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ABSTRACT 

For decades a fundamental understanding of heterogeneous catalysts has been 

pursued for rational catalyst design using model systems under ultrahigh vacuum (UHV) 

conditions; however, there exist stark differences between the simplified models 

investigated under UHV and the industrial catalysts used at high pressures. To bridge 

these gaps, it becomes essential to utilize progressively more complex materials and to 

correlate their surface structure and activity using incrementally higher pressure 

techniques.  In this work, both model Pt-Re catalysts and powdered metal-organic 

frameworks (MOFs) were studied using a suite of traditional UHV surface science 

techniques in addition to ambient pressure X-ray photoelectron spectroscopy (APXPS) 

and UHV-coupled ambient pressure cells.  CO oxidation and methanol oxidation were 

investigated by APXPS on Pt(111), Re films on Pt(111), and on Pt−Re alloy model 

surfaces.  Pt-Re alloy surfaces were found to dissociate oxygen more readily than Pt 

surfaces, and CO was found to desorb at lower temperatures from Pt−Re alloy surfaces 

than from Pt.  Pt and Pt-Re surfaces were found to have similar product formation with 

Pt-Re alloys having higher activity and maintaining greater selectivity than Pt to CO2 

formation.  Model Pt-Re systems were also studied for methanol oxidation in a UHV-

coupled microreactor where products were determined via GC-TCD, and pre- and post-

reaction surfaces were characterized by XPS without exposure to air.  The Pt-Re alloy 

surface initially showed less activity than Pt; but over extended time periods, the alloy 

maintained higher activity than Pt, which deactivated due to accumulation of atomic 
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carbon.  Re films were unstable since they form volatile Re2O7, but alloying Re with Pt 

made it less susceptible to sublimation. Water-gas shift was also performed in the 

microreactor on TiO2(110)-supported Pt, Re, and Pt-Re bimetallic clusters.  Surface ReOx 

appears to block Pt active sites, but Re underneath Pt shows higher activity than Pt alone 

as Re modifies Pt.  A separate UHV XPS-coupled high pressure cell was used to study 

the generation of mixed valence Cu+1/+2 sites in a powdered MOF before and after 

extensive heating and exposure to H2, O2, CO, and air, which corresponded to changes in 

the valence band, indicating tunability of the MOF’s electronic properties. 
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Figure 4.2: APXPS data for the C(1s) region for the following surfaces heated to various 

temperatures under 200 mTorr of O2 and 100 mTorr of methanol: a) Pt(111); b) Pt-Re 
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Figure 7.1: Single-crystal X-ray structures of 1 and 2 highlighting dimetal and 

pentameric secondary building units. Orange, gray, blue, and red spheres represent 

copper, carbon, nitrogen, and oxygen atoms, respectively. Hydrogen atoms and 

coordinated and noncoordinated solvent molecules are omitted for clarity. .................. 174 

Figure 7.2: (top) PXRD patterns of 1: simulated (black), as synthesized (blue), and after 

XPS measurements (red). The inset shows the color change observed for 1 during heating 

on the Schlenk line at 160 °C for 48 h. (bottom) PXRD patterns of 2: simulated (black), 

as synthesized (blue), and after XPS measurements (red). The inset shows the color 

change observed for 2 during heating on the Schlenk line at 200 °C for 48 h. .............. 175 

Figure 7.3: XPS data for the Cu(2p3/2) region for (a) 1 powder and (b) 2 powder after the 

following successive treatments on the same samples: (a, i) as-received; (a, ii) heated in 

Ar at 225 °C for 14 h; (a, iii) exposed to pure oxygen at room temperature for 2 h; (a, iv) 

heated in vacuum at 275 °C for 5 h; (b, i) as-received; (b, ii) heated in Ar at 200 °C for 14 

h; (b, iii) exposed to pure oxygen at room temperature for 2 h; and (b, iv) heated in 

vacuum at 200 °C for 2 h. ............................................................................................... 176 

Figure 7.4: XPS data for the Cu(LMM) Auger region for 1 powder after the following 

successive treatments on the same sample: (a) as-received; (b) heated in Ar at 225 °C for 

14 h; (c) exposed to pure oxygen at room temperature for 2 h; (d) heated in vacuum at 

275 °C for 5 h; and (e) a pellet of 1 heated in flowing H2 at 225 °C for 1 h in order to 

decompose the MOF and reduce all of the Cu ions to metallic Cu. The intensity of (e) is 

reduced by a factor of 2 since the pellet samples provided more intensity than the 
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Figure 7.5: XPS data for the Cu(2p3/2) region after exposure to X-rays and the charge 

neutralizer for various times for (a) 1 powder and (b) anhydrous Cu(II) acetate powder.
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Figure 7.6: XPS data for the Cu(2p3/2) region after exposure of 1 to CO (a), air (b), and 

H2 (c). Sample treatments are as follows: (a, i) 1 powder heated in Ar at 225 °C for 14 h; 
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Figure 7.7: XPS data for the valence band region for (a) 1 powder: as-received (red), 

heated in Ar at 225 °C for 14 h (blue), and exposed to pure oxygen at room temperature 

for 2 h (purple); and (b) 2 powder: as-received (red), heated in Ar at 200 °C for 14 h 

(blue), and exposed to pure oxygen at room temperature for 2 h (purple). .................... 187 

Figure 7.8: Total and partial density of states (DOS) of (a) neutral Cu2(BTC)4, (b) H 

atom adsorbed on the neutral Cu2(BTC)4, and (c) negatively charged Cu2(BTC)4 cluster 
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Figure A.1: X-ray photoelectron spectroscopy data for the Pt(4f) region for: a) Pt(111) 

and b) the Pt-Re alloy surface prepared by depositing 3.3 ML Re on Pt(111) and heating 

to 1000 K for 5 min. Spectra are shown for the surfaces immediately after preparation in 
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INTRODUCTION 
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1.1 THE SIGNIFICANCE OF CATALYSIS 

Over the past century, catalysis in its various forms has grown to become a multi-

billion-dollar industry, partially due to the fact that it is responsible for over 90% of the 

world’s chemical production.1 Additionally, this ability of a regenerable chemical or 

biological substance to improve the rate or selectivity of a desirable reaction is essential 

to most biological processes and also plays a vital role in food, fuel, and energy 

production.  The use of heterogeneous catalysts in particular has become paramount in 

the global chemical industry where solid-state catalysts are used in many of the top 

manufacturing processes, such as the oxidation of SO2 to SO3 and the generation of 

ammonia from H2 and N2, with zeolites being the most widely used catalysts in 

industry.2-6  As the global economy shifts towards green and sustainable energy 

chemistry, an intense effort has been made to reduce the carbon footprint of fuels and 

chemicals by removing the petrochemical industry’s dependence on natural gas through 

renewable resources like biomass derivatives, such as alcohols, for oxidation reactions or 

as organic hydrogen donors.7,8  Concomitantly, a need for new and different kinds of 

heterogeneous catalysts has arisen.   

Recent attention has turned to the development of new catalysts for a variety of 

applications, including generation of fuel sources, such as H2 from alcohols, that promise 

to be cleaner than their predecessor, fossil fuels.  Ni-based catalysts in particular have 

shown the most promising activity for steam reforming of ethanol at 100% conversion 

and better than 90% selectivity towards H2; however, over relatively short time intervals 

these Ni-based catalysts suffer decreased selectivity due to a methanation side-reaction as 

well as undergo deactivation by coking and CO poisoning.9-14  Furthermore, as an 
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endothermic process, steam reforming requires high temperatures (600-1100 K) and 

pressures (15-30 atm) to drive it forward.9,13,15,16 As an alternative, Pt based catalysts 

have been recently studied for aqueous phase reforming (APR) of alcohols and other 

biomass derivatives to H2, and multiple studies have demonstrated that the addition of Re 

to supported Pt catalysts increases the catalyst’s activity, stability, and lifetime on stream 

for a variety of reactions.15,17,18  The improvements have been attributed to an assortment 

of causes including the ability of Re to form a range of oxidation states and weaker 

binding of CO to Pt on the bimetallic surfaces that leads to decreased CO poisoning of Pt 

active sites, but the exact means by which Re enhances the activity of Pt catalysts are still 

not agreed upon.19-34 

Despite the ubiquitous and manifold use of catalysts in the world today, much is 

still unknown about the operational principles that drive the behavior of even some of the 

most common catalysts currently in use.  The discovery of new catalysts most often 

comes about through inefficient “trial-and-error” processes because of the inherent 

difficulties in identifying the cause of a catalyst’s activity.35,36  In many cases, a clear 

understanding of the relationship between a catalyst’s physicochemical properties and its 

activity or selectivity for a particular reaction is still lacking.  Attempting to address this 

problem is one of the primary pursuits of modern surface science, as it seeks to discover 

and control the geometry and composition of active sites on heterogeneous catalysts so 

that they will yield enhanced activity, selectivity, and catalyst lifetime.  Catalysts 

fashioned from such rational design would not only improve the efficiency of existent 

industries, but could also lead to the development of new technologies.  Thus, it is 

important to gain a fundamental understanding of how catalysts operate.
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1.2 THE APPLICATION OF SURFACE SCIENCE 

The trouble with characterizing the sort of catalysts actually used in real-world 

applications lies in the complexity of the environment and of the materials. Industrial 

processes generally operate on a massive scale within high temperature and pressure 

regimes.  Moreover, the catalysts employed are typically metallic or bimetallic 

nanoparticles inhomogeneously dispersed on powdered porous oxide supports, partly 

because the porosity of the material provides a large surface area and consequently the 

potential for a greater number of catalytic active sites.37  While this increases product 

yield, the nonuniformity of the catalyst’s structure and morphology makes it problematic 

to map, and it can be challenging to separate the effects of metal-metal interactions from 

metal-support interactions.  To fully understand the relationship between the physical 

properties and the chemical activity of a surface requires information about the physical 

topography, the chemical composition and structure, the atomic and electronic structures, 

and the bonding of molecular species at the surface.38   

A simple solution to the aforementioned problems is the use of well-defined, 

reproducible model systems.39  Model catalysts typically consist of nanoparticles of at 

least one metal controllably dispersed over single crystal metal or metal-oxide samples 

with long-range order, hosting active sites of known quantity, composition, and structure.  

The model system as a whole is generally comprised of a model catalyst contained within 

a highly-controlled ultra-high vacuum (UHV) environment (pressures < 1x10-9 Torr).  

Ultra-high vacuum is a necessity for maintaining atomic scale cleanliness, given that it 

can take only one second for a room temperature surface to become covered by a 

complete layer of contamination from atmospheric gases at 1x10-6 Torr.  At pressures 
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below 1x10-9 Torr, this timescale can be extended to several hours.  Furthermore, the 

high inelastic scattering cross section of electrons with matter prevents them from being 

able to traverse very far unhindered in a gas.40  Under ultra-high vacuum, the mean free 

path of an electron is long enough to allow the use of highly surface sensitive ion- and 

electron-based microscopic and spectroscopic techniques for surface characterization.  

Such techniques include low energy electron diffraction (LEED), scanning tunneling 

microscopy (STM), low energy ion scattering spectroscopy (LEIS), X-ray photoelectron 

spectroscopy (XPS), Auger electron spectroscopy (AES), and temperature programmed 

desorption (TPD).  Many of these techniques require UHV conditions not only so that the 

electrons and ions involved in the technique can travel from source to detector without 

colliding with atmospheric gas particles, but also because most of them require the use of 

high voltages, which would discharge and destroy the sensitive equipment if operated at 

pressures above UHV.  

 

1.3 MOTIVATION:  BRIDGING THE PRESSURE AND MATERIALS GAPS 

With this suite of UHV surface science techniques, one can obtain atomic level 

information about a variety of surface properties, including surface composition and 

morphology, electronic states, surface reactivity, and binding sites, which can be used to 

generate an extensive and careful correlation between catalyst surface characteristics and 

reactivity.  However, as discussed, these techniques require pressures far below the 

working pressures of real catalytic processes.  Moreover, the well-defined model 

catalysts employed in such highly controlled environments may not be truly effective 

representations of real catalysts.   
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Known as the “pressure gap” and “materials gap,” these divergences between the 

pressures and materials used in the model studies and those used in an industrial reactor 

imply that the results and conclusions obtained from traditional UHV surface science 

techniques may not always apply to actual industrial conditions.  Surfaces at ambient 

pressure conditions are not pristine as under UHV conditions, but rather are regularly 

covered by thick layers of physisorbed molecules such as water even at room 

temperature.  Metal surfaces are different in air than in vacuum, too, since many form 

thick oxide films when in oxygenated environments.41  CO oxidation over Ru catalysts is 

the classic example of a reaction that sparked concern over discrepancies between 

analysis conducted under UHV and ambient pressure conditions.36,42  Studies showed that 

under UHV conditions, supported Ru and Ru(0001) single crystal catalysts had the 

lowest activity for CO oxidation among a series of late transition metals, but at much 

higher pressures, they had the best activity.43,44  Though this was initially quite a mystery, 

it was later realized that the increased activity at high pressures was due to a surface layer 

of RuO2 that forms under highly oxygen-rich reaction environments.36,42  Since then, a 

great deal of attention has been focused on developing methods such as ambient pressure 

X-ray photoelectron spectroscopy and UHV-coupled reaction cells which combine the 

atomic-level control and understanding of the UHV environment with more catalytically 

realistic in situ measurements.   

Transitioning from well-defined single-crystal surfaces to real powdered porous 

oxide catalysts is a difficult task; however, a relatively new class of materials called 

“metal-organic frameworks,” or “MOFs” provide a sort of bridge between the two 

material extremes.  Traditional zeolite catalysts have long dominated gas phase reactions 
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in the petroleum industry due to their high thermal stability and high surface area, but 

their pore sizes are limited and can be unstable under reaction conditions where they can 

clog or collapse.45  Furthermore, metal particles dispersed on porous oxide supports often 

undergo metal redistribution within clusters or else suffer a loss of active surface area due 

to sintering under reaction conditions, so it can be difficult to tune the catalyst’s active 

sites in a way that survives catalytic processes.  In contrast, MOFs consist of metal nodes, 

or clusters of metal ions, which are connected by organic linkers in a crystalline structure.  

MOFs can be manufactured as powders or as films with a variety of rigid pore sizes 

depending on the linkers used, which translates to controllably sized active surface areas 

and larger pore volumes than conventional zeolites.46  Additionally, the metal nodes in 

the framework are structurally resistant to sintering and can be tailored to incorporate a 

variety of catalytically relevant metals including Co, Ni, Cu, Zn, and Ru in several 

different configurations, and many of these same metals have already been investigated 

as supported catalysts for generating H2 from alcohols like ethanol.9-14  Thus far, MOFs 

have been considered for a wide variety of applications from gas sensing, selective 

capturing, and purification to photocatalysts and conductive membranes and films.47,48  

Encouraged by the catalytic relevance of the available metal nodes and by the fact that 

several MOFs have shown activity for a variety of liquid phase organic reactions 

including oxidation and reduction, researchers have also considered them very recently 

for their potential in catalyzing gas phase reactions.48  MOFs appear promising as 

heterogeneous catalysts because of their high degree of tunability, very large surface 

areas, decent thermal stability, and the existence of coordinatively unsaturated metal sites 

(UMS) in the metal nodes.  However, the exact nature of these various UMS and how 
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they interact with different adsorbate species is still largely unknown, meriting a careful 

and controlled study, which is facilitated by the MOFs’ well-defined crystalline structure.  

In order to bridge the pressure and materials gaps, it is necessary to take 

advantage of approaches that can be used at higher pressures on more catalytically 

relevant materials.  Thus, the motivation of the work presented in this dissertation was to 

study the catalytic behavior of both well-defined Pt-Re model catalysts and powdered 

metal-organic frameworks using a battery of traditional UHV surface science techniques 

in tandem with technological innovations like ambient pressure X-ray photoelectron 

spectroscopy (APXPS), a high-pressure cell within a UHV chamber capable of handling 

powdered materials, and a UHV-coupled ambient pressure microreactor, all of which are 

described in Chapter 2.   
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CHAPTER 2 

EXPERIMENTAL TECHNIQUES 
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2.1 X-RAY PHOTOELECTRON SPECTROSCOPY (XPS) 

XPS provides elemental identification and chemical environment information 

about the top several monolayers of a sample surface.  Developed by Kai Siegbahn, who 

won the Nobel Prize in Physics in 1981 for his work, the technique was originally dubbed 

“electron spectroscopy for chemical analysis,” or ESCA, but is now more commonly 

referred to as XPS.1  A schematic of a typical lab-based XPS experimental setup is shown 

in Figure 2.1.  XPS takes advantage of the photoelectric effect; in an XPS experiment, a 

sample is irradiated with X-ray photons, which eject electrons from the core levels of the 

material into vacuum as shown in the left panel of Figure 2.2.  Once the photoelectron 

has been ejected, a higher level electron can fill the hole left behind in the core shell, 

thereby lowering the energy of the system; and, the extra energy is then emitted from the 

 

 

Figure 2.1: Schematic diagram of a typical XPS experimental setup.2 
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system in the form of another electron, in what is known as the Auger process (Figure 

2.2, right panel), or as an X-ray photon in a process known as X-ray fluorescence.  A 

series of electrostatic or magnetic lenses collects and focuses both the photoelectrons and 

Auger electrons into a hemispherical analyzer that separates them based on their kinetic 

energies before they arrive at a detector.  The measured kinetic energies of the photo-

ejected electrons are directly related to their binding energies, which are characteristic of 

the atoms from which they were emitted since core-level electrons do not participate in 

chemical bonding but are sensitive to changes in the electronic structure of the material, 

thus providing elemental identification as well as information about the oxidation state of 

 

 

Figure 2.2: Energy level diagram illustrating the generation of X-ray-induced 

photoelectrons (left) and Auger electrons (right).3 
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the material.  The number of electrons counted by the detector can be used to quantify the 

composition of the sample.  The kinetic energy of the Auger electron is not related to its 

binding energy; however, when Auger electrons are present, they can be useful.  For 

example, they can be used to distinguish Cu(0) from Cu(I) even though the two species 

have virtually inseparable binding energies.   

For X-ray induced photoelectrons, the original binding energy, EB, of the core-

level electron in the atom can be calculated using the equation: 

EB = hν – EK – θ    Equation 1 

where hν is the incident photon energy, EK is the measured kinetic energy of the 

photoelectrons, and θ is the work function of the spectrometer, which denotes the 

minimum energy necessary to eject an electron from the valence band into vacuum. For 

typical lab-based X-ray sources, hν is 1253.6 eV for a Mg anode or 1486.6 eV for an Al 

anode.  Though these X-rays are able to penetrate rather deeply into a material, the 

sampling depth of this technique is limited by the mean free path of the photoelectron as 

it travels out through the layers of the sample towards vacuum and is therefore no more 

than ~10 nm deep, which makes XPS a surface characterization technique.   

 

2.2 AMBIENT PRESSURE X-RAY PHOTOELECTRON SPECTROSCOPY (APXPS) 

The fundamental concept of APXPS is the same as the UHV-based forerunner, 

but it can provide elemental identification and chemical environment information under 

much higher pressure conditions with current technology reportedly able to operate under 

pressures at or below ~22 Torr, or about 10 orders of magnitude higher than traditional 

UHV XPS systems.4  APXPS has an additional advantage in that it can also identify gas 

phase reactant and product molecules between the surface and the analyzer, which can be 
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used to complement simultaneous mass spectrometry analysis of the reaction 

environment.5 

APXPS overcomes the traditional pressure limitations previously discussed in two 

ways:  one, by using a differentially-pumped analyzer, and two, by enclosing a 

synchotron or monochromated X-ray source behind an X-ray transparent window.  As 

illustrated in Figure 2.3, in an APXPS experiment, the sample is brought extremely close 

(~150-500 µm) to a conical aperture on the analyzer with a very small diameter (~0.3-1.0 

mm).  The hemispherical analyzer is divided into 4 stages, each with its own oil-less 

pump to progressively drop the pressure from the Torr regime.  Along the neck of the 

analyzer, electrostatic lenses guide the photoelectrons through small apertures between 

each stage to the detector, which is able to operate because the differential pumping 

system brings the pressure down to UHV levels.4  The X-ray sources used in APXPS are 

  

 

Figure 2.3:. Schematic diagram of a typical APXPS experiment.  



www.manaraa.com

19 

often synchrotron based; however, lab-based APXPS units which use monochromated 

sources also exist.  In either case, vacuum is still a necessity for operation, so for APXPS 

experiments, the source must be separated from the Torr level pressures in the chamber.  

This is achieved by enclosing the source behind an ultrathin silicon nitride window, 

which is X-ray transparent.  A 100 nm thick window can maintain UHV on the source 

side and greater than 1 atm of pressure on the chamber side.4 

 

2.3 HIGH PRESSURE CELLS 

A relatively simple approach to merging the benefits of vacuum with the 

relevance of high pressure studies is the use of high pressure cells, which allow samples 

to be temporarily exposed to high pressures and temperatures within the confines of a 

UHV chamber so that they can be characterized by traditional UHV techniques before 

and after exposure to reaction gases without exposure to air.  While these can be 

homemade, the one used for the work described herein is a “catalytic cell” commercially 

produced by Kratos Analytical.  Small quantities of powdered samples as well as other 

materials can be introduced to the chamber via a loadlock system without breaking the 

main chamber vacuum.  Samples can be characterized by XPS in vacuum using a 

monochromated Al source with a 1 mm2 spot size, which is necessary for looking at 

small quantities of powders.  Both conductive and insulating samples can be analyzed 

since the chamber is equipped with a charge neutralizer.  The samples can then be 

transferred in vacuum to a small cell which can be valved off to the rest of the chamber 

and filled with gas, and a boron nitride heating element along with a type K thermocouple 

positioned underneath the sample stub allow the sample to be heated in the gas.  
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Afterwards, the gas can be pumped out of the cell and the sample transferred back in 

vacuum to the analysis chamber for post-reaction XPS.   

 

2.4 UHV-COUPLED REACTORS 

Though high pressure cells like the one described above are convenient ways to 

investigate the surface effects of high pressures of gases, in this case, particularly on 

powdered materials instead of model catalysts, they do not always allow for in situ 

characterization like APXPS, nor do they usually allow for kinetic studies.  Instead, the 

kinetic studies referred to in this work were performed on a novel recirculating loop 

microreactor, which is coupled to a UHV chamber for full characterization by UHV 

techniques before and after reaction without exposure to air as shown in Figures 2.4 and 

2.5.6  Thus, this setup allows the user to study the oxidation states of air-sensitive 

materials such as Re in a semi-in situ fashion.  Designed for use with model, planar 

catalysts which have a low number of active sites compared to commercial catalysts, the 

 

 

Figure 2.4:. Schematic diagram of the recirculation loop reactor used in this work.6  
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reactor has a small dead volume and can operate in a recirculating fashion to build up 

product levels over time until they are at a quantity sufficient to detect.  Reactant feed 

gases are configured using calibrated mass flow controllers, and products are analyzed 

via gas chromatography (GC) with either thermal conductivity detectors (TCD) or flame 

ionization detectors (FID).  With this design, kinetics can be studied under near steady 

state conditions by replacing the gas lost to sampling injections with fresh feed gas so 

that the reactant concentrations are consistently maintained even over extended time 

periods.6   

 

2.5 LOW ENERGY ELECTRON DIFFRACTION (LEED) 

Most commonly used for determining surface structure, symmetry, and 

periodicity, or long range order, LEED is the observation of a diffraction pattern of 

electrons from a crystal surface.  LEED operates on the principle that a beam of electrons 

 

 

Figure 2.5:. Photographs of the recirculation loop reactor used in this work.6  
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with an energy of about 150 eV has a wavelength on the order of 1 Å, which is shorter 

than most interatomic spacing and thus ideal for diffraction experiments.1  Furthermore, 

that energy is low enough to fall near the minimum of the universal curve as shown in 

Figure 2.6, which makes those electrons very surface sensitive due to the short inelastic 

mean free path.1  In LEED, an electron gun emits a focused, low-energy beam of 

electrons (generally in the range of 20-300 eV) perpendicular to the surface plane of the 

sample.8  The inelastically-backscattered electrons are filtered out by a series of grids set 

at various potentials while the elastically-scattered electrons are allowed to pass and 

impinge on a phosphor screen, forming a pattern that can be viewed from the outside of 

the UHV chamber as depicted in Figure 2.7.  The diffraction pattern can be used to 

determine whether a surface is symmetric or if it has undergone a reconstruction.  It can 

be used to identify surface defects, steps, or islands on a clean surface, or it can be used 

to identify whether adsorbates are arranged in uniform or random overlayers.  For the 

 

 

Figure 2.6: Universal curve for the electron 

inelastic mean free path (IMFP, Å) in elements as 

a function of electron energy (eV). Data source: 

Somorjai, G. A. Science 1985, 227, 902.7 
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purposes of this work, LEED was only used to positively identify the surface structure 

and crystallinity of the Pt(111) (Figure 2.8) and TiO2(110)-(1x1) (Figure 2.9) surfaces, 

the latter of which is known to undergo reconstruction to a (1x2) surface over time with 

repeated or particularly harsh reduction cycles.  

 

 

Figure 2.8: LEED of Pt(111). 

 

 

Figure 2.9: LEED of TiO2(110)-(1x1). 

 

 

Figure 2.7: Schematic diagram of a typical 

LEED experimental setup.  FC denotes a 

Faraday cup used to collect the diffracted 

electron current.9 
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2.6 SCANNING TUNNELING MICROSCOPY (STM) 

Another technique which can also be used to determine surface structure is 

scanning tunneling microscopy.  STM is a surface imaging technique developed by IBM 

scientists Gerd Binnig and Heinrich Rohrer, who won the Nobel Prize in Physics in 1986 

for its use.  As depicted in Figure 2.10, an atomically sharp, conductive tip is placed 

within a few angstroms away from the surface of a conductive or semiconductive sample, 

a tunneling voltage is applied to the system, and then a piezoelectric tube with feedback 

control scans the tip in raster fashion across the surface.1  Operating on the principle of 

quantum tunneling, an image is generated by the electron density of the surface which 

can be correlated to a three-dimensional topographical map for surfaces with reasonably 

uniform electronic properties.1  At its best, STM has a vertical resolution of 0.01 Å and a 

lateral resolution of 0.1 Å, which means it can be used to image surfaces on the atomic 

 

 

Figure 2.10: Schematic diagram of a typical STM experimental setup.10 
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level and is therefore extremely useful for identifying defect sites, determining surface 

roughness, and measuring the size of surface adsorbates.1  In this work, STM was 

primarily used to establish surface cleanliness, characterize the growth of metal clusters 

on the support surfaces, monitor the changes in surface morphology as a function of 

sample temperature, and determine the conditions necessary for forming bimetallic 

clusters.  

 

2.7 LOW ENERGY ION SCATTERING SPECTROSCOPY (LEIS) 

Also commonly referred to generally as ion scattering spectroscopy (ISS), LEIS is 

a highly surface sensitive technique which is used to probe only the first atomic layer of a 

sample.  In LEIS, the sample surface is bombarded with an ionized inert gas, commonly 

4He+, 3He+, or 20Ne+ (Figure 2.11), and an electrostatic analyzer measures the kinetic 

 

 

Figure 2.11: Schematic depicting the key event which 

takes place during an LEIS experiment: a probe ion 

impinging on a surface and elastically backscattering 

to a detector.12 
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energy of the ions that survive the backscattering process (Figure 2.11).11  The ion 

energies used (typically 0.5-5 keV) are low compared to other ion scattering techniques 

such as Rutherford backscattering spectroscopy, but they are high enough to negate any 

contributions that might arise from thermal vibrations or phonons, which are generally on 

the order of an eV.1  Thus the system of ion and target surface atom can be simplified to a 

two-body elastic collision, where according to the principle of conservation of 

momentum, the mass of the surface atom that scattered the He+ ion can be calculated, 

thus providing elemental identification of the surface atom.   

The technique’s sensitivity is limited to the topmost atomic layer because only the 

ions which have limited interaction with the surface are elastically backscattered still as 

ions that can be detected while the ions which penetrate deeper become neutralized by the 

grounded, conductive or semi-conductive sample and therefore have no chance of 

returning to the analyzer. 

 

2.8 AUGER ELECTRON SPECTROSCOPY (AES) 

Though briefly described in the previous section as occurring during XPS, the 

Auger process can occur outside of XPS as well.  In AES, a core-level electron is initially 

ejected from the atom by an outside electron from a beam with sufficient energy (~1.5-5 

keV) and intensity (1-100 µA), leaving a hole behind.  A higher level electron lowers the 

energy of the system by falling into the core to fill the hole, and the excess energy is 

emitted as a third electron, known as the Auger electron, which are the ones analyzed.  

AES provides information about the elemental composition of the top 2-10 atomic layers 

of a sample and is therefore very surface sensitive.1   
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2.9 TEMPERATURE PROGRAMMED DESORPTION (TPD) 

TPD is a technique relying on mass spectrometry that can be used to provide 

information about the composition of the topmost surface layer as well as its reactivity.  

