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ABSTRACT 
 

Reflection Absorption Infrared Spectroscopy (RAIRS) is a powerful technique for 

identification of small molecules adsorbed to metal surfaces. Through the addition of a RAIRS 

system to an ultra-high vacuum (UHV) chamber, this provides a non-destructive and highly 

sensitive surface analysis technique. Because IR measurements can be performed in UHV 

conditions, interference from atmospheric species are avoided, while enabling investigation of 

catalytic systems. To determine the reactivity of the various oxide phases, the oxidation reaction 

of carbon monoxide (CO) to carbon dioxide (CO2) on oxidized rhodium (Rh) (111) will be 

utilized as a probe reaction. We will be able to determine the chemical significance of various 

oxygen phases on different Rh surfaces, and the CO coverage and binding sites on the different 

oxygenaceous phases. Studying CO oxidation on different Rh surfaces will provide atomic level 

information regarding oxidation reactions, progressing the understanding of various surface 

phases relevant to many Rh catalyzed processes. Past exposure conditions determined that at low 

temperatures, CO was observed to adsorb along (2x1)-O and RhO2 domain boundaries, and 

subsurface oxygen (Osub) replenished the reacted oxygen at these boundaries at higher 

temperatures. When CO was prolonged exposure, it consumed all Osub and reacted with oxides 

at the defects. In recent studies, it was determined that there are multiple reaction pathways 

available for CO oxidation, but at temperatures at or below 350 K reaction sites are not 

regenerate. Via RAIRS, these and other reaction sites of CO oxidation will be investigated to 

determine reaction pathways or mechanisms. Studying CO oxidation on different Rh surfaces 



 xii 

will provide atomic level information regarding oxidation reactions, progressing the 

understanding of various surface phases relevant to many Rh catalyzed processes. Methods 

developed for Rh can also be applied to other metal surfaces and small molecules of interest. 
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CHAPTER ONE 
 

INTRODUCTION 
 

Heterogeneous catalysis is a powerful technique for transformation of materials on the 

largest of industrial scales. In heterogeneously catalyzed reactions, the catalyst is in a different 

phase than the reactants; typically the reactants are in the gas or liquid phase, the catalyst is in 

the solid phase, and the reactions occur at the interface between the phases.1,2 The catalyst lowers 

reaction energy barriers, and is regenerated over the course of the reaction.2 Proper selection of 

catalysts and reaction conditions enable the acceleration of a selected reaction pathway, resulting 

in an increase in the selectivity for a chosen product. Ideally, undesired side reactions are hin-

dered by application of the catalyst.2 Gas-solid interactions are of particular interest because hav-

ing the catalysts deposited on or into the surface allows the catalyst to be immobilized, therefore 

it can be easily recovered from the reaction. The role of surfaces in heterogeneous catalysts de-

pends on the atoms, arrangements, and bonding properties of the metal and the gaseous or liquid-

phase species.2  

The development of heterogeneous catalysis and the application into industry practices 

has had a tremendous impact in many aspects of the world. One of the most important and well-

known catalytic processes is the Haber-Bosch process, a method for industrial ammonia produc-

tion. It was first developed in 1909 by Fritz Haber and then commercialized in 1913 by Carl 

Bosch. This process converts atmospheric nitrogen to ammonia by reaction with hydrogen over 
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an iron (Fe) metal catalyst under elevated temperature and pressures. In the gas phase this reac-

tion is impossibly slow due to the relatively high dissociation energy of nitrogen (N2) of ~ 900 

kJ/mol. With the introduction of the Fe metal catalysis the dissociation rate decreases to ~ 80 

kJ/mol.3 Dr. Gerthard Ertl was awarded the Nobel prize for chemistry in 2007 for, among other 

achievements, determination of the reaction mechanism for the ammonia synthesis reaction.3 He 

determined that the first step, where N2 dissociates into two separate nitrogen atoms on the iron 

surface, was the rate-limiting step. Next, the individual nitrogen atoms react with co-adsorbed 

hydrogen atoms, then the newly formed NH3 desorbs from the Fe surface. The development of 

the Haber-Bosch reaction is thought to be one of the most important inventions in the 20th cen-

tury, and the world produces over 130 million tons of ammonia per year, without this reaction 

almost two-fifths of the world’s population would not be here. 4 

To study reactive metal surfaces relevant to heterogeneous catalysis, experimentation 

needs to be done under ultrahigh vacuum (UHV) conditions because of the highly reactive nature 

of the metal surfaces. UHV pressures range from 12 to 13 orders of magnitude below atmos-

pheric pressure (10-9 – 10-12 torr) and are generated using appropriate pumps to remove the at-

mosphere from a stainless-steel chamber. The removal of gases from the chamber is achieved 

mostly through the use of mechanical rough pumps, turbomolecular pumps and ion pumps.5 In 

the low-pressure environment, gas molecules can be precisely admitted to the chamber and the 

interactions between the molecules of interest and the catalytically relevant surface present can 

be carefully, and quantitatively, studied. Understanding heterogeneously catalyzed reactions at 

the atomic level is very complex and these reactions usually require high temperatures and pres-

sures. The differences between UHV reaction conditions and ambient or industry conditions are 
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often known as the pressure gap and bridging this pressure gap has been a prominent focus of 

study for many years.6–8 In order to bridge these gaps, operando and high-pressure reaction cell 

experiments have been some of the methods used, offering insight to active sites of a catalyst un-

der different reaction conditions.9,10 While it is advantageous to investigate these reactions in 

these conditions, it is also advantageous to study these catalysts and reactions under UHV condi-

tions to facilitate atomic scale understanding, and detailed chemical and structural characteriza-

tion at the molecular level. 10,11 UHV conditions also allow the surfaces to remain in a prepared 

state for extended times, allowing for the use of highly sensitive analysis techniques involving 

energetic electrons. Electrons interact strongly with matter, and their mean-free-path decreases 

rapidly with increasing pressure.12 Under UHV conditions, inadvertent collisions with gas mole-

cules are unlikely, so the path and energy of the electron is dependent only on the interaction 

with the surface. These sensitive surface techniques can be used to characterize, quantify, and 

