment processes involve a series
of oxidation/reduction cycles: Oxygen helps combust the organic ligands, but also
oxidize the metals, at least on the surface; then hydrogen is used to reduce the oxidized
surface or oxidized particles back to its metallic phase. Since the same conditions (1 atm
of O, or H,) used before the catalytic activity tests cannot be realized in the AP-XPS
chamber, we modified the pre-treatment procedure accordingly, and monitored the
chemical changes at the nanoparticle surfaces by AP-XPS during the modified pre-
treatment process. The detailed pre-treatment procedure involved a few cycles of
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oxidation/reduction, until the carbon composition in the XPS spectra stayed mostly
unchanged between two consecutive reduction cycles. The oxidation was performed
under 500 mTorr O, at 300°C for 20 minutes, and the reduction was under 200 mTorr H,

at 150°C for 20 minutes.

Because the insulating nature of alumina support can cause severe charging issues during
XPS measurement, instead of loaded on alumina support, the nanoparticles were drop-
casted on a piece of silicon substrate for AP-XPS measurements. The native oxide layer
on the silicon surface serves as a substitute of inert oxide support for the catalysts. Cls
XPS spectra were continuously monitored during the pretreatment. After each oxidation/
reduction step, XPS spectra in Pd3d, Co3p, and Cls regions were collected with incident
photon energy of 730 eV or 500 eV. The energy scales were calibrated by setting the
Fermi edge position of silicon substrates to zero with each incident photon energy.

Before any treatment, neither Pd nor Co was discernible in the XPS spectra, because the

nanoparticles were wrapped in thick layers of organic molecules, which can be confirmed

by the intense peaks in all the Cls spectra, shown as the black curves in Figure 3-11. The

broad line shapes of Cls peaks indicate multiple carbon components involved. In
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Figure 3-11. Summarized C/s XPS spectra of five different samples, measured with two
different incident photon energies (500 eV and 730 eV) during the pre-treatment steps.
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addition, the peak positions and detailed shapes are also different among the samples,
which may be related to different coordination chemistry on the surface with different Co
content. Nonetheless, the characteristics of surface ligand have very little relevance to the
purpose of this study; therefore, initial C/s spectra were not analyzed in detail.

During the treatment steps, Pd3d and Co3p peaks started to grow, as the surface carbon
was gradually removed. According to the XPS spectra in the Pd3d and Co3p regions, Pd
was oxidized and reduced as expected during oxidation/reduction cycles, but Co stayed
mostly oxidized. Typically after two cycles of oxidation/reduction, the C/s peak stopped
decreasing substantially. If the intensities of the C/s peak of untreated samples were used
as a reference, an interesting trend can be observed after the last cycle of reduction: the
more Co content in the alloy nanoparticles, the more carbon residue on the surface. This
is probably a result of higher solubility of carbon in Co/CoOy than in Pd.* More cycles of
oxidation/reduction were performed on sample No. 3, but the removal rate was very slow
after the second cycle. It may be possible to remove more carbon using higher treatment
temperature, but higher temperature will also induce severe sintering between
nanoparticles as well as alloy effect between silicon substrate and the nanoparticles. After
the pre-treatment, the alloy nanoparticles were cooled down to room temperature in
vacuum.

3.2.3 Surface Evolution under Reaction Gases

In order to understand the interactions between the catalysts and individual reactants, the
pre-treated Co,Pdy alloy nanoparticles were first exposed to 100 mTorr O, or 100 mTorr
CO separately at different temperatures. At 300°C, CoPd, alloy nanoparticles were
further exposed to the 100 mTorr mixture of CO and O, with different ratios (1:4 or 4:1).
Pd3d, Co3p, and Cls regions in the XPS spectra were monitored by AP-XPS under 100
mTorr gases at different temperatures, with incident photon energies of 500 eV.

Figure 3-12 shows the collection of all XPS spectra in the Pd3d region. For the
photoelectrons excited from Pd3d orbitals with 500 eV x-ray photons, their kinetic
energies are around 160 eV, which corresponds to approximately 0.5 nm probing depth.’
All the red spectra correspond to O, only or O, rich conditions, whereas all the blue ones
were acquired under CO only or CO rich conditions.

When pure Pd nanoparticles were exposed to O, or CO at 100°C, no obviously change
can be observe in the line shapes of the Pd3d spectra. But the intensity of Pd3d peaks
slightly decreased in the case of CO exposure. This is likely a result of strong CO
adsorption on Pd surfaces. When the Pd nanoparticle surfaces are covered with large
amount of CO molecules, the photoelectrons from Pd atoms will get scattered on their
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way out, which reduces the overall intensities of Pd3d peaks. Since the surface carbon
contamination can be almost completely removed on the surfaces of pure Pd
nanoparticles, the adsorbed CO species could be resolved in the C/s spectra, as shown in
Figure 3-13. At 100°C, the component at ~284 eV is related to the residual carbon
contamination, which was future removed and almost disappeared after extended
exposure to 100 mTorr O, at higher temperatures during the rest of the measurements.
The component at ~291 eV corresponds to the CO molecules in the gas phase. The
component at ~286 eV is associated with adsorbed CO on Pd surfaces, which disappear
upon exposure to pure O,. When exposed to 100 mTorr O, at higher temperatures, a
prominent shoulder feature appeared on the higher energy side of the main Pd3d peak,
indicating partial oxidation of Pd on the nanoparticle surfaces. When exposed to the
mixture of CO and O, at 300°C, no matter O rich or CO rich, Pd nanoparticle surface
remained metallic, with negligible CO adsorption on the surface, indicative of fast
kinetics of CO oxidation under such conditions.
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Figure 3-12. Summarized Pd3d XPS spectra of five different samples, measured under
100 mTorr of pure O,, CO, or mixtures of O,/CO.
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For alloy nanoparticles with small and medium Co content (10% and 26%), Co stayed
oxidized under all the conditions. Unfortunately, the photon energy at Beamline 9.3.2
cannot reach Co2p region, therefore it is impossible to study the chemical states of Co in
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Figure 3-13. C/s XPS spectra of pure Pd nanoparticles measured under 100 mTorr of O,
CO, or O,/CO mixtures at different temperatures. Red spectra correspond to O, or O,-
rich conditions, and blue spectra correspond to CO or CO-rich conditions.

much detail. At 100°C, not much difference was observed in the Pd3d spectra under O,
and CO, except slight intensity change resulting from the photoelectron scattering by
surface adsorbed CO. But the adsorbed CO peak cannot be discerned in the C/s spectra,
because of the carbon residuals as was discussed earlier. At 200°C, a very small oxide
shoulder appeared with much smaller intensities compared to the case of pure Pd
nanoparticles. At 300°C, other than the small oxide shoulder, large variation in the overall
intensities was observed: under CO, Pd3d peaks are much more intense than under O;.
Such intensity variation is an indication of surface segregation of Pd under different
gases.””® Because CO binds strongly with Pd, more Pd atoms migrate to the surface
under CO to lower the overall surface energy, which explains the higher Pd3d intensities.
O, and related species are more likely to interact strongly with Co or CoOy on the
surfaces; therefore more Co atoms stay on the surface under O, environment, leaving less
Pd on the surface. For sample No.3, the shape of the Pd3d peaks are relatively more
symmetric, indicating that more surface Pd atoms stayed metallic under O, in sample
No.3; but in both samples, Pd was less oxidized compared to pure Pd nanoparticles under
the same conditions. Lower level of oxidation of Pd also corroborated the argument that
O, species preferentially bind to Co/CoOy, which prevents the oxidation of Pd. For both
samples, surface segregation of Co or Pd under O, or CO is somehow reversible, as
illustrated in the Pd3d spectra during two cycles of O, and CO exposure at 300°C.