In TPD, a saturating coverage of a probe molecule is adsorbed onto a surface at liquid 

nitrogen temperatures, and the surface is placed in front of a mass spectrometer and 

heated in a linear fashion.  The mass spectrometer is used to detect the mass fragments of 

products desorbing from the surface, which are plotted in a TPD spectrum as a function 

of temperature.  From the TPD spectrum, one can identify reaction products, quantify 

product yields, probe reaction kinetics, and determine heats of adsorption. 
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CHAPTER 3 

IN SITU STUDIES OF CARBON MONOXIDE OXIDATION ON PLATINUM AND 

PLATINUM–RHENIUM ALLOY SURFACES1 

                                                 

 

 

1 Reprinted (adapted) with permission from Duke, A. S.; Galhenage, R. P.; Tenney, S. A.; 

Sutter, P.; Chen, D. A. In Situ Studies of Carbon Monoxide Oxidation on Platinum and 

Platinum–Rhenium Alloy Surfaces. J. Phys. Chem. C, 2015, 119 (1), 381-391. Copyright 

2015 American Chemical Society. 
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3.1 INTRODUCTION 

Bimetallic surfaces are known to exhibit superior catalytic properties compared to 

the pure metals due to electronic metal-metal interactions (ligand effects) or the creation 

of unique mixed-metal surface sites (ensemble effects).1-5  The Pt-Re bimetallic system 

has been used as an industrial catalyst for naptha reforming since the 1960s;6-8  the Pt-Re 

catalysts have greater long-term stability as well as greater resistance to poisoning by 

carbonaceous residues compared to Pt.7,9-11  Pt and Re readily form bulk alloys over a 

wide compositional range,12 and previous studies have reported significant electronic 

interactions between the two metals in Pt-Re alloys.11,13-15  More recently, Pt-Re catalysts 

on carbon supports have attracted interest for aqueous phase reforming (APR) of 

biomass-derived carbohydrates to pure hydrogen, which can be used in hydrogen fuel 

cells and other catalytic applications.16-25  The Dumesic group has found that Pt-Re/C 

catalysts are 5 times more active than pure Pt for APR of model polyols like glycerol, and 

this higher activity was primarily attributed to weaker binding of CO to Pt on the Pt-Re 

surfaces, resulting in decreased CO poisoning of Pt active sites.16,17  Alternatively, 

Hensen and coworkers have proposed that the higher activity of Pt-Re in APR stems from 

greater activity for the water gas shift (WGS) reaction, which removes the undesired CO 

byproduct.22-24  Specifically, the WGS reaction is facilitated by the presence of rhenium 

oxide, which provides active sites for activation of water, given that water is not easily 

dissociated at Pt sites.  A number of other studies have also demonstrated that Pt-Re/TiO2 

has greater activity for the WGS reaction compared to Pt/TiO2 due to dissociation of 

water on ReOx.
26-30  Furthermore, density functional theory (DFT) calculations for the 

WGS reaction on Pt3Re(111) report that the active Pt-Re site is likely to contain partially 
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oxidized ensembles.31  It has also been proposed that Re-OH formation promotes 

hydrogenolysis of glycerol through direct activation of C-OH bonds.21  Thus, the exact 

role of Re as a promoter in Pt-Re catalysts for APR is still not completely understood.19 

In this work, CO oxidation on Pt, Re films on Pt and Pt-Re surface alloys is 

investigated as a model system for understanding the interactions between CO and the Pt-

Re surface under oxidizing reaction conditions.  CO oxidation is selected as a probe 

reaction because CO oxidation has been well-studied on single-crystal Pt surfaces,32-35 

including near ambient pressure X-ray photoelectron spectroscopy (APXPS) experiments 

for CO oxidation on Pt(111).36  Furthermore, CO oxidation on bimetallic Pt-Re surfaces 

in ultrahigh vacuum (UHV) show different behavior than on the pure metal surfaces since 

surface CO was completely removed by exposure to O2 on Pt-Re but not on pure Pt or 

pure Re.37 APXPS experiments are used here to investigate oxidation states of Re and 

surface species during reaction at pressures of 550 mTorr, and this represents the first 

study of Re oxidation states for Pt-Re surfaces under reaction conditions.  Furthermore, 

these experiments allow the stability of ReOx in an oxidizing reaction environment to be 

probed, and this is important because Re2O7 is known to sublime at relatively low 

temperatures ranging from 423 K for supported particles38 to 500 K for bulk rhenium 

oxide.39 

The results from these investigations demonstrate that CO binds less strongly to 

the Pt-Re alloy surface than to Pt(111), given that very little CO adsorbs during CO 

oxidation at 450 K on Pt-Re compared to Pt(111).  The Pt-Re surface alloy consists of Re 

deposited on Pt(111) and annealed to 1000 K; STM and LEIS experiments indicate that 

under these conditions, the Re atoms diffuse into the Pt surface and the surface 
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composition is close to pure Pt.  Oxygen is more easily dissociated on the Re film 

compared to Pt(111) at room temperature, and O2 dissociation is also more facile on the 

Pt-Re alloy compared to Pt(111).  CO oxidation activity is similar on all three surfaces 

although the Pt-Re alloy is the most active, followed by Pt(111).  The Re film on Pt is 

unstable under CO oxidation conditions due to significant sublimation of Re around 450 

K, and therefore the observed activity of the Re film is nearly identical to Pt(111). 

 

3.2 EXPERIMENTAL 

Experiments were carried out in two UHV chambers.  The first chamber has been 

described in detail elsewhere40-43 and is equipped with a variable-temperature STM 

(Omicron, VT-25), a hemispherical analyzer (Omicron, EA 125) for low energy ion 

scattering, and low energy electron diffraction optics (Omicron, Spec3).  APXPS studies 

were conducted in the second chamber, which was on the X1A1 beamline at the National 

Synchrotron Light Source.44,45  This chamber is equipped with a differentially pumped 

hemispherical analyzer (SPECS, Phoibos 150 NAP) with a CEM 9 channeltron detector; 

the analyzer is offset by 70° from the beam of incident radiation and 20° from the surface 

normal of the sample.  Three stages of differential pumping allow the pressure in the 

chamber to be raised to ~5 Torr while maintaining high vacuum in the analyzer.  The 

chamber could be quickly pumped down from elevated pressures via a 500 L/s 

turbomolecular pump (Pfeiffer TMU/H 521), and low pressures were monitored with an 

ion gauge (base pressure ~1.0x10-9 Torr).  A stainless steel capillary tube (0.76 mm 

diameter) positioned ~1 mm from the surface of the crystal allowed analysis of the 

gaseous products formed on the surface while acquiring XPS data at elevated pressures.  
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This capillary tube is differentially pumped into an antechamber that houses a mass 

spectrometer (Pfeiffer Prisma Plus, QME220).  

For the APXPS experiments involving CO oxidation, the chamber was backfilled 

with 500 mTorr O2 (99.997%, Matheson) followed by 50 mTorr CO (99.998%, 

Matheson) through two separate variable leak valves.  Chamber pressures in this range 

were monitored with a capacitance manometer.  The surface of the crystal was positioned 

500 μm away from a 500 μm aperture separating the first stage of the analyzer from the 

chamber.  A 100 nm thick X-ray transparent Si3N4 window isolates the beamline from the 

chamber so that pressures of several Torr can be achieved while maintaining high 

vacuum in the beamline.  The Re(4f), Pt(4f), and C(1s) regions were collected with an 

incident photon energy of 545 eV, while the O(1s) region was collected at 730 eV.  

Relative binding energies were set with respect to the valence band edge, and the 

absolute energies were determined by setting the Pt(4f7/2) binding energy at 71.0 eV, 

which is the binding energy of metallic Pt.46  At 730 eV, the Pt(4f7/2) region was not 

acquired, and therefore the absolute binding energies were set according to the position of 

the Fermi edge in the valence band region.  Peak fitting of the Re(4f) spectra was 

conducted with the shareware program fitXPS2 using a linear background and Gaussian-

Lorentzian peak shapes with an asymmetry factor to generate a Doniach-Sunjic profile.  

A Pt(111) single crystal (99.999%, Princeton Scientific Corp., 8 mm diameter, 2 

mm thickness) was used for all experiments.  The sample temperature was measured by a 

type K thermocouple spot welded directly to the edge of the crystal.  In the first chamber 

(STM/LEIS), the crystal was mounted by press-fitting two Ta wires into 1.1 mm deep 

slots cut into the sides of the crystal.  The Ta wires were spot welded onto a standard 
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Omicron sample plate with a 8.9x8.9 mm2 window cut in it so that the back of the crystal 

could be directly heated by electron bombardment from a tungsten filament in the sample 

holder with the crystal biased at +600 V.47  In the second chamber (APXPS), the crystal 

was pressed against a ceramic button heater (HeatWave Labs) covered by a Ta foil.  The 

crystal was cleaned by cycles of Ar+ ion sputtering at 1 kV for 10-20 minutes and 

subsequent annealing to 1000 K for 3 minutes.  Surface cleanliness and crystallinity were 

established with a combination of scanning tunneling microscopy (STM), low energy 

electron diffraction (LEED), low energy ion scattering (LEIS) and XPS analysis.   

Re was deposited at room temperature from a 2 mm diameter Re rod (ESPI, 

99.99%) using a commercial Oxford Applied Research (EGC04) electron beam 

evaporator in the first chamber and a SPECS (EBE-1) evaporator in the second chamber.  

In the first chamber, the deposition rate was ~0.05 ML/min, and the Re coverage was 

measured using an independently calibrated quartz crystal microbalance.48  One 

monolayer is defined as the packing density of the Re(0001) surface (1.52x1015 

atoms/cm2).  Re coverages for the APXPS experiments were estimated from the 

attenuation of the Pt(4f7/2) peak using a mean free path of 9.4 Å at 545 eV49 for 20 off 

normal detection and assuming layer-by-layer growth of Re on Pt(111).13  The deposition 

rate for the APXPS experiments was 0.1-0.2 ML/min. 

In the STM experiments, the crystal was biased at +0.35 V with respect to the tip, 

and the images were collected at a constant tunneling current of ~4.0 nA.  STM tips 

consisted of 0.38 mm tungsten wire that was electrochemically etched in NaOH and 

subjected to Ar+ sputtering.42  Average island heights for the 2.2 ML Re film before and 

after annealing to 800 K were determined from measuring 30 islands on the surface. 
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Low energy ion scattering (LEIS) experiments were conducted with 600 eV He+ 

ions, and the acquisition parameters were adjusted to minimize damage from He+ 

bombardment during successive scans.  The peak intensity increased by only 13-15% 

after 3-5 scans, and therefore the amount of Re removed from the surface by He+ 

bombardment during the LEIS experiment was relatively small. 

 

3.3 RESULTS 

Characterization of Re-Pt Surfaces 

The Re films and Pt-Re alloy surfaces used in this study were prepared by 

depositing Re onto Pt(111) and annealing to various temperatures.  Figure 3.1a shows an 

STM image of 2.2 ML of Re on Pt(111) deposited at room temperature in the absence of 

annealing.  The surface consists of small Re islands with diameters ranging from 30-60 

Å, and the average height of the islands is 2.4+0.5 Å, which corresponds to the height of 

a single layer of Re.  These islands appear to reside on a Re film that has ~2.4 Å deep 

depressions in the regions where the film is not perfectly continuous.  After heating the 

 

 

Figure 3.1: Scanning tunneling microscopy images for a 2.2 ML Re film deposited 

on Pt(111) at room temperature: a) before annealing; b) after annealing to 800 K for 

1 min; and c) after annealing to 1000 K for 5 min.  All images are 1000 Å x1000 Å. 
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surface to 800 K, (Figure 3.1b) the islands coalesce into larger, more regularly shaped 

structures that are still one atomic layer in height.  After heating to 1000 K (Figure 3.1c), 

the Re islands diffuse into the surface, resulting in a Pt-Re alloy.  This procedure for 

preparing the Pt-Re surface alloy was adapted from the work of Ramstad et al., in which 

Re films were also found to grow on Pt(111) in a layer-by-layer mode.13  

The surface composition of the Pt-Re surface alloy was evaluated by LEIS 

experiments.  Although the Pt and Re peaks cannot be clearly resolved due to the similar 

masses, it is still possible to extract qualitative information about surface composition.  

As shown in Figure 3.2, the spectrum for the 2.2 ML Re film (red trace) has a lower 

kinetic energy as well as a much lower intensity compared to the spectrum of clean 

Pt(111) (dotted trace).  The relative sensitivity factors for Re and Pt were determined by 

 

 

Figure 3.2: Low energy ion scattering 

spectra for a 2.2 ML Re film deposited 

on Pt(111) at room temperature and 

heated to 700 K, 800 K and 900 K for 

one minute each, and to 1000 K for 5 

min.  The dotted trace is the spectrum 

for the clean Pt(111) surface. 
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comparing intensities from polycrystalline Pt and Re foils with the same exposed surface 

areas.  The LEIS experiment is 1.9 times more sensitive to Pt compared to Re, but the 

large disparity in intensities in Figure 3.2 is also partially attributed to the higher surface 

order for the Pt(111) surface compared to the unannealed Re film.  After heating to 700 

and 800 K, the overall increase in intensity is ascribed to exposure of Pt atoms at the 

surface, and this behavior is consistent with the STM image in Figure 3.1b that shows Re 

from the islands diffusing into the surface.  At 900 K, the peak intensity continues to 

grow, and there is a clear shift to the higher kinetic energy associated with pure Pt.  After 

heating to 1000 K for 5 min to prepare the Pt-Re alloy surface, the peak intensity and 

position are nearly identical to that of the Pt(111) surface, indicating that the top 

monolayer consists primarily of Pt atoms.  Annealing at 1000 K for an additional 5 min 

did not change the LEIS spectrum.   

XPS experiments established that the binding energy shifts for the Pt(4f) and 

Re(4f) peaks observed for Re on Pt(111) annealed to 1000 K are similar to those 

previously reported for other surface Pt-Re alloys.13,37,50  For the clean Pt(111) surface, 

the Pt(4f7/2) peak is at 71.0 eV (Figure 3.3a).  After the deposition of 2.9 ML of Re, the Pt 

intensity is attenuated by 47%, and the binding energy shifts to 71.55 eV.  Annealing to 

1000 K for 5 min does not change the binding energy, but the signal intensity increases to 

70% of that on clean Pt(111) as surface Re atoms are driven into the bulk.  The +0.55 eV 

shift in binding energy compared to clean Pt(111) is too high to be explained by a surface 

core level shift, given that the binding energies of the surface and bulk states are observed 

at 70.5 eV and 70.9 eV, respectively.13,51  The Re(4f7/2) peak appears at 40.9 eV for the 
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2.9 ML Re film and does not shift upon annealing (Figure 3.3b).  Furthermore, the 17% 

decrease in Re signal after heating to 1000 K is consistent with the calculated 

attenuation49 of 20% for a model alloy surface, in which the top layer is pure Pt, and all 

of the Re atoms reside in the second, third, fourth and fifth layers, assuming a mean free 

path of 4.4 ML at an incident energy of 545 eV for the Re(4f7/2) photoelectrons.  For 

comparison, the Re(4f7/2) peak is found at 40.3 eV for single-crystal Re surfaces with no 

appreciable surface core-level shift.52,53  Thus, the higher Pt and Re binding energies for 

the Re/Pt surface are attributed to Re-Pt interactions in the alloy.  Pt-Re alloys prepared 

by depositing 50-100 ML Pt films on polycrystalline Re and annealing to 1400 K resulted 

in Pt and Re(4f7/2) binding energies of 71.8-71.9 eV and 40.5-40.6 eV, respectively.37,50  

In addition, a study of a bulk Pt(68%)-Re(32%) alloy reported similar binding energies of 

71.8 eV for Pt(4f7/2) and 40.8 eV for Re(4f7/2).
37  For Pt-Re surface alloys prepared by 

                 

 

Figure 3.3: X-ray photoelectron spectroscopy data for a 2.9 ML Re film deposited at 

room temperature and heated to 1000 K for 5 min to prepare the Pt-Re surface alloy: 

a) Pt(4f); and b) Re(4f) regions. The incident photon energy was 545 eV. 
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depositing Re coverages up to 1 ML on Pt(111) and annealing to 1000 K, the Re(4f7/2) 

binding energy was 40.8-41.1 eV.13   

The oxidation of a Re film and the Pt-Re alloy surface under 500 mTorr of O2 was 

studied using APXPS in order to understand the various oxidation states of Re and the 

stability of Re oxide under reaction conditions.  The Re(4f) region for a 1.6 ML Re film 

oxidized at room temperature and heated in oxygen up to 450 K is shown in Figure 3.4.  

For comparison, data for the Re film prepared in UHV before oxidation is also presented, 

and this spectrum is fit with one doublet with the Re(4f7/2) at 40.8 eV.   For all of the 

Re(4f) fits, the splitting between the two peaks was fixed at 2.45+0.1 eV, and the 

4f7/2:4f5/2 peak area ratio was fixed at 4:3; the position of the Re(4f7/2) peak is used to 

designate the binding energies of both peaks in the doublet.  The peak fits shown here are 

not unique, but in all cases the spectra were fit with the minimum number of peaks for the 

sake of simplicity, and the purpose of the peak fitting is to provide a general idea of the 

Re oxidation states present on these surfaces.  After exposure to O2 at room temperature, 

the main peak at 41.3 eV is assigned to Re+2, given that ReO has a +1.0 eV shift from the 

bulk value of 40.3 eV.54-56  Notably, atomic oxygen on metallic Re is also known to 

produce shifts of +0.2-0.7 eV from the binding energy of pure Re depending on the 

coordination number of the oxygen.54,55,57  Higher oxidation states are observed with 

peaks at ~44 eV and 45.2 eV.  After oxidation at 400 K, the 41.3 eV peak is still present, 

but the 44.0 eV peak becomes the most dominant feature.  This peak is attributed to Re+5, 

given that the binding energies for Re+6 (44.8-45.4 eV) are too high, and the binding 

energies of Re+4(42.3-42.8 eV) are too low.38,58-61  At 450 K, Re+5 is the primary 

oxidation state, but there is a smaller feature at 45.2 eV assigned to Re+6, and this binding 
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energy species is also observed as a shoulder in the spectrum at 295 K.  Although there is 

one report of Re+6 at 44.3 eV, the spectrum was not shown; the reported binding energy 

of Re+4 (43.2 eV) from the same work was also inconsistent with the other literature 

values, and the instrumental resolution based on data from other samples may preclude a 

definitive assignment.62  There are only a few cases in which binding energies of 43.7-

44.1 eV have been observed and tentatively assigned to Re+5.63-65  Pure Re2O5 is difficult 

to isolate and characterize because it is metastable in air, unstable in the presence of 

water and disproportionates into Re+4 and Re+7.66,67  It is therefore not surprising that the 

Re+5 oxidation state is not typically observed.  However, under reaction conditions in a 

water-free environment, it is possible that the Re+5 could constitute the main oxidized Re 

species.  A recent APXPS study of oxidation on Re foils have assigned the Re+7 and Re +6 

oxidation states to 45.5 and 43.1 eV, respectively.68  Since these assignments are in direct 

contradiction to all of the previous studies where Re+7 peaks are observed at 46.5-47 eV, 

and Re+6 at 44.8-45.4 eV we have followed the binding energy assignments supported by 

the existing literature.38,58,61,62,69 

When the highly oxidized Re film is exposed to CO oxidation conditions of 500 

mTorr O2: 50 mTorr CO at 400 K, almost no Re signal is detected (Figure 3.4, top panel).  

The disappearance of the Re is attributed to sublimation of Re2O7, which is known to be 

highly volatile and reported to desorb at temperatures as low as 423 K-600 K.38,39,58  

Under CO oxidation conditions, it appears that Re(V) oxide is readily converted to 

Re2O7, which immediately sublimes, and consequently the highly oxidized Re film is not 

stable under CO oxidation conditions.  However, the Pt-Re alloy surface is less easily 

oxidized than the Re film (Figure 3.5).  At 500 K in O2, there is still substantial 



www.manaraa.com

41 

contribution from metallic Re observed at 40.8 eV for the Pt-Re alloy in UHV.  The other 

main oxidation state is assigned again to Re+5 at 44.0 eV, and at 600 K, a large fraction of 

the Re is lost from the surface, presumably due to oxidation to Re2O7 and subsequent 

sublimation.  Oxidation of the Pt-Re alloy at lower temperatures of 450 K does not result 

in significant formation of Re oxide, and most of the surface Re remains metallic (data 

not shown).  

 

 

Figure 3.4: X-ray photoelectron 

spectroscopy data for the Re(4f) region 

for a 1.6 ML Re film on Pt(111): as 

prepared in UHV (bottom); after heating 

to various temperatures in 500 mTorr of 

O2 (middle); and after heating the 

oxidized film to 400 K in 500 mTorr O2 

and 50 mTorr of CO (top).  The incident 

photon energy was 545 eV.  The vertical 

scale for the bottom panel is twice that 

for the top and middle panels. 
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The O(1s) region indicates that O2 dissociation is more facile on the Re film and 

the Pt-Re surface compared to Pt(111) (Figure 3.6).  The O(1s) peak appears at 530 eV 

on Pt(111) and is consistent with previous studies of atomic oxygen on Pt(111).70,71  The 

O(1s) intensity is identical for oxidation at 295 K compared to 400 K (data not shown), 

and the high binding energy peak at ~538 eV is assigned to gas phase O2.
72,73  Oxidation 

at 450 K results in a small increase in peak height, but there is no appreciable change 

 

 

Figure 3.6: X-ray photoelectron 

spectroscopy data for the O(1s) region 

after heating the following surfaces to 

various temperatures in 500 mTorr O2: 

a) Pt(111); b) a 1.6 ML Re film on 

Pt(111); and c) a 2.2 ML Re film on 

Pt(111) heated to 1000 K for 5 

minutes to form the Pt-Re surface 

alloy.  The incident photon energy 

was 730 eV. 

 

 

 

Figure 3.5: X-ray photoelectron 

spectroscopy data for the Re(4f) region 

for a 2.0 ML Re film on Pt(111) heated 

to 1000 K for 5 minutes to form the Pt-

Re surface alloy: as prepared in UHV 

(bottom); and after heating to 500 and 

600 K in 500 mTorr of O2 (top).  The 

incident photon energy was 545 eV.  

The vertical scale for the bottom panel 

is twice that for the top panel. 
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after oxidation at 500 K.  There is no evidence for the shift in Pt(4f7/2) to higher binding 

energy associated with the formation of surface oxides.70  Oxidation of the Re film at 295 

K results in an O(1s) peak that is more than five times larger than on Pt(111) oxidized at 

the same temperature (Figure 3.6b).  The peak intensity does not change after heating to 

400 K and 450 K, and at higher temperatures the Re oxide decomposes and oxygen is lost 

from the surface.  In the case of the Pt-Re alloy, oxidation at 500 K resulted in ~35% less 

surface oxygen than on the Re film at 450 K, but the integrated O(1s) intensity for the Pt-

Re alloy was twice that of the Pt(111) surface oxidized at 500 K (Figure 3.6c).  Oxidizing 

the Pt-Re alloy at 600 K caused the oxygen signal to diminish due to the decomposition 

of Re oxide at these higher temperatures.  At 450 K, the O(1s) peak intensity on the PtRe 

alloy surface is similar to that on Pt(111) at the same temperature, and this behavior is 

consistent with the lack of Re oxide formation at 450 K.   

Changes in the Re oxidation state during CO oxidation (500 mTorr O2/50 mTorr 

CO) at various temperatures were also studied for the Re film and Pt-Re alloy.  As shown 

in Figure 3.7a, the Re(4f) spectrum is almost unchanged for the Pt-Re alloy at 400 K.  

The metallic Re peak is the main spectral feature, and the only evidence for oxidation is a 

barely detectable shoulder around 47 eV and a distinct broadening of the Re(4f5/2) peak 

compared to the Pt-Re alloy spectrum collected in UHV.  At 450 K, the peak at 47 eV 

increases, and the broadening of the Re(4f5/2) peak becomes more pronounced as the 

surface is further oxidized although the majority of Re is still in the metallic state.  The 

high binding energy features can be fit with a peak at 44.6 eV, but it is not clear if this 

peak corresponds to the Re+5 or Re+6 oxidation states since this binding energy appears 

between the usual ranges for these two oxidation states.  However, the binding energy is 
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closer to 44.8 eV, which is the lowest of the Re+6 values reported in the literature.38,58-61  

At 500 K, the majority of the Re is lost via sublimation of Re2O7.  For the Re film 

exposed to CO oxidation conditions without prior oxidation, substantial oxidation is 

observed even at 400 K (Figure 3.7b), indicating the reaction mixture of CO and O2 is 

still highly oxidizing despite the presence of CO.  The main peak is found at 44.5 eV and 

assigned to Re+5 or Re+6, and the shoulder at 47 eV is more intense than for the Pt-Re 

alloy at the same temperature.  At 450 K, the peaks continue to shift to higher binding 

energies as the Re becomes more oxidized, and the amount of Re remaining on the 

surface at 500 K is barely detectable. 

During the APXPS experiments, the activity for CO oxidation was investigated by 

monitoring the 44 amu (CO2), 28 amu (CO) and 32 amu signals (O2) with the mass 

                 

 

Figure 3.7: X-ray photoelectron spectroscopy data for the Re(4f) region for: a) the Pt-

Re alloy surface prepared by depositing 2.9 ML Re on Pt(111) and heating to 1000 K 

for 5 min; and b) a 2.0 ML Re film on Pt(111).  Spectra are shown for the surfaces 

immediately after preparation in UHV (bottom) and after heating in 500 mTorr O2/50 

mTorr CO to various temperatures (top).  The incident photon energy was 545 eV.  

The vertical scale for the bottom panels is three times that for the top panels. 
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spectrometer while the surfaces were under CO oxidation conditions.  The surfaces were 

heated to 400 K, 450 K and 500 K and held at each temperature for 30-50 min until the 

mass spectrometer signals were constant while XPS data was collected.  Data for CO2 

production (44 amu) are shown in Figure 3.8 for the Pt-Re alloy surface, Pt(111) and a Re 

film on Pt(111) as a function of reaction temperature.  For all three surfaces, there is no 

activity for CO oxidation below 400 K, a sharp increase in CO2 yield between 400 and 

450 K, and only a small further increase in CO2 production detected between 450 K and 

500 K.  Although the activities for all three surfaces are comparable, the Pt-Re alloy 

surface produces more CO2 than Pt(111) over the entire temperature range.  The Re film 

appears slightly less active than Pt(111) between 450 and 500 K, but this surface should 

 

 

Figure 3.8: A plot of the CO2 yield 

based on the mass spectrometer 

intensity at 44 amu as a function of 

temperature in 500 mTorr O2/50 

mTorr CO for reaction on: Pt(111) 

(circles); the Pt-Re alloy (2.9 ML Re 

on Pt(111), annealed at 1000 K for 5 

min, squares); and a 2.0 ML Re film 

on Pt(111) (triangles). 
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be similar in composition to Pt(111) since the majority of Re(VII) has sublimed from the 

surface between 450 and 500 K.  

The C(1s) and O(1s) regions during CO oxidation on Pt(111) indicate that CO 

remains on the surface until 450 K and desorbs after heating to 500 K (Figure 3.9).  The 

C(1s) region at 295 K shows a major peak at 286.6 eV that is attributed to CO, given that 

the binding energy and peak shape are exactly the same as the peak observed when 

oxidized Pt(111) is exposed to 200 mTorr of CO at 295 K.  In the higher binding energy 

region, the feature at 291 eV is assigned to gas phase CO;72-74  when Pt(111) oxidized at 

500 K is exposed to 200 mTorr of CO, a peak is observed at this same binding energy 

and disappears after the CO is pumped away.  The feature at ~293 eV is attributed to gas 

                 

 

Figure 3.9:  X-ray photoelectron spectroscopy data for the: a) C(1s); and b) O(1s) 

regions for Pt(111) while heating to various temperatures in 500 mTorr O2/50 mTorr 

CO.  The incident photon energies were 545 eV for the C(1s) region and 730 eV for 

the O(1s) region. 
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phase CO2
72,73 and is also present in the spectra acquired at 400, 450, and 500 K.  

Furthermore, the peak at 284 eV is ascribed to atomic carbon,75 which was still present 

on the surface after directly sputtering and annealing Pt(111) and is therefore not believed 

to be associated with CO adsorption or dissociation on the surface.  After heating to 400 

and 450 K, the intensity of the 286.6 eV peak is nearly unchanged, and the complete 

absence of this peak at 500 K indicates that all of the surface CO has desorbed.  The 

O(1s) region at 295 K (Figure 3.9b) exhibits a feature at 532.6 eV assigned to surface 

CO, and the  ~538 eV peak is attributed to gas phase CO74,76 and O2.
72,73  There is no 

decrease in intensity for the 532.6 eV peak at 400 K, but ~20% of the signal is lost at 450 

K.  At 500 K, the peak at 530.2 eV attributed to atomic oxygen on Pt is consistent with 

the binding energy of surface oxygen from O2 dissociation.  In addition, the 532.6 eV 

peak is absent at 500 K, in agreement with CO desorption at this temperature.  Further 

heating to 550 K results in no additional changes in either the C(1s) or O(1s) spectra.   

The C(1s) spectra collected during CO oxidation on the Pt-Re alloy demonstrate 

that the majority of the surface CO desorbs at 450 K, in contrast to what is observed on 

Pt(111).  The surface CO peak at 286.6 eV initially diminishes after heating to 400 K, 

decreases to 33% of its intensity at 295 K after heating to 450 K, and is not detectable 

above the noise at 500 K (Figure 3.10a).  No atomic carbon was detected on the surface 

after preparing the Pt-Re alloy in UHV, and therefore the 284 eV peak from atomic 

carbon is not observed.  In the O(1s) region at 295 K (Figure 3.10b), both atomic oxygen 

and CO are detected on the surface at 530.3 and 532.5 eV, respectively.  This confirms 

that the Pt-Re alloy surface dissociates O2 more readily than Pt(111), given that a distinct 

peak from atomic oxygen is not observed on Pt(111) at this temperature.  At 400 K, the 
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intensity of the 532.5 eV peak decreases relative to the 530.3 eV peak due to the 

desorption of CO, and at 450 K atomic oxygen is the main surface species.  The oxygen 

signal continues to diminish after heating to 500 K, presumably because Re2O7 sublimes 

from the surface at this temperature.  The intensity of the O(1s) peak at 500 K is similar 

to that on the Pt(111) under the same conditions.  

The Pt(4f) regions during CO oxidation for both Pt(111) and the Pt-Re alloy 

demonstrate that Pt is not oxidized under these reaction conditions (Figure A.1).  For 

Pt(111), there is no change in peak shape due to the appearance of a higher binding 

energy shoulder from oxidized Pt, but the Pt(4f7/2) peak gradually shifts by +0.3 eV from 

the binding energy of clean Pt(111) as the reaction temperature increases to 500 K.  Other 

                 

 

Figure 3.10:  X-ray photoelectron spectroscopy data for the: a) C(1s); and b) O(1s) 

regions for the Pt-Re alloy (3.3 ML of Re on Pt(111), heated to 1000 K for 5 min) 

while heating to various temperatures in 500 mTorr O2/50 mTorr CO.  The incident 

photon energies were 545 eV for the C(1s) region and 730 eV for the O(1s) region. 
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XPS studies also report a shift of around +0.3 eV in the Pt(4f7/2) binding energy for 

atomic oxygen on Pt(111).71  Between 500 and 550 K, there is a -0.15 eV shift as most of 

the surface species desorb from the surface.  For the Pt-Re alloy, the Pt(4f7/2) binding 

energy also shifts +0.3 eV between the value in UHV and the value at 450 K under 

reaction conditions.  However, Re is removed from the surface at 500 K, and the peak 

position returns to the 71.0 eV observed for clean Pt(111). 

 

3.4 DISCUSSION 

Pt-Re surface alloys are prepared by annealing Re films on Pt(111) to 1000 K, as 

previously reported for lower coverage Re films on Pt(111).13  STM experiments show 

that Re islands diffuse into Pt to form atomically flat surfaces, and LEIS studies 

demonstrate that the surface composition is ~ 100% Pt.  The diffusion of Re into Pt(111) 

is in agreement with the lower surface free energy of Pt compared to Re (2.5 77,78 vs. 3.6 

J/m2
 
79-81).  Moreover, other studies in the literature have demonstrated that Pt should 

segregate to the surface of Pt-Re alloys.  For example, a study of Pt films deposited on 

Re(0001) and annealed to 1000 K formed surface alloys that were Pt-rich.82  An XPS 

study of a Re3Pt polycrystalline alloy showed that the surface was enriched in Pt after 

annealing to 1200 K.14  These results agree with Monte Carlo simulations for 

unsupported Pt-Re nanoparticles with sizes of 580-4000 atoms that also report surface 

segregation of Pt after annealing to 600 K.83  The nanoparticles form core-shell structures 

in which the concentration of Pt at the surface is nearly 100% for Pt75Re25 and more than 

85% for Pt50Re50 clusters; Pt25Re75 clusters smaller than 1000 atoms contain exclusively 

Re atoms in the core. 
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APXPS data illustrate that under CO oxidation conditions, CO desorbs from the 

Pt-Re alloy surface at lower temperature than on Pt(111).  Specifically, there is no 

evidence for CO desorption on Pt(111) at 450 K, whereas the majority of CO has 

desorbed from the Pt-Re alloy surface.  These results are in agreement with previous 

UHV investigations reporting that CO is more strongly bound to Pt(111) than to the Pt-

Re alloy;  temperature programmed desorption (TPD) studies of CO showed that onset 

temperature for CO desorption is lowered by more than 100 K on the Pt-Re alloy surface 

compared to Pt(111).84  DFT calculations for CO on a Pt-Re alloy surface also support 

weaker CO adsorption on the Pt-Re alloy.  For example, a 23% decrease in CO binding 

energy compared to Pt(111) was calculated for CO on a Pt-Re alloy surface modeled as a 

four-layer slab with the structure Pt-Re-Pt-Pt.85  Similarly, a DFT study of CO adsorbed 

on 10-atom clusters showed that the adsorption energy for CO on Pt6Re4 was 36% lower 

than on Pt10.
85  Based on these results and the lower adsorption energy of CO on Pt-Re/C 

compared to Pt/C catalysts measured by microcalorimetry,16 it was proposed that the 

higher long-term activity of Pt-Re for oxidation reactions like APR is due to decreased 

CO poisoning since CO is more easily removed from Pt-Re compared to pure Pt.16-18  In 

contrast, in situ infrared spectroscopy experiments carried out during the WGS reaction at 

373 K on Pt/TiO2 and Pt-Re/TiO2 catalysts suggested that CO binds more strongly to Pt-

Re than pure Pt, given the greater CO concentration observed on Pt-Re versus Pt.86  It 

should also be noted that TPD of CO on Pt-Re/C and Pt/C catalysts showed higher 

desorption temperatures on Pt-Re/C.16  However, the results reported here for in situ 

studies of CO oxidation on Pt-Re demonstrate that CO binds more strongly to Pt than Pt-
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Re under oxidation conditions, and Pt is therefore more likely to be poisoned by CO 

during reactions in which CO is a byproduct. 