identify adsorbates. 6–89,10,11 

Studying different oxygenaceous species on metal surfaces used in heterogeneous cataly-

sis can aid in the understanding of the oxidative catalysis at a molecular level. The interactions 

between oxygen and the catalytic metal differ based on the type of oxygen species present and 

type of transition metal. When oxygen binds to a metal surface, the adsorbate minimizes the re-

pulsive and maximizes the attractive forces and site-dependent adsorption energy to form the 

most thermodynamically favored surface structure.12–14 When oxygen molecules (O2) are inter-

acting with a metal surface, as the molecule approaches the surface it creates a very weak bond 

and physisorbs to the surface at low temperatures. As O2 gets closer to the surface the bond be-

comes stronger and eventually the O2 molecule dissociates into its individual oxygen atoms or 
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adsorbed oxygen (Oad) which are chemisorbed to the metal surface.15,16 Strong bonds can form 

between Oad and the metal surface which can result in a rearrangement of metal atoms to accom-

modate the new oxygen atoms into the surface; these rearrangements are known as surface re-

constructions.1 Surface reconstructions can vary in how much rearrangement occurs based on the 

kind of metal surface. Different metal surfaces will interact with oxygen differently and it is the 

balance of repulsive and attractive forces between the metal and oxygen that determines how 

much reconstruction occurs. For example, when O2 interacts with a silver (Ag) metal surface, 

large reconstructions can occur because Ag has weaker bonds between Ag atoms, so when oxy-

gen is present, it physically rearranges the Ag atoms to accommodate the new oxygen atoms.17,18 

If a rhodium (Rh) metal surface is exposed to O2, the dispositively adsorbed oxygen atoms create 

an adlayer of molecules on the Rh surface and there is no surface reconstruction.19 Strong inter-

molecular interactions between Oad and the metal substrate may result in the metal lattice under-

going surface reconstructions, therefore when oxygen induces surface reconstructions they can 

be referred to as surface oxides.1,20,21 Oxygen-induced surface reconstructions have been exten-

sively studied to determine how oxygen coverage of oxygen (qO) affect surface structure,1,9,20,22 

affect the reactivity,9,20,23–25 and acts as an oxygen source during surface reactions.21,26,27  

This work focuses on integrating a new spectroscopy technique to the UHV system de-

scribed in the next chapter. The integration of infrared spectrometry to the system will allow a 

non-destructive analysis technique to be used to assist in the characterization of these oxygenated 

surfaces. Some techniques utilized in this dissertation are, but not limited to, Meitner-Auger elec-

tron spectroscopy (MAES), quadrupole mass spectroscopy (QMS), temperature programmed 
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desorption (TPD), scanning tunneling microscopy (STM), low energy electron diffraction 

(LEED), and reflection absorption infrared spectroscopy (RAIRS).  

Rhodium 

Rhodium (Rh) is a precious metal and is commonly used in a variety of applications, 

most commonly catalytic applications.28 As a catalytic metal, Rh has been used to study reac-

tions like the oxidation of carbon monoxide,29 the oxidation of methanol,30 and many more. Cat-

alytic metal surfaces are extremely influenced by the surface structures and types of chemical 

species present and because of that there have been multiple studies to investigate the fundamen-

tal adsorbate-surface interactions under UHV conditions.13,31–34 Rh has a face centered cubic 

crystal structure (fcc) as detailed in Figure 1. When metal single crystals are manufactured, the 

cut of the bulk crystals is very important, most commonly these crystals can be cut along certain 

axis of the crystal unit cell, providing a specific orientation of surface atoms; the nomenclature 

denoting how the crystal was cleaved is known as a Miller index.2,35 Using a Rh (111) surface is 

a common crystal orientation used in many types of studies.15,29,36–38 For a (111) orientation, the 

crystal is cut so that the surface plane intersects the x, y, and z axes at the same value (Figure 1, 

center) which creates a flat surface of hexagonally close packed (hcp) atoms (Figure 1, right).  

 

	
	

Figure 1. Left) Face centered cubic (fcc) unit cell; Center) (111) plane in the unit cell is high-
lighted green; Right) Representation of Rh (111) surface structure. 
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Along with Miller indices, another commonly used descriptive tool is Wood’s notation, which 

describes the adsorbate surface structure in relation to the metallic lattice.	 

Unit cells are defined as the smallest possible repeating unit of surface, typically shown as 

vectors drawn on the surface image as seen in Figure 2. The unit cell for a fcc (111) system is a (1 

× 1) unit cell and surface adlayers are identified compared to the native (1 × 1) unit cell. A (2 × 1) 

adlayer unit cell is two atoms long along one side of the unit cell and one atom long on the other 

(Figure 2, center). If the unit cell is rotated with respect to the native unit cell, it is noted by R and 

the angle of orientation.  The unit cell of an adsorbed layer that is twice the size of the native (1 × 

1) would be noted as a (2 × 2). 

When O2 molecules interact with Rh (111) surfaces, O2 dissociates into the individual ox-

ygen atoms (Oad). Partial oxidation of Rh (111) upon exposure to O2 results in the formation of a 

(2 × 2)-O adlayer equivalent to 0.25 monolayer (ML) O coverage as determined via LEED, shown 

 

	
	
Figure 2. Examples of unit cells on a Rh(111) surface. Left) (1×1) unit cell in blue; Center) (2×1) 
unit cell in red; Right) (2×2) unit cell in green. 

 

	
Figure 3. Surface models of O/Rh (111) surface structures, with Rhodium atoms grey and Ox-
ygen atoms red. Left) (2 × 2) unit cell, Right) (2×1) unit cell.  
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in the left of Figure 3.34,39 When O2 exposures are increased, the surface saturates at 0.5 ML O 

coverage. It was determined via STM that the surface was dominated by (2 × 1)-O domains (Figure 

3, right), which corresponds to a surface saturation where	kinetic	constraints	of	O2	dissociation 

have been reached.5,15,40–42 In order to reach higher coverages, qO	> 0.5 ML, a different oxygen 

source needs to be utilized.  

