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Abstract

The world energy and product consumption keep increasing steadily over the years as the
world population keeps growing and more countries become industrialized. As the world reserves
deplete it becomes a necessity to find an alternative way to meet the population’s demand. Biomass
conversion seems to be the future of a clean and sustainable world. Lignin is the second most
abundant polymer in the biomass. Given the unique structure and chemical properties of lignin, a
wide variety of bulk and fine chemicals can be obtained and be used for goods and biofuels
production. Catalysis, with its selective bond cleavage and lower energy activation, is considered
as a potential key solution in the process of lignin conversion into valuable chemicals. To gain
insights into that catalytic system, we performed surface science experiments (X-ray Photoelectron
Spectroscopy, Temperature Programmed Desorption and Reflection Absorption Infrared
Spectroscopy) under Ultra-High Vacuum conditions (UHV). Due to lignin’s physical properties
limitation under UHV conditions, lignin models with the same chemical structure such as phenol,
anisole, 2-phenoxyethanol and veratrol were used to gain a better understanding of the reactivity
of lignin itself.

Dosing anisole and 2-phenoxyethanol on Pt(111) surprisingly gave benzene, carbon
monoxide and hydrogen as the main desorbing products of decomposition. With the help of
Density Functional Theory (DFT), we successfully explain the unexpected selectivity. In the
present work, we show in particular that phenoxy PhO stands as a key intermediate. Although the
UHV conditions do not allow the hydrogenation of phenoxy into phenol, i.e. the catalytic product,
they reveal the key role of both hydrogen and carbonaceous species. Under UHV conditions,
anisole and 2-phenoxyethanol are extensively dehydrogenated: it results in the formation of
carbonaceous fragments, which can actually perform the deoxygenation of phenoxy into benzene.

The reactivity of veratrol on Pt(111) hindered the formation of benzene and only gave
carbon monoxide and hydrogen as the main desorbing products of decomposition. Although
carbonaceous fragments were formed on the surface, the deoxygenation of the two oxygenated
arm moieties does not occur without the total decomposition of the aromatic ring, hence the
formation of coke.

This detailed work opens the door to a rational design of metal-based catalysts and a route

towards lignin valorization.
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Résumé

La consommation mondiale d’énergie et de produits ne cesse d’augmenter au fil des ans, a
force que la population mondiale continue de croitre et que de plus en plus de pays
s’industrialisent. Au fur et a mesure que les réserves mondiales s’épuisent, il devient nécessaire de
trouver un autre moyen de satisfaire la demande de la population. La conversion de la biomasse
semble étre l'avenir d'un monde propre et durable. La lignine est le deuxiéme polymeére le plus
abondant dans la biomasse. Compte tenu de sa structure et de ses propriétés chimiques uniques,
une grande variété de produits chimiques fins peut étre obtenue et utilisée pour la production de
biens et de biocarburants. La catalyse, avec sa sélectivité dans la rupture de liaison et sa faculté de
baisser énergie d’activation, est considérée comme une solution clé potentielle dans le processus
de conversion de la lignine en produits chimiques de valeur. Pour mieux comprendre ce systéme
catalytique, nous avons réalisé des expériences scientifiques (spectroscopie de photoélectron par
rayons X, désorption programmée par température et spectroscopie infrarouge a absorption par
réflexion) dans des conditions ultravide (UHV). En raison de la limitation des propriétés physiques
de la lignine dans des conditions UHV, des modéles de lignine ayant la méme structure chimique
tel que le phénol, I’anisole, le 2-phénoxyéthanol et le veratrol ont été utilisés pour mieux
comprendre la réactivité de la lignine elle-méme.

Le dosage de l'anisole et du 2-phénoxyéthanol sur la surface de Pt (111) a, de maniére
surprenante, donné du benzéne, du monoxyde de carbone et de I'hydrogene comme principaux
produits de la décomposition. Avec l'aide de la théorie de la fonctionnelle de la densité (DFT),
nous expliquons avec succes la sélectivité inattendue. Dans le présent travail, nous montrons en
particulier que le phénoxy PhO est un intermédiaire clé. Bien que les conditions UHV ne
permettent pas I'hydrogénation du phénoxy en phénol, c'est-a-dire le produit catalytique, elles
révelent le réle clé de I'nydrogene et des fragments carbonées. Dans des conditions UHV, l'anisole
et le 2-phénoxyéthanol subissent une déshydrogénation poussee : il en résulte la formation de
fragments carbonés, qui a leur tour permettent la désoxygenation du phénoxy en benzene.

La réactivité du veratrol sur la surface de Pt (111) entrave la formation de benzéne et ne
donne que du monoxyde de carbone et de I'hydrogéne comme principaux produits de désorption a

la suite de la décomposition. Bien que des fragments carbonés se soient formés a la surface, le
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processus de désoxygénation pour la formation du benzéne ne se ne se produit pas sans la
décomposition totale du cycle aromatique, d'ou la formation de coke.
Ce travail détaillé, ouvre la voie a une conception rationnelle des catalyseurs a base de métal et a

une valorisation de la lignine.
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Chapter 1:

Introduction



1 Research context and project approach

1.1 Energy consumption

The world energy consumption keeps increasing steadily over the years as the world
population keeps growing and more countries become industrialized. Fossil fuels including oil,
coal and natural gas are the major resource and constitute up to 85% of the provided world energy
(Figure 1.1).22 In 2016 the world oil reserve has been estimated to be 240.7 thousand million tons,
given the world consumption to be 4418.1 million ton / year it has been estimated that oil reserves
will not last more than 55 years. For the natural gas reserves, the remaining time is estimated to be
52 years. Canadian energy consumption is slightly different from the world average, as it strongly
relies on hydro-electricity to reduce its fossil fuel consumption.! Nevertheless, Fossil fuels still
constitute the major source for the energy consumption for Canadians at 67%. In Canada the oil
and gas reserves are estimated to last for 273 and 22 years respectively. Moreover, the pollution
and toxic gas emissions from fossil fuels add to the greenhouse effect and increases global
warming. The contribution of Carbon dioxide emission from fossil fuels has been estimated to be
65%.3 As the world reserves deplete it becomes a necessity to find an alternative way to meet the

energy demand. Biomass conversion seems to be the future of a clean and sustainable world.*



Canada Energy consumption in 2016 World Energy consumption in 2016
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® Oil @® NaturalGas © Coal @ Nuclear Energy @ Hydro-Electricity @ Renewables

Figure 1.1: Canadian and world energy consumption in 2016. Plotted from data
published by BP.*

Biomass is a term for all organic material that stems from plants including seaweeds, trees,
crops and animal wastes. Low moisture content biomass is called “dry” biomass or lignocellulosic
biomass and it is constituted of agricultural residues, herbaceous crops, trees, etc. Many advantages
can be attributed to biomass exploitation: It is a renewable source of energy, carbon neutral and
very abundant. At a global scale, lignocellulosic biomass has the potential to provide up to 450
EJ/yr which represents 61% in comparison to the projected global primary energy consumption of
732 EJ by 2030.5" Biomass seems to be an ideal candidate to succeed fossil fuels.