For samples with higher Co content (38% and 52%), more intense Co3p peaks were
observed as expected. Co also remained oxidized during the entire process. Meanwhile,
the signal-to-noise ratio in Pd3d spectra became noticeably worse, simply because Pd
content was lower in these two samples. However, unlike the cases of sample No.2 and

46



No.3, when switching from O, environment to CO environment at 200°C, Pd3d peak
intensities didn’t not change at all. At 300°C, the difference between Pd3d spectra under
O, and under CO was still quite small. One reasonable explanation of unchanged Pd3d
intensities is that after the pre-treatment process, larger amount of Co have already
segregated to the surface and form a thin shell of CoOy. This oxide shell on the surface
prevents subsurface Pd atoms to migrate to the surface and bind with CO. As a result, the
catalytic activity almost entirely depends on Co/CoOy only.

Under total pressure of 100 mTorr O, and CO at 300°C, no matter O, rich or CO rich,
Pd3d, Co3p, and Cls spectra remained the same for all four alloy samples. Pd appeared
to be metallic and Co was always oxidized.

3.2.4 Composition-Dependent Synergetic Effect

The activity test clearly showed synergetic effect of Co when added into Pd in the CO
oxidation reaction. Based on the in situ XPS observations, a possible explanation for the
composition-dependent activity is proposed, as illustrated in Figure 3-14.

In the as-synthesized alloy nanoparticles, Pd and Co are uniformly distributed, as
evidenced by electron energy loss spectroscopy (EELS) elemental mapping. After the
pre-treatment cycles, Co is segregated on the surface of the nanoparticles. The reduction
temperature of 150°C is not high enough to fully reduce the surface-segregated Co into
its metallic phase, leaving oxides on the surface.

When the initial Co concentration is low, surface-segregated CoOy has very low coverage
on the nanoparticle surface, with many metallic Pd atoms exposed on the surface. As a
result, when the CO/O, mixture is introduced on the surface, CO preferentially binds to
Pd, whereas O, binds to CoOy and possibly dissociates. At the boundary of Pd/CoOx, an
oxygen atom bonded to the CoOy surface can be passed on to a CO molecule adsorbed on
neighboring Pd atom, and eventually form a CO, molecule. However, because of the low
coverage of such CoOy islands on the nanoparticle surfaces, the majority of surface Pd
atoms still catalyze the CO oxidation reaction by themselves, just as in the case of pure
Pd nanoparticles. Therefore, the improvement of catalytic activity is limited. When more
Co is added to the alloy nanoparticles, the coverage of the surface-segregated CoOx
species after the pre-treatment processes becomes higher. As a result, more Pd/CoOx
boundaries are created, which further promote the CO oxidation reaction; and the
synergetic effect of the alloy becomes more prominent. Once the Co content reaches
beyond 25%, the surface-segregated CoOy species dominate on the surface and
eventually covered the entire Pd-rich core. With such oxide thin shell on the surface, the
subsurface Pd atoms cannot migrate to the surface even at 300°C, and thereby can no
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longer bind with CO molecules. Under such circumstances, the catalytic activity entirely
depends on the CoOx shell and has little to do with Pd.

As-synthesized After Pretreatment During Reaction

Figure 3-14. Schematic illustration of the proposed mechanism for the synergetic effect
in Co,Pd, alloy nanoparticles for catalyzing CO oxidation reaction.

The proposed mechanism for the synergetic effect in CoxPd, alloy nanoparticles explains
why there exists an optimal Co composition for the catalytic CO oxidation reaction. The
irreversibility of Co segregation and oxidation on the surface plays an important role.
Similar synergetic effect was also observed in NiPd, nanoparticles as CO oxidation
catalysts.**

If much higher reduction temperature is used to fully reduce CoOx back to its metallic
phase, one can expect the segregation of Pd atoms to the surface under CO even with
high Co content, considering that Pd is more favored on the surface under reducing
environment. With coexistence of both elements on the surface, the synergetic effect will
become prominent again. A control experiment was performed to reduce the high-Co-
content nanoparticles in H, at temperature above 400°C. Preliminary catalytic activity
test showed enhanced activity initially. However, the activity dropped rapidly, possibly
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because of surface CoOy formation under CO/O, mixture. Although the strategy of full
reduction of Co did not prove to be an effective solution for long-term improvement of
the catalytic activity, but it did partially corroborate the proposed mechanism.

3.3 Conclusions

The two examples studied by ambient-pressure XPS illustrate the capability of such in
situ and operando characterization techniques, especially for the investigation of reaction
mechanisms and other fundamental aspects of gas-phase catalysis.

In the study regarding Co catalyst in Fischer-Tropsch synthesis, it was found that CO
adsorbs strongly on the Co surface; but small amount of sulfur substantially weakens the
CO adsorption and thus poisons the reaction. Under reaction conditions, the Co surface
remains metallic. The water molecules in the reaction products can potentially oxidize the
Co surface and hence hinder the catalytic reaction. When the temperature is high enough,
H, is responsible for reducing Co to metallic phase and keeping the catalyst active.

In the study of Co.Pdy alloy nanoparticles for catalyzing CO oxidation reaction, a clear
dependence of catalytic activities on the nanoparticle compositions was observed. AP-
XPS results helped to elucidate the physical origin of such dependence. It was found that
Co segregates to the surface in the oxide form after the pre-treatment. Small amount of
Co coexisting with Pd on the surface promotes the CO oxidation reaction synergistically
and the synergetic effect becomes more prominent with increasing Co content. However,
when Co/Pd ratio is too high, after the cleaning processes, the surface of the nanoparticles
is fully covered by thin layers of CoOy, preventing CO molecules from binding with Pd,
which leads to significant drop in catalytic activities of those nanoparticles.
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Chapter 4
In Situ and Operando X-ray Absorption Spectroscopy Studies

of Solid/Liquid Interfaces

Abstract

This chapter presents two case studies on solid/liquid interfaces by in situ and operando
x-ray absorption spectroscopy. The combination of in situ and operando XAS
characterization and first-principle simulations helped elucidate the chemical processes
that happened at the solid/liquid interface. At the Au/H,O interface, the electronic
coupling between water molecules and the gold substrate profoundly altered the
electronic structure of the interfacial water molecules and thus their O/s XAS spectra.
These interfacial polar molecules can respond to external electrical field and reorient,
producing potential-dependent O/s TEY XAS spectra. At the Pt/H,SOs(aq) interface,
similar reorientation behaviors of interfacial water molecules were observed in the
negative potential region. In the positive potential region, the changes in the O/s XAS
spectra are possibly related to the sulfate ion adsorption at the interface, contradicting
many reports that proposed an oxide formation or oxygen/hydroxyl adsorption processes.
Similar spectral evolution was also observed at the Au/H,SOu4(aq) interface. The results
presented here demonstrate the power and the potential of the newly developed in situ
and operando XAS technique.
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4.1 The Gold/Water Interface

(This section covers similar content as in J.J. Velasco-Velez, C.H. Wu, et al., Science
2014, 346, 831-834, with permission from AAAS, Copyright 2014.)

