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In recent years there has been a significant drive in the surface science to 

investigate heterogeneous processes under realistic conditions. In this dissertation the 

quantification and analysis of heterogeneous systems were explored by a variety of 

techniques to elucidate complex electronic and chemical properties of surfaces in the 

presence of fundamental gases. In particular, photoelectron spectroscopy operated 

under ambient pressures was employed to assess chemical reactions and phase 

transitions of model and applied surfaces. Specifically, this dissertation will focus on 

the impact of adsorption of water and oxygen on interfacial compositions of salt and 

metal oxide surfaces. First the extremely hydroscopic system of zinc bromide was 

investigated as a function of relative humidity with high pressure photoelectron 

spectroscopy. Advanced analysis of isothermal water uptake yielded results which 

quantified the energetics of adsorption. Innovative assessment of surface composition 

with lab-based photoelectron spectroscopy produced findings previously limited to 

synchrotron-based techniques. Second, the effects of water adsorption upon epitaxial 

metal oxide films structural relaxation through hydroxylation were investigated. 

Evidence based on experimental and theoretical observations suggest that various 

mechanisms of water dissociation may exist between manganese and nickel oxide 

films but also that the adsorption of water dimers at higher pressures significantly 

alters the reaction mechanism, promoting further hydroxylation events. Lastly, the 

photocatalytic properties of manganese oxides were explored under reaction 
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 xviii 

conditions with exposure to light, water, and oxygen gases. Insights were made into 

the mechanisms of photo reactions with carbonaceous species with implications in 

photocatalysis. Overall this dissertation strives to highlight the analysis of complex 

heterogeneous systems with surface sensitive techniques focusing on in-operando 

conditions that are of broad interest to the surface science community and to provide 

enhanced understanding of important gas adsorption processes. 



 1 

INTRODUCTION 

1.1 Introduction to Surface and Heterogeneous Chemistry 

The field of surface science has made tremendous advancements over the past 

century. Many characteristics of material surfaces have been elucidated, such as the 

atomic and electronic structure, reactivity, and chemical dynamics thereof. Pioneering 

work of surface scientists has been globally recognized resulting in several Nobel 

prizes from the likes of I. Langmuir in 1932 to G. Ertl in 2007, highlighting the critical 

importance that surface chemistry plays in the scientific community. The use of ultra-

high vacuum (UHV) environments in the experimental investigation of surfaces have 

constrained the implementation of many surface science imaging and spectroscopy 

techniques to preclude the study of interfaces under higher pressures. Scientists have 

studied adsorption of gas phase molecules on substrates with cryogenic temperature 

experiments to reach quantifiable coverage of weakly bound adsorbates. However, 

under real world conditions most heterogeneous surfaces are in contact with gases and 

liquids at or above ambient pressures and temperatures. When considering these 

realistic conditions of surfaces of interest are expected to be covered with condensed 

layers of adsorbates in equilibrium with the gas phase while also being at ambient 

temperatures or higher, which can drastically impact kinetic processes that cryogenic 

temperature studies are unable to access [1]. The structure of surfaces can be very 

different under ambient conditions from samples under high vacuum when observed 

with traditional surface characterization techniques. Thus, there has been concerted 
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effort made to push the boundaries of surface science to study heterogeneous 

phenomena under relevant temperatures and pressures with major strides being made 

to the instrumentation of numerous techniques to accommodate the measurement of 

samples under elevated conditions. 

This dissertation focuses primarily on heterogeneous systems containing 

gaseous water adsorption events. Water is a ubiquitous adsorbate on most surfaces 

with major relevance in many environmental, atmospheric, and industrial systems. The 

interactions of water on surfaces have been the focus of numerous surface science 

researchers over the years, the results of their investigations summarized have been in 

prominent reviews by Thiel and Madey [2] and Henderson [3] with efforts ongoing to 

its continued study. Water adsorption over most surfaces starts with the adsorption of 

monomers, progresses to the formation of monolayers, and subsequent condensation 

of bulk water and has the potential to react with the surface changing the chemical 

properties of the material [4]. Quantification and assessment of the behavior of water 

at the interface of surfaces is critical to the understanding processes occurring within 

the environment, heterogeneous catalysis, electronic devices, and biological systems. 

This dissertation will examine heterogeneous water adsorption upon insulator and 

semiconductor surfaces of salts and metal oxides which serve as important substrates 

in many of these important processes.  

1.2 X-ray Photoelectron Spectroscopy  

Photoelectron spectroscopy is among the most suitable approaches used to 

investigate the electronic and chemical composition of solid surfaces. The concept of 

photoelectron spectroscopy is based on the photoelectric effect postulated by Einstein, 

wherein the photons of light can interact with an electron in an atom and if they 
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possess sufficient energy can emit the electron from a material. A Swedish scientist 

named Kai Siegbahn demonstrated the use of an instrument which could detect 

photoelectrons as an analytical tool to probe surface chemistry in the 1960’s [5]. Kai 

Siegbahn was awarded the Nobel Prize in Physics in 1981 for his efforts in the 

development of high-resolution electron spectroscopy. The instrument caused the 

excitation of core shell electrons from solid samples using characteristic X-rays 

causing their emission and their subsequent detection with energy dispersive electron 

analyzers revealed chemical information that was dependent on the photoelectron’s 

kinetic energies. The interpretation of these results led to the technique being initially 

termed electron spectroscopy for chemical analysis (ESCA), now more often referred 

to as X-ray photoelectron spectroscopy (XPS).  

Today, XPS is one of the most common surface sensitive experimental 

techniques due its powerful utility of combining atomic and chemical specificity with 

submonolayer quantitative sensitivity. XPS utilizes high energy X-ray photons to 

irradiate the surface of a sample leading to the ejection of photoelectrons from atomic 

core shell orbitals that are detected based on their kinetic energy (Figure 1.1). The 

theoretical model of the photoemission mechanism was developed by Berglund and 

Spicer wherein the process is described as a three-step model. This approach proceeds 

as follows, first the optical excitation between ground and final Bloch states, then 

transit of the electron to the surface interface, and finally the escape of the electron 

through the surface into the vacuum.  
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Figure 1.1: Representation of the excitation of a core shell electron by X-ray 

irradiation and energy levels related to its ejection as a photoelectron. 

The probability of an electron adsorbing light energy to transition from a 

ground to free state is dependent on the photoionization cross-section which is related 

to the photon energy, atom, and electron orbital. The surface sensitivity XPS results 

from the strong interaction of electrons with matter which occurs during the second 

step of the model as the electron travels to the surface. Photoelectrons which 

experience an inelastic collision with matter lose kinetic energy may still be detected 

by XPS and arise as artifacts of the spectra, i.e. Bremsstrahlung radiation, or the 

photoelectrons may experience enough collisions to never escape the sample surface. 

The main advantage of XPS is its sensitivity to the material surface because the 

photoelectrons which are detected are emitted from only the top few nanometers of the 

sample interface. The low inelastic mean free path (IMFP) of electrons traveling 

through a solid (Figure 1.2) only permit photoelectrons escaping from the outermost 

sample surface (1-10 nm) to reach the detector unimpeded by collisions with 

surrounding atoms . 
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Figure 1.2: Inelastic mean free path (λm) in angstroms as a function of the kinetic 

energy of the photoelectrons for various solid elements. Reproduced with 

permission from [6]. 

In the final step of the model to cross the surface the electrons must overcome 

a potential barrier known as the work function. The work function is defined as the 

amount of energy required to get the electron from the Fermi level into the vacuum, 

where it is free from any influence of its parent atom. Taking the work function into 
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account the energy of the emitted photoelectron can be determined from the law of 

conservation of energy is given by equation (1.1) 

 

𝐸𝐾∗ = ℎ𝑣 + 𝐸𝐵 + ɸ𝑠𝑎𝑚𝑝𝑙𝑒       (1.1) 

where EK is the kinetic energy (KE) of the ejected electron, hν is the energy of the 

incident photon, EB is the binding energy (BE) of the core electron and φsample is the 

work function of the sample. The BE the defined as the amount of energy needed to 

free an electron from its orbital and is dependent element as well as the chemical 

environment surrounding the atom. The effect of the chemical environment around the 

atom results small change in the BE of the emitted photoelectron known as a chemical 

shift in the XPS spectra. The chemical shifts in XPS are generally distinct from the 

principle peak with well-defined energy differences that enables the assignment of 

oxidation sates or chemical species present within the sample. In the Equation (1.1) 

the BE is measured with respect to the Fermi level of the sample, however 

experiments performed within this dissertation the sample holder and hemispherical 

analyzer were grounded together through the same electrical cable. This configuration 

is used to prevent sample charging and aligns the Fermi level of the sample to that of 

the analyzer. Thus, the resulting measured kinetic energy of photoelectrons must only 

consider the work function required for the electron to enter the analyzer, eliminating 

the variability of φsample from sample to sample, and is defined by Equation (1.2) 

 

𝐸𝐾∗ = ℎ𝑣 + 𝐸𝐵 + ɸ𝑎𝑛𝑎𝑙𝑦𝑧𝑒𝑟       (1.2) 

where φanalyzer is the work function of the analyzer. 
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Figure 1.3: Total electron scattering by hydrogen gas (1 mbar). The scattering cross-

section and IMFP of the electrons are displayed as a function of their 

kinetic energy. Reproduced with permission from [7]. 

XPS has predominantly been operated under UHV conditions. There are several 

reasons why UHV environments were utilized in XPS instrumentation. Firstly, the 

design of X-ray anodes and electron analyzers need high vacuum levels to operate. 

The electrons must also travel distances on the order of 1 meter to reach the analyzer 

and due to the large scattering cross section between electrons and gas phase 

molecules UHV conditions are required to stretch the mean free path of the electrons 

out beyond this distance for sufficient detection (Figure 1.3) [7]. Lastly the UHV 

pressures preserve the sample surface from potential contamination during the lifetime 

of an experiment. If one assumes a sticking coefficient of 1, than a typical surface is 

covered by a monolayer of gas molecules in approximately one second at a pressure of 

10-6 Torr (1 Langmuir). Gas contaminations at the ppm or even ppb level can poison a 

sample in the same time it takes to collect a spectrum. UHV pressures on the order of 
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10-10 Torr and below allow for the sample to remain at contamination levels acceptable 

for quantifiable XPS analysis. This constraint of UHV chamber pressure and limited 

the study of XPS to solids of low vapor pressure and a complete lack of heterogeneous 

systems to be studied without the aid of cryogenic sample holders to condense gases 

or extremely low-level dosages of gases.  

1.3 Ambient Pressure X-ray Photoelectron Spectroscopy  

Since the early development of XPS, K. Siegbahn recognized that the UHV 

environment in XPS instrumentation would significantly limit its applications to the 

solid-vacuum interface. In the late 1960’s, Siegbahn and coworkers began to take XPS 

spectra of gases through the advent of differential pumping [8]. This was followed by 

the pursuit of examining low volatility liquids in the early 1970’s [9] by K. Siegbahn 

and H. Siegbahn. These foundational studies were the birth of what is often referred to 

as ambient pressure XPS (AP-XPS), which combines the powerful utility of 

conventional UHV XPS with the ability to analyze samples in the presence of a 

surrounding gas. From the early development of the instrumentation Kai Siegbahn 

recognized that the UHV environment essential in conventional XPS machines were 

limiting the applications of this technique to the solid vacuum interface. Thus, 

developments such as differential pumping were made to the instrumentation to limit 

the electrons scattering through the gas phase, to enable the study of liquids [8,9]. 

Over the past few decades several advancements to the instrumentation have allowed 

AP-XPS systems to probe interfacial surfaces at higher pressures. These advancements 

include the development of a differentially pumped electrostatic lens, X-ray 

transparent windows, and collection apertures, (Figure 1.3) enabling photoelectron 

measurements to “bridge the pressure gap” and study interfacial systems at near 
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ambient pressures [1,10-12]. These developments significantly limit the distance that 

that photoelectrons travel through the high-pressure gas phase allowing the 

spectrometer to efficiently collect signal despite the short IMFP of the electrons. Each 

successive differential pumping stage are separated by small apertures and serve to 

lower the pressure from the previous stage while the electrostatic lenses accelerate the 

photoelectrons through the gas phase and focus them through the apertures. 

Figure 1.4:  A schematic of a differentially pumped electrostatic lens system typical 

of modern AP-XPS systems. The electrostatic lenses focus the electrons 

onto the apertures between each differential pumping stage. The 

differential pumping stages reduce the pressure of gas the electrons 

increasing the mean free path and allowing more electrons to arrive at the 

detector. Reproduced with permission from [4]. 

AP-XPS systems are presently commercially available and growing in demand 

with instruments disbursed at synchrotrons and laboratories around the world. AP-

XPS allows for samples to be probed under large ranges of temperature and pressure, 
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ranging from UHV up to 20 to 30 Torr. Such capabilities allow for the molecular level 

probing of solid-gas, liquid-gas and solid-liquid interfaces under ambient conditions. 

This surface science technique is a powerful, multidisciplinary tool as evidenced from 

a number of reviews over the past decade utilizing AP-XPS in catalysis [13-21], solid-

gas interfaces [4,10,22,23], aerosols [24], energy materials [25], dielectric oxides [26], 

operando spectroscopy [27-32], electrochemistry and solid-liquid interfaces [33-40]. 

In addition, the technical developments, practical considerations and instrumental 

achievements of synchrotron-based and lab-based AP-XPS systems have been 

highlighted in a number of reviews [1,11,12,41-45]. The description of the AP-XPS 

within the Newberg Lab is presented in Chapter 2 on which much of the work within 

this dissertation was conducted, alongside discussion of system performance and 

exploration into the sources of signal loss present in near ambient pressure 

experiments. 

The field of AP-XPS is ever expanding in both the science it pursues and the 

development of instrumentation that drives forward advances leading to new insights 

into important systems. To date lab-based AP-XPS systems have used either Al 

(1486.6 eV) or Mg (1253.7 eV) K X-ray sources. In line with recent developments of 

synchrotron-based AP-XPS being coupled to tender [46,47] and hard [48] X-ray 

sources, the use of higher energy lab-based X-ray sources would also be a power 

addition to the lab-based AP-XPS community. For example, a UHV XPS system has 

incorporated both an Al K (1486.6 eV) source and an Ag L’ (2984.6 eV) source 

[49]. Coupling a Cr K (5.4 keV) X-ray source is also a possibility [50]. Such 

capabilities would allow for deeper sample probing with the ability to examine the 

solid-liquid interface of electrodes [51]. A complementary push is also being made to 
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be able to probe the solid-liquid interface via lab-based AP-XPS through the 

development of graphene membranes [52,53]. In addition to having two X-ray 

sources, having two analyzers, one vertically oriented and the other horizontally 

orientated, could offer advantages of probing a fixed sample at normal versus grazing 

angles. While such a system may have geometric constraints with two electrostatic 

lens analyzers, there does exist a UHV XPS system with this philosophy [54]. There 

also exists a movement toward automated operation of lab-based AP-XPS where most 

previous AP-XPS systems have been almost entirely manually operated by a skilled 

technician. The automated system is sophisticated enough to handle sample entry, 

manipulation, focusing, and gas handling which allows these types of system to 

function with faster sample turnover and less demand on the user. [55] Greatly 

expanding upon the ease of use could be an avenue to pursue, in hopes to potentially 

increase the type of research conducted and add new fields to the already established 

communities that utilize AP-XPS. 

1.4 Overview of Dissertation  

As the introductory sections would suggest, this dissertation focuses on the 

study of heterogeneous processes, primarily with photoelectron spectroscopy. The 

advent of so called ambient pressure X-ray photoelectron spectroscopy has enable the 

study of many heterogeneous interactions in-situ with extreme surface sensitivity. 

Within Chapter 2 the design and functionality of AP-XPS is discussed alongside 

foundational experiments assessing the performance and important metrics of the 

instrument. This dissertation looks to elucidate fundamental heterogeneous processes 

between a gas phase and semiconductor surface, particularly that of salts and metal 

oxides. The gases of interest being studied are chiefly water, a ubiquitous molecule 
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throughout the world, as well as oxygen. The interactions of these molecules with 

surfaces are involved in critical mechanisms in many important processes within the 

environment and technology.  

In Chapter 3 the adsorption of water onto the hygroscopic salt of zinc bromide 

was investigated as a function of relative humidity with high pressure photoelectron 

spectroscopy. The solid/vapor and liquid/vapor interface between salt and water are 

important systems in the environment and therefore are a subject of fundamental 

interest. Isothermal experiments produced data sets which could be used to quantify 

the energetics of adsorption. Many questions remain on the behavior of ions present at 

the interface of a salt solution with vapor, as various ionic species have been shown to 

behave differently. The zinc bromide interface was probed n with lab-based 

photoelectron spectroscopy to elucidate the nature of the anion and cation surface 

distribution. An anionic concentration enhancement was observed for the bromide 

species, in line with its chaotropic classification. 

In Chapter 4, the interaction of water adsorption upon epitaxial metal oxide 

films supported on silver substrates was investigated. Thin-film semiconductor 

structures are the basis for a large part of modern electronics and have applications 

ranging from electrochemistry, gas sensing, to catalysis. Evidence based on 

experimental and theoretical analysis suggests that hydroxylation events occur on 

manganese and nickel oxide films that may be dependent on relative humidity and 

time. The chemical reactions occurring on the surfaces of films can alter properties of 

the film both to its benefit or detriment. The abundance of water in every environment 

lends its adsorption properties to be of great interest for fundamental research. The 

hydroxylation of the films, which was observed, differed from the literature of the 
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bulk material in the case of nickel oxide. The extent of water adsorption on the films 

leading to dissociation was in good agreement with studies of other transition metal 

oxide film hydroxylation reactions where the participation of water dimers is 

energetically favored to produce hydroxyls.  

Within Chapter 5, the chemical properties of manganese oxides were 

investigated aimed at heterogeneous interactions involved in photocatalytic reactions. 

Exposures to photoreactive conditions were applied to manganese oxides of different 

structure and oxidation states were explored. The surfaces of naturally occurring oxide 

overlayers on manganese and electrodeposited manganese oxide films were 

characterized and evaluated for photocatalytic capacity. Lastly, Chapter 6 summarizes 

the main conclusions and future directions related to the fundamental heterogeneous 

chemistry described in this dissertation.  
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LAB-BASED AMBIENT PRESSURE SYSTEM AND PERFORMANCE 

CHARACTERIZATION 

2.1 Abstract 

Within this chapter the design of a lab-based Ambient pressure X-ray 

photoelectron spectroscopy (AP-XPS) system with the capability to exchange its small 

volume analysis chambers is described. AP-XPS is a powerful spectroscopy tool that 

is able to bridge the pressure gap and probe sample surfaces under heterogeneous 

environments. The Ag 3d(5/2) core shell of a silver foil standard was analyzed at room 

temperature to determine several characteristic parameters of the instrument using 

three different electrostatic lens modes: angular, transmission, and acceleration. Ag 

3d(5/2) peak attenuation, differential pumping stage pressures, and pump work load 

were assessed under varying N2(g) analysis chamber pressures of up to 20 Torr. 

Efforts made to improve chamber base pressure and to remove contaminants through 

high temperature baking and plasma cleaning were examined through pressure gauge 

measurement and mass spectrometry. The aspects inherent to AP-XPS instrumentation 

and technique which affect signal acquisition efficacy under high pressures are 

outlined and the interconnected nature of the parameters are delineated. 

2.2 Introduction 

X-ray photoelectron spectroscopy (XPS) is a powerful tool that is both 

elemental and chemical specific and that has the ability to probe changes in electronic 

Chapter 2 
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states of surfaces with submonolayer resolution. Traditionally XPS has been 

performed under UHV conditions to enable the operation instrumental components, 

such as multichannel plates in the analyzer and detection of electrons with short mean 

free paths through elevated gas phase pressures. This constrained the use of XPS to the 

investigation of the solid/vacuum interface which provides incomplete information on 

the systems of study. The interface between a surface of a solid and a liquid or a gas 

phase, plays a prominent role in numerous industrial processes and technological 

entities, such as coating deposition, plasma etching, thin film depositions, magnetic 

and optical devices, electrochemical processes on electrodes, sensors and catalysis, as 

well as environmental and atmospheric processes [4,10,13,56,57]. 

To overcome the obstacle of pressure, or to “bridge the pressure gap” between 

UHV and Torr level environments, newer generation ambient pressure XPS (AP-XPS) 

electron spectrometers incorporate a lens system whereby the mean free path of the 

electrons ejected from the sample surface in the analysis chamber is lowered in most 

systems by bringing a cone shaped aperture (typically ~0.3 to 1.0 mm diameter) within 

close proximity of the sample surface [58]. Behind this initial aperture is a 

differentially pumped electrostatic lens system that transitions the electrons from the 

sample analysis chamber environment at Torr level pressures, to the electron energy 

analyzer under UHV conditions. The pressure drop behind the first aperture is several 

orders of magnitude and the amount of electron scattering by gas molecules decreases 

dramatically. In AP-XPS systems, the majority of the scattering occurs within the 

high-pressure region between the aperture and the sample. Operating under Torr level 

pressures in the analysis chamber also allows for gas-surface adsorption studies at 
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elevated temperatures, thus overcoming the “temperature gap” from cryogenic to 

ambient conditions mentioned in Chapter 1. 

