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Platinum group metals are excellent catalysts for the oxidation of hydrocarbons and CO 

under oxygen-rich conditions. However, the fundamental mechanisms governing oxide growth 

and reactivity still remain unclear due to difficulties associated with oxidizing these metals under 

the ultrahigh vacuum conditions necessary for most high precision surface analytical techniques. 

Over the past few years, my colleagues and I have elucidated the mechanisms for the growth and 

reactivity of platinum and palladium oxide by utilizing gas-phase oxygen atoms beams to 

simulate high pressure oxidizing environments while still operating under clean ultrahigh 

vacuum conditions. This document contains the research results of the following five group 

efforts I have led during my doctoral studies at the University of Florida: 1) Hot precursor 

reactions during the collisions of gas-phase oxygen atoms with deuterium chemisorbed on 

Pt(100), 2) Adsorption and abstraction of oxygen atoms on Pd(111): Characterization of the 

precursor to PdO formation, 3) An ordered PdO(101) thin film grown on Pd(111) in ultrahigh 

vacuum, 4) Adsorption of water on a PdO(101) thin film: Evidence of an adsorbed HO-H2O 

complex, and finally 5) Pd(111) oxidation kinetics: Temperature and oxygen pressure effects on 

thin film growth, thickness, and morphology. Key findings from each of these works include: 1) 

confirmation of non-thermal hot precursor reactions between gas-phase oxygen radicals with 
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adsorbed deuterium on platinum, 2) the development of a novel method for characterizing oxide 

phase reactivity during oxidation, 3) the discovery of the first method for producing a well-

ordered palladium oxide single crystalline surface in ultrahigh vacuum, 4) the first ever study of 

water on a well-ordered palladium oxide thin film, and 5) the discovery that oxide thin film 

growth kinetics, and final film thickness and morphology all depend on both oxygen pressure 

and substrate temperature. Collectively, these studies demonstrate the utility of gas-phase oxygen 

atoms beams generated in ultrahigh vacuum in characterizing the development and reactivity of 

oxide phases grown on platinum and palladium.  

 



 

CHAPTER 1 
INTRODUCTION 

Background and Motivation 

Palladium is an excellent heterogeneous oxidation catalyst for oxygen rich applications 

such as the catalytic oxidation of methane [1-11] or carbon monoxide [12-19]. However, due to 

the high cost of palladium, there are substantial financial incentives to develop oxidation 

catalysts with enhanced activity and resiliency while also utilizing cheaper and more abundant 

materials. Unfortunately, with current trends leaning more towards alloys and composites and 

away from traditional oxide supported platinum group metals, historically employed trial-and-

error based methods have become insufficient to tackle the mounting complexity of catalyst 

development as the problem compounds with every additional elemental ingredient considered. 

Indeed, the sheer volume of possible compositional permutations to be tested makes the daunting 

challenge of developing more cost effective catalysts very cost ineffective, and therefore an 

increasing number of researchers are attempting a first principles approach towards development 

of novel catalysts from the ground up through design. 

A first principles approach to catalyst design, however, requires a first principles 

understanding of the functionality of model catalysts, and therefore fundamental surface science 

studies of the mechanisms of palladium catalyzed oxidation will enable the development of next 

generation heterogeneous oxidation catalysts. Ideally these fundamental surface science studies 

would take place under conditions identical to those found in industrial applications. However, 

this is not possible because of a variety of experimental limitations. For example, palladium’s 

highly valued activity towards carbon monoxide oxidation results in highly troublesome levels of 

experimental uncertainty even in the presence of the trace amounts of carbon monoxide found 

under ambient conditions. Furthermore, most accurate surface analytical techniques utilize 
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electron or ion beams which require long mean free paths to be measured or utilized, and their 

negligible mean free paths at pressures exceeding molecular flow conditions make most 

experiments utilizing ion or electron beams impossible. 

This “pressure gap” between industrial and experimental conditions forces researchers to 

extrapolate results obtained under ultrahigh vacuum through a pressure differential of over 

twelve orders of magnitude in hopes of predicting catalyst behavior under realistic conditions. 

The pressure gap is currently a contentious point amongst those in the catalysis scientific 

community since certain aspects of catalytic activity may not be effectively captured ex situ (i.e. 

in vacuum) [20] based on the following three points: 1) thermodynamic and kinetic barriers may 

restrict the formation of certain industrially relevant phases that do not develop under ultrahigh 

vacuum conditions, 2) reaction selectivity can be a strong function of pressure and therefore 

reaction pathways which may be insignificant under ultrahigh vacuum may in fact be dominant 

under realistic pressures, and 3) heterogeneously catalyzed reactions represent non-equilibrium 

systems and low pressure studies which focus entirely on static and stable structures effectively 

miss the dynamical processes taking place on strained catalyst surfaces undergoing 

“spatiotemporal organization” under industrially relevant conditions. In other words, a full first 

principles understanding of a catalytic surface requires detailed knowledge of not only the stable 

or metastable structures, but also detailed knowledge of the transition states which are difficult to 

study ex situ. 

These points have driven some in the surface science community to abandon ultrahigh 

vacuum studies altogether in favor of ambient pressure in situ studies, which are limited to 

expensive high intensity electron or optical spectroscopic methods. Indeed, a couple of recent 

works have made substantial progress in elucidating the mechanisms for palladium 111 oxidation 

15 



 

by utilizing ambient pressure x-ray photoelectron spectroscopy based on high intensity 

synchrotron radiation [21-23]. However, these “high” pressure studies are still over two orders of 

magnitude below industrial conditions. Furthermore, even these higher chemical potentials are 

still not sufficient to generate measurable rates of oxidation under industrially relevant 

temperatures, therefore forcing researchers to increase substrate temperatures possibly beyond 

industrially relevant temperatures until measurable rates of oxidation can be detected. They are 

in essence exchanging the contentious “pressure gap” for an apparently non-contentious 

“temperature gap” when in fact, both pressure and temperature gaps are (or should be) matters of 

contention. 

Since rates of reaction of interest to heterogeneous catalysis scale with a power law of 

pressure and exponentially with temperature, selectivity is typically a much stronger function of 

temperature than pressure. And if selectivity is a stronger function of temperature than pressure, 

then experiments conducted under realistic temperatures are also (if not more) important for an 

accurate understanding of the behavior of catalyst under realistic conditions. In this dissertation, 

I will demonstrate that it may be possible to conduct both realistic temperature and pressure 

studies while still maintaining the clean ultrahigh vacuum conditions necessary to enable the use 

of the most precise analytical equipment currently available to surface science through the use of 

gas-phase oxygen atom beams. Let us now discuss how and why this approach works. 

Previous researchers who have developed ex situ methods for studying oxidation utilized 

either high pressure molecular oxygen cells or backfill doses with stronger oxidants such as NO2, 

however both methods introduce unacceptable levels of background carbon monoxide upon 

admission into the vacuum chamber. Indeed, a prominent challenge specifically hampering 

oxidation studies involve the production of highly reactive “clean-off” gases which comes as a 
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result of the admitted oxidant not only oxidizing the sample of interest, but also all surfaces 

exposed to the oxidant. Since most vacuum chambers are made of stainless steel, oxidation of the 

chamber walls generates gaseous carbon monoxide which can severely compromise the accuracy 

of the experiments even in trace quantities. Indeed, a major hurdle limiting ex situ experiments 

involves the so-called “clean-off” reaction that inevitably follows an oxidizing exposure which 

can potentially react away an oxide phase prior to examination. In fact, a recent study of 

palladium oxidation by Han et al. [24,25] who conducted ex situ experiments while utilizing high 

pressure oxygen cells failed to detect the formation of any oxide despite evidence of the contrary 

obtained from in situ experiments [22,23], which was possibly a result of the carbon monoxide 

clean-off reaction which reduced the surface prior to analysis. Therefore, before accurate ex situ 

oxidation studies can be conducted, we must first develop a method for producing oxides under 

ultrahigh vacuum while also limiting exposure of the chamber walls to the oxidant, and the best 

way to do this is through the use of molecular beams utilizing aggressive oxidants, and no other 

gas-phase oxidant has a higher chemical potential than gas-phase oxygen atoms. 

The use of gas-phase oxygen atom beams effectively addresses the first pressure gap 

concern by simultaneously increasing chemical potential while also reducing kinetic barriers for 

oxidation. The begin with, the recent development of commercially available ultrahigh vacuum 

compatible radio frequency inductively coupled non-thermal oxygen plasma sources has allowed 

us to assemble one of the first gas-phase oxygen atom beams in ultrahigh vacuum which enables 

accurate ex situ studies of oxidation. Since the rate limiting step for oxidation is the dissociation 

of the molecular oxygen bond as is shown in Chapter 6, utilizing gas-phase oxygen atom beams 

essentially moves the rate limiting step from the surface to the plasma chamber where the rate of 

dissociation can literally be dialed in. Furthermore, gas-phase oxygen atoms are expected to 
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access the same reaction channels experienced by molecular oxygen during oxidation of the 

substrate, therefore effectively addressing the first pillar of the pressure gap problem by both 

lowering the kinetic activation barriers to zero while simultaneously raising the chemical 

potential of the oxygen atoms. Removing the activation barrier for adsorption enables oxidation 

studies at virtually any substrate temperature and has allowed us to be the first to ever study just 

the effects of substrate temperature on oxide growth kinetics and phase development without 

complications stemming from temperature dependencies on molecular oxygen dissociative 

adsorption rates. 

The second pressure gap concern involving the inability accurately sample reaction 

pathways of industrial relevance under ultrahigh vacuum conditions can also be effectively 

addressed through the use of gas-phase oxygen atom beams. If we assume that the sticking 

probability of molecular oxygen is purely a function of oxygen coverage or exposed substrate 

phase, then the effective pressure established by the gas-phase oxygen atom beam is expected to 

scale linearly with gas-phase oxygen atom beam flux, enabling control of effective oxygen 

pressure through control of the incident gas-phase oxygen atom flux. Therefore, control of both 

effective pressure and substrate temperature allows us to study mechanisms under realistic 

effective pressures and temperatures allowing us to study industrially relevant reaction 

selectivities. 

Finally, the third pressure gap concern can be addressed through the use of gas-phase 

oxygen atom beams since we have discovered a method of isothermally studying the reactivity of 

various phases during oxidation through the use of reactive scattering measurements in 

conjunction with isotopic labeling as detailed in Chapter 3, enabling “in situ” experiments to be 

conducted accurately ex situ. Furthermore, while the structure of transition states cannot be 
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entirely determined from reactive scattering measurements, the use of gas-phase oxygen atom 

beams do not prohibit the use of other nondestructive in situ methods such as electron or photon 

spectroscopies (although we were not equipped to conduct these experiments ourselves). Indeed, 

through the use of gas-phase oxygen atom beams, it is possible to both oxidize the substrate at 

low absolute pressures and temperatures, effectively bridging the pressure gap while also 

enabling the use of virtually all surface analytical techniques.  

Aside from the pressure gap, however, there is also the “materials gap.” Since surface 

scientists can only extract elementary rate parameters from elementary surfaces, fundamental 

surface science studies must take place on well-defined single miller index planes forcing 

researchers to extrapolate the behavior of macroscopic polycrystalline surfaces from the 

collective behavior of single miller index planes [20]. Considering how there are an infinite 

number of ways one can slice a crystal, it would technically take an infinite number of 

experiments to effectively capture the behavior of every possibly exposed surface of a material 

under industrial conditions. However, the fractional representation of the various miller index 

surfaces represented in polycrystalline catalyst powders is determined by the relative 

thermodynamic stability of each miller index plane, and therefore a close examination of the 

properties of the close packed planes, such as the Pd(111) surface, provides substantial insight 

into the overall activity of the powder. This, of course, assumes that the catalytically active 

surface is the metal, which is not the case for palladium [10,26]. The studies of single crystalline 

oxide surfaces of palladium oxide have been limited primarily due to difficulties with producing 

single crystalline oxide surfaces in ultrahigh vacuum until now. This dissertation contains details 

on our discovery of a method to producing single crystalline palladium oxide surfaces in 
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ultrahigh vacuum, which represents the first step towards an understanding of the catalytic 

activity of palladium oxide under industrial conditions. 

This dissertation contains five studies I have led during my time as a doctoral student at the 

University of Florida department of chemical engineering. Chapter 2 details the first study 

conducted with the newly installed high flux gas-phase oxygen atom beam, and demonstrates its 

potential for in situ reactive scattering measurements of the thermal and nonthermal oxidation of 

deuterium chemisorbed on Pt(100). Chapter 3 details results of reactive scattering measurements 

of the abstraction of isotopically labeled oxygen from the Pd(111) surface with gas-phase oxygen 

atoms, and represents the first ever in situ characterization of the reactivity of oxide phases 

during oxidation conducted in ultrahigh vacuum. Chapter 4 details our discovery of a method of 

producing the first ever single crystalline palladium oxide surface in ultrahigh vacuum. Chapter 5 

then details the results of our study of the interactions of water with a single crystalline 

palladium oxide surface, which drastically affects the catalytic activity of palladium oxide. 

Finally, Chapter 6 details a comprehensive study of the growth and kinetics of Pd(111) 

oxidation, and the temperature and oxygen pressure effects on oxide film growth, thickness, and 

morphology. 

Experimental Techniques Used 

Temperature programmed reaction spectroscopy (TPRS) or temperature programmed 

desorption (TPD) measures the rate of reaction and desorption of an adsorbate (or decomposition 

of an oxide) during a linear temperature ramp. The desorption products are monitored with a 

quadrupole mass spectrometer (QMS), which first ionizes incident gas molecules then utilizes 

oscillating electrostatic fields to sort the molecules by mass prior to detection. The rate of 

desorption is then plotted as a function of substrate temperature, which can be analyzed to 
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determine kinetic rate parameters such as activation energy and frequency factors through a 

variety of methods [27]. Furthermore, because the QMS measures a desorption rate, it is possible 

to determine the total initial coverage of an adsorbate by integrating the TPD spectrum and 

comparing the integrated are to the integrated area obtained after desorption of a known amount 

of adsorbate (i.e. a saturation coverage). All coverages presented in this dissertation have been 

determined using this method. 

While TPD allows us to measure the total adsorbate concentration of the surface, ion 

scattering spectroscopy (ISS) or low energy ion scattering spectroscopy (LEISS) probes only the 

extrinsic concentration of an adsorbate, which is particularly helpful for oxide phase 

identification. With ISS, ions of a set kinetic energy are scattered from substrate, with the final 

kinetic energies measured with a hemispherical analyzer. The composition of the substrate can 

then be determined from the distribution of final ion kinetic energies since the efficiency of 

energy transfer from the incident ion to the substrate atom increases as the masses of the ion and 

atom approach each other based off of Newtonian mechanics. For a single adsorbate system one 

would expect to find a bimodal distribution of ion energies, with ions that have lost a lot of 

energy representing ions colliding with lighter absorbates, and ions with little energy loss 

representing ions that had collided with heavy metal atoms. We can then get a qualitative 

measurement of the adsorbate (in this study, oxygen) content of the surface by taking a ratio of 

the two peak intensities. Since ISS uses relatively high energy ions, there is to some extent some 

surface sputtering occurring during any scan, enabling a form of depth profiling by plotting the 

peak ratio as a function of time. 

X-ray photoelectron spectroscopy (XPS), assesses total adsorbate concentration without 

substantially damaging the surface, and represents an excellent method for detecting evidence of 
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oxidation. With XPS, incident x-rays excite electrons via the photoelectric effect from the 

substrate into the gas phase which are then detected with a hemispherical analyzer to determine 

their final kinetic energies. By subtracting the kinetic energy of the emitted electrons from the 

photon energy of the x-rays, it is possible to determine the binding energy of the orbital the 

emitted electron originated from. From the binding energy of the originating orbital, we can then 

determine if the atom is chemically bonded (i.e. oxidized) or not. XPS is particularly well-suited 

for characterizing oxidation since it is very sensitive to subtle shifts in electronegativity, and 

therefore can detect if a metal atom is chemically reacting with an oxygen atom to form an oxide. 

Low energy electron diffraction (LEED) works by bombarding a substrate with a coherent 

beam of electrons, followed by monitoring the diffraction pattern produced when the scattered 

electrons strike a phosphorescent screen similar to a cathode ray television screen. Therefore, 

LEED is a useful tool for non-destructive determination of surface ordering, and therefore, 

identification of oxide phases that develop during oxidation. Furthermore, it is possible to detect 

substrate phase transitions by monitoring the LEED pattern during temperature ramps. 

Finally, reactive scattering measurements, sometimes referred to as direct product 

monitoring (DPM) spectroscopy, is a technique to directly monitor under isothermal conditions 

the reaction products produced in situ, during a gas dose. This technique is especially useful for 

differentiating between “thermal” and “nonthermal” surface reactions as will be further 

discussed in the second chapter of this dissertation. Furthermore, Chapter 3 details a study that 

utilizes direct product monitoring in conjunction with isotopic labeling to characterize the 

instantaneous reactivity of various oxide phases as they develop.  

 



 

CHAPTER 2 
HOT PRECURSOR REACTIONS DURING THE COLLISIONS OF GAS-PHASE OXYGEN 

ATOMS WITH DEUTERIUM CHEMISORBED ON PLATINUM (100) 

Reprinted with permission from H.H. Kan, R.B. Shumbera, J.F. Weaver, J. Chem. Phys. 

126 (2007) 134704/1. Copyright 2007, American Institute of Physics. 

Introduction 

The elementary reactions between gas-phase oxygen atoms and species adsorbed on metal 

surfaces are fundamental to heterogeneous processes that occur in extreme environments such as 

flames, plasma and at high temperature. For example, plasma-assisted catalysis is an emerging 

technology that relies on radical-surface reactions to efficiently destroy hazardous compounds 

present in industrial and automotive effluents. The potential for plasma-assisted catalysis to 

provide more energy-efficient routes for certain catalytic processes is indeed suggested by 

several recent studies that report synergistic enhancements in reaction rates when a 

heterogeneous catalyst is introduced in a plasma-activated gas mixture [28-40]. Radical-surface 

reactions are also central to plasma-assisted atomic layer deposition, which is a promising 

technology for generating thin films at low temperature. In general, characterizing the 

mechanisms and kinetics governing radical-solid reactions can aid in advancing technologies in 

which such interactions play an important role. 

The interactions between open-shell atoms and adsorbed species are also interesting from a 

scientific viewpoint because reactions can occur through mechanisms that are generally 

inaccessible to stable gaseous molecules. Gaseous radicals are likely to react with adsorbed 

species by non-thermal mechanisms, meaning that the reaction occurs before the radical fully 

thermalizes to the solid surface. Also, the adsorption and surface reactions of radicals often 

release large amounts of energy that can stimulate desorption or reactions between adsorbed 
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species. Prior research has shown that incident hydrogen atoms react efficiently with adsorbates 

by non-thermal mechanisms [41-69]. For example, the collisions of gaseous H atoms with D-

covered metal surfaces results in the evolution of both HD and D2 at surface temperatures as low 

as 80 K [69]. 

Through evaluation of product desorption rates, Küppers and coworkers [70] have shown 

that the HD production kinetics on most metal surfaces is well described within the context of a 

so-called hot atom mechanism which represents a process that is intermediate to the limiting 

Eley-Rideal and Langmuir-Hinshelwood mechanisms. In the hot atom reaction mechanism, the 

incident H atom enters a mobile precursor state on the surface and reacts with an adsorbed 

species before fully accommodating to the surface. The evolution of D2 has been similarly 

explained in terms of secondary hot atom reactions in which a hot D atom is generated by an 

interaction with a hot H atom and then reacts with adsorbed deuterium. While this prior work 

provides considerable insight for understanding hydrogen atom-surface reactions, much less 

work has been devoted toward studying the surface reactions of atomic radicals other than 

hydrogen, leaving unanswered questions about the generality of the mechanisms that have been 

proposed. In this study, we investigated chemical reactions induced by the collisions of gaseous 

oxygen atoms with deuterium-covered Pt(100), and focused on characterizing non-thermal 

pathways for water production.  

Reactions between co-adsorbed oxygen and hydrogen on Pt(111) have been the focus of 

several surface science investigations [71-79] due largely to interest in understanding the origin 

for the high activity of platinum as a catalyst for producing water from oxygen and hydrogen. 

Recent STM investigations [77,78] have been especially significant in clarifying the mechanism 
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for water formation on Pt(111) at low surface temperature. These experiments provide evidence 

that water is generated at low temperature by an autocatalytic process involving the reactions,  

OH + H → H2O (2-1)  

2H2O + O → 3OH + H (2-2)  

This catalytic cycle is initiated either by the slow reaction O + H → OH or through the 

adsorption of small amounts of residual H2O. In support of this proposed mechanism, DFT 

calculations [79] predict that the steps in the autocatalytic cycle have low energy barriers (< 25 

kJ/mol) while the H + O reaction has a much larger activation barrier of 100 kJ/mol. At higher 

surface temperature, the autocatalytic mechanism is less important because H2O coverages 

remain small, and water production occurs mainly through successive hydrogenation of O and 

OH, respectively, with the generation of OH being rate limiting [77,78]. 

Several studies have also shown that non-thermal activation of one of the reactants can 

significantly enhance the rate of water production on metal surfaces. For example, investigators 

have reported facile production of H2O below 100 K when gaseous hydrogen atoms impact 

oxygen-covered Pt(111) [49,80]. Similar findings have been reported for reactions of hydrogen 

atom beams with other oxygen-covered metal surfaces, including Pd(111) [81], Cu(110) [82], 

Cu(100) [83], and Ni(100) [42]. In these systems, reactions mediated by hot H atoms result in 

enhanced rates because these intermediates can possess energies well above the chemisorption 

ground state and can therefore overcome activation barriers at low temperature. Prior studies 

have also shown that water is efficiently generated during the interactions between gaseous 

oxygen atoms and adsorbed hydrogen on Ru(0001) [84] and Si(100) [85], indicating that non-

thermal reactions occur during the surface collisions of gaseous oxygen atoms as well. However, 

detailed studies of the kinetics governing oxygen atom-adsorbate reactions are scarce. Here, we 
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report results of direct measurements of product evolution rates during the collisions of gaseous 

oxygen atoms with D-covered Pt(100), and provide evidence that energetic hydroxyl groups play 

a dominant role in mediating the production of D2O during these radical-surface interactions. 

Experimental Methods 

Previous studies [86-88] provide details of the three-level UHV chamber utilized for the 

present experiments. The Pt(100) crystal employed in this study is a circular disk (8 mm × ~1 

mm) spot-welded to W wires and attached to a copper sample holder in thermal contact with a 

liquid nitrogen cooled reservoir. A type K thermocouple spot-welded to the backside of the 

crystal allows sample temperature measurements. Resistive heating, controlled using a PID 

controller that varies the output of a programmable DC power supply, supports maintaining or 

linearly ramping the sample temperature from approximately 80 K to 1250 K. Initially, sample 

cleaning consisted of sputtering with 600 eV Ar+ ions at a surface temperature of 800 K, 

followed by annealing at 1200 K for several minutes. Subsequent cleaning involved routinely 

exposing the sample held at 800 K to an atomic oxygen beam for several minutes, followed by 

flashing the sample to 1200 K to desorb oxygen and carbon oxides. We considered the sample to 

be clean when we could no longer detect contaminants with X-ray photoelectron spectroscopy 

(XPS) and could obtain sharp low energy electron diffraction (LEED) patterns consistent with 

the Pt(100)-hex-R0.7° surface [89]. 

A two-stage differentially-pumped chamber attached to the UHV chamber houses the 

inductively coupled RF plasma source (Oxford Scientific Instruments) utilized to generate beams 

containing oxygen atoms for this study. This system produces gaseous oxygen atoms by partially 

dissociating pure O2 (BOC gases 99.999%) continuously supplied to a small discharge chamber 

at the end of the plasma source. The plasma discharge chamber, fabricated from high-purity 

quartz to minimize atom recombination, terminates at a 1 mm thick quartz plate with a small 
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0.50 mm diameter orifice. Species exit the discharge chamber through this orifice, forming a 

beam that is directed toward the sample surface held in the UHV chamber. In the first pumping 

stage, the beam passes between oppositely-charged parallel plates (±10 kV cm-1) that deflect ions 

and electrons. After flowing through a conical skimmer (φ = 3 mm) that separates the first and 

second pumping stages, the species travel down a collimating quartz tube and then enter the 

UHV chamber. A 1200 L/s diffusion pump (Varian VHS 4) evacuates the first pumping stage of 

the beam chamber while a 70 L/s turbomolecular pump and a titanium sublimation pump 

inserted into a liquid nitrogen cooled cryoshield evacuate the second pumping stage. Finally, a 

mechanical shutter located in the first pumping stage enables control over beam introduction into 

the main UHV chamber. 

Threshold-ionization mass spectrometry provides clear evidence that oxygen atoms are 

present in the plasma-activated beams. Additionally, a comparison of the direct and background 

16 amu and 32 amu components, measured with and without the plasma power enabled, shows 

that the beams employed in this study contain approximately 20% oxygen atoms in a balance of 

O2 and negligible quantities of impurities. When positioned approximately 50 mm from the end 

of the quartz tube with a 45° rotation with respect to the tube axis, the Pt(100) sample 

experiences nearly uniform beam impingement across the surface during atomic oxygen 

exposures. The combination of this sample positioning and beam composition corresponds to an 

atomic oxygen flux with a lower bound of ~2.6 × 1013 cm-2 s-1 (~0.02 ML/s) at the sample 

surface, where 1 ML is defined as the atomic density of 1.28 × 1015 cm-2 of bulk-terminated 

Pt(100)-(1×1) [90]. 

A typical experiment consisted of first preparing an atomic deuterium layer by exposing 

the clean Pt(100)-hex-R0.7° surface held at 150 K to doses of D2 (Sigma-Aldrich 99.96%) from 
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a calibrated molecular beam [87]. Immediately following a D2 exposure, the sample was 

repositioned and exposed to the O atom beam while continually monitoring masses 4 and 20 amu 

using a quadrupole mass spectrometer (QMS) to acquire a direct product monitoring (DPM) 

spectrum. Since the random fluxes of desorbing species are measured in this experiment, the 

QMS signals are directly proportional to the rates at which the various species desorb during the 

O atom beam exposure. After the DPM experiment, the sample is repositioned to directly face 

the QMS for a post abstraction TPD measurement. To estimate product desorption yields and 

adsorbate coverages, we scaled the areas under the DPM and post-abstraction TPD curves with 

integrated TPD signals obtained from pure adlayers of the species of interest, assuming values 

for the absolute coverages as reported in the literature for oxygen [91], water [92], and hydrogen 

[93]. The coverage calibrations are discussed in more detail below. 

Results 

Thermal Desorption of D2O and D2 

TPD measurements were conducted with pure D2O and D layers on Pt(100) to aid in 

quantifying product desorption rates measured during O atom exposures to the D-covered 

surface, and also to confirm the thermal desorption behavior of the various reaction products that 

evolve during the oxygen atom-surface collisions. Figure 2-1a shows D2O TPD spectra collected 

at a ramp rate of 1 K/s from D2O adsorbed on Pt(100) at 90 K. The TPD spectra agree well with 

previous reports of water TPD from Pt(100) [92], and also closely resemble H2O TPD obtained 

from Pt(111) [49], which suggests similar bonding environments for water on the two Pt 

surfaces. The TPD spectra are characteristic of D2O first populating a monolayer state, and then 

adsorbing into a multilayer once the monolayer reaches saturation. Desorption from the 

monolayer yields a TPD peak that shifts from about 162 to 169 K as the coverage increases to 

saturation, while desorption from the multilayer state produces a peak at 156 K. In prior work, 
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Kizhakevariam and Stuve [92] estimate that a monolayer of H2O saturates at a coverage of 0.67 

ML on the reconstructed Pt(100) surface. Following this estimate, the D2O coverages shown in 

Figure 2-1a were computed from the integrated signals by assuming that the maximum area 

under the TPD peak for the monolayer state corresponds to a coverage of 0.67 ML. It is worth 

noting that a monolayer of water on Pt(111) also saturates at a coverage of 0.67 ML.  

