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Abstract

The decomposition of formic acid proceeds via two principal reaction pathways:
dehydration and dehydrogenation. Mechanisms and reaction ratios depend on the nature of the
catalysts used. This work provides mechanistic insight into the decomposition of formic acid on
Co(0001) and a highly stepped cobalt surface. The catalytic systems were studied in ultra-high
vacuum by XPS and temperature programmed desorption. On both surfaces, an overall reaction
(1) was observed:

2HCOOH - H,0+CO+H,+CO, (1)

The surfaces had differing reaction intermediates, reaction temperatures, and activation
energies. On Co(0001), formate, carbon, and hydroxyl are intermediates and the reaction has an
activation energy of 44.3 = 0.6 kJ/mol, pre-exponential factor of 0.7 + 0.05 mbar/s. On highly
stepped cobalt, formate and formyl are intermediates and the reaction has an activation energy of
147.2 + 2.0 kJ/mol and pre-exponential factor of 10'"'? * % mbar/s. Desorption energies of
observed species and mechanisms of observed reactions are reported.

A detailed description and proof of concept of a PM-IRRAS reactor designed for this

thesis is also presented.
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Sommaire

La décomposition de 1'acide formique se dirige vers deux vois chimique principales :
déshydration et déshydrogénation. Les mécanismes et les sélectivités des réactions dépendent de
la nature du catalyseur utilisé. Cette ¢étude fournit une connaissance mécanique de la
décomposition de 1'acide formique sur Co(0001) et sur une surface de cobalt fortement étagée.
Les systémes catalytiques ont été étudiés dans un ultra-vide par spectroscopie de photoélectrons
X et désorption contrdlée avec température. La réaction observée sur les deux surfaces est :

2HCOOH - H,0+CO+H,+CO, (1)

Les intermédiaires, les températures, et les énergies d activation pour la réaction ont été
différent pour les surfaces. Sur Co(0001), formate, carbone, et hydroxyle, sont les intermédiaires
et la réaction ont une énergie d activation de 44.3 + 0.6 kJ/mol et un facteur pré-exponentiel de
0.7 £ 0.05 mbar/s. Sur la surface fortement étagée, formate et formyle sont les intermédiaires et
la réaction ont une énergie d'activation de 147.2 £ 2.0 kJ/mol et un facteur pré-exponentiel de
10"*%% mbar/s. Les énergies de désorption des composants observés et les mécanismes sont
rapportes.

Un réacteur utilisant spectroscopie de réflexion-absorption infrarouge modulation de

polarisation été dessiné pour cette thése. Une description détaillée et une preuve de concept est

donné dans la texte.
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Chapter 1:

Introduction



1.0 Introduction

With the ever growing population of the earth and increasing standards of living the
world's energy consumption is drastically increasing. This energy demand is currently being met
by fossil fuels, which are quickly depleting. A hydrogen economy has been considered as a
possible solution for this problem. Hydrogen has a very high specific energy (energy by mass),
however when compared to conventional fuels, hydrogen has a low energy density (energy by
volume). In order for hydrogen to be used as a transport fuel it must be pressurized or liquefied
to have a more efficient energy density. Pressurization and liquefaction suffer from an inherent
energy loss due to high pressure compression and time spent liquefied, respectively. Chemical
storage of hydrogen, that is using hydrogen to create another energy carrier or hydrogen vector,
allows for easier handling and transportation. Formic acid is one such hydrogen vector.

Formic acid is a liquid at room temperature with a boiling point and melting point similar
to water, making it easily adaptable to conventional infrastructure. Formic acid has a hydrogen
density of 53.4 g/L at standard temperature and pressure and a 4.4 wt.% hydrogen content.' ™ It
falls short of the US Department of Energy’s 2010 requirement for a hydrogen vector (A
possible replacement for gas for mobile applications) to contain 5.5 wt.% hydrogen', but its
hydrogen density is much higher than other conventional hydrogen storage methods. At 85 mol%
formic acid is not flammable and non-corrosive.'

Formic acid decomposition is also an important model reaction in catalysis. Formic acid
provides an ideal framework for understanding decomposition of small organic molecules, as it
is known that formic acid can decompose monomolecularly on metals through (1.1)

dehydrogenation and (1.2) dehydration pathways producing CO, and H, or CO and H,O*’:



HCOOH - (€O, + H, (1.1)

HCOOH - (€O + H,0 (1.2)

The decomposition pathways are especially important for fuel cells designed for direct
oxidation of carbon containing fuels, as CO is believed to be a poisoning species for most noble
metals which are the main catalysts used in fuel cells.” The decomposition of formic acid also
holds import to bio-derived fuel upgrading as carboxyls are common reactive groups.® Thus, it
becomes important to understand the conditions which may favour one pathway over the other.
Modern ultrahigh vacuum (UHV, <10 torr’) and surface science techniques have given us a
stage to explore these pathways on a molecular level, under well-defined conditions.

The most prominent techniques used for these investigations can be organized into two
groups: temperature-programmed desorption (TPD) and surface spectroscopy. TPD techniques
are used to identify gas-phase products of surface adsorption/reactions as a function of surface
temperature. TPD identifies whether decomposition occurs, the pathway it undergoes, and the
selectivity of the reactions. The surface spectroscopy group encompasses photoelectron
spectroscopy (i.e., X-ray photoelectron spectroscopy (XPS) and ultraviolet photoelectron
spectroscopy (UPS)), high-resolution electron energy-loss spectroscopy (HREELS), and both
photo modulated and normal infrared reflective adsorption spectroscopy (PM-IRRAS and
IRRAS). The spectroscopy techniques can characterize the intermediates of the reaction and the
orientation of the adsorbed molecules relative to the surface. These two groups of techniques are
complementary and essential for a complete understanding of a surface reaction. Both XPS and

TPD will be explained in detail in the experimental chapter.

1.1 Literature Review

The 2009 annual production of formic acid was 720 000 tons/year.” Formic acid is used



as a feedstock in the chemical industry, a preservative for food, and an antibacterial agent.” The
industrial production of formic acid involves the conversion of methanol and carbon monoxide
to methyl formate, which is then hydrolysed to formic acid.
CH3;0H + CO = HCO,CH;3 (1.3)
HCO,CH; + H,0 = HCO,H + CH;0H (1.4)
The dehydrogenation reaction (1.1) produces hydrogen and carbon dioxide, with an

J

K mol

entropy of 415.42

and a Gibbs free energy of -92.6 % at 300 K. The dehydration reaction

(1.2), producing water and carbon monoxide, has an entropy of 257.5 Kr]nol and a Gibbs free

energy of -4.3 % at 300 K. The dehydration pathway becomes favourable (AG>0) at

temperatures above 283 K, whereas the dehydrogenation pathway becomes favourable at 77 K.
Therefore, all else being equal, low temperatures should favour dehydrogenation over the
dehydration.

Formic acid decomposes extremely slowly at room temperature without the addition of a
catalyst; its rate can be attributed to its high activation energy (107.4 kJ/mol).® Due to this
activation energy, heterogeneous catalysis is an attractive method for lowering the activation

energy and increasing the rate of decomposition. The catalysts that have seen the most attention

15-20 2,14,21-28 27,29—

for formic acid decomposition are platinum’ ", palladium'>*°, ruthenium , tThodium

3¢ and nickel’” .

Catalytic decomposition of formic acid dates back to the early 2000™ century with work
by Sabatier®, with an excellent review by Mars® and a more recent UHV specific review by
Columbia’. These reviews have shown that formic acid usually decomposes in two steps: first
the molecular formic acid reacts with the metal surface to produce a surface intermediate, and

second, the intermediate decomposes to produce CO, H,O, CO,, H,, O, or C. This two-step

4



adsorption-reaction decomposition suggests the reaction occurs through a Langmuir-
Hinshelwood type mechanism (i.e., two adsorbed molecules reacting). CO, H,O, CO,, and H,
can normally be observed as gas-phase products. O and C on the other hand remain on the
surface unless a sufficiently high temperature is achieved, in the case of O, or the surface is
exposed to an oxidizing species or sputtered, for C. C and O are products of further
decomposition, such as dissociative adsorption of CO, whereas the other products are the
classical dehydrogenation and dehydration products. Mars also proposes a third decomposition

pathway with formaldehyde as a product but suggests that it is insignificant.

a) Formate

I &0

Monodentate  Bidentate  Bridging

b) Decomposition intermediates

a 0@ *f{
- f o ]I‘ =0
Dimer Anhydride Formyl

1 ]
3 -

Hydroxymethyldyne  Carboxylate
Figure 1.1: Proposed formic acid intermediates on transition metals a) binding orientations of
formate, b) decomposition intermediates®**"°.

The intermediate that is usually identified for the dehydrogenation reaction is usually the

24751
adsorbed formate>*7->173>3937

(HCOO), shown in Figure 1.1a), but there is also some literature
supposing that formate is a spectator species®’. Other possible intermediates are shown in
Figure 1.1b). Formyl (HCO) and anhydride (OCHOCHO) are both postulated intermediates of
5,6,47-50

the dimer decomposing.

In addition to the dehydration and dehydrogenation reactions there are a number of other



reactions that may occur during or as a result of formic acid decomposition. The most well-
known of these reactions is the water-gas shift (WGS) reaction (1.5).
CO+H,0=C0,+H, (1.5)
This reaction is a pathway between the products of reaction (1.1) and (1.2). If the goal is
to supply hydrogen, then the catalyst must be selective to dehydrogenation and also not facilitate
the reverse WGS reaction or the selectivity of dehydrogenation to dehydration may not be as
important if one could promote the forward WGS reaction, which is known as the indirect

pathway (1.6).

dehydration WGS
HCOOH «———— CO + H,0 « C0, + H, (1.6)

Due to the possible presence of the WGS to in formic acid decomposition, it becomes
important to understand the reaction. Looking at the WGS reaction intermediates reveals that
they are the same as formic acid decomposition, with the exception of the dimer and
anhydride.”*>® Senanayake™ identified the creation of the formate intermediate to be the rate
determining step (rds) in the WGS reaction. The rds for dehydrogenation of formic acid has been
identified the decomposition of formate.™” This presents a possible method of separating the
reactions on the same catalyst, as the WGS reaction usually occurs between 200-500 °C”° and the
decomposition of formic acid usually occurs between -44 — 220 °C°, depending on the catalyst.

In addition to the aforementioned reactions, another potentially unwanted reaction is the
creation of formaldehyde (1.7).

2HCOOH = CH,0 + CO, + H,0 (1.7)

Given the various potential species associated with formic acid decomposition it is
unlikely that formaldehyde will be seen due to its tendency to disproportionate into formate and

methoxy anions.*’



Further literature, specific to the respective surface, is presented in the introduction

section of each of the following chapters concerning the results of this thesis.

1.2 Objectives

The purpose of this thesis is to study, fundamentally, the adsorption and decomposition
of formic acid on Co(0001) single crystal and a highly stepped Co single crystal under UHV
conditions using XPS and TPD. Experimentally determined surface species are used to
corroborate the proposed formic acid decomposition pathways presented herein. Surface
coverage calculations based on the TPD and XPS data for the major decomposition products are
also reported, as well as desorption energies and pre-exponential factors. Also included is a
chapter on the design and proof of concept of a reactor and heat exchanger that was incorporated
into the existing UHV vessel. The purpose of the reactor is for both high-pressure and UHV IR

measurements, which can be used for further characterization of surface species.
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2.0 Experimental

This chapter details the theoretical and practical aspects of the equipment and techniques
used in this thesis. The topics that will be broached are the ultra-high vacuum (UHV) vessel,
sample preparation, X-ray photoelectron spectroscopy (XPS), scanning tunnelling microscopy
(STM), low-energy electron diffraction (LEED), quadrupole mass spectrometry (QMS), and
temperature programmed desorption/temperature programmed reaction (TPD/TPR). Details of

the experiments conducted will be stated in the chapters concerning results.

2.1 Ultra-High Vacuum Vessel

The UHV vessel is where all the experiments and techniques used in this thesis are
conducted. The vessel is specially designed to be able to achieve and remain at UHV pressures,
defined as 10” mbar and lower, with the aid of a series of special pumps. The chamber was
custom built by Specs GmbH and RHK. The vessel comprises 3 chambers: the load-lock,
analysis, and STM chambers all separated by gate valves. The load-lock is where samples can be
loaded in or out of the chamber. The analysis chamber houses the XPS/UPS and LEED
instruments, two quadrupole mass spectrometers (also known as residual gas analysers or RGA),
an ion sputter gun, and a metal evaporation source. The appropriately named STM chamber
contains the atomic force/scanning tunnelling microscope (STM) and a sample storage elevator.
Figure 2.1 shows a diagram of the UHV vessel. The vessel is served by two Ion pumps, two

turbo pumps, and two accompanying roughing pumps.
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Figure 2.1: Diagram of the UHV vessel with labeled points of interest. Picture provided by Specs
GmbH.

The vessel has 3 manipulating arms: the load-lock arm, used to move samples to and
from the analysis chamber; the main arm, that is used for the majority of manipulations in the
vessel and is used to move the sample between the analysis and STM chamber; and the last arm
is a wobble stick (not on a track), used to place samples onto the STM, main arm, or storage
elevator. While moving anything in the vessel, special care must be taken to not hit or damage
anything within the vessel because most things in the chamber are delicate and not easily
replaced. Replacing anything would mean having to open the vessel, which would mean losing

UHYV and having to re-achieve UHV by “baking out” the whole chamber.