There has been a tremendous growth in APXPS studies as evidenced by 

reviews, reports and book chapters utilizing this technique in energy and 

environmental research [4,12-15,23,24,27-29,33,59-68]. However, most of these 

studies have been confined to the synchrotron research setting where the newest 

generation of APXPS technology has been developed. A synchrotron offers advantages 

over a laboratory X-ray source, including the ability to vary the X-ray energy, 

allowing for X-ray absorption studies and shallow probing depths. However, 

synchrotron APXPS systems also have disadvantages, being bound by limited 

beamtimes and, depending on the beamline, large X-ray fluxes which can be 

damaging to samples that are conducive to beam damage [69]. A comprehensive 

review of lab-based AP-XPS systems has been offered by Arble et al. [58], that 

provides detailed history on the development of AP-XPS instrumentation and which 

highlights unique results from heterogeneous chemical systems investigated within 

these systems.  

This chapter illustrates the design and results of commissioning experiments for 

a lab-based APXPS system within the Newberg group at the University of Delaware. 

Many experimental details related to AP-XPS instrumentation used within the 

subsequent Chapters 3 and 5 are provided within this section. This system was 

designed with the removable chamber concept, allowing for the sample analysis 

chamber to be swapped with different analysis chambers that can be customized to a 

particular experiment. In this Chapter results of instrument operation under vacuum 

conditions and in the presence of N2(g) up to Torr level pressures are presented as well 
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as vigorous discussion of signal collection efficiency and vacuum base pressure 

procedures, reproduced with permission from [58,70]. 

2.3 Experimental Details 

2.3.1 Sample Preparation and Methods 

The following data were captured by examining the Ag 3d(5/2) peak at 368.3 

eV [71] of a high purity silver foil (Alfa Aesar, 99.998%, 0.25 mm thick). Prior to 

analysis the foil was physically scraped with a blade to expose a fresh Ag surface. In 

some cases, the foil was additionally sputtered within the analysis chamber. All 

measurements were done with an angle of 70 from X-ray incidence to electron 

detection. The electrostatic lenses and analyzer were positioned 20 relative to the 

sample normal. Spectra for Figure 2.2 and 2.4 were collected using a 0.8 mm curved 

slit and 100 eV pass energy. Spectra for Figure 2.5 were collected 0.8 mm curved slit, 

200 eV pass energy and a 3-minute acquisition. The spectra within Figure 2.5 attained 

at 20 Torr N2(g) was collected for 4.5 hours. 

2.3.2 Lab-Based Ambient Pressure X-ray Photoelectron Spectroscopy (AP-

XPS) 

This section describes the instrumentation of the AP-XPS system used for 

experiments within this dissertation, full details of the system can be found in 

Newberg et al. [70]. The electron analyzer is a VG Scienta HIPP-2 R4000, a 

combination of a 200 mm mean radius high resolution analyzer[72] and an 

electrostatic lens system (Figure 2.1). The lens is pumped in two different zones, 

Stage 1 (green) and Stage 2 (yellow). The receiving lens is pumped by Stage 3 (teal) 

while the dome is pumped by Stage 4 (grey). The analysis chambers were designed to 
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be interchangeable and are attached to an adaptor on the HIPP-2 R4000. The high-

pressure zone (brown) is the sample analysis chamber and is separated from the 

electrostatic lens by a small differentially pumped aperture. 

The hemispherical analyzer possesses nine interchangeable slits positioned on 

a rotating wheel which range from 0.2 mm to 4 mm in the energy dispersive direction 

and operates at pass energies of 50, 100 and 200 eV. The analyzer can operate in 

several modes, including angular, transmission, and a “swift” acceleration mode[73] 

(here after referred to as “acceleration mode”). The MCP/CCD electron detector 

includes a 40 mm diameter MCP that is used to illuminate a phosphor plate whose 

light intensity is captured 70 frames s–1 CCD camera; the signal collected by the 

system is outputted as a 2D array. The transmission and angular lens modes collect the 

information of photoelectron energy along one axis of the 2D image and preserve the 

spatial and angular information of the photoelectrons on the other axis, respectively. 

The pre-lens is separated from the high-pressure analysis chamber using exchangeable 

cone-shaped titanium apertures with diameters of 0.3 mm, 0.5 mm, or 0.8 mm. The 

data presented within this dissertation were collected with the 0.5 mm aperture. The 

effects of aperture size on APXPS signal as a function of pressure for the HIPP-2 

R4000 has been described previously [74]. It should be noted that the 0.3 mm aperture 

performs better at higher pressures and that the 0.8 mm aperture performs better under 

vacuum conditions with the 0.5 mm being of medium efficiency over the vacuum to 

high pressure ranges the instrument operates under. 
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Figure 2.1:  Diagram of electrostatic lens and pumping stages on the VG Scienta 

HiPP-2 R4000 and exchangeable analysis chamber with transparent X-

ray window. Pressures presented are representative of pressures during a 

high-pressure experiment. 
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The monochromatic X-ray source (VG Scienta, MX650) consists of a 200 W 

(10 kV/20 mA) Al K anode (1486.7 eV) and X-ray monochromator with seven 

toroidal α-quartz crystals arranged in a close-packed array and mounted on a 650 mm 

dia. Rowland circle. The crystals are kept at a constant temperature of 55 C to 

prevent thermal drift, due to ambient room temperature variations from affecting 

quartz crystal lattice spacing, thus maintaining a constant Kα photon energy and Bragg 

refraction angles. 

The APXPS system is pumped by a suite of seven turbo pumps (Agilent, 

TwisTorr 304FS). One is dedicated to the monochromator, and six are dedicated to the 

analyzer, with two on Stage 1, two on Stage 2, one on Stage ,3 and one on Stage 4. A 

separate lower capacity turbo (Pfeiffer, 56 L s–1 N2) was used to pump on the analysis 

chamber; this pump has since been replaced by a higher capacity turbo. The system 

also uses three dry scroll pumps (Agilent, TriScroll 600); each of the scroll pumps 

were dedicated to the provide vacuum to the backing lines of the turbos, the isolated 

differentially pumped portions of the chamber, and the gas delivery lines. A suite of 

seven pressure gauges were monitored by one controller (Agilent, XGS-600), 

including two ion gauges (Agilent, UHV-24) on Stage 3 and the monochromator, a 

cold cathode (Agilent, IMG-300) on the sample analysis chamber, and four convection 

enhanced thermal gauges (Agilent, ConvecTorr) to measure foreline and gas delivery 

system pressures. Absolute pressures in the analysis chamber were measured by a 

capacitance manometer (MKS, 626B) or baratron gauge, depending on the pressure 

range during an experiment.  

The vertical position of the electrostatic lenses and analyzer which 20 off the 

lab floor normal accommodates samples sitting parallel to the lab floor, allowing for 
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the study of both solids and liquids. The sample can be rotated by 30 relative to the 

sample normal, allowing for the largest collection (and most surface sensitive) angle 

of 50. The limitation of sample rotation is due to the aperture cone in the analysis 

chamber; rotating it further causes a collision of the sample holder with the aperture.  

The monochromatic X-ray source operates under UHV conditions and is 

separated from the elevated pressures of the sample chamber using a silicon nitride 

window (Norcada). The results within this dissertation have been produced using 

windows with thicknesses of 1.0, 0.5, and 0.2 m, all of which allow for a pressure 

differential > 1 atm to UHV. Operating the anode at 10 kV/20 mA gives an X-ray flux 

to the sample of ~109 photos s–1 mm–2 for a 1.0 m thick window. Higher X-ray fluxes 

can be achieved through the use of thinner X-ray windows; it should be noted that the 

transmittance through 1.0, 0.5, and 0.2 um of silicon nitrile for photons of 1486.6 eV 

is approximately 76.7 %, 87.5 %, and 97.4 %, respectively. Care must be taken to 

minimize pressure bursts on either side of the window during venting and pumping of 

the instrument as breakage can occur from sharp deltas in pressure. 

The exchangeable analysis chamber design allows for the flexibility of 

designing custom chambers that can be dedicated to specific AP-XPS projects. This 

principle was first introduced in synchrotron-based AP-XPS instruments [10,12] and 

has been adapted herein to work for a laboratory-based setup. The interchangeability 

of the analysis chambers allows for the customization of vacuum components that are 

potentially required for certain experiments, and the dedication of chambers to 

exposures to gases used in experimental exposures, preventing cross contamination. A 

custom-built sample holder (Heat Wave Labs) allows for sample temperatures ranging 

from –20 to 1,200 C using a ceramic button heater that is actively cooled with a lab 
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chiller and an ethylene glycol/water mixture. Sample cleaning is performed in the 

analysis chamber via Ar+ sputtering (IG2, RBD Instruments). Exchanging samples 

requires breaking vacuum and removing the sample holder from the analysis chamber.  

2.3.3 Hydrogen Plasma Process and Monitoring 

Plasma cleaning to the analysis chamber was performed with an attachable 

vacuum compatible RF plasma generator (PIE Scientific LLC, SEMI-KLEEN plasma 

cleaner). Treatment typically occurred after the chamber was baked; the baking 

temperature could only not exceed 110 °C due to Viton gaskets present in the 

differential pumping sections of the AP-XPS instrument. The hydrogen gas (Praxair, 

99.999%) was connected to the generator through Swagelok tubing and the pressure in 

the RF chamber of the generator was controlled with a built-in mass flow controller. 

After the plasma was created in the RF chamber it proceeded to the analysis chamber 

through a one-centimeter aperture. The effects of the plasma treatment were monitored 

from the base pressure of the analysis chamber and with a mass spectrometer (MKS, 

e-Vision) also mounted on the analysis chamber. 

2.4 Results and Discussion  

2.4.1 System Performance in Vacuum and Under the Presence of Nitrogen Gas; 

Pressure Response and Signal Acquisition 

This section provides data related to commissioning experiments that are 

critical in characterizing the performance of the AP-XPS and critical parameters that 

are used in every subsequent experiment performed on the instrument. In order to 

determine the optimized position of the sample relative to the aperture, experiments 

were conducted assessing the XPS intensity versus the sample-to-aperture distance 
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defined in Figure 2.2. The initial position of the Ag foil was in contact with the 

aperture which was monitored using a camera mounted on the analysis chamber. 

Throughout the experiment the distance between the sample and aperture (d) was 

increased by retracting the sample along the x-axis of the manipulator which moves 

along the spectrometer axis. Because of the 20 tilt, counts are observed while the 

sample was in contact with the aperture at d = 0. As the sample is retracted from the 

aperture the intensity initially increases, followed by a decrease as the sample moves 

away from the focal position of the X-ray spot and analyzer electrostatics. The data 

points associated with the signal relative to position along the x-axis were fit to a 

second order polynomial with R2 > 0.992 for all fits. The derivative gives maxima 

located at 0.57, 0.57 and 0.56 mm for angular, transmission and acceleration modes, 

respectively. These results show that all three electrostatic lens modes have similar 

optimized positions for the sample-to-aperture distance. 
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Figure 2.2: Sample analysis geometry indicating the X-ray illumination spot (red) 

and XPS analysis collection area (green). The z-axis is the energy axis of 

the analyzer and N is the sample normal with the X-rays at 55 and 

analyzer at 20. Sample to aperture distance denoted by the dashed arrow 

pointing from the X-ray spot to the aperture cone terminated with e-. 

If the sample is too close to the aperture during an APXPS experiment the 

effective pressure above the sample will be smaller than that of the background 

pressure. This would give rise to misleading results as pressure gauges on the analysis 

chamber measure the background gases and are the values which get reported in 

publications. The gas phase pressure between the sample and aperture is 95 % that of 

the background pressure when the sample-to-aperture distance is equivalent to the 



 25 

aperture diameter. The optimized counts occur at an ideal sample-to-aperture distance 

just beyond the length of the aperture diameter of 0.5 mm. Thus, at the beginning of a 

typical ambient pressure XPS experiment the sample is first optimized under vacuum 

by monitoring the counts while approaching the sample towards the aperture. When 

the counts have been optimized, the sample is at the ideal sample-to-aperture distance 

for experiments to be performed under pressure. 

The X-ray spot size for the MX650 has been determined previously to be about 

1.4 x 3.8 mm at 12 % and 88 % signal intensity cutoffs for a 54.7 X-ray spot 

projection [74]. The electron capture spot size on the sample (Figure 2.2) is expected 

to be smaller than the X-ray spot size due to the narrow angle of acceptance into the 

aperture. In order to assess the electron capture spot size, experiments were performed 

by manipulating the Ag foil along the z-axis (Figure 2.3) at d = 0.5 mm; moving 

along the z-axis keeps the sample-to-aperture distance constant. At the beginning of 

the experiment, the aperture was placed over the Ag foil at a specific z-axis 

manipulator position where maximum counts were obtained. The sample was then 

moved and XPS spectra were collected as a function of z-axis position. Figure 2.3a 

shows example Ag 3d(5/2) spectra at four different relative z-axis positions. As the 

electron capture spot drives off the edge of the Ag foil sample the Ag 3d(5/2) intensity 

decreases. Figure 2.3b shows results of the Ag 3d(5/2) peak areas from experiments 

using the angular (red), transmission (green), and acceleration mode (blue). The XPS 

peak areas are normalized relative to the most intense peaks during the initial 

manipulation. All three modes give similar results with a drop in the signal intensity 

starting at a relative z-axis position of 0.45 mm and zero intensity at 1.65 mm. Thus, 

all three modes yield a similar spot size for electron capture. The electron spot size 
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was determined using 12 % and 88 % signal intensity cutoffs, similar to the X-ray spot 

size determination,[74] and are shown as solid black lines in Figure 6b. From this we 

estimate the spot size to be 0.9  0.1 mm, where the error is due to variation in 

intensity between each mode at the 12 % and 88 % cutoffs. The electron capture spot 

size normal to the z-axis along the sample surface was not determined. However, it is 

expected to be slightly elongated due to the 20 offset of the spectrometer relative to 

the sample normal (green spot, Figure 2.2).   
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Figure 2.3:  Determination of AP-XPS analysis collection area (spot size of the 

analyzer field of view) on a silver foil. (a) Ag 3d (5/2) spectra at relative 

z-axis positions moving away from the center of the foil (i) 0, (ii) 0.75, 

(iii) 1.35, and (iv) 1.65 mm. (b) Normalized Ag 3d (5/2) spectra area as a 

function of z-axis position for acceleration (blue), transmission, (green) 

and angular (red) modes. Black lines represent 12 % and 88 % cutoffs for 

area and z-axis position. Reproduced with permission from [70]. 

Assessment of instrument response to increasing chamber pressure is a critical 

parameter in determining the efficiency of the spectrometer at collecting 

photoelectrons through a gas phase. The rate of attenuation can be used to calculate 

the effective path length of which a photoelectron travels through the gas phase. The 
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results of normalized XPS Ag 3d(5/2) area versus analysis chamber N2(g) pressure for 

angular (red), transmission (green), and acceleration (blue) modes are shown in 

Figure 2.4. Spectra were collected using the 0.8 mm curved slit, 200 eV pass energy 

and a 3-minute acquisition time up to 15 Torr for acceleration mode and 10 Torr for 

transmission and angular modes. XPS intensities (I) in Figure 2.4 were normalized by 

dividing by the maximum signal under vacuum conditions (I0) for each mode. From 

UHV up to 0.1 Torr attenuation is minimal. At pressures near 1 Torr the signal begins 

to significantly attenuate. Figure 2.4b shows example spectra for acceleration mode 

from 10–2 to 15 Torr. A separate spectrum (Figure 2.4b (vi)) was collected at 20 Torr 

for 4.5 hours. 
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Figure 2.4: Ag 3d (5/2) signal intensity attenuation using nitrogen gas. (a) Relative 

Ag 3d (5/2) intensity as a function of analysis chamber pressure for 

acceleration (blue), transmission (green), and angular (red) modes. Inset 

displays exponential plot according to Equation 2.1. (b) Ag 3d (5/2) 

spectra collected in acceleration mode at (i) 10–4, (ii) 1, (iii) 5, (iv) 10, (v) 

15 and (vi) 20 Torr. Inset spectra (iv) to (vi) were normalized to give 

similar intensities. Reproduced with permission from [70]. 
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XPS signal attenuation decreases exponentially as a function of pressure 

according to Equation 2.1 [75] 

 

p
T

dσ

I

I

k

c
ln effe

0

−=        (Eqn. 2.1) 

where p is pressure in Torr, T = 298 K, k = 1.38 x 10–23 m2 kg s–2 K–1 is the Boltzmann 

constant, e = 1.9 x 10–20 m2 for N2(g) is the total electron scattering cross section at 

1120 eV kinetic energy [76], c = 133.322 is the conversion from Pascal to Torr, and 

deff is the effective path length. The effective path length is the distance the 

photoelectrons were to travel to the analyzer if the pressure were to be constant during 

its travel. The inset of Figure 2.4a shows linear fits using Equation 2,1. Values of deff 

were calculated from the slopes for acceleration, transmission and angular modes to be 

0.59, 0.81 and 0.80 mm, respectively. The calculation of deff for acceleration mode 

was comparable to the optimum distance of 0.56 mm determined from signal 

maximization. However, deff for transmission and angular modes are ~0.2 mm greater 

than for acceleration lens mode. This increase in deff for transmission and angular 

modes, relative to acceleration, is due to the two modes operating with the first 

electron focusing lens (immediately behind the aperture) electrically grounded while 

acceleration mode applies +4000 V to this first focusing lens. The application of this 

high voltage immediately behind the aperture in acceleration mode increases the 

velocity of the photoelectrons within the higher-pressure region of the instrument 

sooner than transmission and angular modes, which not only improves counts 

significantly with little loss in resolution, but also gives deff values closer to true 

sample to aperture distance. Transmission and angular modes apply the electrostatic 
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lens bias starting at the second aperture, which is located a few millimeters behind the 

first aperture yielding higher deff values. 

2.4.2 Chamber Pressure Response to Hydrogen Plasma 

The ability of the differential pumping stages and gauges positioned on the 

chamber, monochromator, and third pumping stage were used to assess the pressure 

conditions of the system as a function of increasing analysis chamber pressure. As the 

analysis chamber is increased up to 1 Torr pressure, there is little increase in the Stage 

3 pressure (Figure 2.5; left y-axis). When the pressure was increased past 1 Torr in the 

analysis chamber Stage 3 pressure increases, remaining at 8 x 10–7 Torr with the 

analysis chamber at 20 Torr. This pressure gauge is also used as an automated override 

to shut off the analyzer if the pressure within the third stage is > 10–6 Torr. Beyond 

this pressure in the third stage the safe operation of the analyzer not adequately 

safeguarded. Since the analyzer (Stage 4) also has a dedicated turbo pump it will 

remain significantly lower than the 10–6 Torr Stage 3 trigger and can operate safely at 

20 Torr in the analysis chamber. The load on the first stage can also be assessed by the 

power that the turbos in Stage 1 consume, the rise in power consumption is aligned 

with the increase in pressure in the analysis chamber (Figure 2.5; right y-axis) As the 

turbos in Stage 1 are the closest to the analysis chamber, they bear the most load of 

gas pumping by the system and were the only pumps to increase their power 

consumption. 



 32 

Figure 2.5: Stage 3 pressure (black) and Stage 1 turbo pump power (blue) versus 

analysis chamber pressure as N2 gas was introduced. Reproduced with 

permission from [70]. 

Figure 2.6: Mass spectrometer response of the analysis chamber at 110 °C (blue), 

after 40 minutes of H2 plasma (0.001 Torr) at 110 °C, after vacuum 

evacuation at 21 °C (green). 
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The baseline pressure of the analysis chamber during most experiments was 

between 10–7 and 10–8 Torr. This was primarily water adsorbed to the chamber wall 

remaining present in the system after the chamber was pumped down, which was 

confirmed by mass spectrometry. Given that the vacuum of the analysis chamber must 

be broken to insert a sample, it was not possible to remove sources of water from 

entering the chamber. The base pressure of the system could be improved by baking 

the chamber, however given limitations in materials within the analysis chamber the 

system could not be heated above 110 °C. The high temperature is used to increase the 

desorption rate of vacuum contaminants from the walls, allowing them to be pumped 

away at greater efficiency, including water and adventitious carbon molecules. During 

the bake and plasma treatment, a mass spectrometer attached to the analysis chamber 

was used to monitor the species present in the vacuum (Figure 2.6). The baking 

procedure, given enough time, was useful in removing water molecules but it was less 

sufficient at removing all carbonaceous species. The presence of water and 

carbonaceous species can be detrimental to the analysis of samples as their adsorption 

and react and cause changes to surface chemistry. The use of a hydrogen plasma, 

which creates highly reactive hydrogen radicals, was applied to further remove 

vacuum contaminants. The plasma greatly reduced the amount carbon species 

observed by mass spectrometry. The baking and plasma treatments were able to 

reduce the base pressure of the instrument to 10–9and 10–10 Torr. Mass spectrometer 

showed that the species at 28 m/z was the predominate remaining species and can be 

ascribed to CO, which is known to be present in ultra-high vacuums. However again 

because the chamber vacuum must be broken for samples to be introduced these 
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pressures are short lived and the treatments would thus also affect the samples present 

in the chamber. 