Oxidation of the Rh surface with atomic oxygen (AO) allows qO > 0.5ML under UHV 

conditions, with the formation of subsurface oxygen (Osub) at elevated substrate temperatures. Osub 

is observed desorbing from Rh (111) in a single sharp desorption features at ~ 800 K during TPD 

experiments. 5,43 While AO exposures can form the (2 x 1)-O adlayer and Osub, it also can form 

oxides along step edges and defect sites at elevated substrate temperatures.19,33,44 The main oxide 

that forms and that has been extensively characterized is RhO2, displaying a single layer stacking 

structure of O-Rh-O.12,45 It has been determined that the oxide has metallic behavior, and is ther-

modynamically stable.45 When RhO2 is investigated via STM, the RhO2 appears as a Moiré pattern 

(Figure 4, right), where the (8 × 8) Rh substrate with a 2.69 Å lattice which is below a (7 × 7) 

RhO2 surface with a 3.02 Å lattice.5,15,20,21,45 The slight mismatch between the lattices causes the 

Moiré pattern.5,12,43 This reconstruction layering is seen to have a layer of Rh atoms between two 

layers of O atoms.   

 

	
	

Figure 4. RhO2 oxide model on Rh(111) Left) side view; Center) top view; Right) simulated 
STM.12  
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CO and Rhodium 

CO is a common molecular adsorbate used to probe surfaces to better understand surface 

structure and reactivity. The oxidation of CO to CO2 is a benchmark surface reaction because of 

the simplicity.48 Depending on the surface, CO can provide a variety of surface behaviors and is a 

prototypical molecule to study using various methods and techniques. CO does not dissociate on 

Rh(111) and chemisorbs as an intact molecule. CO can bind to different surface sites as coverage 

increases, and when in the presence of oxygen, the adsorption behavior and structures are more 

complicated (Figure 5). It favorably adsorbs to the atop (red) sites and arranges in a (Ö3 × Ö3)R30°-

CO adlayer with qCO of 0.33 ML. At higher qCO, CO will also adsorb to bridge (blue) sites and 

forms a (2 × 2)-3CO structure adlayer.13,31,49–51 When Oad and CO are co-dosed onto the Rh (111) 

surface, it forms a (2 × 2)-2O+CO adlayer (Figure 6), and CO binds on the atop sites.50,52 Some of 

the recent work in the Killelea lab has focused on CO oxidation on Rh (111) with a mix of oxy-

genated species present, mainly the types discussed above, Oad, Osub, and RhO2. With qO > 0.5 

ML, with AO and Osub present, it was shown that surface and subsurface oxygen was rapidly con-

sumed at modest temperature CO oxidation.29 STM images showed that prolonged CO exposures 

consumed Oad, reacted most of the Osub and oxides along the defect sites, and that Osub was not 

able to replenish the oxygen depleted sites.29 When observing CO oxidation of Oad, qO ≤ 0.5 ML 

and the effect of surface temperature it was determined that surface temperature had little effect 

	
Figure 5. Model of different adsorption site. Red: atop site, Blue: bridge site, Green: hollow 
site  
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on oxidation. It was determined that only a fraction of Oad was used in the oxidation and that at 

low temperatures reactive species were not replenished.53 Under high oxidation condition when 

oxides form, it has been observed that CO does not adsorb readily on the oxide directly, but rather 

on oxide defects and metallic patches on the surface.46 RhO2 oxides have been shown to have high 

production of carbon dioxide (CO2) when present and is thought to be very catalytically active and 

important to catalytic function.9,45,47  

This dissertation work focuses on monitoring the CO oxidation on various oxygenated Rh 

(111) surfaces via RAIRS spectroscopy.  This new surface technique to this chamber allows for a 

unique perspective and investigates these reactions. The main goal is to quantify the coverage of 

CO present on oxygenated surfaces and determine the adsorption and reaction sites in these envi-

ronments. With the addition of this information, the goal is to better understand the CO oxidation 

and oxygenated surfaces from past studies.  

   

 

	
Figure 6. Model of co-adsorbed O and CO species on Rh(111). Adlayer forms a (2 × 2)-2O + 
CO unit cell. 
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CHAPTER TWO 
 

INSTRUMENTATION 
 

UHV surface science techniques require ultra-high vacuum, with pressures as low as 1 x 

10-12 torr for experimentation to be performed. In order to fully elucidate the interactions between 

gas phase reactants, condensed phase species, and the catalytically active substrate, a combination 

of analysis tools are needed. The following techniques were used to collect the data presented 

herein:  reflection absorption infrared spectroscopy (RAIRS), temperature programmed desorption 

(TPD) or temperature programmed reaction (TPR), low electron energy diffraction (LEED), and 

scanning tunneling microscopy (STM). Further information about techniques not mentioned below 

can be found in Derouin, et al.5 Surface techniques mentioned below have specific impact on the 

research shown in this dissertation or have been newly integrated to the chamber as part of this 

dissertation work. 

Reflection Absorption Infrared Spectroscopy 

Infrared spectroscopy is the measurement of infrared light as it interacts with matter via 

vibrational-rotational transitions. When infrared light interacts with a sample, it can be affected in 

different ways mainly by absorption, emission, or reflection. The resulting infrared light can then 

be measured and used to determine chemical species, functional groups, etc depending on the ex-

periential set up. Specifically, RAIRS is a powerful, surface sensitive, nondestructive technique 

for identification of small molecules adsorbed to metal surfaces.54 Because IR measurements can  



 

 

11 
be performed under UHV conditions, interference from atmospheric species are avoided, thus en-

abling the investigation of catalytic systems. IR spectroscopy with experiments involving high 

resolution, polarization, time resolution, or high pressures55 has been used to determine the orien-

tation and structure of surface adsorbates,54,56 determination of increasing coverages,56,57 to aid in 

the determination of precursors,57 but also to monitor the reactions as experimental conditions 

vary,57–59 or to track reactions through time points.58,59 

The use of IR spectroscopy to study adsorbates on a surface dates back to the 1940s but 

the application of this technique to characterize adsorbates on metal surfaces did not become com-

mon until the 1950/1960s.54,60 In the mid 1960s, Greenler observed that sub-monolayer concentra-

tions of adsorbates on bulk metals could be determined at grazing angles, thus this approach of 

reflection absorption infrared spectroscopy (RAIRS) allowed for information about chemical iden-

tity, geometry and adsorption sites to be investigated on the surface.61 At the beginning, the C-O 

vibrational stretch on copper films was investigated, but as the technique developed, it has been 

utilized to investigate much more complex systems such as nitrogen/hydrogen stretch,62 carbon	

 

	
Figure 7. Beam path of infrared beam through UHV chamber. Beam is indicated by dashed 
red line, with components used in analysis labeled in order beam path travels through. 

