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Summary

Reflection Absorption Infrared Spectroscopy (RAIRS) has been used to characterize
fundamental catalytic reactions on transition metal surfaces in ultra high vacuum (UHV)
environments. The technique works well in UHV studies because the only peaks present
in the IR spectra are from species adsorbed on the metal surface. To bridge the pressure
gap in catalysis, from UHV to atmospheric pressure, ambient pressure catalytic reactions
on metal surfaces are performed because the kinetics and thermodynamics can vary from
UHYV studies. At ambient pressure, a combination of peaks are present in the IR spectra
from surface species and the gas environment in the cell. Typically a polarizer is
modulated in a setup known as polarization modulation - RAIRS (PM-RAIRS), in which
spectra are acquired in a way to cancel out the gas phase peaks present in the spectra.
This is a great technique, but provides a lower signal-to-noise ratio than RAIRS. Also,
the gas composition in the cell is monitored with GC-MS. In this thesis, | will discuss a
new experimental setup for UHV to ambient pressure catalysis studies and show three
different experimental studies on Pt(111) to describe the setup in detail. Based on surface
selection rules, I use a single rotatable polarizer with a standard RAIRS setup instead of
an expensive polarization modulator coupled to a commercial FTIR instrument. This
technique is called polarization dependent - RAIRS or PD-RAIRS. It provides the same
signal-to-noise ratio as a standard RAIRS setup and allows the gas composition of the

cell to be easily monitored in the IR spectra and without a GC-MS.
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The three different studies on Pt(111) will then be discussed showcasing the PD-RAIRS
technique. First, spectra will be shown that describe a new interaction between molecular
oxygen and carbon monoxide at 88 K in a low temperature CO oxidation reaction on
Pt(111) in UHV conditions. The installation of the polarizer caused an increase in the S/N
ratio of peaks allowing for better determination of species adsorbed on the surface. Next,
PD-RAIRS was used to monitor the ambient pressure hydrogenation of acetylene to
ethane with a pressure and temperature range from 1.0x10 to 4.0 Torr and 120 to 370 K.
When an ambient pressure of acetylene and hydrogen are present in the cell with the
Pt(111) crystal at 300 K and the crystal annealed to higher temperatures, ethylene and
ethane are produced at 350 and 370 K, respectively. The spectra show the capabilities of
the PD-RAIRS setup in determining both surface and gas phase species present during an
ambient pressure catalytic reaction. The last study is on the reactivity of a carbidic layer
adsorbed as C, species on the Pt(111) surface to ambient pressure of H,. For this work,
PD-RAIRS was coupled with ex-situ Auger spectroscopy. The PD-RAIR spectra show
that the C, species are hydrogenated through an ethylidyne (CCHj3) intermediate to ethane
at 400 K and 10 Torr of H,. After the crystal was exposed to the ambient pressure of H,,
Auger spectra were acquired and show a decrease in the surface coverage of carbon on
Pt(111) confirming the hydrogenation of C, to ethane. The data show that the coupling of
the two techniques is powerful in characterizing all aspects of catalytic reactions on

Pt(111).
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Chapter 1 - Introduction

Catalytic reactions on transition metal surfaces are very important to a variety of
industries. Some examples include oxidation and hydrogenation reactions. Oxidation of
carbon monoxide to carbon dioxide is important in PEM fuel cells. Hydrogenation of
acetylene is important because the gas is a contaminant in ethylene feedstocks. Studying
the different forms of carbon that can be present on the metal surface during
hydrogenation reactions is also important because the adsorbed carbon can greatly
influence the kinetics and thermodynamics of the reactions. The two forms of carbon that
can be present on the surface during a reaction are carbidic and graphitic carbon. Carbidic
carbon is reactive and can play a role in catalytic reactions. The formation of a graphitic
layer leads to the “coking" of the catalyst, which results in decreased catalytic activity.
In this thesis, | will show a variety of ambient pressure catalytic reactions on Pt(111).
These reactions bridge the pressure gap from UHV to atmospheric pressure studies and
are important because the reaction thermodynamics and kinetics can vary greatly from
UHV studies. The presence of the ambient pressure of gas induces a change in desorption
temperatures and an increase in coverage of surface species. A new RAIRS technique,
Polarization-Dependent Reflection Absorption Infrared Spectroscopy (PD-RAIRS), was

developed to study the ambient pressure catalytic reactions.
1.1. Outline

Section 1.2 describes background to the low temperature CO oxidation reaction on
Pt(111). Sections 1.3 and 1.4, discuss the background to the ambient pressure

hydrogenation of C,H, and the setup and theory for the in-situ PD-RAIRS technique.



Discussion of the background to C, hydrogenation and the application of ex-situ
techniques follow in sections 1.5 and 1.6. Portions of this chapter have been published in
various journals: [Krooswyk, J. D.; Yin, J.; Asunskis, A. L.; Hu, X.; Trenary, M., Chem.
Phys. Lett. 2014, 593 (0), 204-208., Krooswyk, J. D.; Waluyo, I.; Trenary, M., ACS

Catal. 2015, 5 (8), 4725-4733.]
1.2. Low Temperature CO Oxidation

The oxidation of carbon monoxide is one of the most studied catalytic reactions,
especially on platinum surfaces. Platinum is utilized as a catalyst due to a combination of
weak adsorption of the CO, product, non-dissociative adsorption of CO, and a low
dissociation barrier for molecular oxygen, which adsorbs on the Pt(111) surface in two
forms: peroxo (O,%) and superoxo (O ") in the fcc and bridge sites, respectively.? The
peroxo species is only present on the surface at low coverage and the O-O bond is
weaker compared to the superoxo species, which forms islands on the surface at high
coverage.> * Besides experimental studies that show thermal dissociation of molecular
oxygen at 115 K, theoretical work concludes that the O, dissociation and desorption
barriers are 0.32 and 0.36 eV, respectively, on Pt(111).® Even though it is commonly
accepted that the first step of the reaction occurs between an adsorbed oxygen atom and a
CO molecule on Pt(111), we observe a new interaction between adsorbed superoxo (O, )
and CO molecules at 85 K to produce a perturbed form of CO that is the precursor to

CO, formation.

Density functional theory (DFT) calculations for the oxidation reaction show that when

CO is coadsorbed on the surface with O,, a small amount of oxygen needs to desorb for



the remaining O- to dissociate.” Also, the calculated energy barrier for oxidation is lower
if oxygen initially dissociates on the surface, then reacts with coadsorbed CO.° The
energy barriers for the peroxo species for the dissociated and molecular oxygen reaction
with adsorbed CO are 1.18 and 1.62 eV, respectively. This is lower than the barriers for
the superoxo species, which are 1.41 eV for the dissociated and 1.93 eV for the molecular
reaction with adsorbed CO.° These were calculated with O, and CO coverages of

0.25 ML each.’

Previous temperature-programmed desorption (TPD) studies examined the initial step of
CO oxidation on Pt(111).”** Yoshinobu and Kawai coadsorbed O, and CO on the surface
and found that CO, desorbed at 125 K.? The initial coverages at 83 K for coadsorbed

0, and CO were 0.45 and 0.2 ML®, respectively, which differ from the DFT studies.
These results indicated that CO; is formed from an adsorbed CO molecule and a “hot’
oxygen atom; i.e. an oxygen atom that is not fully equilibrated to the surface following
dissociation of molecular oxygen. The coverage of CO, produced at 125 K was found
from TPD to be 0.06 ML.° Other studies used an external energy source such as low
energy photons™ or laser-induced O, dissociation*? at 85 K, which produced ‘hot O
atoms’ that then reacted with adsorbed CO. In one such study, O,(ads) was dissociated at
25 K on Pt(111) and adsorbed CO, was observed with an asymmetric stretch at

2342 cm'.® Other metals that produce CO, at low temperatures through ‘hot’ oxygen
atoms and adsorbed CO molecules include Ni(111)*, a Au/Ni alloy®®, and Cu(100)*. On
a Au/TiO,*" 8 powder catalyst, the initial step was found to involve an interaction

between O, and CO at 120 K, producing adsorbed CO, and oxygen atoms. Adsorbed



CO;, from the reaction was observed to have an asymmetric O—C-O stretch vibration at

2341 cm™' that blue shifted with higher CO, coverage.'®

Besides the low coverage of CO, produced at 125 K, it is difficult to characterize the
intermediates of CO oxidation on Pt(111) since the reaction-limited product (CO,) is
completely desorbed by 150 K.*° Peaks from adsorbed molecular CO, have been
observed with high resolution electron energy loss spectroscopy (HREELS) at 93 K. An
asymmetric stretch at 2342 cm™' was observed along with a strong bending mode at

664 cm ', which suggest that CO, physisorbs with the molecular axis neither parallel
nor perpendicular to the Pt(111) surface. In contrast, a low energy electron diffraction
(LEED) study of molecular CO, adsorbed on Pt(111) in a p(3 x 1) structure indicated that
the molecule is oriented parallel to the surface.'® Chemisorption of CO, can occur on
Pt(111) when it is coadsorbed with an alkali metal such as potassium.?’ This induces
charge transfer creating a negatively-charged CO, species on the surface with vibrational
peaks at 780, 1220, and 1520 cm'.?° Two peaks were also observed for the physisorbed
neutral CO, species at 640 and 2350 cm ™', with the latter peak shifting to

2365 cm™' when CO, was adsorbed on a surface saturated with molecular oxygen and

potassium.?

The temperature region from 85 to 150 K was examined here with RAIRS with different
isotopes of CO and O; to determine the initial step to CO oxidation on Pt(111). Even
though some aspects of this reaction were investigated previously using a similar
approach,® the increased sensitivity of the FTIR instrument used here allows new low
intensity peaks to be observed. This capability yields new data that suggest an interaction

between O, and CO molecules on the Pt(111) surface at 85 K. This gives rise to



formation of physisorbed CO, at 130 K with molecular oxygen still present on the
surface. Annealing to 150 K completely desorbs the CO, whereas some molecular
oxygen desorbs and the rest dissociates leaving atomic oxygen and unreacted adsorbed
terminal site CO on the surface. Evidence that an interaction between CO molecules and
adsorbed superoxo species at 85 K produces a perturbed form of CO, which is the
precursor to CO, formation at 130 K, is shown in Chapter 3. The reaction scheme is

shown in Figure 1.1.

o000

y’p 150 K
110 K . 130 K
— — Q@88

Figure 1.1. Sketch of the reaction scheme for the low temperature CO oxidation reaction
on Pt(111).

1.3. Ambient Pressure C,H, Hydrogenation

Transition metal catalyzed hydrogenations of unsaturated hydrocarbons are among the
most important reactions in heterogeneous catalysis. For this reason, numerous
fundamental studies of the simplest hydrocarbons containing multiple carbon-carbon
bonds, acetylene and ethylene, have been carried out. The goal has been to identify the

elementary steps in which H atoms are added or removed from the various possible C,Hx



intermediates that form along the reaction pathway. Much of the experimental work has
employed ultra high vacuum techniques as these provide well defined conditions for the
definitive identification of intermediates and their reactions. However, because it is not
always clear if the mechanisms deduced from UHV studies are the same ones followed
under actual hydrogenation conditions there is increased interest in operando studies,
where realistic reaction conditions are employed.?* Here we have used polarization-
dependent reflection adsorption infrared spectroscopy (PD-RAIRS) to simultaneously
monitor the surface and gas phase species during acetylene hydrogenation over a Pt(111)

surface at total gas pressures in the range of 10 to 4 torr.

There have been numerous experimental studies of the C,Hy species that form on Pt(111)
following exposure of the surface to acetylene.”* At low temperature, C;H, bonds in a
di-o/m configuration in which each C atom forms ¢ bonds to two Pt atoms at a bridge site
and where the CH bonds are bent away from the surface with the HCCH plane tilted from
the surface normal such that the remaining CC = bond can also interact with the surface.
At temperatures around 350 K, the ethylidyne species, CCHjs, is observed. A variety of
other C,Hy species have been proposed but their characterization has not been nearly as
definitive as for CCHs. These other species include vinylidene (CCHy,), vinyl (CHCHy,),
and ethylidene (CHCH3). Ethylidyne could be formed by one elementary step from each
of these species: hydrogenation of vinylidene, dehydrogenation of ethylidene, or by a 1,2-
H shift in vinyl. Vinylidene, in turn, could be formed from a 1,2-H shift in di-o/x bonded
acetylene. A separate but related issue is the mechanism of hydrogenation of acetylene to
ethane. A simple step-wise addition of H atoms to C,H, would proceed by way of

CHCHG;, (vinyl), ethylene (C,H,), ethylidene (CHCHj3), and ethyl (CH,CH3)



intermediates. Whether one or more of these intermediates can be detected
spectroscopically through in situ measurements during the hydrogenation reaction will
depend on two main factors. First, there must be sufficient coverage of the intermediate
so that the intensity of at least one vibrational mode is high enough to enable detection
within the limited sensitivity of the spectroscopic method. Second, the observed
vibrational peaks must be uniquely assignable to a specific species. As shown below, this

second requirement poses the bigger challenge.

Shown in Figure 1.2 are the various surface species created from di-o/w acetylene as it

undergoes various surface reactions as described in this section (Section 1.3).



di-g-ethylene

L oo

n-ethylene

ethylidyne ethynyl

Figure 1.2. Surface species that result from acetylene hydrogenation, disproprotionation,
and dehydrogenation reactions on Pt(111). These species are present on the surface in
both UHV and ambient pressure acetylene hydrogenation experiments.

In addition to the growing interest in using in-situ spectroscopic methods to investigate
surface reactions such as ethylene and acetylene hydrogenation, recent theoretical work

using Density Functional Theory (DFT) has provided new opportunities for interpreting

|.26

experimental work. For example, Zhao et al.“” investigated the mechanism of ethylidyne



formation from ethylene on Pt(111) and reported the adsorption geometries, binding
energies, and vibrational frequencies of the various possible C,Hy species as well as the
activation energies for each step of their interconversions. An important conclusion was
that simple isomerization reactions involving intramolecular 1,2-H transfers, such as the
formation of vinylidene from acetylene, ethylidene from ethylene, or ethylidyne from
vinyl, have high barriers and are therefore unlikely to occur. A similar conclusion was
reached in a DFT study®’ of ethylidyne formation from acetylene on Pt(111), although in
the latter case no calculated vibrational frequencies were reported. The stabilities and
geometric structures of the intermediates are similar to those reported in much earlier
work.?® ?* These computational studies have been extended to incorporate kinetic Monte
Carlo (kMC) methods by Alexandrov et al.,*® who concluded that the rate determining
step in ethylidyne formation from ethylene on Pt(111) is the hydrogenation of vinylidene.

Podkolzin et al.%*

used DFT methods to determine how reactant coverages affect the
mechanism of acetylene hydrogenation over Pt(111). They concluded that both
ethylidyne and vinylidene would be present as spectator species and specifically
considered the stabilities of other intermediates in the presence of high coverages of these
spectator species. Recently, Zhao and Greeley have used DFT to calculate both the
intensities and frequencies of the vibrational modes of various C,Hy intermediates on
Pt(111) and to thereby simulate RAIR spectra for direct comparison with the
corresponding experimental spectra.** They concluded that experimental spectra that had
previously been assigned to ethylidene could be better assigned to vinylidene. Peak

assignments for surface species and comparison to DFT calculations will be shown in

Chapter 4.