 

2.4.3 Factors Influencing Signal Acquisition in Ambient Pressure X-ray 

Photoelectron Spectroscopy (AP-XPS) 

2.4.3.1 X-ray Windows and Spot Size 

The section focuses on parameters and determining factors that greatly 

influence the electron collection efficiency of AP-XPS systems, particularly those 

which are lab-based instruments. The X-ray anode materials commonly used in lab-

based AP-XPS to date include Al and Mg, which produce K lines at 1486.6 eV and 

1253.7 eV, respectively. The high voltage anode to produce X-rays operates in keV 

range and must be isolated from the high gas pressures in the analysis chamber. The 

ability to maintain UHV in the X-ray source is essential for the operation and 

sustainability of the anode. Modern lab-based AP-XPS systems use an X-ray window 

(Figure 2.7a) with high transparency to separate the UHV pressures in the X-ray 

source to Torr level pressures in the analysis chamber.  
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Figure 2.7: Metrics impacting lab-based AP-XPS signal and experimental quality. (a) 

X-ray transparent window, (b) X-ray spot size and flux onto sample, (c) 

gas phase pressure, (d) aperture diameter, (e) sample charging and 

contamination, (f) electrostatic lens system and pumping capacity. 

Reproduced with permission from [58]. 

With the use of monochromatic X-ray sources, the X-ray beam converges as it 

travels from the focusing crystals towards the sample surface. Thus, as the light 

transverses the X-ray window, it is often a few mm in diameter depending on the 

distance of the X-ray window from the sample surface. In order to mitigate the loss of 

XPS signal, the window should have as little impact on the X-rays as possible. Hence, 

it is essential that the X-ray window be as transparent to ~1 keV X-rays and as thin as 
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possible to reduce the light attenuation. From an instrumental sustainability 

perspective, it is also essential that the window material be very rigid with the ability 

to withstand a large pressure differential from UHV to 760 Torr. The two most 

commonly used X-ray window materials are Al and Si3N4.  

It is also worth noting that a balance must be maintained between the size of 

the X-ray window and the distance between the X-ray window and the sample. The X-

rays must travel through the sample chamber at elevated pressures. Thus, the closer 

the window is to the sample the less attenuation of the X-rays, and therefore less loss 

of XPS signal. However, if the window is too close there is also a risk of subjecting 

the window to high temperatures for those systems with the ability to heat samples. 

Finally, the X-ray window must also provide a high-quality vacuum seal between the 

X-ray source and analysis chamber. As the pressure in the analysis chamber increases 

up to the 10’s of Torr range for modern systems, there should be no measurable 

pressure change above UHV within the X-ray source. For example, it has been shown 

that the high-pressure limit of a lab-based AP-XPS system can be determined by the 

quality of the X-ray window seal. Mangolini et al. [77] raised the pressure of their 

analysis chamber up to 0.4 Torr before reaching a maximum operating pressure within 

the monochromator because of an aluminum X-ray window.  

The X-ray spot size for modern lab-based AP-XPS systems ranges from ~3 

mm [70,78] to 0.3 mm [79,80] (depicted in Figure 2.7b). For a given power output 

from an X-ray source, the smaller the spot size the higher the X-ray flux to the sample. 

The ideal X-ray spot size should be similar to (or slightly smaller than) the diameter of 

the aperture above the sample surface. Typical aperture diameters can range from ~0.3 

to 1.0 mm. For those X-ray spots that are larger than the aperture, there will be a 
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significant portion of the sample that is illuminated by X-rays for which the ejected 

photoelectrons will not make it through the aperture for future detection by the 

analyzer. Thus, an X-ray spot that is similar in size to the aperture will lead to a more 

efficient XPS signal. 

2.4.3.2 Gas Pressure and Aperture Size 

The path of emitted photoelectrons through the gas phase above the sample is a 

large contributor to signal loss, depicted in Figure 2.7c. Emitted photoelectrons can 

undergo either elastic or inelastic scattering upon collision with gas phase atoms or 

molecules. The elastically scattered electrons experience collisions which preserve 

their kinetic energy but may have their trajectory altered out of the spectrometer’s 

field of view. Inelastic scattering results from a loss of kinetic energy in the form of an 

excitation to a new state or ionization of the gas molecule. Signal is adversely affected 

by the scattered electrons which decreases peak intensity while increasing the 

background noise. The XPS signal intensity at a given pressure (I) relative to the 

intensity under vacuum (I0) follows Beers Law according to Equation 2.1: 

 

𝐼 = 𝐼0𝑒
−
𝑝𝜎𝑑𝑒𝑓𝑓

k𝑇          (2.1)  

where p is pressure, k is the Boltzmann constant, σ is the total electron scattering cross 

section at a certain kinetic energy and deff is the effective path length the photoelectron 

travels through the gas phase. Given this exponential relationship, when the length deff 

is close to the inelastic mean free path of electrons, there is a strong impact of pressure 

on the overall XPS signal. To mitigate the effects of high pressures, the sample-to-

aperture distance should be minimized. However, the sample-to-aperture distance 

allowed in experiments is strongly a function of the aperture size (Figure 2.7d) and 
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the need to keep the pressure directly over the sample very close to the measured 

background chamber pressure. 

If the aperture is brought too close to the sample surface, the gas phase 

pressure above the sample will drop below the background chamber pressure. As a 

general rule, the sample should remain one aperture diameter distance away. Under 

these conditions the pressure above the sample is >95 % of the background chamber 

pressure when the gas is in the viscous flow regime [81]. With the criteria of keeping 

the sample one aperture diameter away, it becomes apparent that the smaller the 

diameter of the aperture, the closer the sample can be to the aperture entrance plane. 

Thus, the use of smaller apertures allows for the electrons to travel through a small 

region of elevated pressure, and therefore dramatically increases (given exponential 

relation of Eqn. 2.1) the overall XPS signal for a given pressure. 

However, a smaller aperture may also lead to a less efficient capture of the 

emitted photoelectrons if the aperture size becomes smaller than the X-ray spot (as 

discussed in the previous section). Under low pressures, even UHV conditions, the 

smaller the size of aperture the lower the collection area of emitted photoelectrons on 

the sample surface. For a given experiment, the aperture size remains fixed and a 

balance must be struck between electron attenuation by the gas phase and less efficient 

collection of the electrons by a reduced aperture diameter. In practice, experiments 

reveal that the relationship between analysis chamber pressure and aperture size 

creates a dynamic, in which the higher pressures require a smaller aperture and lower 

pressures require larger diameters [74]. 

It should also be noted that the value of deff in Equation. 2.1 is not strictly the 

sample-to-aperture distance given the pressure drop behind the aperture is not 
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immediate. Rather, deff is an effective path length of the scattering cross section that 

the electron experiences on its way to the detector. More specifically, deff should be 

measured experimentally for a given lab-based AP-XPS system using a gas like N2 

which has well-known σ values as a function of kinetic energy [75]. This will allow 

for the direct measurement of deff via Equation 2.1. It has been shown that the value of 

deff varies for different electrostatic lens modes which vary the electron trajectories as 

they travel from the sample to the electron energy analyzer [70]. Thus, the value of deff 

is not simply determined by the distance it travels through an elevated pressure regime 

but is also a function of the electron trajectory near the aperture entrance. 

2.4.3.3 Sample Contamination and Charging 

Another consideration that must be accounted for is the potential 

contamination of the sample (represented in Figure 2.7e). The presence of 

adventitious carbon or other adsorbate contaminants can dampen photoelectron signal 

from the underlying substrate and can block possible active sites that are of interest in 

adsorption studies. In conventional XPS systems where UHV pressures are 

achievable, samples can sit in vacuum for hours with minimal contamination. 

Moreover, dosing samples in the Langmuir regime using UHV systems allows for 

very precise control of gas exposures. The ability to mitigate adventitious adsorbates 

has been one of the prevailing advantages of UHV XPS. 

The goal of lab-based AP-XPS measurements is to intentionally expose 

samples to various gases at elevated pressures. Unfortunately, the increased pressure 

in the analysis chamber causes the ambient background pressure of the chamber to be 

elevated after being evacuated, which can be a concern for freshly introduced samples. 

Moreover, gases introduced into the analysis chamber can displace species already 
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adsorbed on the chamber walls, which can in turn adsorb onto the sample surface. 

These processes are worsened by lower pumping speeds in the experimental chamber 

during high pressure measurements, where the vacuum pumps are closed off and the 

aperture above the sample is the only source of flow out of the chamber. For these 

reasons, the use of a small volume analysis chamber offers an advantage over a large 

volume chamber, i.e. less chamber wall surface area and faster turnover rates. Proper 

baking and vacuum maintenance is essential to prevent contamination from residual 

gases utilized in prior experiments. The cleanliness of the gas being introduced is also 

critically dependent upon the purity of the gas and the meticulous cleanliness of the 

ex-vacuo lines which the gas molecules travel down to the analysis chamber. Extreme 

care should be taken to not cross contaminate these lines by using isolated plumbing 

for different (non-inert) gases. 

Insulating samples are often problematic in XPS due to sample charging 

issues. The emission of photoelectrons causes a buildup of positive charge on the 

surface of poorly conducting samples. This positive charge in turn interacts with 

ejected photoelectrons which can lead to significant shifts and broadening in XPS 

spectra. These effects can make it difficult to assess the chemical oxidation state of a 

given photoemission peak. Traditionally, UHV XPS systems have been equipped with 

an electron flood gun to circumvent charging artifacts in insulating samples by 

utilizing low energy electrons to discharge the sample surface. However, as with X-

ray sources, a standard flood gun uses hot filaments which also require vacuum 

conditions (typically < 10−4 Torr) to operate and thus is not conducive for use in AP-

XPS systems. 
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The gases present during lab-based AP-XPS experiments can contribute to the 

alleviation of sample charging of insulating surfaces. The X-ray ionization of the gas 

phase species above the sample surface leads to the emission of photo, Auger, and 

secondary electrons which aid in partial or complete charge dissipation at the surface. 

However, for wide band gap materials, this mechanism of charge decapitation is often 

insufficient. It is also possible to induce partial charge dissipation by moderately 

heating the sample during XPS measurements, reducing the resistance of the system. 

But sample heating is not always an appropriate option due to thermal instability 

(decomposition), to changes in reactivity, and to the removing of experimental 

conditions from its desired range. 

2.4.3.4 Electrostatic Lens and System Pumping 

The electrostatic lens system serves to significantly increase the efficiency of 

photoelectron collection as they leave the sample surface (Figure1.4). The closer the 

first region of the electrostatic lens is to the sample surface, the more the collection 

efficiency will be enhanced. This is often referred to as the prelens region, the area 

between the first and second differential pumping apertures. The entire electrostatic 

lens array is composed of numerous lenses with separately applied voltages (Figure 

2.7b). The electrostatic lenses augment the KE of the photoelectrons to that of the pass 

energy of the analyzer to allow detection as a function of KE. For a given AP-XPS 

system, different lens modes can significantly impact the XPS intensity and resolution 

and can be fine-tuned to increase the capabilities of the instrument, i.e. spatial or 

angular resolution [70,73]. 

One of the major differences which cannot be avoided between a conventional 

XPS analyzer and one with a differentially pumped electrostatic lens is the number of 
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turbo pumps required. For a modern differentially pumped system, the largest load on 

the pumps will be on the first pumping stage (Figure 2.1, green). Less efficient 

pumping on the first stage will significantly impact the pressures immediately behind 

the first aperture, and therefore significantly impact the XPS intensity. The electron 

energy analyzer requires high vacuum conditions to the high voltages that are used. 

For this purpose, additional pumps are placed between first stage and the analyzer to 

reduce the pressure at the analyzer when the analysis chamber is under Torr level 

pressures. The more pumps on the differentially pumped electrostatic lens, the lower 

the base pressure at the analyzer entrance slits, which will increase the longevity of the 

electron detector. This is particularly important if the gases being used are reactive. 

2.4.3.5 Other Considerations 

Lab-based AP-XPS is a power tool because of its ability to probe changes in 

the surface chemistry of a given substrate as a function of the surrounding gas phase. 

However, irradiation by X-rays under in-situ conditions can potentially cause chemical 

changes in materials, with some materials being more susceptible than others, such as 

halide molecules and organic compounds. This is often referred to as X-ray induced 

damage. Reducing the overall X-ray exposure to the sample during lab-based AP-XPS 

experiments can help mitigate this situation. For example, coupling the spectral 

acquisition software to the X-ray high voltage power supply will allow for an 

automated shut off the X-rays at the end of a spectrum collection [70]. Another 

remedial measure for single crystal samples is to reduce the X-ray exposure by 

moving the X-rays from one spot to another along the sample surface as the 

experiment progresses. This method would benefit from those lab-based AP-XPS 

systems that have a smaller X-ray spot size. 
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There are several considerations that need to be made regarding sample holders 

employed in lab-based AP-XPS systems. Compared to UHV sample holders, those 

that operate under elevated pressures need special consideration. For a typical 

resistance heater, the temperature difference between the heat source and sample 

surface is exacerbated by increased gas pressures which often enter the analysis 

chamber at room temperature. Given the high concentration of gas molecules 

compared to traditional UHV setups, more scrutiny must be placed on the materials 

used for the sample holder, as there is an increased threat of reacting with gases at 

elevated temperatures. A solution to this comes via the use of an IR-laser sample 

heater, which would heat the sample directly [80]. There are also additional 

considerations to be made when cooling a sample in the presence of condensable gases 

like H2O. While conventional UHV cooling systems allow for the flowing of liquid 

nitrogen, in a lab-based AP-XPS system, use of liquid nitrogen would lead to the 

condensation of H2O onto the liquid nitrogen lines in the analysis chamber. For lab-

based AP-XPS experiments in the presence of condensable gases at cold temperatures, 

the sample itself must be the coldest object in the analysis chamber. This can be 

accomplished, for example, using a vacuum compatible Peltier holder [42]. However, 

the Peltier device has limited thermal stability which precludes the incorporation of 

high temperature heating capabilities in tandem. 

Modern AP-XPS systems have the electrostatic lens analyzer aligned either 

vertically [77,82] or horizontally relative to the lab floor [74,83]. These differences in 

alignment of the analyzer impact sample handling. For those systems with a vertical 

lens, the sample can be placed under the first aperture in a horizontal position, while 

those with a horizontal lens have the sample aligned vertically relative to the lab floor. 
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Requiring the samples to be aligned vertically may impact the ability to analyze the 

liquid-gas interface of bulk liquids that are thick droplets and would thus be pulled 

down the sample holder due to gravity. 

2.5 Conclusions  

This chapter was dedicated to the description of a lab-based ambient pressure 

X-ray photoelectron spectroscopy (APXPS) setup using a VG Scienta monochromatic 

Al K X-ray source and ambient pressure electron energy analyzer. The design of the 

instrument accommodated the ability to swap out small volume sample analysis 

chambers, and have samples sitting horizontally relative to the lab floor. The ability to 

swap small volume analysis chambers allows for versatility in designing future custom 

chambers for different experiment. Horizontal sample configuration allows for the 

study of both solids and liquid droplets in the presence of a gas phase. The instrument 

provides a unique opportunity to probe heterogeneous chemistry at the solid/gas and 

liquid/gas interfaces with elemental and chemical sensitivity. The ability to probe a 

static liquid droplet in-situ is investigated in Chapter 3. Chapter 4 and 5 examine 

solid/gas interfaces.  

Commissioning experiments were performed using the Ag 3d(5/2) signal of a 

silver foil and an aperture diameter of 0.5 mm to assess the operation of three different 

electrostatic lens modes: acceleration, transmission, and angular. All three modes gave 

similar optimum XPS signals under vacuum at sample-to-aperture distances ranging 

from 0.56 to 0.57 mm. Likewise, all three modes gave a similar XPS analysis spot size 

of 0.9  0.1 mm at a sample distance of 0.5 mm from the aperture using 12 and 88 % 

intensity cutoffs. APXPS Ag 3d(5/2) signal attenuation is first order with respect to N2 

gas pressure above 0.1 Torr up to a maximum of 20 Torr. Beyond 20 Torr the 
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collection statistics are not feasible to conduct an adequate experiment. From 10–7 to 

10–1 Torr, signal attenuation is minimal. The use of acceleration lens mode resulted in 

an approximately 10-fold increase at vacuum and higher pressures, with actual 

magnitude of increase dependent on the pressure in the analysis chamber. Most of the 

gas load pumping was shown to occur in first pumping stage immediately behind the 

analysis chamber aperture. The X-ray window showed no evidence of leaking as seen 

by the monochromator UHV pressure remaining constant up to 20 Torr in the sample 

analysis chamber. 
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SURFACE SPECTROSCOPY OF ZINC BROMIDE INTERFACIAL 

CHEMISTRY DURING DELIQUESCENCE 

3.1 Abstract 

Aqueous ionic interfaces are universally abundant and play a critical role in 

many physical, chemical, biological, environmental, and technological processes. Ions 

at liquid interfaces can experience an asymmetric environment that influences their 

interfacial composition, orientation, dielectric forces, and transport properties. 

Therefore, structure and chemistry of liquid/vapor interface is a topic of fundamental 

significance. Probing the electronic structure and interfacial concentration of aqueous 

electrolytes at a molecular level is technologically challenging. Within this section 

results are presented from ambient-pressure X-ray photoelectron spectroscopy (AP-

XPS) experiments of zinc bromide, a salt utilized as an energy storage medium within 

zinc-bromine flow batteries, and in heterogeneous catalysis. The efficiencies of these 

processes can be directly impacted by the abundance of water in the local environment 

surrounding the salt. 

 AP-XPS was employed to study the solid-vapor and aqueous-vapor interfaces 

of zinc bromide film under ambient water vapor conditions from <1x10-7% to 17% 

relative humidity (RH). Deliquescence of zinc bromide occurs within this RH range, 

allowing for surface chemical measurements of ZnBr2 to be taken as it transitions from 

a solid to a liquid. Zinc, bromine, and oxygen core shell spectral analysis showed clear 

changes in widths, shifts, and interfacial concentrations due to the phase change of 

Chapter 3 
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zinc bromide from a solid salt to an aqueous solution with increasing RH. The ability 

of a lab-based AP-XPS to investigate the interfacial concentrations of liquid solutions 

has previously only been observed with photoelectron spectroscopy using variable 

photon energy provided at synchrotron light sources. These results highlight the 

powerful of utility lab-based AP-XPS to interrogate changes in the electronic structure 

and chemical composition of salts at solid-vapor and liquid-vapor interfaces. 

3.2 Introduction 

The adsorption of water onto salt surfaces at heterogeneous interfaces is 

ubiquitous and plays important roles in industrial and natural systems. The interactions 

of salt ions with water at the solid-vapor and liquid-vapor interfaces have been shown 

to affect surface properties, such as chemical potential and ion distribution [84-87]. In 

this chapter, particular aspects of the liquid/vapor interface are of interest, i.e. the 

behavior of ions at the liquid water surface. The classical text-book description of 

surface ion propensity predicts a complete depletion of ions at the saline surface 

[88,89] however, the nature of interfacial ion segregation has become more widely 

accepted in the recent years as theoretical and experimental evidence mounts. Studies 

have investigated the nature of ion interfacial concentration at the saline 

solution/vapor interface and showed evidence of large polarizable halide anions 

having higher concentrations at the interface than the bulk [90]. This phenomenon has 

been studied with numerous surface sensitive techniques including X-ray 

photoemission, [91,92] vibrational sum frequency generation, [93,94] and aerosol 

uptake experiments [95,96]. Molecular dynamic simulations of saline solutions have 

been supported experimental observations of unsymmetrical ion densities [97,98]. 

These studies have purposed that the segregation of ions to the surface causes small 
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hard ions, such as alkali cations, to be repelled from the aqueous surface while the 

large polarizable anions can be enhanced in concentration at the surface, however 

most if not all studies investigating this ion segregation have been limited to alkali 

halide salts. 

 

Figure 3.1: Representations of substrate configurations used in water adsorption 

experiments with AP-XPS (a) Concentrated salt solution deposited on 

substrate, evaporated under vacuum, and then exposed to humidity above 

deliquescence. (b) Salt single crystal exposed to humidity above 

deliquescence in vacuum to form continuous solution film. (c) Salt 

powder pressed pellet deliquesced in vacuum to form continuous solution 

film. (d) Thin film of salt exposed to humidity above deliquescence 

creating discontinuous droplets of salt solution. 
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Among the first experiments performed with AP-XPS after the initial 

development of differential pumping was made to the instrumentation to limit the 

electrons scattering through the gas phase was the study of the liquid-vapor interface 

[8,9]. Over the past few decades several advancements to the instrumentation have 

allowed ambient-pressure X-ray photoelectron spectroscopy (AP-XPS) to probe 

interfacial surfaces at higher pressures. These advancements include the development 

of a differentially pumped electrostatic lens, X-ray transparent windows, and 

collection apertures, enabling photoelectron measurements to “bridge the pressure 

gap” and study interfacial systems at near ambient pressures [1,10-12]. Synchrotron-

based AP-XPS instruments have been used to study the interaction of water vapor with 

salts, including NaCl,[99-105] NaBr,[102] Br doped NaCl,[106] NaI,[102,103] 

NaClO4,[105] KBr,[92,107] KI,[90,108,109] KBrO3,[107] KIO3,[108] RbCl,[99] and 

RbBr [99]. Additional studies have examined the aqueous-gas interface of liquids by 

combining AP-XPS with a liquid microjet (LMJ) to probe a salt solution stream whose 

composition, i.e. concentration and acidity, can be more readily adjusted upstream 

(outside of the vacuum chamber) than samples generated from solid salts [110-129]. 