“Baking out” the UHV vessel requires removing almost all electronics and covering the
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vessel in special insulating blankets with heating fans. The heating fans heat the vessel up to 113
°C, while the vacuum pumps run. Heating the vessel degasses the walls of the chambers and
allows the pressure in the vessel to decrease. When the vessel has degassed for a sufficient
amount of time, usually 24-90 hours, the vessel must be allowed to cool before removing the
insulation or else the walls or view ports could crack due to thermal stress. While the vessel is
cooling down, all the filaments on the varying instruments should be degassed, which will

prevent a pressure spike when the instruments are used.

2.2 Sample Preparation

Sample preparation encompasses a number of elements, including mounting,
thermocouples, annealing, and sputtering. This section will illustrate the general steps needed to

complete each of these elements.

2.2.1 Mounting

The sample i1s mounted on a RHK puck that is designed specifically for the manipulators
in the vessel to easily handle. The manipulators have either a fork to pick up the puck or a
horseshoe shaped sample stage to hold the puck for experimentation. The puck, shown in Figure
2.2, is made of copper and has two groves machined into it so the manipulating forks can hold it
and has a horse shoe base so the puck can only be placed in a sample stage in one orientation.
There is a hole on the side for thermocouples and a hole at the back for either a grounding base
plate to insure no current is passing through the thermocouples or for inducing a charge or bias
on the sample depending on the experiment. The thermocouple and grounding base plate holes
have two ceramic plates that squeeze the protruding wires to hold them in place as well as to

isolate them from the puck. The RHK puck is designed for the STM probe to approach from the
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top and as such has three ramps on it that the three-legged STM probe can ‘walk’ down to meet

the sample.

Figure 2.2: RHK sample puck with thermocouple and grounding plate. Picture provided by
RHK.

The sample is mounted in the puck using a number of sapphire and molybdenum or
tantalum rings to raise the sample up to the required height and to secure the thermocouple to the
sample. The choice of supporting rings can result in the sample either being grounded through
the thermocouple and electrically isolated from the puck, grounded through the puck, or isolated
from everything. The mounting of the sample has a large impact on the experiments conducted:
LEED cannot be done on any sample with a sapphire ring on top nor can it be conducted on
samples that have poor grounding. If the sample has poor or no grounding, XPS will show
unpredictable sample charging giving shifted peaks and STM will not work. If the sample is
grounded through the thermocouple without a grounding base plate during the temperature ramp
of a TPD experiment the reported temperature will become unreliable due to the current emitted

from the heating filament. If the sample is grounded through the puck the electron beam emitted
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from the heating filament will heat the sample and puck together resulting in a stronger

background and requiring higher filament current.

2.2.2 Thermocouples

The highest temperature the sample can achieve is dependent on a number of factors
including the cooling efficiency of the arm, how the sample is mounted and the number of coils
the heating filament has. Thermocouples are used to measure the temperature of the samples
placed in the system. These thermocouples are K-type, which have a range of -200 to 1350 °C.'
K-type thermocouples are made of two types of metal: chromel and alumel." The principle
behind the thermocouple is measuring the voltage drop at the junction of the two metals.' The
voltage change depends on the temperature at the junction, and hence the temperature can be
assessed. This means that the junction must be on the sample in order to actually measure the

temperature of the sample. The thermocouples are handmade in the lab.

2.2.3 Annealing

The principle behind annealing is to provide enough energy to allow enough mobility to
the atoms at the sample surface to allow it to reach an optimal surface orientation.” Heating to
high temperatures also desorbs any unwanted adsorbed species.” In order to achieve high
temperatures (above 200 °C) the main arm needs to be cooled with liquid nitrogen, as the main
arm has an iridium film, to improve thermal contact between the sample stage and the liquid
nitrogen reservoir, that cannot go above 130 °C.

The following steps are to set up the chamber for heating:

1. Connect the dry air line to the main arm and turn the dry air line control to about 5
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psia. This removes moisture from the thin tubing and prevents the formation of
ice inside of the cooling lines when the liquid nitrogen is connected.

2. After the air has been running for about 30 min, disconnect the air line, connect
and turn on the liquid nitrogen. Let the liquid nitrogen run for about 1 hour or
until the temperature of the arm reaches around -170 °C.

3. Turn on the SH-100 power supply. Now the system is ready to heat the sample.

Note: it is important to keep the pressure below 10 mbar, when the

analysis and STM chamber are connected.

2.2.4 Sputtering

Sputtering’s general concept is simple; it shoots high energy particles at the surface of the
sample to remove surface atoms.> Since contaminants occupy the top layer, the surface is cleaned
in the process. The higher the temperature at which the sputtering takes place the more of the
surface is removed. The sputter gun used has a maximum 3 KeV and uses argon as a gas source.
The control system, IQE 11-A, for the Ion gun is extremely simple as it only has two knobs, one
for the energy level (the kinetic energy given to the Ar particles) and the other for “stand by”,

“degas”, and “operate”.

2.3 X-rayv photoelectron spectrosco XPS

XPS is a quantitative method to measure the chemical state, elemental composition,
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empirical formula and electronic state of the elements at the surface of a material.*® The
spectrum is acquired by irradiating the material with a beam of X-rays, generated by an X-ray
source, while measuring the kinetic energy and quantity of electrons that escape from the top 1-

10 nm of the material. Due to the fact XPS measures freed electrons it requires UHV.
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Figure 2.3: Illustration of a XPS performed on Cu, and the respective spectrum.’
2.3.1 Theoretical
XPS can measure the binding energy of the electrons, based on the equation*:
Ebinding = EX—ray - Einetic— @ (2.1)
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Since the energy of the X-ray (Ex.ray) is known and the kinetic energy can be measured
(Exkinetic) and the work function of the instrument (@) is a constant inherent to the system and as
such can be found, the binding energy (Epindging) can be calculated. The released electrons form a
unique spectrum for each element. The binding energy changes due to the interactions with
surrounding elements and thus XPS can also show a chemical shift, such as an XPS spectrum of

CO; vs. elemental C will reveal a slight shift in the carbon peak.

As mentioned above, XPS can only measure freed electrons from the top 1-10 nm of a
given material and therefore is used to analyze the surface of a material. XPS can detect all
elements except hydrogen and helium, for these elements the “catch probability” (the likelihood
of an electron to absorb the energy of an X-ray) is basically zero.* ® The lower detection limit for
most elements is parts per thousand, but can be decreased to parts per million by either
concentrating on the top surface of the material (i.e., tilting the sample, increasing the surface
sensitivity) or having a very long collection time.

The main components of the XPS system are:

A source of X-rays

An electron energy analyzer

An electron collection lens

An ultra-high vacuum (UHV) stainless steel chamber with UHV pumps
Mu-metal magnetic field shielding

X-rays are generated by bombarding an anode material (Al or Mg) with high-energy
electrons. The electrons are emitted from a thermal source, an electrically heated tungsten
filament. The photon flux from the X-ray anode is proportional to the electron current contacting
the anode.*® The maximum anode current is dependent on the efficiency of heat removal from

the anode; for this reason, the X-ray anodes are water-cooled.
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Figure 2.4: Freed electrons traveling through a hemispherical analyzer ®

There are a number of different types of analysers, but for the sake of simplicity only the
type that was used will be explored, which is called a hemispherical electron energy analyser.
This type of analyser is used for applications where higher resolution is needed.*® The analyser
is composed of two concentric hemispherical electrodes, inner and outer hemispheres as shown
in Figure 2.4, each of which is held at a certain voltage. In the analyser, the electrons that pass
through are linearly dispersed along the direction connecting the entrance and the exit slits,
depending on their kinetic energy. When the two hemispheres are given electric potential, the
electric potential and field in the space between the hemispheres can be calculated. The electric
field created between the hemispheres is in effect a filter, as it only allows electrons with a
certain energy to pass through the entrance slit and into the exit slit where the detector is located;
this required energy is called the pass energy.“f6 The pass energy can be calculated from the
electric field created and the geometry of the hemispheres and as such, the pass energy is an
important variable in XPS software. Decreasing the pass energy decreases the acceptable energy
deviation of the electrons from the desired measured energy, thereby decreasing the number of

electrons that are detected, but increases the resolution.
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Specifics of the XPS and detailed notes operation of the XPS are given in Appendix I.

2.4 Scanning Tunnelling Microscope

A scanning tunnelling microscope (STM) is an instrument used to image surfaces of
materials at the atomic level. Good resolution is considered to be 0.1nm or 1A lateral and depth
resolution.” With this resolution, individual atoms can be imaged and manipulated. STM can be

used in UHV, air, water, and other fluids, and at temperatures ranging from almost 0 K to a

several hundred degrees Celsius.

Figure 2.5: a STM tip being lowered to a sample."’
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STM is founded on the concept of quantum tunnelling. When a conducting tip is brought
very near to the surface to be examined and a voltage difference, called a bias, is applied to the
surface, with reference to the tip; this allows electrons to tunnel through the vacuum or medium
between them. The amount of electrons tunnelling through the tip, called tunnelling current is
dependent on the position of the tip, the applied voltage or bias, and the local density of states of
the sample.” The information is acquired by monitoring the current as the tip scans across the
surface; this is displayed as an image. STM requires extremely clean and stable surfaces, sharp
tips, vibration control, and refined electronics. The actual steps a STM takes as it takes an image

is explained in detail in the next paragraphs.

First, a voltage bias is applied to the sample and the tip is brought close to the surface
with the use of a coarse tip control unit, which is subsequently turned off when the tip and
sample reach the desired tunnelling current. Once the tip is close the fine tip control mechanism
takes over, which allows for complete 3-dimensional movement. The tip is usually about 4-7 A
away from the surface, this is the equilibrium position between attractive and repulsive
interactions. Once in the equilibrium position, the bias and the resultant tip’s position can be
varied in order to obtain the desired resolution, which depends on the experiment. While
scanning the tip across the surface the changes in tunneling current are mapped and result in

topographic (distance tip travels in the z direction) and current map of the surface.
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Figure 2.6: STM system diagram."!

In addition to scanning across the surface of a sample, data on the electronic structure of
a location on a surface can be found by sweeping the voltage and measuring the current at a
specific site. This measurement is called scanning tunnelling spectroscopy and results in a plot of
local density of states as a function of energy. It is also important to note that all images recorded
by STM are greyscale, which means it varies the colour of the image depending on the relative
intensity of the data points. For example, it will colour a point red if it has a high current or black
if it has a low current. The colours can be changed to give an aesthetically pleasing contrast to
emphasize important features.
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Detailed notes on the operation of the STM are given in Appendix II.

2.5 Low Energy Electron Diffraction
Low energy electron diffraction (LEED) is a method for determining the surface structure
of crystalline materials by bombarding the sample surface with a beam of low energy electrons
and observing the diffracted electrons as spots on a fluorescent screen.'”" In order to see
patterns from a LEED experiment the sample surface must be clean, free from unwanted

compounds and atomically smooth; as such the experiments are performed in UHV.

The LEED is used to analyse the spot positions of the diffraction pattern to give
information on the symmetry of the surface structure. If in the presence of an adsorbate, the
analysis can reveal information about the size and rotational alignment of the adsorbate with

respect to the substrate.

Fluorescent screen

Electron gun

Figure 2.7: LEED experimental setup and LEED pattern of Si(111)"*

Low-energy electrons (20 -200 eV) have a wavelength around 1-2 1&12’]3, which is less
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than the interatomic distance of solids allowing for the observation of diffraction patterns with
structural information to be obtained. Upon penetrating the surface, primary electrons (electrons
emitted from the electron gun) will lose kinetic energy due to inelastic scattering processes such
as plasmon-and phonon excitations and electron-electron interactions. When the nature of the
inelastic processes is not important they are treated by assuming an exponential decay of the
electron beam intensity. For low energy electrons the penetration is only a couple atomic layers
and the deeper the electrons penetrate the less they contribute to the diffraction pattern, which is
gives LEED a very high surface sensitivity;'>"> Making LEED an ideal technique to confirm if a

sample surface is clean.

The diffraction pattern is caused by what is known as kinematic diffraction. Kinematic
diffraction is when electrons impacted on an ordered crystal surface and are elastically scattered
only once. The actual pattern is caused by constructive interference of the electrons to form

bright spots on the fluorescent screen.'>"?

Using LEED, it becomes possible to identify what is known as a superstructure. A
superstructure is an adsorbed species that forms a well ordered lattice on top of a samples
surface. The superstructure can only be a couple of atomic layers deep or the LEED will only
detect the top layer. Knowing the underlying surface’s LEED pattern it becomes possible to
identify the pattern due to the superstructure. The symmetry and rotational alignment of the

superstructure can be found with respect to the surface.'>"
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2.6 Quadrupole Mass Spectrometers

Quadrupole mass spectrometer (QMS), also known as a residual gas analyser, is a
technique that allows for the identification of gaseous chemical species by filtering ions based on
their mass to charge ratio (m/z)."> """ In UHV QMS is mainly used for two reasons; identifying
leaks in the chamber and Temperature Programmed Desorption which will be explained later.
QMSs are composed of four main parts:

- lon source or ionizer: ionizes the gas producing positive ions

- Quadrupole mass filter: filters ions

- Ion detector or current collector: collects the ions that pass through the filter producing a
current

- Electronics that control the parameters of the filter

The ion source creates ions through electron bombardment, usually using a tungsten
filament."”> " A fraction of the gas gets ionized by the electrons and makes a fragmentation
pattern, which is when the parent molecule fragments into smaller pieces. This fragmentation
pattern depends on the chemical species and the ionizing energy'’, this allows for identification
of disparate chemical species. For example, carbon monoxide and nitrogen gas both have a
molecular weight of around 28 amu, meaning the parent molecule will have a m/z of 28. Without
fragmentation it would be impossible to distinguish the two but carbon monoxide will have
carbon, 12 m/z, and oxygen, 16 m/z, in its fragmentation pattern where as nitrogen gas will only
have nitrogen, 14 m/z.*° Not only with the each chemical species fragment differently, they will

. . . . e . . 19
also ionize in different amounts depending on their ionization cross section.
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The quadrupole mass filter is composed of 4 parallel metal rods in a square configuration,
as shown in Figure 2.8. The rods are put under a combination of DC and AC voltages. The rods
that are opposite each other are connected and thus share the same voltages. The two sets of rods
are put under opposite DC voltages giving one set a positive over all voltage and the other
negative. These 4 poles induce an electric field that ultimately filters ions based on their m/z.