The results reported in Chapter 4 clearly show that the surface is covered by ethylidyne
as gas phase acetylene is first converted to gas phase ethylene and then the gas phase
ethylene is hydrogenated to ethane. The hydrogenation reactions proceed with no
significant change in the ethylidyne coverage. The IR spectra of a gas phase mixture that
initially consists of H,(g) and C,H,(g) first show a rise in CoH4(g) as CoH(g) is
consumed followed by a decrease in C,H4(g) as CoHg(g) forms. In separate experiments
these results starting from C,H»(g) are compared with results obtained when starting with
C,Ha(g)/H2(g) mixtures. The latter experiments are similar to recent work by Tilekaratne
et al.* in which RAIRS was used to probe a Pt(111) surface during ethylene
hydrogenation, but in their work mass spectrometry instead of IR spectroscopy was used
to monitor the gas phase species. In both their study and in ours, ethylidyne was the only
surface species detected during ethylene hydrogenation. However, for acetylene
hydrogenation we find additional weak spectral features with RAIRS indicating the

presence of one or more other surface species.

A reaction scheme that combines all of the ambient pressure studies is shown in Figure
1.3. The PD-RAIRS data are shown and the mechanism for the hydrogenation of

acetylene to ethane is further discussed in Chapter 4.
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Figure 1.3. Sketch of the reaction scheme for the hydrogenation of acetylene to ethane at
ambient pressure on Pt(111).

1.4. PD-RAIRS for In-Situ Monitoring of Catalytic Reactions

The technique used in my research to study ambient pressure reactions with surface and
gas phase species is PD-RAIRS. The RAIRS technique is widely used for characterizing
fundamental reactions and is a powerful method to monitor species adsorbed on transition
metal surfaces during a catalytic reaction under UHV conditions. A commercial FTIR
instrument is coupled to a UHV chamber. The beam is collimated onto the metal crystal
through a set of mirrors, and then focused into a MCT detector as illustrated in Figure

1.4.

11



Plane Mirror

Source - / MCT/InSb
Bruker 70v. = Rotatable —
’\ Polarizer e
\ '|I
}
Crystal

Off Axis
Parabolic Mirrors

Figure 1.4. Sketch of the PD-RAIRS beam path for the UHV-AP Chamber.

The MCT detector has a faster scanning speed (40 kHz) versus the internal DL-aTGS (10
kHz) detector, so a greater number of scans can be acquired in a shorter period of time.
Peaks appear in the IR spectra from surface species with a dipole moment in the z-
direction (perpendicular to the surface, as shown in Figure 1.5), and under UHV
conditions no peaks for gas phase species are observed in the spectra. In ambient to
atmospheric pressure catalytic reactions, peaks in the spectra that can be assigned to gas

phase species overlap with peaks assigned to surface species.
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Figure 1.5. The electric field component of the IR light is composed of two polarizations,
Ep and Es. Ep represents the component perpendicular to the surface (P-Polarized), which
is surface sensitive. Es represents the electric field parallel to the surface (S-Polarized)
which is not surface sensitive.

To monitor ambient to atmospheric pressure catalytic reactions, an expensive
photoelastic modulator is usually used in a setup known as polarization modulation -
IRRAS/RAIRS (PM-IRRAS/RAIRS), with the spectra denoted as (Rp - Rs)/(Rp + Rs)
because the gas phase species contribute equally to the p- and s-polarized spectra. The
denominator serves to normalize the spectra against the variation of light intensity versus
wavenumber due to variations of the source intensity, optical throughput, and detector
response. Spectra due to surface species can be obtained without a reference spectrum of
a clean sample. Using a similar setup, Schennach et al. created a PM-IRRAS setup with
two polarizers.** One polarizer is in front of the sample to equalize the p- and s- polarized
intensities. The polarizer after the sample is rotated between 0 and 90 degrees to acquire
512 to 1024 scans of p- and s-polarized light.** This is similar to my design and was the

basis for the design of the PD-RAIRS system.

The PD-RAIRS system shown in Figure 1.4 has high stability, so the spectra are easily
reproduced. Conventional RAIR spectra are obtained with p-polarized light represented
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by ARy/R,, where ARy, is equal to p-polarized reflectance of the surface after gas is
admitted to the cell minus the reflectance (Rp) of the clean surface before gas is admitted
to the cell. The experiment is repeated with s-polarized light to obtain a ARs/Rs spectrum.
The spectra are then corrected for minor baseline drifts. If exactly the same pressures of
gas-phase species are achieved, then the intensities of the gas phase species in the ARy/R,,
and ARy/Rs spectra should be exactly equal, such that the difference defined in Figures 4.3
(c), 4.4 (c), and 4.5 (c) defined as AR/R = ARp/R, - ARs/Rs should be devoid of any gas

phase peaks yielding spectra with only features assigned to surface species.

Using a single polarizer is more simple and leads to a higher signal-to-noise ratio. It also
has the advantage of imparting the ability to simultaneously monitor the surface and the
gas phase species without the need of a mass spectrometer. All of the PM-RAIRS setups
have a mass spectrometer connected to the IR cell to monitor gas phase species.

Acetylene hydrogenation was studied with this method and is discussed in great detail in

Chapter 4.
1.5. Ambient Pressure C, Hydrogenation

The reactivity of carbonaceous layers adsorbed on transition metal catalysts during
catalytic reactions is important because it can alter the reaction kinetics and products. If
the coverage of the carbon is high enough, the reaction will not proceed. This is called
“coking" of the catalyst.! Since the carbon present on the surface can be either carbidic or
graphitic depending on the reaction temperature, the reactivity of these species needs to
be studied in detail. This study focuses on the reactivity towards ambient pressure H, of a

carbidic layer mainly consisting of C, molecules created by the decomposition of C;H,
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on Pt(111) at 750 K Unlike a graphitic or graphene layer formed from ethylene or
acetylene decomposition on the surface at temperatures greater than 800 K,** C; can be

hydrogenated and ultimately removed from the surface through formation of ethane.

The stability and hydrogenation of C, on Pt(111) has been studied previously by Deng et
al. under ultra high vacuum (UHV) conditions using reflection absorption infrared
spectroscopy (RAIRS), temperature programmed reaction spectroscopy (TPRS), and
Auger electron spectroscopy.®® They showed that the exposure of acetylene and ethylene
to Pt(111) held at 750 K produced adsorbed C, molecules and C atoms, respectively.
While the surface carbon was completely dehydrogenated at 750 K, this temperature was
still low enough to prevent formation of a graphitic layer, which STM studies have
shown begins at 800 K.** An exposure of C,H, to Pt(111) at 750 K produced a carbon
coverage of 0.34 ML as determined from the Auger spectra.®® The crystal was then
cooled to 88 K and H, was coadsorbed. After the crystal was annealed to 400 K, three
species, methylidyne (CH), ethynyl (C,H), and ethylidyne (CCH3) were detected on the
surface at coverages of 0.04, 0.05, and 0.11 ML, respectively. This showed that most of

the surface carbon had been hydrogenated to CoHx species.®

In contrast to the experimental results implying that C, is stable on Pt(111), Density
Functional Theory (DFT) calculations have found that C atoms are more stable than C,
molecules®” and are the product of the decomposition of ethynyl on the Pt(111) surface.®
% However, an earlier proposed method for estimating surface reaction energies
concluded that dissociation of C, to C on Pt(111) should be endothermic.*° Fischer-
Tropsch catalysis involves production of hydrocarbons from carbon-carbon coupling

reactions starting with CHy (x = 0, 1, 2 or 3) formed from the decomposition of methane
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or CO on metal surfaces.** Coupling of C; species has been seen experimentally on
metals such as Ru(0001)* and Pt(111).** Smirnov, et al. showed that atomic carbon
deposited on Pt(111) formed C,, which was then hydrogenated to ethylidyne.** Also,
Deng et al., exposed Pt(111) to a mixture of **C,H, and **C,H, and showed with RAIRS
that the C, molecules were not formed by a surface coupling reaction.*® The stability and
reactivity of these species were also confirmed in a recent scanning tunneling microscopy

(STM) study.®®

While the hydrogenation of C, on Pt(111) at ambient pressure has not been previously
studied, the reaction of carbon atoms created through the decomposition of ethylene at
600 K with H, at atmospheric pressure was monitored in a **C radiotracer study.*® While
the initial reaction was fast, the process slowed down quickly and most of the carbon
atoms were not hydrogenated to methane. Ethylidyne reacting under one atmosphere of
H, was also monitored from 300 to 470 K and was found to be hydrogenated quickly at
temperatures greater than 345 K. The hydrogenation of ethylidyne is of great interest
because it is a spectator species during ethylene and acetylene hydrogenation to ethane.
Tillekartne, et al. concluded that ethylidyne will not be hydrogenated at 300 K in 100
Torr of H, because the needed surface sites are not available due to the high coverage of

H atoms.*’

Carbon monoxide has been used as a probe of the properties of ethylidyne on Pt(111) in
UHYV and ambient pressure environments.*® *° Ethylidyne acts as an electron donor,
causing a large red shift in the terminal site CO peak and creating a disordering effect in
the adsorbed bridge site CO molecules.*® In a recent study, the coadsorption of CO on

Pt(111) was found to increase the ethylene hydrogenation temperature from 300 to 400
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K, which is the temperature where CO desorbs making surface sites available for the

reaction.*

Since the previous experimental work showed that C,H, decomposition on Pt(111) at 750
K produces mainly C, molecules, the focus here is on the hydrogenation of C;to ethane
under ambient pressure H,. The rate limiting step is ethylidyne formation, which was
confirmed by adsorbing ethylidyne on the surface and performing several experiments in
which the pressure in the cell was varied from 1.0x107 to 10 Torr of H, at 400 K. When
the H, pressure is greater than 1.0 Torr, the hydrogenation reaction proceeds quickly and
ethylidyne is fully hydrogenated. Ambient pressure CO was also used to probe C,
hydrogenation. The data show that C, does not block CO from adsorbing on the surface
to any significant extent, but the CO blocks surface sites needed for the hydrogenation
reaction. The CO spectra show that the C, species are completely dehydrogenated after
exposure of C,H, to Pt(111) at 750 K, a conclusion that cannot otherwise be reached
with RAIRS alone. In ethylidyne hydrogenation experiments, coadsorbed CO was found
to block hydrogen adsorption sites, which increases the hydrogenation temperature of

ethylidyne from 400 to 450 K.

This is a great example of in-/ex-situ experiments and the capabilities of the UHV-
ambient pressure vacuum chamber for monitoring catalytic reactions. The experiments
are further discussed in Chapter 5. A reaction scheme for the hydrogenation of C; to

ethane is shown in Figure 1.6.
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Figure 1.6. Sketch of the reaction scheme for the hydrogenation of C, species adsorbed
on Pt(111) to ethane through an ethylidyne intermediate at 400 K and 10 Torr of Ha.

1.6. Ex-Situ Experimental Techniques in UHV Chamber

Since some species, such as C, adsorbed on Pt(111), cannot be seen in the RAIR spectra,
ex-situ techniques in the UHV chamber are needed to complement the in-situ PD-RAIRS
studies. Data supporting the coupling of two techniques (PD-RAIRS and Auger) are
shown in Chapter 5. The UHV chamber coupled to the ambient pressure cell has an
Auger, LEED, and QMS to analyze the catalyst surface before and after ambient pressure
experiments. There is also an ion gun used to clean the crystal in between experiments.
The crystal is sputtered with Argon at 5.0x10 Torr while the ion gun filament is held at
10 mA and the incident energy is 1.0 kV. This produces approximately 5.0 uA of ions on

the surface.

The Auger spectra and LEED images are acquired with a LK Technologies RVL2000
Auger-LEED instrument. A single electron gun with an energy range between 0 and 2.5
keV is utilized for both. It is located in the center of a phosphor screen for LEED studies.

For acquisition of the Auger spectra, the incident electron energy is 2.5 keV and collected
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with a mini-CMA detector with a bias of 1.6 kV. The derivative signal is collected due to
the high background of electrons and is plotted uncorrected for any deviations. For the
LEED, the incident electron energy varies between 0-200 eV depending on the distance
of the electron gun and phosphor screen to the sample and adsorbates on the surface of
the catalyst. It has a reverse facing screen and a camera is utilized with a long exposure

time to capture the image projected on the screen.

Pierre Auger theorized that a surface bombarded with electrons can undergo a process in
which a hole is created in a low energy shell, an electron from a higher energy orbital
then falls into the shell, and the energy released by that electron expels an electron in a
higher orbital out of the surface. This is a three electron process; therefore, hydrogen and
helium cannot be detected with Auger. The peaks are defined by three letters, for

example KLL as shown in Figure 1.7.
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Figure 1.7. Illustration of the Auger process with three electrons from the KLL orbitals

with 2.5 keV electron incident energy.

A K shell electron is ejected, the L electron fills the hole, and then the last L electron is
expelled from the surface from the energy from the first L electron. Since the energy of
the incident beam is 2.5 keV, this is a very surface sensitive process because the electrons

cannot travel far into the bulk of the catalyst.

LEED is used to check the order of the clean surface and the orientation of different
molecules/atoms adsorbed on the surface. The diffraction image can also be used to
calculate coverage of adsorbates. In the case of clean Pt(111), the diffraction pattern
shows a 1x1 hexagonal pattern because the crystal has a close-packed 111 surface. After
adsorbing oxygen on the surface at 300 K, the diffraction pattern shows a 2x2 pattern,
which demonstrates that the oxygen atoms reside in the three-fold hollow sites. This is

not established from the LEED directly, but from LEED IV analysis and other methods.
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The inverse of the determinate of the matrix supporting the 2x2 pattern is calculated to

estimate the coverage on the surface, which would be 0.25 ML for the 2x2 pattern.

2 0
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Since the chamber base pressure is approximately 2.0x10™° Torr, a quadrople mass
spectrometer can be used without any additional vacuum pumps. The gas exposed to the
chamber needs to be very pure to conduct fundamental studies of catalytic reactions so
the majority of gas cylinders purchased will have a gas purity higher than 99.99%. Since
the gas cylinders are at high pressure, small gas bottles are usually filled with less than an
atmosphere of gas. After the filling, the gases are analyzed with the mass spectrometer to
ensure purity. To complement the IR studies, TPD experiments are utilized to determine
the molecules that desorb off the catalyst surface at a given temperature. The crystal is
cooled to 88 K and heated at approximately 2 K/s controlled by a PID controller
connected to a power supply to a certain temperature, such as 1200 K for Pt(111). Eight
m/z values can be monitored in each experiment so the parent peak and fragments can be
monitored. For example, to determine if CO or N is desorbing from the surface, m/z

values 12, 14, 16, and 28 are monitored. 12, 16, and 28 are for CO, and 14, 28 for N,.
1.7. Outline for Thesis

Chapter 2 discusses the UHV-AP chamber and the modifications over the past five years.
The results, discussions, and conclusions from my three first author publications are
shown in Chapters 3,4, and 5. Chapter 3 discusses the low temperature CO oxidation
reaction on Pt(111) between molecular oxygen and weakly bound CO molecules. In
Chapter 4, the ambient pressure hydrogenation of acetylene to ethane is discussed along
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with the new PD-RAIRS setup. Chapter 5 shows the data from C, hydrogenation at
ambient pressure and the further utilization of the PD-RAIRS setup. The in- and ex-situ
capabilities are also shown and confirm that the combination UHV-ambient pressure
chamber is very powerful for monitoring all aspects of catalytic reactions on transition
metal surfaces. Conclusions from Chapters 3,4, 5 and future work for the AP cell are
presented in Chapter 6. All of the works cited are presented in Chapter 7. In the appendix,
data is presented from a niobium oxide sample analyzed with a Physical Electronics, Inc.
(PHI) 600 Scanning Auger Microscopy (SAM) System. The study is followed by

copyright permissions and my Vita.
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Chapter 2 - Chamber and Experimental Design

2.1. Outline

Chapter 2 describes the UHV-AP chamber that | have used to perform the majority of my

graduate research. The installation of the Bruker Vertex 70v is discussed in section 2.2.
Numerous upgrades were made to the PD-RAIRS setup. The dry air purge system was
restored in the laboratory as described in section 2.3. Next the mirrors for the RAIRS
setup were changed, as outlined in section 2.4. The Bruker Vertex 70v instrument had
internal problems, which are described in section 2.5. In section 2.6, the original
experiments that were to be performed with the chamber are discussed. For several
projects, high purity gases were synthesized. The synthetic setup is described in section

2.1.
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2.2. UHV - Ambient Pressure Vacuum Chamber coupled to Bruker Vertex 70v

Figure 2.1. The picture on the left shows the UHV-Ambient pressure chamber coupled to
the Bruker 70v. On the right, an expanded view of the IR cell, mirror boxes, and detector
is shown.