UHV Chamber

IR Sample

Mirror

Dry CO2 Free Air 
Environment

Dry CO2 Free Air 
Environment
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nanofibers,63 or nanoclusters64  on other metal surfaces besides Rh, e.g. platinum (Pt)62,65,66 or more 

complex surfaces like single atom alloys67,68 

The RAIRS apparatus design is extremely important and basic design components have 

been developed for optimal results. RAIRS utilizes an infrared beam that travels through a cham-

ber, interacts with the sample, and the reflected signal is then collected via a detector. It is best 

when the beam path is as short as possible, to limit any interferences to the beam. A large part of 

this dissertation was spent interfacing an IR spectrometer to the existing chamber in the Killelea 

lab, the resulting beam path is depicted in Figure 7. 

The infrared beam travels from the commercial IR spectrometer (Bruker, Invenio R) 

through a polarizer. The polarizer is used to increase any IR active molecules’ vibrations on the 

surface and this increase sensitivity of these vibration stretches. The surface dipole selection rule 

is the most important foundation to interpret spectral data, it states that the vibrational mode will 

be IR active if there is a non-zero projection of dynamic dipole moment of the vibrational mode 

normal to the surface.56 This means that when a molecule is adsorbed on a surface, the molecule 

induces an opposite image charge within the surface substrate. The dipole moment of the molecule 

and the image charges perpendicular to the surface reinforce each other, while parallel charges 

 

	
	

Figure 8. Visual cartoon of the dipole moment of molecules interacting with metal surface, 
illustrating the surface dipole selection rule. 
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cancel each other out (Figure 8). There	are	two	types	of	polarization,	s-polarization	which	is	

perpendicular	to	the	incident	plane	but	aids	in	the	cancellation	of	parallel	dipole	moment	

and	p-polarization	which	is	parallel	to	the	incident	plane	and	which	increases	the	signal	of	

the	dipole	moments	perpendicular	to	the	surface.69	Once	the	infrared	light	is	polarized	it	then	

passes	through	a	set	of	gold-plated	mirrors	to	direct	the	beam	through	potassium	bromide	

(KBr)	salt	windows	into	the	UHV	chamber.	Salt	windows	are	used	in	this	situation	so	that	the	

IR	light	can	travel	into	the	chamber,	where	normal	windows	would	block	the	IR	light.	Once	

directed	into	the	chamber,	it	interacts	nondestructively	with	the	surface	and	its	adsorbates	

at	a	grazing	incident	angle.	The	sample	and	adsorbates	that	are	present	on	the	surface	ab-

sorbs	energy	from	the	beam,	then	the	resulting	energy	left	in	the	infrared	beam	is	directed	

out	of	the	chamber.	Once	out	of	the	chamber,	the	infrared	beam	is	directed	using	another	set	

of	gold-plated	mirrors	 into	a	 liquid	nitrogen–cooled	mercury	cadmium	telluride	detector.	

The	use	of	a	liquid	nitrogen	cool	detector	allows	for	increased	sensitivity.	

CO	 is	a	common	molecular	adsorbate	used	 to	probe	surfaces	 to	better	understand	

surface	structure	and	reactivity.	Depending	on	the	surface,	CO	can	provide	a	variety	and	di-

verse	types	of	surface	behaviors	and	is	a	prototypical	molecule	to	study	using	various	meth-

ods	and	techniques.	In	general,	metal	to	the	left	of	the	periodic	table	dissociate	CO	into	sep-

arate	atoms	and	bind	to	hollow	sites	of	the	surface.59	For	metal	on	the	right	on	the	periodic	

table,	CO	remains	intact	when	exposed	to	the	surface	and	binds	via	the	carbon	atom.59	The	

CO	axis	is	perpendicular	to	the	surface,	and	adsorption	sites	vary	depending	on	the	surface	

structure.59	In	the	case	of	Rh(111),	atop	sites	are	preferred	at	low	coverages,	but	for	higher	

coverages	 more	 than	 one	 surface	 site	 is	 occupied.12	 The	 oxidation	 of	 CO	 to	 CO2	 is	 a	
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benchmark	surface	reaction	because	of	the	simplicity.56,14	There	have	been	two	mechanisms	

of	CO	oxidation	observed.	In	an	associative	mechanism,	the	CO	reacts	with	surface	bound	O2;	

while	a	dissociative	mechanism	where	O2	dissociates	first	onto	the	surface	and	then	Oad	re-

acts	with	CO	to	form	CO2.	The	latter	is	the	mechanism	studies	through	these	experiments.	To	

monitor	and	track	CO	oxidation,	RAIRS	can	be	utilized	because	CO	strongly	absorbs	IR	light,	

so	monitoring	the	C-O	stretch	can	yield	valuable	information.	CO	has	been	used	to	qualita-

tively	probe	the	state	of	the	surface	through	the	sensitivity	of	the	main	CO	stretch	frequency	

to	metals	and	to	different	binding	sites.57,67,14,70,71	When	CO	is	bound	to	Rh(111),	the	stretch	

for	the	CO	in	atop	sites	has	an	absorption	peak	calculated	and	observed	between	2015	cm–1	

and		2100	cm-1,	depending	on	surface	CO	coverage.49,72	When	CO	coverages	are	high	enough,	

CO	can	also	bind	at	the	bridging	sites	which	has	been	observed	and	measured	at	1851	cm-1	

to	1861	cm-1.49,73,52,74	When	the	surface	is	oxygenated	first,	CO	remains	bound	in	atop	posi-

tions	(observed	around	2085	cm-1)	while	oxygen	atoms	are	located	in	the	hollow	sites.49	Be-

cause	oxygen	is	present,	CO	has	less	adsorption	spots	available,	so	CO	tends	to	bind	only	at	

the	atop	sites,	not	the	bridging	sites.		