Oxygen dissociates more readily on the Pt-Re alloy surface than on Pt(111) both 

under CO oxidation conditions and upon exposure to pure O2.  The amount of O2 

dissociated during CO oxidation at 295 K is significantly higher on Pt-Re compared to 

pure Pt, and this is true up to temperatures of 500 K when almost all of the Re(VII) has 

sublimed.  For example, after exposure to pure O2 at 500 mTorr, the amount of atomic 

oxygen formed on the Pt-Re alloy at 500 K is 1.5 times that on the Pt(111) surface, and a 

distinct peak from atomic oxygen is not observed in CO oxidation on Pt(111) but is 

observed on the Pt-Re alloy.  However, UHV experiments for the adsorption of 20 L O2 

at room temperature reported that the resulting O(1s) signal was 30% lower on the Pt-Re 

alloy surface compared to Pt(111),84 and there was no evidence for Re oxidation under 

these conditions.  Our UHV experiments for the exposure of the Pt-Re alloy to O2 at 

room temperature also show no oxidation of Re, and the concentration of surface oxygen 

is identical to that of Pt(111).87  Higher oxygen exposure of 200 mTorr at room 

temperature for 2 hours induces oxidation of the Pt-Re alloy as well as an O(1s) signal 

that is 35% higher than on Pt(111).87   These results imply that O2 dissociation at higher 

pressures occurs more readily on the Pt-Re alloy than on Pt(111), whereas for lower O2 

exposures, the Pt-Re alloy and Pt(111) exhibit similar behaviors.  It is assumed that the 

Re diffuses to the surface of the Pt-Re alloy to induce O2 dissociation, given that Re 

oxidation and sublimation of Re2O7 are observed at temperatures of 450-500 K, and the 

higher O2 pressures may promote diffusion of Re to the surface.  Similarly, in Pt-Ni and 

Pt-Co alloys, surface segregation of Ni and Co occurred upon oxidation,88-90 and oxygen-
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induced segregation of other 3d metals was demonstrated by DFT studies for Pt-3d-Pt 

surface structures.90,91  Another possibility is that the presence of Re under the Pt 

monolayer alters the chemical activity of Pt toward O2 dissociation.  However, DFT 

studies of Pt alloyed with the 3d metals in a 4-layer slab structure of Pt-3d-Pt-Pt show 

that the stability of the oxidized surface is greater for pure Pt than for the modified Pt 

surface;92 likewise, DFT investigations of a Pt monolayer covering a Pt3Co alloy surface 

indicate that the binding energy of oxygen is weaker on the Pt monolayer compared to 

the Pt(111).93  Thus, there is no evidence that modification of Pt by an underlying 

transition metal like Re would enhance O2 dissociation activity. 

Under CO oxidation conditions at 400 K and above, the Re films on Pt(111) are 

unstable due to the formation and sublimation of the volatile Re2O7.  However, the Pt-Re 

alloy is more resistant to Re oxidation and Re loss by sublimation.  From this perspective, 

pure Re catalysts are not likely to be stable under highly oxidizing conditions although 

Re clusters supported on alumina are reported to be more resistant to sublimation than Re 

films on metal supports; for example, strong interactions between the support and 

partially oxidized Re are believed to inhibit oxidation to Re2O7 and subsequent 

sublimation for Re on alumina.38  Furthermore, Re oxide particles on metal oxide 

supports are stable under methanol oxidation conditions up to 553 K.60  Re-based 

catalysts are also better suited to oxidants such as water used in the WGS and APR 

reactions since water is less able to oxidize Re compared to O2.
19,30,86 
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3.5 CONCLUSIONS 

CO binds less strongly to Pt-Re compared to Pt(111) during CO oxidation, 

implying that the Pt-Re alloy surface should be more resistant to poisoning by CO 

byproducts during oxidation reactions.  Furthermore, Pt-Re dissociates O2 more readily 

than pure Pt, and this suggests that the Pt-Re surfaces are less likely to be poisoned by 

carbonaceous residues during reaction since more atomic oxygen is available for 

oxidation of surface carbon.  Re films on Pt are unstable in an oxidizing environment due 

to formation and sublimation of Re2O7 at temperatures below 500 K;  however, the Pt-Re 

alloy surface, which consists of mainly Pt atoms in the top monolayer, is more resistant 

toward Re oxidation and sublimation. 
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CHAPTER 4 

IN SITU AMBIENT PRESSURE X-RAY PHOTOELECTRON SPECTROSCOPY STUDIES 

OF METHANOL OXIDATION ON PT(111) AND PT-RE ALLOYS2 

                                                 

 

 

2 Reprinted (adapted) with permission from Duke, A. S.; Galhenage, R. P.; Tenney, S. A.; 

Ammal, S. C.; Heyden, A.; Sutter, P.; Chen, D. A. In Situ Ambient Pressure X-ray 

Photoelectron Spectroscopy Studies of Methanol Oxidation on Pt(111) and Pt-Re Alloys. 

J. Phys. Chem. C, 2015, 119 (40), 23082-23093. Copyright 2015 American Chemical 

Society. 



www.manaraa.com

 

64 

4.1 INTRODUCTION 

Pt−Re bimetallic systems constitute important industrial catalysts for hydrocarbon 

reforming and have been used commercially since the 1960s.1−3 The addition of Re is 

known to promote activity as well as stability in Pt/Al2O3 reforming catalysts, and it is 

believed that Re prevents poisoning of Pt active sites by carbon residues.1,3−6 More 

recently, Pt−Re catalysts have also been reported to exhibit superior activity compared to 

pure Pt in reactions involving oxidation processes. For example, Pt−Re/C catalysts have 

been used for aqueous phase reforming (APR) of glycerol to produce CO2 and H2;
7-12 this 

reaction is of particular interest because glycerol serves as a model compound for 

understanding the chemistry of the carbohydrates formed in biomass reforming. 

Furthermore, Pt−Re/TiO2 catalysts show enhanced activity and longer lifetimes for the 

water-gas shift (WGS) reaction compared to Pt/TiO2,
13−16 and the greater activity for 

WGS is attributed to more facile water dissociation at ReOx sites.13,14,17 

The exact role of Re in promoting APR is still a topic of debate. It has been 

proposed that Re changes the electronic properties of Pt so that CO adsorption to the 

metal is weakened, thereby preventing CO poisoning on Pt.7 Alternatively, it has also 

been proposed that the increased activity for APR on the Pt−Re catalysts can be directly 

attributed to enhanced WGS activity that decreases CO coverage and increases overall 

activity.9,10,18 Furthermore, there is still controversy as to whether CO binds more 

strongly or less strongly to Pt−Re compared to Pt. Temperature-programmed desorption 

studies in ultrahigh vacuum report that CO binding is weaker on a Pt−Re alloy surface 

compared to Pt(111),19 and this result is supported by DFT calculations for CO on Pt−Re 

alloy surfaces.20,21 In contrast, infrared spectroscopy studies show that CO adsorbs more 
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strongly to Pt−Re than Pt under WGS conditions,15,22 but a recent study of steam 

reforming on Pt−Re/C suggests that spillover of CO from Pt to ReOx
22 promotes CO 

desorption and CO2 production. 

We have studied methanol oxidation as a probe reaction to better understand 

oxidation chemistry on the Pt-Re bimetallic surfaces, given that this reaction has been 

well-studied on Pt surfaces.23-27  Furthermore, Re particles on metal oxide supports are 

reported to be highly selective catalysts for the oxidation of methanol to methylal, and 

ReOx rather than metallic Re is believed to serve as the active phase.28−31 In the work 

presented here, we find that ReOx does not play a major role in methanol oxidation 

activity because it is not stable under reaction conditions above 450 K. There is no 

evidence for increased CO poisoning on Pt compared to Pt−Re surfaces under reaction 

conditions, but the Pt−Re alloy surface is less susceptible to poisoning by carbonaceous 

residues than pure Pt. The presence of Re promotes the production of the fully oxidized 

products like CO2 and H2O over CO and H2. Both of these results are attributed to 

increased O2 dissociation on the Pt−Re alloy, providing a source of oxygen for carbon 

removal and oxidation of surface species. Although the Pt−Re alloy surface consists of a 

monolayer of pure Pt at the surface before exposure to adsorbates, Re atoms appear to 

diffuse to the surface at elevated temperature during methanol oxidation. The fact that the 

majority of Re atoms still reside subsurface in the Pt−Re alloy protects the Re from 

sublimation as Re2O7. 

 

4.2 EXPERIMENTAL 

All experiments were conducted in an ultrahigh vacuum chamber (base pressure 

∼2 × 10−9 Torr) at the X1A1 beamline at the National Synchrotron Light Source at 
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Brookhaven National Laboratory. This chamber is equipped with a differentially pumped 

hemispherical analyzer (SPECS Phoibos 150 NAP) with a CEM 9-channeltron detector 

for APXPS studies and a quadrupole mass spectrometer (Pfeiffer Prisma Plus, QME220) 

for monitoring gaseous reaction products; the details of this experimental setup have been 

described elsewhere.32,33 

Experiments were carried out on a Pt(111) single crystal (99.999%, Princeton 

Scientific Corp., 8 mm diameter, 2 mm thickness). The crystal was heated by a ceramic 

button heater (HeatWave Labs), which was covered by a thin Ta foil and pressed against 

the back of the sample; the sample temperature was monitored by a chromel−alumel 

thermocouple spotwelded directly to the edge of the crystal. The Pt crystal was cleaned 

by cycles of Ar ion sputtering (10 min, 1 kV) in 1.0 × 10−5 Torr of Ar (99.9995%, 

Matheson), followed by annealing to 1000 K for 3 min. In order to remove residual 

carbon, the crystal was also heated to 550 K for 30 min in 500 mTorr of O2 (99.997%, 

Matheson). 

Re was deposited on the Pt(111) surface at room temperature using a commercial 

electron-beam evaporator (SPECS, EBE-1) from a 2 mm diameter Re rod (ESPI, 

99.99%). Re coverages were determined from XPS experiments, based on the attenuation 

of the Pt(4f) signal and assuming layer-by-layer growth for the Re films at room 

temperature;32,34 the Re deposition rate was 0.2−0.3 monolayers (ML)/min. The Pt−Re 

surface alloys were prepared by heating Re films to 1000 K for 5 min,32,34 and the 

attenuation of the Re(4f) XPS signal before and after annealing was consistent with Re in 

the second and third subsurface layers (Appendix B). Re films and alloy surfaces were 

oxidized at 450 or 490 K by heating in 500 mTorr of O2 for 20−50 min. 
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For methanol oxidation experiments, the chamber was backfilled first with 200 

mTorr of O2, followed by the addition of 100 mTorr methanol (≥99.8%, Macron Fine 

Chemicals) through two separate variable leak valves, while maintaining the Pt(111) 

crystal temperature at 300 K. After multiple exposures of the chamber to the reactant 

gases, the base pressure rose to ∼2 × 10−8 Torr. The methanol was purified by two 

freeze− pump−thaw cycles immediately before use. XPS spectra were collected over the 

range of 300−550 K in intervals of 25 or 50 K. Incident photon energies were 303 eV for 

Re(4f) and Pt(4f) spectra, 533 eV for the C(1s) spectra, and 725 or 716 eV for the O(1s) 

spectra. The relative binding energies were set according to the Fermi edge in the valence 

band region, and the absolute binding energies were determined by setting the Pt(4f7/2) 

peak for the clean Pt(111) surface at 71.0 eV. 

In order to monitor chemical activity during the XPS experiments, a 0.76 mm 

diameter stainless steel capillary tube was positioned ∼1 mm away from the surface of 

the crystal to allow sampling of the gaseous products evolving from the surface. The 

capillary tube was differentially pumped into an antechamber with a mass spectrometer, 

which monitored nine different masses (2, 16, 18, 28, 30, 31, 32, 44, and 46 amu) during 

the APXPS experiment. 

Mass spectrometer signals were corrected for the mass fragmentation of other 

gaseous species, and the details of these corrections are given in Appendix B. 

Furthermore, daily variations in the mass spectrometer signals arising from instability of 

the electron multiplier were corrected by normalizing all of the signals to the 32 amu 

signal for pure O2 leaked into the chamber at a known pressure. 
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Peak fitting was carried out with the shareware programs FitXPS2 for the Re(4f) 

region and XPSPeak for the C(1s) and O(1s) regions. A linear background and 

asymmetric peak shapes were used for the Re(4f) spectra, while a Shirley background 

and Gaussian−Lorentzian peak shapes were used for the C(1s) and O(1s) spectra. 

 

4.3 COMPUTATIONAL DETAILS 

Density functional theory (DFT) calculations for the Pt−Re alloy model were 

performed using the Vienna ab initio simulation package (VASP 5.3).35,36 The projector 

augmented-wave (PAW)37 potentials were used along with the exchange-correlation 

functionals parametrized by Perdew, Burke, and Ernzerhof (PBE)38 for the generalized 

gradient approximation (GGA). The convergence criteria were chosen to be less than 10−6 

eV for the electronic structure and 0.02 eV/ Å for the geometry optimization at an energy 

cutoff of 500 eV. An equilibrium lattice constant of Pt (3.976 Å) was calculated from the 

PBE functional and was used to build a [3 × 3] supercell for the Pt(111) surface slab, 

which had a thickness of five layers and a vacuum spacing of 15 Å. The Pt−Re alloy 

models were constructed by replacing a layer of Pt atoms with Re atoms. A (3 × 3 × 1) 

Monkhorst−Pack39 k-mesh was used for structural relaxation while the bottom layer 

atoms of the slab model were fixed to their bulk coordinates. Energies were calculated 

with a (5 × 5 × 2) k-mesh. The electronic states were smeared using a first-order 

Methfessel−Paxton scheme40 with a smearing of 0.2 eV, and the dipole corrections to the 

energy were taken into account using a modified version of the Markov and Payne 

method.41 The adsorption energy (𝐸𝑎𝑑𝑠) of an oxygen atom on a metal slab was calculated 

using the formula, 𝐸𝑎𝑑𝑠 =  𝐸𝑠𝑙𝑎𝑏−𝑂 −  𝐸𝑠𝑙𝑎𝑏 −
1

2
𝐸𝑂2

 where 𝐸𝑠𝑙𝑎𝑏−𝑂 is the total energy of 
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the metal slab with an adsorbed O atom, and 𝐸𝑠𝑙𝑎𝑏 and 𝐸𝑂2
 represent the total energies of 

the clean metal slab and the oxygen molecule, respectively.  The energy of an O2 

molecule is obtained from the experimental value of the H2O splitting reaction to correct 

for the systematic O2 overbinding error associated with DFT methods.42,43 

 

4.4 RESULTS 

APXPS Studies 

Re(4f) and Pt(4f) Regions 

Changes in Re oxidation state during methanol oxidation were studied as a 

function of increasing reaction temperature on an oxidized Re film as well as on oxidized 

and unoxidized Pt−Re alloy surfaces.  For all Re(4f) spectra, the 4f7/2 and 4f5/2 peaks were 

separated by 2.42 ± 0.1 eV, and the peak area ratio was constrained to 4:3, respectively; 

peak positions of the Re(4f) doublet are designated by only the 4f7/2 binding energies for 

simplicity. Although the peak fits are not unique, they provide insight into the main Re 

oxidation states present, and in general, the spectra were fit with the minimum number of 

components. 

The oxidized Re film was prepared by depositing 2.1 ML of Re on Pt(111) at 

room temperature and then exposing to 500 mTorr of O2 at 450 K. The Re(4f7/2) peak for 

the unoxidized film appears at 40.8 eV, which is shifted by approximately +0.5 eV 

compared to the binding energy of single-crystal Re44−46 surfaces; the 40.8 eV binding 

energy is in agreement with previous studies of Re films on Pt(111).32 After oxidation, 

the Re(4f7/2) peaks appear at significantly higher binding energy compared to metallic Re 

(Figure 4.1a). The resulting spectrum is fit with peaks at 44.1 eV, which is attributed to 
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Re5+, and 44.9 eV, which is assigned to Re6+ and accounts for 35% of the total integrated 

Re signal. There is also a minor (5%) contribution from a 46.0 eV peak assigned to 

Re7+.47−50 Although Re5+ is not commonly observed due to the instability of Re2O5 in the 

presence of air and water,51,52 Re5+ has been previously reported by our group for 

oxidized Re surfaces studied with in situ XPS.32 The binding energy of ∼44 eV is also 

consistent with reports of Re5+ in other mixed metal systems,53−55 and this value lies 

 

 

Figure 4.1: APXPS data for the Re(4f) region for the following surfaces heated to 

various temperatures under 200 mTorr of O2 and 100 mTorr of methanol: a) Re film 

(2.1 ML) on Pt(111) after exposure to 500 mTorr of O2 at 450 K; b) Pt-Re alloy (1.3 

ML Re); c) Pt-Re alloy (1.8 ML Re) exposed to 500mTorr of O2 at 450 K; and d) Pt-

Re alloy (2.0 ML Re) after exposure to 500 mTorr of O2 at 490 K.  The bottom 

spectra in a, c and d were collected in 500 mTorr of O2.  The incident photon energy 

was 303 eV. 
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between the accepted binding energies for Re6+ (44.8−45.4 eV) and Re4+ (42.3−42.8 

eV).28,29,47,48,56 

Exposure of the oxidized Re film to methanol oxidation conditions (200 mTorr of 

O2/100 mTorr of methanol) at 300 K reduced the oxidized Re film. The resulting surface 

was composed of multiple Re oxidation states ranging from Re2+ or Re3+ at 41.7 eV, Re4+ 

at 42.6 eV, Re5+ at 43.7 eV, and Re6+ or Re7+ at 45.7 eV.44,57,58 The 41.7 eV peak is higher 

in binding energy than the 41.3−41.4 eV reported in the literature for Re2+ and closer to 

the 42.0 eV value reported for Re3+,44 but the Re(4f7/2) peak for metallic Re on Pt(111) is 

also ∼0.5 eV higher than the binding energy for pure metallic Re surfaces. The reactant 

mixture of O2 and methanol is a highly reducing environment for the oxidized Re film at 

room temperature despite the presence of O2 in the mixture. At 350 K, the surface is 

further reduced so that the dominant feature is at 41.5 eV although there are still minor 

contributions from Re4+ (17%), Re5+ (17%), and Re7+ (3%). At 400 K, the peak shape is 

mostly unchanged, but the contributions from the higher oxidation states disappear; the 

resulting spectrum can be fit with peaks corresponding to Re2+/Re3+ and Re4+ only. At 450 

and 500 K, the Re signals decrease to 6% and 2% of the values at 300 K, respectively, 

and this disappearance of Re is attributed to the formation and subsequent sublimation of 

volatile Re2O7 at the higher temperatures.47,59 Our previous studies of the oxidation of Re 

films on Pt(111) reported similar loss of Re from the surface. Re disappeared from the 

surface when heated in O2 or a mixture of CO and O2 at O2 pressures of ∼500 mTorr, 

whereas no Re loss was detected when heating in the absence of O2.
32 

In contrast to the Re film, the exposure of the Pt−Re alloy surface to methanol 

oxidation conditions causes minimal Re oxidation (Figure 4.1b). Deposition of 1.3 ML of 
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Re on Pt(111) at room temperature results in a Re(4f7/2) peak at 40.9 eV, and after 

heating to 1000 K to form the alloy, the binding energy shifts to 41.2 eV. The spectrum 

for the Pt−Re alloy surface is fit with a single 4f doublet with a FWHM of 0.9 eV, and 

the peak shape is unchanged from that of the unannealed Re film. After this surface is 

exposed to methanol/O2 at 300 K, a barely detectable shoulder appears at higher binding 

energy and is assigned to oxidation of Re. At 400 K under reaction conditions, the high 

binding energy shoulder is fit with a doublet at 43.8 eV and assigned to Re5+. This small 

shoulder accounts for only 6.5−7% of the total Re(4f) area at both 300 and 400 K. At 500 

K, the shoulder disappears, and the spectrum at 550 K is fit with a single doublet at 41.2 

eV, indicating that only metallic Re is present. After the Pt−Re alloy surface is heated to 

500 K under reaction conditions, the ratio of the Re/ Pt integrated intensities for the 

Pt(4f7/2) and Re(4f7/2) peaks increases by 12−15% compared to the values for this same 

surface immediately after preparation in UHV. This suggests that there is diffusion of Re 

to the surface upon heating under reaction conditions, but diffusion is not significant until 

450 K, which is the temperature corresponding to the initial increase in Re/Pt ratio. 

It is possible to induce substantial oxidation of the Pt−Re alloy by exposure to 

500 mTorr of O2 at 450 K (Figure 4.1c). The alloy surface was initially prepared by 

depositing 1.8 ML of Re on Pt(111) at room temperature and heating to 1000 K for 5 min 

prior to O2 exposure. After oxidation, the main spectral feature is the metallic Re peak at 

41.1 eV from alloyed Re, but the data are also fit with peaks at 44.2 and 44.8 eV assigned 

to Re5+ and Re6+, respectively; oxidized Re accounts for 18% of the total Re signal. The 

Re alloy is not as readily oxidized as the Re film on Pt, given that metallic Re is still the 

main species after oxidation of the alloy surface. Upon exposure of this surface to the 
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methanol/O2 reactant gases at 300 K, the Re6+ contribution disappears completely, and the 

spectrum is fit with peaks from metallic Re at 41.1 eV and Re5+ at 44.0 eV, with the latter 

accounting for 23% of the Re signal. At 350 K, the Re5+ contribution diminishes to 13% 

as the surface is further reduced. At 400 K, the appearance of a small feature at 46.3 eV 

assigned to Re7+ demonstrates that oxidation of Re can occur at this temperature, but the 

contribution of Re7+ is only 4% of the total signal. At higher temperatures of 450−550 K, 

only metallic Re is observed. The Re/Pt XPS ratio initially increases by 16% upon 

exposure of the alloy surface to O2 at 450 K, indicating Re segregation to the surface 

during oxidation. However, the Re/Pt ratio during methanol oxidation at 500 K is 10% 

lower than that of the freshly prepared alloy surface; this suggests that additional Re does 

not diffuse to the surface during methanol oxidation at elevated temperatures, unlike for 

the unoxidized Pt−Re alloy, and the slight decrease in Re/Pt ratio at 500 K may be due to 

loss of Re from Re2O7 sublimation. 

Changes in Re oxidation state under reaction conditions were also studied for a 

Pt−Re alloy (2.0 ML Re) surface oxidized in 500 mTorr of O2 at a higher temperature of 

490 K before exposure to methanol/O2 (Figure 4.1d). Upon initial oxidation, metallic Re 

is observed at 41.2 eV, but higher oxidation states of +5 and +6 are also detected, and 

each accounts for ∼25% of the Re signal intensity. After exposure to the reaction mixture 

at 300 K, the Re is reduced, and metallic Re accounts for 78% of the Re signal; in 

addition to Re4+ at 42.6 eV, a small amount (6%) of Re7+ is detected at 46.1 eV. At 350 K, 

metallic Re accounts for 83% of the total signal, whereas Re4+ and Re7+ each account for 

only 8−9% of the Re signal. At 400 K, only metallic Re and Re+7 at 46.1 eV are observed, 

with the latter comprising 8% of the Re signal. At higher reaction temperatures of 
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450−550 K, only metallic Re is observed on the surface. The Re/Pt XPS ratio for this 

alloy surface directly after exposure to O2 at 490 K is significantly higher than that of the 

alloy exposed to O2 at 450 K (0.15 vs 0.09) despite the similar Re coverages for both 

surfaces (2.0 vs 1.8 ML, respectively). This implies that the higher oxidation temperature 

for the alloy induced greater diffusion of Re to the surface. However, under methanol 

oxidation conditions at 450 and 500 K, the Re/Pt ratio for the 490 K oxidized surface is 

within ∼5% of the value before exposure to the reactant gases, demonstrating that there is 

less change in Re composition under reaction conditions than for the unoxidized Pt−Re 

alloy. 

Pt(4f) spectra were collected for all surfaces during methanol oxidation, and there 

was no broadening of the Pt(4f7/2) peak due to Pt oxidation (Figure B.1). However, there 

is a +0.2 eV shift to higher binding energy at all temperatures when the surface is 

exposed to reaction conditions compared to the (4f7/2) binding energy of the clean Pt 

surface. This increase in binding energy is ascribed to a surface core level shift, which 

occurs when the intensity contributed by the lower coordination surface sites is lost due 

to binding to adsorbates, and therefore the Pt(4f7/2) peak appears to shift to higher binding 

energy.34,60 

 

C(1s) Region 

During the APXPS experiments, C(1s) spectra were acquired on various surfaces 

for methanol oxidation at different temperatures. On Pt(111), the C(1s) region at 300 K 

exhibits three distinct binding energy peaks at 283.9, 286.0, and 287.7 eV (Figure 4.2a). 

The peak at 283.9 eV is attributed to CHx (x = 0−3) on Pt, based on binding energies 

reported in the literature for CHx on Pt(111)23 and atomic carbon on Pt(111),23,33,61,62 as 
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well as CH3 on Pd(111).63,64 Residual carbon was detected on the surface even after 

cleaning Pt(111) by sputtering and annealing, followed by heating in O2. The carbon 

signal from the clean Pt surface in UHV before exposure to methanol is shown as a 

dotted black line after correcting for the attenuation expected in the reaction gas mixture. 

Not all of the atomic carbon originates from carbon on the surface before reaction, and 

the carbon signal before reaction accounts for <20% of the total carbon signal after 

exposure to methanol.  

The peak at 286.0 eV occurs in the range associated with adsorbed CO on 

supported Pt clusters65,66 and Pt(111);23 this is also consistent with the detection of 

gaseous CO as a major product in methanol decomposition in UHV on oxidized and 

 

 

Figure 4.2: APXPS data for the C(1s) region for the following surfaces heated to 

various temperatures under 200 mTorr of O2 and 100 mTorr of methanol: a) Pt(111); 

b) Pt-Re alloy (1.3 ML Re); c) Pt-Re alloy (1.8 ML Re) exposed to 500mTorr of O2 at 

450 K; and d) Re film (2.1 ML) on Pt(111) after exposure to 500 mTorr of O2 at 450 

K; and e)  Pt-Re alloy (2.0 ML Re) after exposure to 500 mTorr of O2 at 490 K.  The 

incident photon energy was 533 eV, and the vertical scale is the same for all spectra so 

that intensities can be directly compared. 
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unoxidized Pt single crystal surfaces.24,67−70 Furthermore, CO is observed as a surface 

intermediate in methanol oxidation and decomposition on Pt(111) both in UHV24,67 and 

under higher pressure conditions.23,25 The binding energy associated with a methoxy 

intermediate also appears around 286 eV, but methoxy is not observed on Pt(111) at 

room temperature in UHV experiments because C−H bond scission occurs above 140 

K.24 Although methoxy has been detected on oxygen-covered Pt(111)24,68,69 as well as on 

reconstructed (2 × 1)Pt(110),67 methoxy decomposes above 200 K. Therefore, the main 

contribution to the 286.0 eV peak is believed to be from adsorbed CO rather than surface 

methoxy, which should not be stable at 300 K. 

The 287.7 eV peak is assigned to either gaseous methanol or surface formate. 

Similar binding energies are reported for gaseous methanol in the literature.23,64,71 

However, a previous APXPS study of methanol oxidation on Pt(111) ascribed intensity at 

287.7 eV to surface formate,23 given that formate on Cu appears at 287.7 eV.71,72 Formate 

is not observed as an intermediate for methanol decomposition in UHV, but it has been 

observed in infrared spectroscopy experiments for methanol oxidation on Pt(111) at high 

pressures (12 Torr of CH3OH/10 Torr of O2) and temperatures of 330−400 K.25 

After heating to 350 K, the overall carbon signal on Pt(111) is diminished by 

∼50% although the relative ratios of the three carbon species remain approximately the 

same. After heating to 400 K, 50% of the carbon signal is lost; CHx becomes the main 

carbon-containing surface species, and contributions from the higher binding energy 

species account for ∼15% of the total signal. However, above 400 K, the carbon signal 

begins to increase, and at 450 K, it is twice as large as at 400 K. Most of the carbon 

intensity appears at ∼284 eV, and a shoulder around 286 eV is also visible, perhaps due 
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to transient intermediates such as CO on the surface. Additional heating to 500 and 550 K 

does not change the C(1s) peak shape and intensity. The ∼284 eV binding energy peak at 

higher temperatures is most likely from atomic carbon rather than a CHx species because 

C−H bond breaking occurs at low temperatures.23 Specifically, C−H bond breaking in 

CH3 during methanol decomposition on Pt(111) occurs at 220 K.73 

Methanol oxidation was also carried out on the Pt−Re alloy surface under 

identical reaction conditions (Figure 4.2b). At 300 K, the total carbon signal is 25% lower 

than that on Pt(111), but the same three peaks at 283.9, 285.9, and 287.7 eV are observed 

and again assigned to CHx (x = 0−3), CO, and gaseous methanol, respectively. The 

dashed black trace represents the carbon signal on the Pt−Re alloy before exposure to 

reactants, indicating that ∼20% of the carbon is present on the Pt−Re alloy surface before 

any methanol decomposition. At 350 K, the 283.9 eV peak decreases to ∼70% of the 300 

K intensity, with the 285.9 and 287.7 eV peaks diminishing more rapidly than CHx. At 

400 K, the 283.9 eV signal intensity remains the same, while the higher binding energy 

peaks decrease almost to zero. There is little change in the carbon spectra between 400 

and 550 K, in contrast to reaction on Pt(111), where the carbon peak increases 

significantly at 450 K. On the Pt−Re alloy, the total carbon signal decreases by 20% after 

heating from 500 to 550 K, and a shoulder around 286 eV is observed at 500 and 550 K. 