In Canada only 3% of the energy consumption comes from renewable resources.! The
potential and use of biomass as an energy source depends on several aspects such as energy crop
yields, land availability and competing uses for feedstocks. In Canada the forest area is estimated
to be 347 million hectares which represents approximately 35% of Canada’s surface area and it
has been quite stable over the past years (Figure 1.2).® Wood from trees is considered as a
Lignocellulosic biomass that does not compete with the food industry which motivates its
development as an alternative biofuel that is not produced from food crops.’ Increasing Canada’s
biofuels mandate could add 31,000 jobs and $5.6 billion to the economy.® Although, the production



of biofuels has increased by 10 times in the last decade (Figure 1.3), it is still not enough to replace
fossil fuels.
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Figure 1.2: Canada’s forest area in million hectares has been stable over the last 25
years. A decrease of 0.34% has been reported. Plotted from published data by Natural

Resources Canada.®
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Figure 1.3: Biofuels production in thousand tonnes oil equivalent in Canada over the last
decade. Plotted from data published by BP. !



1.2 Lignocellulosic Biomass
Lignocellulosic biomass consists of three major polymers: cellulose, hemicellulose, lignin
and a small amount of extraneous material.l® Typical compositions of several lignocellulosic

biomass feedstocks are shown in Table 1.1.

Table 1.1: The abundance of cellulose, hemicelluloses and lignin in different biomass

feedstock.11-16

Feedstock Cellulose (%) Hemicellulose (%) Lignin (%)
Hardwood 40-55 18-36 15-22
Softwood 42-55 11-27 20-28
Agricultural waste 25-47 12-36 7-25
Grasses 25-40 25-50 10-30
Newspaper 24-40 44-55 18-30

Cellulose is the most abundant polymer in the biomass and it is the structural component
of plant cell walls, which gives mechanical strength and shape to plants. Cellulose composition
consists of linear chains of (1,4)-D-glucopyranose units, in which the units are linked 1-4 in the
S -configuration (Figure 1.4).1°178 In simpler terms, it consists of long linear chains of
polysaccharide, exclusively glucose units, that are held together by hydrogen bonds. Cellulose is
mainly used to produce paper products. Smaller quantities are converted into a wide variety of
derivative products such as cotton, linen and rayon for clothes, as blood purification membranes

for biomedical applications and as a fat substitute, texturizer, emulsifier in the food industries.®
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Figure 1.4: Chemical structure of (1,4)-D-glucopyranose unit that forms cellulose.



Hemicellulose comes second/third as the most abundant polymer in the biomass.
Hemicellulose consists of mixed chains of polysaccharide such as pentoses (xylose and
arabinose), hexoses (mannose, glucose, and galactose), and sugar acids (Figure 1.5).1016:1820 The
primary role of hemicellulose is to help to strength the cell wall by interaction with cellulose and
lignin. In contrast to cellulose, hemicellulose has shorter chains and does not form chemical bonds

between the different polysaccharides.
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Figure 1.5: Chemical structure of a glucoronoxylan unit that is part of the chain that

forms hemicellulose.

Lignin is also part of the nature’s most abundant polymers in biomass and it consists of
three types of substituted phenols : coniferyl, sinapyl, and p-coumaryl alcohols (Figure 1.6).18:2122
The polymer linkages consist of ether bonds ($-O-4, a-O-4, 4-O-5, a-O-y) and carbon-carbon
bonds (5-5, -5, f-1, f-B) (Figure 1.7).13% The p-O-4 ether linkage is the most dominant one and
constitutes up to 60% of the lignin (Table 1.2). Lignin functions as the cellular glue which provides
compressive strength to the plant tissue, stiffness to the cell wall and retains water and nutrients in
the fibers.


https://www.sciencedirect.com/topics/earth-and-planetary-sciences/ether
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Figure 1. 6: Chemical structure of the three main monolignols that forms lignin.

Figure 1.7: Chemical structure of lignin with the most dominant linkages.?*



Table 1.2: The abundance of different lignin linkages in softwood and hardwood. From
Pandey et al.* Copyrights ©2010 John Wiley & Sons, Inc. Reprinted by permission of John
Wiley & Sons, Inc.

Linkage type Softwood (Spruce) (%) Hardwood (Birch) (%)
p-0O-4 Aryl ether 46 60

a-0-4 Aryl ether 6-8 6-8

4-O-5 Diaryl ether 3.5-4 6.5

-5 - phenylcoumaran 9-12 6

5-5 - Biphenyl 9.5-11 4.5

p-1 (1,2-Diarylpropane) 7 7

p-p (Resinol) 2 3

Others 13 5

1.3 Extraction process of cellulose, hemicellulose and Lignin

Extraction and isolation methods of cellulose, hemicellulose and lignin strongly depend on
the plant tissue that is used.? Given the variable composition of these polymers in the different
type of biomass, the isolation procedure will differ in certain steps. Numerous studies have been
reported in literature about extraction of lignocellulosic polymers, the methods mainly depend on
the targeted polymer. Hemicellulose extraction has been carried out by hydrolysis?®?’, acid
treatments?®?* and alkaline treatments?®?®, On the other hand cellulose has been extracted by
alkaline medium treatments?®, ultrasound® and acid treatments?*. For lignin, the extraction has
been done with ionic liquid®!, extraction of pulp?*, hydrolysis?’, kraft and sulphite*>*, organosolv
(solvent treatments)®*, alkaline treatments, etc. All the extraction methods used in lignin are drastic
and will eventually cause a change in its chemical structure, it is almost impossible to extract lignin
unaltered.®®

Figure 1.8 represents an example of the organosolv process of the extraction of cellulose
and lignin from wheat straw. The first step is treating the raw material by acid treatment to be able
to break it down. In this case a mixture of formic acid and acetic acid that has been added to the
raw material and left it to boil for 2h before allowing it to cool down at room temperature. After
isolating the fibers and washing it with formic acid and distilled water, a pulp is obtained. The

second step of the process is to use strong oxidizing agents such as performic acid and peracetic



acid to separate the lignin and hemicellulose from the cellulose. At this step, delignified fibers and
black liquor are obtained. The black liquor consists of a mixture of lignin fragments and
carbohydrates from the breakdown of hemicellulose. In the third step, the delignified fibers are
bleached with hydrogen peroxide to remove the residual lignin and isolate cellulose. In the last

step, the black liquor is heated in a formic acid solution to precipitate the lignin.?*

Wheat straw Flax fiber

(e

lul
Delignified fiber Cellulose

Pine straw Alfalfa fiber

Solid residue Concentrated liquor

Figure 1.8: Schematic diagram of the organosolv process of lignin extraction. From
Watkins et al.?*