The positive rods act as a high pass filter, meaning they filter out low mass to charge ions
and allow high m/z ions pass through. The DC voltage applied naturally repulses the ions as both
have like-charges, but as the AC voltage changes from positive to negative and overcomes the
DC voltage the rods overall charge changes to negative for a short period of time. This change of
charge undergone by the rod causes the ions to change their trajectory to move toward the rod.
The rods are constantly changing overall charge and results in the ions moving in a wave like
motion. If the ions that have low mass to charge ratio have greater mobility and respond faster to
changes in polarity."”>'® Thus, ions under the specific m/z that desired will have an unstable
pathway and collide with the rods, neutralizing the ions. The negative rods are a low pass filter,
meaning they filter out high mass to charge ions. The principle of operation is the same as that of
the positive high pass filter; relying on the mobility of the lower m/z ions. The difference being
the natural trajectory of the ions is towards the rods, due to the negative DC voltage, and not
through the filter.">'® Thus, the larger mass to charge ions respond weakly to the voltage change
and their momentum gives them an unstable path through the filter. With both the positive and
negative sets of rods, high and low pass filters working in tandem it becomes possible to make a
“window” that allows only a single mass over charge ratio through the filter. The resolution of

the QMS used in this thesis is ~0.8 m/z.
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Figure 2.8: Schematic of a quadrupole mass filter”'

There are a number of different detectors for QMS, but for the sake of brevity only the
one used in this thesis will be explained, which is a microchannel plate detector (MCP). MCP
detector is a 2mm thick plate with an array of channels, approximately 10 microns in diameter
and spaced 15 microns apart that is put under negative voltage to attract the positive ions. The
channels are parallel to each other and are enter ~8° from normal. The channels are continuous
dynode electron multipliers, which when an ion impacts the side of one of the channels induces a
cascade affect, which propagate through the channels, multiplying the signal by several orders of
magnitude. The propagated electrons are then collected by a positively charged anode plate
creating a current. This current is proportional to the amount of ions that are neutralized."
Knowing that the fragmentation pattern and amount of gas ionised depends on the chemical
species and that the current is proportional to the amount of ions neutralised it becomes possible

to identify, separate, and quantify the chemical species observed in a QMS.
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2.6.1 Practical Considerations

The QMS is a Pfeiffer Vacuum Prisma 200. It has a measureable range of 1 to 200 m/z,
tuneable ionization parameters, and an operating pressure range of 1 x 10— 1 x 10™* Torr. The
accompanying software package is called “QuadStar” or QS. In order to actually take a spectrum
the executable file “Measure” must be opened. Once opened the software will automatically find
and connect to the QMS, if the QMS is connected to the computer. The software has a number of
different operational modes; Scan which scans a range of masses specified by the user; Multiple
Ion Detection or MID which measures individual m/z ratios specified by the user; and Multiple
Concentration Detection or MCD which attempts to automatically identify, separate, and
quantify the components in the gas observed. The scan function is mainly used when trying to
identify major m/z ratios for compounds and as an indicator of the UHV vessels background
composition. The MID mode is used when the major m/z ratios are known for a set of gasses and
are to be observed. MCD requires an incredible amount of non-trivial calibration and was never
used in this work.

In order to quantify the data the fragmentation pattern of each molecular species must be
taken using the same QMS that the data is taken from because each QMS will produce a slightly
different fragmentation pattern that will have a large impact on the quantification process. Once
the fragmentation patterns are known the separating and identification of molecular species that
share m/z ratios becomes possible but the process can long and difficult if there are multiple
species that share m/z ratios. The process may not be possible for some molecular species, if the
sensitivity factor (factor to account for differing ionization cross-sections) cannot be found and

one does not have the special set-up to test for the sensitivity factor.
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2.7 Temperature Programmed Desorption

There are a number of different techniques for studying surface reactions that use
“temperature programmed” to delineate processes with disparate activation parameters. These
techniques are applied to a system under UHV conditions in which a chemical species is
adsorbed to a surface and a heating temperature programmed, usually a linear ramp, induces
either desorption or a reaction; known as Temperature Programmed Desorption (TPD) or
Temperature Programmed Reaction (TPR), respectively. Although TPD and TPR have different
names and observe different phenomenon there is no practical difference between the two.

The experiment is quite simple, one or more chemical species are adsorbed onto a sample
surface at a relatively low temperature. Then the sample is heated to give a linear temperature

ramp, usually between 2-10 K/s**%°

, while monitoring the species that are evolving from the
surface. Our choice of detector for monitoring the chemical species is a QMS. The detector is
usually differentially pumped, or in our case it is encased in a bulb made of either glass with a
small hole on the bottom that is I mm in diameter, as shown in Figure 2.9. The sample surface is
placed as close as possible to the hole in the bulb, so as to ensure that the majority of what is

evolved from the surface is measure by the QMS. The QMS usually measures multiple m/z but

for the simplest experiments may measure only one.

32



Figure 2.9: Operating QMS encased in a glass bulb, with a Pt(111) sample mounted in a sample
puck on the sample stage of the main manipulating arm.

The resulting QMS spectrum will be a current vs. temperature plot. As aforementioned
the current of the QMS is proportional to the pressure and therefore proportional to the rate of
desorption. The temperature of the desorption peak is related to how strongly the species is
bound to the surface.”* > From these it is possible to calculate the pre-exponential factor and

activation/desorption energy of the observed reaction/desorption.

The general form of the rate of desorption of a surface species is given by:***
_Eges
Rges = v 6% e RT (2.2)

Where R, is the desorption rate, v is the vibrational frequency factor, 8 is the surface coverage
of the desorbing species, x is the order of desorption, EZ® is the energy of desorption, and T is
temperature.

With the introduction of a linear temperature ramp in a TPD experiment additional
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2225
parameters can be added:

T=T,+pt (2.3) dT = [t (2.4)

Where T, is the initial temperature, §§ is the temperature increase per second, and t is time
in seconds.

After quantification of the current measured by the QMS, P(T), it is equal to the rate of

decrease of surface coverage of the adsorbed species giving:

_Eges

p(T) = —Q = v 6% e RT (2-5)

ar — B

From this it is possible to find the Energy of desorption and vibrational frequency factor
for an adsorbed species.

For TPR a mechanism and rate determining step must be found or determined in order to
calculate the pre-exponential factor and activation energy.”> >> Once a rate determining step is
found the rate constants can be calculated for every measured temperature. Using multiple

surface coverages of the chemical species, the rate constants dependence on temperature, k =

_Ea

—_— : 22-2
A e®r, and possible dependence on surface coverage® >

it 1s possible to find the activation
energy and pre-exponential factor. By plotting In (k) at the same surface coverage for a number

of different exposures of the molecular species, vs. the temperatures at which the surface

coverages occur, the slope of the line will be _ITET“ and the intercept will be In A.***

2.7.1 Practical Considerations

Despite the simplicity of this experiment it is extremely hard to get reliable, clear, and
uncontaminated results. This experiment is a very long day of collecting data. First the sample
must be cleaned and cooled down to the temperature needed to dose the chemical species,

usually as low as possible (i.e., 120 -130 K). Then the gas manifold used to dose the chemical
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must be able to hold a constant pressure for at least 30 minutes to insure there is no external
contaminates. These contaminates can modify or completely change the interpretation of a
TPD/TPR. Then the lowest dosage of chemical is introduced to the chamber. The position of the
sample during this period of time is crucial for reproducibility, as the position of the sample will
have immense effect on surface coverage, so the sample must always be in the same place when
dosing. The sample is then moved into position below the QMS, the QMS is turned on and
recording the m/z of interest. The linear temperature ramp program is then started, in which the
ramp rate and the process control parameters can be modified and records the temperature vs.
time. The temperature ramp program was originally programmed in LabView by Javier B.
Giorgi then modified by Richard G. Green, and then I reprogrammed and optimised for a lower
initial temperature and higher ramp rate. Once the temperature has reached the maximum
temperature in the program the sample must be cleaned again, usually flashing to a high
temperature. The surface is checked by XPS or LEED to ensure it is clean and then the sample
must cool again to the temperature it was previously dosed at and the next lowest dosage is
introduced. This process continues until all desired dosages are done. One cool-dose-run-clean
cycle takes about 1 1/2 hours and the number of differing exposures is usually 8 to 10. If there is
a problem with the temperature ramp, such as the ramp is not linear, or the sample is not
grounded properly the run must be repeated.

Once the actual experiment has been conducted, the QMS file and temperature file must
be correlated. This is done by a VBA macro originally programmed by Richard G. Green and
then I reprogrammed it to work with a newer version of excel and to incorporate multiple m/z
ratios. This macro takes both files and plots the QMS current vs. a calculated temperature taken

from the temperature ramp. Then the process of quantifying the QMS data can start. Once all of
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the QMS data has been quantified the analysis of the reaction/desorption rates can occur.
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Chapter 3:

Adsorption and Decomposition of Formic Acid on

Co(0001)
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3.0 Decomposition of Formic acid on Cobalt (0001)
Jeffrey J. Sims™®, Cherif Aghiles Ould Hamou™, Javier B. Giorgi™®

“Centre for Catalysis Research and Innovation, "Department of Chemical and Biological Engineering, “Department
of Physics, “Department of Chemistry,
University of Ottawa, 10 Marie Curie Pvt., Ottawa, Ontario, Canada. KIN 6N5.

3.1 Abstract

Formic acid can decompose to CO and H,O or H, and CO,, through the dehydration or
dehydrogenation pathways, respectively. The mechanisms and selectivities of these reactions
depend on the nature of the catalysts used. This work provides mechanistic insight into the
decomposition of formic acid on Co(0001). The adsorption and decomposition of formic acid on
a Co(0001) single crystal of cobalt was studied in ultra-high vacuum by XPS and temperature
programmed desorption.

Formic acid adsorbs molecularly on the surface below 160 K. Partial decomposition
through the dehydration pathway occurs at 140 K. At 160 K decomposition of formic acid into
formate is dominant. The dehydration reaction occurs again at 236 K when part of the
dissociated formic acid associatively desorbs and reacts to form CO and H,0. At 415-450 K CO,
CO,, and H; are observed desorbing from the surface in a 1:1:1 ratio. All H,O observed is equal
to the quantity of CO produced. The fact that the amount of H,O and CO is equivalent and the
presence of the 1:1:1 desorption ratio at 415-450 suggests that part of the formic acid adsorbed
undergoes a bimolecular reaction and the rest follows the dehydration reaction. A full
mechanism for the bimolecular reaction is proposed for which the measured parameters are:
activation energy = 44.3 £+ 0.6 kJ/mol, pre-exponential factor = 0.70 = 0.05 mbar/s, an order of -1
with respect to the surface coverages of formate and carbon, and a 0™ order with respect to the

hydroxyl.
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3.2 Introduction

The adsorption and decomposition of formic acid on transition metal surfaces has been
the subject of many studies. Formic acid has garnered this interest for a number of reasons.
Formic acid decomposition possesses similar intermediates as the water-gas shift reaction,
methanol oxidation, and they are likely present in oxidations of large organic molecules and
steam reforming reactions. Formic acid also has been purposed as a hydrogen vector for mobile
application. Formic acid has been used as a model molecule for characterizing catalyst surfaces
because it is a simple molecule that has two known decomposition pathways producing either

CO; and H,; or CO and H,O, known as the (3.1) dehydrogenation and (3.2) dehydration,

respectively.
HCOOH - C(CO0, + H, (3.1)
HCOOH - (CO + H,0 (3.2)

Single crystal investigations of formic acid on transition metal surfaces have shown
orientation-dependent reaction behaviour, for example on Pt(111) formic acid decomposes
purely through the dehydrogenation reaction'” and on Pt(100), formic acid does not react.’
Formic acid has also been suggested to undergo a bimolecular decomposition pathway on Cu*®,
Ru’, Ni**® surfaces in addition to, or instead of, the dehydrogenation and dehydration reactions.

Despite cobalt’s prevalence as a water-gas shift’ and methanol oxidation'® catalyst, as

=19 5 f direct formic acid/methanol fuel

well as an additive to increase performance and stability
cell catalysts very little investigation has been done into formic acid decomposition on cobalt
surfaces.

Toomes and King®® explored monolayer and multilayer potassium-promoted synthesis of

surface formate and the decomposition of formic acid on Co(1010) by infrared reflective
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adsorption spectroscopy (IRRAS) and temperature programmed desorption (TPD) in the
temperature range 160-640 K.*° Toomes and King® found the surface formate was synthesised
from CO, O,, and H, at 300 K. Formic acid chemisorbed onto the potassium layer forming
formate and hydrogen at 160 K. The formate decomposed to CO, H,, and atomic O above 250 K.

Inglis and Taylor® studied the decomposition of formic acid on 1% row transition metal
thin films under 30 Torr of formic acid and temperatures between 100-300 °C. They reported a
CO,:CO ratio for Co of approximately 1 : 1. They also found that this ratio was independent of
temperature for the temperature range used in their experiments and postulated that formic acid
may decompose through a bimolecular pathway.