Figure 2-1b shows D2 TPD spectra obtained after dissociatively adsorbing varying 

amounts of D2 on Pt(100)-hex-R0.7° held at 150 K. The D2 TPD spectra that we obtained are in 

excellent agreement with TPD data reported previously in a detailed study of hydrogen 

dissociation and adlayer growth on Pt(100) by Pasteur et al. [93]. From this and other prior 

studies, it has been established that the dissociation of hydrogen on Pt(100)-hex-R0.7° partially 

lifts the surface reconstruction, resulting in a heterogeneous surface that consists of (1×1) 

domains with a local hydrogen coverage of ~0.63 ML and hex-R0.7° domains with much lower 

hydrogen content. Hydrogen also adsorbs on structural peculiarities resulting from the surface 

reconstruction. The surface heterogeneity produces multiple D2 desorption features which appear 

in two groupings, labeled as γ and α. The α1, α2, and α3 features populate initially and appear at 

temperatures of approximately 336, 360, and 372 K respectively, while the γ1, γ2, and γ3 features, 

located at 192, 206, and 228 K respectively, intensify only after the α features are nearly 

saturated at ~0.55 ML. The sharper α3 peak arises from D atoms adsorbed in fourfold hollow 

sites on (1×1) domains, and the α1 and α2 features have been attributed to an adsorbed state 

associated with a surface structure intermediate to the hex and (1×1) structures. The γ1 peak 

originates from D atoms adsorbed on hex-R0.7° domains, while the γ3 feature has been attributed 

to a defect structure within the (1×1) phase. The γ2 peak is attributed to a kinetic isotope effect, 
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and is not observed in H2 TPD spectra [93]. Notice that the γ1 peak populates only above D 

coverages of about 0.95 ML so this state constitutes a small fraction of the adsorbed deuterium.  

Prior measurements using nuclear microanalysis indicate that the atomic D layer saturates 

at a coverage of 1.2 ML [90]. We therefore use this value to determine the absolute D coverages 

shown in Figure 2-1b. For simplicity, we refer to 1.15 ML of D atoms on Pt(100) as a D-

saturated surface throughout this paper since this is the highest initial D coverage that we could 

generate with the O atom source operating in the background. 

Reactions of Gaseous O Atoms with D-Saturated Pt(100) at 90 K 

Figure 2-2 shows normalized D2O and D2 desorption rate curves obtained while directing a 

beam of oxygen atoms onto D-saturated Pt(100) held at 90 K. The zero of time in this figure 

corresponds to opening the beam shutter and allowing the oxygen atoms to impinge upon the 

sample surface. As seen in the figure, the collisions of gaseous oxygen atoms with the D-

saturated surface cause the prompt desorption of D2O and D2, followed by decay of the D2O and 

D2 desorption rates to constant levels after about 60 sec. The D2O rate curve decays more slowly 

and is broader than the D2 curve. The D2 and D2O signals drop abruptly at approximately 120 sec 

and return to their initial values when the shutter is interposed into the beam path to terminate the 

dose. Desorption of D2 and D2O is not observed when a pure O2 beam impinges on the D-

saturated surface at 90 K, indicating that the desorption of these species at low temperature is 

stimulated by the incident oxygen atoms. Furthermore, the thermal desorption of D2 and D2O is 

negligible at 90 K (Figure 2-1). We therefore conclude that the desorption of D2 and D2O in this 

experiment results from reactions involving intermediates such as O, OD and D radicals that are 

not thermally accommodated to the surface, i.e., hot precursors.  
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The production of D2 and D2O must occur through multiple reaction steps when gaseous O 

atoms impact D-covered Pt(100). A likely pathway for D2O production is through the 

consecutive reactions, O* + D(a) → OD*, followed by OD* + D(a) → D2O*, where an asterisk 

denotes a hot precursor. An estimate for the exothermicity of the first reaction may be obtained 

by assuming that the oxygen atom does not dissipate energy to the surface prior to reacting. In 

this case, the first reaction step is estimated to be exothermic by as much as 340 kJ/mol, and 

could hence produce highly energetic OD groups. In this calculation, we used the bond energy of 

a hydroxyl radical of ΔH(O-D) = 428 kJ/mol [94], and, as estimates, the heats of adsorption of D 

and OD on Pt(111) of ΔH(D-Pt) = 250 kJ/mol and ΔH(OD-Pt) = 162 kJ/mol [49] since these 

enthalpies are unknown for the Pt(100) surface. Likewise, if the OD groups do not dissipate 

energy prior to reacting, the second reaction could be exothermic by as much as 288 kJ/mol 

(ΔH(DO-D) = 498 kJ/mol, ΔH(D2O-Pt(111)) = 40 kJ/mol), and could generate energetic D2O 

molecules. In terms of thermochemical changes, the production of D2O is very favorable in these 

radical-surface interactions. The production of D2 could occur by a pathway involving first the 

generation of a hot D atom, followed by the reaction D* + D(a) → D2 which is also exothermic 

and known to be facile on Pt(100) [69] and other metal surfaces [41,43,52,57,64,65]. Since the 

heat of adsorption for an O atom exceeds that for a D atom by approximately 100 kJ/mol on Pt 

surfaces, sufficient energy is released during O atom adsorption to generate hot D atoms and 

initiate D2 formation.  

Notice that sufficient energy is released during OD formation for these radicals to desorb 

directly from the surface. Unfortunately, it is difficult to detect gaseous OD with measurements 

of the random flux since scattered O atoms produce H2O in the background, resulting in a large 

signal at 18 amu. Hydroxyl desorption after its formation seems unlikely on physical grounds, 
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however, because it would require at least 48% of the reaction energy to be channeled into OD 

translational motion perpendicular to surface. In support of this assertion, trajectory calculations 

predict that OH desorption probabilities are less than 10% during O atom collisions with H-

covered tungsten since most of the reaction energy is channeled into O-H stretching rather than 

into the desorption coordinate [95]. We therefore conclude that gaseous OD is produced in 

negligibly small quantities during these experiments.  

We estimate that 2% and 13% of the D atoms initially on the surface desorb as D2 and 

D2O, respectively, during the atomic oxygen exposure at 90 K. These yields are computed by 

scaling the integrated rate curves with TPD spectra obtained from estimated coverages of pure D 

and D2O layers. For this analysis, the zero of the D2 and D2O desorption rates are taken as the 

steady levels to which the rate curves decay before closing the beam shutter (between about 60 

and 120 sec in Figure 2-2. This zero level is used because reactions of oxygen with deuterium 

adsorbed on the chamber walls cause the D2 and D2O partial pressures to remain higher than 

their values before the start of the measurement. Indeed, the total desorption yield measured 

during the beam exposure constitutes a relatively small fraction (~15 %) of the initial D 

coverage, which could suggest limited reactivity between gaseous oxygen atoms and the 

adsorbed deuterium. However, TPD spectra obtained after the oxygen atom exposures to the 

surface show that a large fraction of the D2O and OD species thermally accommodates to the 

surface after being generated via hot precursor reactions. Thus, the gaseous D2O that evolves 

during the O atom-surface reactions at 90 K represents only a fraction of the reaction products 

that form in these interactions. 

Post-Reaction TPD Spectra 

Figure 2-3 shows the yields of D2O, D2 and O2 as a function of the O atom exposure 

obtained from post-reaction TPD spectra. The open symbols labeled as “D2O (90 K)” correspond 
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to the yield of D2O that desorbs at 90 K during the O atom exposure, as determined by 

integrating the rate curve shown in Figure 2-2. Due to reactions between background H2O and D-

containing species on the surface, HDO is produced during the post-reaction TPD measurements. 

Although the HDO yields obtained from the TPD spectra are less than one third of the D2O 

yields, the presence of HDO and H2O on the surface introduces uncertainty in the quantitative 

analysis of the post-reaction TPD spectra. The yields nevertheless provide insights for 

understanding trends in the evolution of reaction products that form during the O atom-surface 

interactions. The data shows that the D2O and D2 TPD yields each reach limiting values of about 

0.52 and 0.10 ML of D, respectively, by an oxygen atom exposure just above 0.50 ML, and 

remain at these levels as oxygen atoms begin to accumulate on the surface during prolonged 

beam exposure. Note that the D2O yield of 0.52 ML is an upperbound since reactions between 

adsorbed D atoms and background H2O produce small amounts of D2O prior to the TPD 

measurement. The D2O desorption yield obtained during the O atom exposure also increases 

steadily until the O atom exposure reaches about 0.50 ML, and thereafter more slowly 

approaches a constant value. The evolution of the O2 desorption yield appears to mirror the D2O 

and D2 yields. The O2 yield is negligible as the O atom exposure increases to about 0.25 ML, and 

then begins to increase slowly with O atom exposure. As the D2O and D2 yields approach their 

limiting values, the O2 desorption yield starts to increase more rapidly with exposure, reaching a 

final value of about 1.15 ML O atoms at the highest exposure employed.  

The yield behavior is consistent with the post-reaction D2O originating mainly from OD 

and D2O species that form by hot precursor reactions and thermalize to the surface at 90 K. 

Firstly, the D2O yields obtained during and after the O atom exposure each reach limiting values 

at nearly the same O atom exposure. This similarity is expected if D oxidation via hot precursor 
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reactions is facile, and a branching exists between product desorption and thermalization at 90 K. 

Additionally, the O2 desorption yield is low during the early reaction period when D2O and D2 

generation is dominant. This suggests that most of the incident oxygen atoms initially react to 

produce OD and D2O, and hence that the atomic oxygen coverage remains low up to an exposure 

of about 0.50 ML.  

Post-reaction D2O TPD spectra obtained as a function of the O atom exposure are shown in 

Figure 2-4. The TPD spectra exhibit two main regions, namely, an intense feature at low 

temperature (~150 K to 230 K) and a broader, less intense region at higher temperature (~230 K 

to 360 K) that is indicative of reaction-limited desorption initiated by reactions between co-

adsorbed O and D atoms. D2O desorbs mainly in the low temperature peak centered at about 162 

K after a short 0.09 ML O atom exposure at 90 K. This feature overlaps well with the TPD 

spectrum obtained from a similar amount of pure D2O on Pt(100) (dashed curve), but the 

desorption intensity just above 162 K is slightly higher in the post-reaction data. The low 

temperature D2O peak maximum shifts toward higher temperature with increasing O atom 

exposure, and a distinct shoulder at about 210 K concurrently intensifies.  

Although prior studies of water formation on Pt(100) are scarce, numerous studies have 

been reported on the reactions between oxygen and hydrogen on Pt(111) [71,73-80]. Of 

particular relevance to the current work is the finding that the water production yield is only 15% 

during TPD with a Pt(111) surface initially covered with atomic oxygen and hydrogen at 

saturation [80]. The water produced by the oxygen/hydrogen reactions during TPD partially 

desorbs at 175 K as a desorption-limited product, with the remainder desorbing at higher 

temperatures. Water can also react with atomic oxygen on Pt(111) to generate hydroxyl groups 

below the water desorption temperature.  The reverse disproportionation reaction, 2OH → H2O + 
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O, then occurs above the water desorption temperature, yielding a peak at 210 K in the water 

TPD spectrum.  

Assuming similarities in the reactivity of Pt(111) and Pt(100), these prior studies suggest 

that the production of water on Pt(100) also occurs to a limited extent during TPD when only O 

and D atoms are initially co-adsorbed. It is therefore reasonable to conclude that D2O and OD 

form by hot precursor reactions and remain adsorbed on the surface prior to the TPD 

measurements, and that these species are responsible for the low temperature features observed 

in the post-reaction TPD spectra. Specifically, D2O initially present on the surface would desorb 

mainly between 160 K and 170 K, while the OD groups can react with both adsorbed D atoms 

and other OD groups to generate D2O that desorbs near 160 K and ~210 K, respectively. 

Additionally, if the reverse disproportionation of OD groups does produce the D2O desorption 

feature near 210 K (dashed line in Figure 2-4), then the continuous increase in the intensity of 

this feature suggests that OD groups accumulate on the surface with increasing O atom exposure. 

Most likely, a significant fraction of these OD groups are generated during the O atom exposure 

by a direct reaction between hot O atoms and adsorbed D.  

The post-reaction TPD spectra also exhibit broad D2O desorption features extending from 

about 230 to 360 K. These high temperature features are characteristic of reaction-limited D2O 

desorption that is initiated by the formation of hydroxyl groups from reactions between adsorbed 

O and D atoms. Consistent with this interpretation, changes in the high temperature D2O features 

appear to track those of the D2 desorption features. For example, a distinct D2O desorption 

maximum is evident at about 355 K after the 0.25 ML O atom exposure, but this feature is 

significantly diminished after the 0.47 ML exposure (Figure 2-4). This change in the D2O TPD 

spectra coincides with a significant decline in the intensity of the α3 D2 desorption state at 372 K 
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(not shown). We estimate that the reaction-limited features from about 230 K to 360 K constitute 

at most about 20% of the total D2O desorption yield, which supports the conclusion that the 

majority of the incident oxygen atoms react with deuterium during the 90 K beam exposure. 

Finally, the D2O TPD spectra continue to change with increasing O atom exposure above 0.50 

ML, even though the D2O and D2 yields remain approximately constant and only the oxygen 

atom coverage increases at higher O atom exposures (Figure 2-3). We attribute these changes to 

interactions between adsorbed D2O and Pt oxide domains that grow on the Pt(100) surface above 

an O atom exposure of about 0.70 ML [96].  

Effective Cross Sections for D2 and D2O Production 

To estimate effective cross sections for D2 and D2O production induced by the collisions of 

gas-phase O atoms on the D-covered surface, we employ the following simple kinetic scheme, 

O(g) + D(a) → OD* (2-3) 

O(g) + D(a) → O(a) + D* (2-4) 

OD* + D(a) → D2O(g)  (2-5) 

D* + D(a) → D2(g)  (2-6) 

Here, the first two steps represent Eley-Rideal (ER) reactions that generate hot OD and D 

radicals. The rates of these reactions are given by ][* DR ODoOD σΦ=  and ][* DR DoD σΦ= , 

where  is the O atom incident flux and oΦ ODσ  and Dσ  are cross-section-like quantities for OD* 

and D* generation, respectively. Invoking the steady-state approximation for the concentrations 

of OD* and D* then leads to the following expressions for the rates at which D2O and D2 evolve 

from the surface as a function of time, 

))(2exp(][
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2
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dt
ODd
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where  is the initial D atom coverage and t is the time. In this case, applying the steady-state 

approximation is equivalent to assuming that the reactions of hot OD and D radicals are much 

faster than the generation of these species, and hence that the rates of D2 and D2O production are 

equal to the generation rates of D* and OD*, respectively. Integrating the rate equations also 

gives the following expressions for the total D2O and D2 desorption yields,  
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Notice that the yields scale linearly with the initial D atom coverage according to this model.  

After passing the maxima, the D2O desorption rate curves obtained at 90 K are fit 

reasonably well by an exponential decay function with a time constant of 15.7 sec. Using an O 

atom flux of 0.018 ML/s, the total cross section DOD σσ +  is then determined to be 13.8 Å2. 

Also, integration of the rate curves gives D2O and D2 desorption yields of 13% and 2% of the 

initial D coverage. The equations given above for the desorption yields are then evaluated to 

obtain the values of ODσ  = 12 Å2 and Dσ  = 1.8 Å2 for the effective cross sections for D2O and 

D2 production. The cross section for D2 production agrees well with the cross section reported in 

the literature for this reaction on Pt(100) [69]. However, the cross section for hot OD generation 

is higher than typical ER cross sections. This implies that other pathways for D2O production are 

operative in this system, and hence that the value of ODσ  found in this analysis represents a sum 

of cross sections for multiple reactions that generate gaseous D2O.   
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Variation of D2 and D2O Desorption Rates with Initial D Coverage  

Figure 2-5 shows D2 and D2O rate curves obtained at varying initial D coverages for 

experiments conducted at a surface temperature of 90 K. As expected, the maximum desorption 

rates of D2 and D2O decrease as the initial D coverage decreases. The D2O desorption rate also 

exhibits a time delay prior to the rate maximum that becomes longer as the initial D coverage 

decreases (Figure 2-5a). As shown in several studies by Küppers and coworkers 

[42,49,69,70,82,83,97,98], such a dependence of the induction period on the initial reactant 

coverage is characteristic of a hot precursor reaction for which the intrinsic probability for hot 

precursor sticking exceeds that for reaction. Under these conditions, hot precursors preferentially 

fill sites rather than reacting with adsorbates, and the rate of reaction increases toward a 

maximum because more hot precursors become available to react as the concentration of empty 

sites decreases. The time delay prior to the rate maximum also increases with decreasing initial 

coverage because more empty sites must be filled before reaction begins to dominate over hot 

precursor sticking. 

It must be emphasized, however, that this interpretation has been invoked mostly to 

describe abstraction kinetics in the reactions of gaseous H atoms with adsorbed D atoms, in 

which case the initially adsorbed species and the gas-phase reactant are chemically identical and 

therefore occupy the same types of surface binding sites. In the present case, hot O and OD 

radicals are likely intermediates in the formation of D2O, and these species can bind at different 

sites and experience different surface binding energies than D atoms. It is unclear whether or not 

D atoms are effective in blocking sites for O and/or OD sticking, and hence if a kinetic 

competition between sticking and reaction of hot O and OD radicals is responsible for the 

induction period observed in the D2O rate curves. In fact, reactions involving equilibrated OD 

groups appear to contribute to the overall production of D2O in these experiments, and, as 
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discussed below, the onset of such reactions could also produce a time delay prior to the 

maximum D2O desorption rate. 

In contrast to the behavior displayed by the D2O rates, the D2 rate curves at 90 K appear to 

start at a maximum for all initial D coverages (Figure 2-5b). This kinetic behavior occurs in the 

hot atom reaction scenario when the probability for sticking is less than that for reaction [70], 

which may be the case here. In prior work, HD and D2 rate curves measured during H atom 

collisions on D-covered Cu(100) and Pt(100) exhibit unusual behavior, with the rates decreasing 

after the initial jump and then increasing toward a maximum after the hydrogen coverage 

increases during the experiment [69,70]. This complex kinetics was attributed to the surface 

reconstruction that is induced during hydrogen adsorption. Specifically, Kammler et al. [70] 

show that the rate curves are well reproduced using a simple kinetic model in which the ratio of 

the sticking to reaction probabilities decreases below unity as the hydrogen coverage increases 

and causes the hex-R0.7° to (1×1) reconstruction to dominate the surface. This model implies 

that the intrinsic sticking probability of D atoms on (1×1) domains is less than the probability for 

hot D atoms to react with adsorbed D atoms. While the D2 rate curves measured in the present 

study do not exhibit the oscillatory feature seen in prior studies with gaseous H atoms on 

Pt(100), the absence of an induction period at any initial D coverage is consistent with hot D 

atoms having a lower probability for sticking on (1×1) domains of Pt(100) than for reacting to 

generate D2. It is also possible that clustering of D atoms into (1×1) domains of high local 

coverage causes reaction to be favored over sticking since locally a hot D atom will tend to 

encounter filled sites, even when the total D coverage is low. 

Influence of Surface Temperature on the Initial D Coverage Dependence 

To probe the influence of the surface temperature on the reactions induced by incident 

oxygen atoms, we collected D2 and D2O desorption rate curves while exposing the D-covered 
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surface to the oxygen atom beam at surface temperatures ranging from 90 K to 150 K. Increasing 

the surface temperature over this range causes only a slight narrowing in the D2 rate curves (not 

shown), whereas the D2O rate curves exhibit more pronounced changes. Figure 2-6 shows D2O 

rate curves obtained at surface temperatures of 90 K and 150 K for initial D coverages of 0.44, 

0.65 and 1.15 ML. At each initial D coverage, the D2O desorption rates measured at 150 K reach 

their maxima almost immediately upon initiating the beam exposure, in contrast to the behavior 

observed at 90 K. The D2O desorption rates measured at 90 K initially track those measured at 

150 K, but they continue to rise after the rates measured at 150 K begin to decay from their 

maxima. Furthermore, after about 5 seconds into the exposure the D2O desorption rates remain 

higher at 90 K than 150 K until the rates decay to steady levels.  

The temperature sensitivity of the D2O desorption rate curves may be explained by 

considering that reactions involving adsorbed OD groups contribute to the overall production of 

D2O during the experiments. The desorption of D2O in the early reaction period is consistent 

with a hot precursor mechanism in which energetic OD groups react with adsorbed D atoms to 

generate D2O. However, the post-reaction TPD spectra show that a fraction of the energetic OD 

groups also accommodate to the surface, causing the concentration of adsorbed OD groups to 

initially increase during the O atom beam exposure. The accumulation of OD on the surface 

could open up additional hot precursor pathways for D2O production. For example, reactions 

such as D* + OD(a) → D2O* and OD* + OD(a) → D2O* + O(a) are viable based on bonding 

energetics, and analogous reactions have been reported to occur during the interactions of 

gaseous H or OH radicals with Pt(111) [49,75].  

Since the concentration of adsorbed OD groups initially increases during the O atom beam 

exposure, hot precursor reactions involving equilibrated OD groups would occur at increasing 
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rates later into the reaction period, producing gaseous D2O in parallel with reactions between hot 

OD groups and adsorbed D atoms. In this case, the total D2O production rate would be a sum of 

the rates of parallel hot precursor reactions, and may achieve a maximum value at specific 

coverages of both D and OD. If it takes longer to achieve the optimal D and OD coverages at 

lower , then the time delay prior to the rate maximum will increase with decreasing , 

giving rise to behavior such as that displayed in the rate curves shown in Figures 2-5a and 2-6. 

Furthermore, hot precursor channels involving adsorbed OD groups will be effectively inhibited 

at higher surface temperature due to the consumption of OD groups by thermal reactions, and the 

rate of D2O production in the late reaction period should consequently decrease with increasing 

surface temperature, which is consistent with the observed behavior. Recent studies indeed show 

that reactions between adsorbed OD groups and D atoms are facile below the D2O desorption 

temperature on Pt(111) [77,78]. Thus, the time delay observed in the D2O rate curves measured 

at 90 K appears to be attributable to the onset of hot precursor reactions involving adsorbed OD 

groups, rather than to a kinetic competition between hot precursor sticking and reaction wherein 

sticking is intrinsically more probable.  

oD][ oD][

Finally, the D2O and D2 desorption yields are shown in Figure 2-7 as a function of the 

initial D coverage for measurements conducted at 90 K and 150 K, where the yields are 

expressed in units of ML of D atoms. We find that the D2O and D2 desorption yields each scale 

approximately with  for both surface temperatures, and the D2O yield measured at 90 K is 

about 1.7 times greater than that at 150 K for all initial . Biener et al. [49] also observed that 

H2O desorption yields are higher at 80 K than 100 K during hydrogen atom collisions with O-

covered Pt(111), which suggests that thermal and hot precursor pathways compete for adsorbed 

OH groups in those reactions as well. We note also that the dependence of the desorption yields 

3.1][ oD
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on deviates from that predicted by the simple reaction scheme presented above, therefore 

supporting the conclusion that multiple reaction pathways contribute to the overall production of 

gaseous D2O and D2 in these experiments. 

oD][

Discussion 

The production of D2O and D2 during the collisions of gaseous oxygen atoms with D-

covered Pt(100) appears to occur through multiple, hot precursor reaction steps in which 

hydroxyl groups serve as key intermediates. The measured rate behavior is also consistent with 

parallel pathways for the production of D2O, which results in a large effective cross section for 

D2O desorption. We propose that the following constitutes the set of hot precursor reactions that 

are predominant during these radical-surface interactions, 

Hot D2O via D(a), 

O* + D(a) → OD* (2-11)  

OD* + D(a) → D2O* (2-12)  

Hot D atom generation and D2 production, 

O* + D(a) → O(a) + D* (2-13)  

D* + D(a) → D2(g) (2-14)  

Hot D2O production via OD(a), 

OD* → OD(a) (2-15)  

D* + OD(a) → D2O* (2-16)  

D* + OD(a) → D2(g) + O(a) (2-17)  

OD* + OD(a) → D2O* + O(a) (2-18)  

Thermalization and desorption of hot D2O, 
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D2O* → D2O(g,a) (2-19)  

The first two reaction steps illustrate the most direct route to D2O* which is expected to dominate 

at early times when the D coverage is high, and OD groups have not yet accumulated on the 

surface. Notice that reaction 2-11 implies that the oxygen atom reacts as a hot atom (i.e. it is 

partially accommodated) rather than directly from the gas-phase. While this hypothesis seems 

reasonable, it is difficult to confirm unambiguously from the data.  

In the proposed reaction scheme, the D2 production step is shown to involve a hot D atom 

that is generated through a process whereby a hot oxygen atom transfers energy to an adsorbed D 

atom. This reaction is plausible given that the binding energy of an O atom on Pt surfaces is 

higher than that of a D atom [49] and hence oxygen atom adsorption releases more energy than is 

needed to generate hot D atoms. Prior studies have shown convincingly that hot D atoms form 

during the collisions of gaseous H atoms with numerous D-covered metal surfaces, and react to 

produce D2 via reaction 2-14 [41,43,52,57,64,65,69]. Given that the heat of H atom adsorption is 

lower than O atom adsorption [49], these prior observations suggest that hot D atoms should be 

readily produced during the adsorption of oxygen atoms. Moreover, by only considering the 

bonding energetics, it is tempting to conclude that gaseous oxygen atoms will be more efficient 

than gaseous hydrogen atoms in generating hot D atoms. However, the low rates and yields of D2 

production observed in the present study suggest that hot D atom generation is actually 

inefficient during oxygen atom adsorption. In fact, higher D2 desorption rates and yields have 

been reported when D2 production is stimulated by the surface collisions of gaseous hydrogen 

atoms [69]. This difference may indicate that hot oxygen atoms have shorter surface lifetimes 

than do hot hydrogen atoms, and consequently that hot oxygen atoms seldom possess enough 

energy to generate a hot D atom when they encounter an adsorbed D atom. Another possibility is 
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that collisions between hot O atoms and adsorbed D atoms predominantly result in OD 

production rather than hot D atom generation.  

Reaction steps 2-16 to 2-18 depict hot precursor reactions involving adsorbed OD groups 

that are expected to contribute more significantly to the observed rates later in the beam exposure 

when OD groups have accumulated on the surface. Reactions 2-16 and 2-17 show the production 

of D2O and D2, respectively, by a collision between a hot D atom and an adsorbed OD group. 

Biener et al. [49] have shown that both of these reactions occur during the interactions of 

gaseous H atoms with O-covered Pt(111), and report that hydrogen abstraction from adsorbed 

hydroxyl, step 2-17, is the more efficient of the two. If reactions 2-16 and 2-17 were significant 

in the present system, however, one would expect the D2 production rate curves to exhibit a 

stronger dependence on the surface temperature than is observed since the OD(a) concentration 

is temperature dependent. Thus, since the D2 rates and yields depend only weakly on the surface 

temperature, and considering that the D2 yield is very low, we conclude that hot D atom 

generation is a minor reaction channel during the O atom-surface interactions, and therefore that 

reactions 2-16 and 2-17 make only a small contribution to the D2O and D2 production rates. To 

explain the temperature dependence of the kinetics for D2O production, we conclude that 

reaction 2-18 makes a significant contribution to the observed D2O desorption rate at low 

temperature, and that this reaction is less important at higher temperature due to faster 

consumption of OD groups by thermal reactions. Treating the hot precursors as gas-phase 

species, reaction 2-18 is estimated to be exothermic by as much as 260 kJ/mol and is therefore 

highly favored energetically.  

Finally, reaction 2-19 depicts hot D2O molecules as either thermalizing to the surface or 

desorbing. Based on the measured yields (Figure 2-3), we estimate that at least 22% of the D2O 
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desorbs at 90 K. This value compares reasonably well with prior work by Biener et al. [49] in 

which one third of the water that forms during H atom collisions with O-covered Pt(111) desorbs 

at 80 K. The high probability for thermalization could indicate that hot D2O molecules efficiently 

dissipate energy to the substrate and other adsorbates. Alternatively, it could mean that most of 

the reaction energy is channeled into internal motion, and that coupling between internal modes 

and translation normal to the surface is slow compared with dissipation. 

Summary 

Direct reaction rate measurements and TPD show that gas-phase oxygen atoms efficiently 

oxidize deuterium atoms chemisorbed on Pt(100) at surface temperatures as low as 90 K to 

produce both OD and D2O. About 22% of the oxidized deuterium desorbs as D2O as the surface 

is exposed to an oxygen atom beam at 90 K, and small amounts of D2 also desorb. Using an 

approximate kinetic model, we estimate effective cross sections of 12 Å2 and 1.8 Å2, 

respectively, for the production of gaseous D2O and D2 at 90 K by reactions of gaseous oxygen 

atoms with chemisorbed D atoms on Pt(100). At higher surface temperature, the D2O evolution 

rate is found to decay more rapidly from its maximum value, causing the D2O desorption yield to 

decrease with an increase in the temperature at which the surface is held during exposure to the 

oxygen atom beam. 