1.4 Lignin

Currently, there is a great interest for the lignocellulosic biofuels industry to develop
valuable co-products that can improve the overall economics of a biofuel production process.
Cellulose has already several traditional applications in the paper, pharmaceutical, and textile
industries and it is also used to produce biofuels. The most common way to transform cellulose
into biofuels is to use enzymes to break it down into simple glucose sugars then use fermentation
process followed by distillation to produce bioethanol.*® Hemicellulose in contrast is very difficult
to convert into ethanol. Due to its heterostructure of different sugars, it is difficult for traditional

enzymes to break it down efficiently to be able to ferment it to ethanol. Instead, hemicellulose is
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degraded to lactic acid, a valuable chemical that is used in the food, cosmetic and in other industrial
applications.®*3" In contrast to its cousins, lignin is considered as a waste product during the
extraction process of cellulose. Lignin is usually a byproduct of paper and wood pulp industries,
and it is mainly recycled as low grade fuel to generate heat. As of today, 95% of the worldwide
lignin production is simply burned to produce heat and approximately 5% his used in the
production of adhesives, dispersants, rubbers and artificial vanilla.®®3° Given the unique structure
and chemical properties of lignin, a wide variety of bulk and fine chemicals, particularly phenols,
aldehydes and aliphatic compounds are potentially obtainable from lignin (Figure 1.9). It can
technically constitute an infinite supply of chemicals that can be use in the transport,

pharmaceutical, textile, chemical and manufacturing industries.
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Figure 1.9: List of some chemicals that are potentially obtainable from lignin.
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Lignin exploitation with selective bond cleavage is the major challenge for converting it

into valuable chemicals. In addition, its 3-D amorphous complex structure and its physical-

chemical properties (High viscosity, low vapor pressure, insolubility and heat resistivity) make it

even more difficult to handle.*® Therefore, it requires advanced conversion technologies, which

are not yet at a commercial scale, but are undergoing rapid development. The main developments

in the degradation of lignin into value added compounds has been studied by hydrothermal

conversion®#', pyrolysis'4®-54 catalysis?>*>8, enzymatic degradation®®2, ionic liquids®:®’, etc

(Figure 1.10).
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Figure 1. 10: Potential products obtainable from lignin and their uses. From Pandey et

al. * Copyrights @ 2010 John Wiley & Sons, Inc. Reprinted by permission of John Wiley &

Sons, Inc.
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1.4.1 Pyrolysis

Pyrolysis is the most studied method for the conversion of biomass. Pyrolysis represents
the thermal treatment of organic materials in the absence of oxygen. Depending on the temperature
and heating rate, pyrolysis converts organic materials into solids, liquid oil and/or gases.!50-5362
The composition of the product and the yield of individual compounds depends strongly on the
lignin source and the isolation methods.

Lignin degradation by pyrolysis occurs between 400 and 1100K. The final product of lignin
pyrolysis is called char which constitute of the formation of benzene rings that recombines to form
an aromatic polycyclic structure (Figure 1.11).215% This process can be separated into two steps.
The first one occurs at lower temperature (400-700K) where the weak bonds are cleaved to
separate the monomers, and the second step is the cleavage of stronger bonds at higher
temperatures which leads the formation of the char residue.

At lower temperatures, the alkyl chains that hold the monomer units are the first ones to
start to react. The main observed products are monomers, phenolics, formic acid, formaldehyde,
CO,, CO, and water.116354 Starting at 400K, the cleavage of hydroxyl groups on the  and y carbons
releases water, while the cleavage of the p-y-carbon bonds releases formaldehyde. $-O-4 and a-
O-4 ether linkages can also cleave between 470 and 520K. The cleavage of -O-4 and a-O-4 bonds
release oxygenated compounds such as CO,, CO, and water.>* Above 580K , the C-C bonds
cleavage in the alkyl chains become accessible and leads to the formation of monomers and
phenolics such as anisole, guaiacol, cresol, syringol, etc.>* At 700 K, methoxy groups of the
aromatics start to fragment and eventually lead to the formation of methanol and methane.®® At
750K and above, most of the linkages between the monomers are cleaved except the 4-O-5 and
the 5-5 linkages that are persistent. The 4-O-5 will eventually cleave and release CO and H.. Upon
reaching 1100K, the aromatic rings rearrange in a polycyclic structure, and H.is released during

the process.%6:67
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Figure 1.11: Summary of the bonds cleavage and formed products as a function of
temperature from lignin pyrolysis process. Reprinted from Collard et al.®® Copyright (2014) with

permission from Elsevier.

1.4.2 Hydrothermal conversion
Hydrothermal conversion is a physical and thermo-chemical technique that uses high
pressure liquid or supercritical water to decompose the biomass polymers.*+%  Three main
been studied:

methods have

widely wet  oxidation*?*®,  liquefaction'***%®  and
gasification*4446.7071 'Depending on the method water is used in its normal form or as supercritical
water. The main advantage of using water is that it acts as hydrogen donor during the reaction
processes. On the other hand, supercritical water is achieved when water is heated to 647K and
maintained at a pressure of 22Mpa. These conditions are above the critical point where the water
is neither in liquid nor in gas phase. The water behaves like a fluid to dissolve molecules and at
the same time it effuses through solids like a gas. The main advantage of using it in hydrothermal
technique for lignin conversion is that the supercritical water has total miscibility with organic

material and oxygen species.’
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Hydrothermal gasification is a process that converts lignin into gas. The gasification of
lignin under supercritical water condition mainly led the formation of CO. and CH. , a
considerable amount of H, and CO, and small amount of C.H., C,H..***%"* Lignin degradation
takes place into two steps reaction pathway. The first step of the cleavage of the Ether bonds and
cleavage of S and y carbons of the alkyl chains to form the volatile compounds and phenolics. The
phenolics will keep decomposing further by C-C bond cleavage in the aromatic to form more
volatile compounds.

Hydrothermal liquefaction is process that converts lignin into bio-oils. The major products
of the liquefaction are phenolics such as phenol, m-cresol, p-cresol and catechol, and they represent
up to 80% of the derived bio-oils.*”®" The conversion yield of lignin to bio-oils is between is
between 32.6% and 90.2% and it strongly depends on the nature of the lignin and its pretreatments.
The decomposition process of lignin under these conditions was mainly through the 5-O-4 linkage.
Aromatic rings are not affected by the hydrothermal conditions.

Wet oxidation is a process that uses the oxygen in the water to oxidize the lignin polymer.*?
The process is operated between 370K and 600K and at very high pressure. The major products of
the wet oxidation are aromatic aldehydes such as vanillin, benzaldehyde, syringaldehyde, etc. The
degradation of the lignin into aldehydes starts with the cleavage of the ether bonds, followed by
the oxidation of the alpha carbons.