Figure 3.1 illustrates various experimental approaches for salt deliquescence studies. 

One approach is to deposit a salt solution onto an inert substrate, which is then 

evaporated forming a continuous solid film on which the experiment is conducted 

[101-105] The most common approach is the use of single crystals or thick films 

formed from salt evaporation onto an inert substrate, which is subsequently exposed to 

increasing humidity in-vacuo to probe deliquescence events[90,99,100,106,108,109]. 

Another approach is to press crystalline salt powders into a solid pellet, which 
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converts the most common form of commercial salts into a vacuum compatible 

substrate [107].  

The majority of the AP-XPS studies have been conducted with the samples 

above the deliquescence relative humidity (DRH) of the salt, probing only the liquid-

gas interface. Several studies have examined the salt interface while transitioning from 

a solid to a liquid, i.e. below and above the DRH [90,92,105,106]. The salt substrates 

are often exposed to enough humidity to form thick water multilayers while not fully 

deliquescing the underlying bulk salt, limiting the solution probed at a saturated 

concentration. If the salt film is thin enough to completely convert every salt atom to a 

liquid, then the amount of humidity introduced to the system can control the salt 

solution’s concentration [92]. Experiments performed with a LMJ have greater sample 

customize by having full command of all salt solution parameters. Table 3.1 

summarizing AP-XPS studies which have been conducted exposing solids salts to 

humidity and summarizes their experimental parameters. Synchrotron-based AP-XPS 

studies have frequently utilized variable X-ray excitation energies to adjust the 

interfacial probing depth in order to observe halide anion surface enhancement. 
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Table 3.1:  AP-XPS studies of solid salts exposed to humidity with experimental 

parameters of substrate, humidity exposure in relation being above, 

below, or going through the DRH during the experiment, use of variable 

X-ray energy to probe interfacial ion distribution, and location of the 

experiment. 

 

Microscopy studies have provided valuable information on the surface 

structure of salt interfaces and their changes due to the adsorption of water molecules 

and subsequent deliquescence. Scanning polarization force microscopy (SPFM) has 

enabled the study of soft surfaces, such as liquid films and aqueous solutions, which 

were previously challenging to image with traditional atomic force microscopy. 

Microscopy observations of water adsorption onto salts have been studied on NaCl 

[90,100,130-136], NaBr [130,131], KF [131,134], KCl [132,134], KBr 

  

Year Author Ref 

 

Substrate 

 

DRH 

Measure 

Ion Dist. 

 

Location 

2016 Orlando[104] NaCl film  Above No SIM/PHOENIX-SLS 

2016 Tissot[103] NaCl, NaI film  Above No TEMPO-SOLEIL 

2015 Tissot[102] NaCl, NaBr, NaI film  Above Yes TEMPO-SOLEIL 

2011 Cheng[99] RbCl, RbBr, NaCl(100) SC Above Yes 11.0.2 ALS 

2010 Arima[92] KBr/SiO2 film  Through Yes 11.0.2 ALS 

2010 Brown[108] KIO3 film on KI(100) SC Below No 9.3.2 ALS 

2010 Krepelova[101] NaCl film  Above Yes 11.0.2 ALS 

2010 Newberg[107] KBrO3/ KBr pressed pellet Below No  11.0.2 ALS 

2009 Baer[105] NaCl, NaClO4 film  Through Yes  11.0.2 ALS 

2008 Ghosal[106] Br-doped/NaCl(100) SC  Through Yes  11.0.2 ALS 

2008 Verdaguer[100] NaCl(100) SC Below No  11.0.2 ALS 

2007 Krisch[109] KI(100) SC Above Yes  11.0.2 ALS 

2005 Ghosal[90] KBr (100), KI(100) SC Through Yes  11.0.2 ALS 
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[107,131,132,134], and KI [108,132,137]. These microscopy studies mapped the 

physical changes that unfold on the solid surface as it interacts with water until 

complete solvation occurs. SPFM has provided the highest imaging resolution of the 

microscopic processes involved in the macroscopic transitions of solids to liquids. 

While spectroscopic techniques provide valuable information of water adsorption on 

salt, high-resolution microscopy is essential to reveal mechanistic understandings of 

the initial stages of adsorption and dissolution. Scanning probe microscopies revealed 

that salt dissolution was initiated at the sites of least coordination surface defects, such 

as steps or corner sites, of the salt surfaces. As the humidity is increased in the 

experiments layers of water molecules absorb on the salt which leads to terrace sites 

dissolution. 

ZnBr2 is known to be an extremely hydroscopic compound with a DRH point 

less than 10% at room temperature, allowing for the complete study of its phase 

transitions under ambient conditions [138]. Its hydroscopic nature makes it an 

attractive candidate to study water uptake as a system of solid-gas and liquid-gas at the 

salt interface, within the confines of a lab-based AP-XPS operational pressure range 

without having to drastically cool the sample to facilitate water condensation. 

Additionally, the small separation of binding energy (BE) between the Zn 3p and Br 

3d core shells allowed for the investigation of anion to cation interfacial distribution of 

the same depth as a function of RH, which typically requires the use of adjustable 

synchrotron radiation to probe at a fixed depth. In this Chapter the surface chemistry 

of ZnBr2 salt at both the solid-vapor and liquid-vapor interfaces upon exposure to 

water vapor was investigated using lab-based AP-XPS. To our knowledge this 

represents the first AP-XPS study on a triatomic halide salt assessing the phase change 
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across the DRH as well as the first AP-XPS investigation to attempt to quantify 

thermodynamics from isotherms over a range of temperatures. It will be shown that 

XPS peak widths, shifts, and relative surface composition of Zn, Br, and O change as a 

function of relative humidity. Herein we report the first instance of anion surface 

enhancement of an electrolyte using a lab-based AP-XPS technique. These results 

illustrate the capability of lab-based AP-XPS to investigate changes in electronic 

structure and surface composition of salts at heterogeneous interfaces. 

 

3.3 Experimental Details 

3.3.1 Sample Preparation 

A ZnBr2 solution was prepared by dissolving ZnBr2 salt (Sigma Aldrich, 

99.999 %, used as received) into 18.0 MΩ water. A sample was prepared for XPS 

analysis by depositing 2.0 L of 0.52 M solution onto a polished and flame annealed 

gold foil (Alfa Aesar, 99.9975 %, 0.25 mm thick). The freshly deposited liquid drop 

was dried under nitrogen on a hotplate at 50 ˚C forming a homogeneous solid film. 

The film was transferred into the AP-XPS sample chamber where it was pumped for 

24 hours reaching a base pressure of 1 x 10-8 Torr prior to the start of the experiments. 

3.3.2 Ambient Pressure X-ray Photoelectron Spectroscopy (AP-XPS) 

The surface chemistry of ZnBr2 was probed using a lab-based ambient pressure 

X-ray photoelectron spectrometer (Scienta HIPP-2 R4000) and a monochromatic Al 

anode X-ray source (Scienta MX650) operating at 20 mA and 10 kV in acceleration 

lens mode. AP-XPS experiments were performed over a pressure range of ~10-8 to 2.5 

Torr under isothermal conditions at −3.5, 8.0, and 20.0 C to enable analysis of the 
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energetics of water adsorption onto the system. The temperature of the sample was 

controlled in each experiment with a chiller (NES Lab, RTE-140) circulating a 

mixture of 60% ethylene glycol and water through the XPS sample holder. Before 

each isothermal experiment, the ZnBr2 salt sample was annealed to 100 ˚C to drive off 

surface adsorbed water and carbon species. Water vapor exposures were performed by 

back filling the AP-XPS chamber through a variable leak valve attached to a glass 

bulb containing 18.0 ΩM water. The water bulb was degassed by three freeze-pump-

thaw cycles before each isotherm. Optical images were taken of the sample at every 

data point using a CCD camera (DCC1645C, Thorlabs) with a 10X lens (MLH-10X, 

Computar) mounted behind a CF viewport. 

XPS spectra were collected in the Br 3d, Zn 2p(3/2), Zn 3p, O 1s and C 1s 

regions at 100 eV pass energy, while survey spectra were captured at 200 eV pass 

energy. All spectra were collected with the Au foil grounded to the AP-XPS 

spectrometer. Spectra were analyzed with Gaussian-Lorentzian fits with a Shirley 

background subtraction using peak fitting software (CasaXPS, v2.3.16). Doublets due 

to spin-orbital splitting in the Br 3d and Zn 3p regions were fit with known peak 

separations of 1.05 eV[139] and 3.0 eV,[140] respectively. 

Due to large energy shifts in spectra before and after deliquescence, the initial 

discussion will center on the analysis of measured kinetic energies (KE). The KE of 

ejected photoelectrons is given by Equation. 3.1: 

KE = hν + BE + ϕ + Ec       (3.1) 

where the photoelectrons are measured by the spectrometer with a work function of ϕ. 

Employing the conservation of energy, the relationship between light energy and 

kinetic energy is obtained when including the amount of charging the sample 
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experiences, Ec, and the orbital binding energy, BE. The amount of charging a surface 

experiences is dependent on X-ray flux, photoelectron emission cross-section, and the 

band gap of the surface which influences the ability of electrons to replenish 

photogenerated holes. When reporting BEs, spectra were internally referenced to the 

aliphatic component of the C 1s spectra at 285.0 eV in order to mitigate charging 

effects. 

3.3.3 Scanning Electron Microscopy (SEM) 

Scanning electron microscopy (SEM) is a technique which provides very high-

resolution images at enhanced magnification of the topography and composition of a 

surface. The microscope produces high-resolution images of the sample by scanning 

the surface with a focused electron beam and detecting signals that are dependent on 

surface morphology and elemental composition. Images within this Chapter were 

collected in secondary electron mode where the microscope collects low-energy 

secondary electrons that are ejected from the core shell of the sample atoms from 

inelastic scattering collisions with the beam electrons. SEM (Zeiss Auriga 60 

FIB/SEM) collected surface morphology images were collected in secondary electrons 

mode with an accelerating energy of 3 keV and a working distance of 5.0 mm. 

3.4 Results and Discussion 

3.4.1 Effect of Water Adsorption on Zinc Bromide Surface Charge 

Compensation Through Dissolution and Ionic Mobility 

The system that is being studied is the adsorption of water onto a film of ZnBr2 

salt, of which the solid film formed after evaporation under vacuum and annealing, so 

the first stages of the experiment were to characterize the dry film prior to water 
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uptake. Optical images of the dry ZnBr2 film (Figure 3.2a) perceive a thick uniform 

film atop the gold foil substrate that transitions after deliquescence to liquid. Clear 

visual changes were observed at the solid to aqueous phase transition, optically 

confirming the complete solvation of ZnBr2. SEM images were taken to confirm 

surface morphology was homogeneous after deposition and without evidence of the 

underlying gold substrate beneath the film. The same homogeneity of the sample 

surface viewed under XPS would also be assumed given that the probing depth of 

secondary electrons from SEM are 10 to 100 nm which are an order of magnitude 

higher than electrons escape depth from XPS. A survey spectrum of ZnBr2 at an initial 

base pressure of 1.2 x 10–7 Torr (Figure 3.3) shows Zn and Br peaks from the salt as 

well as C 1s and O 1s peaks due to advantageous carbon and hydrate species present 

on the salt surface. No other elements were detected in the survey indicating the other 

potential contaminants were below the detection limits of XPS. No Au peaks were 

observed, confirming the homogeneity of the sample covering the underlying substrate 

and in good agreement with microscopy images. The homogeneity of the sample 

surface is critical in the quantitative evaluation of water uptake, where XPS data id 

interpreted to be solely of ZnBr2 and water interactions. The absence of gold in XPS 

and SEM observations would exclude any potential interactions of water adsorption on 

gold from influencing any subsequent observations during the experiment. 
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Figure 3.2: Optical images taken of the sample during the -3.5 ˚C isotherm where A 

and B correspond to the pressures of 4.0x10-8 and 0.61 Torr, respectively. 

Image C was SEM image taken using secondary electron imaging 

detector and with a 3.00 kV electron beam and 40x magnification. 
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Figure 3.3: Survey spectrum of ZnBr2 film on Au foil under vacuum. 

After the characterization of the dried film the sample was incrementally dosed 

with increasing pressures of water vapor. The low DRH point of ZnBr2 induced water 

adsorption events at low pressures which cascaded into the phase transition of the 

solid to an ionic solution. Figure 3.4a shows Zn 2p(3/2) spectra for a -3.5 ˚C isotherm 

as a function of increasing RH. The salt sample initially experienced charging effects 

with a kinetic energy shift of ~18 eV, relative to the deliquesced samples, which 

indicates an insulating sample under vacuum conditions. Solid zinc bromide is an 

insulator with a wide band gap of 3.2 - 3.4 eV [141-143]. The spectra in Figure 3.4a 

are therefore representative of the changes the sample experiences due to charging. As 
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the RH was elevated, the amount of charging was reduced as the conductivity of the 

sample increases which in turn increases the KE of the ejected photoelectrons.  

 

 

Figure 3.4: (a) Zn 2p(3/2) spectra displayed with increasing RH from the -3.5 °C 

isotherm. Spectra of i-v correspond to a RH of 1 x 10-6 %, 1.4 %, 2.9 %, 

and 6.6 % respectively. (b) plots the binding energy shift Zn 2p(3/2) of 

the isotherms as a function of RH. (c) FWHM values of Zn 2p(3/2) as a 

function of RH. 

Figure 3.4b displays the shifts in kinetic energy of the Zn 2p(3/2) of each 

isotherm towards higher KE as RH was increased. The mechanisms of water 

dissolution occur in several stages, during which the water pressure is elevated high 

enough such that the adsorbed water can solvate surface ions thereby increasing the 

surface conductivity [134,144]. Molecular dynamic simulations have been conducted 

on NaCl dissolution which elucidated a multistep pathway from water adsorption to 

ion solvation to water film formation by Lui et al. [145,146] After water adsorption to 

the surface the dissolution process is initiated by the departure of Cl ions from the 

crystal lattice, then an intermediate state in which the departing anions remain partially 

solvated but are still contact with the crystal. Once the Cl ion is removed from the 
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lattice is leaving an uncoordinated Na ion exposed to water and ready for subsequent 

dissolution. The first stage of ion solvation would occur preferentially at defect sites, 

kinks, and step edges of the solid, where the Madelung constant is lower, followed by 

solvation of ions in the terraces of the crystals [135]. This characteristic of step 

solvation dependence on relative humidity has been observed by SPFM for several 

salts including NaCl, KCl, KBr and KI [132,133]. Changes in ionic mobility on the 

surface are manifested as slight shifts towards higher KE (lower BE) with the increase 

in RH. The final stage of solvation occurs upon ZnBr2 deliquescence. The thick water 

film was then able to solvate the ions within the bulk and deliquesce the solid. 

ZnBr2 deliquesces within the range of 8.0 to 9.1 % RH when temperatures 

range from −3.5 to 20 C [138]. As the water layers build up, the dissolution of the 

zinc bromide creates a highly concentrated ionic solution that can significantly 

dissipate the charging induced from photoemission. AP-XPS studies of mica samples 

observed apparent BE shifts of 200 eV due to the increased mobility of solvated K+ 

ions at the surface [4]. Above the deliquescence point there is no additional KE shift 

(Figure 3.4b), indicating that charging effects at the sample surface is completely 

removed. The BE of the fully charge equilibrated spectra, averaged over all isobars 

post deliquescence, (relative to C 1s alkyl = 285.0 eV) for Zn 2p(3/2) and Br 3d(5/2) 

are 1023.1 ± 0.1 eV and 69.4 ± 0.2 eV, respectively, which are in good agreement 

with literature values [147,148]. 

The BE shifts and full width at half maximum (FWHM) of each component 

become narrow at higher relative humidity, at which point the sample has deliquesced. 

The resolution of the spectra improves, despite the decrease in signal when the system 

is under pressure, where the highest pressure was at 0.61 Torr H2O at which point the 
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gas phase attenuates ~67 % of the XPS signal compared vacuum conditions, due to the 

charging induced broadening effects being removed. Figure 3.4c summarizes the 

effect on FWHM with increasing relative humidity for Zn 2p(3/2) spectra which are 

the most intense spectral lines in the sample (Figure 3.3). As the RH was heightened 

over the salt, the spectra’s FWHM values decrease, which can be related to the same 

mechanisms of water adsorption over ionic salts observed within Figure 3.4b. Charge 

dissipation does not occur until a significant amount of solvated surface ions are 

generated and became mobile creating an increase in conductivity. Since the sample 

was a crystalline powder, many surface facets were exposed, adding to the amount of 

energy states sampled, and ultimately contributed to a broader FWHM. Beyond ~4.0 

% RH the samples appear to reach charge equilibrium given that the BE and FWHM 

values remain relatively constant with further increase to relative humidity. Similar 

behavior in spectral features have been observed by Verdaguer et al. [100] on NaCl 

single crystals exposed to high RH, where the core shell of Na 1s and Cl 2p shifted to 

lower BE and FWHM was reduced as the sample approached deliquescence.  

3.4.2 Quantitative Analysis of Water Uptake with the Clausius-Claperyon 

Relation 

The quantitative analysis of water uptake onto the ZnBr2 salt surface begins 

with the analysis of the oxygen components in the O 1s spectra. Essential information 

can then be derived of water uptake from changes to the components of the O 1s 

spectra, a representative spectral set from an 8.0 ˚C isotherm is displayed in Figure 

3.5. When under UHV and low humidity conditions (<0.10 % RH) a single BE 

feature, at a position of 532.5 eV, was observed. This species decreases in intensity 

with the increase of humidity, leading to a possible assignment of adsorbed oxygen 
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species and hydrates trapped within the bulk salt and/or carbonaceous contaminants 

containing oxidized species which are observable in the C 1s spectra (Figure 3.6). The 

source of the carbon is expected to be from the solution preparation of the salt film, 

the ambient exposure of the sample to air, and from desorbed molecules from the 

walls of the vacuum. The amount of carbon contamination over the course of the 

experiment was constant until the deliquescence point was reached at which point the 

amount of carbonaceous material increased, presumably having been liberated from 

the bulk solid and segregated towards the aqueous interface.  

XPS of ZnBr2 supported on nanoparticles of Fe3O4@SiO2 observed a similar 

species in the O 1s spectra at 532.5 eV, attributed to adsorbed oxygen and oxygen 

species and can be correlated with H2O vibrational bands observed with infrared 

spectroscopy [149]. Given the well-known hydroscopic nature of ZnBr2·2 H2O [150] 

the ex-situ heating of the sample would not completely drive off all hydrates present in 

the sample as the sample is rehydrated from any exposure to atmosphere prior to entry 

into the vacuum and even after the sample was annealed to 100 °C not all the hydrate 

may be driven away nor can the possibility of hydration on the surface from water 

present in the vacuum be excluded. Therefore, it is likely to conclude that the hydrate 

remains present in the evaporated film. The existence some hydrated would thus be 

wholly expected to be present in the initial sample as this is the common form of 

ZnBr2 occurs naturally in any environment with humidity below its DRH [151]. The 

hydrate form of NaCl has only been observed from the evaporation of the solution by 

AP-XPS and NEXAFS, and not the exposure of dry NaCl to water [101,104]. If it 

were to be completely attributed to the hydrate form of ZnBr2·2 H2O than the entire 

substrate would not be fully in this form as its molar ratio of hydrated oxygen to zinc 
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is approximately 0.52 at vacuum. The possibility of water dissociation forming a 

hydroxide species cannot be ruled out as the splitting has been observed at defect sites 

of the salt surface by several experimental techniques [152-154].  

 

Figure 3.5: O 1s spectra displayed are from the 8.0 ˚C isotherm at the pressure of 

3.3x10-8, 7.6x10-2, and 1.2 Torr corresponding to 4.1x10-7, 8.8x10-1, and 

15%RH, respectively, shown from top to bottom. 
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Figure 3.6: Hi resolution spectra of C1s of -3.5 °C isotherm. C 1s components were 

constrained to a full width at half maximum equivalent among each 

component at a value of ~1.1eV. The aliphatic carbon has a binding 

energy of 285 eV, while alcohol and carbonyl functional groups are 

shifted by +0.94 and +1.16 eV respectively. Other components were not 

observed in the C 1s spectra. 

Under hydrated conditions the spectra were fit with two unconstrained peaks 

with a BE difference between the components of ~1.5 eV, and the BE were internally 

referenced to the aliphatic C 1s component of 285.0 eV. The higher BE component 
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can be assigned to adsorbed water on the surface with a BE of ~534.0 eV. The peak 

attributed to adsorbed water increases with the rise in water pressure and is initially 

observed when the RH rises above 0.05%. At water pressures above 0.2 Torr an 

additional photoelectron contribution can be observed in the O 1s spectra at a BE of 

536.0 eV. The BE of this third peak and its low FWHM of ~0.8 eV was indicative of 

photoelectrons generated from the gas phase of H2O above the sample surface. The 

rise in the adsorbed component has been observed in previous reports of salt and water 

uptake. Arima et al. [92] observed spectral changes of thin KBr films on SiO2 as a 

function of RH through the deliquescence of KBr. In Figure 3.4c it can be seen that 

the FWHM of the adsorbed water peak decreased slightly as the RH was increased 

which was consistent with the previous report [92]. 