The chamber shown in Figure 2.1 was mostly completed when | started my graduate
research in January 2011 and is based on a chamber designed by Szanyi and Goodman.*®
As described in Chapter 1 and shown in Figure 2.2, the UHV chamber has a Pfeiffer
Prisma QMS200 for TPD and RGA, a LK Technologies RVL2000 LEED-Auger, and an
ion gun to sputter the sample. The chamber is evacuated to base pressure of
approximately 3.0x10™° Torr by a turbomolecular pump, variable voltage (3-7 kV) ion
pump, and titanium sublimation pump. During an ambient pressure experiment, the main
chamber is evacuated with the ion pump and the pressure remains between 10™° and 10°°

Torr even with the IR cell pressure at 10 Torr. There are three seals with differential
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pumping as described in Section 2.5 that seal around the manipulator so that high to ultra
high vacuum conditions are maintained in the main chamber. The pressure in the IR cell
can be varied from 10™° to 760 Torr and there are two gauges to monitor the pressure. A
nude ion gauge is for the pressure range from 10™° to 10® Torr and a convectron gauge
for pressures greater than 10 Torr. The convectron gauge is non-linear with respect to
gases such as H, past 1.0 Torr. The non-linearity is shown in the data for the
hydrogenation of C, to ethane in Chapter 5. With assistance from Jun Yin, I installed and
performed calibration tests on the Bruker 70v FTIR instrument connected to the AP cell
starting in April 2011. The instrumental setup consists of the FTIR instrument, mirror

boxes, and an MCT detector as shown in Figure 2.3.
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Figure 2.2. The sketch shows a top view of the main chamber with the layout of the
various instruments and pumping apparatus. The main chamber is evacuated with the
turbomolecular, ion, and tsp pumps when experiments are performed in the main
chamber. During ambient pressure experiments, it is only evacuated with the ion pump.
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Figure 2.3. Sketch of the top view of the IR cell with attached mirror boxes and beam
path for the PD-RAIRS setup. The IR source is from the Bruker 70v not shown in the
sketch. Gas is leaked into the cell through the leak valve and is evacuated with the main
chamber turbomolecular pump through the MDC angle valve.

2.3. PureGas Dry Air Purge Setup

While the instrument is under vacuum to prevent any miscancellations from water and
carbon dioxide in the spectra, the mirror boxes are purged with a PureGas purge unit. The
purge unit utilizes high pressure (~90 psi) house air. After the air passes through four

dessicant towers, two for water and two for carbon dioxide, it is considered dry air. All
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four solenoids and towers were replaced, but peaks representing gas phase CO, and H,O
were still present in the spectra as shown in Figure 2.4. One of the sealing ports in the
valve body was cracked off, resulting in air released constantly from one of the towers.
This was fixed by the machine shop. Also, larger ports were installed in the H,O

dessicant towers to remove a greater amount of H,O from the air.
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H,O Vapor Co, H,O Vapor
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1 1 1 1 1 1 1 1 1 1 1 1
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Wavenumbers (cm)

Figure 2.4. Transmittance spectrum acquired of a clean Pt(111) surface with the purge
unit not working properly.

2.4. Mirror Change/Thermocouple Installation to Remove Spectral Miscancellations

During the calibration tests, it was noted that there were dips in the low mid-IR
wavenumber region as shown in Figure 2.4 with a negative peak at approximately ~1250
cm™* and also peaks present around ~2900 cm™ (not shown). These were due to spectral

miscancellation issues and fixed accordingly: new mirrors in the mirror box and a
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thermocouple was installed in the manipulator for low temperature experiments. The
original mirrors had a SiO, coating to protect the gold surface. SiO; has IR active modes
with intense peaks around 1000-1200 cm™ as shown in the single beam spectra in Figure
2.5. New un-coated gold parabolic mirrors were ordered from Edmund Optics, while the
plane mirror was replaced using two microscope slides (SiO,) coated with 1000 A of
gold. The microscope slides were ordered from Deposition Research Laboratory, Inc.
Replacing the mirrors fixed most of the spectral miscancellations and the signal also
increased as shown in Figure 2.5 because the bare gold mirrors are more reflective than

the coated ones.
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Figure 2.5. Single beam spectra acquired before and after each mirror change. The
spectrum in blue was the original setup in April 2011. All four mirrors were coated with
SiO, for protection of the gold layer. The red spectrum was acquired after changing the
two parabolic mirror closest to the crystal to unprotected gold. The green spectrum shows
the final single beam spectrum after the plane mirror and the two parabolic mirrors were
changed to unprotected gold.

The final spectral miscancellations were removed with the thermocouple installation. In
low temperature experiments after the liquid nitrogen is added, the manipulator contracts,
resulting in movement of the crystal. This affects the signal and background in the IR
spectra. Maintaining a constant level of liquid nitrogen throughout the experiment results

in a flat baseline without any spectra miscancellations.
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2.5. Various Issues with Bruker Vertex 70v
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Figure 2.6. Single beam spectra acquired with the SiC glowbar source and internal DL-
ATGS detector before and after the source mirror was replaced on July 3, 2014.

Besides the mirrors and the movement of the crystal causing spectra miscancellations,
there were some miscancellations from internal problems in the Bruker Vertex 70v. To
determine if the miscancellations were from the external RAIRS setup or internal, spectra
were acquired with the internal DL-ATGS detector. The lower spectrum in Figure 2.6
shows the single beam spectrum when there was contamination in the instrument. After

discussing the problem with Bruker, it was determined that the problem was polyvinyl
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alcohol (PVA) present in the instrument, which could have been from the sample
compartment paint outgassing and coating the optics of the instrument. On April 4, 2012,
the first service call was performed on the instrument. There is a gold mirror that
collimates the beam behind the SiC source in the Vertex 70v that had red rings burned

into the surface. After the technician replaced the mirror, the problem disappeared.

The single beam spectrum remained relatively clean for approximately two years, but the
PVA issue returned in 2014. A second service call was performed by Bruker on July 3,
2014, in which, the source mirror was again replaced. The same red rings were observed
on the source mirror. After some discussion with multiple sources at Bruker, it was
determined that the filters on the vent outlets might have been contaminated with PVA. |
removed the filters and installed lines to the dry air purge system in the laboratory. Also,
the technician from Bruker noted that the source should be "preconditioned”. This is a
process of installing the new SiC source in a purged instrument, such as the Bruker
Tensor 27 in the physical chemistry laboratory for up to one week, or ordering one from

Bruker.

The last issue with the instrument was the HeNe laser. The laser is used to maintain
alignment of the mirrors in the interferometer. Almost every day at the end of 2014 into
2015, the instrument would freeze and stop scanning. The messages in the BIOS were
logged and an error for the temperature sensor in the interferometer kept appearing. After
months of data logging and assistance from a service manager at Bruker, who also noted
besides the error that the intensity of the laser was also too low for stable operation. A

new laser was ordered and installed and the problem with the temperature sensor also
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disappeared. The only commonality relating the two issues is that the same wiring circuit

is used for the laser and temperature sensor.

2.5. Sliding Seal Upgrades

The ambient pressure cell was upgraded because the sliding seals were leaking during
cold temperature experiments and the seals would be replaced every four to six months.
During an experiment when the manipulator is cooled with liquid nitrogen, it is in contact
with the seals causing a degradation in the plastic over time. The original setup utilized
three seals with a teflon jacket and 17-7 PH SS spring, teflon top ring, and stainless steel
bottom ring. In between the seals were teflon rings connected to stainless steel lines to the
turbomolecular pump for differential pumping. After conducting some research into the
materials with help from an engineer from Saint Gobain, custom seals were ordered from
Saint Gobain. The teflon outer ring was upgraded to an A02 Fluoroloy plastic and the
inner spring upgraded to Elgiloy UNS R30003 (Co-Cr-Ni Alloy) for more resistance to
deformation. Also, the teflon top ring was replaced with a torlon plastic ring because the
teflon would become deformed over time. This setup has been utilized for over two and

half years without any need for replacements.
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Figure 2.7. Sketch of the manipulator in the IR cell with a view of the sealing apparatus
between the UHV and ambient pressure cell. The gray lines outline the main chamber,
mirror boxes, and IR cell to show the location of the sliding seals.

2.6. Original Experimental Design for the UHV-AP Chamber

The original idea for the chamber was to study the pressure gap from UHV to ambient

pressure reactions from 10™° to 1.0 Torr. To test this hypothesis, oxygen was flowed into

the chamber starting at 10™° Torr with the Pt(111) crystal at 88 K. After each spectrum

was acquired, the oxygen pressure was increased by an order of magnitude and a new

spectrum acquired. After the pressure was increased to 10 Torr, the peak representing
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molecular oxygen at 877 cm™ started to disappear (not shown) and a peak that could be

assigned to CO, appeared.
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Figure 2.8. 0.4 L of CO was adsorbed on Pt(111) at 88 K. The pressure in the cell was
then raised to 1.0x10” Torr of O, while the Pt(111) was held at 88 K. Spectra were then
acquired consecutively (4 min/spectra) while constant temperature and pressure are
maintained.

At 1.0x10” Torr, the molecular oxygen peak completely disappeared, which indicated

that the pressure induced the dissociation of oxygen (not shown). As shown in Figure 2.8,

35



CO was first adsorbed on the surface and after exposure to 1.0x10” Torr of O, a large
coverage of CO, was produced. To verify that this was a surface mediated reaction, **CO
was purchased from Sigma Aldrich and adsorbed on the Pt(111) surface. A peak assigned

to *CO, was not observed, while the peak for **CO, appeared.

This reaction was monitored with a hot cathode ion gauge, which operates between 1700
and 2300 °C. After turning off the ion gauge, no peaks were visible in the spectra
representing CO,. This showed that the CO, was produced from the oxidation of CO on
the ion gauge by "cracking™ the oxygen flowing over the gauge. The "“cracking"
temperature of oxygen is around 1500 °C and since the crystal was held at 88 K during
the reactions, the CO, would readily adsorb on the surface. This study was not pursued
further and was part of the reasoning to change the focus of my research to reactions at

ambient pressure with the PD-RAIRS setup.
2.7. Synthesis of High Purity Gases

Besides the three first author publications shown in this thesis, | have also performed
various work for other projects such as: ethylamine on Pt(111) and methylamine on
Ru(001). My first 2" authored paper focused on the decomposition of ethylamine to
acetonitrile through a new surface intermediate, aminovinylidene. The first author,
Iradwikanari Waluyo performed DFT calculations to verify that the IR peaks can be
assigned to the species. Experimentally, isotopes of ethylamine needed to be purchased or
synthesized to monitor the shift in the peaks in the IR spectra. >N-ethylamine was

extremely expensive to purchase, so | devised a way to synthesize and collect the gas
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with the assistance of Dr. Matthew O'Connor from Professor Daesung Lee's research

group.

A procedure was followed according to previous literature to synthesize *>N-ethylamine-
HCI**, which is a solid white salt. | then designed an experimental setup as shown in
Figure 2.9 to collect the gas. It consists of a three neck flask that has one port to vacuum,
one to a glass line running to a stainless steel lecture bottle, and the other capped off with
a septa. Before the setup was constructed, all glassware was baked in an oven to remove
water. The lecture bottle was evacuated on a gas manifold connected to a turbo-molecular

pump and baked overnight.

At the start of the experiment, the glass line is filled with potassium hydroxide (KOH)
and each end has a cotton plug so the rest of the system is not contaminated. The three
neck flask is also filled with KOH so the bottom is completely covered. The apparatus is
then assembled and evacuated with a mechanical pump to approximately 0.03 Torr. After
it has been evacuated for approximately two hours, the lecture bottle is submerged in
liquid nitrogen to collect the gas. The ethylamine salt is then dissolved in a minimal
amount of water using a ultrasonic water bath. The dissolved salt is then injected into the
flask through the septa and the gas is collected in the lecture bottle. The gas in the lecture
bottle is then purified through several freeze pump thaw cycles on a gas manifold and
checked with mass spectrometry for purity. This method was also used to synthesize all

of the gases for the study of methylamine on Ru(001) by Yuan Ren.
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Figure 2.9. Setup to collected high purity gases in a stainless steel lecture bottle.
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Chapter 3 - Low Temperature CO Oxidation from 88 to 150 K

3.1. Outline

The first data published from the UHV-AP chamber is presented in Chapter 3. After the
polarizer was installed, CO oxidation was examined under UHV conditions and a
temperature range of 88 to 150 K. The results show a perturbed form of CO that interacts
with molecular O, which produces a physisorbed CO, species at 130 K. The reaction
scheme is shown in Section 3.2. Section 3.3 outlines the experimental details, which
includes how to minimize CO adsorption on Pt(111) at low temperatures. Section 3.4
details the benefits of using a polarizer in UHV type experiments. Section 3.5 shows the
RAIRS data acquired after O, and CO are coadsorbed on Pt(111) at 88 K and annealed to
temperatures up to 150 K. Section 3.6 shows RAIRS data from CO, adsorbed on clean
Pt(111) and O, and O-covered Pt(111). The effect of the superoxo species on the
perturbed CO is discussed in Section 3.7. TPD data from CO, was also acquired and
shown in Section 3.8 and confirms that CO, is physisorbed on Pt(111). Conclusions for

this project are described in Section 3.9.

Data in this chapter were published in an Editor's Choice article in Chemical Physics
Letters. [Krooswyk, J. D.; Yin, J.; Asunskis, A. L.; Hu, X.; Trenary, M., Chem. Phys.

Lett. 2014, 593 (0), 204-208. Copyright (2014) Elsevier]
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3.2. Reaction Scheme

o000

yyo 150 K
110 K . 130 K
— — QGEES

Figure 3.1. Sketch of the reaction scheme for the low temperature CO oxidation reaction
on Pt(111). Adsorbed superoxo (O;) reacts with a perturbed CO molecule at 110 K,
which forms CO, at 130 K. CO; then desorbs at 150 K, which shows the molecule is
physisorbed on the Pt(111) surface.

3.3. Experimental

The base pressure of the chamber is 2.0x10™° Torr for the UHV chamber and 5.0x10™*°
Torr for the IR cell. During the experiments, the UHV chamber is isolated from the IR
cell. The Pt(111) crystal was first cleaned by exposing the surface to 2.0x10 Torr for 60
minutes at 850 K. It is then annealed to 1200 K for two minutes to desorb any O, and
ensure that the surface is well ordered. Auger spectra and LEED images were then
acquired after the crystal cooled to 300 K to check that the surface is clean and well

ordered. All of the gas exposures are in Langmuir (1 L =1 x 10°® Torr s).