Water and aqueous solutions play a vital role in chemistry, materials sciences, and
especially biology." Despite of its importance, liquid water is still quite a mystery. Over
the past century, many generations of scientists have been actively seeking explanations
for the peculiar physical and chemical properties of liquid water, a few of which are listed
below:

* anomalously high boiling point, melting point, and critical temperatures for a
small molecule that is neither ionic nor metallic;

* high heat capacity;

* high dielectric constant;

* high mobility for H" and OH ions;

* volume decrease during melting;

* maximum density at 4°C in the ambient liquid range.

The strong dipole moment of water molecules (1.85D) and the hydrogen-bonding
network give rise to some of these distinct properties, such as the high boiling point and
melting point.”> XAS is sensitive to the local environment of the excited atoms and has
proven to be a valuable tool to study the hydrogen-bonding network in liquid water.

The interface between gold surface and water was chosen to be the proof-of-concept
system, to demonstrate the interface sensitivity of TEY-based in situ XAS technique. The
main reason we chose gold/water interface to start with, is the relative inertness of gold in
the electrolysis of water. Without introducing complicated reaction intermediates and
gaseous products at the interface, we can focus more on the structure and behaviors of the
solvent molecules.

4.1.1 Experimental Setup and Sample Preparation

The experiment system consists of a flow liquid cell with an ultrathin SisN; membrane
window, an x-ray modulation system, and other electronics, including a pre-amplifier, a
lock-in amplifiers, a function generator, and a potentiostat. The details regarding the flow
liquid cell and the x-ray modulation system were described previously in Section 2.3.

The gold thin film (20 nm), as the working electrode in this case, was thermally
evaporated onto the flat side of the SizNs window, which faces the liquid during the
measurement. No adhesion layer (typically chromium or titanium) was introduced

between the SizN4 surface and gold thin film, in order to prevent potential signal
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interference from possible oxidation products of those metals. The gold film is
polycrystalline and continuous, and consists of agglomerated nanoparticles. The grain
size is about 15 - 20 nm. As shown in the atomic force microscopy (AFM) image (Figure
4-1), the thin film is reasonably smooth, with RMS value ~1nm over a 3um % 3um area,
without any pinholes.

3um 3nm

-3nm

Figure 4-1. Typical AFM topographical images of the surface of the gold thin film
deposited on the Si3N4 membrane. The RMS values for these two areas are 1.00 nm and
0.76 nm, respectively.

Slightly salted water (10uM NaCl solution) was used in the flow cell, to improve the
conductivity of the liquid. Cyclic voltammetry (CV) result measured in a three-electrode
configuration with a platinum counter electrode and a silver quasi-reference electrode, as
shown in Figure 4-2, confirmed the lack of reactivity and ion adsorption at the interface
between gold thin film and the dilute solution within the potential window in this study.

The hexadecane-thiol (C,cH33SH) self-assembly monolayer (SAM) on gold substrate was
prepared according to the procedure reported by Liu et al.* The Si;N,; window covered
with 20 nm Au thin film was immersed in a ~2 mmol/L hexadecane-thiol ethanol solution
for 36 hours at room temperature. After the complete formation of SAM, the window was
taken out of the solution and rinsed with clean ethanol multiple times. The SAM
formation could be readily verified by its super hydrophobicity. In order to prevent any
water or oxygen molecules trapped in the array of alkyl chains, which may introduce
extra features in the O/s spectra, the thiol-covered windows were kept in mild vacuum
for more than 12 hours and then sealed in airtight packages inside an argon-protected
glovebox. Shortly before the XAS experiments, the thiol-covered windows were taken
out of the airtight packages inside a glove bag filled with nitrogen. Then static liquid cells
were filled with water and assembled with these thiol-covered windows under nitrogen.
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Figure 4-2. CV curve of the Au electrode in 10pM NacCl solution. Scan rate: 10 mV/s.

4.1.2 Spectrum Treatments and Simulation Procedures

The raw TFY and TEY spectra were first normalized to the photon flux, which is
represented by a TEY current /), measured on a gold mesh at an upstream location inside
the x-ray tube. Then a linear background was subtracted based on the fitted straight line
in the flat region before the absorption edge. The energy scales were calibrated by
comparing the measured t,, and e, peak positions in the O/s spectra of standard reference
TiO, sample with the values reported in the literatures. Finally, the spectra were
normalized once more to the intensities at the onset of the continuum at 550 eV.’

The first-principle simulations were performed by the Prendergast group at the Molecular
Foundry. Ab initio molecular dynamics (AIMD) simulations were used to explore the
interfacial structure of water near the gold surface, followed by XAS spectra calculation
with constrained-occupancy density functional theory (DFT) within the excited electron
and core-hole (XCH) approach.” The details of the simulations were described in the
article [Science 2014, 346, 831-834] and corresponding supplementary materials.’

4.1.3 Bulk Water vs. Interfacial Water

As discussed in Chapter 2, TFY spectra provide averaged information over several
hundred nanometers of liquid water from the gold/water interface, which can be
considered as bulk-sensitive spectra. The O/s TFY XAS spectrum of water (curve (a) in
Figure 4-3) that was measured from the liquid cell is indeed consistent with those
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measured by other researchers,”® which can be divided into three regions: pre-edge
region, around 535 eV (I), main-edge region around 537 eV (II), and post-edge region
around 540 eV (III). The pre-edge peak at ~535 eV is characteristic of the liquid phase
and related to the dangling hydrogen bonds. The main edge is similarly related to the
population of molecules with unsaturated hydrogen bonds, while the post-edge regions is
associated with the fully saturated hydrogen-bonding network. In the O/s XAS spectrum
of bulk ice, the pre-edge and main-edge peaks are weak because almost all the hydrogen
atoms participate in the hydrogen bonds. The pre-edge peak of liquid water is relatively
prominent, while the post-edge is weaker compared to ice.
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Figure 4-3. O/s XAS spectra measured in the gold/water system.

Because of extremely small IMFP of electrons in liquids,”"

the secondary electrons
collectable through the gold electrode are expected to come from just a thin layer of
water molecules at close proximity to the surface of the gold electrode, given the fact that
there is no oxygen atoms in the gold electrode. As a result, such TEY XAS spectra can
provide interface-sensitive information at the gold/water interface. As can be seen in the
Ols TEY XAS spectrum (curve (b) in Figure 4-3) measured from the flow liquid cell at
open circuit potential, no prominent spectra feature is visible at 535 eV, which might be
interpreted as indicative of a much lower concentration of broken hydrogen bonds at the

gold/water interface compared to bulk water.