This study will explore, fundamentally, the decomposition and adsorption of formic acid
on Co(0001) single crystal under ultrahigh vacuum (UHV) conditions characterized by low
energy electron diffraction (LEED), using X-ray photoelectron spectroscopy (XPS) and TPD.
Experimentally determined surface species are used to corroborate the proposed formic acid
decomposition pathway presented herein. Surface coverage calculations based on the TPD and

XPS data for the major decomposition products are also reported, as well as desorption energies.

3.3 Experimental

Experiments were carried out in a UHV chamber with a base pressure of 3 x 10" mbar.
The chamber contains an XPS, LEED, STM/AFM, mass spectrometer for TPD measurements,
and has been described in detail previously in the experimental chapter.

The 8 mm diameter and 0.5 mm thick cobalt (0001) single crystal sample (hcp phase)
with purity of 99.999% was purchased from Princeton Scientific. The Co(0001) crystal surface
was cleaned by repetitive cycles of 10 min of sputtering (3 keV, 1 x 10 mbar Ar"), followed by

annealing to 600 K for 5 min. The sample was confirmed clean by LEED from the hexagonal
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diffraction pattern, shown in Figure 3.1. Temperatures above 630 K were avoided due to the Co

21,22

phase transition from hcp to fcc at 670 K*“. The sample was heated by electron bombardment

and the temperature was measured by a chromel-alumel (K-type) thermocouple.

Figure 3.1: LEED patterns of clean Co(0001) obtained with A) 30 eV and B) 102 eV.

HPLC-grade formic acid (99% purity) was purchased from Sigma Aldrich. The formic
acid was introduced to the UHV chamber through a leak valve that was connected to a gas
manifold with a formic acid reservoir. The reservoir underwent a series of freeze-pump-thaw
cycles to ensure the pressure of the gas manifold was that of the vapour pressure of formic acid.
Formic acid was dosed by backfilling the chamber. All exposures are reported in Langmuir (1 L

= 1.0 x 10" Torr s) without corrections for the gauge sensitivity.

3.3.1 XPS

XPS spectra were recorded using a standard Al Ka source (1486.7 eV) operated at 289.7
W (14.2 kV, 20.4 mA). Selected peaks were obtained in high resolution spectra using 0.1 eV step
size, 1 second dwell time, and pass energy of 20 eV. When necessary, each region was scanned 3
times to increase the signal to noise ratio. The spectra were then fit using CasaXPS analysis
software using a mixed Gaussian Lorentzian function and Shirley background subtractions. The
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binding energy scale was calibrated using cobalt (Co 2p 3/2 =777.8 eV).

X-ray exposure was kept to the minimum required to reduce formic acid decomposition
due to the X-ray beam. The clean sample was dosed with formic acid at 130 K and then heated
up to the desired temperature of observation then the spectrum was taken. Once the spectrum
was finished, the sample was flashed to 630 K to clean the sample surface and verified clean by

LEED. This process was repeated for each temperature of interest.

3.3.2TP

The sample was dosed with varying exposures of formic acid at 130 K and placed
approximately 1 mm below a 1 mm diameter hole leading to the differentially pumped mass
spectrometer. The temperature controlled heating ramp was programmed in LabView and
designed to provide and record a linear temperature ramp using a PID controller feedback loop.
All experimental ramps started at 130 K and ended at 550 K, with a ramp rate of 4.6 + 0.15 K/s.
The sample was annealed at 630 K for 5 min after each exposure to clean the sample. A total of
13 channels corresponding to m/z values of 46, 45, 44, 40, 32, 29, 28, 18, 17, 16, 14, 4, and 2,
were monitored for the formic acid TPD experiments. These m/z values correspond to the

expected species and their respective fragmentation patterns.

3.4 Results

The XP spectra in Figure 3.2 show that formic acid molecularly adsorbs on Co(0001)
below 160 K, which corresponds to the molecular adsorption temperature on potassium doped
Co(1010)* and is similar to other transition metals*. The binding energies of formic acid for the
corresponding elements are carbon at 289.7 eV, and oxygen at 534.15 eV and 533 eV. At 140 K

another carbon peak evolves and the oxygen envelope becomes asymmetric. This can be
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attributed to formic acid going through the (3.2) dehydration pathway producing carbon
monoxide and water. The binding energy of carbon monoxide in the carbon region is 286.2 eV>"
2 The oxygen peak at 533 eV is a combination of the oxygen from carbon monoxide, 532.2
eV water, 532.7 eV*°, and formic acid. Due to the higher binding energy formic acid oxygen
and the known stoichiometry of formic acid, it becomes possible to isolate the formic acid
oxygen peak at 533 eV. The binding energies of water and carbon monoxide are too similar to

separate and thus are represented as a single peak.
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Figure 3.2: XPS of 1 L formic acid adsorption at 130 K and subsequent decomposition on
Co(0001). C 1s and O Is regions shown at varying temperatures of interest.

Upon heating to 160 K, there is a shift of 0.8 eV in the carbon peak, to 288.9 eV, and the
disappearance of the higher energy, 534.15 eV oxygen peak associated with formic acid. The
shift in the carbon peak is in agreement with formic acid dissociating to formate and hydrogen27_
! and the disappearance of the higher energy oxygen peak also indicates the formation of

formate binding in either the bidentate or bridged orientation. Due to the disappearance of the
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higher energy formic acid oxygen peak, the deconvolution of the oxygen peak at 533 eV is no
longer possible and therefore is the combined signal of formate, carbon monoxide, and water.

By 170 K, a third peak in the carbon region at 284.6 eV and a small peak in the oxygen
region at 530.9 eV can be distinguished. At this temperature, carbon monoxide dissociates to
carbon and oxygen on Co(0001), with binding energies reported at 284.3 ¢V and 531.0 eV> %,
respectively. The error in binding energies is within the resolution of the XPS, thus it is
reasonable to assume the dissociation of carbon monoxide is responsible for the additional XPS
peaks. Increasing the temperature up to 200 K, there is a decrease in the formate peak and a shift
in the oxygen peak to 532.5 eV. The apparent shift in the oxygen peak can be explained by the
fact that the adsorbed carbon monoxide to formate ratio is increasing and thus the convoluted
oxygen peak is shifting towards the carbon monoxide binding energies. Above 200 K desorption
of several species becomes significant in the timeframe of XPS measurements. Thus, another
technique was needed to further the investigation, here temperature programmed desorption
(TPD) was used.

The TPD spectrum of m/z 46 in Figure 3.3 shows that molecular formic acid starts to
desorb from the surface of Co(0001) at 160 - 220 K, with a main peak at 178 K. All peaks below
200 K are exclusively due to the fragmentation pattern of formic acid with the exception of m/z
18, which is due to water, and m/z 2 which is combination of formic acid and water. Water also
desorbs from the surface of Co(0001) at 160 - 200 K which is in good agreement with Xu et al.*
for water on Co(0001).

A peak starts to develop at 236 K in m/z 18, 2, 28, 44, and vary slightly in 46 for the 1 L
and above exposures. These peaks are due in part to formic acid desorption and also carbon

monoxide and water evolution from the surface. This suggests the dehydration reaction is
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occurring, as all adsorbed water desorbs between 160-200 K. Knowing from the XPS data that
formic acid dissociatively adsorbs on the surface above 160 K, the TPD spectrum suggests that
formate and hydrogen recombine at 236 K desorbing as formic acid and the desorbing formic
acid reacts through the (3.2) dehydration pathway. From 250 - 400 K, carbon monoxide desorbs
from the surface’> . From the XPS data, it is known that formate, carbon monoxide, carbon,
oxygen, and water adsorb on the surface and with the implied dissociation of formic acid to
formate and hydrogen, hydrogen is also a surface species. Hydrogen desorbs from Co(0001) at
370 K** in a broad second order desorption peak.

Looking at the TPD spectrum of m/z 2, with the exception of the 0 to 0.5 L exposures,
which is attributed to ambient hydrogen that dissipates as the experiment progresses, hydrogen
does not desorb from the surface at 370 K. Pure hydrogen desorbs at 370 K from Co(0001).% As
hydrogen does not desorb at this temperature it must react with another surface species in order
for conservation of mass to be preserved. It is unlikely that hydrogen would react with either
formate or carbon, as the former should either produce formic acid or undergo the (3.1)
dehydrogenation reaction. The latter would imply possible methane production; neither coincides
with the observed TPD spectra. Hydrogen does not react with water on Co(0001)*® and is
unlikely to react with carbon monoxide as it would produce formyl and there is no XPS evidence
of the presence formyl. This leaves only oxygen as a possible reactive species for hydrogen,
which most likely produces hydroxyls. With hydroxyls on the surface this would mean that
carbon, which would have normally associatively desorbed with the oxygen as carbon monoxide,
must have also remained on the surface. Table 3.1 reports all relevant desorption energies
calculated by Redhead analysis and the corrected pre-exponential factors used, calculated by the

Charles T. Campbell et al relation.”
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Figure 3.3: TPD spectra of mass/charge 46, 44, 28, 18, and 2 of 0 — 5 L exposures of formic
acid, dosed at 130 K, on Co(0001) under a linear temperature ramp of 4.6 K up to 550 K
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Table 3.1: Desorption energies of observed species, calculated by Redhead analysis.

Species Temperature K Vges - mbar/s Edes kJ/mol
Formic acid 174 1.1x 10" 50.2
236" 1.7x 10" 69.5
Water 175 2.6x 10" 48.8
Carbon monoxide°® 275 48x10" 79.1
300 52x10" 86.7
320 55x 10" 92.8
380 6.5x 10" 111.3
400° 6.9x 10" 117.5

*Preexponential factor derived by the method of Campbell et al.”

®Associative desorption.
“Molecular carbon monoxide desorption shows multiple peaks in this temperature range.
Reported associative desorption.”*

25,34

Starting at 0.5 L a peak appears in m/z of 46, 44, 28, and two at 415 K. As the exposure
of formic acid increases from 1 to 5 L, the peak starts to develop a triplet peak characteristic,
with main peaks at 415, 438, and 455 K. After quantifying the TPD spectra explained below, it
was found that these peaks were due to carbon dioxide, carbon monoxide, and hydrogen
evolving from the surface in a 1:1:1 stoichiometric ratio. This implies that a reaction is occurring
on the surface, as all species have desorption energies below the peak temperature. The
stoichiometric ratio suggests that the observed reaction is not the dehydration (3.2) or the
dehydrogenation (3.1) pathway. As previously mentioned, carbon monoxide and water both
desorb at lower temperatures, thus cannot take part of this reaction, leaving formate, carbon, and
hydroxyls. With known products and the likely reactants, it suggests the following pathway:

HCOO(adS) + C(ads) + OH(ads) 4 COZ(g) + CO(g) + HZ(g) (33)

In order to quantify the TPD, the data has been separated by molecular species (i.e.,
water, carbon monoxide, carbon dioxide, and hydrogen) and been converted to equivalent N,
current allowing for direct comparison and converted to pressure. Deconvolution of the currents
for each species was achieved by independently measuring the fragmentation patterns of each

molecule in the MS and adding the fragmentation patterns of the molecules together until the
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observed currents were matched. This deconvolution is necessary because many of the m/z are
shared by the molecules present such as m/z 46, 45, and 44 values being shared by both formic
acid and carbon dioxide, as well as m/z 28, 29, 16, and 14 values being shared by carbon dioxide,
carbon monoxide, and formic acid.*® The conversion of the currents to equivalent N, was
achieved by using the deconvoluted currents of each molecule, summing the relevant currents of
fragmentation pattern and dividing by the relative sensitivity factor of ionization for the relevant
molecule.*® The conversion to equivalent N, current is required for the quantification of the TPD
data because of the differing ionization cross sections of each species. The difference in
ionization cross section results in differing current produced for equal amounts of molecules for
each species passing through the MS. Once the current has been converted to equivalent N the
conversion to pressure is possible knowing the ionization energy of the MS.?® From this data the
stoichiometry of each event can be gleaned.

With the aforementioned 1:1:1 ratio of reaction (3.3), it is also important to note that the
total amount of carbon monoxide produced is equivalent to the total amount of water produced.
Thus the dehydration reaction (3.2) is also occurring on the surface both at 236 K and below the
desorption temperature of water, 160 K.

Looking at the decomposition of formic acid on Co(0001) as a whole, the above data

suggests the following reactions occur at the relevant temperatures:

HCOOH gy + 25° & HCOOH qqs, <160 K (3.4)
HCOOH g5 + 5" & CO(ags) + Hy0taas) 140K (3.5)
HCOOH gg5) + S & HCOO(aas) + Heaas) 160 K (3.6)
HCOOH qq5) <5 HCOOH g, + 25" >160 K (3.7)
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k
Hy0(aqs) © Hy0g) + 25 >160 K (3.8)

COtaas) + 5" < Claas) + Ogaas) ~170 K (3.9)

HCOO qas) + Haas) <3 COgy + Hy0(g + 35 236 K (3.10)
COaas) <3 COy +5° 300-400K  (3.11)
Otads) + Hiags) < OHags) + S° 370K (3.12)

k
HCOO(aas) + OHags) + Cads) & Hz gy + CO(gy + €Oy + 4S* 400-470K  (3.13)

Where S* is an available surface site on Co(0001).