RAIR Spectra were acquired at a resolution of 4 cm™ with 1024 scans per spectrum. The
details of the experiment setup were described in Chapter 2. Since this is a UHV
experiment, spectra were only acquired with p-polarized light. The data for all *°0,
experiments were acquired with a PV-MCT with a low wavenumber cutoff of 850 cm™.
For experiments with 20,, a PC-MCT was used with a low wavenumber cutoff of 800

cm™. All spectra were acquired at 85 K. The crystal was annealed to each target
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temperature for 30 s and then cooled to 85 K before acquiring the spectra. The heating
rate used for TPD was 2 K/s. Two different isotopes of O, and CO, *°0, and 0, and
12C0 and *CO, were used. °0, and *CO were research grade (99.998%) gases
purchased from Matheson Tri-Gas. 0, was purchased from Cambridge Isotopes, while
the **CO from Sigma-Aldrich. Dry ice was used as the source for CO, and was purified
multiple times using the freeze-pump-thaw method before use. Gas purity was checked

with a mass spectrometer.
3.4. Polarizer Test

As shown in Figure 3.2, the installation of the ZnSe polarizer caused a large increase in
the intensity of the peaks. The red and blue spectra show the spectra acquired after the
crystal was exposed to 3 L of O, and 3 L of CO at 85 K without and with the polarizer,
respectively. There is an approximately two and a half multiplication in the signal after
the polarizer was installed. After checking the IR intensity for the p- and s-polarized
light, it was determined that approximately 40% of the light is p-polarized, while 60% is
s-polarized. The polarizer removes 60% of the light that is not surface sensitive. Even
though the peaks for terminal site CO at 2112 cm™ and perturbed form of CO at 2181
cm™ as shown in Figure 3.1 are easily seen without the polarizer, the CO; peak in Figure

3.3 would not be seen without it.
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Figure 3.2. Spectra acquired after 3 L O, and 3 L CO are exposed to Pt(111) at 88 K. The
red and blue spectra were acquired with and without the polarizer, respectively.

3.5. Low Temperature CO Oxidation from 88 to 150 K

Figure 3.3 reveals the evolution of the superoxo species, the perturbed CO species, the
terminal site CO, and the adsorbed CO, product after first adsorbing O, followed by CO
at 85 K and then annealing to a set of temperatures up to 150 K. This O, exposure
produces a saturation coverage of molecular oxygen, which adsorbs as a superoxo species
with a peak at 873 cm ™ as seen in Figure 3.3(a) corresponding to a coverage of

0.44 ML.? After CO is adsorbed, the superoxo peak shows a blue shift to 881 cm * and a
decrease in intensity and a peak due to the perturbed CO is observed at 2181 cm (Fig.
3.3(b)). Also, the terminal site CO stretch as shown in Figure 3.3(c) at 2112 cm ™ is blue-
shifted from its value of 2089 cm ™ on a clean Pt(111) surface. The broadening and blue

shifts of both the superoxo and terminal site CO species have been observed previously
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on Pt(111)* and Cu(100)°? and are due to an inhomogeneous surface and overlayer

compression created by the coadsorption of both species on the Pt(111) surface.

sR[ AR
R | R
— 3L0,at85K
——3L0,+COat85K
MoK
873 — 130K
----- 150K (&) vOO 1 (b) vCO
850 500 950 7000 2160 2180 2200
wavenumber (cm) wavenumber (em™)

0.005 Vol
AR P
R
FWHM 2361
130 K: 18 cm™ ¥
: X ¥ 2102
150K: 94 cm (c)v CO (d)v_CO,
2040 2080 2120 2160 2330 2350 2370 7350
wavenumber (cm™) wavenumber (cm)

Figure 3.3. Legend from 3.3(a) applies to all spectra. (a) The transformation of the
superoxo species from 85 to 150 K. The peak at 873 cm ™' appears after a 3 L

0, exposure, and shifts to 881 cm™ after a 3 L CO exposure at 85 K (red line). Evolution
of the strongly (b) and weakly (c) perturbed terminal site CO species from 85 to 150 K.
The FWHM of the terminal site CO in (b) at 130 K is 18 cm™' and at 150 K it is 9.4 cm ™.
(d) Evidence of a CO, intermediate at 130 K after annealing from 85 K.
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After annealing to 110 K, many features change in the spectra. The superoxo species
starts to desorb/dissociate, which is indicated by the decrease in intensity and slight red
shift of v(OO) to 872 cm™". The terminal site CO peak increases in intensity, and also
undergoes a small red shift, while the secondary CO peak decreases in intensity and shifts
to a higher frequency. At 130 K, no peak is observed for the superoxo species, which
indicates that it has mostly desorbed or dissociated. Since the cutoff for the MCT
detectors is 850/800 cm ™', any peroxo species that might be present cannot be detected.
The terminal site CO peak is further red shifted at 130 K, while the perturbed CO peak is
not observed. A peak at 2361 cm ™" is observed (Figure 3.3(d)) and is due to the
asymmetric stretch of CO,. At 150 K, the same trend as at 110 and 130 K is seen for
terminal site CO, but there is no peak due to CO,, which indicates that it has desorbed.

A weakly adsorbed CO species that closely resembles the one observed at 2181 cm ™" in
Figure 3.3(b) has been observed on two other surfaces in ambient pressure oxidation
reactions. The peak appears at 2192 cm ™" at 300 K on a TiO, catalyst>® and at

2179 cm™' on a Au/TiO, catalyst'® at 120 K. Both disappear with the formation of CO,
and were assigned as the precursor to CO, bound to a Ti** cation. This agrees with our
data in Figure 3.3, which show that with the disappearance of the superoxo and perturbed
CO species after annealing, an adsorbed CO, species appears. Therefore, the formation of
CO;, from CO oxidation on Pt(111) at 130 K must involve the perturbed CO species,
which strongly interacts with superoxo O, . An O-0--C=0 complex has been previously
described based on DFT calculations on a Au/TiO, catalyst.'® Even though a superoxo
peak is not observed at 130 K here, the overlayer compression effect indicated by a large

FWHM of 18 cm™' and a blue shift of the CO terminal site peak indicates that there is
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still some molecular oxygen on the surface when CO, is formed. If the oxygen is fully
dissociated/desorbed at 130 K, the FWHM of the terminal site CO species should be
approximately 9 cm™', which was established previously when CO was adsorbed on a
Pt(111) surface covered with atomic oxygen in a disordered structure.” Even though there
is a very low intensity peak at 1850 cm ™' in the spectra (not shown) after annealing to
110 K, which could be assigned to the CO stretch mode of an O-O--C=0 complex, it
could also be due to background CO adsorbed on bridge sites. Furthermore, it does not
shift when 20, is substituted for *°0,. After CO, has desorbed at 150 K, v(CO) of the
terminal site CO peak remains blue shifted at 2102 cm™" with a FWHM of 9.4 cm™,

which indicates that there is atomic oxygen left on the surface.

In a separate experiment to determine if the order in which CO and O, are adsorbed
affects the results, 0.6 L of CO was first exposed to the surface at 85 K followed by 3 L
of O,. The surface was then annealed to 130 K. As shown in Figure 3.4, a peak is
observed for CO at 2089 cm ™', which correlates to a coverage of approximately 0.33 ML.
This is based on a previous study that determined that bridge site occupancy begins on
Pt(111) for coverages greater than 0.33 ML.>* The peak at 2050 cm ™" is background
contamination from *3CO used in a prior experiment. After the addition of 3 L of O,, a
peak is observed at 866 cm™" for the superoxo species. Also, there is a shift in the CO
peak to 2102 cm™' and a decrease in the peak intensity coupled with an increase in the
FWHM. This is due to overlayer compression effects caused by the coadsorption of the
0, species.* 2 After annealing to 130 K, the terminal site CO peak shifts to

2100 cm ™' and a peak for the superoxo species is not observed. Also, peaks are not

observed for the perturbed CO or for CO..
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Figure 3.4. Legend from Figure 3.4(a) applies to both (a) and (b). (2) Evolution of the
terminal site CO species after 0.6 L of CO and then 3 L of O, were adsorbed at 85 K
followed by annealing to 130 K. (b) The v(OO) stretch region of superoxo O, .

The peak area of the superoxo species following O, exposure to the CO-Pt(111) surface
is only 17% of its value for the Pt(111) surface saturated with O, (Figure 3.3(a)). The
presence of CO on the surface blocks oxygen adsorption, thus inhibiting the low
temperature reaction from occurring. This experiment also confirms that the peak at

2181 cm™' is the precursor to the low temperature product since no adsorbed CO; is
observed in the spectra of Figure 3.4. A previous electron stimulated desorption ion
angular distribution (ESDIAD) experiment> and DFT studies on Pt(111)° indicated that
the intermediate in the reaction between an adsorbed CO molecule and an O atom is a CO
species tilted with respect to the surface normal; although the CO molecule
corresponding to the 2181 cm™' peak may be tilted, there is nothing in the RAIRS data to

prove or refute this.
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3.6. CO; adsorbed on Pt(111), O-Pt(111), and O,-Pt(111) from 88 to 150 K

To establish the spectral signature of CO, coadsorbed with molecular oxygen, as opposed
to atomic oxygen, CO, was directly adsorbed on clean Pt(111), on an O,-saturated
surface, and on a Pt(111) surface saturated with atomic oxygen in a disordered structure.
This information is needed to confirm that molecular oxygen remains on the surface after

CO; is formed at 130 K. The results are shown in Figure 3.5.
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Figure 3.5. (a) RAIR spectra of CO, adsorbed on Pt(111) at 85 K and annealed to 110,
130 and 150 K. The peak intensity at 85 and 110 K is the same, so the two spectra
coincide. The CO; peak following the 150 K anneal is due to CO, adsorption from the
background. (b) CO, adsorbed on an O-Pt (111) surface and annealed to 110, 120, 130
and 150 K. RAIR spectra of the superoxo v(OO) (c¢) and v,5(CO>) (d) following

CO; exposure to an O, saturated surface at 85 K and after annealing to the indicated
temperatures. The color legend from Figure 3.5(c) also applies to Figure 3.5(d).

The spectra in Figure 3.5(a) show the result of exposing the clean Pt(111) surface to 0.4 L

of CO,, followed by annealing to the indicated temperatures. It shows the asymmetric
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stretch of CO; at 2347 cm™', which does not shift after annealing to higher temperatures.
To create the O-Pt(111) surface, the surface was saturated with O, at 85 K, annealed to
150 K and cooled to 85 K. This surface was then exposed to 0.4 L of CO,. The result is
shown in Figure 3.5(b). At 85 K the va(CO,) peak is observed at 2353 cm ™' and no shift
is observed upon annealing. The peak is broader than on the clean surface, an effect due
to the inhomogeneous environment associated with the disordered oxygen layer. The
oxygen also inhibits the adsorption of CO; as indicated by the lower intensity compared
to CO, on clean Pt(111). Figure 3.5(c) and (d) shows RAIR spectra for 3 L of O, and

0.4 L of CO, coadsorbed on Pt(111) at 85 K. Even though there is a more intense

CO, peak at 2355 cm ' than in Figure 3.5(b), as was the case for adsorbed atomic
oxygen, O, (ads) also results in less CO, adsorption compared to the clean surface. The
peak shape indicates that most of the adsorbed CO; is affected by the superoxo species,
with a small amount unaffected as shown by the shoulder at 2347 cm™. After annealing
to 120 K, the peak shifts to 2359 cm ™', with a superoxo peak seen at 868 cm ™ indicating
0, is still adsorbed on the surface. At 130 K, the CO, peak red shifts to 2353 cm™', which
also corresponds to a decrease in the intensity of the superoxo peak indicating that

O, (ads) has partially desorbed and/or dissociated. The CO, asymmetric stretch at

2359 cm™' on the O, saturated surface at 120 K is close to the value of 2361 cm™" for the
CO; product in Figure 3.5(d), suggesting that the superoxo species is still adsorbed on the

surface during the CO oxidation reaction at 130 K.
3.7. Effects of the Superoxo Species on Perturbed CO

To probe the effect of the superoxo species on the perturbed CO species, 0, was

coadsorbed with **C**O and then separately with *C*®0. The same was done for ‘°0,
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with $*C*®0. For 1*C*®0, v(CO) for the perturbed CO species appears at 2131 cm ™' when
coadsorbed with either oxygen isotope (not shown). Furthermore, v(CO) is not shifted
when *80; is substituted for *°0,, which indicates that there is no vibrational coupling
between the two molecules. Rather, the interaction is entirely a chemical effect. Peaks for
the CO, product corresponding to *0'*C*°0, 3c*°0,, 80*2C®0 appear at 2276, 2294,
and 2341 cm™', respectively, as shown in Figure 3.6. These are comparable to the peak
positions of 2263, 2280, 2329, and 2346 cm ™' of the

isotopes 201*C*®0, 1*c**0,, 00, and C*0,, respectively, for solid CO, at

10 K.Y

=%

2200 2250 2300 2350 2400 2450
wavenumber (cm)

Figure 3.6. Four different peaks belonging to isotopes of CO; formed at 130 K from
separate isotopic CO oxidation experiments. Peaks at 2276, 2294, 2341, and 2361 cm™
correlate to **0**C'°0, *°0"*c**0, **0**C'®0, and *C*°0s,.
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3.8. Orientation of CO; adsorbed on Pt(111)

If CO, adsorbs with its molecular axis strictly parallel to the surface, the asymmetric
stretch should not be observable with RAIRS according to the surface dipole selection
rule. Its observation is therefore consistent with DFT calculations™ indicating that CO,
adopts a bent structure on Pt(111) with one oxygen and the carbon atom bound to the
surface. A bent structure implies a strong interaction with the surface whereas the fact
that the asymmetric stretch occurs at essentially the same position on Pt(111) as in solid
CO, suggests a weak interaction typical of physisorbed molecules. To confirm that the
low temperature product is physisorbed rather than chemisorbed on the Pt(111) surface,’
TPD experiments were performed. Our TPD results shown in Figure 3.7 agree with
previous studies™ *° that molecular CO, starts desorbing from Pt(111) at 95 and 110 K
for multilayer and monolayer, respectively, and is completely desorbed by 150 K,
implying that it is a weakly bound physisorbed species. In comparison to Ag(110) and
Cu(110), O, and/or oxygen atoms do not increase the desorption temperature of CO, on
Pt(111).°®°° In a Cs* reactive ion scattering study, carbon dioxide was found to be
physisorbed on the O-Pt(111) surface, as it is on the clean Pt(111) surface, and to desorb
completely by 140 K.*° These results along with the absence of IR peaks for a negatively
charged CO, species indicate that the low temperature product from the CO oxidation

reaction is also physisorbed on the surface.
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Figure 3.7. TPD of 0.1, 0.3, and 0.5 L CO, exposures from 88 to 200 K. Multilayer and
monolayer desorption occur at 95 and 110 K, respectively.

3.9. Conclusions

RAIRS has been used to identify a new interaction on Pt(111) at 85 K between adsorbed
superoxo O, and CO molecules, which produces a perturbed CO species. After
annealing to 130 K, the superoxo and perturbed CO species disappear and physisorbed
CO; appears, thus providing evidence of an O—-O--C=0 complex as a precursor to CO,
formation. Both the perturbed CO and CO, species only appear with a high coverage of

O, , which cannot occur if CO is adsorbed first on the Pt(111) surface.