However, first-principle simulations revealed that the contrary is true. Analysis of the
AIMD trajectory indicated that 49% of the interfacial water molecules, i.e., water
molecules within ~1nm of the electrode, lie flat on the surface with both hydrogen bonds
saturated, denoted as double-donor (DD) species (Figure 4-4B). These molecules are
characterized by an XAS spectrum with no substantial pre-edge feature. Another 49% of
the interfacial water molecules have one broken hydrogen bond (single donor or SD),

either parallel to the surface (SDj, 18%) or perpendicular with one hydrogen atom
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pointing toward the gold surface (SD1, 31%). The population of molecules with broken
hydrogen bond is substantially higher than 22% found in bulk water (Figure 4-4A).
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Figure 4-4. Populations of water molecules of various orientations obtained from AIMD
simulations and calculated O/s XAS spectra.

Although the calculated XAS spectrum of SD|| molecules resembles that of SD molecules
in the bulk, with prominent pre-edge feature, the calculated XAS spectrum of those SD.
molecules does not present a pre-edge feature. Similarly, water molecules with two
dangling hydrogen bonds (non-donor or ND species) are preferentially oriented with both
hydrogen atoms pointing toward the gold surface and thus do not contribute to the pre-
edge feature. Such suppression of the pre-edge feature of the SD. species at the gold
surface is a purely electronic effect. The core-excited state resulting from the absorption
of a 535 eV x-ray photon is coupled to the gold band structure and delocalized over the
surrounding gold atoms, as illustrated in Figure 4-5. This delocalization reduces the

overlap of the core-excited electron with the /s core-hole at the excited oxygen atom,
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thereby reducing the transition probability and thus the intensity of the corresponding
peak. Furthermore, because the pre-edge peak arises from the anti-bonding c* states
centered on the hydrogen atom and extending directionally along the O-H bond vector,
coupling to gold depends strongly on the orientation of the water molecule and affects
primarily the water molecules in the first layer.

SD,

Figure 4-5. Schematic illustrations of the electronic coupling effects between the orbitals
of gold atoms and the LUMO orbitals of the interfacial water molecules with broken
hydrogen bonds.

The water molecules with broken hydrogen bonds in the second layer also have a reduced
pre-edge intensity, although the reduction is only about 30% of that of the molecules in
the first layer. The net result is that the overall XAS obtained from sampling the
interfacial water molecules, i.e., first 2-3 layers of water molecules, shows a substantially
reduced pre-edge feature. Curve (a) and (b) in Figure 4-6 are the weighted averages of the
calculated O/s XAS spectra of bulk water and interfacial water based on the populations
of water molecules of various orientations obtained from AIMD simulations. The spectral
features in O/s TFY and TEY XAS spectra were qualitatively reproduced in the
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calculated spectra. The good agreement between the calculated interfacial water XAS
spectra and experimental TEY spectrum, confirmed the high interfacial sensitivity of
XAS measurements in TEY detection mode.
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Figure 4-6. Weighted averages of the calculated O/s XAS spectra based on the
populations of water molecules of various orientations obtained from AIMD simulations.

4.1.4 The Interface between Thiol-Covered Gold Surface and Water

To verify that the suppression of the pre-edge feature in the XAS of interfacial water
molecules is a result of electronic coupling to the gold electronic structure, a control
experiment was performed, where the gold surface was fully covered with a monolayer of
hexadecane-thiol (C;¢H33SH). This monolayer of thiol not only renders the surface
hydrophobic, but also spatially separates the gold surface and water molecules. AFM
images of this surface revealed the absence of defects that expose the gold substrate
within the ~1 nm resolution of the technique.”

The AIMD results revealed an increase in the SD and ND populations at the interface
(42% and 9%, respectively), compared to the bulk (22% and 1%, respectively), as shown
in Figure 4-4C. The large population of SD and ND species from the AIMD simulations
is consistent with the sum frequency generation (SFG) results by Shen et al., which
showed a substantial amount of dangling hydrogen bonds in water at the alkyl-water
interface.!' Moreover, spectrum calculation indicate that the low-energy core-excited
states of the interfacial SD and ND species are no longer coupled with the (now distant)
gold and are highly localized on the excited molecules; therefore the pre-edge absorption
feature is expected in the XAS spectra of the interfacial water molecules. Indeed, the
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experimental O/s TEY XAS spectrum (curve (c¢) in Figure 4-3) and the calculated water
spectrum at the thiol interface (curve (c) in Figure 4-6) both exhibit a prominent peak at
535 eV, characteristic of liquid water, whereas the TFY XAS remained the same as in the
case of bare gold/water.

It is noteworthy that the photon flux at Beamline 8.0.1 is very intense, which can induce
severe beam damage to the organic molecules upon continuous illumination. When the
self-assembled thiol monolayer was continuously measured under x-ray beam, the TEY
spectra evolved as a result of beam damage: Some spectral features below the pre-edge
feature at 535 eV start to emerge, which is correlated to the hydroxyl and carboxyl
groups. These species are very likely the decomposition products of the thiol molecules
induced by the intense x-ray beam. Meanwhile, the pre-edge feature at 535 eV began to
decrease, because the progressive decomposition of the hydrophobic thiol layer left
increasing area of bare gold surfaces exposed to liquid water.

The pre-edge feature observed in the case of thiol-covered gold surface, as well as the
disappearance of such feature upon decomposition of the thiol layer, proved that the
electronic coupling between the interfacial water molecules and gold substrate is indeed
the origin of the suppression of the pre-edge feature in the interfacial water spectra.

4.1.5 Potential-Dependent Reorientation of Water at Gold/Water Interface

Because water molecules have strong dipole moments (1.85 D), they are expected to
respond to external electrical fields.'”” Infrared spectroscopy results have indeed
suggested a bias-dependent orientation of water molecules by monitoring the intensity of
O-H and O-H--O vibrational modes as a function of applied bias."> We thus investigated
the influence of electric fields on the interfacial water structure in the EDL by operando
XAS measurement.

The results are shown in Figure 4-7. At positive bias with respect to silver quasi-reference
electrode, the pre-edge feature in the O/s TEY XAS spectrum remains suppressed, as in
the case at open-circuit potential. Under negative bias, the pre-edge peak appears and
grows when the potential is changed from -20 mV to -60 mV vs Ag. Given the fact that
no electrochemical reactions or ion adsorption take place within such potential window,
as evidenced by the CV measurement shown in Figure 4-2, a simple interpretation of the
observations is that under negative bias, the electric field favors an orientation of the
water molecules with their hydrogen atoms toward the gold surface, which increases the
number of dangling hydrogen bonds.