From the above pathways two main reactions can be established; the dehydration reaction
through pathways (3.4), (3.5), (3.6), and (3.10) and the reaction involving pathway (3.13). By
looking at the latter as a concerted process by combining reactions (3.4), (3.5), (3.6), (3.8), (3.9),
(3.12), and (3.13) the overall reaction becomes:

2HCOOH -» H,0+CO+H,+CO, (3.14)

Equation (3.13) is the rate determining step, as it requires the highest temperature and it
has been previously predicted that the decomposition of formate would be the rate determining
step™’. The Langmuir-Hinshelwood type kinetic rate constants can then be derived (3.15). Due
to UHV conditions the reverse reaction is negligible and thus can be simplified to (3.16).

rategor = keOucoobonbc — k—6PH2PC0PCOZHS*4 (3.15)

rategor = keOncoobonbc (3.16)
Where 65+ is the concentration of available surface sites and is defined as the following:

95* = 1 - (HHCOO + HOH + 9(3 + HCO + 91.120) (317)
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With the quantified TPD data of the major products, leading edge analysis®®~’ was

conducted, which allows for the calculation of reaction energies and pre-exponential factors.
Using the integration of the major products for each exposure, assigning the appropriate pathway
to the relevant peaks, and assuming the number of sites each species occupies on the surface the
total number of surface sites occupied can be found. The total number of surface sites occupied
became more or less constant at 3 — 5 L exposures; the average of those exposures was used as
the total number of surface sites. The rates of reaction were found from the pressure of carbon
dioxide evolving from the surface at a given temperature multiplied by the linear temperature
ramp to report values of pressure/second. The forward rate constant was calculated for multiple
coverages of formate using equation (3.16). Then using an Arrhenius plot at specific coverages,

the activation energies and pre-exponential factors were found, as shown in Figure 3.4.
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Figure 3.4: Plot of In k vs 1/T for Oncoo = 0.9, with the equation of the fitted line and R’.
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From the analysis, an activation energy of 44.3 + 0.6 kJ/mol and pre-exponential factor of
0.70 + 0.05 mbar/s were obtained for the rate determining step pathway (3.13). The pre-
exponential factor was found to be dependent on the inverse product of surface coverage for
formate and carbon, giving an order of reaction of -1 on both C and HCOO and 0 on OH. This
order of reaction is only valid for the experimental surface coverages of Oycoo = 0.06-0.15.

The absence of hydroxyls in the surface coverage dependence may be explained by the
hydroxyls stabilizing adsorbed surface formates, as seen with water and formic acid in previous

. 274042
studies.?”*

This essentially makes the likelihood of the reaction occurring (i.e., the pre-
exponential factor) rely only on carbon and formate-hydroxyl complex collisions.

Bimolecular assisted formate decomposition proceeds through transition states with large
negative values of standard activation entropy, which in turn leads to small pre-exponential
factors.”* Bimolecular interactions also lower the energy required for the formation of the
activated complex.™® Activation energies of 34.4 kJ/mol been reported for Mo(110) and
suggested to be bimolecular decomposition.** NiO on Ni(111) has reported activation energies
of 16-58.3 kJ/mol and an order of reaction of 0.5 45’46, which is another surface where a
bimolecular reaction has been suggested.”* The activation energy and order of reaction calculated
herein is consistent with literature values for other bimolecular formic acid decompositions.
Experimentally obtained pre-exponential factors could not be found for any surface with a

proposed or suspected bimolecular decomposition pathway and thus we have no reference for the

one report here.

3.5 Conclusion

Formic acid adsorption and decomposition on Co(0001) was investigated in UHV by

XPS and TPD. Binding energies of 289.7, 534.15, and 533 eV were found for formic acid and
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288.9 and 533 eV for formate. Formic acid dissociated to formate at 160 K, molecularly
desorbed from the surface above 160 K, and associatively desorbed at 236 K. Carbon monoxide
desorbed from the surface at 400 K for small coverages and down to 300 K for large coverages.
Water desorbed from the surface at 200 K. The dehydration reaction occurred at 140 and 236 K.
A bimolecular reaction occurred on the surface at 415-450 K, with an overall reaction of:
2HCOOH - H,0+C+ OH + HC0O0O -» H,0+CO+H,+CO,

The reaction has an activation energy of 44.3 + 0.6 kJ/mol, pre-exponential factor of 0.7

+ 0.05 mbar/s and an order of -1 with respect to the surface coverages of formate and carbon and

a 0" order with respect to the hydroxyl.
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4.1 Abstract

Formic acid decomposes through dehydrogenation and dehydration. Mechanisms and
reaction ratios depend on the nature of the catalysts used. This work provides mechanistic insight
into the decomposition of formic acid on cobalt. The adsorption and decomposition of formic
acid on a highly stepped crystal of cobalt was studied in ultra-high vacuum by XPS and
temperature programmed desorption. Formic acid adsorbs molecularly on the surface below 160
although partial decomposition to carbonyl and formyl intermediates takes place even below that
temperature. At 160 K decomposition of formic acid into formate is dominant. Water is formed
at low temperature (below 200K) and the remaining intermediates produce H,, CO and CO; in
equal quantities at ~470 K. A full mechanism is proposed for which the measured parameters

are: activation energy = 147.2 + 2.0 kJ/mol and pre-exponential factor = 10" * %2 mbar/s
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4.2 Introduction

Formic acid decomposition is an important model reaction in catalysis. Formic acid
provides an ideal framework for understanding decomposition of small organic molecules, as it
is known that formic acid can decompose through (4.1) dehydrogenation and (4.2) dehydration
pathways producing CO; and H; or CO and H;O.

HCOOH - (0, + H, 4.1)

HCOOH - (€O + H,0 4.2)

These reactions have been studied both theoretically and experimentally on a number of

12 6,13-22
2

different catalyst surfaces mainly focusing on platinum'~’, palladium’ ", ruthenium
rhodium®>°, and nickel’ >°. From these, the mechanism of decomposition is usually
described as proceeding through two very general steps:*'7***! First, HCOOH reacts on the
surface to form an intermediate; and then the intermediate decomposes to form CO, CO,, H,O,
H;, O, or C. The last two products could remain on the surface as residues and are due to more
extensive decomposition. A number of intermediates have been proposed, namely carboxylate
(COOH), formyl (HCO), formate (HCOO), and anhydride ((HCO),0). ***!

Cobalt has been used for alloying or doping of other metals to help improve the catalysts

sensitivity to CO and other poisons.'>***

This suggests that Co itself should be an interesting
catalyst for formic acid decomposition, but there has been very little investigation into the
mechanism on cobalt surfaces. Inglis and Taylor* studied the decomposition of formic acid on
cobalt thin films under 30 Torr of formic acid and temperatures between 100-300 °C They report
a CO,:CO ratio of approximately 1 : 1. Inglis and Taylor also found that this ratio was

independent of temperature for the temperature range used in their experiments, which led them

to propose a bimolecular decomposition reaction pathway.
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Multilayer and monolayer potassium-promoted formic acid adsorption on Co(1010) was
investigated by RAIRS and TPD in the temperature range of 160-640 K.*® It was shown that the
formate forms at 160 K, binding to the potassium and adsorbs in a bridging formation. On
monolayer potassium, Upon heating the adsorbed formate decomposes to carbon monoxide,
dihydrogen and adsorbed oxygen on a Co(1010)-supported potassium monolayer. On
multilayered potassium, tetradentate oxalate and carbonate is formed in addition to the
previously mentioned products due to the interaction with bulk potassium. The oxalate and
carbonate decompose to carbon monoxide and oxygen at 660 K.

The alloying of cobalt and palladium nanoparticles has proven to increase the current
densities for direct formic acid electro-oxidation in H,SO4 aqueous solution, relative to
homogeneous palladium at room temperature''. The oxidation current density of homogeneous
palladium nanoparticles degrades over time due to the accumulation of carbon monoxide-like
species. The cobalt-doped palladium nanoparticles stabilized the current attributed to the removal
of the carbon monoxide-like surface poison. The products observed by gas chromatography were
only dihydrogen and carbon dioxide suggesting only the dehydrogenation reaction occurs.

This paper will fundamentally explore the decomposition and adsorption of formic acid
on a cobalt single crystal under ultrahigh vacuum (UHV) conditions using X-ray photoelectron
spectroscopy (XPS) and temperature-programmed desorption (TPD). Experimentally determined
surface species are used to corroborate the proposed formic acid decomposition pathway
presented herein. Surface coverage calculations based on the TPD and XPS data for the major

decomposition products are also reported, as well as desorption energies.

4.3 Experimental

All experiments were conducted in a custom-built multi-technique UHV setup
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constructed by Specs GmbH. The instrument is divided into two chambers connected by a
transfer arm with allows sample heating and cooling in the range of 110 to 1300 K. The
analytical chamber has a base pressure of 3 x 10" mbar and is used for sample cleaning, basic
sample characterization and temperature programmed desorption experiments. The Chamber
contains a Specs XPS/UPS setup, LEED, a Pfeiffer differentially pumped multichannel mass
spectrometer (MS), and ion sputter gun as the basic components. The STM chamber, with a base
pressure of 5 x 10" mbar, has a variable temperature RHK scanning probe microscope with both
scanning tunneling microscopy (STM) and atomic force microscopy (AFM) capabilities. For all
experiments reported in this study, it is important to note that the sample is cleaned before
measurement with any of the techniques and the sample was always in the same chamber
location when gases were dosed.

The 8 mm diameter and 0.5 mm thick cobalt (0001) single crystal sample (hcp phase)
with purity of 99.999% was purchased from Princeton Scientific. The (0001) crystal surface was
roughened mechanically by polishing with a series of diamond suspensions from 30 to 0.1
micron and chemically etched with a silica colloid at the University of Ottawa, to obtain the
highly stepped surface. The cleaning procedure following roughening consisted of repetitive
cycles of 10 min of sputtering (3 keV, 1 x 10” mbar Ar") and followed by annealing to 600 K for
5 min. The sample was confirmed clean by XPS. Temperatures above 630 K were avoided due to
the Co phase transition from hep to fecc at 670 K***. The sample was heated by electron
bombardment by a tungsten filament directly below the sample that is attached to the main
manipulator arm of the UHV chamber. The temperature was measured by a chromel-alumel (K-
type) thermocouple. Figure 4.1 shows an STM image of the clean cobalt surface before the

experiments. STM images were taken periodically to ensure the surface morphology did not
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change.

5,95 nm

Figure 4.1: 1.2 x 1.2 um STM topographic image of clean highly stepped cobalt surface flattened
and derived. Inset shown is the 220 x 220 nm STM topograph of the enclosed region flattened.
Image post-processing done using WSxM.

HPLC-grade formic acid (99% purity) was purchased from Sigma Aldrich. The formic
acid was introduced through a leak valve to the UHV chamber by a gas manifold. Before dosing,
the formic acid reservoir underwent a series of freeze-pump-thaw cycles. Formic acid was dosed
by backfilling the chamber. All exposures are reported in Langmuir (1 L = 1.0 x 10 Torr s)

without corrections for the gauge sensitivity.

4.3.1 XPS

XPS spectra were recorded using a standard Al Ka source (1486.7 eV) operated at 380 W
(14.6 kV 26 mA). Selected peaks were obtained in high resolution spectrums using 0.05 eV step
size, 1 second dwell time, and a pass energy of 20 eV. When necessary, each region was scanned

3 times to increase the signal to noise ratio. The spectra were then fit using CasaXPS analysis
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software using a mixed Gaussian Lorentzian function and Shirley background subtractions. The
binding energy scale was calibrated using cobalt (Co 2p 3/2 =777.8 eV).

X-ray exposure was kept to the minimum required to reduce formic acid decomposition
due to the X-ray beam. The clean sample was dosed with formic acid at 110 K and then heated
up to the desired temperature of observation then the spectrum was taken. Once the spectrum
was finished, the sample was flashed to 630 K to clean the sample surface and verified clean by

XPS. This process was repeated for each temperature of interest.

4.3.2 TP

The sample was dosed with varying exposures of formic acid at 130 K and placed
approximately 1 mm below a 1 mm diameter hole leading to the differentially pumped mass
spectrometer. The temperature controlled heating ramp was programmed in LabView and
designed to provide and record a linear temperature ramp using a PID controller feedback loop.
All experimental ramps started at 130 K and ended at 600 K, with a ramp rate of 3.5 £ 0.2 K/s.
The sample was annealed at 630 K for 5 min after each exposure to clean the sample. Multiple
m/z channels were monitored, corresponding to the expected species and their respective

fragmentation patterns.

4.4 Results

Formic acid adsorbs molecularly on cobalt below 160 K, consistent with observations on
other transition metal surfaces*. As shown in Figure 4.2, the XPS of adsorbed formic acid shows
characteristic spectra for each element, with associated binding energies of 289.7 eV for Cls;
and 534.5 eV and 533.2 eV for Ols (110 K). The carbon peak at 292.3 eV is assigned to

anhydride (OCHOCHO) based on the range of chemical shift reported between formic acid and
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methyl formate**°

. The 287.4 eV peak has a chemical shift which is in good agreement with the
shift between formic acid and formaldehyde, which would present a similar shift as formyl
(HCO)*'* and thus there is precedent to assign the peak to formyl. These two intermediates can
be produced by formic acid dimer dissociating through pathway (4.3) and (4.4). These two
assignments are correlated to oxygen peaks at 536.9 eV for anhydride and 531.7 eV for the
formyl group. The second oxygen peak associated with anhydride overlaps in binding energy
with the lower binding energy of formic acid and formate and therefore cannot be resolved by
XPS in this case. The presence of the 284.7 eV peak is associated C formed via CO dissociative

adsorption™ indicating that the dehydration reaction (4.2) has occurred.

2 HCOOH 433 = HCOOOCH 35 + Hy0g4s (4.3)
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Figure 4.2:XPS of cobalt exposed to 1 L of formic acid at varying temperatures. A) C Is region
and B) O Is region with the relevant peak positions labelled.
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HCOOH ;45 > HCOyys + OH 45 (4.4)

HCOOH 45 - HCOO 45 + Hgys 4.5)

Above 160 K the adsorbed formic acid dissociates to HCOO through pathway (4.5),
which results in a 0.5 eV shift'**>13 {5 289.2 eV for the formic acid carbon peak and the
concurrent disappearance of the higher binding energy oxygen peak at 534.5 eV, resulting in a
shift of 0.1 eV to the corresponding to the major oxygen peak (533.4 eV) in the peak envelope.
The disappearance of the higher binding energy oxygen peak suggests that the formate binds in
the bidentate or bridging formation, which coincides with predicted binding
orientations’*2-446:6465.