52



Chapter 4 - Ambient Pressure C,H, Hydrogenation from 120 to 370 K
on Pt(111)

4.1. Outline

The spectra from the hydrogenation of acetylene are the first ambient pressure data
published on the UHV-AP chamber and show the capabilities of the chamber at ambient
pressure and of the single rotatable polarizer to monitor both gas and surface species in
the spectra. The reaction scheme is shown in Section 4.2. Section 4.3 outlines the
experimental details for the different trials performed. First, in sections 4.4 and 4.5,
mono- and multilayer acetylene hydrogenation from 120 to 300 K were studied at a
pressure of 1.0 x 10 Torr of H,. Next, ambient pressure studies at 300 to 370 K of a
mixture of 1:100 C,H, to H, were carried out. Section 4.6 shows an annealing experiment
from 300 to 370 K. The data show that ethylene and ethane are produced at 350 and 370
K. To show the capabilities and test the polarizer during a constant temperature study
similar to a real catalytic reaction, 4.0 x 10 Torr and 4.0 Torr of C,H, and H, were
added to the cell at 370 K. Ethane was produced after 24 minutes as shown in section 4.7.
A separate experiment was then done, as described in section 4.8. Ethylene and hydrogen
were added to the cell at a ratio of 1:10. After adding the hydrogen, ethylene was
immediately hydrogenated to ethane. The discussion of the peaks and experimental
results are shown in Section 4.9. Conclusions from the results are presented in Section

4.10.

Data in this chapter were published in an article in ACS Catalysis. (Reprint from
[Krooswyk, J. D.; Waluyo, I.; Trenary, M., ACS Catal. 2015, 5 (8), 4725-4733.

Copyright (2015) American Chemical Society])
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4.2. Reaction Scheme
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Figure 4.1. Sketch of the reaction scheme for the ambient pressure hydrogenation of
acetylene to ethane on Pt(111). Acetylene adsorbs on Pt(111) as di-c-acetylene at 300 K.
After ambient pressure of H, is added to the cell, acetylene is either hydrogenated to
vinyl (CHCHy) as shown in the top pathway in the figure, or hydrogenated to three
spectator species, ethylidyne (CCHy3), di-o-ethylene (C,H,), and ethylidyne (CHCH3) as
shown in the lower part of the figure. After annealing the crystal to 350 K, acetylene is
completely hydrogenated to ethylene. Further annealing to 370 K results in the
hydrogenation of ethylene to ethane, with n-ethylene (C,H,) as an intermediate species.

4.3. Experimental

The cleaning process of the crystal was discussed in Chapter 3.3. Oxidation treatment
was performed after each experiment (in-between the acquisition of p- and s- polarized
spectra) and the crystal was annealed to 1200 K for two minutes before the start of each
experiment. For the low temperature data, either monolayer or multilayer acetylene
coverage was created by exposing the crystal to 2or 5 L (1 L =1 x 10°® Torr s),
respectively, of C,H,. A static pressure of H, was then added to the cell. For temperatures
from 300 to 370 K, a static pressure of C,H, and H, or C,H, and H, was added to the cell.
In the experiments where the crystal was annealed to a set of temperatures, the crystal
was annealed to each temperature for 30 s and then cooled to the initial temperature for

spectral acquisition.
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The PD-RAIRS technique has been described in Chapters 1 and 2. For the low
temperature studies shown in Figures 4.2 and 4.3, 1024 scans were acquired with p-
polarized light. P- and s-polarized light spectra were collected for Figures 4.4, 4.5. and
4.6. ARp/R, and ARy/Rs denote the two polarizations, and the spectra in which s-is

subtracted from p-polarized spectra are denoted as AR/R.

Atomic absorption grade acetylene (99.6%) was purchased from Airgas and purified with
several freeze-pump-thaw cycles. Since the gas is stabilized with acetone, the gas was
checked with mass spectrometry for acetone (m/z 52) impurities. Research grade
ethylene (99.99%) and ultra high purity hydrogen (99.999%) were purchased from
Matheson Tri-Gas and Airgas, respectively, and used without any further purification. All

gases were checked for impurities with mass spectrometry and none were detected.

4.4. Ambient Pressure Hydrogenation of Monolayer C,H,

Figure 4.2 shows RAIR spectra in the C—H stretch region following exposure to acetylene
at 120 K followed by annealing to the indicated temperatures in a background of 1.0x107
Torr of Ho(g). As shown previously,” the peak at 2994 cm™ is attributed to acetylene
bound to the surface in a di-o/x structure. This is the only peak of this species that has
sufficient intensity to be observed and for this reason only spectra in the C—H stretch
region were recorded in this experiment. When hydrogen is added and the surface
annealed to 220 K, a separate peak is resolved at 2980 cm™, which is assigned to the
vs(CH>) mode of vinyl (CHCH). An unresolved shoulder on the low wavenumber side of
the 2994 cm™ peak of acetylene seen in the top spectrum persists and is most likely due
to a form of acetylene with a slightly different bonding environment as the intensity of

this shoulder relative to the main acetylene peak at 2994 cm™ remains roughly the same
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for all spectra in Figure 4.2. A new peak appears at 2918 cm™ after annealing to a slightly
higher temperature of 230 K and its intensity increases by a factor of 2.5 after a 240 K
anneal, which also causes a small shift to 2916 cm™. As further discussed below, this
peak can be assigned to either the v(CH) mode of vinyl or to di-c bonded ethylene. As

1 and di-c

previous studies have shown, the most intense RAIRS peaks for both viny
bonded ethylene®®® occur in the C—H stretch region. By 250 K the 2994 and 2980 cm™

peaks have disappeared and the one at 2916 cm™ is greatly diminished. As previous work
has shown that di-c bonded ethylene can be hydrogenated to ethane, which would desorb

at 252 K,** it is assumed that the disappearance of the peaks in Figure 4.2 is due to the

hydrogenation of acetylene to ethane via vinyl and ethylene intermediates.
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Figure 4.2. 2 L of C,H, adsorbed on Pt(111) at 120 K. 1.0x10° Torr of H, was then
added and the crystal annealed to 220, 230, 240 and 250 K.

4.5. Ambient Pressure Hydrogenation of Multilayer C,H,

Somewhat different results are obtained when starting with a higher acetylene coverage,
as shown by the spectra in Figure 4.3, which were obtained following a 5 L acetylene
exposure at 120 K followed by adding 1.0x102 Torr of Hx(g) to the cell and annealing
the surface to the indicated temperatures. As before, a prominent peak at 2994 cm™ due
to di-o/m acetylene is observed but it is now accompanied by additional peaks, with the
most prominent at 3195 cm™. Following our previous study,” this peak as well as the one
at 1364 cm™ are assigned to a weakly adsorbed form of acetylene whereas the just barely
observable peak at 3338 cm™ is assigned to multilayer acetylene. No changes are
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observed upon addition of H,(g) at 120 K, and only a small decrease in the weakly

adsorbed acetylene is observed with the 260 K anneal. In contrast, the form of acetylene

with peaks at 3195 and 1364 cm™ desorbs after annealing to 210 K under UHV

conditions indicating that this form of acetylene is stabilized by the presence of Hx(g).

After annealing to 300 K only ethylidyne with peaks at 1129, 1338, 2796, and 2882 cm™,

assigned to v(CC), ds5(CH3), 2%3,5(CHs)s, and vs(CHj3), are visible in the spectrum.
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Figure 4.3.5 L of C,H, adsorbed on Pt(111) at 120 K. 1.0x102 Torr of H, was then

added and the crystal annealed to 260 and 300 K.
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4.6. Ambient Pressure C,H, Hydrogenation from 300 to 370 K

Figure 4.4 shows three sets of results for the hydrogenation of acetylene. With the crystal
at 300 K, 1.0x107 Torr of C,H,(g) was admitted to the cell and the topmost spectra
obtained. This was then followed by adding 1.0 Torr of H, with the surface still at 300 K.
With both gases remaining in the cell, the surface was then annealed to the indicated
temperatures. The spectra in Figure 4.4(a) were obtained with p-polarized light such that
both surface and gas phase peaks are observed, whereas the spectra in Figure 4.4(b) were
obtained with s-polarized light so that only gas phase peaks appear. The spectra in Figure
4.4(c) are the difference between the spectra of Figures 4.4(a) and 4.4(b), showing that all

gas phase peaks are subtracted revealing only peaks due to species on the surface.

Peaks due to three different gas-phase species are evident in Figure 4.4(b). After
adding acetylene to the cell, peaks due to C,H.(g) appear at 1305 and 1343 cm™ due to
the P and R rotational branches of a combination band of the symmetric and asymmetric
bending modes, whereas the peaks at 3269 and 3309 cmare the P and R branches of the
asymmetric C—H stretch fundamental.®® The C,H,(g) peaks are unaffected by the addition
of Hy(g) to the cell at 300 K and are visible up to an annealing temperature of 330 K.
However, they disappear after annealing to 350 K, indicating that all the acetylene has
been hydrogenated by this temperature. At 320 K, a gas phase peak at 949 cm™ first
appears and reaches its maximum intensity for a 350 K anneal, but then is completely
absent after annealing to 370 K. This peak is assigned to the py(CH>) mode of ethylene,
which has By, symmetry for the D, point group.®® The Bs, CH stretch of C,H4(g) appears
at 2988 cm™. For the 370 K spectrum no peaks due to C,Ha(g) or C,Ha4(g) are present and

a series of partially resolved peaks in the C—H stretch region between 2881 and 2987 cm™
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are due to gas phase ethane.?® By detecting only gas phase species, the s-polarized spectra
of Figure 4.4(b) clearly reveal that acetylene is first hydrogenated to ethylene, and then
the ethylene is hydrogenated to ethane. The temperature onset for the appearance of the
gas phase hydrogenation products revealed by the spectra of Figure 4.4(b) can be

correlated with the spectra of the surface species in Figure 4.4(c).

Only weak peaks at 902, 2976, and 3025 are observed after 1.0x107 Torr of
acetylene is added to the IR cell with the surface at 300 K. The presence of some di-o/n
acetylene is evident by the unresolved intensity at 2994 cm™. When Ha(g) is added to the
cell, the intensity at 2994 cm™ disappears and ethylidyne peaks at 1340 and 2879 cm™
first become visible and then as the temperature increases the weaker ethylidyne peaks at
1118 and 2793 cm™ are also observable. The intensities of the ethylidyne peaks reach
their maximum for the 350 K anneal and then decrease somewhat after annealing to 370
K. In addition to the prominent peaks due to ethylidyne, there are a number of very weak
peaks that can be due to several possible C,Hy species including vinylidene (CCH,), vinyl
(CHCHy), ethyldidene (CHCHj3), ethylene (both di-c and n-bonded), ethyl (CH,CH3) and
ethynyl (CCH). The simplest pathway from adsorbed acetylene to gas phase ethane
would involve the sequential addition of hydrogen to from vinyl, ethylene, ethylidene,
and ethyl intermediates: C,H, —» CHCH,; — C;H; — CHCH3; — CH,CHjs. The
spectroscopic and other evidence for and against one of more of these species are

discussed below.

The most notable feature of the results in Figure 4.4 is the strong contrast between
the abrupt changes in the gas phase species as the temperature is raised as seen in Figure

4.4(b) and the very modest changes in the surface species as revealed in Figure 4.4(c).
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For example, when the surface is heated from 330 to 350 K, all of the C,H(g) disappears
and is accompanied by an increase in the amount of C;H4(g), and similarly when the
temperature is increased from 350 to 370 K all of the C,H4(g) is hydrogenated to
C,He(g). During these hydrogenation reactions, the ethylidyne coverage remains high,
reinforcing earlier findings that it is a spectator species in acetylene and ethylene
hydrogenation. While the ethylidyne coverage remains high during the hydrogenation
reactions, the weak peaks due to other species remain low for all annealing temperatures.
An assumption in annealing experiments is that intermediates present at elevated
temperatures where a particular reaction occurs will remain on the surface after the
temperature is lowered. An alternative is to obtain spectra as a function of time while

holding the temperature constant where a reaction occurs.
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Figure 4.4. P polarized (a), S polarized (gas phase species) (b), and the S subtracted from
P polarized spectra (c) for 1.0x10 Torr of C,H, leaked into the cell at 300 K. 1.0 Torr of
H, was then added and the crystal was annealed to 320, 330, 350, and 370 K.
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4.7. Ambient Pressure C,H; Hydrogenation at 370 K

The spectra in Figure 4.5 were obtained after first adding 4.0x107 torr of CoHa(g) to the
cell, recording the topmost spectrum, adding 4.0 torr of H,(g), and then taking spectra
versus time all with the sample temperature held constant at 370 K. The results from
Figure 4.4 imply that complete hydrogenation of acetylene to ethane can occur at this
temperature. As for Figure 4.4, Figure 4.5 shows results for p- and s-polarized (a and b)
light and their difference (c). The spectra of the gas phase species in Figure 4.5(b) clearly
reveal the stepwise hydrogenation of acetylene to ethylene to ethane. From 8 to 24
minutes, the spectra indicate that the ethylidyne coverage is roughly constant. At this
temperature, peaks due to species other than ethylidyne are larger relative to the
ethylidyne peaks, especially in the C—H stretch region where peaks centered at 2928 and
2966 cm™ are seen. Because the results in Figure 4.5 were obtained at 370 K, the peaks
are all broader than for the annealing experiments of Figure 4.3 where the spectra were
all obtained at 300 K. In the lower wavenumber range, a distinct peak at 1377 cm™ is
observable but only broad unresolved structure is seen from about 1400 to 1470 cm™.
The peak at 949 cm™ marked with an asterisk is attributed to gas phase ethylene that was
not fully cancelled in the subtraction of the s-polarized spectra from the p-polarized

spectra.
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4.8. Ambient Pressure C,H4 Hydrogenation at 370 K

As gas phase ethylene is observed in the course of hydrogenation of acetylene, it
is useful to compare the acetylene results with those obtained starting with ethylene.
Figure 4.6 shows the analogous results to those of Figure 4.5 and were obtained by
adding 4.0x107 Torr of C,H4(g) to the cell, recording the topmost spectrum, and then
adding 0.40 Torr of H,(g) and recording spectra at 4 min intervals with the Pt crystal at
370 K. The gas phase ethylene peaks are labeled at 949, 1445, 2989, 3077, and 3124
cm’™. The first three vibrational modes have symmetries such that the oscillating dipole
moment is parallel to the C=C axis yielding a prominent Q branch in the rotational fine
structure, whereas the last two peaks are P and R branches of a vibrational mode with
oscillating dipole moment perpendicular to the C=C axis. Upon addition of H,(g), the gas
phase ethylene peaks are replaced by the those of ethane and there is essentially no
change with time of the gas phase species. The spectra of the surface species are again
dominated by ethylidyne. The ethylidyne coverage before and 4 minutes after adding
H2(g) is unchanged even as all the gas phase ethylene is hydrogenated to ethane. Between
4 and 16 min the ethylidyne coverage decreases by 30% indicating a slow hydrogenation
pathway. Slight shifts in the ethylidyne peak positions accompany this change in
coverage. Separate control experiments verified that there is no decrease in the ethylidyne
coverage at 370 K in the absence of H,(g). The hydrogenation of surface ethylidyne is not
accompanied by any detectable change in the amount of C,Hg(g), as indicated by the
spectra in Figure 4.6(b). Once again, this demonstrates that ethylidyne is mainly a

spectator species rather than an intermediate in the hydrogenation reaction.