Figure 3.7: The molar ratio of adsorbed water to zinc atoms of each isotherm plotted 

as a function of relative humidity. 
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The uptake of adsorbed water was also consistent with observations made on other salt 

substrates. The molar ratio of the adsorbed water species to Zn atoms was plotted 

against relative humidity, which were calculated with correction for gas phase 

attenuation (Equation 3.2-3.7). In conventional UHV XPS quantitative analysis the 

intensity of a core shell is defined by Equation 3.2,  

           

        

     (3.2) 

 

 

where I is the intensity of orbital j of element a, ∅ is the X-ray flux upon the sample, σ 

is the photoionization cross section of orbital j of element a, B is the orbital 

asymmetry factor of orbital j at angle θ, T is the detector efficiency of electron of a 

certain KE, N is the atomic concentration of element a in the sample, λ is the IMFP of 

an electron of element a with a certain KE through the sample, and θ is the emission 

angle of the photoelectron [155]. 

An XPS sensitivity factor can then be defined by Equation (3.3) from solving 

Equation (3.2) for the atomic concentration. 

(3.3) 

 

Where Sj
a is the sensitivity factor for an electron from orbital j of element a. 

Sensitivity factors are largely material independent in the UHV, as the ratio of the 

IMFP between two different materials is negligible since the difference in density 

between two solids is not typically dramatic. This is not the case with ambient 

pressure instruments as the difference in the density of gas above the sample surface 

can vary many orders of magnitude over the course of an experiment. This attenuation 

is dependent on the kinetic energy of the emitted photoelectron and can be 
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circumvented in synchrotron facilities by adjusting the energy of the probing light to 

have constant KE from various elements. The fixed energy X-ray source of Al Kα 

irradiation produces photoelectrons of different kinetic energies for different elements 

and thus each photoelectron has its own IMFP through the gas phase. The attenuation 

of an electron through a gas phase can be defined by Equation (3.5), 

 

(3.5) 

 

 

where I is the intensity of the sample attenuated by gas phase of H2O, Io is the 

intensity of the sample under vacuum, deff is the effective distance the photoelectron 

travels through the gas phase, and λH2O is the IMFP of the photoelectron through gas 

phase H2O. The IMFP of an electron through a gas phase can be defined by Equation 

(3.6), 

 

 

(3.6) 

 

where kB is the Boltzmann constant, T is the temperature, p is the pressure, and σH2O is 

the total electron scattering cross section of an electron at a certain KE through H2O 

gas. In Chapter 2 the distance deff,
 was defined with our AP-XPS instrument [70] and 

the total electron scattering cross section σH2O was defined in a separate publication by 

Khalifa et al. [156] and when combined sensitivity factors derived from a single 

crystal of ZnO the molar composition of ZnBr2 can be expressed in Equation (3.7). 

 

 

(S4) 

 



 68 

Taking this equation alongside the sensitivity factors obtained from XPS spectra of a 

ZnO single crystal yield a molar comparison of zinc atoms to water molecules. 

At low RH the molar ratio of water to zinc remained unchanged until the RH 

was increased past 0.1 %, where the molar ratio then increases. The increase can be 

attributed to the appearance and growth of the adsorbed water component of the O 1s 

spectra. Above ~1 % RH the ratio increased more drastically, which was attributed to 

the formation of multilayers of water near this RH range. The growth of water layers 

and subsequent deliquescence of KBr films on SiO2 has been previously quantified 

with AP-XPS; the rate of water uptake was shown to greatly increase past the 

deliquescence point [92]. Verdaguer et al. [100] observed similar behavior of the O 1s 

peak intensity rising with RH, directly corresponding to spectral changes within the 

anion and cation core shells. Growth of the O 1s core shell directly corresponds with 

the formation of molecularly thin water layers. When the mole ratio was plotted 

against RH, the increase observed in the three isotherms had the same rate of increase, 

indicating that the mechanism for water adsorption was dependent on RH. The 

deliquescence of ZnBr2 occurs within the range of 8.0 to 9.1 % RH over the 

temperature range of −3.5 to 20 C [138] beyond which there were significant 

increases in the adsorbed water component of the O 1s spectra corresponding to bulk 

water formation. The molar ratio of water to zinc during this phase transition occurs 

around ~ 1:1 H2O to Zn suggesting that the conversion from solid to solution does not 

progress through the ZnBr2·2 H2O hydrate form. This is consistent with observations 

of the phase transitions of NaCl with AP-XPS near its eutectic point, in which the 

hydrate phase was only created through the evaporation of water from the system 

[101,104]. 
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Isotherms collected across a range of temperatures can yield quantitative 

thermodynamic values yielding free energy, enthalpy, and entropy as a function of 

adsorbate population. Spectroscopically these adsorption energies have been 

thoroughly assessed for the NaCl/water system by the likes of Ewing et al. [157-159] 

with FTIR. There have been numerous AP-XPS studies of salt/water 

interfaces,[90,92,99-129,136,160] however none have attempted to quantify 

adsorption energies from temperature dependent isotherm studies. Clausius-Clapeyron 

relation of pressure and temperature (Figure 3.8a) were derived from the mole 

fraction of the adsorbed water in the system stemming from the spectral components 

within the O 1s and Zn 2p(3/2) derived from Equations 3.2-3.6.  

 

 

Figure 3.8: (a) Plots of the ln P vs. 1/T (K) of mole fractions of adsorbed water and 

the linear least squares regression through the three temperatures. (b) The 

enthalpy of water adsorption plotted as a function of water mole fraction 

in the ZnBr2 system. 
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The slope from Clausius-Clapeyron relation corresponds to the enthalpy of 

adsorption, ΔHads, of water from gas phase onto the zinc bromide system over the 

mole fraction ranges of water from 0.10 to 0.55 (Figure 3.8b). The error bars 

associated from with the ΔHads was determined from the standard error of the 

regression slope within Figure 3.8a. The data indicates that the ΔHads on zinc bromide 

is initially more favorable than the water-water interaction. The ΔHads decreases as 

more oxygen is added to the system. From a molecular perspective, the low 

deliquescence point of ZnBr2 would indicate that the enthalpy of adsorption be very 

favorable and as the relative humidity increases the gas phase water molecules at the 

interfacial region would interact with more water at the surface, which would cause an 

increase to the enthalpy of adsorption. Once the salt has deliquesced, any elevation of 

RH would dilute the solution and provide less favorable adsorption sites for gaseous 

water. Past the mole fraction of 0.30 the enthalpy of adsorption approached the 

enthalpy of adsorption for pure water, indicating that the enthalpy of interfacial water 

uptake had made a transition from water-ion interactions to water-water interactions. 

Under standard temperature and pressure, the ΔHads of water into pure water is -44 

kJ/mol, which the experimental data would approach at infinitely increasing water 

mole fractions. 
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3.4.3 Ion Segregation at the Liquid/Gas Interface: Evidence of Anion Surface 

Enhancement from Coordination with Water 

Figure 3.9: Internal relative binding energy shifts (a) Br 3d(5/2) and Zn 2p(3/2) 

spectra at pressures of 1.8 x 10-8 and 2.5 Torr, corresponding to 7.0 x 10-7 

and 14 % RH, respectively. (b) BE difference of the Zn 2p(3/2) and Br 

3d(5/2) as a function of RH. 

The local electronic environment of the salt can be monitored by the BE shifts 

of the core shells. The low and high RH spectra of Zn 2p(3/2) and Br 3d are displayed 

in Figure 3.9a, with spectra calibrated to the aliphatic carbon species. The Br 3d shifts 

~0.25 eV towards a lower BE, from the vacuum spectra to the deliquesced spectra, 

with respect to the Zn 2p(3/2) spectra fixed at the position of a constant BE of 1023.1 

eV. The shift provides information about the effect of solvation on the coordination of 

the water molecules around the ions of the salt. Figure 3.9b displays the BE 

difference of Zn 2p(3/2) and Br 3d(5/2) as a function of increasing relative humidity, 

which shows a consistent shift of the Br 3d towards lower BE as relative humidity 

increases. Similar relative BE shifts due to solvent effects have been observed in LMJ 

experiments of salt solutions [119,121,122]. It has been shown that the existence of 

hydrogen bonding in solvents, particularly water, leads to larger solvation energies, 

which translates to higher core-level binding energies [121]. Studies using neutron 
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diffraction on ZnBr2 aqueous solutions have reported that the solvation shell of the Br 

ions is composed of several water molecules bound to the anion by one hydrogen 

atom, whereas Zn ions are bonded to oxygen atoms of six water molecules forming an 

octahedron [161,162]. Given that the shifts are a function of RH, it can be assumed 

that the magnitude of the shift was directly related to the number of hydrogen bonds 

around the solvated ions. The nature of the binding energy shift corresponds to the 

bromide ion being solvated with a hydrogen bond from water, which would cause an 

increase in the binding energy relative to zinc as seen in Figure 3.9b, where the core 

hole of the bromide anion is better screened by the electron density contribution of the 

surrounding water molecule compared to the solid salt. Past the deliquescence point 

the solvation shells of the salt ions would be fully formed and the BE differences 

would stabilize.  

 

Figure 3.10: The anion to cation ratio is plotted as a function of RH. The molar ratio 

of the Zn 3p to Br 3d of the UHV spectra was the baseline percentage 

increase. 
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The direct enhancement of halide ions at the surface of water interfaces has 

been well studied in literature by AP-XPS for alkali halide salt solutions 

[90,92,99,101,102,106,109,112-114,124]. Typically, the enhancement can be observed 

with X-ray spectroscopy by tuning the excitation energy at synchrotron facilities 

allowing for extremely surface sensitive measurements; however, it is more difficult to 

observe with a traditional monochromatic X-ray source. In this study the close 

proximity in binding energies of the Br 3d and Zn 3p spectral lines at 68.9 eV and 89.5 

eV, respectively, were utilized to approximate the anion enhancement at the surface. 

The proximity results in ejected photoelectrons with similar kinetic energies, allowing 

for the direct comparison of the core shells that are of the same escape depth and 

without significant differences in attenuation from the gas phase. In Figure 3.10, the 

ratios of the spectral intensities between the two elements were plotted against 

increasing relative humidity and normalized to their ratio under vacuum. Compared to 

the vacuum spectra, the fully solvated spectra display an over 25 % increase of Br/Zn 

molar ratio past the deliquescence point for ZnBr2. The percent increase of the halide 

surface enhancement can be defined by Equation (3.7): 

 

                 (3.7) 

Experimental and molecular simulations have focused on binary alkali halide 

salts as the primary substrate for observing ions at the liquid-vapor interface. There 

has been comparatively less work done emphasizing cations outside of the alkali metal 

series or of higher formal charge. The magnitude of the increase in the Br/Zn ratio was 

in line with that of synchrotron KBr studies that probed the surface at a KE of 200 eV, 

which suggests the large polarizable anion of Br in ZnBr2 is subjected to similar 
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asymmetric hydration forces, leading to its enhanced anion densities at the surface. 

The Al Kα excitation energy results in KE of the ejected photoelectrons collected 

within Figure 3.10 to be approximately 1,400 eV, which produces an IMFP that is 

several times deeper than the typical synchrotron experiment based on the universal 

IMFP curve [124]. The literature generally agrees that the halide enhancement is 

pronounced at the surface with the larger and more polarizable ions in the series ( F– < 

Cl– < Br– < I– ) and that at deeper depths within the solution the cation density would 

be restored and the ion pairs would reach their bulk concentrations [97]. The surface 

sensitivity of XPS is able to capture this depth dependent enhancement, since the 

majority of its signal is generated from the first few layers of the sample due to 

electron attenuation. The asymmetric concentration of the ions at the interface may 

influence kinetic rates of reactions occurring at the liquid-vapor and liquid-electrode 

interfaces. 

3.5 Conclusions 

To the author’s best knowledge this is the first study by lab-based AP-XPS to 

characterize the water adsorption and subsequent deliquescence of a salt film. The 

changes in the charge compensation, core shell binding energies, and peak widths 

were examined on the insulating sample as a function of relative humidity. The extent 

of ion mobility begins with defects and steps, followed by terrace solvation beginning 

at a RH of ~0.10% based on the charge dissipation observed in the spectra. Complete 

charge equilibrium was established upon sample deliquescence beyond ~9.1% RH, at 

which point changes can be observed in anion/cation ratio. An enhancement of 

bromide was detected at the surface which can affect the chemistry of heterogeneous 

processes of zinc bromide solutions. The enhancement can be described purely in 
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terms of asymmetric hydration forces where the bromide anion forms weak 

interactions with water, weaker than water to water, and there can be more excluded 

surrounding hydrogen bond network. In contrast, the zinc cation creates stronger 

interactions with water molecule and is able to break a hydrogen bond of a water-

water and are more hydrated than the anion. The anion then preferentially exists at the 

hydrophobic interface of the solution/vapor junction over being solvated. AP-XPS was 

shown to resolve changes in the core shells of the Zn 2p and Br 3d, which have 

orbitals with electronic structures that are sensitive to solvating molecules.  
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HYDROXYLATION OF METAL OXIDE ULTRA-THIN FILMS SUPPORTED 

ON SILVER SINGLE CRYSTAL 

4.1 Abstract 

In this Chapter the interaction of water with MnO(1x1) and NiO(1x1) thin 

films on Ag(100) was investigated. X-ray photoemission spectroscopy (XPS) and 

scanning tunneling microscopy (STM) was used to measure dissociative (OH) 

adsorption onto submonolayer MnO(100) and NiO(100) films. The mechanism of a 

high barrier to water dissociation for MnO(100) films was examined by in-situ XPS 

which had increased hydroxylation associated with MnO(100) terrace sites at elevated 

water pressures of 2.5 Torr, wherein the surface OH concentration increases from 29 

% under vacuum conditions to 66 % after exposure. The interactions of water vapor 

with monolayer NiO/Ag(100) were also examined in this study. Initial film growth 

was characterized by STM low energy electron diffraction showing the formation of 

NiO(11) after annealing of the initial deposition. XPS revealed that the deposited 

films of MnO and NiO oxide contained small amounts of hydroxyl groups (OH) 

attributed to the dissociation of background water vapor at highly reactive edge sites. 

XPS results indicate that upon exposing the oxide film to high water vapor pressures 

(maximum 2.5 Torr), extensive hydroxylation occurs which is attributed to water 

dissociation at terrace sites. Theoretical calculations of both film types revealed that 

upon aggregation of water monomers to dimers at the oxide interface the dissociated 

dimer is energetically stable. The results herein are consistent with previous 

Chapter 4 
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MgO/Ag(100) studies, further revealing that for certain metal oxides the formation of 

water dimers at the metal oxide-vapor interface is a key mechanism leading to 

extensive terrace site hydroxylation. The preference of the films to hydroxylate at 

increased water vapor pressures can also evidence chemical relaxation reducing the 

steric strain of the epitaxial films even after annealing to a stable overlayer phase. 

4.2 Introduction  

Hydroxylation of metal oxide interfaces are known to affect the electronic 

properties of the surface and to change its reactivity towards gas phase adsorbates 

[163-167]. The degree to which hydroxylation occurs over metal oxides depends upon 

the surface chemistry and morphology. The focus of this Chapter is on the 

investigation of the hydroxylation of two different metal oxide films of manganese 

oxide and nickel oxide. Understanding the surface chemistry of manganese oxides has 

important implications in catalytic [168-171], electrochemical [172,173], magnetic 

[174-176], and atmospheric aerosol processes [177-179]. Manganese oxide films have 

also been employed in a number of applications, including sensors [180], electrodes 

[181,182], ion exchange [183], and catalytic materials [184]. Ultrathin metal oxide 

films are used as systems for studies at the nanoscale because the issue of sample 

charging is circumvented. Ultrathin metal oxide films have potential to serve as 

substrates for metal particles for catalysis, solid fuel cells, ferroelectric ultrathin film 

capacitors, and tunneling magnetoresistance sensors [185,186]. Any practical 

application of metal oxide films would necessitate chemical and structural 

understanding of the interfacial region, particularly its heterogeneous interactions with 

water and subsequent impact on those properties.  
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Surface science studies of MnO thin films have been reported on many 

supports, including Rh(100) [187], Rh(111) [188], Pt(111) [189-192] and Pd(100) 

[193,194]. MnO on Ag(100) has been fairly well characterized utilizing a number of 

surface techniques, including scanning tunneling microscopy(STM)[195], low energy 

electron diffraction (LEED) [195-200], X-ray photoelectron diffraction (XPD) 

[198,199], near edge X-ray absorption fine structure (NEXAFS) [200], and 

XPS[197,200,201]. MnO films on Ag(100) are tetragonally distorted due to the lattice 

mismatch of about 9%,[202] with a relaxation of the lattice away from the 

MnO/Ag(100) interface for multilayer MnO films. LEED studies on multilayer 

MnO/Ag(100) show there is significant rumpling of the oxygen atoms towards the 

vacuum [196]. However, rumpling of the top layer of a cleaved single crystal 

MnO(100) surface has also been observed with an outward displacement of Mn [203]. 

The difference may be explained by the stain films have from the substrate mismatch, 

photoelectron diffraction (XPD) results of MnO films indicated distortion occurring 

for the first few nm, while thicker films greater than 5 nm adopted bulk structure and 

bulk lattice constants [199]. There is a lack of STM results regarding the nature of thin 

MnO films on Ag(100) within the literature, recently MnO(2x1)/Ag(100) nanostripes 

were observed with LEED and STM on Ag(100) [195]. Structural details of 

submonolayer MnO films on Ag(100) have not been well under varied preparation 

conditions using microscopy techniques. 

Nickel oxide (NiO) films have been used in a variety of technological 

applications ranging from optoelectronic devices [204], fuel cells [205], magnetic 

pinning layers [206] and sensors [207]. The dissociation of water at metal oxide 

interfaces leads to hydroxyl groups, thereby significantly altering chemistry and 
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properties of the metal oxide interface [3]. Supported metal oxide thin films can react 

differently towards water depending on the film thickness [208]. This suggests that the 

efficacy for water dissociation to occur can be fundamentally controlled. It is therefore 

important to understand the extent to which metal oxides hydroxylate on a molecular 

level upon exposure to water. Herein we examine the interaction of water with 

monolayer NiO supported by Ag(100) in order to reveal the mechanism of water 

adsorption and dissociation. 

A number of vacuum-based surface science studies have examined the 

interaction of water with an NiO(100) single crystal and Ag(100) supported NiO films 

utilizing X-ray photoelectron spectroscopy (XPS), ultraviolet photoelectron 

spectroscopy, temperature program desorption and low-energy electron diffraction 

(LEED) [209-215]. These experiments suggest that defect sites are reactive towards 

the dissociation of water, while stoichiometric terrace sites of the NiO(100) interface 

are unreactive upon exposure to water vapor. The lack of extensive reactivity could be 

due to the low water vapor pressures used to expose samples under high vacuum. 

A number of molecular simulation methods have been utilized to examine the 

interaction of water with NiO(100), including MSINDO [216,217] and GGA+U [218-

220]. Simulation results agree with the aforementioned surface science studies, 

indicating that water adsorption at NiO(100) terrace sites are predicted to be more 

favorable in the molecular state rather than the dissociated state for low water 

coverages. However, there is evidence that multilayer water adsorption, a 

representation of NiO(100) in contact with bulk water, leads to partial dissociation 

within the first water layer at 293 K [218]. The aforementioned molecular simulations 

were performed on bulk terminated NiO(100) [216-220]. Given the lack of NiO(100) 
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terrace site reactivity observed experimentally for low water vapor pressures 

exposures[209-215], we hypothesized that exposure to higher water vapor pressures 

may lead to additional reactivity at terraces.  

Herein we use a combination of experimental techniques to examine the 

interaction of water with submonolayer MnO(1x1) and NiO(11) deposited onto 

Ag(100). Film quality was assessed using LEED and STM, and surface hydroxylation 

was identified using XPS before and after exposure to water vapor. STM and LEED 

were utilized to determine film quality while the chemical composition and extent of 

metal oxide hydroxylation was monitored using XPS following in-vacuo exposures to 

water vapor. MnO and NiO film properties on Ag(100), the adsorption of water and 

the tendency of water to dissociate at the film surface were analyzed at different water 

pressures, reproduced with permission from [221,222]. The results were compared to 

experimental and computational studies and the mechanisms for water dissociation 

were expounded upon. 

4.3 Experimental Details 

Experiments were performed at the Center for Functional Nanomaterials at 

Brookhaven National Laboratory using an ultra-high vacuum system consisting of 

three chambers, including an analysis chamber, preparation chamber, and a fast entry 

chamber. Scanning tunneling microscopy (STM) was performed in the analysis 

chamber (RHK, VT-STM/AFM) at room temperature with images captured under 

pressures of < 3 x 10–10 Torr. The substrate was grounded through a Molybdenum ring 

that mounted the sample to the manipulator holder. 
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4.3.1 Sample Preparation  

MnO and NiO ultra-thin films (sub one monolayer) were deposited on an 

Ag(100) single crystal using molecular beam epitaxy. The Ag(100) single crystal 

(Mateck, 99.999%, < 0.4 polishing) was cleaned by multiple cycles of sputtering in 

10-5 Torr Ar at 1.5 kV and subsequently annealed to 700 K. Low energy electron 

diffraction (LEED) images showed good sample quality with (1x1) crystal structure. 

STM of the Ag(100) showed consistent large flat terraces (Figure 4.1). The thin films 

were created using molecular beam epitaxy wherein the evaporated metal atoms were 

deposited onto the silver target in the presence of oxygen gas. MnO thin films were 

prepared by e-beam evaporation (Mantis Deposition LTD, QUAD-EV-C Mini) at a 

rate of ~1 ML min–1 monitored using a quartz crystal microbalance (Inficon, Qpod). 