All the hydrothermal conversion methods will not yield a total of lignin conversion into
value added chemicals. The residual byproduct of these techniques is hydrochar. In contrast to the
char produced by pyrolysis, hydrochar has a higher hydrogen/carbon ratio and is lower in

aromaticity with almost no fused aromatic ring structure.

1.4.3 Enzymatic conversion
Enzymatic conversion consists of using enzymes produced by living organism as a catalyst
to break down the lignin. There are several types of different enzymes that have been studied for
lignin degradation.®®®! The preference in the bond cleavage in the lignin strongly depends on the
type of enzyme that is used but also on the type of linkage in the lignin models. For example, in
S-1 lignin models, laccase enzymes dehydrogenate phenolic-OH groups of phenolic lignin model
compounds to form phenoxy radicals that can eventually undergo alkyl-aryl bond cleavage, o and

S carbons bond cleavage and o carbon oxidation.®®’* The major products formed by alkyl-aryl
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bond cleavage are aldehydes and quinones, while o and f carbons bond cleavage forms aldehydes
and ketones, and o carbon oxidation formed ketones. In 5-O-4, it is the ring cleavage, a and S
carbons bond cleavage and o carbon oxidation that occur.” The major products formed by ring
cleavage bond cleavage are cyclic carbonates, while o and S carbons bond cleavage forms acids
and alcohols, and a carbon oxidation formed ketones. In both models, the formation of phenoxy
radicals undergo polymerization via radical coupling. Breaking down lignin selectively and

efficiently remains a challenge as it requires the use of several and different enzymes.%°

1.4.4 Catalysis
Catalysis is considered to be the most promising method in biomass and lignin conversion.
Catalysts usually are required to assist selective bond cleavage, leading to high selectivity values
for a particular compound.’®"8 Various catalysts have been tested in combination with several
processes such as pyrolysis, hydrothermal treatment, hydrodeoxygenation, etc. These studies used

both lignin and lignin models (Table 1.3).

Table 1.3: Summary of several studies in attempt of lignin and lignin model conversion

by using catalysis

Feedstock Process Catalyst Conversion (%) Major products

Organosolv Lignin Pyrolysis HZSM-57° 43 benzene, toluene and
xylene

Alkaline lignin Pyrolysis MCM-48% 17.01 benzene, toluene and
xylene

Alkaline lignin Pyrolysis Al/MCM-48%° 32.45 benzene, toluene and
xylene

Alkaline lignin Pyrolysis Zr/MCM-48% 49.39 benzene, toluene and
xylene

Kraft Lignin Hydrogenolysis ~ Metal oxides’” 37.5 p-ethylphenol, p-
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Kraft Lignin

Phenol

Anisole

Anisole

Guaiacol

Pyrolitic oil

Oranosolv lignin

4-Propylphenol

2-Phenoxyethanol

1-phenyl-2-
phenoxyethanol

Hydrogenolysis

Hydrogenolysis

Hydrogenolysis

Hydrogenolysis

Hydrodgenolysis

Hydrothermal

Hydrothermal

Hydrogenolysis

Oxidation

Oxidation

ammonium®

heptamolybdate

PYHY?S!

Pt/HBeta®

Pt/Al,03%

Rh/ZrO8

Pt/Al,03/Si0%

Cu/PMO?

P/AC(N)®’

74

100

100

100

100

100

Dipicolinate®® Vanadium 20

Dipicolinate®® Vanadium 95

propylphenol and m-

cresol

Phenols, cyclohexane,
benzenes, naphtalenes
and phenanthrenes

Cyclohexane

Benzene, toluene and
xylene
Phenols

Benzene

Phenols, aromatics,
alkanes

2-Ethycylohexanol,
methylethycyclohexanol
Propylcyclohexane

Phenol and formic acid

Benzoic acid, phenol

and

2-phenoxyacetophenone

1.5 Approach

The separation of the products formed by homogeneous catalysis, hydrothermal treatments

and pyrolysis can be challenging and costly. By contrast, heterogeneous catalysis seems to be the

key solution for the conversion of lignin, as the products and the catalyst can be easily separated.

In addition, since pyrolysis and hydrothermal treatments requires high temperatures and lead to a
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variable and often uncontrolled range of target products, catalysis plays an essential role in making
biomass conversion viable for valorization by reducing activation energies for reaction and guiding
product selectivity.

The choice of a catalyst plays a critical role in development of technologies for selective
lignin conversion. In order to do so, the need to understand fundamental interactions of lignin with
catalysts at a molecular level is a necessity. The surface science approach consists on probing
surface interactions at the molecular level and this requires maintaining a clean and a well
characterized surface.®’ The use of ultrahigh vacuum (UHV) in the range of 1x10° torr and below
allows us to create an isolated system in order to probe the interaction of the lignin (lignin models)
on the catalyst surface without the interference of the surrounding environment. Also, by achieving
ultrahigh vacuum the experiments determine properties of the relevant species on the surface
without interaction of the same species in the gas phase.

Platinum catalysts have shown very high conversion rates and selectivity in the valorization
of lignin and lignin models (Table 1.3). This makes it convenient to choose Pt(111) as model
catalyst. The main advantage of using single crystals is that they have a well defined surface which
makes it easier to characterize.®% The choice of the <111> orientation is mainly because it is
thermodynamically stable but it is also a very reactive surface. This falls in the line of Sabatier’s
principle which state that for optimal reactivity, the interaction between the catalyst and the
molecules should neither be too strong nor be too weak. Further literature, specific to the reactivity
of relevant molecules on Pt(111) is presented in the introduction section of chapter 3, 4 and 5.

Targeting the functional groups in the lignin could be the key to converting lignin
regardless of source. Since the f-O-4 ether linkage is the most dominant one in lignin composition,
it will be the one targeted in the next chapters. Starting with lignin itself or a small fragment of
lignin can be very challenging, due to the physical properties of lignin (High viscosity, low vapor
pressure, insolubility and heat resistivity). These properties make it impossible to handle under
UHV conditions. The approach proposed in this work, is to use model molecules that have a
chemical structure similar but without the inconvenience of the physical properties. The reactivity
of these model molecules on the Pt(111) surface will provide a better understanding of the eventual
reactivity of the lignin itself. In this work, we start with simple lignin models such as phenol and
gradually increase the complexity towards anisole and 2-phenoxyethanol. Once we have a better

understanding of the behavior of one complex functional group, we can increase the complexity
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by having a secondary functional groups on the ortho, meta and para sites (Figure 1.12). The build

up towards understanding the reactivity of the complex lignin structure will guide the valorization

of lignin step by step.
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Figure 1.12: Starting with simple lignin models and gradually increasing the complexity

towards lignin.