Below 200 K, anhydride decomposes to form water and CO, part of which combines with
free adsorbed hydrogen to form formyl, following reactions (4.6) and (4.7). This is shown by the
disappearance of the carbon peak associated with the anhydride, the increase of the 284.7 eV
carbon peak and the 531.7 eV oxygen peak, which are directly associated with CO dissociative
adsorption®” on cobalt and the increase in peak 287.4 eV associated with HCO.

HCOOOCH 135 = Hy0445 + 2C0 445 (4.6)

COadS + Hads - HCOads (4-7)

Above 250 K, the desorption rate is sufficiently high to prevent accurate XPS spectra,
however the decomposition can be monitored by TPD. The TPD spectrum of m/z 46 in Figure
4.3 shows that molecular formic acid desorbs from the surface starting at 240 K for low
exposures and down to 160 K for higher exposures, with multilayer peaks occurring at 195 K

and 175 K
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Figure 4.3: TPD spectrum of m/z of 46,44,28,18, and 2 of 0.75 - 5 L exposures of formic acid on
cobalt dosed at 130 K with a temperature ramp of 3.5 K/s.
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This suggests that part of the adsorbed transient species recombine with hydrogen and
desorbs as molecular formic acid. Except for water, no other species desorbs from the surface
below 300 K. Peaks seen for other m/z components correspond to the fragmentation of formic
acid in the MS.

Independent measurements of TPD for the H,O/Co and CO/Co systems confirm the
desorption temperatures of each species, as shown in Figure 4.4. Water, m/z 18, has monolayer
desorption at 200 K and a multilayer peak developing at 195 K. CO, m/z 28, has associative
desorption peak at 430-450 K depending on coverage and develops multilayer desorption peaks
to 300 K.

Comparison of the independently run CO and water TPDs, shown in Figure 4.4, with the
data obtained with formic acid allows the identification of the peaks at 200 K for m/z 18, in
Figure 4.3, as molecular water desorption and the ~430 K shoulder of the 475 K peak in m/z 28,
in Figure 4.3, as the associative desorption of CO. The 475 K peak is analysed in more detail
below as arising from subsequent reaction products on the surface.

The desorption of water at it normal desorption temperature after dosing formic acid and
the presence of the carbon monoxide associative desorption suggests that the dehydration
reaction (2) takes place at low temperature, in agreement with the assignment of carbon in the
XPS at low temperatures. After quantifying the TPD data, explained below, the ratio of the
associative desorption CO peak to the 475 K CO peak is 1: 2 and the ratio of water to CO is 1:1.
These ratios suggest that a 1/3 of the CO was produced by the dehydration reaction, the
remaining 2/3 were produced by the pathway including the 475 peak, and for all pathways water
is formed below 200 K. The broad desorption peak of m/z 2 at 370 K is due to the molecular

desorption of hydrogen®® which can be attributed to background hydrogen.
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Figure 4.4:4) TPD spectrum of 0.5 - 3 L exposures of water on cobalt dosed at 130 K with a
temperature ramp of 3.5 K/s. B) TPD spectrum of 0.5 - 5 L exposures of CO on cobalt dosed at
130 K with a temperature ramp of 3.5 K/s.

For the subsequent CO, CO,, and H, peaks at 470 - 480 K, in Figure 4.3, it is postulated
that only the HCOO and HCO species will be on the surface, as all other species have known
desorption temperatures below this temperature range, as previously mentioned. After
quantifying the TPD data, it was found that H,, CO, and CO, were produced ina 1 H,: 1.1 CO: 1
CO; ratio, with a small amount of water being produced. This suggests that HCO and HCOO
react through pathway (4.8) in this temperature range.

HCOOQO,4s+ HCOy»4s> Hy + CO+ CO;, (4.8)

H, + CO, 2> H,O + CO (4.9)

The presence of water in the 470-480 K temperature range is difficult to explain.
Although there is precedence for an Eley-Rideal mechanism for the reverse water-gas shift

reaction (4.9)7"° between the products of reaction (4.8), it seems unlikely that such a process

could occur to such an extent under UHV conditions. The reaction temperatures increase with
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increasing exposure of formic acid. No significant amount of formate or formic acid was
observed desorbing in this temperature range (all m/z 45 and 46 could be attributed as the
standard peaks produced in the MS due to CO;). Desorption energies were calculated by
Redhead analysis using corrected vibrational frequency factors, based on the Campbell et al.

model.”!

Desorption energies of each of the observed species are reported in Table 4.1.

To obtain mechanistic info we needed to quantify the TPD components and separate
fragmentation signal originating from different molecules. For that purpose, the TPD data has
been separated by molecule (i.e., water, CO, CO,, H,, and formic acid) and been converted to
equivalent N, current allowing for direct comparison, not shown. Deconvolution of the currents
for each molecule was achieved by using fragmentation patterns of each molecule measured
independently in the MS and then adding the patterns of the molecules together until the
observed currents were matched. This deconvolution is necessary because many of the m/z are
shared by the molecules present such as m/z 46, 45, and 44 values being shared by both formic
acid and CO,, as well as m/z 28, 29, 16, and 14 values being shared by CO,, CO, and formic
acid.®® The conversion of the currents to equivalent N, was achieved by using the deconvoluted
currents of each molecule, summing the relevant currents of the fragmentation pattern and
dividing by the relative sensitivity factor of ionization for the relevant molecule.’

Consider formic acid decomposition as the following concerted process corresponding to
the 470 K reaction peak observed in the TPD:

2HCOOH=>CO + H, + H,0 + CO, (4.10)

From the deconvoluted N, equivalent current and knowing the ionization current the

products can be expressed in units pressure.”” With the major products expressed in pressure,

surface coverage calculations of these products and a rate constant for formic acid decomposition
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can be computed.

The mechanism for pathway (4.10), shown in Figure 4.5, can be explained by the

following reactions:

HCOOH + 35* ’f_l HCOO(aqs) + H(aas) 4.11)

HCOOH + 3S* kéa CO(ags) + Hy0(aasy (4.122) HCOOH + 3S* kéb HCO(qqs) + OH(qas) (4.12D)

k k
CO(aas) + H(aas) ;a HCO(q45) (4.13a) OH(qqs) + Hgas) ;szo(ads) (4.13b)
k, .
H,0445) *H,0 + 25 (4.14)
ks
HCOO(gq5) + HCO(gqs) S Hy + CO + CO, + 4S* (4.15)
rds

Where S* is an available surface site on cobalt. Pathway a and b (for reaction 4.12 and
4.13) represent possible reactions that could occur to give the intermediates and products
observed. Combining (4.11)-(4.15) with (4.15) as the rate determining step, as it requires the
highest activation energy and has been previously predicted***', the Langmuir-Hinshelwood type
kinetic rate constant can be derived (4.16) and simplified to (4.17). Note that reactions (4.11) to
(4.14) take place below 200 K, as water is seen to desorb at that temperature. The reverse
reaction can be assumed negligible as it would require CO; to interact with the surface and under
UHYV conditions it is unlikely for the reaction to occur.

rategor = ksOycoobuco — k—SPHZPCOPCOZHS*4 (4.16)

rateo: = KsOucoobuco (4.17)

72



Figure 4.5: Illustration of the proposed mechanism for reaction (4.10).

Where 6O+ is the concentration of available surface sites and is defined as the following:

Os- =1 — (Bucoo + Ouco + Ou + 0co  + On,0) (4.18)

The total number of surface sites can be estimated by summing the integration of the
pressure of all products seen in the TPD for the exposures 1 L and above, correcting for the
number of sites each molecule would occupy. For exposures 1 L and above, we observe the
development of multi-layer peaks for formic acid and the selectivity of the reactions remains
constant, this suggests that monolayer coverage has been achieved, therefore all surface sites

occupied.
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Figure 4.6: Fitted plot of In(ks) vs. 1/T at Oycoo = 0.15.

Surface coverage calculations assumed CO, H,, HCOO, HCO, and H,O occupied two
surface atoms. CO, was used to find the rate of reactions as CO, adsorbs very weakly to the
surface and has the lowest adsorption temperature of the products. A complete analysis was used
to find the reaction energies and pre-exponential factors.”> Only temperatures below the reaction
peak at 475 K were used in the calculations in order to minimize the effects of the reverse water-
gas shift reaction (4.9).The rates of reaction were found using the intensity of the CO, pressure at
a temperature multiplied by the temperature ramp to give a reaction rate in units of CO, mbar/s.
Using equation (4.17), the forward rate constant, ks, was calculated at varying surface coverages
for each exposure to obtain accurate values. Then plotting the In(ks) verses 1/T, the activation
energies and pre-exponential factors were found for Oycoo = 0.15 - 0.1. Figure 4.6 shows the
graph for Oycoo = 0.15. The activation energies and pre-exponential factors for reaction (4.15)
are relatively constant for the coverages observed and well within experimental error. This
suggests that there is no dependency on surface coverage within this range. The activation

11.3+0.2

energy and pre-exponential factor are 147.2 + 2.0 kJ/mol and 10 mbar/s.
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Table 4.1: Desorption energies of observed species calculated by Redhead analysis.

Species Temperature (K) Vges. Ea (kJ/mol)
Formic acid monolayer 230° 10" 685+1.5
Second layer 198 10" 57.9+3.1
Multilayer 178 1019 52.2
Water 200 1014 56.0+2.4
Hydrogen (H,) 370 10'*? 105.3 £ 0.4
Carbon monoxide 450° 10'? 134.1+1.3

*Preexponential factor derived by the method of Campbell et al.”"
®Associative desorption.
‘Reported associative desorption.*

4.5 Conclusion

Formic acid molecularly adsorbs on to cobalt below 160 K. However, a fraction of formic
acid dissociates with carboxyl and formyl as intermediates, even at 110 K. Molecular formic acid
decomposes to form formate above 160 K. The decomposition continues at low temperature as
seen by the release of water at 200 K, its normal desorption temperature. Adsorbed hydrogen
desorbs from the surface at 370 K, and adsorbed CO desorbs at 450-460 K. At 470-480 K the
formate species reacts with formyl through a Langmuir-Hinshelwood mechanism in the rate
limiting step (4.16) of the overall reaction (4.10). Desorption energies for all the components are
reported, and the kinetic parameters for the reaction have been measured as: activation energy =

11302
r=10

147.2 + 2.0 kJ/mol and pre-exponential facto mbat/s.
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5.0 Engineering PM-IRRAS Reactor for Incorporation into UHV
Vessel

This chapter describes and gives technical drawings of a Polarization Modulation
InfraRed Reflective Absorption Spectrometer (PM-IRRAS) reactor and a heat exchanger that
was engineered as part of this thesis. The reactor is UltraHigh Vacuum (UHV) compatible and
equipped with a PM-IRRAS for the characterization of surfaces in either UHV or high pressure
systems. An introduction on infrared spectroscopy will also be given with interest in Fourier-
Transform Infrared, Infrared Reflective Absorption, and PM-IRRAS. The heat exchanger is
designed to connect the in situ liquid nitrogen cooling lines of either the PM-IRRAS reactor or

the existing UHV vessel, to a high pressure (350 psia) liquid nitrogen Dewar.

5.1 Infrared Spectroscopy

Vibrational spectroscopy is a very important tool for the investigation of molecular
adsorbates that form on metal surfaces during the course of chemical reactions, especially useful
for the identification of intermediates in catalytic reactions. Infrared spectroscopy (IR), in its
many incarnations, is probably the most appropriate type of vibrational spectroscopy for
characterizing catalyst systems. As when compared to other surface techniques, like Raman
spectroscopy or high-resolution electron energy loss, IR has a high surface sensitivity and
resolution, approximately 0.1% of a monolayer of CO and ~1 cm™ respectively.! IR can
investigate any reflective surface, including model single crystals to industrial catalysts, under
UHYV or more realistic pressures. IR principle of operation is based on the vibrational excitement
of molecules by the adsorption of infrared light. The vibrational spectra, obtained from IR, are
related to the chemical nature of the observed chemical species, and thus it is possible to

differentiate the adsorbed molecules, substrate, and adsorbate-adsorbate interactions.
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Fourier-transform InfraRed (FTIR) spectrometers, such as the one incorporated into the
PM-IRRAS reactor, measures an interference signal of a two-beam interferometer, also known as
a traditional Michelson interferometer?, and thus allows for the simultaneous detection of all
observed frequencies. FTIRs consist of a beam splitter, fixed mirror, and moving mirror. The
collimated (parallel beam) IR beam is split into two parts by the beam splitter, one part goes to
the moving mirror and the other part goes to the fixed mirror. The reflected beams either
constructively or destructively interfere with each other, which depends on the wavelength of the
light and the so called retardation, d. d is the difference between the optical paths experienced by
the two split beams between the mirror and the detector. d is thus a variable of the beam intensity
1(56), known as a interferogram. If the difference between the split beams is zero, 8 = 0,
constructive interference occurs leading to a maximum in the interferogram.' For all other values
of § a partial or total destructive interference occurs, which results in a fast oscillation decrease
on both sides of the maximum in the interferogram. The interferogram is then converted to a
traditional spectrum via Fourier-transform, hence FTIR name. Figure 5.1 shows an example of
an interferogram and spectrum.