According to electrochemistry theory, the surface of an electrode usually carries charges

when immersed in a solution.'* The sign and the quantity of the charges depend on the
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Figure 4-7. Potential-dependent O/s TEY XAS spectra measured at Au/H,O interfaces.

electrochemical potential that is applied to the electrode. At one particular potential,
known as the point of zero charge (PZC), the surface becomes neutral. Accurate
measurement of PZC is rather difficult, especially for polycrystalline electrodes. We used
minimum capacitance measurement to estimate the PZC of the gold thin film electrode in
the dilute NaCl solution. The results are shown in Figure 4-8. Each data point was
calculated based on cyclic voltammetry curves within a 20 mV potential window
centered at each potential. Based on the potential corresponding to the minimum
capacitance, the PZC of the gold thin film was estimated to be around 80 mV with
respect to Ag. This means that the charges on the gold surface and thus the direction of
the electrical field are expected to switch sign around 80mV with respect to Ag. Our
experimental data roughly agreed with this prediction, as the pre-edge feature first
reappear and then grow when the applied potential drop below 80eV.
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Figure 4-8. Minimum capacitance measurement on gold thin film electrode in 10uM
NaCl solution.
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The interpretation of potential-dependent spectral evolution was confirmed by the AIMD
simulations, which showed an enhanced DD population at positive bias and an enhanced
SD population (both SD.1 and SDj|) at negative bias, as shown in Figure 4-9a. Indeed, the
orientation of the water molecules was affected by applied bias, which, at negative bias,
greatly disrupts the hydrogen-bonding network in the interfacial layer. This gives rise to
an increased SD; population that causes a prominent pre-edge feature in the TEY XAS
spectrum, as shown in both experimental (Figure 4-7) and calculated XAS spectra
(Figure 4-9b).
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Figure 4-9. Populations of water molecules of various orientations at negative, neutral,
and positive potentials, and calculated O/s XAS spectra based on the populations.

4.2 The Interface between Noble Metals and Sulfuric Acid Solution

Gold/water interface is a relatively simple system. Although in the 10 pmol/L NaCl
solution, there are small amount of Na and CI" (~10” mol/L) ions, as well as trace
amount of H;O" and OH™ ions (~107 mol/L) from self-dissociation of water, their
concentration is too low to have noticeable impact on the hydrogen-bonding network on
large scales. Considering that the effective concentration of water solvent is ~55 mol/L,
the concentrations of H;O" and OH ions are far below the detection limit of XAS in the
Ols region. In addition, gold cannot be easily oxidized and is a relatively inert catalyst
for the electrolysis of water. As a result, we can explore a relatively large potential
window in our in situ characterization without introducing surface oxide or other surface
reactions. All these factors make the gold/water interface a good proof-of-concept system
for the demonstration of the new in sifu and operando technique.

However, practical electrochemical systems are never this simple. Even the simplest
ones, for example, Pt electrode in sulfuric acid, one classic system that has been studied
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by numerous methods for decades, are much more complex compared to the gold/water
system. Obviously, there are many different species in the solution: other than water
molecules, H3O0" and SO4* ions, considerable concentration of HSO4 and small amount
of H,SO4 and OH™ are also present. In the bulk solution, the concentrations of these solute
species are still small compared to that of water as solvent (~55 mol/L); therefore, their
impact on the hydrogen-bonding network structure in the bulk solution is quite limited.
However, at the solid/liquid interfaces, the situation can be completely different. Theory
has predicted that the co-adsorption of multiple species can induce different
superstructures at the interfaces between platinum and H,SOy solution."” Furthermore,
under different electrochemical conditions, the surface adsorption/reaction processes can
not only alter the chemical composition of the interface, but also severely disrupt the
hydrogen-bonding network structure of water molecules close to the interface.

The Pt/H>SOj4 solution interface has already been studied by a few in situ characterization
techniques. Electrochemical STM (EC-STM) studies revealed that sulfate ions can adsorb
on single crystal Pt surfaces (as well as Au, Cu, and Pd) and form different ordered or

1620
In

disordered superstructure depending on the potentials applied to the electrode.
some atomically resolved STM images,'® one can even discern the adsorbates that exhibit
three-fold symmetry, which very likely correspond to the tetrahedral SO,* ions with three
oxygen atoms landing on the metal surface. However, STM characterization is typically
applied to flat surfaces on single crystal electrode. Other than STM, many other in situ
techniques mostly provide indirect information, from which one can deduce the structure

21,22
““ can be used to

model. For example, in situ EXAFS or surface EXAFS measurements
determine the coordination numbers of Pt atoms, as well as the Pt-Pt, Pt-O, and Pt-S
interatomic distances. Based on these structural parameters, an interface structure model
can be constructed to match these experimentally determined parameters. In situ x-ray

23,24
" To

scattering has also been used to study Pt/H,SOu4(aq) and Au/H,SO4(aq) interfaces.
analyze the data, one usually needs to presume some interface structure based on the
prior knowledge of the system, then simulate the scattering pattern of such presumed
structure and compare that with the experimental data. Moreover, surface EXAFS and
surface x-ray scattering typically require large flat sample surface, too. SFG vibrational
spectroscopy can be used to study rough surfaces. But from SFG spectra, one can only
obtain direct information regarding the chemical bonds that vibrate at the interface.'’ The
structure models need to be deduced indirectly based on the collective information

regarding all the bonds involved at the interface.

Until now it is still challenging to characterize such interface between Pt and H,SO4
solution, especially for polycrystalline electrodes with rough surfaces. As demonstrated in
the case of gold/water interface, the newly developed in situ and operando XAS

technique is a promising method for the investigation of solid/liquid interfaces.
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4.2.1 Sample Preparation

The platinum thin film (15 nm), as the working electrode in this case, was evaporated
onto the flat side of the SisN4 window by an e-beam evaporator under 10™® Torr base
pressure. A thin titanium layer (2 nm) was deposited prior to the platinum deposition to
achieve better adhesion between platinum thin film and the SizNs membrane. The
platinum thin film is polycrystalline and continuous, and consists of agglomerated
nanoparticles. The titanium adhesion layer is fully covered by platinum, as evidenced by
the lack of titanium oxide signatures in the O/s XAS TEY spectrum measured on a dry
window. The gold thin film was prepared similarly as in the previous section. Standard
0.IN (0.05 mol/L) sulfuric acid solution was purchased from Sigma-Aldrich and used
without any further purification or other treatment.

4.2.2 Potential-Dependent Spectral Evolution at Pt/H,SO4(aq) Interfaces

Under open circuit condition, the O/s TEY XAS spectrum of Pt/H,O interface is very
similar to that of Au/H,O interface: the pre-edge feature at ~535 eV is substantially
suppressed, as shown in Figure 4-10. Nonetheless, as in the case of Au/H,0, the pre-edge
feature at ~535 eV does not completely disappear, which can be seen more prominently
in the derivative spectrum in Figure 4-10. Similar suppression was also observed in the
cases of Pt/H,SO4(aq) and Au/H,SOu(aq) interfaces. Such similarity indicates that in
0.IN H,SOy solution, the concentration of solute species is not high enough to disrupt the
interface water structure under open circuit condition.

Derivative

— Au-H,S0,
— Pt-H,S0,
Pt-H,0

Intensity / A.U.