These observations are consistent with the formation and reactions of hot precursors, 

mainly hydroxyl radicals, during oxygen-atom collisions with D-covered Pt(100). Specifically, 

we propose that hot D2O is produced by a mechanism wherein energetic OD groups are first 

generated by the reaction, O* + D(a) → OD*, followed by the parallel reactions, OD* + D(a) → 

D2O* and OD* + OD(a) → D2O* + O(a). The latter reaction contributes appreciably to D2O 

production only in the late reaction period when adsorbed OD groups have accumulated on the 
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surface. Since thermal and hot precursor reactions compete for the same adsorbed reactants, we 

conclude that the measured D2O desorption yields and rates decrease with increasing surface 

temperature up to 150 K because the reverse disproportionation reaction involving an OD* 

species becomes less important due to more rapid depletion of the OD(a) concentration by 

thermal pathways. Overall, a key finding from this study is that gaseous oxygen atoms readily 

stimulate D2O formation on D-covered Pt(100) by generating energetic radicals that serve as 

reaction intermediates. The non-thermal reactions investigated in this study are likely to be 

important in plasma-assisted applications; however, because they compete with thermally 

activated reactions, the hot precursor reactions should contribute most significantly in processes 

conducted at low temperature and high oxygen atom incident flux. 
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Figure 2-1.  TPD spectra of D2O and D2 from Pt(100)  (a) D2O TPD spectra obtained after 

exposing the clean Pt(100)-hex-R0.7° surface to D2O at 90 K, and (b) D2 TPD spectra 
obtained after exposing the clean Pt(100)-hex-R0.7° surface to D2 at 150 K.  A linear 
heating rate of 1 K/s was used for all measurements. Reprinted with permission from 
H.H. Kan, R.B. Shumbera, J.F. Weaver, J. Chem. Phys. 126 (2007) 134704/1. 
Copyright 2007, American Institute of Physics. 

47 



 

0 20 40 60 80 100 120 140 160

O(g) + D/Pt(100) 
T

s= 90 K 
[D]0= 1.15ML

 D2O
 D2

 

 

D
2, D

2O
 d

es
or

pt
io

n 
ra

te
 (a

.u
.)

time (s)

 

Figure 2-2.  Normalized direct product monitoring spectra of D2O and D2 obtained while 
exposing the deuterium-saturated ([D]o = 1.15 ML) Pt(100) surface held at 90 K to an 
oxygen atom beam (~0.018 ML/s).  The beam shutter is opened at the zero of time.  
Reprinted with permission from H.H. Kan, R.B. Shumbera, J.F. Weaver, J. Chem. 
Phys. 126 (2007) 134704/1. Copyright 2007, American Institute of Physics. 
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Figure 2-3.  Yields of D2, D2O and O2 that evolve in TPD after exposing deuterium-saturated 
Pt(100) held at 90 K to an oxygen atom beam.  The yields are shown as a function of 
the atomic oxygen beam exposure, and are expressed in units of ML of D atoms or, 
equivalently, ML of O atoms for O2.  The dashed line labeled “D2O (90 K)” 
represents the yield of D2O that desorbs during the O atom beam exposure at 90 K, as 
determined by integrating the rate curve shown in Figure 2-2.  Reprinted with 
permission from H.H. Kan, R.B. Shumbera, J.F. Weaver, J. Chem. Phys. 126 (2007) 
134704/1. Copyright 2007, American Institute of Physics. 
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Figure 2-4.  TPD spectra of D2O obtained as a function of the atomic oxygen exposure to the 
deuterium-saturated Pt(100) surface held at 90 K.  Shown by each spectrum is the 
corresponding O atom exposure in units of ML of O atoms (top value), and the D2O 
coverage in units of ML of D atoms (bottom value).  The dotted curve shows the TPD 
spectrum obtained after adsorbing D2O on Pt(100) to an initial coverage equivalent to 
0.17 ML of D atoms.  For each TPD spectrum, the region above 230 K is magnified 
by 4x and superposed on the figure (dashed curves).  Reprinted with permission from 
H.H. Kan, R.B. Shumbera, J.F. Weaver, J. Chem. Phys. 126 (2007) 134704/1. 
Copyright 2007, American Institute of Physics. 
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Figure 2-5.  Direct product monitoring spectra of (a) D2O and (b) D2 measured for different 
initial D atom coverages on Pt(100).  The surface was held at 90 K for each 
measurement.  Reprinted with permission from H.H. Kan, R.B. Shumbera, J.F. 
Weaver, J. Chem. Phys. 126 (2007) 134704/1. Copyright 2007, American Institute of 
Physics. 
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Figure 2-6.  Direct product monitoring spectra of D2O obtained for initial deuterium coverages of 
0.44 ML, 0.65 ML and 1.15 ML and surface temperatures of 90 K and 150 K.  The 
vertical axes are set to the same scale in each graph.  Reprinted with permission from 
H.H. Kan, R.B. Shumbera, J.F. Weaver, J. Chem. Phys. 126 (2007) 134704/1. 
Copyright 2007, American Institute of Physics. 
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Figure 2-7.  Desorption yields of D2O (squares) and D2 (circles) obtained during surface 
exposure to the oxygen atom beam shown as a function of the initial D atom coverage 
for surface temperatures of 90 K (filled symbols) and 150 K (open symbols).  The 
dashed lines are fits to the data illustrating that the yields vary with .  Reprinted 
with permission from H.H. Kan, R.B. Shumbera, J.F. Weaver, J. Chem. Phys. 126 
(2007) 134704/1. Copyright 2007, American Institute of Physics. 
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CHAPTER 3 

ADSORPTION AND ABSTRACTION OF OXYGEN ATOMS ON PALLADIUM (111): 
CHARACTERIZATION OF THE PRECURSOR TO PALLADIUM OXIDE FORMATION 

Reprinted with permission from H.H. Kan, R.B. Shumbera, J.F. Weaver, Surf. Sci. 602 

(2008) 1337. Copyright 2008, Elsevier. 

Introduction 

Palladium is an important catalyst for commercial oxidation processes such as the catalytic 

oxidation of methane in gas turbines [1-11] and the oxidation of hydrocarbons and CO in 

automotive exhausts [12-19]. Past research indicates that both metallic Pd and PdO can be 

catalytically active toward CH4 and CO oxidation, though debate continues over which oxygen 

states are more active and how conditions affect catalytic behavior. Intermediate oxygen phases 

have been the focus of several recent investigations of oxidation reactions on Pd surfaces. For 

example, Zheng and Altman demonstrated that an ordered surface oxide is less active than 

chemisorbed oxygen on Pd(100) toward the oxidation of CO at temperatures above 300 K [19]. 

A more recent study of CO oxidation on Pd(111) reports similar behavior [18]. In contrast, 

Gabasch et al. [10] find that so-called PdO seeds, which develop prior to bulk PdO formation, 

exhibit much higher activity for CH4 oxidation than other surface oxygen phases on Pd(111). 

This result bears similarity to another recent study [26] which demonstrates that the CO 

oxidation activities of several late transition-metal surfaces undergo a dramatic increase near 

oxygen coverages of one monolayer (ML), just prior to bulk oxidation. These findings signal the 

need for a more detailed understanding of the intermediate phases that develop on late transition 

metal surfaces, and the processes governing their formation and transformation to bulk oxides. 

The development of oxygen phases on Pd(111) has been studied extensively in ultrahigh 

vacuum [21-23,25,99-114], with most work focusing on relatively low oxygen coverages. These 
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studies show that oxygen atoms initially arrange into a p(2×2) structure with a local oxygen 

coverage of 0.25 ML. At higher coverage an ordered two-dimensional (2D) oxide forms on 

Pd(111) [100,102], reportedly saturating at a coverage of 0.58 ML [99]. Recent studies show that 

the 2D oxide has a Pd5O4 stoichiometry, and is incommensurate with the Pd(111) lattice, the 

structure resembling a (√6×√6) arrangement [100]. Other oxygen phases can also populate on 

Pd(111), but appear to be meta-stable relative to the Pd5O4 surface oxide. These phases include a 

supersaturated (2×1) layer of chemisorbed oxygen and several surface oxide structures [21,99]. 

While most prior UHV work has examined relatively low oxygen coverages on Pd(111), 

researchers have recently investigated oxidation up to coverages at which PdO forms [22,23,25]. 

Of particular relevance to the present study are in situ XPS investigations of Pd(111) oxidation at 

millibar pressures of O2 [22,23]. This work shows that an intermediate state of oxygen forms 

after saturation of the 2D Pd5O4 oxide, and acts as a precursor to PdO formation. This 

intermediate state produces distinct characteristics in XPS spectra from Pd(111), and is highly 

active toward CH4 oxidation, but its properties are otherwise unknown.  

In related work, we have presented evidence that a precursor state mediates the formation 

of Pt oxide particles on both Pt(111) [88] and Pt(100) [96,115] during oxidation by gaseous 

oxygen atoms. Our experimental data suggests that the precursor state corresponds to oxygen 

atoms adsorbed on top of a 2D oxide. Evidence for the precursor state comes firstly from O2 

temperature programmed desorption (TPD) spectra which show that a low temperature 

desorption feature, attributed to the precursor, intensifies as the oxygen coverage increases above 

about 0.5 ML, but then diminishes as a new peak due to Pt oxide particles intensifies above 1 

ML. The precursor state from Pt(100) evolves in a broad peak centered at about 550 K in TPD 

spectra while other states desorb above 630 K [96,116]. In addition, using a relatively low 
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oxygen atom flux (~0.003 ML/s), we could generate bulk Pt oxide on Pt(100) only at a surface 

temperature of 450 K, whereas the surface effectively saturates upon completion of the 2D oxide 

at 573 K [96]. This observation indicates that the low temperature state must populate for bulk 

oxide to form. In a subsequent investigation, we showed that the kinetics of oxygen uptake on 

Pt(100), measured as a function of the surface temperature and the O-atom beam flux, is 

quantitatively reproduced by a precursor-mediated model wherein oxygen atoms adsorbed on top 

of the 2D oxide act as a precursor that can either associatively desorb or react with the 2D oxide 

to produce a bulk oxide particle [115]. Given that surface oxide phases grow on several late 

transition metal surfaces [100,115,117-120], it is conceivable that precursor-mediated kinetics is 

a general characteristic of the oxidation of these materials. Additional studies are clearly needed 

to test this idea and to further characterize the nature of the precursor state(s). In this study, we 

investigated the adsorption and abstraction of oxygen atoms on Pd(111), and present evidence 

that oxygen atoms adsorbed on top of the 2D Pd5O4 oxide exist and act as a precursor to PdO 

formation. 

Experimental Methods 

Previous studies [88,96,115,116,121] provide details of the three-level UHV chamber 

utilized for the present experiments. The Pd(111) crystal employed in this study is a circular disk 

(8 mm × ~1 mm) spot-welded to W wires and attached to a copper sample holder in thermal 

contact with a liquid nitrogen cooled reservoir. A type K thermocouple spot-welded to the 

backside of the crystal allows sample temperature measurements. Resistive heating, controlled 

using a PID controller that varies the output of a programmable DC power supply, supports 

maintaining or linearly ramping the sample temperature from 81 K to 1250 K. Initially, sample 

cleaning consisted of sputtering with 600 eV Ar+ ions at a surface temperature of 900 K, 

followed by annealing at 1100 K for several minutes. Subsequent cleaning involved routinely 
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exposing the sample held at 856 K to an atomic oxygen beam for several minutes, followed by 

flashing the sample to 923 K to desorb oxygen and carbon oxides. We considered the sample to 

be clean when we could no longer detect contaminants with X-ray photoelectron spectroscopy 

(XPS), obtained sharp low energy electron diffraction (LEED) patterns consistent with the 

Pd(111) surface, and did not detect CO production during flash desorption after oxygen 

adsorption. 

A two-stage differentially-pumped chamber attached to the UHV chamber houses the 

inductively coupled RF plasma source (Oxford Scientific Instruments) utilized to generate beams 

containing oxygen atoms for this study [115,121]. This system produces gaseous oxygen atoms 

by partially dissociating pure O2 (BOC gases 99.999%) continuously supplied to a small 

discharge chamber at the end of the plasma source. All oxygen atom beams used in this study 

were generated using an RF power of 120 W and an O2 flow rate that establishes a pressure of 3 

× 10-6 Torr in the first pumping stage of the beam chamber. Under these conditions, we estimate 

that 20% of the inlet O2 dissociates in the plasma. To ensure uniform impingement of the oxygen 

beam across the sample surface, we positioned the sample approximately 50 mm from the end of 

the quartz tube that serves as the final beam-collimating aperture, and with a 45° rotation with 

respect to the tube axis. The combination of this sample positioning and beam composition 

corresponds to an atomic oxygen flux with a lower bound of 0.02 ML/s at the sample surface, 

where 1 ML is defined as the atomic density of 1.53 × 1015 cm-2 of bulk-terminated Pd(111) [99]. 

Following oxygen atom exposures to the Pd(111) surface, we conducted O2 TPD by first 

cooling the sample to 400 K, then facing the sample toward the entrance of a quadrupole mass 

spectrometer ionizer at a distance of about 10 mm, and lastly increasing the sample temperature 

at a linear rate of 1 K s-1. Cooling the sample prior to TPD avoids an initial transient response of 
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the sample heater and ensures a linear temperature ramp over the range of O2 desorption. We 

performed low energy ion scattering spectroscopy (LEISS) using He+ ions with an incident 

energy of 1 keV and a scattering angle of about 90º. The hemispherical analyzer was operated in 

a retarding mode with a pass energy of 27 eV for the LEISS measurements. Finally, we 

conducted beam scattering experiments to examine the kinetics of 18O abstraction from Pd(111). 

In these measurements, we first adsorbed 0.25 ML of 18O atoms by exposing the Pd(111) surface 

to 20 L of 18O2 with the sample held at 300 K. We then exposed the surface to an 16O atom beam 

while monitoring masses 32, 34 and 36 amu with a mass spectrometer. Since we monitor the 

random fluxes of desorbing products, these experiments provide a direct measure of the 18O 

abstraction rate as a function of the time of the 16O beam exposure. After terminating a beam 

exposure, we reposition the sample to directly face the mass spectrometer for TPD.  

Results and Discussion 

Oxygen Coverage Calibration and Dissolution into the Bulk 

Before presenting O2 TPD data, we clarify our procedure for quantifying oxygen surface 

coverages and our attempt to minimize complications to this calibration due to oxygen 

dissolution into the Pd(111) subsurface region. The oxygen coverage scale was calculated by 

comparing integrated O2 TPD signal areas to the areas obtained after saturating the surface at 

300 K with molecular oxygen and assuming the atomic oxygen coverage is 0.25 ML [102]. As 

mentioned above, we cleaned the Pd(111) sample at the start of each day using a large 16O atom 

dose with the sample held at 856 K, followed by flashing to 923 K. In addition to removing 

carbon impurities, the intention of this procedure is to saturate the subsurface region with 16O 

atoms and thereby minimize loss of chemisorbed oxygen atoms due to bulk dissolution during 

subsequent TPD experiments [103]. Limiting the sample temperature to 923 K during TPD 

should also help to maintain approximately the same subsurface oxygen concentration 
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throughout the day [103]. This procedure appears to be effective as we find that the integrated 

TPD peak areas are highly reproducible from repeated saturation exposures to 16O2.  

Interestingly, TPD experiments with chemisorbed 18O atoms reveal that oxygen exchange 

with the subsurface does occur during heating. In particular, after preparing a layer of 0.25 ML 

18O atoms by dosing with 18O2 at 300 K, we observe all isotopic O2 combinations desorbing in 

the feature associated with chemisorbed oxygen, and no other desorption features below 923 K. 

Since our experiments with pure 16O layers indicate that the total concentration of chemisorbed 

oxygen remains constant when the subsurface is saturated, we conclude that the oxygen 

exchange only alters the isotopic composition of the chemisorbed layer while maintaining the 

total coverage at 0.25 ML, at least near temperatures for appreciable recombinative desorption. 

Under this assumption, we estimate that 0.18 ML of 18O atoms desorb during TPD, with the 

remaining 0.07 ML exchanging with subsurface 16O atoms. We also find that the amount of 

atomic 18O that exchanges with the subsurface, as estimated from the 18O desorption yield, 

changes negligibly when the total coverage is increased by adding 16O atoms (as much as 3 ML) 

to a surface held at 500 K and initially with 0.25 ML of 18O. This observation suggests that 

oxygen dissolution into the metal subsurface occurs mainly at low coverage when oxygen atoms 

are chemisorbed on Pd(111), while the presence of oxide phases, which form above 0.25 ML, 

suppresses bulk dissolution at least at 500 K.  

Thermal Desorption of O2 

Figure 3-1 shows a series of O2 TPD spectra collected after exposing Pd(111) to gas-phase 

oxygen atoms at a substrate temperature of 500 K. The TPD spectra agree well with those 

reported in prior studies of Pd(111) oxidation by O2 [99] and NO2 [102] up to the oxygen atom 

coverages that are accessible with these oxidants in UHV. As is well known, oxygen atoms 

chemisorb into a p(2×2) structure up to 0.25 ML, from which recombinative desorption produces 
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a broad feature in the TPD spectra between 650 and 875 K. Beyond 0.25 ML, we observe a sharp 

desorption peak that shifts from 700 to 710 K as the coverage increases to approximately 0.7 

ML. Other researchers have shown that this desorption feature originates from the ordered 2D 

Pd5O4 oxide that decomposes through an autocatalytic process involving quasi-equilibrium 

between O atoms in the 2D oxide and the p(2×2) phase [99,101]. 

As the oxygen coverage increases above 0.7 ML, the desorption rate initially increases on 

the leading edge of the sharp 2D oxide peak, and then develops into a separate feature centered at 

620 K as the coverage reaches 1.2 ML. Concurrently, the sharp peak appears to shift toward 

higher temperature and intensify with increasing coverage. A shoulder is also evident at about 

690 K on the sharp peak obtained from Pd(111) with 1.2 ML oxygen coverage. Further 

increasing the oxygen coverage causes the feature at 620 K to diminish while the sharp peak 

continues to intensify and shift to higher temperature. Using XPS, we confirmed that bulk-like 

PdO forms on Pd(111) above an oxygen coverage of about 1.5 ML, and therefore attribute the 

intense desorption peak to the autocatalytic decomposition of PdO domains. Since formation of 

PdO domains consumes the 2D oxide, one would expect the desorption peak arising from 2D 

oxide decomposition to diminish with coverage. The shoulder observed at 690 K and 1.2 ML 

initial oxygen coverage is consistent with decomposition of a small fraction of 2D oxide domains 

present at this coverage.  

The O2 desorption behavior observed here for Pd(111) is qualitatively similar to that 

reported recently for both oxidized Pt(111) [88] and Pt(100) [96,116] in that a low temperature 

feature intensifies with increasing coverage and then diminishes as bulk oxide begins to grow. 

As discussed in the Introduction, we have shown that this low temperature state is distinct from 

the surface and bulk oxides on Pt(100), and serves as a necessary precursor to the formation of 
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bulk-like Pt oxide [115]. Indeed, the present results imply that a similar oxidation mechanism is 

operative for Pd(111) in which a weakly-bound precursor state initiates the transition from 

surface to bulk oxide growth. Recent in situ XPS investigations also report that a distinct oxygen 

state populates on Pd(111) at coverages intermediate to the 2D oxide and bulk PdO [22,23]. The 

Pd core level spectra reported in that work reveal that formation of the intermediate state is 

characterized by an increase in the relative amount of Pd atoms that are four-fold versus two-fold 

coordinated with oxygen atoms. A possible interpretation of this spectral change is that 

formation of the intermediate state involves oxygen atoms preferentially adsorbing onto two-fold 

coordinated sites of the 2D oxide, while preserving the structure of the underlying 2D oxide. 

Such a configuration has a lower concentration of two-fold coordinated Pd atoms than the 2D 

oxide, and is consistent with the idea that the precursor state to initial PdO formation corresponds 

to oxygen atoms adsorbed on top of the 2D oxide of Pd(111).  

LEISS Measurements 

To further characterize the precursor state, we collected He+ LEISS spectra of the clean 

surface, the 2D oxide (0.72 ML), the precursor-covered surface (1.5 ML), and PdO (2.7 ML) on 

Pd(111). For these experiments, oxygen-covered surfaces were prepared at 100 K to suppress 

PdO formation and thereby maximize the concentration of the precursor state. The surfaces were 

then heated to 500 K to desorb any molecularly chemisorbed O2 that may be present at low 

temperature. The O2 TPD spectra obtained after adsorbing O atoms at 100 K (not shown) versus 

500 K show similar peak evolution with coverage. However, the O2 TPD peak at 620 K can be 

made more intense by oxidizing at 100 K, with this peak reaching a maximum intensity at a total 

coverage of 1.5 ML rather than 1.2 ML as observed for oxidation at 500 K (Figure 3-1). Most 

likely, the rate of conversion of the precursor to PdO is lower at 100 K than 500 K, resulting in 

higher concentrations of oxygen in the precursor state. 
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Figure 3-2a shows normalized LEISS spectra as a function of the final ion energy for the 

representative oxygen-covered surfaces. The spectra exhibit only two features centered at 620 

and 903 eV due to the incident ions scattering from surface O and Pd atoms, respectively. Note 

that the oxygen ISS peaks are broader than the Pd peaks due to improved mass resolution for He+ 

scattering from the lighter elements [122]. For the surfaces studied, the highest O/Pd intensity 

ratio is seen in the LEISS spectrum obtained from the precursor-covered surface with an oxygen 

coverage of 1.5 ML. The higher O/Pd signal is indeed consistent with oxygen atoms being 

adsorbed on top of the 2D oxide, and therefore being accessible for collisions with ions incident 

from the vacuum. Interestingly, the LEISS spectra also reveal that the O/Pd ratio is about twice 

as high for Pd(111) covered with PdO compared with the 2D oxide, suggesting that the bulk and 

surface oxides have different surface compositions.  

To evaluate the stability of the various oxygen phases toward reduction by ion 

bombardment, we collected LEISS spectra every five minutes while continuously subjecting the 

surfaces to 1 keV He+ ions. Figure 3-2b shows the evolution of the O/Pd signal ratio as a 

function of sputtering time for Pd(111) initially covered predominantly with chemisorbed 

oxygen atoms (0.22 ML), the 2D oxide (0.72 ML), the precursor state (1.5 ML) and PdO (2.7 

ML). This plot reveals that the precursor-covered surface is more easily reduced by incident He+ 

ions than the other oxygen phases on Pd(111). In fact, the O/Pd signal ratio obtained from the 

precursor-covered surface decays rapidly in the first fifteen minutes until reaching a value close 

to that obtained from the 2D oxide, and remains steady thereafter. The higher sputtering rate 

from the precursor-covered surface provides further support for the conclusion that the precursor 

state does correspond to oxygen atoms adsorbed relatively weakly on top of the 2D oxide.  
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Figure 3-3 depicts the general mechanism for Pd(111) oxidation that we propose based on 

the present data as well as our prior results with Pt surfaces [115]. We note that surface oxygen 

phases other than those depicted in Figure 3-3 have been identified, or at least suggested to exist 

on Pd(111), including a p(2×1) phase [100] and a variety of surface oxide structures [21,99,102]. 

As such, we emphasize that the intention of Figure 3-3 is to illustrate the key stages in the 

evolution of oxygen phases that lead to PdO formation on Pd(111) as suggested by our data, and 

point out that pathways to some of these phases likely pass through other structures. Figure 3-3 

shows that oxygen atoms initially populate a chemisorbed layer that begins to transform to a 2D 

oxide after the oxygen coverage surpasses a critical value (~0.25 ML). Oxygen atoms then 

adsorb on top of the 2D oxide and accumulate in the so-called precursor state. Beyond a critical 

local coverage of precursor oxygen atoms, reaction between the precursor oxygen and the 2D 

oxide produces PdO domains, depicted in Figure 3-3 as three-dimensional particles [115].  

Direct Abstraction of 18O/Pd(111) by Gaseous 16O Atoms 

We conducted reactive scattering experiments to assess the reactivity of the various oxygen 

phases toward abstraction by gaseous oxygen atoms. In these experiments, we first adsorbed 0.25 

ML 18O atoms by exposing the Pd(111) surface to 18O2 with the sample held at 500 K. 

Subsequently, we exposed the surface to an 16O atom beam with the sample temperature fixed, 

while monitoring the desorption rate of 18O16O using a mass spectrometer. This experiment 

provides a direct measure of the isothermal rate of 18O abstraction by incident 16O atoms as a 

function of the beam exposure time.  

We find that the collisions of gaseous 16O atoms with 18O-covered Pd(111) result in the 

prompt desorption of 18O16O at surface temperatures well below that for thermally-activated 

recombination (Figure 3-4a). Such behavior suggests that 18O abstraction by gaseous oxygen 

atoms occurs by a non-thermal mechanism such as the Eley-Rideal or hot atom mechanism 
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[70,121,123]. Further evidence that abstraction is non-thermal is the relative insensitivity of the 

initial abstraction rate on the surface temperature. Although omitted from Figure 3-4a for clarity, 

we find that the initial abstraction rate depends only weakly on the surface temperature down to 

at least 100 K. After the initial maximum, the abstraction rate decays rapidly but then shows an 

unexpected increase at longer exposure times. The abstraction kinetics at later times also depends 

markedly on the surface temperature, with the intensity of the second maximum increasing with 

increasing surface temperature (Figure 3-4a). After passing through the second maximum, the 

abstraction rate decays to a steady value. As elaborated below, we attribute the surface 

temperature dependence observed at later times to the onset of a thermally-activated process that 

influences the concentration of 18O atoms available for non-thermal abstraction by gaseous 16O 

atoms.  

TPD measurements performed after various beam exposures show that the 18O abstraction 

yields are very low for the conditions examined. In these measurements, we discontinued the 

beam exposures at different times and then heated the sample while monitoring masses 32, 34 

and 36 amu to determine the 16O and 18O coverages as a function of the beam exposure. From 

this data, we are unable to detect a decrease in the 18O coverage with beam exposure, but rather 

observe that the 18O coverage remains constant within the error limits of the coverage 

estimations (± 0.02 ML). In contrast, the 16O coverage increases steadily during the beam 

exposure. For example, the 16O coverage is 0.5 ML after a 30 sec beam exposure at a surface 

temperature of 500 K, and reaches 2.8 ML after 540 sec. Since the 18O coverage remains 

approximately constant as the 16O coverage increases, the changes in the 18O abstraction rate 

with beam exposure time cannot be attributed to depletion of the 18O coverage. Instead, the 18O 

abstraction kinetics must reflect how the oxygen phase evolution influences the reactivity of 
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surface oxygen atoms toward abstraction by gaseous oxygen atoms. Thus, the abstraction 

measurements effectively provide an in situ means to probe the oxygen phases as they evolve on 

Pd(111).  

Figure 3-4b shows the 18O abstraction rate at 500 K plotted as a function of the total 

oxygen atom coverage where the coverages were determined from post-abstraction TPD 

measurements. We find that the abstraction rate decreases to a minimum as the total coverage 

increases from 0.25 to 0.70 ML, coinciding exactly with the development of the 2D oxide 

(Figure 3-1). The abstraction rate then increases as the coverage increases beyond 0.7 ML, 

reaching a maximum at a total oxygen coverage of 1.3 ML. This coverage range corresponds to 

population of the weakly bound precursor state observed in TPD (Figure 3-1). Finally, the 

abstraction rate decreases again as the total coverage increases from 1.3 to 3.1 ML. As discussed 

above, the surface oxygen reacts to form PdO over this coverage range, consuming the precursor 

state in the process. These observations demonstrate that gaseous oxygen atoms can abstract 

oxygen atoms chemisorbed on the metal surface and on top of the 2D oxide, but that oxygen 

abstraction from the surface and bulk oxides occurs at much lower rates. Physically, this seems 

reasonable considering that chemisorbed oxygen atoms are more accessible for collision with 

species incident from the gas-phase. The data further implies that the rate of abstraction of the 

precursor oxygen atoms increases with surface temperature, whereas abstraction of oxygen 

atoms chemisorbed on the metal surface is essentially temperature independent (Figure 3-4a). 

This result is surprising given that the initial abstraction seems to occur by a non-thermal 

mechanism.  

In the abstraction experiments, 18O atoms are initially chemisorbed on the Pd(111) surface 

and are hence available for direct abstraction by gaseous 16O atoms. According to the mechanism 
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shown in Figure 3-3, the 18O atoms incorporate into the 2D oxide as the total oxygen coverage 

increases, and are rendered much less reactive toward direct abstraction as a result (Figure 3-4b). 

Additional surface exposure to the 16O beam then results in the adsorption of 16O into the 

precursor state, followed by PdO formation. Notice that Figure 3-3 suggests that only 16O atoms 

populate the precursor state during the beam exposures, while the 18O atoms would be present in 

the 2D oxide. This seems contradictory to our observations of higher 18O abstraction rates during 

population of the precursor state, at least within the context of the proposed mechanism, unless 

we assume that oxygen atoms exchange between the 2D oxide and the precursor state during the 

abstraction measurements. Such an exchange process is likely to be thermally-activated and 

hence its occurrence could explain why the 18O abstraction rate is temperature dependent at 

coverages corresponding to population of the precursor state. Specifically, we propose that an 

increase in the rate of oxygen exchange between the 2D oxide and the precursor state with 

increasing surface temperature results in higher concentrations of 18O atoms in the precursor 

state and consequently higher rates of non-thermal 18O abstraction.  