InfraRed Reflection Absorption Spectroscopy (IRRAS/IRAS), also known as Reflective
Adsorption InfraRed Spectroscopy (RAIRS) measures the vibrations of molecules adsorbed on a
planar surface (that reflects IR light) by the reflecting the IR beam off the surface at an angle of
around 7° from the surface.' The vibrational spectra of adsorbed molecules are normally different
from the corresponding gas phase spectra, the observed frequencies, peak shapes, widths, and
intensities are influenced by the interaction of the adsorbate and substrate. From this data it is
possible to determine the adsorption state and adsorption geometry of the molecules.’

Unfortunately IRRAS, although not theoretically, is practically speaking limited to UHV
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conditions, as pressure increases (above 10~ mbar)' the gas phase contribution typically

obscures the much smaller contribution of adsorbed species.
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Figure 5.1: (Left) Interferogram of glycin (Right) Transmittance spectrum of glycin.

Optical Path Difference

A technique that is able differentiate the adsorption contribution from the isotropic gas
phase contribution is needed to probe high pressure systems. This is achieved through the use of
PM-IRRAS. This technique is based on the fact that the absorption of IR light by a molecule
adsorbed to a metal surface is influenced by the dielectric behaviour of the metal, producing
what is known as the metal surface selection rule (MSSS).’ Vibrations with a dynamic dipole
moment component that is parallel to the surface won’t be excited because the metal electrons
effectively eliminate the electric field parallel to the surface thereby eliminating the possibility of
exciting the parallel dipole moment. Only vibrations with a dynamic dipole moment component
that is perpendicular to the surface will be excited and therefore observed. PM-IRRAS
capitalizes on this phenomenon by the modulation of a linearly polarized IR beam, which is
separated into an electric field that is perpendicular, p-polarized, or parallel, s-polarized to the
sample surface. Both the p- and s-polarized light will induce the same excitation from the
isotropic gas or liquid phase, but only the p-polarized light will excite the adsorbed molecules in
accordance with the MSSS. By subtracting the spectrum obtained by the s-polarized light from

the p-polarized spectra, the resulting difference is the contribution of the adsorbed molecules.
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Due to the fact that PM-IRRAS relies purely on the MSSS, the medium in which the observation
is made does not matter as long as the path is negotiable by IR light. Therefore PM-IRRAS can

observe adsorption on metal surfaces at high gas pressure or in liquid mediums.

5.2 Design Considerations
The main objective of this reactor was to add another surface characterization technique
to the repertoire of the lab, specifically to incorporate a PM-IRRAS/IRRAS reactor chamber into
the multi-technique UHV vessel. There are design constraints and restrictions that follow
naturally from the aforementioned objective, which have been separated into two sections; the
experimental IRRAS/PM-IRRAS and UHYV incorporation considerations.
The experimental requirements are:
- Large variable sample temperature range, from ~130 K to ~2000 K
- Measuring sample temperature and reactor pressure
- Reactor must allow an IR beam to penetrate and exit at a glancing angle to
the sample surface
- The introduction of gas phase chemical species
- An IR spectrometer
- An external IR beam path that is not exposed to atmospheric humidity
(adsorbed water on optics decreases the intensity of the IR beam thereby
decreasing resolution)
- An external IR detector
The incorporation of the reactor into the existing UHV vessel requires:
- Compeatibility of sample stage and manipulating arm with sample puck

- Turbo-molecular pump capable of attaining pressures 10 mbar
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- Forepump for turbo-molecular pump
- Chamber must be able to attain UHV pressures and connect to the UHV
vessel
- The reactor must have a method of transporting the sample puck from the
UHYV vessel into the reactor without breaking UHV conditions
With the above considerations and availability of equipment, a number of aspects of the
reactor were already available and therefore used in the design. These aspects are as follows; A
Bruker Equinox 55 FTIR used for the IR aspect of the reactor; A 18.5” manipulating arm
compatible with the pre-existing sample puck and UHV vessel, with a travel of 12”; Copper
sample stage with cooling reservoir; Varian TurboV 70 LP turbo-molecular pump and

mechanical forepump; Gate valve; and a custom made UHV cube from Kimball Physics.

5.3 Reactor Design

With these requirements the basic reactor starts to take shape. In order to obtain UHV,
use the available equipment, and incorporate the reactor into the UHV vessel, the main portion of
reactor had to be made of 2.75” Conflat (CF) fittings. Conflat is a fitting type that uses a
malleable metal gasket, such as copper or silver, to achieve a UHV seal and these fittings are
made of stainless steel as to be UHV compatible. 2.75” CF fittings are the smallest CF fittings
that will allow the passage of the sample puck; it is also the flange size of the previously

mentioned cube, manipulating arm, gate valve, and turbo-molecular pump.
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Figure 5.2: Photo of the unsupported sample stage sitting in the cube, with an inset photo of the
groove clamps.

The cube is the only plausible place to put the sample stage, as it is the only place the
sample stage will fit and also the only place that allows the possibility of a glancing angle for the
IR beam. The cube was therefore chosen as the main chamber of the reactor (i.e., where the
sample will sit and where the IR beam will contact the sample). The cube has 5 2.75” CF flanges
each occupying one face of the cube and 5 1.33” CF flanges clustered on the last face. The
sample stage is a copper block with the same horseshoe shape as the main manipulator, described
in the experimental chapter, to hold the sample puck and is mounted so the bottom of the stage
was above the cluster of 5 1.33” CF flanges of the cube. The sample stage is held in place by two
groove clamps that clamp into the grooves on the windows of the cube. Figure 5.2 shows a close
up of the sample stage in the cube.

The variable temperature requirement of the reactor was achieved by the addition of a
tungsten filament on a 1.33” CF linear motion feedthrough mounted on the center 1.33”CF

flange of the cube. The ends of tungsten filament were connected to a 1.33”CF copper wire
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Figure 5.3: Picture of the one of the cooling lines taken apart. Showing how the 1/8” line goes
all the way through the CF fittings to connect with the reservoir in the sample stage.
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feedthrough that allows current to be placed on the filament, also mounted on one of the 1.33”CF
flanges of the cube. These additions allow the filament to be raised up to and bombard the
sample with electrons, thereby raising its temperature. The lower end of the variable temperature
requirement is met by the addition of liquid nitrogen lines, via a series of connections to a
Swagelok feedthrough on two of the 1.33”CF flanges of the cube, connected to the reservoir in
the sample stage. The parts involved with the liquid nitrogen cooling system for one set of
cooling connections is shown in Figure 5.3. The measurement of this temperature is achieved by
the use of an IR temperature gun in concert with a 2.75”CF IR antireflection window. The
window is mounted on the top of the cube that is directly above the sample stage. This method

was chosen as there was not enough space in the cube for a thermocouple connector to be added.
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The IR permeability requirement was met by differentially pumped IR windows. These
windows have 2.75”CF flanges and use 38 x 6mm optical crystals, which are mounted by rubber
gaskets and have a '4” tube for differentially pumping. Differentially pumping the windows
allows for the exchanging of different optical materials while still achieving UHV conditions in

the cube. KBr optical crystals were chosen as the window material, as they have excellent IR

transmission, ~90%, for an extremely wide IR range, 0.25-26 pm.* These windows are mounted

/

>

Figure 5.4: Image of unmounted differentially pumped IR windows with KBr crystals.

on the cube opposite each other on the sides of the sample stage. Figure 5.4 shows an image of
the IR windows.

The 2.75”CF manipulating arm, as previously stated, has 12” travel but cannot be too
close to the sample stage as the arm has a section that protrudes approximately 5.5 and must be
close enough the UHV vessel to transfer a sample. These two requirements, as it turns out, do not
physically overlap as such a linear translation section was added between the cube and the arm.
When the sample is on the sample stage the linear translation is at its maximum and when the
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Figure 5.5: Old reactor configuration, showing the anti-reflection IR window on the top of the
cube, as well as the linear translation bellows.

sample is being transferred the linear translation is at its minimum.
On the cube opposite the manipulating arm and linear translation section is 2.75” CF cross
fitting. Parallel to the cube, on the cross is a gate valve separating the UHV vessel from the
reactor. On the cross, perpendicular to the cube is a Pirani/cold cathode pressure gauge with a
pressure range of 5x10™ mbar to atmosphere, and a 2.75”CF tee fitting. On the tee is a MDC
variable leak valve that allows for the introduction of gaseous chemical species, and the
previously mentioned Varian turbo-molecular pump.

The equinox 55 IR beam must be at approximately the same level as the sample stage for
measurements to occur, but due to the fact that the reactor had to be incorporated into the UHV
vessel, the reactor window is about 6-8” higher than the IR when on the optics table. Figure 5.5

shows a version of the reactor and the height difference with the IR. I designed an adjustable IR
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stage for the equinox 55 to sit on, that could be mounted on the optical table and moved up to
12” off the table. The IR stage is placed right beside the reactor, so the edge of the plate is about
2” from one of the KBr differentially pumped windows of the cube. On the IR stage is an optical
plate beside the external port for the IR beam, which serves as the base for the purge box system
and the encased external optical path. The purge box is made of Plexiglas and has a lid on hinges
to allow easy access to the optics, as shown in Figure 5.6. I designed a number of additional
pieces to build a bracket around the reactor to mount an external detector and ZnSe lens by the
opposite KBr differentially pumped window. Thus allowing for the IR beam to follow the
external optical path through the purge box to the reactor KBr window reflect of the surface of

the sample through the other KBr window and focused by the lens to the external detector.

Figure 5.6: (Left) Purge box in place on the IR stage. (Right) Purge box with lid open and optics
used in the external optical path.

5.4 Heat Exchanger Design
In comparison to the reactor, the heat exchanger had much less restrictions in its design.
It only had to be able to be compatible with the existing liquid nitrogen cooling system, which
are two '4” tubes (one inlet, one outlet) on the end of the main manipulating arm of the UHV
vessel. I made a simple counter current shell and tube heat exchanger using an inner tube of 1/8”

tubing and an outer shell comprised two small sections of %4 tubing (to seal around the 1/8”
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inner tube) and a 1m long section of 1” flexible insulated tubing as the main shell of the heat

exchanger.

5.5 Operation of Reactor

This section will follow the path of a sample that will be used in an IRRAS/PM-IRRAS
experiment, starting from a sample that has been mounted and placed inside the UHV chamber
on the main manipulating arm.

First the main arm must be moved to x=65, y =5, z = 19. This positions the sample in the
path of the manipulating arm of the reactor. Then the gate valve, separating the XPS chamber
and the reactor, must be opened. IT IS IMPORTANT TO NOT OPEN THE GATE VALVE
FULLY. If the gate valve is opened fully it will not close. To fix this apply constant pressure to
the knob of the gate valve and repetitively strike the gate valve with a rubber mallet. When done
correctly, the combination of hitting and applying pressure will make the gate valve slowly slip
back into position and be able to close. After the gate valve is open, the linear translation bellows
must be moved as close together as possible and then the reactor arm can enter the UHV vessel
and be used to transfer the sample puck. When transferring the sample puck caution must be
taken, as when the main arm is not in the correct position it will bend the reactor arm, which may
damage the arm or sample.

When the sample is on the reactor arm, the linear translation bellows have to be moved as
far apart as possible, which makes it possible to transfer the sample from the reactor arm to the
sample stage of the reactor. When transferring the puck into the sample stage the sample may fall

off the manipulating fork, to avoid this attention must be paid to the puck to see if it is slipping
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off the fork and if it is slipping off the fork move the sample back to the UHV vessel and
reposition the sample on the fork.

Once the sample is on the reactor sample stage, a cleaning cycle can begin to ensure the
sample is free of surface contaminates. The cleaning can be accomplished by raising the filament
to 0.25” on the linear motion micrometer and applying a current to the filament feedthroughs.
The temperature can be read by an IR temperature gun from the top of the cube. The sample can
be confirmed clean by an IRRAS/PM-IRRAS spectrum. After the sample is clean, the cooling
can be applied to the reactor to achieve the desired temperature of observation or dosing. If
exposure of a gas is required for the experiment it can be achieved by the use of the leak value
and the dosage can be obtained by the pressure gauge.

Once the sample is under the required condition for the experiment, the IRRAS/PM-

IRRAS spectra can be taken using OPUS FTIR software.
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5.6

Technical drawings
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Figure 5.7: Front view of Reactor

UHYV Vessel

Figure 5.8: Top view of Reactor
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Figure 5.9: Side view of Reactor, with labels
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Figure 5.11: Top view of IR stage
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Figure 5.12: Top view of the external beam path for the IR to the detector
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Figure 5.13: Shell and tube heat exchanger showing the shell and tube parts separated.
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Figure 5.14: Shell and tube heat exchanger shown with labels identifying inlets and outlets.
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5.7 Proof of Concept
Setting up and aligning the PM-IRRAS reactor is incredibly time-consuming and non-
trivial. There are many aspects of the setup that can fail or for unknown reasons break. While
working on this reactor, I have:
- Replaced the 5V and 12V power supplies and IR source for the equinox 55 IR
- Built a special computer for IR because the old computer’s motherboard and hard
drive died and the IR system interfaces with the computer using an ISA slot which
is not present in conventional computers
- Taken the reactor apart and put back together more times than I would care to
admit
- Replaced 3 pressure gauges and 1 MCT detector
- Repaired the tungsten filament twice and replaced it once
- Remounted the sample stage and aligned the fork for sample transfer too many
times
Even with everything working and in place, aligning IR beam to reflect off a sample
surface and into the detector is no trivial task. To ensure the highest beam intensity possible for
alignment I chose to align in IRRAS mode. Using a Si(111) crystal, a reflective surface, I
managed to align the system and the resulting spectrum in shown in Figure 5.15.
The heat exchanger posed much less of a problem, it worked right away with a little
tightening. The minimum sample temperature capable in the chamber now is approximately 100-
110 K down about 50 K from the old setup. A maximum temperature has not yet been seen in

our system, the highest achieved is about 1300K.
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Figure 5.15: IRRAS spectrum taken in the PM-IRRAS reactor of unclean Si(111) crystal with a pressure of 1x107 mbar.
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6.0 Conclusion

Two objectives of this thesis were to fundamentally study the adsorption and
decomposition of formic acid on a Co(0001) single crystal surface and highly stepped Co
surface. In order to achieve this in-depth level of study, X-ray Photoelectron Spectroscopy (XPS)
and Temperature Programmed Desorption (TPD) were used under UltraHigh Vacuum (UHV)
conditions. From the combination of these techniques decomposition pathways were proposed
for each surface. Also desorption energies and pre-exponential factors for chemical species and
activation energies and pre-exponential factors for the reactions observed were reported, where
applicable. The final objective of this thesis was the design and incorporation of a heat exchanger
and a Photo Modulated InfraRed Reflective Adsorption Spectrometer (PM-IRRAS) reactor into
the existing UHV vessel. The purpose of the reactor was for both high-pressure and UHV IR
measurements, which can be used for further characterization of surface species.