Temperature	Programmed	Desorption	

Temperature	programed	desorption	 (TPD)	 is	 a	useful	 surface	 technique	 that	utilizes	

mass	spectrometry	to	determine	the	quantity	and	identity	of	the	chemical	species	desorbing	

from	the	metal	crystal	surface	as	temperature	is	linearly	ramped	up.	The	mass	spectrometer	

mass-to-charge	ratios	and	fragmentation	patterns	are	used	to	aid	in	the	identification	of	de-

sorbing	molecules	and	atoms.		At	the	start	of	a	TPD	experiment,	the	temperature	of	the	crys-

tal	 is	 typically	 at	300	K	when	 running	oxygen	experiments,	 and	100	K	when	 running	CO	
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experiments.	The	temperature	is	then	linearly	ramped	to	the	maximum	temperature	pro-

grammed.	 It	 is	 important	 that	 the	 temperature	ramp	 is	as	 linear	as	possible	 to	avoid	un-

wanted	pressure	spikes	from	the	desorbing	species.	As	temperature	of	the	sample	increases,	

the	energy	of	the	sample	also	increases,	which	increases	the	probability	that	the	adsorbate	

will	desorb	from	the	surface	and	the	resulting	trace	from	the	desorbing	species	are	analyzed	

(Figure	9).75,76	

Low	Energy	Electron	Diffraction	

Low	electron	diffraction	(LEED) is a useful technique to determine the long-range sur-

face structure. Electron diffraction was experimentally proven through the Davisson and Germer 

experiment which proved that electrons have wave behavior, confirming the deBrogile hypothesis 

that all matter exhibits wave like properties.77 The experiment was able to prove that electrons 

showed diffraction patterns, by firing low energy electrons at a nickel crystal surface and observing 

angular dependence of intensities of scattered electron beam. The peaks indicated the wave behav-

ior of the electrons and when interpreted through Bragg’s law indicated the lattice spacing of the 

	
Figure 9. Cartoon schematic of TPD events. From left to right, temperature of the sample is 
increased, resulting in molecules desorbing from the surface. The resulting trace of molecules 
is determined via mass spectrometry mass-to-charge ratios.  
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nickel crystal. This technique works by applying a beam of monoenergetic electrons with modest 

energy (10-1000 eV) from an electron gun directed towards the sample surface. These electrons 

interact with the surface and diffract away from it towards a phosphor-covered screen.  There are 

2-4 wire mesh screens in front of the phosphor screen, and the potential of each can be varied to 

provide a high-pass filter that discriminates non-diffracted electrons and allows only the higher 

energy electrons to pass through. Where the electrons hit the phosphor screen, light is emitted, and 

the diffraction pattern is evident in the spots on the screen. The diffraction pattern that is observed 

is the reciprocal lattice of the surface structure (Figure 10). The reciprocal lattice is a direct reflec-

tion of the crystal’s surface (Figure 10). Comparing LEED patterns before and after exposures can 

be very useful to determine surface changes and track progression of change,78,33 or monitoring 

the growth of thin films.79  

 

	

	
	

 
  

  

 
Figure 10. Real space and reciprocal space lattices of a (111) surface. 

Real	Space Reciprocal	Space
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CHAPTER THREE 

TEMPERATURE-RESOLVED SURFACE INFRARED SPECTROSCOPY OF CO ON RH 

(111) AND (2 x 1)-O/RH (111) 

Reprinted with permission from Temperature-Resolved Surface Infrared Spectrosco-

py of CO on Rh(111) and (2x1)-O/Rh(111), Elizabeth A. Jamka, Maxwell Z. Gillum, Christina 

N. Grytsyshyn-Giger, Faith J. Lewis, and Daniel R. Killelea, Jounral of Vacuum Science and 

Techonolgy A 2022 40 (4), 043209. Copyright 2022 American Vacuum Society 

CO oxidation over transition metal surfaces provides insight into the relative reactivity of 

various surface phases. Surface IR spectroscopy is a quantitative technique that also provides 

information about the binding sites and chemical environments of the adsorbed CO molecules. 

Here, we report results from a study of CO sticking to clean Rh (111) and (2 x 1)-O/Rh (111) 

that shows that the intensity of the IR absorption was not linear with coverage and is an im-

portant consideration for further study of catalytic surface.  

Introduction 

The oxidation of small molecules over metal surfaces is of widespread importance in het-

erogeneous catalysis.80,20,81  In particular, the oxidation of carbon monoxide (CO) to carbon diox-

ide (CO2)  has attracted much interest because it is relevant to industrial and consumer processes 

(e.g., catalytic converter in automobiles) and also because it allows for the study of the surface 
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species because of the lack of molecular complexity.31, 48 CO oxidation has been studied using a 

variety of techniques including molecular beam – surface reactive scattering,82,83,84 temperature 

programmed desorption/reaction (TPD/TPR) to monitor the production of CO2,53,29,85,86,87 X-ray 

Photoelectron Spectroscopy (XPS) to speciate the surface species through the reaction via ele-

mental analysis, and Reflection-Absorption Infrared Spectroscopy (RAIRS), which provides mo-

lecular information about the surface adsorbates.24,88,49,89 Together, a picture has emerged about 

the surface-catalyzed oxidation of CO on a variety of different metal surfaces, but as key details 

are discovered, there is an emerging consensus that this seemingly ‘simple’ reaction is far more 

complicated than was thought even a few years ago.83, 90, 91  In particular, recent discoveries 

showing that surface oxide reactivity is strongly correlated to geometry92 and that terrace and 

steps proffer very different catalytic activities,83, 22 has spurred us to study the different oxygena-

ceous phases on Rh (111), where we have developed robust approaches for preparing three dis-

tinct phases.37,33,5 Here, we present results showing that even CO adsorption to clean Rh (111) 

has complexities that must be considered in order to properly use RAIRS to determine the spe-

cies present and their coverages. 