Kinetic Model of 18O Abstraction and Exchange 

We developed and evaluated a kinetic model to test the idea that oxygen atoms exchange 

between the 2D oxide and the precursor state, causing the measured 18O abstraction rates to be 

temperature dependent in the precursor coverage range. Figure 3-5 depicts the steps included in 

the model. In developing this model, we considered that the exchange process is analogous to 

surface diffusion via concerted substitution, a mechanism proposed originally by Kellogg and 

Feibelman [124,125]. A requirement for concerted substitution is that an adsorbed atom occupies 

a site next to a vacant site. As illustrated in Figure 5, the mechanism involves an adsorbed atom 

replacing an atom in the surface layer, while the surface-layer atom simultaneously moves to fill 
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the initially vacant site above the surface layer. A succession of such steps results in net transport 

of adsorbed atoms along the surface.  

The processes shown in Figure 3-5 are represented by the following reaction equations,  

16O(g) + S → 16O(a)  (3-1) adr

16O(a) + 18O(2D) + S  S + 16O(2D) + 18O(a) ,  (3-2) er
16

er
18

16O(g) + 18O(a) → 16O18O(g) + S  (3-3) abr18

16O(g) + 16O(a) → 16O2(g) + S  (3-4) abr16

Equation 3-1 represents the adsorption of 16O atoms on top of the 2D oxide, i.e., adsorption 

into the precursor state. Equation 3-2 depicts the reversible exchange of 16O and 18O between the 

2D oxide and the adsorbed state, O(2D) and O(a), respectively, where the symbol S represent an 

empty site on top of the 2D oxide. Finally, Equations 3-3 and 3-4 represent the direct abstraction 

by an Eley-Rideal process of 18O and 16O atoms from the precursor state by 16O atoms incident 

from the gas-phase. Although abstraction may involve hot atom intermediates, we describe the 

abstraction kinetics using the Eley-Rideal rate equation to simplify the analysis. Symbols used to 

designate the rates of each step are shown next to Equations 3-1 through 3-4, where 16re and 18re 

represent the rates for forward and reverse exchange, respectively, for Equation 3-2 as it is 

written. 

For this kinetic scheme, the time evolution of the 16O(a) and 18O(a) coverages are given by 

the following equations,  

max

16181616

][O
rrrr

dt
d abeead −+−

=
θ  (3-5) 

max

18181618

][O
rrr

dt
d abee −−

=
θ  (3-6) 
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where 16θ and 18θ represent the fractional coverages of 16O(a) and 18O(a) species, and [O]max is 

the maximum coverage of oxygen atoms in the precursor state. We assume that each of the 

reaction steps is elementary and use the following equations to describe the reaction rates, 

Dad Sr 2Φ=  (3-7) 

Dee OOkr 2
18

max
16181616 ][][)1( θθθ−−=  (3-8) 

Dee OOkr 2
16

max
18181618 ][][)1( θθθ−−=  (3-9) 

max
1616 ][Orab θσΦ=  (3-10) 

max
1818 ][Orab θσΦ=  (3-11) 

where Φ  represents the incident oxygen atom flux,  represents the initial adsorption 

probability of a gas phase oxygen atom on the 2D oxide,  represents the rate coefficient for 

oxygen exchange,  and  represent the concentrations of 16O and 18O within the 2D 

oxide, and 

DS2

ek

DO 2
16 ][ DO 2

18 ][

σ  represents an effective cross section for oxygen abstraction from the precursor 

state by gas phase oxygen atoms. The  term in the rate expression for oxygen 

exchange is a necessary requirement for diffusion by concerted substitution since diffusion can 

only occur in the presence of empty surface sites. Notice also that Equation 3-7 excludes any 

dependence of the oxygen atom adsorption rate on the oxygen coverage. Our prior work shows 

that this is a very good approximation for atomic oxygen adsorption into the precursor state on 

Pt(100) up to relatively high coverages [115]. Furthermore, we assume that both the atomic 

oxygen adsorption probability, S2D, and the abstraction cross section, 

)1( 1816 θθ−−

σ , are independent of the 

surface temperature. Thus, only the rate coefficient for oxygen exchange ke depends explicitly on 

the surface temperature in this model.  
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To solve the species balance equations analytically, we make simplifying approximations 

that are consistent with the observed rate behavior. Firstly, since the rate coefficients for the 

forward and reverse reactions shown in Equation 3-2 are identical, neglecting isotope effects, the 

distribution of 16O and 18O between the 2D oxide and the precursor state should be independent 

of the surface temperature if the exchange reaction reaches equilibrium. Thus, in our 

experiments, oxygen exchange appears to be far from equilibrium, given that we observe a 

relatively strong dependence of the 18O abstraction rate on the surface temperature (Figure 3-4a). 

In this case, it is reasonable to neglect the reverse exchange reaction, i.e., 16re >> 18re, in the 

analysis, and assume that initial conditions prevail during abstraction of the precursor oxygen 

atoms such that 16θ >> 18θ  and [18O]2D ~ constant.  

We further assume that the rate of oxygen atom adsorption is much greater than the rates of 

exchange and abstraction such that the rate of change of the 16O(a) coverage is well 

approximated by the 16O adsorption rate. The rapid increase in the 16O coverage justifies the 

assumption that adsorption is faster than abstraction. Finally, we assume that the rate of change 

of the 18O(a) coverage is equal to the rate of forward exchange (Equation 3-2). This is a 

consequence of neglecting reverse exchange, and also requires that forward exchange is faster 

than 18O abstraction for the time scale of interest. This seems reasonable under the 

approximation that the 18O(a) coverage is small. With these approximations, the species balance 

equations simplify to the following,  
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Integration of the species balances gives the following equations for the 16O(a) and 18O(a) 

coverages as a function of time,  

t
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Substituting Equation 3-18 into Equation 3-11 results in the following equation for the rate of 

18O(a) abstraction as a function of time, 
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Φ
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Consistent with the experimental data (Figure 3-4a), Equation 3-19, with reasonable values for 

S2D and [O]max, predicts that the rate of 18O abstraction is an increasing function of time over the 

measured time scale for abstraction from the precursor state (~30 sec). The model further 

predicts that the 18O abstraction rate scales directly with the rate coefficient for exchange. To 

emphasize that only the exchange rate coefficient depends on the surface temperature, we 

lumped all the other parameters into the function f(t) shown on the right hand side of Equation 3-

19. 

Assuming that the Arrhenius equation accurately describes the function ke(Ts), the model 

predicts that a plot of ln(18rab) versus Ts
-1 should be linear. However, in order to construct such a 

plot, we must identify the time at which oxygen atoms first begin to populate the precursor state 

for each measured rate curve shown in Figure 3-4a. This could introduce uncertainty in the 

analysis since it is unclear that the zero of time for the model corresponds to the minimum in the 

measured rate curve. To circumvent this uncertainty, we consider an alternate analysis based on 
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the observation that the abstraction rate as a function of time exhibits an inflection point in both 

the experimental data and the model. This inflection point represents the point of steepest ascent 

for the abstraction rate in the region where oxygen atoms populate the precursor state and is 

therefore easily identified in the data, with the slope obtained by means of a linear fit. 

Furthermore, according to the model, the inflection point occurs at a time that is independent of 

the surface temperature, 
DS

O
t

2

max
inf

][2
Φ

= . We can therefore avoid the need to define a time axis for 

precursor population by evaluating each rate curve at the inflection point. In particular, we 

evaluate the slope of the measured rate curve at the inflection point since this slope is easily 

determined from the data. From the model, the derivative of the 18O abstraction rate with respect 

to time is given by the following equation,  
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Expressing ke in an Arrhenius equation and substituting into Equation 3-20 yields,  
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where νe and Ee are the pre-exponential factor and activation energy for oxygen exchange 

between the 2D oxide and the precursor state. Finally, writing Equation 3-21 for an Arrhenius 

construction gives, 

s
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E
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−=== )(ln))(ln( infinf

18

 (3-22) 

where the time derivative of 18rab is evaluated at the inflection point, and g(t=tinf) is independent 

of the surface temperature.  
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Figure 3-6 shows the experimentally determined slopes at the inflection points plotted in 

the Arrhenius form given in Equation 3-22. As seen in the figure, a linear fit to the data in this 

plot is excellent (R2 = 0.994), suggesting that the model correctly describes the surface 

temperature dependence of the 18O abstraction rate. From the slope of this plot, we estimate an 

activation energy of Ee = 15.2 ± 0.4 kJ/mol for oxygen exchange between the 2D oxide and the 

precursor state. Assuming that the exchange reaction does result in surface transport, the small 

value of Ee suggests that oxygen atoms diffuse rapidly on the surface of the 2D oxide via the 

concerted substitution mechanism. For comparison, the activation energy for oxygen diffusion 

by site hopping on clean Pd(111) is reported to be 59.8 kJ/mol [126]. According to Feibelman, 

the barrier for diffusion by concerted substitution is generally smaller than that for site hopping 

[124,125]. While the barrier for oxygen site hopping on the 2D oxide is unknown, we can 

determine desorption activation energies from the TPD data and then estimate ratios of the 

diffusion (or exchange) to desorption barriers. Using a prefactor of 1013 s-1, Redhead analysis of 

the TPD data (Figure 3-1) predicts that the activation energies for desorption are 170 and 215 

kJ/mol for oxygen atoms chemisorbed on the 2D oxide and the bare Pd(111) surface, 

respectively. With these values, we estimate that the barrier for oxygen site hopping on clean 

Pd(111) [126] is about 28% of the desorption barrier, while the barrier for diffusion by concerted 

substitution on the 2D oxide is only about 9% of the desorption barrier. If the 2D oxide and clean 

Pd(111) surfaces have similar corrugation, this comparison suggests that the barrier for concerted 

substitution is smaller than that for site hopping on the 2D oxide. DFT calculations of oxygen 

atom diffusion on the 2D oxide should be helpful in testing this suggestion.  

Summary 

We investigated the adsorption and abstraction of oxygen atoms on Pd(111) using oxygen 

atom beams in UHV, and present evidence that a precursor state mediates the initial formation of 
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PdO on this surface. The O2 TPD spectra show that oxygen atoms in the precursor state are 

weakly bound compared with oxygen in the 2D oxide and PdO, and that population of the 

precursor state increases upon saturation of the 2D oxide, and then diminishes above about 1.2 

ML as PdO domains begin to grow on the surface at 500 K. We attribute the precursor state to 

oxygen atoms chemisorbed on top of the 2D Pd5O4 oxide. Consistent with this interpretation, 

LEISS spectra indicate that the precursor-covered surface has a higher surface oxygen 

concentration than both the 2D oxide and the PdO that forms, and that incident He+ ions sputter 

oxygen more readily from the precursor state than from other surface oxygen phases on Pd(111). 

Considering similar findings for Pt(111) [88] and Pt(100) [96,115], the results of the present 

study support the idea that precursor-mediated kinetics is a general characteristic in the oxidation 

of late transition metal surfaces. 

We also find that the collisions of gaseous 16O atoms with 18O chemisorbed on Pd(111) 

causes the prompt desorption of 16O18O at surface temperatures from 100 to 550 K. The 

insensitivity of the initial abstraction rate to the surface temperature is consistent with a non-

thermal mechanism for 18O abstraction. The direct rate measurements show that abstraction of 

18O atoms chemisorbed on the metal surface and in the precursor state is facile compared with 

abstraction from the 2D oxide and PdO, but the total 18O abstraction yield is very low, falling 

within the error limits of oxygen coverage estimates. The rate of 18O abstraction from the 

precursor state exhibits an unexpected increase with increasing surface temperature. We show 

that this temperature dependence is well described by a kinetic model which assumes that 

abstraction occurs by a non-thermal Eley-Rideal mechanism and that oxygen atoms exchange 

between the 2D oxide and the precursor state by a thermally-activated process analogous to 

surface diffusion by concerted substitution. For the experimental conditions studied, the model 
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predicts that oxygen exchange causes the concentration of 18O atoms in the precursor state to 

increase during the abstraction measurements, resulting in higher 18O abstraction rates at higher 

surface temperature. From analysis of the measured 18O abstraction rates, we estimate an 

activation energy of 15.2 kJ/mol for oxygen exchange between the 2D oxide and the precursor 

state. This low barrier may indicate that chemisorbed oxygen atoms diffuse rapidly on the 2D 

oxide surface by the concerted substitution mechanism. Given their relatively weak binding and 

high mobility on the 2D oxide, it is conceivable that oxygen atoms adsorbed in the precursor 

state exhibit unique reactivity toward adsorbed molecules such as CO. This possibility warrants 

further investigation as it could help to explain the reactive behavior of Pd catalysts in varying 

oxidative environments. 
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Figure 3-1.  O2 TPD spectra (heating rate = 1 K/s) obtained after exposing Pd(111) held at 500 K 
to an oxygen atom beam. Notice that the vertical axis in the top panel is expanded by 
a factor of 3 relative to the bottom panel.  Reprinted with permission from H.H. Kan, 
R.B. Shumbera, J.F. Weaver, Surf. Sci. 602 (2008) 1337. Copyright 2008, Elsevier. 
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Figure 3-2.  LEISS spectra obtained after adsorption of oxygen on Pd(111)  a) Normalized He+ 
LEISS spectra obtained from clean and oxygen–covered Pd(111). The oxygen 
coverages are representative of the 2D oxide (0.72 ML), the precursor state (1.5 ML) 
and PdO (2.7 ML). For each measurement the He+ incident energy was 1 keV and the 
scattering angle was 90º. b) Ratio of O/Pd LEISS signal intensities as a function of 1 
keV He+ exposure time for the initial oxygen coverages listed in the figure. Each data 
point required two minutes to collect.  Reprinted with permission from H.H. Kan, 
R.B. Shumbera, J.F. Weaver, Surf. Sci. 602 (2008) 1337. Copyright 2008, Elsevier. 
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Figure 3-3.  Schematic of the key stages/oxygen phases in the proposed mechanism for the initial 
formation of PdO on Pd(111), including a) chemisorbed oxygen atoms, b) 2D oxide, 
c) oxygen atoms adsorbed on the 2D oxide, d) formation of three-dimensional PdO 
domains.  Reprinted with permission from H.H. Kan, R.B. Shumbera, J.F. Weaver, 
Surf. Sci. 602 (2008) 1337. Copyright 2008, Elsevier. 
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Figure 3-4.  Reactive scattering measurements of isotopic oxygen abstraction by gas-phase 
oxygen atoms on Pd(111)  a) Isothermal rate of 18O16O desorption as a function of 
16O beam exposure time for surface temperatures from 300 to 550 K. For each 
experiment, clean Pd(111) was initially covered with 0.25 ML of 18O atoms, and then 
exposed to an 16O atom beam at an incident flux of ~0.02 ML/s. The zero of time 
corresponds to opening the beam shutter. b) Isothermal rate of 18O16O desorption as a 
function of total oxygen coverage for a surface temperature of 500 K where the total 
oxygen atom coverage was determined from post-abstraction TPD measurements.  
Reprinted with permission from H.H. Kan, R.B. Shumbera, J.F. Weaver, Surf. Sci. 
602 (2008) 1337. Copyright 2008, Elsevier. 
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Figure 3-5.  Schematic of the elementary steps considered in the kinetic model for abstraction of 
18O atoms (dark circles) adsorbed on the 2D oxide by 16O atoms (light circles) 
incident from the gas-phase. Exchange of oxygen isotopes between the 2D oxide and 
the precursor state increases the concentration of 18O(a) species that are available for 
abstraction by gaseous 16O atoms.  Reprinted with permission from H.H. Kan, R.B. 
Shumbera, J.F. Weaver, Surf. Sci. 602 (2008) 1337. Copyright 2008, Elsevier. 
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Figure 3-6.  Arrhenius plot of the maximum slope obtained in the direct rate measurements 
(Figure 3-4) during the period over which the abstraction rate increases as oxygen 
atoms populate the precursor state. The error bars represent uncertainty in the linear 
fits used to estimate the maximum slopes of the abstraction rate curves.  Reprinted 
with permission from H.H. Kan, R.B. Shumbera, J.F. Weaver, Surf. Sci. 602 (2008) 
1337. Copyright 2008, Elsevier. 
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CHAPTER 4 
A PALLADIUM OXIDE (101) THIN FILM GROWN ON PALLADIUM (111) IN 

ULTRAHIGH VACUUM 

Reprinted with permission from H.H. Kan, J.F. Weaver, Surf. Sci. 602 (2008) L53. 

Copyright 2008, Elsevier. 

Introduction 

Interest in the catalytic properties of late transition-metal oxides has grown significantly in 

recent years due to increasing demands for more efficient energy conversion processes and the 

concomitant need for catalysts that operate effectively under oxygen-rich conditions. 

Considerable effort has been devoted toward characterizing the catalytic properties of palladium 

oxide (PdO) in particular due to the favorable performance of Pd in catalytic methane oxidation 

in lean gas turbines [1-11]. Unfortunately, however, experimental challenges in oxidizing late 

transition metals in ultrahigh vacuum (UHV) have significantly limited fundamental 

investigations of the surface properties of PdO and other oxides. Despite this limitation, recent 

studies have provided important insights for understanding the growth and properties of PdO and 

other high-concentration oxygen phases on single crystal Pd surfaces [22-25,127,128]. Prior 

work has focused particularly on the properties of ordered two-dimensional (2D) oxides that 

form on Pd as well as Rh surfaces [21,99,100,102,117,118,128-130]. As far as we know, 

however, polycrystalline PdO develops under the oxidation conditions used in most previous 

studies [24]. Indeed, the ability to generate well-defined PdO surfaces in UHV would greatly 

improve capabilities for interrogating the detailed properties of PdO surfaces. In this 

Communication, we present experimental data demonstrating that a high quality PdO(101) thin 

film can be grown on Pd(111) in UHV by oxidizing at 500 K using an oxygen atom beam. 
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Experimental Methods 

Previous studies [86,121] provide details of the three-level UHV chamber utilized for the 

present experiments. Briefly, the Pd(111) crystal employed in this study is a circular disk (8 mm 

× ~1 mm) spot-welded to W wires and attached to a copper sample holder in thermal contact 

with a liquid nitrogen cooled reservoir. Sample cleaning consisted initially of Ar+ 

sputtering/annealing cycles, while subsequent cleaning involved routinely exposing the sample 

to an atomic oxygen beam, followed by flashing to 923 K. As discussed recently [131], our 

sample cleaning procedure minimizes loss of oxygen from the subsurface during subsequent 

oxygen uptake experiments.  

We oxidized the Pd(111) sample using oxygen atom beams generated in a differentially-

pumped chamber connected to the main UHV analysis chamber [86,121], and using dosing 

conditions described recently [131]. The sample geometry during dosing is selected to ensure 

uniform impingement of the oxygen atom beam across the Pd(111) surface. X-ray photoelectron 

spectra (XPS) were obtained using Mg Kα X-rays, and operating the hemispherical analyzer in 

retarding mode at a pass energy of 27 eV. We obtained low energy electron diffraction (LEED) 

images using a four-grid optics and a primary electron energy of 63 eV.  

Results and Discussion 

In this study, we oxidized Pd(111) at 500 K by exposing the sample to an oxygen atom 

beam for 10 minutes at an O atom incident flux of ~0.02 ML/s, where 1 ML is defined as the 

atomic density of 1.53 × 1015 cm-2 of bulk-terminated Pd(111) [99]. According to O2 TPD, this 

~15 ML O atom exposure produces a layer with 3.3 ML of oxygen atoms that desorb as O2 in a 

single sharp peak at 760 K [131]. The XPS Pd 3d5/2 spectra shown in Figure 4-1 demonstrate that 

the oxygen atom exposure produces a PdO covered surface. Specifically, in addition to the peak 

at 334.9 eV arising from metallic Pd, the Pd 3d5/2 spectrum obtained from the oxygen-exposed 
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sample exhibits an intense peak at higher binding energy (Figure 4-1), in a range close to that 

reported elsewhere for PdO [22,23].  

Figure 4-2 shows LEED images captured from both clean Pd(111) and the 3.3 ML PdO 

layer on Pd(111). The PdO layer was grown at 500 K, and then annealed at 675 K prior to the 

LEED experiment. The LEED image obtained from the PdO layer shows a distinct pattern that is 

characterized by trios of spots and single spots in hexagonal arrangements just within the original 

locations of the Pd(111) spots in addition to single spots arranged in a smaller hexagonal pattern. 

As indicated in Figure 4-2b, this LEED pattern consists of three equivalent rectangular unit cells, 

each rotated by 120° relative to one another. Since the LEED pattern obtained from the oxidized 

surface is unique compared with LEED patterns reported for other oxygen phases on Pd(111), 

particularly the 2D Pd5O4 oxide [102], we conclude that the PdO layer consists of crystalline 

domains. These domains appear to be relatively large considering that the diffraction spots 

associated with the PdO are similar in size to the those obtained from Pd(111). Notice also that 

the diffraction spots from the Pd(111) substrate are no longer visible in the LEED image 

acquired from the PdO layer. The LEED results therefore indicate that the 3.3 ML PdO layer 

forms a well-ordered thin film that completely covers the Pd(111) surface, and consequently 

hinders elastic scattering of electrons from the underlying metallic Pd.  

Although not presented here, we have obtained LEED images after preparing lower 

oxygen coverages on Pd(111) using an oxygen atom beam, and observe similar diffraction 

patterns as reported by other investigators. In particular, we observe the characteristic LEED 

pattern of the ordered 2D Pd5O4 oxide [102] at coverages above approximately 0.30 ML, with 

this pattern fading only gradually as the oxygen coverage increases to about 1.3 ML. Notably, 

this behavior is consistent with recent evidence that oxygen atoms adsorb on top of the 2D oxide 
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over this coverage range, before reacting appreciably with the 2D oxide to form PdO nuclei 

[131]. Increasing the coverage from 2 to 2.5 ML causes the diffraction spots from the 2D oxide 

and Pd(111) substrate to fade significantly as the spots characteristic of the PdO film begin to 

appear. Finally, only the diffraction spots from the PdO film are evident above 2.8 ML, and the 

quality of this pattern (Figure 4-2) improves as the coverage increases to 3.3 ML at 500 K.  

Interestingly, we find that the oxidation of Pd(111) by atomic oxygen occurs at higher rates 

at 650 K compared with 500 K, but the resulting PdO layer appears to be rougher and disordered. 

The morphological differences that we observe suggest that PdO clusters grow at relatively high 

rates perpendicular to the surface during oxidation at 650 K, whereas the ratio of perpendicular 

to lateral growth rates is smaller at 500 K, resulting in smoother PdO films. Such a difference in 

oxide growth is consistent with early oxidation models discussed by Cabrera and Mott [132] and 

Fehlner [133]. These models predict that oxidation at low temperature tends to produce smooth 

oxide films since ion transport through the growing film is governed by electric field gradients, 

whereas thermal diffusion controls the oxide growth kinetics at high temperatures, resulting 

generally in rough, polycrystalline films. Studies of the Pd(111) oxidation kinetics are currently 

underway in our laboratory to test these ideas.  

To help identify the specific structure and orientation of the 3.3 ML PdO film grown at 500 

K, we examined LEED patterns simulated for several low-index lattice planes of bulk PdO using 

the LEEDpat2 software. Bulk crystalline PdO has a tetragonal unit cell with dimensions of 

a=b=3.043 Å and c=5.336 Å [134,135]. In the ideal PdO crystal structure (Figure 4-3a), Pd 

atoms occupy the corner sites and center site of the unit cell, while oxygen atoms reside in 

interstitial sites and form a planar structure around the body centered Pd atom [134,135]. Each 

oxygen atom is surrounded by four Pd atoms in a quasi-tetrahedral structure. In the LEED 
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simulations, we treated the PdO as an incommensurate layer on Pd(111) and are thereby able to 

observe the positions of the PdO diffraction spots relative to those of the Pd(111) substrate. As 

detailed below, we find that the simulated LEED pattern of bulk-terminated PdO(101) (Figure 4-

3b) agrees very well with the pattern observed experimentally (Figure 4-2b), whereas LEED 

patterns for other low-index PdO lattice planes differ significantly from the experimental image. 

It is worth noting that the 2D oxide on Pd(100) also arranges into the PdO(101) structure, 

although only as a single layer [130]. This similarity with the present results is interesting as it 

may indicate a general preference toward forming the PdO(101) facet.  

The PdO(101) plane is highlighted in Figure 4-3a, and an illustration of its unit cell is also 

shown superposed on the Pd(111) lattice in Figure 4-3c. The bulk-terminated PdO(101) surface 

has a rectangular unit cell with dimensions of a1 = 3.043 Å and a2 = 6.143 Å, where a1 and a2 are 

parallel to the [010] and [-101] directions of the PdO crystal, respectively. The unit cell 

dimensions may also be expressed as a1 = 1.106x and a2 = 2.233x where x = 2.75 Å is the lattice 

constant of Pd(111). Figure 4-3a shows that Pd atoms reside at the corners and center of the 

PdO(101) unit cell, while oxygen atoms are located at the (0.500, 0.189) and (0.500, 0.811) 

positions within the unit cell, lying ~0.661 Å above and below the plane formed by the Pd atoms.  

We generated the LEED pattern shown in Figure 4-3b by orienting the PdO(101) unit cell 

with its shorter side parallel to the [-110] direction of the Pd(111) substrate (Figure 4-3c), and by 

displaying three rotational domains in the simulated image. The resulting pattern reproduces the 

experimental LEED pattern very well, including the hexagonal arrangement of single spots near 

the (0,0) position and the hexagonal arrangements of trios and single spots that are closer to the 

original Pd(111) spots. The simulated pattern also has three spots located just outside of each 

Pd(111) spot. A similar arrangement can be seen most clearly at the bottom of the experimental 
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LEED pattern (Figure 4-2b). The excellent agreement between the simulated and experimental 

LEED patterns supports concluding that a high quality PdO(101) thin film forms on top of the 

Pd(111) substrate at the oxidation conditions employed, and is oriented such that the a1 lattice 

vector is parallel to the [-110] direction of the underlying Pd(111). 

It is interesting that the LEED pattern obtained from the PdO film matches the bulk-

terminated PdO(101) structure so closely considering that PdO(101) and Pd(111) have 

significant lattice mismatch, corresponding to +10.6% and +28.9% in the a1 and a2 directions, 

respectively. Commensurability between the PdO(101) layer and Pd(111) can be achieved, 

however, by minimally straining the PdO layer. Specifically, an expansion of the PdO(101) 

lattice by 0.46% and 3.4% in the a1 and a2 directions, respectively, produces commensurability 

between PdO(101) and Pd(111) over the smallest possible length scale without discernibly 

altering the LEED pattern. In this case, the commensurate PdO(101) unit cell has dimensions of 

9a1 × 3a2, where a1 and a2 equal 1.11x and 2.31x, respectively. Forcing the commensurate PdO 

unit cell to be smaller requires much larger changes in the PdO lattice vectors, and produces 

clear differences between the simulated and experimental LEED patterns.  

To conclude this Communication, we discuss the likely termination of the PdO(101) thin 

film. The three ideal terminations of PdO(101) are the polar O and Pd terminated surfaces, and 

the non-polar, stoichiometric PdO(101)-PdO surface [134]. Assuming that maintaining charge 

neutrality is a dominant factor in determining the surface stability, then the stoichiometric 

surface should be the most stable termination of PdO(101). Indeed, recent quantum chemical 

computations predict that the stoichiometric (101) termination of bulk PdO is more 

thermodynamically stable than the polar (101) terminations over a wide range of oxygen 

chemical potential [134]. In fact, out of the eleven low-index surfaces examined, Rogal et al. 

85 



 

[134] predict that the stoichiometric PdO(101) surface is the second most stable, with PdO(100)-

PdO being only slightly more favorable.  

As may be seen in Figure 4-4, the stoichiometric PdO(101) surface consists of close-

packed rows of Pd atoms aligned parallel to the [010] direction, where each row contains Pd 

atoms of a given coordination, alternating between three-fold or four-fold coordinated with 

oxygen atoms. Thus, half of the surface Pd atoms of stoichiometric PdO(101), which 

corresponds to a Pd atom density of 0.35 ML, are coordinatively unsaturated (cus), and hence 

likely to be more active toward binding adsorbed molecules that the four-fold coordinated Pd 

atoms. Consistent with this suggestion, we have recently determined from TPD a saturation 

coverage of 0.27 ML, on an O-atom basis, for O2 molecularly chemisorbed on the PdO thin film 

at 100 K, and a saturation coverage of 0.35 ML for CO [136]. The close agreement between 

these saturation coverages and the cus-Pd site density is compelling evidence that the PdO(101) 

thin film is terminated by the stoichiometric surface.  

Before summarizing, we note that low energy ion scattering spectra (LEISS) obtained from 

the PdO thin film exhibit an O-to-Pd peak ratio that is about twice that observed in LEISS 

spectra obtained from the Pd5O4 surface oxide [131]. While this might be taken as evidence that 

the PdO(101) surface is oxygen-terminated, we believe that the O2 and CO TPD results [136] 

provide more direct and convincing evidence that the surface of the PdO(101) thin film is 

stoichiometric. Most likely, shadowing and/or blocking has a significant influence on the 

scattered He+ intensities from PdO(101) at the conditions used in the LEISS measurements. 