The main techniques that will be used are X-ray photoelectron spectroscopy (XPS) to

identify the elemental composition of the model molecules and intermediate species; low energy

electron diffraction (LEED) to determine the surface structure, temperature programmed

desorption (TPD) to identify the desorbed reaction products; and reflection absorption infrared

spectroscopy (RAIRS) to have insights about the adsorption geometry and the intermediate species

of the decomposition. The studies combine surface science and first principle calculations to

investigate the reactivity of the lignin models on the platinum Pt(111) model surface as a model

catalyst in order to compare the facility of the C-H vs. C-O vs. C-C vs. O-H bonds cleavage (Figure

1.13).
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Figure 1.13: Study of lignin models such as 2-Phenoxyethanol under UHV conditions to

investigate the reaction pathway and the order of bond cleavage.
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2 Experimental

This chapter provides a detailed description of the ultrahigh vacuum chamber and the
experimental techniques used in this thesis. In the first section we will address how to achieve
ultrahigh vacuum in the chamber, then we will delve into the physical basis behind the
characterization techniques and how to operate them. The techniques that will be covered in this
chapter are X-ray photoelectron spectroscopy (XPS), low-energy electron diffraction (LEED),
temperature programmed desorption (TPD) and reflection adsorption infrared spectroscopy
(RAIRS).

2.1 The need for Ultrahigh Vacuum
Surface science consists on probing surface interactions at the molecular level and this
requires maintaining a clean and a well characterized surface.! From the kinetic theory of ideal

gases, the number of molecules that hits the surface per unit of time derived from Maxwell-
Boltzmann distribution is %nov and it mainly depend on the pressure P and temperature T.1 They

can be described by these two equations,

P = ngk,T (2.1)
8k, T

v = b (2.2)
mm

Where n, is the number of molecules per unit volume, v is the mean speed of the molecules, m is
the molecular weight of the molecule and k,; Boltzmann constant. Substituting equations 2.1 and

2.1, we can rewrite the flux incident on the surface ¢ as

P
= 2.3
¢ \ 2mmk, T (23)

Which corresponds to the Hertz-Knudsen equation.
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The atomic density of a solid surface is approximately ~ 10* atoms cm. Assuming that the
sticking probability is one, the time necessary to cover the surface can be estimated. For example,
the flux incident on the surface for carbon monoxide (28 amu) at a room temperature of 298 K and
a pressure of 1x10%torr, is 3.88x10%* atoms cm s, It would only take few seconds to cover the
surface. In contrast, at pressures of 1x10° and 1x107° torr it would take 42 min and 7 hours
respectively to cover the surface. Thus, the use of ultrahigh vacuum is a necessity to maintain those
surfaces contamination-free state for the duration of the experiment.

Moreover, from the kinetic theory of gases, the mean free path A for any molecule or

particle can be described as,
A=— (2.4)

Where n,, is the number of molecules per unit volume, o (¢ = 27r) is the collision cross section

of the molecule®. By substituting equation 2.1, the mean free path equation becomes

1= k,T
V20P

(2.5)

For example, the collision cross section of carbon dioxide is ¢ = 0.52 nm?. Assuming that the
temperature is at 298 K and the pressure is at 1 torr, the mean free path is 41 um. Compared to a
pressure of 1x10"%torr, the mean free path is approximately 410 km. On average the particle will
travel a distance of 410 km before a collision occurs. The same analogy can be applied to ions and
electrons. The use of probe techniques based on electron spectroscopy and electron beam require
ultrahigh vacuum in order to maintain a large mean free path of the electrons to avoid collisions
and scattering events that would result in loss of electron Kinetic energy. The typical distance
travelled by the ions and electrons in the UHV system is between a few centimeters up to 1 m. By
achieving ultrahigh vacuum, we ensure that the mean free path is higher than A2 > 0.01-1 m which

avoids scattering effects and also helps to achieve a better signal to noise ratio.
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2.2 Chamber description and how to achieve Ultrahigh Vacuum
The main ultrahigh vacuum chamber is custom built by Specs GmbH and RHK (Figure
2.1). The chamber is made of stainless steel and consists of a combination of three chambers

separated by gate valves.

N>

gate valves T g;_\ electron
f \ energy analyzer

> ("I%y M |k BEA ? 0 %
ol J

X-ray source

main
manipulator

v "\

" vibration

——isolation
air legs

ion pumps
turbo pumps

Figure 2.1: Diagram of the UHV chamber. Picture provided by Specs GmbH.

The first chamber is called load-lock and it is where samples can be loaded in or out. It is
the first entry point of the sample from ambient pressure into the vented chamber. The load-lock
is connected to the analysis chamber and they are separated by a gate valve to avoid breaking the
vacuum in the analysis chamber during the loading/unloading processes. It is equipped with a
transfer arm and a manipulator in X-Y directions to be able to transfer the sample into the analysis
chamber. A full compact range gauge is used for pressure reading from UHV to atmosphere. The
ultimate pressure in the load-lock is 1x10® torr and it is achieved by a combination of a mechanical
pump and a turbo molecular pump. The mechanical pump is a rotary vane pump type (Edwards

RV3) that consists of sliding vanes that rotates to generate a positive volume displacement by
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compressing and ejecting the gas to atmosphere (Figure 2.2). This type of pump has a very high
throughput and its ultimate pressure is in the order of 2x10-3torr. Once the rough vacuum is reached
we can turn on the turbo molecular pump which has a low throughput (especially for lighter gases
such as Hy) but can achieve an ultimate pressure of 1x10°torr. The turbo molecular (TMU 071P)
consist of multiple stages of fast rotating blades and a static stator (Figure 2.3).° The basic physical
phenomenon relies on momentum transfer. The inlet gas goes through several collisions with the
blades and acquires momentum, then it is pushed into the gas transfer holes in the stator that directs
the molecules to the next stage of rotating blades and stator. The gas acquires energy by collision
through several stages before reaching the exhaust. The turbo molecular pump requires a
mechanical pump that acts as a “backing” pump to reduce the pressure at its outlet to be able to
maintain a very low pressure at its inlet. This is why the mechanical pump is attached to the turbo
molecular pump that is attached to the load-lock chamber. A detailed description about the models

and specifics of the pumps used in each chamber can be found in Appendix A.

T Exhaust Inlet
Fluid seals ll
N

_Gas ballast/
inlet

Figure 2.2: Cross section Diagram of a double stage displacement pump. Picture

provided by Edwards vacuum.
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Figure 2.3: Cross section Diagram of a turbomolecular pump. Picture provided by

Pfeiffer vacuum.

The second chamber is called the analysis chamber and it is where samples can be
transferred from the load-lock the main manipulator arm. The analysis chamber is connected to
the RHK chamber and they are separated by a gate valve to avoid unnecessary molecule deposition
during the cleaning and dosing processes. The chamber houses a low energy electron
diffractometer (LEED) to verify surface cleanness; an X-ray photoelectron spectrometer (XPS) to
provide information on the elemental composition of the surface and to verify surface cleanness;
an ultraviolet photoelectron spectrometer (UPS) to provide information on the surface electronic
structure; a quadrupole mass spectrometer for residual gas analysis and to perform temperature
programmed desorption (TPD); a sputtering gun used in sample cleaning; a Bayard Alpert ion gauge
to measure the pressure and finally a metal evaporator to allow thin film deposition. This chamber
is made of mu-metal, a type of stainless steel that is an alloy of nickel, iron and molybdenum. This
alloy provides a high magnetic permeability for low magnetic fields and this shielding is necessary
to avoid field interaction with electron-based techniques.