535 540 545 550
Energy / eV

Figure 4-10. O/s TEY XAS spectra measured at different interfaces. The top spectrum is
the derivative of the Pt-H,O spectrum in light grey.
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Cyclic voltammetry measurement was performed inside the flow liquid cell with either a
Ag quasi-reference electrode or a miniature Ag/AgCl reference electrode, and a Pt
counter electrode. The result is consistent with the well-known shape of the CV curve for
a Pt electrode immersed in H,SO4 solution,'* as shown in Figure 4-11a. For comparison,
CV curves measured from a single crystal Pt electrode'® are presented in Figure 4-11b.
Before reaching the oxygen evolution reaction (OER) potential, the broad feature starting
from ~0.6V vs Ag/AgCl is commonly assigned to Pt oxide formation or oxygen/hydroxyl

. 14,25-29
adsorption. ™

The negative peak showed in the opposite scanning direction is usually
assigned to oxide reduction or oxygen/hydroxyl desorption. In our case this intense

negative peak may also contain the reduction feature of the dissolved O; in the solutions.
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Figure 4-11. CV measurements of (a) the Pt thin film in 0.05M H,SOj solution in the
liquid cell; (b) single crystal Pt(111) electrode in HC1O4/H,SOy4 solutions. '

During operando XAS measurements, the bias was applied between the working
electrode (WE), i.e. the Pt thin film, and the Pt counter electrode (CE), by the SRS570
pre-amplifier, which has a bias output function. The reported potentials with respect to
the reference electrode (RE), Ag or Ag/AgCl, were the average values of the measured
potential difference between WE and RE, before and after the acquisition of each
spectrum. Although it is feasible to directly use three-electrode configuration in the
operando XAS measurement, such configuration introduces much higher level of noise in
the TEY signal. The source of the noise is possibly associated with the feedback
mechanism of the potentiostat, but is not entirely understood at this moment. Two-
electrode configuration introduces much less noise and thus generates more reproducible
results. However, the bias that can be applied between WE and CE has to be limited
within the £1.3V window to avoid water electrolysis, because the electrolysis reaction
produces large volume of gases and leads to rapid pressure buildup and eventually the
rupture of Si3N4 window. Between the double-layer capacitor region (~0.3V vs Ag/AgCl)
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and the oxygen evolution region, which is referred to as the positive potential region in
the following, the O/s TEY XAS spectra change prominently with potential. Compared
to the spectrum acquired at open circuit condition, a sharp pre-edge feature at ~534.8 eV
emerges and grows with potential, as shown in Figure 4-12a. Different from the pre-edge
feature that was observed at the Au/H,O interface, the width of this new feature is
noticeably smaller. In the case of Au/H,0, the pre-edge feature typically grows like a
shoulder; even when the height of the pre-edge feature grows up to about half of that of
the main edge, no noticeable dip can be observed on the higher-energy side of the feature,
as shown in Figure 4-7. In the Pt/H,SO4(aq) system, because of the smaller width of the
pre-edge feature, a noticeable dip is always present on the higher-energy side of the peak,
even when the intensity of the pre-peak is rather low, for example in the spectrum
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Figure 4-12. O/s XAS measurements in the positive potential region. (a) Ols TEY XAS
spectra measured at different potentials. (b) The intensity ratios between the pre-peak and
the main peak as a function of potential. Blue arrows highlight the order of the
measurements. (¢) The differences between the spectra measured at 0.73 V and 0.31 V,
1.13 Vand 0.31 V (vs Ag/AgCl), respectively.
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acquired at 0.31V vs Ag/AgCl. Moreover, the growth of the pre-peak is somewhat
reversible. Figure 4-12b highlights the dependence of the pre-edge-to-main-edge ratio
(Is35er/I537.v) on the electrochemical potential. The blue arrows indicate the order of
spectrum acquisition. From 1.27 V to 0.31 V and then back to 1.13 'V, the ratios roughly
fall on the same trend.

Another subtle variation in the spectra shown in Figure 4-12a is the extension of the post-
edge plateau towards higher energy when the potential becomes more positive. Such
change can be better illustrated in the difference spectra as shown in Figure 4-12c. Other
than the obvious sharp peak at ~535 eV, another broad feature can be seen above 540 eV.

Within the double-layer capacitor region, which is referred to as the negative potential
region in the following, similar spectral changes were observed as in the case of Au/H,O
interface: a relatively broader feature emerges in the pre-edge region and grows with
potential. Unfortunately, the spectra acquired in the negative potential region appear
noisier than those in the positive region. Figure 4-13 shows one of the spectra (raw data
and the fitted line) collected at the lowest possible potential (-1.25V between WE and
CE), in comparison with two typical spectra acquired in the positive potential region. The
height of the pre-edge feature is almost half of main-edge height. As discussed before, the
dip on higher-energy side of the pre-edge feature is less prominent in the fitted spectra,

0.73V vs Ag/AgCl

J 0.31V vs Ag/AgCl

-1.25V vs PY(CE)

Intensity / A.U.

535 540 545 550
Energy / eV

Figure 4-13. Comparison of typical O/s TEY XAS spectra measured in positive and
negative potential regions.
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compared to the spectra collected in the positive potential window.
4.2.3 First-Principle Spectra Calculations and Spectra Interpretation

Although potential-dependent spectral evolution was observed, the interpretation of these
spectra is rather difficult. The difficulties mainly arise from the involvement of multiple
species and the lack of reference spectra. Since there are many different ions/molecules
possibly present at the interface, theory has predicted several different co-adsorption
models at the interface, such as HyO + SO4”, H,O + H;0" + SO4”, H,O + H;0" + HSOy,
etc.”” When the electrochemical potential is positive enough, platinum oxide or hydroxide
may start to form. These species all contain oxygen atoms and contribute to the overall
Ols signals. Therefore, proper deconvolution of the spectra may be necessary for
quantitative analysis and interpretation. On the other hand, the O/s reference spectra of
several key species are unknown, such as hydronium ions and sulfate ions. Hydronium
ions almost don’t exist outside aqueous solutions. When they are mixed with large
amount of water, their contribution to the overall O/s spectra is almost negligible. Similar
reason also makes the XAS measurement of solvated sulfate ions very difficult in
aqueous solution. Without the reference spectra of these key species, it is almost
impossible to interpret the potential-dependent spectra.

— Mgs0, TEY
— Na,S0, TEY
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Figure 4-14. O/s XAS spectra of various sulfate salts.
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Although solid sulfate salt crystal can be readily measured by XAS, the O/s spectra of
the sulfate ions bound in an ionic crystal can be quite different from those of solvated
sulfate ions. Figure 4-14 shows the O/s XAS spectra of several different sulfate crystals.
Two of the spectra were measured in the fluorescence mode (Na,SO4 and CuSQO,), while
the other two in total electrode yield (TEY) mode (MgSO,s and Na,SO,). All of the
spectra exhibit three distinct features: a small peak centered at ~532 eV, a main peak at
~537 eV, and a broad feature around 545 eV. A small shoulder on the lower-energy side
of the main peak, at ~535 eV, can be barely discerned. Clearly, the spectral features that
grow in the positive potential region do not entirely match the salt spectra.