Summary 

We have demonstrated that a high quality PdO(101) thin film can be grown on Pd(111) in 

UHV by oxidizing the metal at 500 K using an oxygen atom beam, followed by annealing to 675 

K. The PdO film aligns with the [-110] directions of the Pd(111) substrate, and appears to have a 
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stoichiometric surface termination in which half of the Pd atoms (~0.35 ML) are coordinatively 

unsaturated. Considering the likelihood that electric field gradients play a dominant role in the 

oxide growth kinetics [133,137], the ability to efficiently oxidize at low substrate temperature 

may be a key factor for generating highly crystalline PdO films on Pd surfaces. The capability of 

generating well-defined PdO(101) surfaces on Pd(111) should enable detailed UHV studies and 

hence provide opportunities to gain new understanding of the surface reactivity of PdO as well as 

the mechanisms for Pd(111) oxidation. 
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Figure 4-1.  XPS Pd 3d5/2 spectra obtained from clean Pd(111) and a 3.3 ML PdO layer grown on 
Pd(111) at 500 K using an oxygen atom beam.  Reprinted with permission from H.H. 
Kan, J.F. Weaver, Surf. Sci. 602 (2008) L53. Copyright 2008, Elsevier. 

 

Figure 4-2.  LEED images obtained from (a) clean Pd(111) and (b) a 3.3 ML PdO layer grown 
on Pd(111) at 500 K, and then annealed to 675 K. The LEED images were obtained 
using a primary electron energy of 63 eV. A rectangular unit cell is shown in Figure 
2b) and the open circle is located at the original position of one of the diffraction 
spots from the Pd(111) substrate.  Reprinted with permission from H.H. Kan, J.F. 
Weaver, Surf. Sci. 602 (2008) L53. Copyright 2008, Elsevier. 
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Figure 4-3.  LEED simulation results and identification of PdO(101)  (a) Schematic of the bulk 
PdO crystal structure with the (101) plane highlighted. (b) Simulated LEED pattern of 
PdO(101) as an incommensurate layer on Pd(111). Diffraction spots corresponding to 
different rotational domains are color coded and the spots from the (111) substrate are 
shown as open circles. The software package LEEDpat2 was used to generate the 
image. (c) Representation of the real space PdO(101) unit cell superposed on the 
Pd(111) unit cell. The a1 direction of the PdO(101) layer is parallel with the [-110] 
direction of the Pd(111) substrate.  Reprinted with permission from H.H. Kan, J.F. 
Weaver, Surf. Sci. 602 (2008) L53. Copyright 2008, Elsevier. 
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Figure 4-4.  Model representations of the stoichiometric PdO(101) surface shown three-
dimensionally and in a top view. Pd and O atoms are represented as blue and orange 
spheres, respectively. The (101) unit cell is shown in the top view. The software 
package Chemcraft was used to generate these images.  Reprinted with permission 
from H.H. Kan, J.F. Weaver, Surf. Sci. 602 (2008) L53. Copyright 2008, Elsevier. 

 



 

CHAPTER 5 
ADSORPTION OF WATER ON A PALLADIUM OXIDE (101) THIN FILM: EVIDENCE OF 

AN ADSORBED HO-H2O COMPLEX 

Reproduced in part with permission from H.H. Kan, R.J. Colmyer, A. Asthagiri, J.F. 

Weaver, J. Phys. Chem. C, 113 (2009) 1495. Copyright 2009 American Chemical Society. 

Introduction 

Palladium oxide (PdO) is an excellent catalyst for the complete oxidation of CH4 [1-

11,138,139] and CO [12-19] under oxygen-rich conditions. Indeed, it is widely accepted that 

PdO formation is responsible for the exceptional performance of supported Pd catalysts toward 

the oxidation of CH4 in lean gas turbines. Several studies demonstrate that water can 

significantly affect the catalytic activity of PdO in oxidation reactions. In particular, reports show 

that water inhibits the lean oxidation of CH4 [3,140-142], whereas water promotes CO oxidation 

on PdO [143,144]. For example, Oh and Hoflund have recently shown that CO oxidation is 

highly facile on hydrated PdO at 373 K, and that similar reaction rates are achieved on 

anhydrous PdO only above 473 K [144]. Unfortunately, the fundamental understanding of PdO 

surface chemistry has been limited, in part, by experimental difficulties in preparing well-defined 

PdO surfaces for model studies. In the present study, we investigated the adsorption of water on 

a PdO(101) thin film grown in ultrahigh vacuum (UHV), and focused on characterizing the 

chemisorbed states of water that develop on this surface.  

The adsorption of water on transition-metal (TM) oxide surfaces has been studied 

extensively in UHV [145-155]. In contrast to their weak physisorption on metal surfaces, water 

molecules tend to bind strongly on TM oxides by forming chemical bonds with coordinatively 

unsaturated (cus) metal cations of the surface. Strong water-oxide interactions can also cause 

water molecules to dissociate [146,147,149-154], typically through hydrogen transfer to oxygen 

anions of the surface [156]. While water molecules dissociate extensively on some TM oxide 
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surfaces, dissociation is limited to defect sites on others, which raises fundamental questions 

about the conditions and surface properties favoring dissociative versus molecular chemisorption 

of water on TM oxides. Interestingly, recent studies show that intermolecular hydrogen bonding 

can facilitate water dissociation on TiO2 surfaces, resulting in adsorbed OH-H2O complexes 

[147,157]. These findings highlight the importance of both adsorbate-surface and adsorbate-

adsorbate interactions in determining the mechanisms for water chemisorption on TM oxide 

surfaces, and the resulting structure of the chemisorbed water layer.  

The stoichiometric PdO(101) surface is characterized by a rectangular unit cell and 

consists of four types of ions present in equal concentrations, namely, threefold and fourfold Pd 

and O atoms, where the threefold atoms are coordinatively unsaturated (cus) (Figure 1) 

[134,158]. The surface atoms arrange into rows that run parallel to the shorter lattice direction of 

the unit cell, and each row contains only one type of surface atom. Thus, this surface structure 

places the more reactive cus sites in close proximity to one another, which may lead to enhanced 

bonding with adsorbed molecules. Furthermore, because Pd(II) is a large, electron-rich (4d8) 

cation, the bonding of adsorbates on PdO is likely to involve considerable covalent character that 

may differ from the bonding of many molecules on early TM oxides. Indeed, we have recently 

found that PdO(101) has a high affinity for binding O2 in molecular form, and that the majority 

of molecularly chemisorbed O2 species experience stronger bonding on PdO(101) than on 

Pd(111) [136]. In the same study, we observed that CO oxidation is facile on PdO(101) under 

UHV conditions. In contrast, early TM oxides are generally inactive for CO oxidation due to the 

strong metal-oxygen bonds that characterize these materials. As far as we know, among the 

oxide surfaces that have been investigated, only the RuO2(110) surface has a similarly high 

activity for CO oxidation as PdO(101), but RuO2(110) does not bind O2 molecules as strongly as 
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PdO(101) [159-161]. These initial results suggest that PdO(101) is likely to interact strongly with 

other adsorbates as well. Since PdO(101) appears to be a uniquely reactive oxide-surface, further 

studies with PdO(101) may help to clarify key factors that influence the surface reactivity of TM 

oxides.  

In this study, we investigated the adsorption of water on PdO(101) using TPD 

measurements and DFT calculations, and present evidence that water dissociation is facile on 

PdO(101) at low coverage, but that only molecular adsorption occurs, into both first and second 

layer states, as the water coverages increases beyond 50% of the cus-Pd site density. The DFT 

calculations predict that dissociation is unfavorable for isolated H2O molecules on PdO(101), but 

is highly facile for water dimers and selectively produces HO-H2O complexes adsorbed along 

the cus-Pd rows. We also find that uptake into the first-layer chemisorbed states effectively 

ceases prior to saturation, and resumes only after the second-layer state appreciably populates. 

DFT suggests that strong orientation-dependent interactions between adsorbed species create 

unfavorable sites along the cus-Pd rows that hinder adsorption into the first layer when more 

than about 75% of the cus-Pd sites are occupied with adsorbed H2O and OH species.  

Experimental Methods 

Previous studies [86,121] provide details of the three-level UHV chamber utilized for the 

present experiments. The Pd(111) crystal employed in this study is a circular disk (8 mm × ~1 

mm) spot-welded to W wires and attached to a copper sample holder in thermal contact with a 

liquid nitrogen cooled reservoir. A type K thermocouple spot-welded to the backside of the 

crystal allows sample temperature measurements. Resistive heating, controlled using a PID 

controller that varies the output of a programmable DC power supply, supports maintaining or 

linearly ramping the sample temperature from 81 K to 1250 K. Initially, sample cleaning 

consisted of sputtering with 600 eV Ar+ ions at a surface temperature of 900 K, followed by 
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annealing at 1100 K for several minutes. Subsequent cleaning involved routinely exposing the 

sample held at 856 K to an atomic oxygen beam for several minutes, followed by flashing the 

sample to 923 K to desorb oxygen and carbon oxides. As discussed previously [131], we limited 

the sample temperature to 923 K to maintain oxygen-saturation in the subsurface reservoir, and 

thereby ensure reproducibility in preparing the PdO(101) thin films used in this study. We 

considered the Pd(111) sample to be clean when we could no longer detect contaminants with X-

ray photoelectron spectroscopy (XPS), obtained sharp low energy electron diffraction (LEED) 

patterns consistent with the Pd(111) surface, and did not detect CO production during flash 

desorption after oxygen adsorption.  

A two-stage differentially-pumped chamber attached to the UHV chamber houses the 

inductively coupled RF plasma source (Oxford Scientific Instruments) utilized to generate beams 

containing oxygen atoms for this study [121]. This system produces gaseous oxygen atoms by 

partially dissociating pure O2 (BOC gases 99.999%) continuously supplied to a small discharge 

chamber at the end of the plasma source. All oxygen atom beams used in this study were 

generated using an RF power of 120 W and an O2 flow rate that establishes a pressure of 3 × 10-6 

Torr in the first pumping stage of the beam chamber. Under these conditions, we estimate that 

20% of the inlet O2 dissociates in the plasma. To ensure uniform impingement of the oxygen 

beam across the sample surface, we positioned the sample approximately 50 mm from the end of 

the quartz tube that serves as the final beam-collimating aperture, and with a 45° rotation with 

respect to the tube axis. The combination of this sample positioning and beam composition 

corresponds to an atomic oxygen flux with a lower bound of 0.02 ML/s at the sample surface, 

where 1 ML is defined as the atomic density of 1.53 × 1015 cm-2 of bulk-terminated Pd(111) [99]. 
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We produce a PdO(101) thin film on Pd(111) by exposing the metal sample at 500 K to an 

~15 ML dose of gaseous oxygen atoms supplied in a beam. This procedure generates a high-

quality PdO(101) film that has a stoichiometric surface termination, contains ~3.5 ML of oxygen 

atoms and is about 13 Å thick [158]. The structure of the PdO(101) surface is discussed in detail 

below. Filtered and deionized H2O was further purified by no less than three freeze-pump-thaw 

cycles and the resulting high purity was confirmed using mass spectrometry. The H2O was 

delivered to the sample from a calibrated beam doser at an incident flux of approximately 7x10-3 

ML/s and a substrate temperature of 85 K. We set the sample-to-doser distance to about 50 mm 

to ensure uniform impingement of the water across the sample surface. After adsorbing water, 

we conducted TPD experiments by positioning the sample in front of the QMS and then heating 

at a constant rate of 1 K s-1 until the sample temperature reached 923 K. The PdO thin films 

completely decompose when heated to 923 K so it was necessary to prepare fresh PdO films for 

each water adsorption experiment. We estimated water coverages by scaling the integrated 

desorption spectra by an integrated TPD spectrum collected from a monolayer of water adsorbed 

on Pd(111) at 85 K, and assuming that the monolayer on Pd(111) saturates at 0.67 ML as 

reported previously [162]. 

Computational Methods 

All the DFT calculations in this paper were performed using the Vienna ab initio 

simulation package (VASP) [163-166]. We use the projector augmented wave (PAW) [167,168] 

pseudopotentials provided in the VASP database. Calculations have been done using the Perdew-

Burke-Ernzerhof PBE exchange-correlation functional [169]. Both the PBE and Perdew-Wang 

PW91 versions of the GGA functional have been shown to be sufficiently accurate to capture 

adsorption behavior of water on the surface [170-176]. We have tested several of our most stable 

minima using the PW91 functional and the values are reported in Table 1. The PW91 functional 
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gives adsorption energies that are 3-4 kJ/mol higher than the PBE values, but differences 

between adsorption sites are less than 1 kJ/mol. This level of accuracy is more than sufficient to 

conclude that the choice of the exchange-correlation functional will not affect the conclusions 

discussed in this paper. All the DFT values discussed in the rest of the paper will be from the 

PBE functional. A plane wave expansion with a cutoff of 400 eV was used and the total energy 

calculations are done using the conjugate-gradient method for electronic relaxations, accelerated 

using Fermi-level smearing with a Gaussian width of 0.1 eV. The positions of the atoms are 

relaxed until the forces on all unconstrained atoms are less than 0.03 eV/Å. While experimentally 

the PdO(101) film is grown on the Pd(111) surface, the oxide film is sufficiently thick (13 Å) 

that we assume the Pd(111) substrate may be ignored in our DFT calculations. Inclusion of the 

Pd(111) substrate would require large supercells due to the lattice mismatch between the oxide 

film and Pd(111) surface. We represent the PdO(101) film with four layers (see Figure 1), which 

corresponds to a thickness of approximately 9 Å. The bottom layer is fixed but all other atoms in 

the oxide film and the H2O adsorbate are allowed to relax. We use a vacuum spacing of 20 Å, 

which is sufficient to minimize any spurious periodic interactions in the surface normal direction. 

The PdO(101) film is obtained from relaxed PdO bulk structure, but the film is strained (a = 

3.057 Å, b = 6.352 Å) to match the reported experimental structure [158]. A 4×8×1 k-point mesh 

was used for the (1×1) unit cell and for larger surface unit cells the k-point mesh is scaled 

accordingly. We have performed tests to ensure that additional slab thickness and finer k-point 

meshes do not impact the results of the calculations. We use the climbing nudged elastic band 

(NEB) method [177-179] to find minimum energy pathways (MEP) and identify transition states 

(TS) for H2O dissociation.  
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Experimental Results and Discussion 

Structure of the PdO(101) Thin Film on Pd(111)  

Figure 1 depicts the structure of the stoichiometric PdO(101) surface that we examined in 

this study. Bulk crystalline PdO has a tetragonal unit cell and consists of square planar units of 

Pd atoms fourfold coordinated with oxygen atoms. The bulk-terminated PdO(101) surface is 

defined by a rectangular unit cell of dimensions a = 3.04 Å and b = 6.14 Å, where the a and b 

lattice vectors coincide with the [010] and [-101] directions of the PdO crystal, respectively. The 

PdO(101)-PdO surface consists of alternating rows of threefold or fourfold coordinated Pd or O 

atoms that run parallel to the a direction shown in Figure 1. Thus, half of the surface O and Pd 

atoms are coordinatively unsaturated (cus) and likely to be more active than the fourfold 

coordinated atoms for binding adsorbed molecules. The threefold O atoms are also more 

accessible to the gas-phase than the fourfold O atoms. The areal density of each type of 

coordinatively-distinct atom of the PdO(101) surface is equal to 35% of the atomic density of the 

Pd(111) surface. Hence, the coverage of cus-Pd atoms is equal to 0.35 ML (monolayer), and 

each PdO(101) layer contains 0.7 ML of Pd atoms and 0.7 ML of O atoms. Given that the film 

contains ~3.5 ML of oxygen atoms, we estimate that the PdO(101) film on Pd(111) consists of 

about five layers and has a total thickness of ~13 Å. In a prior study [158], we found that the 

PdO(101) structure aligns with the close-packed directions of the Pd(111) substrate, and would 

expand by 0.46% and 3.4% in the a and b directions to achieve commensurability with the metal 

substrate, which corresponds to unit cell dimensions of a = 3.06 Å and b = 6.35 Å.  

Water Desorption from Pd(111) and PdO(101)  

Figure 2 shows H2O TPD spectra obtained from Pd(111) and the PdO(101) film after 

adsorbing water at 85 K to generate coverages of 1.2 and 1.3 ML, respectively. The water TPD 

spectrum obtained from PdO(101) exhibits three rate maxima located at temperatures of 149, 197 
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and 350 K. As discussed below, the broad, asymmetric feature between 300 and 350 K is 

actually composed of two distinct peaks, labeled as γ1 and γ2. Water TPD spectra obtained from 

other oxides, including TiO2(110) and TiO2(100) [152,153], α-Cr2O3(001) [149], and RuO2(110) 

[148], are qualitatively similar to that reported here for PdO(101). In these systems, the 

desorption peaks which appear at increasing temperatures in the TPD spectra have been 

identified with a multilayer, a physisorbed or hydrogen-bonded “second” layer and chemisorbed 

states where the chemisorbed water evolves in two, closely-spaced peaks near 300 K. For 

TiO2(100) and α-Cr2O3(001) the highest temperature feature arises from dissociatively 

chemisorbed H2O, whereas molecularly chemisorbed water produces the high temperature TPD 

peaks from RuO2(110). Since chemisorbed states of water should be more prevalent under 

realistic reaction conditions, we focused the present study on determining whether the γ1 and γ2 

states correspond to molecularly or dissociatively chemisorbed forms of water or both.  

As marked in Figure 2, the TPD results show that the β1 state and the γ1 + γ2 state each 

saturate at a coverage of about 0.35 ML, which corresponds to the surface density of each type of 

coordinatively-distinct Pd and O atom of PdO(101) (Figure 1). This finding is consistent with the 

expectation that chemisorbed H2O molecules (γ1 + γ2) bind on the cus-Pd surface sites, and is 

similar to previous results of molecularly chemisorbed O2 and CO on PdO(101) [136]. It further 

suggests that H2O molecules in the β1 state arrange into a well-defined structure due to specific 

bonding interactions with the chemisorbed H2O and/or particular surface sites, such as the cus-O 

anions or four-fold Pd cations. In this case, the β1 state is better described as a second monolayer 

state rather than a second layer, which is similar to the structure of the water layer on TiO2(110) 

[152].  
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A direct comparison of water desorption from PdO(101) and Pd(111) is helpful for 

clarifying distinct characteristics of water adsorbed on the oxide surface, particularly given that 

water adsorption on Pd(111) has been studied extensively and is well understood [162,180-183]. 

Briefly, water first adsorbs in a physisorbed monolayer on Pd(111) that develops a two-

dimensional hydrogen bonding network which stabilizes the water layer [162]. The H2O 

monolayer on Pd(111) saturates at a coverage of 0.67 ML, and yields a sharp peak at 165 K in 

the TPD spectrum shown in Figure 2. Since the water monolayer on PdO(101) desorbs in peaks 

above 165 K, it is clear that H2O molecules access more strongly bound states on the oxide 

compared with the metal surface. It is particularly interesting that the β1 peak from PdO(101) 

appears about 30 K higher than the monolayer peak from Pd(111) since this observation provides 

clear evidence that water molecules in the β1 state experience stronger bonding interactions than 

water in the physisorbed monolayer on Pd(111). 

On Pd(111), a multilayer develops above 0.67 ML and gives rise to the sharp peak at 149 

K in the TPD spectrum (Figure 2). The nearly perfect overlap of the multilayer peaks obtained 

from PdO(101) and Pd(111), as seen in Figure 2, demonstrate that the substrates and monolayer 

structures have little influence on the multilayer binding at a total coverage of about 1.2 ML, 

which is nearly equal to twice the monolayer coverages on both surfaces. Considering the 

significant differences in the H2O monolayer states on Pd(111) versus PdO(101), it is interesting 

that the multilayers become so similar before the equivalent of even one monolayer adsorbs on 

top of the first water layer. As shown below, the initial development of the multilayer feature 

differs considerably on PdO(101) compared with Pd(111), indicating that the monolayer 

structures do influence the initial bonding of the multilayer on these surfaces.  
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TPD of Water on PdO(101) as a Function of Coverage 

Figure 3 shows a series of TPD spectra obtained from PdO(101) as a function of the initial 

H2O coverage up to 1.1 ML. Water initially desorbs in a single peak (γ1) at 354 K that shifts 

slightly to lower temperature as the coverage increases from 0.12 to 0.18 ML. In addition, the 

trailing edge of the γ1 peak is steeper than the leading edge, making the peak appear asymmetric. 

The desorption rate reaches a steady, non-zero baseline after the γ1 peak that persists up to about 

700 K, at which point the rate abruptly returns to the initial baseline. This abrupt drop coincides 

with the PdO film beginning to thermally decompose [131]. For comparison, the desorption rate 

returns immediately to the initial baseline after water desorbs from Pd(111). The slow H2O 

desorption process is probably associated with water chemisorbed on defects and/or water that 

penetrates into the PdO film. About 0.03 ML of water desorbs in the high temperature tail above 

440 K. Also, we note that H2 desorption was immeasurable during TPD for all initial water 

coverages studied, and that less than 0.015 ML of 18O atoms incorporate into the substrate upon 

heating H2
18O-covered PdO(101) surfaces. These findings indicate that H2O dissociation, if it 

occurs, is reversible on the PdO(101) surface. Indeed, the γ1 peak exhibits characteristics that are 

consistent with both first and second-order desorption, which makes it challenging to assign this 

feature to molecularly or dissociatively chemisorbed water without more detailed analysis or 

measurements.  

As the water coverage increases above 0.18 ML, the γ1 peak intensifies only marginally 

and a shoulder, labeled as γ2, emerges on the low temperature side of the peak. The shoulder 

continues to grow with increasing coverage, until the γ1 + γ2 state eventually saturates at high 

total coverages. Notice that the γ2 feature first becomes evident at ~0.18 ML, which is 

approximately equal to one half of the cus-Pd density. Since the γ1 peak appears to saturate at 
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0.175 ML, we attempted to isolate the γ2 peak by subtracting the TPD spectrum obtained at 0.175 

ML from those obtained at higher coverage. As seen in Figure 4, the resulting difference spectra 

exhibit a distinct γ2 peak with a maximum intensity at 318 K. Integration of the difference 

spectra from 240 to 400 K gives coverages ranging from 0.04 to 0.13 ML in the γ2 state for the 

spectra shown in Figure 4b. The γ2 peak maximum remains fixed with increasing total coverage, 

which is indicative of first-order desorption and hence a molecularly chemisorbed state of water. 

However, the γ2 peak is very broad and nearly symmetric about the maximum. These 

characteristics are inconsistent with a simple first order desorption process, and suggest that 

multiple adsorbate configurations contribute to the γ2 desorption feature. 

Prior studies demonstrate that a two-peak structure near 300 K also develops in the water 

TPD spectra obtained from other oxides, but that this structure can have multiple origins. For 

example, the low and high temperature peaks have been identified, respectively, as molecularly 

and dissociatively chemisorbed states of water on both TiO2(100) [153] and α-Cr2O3(001) [149] 

surfaces. However, Lobo and Conrad [148] report that water chemisorption occurs only 

molecularly on RuO2(110), and that the emergence of a second high-temperature peak is caused 

by repulsive interactions among chemisorbed water molecules. These differences among prior 

interpretations as well as the ambiguous behavior of the γ1 peak, in part, motivated us to perform 

the TPD analysis and DFT calculations presented below.  

Figure 3 shows that the sharp β1 peak first appears at 0.25 ML and intensifies with 

increasing total coverage, while the peak temperature remains fixed at 197 K. The invariance of 

the β1 peak temperature with increasing coverage is characteristic of first-order desorption, and 

suggests that intermolecular interactions only weakly influence the evolution of the β1 state. This 

observation provides further support for assigning the β1 state to H2O molecules that interact 
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directly with Pd and O atoms of the PdO surface. The desorption rate remains at a small but 

steady value at temperatures between the β1 and γ2 peak maxima, particularly at higher coverages 

of the β1 state. Tait et al. have observed a similar plateau region between the monolayer and 

multilayer TPD peaks obtained from physisorbed alkane layers, and attribute this region to 

compression of the alkane monolayer [184,185]. More specifically, those researchers suggest 

that increasing the coverage in the plateau region causes the chemical potential in the monolayer 

to increase until it reaches the value of the less stable second layer. The steady desorption rate 

seen in the water TPD spectra between about 225 and 275 K may have a similar origin. As 

shown below, the binding energy of water in the γ2 state decreases significantly with increasing 

coverage in this state, and may decrease to such an extent that the chemical potential of the γ2 

state begins to match, and even exceed that in the β1 state.  

A sharp desorption peak for the water multilayer (β2) begins to appear at a total coverage 

of 0.71 ML, which is near saturation of the β1 state. As the coverage increases, the β2 peak 

initially shifts to lower temperatures and then remains at a fixed temperature (Figure 3), 

coinciding with the multilayer peak obtained from Pd(111) (Figure 2). This desorption behavior 

reveals that the water multilayer initially experiences stronger binding to the water monolayer on 

PdO(101) compared with that on Pd(111). However, intermolecular hydrogen bonding appears 

to dominate the binding within the multilayer on PdO(101) before even one layer of water 

molecules adsorbs into the multilayer. These initial results are intriguing and certainly indicate 

distinct influences of the water monolayers on Pd(111) and PdO(101) on the initial development 

of the multilayers. We postpone a more detailed examination of the multilayer on PdO(101) for 

future work.  

102 



 

Uptake of Water into Different Adsorbed States 

Figure 5 shows uptake curves for water adsorbing into different states on PdO(101) as a 

function of the total coverage. We generated this plot by calculating areas under the TPD curves 

over temperature ranges from 85 to 170 K, 170 to 250 K and 250 to 440 K as a function of the 

total coverage, and equating these areas to the approximate coverages in the β2, β1 and γ1 + γ2 

states, respectively. The approximately 0.03 ML of water that desorbs above 440 K is included in 

the total coverage scale shown on the x-axis. In Figure 5, we present coverages in units of MLcus, 

where one MLcus equals the cus-Pd site density of 0.35 ML. This coverage scale helps to clarify 

relationships between the state populations and binding on specific surface sites, and will be used 

throughout the remainder of this paper. Figure 5 shows that water adsorbs exclusively in the γ1 

and γ2 states as the coverage initially increases beyond ~0.25 MLcus. Once the total coverage 

reaches about 0.75 MLcus, water begins to adsorb into the β1 state and uptake into the γ1 and γ2 

states concurrently slows down, plateauing at a γ1 + γ2 coverage of about 0.75 MLcus. Since the γ1 

state saturates at a total coverage of 0.50 MLcus (Figure 3), the data reveals that uptake into the γ2 

state temporarily stalls after about 0.25 MLcus of water adsorbs into this state. Water uptake 

occurs predominantly into the β1 state at total coverages from 0.75 to 1.75 MLcus. About 0.75 

MLcus of water molecules populate the β1 state at a total coverage of 1.75 MLcus, at which point 

uptake into the γ2 state slowly resumes and the multilayer begins to populate as well. The total 

coverage in the γ1 + γ2 states reaches 0.90 MLcus at a total coverage of about 2.5 MLcus, at which 

point a significant quantity of multilayer water is present on the surface. The temporary halt in 

the uptake of water into the γ2 state suggests that the binding environment in this chemisorbed 

state becomes unfavorable at a total coverage (γ1 + γ2) near ~0.75 MLcus, perhaps due to 

crowding along the rows of cus-Pd sites. Furthermore, the continued uptake into the γ2 state only 
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after the β1 state is highly populated suggests that the β1 state facilitates adsorption into the γ2 

state at high coverage. This behavior is interesting as it may indicate that the β1 state assists slow 

restructuring within the chemisorbed layer, which enables water molecules to continue to access 

more strongly-bound chemisorbed states. Measurements of the water uptake on PdO(101) as a 

function of surface temperature would help to clarify the role of the second layer β1 state in 

mediating water chemisorption into the γ2 state.  