The IR absorption spectrum of adsorbed CO is sensitive to the binding site and thus has 

been used to qualitatively probe the state of the surface through the sensitivity of the main CO 

stretch frequency to metals.71, 67 Although CO spectroscopy is well-developed, there have been 

only a handful of IR studies of CO on Rh (111) 49, 72, 51 and even fewer investigating CO on oxy-

genated Rh (111) surfaces.49, 50 We have determined the chemical significance of various oxygen 

phases on different Rh surfaces,53, 29, 37,33,5 and here, we have studied CO adsorption on Rh (111) 

and (2 ´ 1)-O/Rh (111). Studying CO oxidation on different Rh surfaces provides atomic level 
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information regarding oxidation reactions, progressing the understanding of various surface 

phases relevant to many Rh catalyzed processes.  

O2 readily dissociates on Rh(111) to form adsorbed oxygen (Oad), and adsorption is kinet-

ically limited to an oxygen coverage (qO) of 0.5 monolayers (ML, 1 ML = 1.6 ´1015 atoms cm–

2).53, 93, 13 CO does not dissociate on Rh (111) and chemisorbs as an intact molecule. CO prefer-

entially adsorbs on atop sites and arranges in a (Ö3 x Ö3)R30°-CO adlayer with a CO coverage 

(qCO) of 0.33 ML CO. Upon continued exposure, CO adsorbs to bridge sites as well and reaches 

qCO = 0.75 ML in a (2 x 2)-3CO structure.31, 49, 94 The CO stretch for CO in atop sites has an ab-

sorption peak calculated and observed between 2015 cm–1 and  2100 cm-1, depending on qCO.49, 72  

On oxygenated surfaces, CO remains bound atop, while O occupies the hollow sites,49 and the 

CO stretch was observed to increase by ≈ 25 cm–1 to 2085 cm–1.49 However, it is important to 

note, that the previous IR measurements were  typically made at low-temperature (Texp < 200 K) 

and it does not seem that the behavior of the IR spectra with respect to temperature has been in-

vestigated. 

In this paper, RAIRS and TPD were employed simultaneously to determine both the CO 

coverage on the surface and the binding sites and chemical environment for CO on Rh (111).  

The combination of TPD and RAIRS provides the chemical species and their local environment 

over a range of surface temperatures and adsorbate coverages. With the behavior of CO on clean 

Rh (111) established, the adsorption of CO to an oxygenated Rh (111) surface, the (2 ´ 1)-O 

structure, was studied over a range of temperatures during a TPD experiment. In both cases, we 

observed that the IR peak shifts in accordance with previous measurements, but the intensity var-

ies and is most intense, on a per-molecule basis, at low coverages. This suggests that the intensi-
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ty of the absorption for the CO stretch does not linearly depend on qCO, meaning that correlation 

of qCO to the RAIRS signal requires more than a simple application of Beers Law to the IR spec-

tra. 

Experiment 

All experiments were performed in an ultra-high vacuum (UHV) system described previ-

ously.5  The system is comprised of two connected chambers, a preparation chamber (base pres-

sure of 1´10–10 Torr) and a scanning tunneling microscope (STM) chamber (base pressure of <2 

´ 10–11 Torr). The preparation chamber was equipped with multiple surface science techniques 

including a Specs ErLEED 150 with 3000D controller (LEED), a PHI 10-155 Meitner-Auger 

Electron Spectrometer (MAES), and a Hiden HAL 3F 301 RC quadrupole mass spectrometer 

(QMS) for temperature programmed desorption (TPD) analysis. RAIRS measurements were 

made with a Bruker FT-IR Invenio R spectrometer and an external liquid nitrogen cooled MCT 

(mercury-cadmium-telluride) detector which increased sensitivity to around 800 cm–1. The IR 

light was p-polarized and traveled through enclosures purged with dry, CO2 free air (Parker, 

Spectra30, FT-IR Purge Gas Generator). The RAIRS spectra are an average of 36 scans were 

taken with a resolution of 4 cm–1 and new background spectra was taken at the start of each ex-

periment. In some of the spectra on Rh (111), a small spurious background absorption peak, like-

ly from adsorbed CO from the chamber background, was present when the IR background was 

obtained. This resulted in a negative peak in the ∆R/R or absorbance spectra around 2025 cm–1 

that appeared after CO exposure began and remained even after CO was desorbed. The small in-

tensity and far-red shift indicated that this was only a small amount of CO. When present, this 

was removed from the spectra by taking CO stretch portion of the spectrum at high temperature, 
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where the surface was clear of CO, inverting it, and adding it to all the spectra collected in that 

trial. This peak was never observed on the oxidized surface. 

 The Rh (111) crystal (Surface Preparation Labs, Zaandam, The Netherlands) sample was 

a 10 mm diameter disc and 3 mm thick and was mounted on an exchangeable tantalum (Ta) 

sample plate with a type-K thermocouple welded to the side of the crystal. The crystal could be 

cooled with liquid nitrogen loop to 100 K and heated using electron beam heating to 1400 K. The 

surface was cleaned with repeated cycles of Ar+ sputtering and annealing at 1300 K until the sur-

face cleanliness was verified with a clean (1 ´ 1) LEED pattern and O2 TPD free of CO2. 

The Rh (111) sample was dosed with CO with a pressure of 1´10–6 Torr at an exposure 

temperature (Texp) of 300 K. For the oxidized surface, the Rh(111) was first dosed with O2 by 

backfilling to 1´10–6 Torr for 60 sec at Texp = 300 K to yield a saturated surface with the ad-

sorbed O (Oad) in a (2x1)-O adlayer and qO = 0.5 monolayers (ML, 1 ML = 1.6 ´1015 atoms cm–

2).53 After oxygen preparation, the surface was then separately dosed with CO at 1´10–6 Torr at 

Texp = 300 K. Spectra were obtained both during CO exposure to measure uptake and during the 

TPD experiment to complement the QMS desorption measurements. Spectra between 850 and 

4000 cm–1 with a resolution of 4 cm–1 were collected every 10 sec. For the TPD experiments, 

QMS and RAIRS spectra were collected synchronously. The TPD was run from 100 K to 600 K 

with a ramp rate of 0.4 K sec–1. CO oxidation on Rh (111) was complete by 600 K. The Rh (111) 

crystal was then annealed to 1250 K in between experiments to restore surface cleanliness and 

order, as verified with LEED.  
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Results and Discussion 

In order to use the IR spectra to quantify qCO, it was first necessary to establish qCO as a 

function of CO exposure at Texp = 300 K. Figure 11A shows the TPD spectra taken after several 

CO exposures, clearly demonstrating the surface saturation after ≈ 15 Langmuir (L) CO exposure. 