First-principle simulations prove to be a useful tool to help interpreting XAS spectra, as
illustrated in the case of Au/H,O interface® and several others.’™*' In order to understand
the physical origin of the changes in Ol/s spectra, first-principle spectrum calculations
were performed for sulfate ions and hydronium ions. Figure 4-15 shows the calculated
Ols XAS spectra of a hydronium ion, a sulfate ion, and a water molecule. Both ions are
solvated by water molecules in the structure model. The main absorption edge in the
hydronium ion spectrum appears at ~540 eV, higher than that of water molecule. It is
because the third proton comes with an empty orbital, and the oxygen atom donates one
of its lone electron pairs to this O-H bond, which reduces the electron density of the

oxygen atom. The sulfate ion spectrum has a sharp pre-edge peak and an intense main

— hydronium
—— sulfate

water
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Figure 4-15. Calculated O/s XAS spectra of hydronium ions, sulfate ions, and water
molecules.
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peak. The energy position of these two features is almost aligned with the pre-edge and
main-edge features in the water spectrum, at ~535 eV and ~537 eV, respectively.
However, both of them seem sharper in the sulfate ion spectrum. Another broad feature
appears beyond the post-edge feature in water spectrum, between 540-550 eV, which is
similar to the one seen in the sulfate salt spectra.

It is worth mentioning that as in the case of Au/H,O interface, the electronic coupling
between the interfacial species and the metal substrate was also observed in the
calculations. When the sulfate ions and hydronium ions migrate to the close proximity of
the platinum surface, the LUMO orbitals of both ions also delocalize by hybridizing with
the platinum band structure. But the extent of suppression in the case of sulfate or
hydronium ions is much less than that of water molecules. Therefore, in a qualitative
analysis, such suppression can be neglected.

Comparing the calculated sulfate ion spectrum with the difference spectra in Figure 4-
12c, the intense peaks at ~535 eV in the difference spectra possibly correspond to the pre-
edge peak in the sulfate ion spectrum, given the fact that the pre-edge feature is
substantially suppressed for the interfacial water molecules.® In experimental results, the
observation of the intensity dip on the higher-energy side of the pre-peak also partially
corroborate the finding in the calculations that the spectrum of sulfate ion exhibits a
sharper pre-peak compared to water. The residual intensity at the higher-energy end in the
difference spectrum is likely associated with the board post-edge feature of sulfate ions.
Around the main-edge position, the calculated spectra of water molecules and sulfate ions
both present intense peaks; therefore, the difference would depend on the ratio of these
two species at the interface, as well as the detailed difference in the intensity of their
main-edge features. Considering the sharpness of the pre-peak in the sulfate ion spectrum
and the lack of other intense features in the pre-edge regions in other spectra, the intensity
of the pre-peak (or pre-peak/main-peak ratio) is a reasonable indicator of the presence of
sulfate ions on the Pt surface. As shown in Figure 4-12b, the pre-peak/main-peak ratio is
positively correlated to the potential applied to the Pt working electrode, indicative of the
increase in sulfate ion coverage with positive potentials.

The accumulation of sulfate ions at the Pt/H,SOs(aq) interface may have other
consequences apart from simply excluding water and other absorbates. Accompanying
the accumulation of the anions, negative charges will also build up at the interface, which
can attract more cations into the double layer. Moreover, large concentration of sulfate
ions at the interface can profoundly alter the hydrogen-bonding network of interfacial
water molecules. Each of these effects can lead to variations in the O/s XAS spectra. The
absence of discernible features around 540 eV indicates that the concentration of
hydronium ions is not high enough for XAS detection. The information regarding the
69



changes in hydrogen-bonding network is probably convolved with the substantial spectral
change resulting from sulfate accumulation, and is extremely difficult to extract.

In the negative potential region, the feature corresponding to the hydronium ions around
540eV is still absent in the O/s XAS spectra, indicating that the mass accumulation of
hydronium ions may require more negative potentials. Instead, similar trend as in the case
of Au/H,O system was observed: as the potential goes more negative, the pre-edge
feature grows up. This indicates that within the double-layer capacitor region, the water
molecules can reorient themselves, like those at the Au/H,0O interfaces.

Although the broad peak around +0.6V vs Ag/AgCl in the CV curves measured with
polycrystalline Pt electrode is commonly assigned as oxide formation or oxygen/hydroxyl

adsorption in the literature,'**

our result says otherwise. XAS spectra of platinum
oxides and various surface oxygen species on platinum were measured in situ by Miller et
al. in an AP-XPS chamber, all of which present a main absorption edge at ~530 eV in the
Ols region.”” None of our TEY XAS spectra exhibit discernible features around 530 eV.
Based on our findings from in situ and operando XAS experiments, we believe that
sulfate ion adsorption is the main chemical process that occurs within the broad peak
region, starting from 0.6V vs Ag/AgCl in the CV curves measured with polycrystalline Pt
electrode. Unlike the sharp peaks related to sulfate ion adsorption in the CV curves of
single crystals, the peak in the case of polycrystalline Pt electrode is substantially
broadened, possibly because many different facets are present on the polycrystalline
surface, along with many edges, kinks, and grain boundaries. Platinum oxides may start
to form when the electrolysis reaction starts at higher potentials, but unfortunately our
liquid cell cannot accommodate fast gas evolution at this moment. It has to be pointed out
that our results cannot rule out the oxidation of Pt at the interface, but it is clear that if
oxidized, Pt doesn’t bond to oxygen or hydroxyl group directly, but possibly coordinate
with adsorbed sulfate anions.

4.2.4 Potential-Dependent Spectral Evolution at Au/H,SO4(aq) Interfaces

Similar sulfate adsorption phenomena have been observed by EC-STM on several other

d."*2% To corroborate the results on

single crystal metal surfaces, such as Au, Cu, and P
Pt/H,SO4(aq) interface, similar experiments were performed on a gold electrode in 0.05

mol/L H,SOy4 solution.

Within the potential window that is accessible with a two-electrode configuration, the
potential-dependent trend in Ols TEY XAS spectra is similar to that at Pt/H,SOu(aq)
interface, as shown in Figure 4-16. Within positive potential window, a sharp pre-peak at
~535 eV related to sulfate ion adsorption grows with increasing potential, accompanied
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by an extension of the post-edge plateau to higher energy. At around +0.46V vs Ag/AgCl,
almost all the sulfate ions desorb from the interface and the O/s spectrum resembles the
one measured at open circuit condition. When the potential goes more negative, water
molecules start to reorient at the interface, creating more broken hydrogen bonds. As a
result, a pre-edge feature emerges at ~535 eV, but no extension of the post-edge feature
can be observed.

The spectral evolution is also reversible in this case. After measured in the negative
potential region for several hours, a positive potential (0.70V vs Ag/AgCl) was applied to
the working electrode. The sulfate-related sharp pre-peak, as well as the extension of the
post-edge feature appeared once again in the O/s TEY XAS spectrum.

0.70v

0.27v

0.18Vv

0.46V

Intensity / A.U.
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J\/"\J‘
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Energy / eV

Figure 4-16. Potential-dependent O/s TEY XAS spectra measured at Au/H,SO4(aq)
interface.
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This experiment revealed similar interfacial phenomena at Au/H,SOs(aq) interface. It
also further excludes the existence of oxides formation within the potential window in
this measurement, because gold is very difficult to oxidize.

4.3 Conclusions

The results presented above demonstrate the power and the potential of the newly
developed in situ and operando XAS technique. The combination of in situ and operando
XAS characterization and first-principle simulations helped elucidate the chemical
processes that happened at the solid/liquid interfaces.