The amount of surface carbon at 550 K under reaction conditions is only half of that on 

Pt(111) at the same temperature. In addition, the amount of CO (286 eV) on the surface is 

the same on Pt versus the Pt−Re alloy and diminishes almost to zero at 400 K and above, 

indicating that CO poisoning is not an issue. 



www.manaraa.com

 

78 

Experiments conducted on the Pt−Re alloy surface oxidized at 450 K before 

exposure to methanol show that very little carbon is deposited on the surface during 

methanol reaction, particularly at the higher temperatures (Figure 4.2c). The amount of 

carbon on the surface before methanol reaction (dotted trace) is reduced to <15% of the 

carbon initially on the unoxidized Pt−Re alloy. After exposure to reaction conditions at 

300 K, the C(1s) spectrum exhibits peaks from the same three carbon-containing species, 

but the peak at ∼286 eV is the dominant feature in the spectrum rather than CHx at ~284 

eV.  Furthermore, the total carbon signal is <70% of that on the unoxidized alloy at the 

same temperature. After heating to 350 K, the decrease in the 284 eV peak is not as great 

as the attenuation of the two higher binding energy peaks. At 400 K, the 284 eV species 

accounts for 75% of the surface carbon, and at higher temperatures of 450−550 K, almost 

no surface carbon is detected. 

Methanol oxidation was also studied on a Re film on Pt(111) that was oxidized at 

450 K without annealing to form the alloy (Figure 4.2d). There is very little carbon 

present before exposure to reaction conditions, as indicated by the dotted trace, and the 

carbon signal before reaction is <12% of that after reaction at 300 K. The C(1s) spectrum 

at 300 K under reaction conditions is similar to that of the oxidized Pt−Re alloy. 

However, after heating to 350 K, the carbon signal is twice that on the oxidized Pt−Re 

alloy surface at the same temperature, and there is a greater contribution from the higher 

binding energy species, suggesting that there are more carbon-containing intermediates 

on the oxidized Re film. At 400 K, the major carbon species appears at 284 eV although 

the higher binding energy peaks account for 45% of the total signal; the total integrated 
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carbon intensity is 2.7 times greater than on the oxidized Pt−Re surface. At 450 and 500 

K, almost all of the carbon is removed from the surface. 

The Pt−Re alloy that was initially oxidized at higher temperature (490 K) to form 

Re oxide shows no surface carbon before methanol reaction (Figure 4.2e). At 300 K in 

methanol/O2, the main carbon species appears at 285.7 eV although CHx at 283.8 eV and 

gaseous methanol at 287.7 eV are also detected. At 350 K, the 285.7 eV peak is 

significantly attenuated such that the 283.8 eV peak has comparable intensity. At 400 and 

450 K, the 285.7 eV peak continues to decrease while the 283.8 eV peak retains nearly 

the same intensity. After heating from 450 to 500 K, the carbon signal increases by 25%. 

Atomic carbon is the main carbon-containing surface species, and its intensity is similar 

to that on the unoxidized Pt−Re alloy under the same conditions. At 550 K, almost all of 

the surface carbon is removed, and only a small peak at 286.3 eV is detected. 

 

O(1s) Region 

The O(1s) spectra were collected as a function of temperature during methanol 

oxidation on different surfaces. The spectra for the Pt(111) and Pt−Re alloy surfaces have 

comparable peak shapes and intensities at room temperature (Figure 4.3a,b), where the 

spectra can be fit with three peaks at 530.6, 532.4, and 534.1 eV. The 530.6 eV peak is 

assigned to atomic oxygen since it is in general agreement with the binding energies 

observed after oxygen dissociation on Pt(111),32,74,75 and the 532.4 eV peak has a binding 

energy that is consistent with CO on Pt(111)32 and other metal surfaces.76,77 The highest 

binding energy peak at 534.1 eV is attributed to gas-phase water or methanol, which 

appear around 534 and 535 eV, respectively.71 At 350 K, the overall intensities decrease 

to 30−45% of their values at 300 K, and the 532.4 eV species (CO) becomes the 
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dominant feature. At 400 K, the O(1s) signal on both surfaces decreases nearly to zero, 

but a small amount of oxygen persists on the surface between 450 and 550 K. On Pt(111) 

and the Pt−Re alloy at 550 K, the main peak is centered around 531 eV and attributed to 

atomic oxygen. For reaction on the Pt−Re alloy oxidized at 450 K (Figure 4.3c), the 

spectrum at 300 K is similar in intensity and peak shape to that of Pt and unoxidized 

Pt−Re. At 350 K, the oxygen intensity decreases dramatically as intermediates desorb 

from the surface, and the overall intensity is 20−25% lower than that on unoxidized 

Pt−Re. At a reaction temperature of 400−550 K, the oxygen signal is barely detectable.   

The O(1s) spectra during methanol reaction on the Re film oxidized at 450 K 

(Figure 4.3d) before exposure to the reactants is qualitatively different from the three 

 

 

Figure 4.3: APXPS data for the O(1s) region for the following surfaces heated to 

various temperatures under 200 mTorr of O2 and 100 mTorr of methanol: a) Pt(111); 

b) Pt-Re alloy (1.3 ML Re); c) Pt-Re alloy (1.8 ML Re) exposed to 500mTorr of O2 at 

450 K; and d) Re film (2.1 ML) on Pt(111) after exposure to 500 mTorr of O2 at 450 

K; and e)  Pt-Re alloy (2.0 ML Re) after exposure to 500 mTorr of O2 at 490 K.  The 

incident photon energy was 725 eV for (b-d) and 716 eV for (a).  The vertical scale is 

the same for all spectra so that intensities can be directly compared. 
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surfaces previously discussed because the oxidized Re film has a much higher 

concentration of surface oxygen. Specifically, the spectrum at 300 K is dominated by the 

peak at 530.6 eV from surface oxygen. The 532.4 eV and 534.1 eV features assigned to 

adsorbed CO and H2O(g), respectively, have intensities that are similar to those on the 

other oxidized surfaces. At 350 K, the overall oxygen signal decreases mainly due to the 

loss of the 530.6 eV species. At 400 K, the oxygen peaks continue to diminish, but the 

total intensity is still ∼75% of that at 350 K, in contrast to the other four surfaces, which 

have almost no detectable oxygen at 400 K. At 450 and 500 K, the concentration of 

oxygen remaining on the surface decreases substantially and is comparable to that 

observed on the Pt and Pt−Re alloy surfaces. Experiments were also carried out on the 

Pt−Re alloy surface oxidized at 490 K in order to form rhenium oxide (Figure 4.3e). The 

O(1s) spectrum at 300 K is almost identical to that of the alloy oxidized at 450 K under 

the same reaction conditions. However, the amount of surface oxygen at 350 K is 1.6 

times greater than on the 450 K oxidized alloy. At 400 K, the intensity decreases slightly 

and does not change significantly between 400 and 500 K. At 550 K, the oxygen signal is 

barely detectable, but at all temperatures there is more surface oxygen than on the Pt−Re 

alloy oxidized at 450 K. 

 

Mass Spectrometer Studies 

Mass spectrometry experiments monitored the evolution of products while XPS 

data were collected under reaction conditions over the temperature range of 300 K to 500 

or 550 K (Figure 4.4). The sample was maintained at the specified temperatures for 

30−50 min during data collection, and the mass spectrometer signals reached constant 

values before heating to the next temperature. The mass spectrometer signals 
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corresponding to each product have been corrected for the mass fragmentation of other 

gaseous species, as described in Appendix B. On the Pt(111) surface, the major products 

are H2O (18 amu) and CO2 (44 amu), and the yields of both of these products increase 

with temperature. Formaldehyde (30 amu) production is also observed at a lower 

temperatures with a maximum yield at around 375 K; no formaldehyde is detected at 300 

K or at temperatures ≥450 K. CO (28 amu) evolution is observed at room temperature, 

and the CO yield remains relatively constant up to 500 K. Between 500 and 550 K, there 

is a sharp increase in CO production accompanied by an increase in H2 (2 amu) as well as 

a decrease in CO2, indicating that there is a change in selectivity favoring CO and H2 

production at the higher temperatures. Furthermore, after correcting the methane (16 

 

 

Figure 4.4: Mass spectrometer data collected during the APXPS experiments on 

various surfaces in 200 mTorr O2 and 100 mTorr of methanol. 
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amu) signal for the mass fragmentation of O2 and CO, it appears that a small amount of 

methane is produced between 375 and 475 K.  

Methanol reaction on the Pt−Re alloy surface is similar to that on Pt(111), given 

that water and CO2 are the major products, and these signals increase monotonically over 

the 300−500 K range. Formaldehyde is again produced at low temperatures with a 

maximum around 350−375 K, and the methane yield also follows the same trend as on 

Pt(111). A major difference between activity on the Pt−Re alloy versus Pt is that the 

change in selectivity above 500 K is not as apparent on the alloy. Specifically, the 

increase in CO and decrease in CO2 are less pronounced, and there is no clear increase in 

H2 yield at 550 K. 

The Pt−Re alloy oxidized at 450 K before methanol reaction achieves maximum 

activity for CO2 and H2O production at lower temperature than the unoxidized Pt−Re 

alloy and Pt(111) surfaces. On the oxidized alloy, CO2 and H2O yields reach nearly their 

maximum values at 425 K rather than continually rising between 425 and 500 K, as on 

the unoxidized surface. There is also no change in selectivity favoring CO and H2 

production above 500 K. Production of formaldehyde and methane follows the same 

trend on all three surfaces. 

In order to understand the potential role of surface ReOx in methanol oxidation, 

activity was studied on two surfaces containing ReOx: the oxidized Re film and the 

Pt−Re alloy oxidized at 490 K. Based on the Re(4f) XPS data, ReOx remains on the 

surface under reaction conditions at or below 450 K for the Re film and oxidized alloy. 

On both of these surfaces, CO2 and H2O are still the main products, which increase 

monotonically with temperature, while formaldehyde is produced with a maximum 
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around 375 K. Almost no H2 is produced, and the CO and methane yields exhibit 

relatively small increases between 350 and 450 K. The product distributions for these two 

surfaces in the lower temperature regime are the same as on Pt(111) and the Pt−Re alloy, 

indicating the ReOx does not substantially change selectivity in the methanol oxidation 

reaction. In the higher temperature regime of 450 K and above, the CO2 and H2O signals 

for both oxidized surfaces follow the same profiles with temperature, and there is no shift 

in selectivity to CO that would result in a decrease in CO2 signal. 

Methanol oxidation on the Pt(111) preoxidized at 450 K exhibits the same change 

in selectivity at higher temperatures that is observed on the unoxidized Pt(111) surface. 

Specifically, the CO2 production decreases while the CO production increases between 

500 and 550 K. Thus, the lack of change in selectivity from CO2 to CO on the oxidized 

Re and Pt−Re alloy surfaces cannot be attributed to the preoxidation treatment because 

the shift in selectivity still occurs on oxidized Pt(111). Instead, the continued production 

of the fully oxidized product CO2 is believed to be related to the presence of Re on the 

surface rather than oxygen only. At lower temperatures, the product distribution on 

oxidized Pt(111) is similar to the other surfaces studied. 

It is difficult to compare absolute product yields for the different surfaces due to 

instability of the mass spectrometer signals from experiment to experiment. When signals 

were corrected with a scaling factor based on the absolute signals for O2 (32 amu) 

normalized by the O2 pressure, which was measured by the pressure gauge on the main 

chamber, the relative activities of the surfaces were roughly compared by their relative 

water (18 amu) and CO2 (44 amu) yields at 500 K. All of the surfaces have water yields 

within 20% of that on Pt(111), and the CO2 yields were within 25% except for the 
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oxidized Pt(111) surface. For the other five surfaces, it is believed that the overall 

activities are approximately the same within the error of the experimental measurements. 

The methanol oxidation experiment on the oxidized Pt(111) surfaces was carried out 

during a different time period than the other experiments, and the absolute mass 

spectrometer signals are lower by an order of magnitude. Although the corrected 18 amu 

signal for water is within 5% of that for reaction on clean Pt(111), the corrected CO (28 

amu) is unusually high compared to the water signal. Thus, it is difficult to compare the 

absolute corrected signals for the oxidized Pt(111) surface with the other experiments, 

but the selectivity trends for the different products in the reaction on oxidized Pt(111) 

should still be correct. 

 

Density Functional Theory Calculations 

DFT calculations were carried out to understand the binding of oxygen to the 

Pt−Re alloy surfaces. Three different alloy surface structures were created by replacing a 

layer of Pt by Re atoms in the first, second, and third layers of the five-layer Pt(111) slab 

(Figure 4.5a−c). The relative energies of these surface structures with respect to the Re-

terminated surface structure (Re−Pt−Pt−Pt−Pt) shown in Table 4.1 suggest that it is 

energetically favorable for Re to reside in subsurface layers in the absence of any surface 

adsorbates. The structures with Re atoms in the second and third layers are more stable 

than the Re-terminated surface by 7.56 and 10.89 eV, respectively, implying that Re 

prefers to diffuse deeper into the bulk than just the first subsurface layer. An exchange of 

one Re atom from the third layer with a Pt atom in the top layer (Pt(Re1)−Pt− 

Re(Pt1)−Pt−Pt) results in a less stable structure than the one with only Pt atoms at the 

surface (Pt−Pt−Re−Pt−Pt). The relatively high energy for the structure with Re in the top 



www.manaraa.com

 

86 

layer is consistent with experimental results presented here as well as the higher surface 

free energy for Re compared to Pt (3.6 J/m2 for Re versus 2.5 J/m2 for Pt).78 The stability 

of these alloy surface structures were then examined in the presence of oxygen. The 

calculated adsorption energies (Eads) presented in Table 4.1 indicate that the oxygen atom 

adsorbs more strongly on a surface Re atom compared to a surface Pt atom. However, the 

relative energies of these surface structures with an adsorbed oxygen atom reveal that the 

most stable structure is the one with a single Re atom from the third layer exchanged with 

 

 

Figure 4.5: Structures for the 

density functional theory 

calculations shown in Table 3.1 with 

a single oxygen atom at the surface: 

a) Re-Pt-Pt-Pt-Pt; b) Pt-Re-Pt-Pt-Pt; 

c) Pt-Pt-Re-Pt-Pt; and d) Pt(Re1)-Pt-

Re(Pt1)-Pt-Pt.  Pt atoms are shown in 

blue, Re atoms in orange, and 

oxygen atoms in red. 
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a Pt atom from the first layer (O−Pt(Re1)−Pt−Re(Pt1)− Pt−Pt, Figure 4.5d). For this 

structure, the energy is minimized by forming a strong Re−O bond at the surface as well 

as strong Pt−Re bonds in the subsurface layers. The structure without Re exchange 

(Figure 4.5c) becomes less stable by 0.86 eV than the structure with Re exchange (Figure 

4.5d) as a consequence of the weaker Pt−O bonds. The Re-terminated surface remains the 

highest energy structure even in the presence of an adsorbed oxygen atom due to the 

greater surface free energy of Re. These results demonstrate that the Re atoms in the 

Pt−Re alloy remain in the bulk in the absence of surface adsorbates; however, in the 

presence of oxygen, it is thermodynamically favorable for a Re atom to diffuse to the 

surface to form a strong Re−O bond rather than forming a weaker Pt−O bond.  

 

4.5 DISCUSSION 

On all surfaces investigated, methanol oxidation reactions form similar products, 

particularly at low temperature, and the same general trends in reaction selectivities are 

followed as a function of temperature. Specifically, CO2 and H2O are primary reaction 

products, and the yields of these products increase with increasing temperature. 

Formaldehyde is also formed at lower temperatures with a maximum yield around 

Table 4.1: Computed Relative Energies (Erel) for Pt-Re Bimetallic Structures in the 

Presence and Absence of an Oxygen Atom and the Calculated Adsorption Energies 

(Eads) for an Oxygen Atom on These Structures 

 

Structure Erel (eV), clean Erel (eV), with O Eads (eV) 

Re-Pt-Pt-Pt-Pt 0.00  0.00 -3.90 

Pt-Re-Pt-Pt-Pt -7.56 -4.76 -1.10 

Pt-Pt-Re-Pt-Pt -10.89 -8.03 -1.04 

Pt(Re1)-Pt-Re(Pt1)-Pt-Pt -9.41 -8.89 -3.37 
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350−375 K, whereas the yields of other minor products such as CO, H2, and CH4 increase 

with temperature. At 300 and 350 K, all of the surfaces exhibit similar C(1s) spectra, 

given that three peaks are observed and assigned to gaseous methanol, surface CO, and 

CHx. The O(1s) signals are also similar for all surfaces except for the oxidized Re film, 

which contains a much higher concentration of surface oxygen at 300 K. The product 

distributions observed here are consistent with other studies of methanol oxidation and 

decomposition on Pt and oxidized Pt surfaces. Under UHV conditions, CO, H2, and H2O 

are typically observed, with CO2 and formaldehyde production on some surfaces. For 

example, on unoxidized Pt(111)24 and reconstructed (2 × 1)-Pt(110), CO and H2 are 

detected as the67 reaction products. On oxidized Pt(111), methanol decomposes in UHV 

to CO, H2O, and H2,
24,68,69 and on oxidized (2 × 1)-Pt(110), CO2 and formaldehyde are 

observed in addition to CO, H2, and H2O.70   

A major difference between methanol oxidation activity on Pt(111) and the Re-

containing surfaces is that carbon fouling is more prevalent on Pt(111) in the temperature 

range of 450− 550 K. In this temperature regime, there is also a change in selectivity on 

Pt(111) from CO2 to CO, with an accompanying increase in H2 production, whereas the 

selectivity change from CO2 to CO is less pronounced on the Pt−Re alloy. Both of these 

differences in activity for Pt(111) vs the Pt−Re alloy are attributed to a lack of available 

surface oxygen on Pt(111) for oxidation of CO to CO2 and for oxidation of carbonaceous 

residues. XPS data for both surfaces show that almost no oxygen is present on the surface 

at 400−450 K, indicating that surface oxygen is consumed by reaction as soon as it is 

formed. At higher temperatures of 500−550 K, a small oxygen feature appears again in 

the XPS spectrum, and this is ascribed to the greater dissociation of O2 on Pt(111) at 
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higher temperatures, as reported in our previous study.32 Given that O2 dissociates on the 

Pt−Re alloy surface more readily than on Pt(111),32 more surface oxygen should be 

available on Pt−Re for formation of the fully oxidized products and removal of 

carbonaceous residues on the surface. There is no evidence for decreased CO poisoning 

on the Pt−Re alloy compared to Pt(111), as has been proposed in APR reactions. Under 

methanol oxidation conditions studied here, CO is removed from both surfaces at 

temperatures <400 K, and therefore CO poisoning does not play a role in these reactions. 

Previous studies of the Pt−Re alloy surface indicate that the top monolayer is 

composed of pure Pt, and Re exists in the subsurface layers.32,34 This result is consistent 

with the lack of Re oxidation for the Pt−Re alloy under methanol oxidation conditions 

since the subsurface Re is not readily accessible by gaseous O2. It is therefore not 

surprising that the Pt−Re alloy surface has nearly identical activity to that of Pt(111) at 

temperatures ≤400 K. However, at higher temperatures, the increased Re/Pt XPS ratio 

indicates that Re diffuses to the surface under methanol oxidation conditions, and 

consequently differences in activity are more apparent at these higher temperatures. DFT 

studies for model Pt−Re surfaces show that there is a thermodynamic driving force for Re 

to diffuse to the surface in the presence of oxygen. Furthermore, DFT calculations 

demonstrate that oxygen bound to Re at the surface is more stable than oxygen bound to 

Pt with an underlying Re layer. The enhanced activity of the Pt−Re alloy for O2 

dissociation is attributed to Re diffusion to the surface rather than dissociation of O2 on a 

Pt monolayer electronically modified by underlying Re. Notably, only a small fraction of 

the total number of Re atoms diffuse to the surface for the Pt−Re alloy under reaction 

conditions, and consequently, the loss of Re due to Re2O7 sublimation is minimized. 
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The Pt−Re alloy oxidized at 450 K is the surface that achieves the maximum CO2 

and H2O production in the intermediate temperature range of 400−450 K without any 

change in the selectivity for CO at higher temperatures. This preoxidized Pt−Re alloy has 

a greater concentration of surface Re at 400−450 K than the Pt−Re alloy because the O2 

treatment before exposure to the reactants induces diffusion of Re to the surface, based 

on the increase in the Re/Pt XPS ratio. For the Pt−Re alloy oxidized at 450 K, the 

majority of Re is in the metallic state with only a small (<15%) contribution from ReOx 

under methanol oxidation conditions at 350 K. The other unique feature of the 450 K-

oxidized Pt−Re alloy is that this surface is free of carbonaceous residues at temperatures 

of 450 K and higher. The lack of surface carbon at higher temperature and the high 

selectivity for the fully oxidized products like CO2 are both explained by the greater 

fraction of Re at the surface for facilitating O2 dissociation. In addition, this surface also 

has almost no surface oxygen species at reaction temperatures of 400 K and above. Thus, 

methanol oxidation occurs rapidly enough that neither carbon nor oxygen species 

accumulate on the surface at higher temperatures, and the lack of carbon and oxygen 

species on the surface also ensures that active sites are not blocked. Similarly, APXPS 

studies of methanol oxidation on Pd(111) surfaces have reported that the reaction rate is 

higher on the surfaces with lower concentrations of adsorbed surface species.64 

The presence of ReOx on the surface before methanol reaction for the oxidized Re 

film and Pt−Re alloy oxidized at 490 K did not significantly change the selectivity and 

activity for methanol oxidation. Specifically, the activities of both surfaces at 300−350 K, 

when ReOx still exists on the surface, are similar to that of Pt(111) and the Pt−Re alloy in 

terms of product yields and distributions. However, it should be noted that none of the 
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surfaces have high activity in this low temperature regime. Furthermore, Re in its higher 

oxidation states of +4−6 was not stable under methanol oxidation conditions at any 

temperature. Initially, the oxidized Re film contained only ReOx, whereas the Pt−Re alloy 

oxidized at 490 K was a mix of both metallic Re and ReOx; subsurface Re remained 

metallic, while Re that diffused to the surface was oxidized. Re+n (n = 4− 6) in the 

oxidized Re film is immediately reduced during methanol oxidation at 300 K even in the 

presence of O2 in the reaction mixture, and a decrease in surface oxygen is observed with 

ReOx reduction. Although almost no Re is detected on the surface above 450 K due to 

formation and subsequent sublimation of Re2O7, the oxidized Re film is not expected to 

have identical activity to Pt(111) because the latter has a significantly higher 

concentration of surface carbon. In contrast to the unoxidized Pt and Pt−Re alloy, both 

ReOx-containing surfaces do not show the change in selectivity from CO2 to CO at high 

temperatures observed on Pt(111), exhibit minimal carbon contamination at 500 K, and 

have a higher concentration of surface oxygen species at 300−450 K. Given that oxidized 

Re surfaces consisting of a film of ReO and Re2O3 are reported to be inactive for 

methanol decomposition in UHV,44 the activity observed here for ambient pressure 

studies on the highly oxidized Re film demonstrates that activities can be substantially 

different in UHV compared to higher pressures of reactant gases. 

Comparison with a previous APXPS investigation of methanol decomposition and 

oxidation on Pt(111) conducted at a lower total gas pressure of ∼8 mTorr23 shows that at 

the higher pressures in this study (300 mTorr) the Pt(111) surface is more active at lower 

temperature and more susceptible to carbon contamination. Specifically, no activity was 

observed below 450 K at 8 mTorr, whereas significant formaldehyde, H2O, and CO2 
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production occurs even at 350−400 K at 300 mTorr. In the lower pressure study, the lack 

of activity below 450 K was attributed to blocking of active sites by CO and carbon 

species; oxidation of carbonaceous residues as well as CO desorption above 450 K 

resulted in much higher activities at the elevated temperatures. At 300 mTorr, gaseous 

products are formed even when there is a relatively high concentration of surface carbon 

and oxygen species at the lower temperatures. The concentration of surface carbon 

increases with increasing reaction temperature above 400 K; thus, the rate of carbon 

deposition at 300 mTorr is higher than the rate of removal by oxidation, in contrast to the 

results reported for methanol oxidation with the same gas compositions at 8 mTorr. 

However, the high and low pressure studies are the same in terms of reaction pathways 

and product distributions. For example, the major reaction pathways in the 8 mTorr 

studies were fast dehydrogenation to CO and slower methanol decomposition via C−O 

bond scission. The main gaseous products were CO, H2, CO2, and H2O, with the 

selectivity for the fully oxidized products increasing with higher O2:methanol ratios in the 

reaction mixture. It was proposed that methanol dehydrogenation occurred via a methoxy 

intermediate, which underwent stepwise C−H bond breaking to form formaldehyde, 

formyl, and then CO, and this reaction mechanism is also consistent with the results of 

our experiments at 300 mTorr. 

Methanol decomposition on Pt can occur via C−O bond scission to produce 

carbonaceous residues even though C−H bonds are easier to cleave in methoxy than C−O 

bonds. In some cases, no C−O bond scission was observed in UHV studies of methanol 

decomposition on Pt(111), where CO and H2 were formed as the main gaseous 

products.24 However, other UHV studies of methanol on Pt(111) showed that C−O bond 
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breaking occurred above 175 K to produce CH3, which then dehydrogenated to form 

atomic carbon around 220 K.73 Furthermore, on Pt(110), C−O bond scission occurred at 

140 K to produce CHx, which decomposed to surface carbon at higher temperatures.26 

Similarly, the APXPS study of methanol at 8 mTorr on Pt(111) reported that CHx species 

were formed on the surface at temperatures of 300 K and above, and CH3 was believed to 

dehydrogenate to atomic carbon even at room temperature.23 Thus, it is expected that 

carbonaceous deposits can form during methanol decomposition, and this can lead to 

deactivation of the surface, particularly at higher pressure. 

 

4.6 CONCLUSIONS 

Pt−Re alloy surfaces are less susceptible to carbon fouling than pure Pt surfaces 

during methanol oxidation reactions, and the selectivity for CO2 production is also higher 

on Pt−Re at temperatures above 500 K. These differences are attributed to the increased 

ability to dissociate O2 on the Pt−Re surfaces compared to Pt, allowing carbonaceous 

residues as well as CO to be more easily oxidized. Although the Pt−Re alloys initially 

consist of pure Pt at the surface, there is evidence that under reaction conditions Re can 

diffuse to the surface and participate in the reaction; DFT studies confirm that it is 

thermodynamically favorable for Re to diffuse to the surface in the presence of oxygen. 

Furthermore, Pt−Re alloy surfaces that are preoxidized at 450 K show the greatest 

activity for CO2 and H2O production at low temperatures because Re is already extracted 

to the surface during the oxidation treatment. An oxidized Re film containing significant 

ReOx had similar activity to Pt and the Pt−Re alloy at lower temperatures, but ReOx is 

reduced under methanol oxidation conditions and sublimes as the volatile Re2O7 above 

450 K. Thus, the desirable selectivity and stability of the Pt−Re alloy surface for 
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methanol oxidation are achieved by the gradual diffusion of Re to the surface under 

reaction conditions; the presence of a low concentration of Re at the surface enhances O2 

dissociation, and the fact that the majority of the Re resides subsurface in the alloy 

prevents rapid Re sublimation as Re2O7. 
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CHAPTER 5 

X-RAY PHOTOELECTRON SPECTROSCOPY AND REACTOR STUDIES FOR 

METHANOL OXIDATION ON PT AND PT-RE ALLOY SURFACES
3 

                                                 

 

 

3 Duke, A. S.; Xie, K.; Monnier, J. R.; Chen, D. A. "X-ray Photoelectron Spectroscopy 

and Reactor Studies for Methanol Oxidation on Pt and Pt-Re Alloy Surfaces," in 

preparation. 
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5.1 INTRODUCTION 

Bimetallic surfaces often make highly desirable catalysts due to the well-known 

fact that their properties differ from those of their monometallic counterparts, stemming 

from the generation of new and unique metal-metal interactions and metal-support 

interactions.1-5  Historically used in hydrocarbon reforming since the 1960s, bimetallic 

Pt-Re systems are reported to have increased activity, better selectivity, and longer 

catalyst lifetime than their monometallic Pt catalyst counterparts, reportedly due to an 

increased resistance to the accumulation of carbonaceous species which block active 

sites.6-11  Some studies have suggested that the improved activity can be attributed to the 

alloying of Pt and Re in the bulk and the coinciding strong metal-metal electronic 

interactions; yet, the role that Re plays is not well understood.11-15   

Pt-Re systems have more recently garnered attention as catalysts for oxidation 

reactions due to the role they might play in the reforming of biomass-derived products 

such as alcohols to hydrogen for renewable fuel sources.16-25  In the aqueous reforming of 

model polyols such as glycerol, Dumesic and coworkers observed the addition of Re to 

Pt/C catalysts made the system 5 times more active than the original monometallic 

catalyst and increased the turnover frequencies for H2, CO, CO2 production.16,17  They 

attributed the improvement to weaker binding of CO to Pt in the presence of Re as well 

as to decreased sintering of Pt nanoparticles under reaction conditions.  Dumesic’s team 

also proposed that the improved activity might be due to the formation of Re-OH sites, 

which facilitate the hydrogenolysis of glycerol, and they suggested the addition of Re to 

the catalyst led to an increased rate of the water-gas shift reaction.16,23  Others such as 

Ciftci et al. and Azzam et al. agree that the improved activity is due to increased activity 
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for the water-gas shift reaction, but more specifically, they claim that it is caused by the 

formation of ReOx by dissociation of water, thereby removing CO from the surface so it 

cannot poison Pt active sites.18,19,24,26-31  At present, it is still unclear whether CO binds 

more or less strongly to Pt-Re surfaces than to pure Pt.  Infrared spectroscopy of Pt and 

Pt-Re surfaces in WGS environments report that CO binds more strongly to the Pt-Re 

surfaces than to pure Pt,31,32 but density functional theory (DFT) studies and temperature 

programmed desorption (TPD) experiments in ultra-high vacuum agree on the opposite 

result that CO binds more strongly to a pure Pt(111) surface than it does to a Pt-Re alloy 

surface.33-35 

Here, model Pt and Pt-Re bimetallic systems were studied with XPS and an 

ambient pressure reactor for the oxidation of methanol as a model alcohol in order to 

investigate the effect of Re on Pt catalysts in oxidizing environments.  Methanol is an 

ideal model system since it is the simplest of alcohols and has relevance for the fuel 

industry as it can be used both in classical internal combustion engines as well as in the 

development of modern direct methanol fuel cells.36-38  The oxidation of alcohols such as 

methanol is industrially relevant given that it forms the basis for the production of many 

fine commodity chemicals.39  The selective oxidation of methanol to formaldehyde, 

formic acid, methyl formate, and dimethoxymethane is highly useful as these products 

are used as diesel fuel additives, starting reagents for other organic syntheses, and low-

toxicity solvents.40  Methanol decomposition and oxidation have been previously studied 

for these and other purposes on model and real Pt catalysts as well as supported Re and 

Re oxide catalysts, but less is known about methanol oxidation on the bimetallic Pt-Re 

system.36,41-49  In this work, samples were prepared in vacuum using a polycrystalline Pt 
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foil for a model Pt surface and physical vapor deposition to create Re films on a 

polycrystalline Pt foil, which were annealed to create model Pt-Re alloy surfaces.  