On Co(0001) formic acid adsorption formic acid dissociated to formate at 160 K,
molecularly desorbed from the surface above 160 K, and associatively desorbed at 236 K.
Carbon monoxide desorbed from the surface at 400 K for small coverages and down to 300 K for
large coverages. Water desorbed from the surface at 200 K. The dehydration reaction occurred at
140 K and 236 K. A bimolecular reaction occurred on the surface at 415-450 K, with an overall
reaction of:

2HCOOH - H,0+C+ OH + HCOO - H,0+ CO+ H, + C0, (6.1)

The reaction has an activation energy of 44.3 + 0.6 kJ/mol, pre-exponential factor of 0.7
+ 0.05 mbar/s and an order of -1 with respect to the surface coverages of formate and carbon and
a 0™ order with respect to the hydroxyl.

On highly stepped Co formic acid follows similar trends as it does on Co(0001). Formic
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acid molecularly adsorbs on to cobalt below 160 K. However contrary to the Co(0001) surface, a
fraction of formic acid dissociates with carboxyl and formyl as intermediates, even at 110 K. The
dehydration reaction occurs below 110 K. Molecular formic acid decomposes to form formate
above 160 K. Water desorbs at 200 K, its normal desorption temperature on the highly stepped
surface. Adsorbed hydrogen desorbs from the surface at 370 K, and adsorbed CO desorbs at 450-
460 K. At 470-480 K the formate species reacts with formyl through a Langmuir-Hinshelwood
mechanism with an overall reaction (2).
2HCOOH-2HCOO + HCO + H,0-2C0O + H, + H,0 + CO, (6.2)

Desorption energies for all the components are reported, and the kinetic parameters for
the reaction have been measured as: activation energy = 147.2 £+ 2.0 kJ/mol and pre-exponential
factor = 10" **% mbars.

The reactions of formic acid on both surfaces, although, have the same overall reaction
have drastically different activation energies and different intermediates. It seems to follow that
the highly stepped surface stabilizes the HCO intermediate which changes the pathway and
reduces the number of molecules in rate determining step. This increases the energy required to
achieve the transition state and thus increases the activation energy. Decreasing the number of
molecules involved in the reaction also increases the likely hood of collisions which increases
the pre-exponential factor.

A reactor with UHV and high pressure capabilities, for the characterization of surfaces

using PM-IRRAS or IRRAS, was designed and a proof of concept reported within this thesis.

6.1 Future Research

As previously mentioned in the introduction chapter, in fuel cells for direct oxidation of

carbon containing fuels, CO is believed to be the main poisoning species deactivating the
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catalysts. Both of the reaction pathways for Co presented in this thesis, use CO as an
intermediate, either as CO to react with H to form formyl or CO to dissociate to C and O. Due to
CO being an intrinsic necessity for these surface reactions to occur it follows that doping a
highly selective catalyst for the oxidation of carbon containing fuels with Co the resulting
mixture should result in a catalyst with similar high selectivity but with reduced deactivation to
the poisoning CO species. This trend has been seen in literature with Co doped platinum' ™,
palladium®”, tungsten carbide'’, and nickel'' catalysts. To understand this process a number of
experiments need to be conducted.

First a variable temperature IRRAS and high pressure PM-IRRAS study of formic acid
decomposition on the highly stepped Co surface to both reinforce the research presented in this
thesis and to provide insight into how the reaction proceeds under more realistic conditions.
From this study the differences between formic acid decomposition on highly stepped Co in
UHYV vs. realistic pressure condition can be found. The next point of interest would be studying
the reaction on a more realistic Co catalyst (i.e., Co nanoparticles).

The second study would be formic acid decomposition Co nanoparticles in UHV, similar
to the studies presented in this work. Utilizing TPD, XPS, and IRRAS the mechanism of
decomposition and major products can be identified and compared to the highly stepped Co and
Co(0001) surfaces. This study would give a basis to understand the reaction under higher-
pressures.

Next, formic acid decomposition on Co nanoparticles would be explored by variable
temperature high pressure PM-IRRAS and variable temperature fixed bed catalytic reactor with
mass spectrometer. From this and the previous study intermediates can be identified, a

decomposition pathway found, and the effects of more realistic conditions can be seen.
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From the aforementioned experiments the UHV studies identify intermediates and
decomposition pathways which can then be related the high-pressure studies, thus getting the
same fundamental understanding of UHV to realistic catalyst systems. This also allows for a
comparison of UHV studies to realistic condition studies, as well as single crystal vs.
nanoparticle studies. These studies then permit the investigation formic acid decomposition with
variable doping or alloying nanoparticles of a well characterized catalyst, such as Pd, with Co

and studying the alloying effects on the intermediates and decomposition pathways.
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Appendix I: XPS

The XPS system used in this body of work is a commercial unit from Specs. The system
consists of an X-ray source, hemispherical analyser, PCU 300 detector unit, HSA 3500 power
supply, CCX 50 water cooling control, EC 10 communication box, a XRC 1000 control unit, and
Specslab2 XPS software.

The XRC 1000 control unit has a number of interlocks that prevent the X-ray source from
receiving high voltage; these are to insure that if one of the main aspects of the XPS fail the X-
ray source will not be damaged. The interlocks are as follows: “failure”, will light up if some
hardware fails in the system; “HV lock”, will light up when the X-ray source cannot receive high
voltage; “Vacuum”, will light up if the pressure in the system is too high; “Water”, this interlock
is always engaged when the control box is first turned on and when the Water button is pressed
the interlock will disengage if the X-ray source is receiving water at or above a flow rate of 2.5
L/min.

The following steps demonstrate how to prepare/start the system in order to take an XPS
spectrum of a sample that is already in the UHV chamber.

1. Make sure the sample is grounded, either through a thermocouple or if it is grounded to
the puck then through the reference potential. (See UHV section for how to ground
samples)

2. Once the sample is grounded, move the sample under the hemispherical analyser, using
the seeing glass at the top of the analyser to center it. Arm at (x = 69.55, y =11.5,z=11)
when arm is at room temperature.

3. Move the X-ray source in as close as possible to the sample without touching the arm,

the source has aluminum foil covering the end of it that gets destroyed easily if touched.
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The knob is located above the X-ray source, in-between two water hoses. It can be
brought in by using your hand, but will require a ratchet to withdraw it.

Once the X-ray source is in, turn on the HSA 3500 power source.

Turn on the XPS computer and open Specslab2 (on the desktop).

Once Specslab2 has initialized, select “Phoibos-HSA 3500 from the drop down menu on
the tool bar, or select analyser from the top menu, then select settings and then select
“Phoibos-HSA 3500 from the drop down menu under analyser. If the power supply and
analyser have connected, the power supply will have the CAN and HV lights lit up.

If you receive the error message “ERROR ERROR unit 0x 1E CreateConnection
failed: IClient: :OnError() from remote connection (3)” then restart the computer and the
power supply and try again.

NOTE: WHEN POWER SUPPLY HV LIGHT IS ON, THE ANALYSER IS
RECEIVING HIGH VOLTAGE
Turn on XRC 1000 and press the water interlock button. The water interlock should turn
off. If not, there is most likely a problem with water flow rate and it will need to be fixed
before continuing.

Note: There are two valves, on the east wall behind the electronics, that govern the intake
and outtake of water to the cooling control unit, these need to be in the open position.

. Press the Standby button on the XRC 1000, this allows the High voltage button to be
pressed.

On the XRC 1000 press the High voltage button and wait till the voltage reaches 14.26 V.
(During the ramp up, the box makes different high pitch frequencies as the voltage

increases). The monitoring current should be 1.9 mA.
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10. On the XRC 1000 press the Operate button. This increases the monitoring current to 22.9

and the emission current to 20.9. The XPS system is now ready to use.

In between scanning a sample, the system can be put into standby (X-rays off) mode by
pressing the standby button on the XRC 1000. If this button is pressed and a scan is taking place

or if the XRC 1000 is not on, the intensity of the data will be 0 giving a straight line.

Turning off the XPS system:

1. On the XRC 1000 press the standby button.

2. On the XRC 1000 press the High voltage button.

3. Turn off the XRC 1000

4. Disconnect the analyser and power source from the software, by deselecting “Phoibos-
HSA 3500” from the drop down menu on the tool bar.

5. Once disconnected the power source should have a green blinking light, now turn off the
HSA3500 power source.

6. Wait 3 minutes or so for the voltage in the X-ray source to come down before
withdrawing it to around 35, using a ratchet.

7. Leave the water valves on the east wall behind the electronics, in the open position for 5
to 10 minutes after turning off the high voltage to the X-ray source, before closing them.

This allows the source to cool and prevents damage.
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Appendix II: STM

This section describes the basic procedure for setting up the STM system to allow for
images to be taken, as well as general tips to reduce vibrational noise. Due to the variety of
possible samples and surfaces, the precise details as to the settings of the STM to allow for good
resolution images to be taken, cannot be given and must be found through trial and error.

Setting up the STM system (assuming sample preparation has already been completed):

1. Double check that all wires and cables on the SPM 1000 electrons, are in the appropriate
spots for STM imaging. The hardware set up is detailed in the AFM/STM binder and the
STM notes binder.

2. Place the prepared sample in position in the STM chamber.

3. Turn on the air to the vibration reducing legs, set the pressure to approximately 35-40
psia. The air controller is on the east wall of the lab, by the water pipes. (Not to be
confused with the air controller that is above the compressed gas cylinders.)

4. Once the chamber is floating on the legs, bring down the tip elevator by turning the nob
at the top of the chamber. MAKE SURE THE 3 LEGS OF THE TIP HOLDER LAND
ON THE RAMPS OF THE SAMPLE HOLDER. Bring the tip down until the whole
thing is resting on the sample holder. If you continue to bring the tip down after the tip
has landed the legs can be crushed and broken.

5. Turn on the SPM 1000 control electronics and computer, if not already on, and open the
RHK SPM software, located on the desktop labelled STM. The software will prompt you
with editing the notes that will be attached to the saved image files, note this does not
change the file name, only the note that will appear in the image info.

6. On the control electronics, set the Z offset to 0; the X and Y slopes to 5; the set point to 2;
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the bias to a relatively high voltage, 5 V is usually a good starting point if unsure. On the
computer desk there is a small grey box with a nob and X, Y, and Z labels, make sure the
nob is pointing to the Z. This box controls in what direction the tip controller moves. Z is
up (positive) and down (negative); Y is perpendicular to the Position Sensitive Device
(PSD), positive moving away from the PSD and negative moving towards; X is the
parallel to the PSD, positive moving to the right of the PSD and negative moving to the

left. Figure 1 is a diagram of the Tip holder and the X and Y axis’.

Y+

Figure 1: PSD and relative X and Y axis’

7. On the computer, left click background or press F1 to bring up the menu, click Tip
approach, and then click approach. During the approach, make sure all the legs are
moving down the ramp and that the elevator is low enough to not interfere with the
approach. If the elevator is too high stop the approach, lower the elevator, and then
continue the approach.

Once the tip approach is complete, the system is ready to take images.

In order to achieve good resolution the vibrational noise should be on the order of fA. To

check the noise level of the system, a FTT noise spectrum must be taken. The FTT noise
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spectrum is located in the spectroscopy menu, under the FTT tab. If the noise spectrum is too
high the following list contains a number of options to reduce the vibrations:

e If'there is a large spike in the spectrum between the frequencies of 0 and 10, it means
the vibration reducing legs are not functioning properly. Double check that the legs
are actually floating, if they are stop the air flow and re-center the legs. The legs tend
to move slightly during normal chamber operations.

e Turn off the water cooling system, which is located at the far west wall of the lab.

e Turn off the power to the electronics rack, where the XPS control system is located.

e Turn off the pressure gauge in the STM chamber.

e CLOSE THE GATE VALVE; turn off the analysis chamber and the load lock
pumps. Once the pumps have spun down, close the valve on the roughing pump for
the analytical chambers turbo pump. This will make the chambers running off the ion
pumps alone.

e Turn off the air conditioning in the lab. The air conditioning in the lab pressurizes the
ceiling and then cascades down through the vents. The vents, as of August 2012, are
positioned above the chamber causing the air to hit the chamber and the collisions
cause vibrations when taking atomic resolution images. (This problem should be
fixed in the near future.)

e Removing any unnecessary attachments to the chamber. (i.e., the liquid nitrogen

connector or dry air tube.)

If all of the above suggestions did not reduce the noise level low enough, then running

the system on weekends or after 5:30 pm on weekdays can help reduce the noise caused by the
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building’s electronics.

In order to put the chamber back under full pumping power, turn on all the pumps and

open the valve of the roughing pump. Wait for about 10 hours, ideally longer, and then open the

gate valve.
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