Analysis of Water TPD Spectra 

We analyzed the H2O TPD spectra to estimate kinetic parameters for desorption, and 

thereby obtain further insights into the nature of the various adsorbed states. We specifically 

used the inversion-optimization procedure developed by Tait et al. [184,185] to analyze the γ1, γ2 

and β1 TPD peaks. In this analysis, one assumes that the desorption rate rd can be described by 

the Polanyi-Wigner equation,  

RTEn
d eTr /)(),( θνθθ −=  (5-1) 

where θ, n, ν and E represent the adsorbate coverage, the desorption order, and the pre-factor and 

the activation energy for desorption, respectively. The activation energy is treated as a coverage-

dependent quantity, while the pre-factor for desorption is treated as a constant. As pointed out by 

Tait et al. [184,185], this choice is somewhat arbitrary since the coupling between ν and E 

should allow the coverage dependence of the rate coefficient to be captured by either variable. In 

the first step of the analysis, one determines a coverage-dependent activation energy by inverting 

a TPD spectrum obtained at a given initial coverage. Inversion of the Polanyi-Wigner equation 

gives the following expression for E(θ),  

)/),(ln()( νθθθ n
d TrRTE −=  (5-2) 
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The coverage as a function of temperature is obtained by numerically evaluating the integral,  
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at each point along a TPD spectrum, where β represents the heating rate in this expression. The 

inversion is performed for an assumed desorption order and different values of the pre-factor and 

then the optimum pre-factor is identified as the value which minimizes the error between 

experimental and simulated TPD curves obtained for different initial coverages.  

We first analyzed the γ1 peak using the inversion-optimization procedure, and considered 

cases of both first and second order desorption. We performed the analysis over the temperature 

range from 250 to 440 K to avoid the broad plateau region that extends to 700 K. For TPD 

spectra obtained at total initial coverages of 0.34 and 0.50 MLcus, we find that about 0.26 and 

0.41 MLcus of water desorbs between 250 and 440 K so these values are taken as the initial 

coverages in the γ1 peak analysis. For the analysis, we inverted the TPD spectrum obtained at an 

initial coverage of 0.41 MLcus (Figure 6a) and determined the optimum pre-factor based on 

spectra simulated for an initial coverage of 0.26 MLcus. As may be seen in Figure 6b, the γ1 peak 

at 0.26 MLcus can be accurately reproduced using either first or second-order rate equations. We 

find that the error between the experimental and simulated curves is minimized for pre-factors of 

1014 s-1 and 1014.2 s-1 ML-1 for n = 1 and 2, respectively.  

In Figure 6a, the E(θ) curves for n = 1 and 2 are represented by sixth-order polynomials 

that were determined by fitting to the inverted TPD spectrum obtained from an initial coverage 

of 0.41 MLcus. For both curves, the activation energy increases weakly with decreasing coverage 

below 0.41 MLcus, but then increases sharply as the coverage decreases below about 0.07 MLcus. 

This abrupt increase is indicative of desorption from defect sites [184,185] where the binding is 
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stronger than on the sites contained within the ideal PdO(101) unit cell. The large increase in the 

activation energy at low coverage causes the desorption rate to decrease rapidly above the γ1 

peak temperature. We therefore conclude that the steep trailing edge of the γ1 peak results from 

an increasing contribution of water desorbing from defect sites, and is not necessarily indicative 

of first order desorption.  

At coverages above 0.07 MLcus, the activation energy exhibits a slightly stronger coverage 

dependence for the first order model compared with the second order model. For n = 1, E 

increases continuously from about 100 to 103 kJ/mol with decreasing coverage from 0.41 to 0.07 

MLcus, whereas E remains nearly constant at ~99 kJ/mol over this same coverage range for the n 

= 2 model (Figure 6a). Within the context of the mean-field approximation, the behavior for n = 

1 would imply that water molecules tend to encounter slightly less favorable configurations as 

the coverage increases in the γ1 state, whereas the nearly coverage-independent activation energy 

determined for n = 2 suggests that the adsorbed water species bind in essentially the same local 

environment regardless of the coverage. Since either of these possibilities is plausible, it is 

difficult to unambiguously determine the desorption order of the γ1 state based on the inversion 

analysis alone. As shown below, DFT predicts that a specific dissociated state of water is 

strongly favored at low coverage. This finding suggests that the n = 2 model represents a more 

appropriate description of the γ1 TPD peak.  

 We also used the inversion-optimization procedure to analyze the γ2 TPD peaks that were 

determined by deconvoluting TPD spectra obtained from total, initial coverages above 0.50 

MLcus (Figure 4). Figure 7a shows the E(θ) curve that results from inverting the TPD spectrum 

obtained from an estimated 0.29 MLcus of water desorbing in the γ2 peak, and assuming n = 1 and 

a pre-factor of 1013 s-1 for the inversion. The solid curve in Figure 7a represents a fit to the 
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experimental data, and is given in units of kJ/mol by the equation, E(θ2) = 94.6 – 44.1θ2 + 

7.4exp(-θ2/0.04), which is the functional form suggested by Tait et al.[184,185]. For 

convenience, we used different functions to fit the inverted γ1 and γ2 peaks. As seen in Figure 7a, 

the activation energy is highly dependent on the coverage in the γ2 state, decreasing from about 

93 to 82 kJ/mol as the coverage increases from 0.07 to 0.26 MLcus. The activation energy begins 

to increase more sharply with decreasing coverage below about 0.06 MLcus, which likely reflects 

small contributions from the γ1 peak that persist after the peak deconvolution. The strong 

coverage-dependence of the activation energy is responsible for the extreme width of the γ2 peak 

(Figure 7b), and implies that water molecules encounter a multitude of local environments above 

0.50 MLcus that become increasingly less favorable as the water coverage increases. As shown in 

Figure 4, the measured γ2 peak temperature is invariant with changes in coverage. However, the 

E(θ) equation obtained for a fixed pre-factor causes the γ2 peak temperature to shift significantly 

in spectra simulated at different initial coverages. For example, using the E(θ) relation shown in 

Figure 7a, we predict a γ2 peak temperature of 335 K for an initial coverage of 0.11 MLcus, which 

is about 17 K higher than that observed experimentally. The difference between the simulated 

and experimental γ2 peaks may indicate that the pre-factor decreases with increasing coverage 

and compensates the decreasing activation energy. However, it seems more likely that the 

discrepancy reflects a failure of the mean-field approximation to represent the coverage-

dependent desorption kinetics at total water coverages between about 0.50 and 1 MLcus.  

 The inadequacy of the mean field approximation suggests that water adsorbs in different 

environments above 0.50 MLcus, with the binding energies spanning a broad range. If water 

chemisorbs on the cus-Pd sites, then population of the γ2 feature would produce high local 

coverages (> 0.50 MLcus) of water along the cus-Pd rows. At such high coverages, intermolecular 
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interactions can be expected to have a strong influence on the water binding energies. The 

inversion analysis indicates that, on average, adsorbates in the γ2 state experience repulsive 

interactions with neighboring adsorbates, which causes the binding energy to decrease with 

increasing coverage. This behavior likely arises because the H2O-surface interactions are 

dominant over the adsorbate-adsorbate interactions. In this case, the adsorbate rearrangements 

needed to achieve favorable adsorbate-adsorbate interactions are hindered because they would 

disrupt the adsorbate-surface interactions and cause a net decrease in the adsorbate binding 

energy. Thus, maintaining a strong interaction with the substrate likely causes the water species 

adsorbed in the γ2 state to adopt unfavorable configurations relative to one another.  

 Finally, we analyzed the β1 TPD peak using the inversion-optimization procedure, and 

find that the β1 peak is well described as a first order desorption process with a coverage-

independent activation energy. The analysis predicts an optimum fit for the β1 peak for a pre-

factor of 1013.7 s-1 and a desorption activation energy that remains constant at about 54.4 kJ/mol 

for most of the coverage range. The activation energy vs. coverage curve derived from the β1 

peak exhibits a sharp increase below about 0.06 MLcus (not shown), which is similar to those 

seen in the inverted γ1 and γ2 peaks. This increase is associated with the small plateau region 

located between the β1 and γ2 peak maxima. Overall, the analysis provides evidence that the β1 

state corresponds to a molecularly adsorbed state of water that experiences negligible 

intermolecular interactions. The nearly coverage-independent activation energy supports the 

conclusion that the “second layer” water is predominantly stabilized by interactions with the PdO 

substrate rather than through intermolecular hydrogen bonding.  
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Computational Results and Discussion 

We used DFT to investigate the adsorption of H2O into molecular and dissociated states on 

PdO(101) as function of the water coverage. To initially determine the favored adsorption site 

and geometry for “isolated” H2O in molecular and dissociated states, we modeled the surface 

using a (2×1) unit cell where the longer side coincides with the [010] direction that parallels the 

cus-Pd rows (Figure 1). The most stable adsorption configurations determined on the (2×1) unit 

cell were then evaluated using a (4×1) unit cell, which corresponds to 0.25 MLcus coverage. The 

values discussed in the rest of the paper will be in reference to the (4×1) unit cell. Calculations 

using a 2×2 unit cell predict energies that are within 1 kJ/mol of those determined using the 4×1 

unit cell, which confirms the expectation that adsorbates have negligible interaction between cus-

Pd rows. Because adsorbate-adsorbate interactions between cus-Pd rows make a only small 

contribution to the adsorption energies of water on PdO(101), the 4×1 unit cell is a reasonable 

model for studying water adsorption on the PdO(101) surface and the values discussed in the rest 

of the paper are from calculations using the (4×1) unit cell.  

We initially examined several binding sites and orientations for an H2O molecule on the 

PdO(101) surface at a coverage of 0.25 MLcus. The calculations at a coverage of 0.25 MLcus 

predict that adsorption of an H2O molecule into its most favorable configuration is exothermic by 

79.2 kJ/mol, where the adsorption energy is referenced to the bare PdO(101) surface and a gas-

phase H2O molecule. The predicted adsorption energy is much higher than binding energies 

typical of water physisorption, and is therefore indicative of a relatively strong, localized 

bonding interaction between H2O and the PdO(101) surface (i.e., chemisorption). In the preferred 

configuration (Figure 8a), the H2O molecule binds with its oxygen atom located directly on top 

of a cus-Pd atom, and tilts so that the molecular plane is nearly parallel to the surface. The 

molecule adopts an in-plane orientation that allows both hydrogen atoms to interact with oxygen 
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anions of the PdO surface. One of the hydrogen atoms points directly toward a three-fold oxygen 

anion, while the other hydrogen atom lies in close proximity to a four-fold oxygen anion located 

on the opposite side of the cus-Pd atom. This on-top binding configuration is consistent with a 

donor-acceptor interaction whereby a lone pair that is mainly localized on the O atom of H2O 

overlaps with an empty 4d-orbital of the Pd cation, thus forming an H2O-Pd bond. The in-plane 

orientation of the H2O molecule provides further stabilization through hydrogen bonds with the 

oxygen anions of the surface. We explored adsorption on several binding sites and find that 

water binding directly on the cus-Pd site is favored by at least 40 kJ/mol over other sites. The 

binding energy is also quite sensitive to the molecular orientation due to hydrogen bonding with 

surface oxygen atoms. These DFT results establish that H2O molecules chemisorb strongly on 

the cus-Pd sites, and that hydrogen bonding interactions with the surface anions strengthen the 

interaction of H2O with the PdO surface 

To examine dissociated states of water on PdO(101), we assumed that an H2O molecule 

dissociates by transferring an H atom to a neighboring three-fold oxygen anion of the surface. 

This reaction produces an OH/OxH pair where the O and Ox symbols distinguish the oxygen 

atoms that originate from the adsorbed water molecule versus the PdO surface, respectively. For 

0.25 MLcus coverage, the calculations predict an adsorption energy of 68.2 kJ/mol for an 

OH/OxH pair in its preferred configuration, which is nearly 11 kJ/mol endothermic compared 

with the H2O chemisorption state (Table 1). As seen in Figure 8b, the hydroxyl O-H bond lies 

nearly within the surface plane, and rotates away from the cus-Pd row so that the OH group can 

hydrogen bond with a fourfold oxygen anion of the surface. The hydrogen atom of the OxH 

group is also oriented slightly toward the neighboring OH group, which is indicative of hydrogen 

bonding. However, strong bonding with the surface may restrict the OxH group from achieving 
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an optimal orientation for H-bonding. We calculate a dissociation barrier of 20.8 kJ/mol for the 

isolated H2O molecule, and hence a barrier of 9.7 kJ/mol for the OH/OxH pair to transform to 

chemisorbed H2O. Although the dissociation barrier is relatively small, the computed energetics 

indicate that isolated H2O molecules prefer to chemisorb intact rather than dissociating.  

Adsorbate Pair Formation 

Since hydrogen bonding is generally important in determining the properties of adsorbed 

water, we examined the energetics associated with various clusters of H2O and OH on PdO(101). 

Table 1 summarizes the energies predicted for the different clusters we considered, and Figure 9 

illustrates the specific configurations of adsorbate pairs investigated at 0.5 MLcus coverage. 

Firstly, we predict a moderate driving force for pairing of H2O molecules, whereas OH-OH pair 

formation is slightly unfavorable. The computed adsorption energies are 66.7 and 82.0 kJ/mol 

per molecule for an OH-OH versus an H2O-H2O pair, respectively, which indicates that OH 

pairing is slightly less stable than isolated OH groups while H2O pairing is stabilized by 5.6 

kJ/mol.  

The key finding from the calculations is that an HO-H2O pair, where the H2O molecule 

acts as the proton donor (Figure 9c), is highly favored over the other pair configurations. The 

adsorption energy of the HO-H2O pair is 96.1 kJ/mol per molecule. Thus, formation of the HO-

H2O pair from isolated H2O and OH groups stabilizes these adsorbates by 45 kJ/mol. The total 

adsorption energy of the HO-H2O pair is also 28.2 kJ/mol higher than that of an H2O-H2O pair. 

The stabilization afforded by HO-H2O pair formation greatly facilitates the dissociation of H2O. 

We predict a barrier of only 2.4 kJ/mol for an H2O-H2O pair to transform to the HO-H2O pair 

through H atom transfer to an Ox site. Since the pathway for this reaction is similar to that for an 

isolated H2O molecule, for which we find a barrier of 20.8 kJ/mol, the low barrier suggests that 

the HO-H2O interaction stabilizes the transition state for H2O dissociation in an H2O-H2O pair on 
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PdO(101), making dissociation highly facile. Interestingly, the interaction between adsorbed 

H2O and OH has a strong orientation dependence. The binding energy for an H2O-HO pair, 

where the OH group acts as the proton donor (Figure 9d), is only 70.3 kJ/mol per molecule – 

significantly less than the energy for the HO-H2O pair. In fact, H2O-HO pair formation is 

actually destabilizing by a few kJ/mol relative to the isolated species.  

The DFT results indicate that the dissociation of an H2O molecule on PdO(101) is 

favorable when the molecule pairs with another H2O molecule, and produces the stable HO-H2O 

complex. The experimental TPD results are consistent with this prediction since desorption from 

the γ1 state can be accurately reproduced with a second-order kinetic model, and a nearly 

coverage-independent activation energy. The experimentally-determined activation energy of 

~99 kJ/mol for the (assumed) second-order γ1 peak (Figure 6a) is remarkably close to the binding 

energy of the HO-H2O complex (96.1 kJ/mol per molecule) determined with DFT. Indeed, this 

agreement suggests that the γ1 state observed in TPD corresponds to recombinative desorption of 

the HO-H2O complex. However, it is important to ascertain whether the recombination reaction 

HO-H2O + OxH → H2O-H2O + Ox is a second-order process and leads to the prompt desorption 

of H2O during TPD.  

Simple second-order kinetics occurs when the reacting adsorbates randomly populate 

surface sites because, in this case, the probability of finding an adsorbate pair, and therefore the 

rate of recombination, is directly proportional to the product of the adsorbate coverages. Random 

population of surface sites occurs when the adsorbates interact only weakly, and therefore do not 

have a strong propensity to form pairs or remain separated. For water on PdO(101), the 

recombining partners are the HO-H2O complex and the H atom of the OxH group. From DFT, we 

find that moving the OxH group several sites away from the HO-H2O complex reduces the 
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adsorption energy by only 6.7 kJ/mol. This weak interaction implies that OxH groups will 

populate Ox sites nearly randomly and hence that the H + OH recombination rate will 

approximately follow second order kinetics. In addition, since the barrier for an H2O-H2O pair to 

dissociate to the HO-H2O complex is very small (< 2.5 kJ/mol), the concentration of H2O-H2O 

pairs will also be very small at the temperatures studied. Consequently, H + OH recombination 

during heating can be expected to result in either prompt H2O desorption, or a rapid return to the 

HO-H2O state when the energy is insufficient for desorption.  

Before presenting the final DFT results, we point out that mixed OH/H2O layers have been 

observed previously on other surfaces, and are found to enhance the stability of the adsorbed 

layer in these cases as well. For example, studies of H2O on Pt(111) reveal that an electrostatic 

interaction causes the HO(acceptor)-H2O(donor) hydrogen bond to be stronger than the hydrogen 

bond between H2O molecules [172,186]. In this case, charge exchange with the surface results in 

net positive and negative charges on the adsorbed H2O and OH species, respectively, making 

proton donation from H2O to OH a strongly attractive and highly directional interaction. Recent 

studies show that HO-H2O complexes also form on TiO2 surfaces. Similar to our findings on 

PdO(101), a study by Beck et al. [147] demonstrates that formation of HO-H2O complexes is 

favored over pure H2O and OH layers on TiO2(011). Ketteler et al. [157] have also shown that 

OH groups facilitate H2O dissociation on TiO2(110), leading to H2O-HO complexes where the 

OH group acts as the proton donor. These findings highlight the sensitivity of the adsorbate-

adsorbate interactions on the local bonding environment of water on TiO2 surfaces. For the HO-

H2O complex on PdO(101), we find from DFT that the adsorbed H2O and OH species have net 

charges of +0.1e and -0.51e, respectively. Thus, a favorable electrostatic interaction appears to 

enhance the stability of the HO(acceptor)-H2O(donor) hydrogen bond on PdO(101), which is 
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similar to the predictions of H2O and OH interactions on Pt(111) [186]. We are continuing to 

examine the bonding of H2O and other species on PdO(101). Because Pd(II) is a large, electron-

rich cation (4d8), it is likely that adsorbate bonding on PdO surfaces will involve considerable 

covalent character that may be distinct from bonding on early transition metal oxides such as 

TiO2.  

High Coverage Configurations: Trimers and Saturation 

The experimental TPD results provide evidence that H2O begins to populate a new 

chemisorbed state(s) above 0.50 MLcus, and that uptake into this state slows down above about 

0.75 MLcus. We investigated several H2O and OH configurations at 0.75 and 1 MLcus using DFT 

in an attempt to clarify these experimental observations. As seen in Table 1, DFT predicts that 

the HO-H2O-H2O trimer is preferred over several other trimer configurations at 0.75 MLcus 

coverage. Formation of the HO-H2O-H2O trimer is nearly thermoneutral relative to an isolated 

H2O molecule and an HO-H2O complex. In contrast, formation of the H2O-HO-H2O complex 

from H2O and the HO-H2O species is destabilizing by 11.4 kJ/mol. Both dissociation and 

association of species in the HO-H2O-H2O trimer is also unfavorable (Table 1). While the HO-

H2O-H2O trimer is energetically preferred, the HO-H2O-H2O and H2O-HO-H2O trimers differ in 

energy by only 11.4 kJ/mol. Thus, the less stable H2O-HO-H2O trimer can be expected to coexist 

with the HO-H2O-H2O trimer on PdO(101). Interestingly, the inversion analysis of the γ2 TPD 

peak indicates that the desorption activation energy decreases by about 11 kJ/mol as the total 

coverage increases from 0.50 to 0.75 MLcus, which agrees well with the energy difference 

between the most stable trimers predicted by DFT. The DFT calculations indicate that desorption 

of an H2O molecule from the H2O-HO-H2O and HO-H2O-H2O trimers is endothermic by 67.3 

and 78.6 kJ/mol, respectively. For comparison, assuming first order desorption and a pre-factor 
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of 1013 s-1, the inversion analysis predicts that the activation energy for desorption into the γ2 

peak varies from 82 to 93 kJ/mol with decreasing coverage. The agreement between the absolute 

energies determined from computation and experiment improves if a lower pre-factor is used in 

the inversion analysis.  

The directionality of the H2O-OH interaction appears to be the key factor governing the 

preferred trimer arrangements. For example, the HO-H2O-H2O trimer avoids the destabilizing 

H2O-HO configuration, while also maintaining the favorable HO-H2O linkage. Interestingly, 

however, formation of the HO-H2O-H2O trimer from H2O and the HO-H2O complex is slightly 

destabilizing by 0.5 kJ/mol, whereas H2O-H2O pair formation is exothermic by 5.6 kJ/mol. Thus, 

H2O attachment to the HO-H2O complex appears to produce a weaker H2O-H2O interaction than 

in the corresponding pair and/or destabilizes the HO-H2O interaction. The net result is that HO-

H2O-H2O trimer formation is slightly endothermic, in contrast to expectations based only on the 

pair interactions. 

The directionality of the adsorbate interactions also dictates the preferred configurations at 

water saturation of the cus-Pd sites. For example, DFT predicts that the 2(HO-H2O) 

configuration is favored at saturation, and that the HO-H2O-2H2O configuration is the second 

most stable. However, several configurations can be present on the actual PdO(101) surface at 

high H2O coverages that cannot be adequately captured with the (4×1) surface model. Figure 9c 

shows the HO-H2O complex in only one of two equivalent orientations, where the second 

orientation is represented by the mirror image taken across a plane of symmetry orthogonal to 

the direction of the cus-Pd rows. This configuration may be represented as OH2-OH. Because the 

HO-H2O and OH2-OH configurations are energetically degenerate, they would be present on the 

surface in equal concentrations.  
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As the water coverage increases, H2O molecules will more frequently encounter sites 

located between configurationally-degenerate dimers and trimers, where they are likely to 

experience an unfavorable environment due to the strong orientational dependence of the 

adsorbate-adsorbate interactions. As a result, H2O molecules will likely avoid adsorption into 

sites between configurationally-degenerate complexes. The measured uptake of water into 

various states on PdO(101) is consistent with this interpretation. As seen in Figure 5, the rate of 

uptake into the high-temperature chemisorbed states abruptly decreases at a total coverage of 

about 0.75 MLcus, and water molecules begin to populate the more weakly bound β1 state instead. 

In fact, the water concentration in the γ1 and γ2 states remains essentially constant until the β1 

state is near saturation, and then only gradually increases to ~0.91 MLcus as the multilayer starts 

to develop. We therefore conclude that continued adsorption onto cus-Pd sites becomes 

unfavorable at coverages near 0.75 MLcus due to destabilizing interactions at sites located 

between configurationally-degenerate adsorbate-complexes.  

The strong coverage-dependence of the γ2 desorption activation energy and the plateau 

region leading up to the γ2 peak are also consistent with the development of multiple, low-energy 

adsorbate configurations on the cus-Pd rows at coverages above 0.50 MLcus. In particular, the 

significant decrease in the activation energy with increasing coverage in the γ2 state suggests that 

low energy configurations become increasingly more populated as the coverage increases. The 

chemical potential of certain configurations on the cus-Pd rows may even approach the chemical 

potential in the second layer (β1 peak), and contribute to the steady desorption observed between 

about 225 and 275 K in the TPD spectra. Thus, the desorption that occurs at temperatures 

between the β1 and γ2 peak maxima likely represent molecules desorbing from a distribution of 

unfavorable local environments, while desorption closer to the γ2 peak temperature arises from 
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more favorable adsorbate configurations that exist once the coverage decreases to values near 

0.50 MLcus. 

The DFT calculations provide a description of water adsorption onto PdO(101) that is 

consistent with our experimental results. Figure 10 summarizes key steps in the adsorption of 

water on PdO(101) up to the formation of adsorbed trimers, but we emphasize that aggregates 

other than the trimers depicted in Figure 10 are likely to form at high water coverages. Firstly, 

DFT predicts that isolated H2O molecules prefer to remain in molecular form, but that 

dissociation becomes facile when H2O molecules form pairs due to the high stability of the 

resulting HO-H2O complex. Our experimental TPD results show that water desorbs exclusively 

in the γ1 state between coverages of 0.25 and 0.50 MLcus, and that desorption from this state is 

well-described as a second-order process with a nearly constant activation energy, which is 

consistent with the existence of adsorbed HO-H2O complexes. The excellent agreement between 

the experimentally-determined and DFT-derived activation energies for desorption (~97 kJ/mol) 

provide further support for concluding that HO-H2O complexes predominantly cover the 

PdO(101) surface below 0.50 MLcus. Although we did not examine coverages below 0.25 MLcus, 

it is likely that HO-H2O complexes form in this low coverage range as well since adsorbed H2O 

molecules should be fairly mobile. For coverages above 0.50 MLcus, DFT indicates that H2O 

molecules begin to chemisorb intact and that HO-H2O-H2O trimer formation is nearly 

thermoneutral relative to an isolated H2O molecule and an HO-H2O complex. Other trimer 

configurations are less favorable, but would develop as the coverage of chemisorbed water 

increases, which is consistent with the large decrease in the water binding energy as the coverage 

in the γ2 state increases. Finally, the DFT prediction of a strongly orientation-dependent 

interaction between adsorbed species offers a plausible interpretation of the slow water uptake 

117 



 

into the γ1 and γ2 chemisorbed states observed above 0.75 MLcus. The directionality of the 

interactions suggests that unfavorable binding environments are prevalent between adsorbate 

complexes at high coverages, and that water molecules tend to avoid these configurations. 

Additional computational studies are needed to clarify the bonding environments present 

between configurationally-degenerate dimers and trimers and the nature of the β1 state.  

Summary 

We investigated the adsorption of water onto a PdO(101) thin film using TPD 

measurements and DFT calculations. TPD spectra obtained from high water coverages exhibit 

sharp peaks at 149 and 197 K that arise from water desorbing from a multilayer and a second 

layer state, respectively. Water in the second layer state appears to interact directly with the 

PdO(101) surface, likely through hydrogen bonding with surface oxygen anions. We also 

observe desorption peaks at 318 and 350 K that originate from chemisorbed water, with each 

state accommodating nearly 0.50 MLcus of water molecules. Analysis of the TPD spectra shows 

that the higher temperature γ1 peak can be accurately described using either a first or second 

order desorption model, with relatively weak or negligible coverage-dependence of the 

desorption activation energy, respectively. In contrast, the activation energy decreases 

significantly with increasing coverage in the γ2 state, resulting in a broad TPD peak. Our 

experiments also show that water first saturates the γ1 state before populating the more weakly 

bound γ2 state. However, uptake into the γ2 state effectively ceases at a total coverage of about 

0.75 MLcus, and resumes only after the second-layer state is highly populated. This observation 

may indicate that the second-layer molecules facilitate adsorption into the molecularly-

chemisorbed state at high coverages.  
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Our DFT calculations predict that dissociation is unfavorable for isolated H2O molecules, 

but is highly facile for water dimers and selectively produces hydrogen-bonded HO-H2O dimers 

adsorbed along the cus-Pd rows, where the H2O molecule acts as the proton donor in the dimer. 

DFT suggests that an electrostatic interaction significantly stabilizes the HO(acceptor)-

H2O(donor) complex, and also serves to destabilize the oppositely-configured H2O-HO dimer. In 

agreement with the experimental results, DFT predicts that the HO-H2O complex forms up to a 

total water coverage of 0.50 MLcus, and has a binding energy of 96.1 kJ/mol per H2O molecule. 