Methanol oxidation experiments were carried out from 60 to 170 °C under oxygen-rich 

conditions (2% methanol/4% O2/balance He) on a clean Pt foil and Pt-Re alloy surface in 

a small flow reactor coupled to an ultra-high vacuum chamber for sample preparation and 

XPS analysis.  Nearly identical distributions of products typical of methanol oxidation, 

such as CO2, H2O, formic acid, and formaldehyde, are seen on both surfaces in this work, 

while methyl formate, generated by some oxide supported Pt catalysts, and 

dimethoxymethane, generated by some oxide-supported Re catalysts, are not.44-46  Pt-Re 

alloy surfaces maintain oxygen on the surface for longer periods of time and at higher 

temperatures than the pure Pt surfaces, and at the same time, they show less accumulation 

of carbon species and consequently have improved activity and catalyst lifetime over 

extended periods of time as compared to Pt surfaces.  However, the oxidizing 

environments cause the loss of Re as Re2O7 from the surface over time.  

 

5.2 EXPERIMENTAL 

Experiments were performed in an ultra-high vacuum chamber (P < 3 x 10-10 

Torr) coupled to a homemade microreactor, which has been described in detail 

elsewhere.50  Some of the advantages of the microreactor are its high sensitivity and 

automated sampling design, which provides full kinetic analysis over long time intervals;  

however, one disadvantage of the reactor system is its limitation to temperatures below 

200 °C.  The UHV chamber is pumped by a 400 L/s ion pump (Varian, 912-7022) as well 

as a 360 L/s turbomolecular pump (Leybold Heraeus, TMP 360) and is coupled to a 

loadlock assembly pumped by a 150 L/s turbomolecular pump (Leybold Heraeus, TMP 
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150) for rapid introduction and transfer of samples without compromising the vacuum of 

the chamber. The chamber is equipped with a mass spectrometer (Stanford Research 

Systems, RGA 300), a dual Al/Mg anode X-ray source (Leybold Heraeus, RQ 20/63), a 

hemispherical analyzer (SPECS, EA10) for X-ray photoelectron spectroscopy (XPS), a 

set of retractable optics with a retarding field analyzer (SPECS, ErLEED-4) for low 

energy electron diffraction (LEED) and Auger electron spectroscopy (AES), and 

differentially-pumped BaF2 windows for infrared reflection absorption spectroscopy 

(IRAS) in a cell that can be valved off to the rest of the UHV chamber for experiments in 

UHV or at pressures up to ~1 Torr using an FTIR spectrometer (Bruker, Tensor 27). 

A polycrystalline Pt foil (ESPI Metals, 99.95%, 10 mm x 10 mm x 0.5 mm) was 

mounted to a Ta sample plate (Omicron) and cleaned by cycles of Ar+ sputtering (20 

minutes, 1 kV, 10 mA, 5 A) and annealing (3 minutes, 1000 K) in vacuum until XPS 

showed the foil was clean. The foil was heated via electron bombardment of the Ta 

backplate, and the temperature of the foil was measured by an infrared pyrometer 

(Heitronics, CT18.04). 2.4 ML Re was deposited on the Pt foil at room temperature from 

a 2 mm diameter Re rod (ESPI, 99.99%) in a four-pocket electron-beam evaporator 

(Oxford Applied Research, EGC04), and a Pt-Re surface alloy was formed by annealing 

the Re film deposited on the Pt foil to 1000 K for 5 minutes. Re coverages were 

determined by a UHV bakeable quartz crystal microbalance (Inficon). One monolayer of 

Re is defined according to the packing density of Re (0001) (1.52× 1015 atoms/cm2). 

XPS spectra were collected before and after reactor experiments at 30° off normal 

with respect to the analyzer using Al-Kα X-rays produced with an anode voltage of 10 

kV and an emission current of 30 mA.  Peak fitting for the C(1s) and O(1s) spectra was 
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carried out with the shareware program XPSPeak using a Shirley background and 

Gaussian-Lorentzian peak shapes. 

After XPS was collected on the freshly prepared surface, the reactor was 

evacuated by the 150 L/s turbo pump so that the two manual gate valves isolating the 

reactor from the UHV chamber could be opened. A homemade gripping device was used 

to grab the Ta sample plate from the homemade sample holder and transfer it to the 

reactor while the pressure in the chamber with the loadlock and reactor open remained 

below 1 x 10-7 Torr the entire time so that the sample was never exposed to air.  The 

sample was removed from the reactor in the same way for post-reaction XPS without 

exposure to air. 

In the reactor, the sample was heated and cooled in 50 sccm continuous flow of 

He (Airgas, 99.999%) to temperatures between 60 °C to 170 °C at a rate of ~1.5-2 °C 

/min by heating tapes (Briskheat, BWHD) wrapped around the exterior of the reactor 

housing which were regulated by a feedback loop on a temperature controller (Auber, 

SYL-4342P) to ensure uniform heating and cooling. The temperature of the sample was 

estimated by a type K thermocouple (Omega, KMQSS-040G-6) welded into the feed gas 

inlet, close to the surface of the sample. The gas lines were maintained at 60 °C using two 

Valco Instruments temperature controllers. Once the sample reached the desired 

temperature, the feed gas of 2% methanol (Fisher Chemical, 99.9%)/ 4% O2 (Airgas, 

99.5%)/ 94% He was mixed and introduced.  Both O2 and He were introduced via 

independently calibrated mass flow controllers (Brooks, 5850e and 5850i) with the total 

flow rate of all feed gas maintained at 58 sccm as determined by a digital flow meter 

(Agilent Technologies, ADM2000). Methanol vapor was induced into the feed gas line 
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by a homemade vapor-liquid equilibrator (VLE) filled with liquid methanol, where 

helium served as the sweep gas and was introduced via a mass flow controller. The 

temperature of the VLE was controlled by a refrigerating/heating circulating bath 

(VWR), and the concentration of methanol in the vapor outlet was calculated using the 

Antoine equation for pure methanol. Pressure was monitored by two capacitance 

manometers (MKS Instruments, Baratron 722A) located upstream of the reactor in the 

feed gas line (790 Torr ~ 800 Torr) and downstream of the reactor (770 Torr ~ 780 Torr).  

All activity tests were performed under single-pass mode.50  For the activity tests 

performed over extended periods of time at a single temperature, the automated system 

was switched to sampling mode every 20 min, and a sample of the gas (~1.096 cm3) was 

injected to a gas chromatograph (HP 5890A) which is equipped with a PoraPLOT Q 

capillary GC column leading to a thermal conductivity detector (TCD).  Methanol 

oxidation was observed for 10h and 24h periods over a temperature range of 60-150 °C.  

To determine the activation energy of the reaction, a freshly prepared sample was first 

stabilized in the reaction mixture at 60 °C for 10 h, then stabilized at 80 °C, 100 °C, 130 

°C, and 150 °C for 80 min each while four sampling injections were taken for each 

temperature. The reaction rate and % selectivity calculations are based on the formation 

rate of all detected carbon products (CO2, formaldehyde, and formic acid). The 

background activity of the empty reactor and sample support was verified to be zero 

before and after all experiments. For some experiments, the surface was pre-oxidized in a 

4% O2/ 96% He flow for 2 h or the feed gas composition was changed to 8% methanol/ 

4% O2/ 94% He. 
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5.3 RESULTS 

The Pt-Re alloy surfaces used in this study were prepared by depositing a 2.4 ML 

film of Re onto a polycrystalline Pt foil and annealing to 1000 K for 5 min after the 

method devised by Ramstad et al. for creating a Pt-Re surface alloy on a Pt(111) 

crystal.14  Under these conditions, the Re film on the Pt surface is driven underneath the 

Pt so that the top monolayer of the surface is ~100% Pt.14,51  XPS experiments 

corroborate this as shown in Figure 5.1.  The binding energy for the Pt(4f7/2) peak of the 

     

 

Figure 5.1: X-ray photoelectron spectroscopy data for a 2.4 ML Re film deposited on 

a Pt foil at room temperature and heated to 1000 K for 5 min to create a Pt−Re surface 

alloy: (a) Pt(4f) and (b) Re(4f) regions. 
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clean Pt foil is located at 70.8 eV, close to that of the standard value of 71.0 eV for Pt 

metal (Figure 5.1a).14,52,53  After depositing 2.4 ML film of Re, the intensity of the 

Pt(4f7/2) peak is attenuated to 59% of its initial value, and after annealing to 1000 K for 5 

min, the Pt(4f7/2) peak intensity increases back to 73% of its initial value, indicating that 

the Re atoms are being driven into the bulk of the Pt foil.  The binding energy for the 

Re(4f7/2) peak of the 2.4 ML Re film appears at 40.4 eV, which is very near to the 

standard value of 40.3 eV for Re metal (Figure 5.1b).54,55  After annealing, the Re(4f7/2) 

peak intensity is attenuated to 78% of its initial value, which is consistent with models 

and previous studies for surfaces where the top monolayer is 100% Pt and the Re atoms 

are distributed throughout the topmost subsurface layers as is expected for the Pt-Re 

surface alloy.51,56   

Methanol oxidation (2% methanol, 4% O2, balance He) was investigated in the 

UHV-coupled microreactor on the clean Pt foil and 2.4 ML Re alloy surfaces at 

temperatures of 60, 80, 100, 130, 150, 170 °C.  Experiments were conducted over 80 

min, 10 h, and 24 h periods at each temperature in single-pass mode, and the reaction gas 

mixture was sampled every 20 min by the automated system, using the GC-TCD to 

analyze the concentration of all products.  The number of moles of each product was 

determined from the integrated area for each product peak along with a response factor of 

the GC-TCD system for each product which was calculated from a calibration performed 

independently for each product.   

Figure 5.2 shows the activity of the Pt foil under methanol oxidation as a function 

of temperature.  The detected products on the Pt foil included CO2, H2O, formaldehyde, 

and formic acid.  The distribution of carbon products formed in µmol/h (Figure 5.2a) 
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shows that at 60 °C, the major product is formic acid, followed by CO2, but no 

formaldehyde is formed. At 80 °C, formaldehyde production increases sharply so that it 

becomes the main product, while CO2 production increases to a similar level as the 

formic acid, which stays approximately the same as it was at 60 °C.  This indicates a 

possible change in reaction mechanism around this temperature.  At 100 °C, 

formaldehyde and CO2 production have increased at approximately the same rate as each 

other, but formic acid production decreases.  At 130 °C, formaldehyde production has 

leveled off while the CO2 production has risen to become very similar to it, and the 

formic acid production declines sharply. By 150 °C, formaldehyde and CO2 production 

are identical, and virtually no formic acid is detected. At 170 °C, CO2 production 

surpasses formaldehyde production so that CO2 becomes the main product detected while 

the formic acid is still essentially zero.  

 

 

Figure 5.2: Activity of the Pt foil under methanol oxidation conditions as a function 

of temperature: (a) product distribution; (b) % selectivity and % methanol conversion. 
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The trends in selectivity to the various products are more clearly illustrated in 

Figure 5.2b which tracks the changes in selectivity and total methanol conversion as a 

function of temperature.  At the lowest temperature where the conversion of methanol to 

products is only 3%, the reaction is ~25% selective for CO2 production and ~75% 

selective to formic acid, but that selectivity to formic acid decays exponentially as the 

temperature of the system is increased.  As the temperature is increased to 80 °C and the 

selectivity to formic acid decreases, the selectivity to CO2 stays fairly constant, but the 

conversion of methanol increases to 9% while the selectivity to formaldehyde sharply 

increases from 0% to ~55%.  The selectivity to formaldehyde and CO2 as well as the 

conversion of methanol stay more or less the same, increasing only very slightly between 

80 °C and 100 °C.  By 130 °C, the methanol conversion has increased to 12%, and the 

selectivities to formaldehyde and CO2 have become almost equivalent, with selectivity to 

formaldehyde at about 50%, selectivity to CO2 at about 45%, and selectivity to formic 

acid only about 5%.  At 150 °C, the selectivities to formaldehyde and CO2 are identical at 

almost 50% each, and the methanol conversion has increased just above 15%.  By 170 

°C, the reaction achieves 22% total methanol conversion, and CO2 becomes the dominant 

product at a selectivity of ~55% as the selectivity to formaldehyde drops to ~45% and 

formic acid drops completely to 0%.   

Figure 5.3 shows the activity of the 2.4 ML Pt-Re alloy under methanol oxidation 

as a function of temperature.  The detected products from the alloy surface included CO2, 

H2O, formaldehyde, and formic acid, which are the same products as detected on the Pt 

foil.  The total carbon product formation in µmol/h on the Pt-Re alloy surface is identical 

to that of the Pt foil at 60 °C as shown in Figure 5.3a.  At all of the higher temperatures 
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between 80 °C and 150 °C, the total product formation on the Pt-Re alloy is 10-20% 

lower than that on the Pt foil.  Not shown are results from data collected at temperatures 

above 150 °C given that at those higher temperatures in an oxidizing environment, Re is 

known to oxidize to the Re(+7) state where it quickly becomes unstable and volatilizes 

off of the surface.57-59 

A plot is displayed in Figure 5.3b of selectivity to the various carbon products as a 

function of temperature for methanol oxidation on the Pt-Re alloy surface.  The trends in 

selectivity are very similar to those for the Pt foil.  At 60 °C, the reaction is ~25% 

selective for CO2 production and ~75% selective for formic acid with no formaldehyde 

production.  The selectivity to formic acid on the alloy surface decays exponentially and 

the selectivity to formaldehyde increases as the temperature of the system is increased, 

just as on the Pt foil.  At 80 °C the selectivity to formic acid and formaldehyde are 

equivalent at ~40% each while the selectivity to CO2 stays constant.  The selectivity to 

CO2 increases to ~35% by 100 °C while the selectivity to formaldehyde stays more or 

    

 

Figure 5.3: Activity of the 2.4 ML Pt-Re alloy under methanol oxidation conditions 

as a function of temperature: (a) product distribution; (b) % selectivity. 
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less the same and the selectivity to formic acid continues to decrease. By 130 °C, the 

selectivities to formaldehyde and CO2 are equivalent at ~45% each with selectivity to 

formic acid making up the other 10%.  At 150 °C, the selectivity to CO2 increases to 

~55%, making it the primary product, while the selectivity to formaldehyde stays close to 

its previous value, dropping slightly to ~40% and formic acid drops to ~5%.   

Arrhenius plots can be constructed for methanol oxidation at these temperatures 

of 60 °C to 150 °C on the Pt foil and Pt-Re alloy as shown in Figures 5.4 and 5.5, 

respectively.  In the plot constructed from the formation of all products on the Pt foil 

(Figure 5.4a), the points from 100°C to 150 °C appear to have a linear relationship, but 

there is a clear discontinuity between the points measured at 80 °C and 100 °C.  

Constructing an Arrhenius plot for only CO2 formation on the Pt foil (Figure 5.4b) also 

shows a discontinuity at the lowest temperature points, in this case between 60 °C and 80 

°C, but the points from 80 °C to 150 °C fall in a straight line, yielding an activation 

energy of 27.9 ± 0.2 kJ/mol for CO2 formation on the Pt foil.  Likewise, in constructing 

an Arrhenius plot for only CO2 formation on the Pt-Re alloy (Figure 5.5), there is the 

same discontinuity between 60 °C and 80 °C, but the rest of the points from 80 °C to 150 

°C are linear, giving an activation energy of 27.0 ± 1.0 kJ/mol for CO2 formation on the 

Pt-Re alloy.  
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Figure 5.4: Arrhenius plots for methanol oxidation on the Pt foil: (a) for formation of 

all products; (b) for CO2 formation only.  The dashed black line indicates linearity.  

The red line indicates linear range of points used to calculate activation energy.   

 

 

Figure 5.5: Arrhenius plot for CO2 

formation during methanol oxidation on a 

2.4ML Pt-Re alloy surface. 
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A turnover frequency (TOF) can be estimated for the methanol oxidation reaction 

on the Pt foil.  Though it is difficult to determine the exact number of active sites on the 

foil surface, the number can be approximated based on the open surface area of the foil 

inside the reactor and the assumption that the surface should behave primarily as the 

lowest energy surface available for Pt, which is the (111) surface. An approximate value 

calculated in this way is 1.0 x 1015 active sites for the Pt foil surface.  Figure 5.6 shows 

the estimated TOF for the Pt foil as a function of temperature from 60 °C. to 150 °C.  At 

the lowest temperature point when total methanol conversion is only about 3%, the TOF 

is close to 20 site-1s-1.  The TOF increases to about 70 site-1s-1 at 80 °C, then to 90 site-1s-1 

at 100 °C, 110 site-1s-1 at 130 °C, and 140 site-1s-1 at 150 °C.  

The Pt foil and Pt-Re alloy were monitored for extended periods of time at single 

temperatures to study catalyst stability.  Figure 5.7 shows the total product formation in 

 

 

Figure 5.6: Turnover frequency (TOF) for methanol 

oxidation on Pt foil as a function of temperature. 
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µmol/h for the Pt foil and the Pt-Re alloy over a 24 h period at 60 °C.  Initially, the Pt foil 

starts out with low activity at 10 µmol/h while the Pt-Re alloy has zero activity.  After the 

initial data point, the two surfaces both increase in activity at approximately the same rate 

for the first 5 hours so that the Pt foil maintains the higher activity of the two.  Between 5 

and 9 hours, the Pt-Re alloy surface increases its rate of product formation faster than the 

Pt foil until at 9 hours, the two traces converge at ~90 µmol/h.  Between 9 and 14 hours, 

the total product formation for both surfaces continues to increase at a similar though 

slower rate than before.  At 14 hours, the total product formation on the Pt foil peaks at 

110 µmol/h before beginning a steady downward decline while the total product 

formation on the Pt-Re surface has mostly stabilized at 120 µmol/h with a slight upward 

trend.  

 

 

Figure 5.7: Total product formation for methanol oxidation on the Pt 

foil (red) and Pt-Re alloy (blue) as a function of time over 24 h at 60 °C.  
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Post-reaction XPS data of these surfaces is shown in Figure 5.8.  Figure 5.8a 

shows that after 24 h of methanol oxidation at 60 °C, the C(1s) region of the Pt foil (red) 

exhibits a substantial peak at 283.9 eV, attributed to atomic carbon, and a much smaller 

peak centered at 286.0 eV, corresponding to adsorbed CO.36,41,42,49,51,60-64  Similarly, the 

C(1s) region of the Pt-Re alloy surface (blue) exhibits a very small peak at 283.6 eV and 

a small peak centered at 286.0 eV, though the Pt-Re alloy surface shows a much lesser 

accumulation of atomic carbon compared to the Pt foil  Figure 5.8b shows that after 24 h 

of methanol oxidation at 60 °C, the O(1s) regions of the Pt foil (red) contain a large peak 

at 531.0 eV, corresponding to atomic oxygen, and a less intense peak at 532.4 eV, 

corresponding to strongly adsorbed hydroxyls as well as some CO which is removed 

from the surface when flashed to high temperature.36,49,51,65  The O(1s) region of the Pt-

Re alloy surface (blue) shows similar features, only both peaks are shifted by 0.5-0.6 eV 

       

 

Figure 5.8: Post-reaction XPS data for the Pt foil (red) and Pt-Re alloy (blue) after 

methanol oxidation for 24 h at 60 °C. (a) C(1s) region; (b) O(1s) region. 
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to lower binding energies: the atomic oxygen peak appears at 530.4 eV, while the OH 

peak appears at 531.9 eV.   

Atomic carbon also builds up on the Pt foil over shorter times at higher 

temperatures.  Figure 5.9a shows post-reaction XPS data for the C(1s) region of the Pt 

foil after methanol oxidation for 10 h at 60 °C, 100 °C, and 150 °C with a fresh surface 

having been prepared for each temperature.  At 60 °C, there is some accumulation of 

atomic carbon at 283.9 eV as compared to the spectrum from the clean Pt surface taken 

immediately before reaction.  After 10 h at 100 °C, the C(1s) signal is not significantly 

different from that at 60 °C except that the tiny adsorbed CO feature at 286.0 eV becomes 

more defined, but after 10 h at 150 °C, the atomic carbon level at 283.9 eV has 

   

 

Figure 5.9: Post-reaction XPS for the Pt foil after methanol oxidation for 10 h for 

each temperature and for one Pt foil surface that was oxidized in pure O2 without 

exposure to methanol: (a) C(1s) region; (b) O(1s) region.  Dashed lines indicate the 

position of atomic C and atomic O, respectively.  
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dramatically increased.  Figure 5.9b shows post-reaction XPS data for the O(1s) region of 

the Pt foil after methanol oxidation for 10 h at 60 °C, 100 °C, and 150 °C, with a fresh 

surface having been prepared for each temperature, as well as for a Pt foil that was 

oxidized in pure O2 at 100 °C for 2 h and did not undergo reaction with methanol.  After 

10 h at 60 °C, there is accumulation of atomic O on the surface at 531.0 eV, which is 

similar though slightly lower in intensity than that on the surface oxidized in pure O2, as 

well as hydroxyls and CO at 532.4 eV, which are not seen on the surface oxidized in pure 

O2.  After 10 h at 100 °C, both atomic O, OH, and CO signals have increased in intensity, 

though the atomic O signal at 531.0 eV has increased to a greater extent than the 

adsorbed OH/CO signal.  After 10 h at 150 °C, the intensities of both peaks have 

diminished slightly as compared to the surface at 100 °C, but they are still greater than 

the signals seen at 60 °C.   

In contrast to the Pt foil, which accumulates atomic carbon over just 10 h of 

reaction, the Pt-Re alloy surface does not accumulate substantial amounts of carbon even 

after 24 h on-line.  Figure 5.10a shows post-reaction XPS data for the C(1s) region of the 

Pt-Re alloy after methanol oxidation for 24 h at 60 °C, 80 °C, 100 °C, 130 °C, and 150 

°C with a fresh surface having been prepared for each temperature.  After 24 h at 60 °C, 

the spectrum shows small peaks corresponding to atomic carbon at 283.6 eV and 

adsorbed CO at 286.0 eV.  These features do not change after 24 h at 80 °C or 24 h at 100 

°C.  However, after 24 h at 130 °C, the atomic carbon peak at 283.6 eV has disappeared 

from the spectrum while the small adsorbed CO feature remains at 286.0 eV.  After 24 h 

at 150 °C the atomic carbon is still gone, and the CO feature has not changed in intensity.  

Figure 5.10b shows post-reaction XPS data for the O(1s) region of the Pt-Re alloy after 
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methanol oxidation for 24 h at 60 °C, 80 °C, 100 °C, 130 °C, and 150 °C with a fresh 

surface having been prepared for each temperature.  After 24 h at 60 °C, a broad feature 

appears in the spectrum, corresponding to almost identical intensities for atomic O at 

530.4 eV and adsorbed OH and CO at 531.9 eV.  After 24 h at 80 °C as well as after 24 h 

at 100 °C, oxygen species continue to build up on the surface, with the adsorbed OH and 

CO feature increasing in intensity more than the atomic O feature.  Between 100 °C and 

150 °C, there is no further buildup or change in the ratio of the atomic O and adsorbed 

OH/CO signals.   

  

 

Figure 5.10: Post-reaction XPS for the Pt-Re alloy after methanol oxidation for 24 h 

at each temperature: (a) C(1s) region; (b) O(1s) region. 
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Figure 5.11 tracks the disappearance of Re from the Pt-Re alloy under the same 

conditions just described of methanol oxidation for 24 h at 60 °C, 80 °C, 100 °C, 130 °C, 

and 150 °C with a fresh surface having been prepared for each temperature.  After 24 h at 

60 °C, the integrated area of the Re(4f) signal for the Pt-Re alloy has decreased to about 

50% of its value before reaction.  After 24 h at 80 °C, the decline in signal is less sharp, 

and a little less than 40% of the original intensity remains.  The normalized signal 

intensity continues to drop slowly after 100 °C and 130 °C as well until it is only ~25% 

of the original signal after 24 h at 150 °C.  This decrease in Re(4f) signal intensity on the 

Pt-Re alloy does not occur when the sample is heated to each of these temperatures for 24 

   

 

Figure 5.11: (a) Post-reaction XPS of the Re(4f) region for the Pt-Re alloy after 

methanol oxidation for 24 h at each temperature. (b) Integrated normalized Re(4f) 

signal as a function of temperature. 
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h in an inert atmosphere of pure He but only when the sample is in an oxidizing 

environment.   

The Pt foil and Pt-Re alloy were also monitored for extended periods of time at a 

single temperature under different feed gas compositions to establish the different effects 

of oxygen-rich and methanol-rich conditions.  Figure 5.12 shows the total product 

formation in µmol/h for the Pt foil and the Pt-Re alloy over a 24 h period at 60 °C for a 

feed gas composition of 8% methanol/ 4% O2/ 94% He compared to that of the Pt foil 

under the usual feed gas composition of 2% methanol/ 4% O2/ 94% He.  Under methanol-

rich conditions both the Pt and Pt-Re alloy surfaces follow the same upward trend, 

increasing less rapidly and to a lower overall total product formation than the Pt foil 

 

 

Figure 5.12: Total product formation for methanol oxidation with a 

feed gas composition of 8% methanol/ 4% O2/ 94% He on the Pt foil 

(red) and Pt-Re alloy (blue) as a function of time over 24 h at 60 °C 

compared to the usual feed gas composition of 2% methanol/ 4% O2/ 

94% He on the Pt foil (green).  
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under oxygen-rich conditions with the Pt-Re alloy showing consistently lower activity 

than either Pt surface.  

Figure 5.13 shows post-reaction XPS data of the Pt foil and Pt-Re alloy after 

methanol oxidation with a feed gas composition of 8% methanol/ 4% O2/ 94% He for 24 

h at 60 °C and after briefly heating the post-reaction surfaces to 700 K.  Like the surfaces 

under oxygen-rich conditions, the C(1s) region of the post-reaction Pt foil (Figure 5.13a) 

contains an atomic carbon peak at 283.9 eV, and the post-reaction Pt-Re alloy surface 

(blue) contains an atomic carbon peak at 283.6 eV.  Unlike the surfaces under oxygen-

rich conditions, the post-reaction Pt and Pt-Re alloy surface exhibit substantial, broad 

features stretching from 285 eV to 288 eV corresponding to larger quantities of CO at 

286 eV than seen for the oxygen-rich environment and possibly formate at 287 eV.36,42,49  

The O(1s) region of the post-reaction Pt foil (Figure 5.13b) contains a large atomic 

oxygen feature at 531.0 eV, and the post-reaction Pt-Re alloy contains an atomic oxygen 

      

 

Figure 5.13: Post-reaction XPS data for the Pt foil (red) and Pt-Re alloy (blue) after 

methanol oxidation with a feed gas composition of 8% methanol/ 4% O2/ 94% He for 

24 h at 60 °C and after flashing the Pt foil (purple) and Pt-Re alloy (black) to 700 K. 

(a) C(1s) region; (b) O(1s) region. 
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peak at 530.4 eV as in the oxygen-rich conditions.  However, both of these features are 

broadened, indicating larger surface hydroxyl and CO peaks on both surfaces at 532 eV 

than were seen in oxygen-rich environments.  After briefly flashing both surfaces to 700 

K, the higher binding energy peaks in the C(1s) regions on both surfaces disappear, 

indicating removal of CO species, leaving only atomic carbon behind.  The higher 

binding energy species in both O(1s) regions decrease somewhat in intensity, 

corresponding to the removal of CO species, but the remaining intensity indicates surface 

hydroxyls and atomic oxygen left behind.  

Pre-oxidized surfaces were also studied to determine the impact of larger 

quantities of surface oxygen on activity.  As shown in Figure 5.14, an as-prepared Pt foil 

 

 

Figure 5.14: Total product formation for methanol oxidation over an as-

prepared Pt foil (red) and a Pt foil that was pre-oxidized at 130 °C (blue) 

as a function of time over 10 h at 100 °C.  
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shows initially low activity, which gradually increases during the course of the reaction 

before plateauing.  In contrast, a Pt foil which was first oxidized for 2 hours at 130 °C in 

a 4% O2/ 96% He flow initially shows more than double the activity of the unoxidized Pt 

foil without any onset time.  Furthermore, the selectivity to formaldehyde production 

increases from 0% to 40% for the pre-oxidized surface.  