The Analysis chamber is equipped with a main manipulator allowing 70 cm linear transfer
of the sample in the x direction with 360° rotational range. The manipulator is also mounted on an

y-z stage which allows the arm to move within 25 mm range in the y and z directions. The ultimate
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pressure in the analysis chamber is typically 2x107° torr and it is achieved by a combination of a
mechanical pump, a turbo molecular pump, an ion pump and a titanium sublimation pump (TSP).
In the previous paragraphs we covered the basic principle behind the mechanical and turbo
molecular pumps, and these two can be categorized as displacement pumps. On the other hand,
ion and TSP pumps can be categorized as entrapment pumps.

Once the vacuum is achieved by the mechanical and turbo molecular pump, the ion pump
can be turned on to be able to achieve an ultimate pressure of 1x10! torr.® The Varian ion pump
(\Valcon plus 300 starcell) uses permanent magnets located outside the vacuum to generate a strong
magnetic field (Figure 2.4). Then a high voltage between 3 to 7 kV is applied to the element
assembly to pull electrons into the anode tube assembly. By doing so, the electrons become
trapped by the high magnetic field and a spinning electron cloud is generated. As gases move into
the anode assembly, they are struck by electrons and become ionized. These positive ions are then
accelerated by the high voltage field toward the cathode plate (sputtering). Upon reaching the
cathode surface the ions can undergo a chemical or a physical reaction with the cathode material.
The chemical reaction occurs when the ions react with cathode material to form a new solid
compound. For example, an ionized oxygen molecule will take an electron from and readily react
with a metal cathode atom creating a solid metal oxide. In the physical reaction, the ions (especially
heavier ions) that that hits the cathode surface acquire an electron and bounce back with enough
energy to implant themselves physically on the pump surfaces. Both reactions ensure that the ions

do not contribute to the surrounding pressure.
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Figure 2.4: Schematic Diagram of an ion pump and its sections. Picture provided by

Varian.

Titanium sublimation pumps are mainly used to remove residual gas in the ultrahigh
vacuum chamber. The operating concept behind the Varian TSP pump (919-0180) consists of
passing a high current, typically between 5 and 50 A through a titanium filament. The filament
temperature increases until sublimation occurs and surrounding UHV chamber walls get coated
with clean layers of titanium. Since clean titanium is very reactive, it is more likely that the
surrounding molecules that hit the walls will react with the titanium to form a solid residue. It is
efficient to entrap Hz, CO, H,O and O but it is totally ineffective for noble gases. Titanium films
are more efficient at lower temperatures by ensuring that the sticking probabilities are close to 1
and for this reason the TSP pump is surrounded by a cryopanel that can be cooled down with liquid
nitrogen.

The third chamber is called the RHK chamber and the samples can be transferred from the
analysis chamber by using the main manipulator arm. The RHK chamber is equipped with
scanning tunneling microscopy (STM) that uses tunneling effect of electron to obtain topography
images of the surface with an atomic resolution, an atomic force microscopy (AFM) that uses
Vander Waals forces to obtain topography images with a nanometer resolution, a sample/tips
storage elevator, a Bayard Alpert ion gauge to measure the pressure and a wobble stick that allows

the transfer of the sample from the main manipulator to the STM/AFM stage and to the storage
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unit. The ultimate pressure in the RHK chamber is below 10°torr. It is achieved in two steps. The
first one consists on using the combination of a mechanical pump, a turbo molecular pump of the
analysis chamber through the gate valve to reach a pressure of 2x107%° torr. In the second step, by
closing the gate valve between the analysis and RHK chambers, the 2™ set of ion and TSP pumps
takes the lead to maintain a low pressure and bringing it down below 10 torr.

Besides the main chamber, RAIRS experiments were performed in a dedicated “RAIRS
chamber”. The RAIRS chamber is equipped with its own electronics and it is setup to work
independently. This chamber is dedicated for reflection absorption infrared spectroscopy (RAIRS)
and it consists of a coupled Fourier transform infrared spectrometer (FT-IR) and a UHV chamber.
The RAIRS is a convenient technique for verifying molecular integrity and orientation at metal
surfaces. The UHV chamber contains a low energy electron diffraction (LEED) to verify surface
cleanness, a quadrupole mass spectrometer for residual gas analysis and a sputtering gun used in
sample cleaning. The chamber is equipped with a main manipulator allowing 500 mm linear
transfer of the sample in the z direction with 360° rotational range. The manipulator is also
mounted on an x-y stage which allows the arm to move within 25 mm range in the x and y
directions. The ultimate pressure in the analysis chamber is 7x107%° torr and it is achieved by a
combination of a mechanical pump and a turbo molecular pump. Two differentially pumped
windows are mounted on opposite sides of the UHV chamber to allow the infrared (IR) beam to
pass through. These windows have 2.75” CF flanges and use KBr 38 x 6mm optical crystals with
a 1/4” tube for differential pumping. Fluorocarbon O-rings are used as seals between the chamber
and the windows.

In principle the optimal pressure of the pumping systems is in the UHV region, to achieve
such low pressure, molecules must be removed from the inside surfaces of the chamber which
would produce an eternal virtual leak. In order to achieve the UHV condition faster, “baking” the
chamber is a necessity. The bake-out of the chamber consists of removing the impurities
(especially water) from the walls of the UHV system by heating the walls uniformly while
pumping down the system. For the main UHV chamber, an aluminium metal frame can be set
around the UHV system and fiber glass insulating blankets are wrapped around it to create a tent.
Two radiative heaters on opposite side of the frame are used to provide a uniform heating. The
bake-out temperature is gradually increased to a maximum of 115° C and left at this temperature

for at least 72 hours. The UHV windows and feedthroughs are gently wrapped in aluminium foil
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to avoid thermal shocks which may result in the development of leaks. During the bake-out, the
ion pumps are turned off to avoid high gas load in order to preserve them. Close to the end of the
bake-out period, heating collards are used to bake the turbo pumps as well and at the end of the
bake-out titanium sublimation pumps are turned for two minutes to achieve much lower pressures.
For the RAIRS chamber, the setup is a bit different where heating tapes are used to heat the
chamber. The tapes are wrapped around the chamber and the whole chamber walls are covered by
aluminium foil to ensure that the heating is uniform. The bake-out temperature is gradually
increased to a maximum of 115° C; because the chamber is smaller it requires less time to achieve

ultrahigh vacuum conditions (36-48 hours).