At Au/H,O0 interface, the hydrogen-bonding network is largely disrupted by the interface,
leaving more broken hydrogen bonds than in bulk water. But the delocalization of the
LUMO orbitals of water molecules into the gold substrate, greatly suppresses the pre-
edge feature that is typically associated with broken hydrogen bonds. These interfacial
polar molecules can respond to external electrical field and reorient, producing potential-
dependent O/s TEY XAS spectra.

At Pt/H,SO4(aq) or Au/H,SO4(aq) interfaces, similar water reorientation behaviors were
observed in the negative potential region. In the positive potential regions, the spectral
evolution is different from that of Au/H,O system. The changes in the spectra are
possibly related to the sulfate ion adsorption at the interface, contradicting many reports
that proposed an oxide formation or oxygen/hydroxyl adsorption processes.
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Chapter 5

Summary and Outlook

Abstract

This chapter summarizes all the studies presented in this dissertation as well as their
significance in fundamental understanding of reaction mechanisms and future design of
better catalysts. Some limitations of current AP-XPS and in situ XAS technique are also
discussed, and possible solutions and optimizations are proposed.
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5.1 Summary

Many gas-phase catalytic reactions and electrochemical reactions have important
industrial applications. All of these applications have similar goals: high efficiency, low
cost, and minimum environmental impact. In order to achieve these goals, designing
better catalysts and electrode materials is the key. The first step towards designing better
catalysts or electrode materials is to understand the reaction mechanisms of existing
systems, particularly the interfacial phenomena in these heterogeneous reactions. The
goal of this dissertation is to use x-ray photoelectron spectroscopy (XPS) and soft x-ray
absorption spectroscopy (sXAS) to investigate some relevant solid/gas and solid/liquid
interfaces under reaction conditions.

XPS and sXAS are two element-specific and chemical-state-specific characterization
techniques, but traditional XPS and sXAS instrument operates in ultra-high vacuum
environment. Recently, researchers have demonstrated that with proper modifications,
these vacuum-requiring techniques can be used to characterize solid/gas or solid/liquid
interfaces under ambient conditions, which opens the way towards in situ and operando
characterization of many heterogeneous reaction systems.

In the study regarding Co catalyst for Fischer-Tropsch (F-T) synthesis, AP-XPS
characterization confirmed that CO adsorbs strongly on Co surface and desorbs at around
90°C. Small amount of sulfur contamination on the Co surface substantially weakens the
CO adsorption and thus poisons the reaction. Under reaction conditions, the Co surface
remains metallic. The water molecules in the reaction products can potentially oxidize the
Co surface and consequently hinder the catalytic reaction at lower temperature. When the
reaction temperature is above 250°C, H, is responsible for reducing Co to metallic phase
and keeping the catalyst active. These findings corroborated the empirical knowledge
obtained from industrial practice and helped the understanding of the reaction mechanism
in Co-catalyzed F-T reactions.

In the study of Co.Pd, alloy nanoparticles for catalyzing CO oxidation reaction, the
dependence of catalytic activities on the nanoparticle compositions was explained by
surface segregation of CoOy and synergetic mechanism of coexisting Co/CoOx and Pd on
the catalyst surface, revealed by AP-XPS measurements. Such synergetic effect can be
useful for designing other multi-component catalysts for CO oxidation and other similar
reactions.

Two solid/liquid systems were characterized by our newly developed in situ and
operando XAS technique. XAS results combined with first-principle simulations
confirmed the potential-dependent reorientation behavior of water molecules at the
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Au/H,0O interfaces, which has been proposed by other researchers based on indirect
evidences provided by vibrational spectroscopy and surface x-ray scattering techniques.
In the Pt/H,SO4(aq) and Au/H,SOs(aq) systems, potential-dependent XAS spectra
indicated sulfate ion adsorption at the interface with unnoticeable Pt oxide or hydroxide
species in the positive potential regions, which challenged the long-established “Pt oxide
formation” or “oxygen/hydroxyl adsorption” mechanism within such potential window.

All four cases presented here in this dissertation illustrate the power of these two in situ
and operando x-ray spectroscopy techniques, i.e., AP-XPS, and in situ/operando XAS.
The information acquired from these experiments not only helped elucidate the reaction
mechanisms and other fundamental aspects in these heterogeneous reactions, but also
provided useful insight to guide the material design for the applications based on these
reactions.

5.2 Outlook

At current stage, most AP-XPS instrument can tolerate pressures up to several Torr."
Although the characterization under such conditions provides much more relevant
information of solid/gas interfaces compared to traditional surface science techniques
operating in UHV, the accessible pressure range is still far below that in the actual
industrial applications. Some of the industrial applications require tens or even a hundred
of atmospheric pressure, 4 or 5 orders of magnitude higher than the maximum operating
pressure in AP-XPS. Such pressure gap seems unlikely to be overcome by current AP-
XPS instrumentation.

As discussed in Chapter 2, similar design as the flow liquid cell can be used to design an
in situ gas cell.” Depending on the mechanical strength of the Si;N; membranes, the gas
cell can tolerate much higher pressure than AP-XPS instrument. For example, the 100nm-
thick SizN4 membranes that were used in the liquid cell experiments are able to sustain a
pressure difference up to 3-4 bar. With slightly thicker membranes, even higher pressure
can be achieved in the gas cell, with some sacrifice in the transmitted x-ray photon flux.
As demonstrated by Tuxen et al.,” such gas cell can be useful when studying gas-phase
catalytic reactions involving 3d transition metal and their oxides.

As for the study on solid/liquid interfaces, one of the obvious shortcomings is the
incompatibility with gas evolution reactions. The closed tiny reaction chamber with only
two small-diameter outlets cannot accommodate rapid pressure buildup in gas evolution
reactions. One possible solution is to design a third outlet that connects the reaction

chamber directly with the atmosphere, allowing immediate pressure release during gas
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evolution. Nevertheless, rapid bubble formation at the solid/liquid interfaces, as well as
the ionized gas molecules produced by x-ray photons, raises serious concerns about
signal interference.

Another promising approach to investigate solid/liquid interfaces is to use the thinnest
possible materials, e.g., graphene, graphene oxide, and other two-dimensional (2D)
materials, as the membrane. These 2D materials, with just one or few layers of atoms, are
transparent to not only x-ray photons but also electrons, as demonstrated in many recent
in situ TEM studies using graphene liquid cells.*> Such electron-transparency makes it
possible to collect photoelectrons ejected from the materials sealed underneath these
membranes. As demonstrated by Kolmakov et al..° a single layer of graphene oxide is
mechanically robust enough to seal ambient-condition solutions underneath for XPS
measurement. Our group is currently developing new liquid cells with such ultra-thin
windows. Current AP-XPS instrument can only be used to study liquid samples in
equilibrium with their vapors, or more precisely liquid/vapor interfaces. If successfully
made, the liquid cells with ultra-thin membranes will enable in situ XPS measurement of
real ambient-condition liquid. Furthermore, partial electron yield (PEY) or Auger electron
yield (AEY) XAS spectra of the ambient liquid can also be collected by the electron
analyzer in the XPS chamber. As explained in Chapter 2, these two detection modes
collect electrons with specific kinetic energies or within a narrow kinetic energy window,
which provide information with more well-defined probing depth.
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