The TPD spectra were background subtracted (as shown in Figure 11A) and then integrated to 

obtain qCO using the known saturation coverage of CO on Rh (111) of qCO = 0.75 ML CO,94 the 

CO uptake is shown in Figure 12B with the integrated TPD desorption in red on the left and the 

calculated qCO in blue on the left plotted with respect to the CO exposure in L. 

With the uptake quantified, the correlation between the RAIRS and qCO could be deter-

mined. Figure 12A shows RAIRS obtained after each of the CO exposures at Texp = 300 K, in 

Figure 11A. Curiously, the highest peak was observed at 2072.2 cm–1 after a 1 L CO exposure, 

qCO = 0.19 ML, and continued exposure saw the peak steadily redshift to 2084.2 cm–1, broaden 

slightly, and diminish in amplitude. As coverage was determined from the TPD spectra, it is not 

the case that CO was desorbing at 300 K for the longer CO exposures. Instead, it is more likely 

that the increased coverage decreased the per-molecule IR absorption cross-section as the elec-

tron density available from the metal decreased, and the C–O bond strength increased, as sug-

gested by the blue shift in the CO stretching absorption feature. The net result is that this seem-

ingly anomalous behavior is indicative of a shift of electron density from the CO–metal bond to 

the CO molecule. Although this could be rationalized by ‘back-bonding’ where the metal con-

tributed electron density to the 2π* antibonding orbital in CO, the situation is probably more 

complex, but the result the same.95,12,96 Above qCO ≈ 0.6 ML, this effect diminished and the peak 

intensity remained constant, while still modestly blue-shifting. 
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The convoluted relationship between absorption frequency and peak intensity was also 

present when surface temperature (Ts) increased concomitantly with a decrease in qCO, as shown 

in the RAIRS collected during the TPD experiment in Figure 12B after a 30 L CO dose at Texp = 

300 K and qCO,initial = 0.75 ML. With increasing Ts, and thus decreasing qCO, the C–O stretch fre-

quency red-shifted, suggesting strong CO–metal bond and weakening C–O bond, while the in-

tensity does not appear to decrease linearly with qCO. The observation of a pronounced increase 

in intensity for the absorbance of the C–O stretch was robust, as it was observed with isothermal 

	
Figure 11: A) TPD spectra of m/z = 28 (CO+) after exposing Rh (111) surface to varying 
amounts of CO at Texp = 300 K. Initial coverages are qCO = 0.19 ML (—),  0.45 ML (—),  
0.52 ML (—), 0.67 ML (—),  0.69 ML (—),  0.76 ML (—), and 0.75 ML (—). The heating 
rate was 4 K sec-1 for TPD. B) Integrated TPD area showing the uptake of CO at varying ex-
posures and correlation between integrated desorption (red open circles, left) and qCO (blue 
filled circles, right). 
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uptake at Texp = 300 K and during the TPD experiment where Ts ≈ 500 K; the spectra for similar 

qCO for the two different paths is shown in Figure 12C. Although we are unable to state definitely 

why the absorption frequencies differ, it is reasonable to assume that the shift is caused by the 

difference in Ts for the two spectra. This effect is also evident in Figure 12D for a 30 L CO dose 

at Texp = 300 K, and qCO, I = 0.75 ML, where the black trace (right axis) is qCO from the TPD 

measurement and the red circles (left axis) is the integrated intensity of the C–O stretch peak (be-

tween 2072 cm–1 and 2086 cm–1) in the RAIRS data. As shown, despite a roughly 50% decrease 

in qCO, the integrated intensity of the CO stretch peak actually increased. With additional desorp-

tion the RAIRS signal did diminish, but at the point where qCO was down to 25% or so of the 

original value. It is important to note that the qCO from the TPD measurement was an upper limit, 

and most likely exceeded the actual qCO at any moment because the QMS was measuring the par-

tial pressure and there was some lag due to the pumping speed for CO in the UHV chamber.  

On the (2 ´ 1)-O adlayer at 300 K or below, CO also adsorbed intact and inserted into the 

adlayer forming a (2 ´ 2)-2O+CO adlayer.72, 50  Although at higher temperatures CO would be 

oxidized, removing Oad, for Ts < 300 K, the reaction was not significant.53  RAIRS taken after 

exposure of (2 ´ 1)-O to CO is shown in Figure 13A, and only a single absorption peak, corre-

sponding to a C–O stretching mode, was observed at 2088 cm–1. Unlike CO on Rh (111), there 

was no shift in the peak location and the intensity monotonically increased with exposure, and 

rapidly saturated. This straightforward relationship between CO exposure and RAIRS intensity 

suggests that the factors that gave CO on Rh (111) the complex behaviors were not present on 

the oxygenated surface, likely because, although still metallic, Oad reduced the availability of 
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electron density to the CO, and contributions to CO–Rh orbitals aside from the surface–adsorbate 

bond did not occur. 

	
Figure 12: CO on Rh (111) A.) IR spectra of varying doses taken after the CO exposures 
shown in Fig. 1 at Ts = 300 K.  B.) Sequence of the IR scans taken through TPD experiment 
with qCO, initial = 0.75 ML. These show the decreased intensity and red shift in the CO absorp-
tion peak as temperature increased and qCO decreased. C) The difference in IR spectra for 
similar coverages (qCO ≈ 0.2 ML) collected after a 1 L CO dose at 300 K (—) and during the 
TPD experiment when qCO has deceased from 0.76 ML (—), collected at 505 K. All RAIRS 
plots have the same vertical range, given by scale bar in panel B). D) RAIRS intensity (left) 
qCO, initial = 0.76 ML during TPD experiment (red circles) and qCO from TPD data (right, —).  
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  However, IR spectra collected during the TPD experiment showed a transition does not 

present for CO/Rh (111). As shown in Figure 14A, and 14B around 300 K (the CO exposure 

temperature) the absorption peak shifted from 2088 cm–1 to 2068 cm–1, the same frequency ob-

served for CO on clean Rh (111). In addition, there was no absorption corresponding to CO bind-

ing at bridge sites, which was evident on Rh (111) in Figures 14C and 14D around 1850 cm–1. 