The MnO films were deposited from a Mn rod (Goodfellow, 99.99%) in 10-7 Torr O2 

with the Ag(100) substrate held at room temperature, followed by annealing in 

vacuum to 800 K [197]. NiO has a 2 % lattice mismatch with Ag(100)[223] and forms 

high quality (11) films on Ag(100) depending on the O2(g) pressure (or dosage) and 

substrate temperature [224-231]. In a separate experiment NiO thin films were 

deposited by e-beam evaporation (Mantis Deposition LTD, QUAD-EV-C Mini) from 

a Ni rod (ESPI, 99.995%) in 10-6 Torr O2 at a rate of ~1 ML min–1 monitored using a 

quartz crystal microbalance (Inficon, Qpod). The sample substrate was held at room 

temperature during deposition, followed by annealing in 10-6 Torr O2 to 600 K for 10 

minutes. Post annealing of NiO above 550 K has been shown to induce a morphology 

change from (21) to (11) on Ag(100) [230]. 
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4.3.2 X-ray Photoelectron Spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) spectra were collected in the 

preparation chamber with base pressures <2x10-9 Torr using a hemispherical electron 

energy analyzer (SPECS, PHOIBOS 100) and twin anode X-ray source (SPECS, 

XR50). Al Kα (1486.6 eV) radiation was used at 10 kV and 30 mA. The angle between 

the analyzer and X-ray source is 45 and photoelectrons were collected along the 

sample surface normal. Ag 3d, C 1s, Mn 2p and O 1s spectra were collected using 20 

eV pass energy for the MnO samples. For the NiO samples Ag 3d, O 1s, Ni 2p and C 

1s spectra were collected using 20 eV pass energy. All spectra were internally 

calibrated to Ag 3d(5/2) at 368.3 eV [71]. XPS peaks were analyzed using peak fitting 

software (CasaXPS, v2.3.17) with a Shirley background and Gaussian (80%) 

Lorentzian (20%) peak fits. 

4.3.3 Scanning Tunneling Microscopy (STM) 

Scanning tunneling microscopy (STM) is based on the concept of quantum 

tunneling of electrons between a tip and surface. When a conducting tip is brought 

very close to the surface to be examined and a bias voltage is applied between the two 

then there exists a probability of electrons to tunnel through the vacuum between 

them. The resulting tunneling current is a function of tip position, bias voltage, and the 

local density of states of the sample and reveals extremely high-resolution information 

on the samples topology and morphology at the atomic scale. STM experiments 

(RHK, VT-STM/AFM) were performed at room temperature with images captured 

under pressures of < 3 x 10–10 Torr. STM tips were composed of tungsten that were 

electrochemically etched in a 0.10 M KOH solution and then sputtered in-vacuo. STM 

images were acquired under constant current mode with home-built electronics and 
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GXSM software. STM images were processed using ImageJ software [232] 

Investigations did not prove valuable to assess changes in the film morphology after 

water exposures partly due to the lack of atomic resolution for this STM setup and 

susceptibility of the STM tip to interact and “pick up” an adsorbate. Thus, the focus of 

STM measurements herein were on characterizing the morphology of the initial metal 

oxide film deposition. 

4.3.4 Low Energy Electron Diffraction (LEED) 

Low-Energy electron diffraction (LEED) is a technique that is used for 

determination of the surface structure of well-ordered single-crystalline materials by 

the observation of diffraction patterns resulting from the bombardment of the surface 

with a collimated beam of low energy electrons, typically between 20 and 200 eV. The 

diffraction pattern appears as an array of spots in reciprocal k-space in relation to the 

lattice arrangement of atoms at the samples surface. The diffraction pattern was 

detected on a phosphorous screen held at a high positive bias and captured with a 

commercial camera. LEED images (Specs, ErLEED 150) were captured at room 

temperature in the preparation chamber. 

4.3.5 In-Situ Water Exposures 

Water vapor exposures were performed in the fast entry chamber equipped 

with a precision leak valve, behind which was attached a custom glass bulb containing 

18.2 MΩ water (Aqua Solutions, 2122A). Prior to water vapor exposure, the fast entry 

chamber was baked and maintained a base pressure of < 2 x 10-8 Torr and the water 

was freeze-degassed at least three times. After exposure to water vapor, the load lock 
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chamber was pumped down and the sample was transferred for XPS analysis under 

UHV. 

4.4 Results and Discussion 

4.4.1 Manganese Oxide Ultra-Thin Films on Ag(100) 

4.4.1.1 Thin Film Deposition Characterization 

The sputter and annealed silver single crystal were initially characterized by 

XPS, LEED, and STM. Each film was deposited onto a freshly cleaned silver surface 

which was characterized by XPS to ensure that the surface was free of metal and 

oxygen signals and with minimal carbon contaminations. STM of the annealed 

Ag(100) showed consistent large flat terraces (Figure 4.1) indicative of a clean well-

ordered single crystal surface. LEED images of the Ag(100) (Figure 4.2a) displayed 

good sample quality with (1x1) lattice crystal structure. 

Figure 4.1:  STM of cleaned silver, sputtered and annealled at 700K. 50x50 nm 

images collected at 0.96 V and 0.53 nA. Reproduced with permission 

from [221]. 
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Figure 4.2: LEED images of (a) clean Ag(100) and (b) MnO film annealed to 700 K 

in vacuum. Images taken at 86 eV. Reproduced with permission from 

[221]. 

After preparation of MnO ultra-films on Ag(100) the sample was characterized 

by XPS, STM, and LEED. Results of a freshly prepared MnO/Ag(100) film are shown 

in Figure 4.3. Most of the silver substrate is covered with an extended single layer of 

MnO with intermittent square islands forming on top. The cubic nature of the of the 
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islands within the images was indicative of a (1x1) MnO structure on Ag(100), further 

evidenced by LEED results (Figure 4.2b). Three representative line scans are shown 

in Figure 4.3b. Trace 2 (black) tracks a line profile from the edge of one extended 

monolayer (ML) film to another, with the Ag(100) substrate in between. The apparent 

height in this first layer is ~0.2 nm. Trace 1 (red) shows the profile of an island on top 

of the extended MnO monolayer film. The apparent height of this island is similar to 

that of the extended MnO monolayer film (trace 2). This suggests the isolated islands 

are a second layer of MnO on top of the extended underlying MnO. Dark STM 

features are also seen in the interior of the extended MnO monolayer film with 

apparent heights of ~0.8 nm (trace 3). Given the lack of atomic resolution for this 

instrument, it is difficult to assess the nature of these dark spots although they may be 

due to small holes vacancies in the extended MnO film. Such dark features were not 

observed previously for a (2x1) MnO/Ag(100) film [195]. Based on the image in 

Figure 4.3a it can be estimated that the MnO coverage was 0.9 ML. 
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Figure 4.3:  STM results of a freshly prepared MnO film annealed in vacuum to 800 

K. (a) 200 x 200 nm image collected at -2.0 V and 0.40 nA. (b) Apparent 

height profiles of line traces within STM image. Reproduced with 

permission from [221]. 
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Figure 4.4: XPS spectra of MnO/Ag(100) film at different experimental conditions 

(a) Mn 2p(3/2) and (b) O 1s XPS spectra taken of (i) silver substrate, (ii) 

as deposited film of MnO, (iii) after 5-minute exposure to 9.0 x 10-3 Torr 

H2O and (iv) after exposure to 2.5 Torr H2O. Reproduced with 

permission from [221]. 
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Spectroscopic characterizations of the MnO/Ag(100) film are presented by Mn 

2p(3/2) and O 1s XPS spectra (Figure 4.4). The initial Ag(100) substrate is devoid of 

Mn and O species (Figure 4.4(i)), although there some adventitious carbon is present 

(SI, Figure S4a). The freshly prepared MnO film has an Mn 2p(3/2) binding energy 

(BE) of 641.1 eV (Figure 4.4a(i)), consistent with Mn2+ for both bulk MnO and metal 

supported MnO films [193,197,233,234]. These results confirm the complete 

conversion of Mn0 (BE = 639 eV) to MnO during deposition where the O2 pressure 

was held at 10-7 Torr to maintain an Mn2+ oxidation state without further converting 

the film to higher Mn oxidation states. The O 1s spectra of the freshly prepared film 

(Figure 4.4b(ii)) shows a main feature at a BE of 529.9 eV due to the oxide (Ox) peak 

of MnO, and a smaller peak at a higher BE of 531.6 eV attributed to hydroxyl (OH) 

groups. The BE difference of 1.7 eV is consistent with the spacing between Ox and 

OH for the surface of a MnO single crystal [235]. We attribute this initial hydroxyl 

feature to the dissociation of residual gas phase water background at low coordinated 

defect sites of kinks, edges, and vacancies on the freshly prepared MnO film. The 

potential contribution of OH species from oxidized adventitious carbon was found to 

be negligible based on C 1s spectra composed primarily of C-H species at 285.0 eV 

(Figure 4.5). 
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Figure 4.5: XPS C1s spectra of (a) silver substrate, (b) as deposited MnO film, (c) 

after exposure to 9.0 x10-3 Torr H2O for 5min and (d) after exposure to 

2.5 Torr water vapor for 5 min. Reproduced with permission from [221]. 
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4.4.1.2 Spectral Analysis of In-Situ Water Exposures 

Upon exposing the freshly prepared MnO film to a water vapor pressure of 9 x 

10-3 Torr for 5 minutes, the Mn 2p(3/2) remains similar to the freshly prepared film 

(Figure 4.4a(iii)) while the O 1s high binding energy OH feature increases relative to 

the Ox peak (Figure 4.4b(iii)). These results indicate that the oxidation state of Mn 

remains the same (Mn2+) while there was an increase in water dissociation forming 

hydroxyl groups. The decrease in bulk oxide signal at 529.9 eV is attributed to the 

conversion of surface Ox species to surface OH. A similar phenomenon was reported 

for MgO/Ag(100) films exposed to water vapor [236,237]. Water vapor exposures to 

an MnO(100) single crystal showed that above a pressure “threshold” of 10-4 Torr at 

room temperature the MnO surface significantly hydroxylates [235]. Thus, our results  

of increased hydroxylation at an exposure of 9 x 10–3 Torr at room temperature are 

consistent with these observations. The MnO film was additionally exposed to 2.5 

Torr for five minutes. The Mn 2p(3/2) peak (Figure 4.4a(iv)) remained similar to the 

first water exposure. The Ox peak decreased while the OH peak increased in the O 1s 

spectrum (Figure 4.4b(iv)) relative to the 9 x 10-3 Torr exposure. Figure 4.6 plots the 

OH peak area relative to the total O 1s peak area for the freshly deposited MnO film, 9 

x 10–3 Torr exposure and 2.5 Torr exposure. These results show that the surface OH 

species increases from 29 % under vacuum conditions to 66 % after exposure to 2.5 

Torr (12 % RH). The experimental deposition herein prepared an MnO(1x1)/Ag(100) 

film evidenced both by STM and LEED. This contrasts with Obermüller et al. who 

observed a metastable (2x1) phase [195]. This difference in phase appears to be due to 

differences in annealing procedures. Our films were prepared by depositing Mn in an 

O2 environment at room temperature followed by annealing under vacuum to 800 K. 

However, films produced by Obermüller et al. [195] were annealed in 7 x 10–8 to 4 x 
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10–6 Torr O2 at 700 to 800 K. Annealing under O2
 may be responsible for the 

kinetically driven transition to the metastable (2x1) phase. Muller et al. quantitatively 

characterized thin MnO films and found well-ordered films with structure approaching 

bulk lattice constants after annealing to 300K and 500K [197].  

 

 

Figure 4.6: Ratio of XPS OH to Ox peak intensities for the initial MnO film, after 

exposure to 9.0x10-3 Torr H2O, and after exposure to 2.5 Torr H2O. 

Water exposures were 5 min. Reproduced with permission from [221]. 

The freshly prepared MnO(1x1)/Ag(100) film was observed to be partially 

hydroxylated under vacuum conditions (Figure 4.4b(ii)). We attribute this to the 

reactivity of residual water vapor in the chamber with MnO film nonstoichiometric 

defect sites (steps, kinks, corners, and sites with missing Mn and O). This is consistent 

with the interpretation of Brown and coworkers [235] who exposed a freshly prepared 
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MnO(100) single crystal surface to varying water vapor pressures. Below 10–4 Torr 

hydroxylation was slow but was observed to increase over a period of an hour. 

Exposures to MnO above a “threshold” pressure of 10–4 Torr lead to extensive and 

rapid hydroxylation of the surface. A similar “threshold” pressure was observed by 

Brown and coworkers [238] for water vapor exposures to a MgO(100) single crystal 

and attributed the similar reactivity of MnO(100) and MgO(100) above this threshold 

to extensive dissociation of water at stoichiometric terrace sites on both surfaces. 

In their extensive discussion comparing water reactivity with MnO(100) and 

MgO(100), Brown and coworkers identified a stark contrast between the two below 

the “threshold” pressure. At low water vapor pressures, MnO(100) hydroxylation was 

observed to increase as a function of time, while MgO(100) did not. Brown and 

coworkers remarked that the “reason for this difference is unclear at present and 

requires further investigation” [235]. It has been shown experimentally that extensive 

hydroxylation of MgO(100)/Ag(100) films occurs under ambient water vapor 

conditions above a threshold relative humidity of 0.01 % using ambient pressure XPS. 

These results were consistent with the vacuum studies of Brown and coworkers for 

single crystal MgO(100) [238]. It was suggested by Newberg et al. [236] that the onset 

to hydroxylation was likely due to an autocatalytic dissociation process whereby water 

aggregation at stoichiometric terrace sites occurs, transitioning from water monomers 

on the surface to water dimers or trimers. Shortly thereafter Giordano and Ferrari 

[239] showed that while water monomers are unreactive at MgO(100) terrace sites, 

upon forming a water dimer one of the two waters within the dimer goes through 

barrierless dissociation. Thus, upon forming a water dimer at MgO terrace sites, one of 

the waters is dissociated into two hydroxyl groups while the other remains molecular, 
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stabilizing the hydroxyl groups. This behavior was found to occur for monolayer 

MgO(100)/Ag(100) and bulk MgO(100).  

Through the DFT computational work of our collaborators Giordano and 

Ferrari in the work of Arble et al. [221] for the case of MnO(1x1)/Ag(100), it was 

calculated to be energetically favorable to have a water monomer in both the 

molecular and dissociated state. For MgO(100) the dissociated state is energetically 

unfavorable. Moreover, there is an energy barrier of ~0.35 eV in transitioning from the 

molecular to dissociated state. We believe it is this transition state which leads to the 

time dependent reactivity of MnO(100) observed by Brown and coworkers [235] 

under low water vapor conditions (< 10–4 Torr). Moreover, the lack of hydroxylation 

at MgO(100) terrace sites < 10–4 Torr is due to the inability of MgO(100) terrace sites 

to dissociate water monomers. Figure 4.4 and 4.6 indicate that the hydroxyl growth 

follows the behavior of water monomers dissociating in the 9.00 x 10-3 Torr regime 

and then further growth in the regime of water dimers at 2.5 Torr. 

4.4.2 Nickel Oxide Ultra-Thin Films on Ag(100) 

4.4.2.1 Thin Film Deposition Characterization 

After preparation of NiO ultra-films on Ag(100) the sample was characterized 

by XPS, STM, and LEED. NiO films were deposited onto annealed Ag(100) which 

showed consistent large planar terraces (Figure 4.1) indicative of flat single crystal 

surface. LEED images of the Ag(100) (Figure 4.2a) displayed good sample quality 

with (1x1) lattice crystal structure. An STM image of a freshly prepared NiO/Ag(100) 

film collected at a positive bias of +2.5 V and had an estimated coverage of 0.5 ML 

(Figure 4.7a). The surface is composed of square and rectangular islands (dark) on the 
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Ag(100) substrate (bright background) which extend laterally ranging in size from 

about 5 to 20 nm. The imaging of dark NiO islands on Ag(100) is consistent with 

previous STM studies at low positive bias [226,240]. A plot of tunneling current 

versus bias shows that the electronic states of the NiO are accessed at ~3 V and above 

[226]. Thus, the dark images for the islands stem from a lowering of the tunneling 

current relative to the metallic Ag(100) substrate. This decrease in tunneling current 

gives rise to a dip in line traces across the NiO islands (Figure 4.7b) which give an 

apparent height of ~0.2 nm. In addition to isolated islands, there are regions of 

extended NiO films across the surface that are several 10’s of nm across (see upper 

right corner of Figure 4.7a). The cubic nature of the NiO islands is indicative of a 

(11) structure on Ag(100), confirming that our post annealing procedure produces 

NiO(11) structures [230]. The islands growth edges extended out rectangularly in 

[110] and [1-10] principal crystallographic directions of the silver substrate [230]. 

This (1 x 1) phase was further evidenced by performing LEED on a freshly prepared 

film which displayed (11) diffraction pattern (Figure 4.8).  
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Figure 4.7: (a) STM image of NiO film collected at +2.5V and 0.5 nA. The principal 

crystallographic directions are indicated. (b) Topological plot of white 

line in (a). Reproduced with permission from [222]. 
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Figure 4.8: LEED image of an annealed NiO(100) film collected at 88 eV. 

Reproduced with permission from [222]. 

During NiO film deposition the oxygen pressure was chosen to be held at 1 x 

10-6 Torr in order to maintain a Ni2+ oxidation state. XPS spectrum in the Ni 2p(3/2) 

region for a freshly prepared film (Figure 4.9a) were composed of three different 

components consistent with the formation of NiO [71,241] where the lowest binding 

energy (BE) peak observed at 853.8 eV is attributed to Ni2+. The two additional peaks 

at 856.1 eV and 861.0 eV are consistent with NiO formation, but the origin of these 

peaks have been attributed to a number of effects that are still debated, including non-

local screening effects, defect driven states, multi-electron charge transfer excitation 

processes and unscreened final state effects [241-245].  

 

 

Figure 2. LEED image of an annealed NiO(100) film.  
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Figure 4.9: Ni 2p(3/2) spectra of NiO (a) initial film. (b) An overlay of three spectra, 

the initial film (black) and after 0.009 Torr (red) and 2.5 Torr (blue) 

water vapor exposures. Reproduced with permission from [222]. 

The O 1s spectrum of the freshly prepared film (Figure 4.10a) shows a main 

feature at a BE of 529.6 eV due to the oxide (Ox) O2– peak of NiO, and a smaller peak 

at a BE of 531.1 eV attributed to hydroxyl (OH) groups. A similar observation was 

observed previously for NiO/Ag(100) films, with the OH peak attributed to interaction 

of background water vapor with reactive edge sites [246]. The potential contribution 

of OH species from oxidized adventitious carbon was found to be negligible on the 

initial NiO film based on C 1s results showing primarily of C-H species at 284.8 eV 
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(Figure 4.12, black spectrum). We therefore attribute the formation of OH species on 

the freshly prepared film to dissociation of background residual water in the vacuum 

chamber with highly reactive nonstoichiometric defects including edge and corner 

sites on the NiO islands. 

Figure 4.10: O 1s spectra of NiO (a) initial film, (b) after exposure to 0.009 Torr and 

(c) 2.5 Torr water vapor. Each exposure was for 15 min. Reproduced 

with permission from [222]. 
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4.4.2.2 Spectral Analysis of In-Situ Water Exposures 

After preparation of NiO ultra-films on Ag(100) the sample was characterized 

by XPS, STM, and LEED. In the subsequent experimental step, the NiO film was 

exposed to two separate water vapor pressures with XPS taken after each exposure. 

The first water vapor exposure was for 15 min. at a pressure of 0.009 Torr, 

corresponding to 0.04 % relative humidity (RH) at 25 C. The RH was chosen to be 

below the critical onset humidity of 0.01 % RH, which has been shown for previous 

XPS studies on other metal oxide surfaces that above 0.01 % RH the surface 

experiences significant hydroxylation events [55-58]. As seen from Figure 4.10b, 

upon exposure to 0.04 % RH there is an increase in the OH peak and evidence of a 

small third peak that shows up at 3.6 eV higher BE from the Ox peak which is 

attributed to molecularly bound water. The next water exposure was intentionally 

dosed above the critical onset humidity at 2.5 Torr corresponding to 10 % RH for 15 

min and led to a significant increase in the OH peak, a decrease in the Ox peak, while 

the molecularly bound water peak remains essentially constant.  
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Figure 4.11: Ratio of the oxide (Ox), hydroxyl (OH) and molecularly bound water 

(H2O) peak to the total O 1s peak area as a function of sample condition. 

Water vapor exposures were 15 min. Reproduced with permission from 

[222]. 

Figure 4.11 shows a quantitative assessment of the O 1s peak areas, taking the 

ratio of each of the three peaks to the total O 1s spectrum. Error bars are calculated 

from the individual errors associated with each peak fit generated from Casa XPS and 

propagated through the ratio calculation. The relative intensity of the OH peak goes 

from 0.28 up to 0.63 in going from the initial film to the 10 % RH exposed film. At 

the same time the relative Ox peak decreases from 0.72 to 0.27. This decrease in Ox 

intensity is due to the conversion of the oxide sites to hydroxyl sites at the interface. 