2.3 Pressure measurement

The pressure reading in the chambers is mainly done by two types of gauges : Full compact
gauge and Bayard Alpert ion gauge (B-A gauge).

The full compact gauge consists of a combination of a pirani gauge and an inverted
magnetron gauge that allows a reading between 107 torr to atmosphere. It is to be noted that no
gauge alone is able to perform a wide range reading from UHV to atmosphere, a combination of
two different principles (gauges) is necessary.

Pirani gauge is a type of thermal conductivity gauge. It consists of a filament that is
connected to an electrical circuit from which a pressure reading can be taken. The basic principle
consists of heating the filament by flowing a current through it. As the surrounding molecules
collide with the filament, heat exchange occurs, and the filament starts to transfer its heat to the
surrounding gas. As the pressure drops down, less molecules are present in the background which
results in a decrease of heat exchange between the molecules and the filament. The heat
conductivity is proportional to the surrounding number of molecules. Hence, with a proper
calibration an indirect pressure reading can be obtained. The limit of pressure reading does not go
below 107 torr as the thermal conductivity of the gas will be relatively low comparted to the
thermal transfer over the wire ends. At this point it is the inverted magnetron gauge that takes the
lead.

An inverted magnetron gauge consists of a circular magnet and two electrodes: a pin anode
and circular cathode that surrounds it (Figure 2.5).” The basic principle consists of setting high

voltage between the anode and the cathode. By doing so, electrons are accelerated from the cathode

36



towards the anode and along the path they ionize the surrounding gas. Due to the magnetic field
the electrons travel in a spiral trajectory which extends the electron path and increases the
ionisation probability. Those ions are collected and an ion current which is proportional to the
density of the molecules (pressure) can be measured. The lowest pressure reading is around 100
torr. The advantage of this type of gauge is that it does not need a filament and no heating occurs,

but in order to achieve very low-pressure readings a strong magnet is required.

Cathode Anode

| vl

hPa

Figure 2.5: Schematic Diagram of inverted magnetron gauge and its components.

Picture provided by Pfeiffer vacuum.

The B-A gauge operates between pressures of 10 and 10! torr.2 The basic principle
behind the B-A gauge relies on a heated filament (cathode) that emits electrons (Figure 2.6). Those
electrons are accelerated towards a positively charged grid (anode). Upon collision of these
electrons with the molecules inside of the grid, ions are generated and are collected by the ion
collector. The ion collector is at nearly ground potential, which is negative with respect to the grid.
The rate at which these positive ions are collected is directly proportional to the density of

molecules (below 1023torr). Hence, the ion current is calibrated to give a reading in pressure units.
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Figure 2.6: Schematic Diagram of a Bayard-Alpert ion gauge and its operation. Picture

provided by Granville Phillips.

2.4 Sample holder, Heating and cooling
2.4.1 Main UHV chamber
2.4.1.1 Sample holder

The sample holder or commonly called the “puck”, is specially designed by RHK to hold
the sample and make it easier to transfer from one chamber to another. The puck consists of two
parts, a grooved copper base and a titanium nitride coated molybdenum top that are held together
by screws (Figure 2.7). The copper base has two grooves, the top one is used to grab the puck to
be able to transfer it and the bottom groove is used to slide inside the sample stage clips to hold
the puck on the main manipulator. The coated top part has a hollow well into which the sample
can be placed, three molybdenum leaf clips to hold the sample in place, two holes on two different
sides to hold the thermocouple and to provide grounding possibilities, and three ramps on its
surface to allow the landing of the STM probe legs. The uniform coating provides chemical,
mechanical and thermal stability, and also provides smoothness to allow the STM probe legs to

slide down the ramp without friction during the tip approach process.

38



Figure 2.7: A Schematic of the sample holder “Puck”. Picture provided by RHK.

2.4.1.2 Sample mounting

The sample mounting, starting from the bottom to the top consist of a sapphire washer, K-
type thermocouple, Pt sample and a sapphire washer. Molybdenum clips apply the same pressure
on the sapphire washer to maintain the sample relatively flat and in place, and to provide a better
contact for heat exchange during the cooling process.

The 8 mm diameter and 0.5 mm thick Platinum single crystal sample with purity of
99.999% was purchased from Princeton scientific. The platinum sample has one polished side with
a roughness below 0.03 micron and a (111) orientation with an accuracy below 0.1 degree.

The sapphire washers that are used have an inner and outer diameter of 6 and 10 mm
respectively. They fit perfectly inside the well. Two advantages can be associated with the use of
sapphire. The first one is the cooling, sapphire is an excellent thermal conductor at low
temperatures and poor thermal conductor at high temperatures. During the cooling process,
sapphire helps to cool down the sample faster and during the heating process the sapphire slows
down the heat transfer to the puck and main manipulator. The second advantage is electrical

insulation, sapphire is a poor electrical conductor and this helps to electrically isolate the sample
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from the puck during the heating process so that current passes only through the Pt sample and
does not resistively heat up the entire puck assembly.

The thermocouple that is used to measure the temperature of the sample is a K-type
thermocouple. A K-type thermocouple is made of two types of metal alloys: chromel (90% nickel
and10% chromium) and alumel (95% nickel, 2% manganese, 2% aluminium and 1% silicon ).
The advantage of using to use this type of thermocouple is that it provides a wide range of
temperature readings from 3 K up to 1533 K with accuracy of + 2.2 K from 172 to 566 K and +
0.75% T from 566 to 1533 K.° The temperature reading is achieved by measuring the potential
voltage at the junction. When there is a change of temperature at the junction, a measurable current
flows through the circuit (Seebeck effect) and a voltage can be measured. The measured voltage
potential is proportional to the temperature. The thermocouple that is used is handmade and
consists of spot-welding alumel and chromel in a shape of a loop that has 6-7 mm diameter and a
wire thickness of 0.005” (Figure 2.7). Each side of the open loop are again spot-welded to its
respective alumel and chromel pins of 0.02”. Grooved ceramic pieces are used to hold the

thermocouple pins and isolate them from the puck.

2.4.1.3 Heating and cooling

Once the sample is mounted properly, the sample holder can be transferred on the sample
stage where heating and cooling can be performed (Figure 2.8). The heating is performed by a
retractable filament heater. The filament is hand made in the laboratory and it is made with a 0.005”
tungsten wire that has a 3N8 (99.98%) purity. The filament consists of 11 loops of 1.5 mm
diameter and is shielded by a ceramic tube. The choice of tungsten is due to its high melting point,
low vapor pressure, high resistance to chemicals and above all its good thermionic emission. The
basic principle behind the heating consists on applying a negative voltage on the filament with
respect to the sample. By increasing the current, the filament heats up and starts emitting electrons.
Due to the generated electric field those electrons are accelerated toward the sample and upon
collision their kinetic energy is transferred to the sample. This heating method is called electron

bombardment heating.
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Figure 2.8: A Schematic of the sample stage connected to the coolant reservoir and the
filament heater. Once the sample holder slides in placed on the sample stage the thermocouple
pins slides in the thermocouple clips to be able to read the temperature. Picture provided by
RHK.