65



')
—/r T T T T T

f
4.0x 107 torr C,H,at 370K 1 [ 4.0x 107 torr CH,at 370 K 1
-—‘T\'f\/w—"‘_’ A W""‘
129 1445 2796 | 2089, . " 1445 2989 3077
2879 3124 3124

1339 I 1
949 +4.0x 10" torr H, 4 min 949 *+4.0x107 torr H, 4 min

SR
wﬁr"—] V r -V
8 min A—RS‘ [ 8 min

e

Rs

12 min 12 min

e~
'V 16 min L 16 min

[ —
1117 1470 —“\\r | 1470 |

2893
2893
1341 0 002 2932 %086 ’ 0.002 2932 29886
- 2077 ®) 4
2977 !/
900 1 100 1300 15;00 ,r " 2800 3000 3200 900 1100 1300 1500 2800 3000 3200

Wavenumbers (cm™)

I

Wavenumbers (cm™)

40)(102 lorrCH at 370 K

2796
1122
2879
1339 +40x10 torr H,
AR
R ‘
1117 v 0002

1341

4m|n_

8m|n

12 min 7

16 mm

(©)

900 1100 1300 1500 2800

Wavenumbers (cm)

3000

3200

Figure 4.6. P polarized (a), S-polarized (b), and the S subtracted from P polarized spectra
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4.9. Discussion

A principal goal of in situ spectroscopic studies of surface catalyzed reactions is to
identify the molecular species present on the surface during the reaction. The
presumption is that the detected surface species are reaction intermediates and that their
spectroscopic identification will thus establish the reaction mechanism. However, the
results presented here are in accord with previous studies with in-situ spectroscopy that
reveal that the spectra are often dominated by spectator species. This is most clear in our
results for ethylene hydrogenation at 370 K where the conversion of C,H4(g) to C,He(Q)
occurs over an ethylidyne covered surface with no other surfaces species detected. This

1.°" using sum frequency generation (SFG) and by

was established earlier by Cremer et a
Ohtani et al.®® using polarization-dependent RAIRS. These spectroscopic studies
confirmed even earlier work showing that ethylidyne was not an intermediate in ethylene
hydrogenation over Pt(111).%% In contrast to our work in which ethylidyne is the only
surface species detected under hydrogenation conditions, di-o- and n-bonded ethylene
were also detected by SFG but at a lower surface temperature of 295 K.®” Ohtani et al.®®
detected n-bonded ethylene at a surface temperature of 150 K at an ethylene pressure of
0.98 Torr, but only in the absence of H,(g), and they observed di-c ethylene at
temperatures up to 320 K in the presence of 0.98 Torr of C,H4(g) and 4.9 Torr of Ha(g).
Earlier RAIRS results by Kubota et al. had shown that n-bonded ethylene was present on
the Pt(111) surface at a temperature of 112 K in an ambient pressure of C,H(g).**"
Cremer et al.®” concluded that n-bonded, rather than di-c-bonded, ethylene leads to

ethane formation by way of an ethyl intermediate. Frei and coworkers also detected an

ethyl intermediate in ethylene hydrogenation over a Pt/Al,Oj catalyst.”* " Our results
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show that ethylene hydrogenation can take place under conditions where the coverages of
these intermediates are too low to be detected even with relatively high sensitivity. As the
higher temperature we used is more representative of the conditions used in practical

hydrogenation catalysis, our results reveal some of the subtleties of operando studies with

surface vibrational spectroscopy.

In contrast to our spectra of ethylene hydrogenation, for acetylene hydrogenation
we observe other surface species in addition to ethylidyne. The challenge then is to
identify these species and to decide if they are merely spectators or intermediates in the
formation of ethylidyne or in the hydrogenation of acetylene. As shown in Figure 4.4,
admitting 1.0x107 Torr of CoHa(g) to the cell at 300 K leads to distinct peaks at 3025 and
2975 cm™ with some intensity at 2994 cm™. A possible peak a 902 cm™ is also seen.
Previous experiments performed by annealing a Pt(111) surface covered with acetylene
adsorbed at low temperature to 300 K left some adsorbed acetylene on the surface while
also generating a new set of peaks, some of which were attributed to vinyl.?® This could
occur by a simple disproportionation reaction, 2HCCH — CHCH, + CCH, suggesting
that vinyl formation should be accompanied by ethynyl. At the same time, isomerization
of HCCH to the more stable vinylidene species, CCH, could also occur as has been
found on the Pd(111) surface.”* ™ The formation of multiple C,Hx species upon
annealing an acetylene covered surface to 300 K is revealed by the multiple peaks
observed with surface vibrational spectroscopy and by scanning tunneling microscopy
where individual molecules are resolved and are clearly of several different types. Based
on this prior work, we assign the peak at 2976 to vinyl, the peak at 3025 to ethynyl, and

the peak at 2994 cm™ to di-o/n bonded acetylene. The 902 cm™ peak could be due to the
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CH, rocking mode of vinyl or vinylidene, although the calculated values are quite a bit

higher but also sensitive to coverage.

When hydrogen is added with the crystal at 300 K there are no changes to the gas
phase spectrum indicating that no hydrogenation of C,H(g) to C,H4(g) occurs, but
ethylidyne appears on the surface as indicated by the peaks at 2881 and 1340 cm™. Peaks
due to one or more other species are observed as well at 2963 and 2929 cm™. The former
is most likely due to ethylidene, but the latter is a poor match to di-o-bonded ethylene,
which has been observed at values from 2904 to 2924 cm™ in previous studies.® % 697
Gas phase ethylene first appears at 320 K and is most abundant at 350 K, but by 370 K is
completely hydrogenated to C,Hg(g). The only change in the surface species that
correlates with the appearance and disappearance of C,H(g) is the weak peak at 970 cm’
! For n-bonded ethylene, the only peak of sufficient intensity is the CH, wagging mode,
which has been observed with RAIRS on Pt(111) at 954 cm™ in the presence of 0.98 Torr
of ethylene® and at 975 cm™ in UHV in the presence of coadsorbed nitrogen atoms.”’ For
n-bonded ethylene on Pd(111), the corresponding peak is observed at 1100 cm™on the
clean surface and at 933 cm™ for the hydrogen covered surface.” Although the annealing
temperature results of Figure 4.4 therefore suggest that n-bonded ethylene is the
intermediate in the conversion of ethylene to ethane, the coverage of n-bonded ethylene is
too low to observe in the time dependent spectra of Figure 4.5 obtained at 370 K. The
most remarkable finding from Figure 4.5 is the complete transformation of the gas phase
composition from C;H2(g) to C,H4(g) to C,Hs(g) with almost no change in the surface

composition, which is dominated by ethylidyne, with smaller amounts of two species that

we tentatively identify as ethylidene and di-c ethylene.
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The peak that we observe at 2928 cm™ is only slightly higher in frequency than
peaks assigned to di-o ethylene observed in the range of 2904 to 2924 cm™ in previous
studies.® 39" In a recent DFT study, the vs(CH,) mode of di-o ethylene was
calculated to be at 2913 cm™ and to be by far the most intense in the RAIR spectrum of
this species. It is therefore reasonable to assign the 2928 cm™ peak observed here to di-o
ethylene, although more definitive identification of a polyatomic adsorbate is possible
when multiple peaks are observed, as in the case of ethylidyne or even for higher

coverages of di-o ethylene.”

There are compelling arguments both for and against assigning the peaks
observed here at 1379, 1462, and 2963 cm™ to ethylidene. In the organometallic
coordination compound, p,-CHCH3)Os,(CO)s, ten peaks were observed and assigned to
modes of ethylidene, including ones at 1369, 1447, and 2950 cm™ assigned to 8s(CHa),
8as(CH3) and va(CHs), respectively.” Only peaks at 2950 and 1030 cm™ for the complex
are listed as having strong intensity.”® A similar set of three peaks that we observe here
and tentatively assign to ethylidene have also been observed on Pt(111) at 1387, 1444,
and 2960 cm™ in the course of ethylene conversion to ethylidyne®, at 1391, 1444, and
2964 cm™ in the conversion of acetylene to ethylidyne®, and most recently at 1393,
1443, and 2958 cm™ in the conversion of vinyl iodide to ethylidyne.?* The similarity in
frequencies and relative intensities of these three peaks indicates that they are due to a
common intermediate, and based on the similarity to the organometallic complex, that
this species is ethylidene. Newell et al. presented RAIR spectra for ethyl deposited onto
Pt(111) through exposure to supersonic molecular beams of ethane, and its subsequent

conversion to ethylidyne by way of an intermediate species that yielded clear and distinct

70



peaks at 2980, 2917, 1255, and 1010 cm™, which they assigned to modes of ethylidene.®
Of particular note is that the strongest peak shown in their spectra is the one at 1255 cm™,
while there are no features in this region in our spectra. Other evidence that does not
favor our identification of ethylidene comes from the recent work of Zhao and Greeley,
who presented simulated spectra for various C,Hy species based on frequencies and
intensities from DFT calculations.* For ethylidene, their theoretical RAIRS spectrum is
qualitatively different from both our spectra and the spectra of Newell et al. The
simulated ethylidene spectrum shows the C—H stretch region dominated by an intense
peak at 2864 cm™ due to vs(CHs3), with a much weaker peak at 3046 cm™ due to vas(CHs)
%2 Furthermore, they predict three peaks of comparable intensity at 1403, 1245 and 1048
cm’™, with two weaker peaks at 1326 and 935 cm™. Based on this complete mismatch
between theory and experiment, they argue that the experimental spectra are better
assigned to vinylidene, which has a much simpler simulated spectrum dominated by an
intense 5(CHy) peak at 1415 cm™, and weaker peaks at 2960 and 900 cm™. In contrast to
the experimental spectra, the simulated vinylidene spectrum features only a single peak in
the region from 1300 to 1450 cm™, and therefore fails to account for our experimental
observation of two peaks in this region, assuming the peaks in the experimental spectra
are due to a single species. The ability of the calculations to simulate RAIRS spectra
accurately is suggested by their results for ethylidyne, where the frequencies and relative
intensities agree quite well with experimental spectra. A separate argument against
ethylidene is that the activation energy for its dehydrogenation to ethylidyne is so low
that it is not predicted to be stable enough to be detected spectroscopically.?® Although a

good match between experimental and simulated RAIR spectra would constitute fairly
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definitive evidence for a particular surface species, this has yet to be achieved for either
ethylidene or vinylidene on Pt(111). Therefore, although there is some evidence that
favors assigning the peaks that we observe here at 1379, 1462, and 2963 cm™ to
ethylidene, this assignment is not supported by DFT calculations® or by the experimental
results of Newell et al.,?? possibly indicating that the experimental spectra are due to a

mixture of at least two species, one of which may be vinylidene.

Vibrational
modes Species Peak (cm™)
v(CH) Acetylene 2994
»(CHy) u—mp-Vvinylidene 902,910
vas(CH>) pz—n,-vinylidene 2976
v(CH) ps—n—ethynyl 3025
v(CC) Ethylidyne 1118
8s(CHy) Ethylidyne 1340
8as(CHa) Ethylidyne 1439
2x35(CHg) Ethylidyne 2798
vs(CHj3) Ethylidyne 2879
8s(CHy) di-o-ethylene 1420
vs(CHy) di-oc-ethylene 2929
8s(CH3) Ethylidene 1378
das(CHs) Ethylidene 1462
Vas(CHa) Ethylidene 2963
»(CH,) n-ethylene 970

Table I. Peak assignments for surface species adsorbed on Pt(111) during the ambient
pressure hydrogenation of C,H; to C,Hs.
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4.10. Conclusions

The results presented here in which surface species are detected during the
catalyzed conversion of gas phase acetylene to ethane by way of a gas phase ethylene
intermediate indicate that the surface spectra are dominated by spectator species to the
hydrogenation reaction. While previous work had clearly revealed that hydrogenation of
ethylene readily proceeds over an ethylidyne-covered surface, the results presented here
indicate that di-o-bonded ethylene and ethylidene are also spectator species for acetylene
and ethylene hydrogenation. This implies that while operando spectroscopy of surfaces
can readily detect surfaces species during reaction, these species are less likely to be
intermediates, which may not build up to detectable coverages during reaction conditions.
The determination of intermediates will likely to continue to be inferred from indirect

observations rather than via direct spectroscopic detection.
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Chapter 5 - Ambient Pressure C, Hydrogenation at 400 K on Pt(111)

5.1. Outline

In this chapter, a reactive C, layer formed from the decomposition of C,H, at 750 K is
studied with both in-situ IR and ex-situ Auger spectroscopy. The RAIRS data show the
ethylidyne intermediate in the reaction, while the Auger spectra confirm that the carbon is
hydrogenated through a decrease in the carbon signal after exposing the crystal to
ambient pressure H,. The reaction scheme is shown in Section 5.2. Section 5.3 outlines
the experimental details for the different trials performed. Sections 5.4 and 5.5 describe
low and high coverage carbon hydrogenation experiments. The Pt(111) crystal was held
at 400 K and 10 Torr of H, was added to the cell. To confirm the hydrogenation of the
ethylidyne intermediate, the crystal was covered with ethylidyne and exposed to H, with
a pressure range of 1.0 x 10 to 10 Torr of H, at 400 K. This data is shown in Section
5.6. Section 5.7 shows CO adsorbed on C,-Pt(111) and clean Pt(111) surfaces,
respectively. Separate experiments on the hydrogenation and decomposition of
ethylidyne titrated with CO are described in Section 5.8. The discussion of the peaks and
experimental results are given in Section 5.9. Conclusions from the results are presented

in Section 5.10.

Portions from this chapter are reprinted from a manuscript recently accepted to a special
issue in Surface Science honoring Professor John T. Yates, Jr. The authors are Joel D.

Krooswyk, Christopher M. Kruppe, and Michael Trenary.
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5.2. Reaction Scheme

400 K

CH 10 Torr H, /\
..

Figure 5.1. Sketch of the reaction scheme for the hydrogenation of C, species adsorbed
on Pt(111) to ethane through an ethylidyne intermediate at 400 K and 10 Torr of H,. C,
species are adsorbed on Pt(111) by exposing C,H, while the crystal is held at 750 K in
UHV. After the crystal is allowed to cool to 400 K, 10 Torr of H; is added to the cell. C,
is hydrogenated to ethane through an ethylidyne (CCHs) intermediate indicating a
sequential reaction occurs at 400 K.

5.3. Experimental

The experiments were performed in the UHV chamber coupled to an ambient pressure
cell described in Chapter 2. At the start of every experiment, the Pt(111) crystal was
annealed to 1200 K for two minutes to desorb any CO and ensure that the surface was
well ordered. As shown in each figure, a certain coverage of C, or CCHj3; was formed by
exposing the Pt(111) surface to C,H, or C,Hy,, respectively, before adding an ambient
pressure of H, and/or CO to the cell. The units are in Langmuir (1x10° Torrs =1 L). In
Figures 5.2 and 5.3, 512 scans were acquired for the time shown while the crystal was
held at 400 K. Each spectrum was acquired in approximately two minutes. For all other
spectra in Figures 5.4, 5.5 and 5.6, 1024 scans were acquired. In Figure 5.4, a constant
temperature was held at 400 K while acquiring the spectra, while in Figures 5.5 and 5.6,
spectra were acquired at 300 K after the crystal was annealed to the target temperature for
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30 seconds. In Figures 5.5 and 5.6, when an ambient pressure of CO was added to the
cell, gas phase CO peaks were also present in the spectra. These peaks were removed
from the spectra by rotating the polarizer, acquiring the spectra with s-polarized light, and
performing spectral subtraction (ARy/R, - ARs/R;) to reveal the actual intensity of the
peaks representing CO adsorbed on the surface. This method of RAIRS, denoted as PD-

RAIRS, and the chamber design were described previously.® 8

After the crystal was raised into the main chamber (UHV) following the exposure to Ho,
it was annealed to 1100 K to desorb any CO from the surface. The crystal was allowed to
cool to room temperature and Auger spectra were then acquired. The Auger spectra were
acquired with the LK Technologies RVL2000 Auger-LEED. For data acquisition, the
derivative signal was directly collected from the instrument and plotted without any
modification. After the Auger spectra were acquired, the crystal was cleaned by oxidation

treatment.