Above 0.50 MLcus, DFT predicts that water preferentially chemisorbs in molecular form on the 

cus-Pd rows, and can bind in local aggregates with different energies. Formation of the HO-H2O-

H2O trimer is nearly thermoneutral relative to an isolated H2O molecule and the HO-H2O 

complex, whereas formation of the H2O-HO-H2O trimer is slightly endothermic. An increase in 

the relative coverage of less stable adsorbate clusters can explain the large decrease in the water 

binding energy as the total coverage in the γ2 state increases. Finally, the DFT calculations 

suggest that strong orientation-dependent interactions create unfavorable binding sites between 

dimers and trimers adsorbed along the cus-Pd rows, and that water molecules will tend avoid 

these sites at water coverages above about 0.75 MLcus. Overall, the DFT and experimental results 

provide a consistent description of water adsorption onto the PdO(101) surface. The results of 

this study, particularly the evidence for selective HO-H2O dimer formation, provide new insights 

for modeling the oxidation of CH4, CO and other molecules on PdO surfaces in the presence of 

co-adsorbed water.  
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Figure 5-1.  (a) Top and (b) side view of the PdO(101) thin film structure. The orange and blue 

atoms represent O and Pd atoms respectively. Rows of threefold-coordinated (cus) Pd 
and O atoms are indicated. The a and b directions correspond to the [010] and [-101] 
crystallographic directions of PdO.  Reproduced in part with permission from H.H. 
Kan, R.J. Colmyer, A. Asthagiri, J.F. Weaver, J. Phys. Chem. C, 113 (2009) 1495. 
Copyright 2009 American Chemical Society. 
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Figure 5-2.  H2O TPD spectra obtained from Pd(111) and PdO(101) after generating initial water 

coverages of 1.2 and 1.3 ML, respectively, at a substrate temperature of 85 K. The 
TPD spectra were obtained using a constant heating rate of 1 K/s.  Reproduced in part 
with permission from H.H. Kan, R.J. Colmyer, A. Asthagiri, J.F. Weaver, J. Phys. 
Chem. C, 113 (2009) 1495. Copyright 2009 American Chemical Society. 
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Figure 5-3.  H2O TPD spectra obtained from PdO(101) at initial water coverages between a) 0.12 

ML and 0.37 ML and b) 0.37 ML and 1.13 ML prepared by dosing water with the 
sample held at 85 K. The TPD spectra were obtained using a constant heating rate of 
1 K/s.  Reproduced in part with permission from H.H. Kan, R.J. Colmyer, A. 
Asthagiri, J.F. Weaver, J. Phys. Chem. C, 113 (2009) 1495. Copyright 2009 
American Chemical Society. 
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Figure 5-4.  a) Difference H2O TPD spectrum (black dotted line) obtained by subtracting a TPD 

spectrum obtained after saturating the γ1 peak with 0.175 ML of water from a TPD 
spectrum (red dotted line) obtained from an initial water coverage of 0.52 ML (green 
solid line). The difference spectrum exhibits a distinct γ2 peak. b) Difference TPD 
spectra obtained from initial water coverages of 0.21 ML, 0.32 ML, and 1.64 ML. 
The corresponding coverages in the γ2 state are estimated as 0.04, 0.10 and 0.13 ML.  
Reproduced in part with permission from H.H. Kan, R.J. Colmyer, A. Asthagiri, J.F. 
Weaver, J. Phys. Chem. C, 113 (2009) 1495. Copyright 2009 American Chemical 
Society. 
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Figure 5-5.  Uptake of H2O into various adsorbed states plotted as coverage within a state versus 

the total H2O coverage, where coverages are expressed in units of MLcus. Coverages 
within the multilayer (β2), second layer (β1) and first layer (γ1 + γ2) states were 
estimated as the areas under the TPD traces over temperature ranges from 85 to 170 
K, 170 to 250 K and 250 to 440 K, respectively. The plot reveals that uptake into the 
first layer effectively ceases at about 0.75 MLcus, and resumes only after the second-
layer state is nearly saturated.  Reproduced in part with permission from H.H. Kan, 
R.J. Colmyer, A. Asthagiri, J.F. Weaver, J. Phys. Chem. C, 113 (2009) 1495. 
Copyright 2009 American Chemical Society. 
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Figure 5-6.  TPD inversion analysis of γ1  a) Desorption activation energy as a function of 

coverage in the γ1 peak determined by inverting the TPD spectrum obtained at an 
initial coverage of θ1 = 0.41 MLcus for both first and second order desorption models. 
The E(θ1) curves were obtained with pre-factors that give the best agreement between 
experimental and simulated TPD spectra for an initial coverage of θ1 = 0.26 MLcus. 
The curves shown are sixth-order polynomials that were obtained by fitting to the 
inverted TPD spectrum. b) Comparison of experimental and simulated TPD spectra 
obtained at an initial coverage of θ1 = 0.26 MLcus and using both first and second 
order desorption models after determining the optimum pre-factors and corresponding 
E(θ1) relations.  Reproduced in part with permission from H.H. Kan, R.J. Colmyer, A. 
Asthagiri, J.F. Weaver, J. Phys. Chem. C, 113 (2009) 1495. Copyright 2009 
American Chemical Society. 
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Figure 5-7.  TPD inversion analysis of γ2  a) Desorption activation energy as a function of 

coverage in the γ2 peak determined by inverting the deconvoluted TPD spectrum 
obtained at an initial coverage of θ2 = 0.29 MLcus. We used a first order desorption 
model and a pre-factor of 1013 s-1 in the TPD inversion. The symbols represent 
experimental data and the solid curve represents a function that was fit to the data. b) 
Comparison of experimental and simulated TPD spectra obtained at an initial 
coverage of θ2 = 0.29 MLcus and using the first-order parameters depicted in a).  
Reproduced in part with permission from H.H. Kan, R.J. Colmyer, A. Asthagiri, J.F. 
Weaver, J. Phys. Chem. C, 113 (2009) 1495. Copyright 2009 American Chemical 
Society. 
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Figure 5-8.  Top and side view of the most stable DFT identified configurations for (a) H2O 

(79.2 KJ/mol) and (b) dissociated H2O (68.2 KJ/mol) at 0.25 MLcus coverage.  
Reproduced in part with permission from H.H. Kan, R.J. Colmyer, A. Asthagiri, J.F. 
Weaver, J. Phys. Chem. C, 113 (2009) 1495. Copyright 2009 American Chemical 
Society. 
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Figure 5-9.  Top view of (a) H2O-H2O (82 KJ/mol) (b) OH-OH (66.7 KJ/mol) (c) HO-H2O (96.1 

KJ/mol) (d) H2O-HO (70.3 KJ/mol) pairs at 0.50 MLcus coverage.  Reproduced in part 
with permission from H.H. Kan, R.J. Colmyer, A. Asthagiri, J.F. Weaver, J. Phys. 
Chem. C, 113 (2009) 1495. Copyright 2009 American Chemical Society. 
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Figure 5-10.  Energy pathway for the formation of adsorbed trimers on PdO(101). The zero of 

energy is taken as three adsorbed H2O molecules that are isolated from one another, 
where an isolated water molecule is represented as H2O(ad). The transition state for 
HO-H2O dimer formation is labeled with an asterisk and the numbers in parenthesis 
are energies in kJ/mol referenced to the zero defined in the diagram.  Reproduced in 
part with permission from H.H. Kan, R.J. Colmyer, A. Asthagiri, J.F. Weaver, J. 
Phys. Chem. C, 113 (2009) 1495. Copyright 2009 American Chemical Society. 
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Table 5-1.  Adsorption energies (Eads) of H2O and OH species on PdO(101) predicted with DFT 
using the GGA-PBE functional for coverages of 0.25, 0.50, 0.75 and 1 MLcus. The 
values obtained using the GGA-PW91 functional is given in parentheses. The 
reference energy is taken as the bare PdO(101) surface and N-gaseous H2O molecules 
where N equals the number of adsorbates. Note that an OxH group is associated with 
each adsorbed OH group, but is only listed once in the table in order to simplify the 
symbolic representations of the adsorbates. The favored configurations are shown in 
bold for each coverage.   

 Species Eads (kJ/mol) Coverage (MLcus) 
Monomers OH (OxH) 68.2 (71.9) 0.25 

H2O 79.2 (82.8) 0.25 
Dimers HO-HO 66.7 (70.6) 0.50 

H2O/H2O 82.0 (85.8) 0.50 
HO-H2O 96.1 (100.2) 0.50 
H2O-HO 70.3 (74.0) 0.50 

Trimers 3(H2O) 80.8 (84.7) 0.75 
HO-H2O-H2O 90.3 (94.3) 0.75 
H2O-HO-H2O 86.5 (90.4) 0.75 
HO-H2O-HO 82.8 (86.8) 0.75 

Saturation 4OH 62.5 (66.5) 1 
4(H2O) 81.3 (85.2) 1 
2(H2O)- H2O-HO 85.8 (89.8) 1 
2(HO-H2O) 90.3 (94.4) 1 

Reprinted with permission from H.H. Kan, R.J. Colmyer, A. Asthagiri, J.F. Weaver, J. Phys. 
Chem. C, 113 (2009) 1495. Copyright 2009 American Chemical Society. 

 

 



 

CHAPTER 6 
PALLADIUM (111) OXIDATION KINETICS: TEMPERATURE AND OXYGEN PRESSURE 

EFFECTS ON THIN FILM GROWTH, THICKNESS, AND MORPHOLOGY  

Introduction  

Palladium is an excellent heterogeneous oxidation catalyst for oxygen rich applications 

such as the oxidation of methane [1-11] and carbon monoxide [12-19]. Unfortunately, a 

fundamental understanding of palladium catalyzed oxidation is still insufficient, requiring 

research and development of more efficient oxidation catalysts to proceed rather inefficiently 

through a trail-and-error process. Fundamental research of palladium catalyzed oxidation may 

therefore potentially aid in the development of more efficient oxidation catalysts as well as assist 

in the optimization of existing palladium catalyzed applications. However, one of the prevailing 

challenges with characterizing oxidation catalysts involves the identification of the actual 

catalytically active substrate since oxidation of the substrate itself may create new substrates due 

to the formation of several stable oxide surfaces and phases, all of which may exhibit varying 

degrees of activity. In addition, characterization of the substrate oxidation mechanism also 

provides useful information from an applications point of view since the kinetically relevant step 

for catalytic oxidation may in fact be substrate oxidation if the catalyzed reaction proceeds via 

the Mars-van Krevelen reaction. Therefore, studies of the oxidation mechanisms for the most 

abundant low miller index planes of palladium in addition to the oxygen/oxide phases that 

develop during oxidation will provide an indispensible tool for the development of next-

generation heterogeneous oxidation catalysts. 

The initial oxidation of Pd(111) up to the formation of a two-dimensional surface oxide is 

well characterized [21-23,25,99-114]. Briefly, oxygen atoms first occupy a chemisorbed 2x2 

adlayer which saturates at a total oxygen coverage of 0.25 ML, where 1 ML is defined as the 

atomic density of 1.53 × 1015 cm-2 of bulk-terminated Pd(111) [99]. Further exposure leads to the 
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formation of a metastable compressed chemisorbed oxygen adlayer [21], followed by a substrate 

reconstruction leading to a variety of possible two-dimensional “surface oxides,” all of which 

have an oxygen coverage of around 0.7 ML and are metastable, with the exception of the stable 

Pd5O4 surface oxide [128]. However, oxidation beyond the completed surface oxide is poorly 

understood due to difficulties with conducting high precision surface characterization techniques 

under (or immediately following) the molecular oxygen pressures and substrate temperatures 

necessary for bulk palladium oxidation. High precision surface characterization of this coverage 

range will be invaluable to catalyst designers since it has been established that intermediate oxide 

coverages between the surface and bulk oxide exhibit the highest catalytic oxidation activities 

[10,26]. 

Recent studies have provided substantial insight into the initial bulk oxide formation of 

Pd(111) [22-25]. Palladium metal is known to have a strong affinity towards subsurface oxide 

formation [103], and utilizing ambient pressure synchrotron based X-ray photoelectron 

spectroscopy (XPS), Ketteler et al. have suggested that the subsurface oxide acts as the precursor 

to extrinsic bulk oxide formation [23]. Furthermore, by utilizing high pressure cells in 

conjunction with temperature programmed desorption (TPD) and scanning tunneling microscopy 

(STM), Han et al.also concluded that subsurface oxygen acted as the precursor to bulk oxidation 

and, in addition, suggested that the near subsurface oxygen reservoir required a critical 

concentration prior to bulk oxide formation [24,25]. However, Gabasch et al., by conducting 

their own ambient pressure synchrotron based XPS, concluded that the nucleation of chemically 

unique bulk oxide “seeds” that grew into bulk oxide particles represented the rate limiting step 

for bulk oxide formation, therefore providing a context with which to explain the observed 

kinetic oxidation hysteresis [22]. 
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Recently, we discovered that low temperature oxidation (< 500 K) with gas-phase oxygen 

atoms results in the occupation of a broad thermal desorption feature, desorbing between 500 K 

and 650 K during TPD, that had a corresponding coverage identical to the expected coverage 

range for bulk oxide seeds, which we referred to as “the precursor state” [131]. According to ion 

scattering spectroscopy (ISS), the precursor state exhibited greater extrinsic oxygen content than 

either the saturated chemisorbed adlayer, the surface oxide, or the bulk oxide thin film [131]. 

Furthermore, reactive scattering measurements utilizing isotopically labeled oxygen have 

revealed that occupation of the precursor state corresponded to an increase in overall oxide 

reactivity to gas-phase oxygen atoms [131], which is consistent with observations by Gabasch et 

al. and Chen et al. regarding the enhanced reactivity of the bulk oxide precursor state to methane 

and carbon monoxide [10,18,26]. Based on these results, we suggested that the precursor state 

represented chemisorbed oxygen atoms on top of the surface oxide. In addition, oxidizing 

Pd(111) below the thermal instability temperature of the precursor state (<500K) led to our 

discovery of a well-ordered PdO(101) thin film in ultrahigh vacuum as determined from LEED, 

XPS, and adsorption studies [136,158,187], which Hinojosa et al.has also confirmed with STM 

(in preparation). This result was especially intriguing considering the failure of previous attempts 

to produce a well-ordered surface with molecular oxidants at higher substrate temperatures 

(>650K) according to STM and LEED [24,102], behavior we also observed with our 

experiments presented herein. These results suggest a direct correlation between the precursor 

state thermal stability during oxidation and the quality of thin film produced. Furthermore, there 

is evidence that saturation thin film thickness is also strongly correlated with the thermal stability 

of the precursor state as demonstrated by the tremendous disparity between the 3.3 ML 
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saturation coverage we achieved after oxidation at 500 K [131] and the coverages in excess of 

100 ML Gabasch et al.achieved during high temperature oxidation [22].  

Unfortunately, a comprehensive theory for the initial formation of bulk oxide on Pd(111) 

has yet to be proposed which adequately explains all of the experimental observations presented. 

Before such a comprehensive theory can be proposed, however, the strong correlations between 

oxidation kinetics and the thermal stability of the precursor state suggests that we must first learn 

more about this precursor state. In this study, we will present results that highlight the nature of 

the precursor state and elucidate the relationship between the thermodynamic stability of the 

precursor state and its effect on the final thin film thickness, morphology, and growth kinetics. 

Experimental Methods  

Previous studies [86,121] provide details of the three-level UHV chamber utilized for the 

present experiments. The Pd(111) crystal employed in this study is a circular disk (8 mm × ~1 

mm) spot-welded to W wires and attached to a copper sample holder in thermal contact with a 

liquid nitrogen cooled reservoir. A type K thermocouple spot-welded to the backside of the 

crystal allows sample temperature measurements. Resistive heating, controlled using a PID 

controller that varies the output of a programmable DC power supply, supports maintaining or 

linearly ramping the sample temperature from 81 K to 1250 K. Initially, sample cleaning 

consisted of sputtering with 600 eV Ar+ ions at a surface temperature of 900 K, followed by 

annealing at 1100 K for several minutes. Subsequent cleaning involved routinely exposing the 

sample held at 856 K to an atomic oxygen beam for several minutes, followed by flashing the 

sample to 923 K to desorb oxygen and carbon oxides. As discussed previously [131], we limited 

the sample temperature to 923 K to maintain oxygen-saturation in the subsurface reservoir to 

ensure reproducibility of oxygen coverages determined from temperature programmed 

desorption (TPD) obtained in this study. We considered the Pd(111) sample to be clean when we 
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could no longer detect contaminants with X-ray photoelectron spectroscopy (XPS), obtained 

sharp low energy electron diffraction (LEED) patterns consistent with the Pd(111) surface, and 

did not detect CO production during flash desorption after oxygen adsorption. 

A two-stage differentially-pumped chamber attached to the UHV chamber houses the 

inductively coupled RF plasma source (Oxford Scientific Instruments) utilized to generate beams 

containing oxygen atoms for this study [121]. This system produces gaseous oxygen atoms by 

partially dissociating pure O2 (BOC gases 99.999%) continuously supplied to a small discharge 

chamber at the end of the plasma source. All oxygen atom beams used in this study were 

generated using an RF power of 120 W and an O2 flow rate that establishes a pressure of 2 × 10-6 

torr in the first pumping stage of the beam chamber. We calculated flux based on an assumption 

that gas-phase oxygen atoms experience a unity sticking coefficient up to the saturation of the 

surface oxide. We controlled incident flux by manually adjusting the reflected power between 1 

W and 60 W, enabling us to produce gas-phase oxygen atom fluxes between 0.002 and 0.03 

ML/s, where 1 ML is defined as the atomic density of 1.53 × 1015 cm-2 of bulk-terminated 

Pd(111) [99]. Under the highest flux conditions, we estimate that 20% of the inlet O2 dissociates 

in the plasma under our highest atom flux conditions. To ensure uniform impingement of the 

oxygen beam across the sample surface, we positioned the sample approximately 50 mm from 

the end of the quartz tube that serves as the final beam-collimating aperture, and with a 45° 

rotation with respect to the tube axis. 

We annealed all surfaces to a substrate temperature of 675 K prior to obtaining the LEED 

images at a substrate temperature of 500 K with a beam energy of 63 eV. As discussed in the 

results section, annealing allows for more accurate assessments of the fractional coverage of the 

surface oxide and negligibly affects the ordering of the bulk PdO domains according to LEED. 
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X-rays for XPS were all generated from a magnesium coated anode, and all XPS spectra 

presented are Shirley background subtracted and normalized. All ion scattering spectroscopy 

(ISS) results utilized a 1000 eV helium ion beam. 

Results and Discussion  

Precursor TPD Feature 

Figure 6-1 shows a series of TPD spectra obtained after exposing the Pd(111) surface to 

gas-phase oxygen atoms at a substrate temperature of 100 K. The precursor desorption feature, 

which we had previously attributed to recombinative desorption of oxygen adatoms chemisorbed 

on the surface oxide [131], desorbs as a broad feature between 500 and 650 K immediately 

preceding the autocatalytic decomposition of the surface oxide observed after 700 K. However, 

new results presented here have allowed us to further refine our interpretation, as we will 

discuss. 

The TPD spectra presented in Figure 6-1 suggest that the thermal desorption spectrum of 

the precursor state is not consistent with an elementary desorption mechanism such as the 

associative desorption expected from a chemisorbed oxygen adlayer. To begin with, the 

precursor TPD feature exhibits a common leading edge consistent with zero-order desorption 

kinetics which is usually a result of multilayer desorption whereby the desorbing species exhibits 

a constant concentration and desorption area established by a phase transition. Since multilayer 

oxygen desorption above 500 K under ultrahigh vacuum conditions is highly unlikely, the 

common leading edge observed during TPD suggests non-elementary desorption chemistry 

possibly related to domain size effects. Furthermore, the precursor peak temperature increases 

with initial precursor coverage which is also highly inconsistent with chemisorbed oxygen 

adlayers due to repulsive adsorbate interactions expected between chemisorbed oxygen adatoms. 
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We previously labeled the feature “precursor” based off of evidence that the precursor state 

was consumed by the surface oxide to form bulk oxide for both Pt(111) and Pt(100) oxidation 

[115]. However, as shown in Figure 6-1, none of the precursor state reacts with the substrate to 

form bulk oxide during the thermal flash as shown by the invariance of the surface oxide peak 

shape and intensity despite increases in the initial precursor concentration. Since we have been 

able to oxidize Pd(111) with gas-phase oxygen atoms at temperatures below 100 K (Figure 6-

13), the lack of precursor conversion to bulk oxide cannot be attributed to insufficient thermal 

energy. We also observed absolutely no difference in the precursor state intensity when 

comparing a TPD spectrum collected immediately after the dose to a TPD spectrum collected 

after a 10 minute wait at 500 K prior to the sample flash. Therefore it appears that the precursor 

reacts to form bulk oxide through a reaction with gas-phase oxygen atoms rather than with the 

surface oxide. Let us now see how the thermal stability of the precursor state affects oxidation 

kinetics. 

Gas-Phase Oxygen Atom Uptake Curves 

Figure 6-2 shows oxygen uptake as a function of total oxygen atom dose, substrate 

temperature, and incident flux. Notice that the data was plotted as a function of gas-phase 

oxygen atom dose in order to accentuate how incident flux affects on uptake behavior. The 

uptake curves presented in Figure 6-2, conducted at 500 K and 650 K, illustrate the drastic effect 

the thermal stability of the precursor state has on oxygen uptake behavior. Notice that oxygen 

uptake is extremely facile at 500 K, with nearly linear uptake through both the chemisorbed and 

surface oxide saturation coverages. Considering the fact that oxidation past the chemisorbed 

phase and the surface oxide phase require substantial increases in relative molecular oxygen 

pressures [21-23,99], the facile oxidation of Pd(111) through both the chemisorbed phase and the 
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surface oxide suggests that the rate limiting step for oxidation of both substrates is molecular 

oxygen dissociative adsorption. 

Figure 6-2a also shows that incident flux has no effect on the uptake behavior as 

demonstrated by the nearly perfect overlap observed for incident fluxes of 0.0083 ML/s and 

0.0283 ML/s. The flux independence at 500 K suggests that the rate of competitive oxygen 

desorption scales linearly with flux. This behavior, in conjunction with the apparent sigmoidal 

uptake, is a strong indicator of Langmuirian uptake since the rate of adsorption appears to be 

directly proportional to the fraction of the surface not covered by bulk oxide resulting in a (1-θ) 

oxidation rate dependence, where θ equals the coverage of the bulk oxide. 

However, the Langmuirian uptake observed during 500 K oxidation was not observed 

during oxidation at 650 K as shown in Figure 6-2c. While oxygen uptake at 650 K is initially a 

linear function of dose, oxidation halts upon reaching the saturation coverage of the surface 

oxide at 0.7 ML which suggests that competitive desorption of the precursor state is restricting 

further oxidation. However, upon closer inspection of Figure 6-2d, it is clear that the rate of 

oxidation gradually increases up to a dose of approximately 30 ML, and then decelerates to 

another plateau which is presumably caused by the saturation of the bulk oxide.  Accelerating 

oxidation is clearly not Langmuirian in nature, which suggests that oxidation at 650 K proceeds 

via an autocatalytic growth mechanism. Therefore, oxidation within the acceleratory uptake 

range proceeds via particle growth and/or nucleation, since acceleratory uptake is inconsistent 

with Fick’s law and therefore cannot be attributed to thin film growth. 

At 650 K, we observe a flux dependence on the normalized rate of oxidation as shown by 

the lack of overlap between the two curves as shown in Figure 6-2b, demonstrating that the rate 

of competitive desorption does not scale linearly with incident flux since higher incident fluxes 
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result in a larger fraction of incident oxygen atoms oxidizing the surface. This behavior suggests 

that the reaction order of oxide growth exceeds the reaction order of oxide decomposition as has 

also been observed during Pt(100) oxidation [115], however we have since refined this model as 

we shall discuss later. 

Finally, the apparent saturation coverage achieved at 650 K substantially exceeds the 

saturation coverage achieved at 500 K by over 300% as shown in Figure 6-2d. While the 

saturation coverage at 500 K was 3.3 ML, we achieved a saturation coverage of greater than 14 

ML at a substrate temperature of 650 K. This finding suggests the existence of strong kinetic 

final state effects whereby temperature and pressure kinetic pathway dependencies ultimately 

lead to changes in the final thin film thickness and, possibly, morphology. Overall, the results 

presented in Figure 6-2 demonstrate that the thermal stability of the precursor state strongly 

correlates with both a drastic shift in oxidation kinetics and an increase in the oxygen saturation 

coverage. 

Low Energy Electron Diffraction 

LEED results provide significant insight into the character of initial oxide phase and 

morphological development at 500 K and 650 K as shown in Figure 6-3. All LEED images were 

obtained after producing the indicated oxygen coverage, followed by annealing the substrate to 

675 K to give the surface oxide the long range order necessary for LEED imaging, followed 

finally by dropping the substrate temperature back to 500 K to obtain the LEED images 

presented. Note, however, that annealing to enable LEED imaging of the surface oxide 

negligibly affects the ordering of the bulk oxide. 

Oxidation at both 500 K and 650 K results in nearly identical extrinsic morphological 

progressions as shown in Figure 6-3. Oxidation beyond the saturation of the surface oxide 

coincides with the gradual appearance of the PdO(101) LEED pattern [158]. The appearance of 
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the PdO(101) LEED pattern also coincides with the gradual disappearance of the Pd5O4 [102] 

and Pd(111) substrate spots which suggests that bulk oxide particles grow at both temperatures. 

However, the similarities of the LEED pattern progressions provide stark contrast to the 

differences in the oxygen coverages associated with each LEED pattern: much more oxygen 

uptake at 650 K is required to produce the same LEED pattern at 500 K. For example, the LEED 

pattern obtained from an oxygen concentration of 6.1 ML produced at 650 K still exhibits 

substantial surface oxide contributions even though the saturation coverage of 3.3 ML produced 

at 500 K results in a saturated PdO(101) thin film. A similar PdO(101) thin film LEED pattern is 

not observe until at least 14 ML of oxygen has been deposited at 650 K, which is consistent with 

a slower overall rate of extrinsic bulk oxide formation at 650 K. Nonetheless, at both substrate 

temperatures, oxygen uptake termination corresponds to the formation of a completed PdO(101) 

surface and the disappearance of the surface oxide substrate, demonstrating that presence of the 

surface oxide is necessary for continued oxygen uptake. 

Significantly slower growth of extrinsic bulk oxide relative to total oxygen uptake at 650 K 

compared to 500 K suggests that either there is concurrent occupation of subsurface “dissolved” 

oxygen, or that the bulk oxide exhibits greater extents of growth normal to the substrate plane 

when grown at temperatures above the thermal stability range of the precursor state. Therefore, 

we conducted x-ray photoelectron spectroscopy to further characterize oxygen uptake at these 

two substrate temperatures. 

X-ray Photoelectron Spectroscopy 

Figure 6-4 shows Pd 3d5/2 XPS spectra collected after oxidizing the Pd(111) substrate with 

gas-phase oxygen atoms at 500 K and 650 K. The appearance of a feature centered at BE 336.5 

eV has been previously associated with bulk oxide [22] and suggests that bulk oxide is indeed 

formed during oxidation at both substrate temperatures. However, bulk oxide content correlates 
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well only with total oxygen content, and not with extrinsic bulk oxide content according to 

LEED, which suggests that bulk oxide particles at 650 K exhibit more growth normal to the 

surface plane relative to bulk oxide particles grown at 500 K. Furthermore, the spectrum 

representing the 2.9 ML oxide grown at 650 K has substantially less bulk oxide character than 

the 3.3 ML oxide generated at 500 K, demonstrating that the bulk oxide of the 2.9 ML 

experiences more signal attenuation that would be expected from thicker particles. The results 

obtained from XPS, LEED, and TPD collectively suggest that an oxide grown at 650 K has 

significantly rougher yet thicker morphology than an oxide grown at 500 K. Therefore, oxidation 

at temperature greater than the thermal stability range of the precursor state corresponds to an 

overall increase in oxide particle growth normal to the substrate. 

Identifying the role of the precursor state in the overall kinetic mechanism for bulk oxide 

formation requires knowledge of its chemical and compositional state. From prior work, we 

know that the precursor state has the highest extrinsic oxygen concentration of all the oxygen 

phases probed [131], prompting us to assign the precursor state to oxygen adatoms on top the 

surface oxide. However, we have since obtained additional results which have led us to further 

refine our earlier interpretation of the nature of the precursor state and its role in oxidation 

kinetics as we shall now present. 

Oxygen Uptake Temperature Dependence 

We investigated the temperature dependence on the net rate of oxidation with the idea of 

obtaining the kinetic barriers for the precursor transition to bulk oxide. The results, however, 

were unexpected. Figure 6-5a shows total oxygen uptake after a 4.4 ML high flux gas-phase 

oxygen atom dose as a function of substrate temperature ranging from 100 K to 750 K. Note that 

we chose the 4.4 ML high flux dose because it resulted in the largest difference in oxygen 

coverage between the 500 K and 650 K uptake curves as shown in Figure 6-2d. We observed a 
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gradual increase in the rate of bulk oxide formation from 100 K to 600 K, however, the rate of 

uptake abruptly drops at 600 K, where a 0.4% increase in substrate temperature results in over a 

40% decrease in total oxygen uptake. Note that while the discontinuity was observed within the 

thermal instability range of the precursor state, the decrease in the oxygen uptake did not 

correspond to desorption of the precursor state as demonstrated by the lack of a precursor feature 

in either of the TPD spectra collected at 600 K and 602 K shown in Figure 6-5b. Since there was 

little change in total oxygen uptake between 550 K and 600 K (also within the thermal instability 

range of the precursor state), the discontinuity observed from 600 and 602 K suggests that the 

rate limiting precursor mediated oxidation mechanism is not an elementary reaction between 

chemisorbed oxygen adatoms and the surface oxide. Simply put, the precursor mediated 

mechanism we previously presented [115] could not explain the discontinuity, requiring us to 

revisit and refine our previously proposed mechanism. 