 

5.4 DISCUSSION 

The Pt foil and Pt-Re alloy generate the same products and exhibit similar trends 

in product formation for methanol oxidation over all temperatures studied.  On both 

surfaces, formic acid is the main product at low temperatures of 60 °C, formaldehyde is 

the main product between 80 and 130 °C, and CO2 becomes the main product at 

temperatures above 130 °C.  Similar products have been observed in the literature on 

Pt(111) and oxidized Pt wires, with H2, CO, and H2O being the primary products detected 

under UHV conditions on Pt(111) and Pt(110)-(2x1).41,42,44,62,64,66,67  In the studies 

reported here, water is formed at all temperatures, and although the GC-TCD setup used 

in these studies is not sensitive to the formation of H2 or CO, the products detected are 

very similar to what has already been reported in the literature.  Endo et al. observed only 

surface formate species and surface CO species with IRAS and CO2 formation from mass 

spectrometry studies in UHV and at much higher pressures (1.3 kPa O2/0.16 kPa 

methanol).42,68  As McCabe notes, the formation of formaldehyde is extremely sensitive 

to reaction conditions in that it has a strong dependence on the level of oxygen in the 

system as well as the temperature.44  In oxygen-rich feeds on heavily oxidized Pt wires at 

127 °C and above, McCabe and coworkers reported formation of CO2, H2O, and 

formaldehyde but did not report seeing the formation of formic acid, perhaps because the 
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temperature range was too high.44  However, Gentry et al. also reported formation of 

CO2, H2O, and formaldehyde but no formic acid even within the low temperature range 

of 37-77 °C.66  Additionally, they observed traces of methyl formate, which is a 

commonly detected product on highly-dispersed alumina supported Pt catalysts; however, 

it was not detected in these studies.44,66  Dimethoxymethane was also not observed in 

these experiments although it is typically observed on titania supported Re catalysts.45,46   

As the formation of formic acid peaks around 60 to 80 °C and drops off 

exponentially to zero at higher temperatures, the formaldehyde production increases from 

zero on both surfaces.  This indicates a possible change in reaction mechanism within this 

temperature range.  The Arrhenius plots for formation of all products on both surfaces 

show a distinct disjunction between the formation rates at low temperatures and those 

above 80 °C, further indicating a change in reaction mechanism.  The activation energies 

(Ea) for only CO2 formation are similar for the Pt foil and Pt-Re alloy at 27.9 ± 0.2 

kJ/mol for the Pt foil and 27.0 ± 1.0 kJ/mol for the Pt-Re alloy surface over a temperature 

range of 80-150 °C, and are similar to those reported in the literature.  Endo et al. 

reported an Ea for CO2 formation of 22 kJ/mol on a Pt(111) surface over a temperature 

range of 127-277 °C.68  Gentry et al. reported an Ea for CO2 formation of 33 kJ/mol over 

a temperature range of 53-72 °C.66  McCabe et al. reported an Ea for CO2 formation of 42 

kJ/mol on heavily oxidized Pt wires over a temperature range of 127-277 °C.44  Gentry 

and coworkers also report a TOF of ~50 s-1 at 100 °C compared to the somewhat higher 

estimation obtained in this work for the Pt foil of 90 s-1 at 100 °C.66 

The most apparent differences between the Pt foil and Pt-Re alloy are the total 

activity of the two surfaces over time and the correlated accumulation of either atomic 
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carbon or atomic oxygen on the surfaces with the Pt-Re alloy showing slightly higher 

long-term activity and less carbon deposition than the Pt foil.  When studied over a range 

of temperatures, the Pt foil and Pt-Re alloy follow similar trends in total product 

formation, but the Pt-Re surface consistently shows 10-20% less activity than the Pt foil 

except at 60 °C where the total product formation is identical for both surfaces.  The fact 

that the surfaces behave identically at first can be attributed to the fact that the Re present 

in the alloy is initially entirely subsurface so that both surfaces behave essentially as pure 

Pt.  After exposure to the high levels of O2 in the feed gas, the subsurface Re diffuses to 

the surface of the substrate, as predicted by DFT studies of model Pt-Re surfaces which 

indicate a strong thermodynamic driving force for the diffusion of Re to the surface in 

oxygen environments.  When the two surfaces are studied at 60 °C for 24 h, both surfaces 

show an initial activation period where the activity slowly increases over the first several 

hours before reaching maximum activity.  This activation corresponds to a period of time 

where oxygen accumulates on both surfaces, according to post-reaction XPS results and 

activity results from pre-oxidized surfaces.  It appears that the initial activation of the Pt-

Re alloy surface is delayed by 1-2 h compared to the Pt foil, possibly due to the diffusion 

of Re to the surface, which could initially block Pt active sites or inhibit active Pt 

ensembles, thereby lowering the activity compared to pure Pt.  For the first 5 h at 60 °C, 

the Pt-Re alloy surface follows almost the same trend as the Pt foil until the rate of 

product formation on the Pt begins to slow compared to the alloy.  Between 5 and 9 h, the 

alloy still has consistently less activity than the Pt, but its rate of product formation is still 

increasing while the rate of product formation on the Pt is slowing.  By 9 h, the activities 

of the two surfaces are exactly the same.  After those first 10 h, the activity of the Pt-Re 
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alloy is consistently higher than that on the Pt foil so that after 24 h, the Pt-Re alloy 

surface has 15% higher activity than the Pt foil.  This is correlated with an accumulation 

of atomic carbon on the Pt foil, which is 40% greater than on the Pt-Re alloy.  Atomic 

carbon accumulates on the Pt foil over shorter periods of time at higher temperatures as 

well.  After just 10 h of methanol oxidation over the Pt foil, there is substantial 

accumulation of atomic carbon the Pt foil, whereas there is virtually no carbon detected 

on the Pt-Re alloy surface at the same temperature for 24 h.  While both surfaces 

gradually build up increasing levels of surface oxygen from 60 to 100 °C, the Pt-Re alloy 

maintains a larger quantity of oxygen on the surface at higher temperatures like 150 °C 

than the Pt foil.  The alloy’s ability to maintain the high levels of oxygen at high 

temperatures is due to the ability of Re to dissociate O2 more readily than Pt.  At higher 

temperatures there is a constant supply of subsurface Re diffusing to the surface of the 

substrate in the presence of oxygen.  This is because oxygen bound to surface Re atoms is 

thermodynamically more stable than oxygen bound to Pt on top of subsurface Re, 

according to DFT calculations.  However, the Pt-Re alloy surface must eventually be 

unstable under such quantities of oxygen since post-reaction XPS shows that the amount 

of Re in the surface decreases exponentially as a function of temperature under reaction 

conditions.  This is due to the fact that oxophilic Re at the surface can form volatile 

Re2O7, which then sublimes.  Increasing the methanol to oxygen ratio decreases the 

overall activity for both the Pt foil and Pt-Re alloy surfaces because there is insufficient 

accumulation of oxygen on the surface in the reducing environment.  Studies of as-

prepared and pre-oxidized surfaces show that as-prepared surfaces require an initial onset 

period for accumulation of dissociated oxygen on the surface with initially low to no 
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activity while pre-oxidation leads to initially higher activity.  Under reducing conditions, 

the Pt-Re alloy surface consistently maintains lower activity than the Pt surface due to the 

fact that the reaction conditions are too reducing to extract Re to the surface, which 

precludes any effects of its enhanced ability to dissociate oxygen. 

 

5.5 CONCLUSIONS 

Pt and Pt-Re alloy surfaces show similar selectivity for the methanol oxidation 

reaction.  On both surfaces, formic acid is the primary product formed at low 

temperatures, followed by formaldehyde at intermediate temperatures, and then CO2 at 

high temperatures across the range of 60-170 °C.  Pt surfaces deactivate much faster than 

Pt-Re alloy surfaces under identical conditions due to buildup of atomic carbon on the Pt 

surface.  Pt-Re alloy surfaces show a delay in their activation due to the diffusion of Re to 

the surface of the alloy in the presence of O2.  The diffusion of Re to the surface of the 

alloy leads to a buildup of oxygen species on the alloy surface due to the oxophilicity of 

Re and its ability to dissociate O2 more readily than Pt, which in turn allows for the 

oxidation of surface carbon species, thus increasing the overall activity and catalyst 

lifetime compared to the pure Pt surface.  Pt-Re alloy surfaces suffer a loss of Re over 

time on stream due to the formation of volatile Re(+7) species, which sublime under 

steady flows of oxygen-rich gas and more quickly at temperatures above 150 °C.   
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CHAPTER 6 

X-RAY PHOTOELECTRON SPECTROSCOPY AND REACTOR STUDIES FOR  

WATER-GAS SHIFT ON PT-RE BIMETALLIC CLUSTERS ON TIO2(110)4 

                                                 

 

 

4 Duke, A. S.; Xie, K.; Brandt, A. J.; Monnier, J. R.; Chen, D. A. " X-ray Photoelectron 

Spectroscopy and Reactor Studies for Water-Gas Shift on Pt-Re Bimetallic Clusters on 

TiO2(110)," in preparation. 
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6.1 INTRODUCTION 

Supported bimetallic catalysts play an instrumental role in the generation of 

energy, fuels, and commodity chemicals because they exhibit enhanced activity, stability, 

and selectivity compared to bulk and supported pure metals due to metal-metal and 

metal-support interactions.1-6  In particular, the positive effects generated by addition of 

Re to Pt have been known for half a century, having been seen on single crystal surfaces 

as well as on Pt-Re clusters distributed on a variety of supports like alumina, silica, ceria, 

zirconia, titania, and carbon.  Pt-Re catalysts have shown enhanced activity, selectivity, 

and stability compared to either Pt or Re for various types of hydrocarbon and biomass 

reforming in the production of clean H2.
7-24  A variety of explanations have been 

proposed for the role of Re in improving Pt catalysts including electronic modification,25-

27 decreased deactivation by coking and/or CO-poisoning of Pt active sites,8-14, 16-20, 28 

increased Pt dispersion and reduced sintering, especially on oxide supports,18, 24, 29-31 and 

improved dissociation of O2 on the surface with improved selectivity for the water-gas 

shift (WGS) reaction by ReOx.
29, 32-39 

Currently, the main process for generating H2 is the steam reforming of 

hydrocarbons; however, this process also generates CO.40-44  This is problematic since 

CO is a well-known poison for Pt catalysts, and its formation alongside hydrogen also 

creates a pathway for the methanation reaction, which therefore decreases hydrogen 

production.  Removal of CO via the WGS reaction is a critical step.  Current industrial 

processes require the use of two catalysts in a two-stage process at low and high 

temperatures, but a single catalyst capable of facilitating the WGS reaction at lower 

temperatures during reforming would be ideal.  In the aqueous phase reforming of 
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glycerol, the addition of Re to Pt/C was found to increase the total formation of H2 and 

CO2 by weakening the binding of CO to Re-modified Pt active sites, indicating that the 

presence of Re facilitates the WGS reaction.22,38, 45-53  Additionally, Re has been shown to 

improve the WGS reaction in Pt-Re/TiO2 catalysts for potentially one or more reasons:  

Re oxidizes to form ReOx, which facilitates the activation of water for efficient CO 

removal, and/or Re interacts strongly with the oxide support, which increases the initial 

dispersion of Pt on the surface and inhibits sintering under reaction conditions.29, 32-36, 46, 

49, 54-58  Furthermore, it is known that reducible oxide supports like TiO2 definitely play a 

role in the water-gas shift activity of the supported Pt catalyst, especially since the active 

sites are believed to be at a three-phase boundary of the reducible oxide support, the 

metal cluster, and the gas phase.33, 50, 59-60  TiO2 has also proved to be a better support for 

the Pt-Re clusters compared to others such as CeO2 and Al2O3 in the aqueous phase 

reforming of polyols.46, 50-51, 61 

Though there have been numerous studies of Pt-Re catalysts, the exact role of Re 

in enhancing the WGS on Pt/TiO2 catalysts is still somewhat unclear.  Part of the 

confusion stems from the fact that current knowledge of these systems is based on 

materials which are prepared and handled in air and subjected to a variety of 

pretreatments, such as reduction in H2.
17, 22, 24, 29, 34, 62-69  For materials containing Re, this 

poses a problem since Re readily oxidizes in air, and once oxidized, it is very difficult to 

re-reduce it.  A detailed study of these systems under a controlled environment where the 

surfaces can be well-characterized before and after reaction without exposure to air has 

thus far been lacking, hence the motivation for this work.  
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Here, TiO2(110)-supported Pt, Re, and Pt-Re bimetallic clusters have been studied 

using X-ray photoelectron spectroscopy (XPS) and an ambient pressure reactor to 

determine the role of Re in improving Pt/TiO2 catalysts for the water-gas shift.  In this 

work, model catalysts were prepared under ultrahigh vacuum using rutile TiO2(110) 

single crystals and physical vapor deposition to create Pt, Re, and Pt-Re bimetallic 

clusters with a wide spectrum of metal ratios.  The water-gas shift reaction was 

conducted from 130 to 190 °C under 3% CO/7% H2O/balance He in a recirculating 

reactor coupled to an ultra-high vacuum chamber for sample preparation and XPS 

analysis.   

 

6.2 EXPERIMENTAL 

Experiments were conducted in an ultrahigh vacuum chamber (P < 3x10-10 Torr) 

which is coupled to homemade microreactor, both of which have been described in detail 

elsewhere.70,71  The chamber is equipped with a residual gas analyzer (Stanford Research 

Systems, RGA 300), a hemispherical analyzer for XPS (SPECS, EA10), optics for 

performing LEED and AES (SPECS, ErLEED-4), and a high-pressure cell coupled to an 

external FTIR spectrometer for infrared reflection absorption spectroscopy (IRAS) 

(Bruker, Tensor 27).71 

Platinum and rhenium clusters were deposited onto a rutile TiO2(110) crystal 

(Princeton Scientific Corporation, 10 mm x 10 mm x 1 mm) which was mounted on a 

thick Ta foil plate using thin Ta foil straps.  The sample was heated radiatively by a 

tungsten filament from behind and by electron bombardment from the filament with a 

positive bias applied to the sample.  The sample temperature was monitored via an 

infrared pyrometer (Heitronics).  The crystal was cleaned by cycles of Ar+ sputtering (20 
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minutes, 1 kV, 10 mA, 3.0-3.2 A) and annealing (3 minutes, 950-1000 K) in vacuum.  

In this way, the titania support is made into an n-type semiconductor by the removal of 

lattice oxygen, which makes it sufficiently conductive for electron based characterization 

techniques.  A combination of XPS, LEED, and AES were used to confirm the 

cleanliness and crystallinity of the TiO2(110)-(1x1) surface.   

Pt and Re were deposited sequentially onto the titania surface from a Pt rod 

(ESPI, 2 mm diameter, 99.95%) and a Re rod (ESPI, 2 mm diameter, 99.99%), 

respectively, using a four-pocket electron-beam evaporator (Oxford Applied Research, 

EGC04).  The metal flux was calibrated with a UHV bakeable quartz crystal 

microbalance (QCM, Inficon, XTM-2) before each deposition.  Metal deposition rates 

were approximately 0.05-0.1 ML/min.  One monolayer of Pt is defined according to the 

packing density of Pt(111) (1.50 x 1015 atoms/cm2), and one monolayer of Re is defined 

according to the packing density of Re(0001) (1.52× 1015 atoms/cm2).   

XPS data were collected before and after reactor experiments using Al-Kα X-rays 

(10 kV/30 mA), a 0.2 s dwell time, and a 0.025 eV step size.  The surface was positioned 

normal to the analyzer.  Samples were prepared in the chamber and then transferred in 

and out of the microreactor without exposing the sample to air. In the reactor, the sample 

was heated and cooled in a continuous flow of fresh feed gas, which was a mixture of 3% 

CO (Praxair)/ 7% H2O/ 90% He (Airgas, 99.999%) with a flow rate of 60 sccm as 

determined by a digital flow meter (Agilent Technologies, ADM2000).  The CO was 

passed through an alumina trap heated to 150 °C for removing metal carbonyl 

contaminants from the gas before it entered the feed gas manifold.  Water vapor was 

induced into the feed gas line by a homemade vapor-liquid equilibrator (VLE) filled with 
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ultrapure liquid water (18.2 MΩ resistivity, Barnstead EasyPure II 7138), where helium 

served as the sweep gas.  The temperature of the VLE was controlled by a refrigerating/ 

heating circulating bath (VWR), and the concentration of water in the vapor outlet was 

calculated using the Antoine equation for pure water.  Both CO and He were introduced 

via independently calibrated mass flow controllers (Brooks, 5850e and 5850i).  The 

sample was heated to temperatures between 130 °C and 190 °C at a rate of ~1.5-2 °C 

/min by heating tapes (Briskheat, BWHD) wrapped around the exterior of the reactor 

housing which were regulated by a feedback loop on a temperature controller (Auber, 

SYL-4342P) to ensure uniform heating and cooling. The temperature of the sample was 

estimated by a type K thermocouple (Omega, KMQSS-040G-6) welded into the feed gas 

inlet, close to the surface of the sample. The gas lines were maintained at ~65 °C using 

two Valco Instruments temperature controllers. Pressure was monitored by two 

capacitance manometers (MKS Instruments, Baratron 722A) located upstream of the 

reactor in the feed gas line (790 Torr ~ 800 Torr) and downstream of the reactor (770 

Torr ~ 780 Torr).  

All activity tests were performed under recirculation mode where the reactant 

gases are forced to recirculate over the catalyst surface once every 2 min.70  The 

automated system was switched to sampling mode every 20 min, and a sample of the gas 

(~1.096 cm3) was injected on a gas chromatograph (HP 5890A) which is equipped with a 

PoraPLOT Q capillary GC column leading to a thermal conductivity detector (TCD).  

The total number of moles of CO2 produced was determined to be the sum of the number 

of moles of CO2 detected by the GC-TCD plus the number of moles present in the 

recirculation loop, which was calculated using the ratio of the volume of the sampling 
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loop to the recirculation loop and the ideal gas law.  Water-gas shift was observed for 2h 

periods at 130 °C, 145 °C, 160 °C, 175 °C, and 190 °C so that the activation energy of 

the reaction could be determined.  The background activity of the empty reactor and 

sample support were evaluated and found to contribute minor amounts of CO2 to the 

overall activity. For some experiments, the surface was pre-oxidized in a 4% O2/ 96% He 

flow for 1 h at 25 °C. 

 

6.3 RESULTS AND DISCUSSION 

In this study, surfaces consisting of 2 ML Pt + x ML Re (x = 0, 0.125, 0.25, 0.5, 1, 

and 2) and 2 ML Re + y ML Pt (y = 0, 1, 2, 3) clusters supported on TiO2(110) were 

studied for the water-gas shift reaction.  Surfaces consisting of 2 ML Pt, 1.7 ML Re, 2 

ML Pt + 1.7 ML Re, and 1.7 ML Re + 2 ML Pt each supported on TiO2(110) single 

crystals have already been characterized by scanning tunneling microscopy (STM), low-

energy ion scattering (LEIS), X-ray photoelectron spectroscopy (XPS), and temperature 

programmed desorption (TPD) in a previous work by Galhenage et al.72  STM studies 

from that work show that bimetallic clusters are formed in either order of deposition for 

1.7 ML Re deposited on 2 ML Pt (Pt + Re) or 2 ML Pt deposited on 1.7 ML Re (Re + Pt).  

Though the previous studies indicate that bimetallic clusters are formed from an initial 

coverage of 1.7-2.0 ML of metal seed clusters for both orders of metal deposition, the 

morphology of each surface was shown to be different with the Pt + Re surfaces having 

fewer clusters which were larger than clusters on the Re + Pt surfaces.   

Figure 6.1 compares the average rate of CO2 formation as a function of 

temperature for the pure 2 ML Pt and 2 ML Re surfaces with the bimetallic surfaces 

generated from depositing Pt first.  Though there is some CO2 formation from the empty 
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reactor, no CO2 formation above the background is detected on 2 ML Re or the clean 

TiO2 support.  The pure 2 ML Pt clusters show much higher activity than the 2 ML Re 

clusters at 130 °C and continue to increase in activity at every temperature as the sample 

is heated to 190 °C.  This concurs with the studies performed by Azzam and coworkers 

who found that Re/TiO2 showed no activity for the WGS reaction.33  It is also consistent 

with CO TPD studies performed in previous work on these surfaces, which indicated that 

in spite of their greater dispersion on the surface, pure Re clusters have much lower 

 

 

Figure 6.1:  Average rate of CO2 formation in 2 h at each temperature for: 

(▲) the empty reactor and clean TiO2; (■) 2 ML Pt/TiO2 and 2 ML 

Re/TiO2; (●) bimetallic clusters on TiO2 with 2 ML Pt deposited first. 
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activity than pure Pt.72  The addition of 0.125 ML Re to the 2 ML Pt surface does not 

significantly change the activity of the Pt, maintaining the same overall trend of 

increasing activity with increasing temperature.  Similarly, the addition of 0.25 ML Re to 

the 2 ML Pt surface does not change the activity of the Pt at 130 °C or 145 °C, but at 160 

°C and 175 °C, the 2 ML Pt + 0.25 ML Re surface exhibits higher activity than the pure 

Pt surface.  The 2 ML Pt + 0.5 ML Re surface exhibits the same activity as the pure Pt 

surface at 130 °C, but at 145 °C, 160 °C, and 175 °C, its activity is higher than pure Pt or 

any of the other Pt + Re surfaces.  This is consistent with previous CO TPD studies on 

these surfaces, which showed that depositing 0.43 ML Re on top of 2 ML Pt clusters adds 

just enough Re to diminish substantially the 500 K molecular CO desorption peak from 

Pt step sites as compared to pure Pt clusters, but not quite enough Re for CO dissociation 

to occur.72  Galhenage et al. attributed this behavior to the diffusion of a great fraction of 

the Re into the Pt, which is due to the lower surface free energy of Pt as compared to Re 

(2.5 J/m2 vs. 3.6 J/m2).  It could be that the diffusion of Re underneath the Pt modifies the 

clusters so that the number of Pt step sites are greatly reduced or the binding of CO to 

those sites is weakened, or else it could be that having a very small quantity of Re at the 

surface of the clusters beneficially blocks Pt step sites.  Adding 1 ML Re to the 2 ML Pt 

surface results in less activity than the 2 ML Pt + 0.5 ML Re surface.  In fact, the activity 

of the 2 ML Pt + 1 ML Re surface looks identical to that 2 ML Pt + 0.25 ML Re surface 

at 130 °C, 145 °C, and 160 °C, but then instead of continuing to increase, it plateaus.  

This drop in activity could be due to the larger coverage of Re at the surface.  After 

reaction, the ratio of integrated Re(4f)/Pt(4f) areas for the 2 ML Pt + 1 ML Re surface is 

98% of what it was before reaction.  This is notably higher than the Re/Pt ratio for the 2 
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ML Pt + 0.5 ML Re surface after reaction, which is 82% of what it was before reaction.  

Based on the previous CO-TPD studies, it could be that a smaller fraction of the 1 ML Re 

coverage is able to diffuse into the Pt clusters as compared to the 2 ML Pt + 0.5 ML Re 

surface, and the greater amount of Re at the surface blocks Pt active sites.72  Thus it 

appears that having only a small quantity of Re at the surface can be beneficial, but more 

than that lowers the overall activity of the surface.  Indeed, the 2 ML Pt + 2 ML Re 

surface is completely different from the other bimetallic surfaces in that it follows the 

trend of the 2 ML Re surface instead of the 2 ML Pt, showing much lower activity at all 

temperatures than any of the other surfaces though still more activity than the pure Re.  

This seems to counter the results published by Azzam et al. who found that a nearly 

50/50 composition of Pt-Re/TiO2 showed better activity than Pt/TiO2, which is not the 

case for this order of deposition.33  However, the results shown here are consistent with 

the LEIS studies performed by Galhenage and coworkers, which showed that depositing 

1.7 ML Re on top of 2 ML Pt attenuates the Pt signal as the Re covers some but not all of 

the Pt clusters due to the lower surface free energy of Pt and diffusion of some but not all 

Re into the Pt clusters.  The previous CO TPD studies support this as well, suggesting 

that for 2 ML Pt + x ML Re coverages with x > 0.5 ML, a greater fraction of the Re 

remains at the surface, blocking active sites.72   

At 190 °C the activities of all of the bimetallic 2 ML Pt + x ML Re surfaces are 

lower than that of the pure Pt clusters.  Previous studies of Pt-Re surfaces have shown 

that in an oxidizing environment at temperatures of 175 °C and above, subsurface Re is 

induced to diffuse to Pt surfaces where it becomes oxidized.39,71,73  Thus it is possible that 

the decrease in activity for bimetallic clusters above 175 °C is due to increased diffusion 
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of Re to the surface of the clusters which blocks Pt active sites.  This is more pronounced 

for the higher Re coverage surfaces like the +1 ML Re and +2 ML Re surfaces, which 

show diminished activity at 175 °C because there is already a large fraction of Re at the 

surface of those clusters unlike the lower Re coverage surfaces in which a greater 

proportion of Re had first diffused underneath the Pt.  To test this, a 2 ML Pt + 0.5 ML 

Re surface was pre-oxidized by exposing the cluster surface to 4% O2 in He for 1 h at 25 

°C so that the Re stayed at the surface of the clusters.  The WGS reaction was then 

performed on the pre-oxidized surface in the same way as all of the other surfaces.  The 

activity of the pre-oxidized surface is consistently lower than that of its freshly prepared 

counterpart up until 190 °C at which point the activities of the freshly prepared and pre-

oxidized surfaces are identical.  This indicates that ReOx is not the active species in the 

WGS reaction, and in fact, it appears to diminish the activity of what should otherwise 

have been the most active surface.   

Figure 6.2 shows a comparison of the average rate of CO2 formation as a function 

of temperature for the pure 2 ML Pt and 2 ML Re surfaces with the bimetallic surfaces 

generated from depositing Re first.  The activity of the 2 ML Re + 1 ML Pt is slightly 

lower than that of the pure Pt but still much higher than that of the pure Re, behaving 

very similarly to the 2 ML Pt + 0.125 ML Re surface.  The 2 ML Re + 2 ML Pt shows 

the most activity out of any surface, regardless of the order of metal deposition.  This 

50/50 mixture of Pt-Re now supports the results published by Azzam et al, suggesting 

that their 50/50 catalysts must have consisted of Re covered by Pt at the surface, not the 

other way around.33  Adding another monolayer of Pt to make a 2 ML Re + 3 ML Pt 

surface does not further increase the activity.  It could be that the effects of Pt-Re 
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interactions are diminished at the higher coverage of Pt, or perhaps the surface is 

saturated at a coverage of 2 ML Re + 2 ML Pt such that the addition of still more Pt does 

not create new active surface Pt sites but only adds to the bulk of the clusters, so that the 

number of active Pt sites at the surface remains relatively unchanged.  LEIS studies of Re 

+ Pt surfaces performed by Galhenage et al. showed that the top monolayer of the 

surfaces is ~100% Pt, which is consistent with the fact that Pt is energetically favored to 

 

 

Figure 6.2:  Average rate of CO2 formation in 2 h at each temperature 

for: (▲) the empty reactor and clean TiO2; (■) 2 ML Pt/TiO2 and 2 ML 

Re/TiO2; (●) bimetallic clusters on TiO2 with 2 ML Re deposited first. 
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remain at the surface.  Thus these results indicate that the best activity for the WGS 

reaction on Pt-Re/TiO2 comes from having Re clusters covered by Pt at the surface.   

It has been proposed that the improved activity on Re + Pt surfaces is due to a 

decrease in sintering of Pt clusters due to the presence of Re underneath.  Iida and Igrashi 

reported that one of the roles of Re in water-gas shift catalysts generated by impregnating 

Pt on top of Re on TiO2 was to anchor the Pt due to strong interactions between Pt and Re 

and Re and TiO2.  Their claim was based on TEM results which showed the more active 

Pt-Re catalyst had 2.1 nm Pt particles after reaction while the less active pure Pt catalyst 

had 3.2 nm Pt particles after reaction.29  However, this is unlikely to explain the improved 

activity of the Re + Pt surfaces here since the temperatures in these studies are far below 

those at which significant Pt sintering should occur.   

Post-reaction XPS data confirm that the activity of the bimetallic catalyst is not 

enhanced by the presence of oxidized Re at the surface but rather by Re in its metallic 

form underneath the Pt.  XPS of the Re(4f) region of the 2 ML Pt + 0.5 ML Re/TiO2 

surface before and after oxidation as well as after reaction are shown in Figure 6.3.  The 

peak at 37 eV corresponds to the Ti(3p) signal from the titania substrate, and the feature 

above 50 eV is from the Pt(5p) region of the 2 ML Pt clusters deposited first.  The 

Re(4f7/2) peak for the freshly deposited metallic Re on Pt clusters is located at 40.55 eV, 

compared to 40.3 eV established for Re(0001) single crystals.73-75  After reaction, the 

Re(4f7/2) peak remains in the same position with no significant change to the shape of the 

spectrum to indicate oxidation of Re.  In contrast, the Re(4f7/2) peak for pre-oxidized 2 

ML Pt + 0.5 ML Re clusters shows the formation of several high oxidation states.  With 

the Re(4f7/2) and Re(4f5/2) doublet peaks separated by 2.42 eV and a peak area ratio of 
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4:3, the pre-oxidized Re spectrum can be fit with peaks at 40.9 eV, 42.5 eV, 44.1 eV, and 

45.2 eV, corresponding to Re0, Re+4, Re+5, and Re+6, respectively.   After the pre-oxidized 

surface is exposed to reaction conditions, the higher oxidation states of Re+5 and Re+6 

disappear, leaving the post-reaction surface to look only slightly more oxidized than the 

post-reaction surface of the freshly prepared sample which showed identical activity at 

 

 

Figure 6.3:  X-ray photoelectron spectroscopy data of the Re(4f) region 

for the freshly prepared and pre-oxidized 2 ML Pt + 0.5 ML Re/TiO2 

surfaces pre- and post-reaction.  
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the highest temperature before removal from the reactor for XPS.  This indicates that the 

higher oxidation states on the pre-oxidized surface, which initially lowered the activity, 

might have sublimed from the surface as they became more heavily oxidized at and 

above 175 °C.  The decreased amount of ReOx on the pre-oxidized surface at 190 °C 

explains why the freshly prepared and pre-oxidized surfaces showed identical activity at 

the highest temperature. 

Figure 6.4 shows the Re(4f) region for 2 ML of pure Re clusters and bimetallic 

surfaces containing 2 ML Re before and after reaction.  In conjunction with the previous 

studies performed by Galhenage and coworkers, XPS indicates that the as-deposited 

clusters are metallic in the pure Pt and pure Re surfaces as well as the bimetallic surfaces.  

For all surfaces, the as-deposited 2 ML Re signals show a Re(4f7/2) binding energy of 

40.3 eV, characteristic of Re metal.  After undergoing the water-gas shift reaction, the 2 

ML Re + 2 ML Pt surface (light blue), which showed the best activity of all the surfaces, 

shows no oxidation of Re due to the fact that the Pt completely covers the Re clusters 

underneath, so the exposure of the Re clusters to the reaction environment is minimized.  

For the post-reaction 2 ML Re + 1 ML Pt surface (light red), which showed comparable 

activity to the pure 2 ML Pt surface, the Re(4f7/2) binding energy appears at 40.4 eV, 

which is not significantly different than the 2 ML Re + 2 ML Pt surface, again indicating 

there is enough Pt to cover the metallic Re clusters underneath.  However, the post-

reaction 2 ML Pt + 2 ML Re surface (light green), which showed the lowest activity of all 

the bimetallic surfaces, shows some Re oxidation with the Re(4f7/2) binding energy 

shifting to 40.6 eV.  This is due to the fact that not all of the 2 ML Re is able to diffuse 

into the Pt clusters, and so some Re remains behind at the surface and is therefore 
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exposed to the reaction mixture.  This mixture of metallic and oxidized Re at the surface 

of the clusters is then responsible for blocking Pt active sites and causing diminished 

activity compared to all of the other bimetallic and pure Pt clusters.   For the post-

 

 

Figure 6.4:  X-ray photoelectron spectroscopy data 

of the Re(4f) region for pre- and post-reaction 

surfaces containing 2 ML Re on TiO2. Gray traces 

indicate only 2 ML Re deposited on the TiO2 surface.  

The vertical black line drawn through all spectra 

indicates the binding energy of metallic Re at 40.3 

eV. 
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reaction pure Re surface (black), which had no activity above the background, there is 

significant oxidation.  The Re(4f7/2) binding energy shifts by 0.5 eV to 40.8 eV, which is 

consistent with a 0.4 eV shift to higher binding energy reported by Sato et al. for the 

oxidation of the Re surface by water.37  Since the surfaces with the best activity do not 

show any oxidation of Re, it appears that ReOx at the surface is not an active species in 

the water-gas shift reaction.  This seems to refute the suggestions made by Azzam and 

Ciftci that the main influence of Re in the bimetallic catalyst was the fact that Re binds 

oxygen species very strongly, which facilitates the activation of water, thereby producing 

hydroxyl species which are involved in the water-gas shift reaction.34, 48  In fact, it may 

be that the oxophilic nature of Re does play a role in that as-deposited Re is initially 

surrounded with oxygen from the support lattice before Pt deposition, but XPS indicates 

that the dominant Re oxidation state in the highly-active surfaces is Re0. 

From these data, the clearest result is that the WGS reaction is improved when Re 

resides beneath the Pt.  This can be achieved in two ways: either a small amount of Re is 

deposited on top of the Pt and diffuses underneath, or else the Re is deposited first and 

remains below the Pt, both due to thermodynamics.  In the first case, there is no evidence 

to suggest that the Re deposited on top of Pt interacts with the support at all, yet the 

activity can be improved.  In the second case, the Re does interact with the support first, 

which may be a factor in explaining why the Re + Pt surfaces yield the best activity.  The 

LEIS studies conducted by Galhenage and co-workers indicate that some amount of 

oxygen and Ti3+ from the reduced titania support diffuses onto the pure Re clusters at 

room temperature due to a strong metal-support interaction.72  XPS from this work as 

well as from the previous work confirms that unlike the deposition of Pt, deposition of Re 
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reduces the titania support; though, the reducing effect on the support is somewhat 

minimized for bimetallic clusters.  Thus they proposed that the partially encapsulated Re 

facilitates CO2 production by funneling oxygen from the support to the CO that binds to 

Pt on top of Re.  Additionally, as mentioned earlier, previous studies have shown that in 

an oxidizing environment it is energetically favorable for Re to diffuse to a Pt surface 

where it dissociates molecular O2,
39,71,73 and so perhaps it is also possible that the 

presence of Re underneath the Pt could facilitate the dissociation of water on the surface.  