Atomic adsorption grade (99.6%) C,H, was purchased from Airgas. It was purified by
the freeze pump thaw method and checked for acetone with mass spectrometry, parent
peak m/z = 52. This gas was also used in previous work.®® Ethylene (99.99%) and carbon
monoxide (99.99%) were purchased from Matheson Tri-Gas, while the ultra high purity
hydrogen (99.999%) was purchased from Praxair. All were checked for purity with mass

spectrometry. No impurities were detected.

5.4. Low Coverage C, Hydrogenation

Figure 5.3(a) shows RAIR spectra following the exposure of H, to a C, covered Pt(111)

surface. Before the spectra were acquired, C, was formed on the surface by exposure of
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0.6 L of C,H;to the crystal held at 750 K. The carbon coverage was approximately 0.30
ML as determined from the Auger spectra shown in Figure 5.3(b). This coverage was
calculated to an estimated accuracy of + 15% from the ratio of the 273 to 237 eV peaks
multiplied by 0.62 as described in previous work.® In order to verify the accuracy of this
estimate, 10 L of C,H, was exposed to a clean Pt(111) surface at 300 K, which formed
0.25 ML of ethylidyne (CCHs).® The crystal was then annealed to 1100 K. This should
have produced a carbon coverage of 0.50 ML. As shown in Figure 5.2, a coverage of 0.57
ML was calculated from the Auger spectra. The 14% higher than expected carbon

coverage could be due to CO or other carbon-containing species present on the surface.

Clean Pt(111) at 300 K

®(carbon) = 0.0 ML

dN(E)/dE

10 L C,H,at 300 K
+Anneal to 1100 K

@®(carbon) = 0.57 ML ]

225 275 325 375 425
Kinetic Energy (eV)

Figure 5.2. Auger spectra for calibrating carbon coverage on Pt(111). First, an Auger
spectrum was acquired of the clean Pt(111) crystal at 300 K. 10 L C,H,4 was then
adsorbed at 300 K and annealed to 1100 K. After the crystal cooled to 300 K, another
spectrum was acquired. As shown, approximately 0.57 ML carbon was adsorbed on the
surface after the 1100 K anneal.
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Figure 5.3(a) shows a spectrum acquired at 300 K followed by a spectrum after adding
1.0x10 Torr of H,. The next spectrum was recorded after annealing to 400 K, a
temperature where ethylidyne is stable and where hydrogen should mostly be desorbed
making empty sites available. With the crystal at 400 K, 10 Torr of H, was then added
and spectra were acquired versus time over a period of one hour. The first spectrum
shows ethylidyne peaks at 1115 and 1344 cm™, due to the v(CC) and 8s(CHs) modes,
respectively. After the first three spectra at 400 K, no peaks are visible. The results in

Figure 5.3 show that C, was hydrogenated to ethylidyne, which was then removed from

the surface, presumably by hydrogenation to ethane. After the crystal was raised into the

UHV chamber, it was annealed to 1100 K and cooled to 300 K. An Auger spectrum was

then acquired to determine carbon coverage. As shown in Figure 5.3(b), after H,

exposures of 20 and 60 minutes, the carbon coverages decreased to 0.17 and 0.09 ML,

respectively. The Auger spectra confirmed that carbon was removed from the surface by

hydrogenation.
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Figure 5.3. Figure 5.3(a) shows spectra acquired after the Pt(111) crystal held at 750 K
was exposed to 0.6 L C,H,, and allowed to cool to 300 K. 1.0x10 Torr of H, was then
added at 300 K. After the crystal was annealed to 400 K, another 100% line was
acquired. After 10.0 Torr of H, was added, consecutive spectra were acquired (512
scans/spectrum). Figure 5.3(b) shows an Auger spectrum acquired of a clean Pt(111)
surface at 300 K. The crystal was then exposed to 0.6 L C,H; at 750 K and another
spectrum acquired at 300 K. The next two spectra were acquired at 300 K after the crystal
was exposed to 10.0 Torr H; for 20 and 60 minutes respectively, raised into the UHV
chamber, and annealed to 1100 K.

5.5. High Coverage C, Hydrogenation

The experiment shown in Figure 5.4 is identical to that of Figure 5.3, but with a higher C,
coverage. As shown in Figure 5.4(b), after a 1.0 L exposure of C,H; at 750 K, the carbon
coverage was approximately 0.52 ML. The first spectrum in Figure 5.4(a) shows that no
ethylidyne was formed after adding 1.0x10% Torr of H, at 300 K. After annealing to 400
K and acquiring the top spectrum, the H, pressure was increased to 10 Torr and

subsequent spectra were acquired at two minute intervals. Immediately after the increase
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in H., pressure, the ethylidyne peaks at 1118 and 1343 cm™ appeared. Comparison of
Figures 5.3 and 5.4 shows that a 70% higher carbon coverage leads to a 60% higher
ethylidyne coverage and the ethylidyne remained on the surface for 18 minutes, which
differs from the spectra in Figure 5.3, where the peaks were only present for six minutes.
After the crystal was exposed to H; for 60 minutes, it was raised into the main chamber
and an Auger spectrum was acquired, which indicated that approximately 0.28 ML of

carbon remained on the surface.

0.52MLC,+1.0x 102 Torr H,at 300 K

+10 Torr H, at 400 K
'A""‘/\'“\r'\’/\«/w
I 1118 2 min/

spectrum 1343

Y Y

Clean Pt(111) at 300 K |

®(carbon) = 0.0 ML

1.0 L C,H, at 750 K

|
dN(E)/dE

©(carbon) = 0.52 ML

After Exposure to
10 Torr H,- 1 hr.

®(carbon) =0.28 ML

@ 1 [ (b)

1(;50 | 11150 ' 12'50 ' 1?:50 I 14ISO 2é5 I 2%5 I 355 I 3%5
Wavenumbers (cm™) Kinetic Energy (eV)
Figure 5.4. Figure 5.4(a) shows spectra acquired after the Pt(111) crystal held at 750 K
was exposed to 1.0 L C,H, and allowed to cool to 300 K. 1.0x10 Torr of H, was then
added at 300 K. After the crystal was annealed to 400 K, another 100% line was
acquired. After 10.0 Torr of H, was added, consecutive spectra were acquired (512
scans/spectrum). Figure 5.4(b) shows an Auger spectrum acquired of a clean Pt(111)
surface at 300 K. The crystal was then exposed to 1.0 L C,H; at 750 K and another
spectrum acquired at 300 K. The next spectrum was acquired at 300 K after the crystal
was exposed to 10.0 Torr H;, for 60 minutes respectively, raised into the UHV chamber,
and annealed to 1100 K.
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5.6. Ethylidyne Hydrogenation at 400 K

To more clearly establish the nature of hydrogenation of the ethylidyne formed from
hydrogenation of C,, the hydrogenation of ethylidyne formed directly from ethylene was
also studied. Figures 5.5(a), (b), and (c) show the v(CC) and 6s(CH3), and vs(CH3) modes
at 1117, 1339, and 2882 cm™, respectively, of 0.22 ML of ethylidyne formed by a 10 L
exposure of C,H, to the surface at 400 K. The cell was then pressurized with 1.0 Torr of
H, and consecutive spectra were acquired. The peaks related to ethylidyne completely
disappeared after 28 minutes. Figure 5.5(d) shows a plot of the peak area of the 6s(CHs3)
bending mode versus time using H, pressures from 1.0x107 to 10 Torr. The top set of
data points shows that approximately 10% of the ethylidyne decomposed at 400 K after
28 minutes under UHV conditions (no H, added). Four separate experiments were then
performed, varying the hydrogen pressure from 1.0x107 to 10 Torr of H,. There is a large
change in the hydrogenation rate and in the final ethylidyne coverage. An exponential
function was fitted to each of the data sets, and the best fits were obtained for 1.0 and 10
Torr of Hy. This indicates that the reaction is first order in ethylidyne coverage. An
accurate determination of the order with respect to hydrogen pressure could not be
obtained because of non-linearity of the pressure gauge readings in this range. As the
kinetics of ethylidyne hydrogenation has already been thoroughly described in previous
publications, we have not performed a complete analysis of the limited data acquired

here.
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Figure 5.5. Figures 5.5(a), (b), and (c) show the v(CC), 6s(CH3), and vs(CH3) modes after
the crystal was exposed to 10 L of C,H, at 400 K. 1.0 Torr of H, was then added and
consecutive spectra were acquired (1024 scans/spectrum, approximately four minutes per
spectrum). Figure 5.5(d) shows the 6s(CH3) peak area after forming CCH3 and adding the
indicated pressures of H,. The curves are exponential fits to the data. Timet=0
corresponds to when the scanning of the ethylidyne spectrum was finished but prior to the
addition of H, to the cell.

82



5.7. Ambient Pressure CO Titration of the C, Hydrogenation Reaction

The nature of the interaction of adsorbates with metal surfaces can often be determined
through RAIRS experiments of coadsorbed CO. In particular, if C, were to block CO
adsorption, then the C, coverage could be titrated during hydrogenation by monitoring
the CO coverage with RAIRS. A Pt(111) surface with a carbon coverage of 0.52 ML was
prepared as for Figure 5.4(b). Figure 5.6(a) and (b) show peaks at 1852 and 1873 cm™ for
CO on bridge sites and at 2097 cm™ for CO on terminal sites in an ambient of 1.0x10
Torr of CO above the clean surface at 300 K (blue spectrum), which should correspond to
0.6 ML of CO based on previous STM work.% This can be compared with the green
spectrum for 1.0x10 Torr of CO above the carbon-covered surface, which yields
approximately 0.5 ML of adsorbed CO, based on the reduction in integrated RAIRS peak
areas and the assumption that the areas are proportional to coverage. However, this
assumption is often not valid at high CO coverages, where screening effects lead to a
reduction in intensity.>* Therefore the reduction in intensity on the carbon covered
surface may be lower than 0.5 ML. The red spectrum was obtained after adding 1.0 Torr
of H, and annealing the crystal to 500 K, which in the absence of CO would have
removed C,. The absence of any significant difference between the red and green spectra
indicates that the presence of coadsorbed CO poisons the C, hydrogenation reaction. As
an aside, we note that for the clean surface, the two bridge-site CO peaks are slightly
lower in intensity in the presence of 1.0x107 Torr of CO than for CO adsorbed on
Pt(111) in UHV. This is attributed to an overlayer compression effect associated with the

higher coverage achieved under an ambient pressure of CO.
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Figure 5.6. Figures 5.6(a) and (b) show the v(CO) peaks assigned to the bridge and
terminal site CO, respectively. The green spectrum shows the CO peaks after 1.0x107
Torr of CO was added to the cell at 300 K with the Pt(111) surface covered with 0.52 ML
of carbon. The red spectrum was obtained after adding 1.0 Torr of H, and annealing to
500 K. For comparison, the blue spectrum shows results for the clean Pt(111) surface that
was exposed to 1.0x10 Torr CO.

This is confirmed with the acquisition of spectra after the cell was evacuated to 107, 10°%,
and 10°° Torr as shown in Figure 5.7 and shown in a previous study with RAIRS.®” The
peak at 1873 cm™ disappeared as shown in the spectra, with the two peaks remaining in
the spectra at 1851 and 2097 cm™ after the cell was evacuated. Similar results were seen

in a previous RAIRS study.®’
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Figure 5.7. Bridge (Figure a) and Terminal Site (Figure b) Peaks of CO adsorbed on
Pt(111) at 300 K and 1x107 Torr of CO (blue line). Cell was then evacuated to 107, 10°%,
and 10”° Torr.

5.8. Ambient Pressure CO Titration of Ethylidyne Decomposition and
Hydrogenation

Although CO is not useful for titrating the C, reaction, it can be used effectively to titrate
the hydrogenation of ethylidyne and to study the influence of other species adsorbed on
Pt(111) during the reaction. This is shown in Figures 5.8(a) and (b). In both figures, 5 L
of C,H,4 was exposed to the surface at 300 K, which created a saturated ethylidyne layer
as indicated by the peaks at 1120, 1339, and 2882 cm™. For Figure 5.8(a), the surface
was then exposed to 5 L of CO and peaks appeared at 1800 and 2024 cm™, due to bridge
and terminal site CO. The CO pressure was raised to 1.0x102 Torr, which increased the
CO coverage and caused a splitting of the bridge site CO peak at 1800 cm™ into peaks at
1742 and 1807 cm™ and a blue shift of the terminal site CO to 2037 cm™. The increase in
CO pressure also caused blue shifts in the three ethylidyne peaks: 1120 to 1126 cm™,
1342 to 1352 cm™, and 2882 to 2894 cm™. After heating to 500 K, the ethylidyne peaks
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largely disappeared yet the CO peaks were not restored to their values on the clean
surface. Evacuation of the cell had little effect. After heating an ethylidyne covered
surface to 500 K, previous work has shown that hydrogen-containing species such as CH
and CCH remain on the surface and the results of Figure 5.8(a) imply that such species

have a large effect of the amount and frequencies of coadsorbed CO.

Figure 5.8(b) shows the analogous results to those of Figure 5.8(a) but in the presence of
1.0 Torr of H,. Note that the intensity scales are different in Figures 5.6(a) and 5(b) and
that the ethylidyne and CO peaks have similar intensities and frequencies in the two sets
of spectra before annealing to 400 K. However, after annealing to 450 K, a large increase
in CO peak intensities and frequencies is seen in Figure 5.8(b), which continues upon
annealing to 500 K, with only a modest change in the bridge site CO peaks upon
evacuation of the cell. The fact that the final CO spectrum in Figure 5.8(b) is essentially
the same as for clean Pt(111), demonstrates that the ethylidyne has largely been removed
by hydrogenation leaving the surface free of the CyHy species that were present on the
surface after ethylidyne decomposition in the case of Figure 5.8(a). Note that a just barely
detectable ethylidyne peak is still present at 1352 cm™ in both Figures 5.8(a) and (b) even
after the 500 K anneal, indicating that coadsorbed CO prevents complete hydrogenation

or complete decomposition at 500 K.
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Figure 5.8. In Figure 5.8(a), 5 L of C,H, was exposed to a clean Pt(111) surface at 300
K. In Figure 5.8(a), 5 L of CO was then exposed to the ethylidyne covered surface.
1.0x107 Torr of CO was then added. The crystal was then annealed to 500 K. In Figure
5.7 (b), after the 5 L C,Hy4, 1x10 Torr CO, and 1.0 Torr of H, were added, the crystal
annealed to 400, 450 and 500 K. In both Figures, the cell was then evacuated to a
pressure of approximately 10°° Torr.