The significant increase in hydroxylation in going from 0.04 % to 10 % RH is 

consistent with previous XPS observations on other metal oxides [236,247-249]. 

Moreover, a 63 % OH peak area cannot be accounted for by dissociation solely at the 

edges of the NiO(1x1) islands in Figure 4.7a suggesting that the observed extensive 
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hydroxylation is occurring at terraces. XPS intensities of the OH and Ox species 

suggests that the film is 28 % hydroxylated after the 0.04 % RH exposure and 53 % 

hydroxylated after the 10 % RH exposure, assuming Ni(OH)2 was formed. 

The Ni 2p(3/2) spectral envelope remained largely unchanged upon exposure 

to water as seen from the overlaid spectra (Figure 4.9b), suggesting that the oxidation 

state of Ni remains Ni2+ upon NiO hydroxylation. Peaks associated with the Ni(OH)2 

species were attempted to fit in the Ni 2p(3/2) spectra, however the BEs associated 

with this components of the Ni(OH)2 species closely overlaps with the satellite feature 

of NiO, 857.7 eV and 857.4 eV respectively [250]. Unfortunately, such fittings were 

inconsistent and unreliable given the low signal to noise ratio of the spectra. As such, 

the fittings were excluded from the figure. The absence of significant changes in the 

metal peak upon hydroxylation is not surprising and is dependent on the metal oxide 

being examined. For example, Fe 2p spectra are not very sensitive to hydroxylation of 

Fe2O3 in the presence of water vapor [251], whereas Mg 2p in MgO shows some 

evidence of peak broadening upon hydroxylation [247]. Moreover, the water vapor 

exposures did not lead to any change in the carbon spectra (Figure 4.12). Thus, the 

observed increase in hydroxylation can be attributed to water adsorption. 



 103 

 

Figure 4.12: C 1s spectra of initial NiO film (black) and after water vapor exposures 

to 0.009 Torr (red) and 2.5 Torr (blue). Reproduced with permission from 

[222]. 

Yang et al. [215] grew a 4 ML NiO/Ag(100) with a background water vapor 

pressure of ~1 x 10–9 Torr at 110 K and observed three peaks in the O 1s region due to 

Ox, OH and molecularly bound water in the form of ice at this temperature. However, 

NiO/Ag(100) grown at room temperature in the same background water vapor 

pressure only showed two peaks (Ox and OH) similar to our spectra in Figure 3a, and 

no molecularly bound water. This suggests that the higher pressures used in our study 

lead to extensive hydroxylation and residual adsorbed water. This is likely due to 

strong H2O-OH hydrogen bonding interactions that still reside under vacuum. The 
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existence of molecularly bound water under vacuum at room temperature is not 

surprising. For example, Altieri et al. [252] observed molecularly bound water on 

hydroxylated MgO/Ag(100) monolayer films under vacuum conditions after 

exposures to water vapor. These experimental results indicate that NiO monolayer 

films extensively hydroxylate upon exposure to near ambient water vapor pressures, 

while lower pressures only react at edge sites [215]. We attribute this increase in 

reactivity to water dissociation at terrace sites on top of the Ag(100) supported NiO 

film. While the XPS studies herein cannot distinguish between OH species at terrace 

sites versus defect sites, a peak area of 63 % for OH relative to the total O 1s peak can 

only be accounted for by reactions occurring at both defect sites and terraces.  

DFT results provided by our collaborators, Giordano and Ferrari within Arble 

et al. [222], revealed that the water monomer has a stable dissociated form on Ag-

supported NiO monolayer, although it is less energetically favorable compared to the 

molecular form. Additionally, the presence of an energy barrier to dissociation would 

favor the molecular form over the dissociated one. For example, a water monomer on 

an Ag-supported MgO monolayer has an energy barrier been estimated to exceed 0.5 

eV [253]. A less energetically stable dissociate state for a water monomer is consistent 

with XPS results within this study and previous XPS experiments [215] which show 

minor hydroxylation when exposed to background water vapor pressures at room 

temperature. This becomes a justification for former XPS, TPD and LEED studies 

under low pressure water vapor exposures which reported that dissociation occurs only 

at defects and not at terraces [209-215]. Upon exposure to higher RH’s, water 

aggregation occurs at terrace sites. The DFT results showed that when two monomers 

meet on the surface they form a hydrogen bound aggregate that easily dissociates 
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leading to a more stable product. These theoretical results are fully consistent with 

observations of increased hydroxylation at higher RH exposures observed by XPS. 

4.5 Conclusions 

This Chapter examined the hydroxylation of MnO(1x1)/Ag(100) and 

NiO(1x1)/Ag(100) with a combination of experimental techniques. The formation of 

(1x1) MnO on Ag(100), which is energetically more favorable than the (2x1), was 

prepared by evaporation of Mn onto Ag(100) at room temperature in the presence of 

10–7 Torr O2, followed by annealing in vacuum to 800 K. Annealing in the presence of 

O2 has been shown to form metastable (2x1) MnO [195]. Upon exposure to water 

vapor, extensive hydroxylation of MnO(1x1)/Ag(100) occurs, consistent with previous 

results for an MnO(100) single crystal. The molecular simulations revealed that it is 

energetically favorable to go from the molecular to dissociated state of a water 

monomer on MnO(1x1)/Ag(100) terrace sites with an energy barrier of ~0.35 eV. This 

is in stark contrast to MgO(100)/Ag(100), where it is energetically unfavorable for a 

water monomer to dissociate at terrace sites. We believe the observations of an energy 

barrier for the dissociation of a water monomer on MnO(1x1)/Ag(100) helps elucidate 

previously unresolved observations of time dependent hydroxylation kinetics for the 

dissociation of water on MnO(100).  

The interaction of water vapor with NiO(1x1)/Ag(100) islands was also 

assessed using vacuum-based XPS. Previous studies examining the interaction of 

water with NiO(100) suggested that dissociation does not occur at terrace sites when 

exposed to water vapor pressures in the high vacuum regime. Upon exposure to high 

water vapor pressures (maximum 2.5 Torr) at room temperature, we show that 

extensive hydroxylation is observed on Ag(100) supported NiO(1x1) islands. The 
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extent of the OH intensity was attributed to the dissociation of water at stoichiometric 

terrace sites upon aggregation. This interpretation was supported by DFT calculations 

performed by collaborators, examining the interaction of a water monomer and dimers 

with an Ag(100) supported NiO(1x1) film. Results indicate that the molecular form of 

a water monomer is more stable than that of the dissociated form. However, upon 

aggregation of two molecularly bound water molecules the hydrogen bounded water 

dimer can easily dissociate by crossing a small energy barrier, leading to a dissociated 

state that is more stable than the molecular dimer. This stability is mainly attributed to 

the H2O-OH hydrogen bond formation and to a minor extent the structural distortion 

of the Ag(100) supported NiO(1x1) film. These results are consistent with the 

observations of extensive hydroxylation at higher RH exposures where aggregation is 

expected to occur.  
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INVESTIGATION OF PHOTOCATALYTIC PROCESSES ON MANGANESE 

OXIDES 

5.1 Abstract 

Heterogeneous interactions on metal oxides are critical processes for many 

industrial and biological applications, particularly that of photo chemical processes. 

The semiconductor properties of many transition metal oxides allow the adsorption of 

light to promote an electron from its valance band to the conduction band. These 

excited electrons can catalyze reactions which lead to the photooxidation and 

subsequent removal of adsorbates. The interaction of UV and visible solar irradiation 

alongside of oxygen with a MnO surface was investigated using lab-based ambient 

pressure X-ray photoelectron spectroscopy (AP-XPS). Experiments were conducted 

under 0.09 Torr O2 and with solar simulator light sources with ranges of 280. The 

combination of UV light and the presence of O2 which react with photogenerated 

electrons to form reactive oxygen species were required to observe any chemical 

change within the core shell spectra. The intensity of the carbonyl species in the C 1s 

decreased by 50% upon exposure to reaction conditions with corresponding signal 

losses in the O 1s. Additionally, a MnO2 film was electrodeposited onto indium tin 

oxide coated glass for study of photochemical processes on a more reactive surface. 

The morphology and chemical structure of the electrodeposited were examined with 

scanning electron microscopy (SEM) and XPS. The photocatalytic nature of the film 

Chapter 5 
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was characterized by the degradation of methylene blue from exposure to simulated 

sunlight. 

5.2 Introduction 

Photoelectron transfer processes using earth abundant metal oxide 

semiconductors are promising technologies which can be exploited in solar energy 

conversion, storage of energy, synthetic material conversion, and for destruction of 

volatile organic compounds from air pollution [254-256]. Photocatalytic reactions 

using solar energy can successfully catalyze mild oxidation of alkanes, alkenes, and 

alcohols on the surfaces of metal oxides or sulfides [257]. Illuminated semiconductors 

have appropriate chemical potentials to oxidize organic pollutants into benign 

products such as CO2 and H2O which provides a green energy solution to a growing 

health problem of VOC in urban areas [258]. When the semiconductors adsorb UV 

light, electrons are excited from the valence band to the conduction band, resulting in 

valence band electron vacancies. Excited state species have very sort lifespans on the 

order of nanoseconds to picoseconds necessitating the need to carry out simple and 

fast chemical transformations. Such semiconductors need to have active surface sites 

that can adsorb reactant species such as the organic pollutant, O2, and H2O in order to 

catalyze such reactions [259]. 

Manganese is the tenth most abundant element in the Earth’s crust and 

therefore one of the most inexpensive transition metals. Manganese oxides are utilized 

as electrode materials, catalytic substrates and in many biological and environmental 

systems [179,184,260,261]. Manganese oxide catalysts are generally known as 

oxidants due to the presence of active oxygen species (in the lattice or adsorbed on the 

surface) and are proven active for thermally and photochemically catalyzed reactions. 
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The literature has reported catalytic activity of synthetic MnO2 in the selective 

photooxidation of alcohols to carbonyls,[262,263] and in VOC abatement oxidizing 

harmful compounds to CO2 [178,264,265]. Manganese oxides are very common 

mineral components of soils and are often present in natural photoactive minerals the 

environment. Manganese oxide can be effectively used as photocatalyst without the 

need of doping due to d–d electronic transitions from partially filled d-orbitals which 

occur during irradiation. 

Many photochemical reaction studies have focused on aqueous solutions of 

organics. Surface science techniques have been required to elucidate the mechanisms 

of photochemical reactions that occur at heterogeneous interfaces. Heterogeneous gas 

phase catalysis is a particularly simple and environmentally friendly method due to the 

ease of recovery of the catalyst and reusability. X-ray photoelectron spectroscopy is a 

powerful tool that can map the chemical states at the very near surface region of 

materials. Traditionally, XPS operates under ultra-high vacuum which deters the use 

of gas phase adsorbates, until recent technological developments were made to “bridge 

the pressure gap” in photoelectron spectroscopy. Current ambient pressure XPS 

systems are an excellent tool to probe surface under in-situ conditions; however very 

little work has explored photochemistry with the technique. AP-XPS has been used to 

investigate photochemical processes over substrates of Ta3N5 nanotubes [266], 

TiO2(110) [267], anatase TiO2 films [268], TiO2 powder [104,269] and TiO2 

nanoparticles [270]. Herein an AP-XPS investigation of a heterogeneous reaction on 

the surface of manganese oxide is reported. The chemical state and the electronic 

properties of the surface investigated under UV irradiation, water, and oxygen dosage. 
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X-ray core-level spectroscopy characterization of the oxygen and carbon regions 

established a photochemical with the residual organic material on the surface.  

MnO2 is an attractive candidate for use in catalysis, electrochemical materials, 

and as a photoactive agent. Photocatalytic studies have been conducted using 

amorphous manganese oxide and have attributed much of the reactivity of the material 

to the MnO2 species [271-273]. The manganese oxide surface studied within Section 

5.4.1 was not fully oxidized to Mn(IV) oxide based on XPS results. Thin films of 

manganese oxide were electrochemically deposited onto indium tin oxide (ITO) with 

the goal to produce potentially more reactive MnO2 thin films. ITO is a transparent n-

type semiconductor, with a low electrical resistivity of 2 x 10-4 cm and a wide band 

gap (from 3.3 eV to 4.3 eV) [274]. ITO is an optoelectronic material that is widely 

used within both research and industry. ITO coated glass has been widely used as a 

support in many applications including solar cells, heat-reflecting mirrors, 

antireflective coatings, and gas sensors [274].  ITO has been used as the substrate in a 

number of studies to produce manganese oxide films and nanostructured materials. 

The composition of the deposited films was characterized with XPS and SEM, and 

their response to light was investigated by monitoring current generated 

electrochemically as well as the degradation of an indicator dye. 

5.3 Experimental Details 

5.3.1 Sample Preparation and Analysis 

5.3.1.1 Native Manganese Oxide 

Manganese polycrystalline solid samples (Sigma Aldrich, 99.99%) were 

polished using fine grit abrasive pads and 0.5 m alumina solution. The samples then 
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washed with ethanol followed by DI water and then dried in the presence of nitrogen 

prior to the introduction into vacuum chamber for analysis. 

5.3.1.2 Electrodeposited Manganese Oxide Film 

Indium tin oxide coated glass electrodes (Yingkou Opv Tech New Energy Co. 

Ltd) (2 cm × 1 cm × 0.1 cm) were stored immersed in deionized distilled water and 

ultra-sonicated for 30 minutes prior to electrochemical deposition. Cyclic voltammetry 

(CV) was employed for the electrochemical deposition process with a potentiostat / 

galvanostat (Biologic, SP-300). The ITO conductive film was placed in a 0.10 M 

potassium chloride (KCl, Fisher Scientific, 99.8 %) electrolyte solution containing 

0.10 M manganese chloride (MnCl2·4H2O, Sigma Aldirch, >99 %). The three-

electrode setup used included the ITO working electrode, Pt wire counter electrode, 

and an Ag/AgCl (saturated KCl) reference electrode. CVs were conducted over a 0 to 

+1.5 V window versus reference at a scan rate of 10 mV/s and the CVs were repeated 

between 0 and 10 times to adjust the thickness of the film. Synthesized films were 

then removed from solution and rinsed with deionized distilled water before drying in 

a vacuum oven overnight. 

5.3.2 Ambient Pressure X-ray Photoelectron Spectroscopy (AP-XPS) 

The surface chemistry of polished manganese oxide substrate was probed 

using a lab-based ambient pressure X-ray photoelectron spectrometer (Scienta HIPP-2 

R4000) and a monochromatic Al anode X-ray source (Scienta MX650) operating at 20 

mA and 10 kV. The details of this system have been described previously in Chapter 

2. All spectra were captured using acceleration mode [73] and with an aperture size of 

0.5 mm. The analysis chamber base pressure was 1.0 x 10-8 Torr prior to the start of 
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experiments. Ambient pressure experiments were performed by introducing oxygen 

gas (Keen, 99.997%) through a precision variable leak valve into the analysis 

chamber. Mn 2p, Mn 3s, O 1s and C1s spectra were captured at 100 eV pass energy 

and a step size of 0.16 eV. Spectra were analyzed with 80:20 Gaussian-Lorentzian fits 

with a Shirley background subtraction using peak fitting software (CASAXPS, 

2.3.16). All spectra were referenced to C 1s aliphatic carbon at 285.0 eV. 

5.3.3 X-ray Photoelectron Spectroscopy (XPS) 

XPS measurements were conducted on electrodeposited films on a UHV 

instrument (Thermo Fisher, KAlpha+ ) located in the Surface Analysis Facility of the 

University of Delaware. Base pressure of the instrument was 1.0 x 10-9 Torr prior of 

the start of spectral acquisition. Monochromatic Al K-alpha x-rays where used with a 

spot size of 100 μm and a flood gun was used to limit sample charging. Spectra of the 

Mn 2p, In 3d, Sn 3d, O 1s and C1s were collected with a pass energy of 20 eV and 

step size of 0.1 eV. Spectra were analyzed with 80:20 Gaussian-Lorentzian fits with a 

Shirley background subtraction using peak fitting software (CASAXPS, 2.3.16). All 

spectra were referenced to C 1s aliphatic carbon at 285.0 eV. Standards were used in 

the analysis of the Mn 2p peak and were as follows Mn(II) oxide (Sigma-Aldrich, 

99.99 %), Mn(III) oxide (Sigma-Aldrich, 99.99 %), and Mn(IV) oxide (Sigma-

Aldrich, 99.99 %). 

5.3.4 Scanning Electron Microscopy (SEM) and Optical Microscopy 

Scanning electron microscopy (SEM) surface morphology images within this 

Chapter were collected in secondary electron mode (Zeiss Auriga 60 FIB/SEM) with 

an accelerating energy of 3 keV and a working distance of 5.0 mm. Optical images 
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were collected with a light microscope (LM Zeiss AXIO Imager.M2), both SEM and 

light microscopy were performed at the W. M. Keck Center for Advanced Microscopy 

and Microanalysis at the University of Delaware. 

5.3.5 Xenon Light Exposure 

Sample illumination was performed in the APXPS analysis chamber using a 

300 W Cermax collimating Xe bulb with inline filters. For the experiments herein, a 

cutoff filter which emitted solar simulated light above 280 nm. The collimated light 

was then directed through a circulating water filter to reduce the infrared output of the 

Xe bulb. The collimated light was focused onto a custom fiber optic cable (LEONI 

Fiber Optics Inc.) housed in 0.25-inch stainless steel tube which was mounted through 

a vacuum flange on the analysis chamber. The vacuum compatible fiber termination 

was positioned approximately 1 cm from the sample surface during illumination. 

 For exposures to the electrodeposited sample occurred outside of vacuum in 

which case the light source was brought close to the sample (~5 cm) and enclosed in a 

dark box to prevent any stray light from impacting the observations. The deposited 

manganese oxide was scraped off the ITO and dissolved in deionized distilled water 

and sonicated for 2 hours. To this solution 200 uM of methylene blue was added 

whose photodegradation was monitored by UV-Vis (B&W TEC Inc, BDS 130). 
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5.4 Results and Discussion  

5.4.1 Native Manganese Oxide Surface and Photocatalytic Behavior 

5.4.1.1 Spectral Characterization of Initial Film 

The sample was transferred into the vacuum chamber immediately after the 

cleaning procedures of ethanol and water washes were performed. Given the samples 

polycrystalline structure and exposure to ambient atmosphere and the cleaning washes 

it would not be unexpected that the surface of the manganese metal would contain a 

native oxide film. Indeed, O1s spectra taken of the initial Mn surface contains several 

peaks indicative of metal oxide species (Figure 5.1a). The components of O 1s were 

found to be at binding energies of 530.1 eV, 531.4 eV, 532.4 eV, and 533.4 eV 

assigned to be oxide (Ox), hydroxyl (OH), oxygenated carbon species (OC), and 

adsorbed water (H2O), respectively [275]. The binding energies of the components 

agree well with values reported in literature and these components were present on a 

hydroxylated oxide that has oxygen containing carbon species on its surface. The O 1s 

XPS spectra (Figure 5.1) indicate there is a small amount of adsorbed water on the 

sample even though the system was in UHV, which is not uncommon to occur for 

metal oxides [252,275]. The primary species of the O 1s spectra was the oxide 

component at 530 eV and constituted 65 % of the spectral area in the initial sample. 

The hydroxyl species composed 19 % of the signal whereas the oxygenated carbon 

component comprised 12.5 % and the adsorbed water species 3.5 %.  
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Figure 5.1: Oxygen 1s spectra taken of the (a) initial sample of the native oxide film 

on Mn, (b) illuminated for 2 hours, (c) under 0.09 Torr O2 illuminated for 

1 hour, and (d) 2 hours. Components fit to the oxide (Ox), hydroxyl (O-

H), oxygenated carbon species (O-C), and adsorbed water (H2O). 

Corresponding C 1s spectra of the initial sample are shown in Figure 2 (a). 

Components were fit at binding energies of 285.0 eV, 286.5 eV, 287.5 eV, and 288.7 

eV corresponding to the advantageous carbon (CH), alcohol(C-OH), carbonyl (C=O), 

and carboxyl (COOH) species [276-278]. The carbon species present in the initial 

vacuum could have originated from a number of sources such as the washes with 
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ethanol, exposure to the atmosphere, and desorbed molecules from the vacuum 

chamber walls. 

 

Figure 5.2: C 1s spectra taken of the (a) initial sample of the native oxide film on 

Mn, (b) illuminated for 2 hours, (c) under 0.09 Torr O2 illuminated for 1 

hour, and (d) 2 hours. Components fit to the advantageous carbon (CH), 

alcohol(C-OH), ketone (C=O), and carboxyl(COOH) species of the C1s. 

5.4.1.2 Manganese Oxide Chemistry in the Presence of Oxygen, Water, and 

Simulated Solar Light 
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Figure 5.3: Mn 2p spectra offset of the (a) initial sample of the native oxide film on 

Mn, (b) illuminated for 2 hours, (c) under 0.09 Torr O2 illuminated for 1 

hour, and (d) 2 hours. (e) the difference between (a) and (d). 