Thus the presence of Re and the increased amount of reduced TiOx available at the 

cluster-support interface may both facilitate water dissociation and further increase CO2 

production in the water-gas shift.  This could have a large effect on the activity of the 

catalyst since the reaction steps of oxygen vacancy formation and H2O dissociation on 

the titania support are both believed to contribute the most to the overall rate of reaction; 

the reaction step of CO adsorption on the Pt is also believed to contribute significantly to 

the rate, though to a lesser extent than H2O dissociation.59   

 

6.4 CONCLUSIONS 

In order to investigate the role of Re in improving Pt/TiO2 catalysts, Pt, Re, and 

Pt-Re bimetallic clusters have been grown on TiO2(110) and studied for the water-gas 

shift reaction using an ambient pressure reactor and X-ray photoelectron spectroscopy 

(XPS).  XPS analysis before reaction shows that the pure metal and bimetallic clusters 

are all initially metallic, but after reaction, the Re clusters at the surface become oxidized 

by the reaction mixture unless they are sufficiently covered with Pt.  Reactor studies 

indicate that Re oxide formed at the surface of the bimetallic clusters does not improve 

the activity of the Pt/TiO2 catalyst, and in fact, neither does metallic Re at the surface of 
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the bimetallic clusters.  Rather, improved activity was seen only when a significant 

coverage of Re was present beneath the Pt surface, either by diffusion of Re into Pt seed 

clusters or else by depositing Re first, with the latter yielding the best results.   
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CHAPTER 7 

ACTIVE SITES IN COPPER-BASED METAL–ORGANIC FRAMEWORKS: 

UNDERSTANDING SUBSTRATE DYNAMICS, REDOX PROCESSES, AND VALENCE-

BAND STRUCTURE 
5 

                                                 

 

 

5 Reprinted (adapted) with permission from Duke, A. S.; Dolgopolova, E. A.; Galhenage, 

R. P.; Ammal, S. C.; Heyden, A.; Smith, M. D.; Chen, D. A.; Shustova, N. B. Active 

Sites in Copper-Based Metal–Organic Frameworks:  Understanding Substrate Dynamics, 

Redox Processes, and Valence-Band Structure. J. Phys. Chem. C, 2015, 119 (49), 27457-

27466. Copyright 2015 American Chemical Society. 
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7.1 INTRODUCTION 

The use of metal−organic frameworks (MOFs) provides a unique and powerful 

opportunity for precise control over the architecture of reactive metal sites. The reactive 

metal centers in MOFs consist of unsaturated metal sites (UMS), which are typically 

formed by removing metal-coordinated solvents by heating under reduced pressure. The 

exploration of chemical activity at these UMS is critical for understanding MOF 

chemistry and also impacts a wide variety of related practical applications.1−16 For 

example, MOFs have proven to be effective materials for use in gas purification and 

storage,1,17−19 sensing,20 and enhanced catalytic activity.21−23 MOFs have also recently 

demonstrated great potential for efficient gas separation (e.g., for CO2/N2 or CO2/H2 gas 

mixtures)1,18 and temperature-dependent, highly selective sensing.20 Moreover, MOFs can 

help address the current challenges in heterogeneous catalysis. The majority of 

commercial heterogeneous catalysts are based on metal particles deposited on high 

surface area supports, such as metal oxides. However, control of active site geometry 

cannot be achieved through traditional catalyst preparation techniques such as wet 

impregnation; furthermore, changes in structure and composition of supported metal 

particles also occur upon heating and exposure to reactant gases24−28 due to sintering,29−31 

surface reconstruction,32,33 and redistribution of metal atoms between the surface and the 

bulk. In contrast, the geometry and composition of UMS in MOFs can be synthetically 

tuned by the ligand and/or metal node design, fully characterized by single-crystal X-ray 

crystallography, and should remain unchanged under reaction conditions. 

The development of MOFs that can provide a high density of chemically active 

sites is a complex problem and should be tackled from many directions. In this work, we 
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report a systematic and integrated approach that combines optimization of MOF 

ligand/node design and synthetic methodology, X-ray photoelectron spectroscopy (XPS) 

studies for characterization of MOF UMS, and theoretical calculations that provide 

insight into the chemical processes occurring at the active UMS. Specifically, we have 

achieved the following: (1) extensive reduction of Cu+2 to Cu+1 at the MOF metal nodes 

while retaining the original MOF structure, (2) a change in the valence band structure and 

electronic properties of the MOF after significant reduction of Cu+2 to Cu+1, and (3) 

selective binding of adsorbates as a function of the UMS oxidation state. The described 

approach focusing on gas−solid state dynamics has great potential for industrial impact, 

given that the majority of industrial catalytic reactions occur in the gas phase. In contrast 

to liquid-phase studies, there have been only a few investigations of gas-phase reactions 

in a MOF matrix.34−37 Thus, we envision that the studies presented here will significantly 

impact the use of MOFs for heterogeneous catalysis and gas purification; in addition, this 

work will also guide the development of new avenues for controlling the conductivity of 

typically insulating MOF materials. 

 

7.2 EXPERIMENTAL 

Materials 

Cu(NO3)2·2.5H2O (98.3%, Mallinckrodt AR), Cu(CH3COO)2·H2O (95%, TCI 

America), 1,3,5-benzenetricarboxylic acid (98%, Alfa Aesar), 2-methylimidazole (97%, 

Alfa Aesar), 5-nitroisophtalic acid (98%, Alfa Aesar), N,N-dimethylformamide (ACS 

grade, BDH), ethanol (Decon Laboratories, Inc).  The compounds Cu3(BTC)2(H2O)3 (1)1 

and [Cu5(NIP)4(OH)2(H2O)6]·(H2O)5 (2)2 were prepared according to the reported 

procedures.a 
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X-ray Crystal Structure Determination 

[Cu5(NIP)4(OH)2(H2O)6]·(H2O)5 (C32H36Cu5N4O37, 2, the crystallographic data 

are shown in Table C.1 and Figures C.1 and C.2).  X-ray intensity data from a light blue 

plate crystal were collected at 100(2) K using a Bruker SMART APEX diffractometer 

(Mo Kα radiation,  = 0.71073 Å).3 The raw area detector data frames were reduced and 

corrected for absorption effects using the SAINT+ and SADABS programs.3 Final unit 

cell parameters were determined by least-squares refinement of 9131 reflections from the 

data set. The structure was solved by direct methods with SHELXS.4 Subsequent 

difference Fourier calculations and full-matrix least-squares refinement against F2 were 

performed with SHELXL-20144 using OLEX2.5 

 

Other Physical Measurements 

Powder X-ray diffraction patterns were recorded on a Rigaku Miniflex II 

diffractometer with accelerating voltage and current of 30 kV and 15 mA, respectively. 

Thermogravimetric analysis (TGA) was performed on a SDT Q600 thermogravimetric 

analyzer using an alumina boat as a sample holder at a heating rate of 5 °C/min (Figure 

C.3). FT-IR spectra were obtained on a PerkinElmer Spectrum 100 (Figure C.4). 

 

X-ray Photoelectron Spectroscopy (XPS) Studies 

The XPS studies on MOF samples were carried out using a Kratos AXIS Ultra 

DLD system equipped with a monochromatic Al Kα source, a hemispherical analyzer, 

charge neutralizer, catalysis cell, and a load lock chamber for rapid introduction of 

samples without breaking vacuum. The base pressure in the XPS analysis chamber was 2 

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5b08053/suppl_file/jp5b08053_si_001.pdf


www.manaraa.com

 

170 

× 10−9 Torr before sample introduction and ≤2 × 10−8 Torr during experiments. The 

samples could be directly transferred from the XPS analysis chamber to the catalysis cell 

without exposure to air. In the catalysis cell, samples were exposed to a flow of pure 

gases (Ar, O2, H2, and CO) at temperatures ranging from room temperature to 225 °C. 

Pure gases were obtained from the following vendors: Ar (Airgas, UHP 99.999%), O2 

(Airgas, UHP 99.994%), CO (Praxair, 99.99%), and H2 (Airgas, UHP 99.999%). 

XPS data were collected with a step size of 0.06 eV and dwell times of 600 s for 

O(1s), 800 s for C(1s) and N(1s), and 1600 s for Cu(2p), the Cu(L3M5M5) region, and the 

valence band region unless otherwise specified. Because of the insulating nature of the 

MOF samples, a charge neutralizer was used to compensate for sample charging by 

bombarding the sample with low-energy electrons; electrons are generated by a hot 

filament, and the trajectories of the electrons toward the sample are by controlled electric 

and magnetic fields. Binding energies were set according to the Cu(L3M5M5) Auger peak 

for metallic Cu, which was fixed at 567.9 eV6,7 for the MOF that was heated in H2 at 225 

°C for 1 h in order to reduce all of the Cu to the metallic species (Figure C.5). The C(1s) 

peaks for this reduced sample appeared at 284.8 and 288.7 eV, corresponding to the 

aromatic and carboxylate carbons, respectively; since the ratio of the low to high binding 

energy peaks was greater than 2:1, as expected based on stoichiometry, adventitious 

carbon is believed to have a significant contribution to the 284.8 eV peak. The binding 

energies for all of the other MOF samples were calibrated according to the position of the 

284.8 eV peak. Notably, the binding energy for adventitious carbon/aromatic carbon was 

unchanged after the sample was reduced in H2. The Cu(2p3/2) peak position was not used 

as the calibration standard because there is more variation in the literature regarding the 
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exact binding energy for metallic Cu (932.2−932.5 eV)6,8,9 compared to the Cu(L3M5M5) 

position (918.6−918.7 eV kinetic energy).6,7 

MOF XPS samples were either in powder form or consisted of the powder 

pressed into a ∼0.5 mm thick pellet using a hydraulic press at 60 tons for 20 s. The 

powdered samples and pellets were heated under vacuum on a Schlenk line in order to 

remove residual solvent before introduction into the vacuum chamber for XPS analysis. 

Immediately after heating on the Schlenk line, the MOF samples were transferred to a 

closed glass vial and placed in an aluminum holder that had been heated to the same 

temperature as the sample to minimize water uptake from air. The samples remained in 

the aluminum holder while being transported to the XPS facility and were still hot when 

introduced into the load lock chamber. The standard preparation for 1 involved heating at 

160 °C for 48 h. The color of 1 was dark blue after heating on the Schlenk line and 

remained this color until turning lighter blue during loading into the sample holder; after 

evacuation in the load lock chamber overnight, the sample returned to the dark blue color. 

Framework 2 changed from blue to green after heating on the Schlenk line and then 

turned dark green after heating in Ar for 14 h at 200 °C. To confirm MOF crystallinity, 

each sample was characterized by PXRD analysis prior to thermal treatment and after 

XPS experiments (Figures C.6−C.11). 

Survey scans were acquired to establish that there were no contaminants 

introduced during sample preparation, and the following regions were collected for each 

sample unless otherwise specified: C(1s), O(1s), Cu(2p), Cu(L3M5M5), valence band, and 

N(1s). A small N(1s) peak was observed for the as-received MOF sample and is 

attributed to the presence of dimethylformamide from the solvent during synthesis. This 
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N(1s) peak decreased almost to zero after heating the MOF in Ar at 225 °C in the 

catalysis cell for 14 h. Experiments involving heating in the vacuum chamber and 

exposure to O2 gas were carried out on both the powder and pellet samples with the same 

results. The samples were heated by means of a shielded boron nitride button heater in 

the XPS analysis chamber and catalysis cell. The sample temperature was measured by a 

type K thermocouple affixed to the sample stage in the analysis chamber and by a type K 

thermocouple pin on which the sample holder rested in the catalysis cell. 

 

Theoretical Calculations 

A finite size cluster model cut out from the crystallographically-determined 

structure of Cu3(BTC)2 was used to study the adsorption behavior of Cu+2 and Cu+1 sites 

using density functional theory (DFT). The initial cluster model (Figure C.12a), which 

contains 82 atoms was formed from a Cu+2 dimer and four BTC units after saturating the 

carboxylates with H atoms. The calculations were performed using the TURBOMOLE 

6.6 program package.12 Geometry optimization and energy calculations were carried out 

employing the hybrid B3LYP method13-15 (Becke’s three-parameter exchange functional 

and the correlation functional from Lee, Yang, and Parr) and the def2-TZVPP basis 

set16,17 (Ahlrichs’ split-valence triple-zeta basis set with polarization functions on all 

atoms with additional polarization functions). The dispersion corrections for the non-

bonding van der Waals interactions were included using Grimme’s DFT-D3 method.18  

The adsorption energies (𝐸𝑎𝑑𝑠) between the gas molecules and the MOF cluster were 

calculated using the formula, 𝐸𝑎𝑑𝑠 =  𝐸𝑀𝑂𝐹−𝑔𝑎𝑠 − 𝐸𝑀𝑂𝐹 − 𝐸𝑔𝑎𝑠 where 𝐸𝑀𝑂𝐹−𝑔𝑎𝑠 is the 

total energy of the MOF cluster with adsorbed gas molecule, 𝐸𝑀𝑂𝐹 and 𝐸𝑔𝑎𝑠 represent the 
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total energies of the MOF cluster and the gas molecule, respectively. The calculated 

adsorption energies were then corrected for the basis set superposition error (BSSE) using 

the full counterpoise correction method.19 The atomic charges on the Cu metal atoms 

were calculated using natural population analysis (NPA)20 and the density of states 

(DOS) for the clusters were obtained using Gaussian smearing of Kohn–Sham orbital 

energies. 

 

7.3 RESULTS AND DISCUSSION 

Cu+2/Cu+1 Reduction at MOF Metal Nodes 

The initial criteria for the selection of MOFs to be studied by XPS were high 

thermal stability, ability to retain the structure after MOF activation, and the presence of 

secondary building units consisting of coordinatively unsaturated metal ions at the MOF 

nodes. Additional restrictions, such as a difference in UMS ensemble sizes, were applied 

to the chosen MOFs to ensure an ability to explore the effect of UMS geometry. We also 

imposed the requirement that at least one of the chosen MOFs should possess a known 

behavior (e.g., activation procedure, synthesis, and thermal stability) and be very well 

characterized by a variety of solid-state techniques. In this manner, we can establish clear 

structure−property relationships based on our experimental data and theoretical 

calculations in combination with previously reported studies.  As a result, 

Cu3(BTC)2(H2O)3 (1, BTC = benzene-1,3,5-tricarboxylate) and 

[Cu5(NIP)4(OH)2(H2O)6]·(H2O)5 (2, NIP = 5-nitroisophthalate) were chosen for synthesis 

(Figure 7.1). For preparation of 1, copper nitrate was heated in the presence of the 

H3BTC ligand at 75 C for 24 h.38  Framework 2 was prepared by a solvothermal 

procedure, which includes heating of copper acetate and H2NIP at 100 °C for 48 h using  
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water as a reaction medium.39 Prepared 1 and 2 were characterized by single-crystal and 

powder X-ray diffraction (PXRD), thermogravimetric analysis (TGA), and Fourier 

transform infrared (FTIR) spectroscopy (Figure 7.2; Table C.1, Figures C.1− C.4).  

As shown in Figure 7.1, 1 contains dinuclear paddle wheel secondary building 

units bridged by four carboxylate groups, M2(O2C−)4. The activation procedure 

developed for 1 facilitated removal of the solvent molecules, which occupy the axial sites 

on each Cu+2 ion, by heating under vacuum to generate UMS. In contrast to the dinuclear 

nodes in 1, 2 has an unusual pentameric copper-based building unit, Cu5 (Figure 7.1). The 

asymmetric unit consists of three copper ions, one of which is located on a 

crystallographic inversion center, two NIP2− ligands, one OH− group, three coordinated 

water molecules, and three noncoordinated water molecules (Figure 7.1, Figures C.1 and 

 

 

Figure 7.1: Single-crystal X-ray 

structures of 1 and 2 highlighting 

dimetal and pentameric secondary 

building units. Orange, gray, blue, 

and red spheres represent copper, 

carbon, nitrogen, and oxygen atoms, 

respectively. Hydrogen atoms and 

coordinated and noncoordinated 

solvent molecules are omitted for 

clarity. 
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C.2). The connection of these Cu5 clusters with fully deprotonated NIP2− ligands resulted 

in the formation of the three-dimensional framework 2 (Figure 7.1 and Figure C.1). Thus, 

prepared 1 and 2 frameworks satisfy all criteria mentioned above: they are thermally 

stable,22,39 able to preserve crystallinity after the activation procedure (Figure 7.2), 

contain UMS, and possess two distinctively different UMS geometries.  

For 1, XPS data for the Cu(2p3/2) region show two distinct peaks at 935.0 and 

933.3 eV, which are assigned to Cu+2 and Cu+1, respectively (Figure 7.3a). Although 

these binding energies are ∼0.5−1.5 eV higher than those typically observed for Cu+1 and 

Cu+2 oxidation states in Cu2O and CuO,40−42 our binding energies are consistent with the 

values that have been observed in Cu+1 and Cu+2 complexes.43,44 The Cu(2p3/2) region 

cannot be used to distinguish between metallic Cu and Cu+1 given the similar binding 

                

 

Figure 7.2: (top) PXRD patterns of 1: simulated (black), as synthesized (blue), and 

after XPS measurements (red). The inset shows the color change observed for 1 

during heating on the Schlenk line at 160 °C for 48 h. (bottom) PXRD patterns of 2: 

simulated (black), as synthesized (blue), and after XPS measurements (red). The inset 

shows the color change observed for 2 during heating on the Schlenk line at 200 °C 

for 48 h. 
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energies,40,42 but the Cu(LMM) Auger peak shapes can distinguish between metallic Cu 

and oxidized Cu.45 The Auger spectra in Figure 7.4 correspond to 1 as received and after 

the thermal and gas treatments described in Figure 7.3. The spectrum of metallic Cu, 

which was produced by decomposing 1 in H2 at 225 °C for 1 h, is also shown for 

comparison. The peak shapes for the Cu+1 and Cu+2 species are similar to each other and 

are consistent with Cu(LMM) data in the literature for CuO and Cu2O,45 whereas the peak 

shape for metallic Cu is distinctly different. The other spectral regions corresponding to 

this H2 treatment for 1 are shown in Figure C.5. For all of the XPS experiments, PXRD of 

the sample after data collection showed that the MOF samples were still crystalline; the 

only exception was when 1 was heated in H2 to intentionally reduce all of the Cu ions to 

                  

 

Figure 7.3: XPS data for the Cu(2p3/2) region for (a) 1 powder and (b) 2 powder after 

the following successive treatments on the same samples: (a, i) as-received; (a, ii) 

heated in Ar at 225 °C for 14 h; (a, iii) exposed to pure oxygen at room temperature 

for 2 h; (a, iv) heated in vacuum at 275 °C for 5 h; (b, i) as-received; (b, ii) heated in 

Ar at 200 °C for 14 h; (b, iii) exposed to pure oxygen at room temperature for 2 h; and 

(b, iv) heated in vacuum at 200 °C for 2 h. 
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metallic Cu. This retention of crystal structure for the samples is further chemical 

evidence that copper is in its ionic rather than metallic form.  

After heating the sample in the catalysis cell in flowing Ar for 14 h at 225 °C, 

there is a dramatic increase in the Cu+1/Cu+2 ratio from 0.76 to 5.6 (Figure 7.3a,ii). This 

thermal treatment is believed to convert Cu+2 to Cu+1, given that more extensive heating 

 

 

Figure 7.4: XPS data for the 

Cu(LMM) Auger region for 1 powder 

after the following successive 

treatments on the same sample: (a) as-

received; (b) heated in Ar at 225 °C 

for 14 h; (c) exposed to pure oxygen at 

room temperature for 2 h; (d) heated in 

vacuum at 275 °C for 5 h; and (e) a 

pellet of 1 heated in flowing H2 at 225 

°C for 1 h in order to decompose the 

MOF and reduce all of the Cu ions to 

metallic Cu. The intensity of (e) is 

reduced by a factor of 2 since the 

pellet samples provided more intensity 

than the powders. 
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in Ar (35 h) achieved ∼100% complete conversion (Figure C.13); the near absence of the 

satellite peaks at 940.5 and 944.8 eV establishes that the sample is almost exclusively 

Cu+1 since distinct satellite peaks are observed only for Cu+2.42 Exposure of reduced 1 to 

O2 for 2 h at room temperature diminishes the Cu+1/Cu+2 ratio to a value of 1.5, 

suggesting that oxygen preferentially binds to Cu+1 sites and converts Cu+1 to Cu+2 

(Figure 7.3a,iii). Heating the O2-exposed sample to 275 °C in a vacuum for 5 h does not 

change the peak shape, and this implies that desorption of oxygen does not occur (Figure 

7.3a,iv). The C(1s) and O(1s) regions before thermal treatment are in agreement with the 

spectra reported for films and powders of 1 in the literature,46,47 and these spectra do not 

change after heating at 225 °C in Ar for 14 h or after exposure to gases (Figure C.14).  

                  

 

Figure 7.5: XPS data for the Cu(2p3/2) region after exposure to X-rays and the charge 

neutralizer for various times for (a) 1 powder and (b) anhydrous Cu(II) acetate 

powder. 
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Two earlier reports of XPS for 1 in the literature do not show a clear Cu+1 peak. 

However, one of the studies has much lower energy resolution in the XPS data based on 

the lack of distinct structure for the satellite peaks at 940.5 and 944.8 eV,10 and it is likely 

that the resolution is not sufficient to distinguish Cu+1 and Cu+2. In the second study, the 

exact preparation and data acquisition procedures for the XPS samples were not 

described, including how the binding energies were calibrated.11 Our own investigations 

show that the ratio of Cu+1/Cu+2 in the as-received sample is highly sensitive to the prior 

thermal treatment, exposure time to air between thermal treatment and introduction into 

the vacuum chamber, and exposure time to the X-ray source and charge neutralizer. For 

example, a spectrum corresponding to almost exclusively Cu+2 was observed for a MOF 

sample initially heated at 160 °C for 48 h on the Schlenk line and then stored in a closed 

vial for 48 h before loading into the XPS analysis chamber. Previous studies of powders 

and films of 1 have reported that Cu+2 can be partially reduced by heating in a 

vacuum,46,48,49 but almost complete conversion of Cu+2 to Cu+1 while retaining MOF 

crystallinity has never been previously observed in a MOF matrix. The presence of Cu+1 

cannot be attributed to Cu2O impurities50,51 or unbound carboxylate ligands48 because the 

resulting MOF contains almost exclusively Cu+1 sites. Our XPS experiments support an 

infrared spectroscopy study of 1 that also concluded that the presence of Cu+1 cannot be 

attributed to impurities or defects alone.49 Thus, for the first time we were able to prepare 

a MOF with ∼100% reduction of Cu+2 to Cu+1 at the UMS while preserving the 

framework integrity. 

The observation of mixed copper oxidation states is also observed for 2 although 

the Cu+1/Cu+2 ratio is significantly higher for 1 (Figure 7.3b). After heating 2 to 200 °C 
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for 14 h in Ar, the Cu+1/Cu+2 ratio increases from 0.53 to 1.1 (Figure 7.3b,ii). Upon 

exposure to O2 at room temperature for 2 h, the Cu+1/Cu+2 ratio decreases to 0.76, 

suggesting oxidation of Cu+1 to Cu+2 and preferential binding of oxygen at Cu+1 sites 

(Figure 7.3b,iii). Heating 2 in vacuum for 2 h at 200 °C increases the absolute intensity of 

both peaks as adsorbates desorb, but the ratio of Cu+1/Cu+2 remains the same (Figure 

7.3b,iv). Therefore, 1 and 2 exhibit similar behavior in the sense that mixed valences are 

observed and thermal treatment enhances Cu+1 formation while exposure to O2 oxidizes 

Cu+1 to Cu+2. However, the Cu+2 in 1 is more easily reduced than in 2 based on the 

significantly higher Cu+1/Cu+2 ratio for 1; this could be attributed to the differences in 

geometries and/or sizes of the UMS. 

Conversion of Cu+2 to Cu+1 in 1 is also induced by exposure of the MOF to the X-

ray source and charge neutralizer during XPS data collection. Figure 7.5a shows that the 

ratio of Cu+1/ Cu+2 increases from 0.75 to 1.3 with exposure times of 20 to 110 min. In 

contrast, an identical experiment carried out on a copper(II) acetate sample exhibits much 

less pronounced reduction during acquisition of XPS data over the same time interval 

(Figure 7.5b). Furthermore, 1 turned a dark purplish-blue color during the reduction 

process whereas the copper(II) acetate did not undergo any color change. These results 

demonstrate that the propensity for copper center reduction is intrinsically higher in the 

MOF matrix compared to other Cu-containing salts. 

The following three experiments were conducted in order to gain mechanistic 

insight into the reduction process occurring at the Cu+2 sites. In the first experiment, 1 

was heated on the Schlenk line at lower temperature (12 h, 120 °C) to minimize possible 

thermal reduction while still removing the solvent from the MOF pores, and the sample 



www.manaraa.com

 

181 

remained light blue after heating. Notably, this ex situ heating procedure is always 

required for introduction of the MOF sample into the XPS vacuum chamber. Only the 

Cu(2p3/2) region was collected during a fast (21 s) scan after no more than 2 min of 

exposure to the X-ray source and charge neutralizer (Figure C.15). A series of five scans 

collected at 1 min intervals show that the Cu+1 peak is initially present, and this peak 

increases in intensity over 4 min of exposure; the spectrum acquired after 20 min using 

higher dwell times is nearly identical to the spectrum after 6 min. Thus, it appears that 

Cu+1 is present after initial heating to 120 °C and is not due solely to the conversion of 

Cu+2 to Cu+1 under XPS data collection conditions. In a second experiment, 1 was again 

heated to the lower temperature of 120 °C and was then exposed to the charge neutralizer 

only in vacuum (Figure C.16). A 1 h exposure showed significant growth in the Cu+1 

peak, which continued to increase after an additional 1 h exposure. This experiment 

demonstrates that bombardment from the low-energy electrons of the charge neutralizer 

is sufficient to induce partial reduction of Cu+2 to Cu+1 even in the absence of X-ray 

irradiation. A third experiment showed that heating at 225 °C in Ar for 14 h could not 

promote extensive reduction Cu+2 to Cu+1 without prior extensive (75 min) exposure to X-

rays/charge neutralizer. Therefore, full reduction of Cu+2 to Cu+1 can only be achieved by 

exposure to the X-rays/charge neutralizer followed by heating to 225 °C, even though 

thermal treatment or exposure to X-rays/charge neutralizer alone can induce partial 

reduction. Our results are in agreement with previous studies reporting X-ray induced 

reduction of Cu+2 in 146 as well as in Cu(II) acetate and other organic Cu(II) compounds.52 

The earlier work did not explore the effects of low-energy electron bombardment on 

MOF reduction. 
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Gas-Phase Substrate Dynamics 

To further probe adsorption behavior on 1, samples were exposed to other 

gaseous analytes such as CO, air, and H2. Figure 7.6a shows that exposure to CO 

decreases the intensity of the Cu+1 peak, which suggests coordination of CO to Cu+1. This 

observation is in a good agreement with catalytic activity of Cu+1 sites previously 

reported in copper-containing proteins and supported by the existence of a variety of 

molecular copper(I) carbonyl complexes.53−55 Based on the lack of change in the 

Cu(2p3/2) spectrum, CO is not removed from the metal sites after heating to 225 °C in a 

vacuum, implying that CO is strongly bound to the UMS. When a pellet of 1 is exposed 

to air for 10−15 min, water is believed to adsorb at the metal sites rather than N2 or O2.
56 

 

 

Figure 7.6: XPS data for the Cu(2p3/2) region after exposure of 1 to CO (a), air (b), 

and H2 (c). Sample treatments are as follows: (a, i) 1 powder heated in Ar at 225 °C 

for 14 h; (a, ii) exposed to pure CO at room temperature for 2 h; (a, iii) heated in 

vacuum at 225 °C for 1 h; (b, i) 1 pellet heated in vacuum at 225 °C for 1 h; (b, ii) 

exposed to air at room temperature for 10-15 min; and (b, iii) heated in vacuum at 225 

°C for 1 h; (c, i) 1 powder heated in Ar at 225 °C for 10 h; (c, ii) after exposure to 

pure hydrogen at 50 °C for 1 h; and (c, iii) after exposure to pure hydrogen at 100 °C 

for 2 h. 
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The attenuation of the Cu+1 peak only (Figure 7.6b) implies that water preferentially 

adsorbs at the Cu+1 sites, and heating to 225 °C in vacuum increases the intensity of both 

the Cu+1 and Cu+2 peaks. For H2 exposure at 50 °C, the Cu(2p3/2) spectrum does not 

change significantly (Figure 7.6c). However, exposure to H2 at 100 °C increases the 

Cu+1/Cu+2 ratio from 0.67 to 0.98, indicating either reduction of Cu+2 to Cu+1 or 

preferential adsorption of hydrogen at Cu+2 sites. Although slight broadening of the O(1s) 

peak is observed after heating in H2 at 100 °C, PXRD analysis of the MOF sample 

confirmed its crystallinity (Figure C.9).  

To understand the observed gaseous analyte−MOF dynamics, we probed analyte 

binding energies to Cu+2 and Cu+1 sites through DFT calculations. Optimization of the 

neutral cluster model (Figure C.12a) created from the crystallographically determined 

structure of 1 yields two Cu+2 ions separated by 2.54 Å. In agreement with earlier 

computational studies,48,57,58 the ground state of this paddle wheel unit is found to be an 

open-shell singlet, antiferromagnetic state (Cu↑···Cu↓). The ferromagnetic state and the 

closed shell δ-bond state are less stable than the antiferromagnetic state by 3 and 125.2 

kJ/mol, respectively. Adsorption of gas molecules (H2O, O2, CO, and H2) are initially 

considered on one of these Cu+2 sites of the neutral cluster model. Table 7.1 summarizes 

the adsorption energies calculated at B3LYP-D3/def2-TZVPP level of theory, and the 

optimized structures are provided in the Supporting Information (Figure C.12b−e). We 

note that the contribution of basis set superposition error (BSSE) to the calculated 

adsorption energies at this level of theory is about 1−6 kJ/mol depending on the 

adsorption strength. On the two Cu+2 ions in the neutral cluster model of Cu2(BTC)4 the 

natural charges are determined to be +1.35e per copper cation. Our calculated adsorption 
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energy of a H2O molecule on this neutral cluster (−53.63 kJ/mol) is in close agreement 

with the adsorption energies calculated with a smaller Cu2(HCOO)4 cluster at the 

CCSD(T)/CBS level of theory (−51.2 kJ/mol)59 as well as with a periodic model 

calculated at PW91-GGA level of theory (−47.3 kJ/mol).57 The interaction of CO, O2, and 

H2 with this Cu+2 site is calculated to be much weaker than H2O, as suggested by much 

lower adsorption energies as well as very minimal changes in the Cu···Cu distance and 

natural charges on the Cu atoms compared to the clean cluster model (Table 7.1 and 

Figure C.12).  