This shift occurred at the onset of CO oxidation to CO2, as indicated by the appearance of CO2 in 

the TPD, shown in Figure 13B (right axis, black trace). After a narrow window of coexistence, 

only the 2068 cm–1 peak was observed, and then as Ts increased, the RAIRS intensity steadily 

decreased, as shown in Figure 13B, left axis. The fact that the shift in IR absorption and desorp-

tion of CO2 occurred simultaneously indicated that the reactive CO fingerprint was the 2068 cm–

1 mode. However, it is unclear at this point if this was due to a shift in binding site or from an-

other factor. Figure 14 compares how the IR spectra of oxygenated to clean Rh (111) evolved 

with Ts and qCO. As previously discussed, on Rh (111), CO desorption caused an increase in the 

RAIRS intensity although qCO decreased, shown in Figures 14C and 14D. On the oxygenated 

surface, shown in Figures 14A and 14B, the RAIRS peak was unchanged until the transition 

	
Figure 13: CO on (2 ´ 1)-O/Rh (111). A) RAIRS taken during CO exposure for Texp = 300 K 
showing single C–O stretch absorption peak that rapidly saturated. B) RAIRS intensity (left) 
for CO on (2´1)-O during TPD experiment (blue circles) and YCO from TPD data (right), the 
integral of the CO2 desorption peak.  
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Figure 14: A) (top) IR spectra taken during TPD experiment for an initial preparation of 30 
L CO exposure at Texp = 300 K on (2´1)-O/Rh(111). The transition from a single peak at 
2088 cm–1 to 2068 cm–1, with a limited coexistence around 300 K. B) 2-D plot to highlight 
the peak shift. C) IR spectra for 0.76 ML CO on Rh(111) during TPD ramp and D) 2-D plot 
to highlight smooth shift in maxima.  
 

 

 

to 2068 cm–1 near 300 K, and thereafter followed the same path as CO on Rh (111) without Oad. 

However, instead of merely desorbing, the CO was being oxidized to CO2. This suggests that CO 

oxidation occurred along the desorption pathway, as the chemical state was the same, as indicat-

ed by the C–O absorption peak location. However, the steady decrease in RAIRS intensity with 

qCO shows that RAIRS intensity was proportional to the CO coverage on the oxygenated surface.  

Summary and Conclusion 

The intensity and location of the C–O stretch from the surface IR spectra of CO on Rh 

(111) and (2 ´ 1)-O/Rh (111) clearly depended on the surface temperature. On clean Rh (111), 
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CO deposited at 300 K yielded a sharp C–O absorption peak between 2072 cm–1 and 2086 cm–1, 

characteristic of adsorption on Rh atop sites, and a significantly smaller, broad peak near 1850 

cm–1 corresponding to binding on Rh bridge sites. Upon heating in a TPD experiment, the atop 

C–O stretch first increased in intensity, before decreasing and redshifting as qCO decreased. Al-

ternatively, RAIRS of CO on (2 ´ 1)-O/Rh (111) gave only the atop C–O stretch feature initially 

at 2088.5 cm–1, which shifted to ≈2070 cm–1 with heating and the progress of CO oxidation until 

it too diminished in intensity and redshifted as seen on clean Rh (111). These results show that 

quantitative RAIRS requires more than only peak intensity. Furthermore, because the CO chemi-

cal environment was the same whether Oad was present or not, CO oxidation occurs along the 

desorption pathway. These results show the subtle interplay between coverage and temperature 

for CO oxidation on rhodium surfaces. 
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CHAPTER FOUR 
 

CONCLUSION AND FUTURE DIRECTIONS 
 

A large part of this dissertation dealt with the integration of a commercial IR system to 

the existing UHV system in the Killelea Lab. The largest hurdles included building components 

for the purge gas system and aligning the IR beam to travel through the components, interact 

with the sample, travel into the detector with sufficient signal intensity for spectral analysis.  

Once the system was aligned, experimentation was able to begin starting with simple surface en-

vironments and then increasing in complexity.  

This dissertation focus on the surface characterization of CO and oxygen co-adsorb on 

Rh (111) via simultaneous RAIRS and TPD spectroscopy. This work focuses specifically on 

CO/Rh (111) and (2 ´ 2)-2O + CO/Rh (111) surfaces. Results indicated that these environments 

are not as simple as originally thought. On clean Rh (111), when CO saturates the surface two 

peaks are observed, a sharp peak at 2072 cm-1 – 2086 cm-1 and a much broader peak around 1850 

cm-1. These C-O stretches correspond to the atop and bridging sites, respectively, and have been 

corroborated by literature. It was also determined through this study that monitoring the RAIRS 

peak intensity would not be enough to determine concentration because of how CO binds to the 

metal surface. When looking at the slightly more complicated surface of (2 ´ 1)-O/Rh (111) and 

CO, the results showed only a peak corresponding to the atop position around 2070 cm-1. Even 

through the initial studies it is clear that the integration of RAIRS into the experimental setup has  
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shed light on the nuances of surface molecular interactions that we were not previously able to 

see with TPD/LEED/STM alone. 

Future directions for this project include expanding the types of oxygenated surfaces to 

larger θO with atomic oxygen at high temperature (700 K) and low temperature (350 K) expo-

sures. We hypothesize that as the oxygen coverage increases, the amount of CO binding sites on 

the surface will decrease due to the lack of atop and bridge sites available. Preliminary experi-

ments do show indication of this occurring, but a deeper look into the IR frequencies location 

and intensities have yet to investigated. It would also be beneficial to look at these oxygenated 

surfaces with other surface science techniques. MAES will allow for a closer quantitative analy-

sis of oxygen on the surface. LEED would allow for a rapid analysis of surface adsorbate struc-

tures. And STM would allow real space, subatomic resolution image of the many different sur-

face environments. 
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