The discontinuity suggests a complete change in the dominant oxidation mechanism which 

may occur after a substrate phase transition. Indeed, the observed behavior is consistent with a 

phase transition; however, a substrate phase transition does not appear to be responsible for the 

discontinuity since the discontinuity was not reproduced at 600 K for a lower incident flux as 

shown in Figure 6-5c. Rather, we will present arguments that the formation of the precursor state 

is the phase transition responsible for the observed discontinuity, and that the discontinuity does 

not represent a sudden decrease in the rate of precursor conversion to bulk oxide, but rather a 

sudden increase in the rate of precursor decomposition. However, a substrate phase transition 

does occur between 500 K and 650 K which may have a significant effect on the observed 

oxidation kinetics or the thermal desorption trace of the precursor state as we shall now discuss. 
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Annealing the Surface Oxide 

Recently, Klikovits et al. discovered, using STM and DFT, the existence of several 

metastable surface oxides only formed when oxidizing Pd(111) at substrate temperatures below 

605 K [128], in contrast to the well-known stable Pd5O4 surface oxide generated at higher 

substrate temperatures [100]. Indeed, by monitoring the substrate LEED pattern during TPD, we 

also observed a substrate reconstruction occurring between 500 K and 675 K which is consistent 

with observations made by Klikovits et al. Figure 6-6 shows LEED images taken before and after 

annealing a 0.75 ML surface generated at 500 K to a substrate temperature of 675 K. Notice that 

prior to annealing, the 0.75 ML surface shows only small traces of a 2x2 pattern superimposed 

on a blurry 1x1 substrate, with the blurriness suggesting that the substrate exhibits poor long 

range ordering. We previously demonstrated that an oxygen coverage of 0.7 ML grown at 500 K 

corresponded to a minimum in nonthermal oxygen abstraction reactivity which contrasted starkly 

with the relatively high reactivity of the chemisorbed adlayer [131]. Unless a compressed 

chemisorbed phase exhibits less reactivity than an uncompressed chemisorbed phase, the 0.75 

ML appears to be consistent with the formation of an oxygen phase unlike the chemisorbed 

phase which we postulate is metastable surface oxide. 

During the anneal to 675 K, however, we observed long range ordering with the formation 

of a sharp LEED pattern consistent with a well-ordered Pd5O4 surface [100,102]. Therefore, the 

ordering observed during temperature programmed LEED is consistent with the formation of 

metastable surface oxides that subsequently reconstruct to form Pd5O4 upon annealing. However, 

while metastable surface oxides are likely to have different activities towards molecular oxygen 

dissociation, we observed no difference on the rate of oxide formation on both the annealed and 

unannealed surface oxides (not shown), which suggests that both metastable and stable surface 

oxides are equally reactive to oxidation by gas-phase oxygen atoms. The sudden decrease, or 
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discontinuity, in net oxidation rate observed at 600 K as shown in Figure 6-5a cannot therefore 

be attributed to a substrate phase transition from metastable to stable surface oxide since both 

substrates exhibit the same reactivity towards gas-phase oxygen atoms. Hence, the sudden 

decrease in net oxidation rate must instead be a result of a sudden increase in the decomposition 

rate of the precursor state. Unfortunately, the substrate phase transition introduces some 

uncertainty regarding the identification of the precursor state. 

The metastable surface oxides all exhibit greater oxygen concentrations than the stable 

Pd5O4 surface oxide [128]. Therefore we would expect oxygen atoms to be ejected from the 

lattice as a result of the metastable surface oxide phase transition to the stable Pd5O4 structure 

during annealing. If these ejected oxygen atoms from the lattice desorb upon ejection, then we 

would expect that these oxygen atoms would desorb during the substrate reconstruction, which 

happens to correspond to the same temperature range as the precursor state thermal desorption 

feature. Subsequently, these findings raise an important question regarding the precursor feature: 

is the precursor state indeed a distinct state which decomposes during TPD, or is the precursor 

state an artifact of the surface oxide phase transition occurring between 500 K and 650 K? 

Perhaps the question could be better rephrased: would it be possible to fill the precursor state on 

an annealed surface oxide, and if so, then how is the precursor state desorption feature affected 

by the substrate reconstruction? Certainly if the precursor state desorption feature was a result of 

a substrate phase transition, then it should not be possible to occupy the precursor state on a pre-

annealed surface oxide. We therefore attempted to generate the precursor state on a pre-annealed 

surface oxide. 

The Precursor State: A Second Look 

Oxidation of the annealed surface oxide still results in the formation of the precursor state 

as shown in Figure 6-7, which suggests that the precursor desorption feature corresponds to the 
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decomposition of a distinct state rather than a desorption artifact from a surface oxide phase 

transition. Figure 6-7 shows TPD spectra obtained after dosing gas-phase oxygen atoms at a 

substrate temperature of 100 K on a pre-annealed surface oxide generated at 500 K then annealed 

to 675 K. Analysis of the precursor state generated on an annealed surface oxide presents an 

opportunity to study the thermal desorption spectrum of the precursor state without the added 

complication of a concurrent substrate phase transition induced desorption feature as we shall 

now discuss. 

Aside from a change in the leading edge behavior (which now undercuts itself with 

increased initial coverage) and a slight increase in peak symmetry, the precursor state shares the 

same key desorption trace characteristics when grown on either the annealed or unannealed 

surface oxides: namely an increasing precursor stability with initial coverage, and a thermal 

desorption range between 500 K and 650 K. As previously mentioned, chemisorbed oxygen 

adatoms typically do not increase in stability with increased initial coverage due to destabilizing 

repulsive interactions (i.e. crowding effects), and an increase in desorption temperature is 

inconsistent with the recombinative desorption of oxygen adatoms. Therefore, the precursor state 

desorption feature does not appear to represent the recombinative desorption of chemisorbed 

oxygen adatoms on top of the surface oxide, as we previously suggested [131]. However, ejected 

palladium substrate atoms may stabilize the oxygen adlayer resulting in the formation of oxide 

seed particles, as Gabasch et al. previously suggested [22], which we believe should increase in 

stability with increased particle size according to the Kelvin equation. In other words, instead of 

modeling the precursor state as adsorbed oxygen atoms that react with the surface oxide to 

nucleate bulk oxide particles, the precursor state appears to be those bulk oxide particles. The 

lack of observable transition to bulk oxide in the absence of a gas-phase oxidant is also 
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consistent with this interpretation since necessary reagents for bulk oxide particle growth are 

incident gas-phase oxygen atoms. 

However, we previously observed that occupation of the precursor state corresponded to an 

extrinsic oxygen content greater than the extrinsic oxygen content of both the surface oxide and 

the bulk oxide according to ISS [131]. The high relative oxygen content of the precursor state 

suggests that the precursor state does not represent small particles of bulk oxide but rather 

represents a chemically distinct form of oxygen-rich oxide. Note, however, that due to the strong 

geometric dependency of ISS, the high oxygen signal obtained from ISS may not necessarily be 

indicative of truly higher oxygen content. Nonetheless, the assignment of the precursor state as 

an oxygen-rich oxide seeds which are chemically distinct from either the surface oxide or bulk 

oxide is further supported by the apparent depletion of the precursor state which coincides with 

bulk oxide growth as shown in Figure 6-7b. 

Bulk Oxide Growth 

If the precursor state represents small and less stable (relative to a flat surface) oxide 

particles, then the particles should continuously increase in stability as they grow according to 

the Kevin equation. The continuous increase in particle stability would then manifest itself as a 

gradual and continuous increase of the precursor peak temperature and intensity as particles 

continue to grow in size during oxidation. Indeed, we observed a gradual transformation of the 

precursor peak to become the bulk oxide peak during Pt(100) oxidation [96] which is consistent 

with small bulk oxide particles of PtO2 representing the precursor to bulk oxide. However, the 

continuous conversion of precursor to bulk oxide observed with Pt(100) oxidation was not 

observed during Pd(111) oxidation. 

As shown in Figure 6-7b, an oxygen coverage 1.4 ML corresponds to an effective 

saturation of the precursor state, with subsequent oxidation leading to a decrease of precursor 
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peak intensity and temperature as bulk oxide grows. In other words, the precursor state is 

consumed during bulk oxide formation either during the temperature flash via an Ostwald 

ripening process, or prior to the temperature flash during the gas-phase oxygen atom dose. With 

no measurable conversion of precursor to bulk oxide occurring during the temperature flash as 

shown in Figure 6-1, it seemed unlikely that Ostwald ripening can completely account for the 

outright concurrent consumption of the precursor state with bulk oxide growth. However, ion 

scattering spectroscopy tells us a different story. 

Figure 6-8 shows a plot of extrinsic oxygen concentration as a function of total oxygen 

coverage, with oxides generated at a substrate temperature of 100 K prior to scanning at a 

substrate temperature of 500 K. Notice that oxidation up to approximately 1.4 ML yields a near 

linear increase in the extrinsic oxygen content. The oxygen content then reaches a maximum 

after 1.4 ML, and then gradually declines until a coverage of approximately 2 ML, where it then 

abruptly drops to a steady ISS signal consistent with bulk oxide. Also notice that 2 ML roughly 

corresponds to the last coverage where precursor can be detected using TPD as shown in Figure 

6-7b. The key finding here is that elevated oxygen ISS signals associated with the precursor state 

persists well after the precursor state has significantly diminished according to TPD, suggesting 

that above 1.4 ML, precursor is consumed and transformed into bulk oxide during the thermal 

flash. Taken together, these findings suggest that continued growth of the precursor TPD peak 

immediately following 1.4 ML is restricted due to an Ostwald ripening process, and therefore 

precursor particles beyond a critical size grow and ultimately convert to bulk oxide during the 

temperature ramp. 

However, determining that the precursor state is converted to bulk oxide via Ostwald 

ripening and oxidation does not explain why the precursor state exhibits a higher extrinsic 
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oxygen concentration than bulk oxide. In fact, the ISS results suggest that the precursor state is in 

fact chemically distinct from the bulk oxide, a conclusion also shared by Ketteler et al. and 

Gabasch et al. with their identification of a chemically distinct precursor state from ambient 

pressure synchrotron XPS results [22,23]. We agree and believe the precursor state actually is 

chemically distinct, yet the precursor should not necessarily be classified as an entirely different 

chemical species on the surface. Perimeter atoms of smaller particles experience greater positive 

interfacial curvature which lowers coordination and raises the chemical potential of the particle. 

In regards to the XPS results, it is conceivable that the perimeter oxygen or palladium atoms of 

the bulk oxide seeds do indeed have a unique chemical signature due to low coordination. 

However, identification of the precursor species as a new surface compound has as much merit 

as labeling water molecules at a meniscus as a different compound. Furthermore, non-fully-

coordinated palladium atoms at the parameter of the particles may indeed result in a higher 

overall oxygen concentration of the particles as detected by ISS since the uncoordinated 

palladium atoms will likely bind with any excess oxygen atoms available in order to stabilize. 

Considering how PdO2 is also a stable bulk oxide species under certain conditions [188], this 

possibility is not farfetched. Therefore, the ISS results are still consistent with our interpretation 

of the precursor state as representing small particles of PdO. Since particle stability is well 

described by the Kelvin equation, we will now briefly review the Kelvin equation and then 

discuss how this equation can explain our results. 

The Kelvin Equation and Particle Growth Model 

The Kelvin equation, shown on top of Figure 6-9, relates the effective vapor pressure of a 

particle, Pp, with the vapor pressure of a flat oxide surface, P0, the molar volume, V, the surface 

parameter, γ, the ideal gas constant, R, temperature, T, and particle radius, rp. Note that we define 

an effective oxygen pressure as the 2D lattice gas pressure on the surface oxide established by 
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the kinetic competition between gas-phase oxygen adsorption, oxygen associative desorption, 

oxide particle growth, and oxide particle decomposition. While the Kelvin equation predicts that 

the vapor pressure of particles reaches infinity as particle radius approaches zero, note that this 

prediction constitutes a continuum approximation and fails in the limit of particle nucleation. In 

other words, there must be a maximum particle vapor pressure associated with precursor oxide 

seeds. 

The Kelvin equation has been plotted as a function of particle radius in Figure 6-9. We 

predict and have labeled on the chart three distinct pressure/temperature ranges for oxygen 

uptake: stable seed nucleation, unstable seed nucleation, and subsurface oxidation. The stable 

seed nucleation pressure range represents oxidation under effective 2D oxygen lattice gas 

pressures greater than the vapor pressure of precursor oxide seeds. In this pressure range, 

precursor seeds are thermodynamically stable meaning all produced seeds are expected to 

monotonically increase in size with dose. Precursor oxide seeds nucleated in the pressure range 

below the precursor seed vapor pressure are, on the other hand, thermodynamically unstable and 

are expected to predominantly decompose rather than grow unless stabilized by defect sites. 

However, kinetic theory predicts that despite the precursor state thermodynamically instability, 

any nonzero rate of oxide seed nucleation results in a nonzero steady-state concentration of 

precursor oxide seeds. Exposure of the substrate to any effective 2D lattice gas pressure 

exceeding the vapor pressure of a flat PdO surface results in a non-zero rate of stable bulk oxide 

particle formation as previously unstable particles become stable through growth. However, the 

steady state concentration of precursor oxide seeds is expected to increases dramatically once the 

chemical potential of the system matches the chemical potential of the precursor seeds. 

Therefore, we believe that the sudden decrease in the net rate of oxide particle nucleation 
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reflected by the discontinuity observed from the constant dose and temperature dependent 

oxidation experiments shown in Figure 6-5a is a result of a match of the chemical potential of the 

system with the chemical potential of precursor seeds. In other words, the oxygen 2D lattice gas 

pressure established at a substrate temperature of 600 K and a gas-phase oxygen atom incident 

flux of 0.0174 ML/s apparently equals the effective vapor pressure of bulk oxide precursor seeds. 

This conclusion would be further supported by evidence of a shift in the discontinuity 

temperature for different incident fluxes, and indeed the low flux data presented in Figure 6-5c 

suggests a decrease of the discontinuity temperature. However, additional results are necessary to 

confirm this. 

What happens when the effective oxygen 2D lattice gas pressure is below the vapor 

pressure of a flat PdO surface? Since not even the flat bulk oxide surface is thermodynamically 

stable, the particle growth model predicts that absolutely no bulk oxide will form (at least on the 

surface). However, Fick’s law predicts that any non-zero concentration gradient will drive 

diffusion. While subsurface oxygen dissolution is likely occurring regardless of effective 2D 

lattice gas pressure, the selectivity towards subsurface diffusion over oxide formation increases 

with decreasing pressure. This is in fact observed when exposing the Pd(111) substrate to a very 

low incident gas-phase oxygen atom beam flux as we shall discuss next. 

Flux Effects on TPD State Population 

Figure 6-10 shows TPD spectra obtained after exposing Pd(111) held at a substrate 

temperature of 650 K to gas-phase oxygen atom incident fluxes of  0.0174 ML/s and 0.002 

ML/s. A direct TPD spectral evolution comparison between oxygen uptake at high (0.0174 

ML/s) and low (0.002 ML/s) flux highlights the drastic effects of flux on relative state 

occupations. High flux oxygen uptake results in the typical state occupation progression as 

observed with previous studies where a chemisorbed phase gradually becomes replaced by an 
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explosive autocatalytic surface oxide peak that transitions into bulk oxide [99]. However, low 

flux oxygen uptake produces an entirely different thermal desorption trace beyond the saturation 

of the surface oxide at 0.7 ML as shown in Figure 6-10a. After saturating the surface oxide, the 

baseline established after decomposition of the surface oxide begins to increase with increasing 

initial coverage which appears to be consistent with subsurface oxygen growth. 

While little is known regarding the nature of subsurface oxygen, what is known is that 

subsurface oxygen is very stable and desorbs at substrate temperatures exceeding 923 K [103]. 

And while it is not clear from our results if we had indeed formed subsurface oxygen, what is 

clear is that oxygen uptake beyond 0.7 ML does not represent bulk oxide formation since surface 

oxide still clearly desorbs as demonstrated by the invariance of the autocatalytic peak even as 

initial oxygen coverage exceeds 0.7 ML. Since a steady baseline desorption behavior observed in 

Figure 6-10a is inconsistent with desorption of any known surface state known to thermally 

desorb between 750 K and 923 K, we believe this state represents depletion of a very large 

subsurface oxygen reservoir. However, further studies are clearly needed to confirm this. 

Nonetheless, our results demonstrate that incident oxygen flux has a large effect on oxidation 

reaction pathways and relative state occupation selectivity. In addition, the particle growth model 

apparently succeeds at predicting the preferential occupation of subsurface oxygen which 

provides more support for the validity of the model. Finally, a kinetic modeling treatment of 

particle nucleation and growth can effectively reproduce the oxygen uptake behavior observed in 

Figure 6-2 for both substrate temperatures as we shall now discuss. 

Simplified Oxide Growth Model 

We propose that a steady state concentration of oxygen adatoms on top of the 2D surface 

oxide, which acts as the primary reagent for oxide growth, is established from a kinetic 

competition between incident gas-phase oxygen atom adsorption, recombinative desorption, 
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oxide particle nucleation and growth, and oxide particle decomposition. The model can be 

expres s osed a  f llows. 
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Although models accounting for more particle sizes would allow for a more rigorous analysis of 

the spectra, the additional rigor comes at the expense of compounding errors which devalues the 

results and therefore larger systems were not considered. The particles were assumed to grow 

spherically, and total oxide coverage, θ, was set to equal the sum of the spherical cross-sectional 

areas. Oxide particle nucleation and growth was assumed to follow Langmuirian uptake kinetics, 

by setting the rates of bulk oxide particle nucleation and growth to be directly proportional to the 

fraction of the surface not occupied by bulk oxide, 1-θ, in accordance with experimental results. 

Both p1 and p2 formation were treated as reversible to represent thermodynamically unstable 

precursor oxide particles, however p3 formation was treated as irreversible to represent 

thermodynamically stable oxide particles. All nucleation and growth prefactors were considered 

equal, and activation barriers for nucleation and growth were assumed to be negligible as was 

suggested by our experimental observation of facile oxidation at substrate temperatures as low as 

100 K. However, decomposition activation barriers were set to increases with increasing particle 

radius according to the Kelvin equation by setting E-1<E-2<E-3. The numerical solution to this 3-

particle system was easily obtained using POLYMATH, and agrees well with experiment as we 

shall show.  

Simulation vs. Experiment 

Figure 6-11 shows oxygen uptake curves generated from the 3-particle model, placed side 

by side with experimental oxygen uptake results obtained at 500 K and 650 K. The 3-particle 

numerical simulations adequately reproduce the oxygen uptake behavior observed at both 500 K 

and 650 K and accurately predict substrate temperature effects on oxygen uptake behavior. 

Notice that the low temperature oxidation simulation predicts that the substrate is effectively 

saturated with the smaller p1 particles prior to appreciable growth of p3 particles. The sigmoidal 

oxygen uptake produced from the low temperature oxidation simulation could also be produced 
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at higher temperatures by increasing the oxygen adatom concentration. However, the high 

temperature oxidation simulation predicts that competitive decomposition of p1 allows for the 

selective growth of larger and more stable particles, ultimately leading to an overall thicker 

oxide. No attempts were made to reproduce the temperature discontinuity primarily due to the 

difficulties associated with modeling a phase transition using only kinetics. Also, the kinetic 

model fails to reproduce the behavior expected of oxidation at incident fluxes insufficient to 

produce oxides. Since the 3-particle model still predicts that bulk oxide forms regardless of the 

effective oxygen adatom pressure, the assumption of irreversible p3 formation results in a failure 

of the kinetic model under extremely low flux conditions. Furthermore, the rate of competitive 

subsurface diffusion becomes non-negligible and therefore must be considered for a more 

accurate treatment of this pressure range. Nonetheless, the simulations presented here reasonably 

reproduce our experiments and give validity to the model presented. 

Controlling Oxide Thin Film Thickness 

The particle growth oxidation model successfully predicts that oxide film thickness and 

morphology depend strongly on both the ambient temperature and oxygen pressure during 

oxidation. Figure 6-12 presents two ambient condition scenarios: 1) low temperature or high flux 

oxidation or 2) high temperature or low flux oxidation. As predicted from the model, low 

temperature or high oxygen pressure oxidation results in higher oxide seed stability, resulting in 

a higher concentration of oxide seeds growing. Since our data suggests that oxidation terminates 

when oxide particles agglomerate, the effective oxide thickness is established by the average 

extent of growth normal to the surface plane each oxide particle achieves prior to agglomeration. 

Oxidation at higher substrate temperatures or lower oxygen pressures, on the other hand, results 

in a lower stability of oxide seeds and therefore a lower concentration of oxide seeds growing. In 

other words, the oxide seeds that do grow start off with a lot more room to grow. The net result is 

154 



 

that oxide particles grow to larger sizes before agglomerating with neighboring oxide particles, 

producing thicker oxide films. This finding is particularly exciting since it poses the possibility 

of engineering oxide film thicknesses, with thin film saturation thicknesses predetermined by 

temperature and pressure conditions rather than dosing time due to the self-terminating nature of 

palladium oxidation. 

However, how does oxide thickness depend on temperature when it is grown at 

temperatures below the thermal instability range of the precursor oxide seeds? Figure 6-13 shows 

oxygen uptake at a substrate temperature of 100 K plotted along with oxygen uptake conducted 

at 500 K. Notice that at both substrate temperatures we observed sigmoidal Langmuirian uptake 

behavior. However, notice that the saturation coverages achieved at the two substrate 

temperatures differ significantly. The saturation coverage of 4 ML achieved at 500 K is nearly 

33% higher than the saturation coverage of 3 ML achieved at 100 K. Furthermore, the saturation 

coverage appears to steadily decrease with decreasing substrate temperature from 600 K to 100 

K as suggested by Figure 6-5a. If increasing initial precursor oxide seed density results in a 

decrease in final oxide film thickness, then the decrease in saturation coverage with decreasing 

substrate temperature suggests that precursor oxide seed nucleation density increases with 

decreasing substrate temperature. Indeed, this behavior has been observed with TEM studies of 

the oxidation of copper with molecular oxygen, with the increased particle nucleation density 

attributed to the decreased diffusivity of oxygen on the substrate causing a reduction of the 

effective oxygen capture zone for each particle [189-194]. Therefore, the particle growth model 

effectively predicts final thin film thickness regardless of the temperature range. 

Summary 

In summary, we have presented evidence that the rate limiting step for Pd(111) oxidation is 

dissociative adsorption on the surface oxide, as demonstrated by the facile oxidation with gas-
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phase oxygen atoms. Continuing oxidation beyond the saturation of a surface oxide results in the 

formation of oxide seeds, or particles, which form regardless of surface oxide phase, and 

thermally decompose in ultrahigh vacuum between 500 K and 650 K. Oxidation in the 

intermediate range between the surface oxide and completed bulk oxide thin film can be best 

described as a kinetic competition between molecular oxygen dissociative adsorption, associative 

desorption, oxide particle nucleation, and oxide particle growth, with the selectivity between 

oxide particle nucleation and growth partially determined by surface diffusivity which is a 

function of substrate temperature. Oxidation self-terminates upon the completion of an oxide thin 

film, regardless of the substrate temperature of ambient oxygen pressure. We have also identified 

three distinct temperature or pressure regimes for oxidation: stable seed nucleation, unstable seed 

nucleation, and oxygen dissolution. Furthermore, the transition from the stable seed nucleation 

regime to the unstable seed nucleation regime is abrupt, with the transition temperature 

determined by the magnitude of the incident flux. We also presented a kinetic model for particle 

growth which qualitatively reproduces the uptake behavior observed experimentally. Finally, a 

key finding from this work is the discovery that oxide thin film thickness could effectively be 

controlled using substrate temperature and oxygen ambient pressure rather than oxygen dose. 

Appendix: Precursor to the Oxide Precursor State 

Note that others have suggested that subsurface oxygen acts as a precursor to bulk oxide 

formation whereby bulk oxide forms when a critical concentration of subsurface oxide 

accumulates close to the surface [23-25], and have also suggested the importance of flux to bulk 

oxide selectivity and growth [25]. This possibility appears to be supported by our results which 

suggest that higher concentrations of subsurface oxygen causes an overall lowering of binding 

energy as shown by the drop in desorption energy as the subsurface layer is populated. While we 

had previously assigned the precursor to bulk oxide particle nucleation to oxygen adatoms 
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chemisorbed on the surface oxide, our determination that the precursor peak during TPD may 

instead be attributable to bulk oxide seeds suggests that adsorbed oxygen adatoms do not 

constitute a stable species, yet our results do not preclude their existence either. Nonetheless, 

identification of the precursor to the bulk oxide seed precursors is beyond the scope of this study, 

which does not significantly affect the accuracy of our kinetic model predictions. 
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Figure 6-1.  TPD spectra obtained after exposure of Pd(111) held at 100 K to gas-phase oxygen 
atom beam with an incident flux of 0.0132 ML s-1 and a temperature ramp rate of 1 K 
s-1.  
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Figure 6-2.  Total oxygen uptake curves plotted as a function of total oxygen atom dose in units 
of ML for the different fluxes and substrate temperatures. a) Direct comparison of 
two incident fluxes of 0.0283 ML/s and 0.0083 ML/s at a substrate temperature of 
500 K, b) Direct comparison of two incident fluxes of 0.0174 ML/s and 0.0083 ML/s 
at a substrate temperature of 650 K, c) Direct comparison of two substrate 
temperatures at low incident flux (0.0083 ML/s), d) Direct comparison of two 
substrate temperatures at high incident flux (0.0283 ML/s and 0.0174 ML/s).  
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Figure 6-3.  LEED images obtained with a beam energy of 63 eV for various oxygen coverages, 
shown below the images, generated at two substrate temperatures: 500 K and 650 K.  
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Figure 6-4.  XPS Pd 3d5/2 spectra collected from Pd(111) for various oxygen coverages generated 
at a substrate temperature of: a) 650 K, b) 500 K.  
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Figure 6-5.  Temperature Effects on Oxygen Uptake  a) Total oxygen uptake after exposure of 
Pd(111) to a gas-phase oxygen atom beam with an incident flux of 0.0174 ML/s to a 
total dose of 4.4 ML. b) TPD spectra obtained after the 4.4 ML dose at 600 K and 602 
K, c) close-up view of the discontinuity at 600 K, plotted alongside lower flux 
(0.0132 ML/s) dose of 3.2 ML which lacks the discontinuity at 600 K observed with 
the higher flux dose.  
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Figure 6-6.  LEED images, using a beam energy of 63 eV, obtained from a 0.75 ML coverage 
generated at 500 K before and after annealing to 675 K.  
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Figure 6-7.  TPD spectra obtained after exposing the Pd5O4 surface oxide to gas-phase oxygen 
atoms at a substrate temperature of 100 K showing the: a) growth of the precursor 
state and b) consumption of the precursor state as bulk oxide grows.  
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Figure 6-8.  Extrinsic oxygen concentration obtained by taking the O/Pd ISS peak ratio, plotted 
as a function of total oxygen concentration. All ISS spectra were obtained by using 
helium ions with an incident energy of 1000 eV, and all oxygen covered surfaces 
were generated at a substrate temperature of 100 K, followed by obtaining the ISS 
spectra at 500 K to remove contaminants.  
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Figure 6-9.  The Kelvin equation plotted as a function of particle radius, outlining the three 
effective pressure ranges: 1) stable seed nucleation, 2) unstable seed nucleation and, 
3) subsurface oxidation.  
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Figure 6-10.  TPD spectra obtained after oxidizing Pd(111) at a substrate temperature of 650 K 
with an incident flux of: a) 0.002 ML/s and b) 0.0174 ML/s.  
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Figure 6-11.  Comparison of results generated from a) simulations with b) experimental data for 
low temperature and high temperature oxidation kinetics.  
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Figure 6-12.  Schematic representation of particle growth illustrating the effects of pressure and 
substrate temperature on final oxide film thickness, under the following two 
conditions: a) stable seed nucleation which occurs under high oxygen pressure or low 
substrate temperature and b) unstable seed nucleation which occurs under low oxygen 
pressure or high substrate temperature. Dark blue represents the Pd(111) substrate, 
the light blue represents 2D oxide, and the orange balls represent bulk oxide particles.  
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Figure 6-13.  Total oxygen uptake plotted as a function of total dose of gas-phase oxygen atoms 
with an incident flux of 0.0283 ML/s, conducted at 500 K and 100 K.  

 



 

CHAPTER 7 
CONCLUSIONS  

In conclusion, these studies demonstrate the great potential of utilizing gas-phase oxygen 

atom beams in studying oxidation catalysts under ultrahigh vacuum conditions. Future work 

includes: 1) The adsorption of all industrially relevant molecules (particularly hydrocarbons) on 

PdO(101), 2) reactive scattering measurements of gas-phase oxygen atoms in situ with reagents 

of interest such as hydrocarbonds present in background. These experiments will hopefully 

enable a direct measure of the reactivity of various oxide phases to the reagents of interest during 

oxidation, 3) attempting to create a thin film ordered bulk oxide on other various low miller 

index surfaces of palladium, platinum, and other platinum group metals in UHV using low 

temperature oxidation followed by annealing, 4) obtaining scanning tunneling microscopy 

images of the predicted oxide phase development on Pd(111) to provide geometric evidence for 

the identification of the precursor state, and the finished PdO(101) surface, 5) utilizing the 

isotopic oxygen abstraction method of characterizing the reactivity of oxide phases developed on 

other metals in UHV, and 6) implementation of other nondestructive analytical techniques such 

as XPS and UPS to study oxide phase development and reactivity with gas-phase oxygen atom 

beams in situ enabling time resolved chemical analysis during oxidation. 
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