Since our experimental XPS data strongly suggests the presence of Cu+1 ions in 

the Cu3(BTC)2 system, we next examined the adsorption of these gas molecules on a Cu+1 

site. In our model, the Cu+1 site is created by adding an electron to the neutral Cu2(BTC)4 

model. This is justified by the fact that the conversion of Cu+2 to Cu+1 in the MOF is 

induced by its exposure to the X-ray source and charge neutralizer which could provide 

Table 7.1: Calculated Adsorption Energies (Eads) and Natural Charges (q) for the 

Adsorption of Different Gas Molecules on the Cu+2/Cu+2 Dimer of the Neutral 

Cu2(BTC)4 Unit and Cu+1/Cu+2 Dimer of the Negatively Charged Cu2(BTC)4 Unit 

 

 𝑪𝒖𝟐(𝑩𝑻𝑪)𝟒 𝑪𝒖𝟐(𝑩𝑻𝑪)𝟒
−𝟏 

 Eads (kJ/mol)a qCu1 (e) qCu2 (e) Eads (kJ/mol)a qCu1 (e) qCu2 (e) 

Cu2(BTC)4 -- +1.35 +1.35 -- +0.80 +1.38 

Cu2(BTC)4…OH2 -53.63 +1.37 +1.35 -75.85 +0.81 +1.38 

Cu2(BTC)4…O2 -8.84 +1.34 +1.35 -21.84 +1.08 +1.37 

Cu2(BTC)4…CO -29.23 +1.32 +1.36 -63.84 +0.94 +1.37 

Cu2(BTC)4…H2 -12.56 +1.35 +1.35 -6.81 +0.81 +1.38 

Cu2(BTC)4…H -57.76 +0.84 +1.36 -- -- -- 
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the extra electrons. Optimization of the cluster model with an additional electron 

converges to a structure with mixed Cu+1/Cu+2 sites with small changes in the overall 

geometry (Figure C.17a). The Cu···Cu distance in the negatively charged cluster model is 

increased to 2.69 Å, and the Cu+1 ion is bound to only two oxygen atoms of the BTC 

units. The calculated charges listed in Table 7.1 clearly indicate that one of the copper 

ions is reduced to Cu+1 (qCu = +0.80e). The minimum-energy structures calculated for the 

adsorption of gas molecules at the Cu+1 site are illustrated in Appendix C (Figure 

C.17b−e). The Cu···Cu and Cu−X (X =H2O, O2, CO, and H2) distances shown in Figure 

C.17 and the adsorption energies listed in Table 7.1 provide clear evidence of strong 

adsorption of these gas molecules at the Cu+1 site compared to the Cu+2 site of the neutral 

cluster model. Zhou et al.60 also reported such enhanced binding of CO and O2 on the 

negatively charged Cu2(BTC)4 model compared to the neutral system using DFT-GGA 

and LDA levels of theory. In contrast, the H2 molecule prefers to interact with the Cu+2 

site rather than Cu+1 site although the interaction is very weak in both cases. These results 

are in good agreement with the trend observed from our experimental data. XPS data 

reveal that the exposure of 1 to O2 and CO decreases the intensity of the Cu+1 peak. In 

accordance with this observation, computations predict an increase in the positive charge 

on Cu+1 ion from +0.80e to +1.08e and +0.94e in the case of O2 and CO adsorption, 

respectively. This again confirms the chemisorptive nature of the interaction of these gas 

molecules with the Cu+1 ion, which transfers electrons from Cu to the gas molecules. 

While the H2O molecule also binds strongly at the Cu+1 site with a Cu− OH2 bond 

distance of 1.96 Å, the calculations do not predict any change in the charge of the Cu 

ions. 
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XPS data further indicate that the exposure of 1 to H2 at 100 °C increases the 

Cu+1/Cu+2 ratio from 0.67 to 0.98. Our calculations suggest that the H2 molecule is weakly 

physisorbed on both the Cu+2 and Cu+1 sites, which do not affect the structural or 

electronic properties of the Cu2(BTC)4 cluster. In order to elucidate the experimental 

observations in the presence of H2, we computed the adsorption of an H atom on the 

neutral cluster model. Our calculations predict that the H atom prefers to bind to the 

carboxylate oxygen by breaking the Cu−O bond and reducing the neighboring copper 

cation from Cu+2 to Cu+1 (Figure C.12f). The adsorption energy calculated with reference 

to the energy of a half H2 molecule is found to be −57.76 kJ/mol, and the optimized 

structure is similar to the negatively charged Cu2(BTC)4 cluster. This explains the 

increased reduction of Cu+2 observed experimentally upon exposure to H2. In addition, 

the slight broadening of O(1s) peak observed on exposure to H2 could be due to the 

bonding of H to the carboxylate oxygen rather than the copper cation. 

 

Valence Band Structure Studies 

XPS experiments also addressed changes in the electronic properties of the MOFs 

upon heating. Valence band spectra (Figure 7.7a) demonstrate that 1 becomes more 

conductive after heating to 225 °C for 14 h since there is a pronounced increase in 

intensity near the Fermi edge for the heated MOF, which consists primarily of Cu+1. 

Subsequent exposure to oxygen decreases the intensity at the Fermi edge, and this 

behavior is consistent with the oxidation of Cu+1 back to the less conductive Cu+2 and 

readsorption of O2 on Cu+1 sites. In contrast to 1, the valence band spectra for 2 (Figure 

7.7b) does not change significantly after heating to 225 °C, but it should be noted that 1 

contains mostly Cu+1 whereas 2 has a significant fraction of Cu+2. After exposure to O2, 
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the valence band spectrum of 2 closely resembles the spectrum before heating, and this is 

consistent with the similar Cu+1/Cu+2 ratios observed in the Cu(2p3/2) region. To 

rationalize the observed changes in the valence band region, the density of states (DOS) 

of a Cu2(BTC)4 cluster was investigated by DFT calculations. The neutral cluster is used 

to examine the DOS of exclusively Cu+2 sites, and the structures of a H atom adsorbed on 

the neutral cluster and the negatively charged Cu2(BTC)4 cluster are used to probe the 

DOS of mixed-valence Cu+1/Cu+2 metal sites. As shown in Figure 7.8a, the DOS of the 

neutral Cu2(BTC)4 with Cu+2 ions is characteristic of a wide band gap insulator with a 

band gap of 3.8 eV, and the Fermi level is mostly dominated by the electronic 

contribution from oxygen atoms.  This agrees well with the recently reported DOS 

calculated with a periodic model of Cu3(BTC)2 employing the HSE06 hybrid functional.58 

 

 

Figure 7.7: XPS data for the valence band region for (a) 1 powder: as-

received (red), heated in Ar at 225 °C for 14 h (blue), and exposed to pure 

oxygen at room temperature for 2 h (purple); and (b) 2 powder: as-received 

(red), heated in Ar at 200 °C for 14 h (blue), and exposed to pure oxygen at 

room temperature for 2 h (purple). 
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When we have the mixed Cu+1/ Cu+2 sites, as shown in Figures 7.8b and 7.8c, the band 

gap is reduced, and a midgap state appears at around 2.5 eV in both cases. This gap state 

and the Fermi level are dominated by electronic contribution from the copper cations 

rather than oxygen atoms. Thus, the MOFs with mixed Cu+1/Cu+2 sites could become 

 

 

Figure 7.8: Total and partial density of states (DOS) 

of (a) neutral Cu2(BTC)4, (b) H atom adsorbed on 

the neutral Cu2(BTC)4, and (c) negatively charged 

Cu2(BTC)4 cluster models computed using the 

B3LYP-D3//def2-TZVPP level of theory. 
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more conductive through an electron hopping mechanism. This result is in full agreement 

with the experimental changes observed in the valence band region by XPS. In addition, 

these findings are in line with the very recent conductivity measurements of the Cu(I)-

containing MOFs performed by Cheetham and co-workers.61 Interestingly, there are only 

a few MOFs known to date exhibiting conductivity comparable with semiconducting 

polymers despite the fact that the highly ordered MOF structures should be beneficial for 

charge transport. The insulating nature of MOF-based materials could be explained by 

several factors, including high localization of organic states and weak hybridization with 

the metal nodes. The integrated XPS studies and DFT calculations presented here could 

potentially open new directions for modeling and tuning conductivity in typically 

insulating MOF materials. 

 

7.4 CONCLUSIONS 

The results from these investigations demonstrate the ability to achieve extensive 

reduction of Cu+2 to Cu1+ at MOF metal nodes, accompanied by a change in the valence 

band structure of the material. XPS measurements coupled with DFT calculations 

establish that selective adsorption of gas molecules occurs as a function of the oxidation 

state of the UMS. The combined XPS and DFT studies also reveal that introduction of 

mixed valence copper sites changes the electronic properties of the MOF; specifically, 

the increased density of states near the Fermi edge observed for the reduced MOF should 

lead to higher conductivity. Thus, these studies open a new avenue for potentially 

enhancing electron transport by accessing mixed valence states in the typically insulating 

crystalline frameworks.
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Figure A.1: X-ray photoelectron spectroscopy data for the Pt(4f) region for: a) 

Pt(111) and b) the Pt-Re alloy surface prepared by depositing 3.3 ML Re on Pt(111) 

and heating to 1000 K for 5 min. Spectra are shown for the surfaces immediately after 

preparation in UHV (bottom); and after heating in 500 mTorr O2/50 mTorr CO to 

various temperatures (top). The incident photon energy was 545 eV. 
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Supplemental 1 

Calculation of fraction of Re in subsurface layers was based on the attenuation of 

the Re(4f7/2) peak after annealing the Re films to 1000 K to form the Pt-Re alloy surface.  

Using an incident beam energy of 303 eV and a Pt layer thickness of 2.263 Å, the mean 

free path was calculated to be 3.164 monolayers.1  At a 20 degree off normal detection 

angle, the experimental attenuation of the Re(4f7/2) peak was consistent with 40+10% of 

Re in the 2nd subsurface layer and 60+10% in the 3rd subsurface layer for the 1.3 and 1.8 

ML Re films annealed to 1000 K. 

 

Supplemental 2 

Mass spectrometer signals were corrected for contribution from the fragmentation 

of other products as follows: 

1. The 16 amu signal assigned to methane was corrected for mass fragmentation at 

16 amu from CO using a 16:28 ratio of 0.03, and from O2 using a 16:32 ratio of 

0.15.   

2. The 28 amu signal assigned to CO was corrected for mass fragmentation from 

methanol using a 28:31 ratio of 0.1.  

3. The 32 amu signal assigned to O2 was corrected for mass fragmentation from 

methanol using a 31:32 ratio of 0.7.  

These ratios were determined from the NIST Database2 and fragmentation patterns for 

pure CO using a quadrupole mass spectrometer (Hiden) in our laboratory.3 In the case of 

31:32 for methanol and 16:28 for CO, the NIST and measured values were identical.  For 

28:31 in methanol, an average of the NIST and measured ratios was used.  For 16:32 in 

O2, limited data was available from the mass spectrometer on the X1A1 endstation itself, 
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and an average of the X1A1 value, the NIST value, and the values carefully measured by 

the mass spectrometer in our laboratory was used. 

 

(1) Surface Analysis: The Principal Techniques; Vickerman, J. C., Ed.; John Wiley 

and Sons: New York, 1997. 

(2) Stein, S. E. NIST Standard Reference Database Number 69: NIST Chemistry 

WebBook; National Institute of Standards and Technology (NIST), 2011. 

(3) Varazo, K.; Parsons, F. W.; Ma, S.; Chen, D. A. Methanol Chemistry on Cu and 

Oxygen-Covered Cu Nanoclusters Supported on TiO2(110). J. Phys. Chem. B 

2004 108, 18274-18283. 

 

 

 

Figure B.1: APXPS data for the Pt(4f) region for the following surfaces heated to 

various temperatures under 200 mTorr of O2 and 100 mTorr of methanol: a) Pt(111); 

and b) the Pt-Re alloy (1.3 ML Re). The incident photon energy was 303 eV. 
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Table C.1: X-ray Structure Refinement Data for 2a. 

compound  Cu5(NIP)4(OH)2(H2O)6]·(H2O)5 

formula  C32H36Cu5N4O37 

FW  1386.35 

T, K  100(2) 

crystal system Triclinic 

space group P-1 

Z  1 

a, Å  10.8179(10) 

b, Å  11.4517(11) 

c, Å  11.5461(11) 

α, °  75.633(2) 

β, °  62.674(2) 

γ, °  62.097(2) 

V, Å
3

  1122.01(19) 

d
calc,

 g/cm
3
  2.052 

μ, mm
-1

 2.457 

F(000)  697.0 

crystal size/mm
3
  0.12 × 0.10 × 0.04 

theta range  3.974 to 52.13 

index ranges  -13 ≤ h ≤ 13 

-14 ≤ k ≤ 14 

-13 ≤ l ≤ 14 

refl. collected  18149 

data/restraints/parameters 4419/11/399 

GOF on F
2
  1.042 

Largest peak/hole, e/Å
3
  0.55/-0.38 

R1 (wR2), %, [I ≥ 2sigma(I)]c  0.0331/0.0738 
a Mo-Kα (λ = 0.71073 Å) radiation;  
b Formula is given based on single-crystal X-ray data and does not include disordered solvent molecules 

(complete formula was determined based on elemental analysis); 
c R1 = Σ||Fo| - |Fc||/ Σ |Fo|, wR2 = { Σ [w(Fo

2-Fc
2)2]/ Σ [w(Fo

2)2]}1/2



www.manaraa.com

 

201 

 

 

 

Figure C.1: The single-crystal X-ray structure of 2. Orange, blue, grey, and red 

spheres represent copper, nitrogen, carbon, and oxygen atoms, respectively. The 

hydrogen atoms and solvent molecules are omitted for clarity. 

 

 

Figure C.2: The secondary building unit in 2. 

The asymmetric unit consists of three copper 

atoms, one of which (Cu3) is located on a 

crystallographic inversion center, two C8H3NO6
2– 

ligands, one OH– group (O13), three coordinated 

water molecules (O14–O16), and three 

noncoordinated water molecules (O17–O19, 

Figure C.2). The interstitial water O19 is located 

on a crystallographic inversion center. Orange 

and red spheres represent copper and oxygen 

atoms, respectively.  
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Figure C.3: Thermogravimetric analysis plot of 1. 

 

 

Figure C.4: FTIR spectra of 1 (–––) and 2 (–––). 
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Figure C.5: XPS data for 1 pellet: as received (red); and 

after heating in flow of H2 at 225 °C for 1 h (blue). The 

Cu(LMM) peak shape indicates that metallic Cu is 

formed after heating in H2, and the Cu(2p3/2) peak at 

932.6 eV is also consistent with metallic Cu.  The C(1s) 

peak shape is not significantly changed after MOF 

reduction, whereas the 533.5 eV shoulder in the O(1s) 

spectrum suggests that another oxygen species is formed 

during reduction. 
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Figure C.6: The PXRD patterns of 1: 

(bottom) as-synthesized and (top) after 

following successive treatments: 

heating in Ar at 225 °C for 14 h, 

exposing to O2 at room temperature for 

2 h, and heating in vacuum at 275 °C 

for 5 h. 
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Figure C.7: The PXRD patterns of 1: 

(bottom) as-synthesized and (top) after 

exposure to X-rays and the charge 

neutralizer for 110 min.  
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Figure C.8: The PXRD patterns of 1: 

(bottom) as-synthesized and (top) after 

following successive treatments: 

heating in Ar at 225 °C for 14 h, 

exposure to CO at room temperature 

for 2 h, and heating in vacuum at 225 

°C for 1 h. 
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Figure C.9: The PXRD patterns of 

1: (bottom) as-synthesized and (top) 

after heating in Ar at 225 °C for 10 h, 

exposure to H2 at 50 °C for 1 h, and 

exposure to H2 at 100 °C for 2 h. 
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Figure C.10: The PXRD patterns of 1: 

(bottom) as-synthesized and (top) after 

heating at 225 °C for 14 h, exposure to 

air at room temperature for 10–15 min, 

and heating in vacuum at 225 °C for 1 h. 
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Figure C.11: The PXRD patterns of 1: 

(bottom) as-synthesized and (top) after 

heating at 120 °C for 12 h and heating 

in vacuum at 225 °C for 35 h. 
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Figure C.12: (a) Optimized structure of neutral Cu2(BTC)4 cluster model. (b)-(e) 

Calculated minimum energy structures of H2O (b), O2 (c), CO (d), H2 (e) adsorbed on 

the Cu2+ site of neutral Cu2(BTC)4 and H atom (f) adsorbed on the carboxylate 

oxygen. The bond distances are in Å.  
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Figure C.13: XPS data for 1 powder 

heated in Ar in the catalysis cell for 35 

h at 225 °C. The single Cu(2p3/2) peak 

at 933 eV demonstrates that only Cu+2 

is present. The O(1s) shows a small 

shoulder at 533.5 eV that is associated 

with changes in the MOF during 

extensive heating, but PXRD studies on 

this sample indicate that the MOF is 

still crystalline. The ~286.5 eV 

shoulder in the C(1s) spectrum also 

appeared with heating but is sometimes 

observed on the as-received samples, as 

shown in Figure C.5 in red. 
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Figure C.14: XPS data for 1 powder: as 

received (red); after heating in Ar in the catalysis 

cell for 14 h at 225 °C (blue); after exposure to 

O2 at room temperature for 2 h (purple); and 

after heating in vacuum at 275 °C for 5 h (pink). 
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Figure C.15: XPS data for Cu(2p3/2) region 

for 1 in powder form after exposure to X-

rays and the charge neutralizer for various 

times: a) 2 min; b) 3 min; c) 4 min; d) 5 

min; e) 6 min; and f) 20 min.  Scans (a–e) 

had 21 s acquisition times with 50 ms dwell 

times while scan (f) had a 10 min 

acquisition time with a 1600 ms dwell time.  
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Figure C.16: XPS data for the Cu(2p3/2) region 

after the same 1 powder is successively exposed 

to the following: a) X-rays and the charge 

neutralizer for 45 min; b) the charge neutralizer 

only for 1 hour; and c) the charge neutralizer 

only for 1 h. The Cu+1/Cu+2 ratio increased from 

0.97 (a) to 1.18 (b) to 1.25 (c). Dwell times were 

500 ms. 
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Figure C.17: (a) Optimized structure of negatively charged Cu2(BTC)4 cluster 

model. (b)-(e) Calculated minimum energy structures of H2O (b), O2 (c), CO (d), and 

H2 (e) adsorbed on the Cu1+ site of negatively charged Cu2(BTC)4. The bond 

distances are in Å.  
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APPENDIX D 

DESIGN FOR AN IN SITU IRAS SYSTEM
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The primary function of the Leybold chamber is to perform experiments that 

bridge the “pressure gap” between UHV and ambient pressure.  Model surfaces can be 

prepared and characterized via LEED, AES, and XPS before and after reaction in the 

atmospheric pressure microreactor coupled to the chamber without exposure to air.  

Recently, a second high pressure IR cell has been added to the chamber in order to 

conduct infrared reflection-absorption spectroscopy (IRAS) experiments on the same 

model surfaces for identifying reaction intermediates on the surface and for probing 

adsorbate binding sites.  In this design, IRAS can be performed under UHV as a post-

mortem for samples which have been treated in the microreactor, or the IR cell can be 

closed off to the rest of the UHV chamber and filled up to ~1 Torr of gas for performing 

IRAS in situ.  

 

The IR cell 

The IR cell highlighted by the red rectangle in Figure D.1 is a 6-port (4.5” CF (2); 

2.75” CF (5)) stainless steel cube that connects the manipulator arm to the rest of the 

UHV chamber via the two 4.5” CF ports on either end.  The top port of the cell must 

always be a viewport or window, enabling the user to inspect the sample position in the 

 

 

Figure D.1: IR cell.  
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cell visually.  The two side ports of the cell are differentially-pumped BaF2 windows, 

which have been described elsewhere, for allowing entrance and exit of the IR beam.  

The bottom port of the cell will be connected to a 2.75” CF 4-way cross, which will be 

connected at the horizontal ports to a 2.75” CF all-metal gate valve, which is connected 

to a turbo pump (Leybold Heraeus, TMP 150), and a 1.33” variable leak valve, which is 

connected to the chamber’s gaslines.  The bottom port of the 4-way cross will connect to 

a 5-way cross.  One port of the 5-way cross will connect to a 2.75” CF nipple on which 

will be attached a nude ionization gauge (Agilent Technologies, UHV-24, 2.75” CF) for 

measuring pressures below 1 x 10-5 Torr.  On the port directly opposite this gauge will be 

a digital capacitance diaphragm gauge (Inficon, CDG025D, 1.33” CF) for measuring 

pressures between 1 mTorr and 1 Torr.  One or both of the two remaining ports on the 5-

way cross can be connected to separate variable leak valves for introducing multiple 

gases to the cell.   

 

The beam path 

The infrared source comes from a Bruker Tensor 27 benchtop spectrometer 

equipped with a SiC globar for mid-infrared (MIR) measurements and a tungsten halogen 

lamp for extension into the near-infrared (NIR) range.  The KBr beamsplitter also has an 

extended range for use in the NIR. The spectrometer is controlled remotely via the OPUS 

6 software, and its status can be monitored through the software or by browsing for its 

physical IP address.  Using the OPUS software, the user can operate the source through 

the spectrometer’s sample compartment into the internal deuterated triglycine sulfate 

(DTGS) detector, but in order to perform IRAS experiments, the source must be directed 

through the right exit port of the spectrometer.  Linus rails connect the exit port to a gold-
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coated flat mirror, which deflects the IR beam at a 90° angle to a gold-coated parabolic 

mirror.  The gold-coated parabolic mirror, which is used to direct the beam onto the 

sample in the IR cell, is connected via a separate set of Linus rails to a plastic disk as 

shown in Figure D.2.  The plastic disk contains a set of 4 long screws which pass through 

it from the side with the parabolic mirror to the chamber side of the disk.  These long 

screws are exactly the right length to pass through 4 holes in a photoelastic modulator 

(PEM) head, which contains a ZnSe crystal, before threading into an aluminum flange 

which should be pre-mounted to the outer stainless steel flange of the first of the two 

differentially-pumped BaF2 windows.  The beam reflects off the sample, which is rotated 

 

 

 

Figure D.2: Dark gray plastic disk for mounting parabolic mirror (Top left) to 

aluminum flange (Bottom left) on chamber with long screws (Top right) to 

accommodate PEM head (Bottom right).  
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~3° in the direction of the incident beam, and the reflected beam passes through the 

second of the two differentially-pumped BaF2 windows.  A second aluminum flange must 

be pre-bolted to the outer stainless steel flange of the second window in order to hold a 

third set of 4 Linus rails. On the Linus rails, a ZnSe focusing lens on a translation stage is 

placed after the aluminum flange to focus the reflected IR beam onto the chip in the 

liquid nitrogen cooled mercury cadmium tellurite (LN-MCT) detector, which is also 

secured in place on the Linus rails (Figure D.3).   

The beam path and sample holder position were initially aligned using an infrared 

camera (FLIR) mounted on the outside of the second BaF2 window to ensure the IR beam 

was properly focused onto and reflected off of a Pt(111) crystal in the sample holder.  

Then the IR camera was removed, and the focusing lens and LN-MCT assembly were 

mounted.  The reflected IR beam was focused onto the detector element by adjusting the 

translation stage of the focusing lens to maximize the intensity of the signal centerburst in 

the OPUS software.   

   

 

Figure D.3: LN-MCT detector assembly. Side view (Left); Rear view (Right) 
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Purging the beam path 

The entire system is purged from an 80 psi supply of N2(g) from liquid nitrogen 

boil-off.  Since the spectrometer contains delicate equipment, the nitrogen is fed in via a 

ball valve which regulates the flow to 250 L/min into the spectrometer.  The beam path is 

encased in two separate purge boxes, one on either side of the UHV chamber.  Each box 

contains its own temperature and humidity sensor.   

The beam path from the spectrometer to the first BaF2 window is covered with 5 

walls of a plexiglass box.  The sixth wall is missing, and a sheet of plastic covers the gap 

between the box and the first BaF2 window.  Gaps in the box are filled with 

weatherstripping.  The entire detector assembly was encased in a plexiglass purge box 

with small holes for the N2 purge gas tube and detector power cable as well as a 

removable lid for adding liquid nitrogen to the LN-MCT at the start of an experiment (see 

Figure D.3).  The openings in the box are completely covered with plastic wrap to 

improve the quality of the purge.  The back of the detector purge box is attached by 

several small screws but is also removable so that the dewer of the LN-MCT can be 

pumped down periodically by the TMP 150.  While the dewer was originally rated to 

hold vacuum for much longer, a crack in the BaF2 window of the detector causes the 

dewer to leak air slowly over time.  Celvaseal was applied to the outer edge of the 

window to minimize the leak, but it did not seal it completely.  No further Celvaseal 

could be applied without compromising the transparence of the window.   

 

High-pressure experiments 

In its normal configuration, the IR cell is pumped by the main chamber turbo 

(Leybold Heraeus, TMP 360).  In order to perform IRAS at pressures above 1 x 10-6 Torr, 



www.manaraa.com

 

222 

the sample holder must be fully retracted into the IR cell and the gate valve between the 

cell and main chamber must be closed.  While unpumped, the cell can then be backfilled 

with gas using one or more of the variable leak valves attached.  Though the nude 

ionization gauge is rated by Agilent to measure pressures accurately up to 1 mTorr, this 

drastically reduces the lifetime of the filament, and therefore it is recommended that the 

ion gauge be shut off by 1 x 10-5 Torr   

If desired, polarization-modulation IRAS (PM-IRAS) can be performed with a 

few more additions to the setup.  A KRS-5 wire-grid polarizer (Figure D.4) can be 

mounted on a holder that allows it to be placed between the gold-coated parabolic mirror 

and the plastic disk described above.  The PEM head with the ZnSe crystal can be 

connected to its corresponding PEM (Hinds Instruments) in order to switch back and 

forth between p- and s-polarization, and a lock-in amplifier allows the deconvolution of 

signals from the modulation.   

At the end of experiments, the 2.75” CF all-metal gate valve can be slowly 

cracked open to the TMP 150 to pump out the cell before re-opening it to the rest of the 

UHV chamber.  

 

 

 

Figure D.4: KRS-5 

wire-grid polarizer. 
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APPENDIX E 

PREPARATION OF CU-BTC THIN FILMS ON AL2O3/P-SI WAFERS
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1. Cut Al2O3/p-Si wafer into a ~10 x 10 mm2 piece. Rest wafer on a stack of 2-3 

glass microscope slides so that a fragment of the desired size is hanging off the 

slide. Lay another glass microscope slide on top of the wafer and hold the whole 

stack firmly. Use a diamond scribe to score a line in the wafer, using the topmost 

glass slide as a straight-edge. Trace over the same line several times until the line 

becomes fairly deep. While holding the stack of slides firmly in one hand, use a 

finger to tap on the free part of the wafer until it breaks.  

 

2. Sonicate wafer in TCE for 30 min, acetone for 15 min, ethanol for 15 min.  

 

3. Prepare 1 mM solution of copper acetate monohydrate (“CuAc”). Weigh out 

0.019965 g of Cu(CH3COO)2·H2O. Add to 100 mL volumetric flask and add 

enough ethanol to fill to 100 mL mark. Fill a 30 or 50 mL beaker with the 

solution. Fill a second 30 or 50 mL beaker with pure ethanol for rinsing.  

 

 

 

Figure E.1: Cu-

BTC/Al2O3/p-Si. 

The thin film 

shown here is 40 

cycles thick.  
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4. Prepare 1 mM solution of trimesic acid (“BTC”). Weigh out 0.021014 g of 

benzene-1,3,5-tricarboxylic acid. Add to 100 mL volumetric flask and add enough 

ethanol to fill to 100 mL mark. Fill a 30 or 50 mL beaker with the solution. Fill a 

second 30 or 50 mL beaker with pure ethanol for rinsing.  

 

5. Secure the wafer to a holder. Use a pair of clean tweezers to grip just 1-2 mm of 

the edge of the wafer. Secure the tweezers by either locking them or, as I prefer, 

taping them in that position. If locking, make sure the tweezers don’t apply too 

much pressure to the wafer or they will crack it. If taping, be sure the tape is high 

enough that it will NEVER see any of the solution. The tape reacts with the 

solution and turns yellow, and it seems it can affect the film growth.  

 

6. Grow the first layer. Dip the wafer into the CuAc for exactly 1 minute. Remove. 

Dip in 1st beaker of pure ethanol and swish it around gently ~5 seconds to rinse 

the wafer. Use a stream of N2 (I used the spigot under the hood) at medium 

pressure to dry the wafer thoroughly, front and back, ~15 seconds. Dip the wafer 

into the BTC for exactly 1 minute. Remove. Dip in the 2nd beaker of pure ethanol 

and swish it around gently ~5 seconds to rinse the wafer. Dry the wafer 

thoroughly, front and back, with N2, ~15 seconds.  

 

7. Grow subsequent layers. Repeat Step 6 for 39 more times for a total of 40 

layers. A crystalline Cu-BTC MOF will appear as a blue-green holographic 

“fingerprint” covering some portion of the surface (See Figure E.1). If the entire 

surface turns dark blue, it’s not a MOF.



www.manaraa.com

 

226 

N.B.: Al2O3/p-Si wafers were prepared by Dr. Jason Hattrick-Simpers’ group in 

Chemical Engineering.  The alumina film was estimated to be on the order of 100 nm 

thick. 

 

Preparation method adapted from  

(1) Nijem, N.; Fürsich, K.; Kelly, S. T.; Swain, C.; Leone, S. R.; Gilles, M. K. 

HKUST-1 Thin Film Layer-by-Layer Liquid Phase Epitaxial Growth: Film 

Properties and Stability Dependence on Layer Number. Cryst. Growth Des., 2015, 

15, 2948-2957. 

(2) Summerfield, A.; Cebula, I.; Schröder, M.; Beton, P. H. Nucleation and Early 

Stages of Layer-by-Layer Growth of Metal Organic Frameworks on Surfaces. J. 

Phys. Chem. C, 2015, 119, 23544-23551. 

(3) Stavila, V.; Volponi, J.; Katzenmeyer, A. M.; Dixon, M. C.; Allendorf, M. D. 

Kinetics and Mechanism of Metal-Organic Framework Thin Film Growth: 

Systematic Investigation of HKUST-1 Deposition on QCM Electrodes. Chem. 

Sci., 2012, 3, 1531-1540. 

(4) Zacher, D.; Baunemann, A.; Hermes, S.; Fischer, R. A. Deposition of 

Microcrystalline [Cu3(btc)2] and [Zn2(bdc)2(dabco)] at Alumina and Silica 

Surfaces Modified with Patterned Self Assembled Organic Monolayers: Evidence 

of Surface Selective and Oriented Growth. J. Mater. Chem., 2007, 17, 2785-2792
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APPENDIX F 

PERMISSION TO REPRINT: CHAPTER 3
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APPENDIX G 

PERMISSION TO REPRINT: CHAPTER 4
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APPENDIX H 

PERMISSION TO REPRINT: CHAPTER 7
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