The manganese oxide sample was then exposed to a sequence of reaction 

conditions starting with solar simulated light and then a combination of light and 0.09 

Torr O2. The hope being that the combination of UV light and the presence of O2 
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which react with photogenerated electrons to form reactive oxygen species would 

induce chemical changes on the surface of the oxide. The Mn 2p spectra are displayed 

vertically offset (Figure 5.3), under vacuum and relevant reaction conditions. The 

XPS signal from the Mn 2p has difficulty in quantitative analysis of for the II, III, and 

IV oxidation states of manganese. These Mn 2p spectra contain many multiplet-split 

components and have a high degree of spectral overlap [234]. A shake-up feature can 

be observed at approximately 646 eV which is indicative of the Mn2+
 oxide, as this 

feature is not present in XPS spectra of either Mn2O3 or MnO2 [279]. Metallic 

manganese has a distinct and narrow peak relative to manganese oxides that has a 

binding energy centered about 639 eV, which is not observable in the spectrum of 

Figure 5.3 [280]. Thus, the inference that the native oxide layer over this sample can 

be estimated to be at least 5.23 nm based on three times the IMFP of the Mn 2p 

photoelectron through MnO from NIST IMFP database using the TPP-2m predictive 

formula [281]. The oxidation state of Mn is often determined by the peak splitting of 

the Mn 3s (Figure 5.4), caused by the coupling of non-ionized 3s electrons with the 3d 

band. The Mn 3s has an average splitting of 5.80 ± 0.096 eV based on which the 

sample would have and oxidation state of MnO1.14 and would have an approximate 

band gap of 3.9±0.4 eV [282]. Thus the light shown upon the sample above 318 nm 

wavelength would not cause an electron to be excited to the conduction band. With 

that given energetic cutoff, the majority of the photons generated from the Xenon bulb 

would not induce a photochemical response in the manganese sample. 
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Figure 5.4: Mn 3s splitting of the initial sample of the native oxide film. 

The sample was then exposed to experimental conditions which subjected the 

surface to light >280 nm. The total exposure of solely UV light upon the sample lasted 

for a total exposure time of 2 hours. The spectra of the O 1s of the sample at 2 hours of 

illumination (Figure 5.1b) indicated that the line shape did not significantly change 

from that of the initial sample. Previous experiments have demonstrated that UV-

radiation at wavelengths below 400 nm can cause dissociation of adsorbed water 

molecules at low temperatures on a TiO2(110) surface under UHV conditions [283]. 

However, this effect was not observed in this sample of manganese oxide as the signal 

of the OH component indicate that the surface concentration of hydroxyl groups did 

not change. The spectra of Mn 2p under illumination behaved in a similar manner to 

the O 1s where very little change was noted from the sample under dark conditions. In 

contrast the C 1s region displayed evidence of light-induced degradation of 

adventitious carbon species. The amount of each functionalized component of C 1s 
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(Figure 5.2b) was reduced compared to the spectra of the initial sample surface. This 

is indicative of direct photolysis of carbonaceous species, which are events we must 

take into consideration in subsequent observations in the presence of UV light and 

oxygen gas.  

After the exposure to UV light the experiment progressed with the introduction 

of 0.090 Torr O2 gas. The sample was subjected under these reaction conditions for 2 

hours with spectra collected at each hour. The corresponding O 1s spectra amid these 

conditions are displayed in Figure 5.1c and d after 1 and 2 hours, respectively. A 

clear reduction in the intensity of the oxygenated carbon species and adsorbed water 

components was observed. The absorbed water on the surface of the manganese would 

be expected to decrease with the addition of oxygen gas due to competitive adsorption, 

and indeed the water intensity of the total O 1s spectra decreased from 3.5 % to 

approximately 2 %. The decrease in the amount of O-C in the oxygen can be directly 

correlated to changes observed in the C 1s spectra.  

The AP-XPS spectra of the C 1s core shell was presented in Figure 5.2 c and 

d while under reaction conditions. A clear decrease in the carbonyl region is observed 

under reaction conditions, which coincides with the decrease in intensity of the 

corresponding oxygen species in the O 1s spectra. The relative abundance of oxygen 

species and carbon species under vacuum to reaction conditions can be plotted to 

quantify changes to the components composition (Figure 5.5 a and b). Both the 

carbonyl species and the corresponding oxygen component are affected in a similar 

fashion when exposed to UV light and oxygen gas. The O-C component was lowered 

by 3% of the relative composition of the O 1s spectra while the carbonyl component of 

the C 1s was decreased by 4% of the relative composition of the C 1s spectra. The Mn 
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2p spectra under light and oxygen gas (Figure 5.3c and d) experiences slight changes 

when compared to spectra under dark conditions. The intensity of the shake-up feature 

was reduced under reaction conditions whereas the main peaks of the 2p remain 

relatively unchanged. Figure 5.3e displays the difference spectra between the Mn 2p 

spectra of under dark vacuum conditions and under UV light and oxygen after 2 hours. 

The difference spectra revealed that there is clear decrease in intensity of the shake-up 

features of the 2p (3/2) and (1/2) peaks. The reduction of the shakeup peak could 

indicate the oxidation state of the Mn at the surface has increased as the Mn 3d 

subshell is filled at higher oxidation states. 
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Figure 5.5: Relative abundance of oxygen and carbon species from (a) O 1s and (b) 

C 1s spectra taken of the initial sample of the native oxide film on Mn, 2-

hour illumination, and under 0.09 Torr O
2
 illuminated for 1 and 2 hours. 

The ability of a semiconducting metal oxide to produce a photochemical 

reaction is dependent on several factors. The redox potential of the holes must be high 

enough to oxidize the donor species, such as target pollutant molecules, hydroxyl, 

among others, whereas the redox potential of the photogenerated electrons needs to be 

low enough to reduce electron acceptors such as O2 and protons. The lifetime of the 
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photogenerated holes has an impact on the efficiency of the process and water has 

been known to trap hole sites on the surface. There was a small shift in binding energy 

that occurred when the oxygen gas and light were present in the system. Both the O1s 

and Mn 2p are both shifted by ∼0.1−0.2 eV to higher binding energy relative to the C 

1s likely due to the surface photovoltage effect (SPV) [284]. Absorbed UV-radiation 

induces electron/hole pairs, which are causing partial band flattening and thereby 

induce a BE shift and hence a shift to lower kinetic energy. The magnitude of the shift 

is related to the density of positive charge build up on the surface due to 

photogenerated electron/holes pairs. 

The mechanism of aldehyde photochemical reaction on TiO2 has been 

extensively studied as aldehydes are common indoor air pollutants and are appropriate 

targets for photocatalytic removal [259,285,286]. Small molecule carbonyl photo-

oxidation on TiO2 has been reported to progress through several parallel reaction 

pathways with one of the major intermediates being adsorbed carboxylate [287]. 

Henderson et al. [288] have reported the reaction mechanism of carbonyls as a two-

step reaction where the carbonyl first reacts thermally with adsorbed oxygen to form 

surface bound diolate. Then a substrate mediated photodecomposition mechanism 

induces the fragmentation of the diolate complex into gas phase radical and surface 

adsorbed formate. The formate is then further oxidized to CO2 and water. The COOH 

intensity under UV illumination and O2 gas remained unchanged as the C=O species 

was depleted (Figure 5.5). This suggests that an intermediate was not observed to be 

adsorbed on the surface and the reaction mechanism over manganese oxide in this 

study does not necessarily follow the same reaction pathway, although it is possible 

the same end products of CO2 and H2O are formed. In photocatalytic synthesis MnO2 
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is often employed to convert alcohols to carbonyls [262,289]. The high oxidation state 

of MnO2 has a narrower band gap, of 1.8-2.7 eV, [290,291] than MnO and is typically 

considered catalytically more active. The data presented above would indicate that the 

reduced state of manganese oxide could contribute to alternate reaction pathways 

detrimental to the synthesis of carbonyls from alcohols.  

 

5.4.2 Electrodeposited Manganese Oxide Film on Indium Tin Oxide (ITO) 

Synthesis and Photocatalytic Behavior 

MnO2 films were prepared by the electrodeposition of MnCl2 onto indium tin 

oxide (ITO) coated glass slides. Figure 5.6 shows a typical cyclic voltammogram 

during deposition of the manganese oxide. During the first CV cycle the current began 

to increase past 0.6 V, and proceeded to rise in a non-smooth fashion, until the cycle 

was completed, likely due to the electronic double layer taking some time to reach an 

equilibrium as the manganese oxide was deposited on the surface. The increase in 

continued increase in double layer capacitance current is indicative of film deposition 

on the surface of the electrode. The subsequent cycles caused observable changes in 

the voltammogram showing the oxidation of MnCl2 occurring once the scanning 

potential reached approximately 0.8 V and the oxidation current increasing with 

increasing potential then in the reverse scans a reduction peak at 0.7 V was observed, 

consistent with literature values [292]. The oxidation of Mn2+ is accountable for the 

anodic peak and the reduction of the Mn4+ species is likely responsible for the cathodic 

peak, possibly in the form of MnOOH. The oxidation current decreases slightly in 

size, though not appreciable with cycle number. The deposited film gradually became 
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visible on the surface of the ITO after the first cycle, followed by a change in film 

color from brown to black as more scans were performed.  

Figure 5.6: Cyclic voltammograms of an ITO glass electrode in a solution of 0.10 M 

MnCl2 with a scan rate of 10 mV/s. 

The surface morphology of the MnO2-modified ITO glass substrate was 

revealed by SEM (Figure 5.7). SEM images of the electrodeposited MnO2 show a 

very high coverage of needle- or wire-like nanostructures. The needle-like structures 

are estimated to be about 100-200 nm in length. This pattern of nanostructure is 

consistent with MnO2 films which have been electrodeposited and by acidic redox 

deposition [292,293]. The morphology of the electrodeposited film was also observed 

to be dependent on the number of CV sweeps used to form the film. The structures of 

manganese oxides observed are thought to be beneficial to ionic charge transport 

within the film due its large surface area [294,295]. The images also suggest that the 

coverage of manganese oxide leaves no ITO bare which is important for subsequent 

XPS analysis as oxygen species can thus be solely assigned to the manganese oxide 
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species. Optical images collected on a light microscope (Figure 5.8) support this 

claim of homogeneity of the film on a macroscale. The film appeared to be composed 

of a uniform layer of metal oxide coated over the ITO. 

Figure 5.7: SEM images of electrodeposited MnO2 on ITO taken at (A) 30,000x and 

(B) 100,000x magnification. 



 127 

Figure 5.8: Optical image of electrodeposited MnO2 film on ITO. 

Figure 5.9: XPS survey spectra of electrodeposited MnO2 film on ITO. Principle 

peaks are labeled. 
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Figure 5.10: XPS spectra taken at the (a) In 3d and (b) Sn 3d regions. 

XPS analysis of the electrodeposited film was used to confirm the presence of 

the film and characterize its elemental and chemical speciation. Survey spectra 

collected of the sample (Figure 5.9) displayed peaks only associated with a 

manganese oxide sample. Spectra of the In 3d (Figure 5.10a) and Sn 3d (Figure 

5.10b) regions could not resolve peaks above the noise of the spectra, indicating the 

ITO substrate was not exposed to the vacuum and was fully covered by the 

electrodeposited film. Based on the Mn 2p(3/2) region of the spectra (Figure 5.11) the 

predominate species present on the sample was Mn4+. The Mn 2p(3/2) spectra was fit 

with line shape envelopes attributed to standard Mn 2p(3/2) spectra obtained from 

Mn(II) oxide, Mn(III) oxide, and Mn(IV) oxides. The use of material standards with 

different oxidation states has been applied to many metal oxide XPS spectra, including 

manganese oxides [296]. Area analysis of the components revealed that the film was 

composed of 78 % Mn4+ and 22 % Mn3+. This suggest that the electrodeposited film 
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was had an oxidation state of MnO1.89 and that the film was either not fully oxidized to 

MnO2 and contained Mn3O4 or MnOOH.  

Figure 5.11: Mn 2p(3/2) XPS spectra of the electrodeposited MnO2 film on ITO. 

Components fit to the contributions of Mn3+ (red) and Mn4+ (blue) 

oxidation states. 

High resolution O1s XPS spectra (Figure 5.12) display a peak fit with three 

components. The components were assigned to oxide peak at a BE of 530.7 eV, a 

smaller peak at a BE of 532.3 eV attributed to hydroxyl (O-H) groups, and a third 
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peak associated with molecularly adsorbed water at 533.8 eV. Adsorbed water is not 

unexpected given that the film was generated from an aqueous solution and only 

pumped on with light vacuum (1 x 10-3 Torr) prior to entry into the XPS chamber. The 

values are in good agreement with literature values associated with those species in 

manganese oxides [275] and the hydroxyl species would be able to account for some 

of the Mn3+ species if it was in the form of MnOOH . 

Figure 5.12: O 1s XPS spectra of the electrodeposited MnO2 film on ITO. 

Components fit to the oxide (Ox), hydroxyl (O-H), and adsorbed water 

(H2O). 
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Heterogeneous photocatalytic metal oxide semiconductors are a promising 

technology for water purification and volatile organic compound abatement 

[178][297]. The mechanism of the photocatalytic process for these metal oxides in the 

treatment of pollutants is as follows: a valence band electron of the metal oxide 

absorbs a photon with energy greater than the band gap then electron is excited to the 

conduction band, leaving a positively charged hole in the valence band. If the hole 

does not undergo recombination with the electron, then positively charged hole can 

oxidize water molecules to create highly-reactive hydroxyl free radicals (• OH). The 

hydroxyl radicals are the primary reactant that remove the chemical pollutants [298]. 

The pollutants which analyzed for photocatalytic water treatment commonly include 

aromatic compounds including methylene blue which is a dye whose degradation can 

easily be assessed by measuring the light absorbance of the during the reaction [299]. 

The photocurrent generated by the electrodeposited MnO2 film was monitored by its 

photocurrent density under Xenon light illumination (Figure 5.13). The results show 

film exhibited reproducible photocurrent responses with each on off cycle 

illumination. The current density was approximately -500 nA/cm2 which is expected 

for a p-type semiconductor.  
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Figure 5.13: Transient photocurrents of MnO2/ITO in 0.1 M KCl under Xenon light 

illumination at a 0 V bias potential. 

Figure 5.14: UV-Vis spectra taken of the degradation of 200 uM methylene blue in 

solution with MnO2 particles during exposure to Xenon light. Inset shows 

absorbance degradation at the wavelength 660 nm.  
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The photodegradation ability of the electrodeposited film was assessed against 

methylene blue (Figure 5.14). Over the course of the 40-minute exposure the primary 

absorbance peak of methylene blue, 660 nm, was reduced in intensity by 32 %. The 

inset of Figure 5.14 depicts the before and after illumination of the methylene blue 

solution. The ensuing set of the experiments on the MnO2/ITO substrate would be to 

conduct further characterizations of the films, after determining the best synthetic 

recipe that produces high quality reproduceable films. Several factors can have an 

effect on film integrity including concentration, pH, and electrodeposition parameters. 

Efforts have been made into produce films at a constant anodic potential, to possibly 

remove the reduction processes that occurs during the reverse sweep of the CV that 

may lead to MnOOH formation. The next step would be to examine the 

electrodeposited film in-situ and monitor its response to exposure to light, water, 

oxygen, and target molecule to be photo oxidized. 

 

5.5 Conclusions 

Photocatalysis plays an important role for the conversion of solar energy into 

chemical fuel, electricity, the decomposition of organic pollutants etc. Within these 

applications the photocatalytic reactions occur on the surface of semiconductors. The 

ability of manganese oxides to serve as photocatalysts was investigated with several 

techniques. Oxides present naturally on the surface of manganese were shown to 

exhibit some reactivity when exposed to UV light and oxygen. Analysis of the core 

level spectra of O 1s and C 1s show parallel relationship between loss of carbonyl and 

O-C intensity. The carbonyl was likely photooxidized from reaction with an active 

oxygen species to form CO2 and water products. The photooxidation that was 
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observed appeared to be selective for the carbonyl reactant. Subsequent AP-XPS 

experiments would likely aim to incorporate H2O in the gas phase alongside of 

oxygen, as it would serve as a hole scavenger and source of radical hydroxide. That 

should improve the capacity of the manganese oxide species present on the surface to 

participate in photooxidation of adsorbates. Manganese oxide films were 

electrodeposited onto conductive ITO coated glass. XPS analysis of the deposited 

films indicated that the surface was primarily composed of MnO2 which is thought to 

be a highly active phase of manganese oxide. The SEM images of the films displayed 

a high coverage of needle like nanostructures whose high surface area is desirable in 

catalytic materials. The electrodeposited films produced photocurrent in response to 

UV illumination and displayed photocatalytic degradation of methylene blue dye. As a 

transition metal oxide, manganese oxide could serve as a cheap alternative material 

with applications to VOC abatement, water purification, and catalysis. The synthesis 

of the film can be further refined based on targeted process or heterogeneous adsorbate 

which can subsequently be probed with in-situ spectroscopy. 



 135 

SUMMARY AND FUTURE WORK 

In this dissertation the study of heterogeneous interactions between systems of 

fundamental interest was addressed with photoelectron spectroscopy. This dissertation 

thus focuses on the analysis and interpretation of data acquired during the in-situ 

investigation of heterogeneous processes. To this end, ambient pressure X-ray 

photoelectron spectroscopy (AP-XPS) as well as conventional XPS were employed to 

obtain relevant chemical and electronic information ascribed to adsorption of gas 

molecules onto a surface. In Chapter 2 of this dissertation AP-XPS instrumentation is 

detailed together with introductory experiments assessing the performance and 

important metrics of the instrument. The foremost impediment to photoelectron 

spectroscopy at elevated pressures is the scattering of electrons by gas molecules, 

which prohibits their detection. The AP-XPS described overcomes this limitation 

through differentially pumped stages in conjunction with an electrostatic lens system 

to focus the electrons to the analyzer. Fundamental experiments collected Ag 3d(5/2) 

signal of a silver foil assess the operation of different electrostatic lens modes and 

other key aspects of instrument such as electron attenuation. These metrics alongside 

other consideration greatly determine experimental design of AP-XPS studies. 

In Chapter 3 of this dissertation AP-XPS was utilized to chemically map the 

deliquescence of zinc bromide as a function of relative humidity. The solid/vapor and 

liquid/vapor interface between salt and water are important systems in the 

environment and therefore are a subject of fundamental interest. Water uptake 

Chapter 6 
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followed salt dissolution mechanisms outlined by scanning polarization force 

microscopy studies and the ionic mobility of solvated atoms was observed to have a 

significant impact on the surface charge equilibrium. Isothermal experiments produced 

data sets which could be used to quantify the energetics of adsorption. The anion and 

cation interfacial concentration at the zinc bromide salt solution/vapor boundary was 

observed to have a bromide concentration enhancement. The prevalence of the of 

bromide at the hydrophobic solution/vapor interface can be fully explained by 

asymmetrical hydration forces acting on the anion and cation. However, the influence 

of carbonaceous material at this interface cannot be excluded and the investigation of 

the influence of surfactants at the solution/vapor interface and their impact of ionic 

interfacial concentration and water uptake is an interesting future avenue of study. 

The interaction of water adsorption upon epitaxial metal oxide thin films 

supported on silver substrates was offered in Chapter 4. Specifically, the 

hydroxylation of MnO(1x1)/Ag(100) and NiO(1x1)/Ag(100) ultra-thin films were 

investigated with surface characterization techniques. Observations of the extent of 

hydroxylation based on experimental and theoretical analysis suggested a dependence 

on relative humidity for water dissociation to occur on manganese and nickel oxide 

films and that the dissociation is likely to occur at terrace sites. The hydroxylation of 

the manganese oxide films coincided with the limited literature available for the 

interaction of water on bulk MnO and suggested that a large activation barrier can 

result in time dependent hydroxylation observations. It is proposed that the activation 

barrier can be lowered from the dissociation event being initiated by water dimers, 

which have been shown to be more energetically favorable than water monomer 

dissociation on several metal oxides. The hydroxylation of ultra-thin films of NiO 
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differed from the literature of the bulk material, where low pressure exposures in 

previous studies may not have aggregated water into dimers to enable extensive 

hydroxylation. A nature future direction of this project would be the analysis of the 

hydroxylation of bulk MnO(100) and NiO(100) single crystals, which would eliminate 

any contribution of the underlying silver support and steric strain the films would 

experience. The investigation of hydroxylation events can be applied to many metal 

oxide and semiconductor surface, where the results within this dissertation suggest 

that it is critically important that these studies be conduct approaching the ambient 

pressure of water to best determine hydroxylation mechanisms. 

Further investigations into heterogeneous interactions of manganese oxides 

were briefly discussed in Chapter 5 of this dissertation. The photocatalytic properties 

of different manganese oxides were explored with photoelectron spectroscopy. The 

surfaces of native oxide overlayers on manganese and electrodeposited manganese 

oxide films were characterized and evaluated for photocatalytic capabilities. Although 

mainly preliminary tests were performed on these surfaces under reactions conditions 

the results obtained indicated that manganese oxide photochemistry could possibly 

selectively oxidize carbonyl functional groups in the presence of oxygen. Early studies 

of electrodeposited MnO2/ITO displayed quality film composition and photooxidative 

capabilities. Further experiments with these substrates can be conducted and targeted 

catalysis can be explored and elucidated with AP-XPS. Particular electrodeposited 

MnO2/ITO morphologies can be evaluated with respect to their reactivity and 

selectivity towards specific photoreaction pathways. The photocatalytic properties of 

manganese oxides have promising applications in the areas of volatile organic 

compound photooxidation wand water remediation, where the exploration of 
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heterogeneous interactions of target molecules under in-situ conditions would be of 

great interest. 
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