5.9. Discussion

As shown in Figures 5.3 and 5.4, C, is hydrogenated to ethane through an ethylidyne
intermediate when the Pt(111) crystal is exposed to ambient pressure H,. Since the
quantity of gas phase ethane is too low to detect with RAIRS, unlike in our previous
study of acetylene hydrogenation, Auger spectroscopy was used to show that
hydrogenation removes carbon from the surface. The higher C, coverage in Figure 5.4
compared to Figure 5.3 leads to a higher ethylidyne coverage upon hydrogenation. The

higher ethylidyne coverage may also be partly due to a lower rate of ethylidyne removal
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by hydrogenation to ethane because fewer sites are available for the hydrogenation
reaction. Because the rate at which C; is hydrogenated to ethylidyne at 400 K is
comparable to the rate at which ethylidyne is hydrogenated to ethane under an ambient
pressure of H,, the ethylidyne coverage remains lower than obtained by Deng et al.,* by
coadsorbing hydrogen and C, at low temperature and annealing in UHV to higher
temperatures. Under the latter conditions there is only enough hydrogen to hydrogenate
C,, but not enough to hydrogenate ethylidyne. In the UHV study of Deng et al.,* 79% of
the adsorbed carbon was found to be in the form of C,, with the remaining in the form of
Catoms. It is therefore likely that the carbon left on the surface even after the 60 minute
exposure to H, was in the form of carbon atoms. A previous study showed that atomic
carbon on Pt(111) could not be hydrogenated even at atmospheric pressure and 600 K.*
If we assume that only the C, species are hydrogenated, leaving the majority of the
remaining carbon in the form of C atoms, the carbon coverage in the form of C, species
remaining on the surface from the experiment shown in Figure 5.3 will be 0.11 and 0.03
ML after 20 and 60 minutes, respectively. These results show that the C, species are
almost completely hydrogenated after the one hour exposure. In contrast, for the higher
initial carbon coverage used in Figure 5.4, the carbon coverage assigned to C, species

would be 0.17 ML after one hour of exposure to an ambient of 10 Torr of H..

As shown in Figure 5.5, ethylidyne is readily hydrogenated at 400 K because the needed
surface sites are available. A previous study indicated that on top sites are occupied by H
atoms at 300 K and under 10 Torr of H,.28 As ethylidyne occupies the fcc three-fold

hollow sites, it does not block H atom adsorption sites and the reaction is unimpeded. As

noted earlier, we could not determine the actual reaction order with respect to hydrogen
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pressure. However, the reaction rate clearly rises rapidly with hydrogen pressure. To
produce C,Hg from CCHg, three hydrogen atoms must be added and this presumably
occurs in a stepwise fashion to produce ethylidene (CHCH3) and ethyl (CH,CHz)
intermediates on the surface. These two species will not be seen in the spectra as they are

72,89
K,

readily hydrogenated at much lower temperatures than 400 implying that they

would react as soon as they formed.

Carbon monoxide cannot be used to titrate the C, coverage during the hydrogenation
reaction because CO blocks H, adsorption and dissociation. An ambient pressure of CO
produces an overlayer compression effect on the C,-covered surface similar what is seen
at high CO coverage on the clean Pt(111) surface. As evident from comparison of the CO
spectra in Figures 5.6 and 5.8, much less CO can adsorb on the ethylidyne-covered
surface, making hydrogen sites available. This is a plausible explanation of why
ethylidyne but not C, can be hydrogenated in the presence of coadsorbed CO. The fact
that the CO spectrum in Figure 5.8(a) in the presence of the ethylidyne-decomposition
products, which still contain hydrogen but do not give rise to observable RAIRS peaks
under these conditions, is so different from the spectrum of CO on the surface prepared
through C,H, exposure at 750 K, implies that the latter surface is covered with carbon
only. For ethylidyne hydrogenation, CO can be used to titrate the ethylidyne coverage as
it is removed from the surface. A comparison of Figures 5.6 and 5.8 shows that in the
presence of coadsorbed ethylidyne, the terminal site CO peak shifts from 2097 to 2037
cm™ and the disordered bridge site peaks shift from 1852 and 1873 to 1741 and 1807 cm’
! respectively. This agrees with previous work on the coadsorption of CO with

ethylidyne.*® Finally, the temperature of ethylidyne hydrogenation is increased by 50 K to
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450 K, corresponding to the onset of CO desorption, which frees sites needed for the
hydrogenation reaction to proceed. This agrees with the work by Chen, et al. which

studied the inhibition of ethylene hydrogenation by CO.*
5.10. Conclusions

The decomposition of acetylene at 750 K produces C, molecules on Pt(111) that are
hydrogenated to ethane at 400 K in the presence of 1.0x1072 to 10 Torr of H, through an
ethylidyne intermediate. Rapid hydrogenation of a saturation coverage of ethylidyne in
10 Torr of H; indicates that the formation of ethylidyne is the rate limiting step in the
hydrogenation of C, to ethane. On the C,-covered surface, CO saturates to a coverage
similar to that of the clean surface and is high enough to block hydrogen from adsorbing
and reacting with C,. Therefore CO cannot be used to titrate the C, coverage during
hydrogenation. However, in the case of an ethylidyne-covered surface, the saturation CO
coverage is low enough to permit ethylidyne hydrogenation to proceed. When CO was
coadsorbed with the products of ethylidyne decomposition, the CO spectra revealed the
presence of hydrogen-containing species, even though those species could not be directly
detected with RAIRS. The CO spectra thus implied that the carbon layer produced from
the decomposition of C,H, at 750 K produces a surface that is free of all hydrogen-

containing carbon species.
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Chapter 6 - Overall Conclusions and Future Work

In conclusion, the development of the PD-RAIRS technique has led to a variety of new
discoveries from UHV to AP catalytic reactions. First, the use of a polarizer led to the
discovery of the mechanism for low temperature CO oxidation on Pt(111) shown in
Chapter 3. An interaction between the superoxo and perturbed CO species produced a
physisorbed CO, molecule at 130 K. The interaction between the two is a chemical

effect, which was determined using multiple isotopes of O, and CO.

Chapter 4 shows the first work using the polarizer to monitor both surface and gas phase
species in the hydrogenation of acetylene to ethane on Pt(111). The polarizer enhances
the signal for the low temperature studies from 120 to 300 K. These studies are similar to
UHYV studies and are also used to show the difference between UHV and AP
experiments. When ambient pressure C,H; and H, are added to the cell at 300 K and the
crystal is annealed to higher temperatures, ethylene and ethane are produced at 350 and
370 K, respectively. Due to the overlap of spectators and time of spectral acquisition,
reaction intermediates are difficult to see in the spectra in these experiments. This has
also been seen in other PM-RAIRS experiments, so the reaction mechanism is inferred.
The low and high temperature reactions provide a complete picture of the hydrogenation

of C,H, to CoHe.

Since carbonaceous species form on the Pt(111) surface during hydrogenation reactions,
such as ethylidyne, and greatly affect the catalytic reaction by blocking surface sites, they
should be studied in detail. In Chapter 5, the hydrogenation of C, species from the

decomposition of C;H; was studied. Ethylidyne appeared in the spectra, which indicated
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that it is an intermediate in the reaction. Auger spectra were acquired after the Pt(111)
crystal was exposed to H,, which confirmed that the C, species were hydrogenated to
ethane. This project shows the powerful in-situ and ex-situ techniques available to

characterize the surfaces of transition metal catalysts.

Besides studying the reaction mechanisms in these catalytic reactions on Pt(111), all of
these studies are useful to apply to future work on platinum alloys and other catalysts,
such as Pd-Cu(111) single atom alloys. The Pd-Cu(111) system is designed to replace
expensive palladium and platinum catalysts by using a low percentage of the expensive
metal on an inexpensive support, such as copper. PD-RAIRS studies are currently
underway on the Pd-Cu(111) surface and should show that acetylene is hydrogenated to
ethylene through a vinyl intermediate. This catalyst should also be selective, so the

hydrogenation of acetylene stops at ethylene and does not proceed to ethane.
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Appendices

Appendix A - Auger Analysis of Niobium Oxide
AA.1. Background/Experimental

A niobium oxide sample was provided by Fermilab to be analyzed with the PHI Scanning
Auger Microscopy (SAM) 600 System. Niobium is a great material for semiconductors,
but is very suspetable to contamination from carbon and oxygen on the surface and bulk
of the material. The goal of the project was to determine if the sample was covered in a
thick oxide layer and if there were any other contamination, such as carbon adsorbed on
the surface. This was achieved by acquiring Auger spectra before and after sputtering the
crystal, which showed the oxide layer was easily removed by sputtering. Even after
sputtering the sample, the concentration of carbon and oxygen adsorbed on the surface

varied greatly.

Base pressure of the system is approximately 5.0x10™° Torr after bakeout. The vacuum
pressure is maintained by a large ion pump. Figures A.1 and A.2 show pictures of the

chamber and electronics, respectively.
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Figure A.1. Picture of the vacuum chamber for the PHI 600 system.
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Figure A.2. Picture of the power supplies and various electronic equipment for the PHI
600 system.

The PHI SAM 600 system was upgraded previously with RBD electronics so the data can
be acquired with a personal computer. Three different scanning functions can be
performed with the system. First, the derivative signal can be acquired for a standard
Auger spectrum. After acquiring the Auger spectra and identifying the elements present
on the surface, 2D images based on each Auger peak signal called "maps" can also be
acquired. The system can also be used for depth profiling, which is the process where the
crystal is sputtered with Ar ions while up to three peaks are monitored. The pressure in

the chamber remains approximately 10 Torr while sputtering due to the differentially
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pumped ion gun. Usually a vacuum chamber is backfilled with 10™ Torr of argon gas to
sputter, which is too high of pressure to acquire Auger spectra. The 10°® Torr pressure

allows the acquisition of signal composed of Auger electrons.

The niobium sample was provided by Fermilab. Four holes were drilled into the crystal at
Fermilab so different parts of the bulk could be analyzed with Auger spectroscopy. Out
of the four holes drilled into the Niobium sample; hole 3 was used for the initial surface

analysis of the niobium crystal.

Hole Scan 3

Groove Scan 3

Near Groove Scan 3

Figure A.3. Sketch of niobium sample to depict the location of the Auger scans acquired.

AA.2. Auger Spectra Acquisition Before Sputtering

The three spectra obtained from hole 3 were the following: one scan in the middle of the

hole (Figure A.4), one in the groove (Figure A.5), and one to the right of the groove,
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(Figure A.6). As shown in the figures, the peak identification and atomic concentration of

each element present on the surface is listed.

Hole 3 Scan

Oxygen, 500 eV

3217 % \
Carbon, 266 eV
67.83%
100 200 300 400 500 600
Kinetic Energy (eV)

Figure A.4. Auger spectrum acquired from hole 3.
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Near Groove 3 Scan

dNe
DE
Carbon, 265 eV
55.51 %
Oxygen, 500 eV
44.49 %
1 1 1 1
100 200 300 400 500 600

Kinetic Energy, eV

Figure A.5. Auger spectrum acquired near the groove of hole 3.

Groove 3 Scan

dNe
DE
Oxygen, 500 eV
Carbon, 266 eV 36.72 %
63.28% S
100 200 300 400 500 600
Kinetic Energy (eV)
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Figure A.6. Auger spectrum acquired of the groove of hole 3.

Each parameter was unchanged between acquisitions except for the position of the

crystal. The settings are located in Table II.

Pressure of chamber

2.5%10°
torr

Beam Voltage

5000 V

Filament Current

1.60 A

Table Il. Chamber and instrumental parameters while acquiring Auger spectra.

The atomic concentration corresponding to each spectrum was calculated by applying the

formula:

Cx= 1
X Sxxdx/z

a Sada

la

In the equation, Iy, S, and dy represent the peak-to-peak amplitude, relative sensitivity

factor, and the correction factor. The maximum and minimum for each peak was acquired

for the peak-to-peak intensity. Relative sensitivity factors for carbon and oxygen peaks

were obtained from Handbook of Auger Electron Spectroscopy. For carbon and oxygen,

it was 0.15 and 0.4, respectively. Dy for carbon and oxygen are equivalent, so it cancels

out during calculations. Since the niobium peak was not discernable on the spectra

collected, it was not included in the analysis. As noted on the spectra, the atomic
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concentrations of carbon and oxygen differ on the surface of niobium. This is due to

contamination on the surface and some parts of the sample are niobium oxide.

Auger Mapping

Carbon Map Oxygen Map

Figure A.7. Auger maps of carbon and oxygen. The size and magnification were 254
pm and 393x, respectively.

Pressure of chamber 2.2%10° torr
Beam Voltage 5000 V
Filament Current 1.60 A

Table I11. Chamber and instrumental parameters while mapping the surface.
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The Auger maps in Figure A.7 show that sample surface of hole 3 is covered in carbon
and oxygen. As shown in the map of oxygen, located around the groove is a different

shaded area, which could be niobium oxide.

AA.3. Auger Spectral Acquisition After Sputtering

The niobium sample was sputtered and Auger spectra were acquired for holes 1, 2 and 3.
Shown in Figures A.8 to A.13 are the spectra from scans near hole 1, hole 2, and the

groove of hole 3 and maps of holes 1, 2 and 3.

Hole 1 Results

Near Hole 1

dNe
DE

Nitrogen, 394 eV Oxygen, 527 eV
8.822 %

Carbon, 279 eV

Niobium, 172 eV 50.76 %
40.42 %
100 150 200 250 300 350 400 450 500 550 600

Kinetic Energy (eV)

Figure A.8. Auger spectrum acquired near hole 1 after sputtering.

107



Carbon Niobium

Oxygen

Figure A.9. Auger maps of carbon, oxygen and niobium of hole 1 after sputtering. The
size and magnification were 254 um and 393x, respectively.

On the surface of the niobium sample near hole 1, the carbon and niobium concentrations
decreased and increased, respectively as indicated by Figure A.8. As indicated by the
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scanning and mapping, there is a high concentration of carbon adsorbed on the surface

even after sputtering for 31 cycles (approx. two hours).

Hole 2 Results

Hole 2

Oxygen, 528 eV
10.81 %

Nitrogen, 394 eV

Carbon, 279 eV
25.85%

dNe
DE

Niobium, 172 eV
63.34%

T T T T T T T T T
100 150 200 250 300 350 400 450 500 550 600
Kinetic Energy (eV)

Figure A.10. Auger spectrum acquired of hole 2.
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Carbon Niobium

Oxygen

Figure A.11. Auger maps of carbon, oxygen and niobium of hole 2 after sputtering. The
size and magnification were 254 um and 393x, respectively.
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Hole 3 Results

Groove Near Hole 3

dNe
DE

Nitrogen, 394 eV
Oxygen, 529 eV

29.75 %
Carbon, 279 eV
i 3291 %
Niobium, 172 eV
37.33%
1 1 T T L} Ll Ll 1 |
100 150 200 250 300 350 400 450 500 550 60C

Kinetic Energy (eV)

Figure A.12. Auger spectrum acquired the groove near hole 3.
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Carbon Niobium

Oxygen

Figure A.13. Auger maps of carbon, oxygen and niobium of hole 3 after sputtering. The
size and magnification were 254 um and 393x, respectively.
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In conclusion, as shown by the spectra and maps of each element for holes 1, 2 and 3, the
concentration of the niobium on the surface increased as the sample was sputtered. The
concentration of each element various significantly across the sample surface as shown in
Table IV. Besides oxygen present on the surface, there is a high level of carbon
contamination, which could affect binding sites, etc., if experimental studies are
performed with the sample. More Auger spectra could be collected and analyzed to
provide a more complete picture of the sample surface. The results could also be coupled
with results from Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray
Spectroscopy (EDS). SEM produces 3D images, while EDS spectra show the
concentration of elements in the bulk of the crystal. This project was not pursued further

due to budget cuts at Fermilab.

Spectral Scan % Niobium % Carbon % Oxygen
Near hole 1 40.42 50.76 8.822
Hole 2 63.34 25.85 10.81
Groove near hole 3 37.33 32.91 29.75

Table IVV. Summary of the concentration of niobium, carbon, and oxygen on different
parts of the Niobium crystal surface.
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