The cooling is performed by flowing liquid nitrogen through the main manipulator coolant
lines into areservoir (Figure 2.8). The reservoir is made of copper and is separated from the sample
stage by a sapphire plate. Sapphire is again used to ensure a good thermal conductivity and to
maintain an electrical insulation. The cooling of the sample is performed indirectly. First, the heat
is exchanged between the liquid nitrogen and the copper reservoir, then between the reservoir the
sample stage and finally between sample stage and the sample holder. All these steps create a
gradient in temperature due to the mismatch between the different components. The typical liquid
nitrogen temperature is 77 K, the lowest temperature measured on the sample stage is 90 K and on
the sample is 110 K.

The liquid nitrogen is carried from a dewer to the manipulator by a laboratory designed
coolant tube (Figure 2.9). The tube consists of a counter current shell and tube heat exchanger
using an inner tube of 1/8” tubing and an outer shell tube of 1/4”. The design of the coolant tube

and its insulator sleeve cover ensures the minimization of heat loss to the surrounding environment.
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Figure 2.9: A Schematic of the cooling lines showing the inlet and outlet of the liquid

nitrogen.1°

The temperature range that can be measured on the sample strongly depends on a number
of factors including the sample mounting, cooling power of the arm and the elemental composition,
thickness and number of loops of the filament. With the design described above, the maximum
heating temperature that can be reached is 1200 K (while cooling the manipulator) and the limiting
factor in this case is the low melting point of surrounding material. For the cooling, the lowest
temperature that can be reached is 110 K and it takes about 45 min to an hour. Procedure and

information about the heating and cooling methods can be found in Appendix B.

2.4.2 RAIRS UHV chamber

Setting up a new characterization technique adds value to the published papers as it
provides further insights of the studied phenomena. In this case, the reference is made to the set-
up of the reflection adsorption infrared spectroscopy (RAIRS) technique. Although the setup will
seem to be simple, you need to take my word for it, that it is extremely challenging as it requires
a meticulous planning and patience, but | must admit that it is quite exciting at the same time.
There are several design constraints and restrictions that must be considered. The trial of different
designs and materials is often a necessity to be able to achieve the desired functions. In the next
paragraphs, | will only focus on the final and properly working design and explain step by step the

choices that were made.
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The restrictions and the functionalities of the RAIRS chamber need to be equivalent to the
main chamber to have the same experimental condition for the sake of consistency. The design of

the RAIRS chamber needs to take into account these following functionalities:
e The sample temperature needs to be able to reach 1100 K in order to clean the sample

e The cooling needs to reach 110-130 K to be able to absorb the molecules on top of the

Platinum surface and allow heating to high temperature

e The shape of the sample holder needs to allow the reflection of the IR beam from the

sample by passing through the 2.75 inches Potassium Bromide (KBr) windows.

e The material used need to be compatible with UHV systems (low vapor pressure and heat

resistant)
e The optical path needs to be purged in dry air or nitrogen.

2.4.2.1 Sample holder Design and mounting

The self-designed sample holder consists of a “Z” shape molybdenum plate with of 0.02”
thickness and 99.95% purity (Figure 2.10 and Figure 2.12). The choice of the “Z” shape is mainly
to allow an incidence angle between 2 and 10° on the sample due to geometry limitation of the
chamber. The choice of molybdenum is due to its high melting point, low thermal expansion, low
vapor pressure, hardness and high resistance to corrosive chemicals. The dimensions of the sample
holder have been minimized to ensure an efficient and fast heat transfer (Figure 2.11). The sample
positioning is brought as close as possible from the reservoir to be able to achieve the lowest
temperature possible due to the temperature gradient.

The sample mounting is the same setup used in the main chamber. Starting from the bottom
to the top consists of a sapphire washer, Pt sample, K-type thermocouple and sapphire bits.
Molybdenum clips are used to press the sapphire bits hold the sample in place and to provide a
better contact for heat exchange during the cooling process. The sapphire washer has an inner and
outer diameter of 6 and 10 mm respectively. The K-type thermocouple wires have a 0.05” diameter
thickness and their junction is sandwiched between the sapphire bit and the sample by the clip on
the right. The shape of the thermocouple consists of two parallel alumel and chromel wires that

are spot-welded at one end. The whole wires are covered with insulating ceramic tubes to avoid
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any physical contact with manipulator or the sample holder. These measures ensure that the sample

is electrically insulated from the sample holder. The choice of the materials is for the same reasons

stated in section 1.5.1.2.

7 "‘7 5

I L
Cooling reservoir ’/
a1 !
1. Ceramic tubes 7 ' i
2. Heating filament J \_I

3. Sapphire 3
4. Molybdenum clip
5. Sample

2 1
Figure 2.10: A side view diagram of the RAIRS sample holder with a properly mounted

sample.
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Figure 2.11: A top view diagram of the RAIRS sample holder with its proper dimensions.
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Figure 2.12: Photography of the RAIRS sample holder.

2.4.2.2 Heating and cooling

The heating is performed by a fixed filament that is attached on the back of the sample
holder by two ceramic tubes of 0.005” inner diameter (Figure 2.10). The ceramic tubes themselves
are held in place by using an alumina ceramic paste. The filament is made with a 0.005” tungsten
wire that has a 3N8 (99.98%) purity and consists of 11 loops of 1.5 mm diameter. The heating can
be performed by either putting a positive voltage on the sample with respect to the filament or by
putting a negative voltage on the filament with respect to the sample.

The cooling is performed by flowing liquid nitrogen through a coolant coil into a reservoir
(Figure 2.13). The cooling lines are wrapped around the main manipulator without any physical
contact. The reservoir is made of copper and is separated from main manipulator by a sapphire
disk. Sapphire in this case is used as an electrical insulator. The sample holder itself is sitting on

top of the reservoir to have a direct heat exchange and optimize the cooling power.
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Figure 2.13: A side view diagram of the cooling lines and the attached reservoir.

The temperature range that can be measured on the sample strongly depends on a number
of factors including the sample mounting, size of the reservoir and the coolant lines, shape and
thickness of the sample holder, and the thickness and number of loops of the filament. With the
design described above, the maximum heating temperature that was reached is 1200 K, the heating
can go at much higher temperature as the surrounding materials have a high melting point. For the
cooling, the lowest temperature that can be reached is 125 K in less than 30 min.

Further details on the resistance readings, the operation steps and how to mount the

ceramics on the back of the sample can be found in Appendix B.

2.5 Sample cleaning

Surfaces are continually exposed to gases in the UHV and will eventually become covered
with a layer of atoms or molecules. Cleaning the surface is mandatory if we want to perform
experimental studies without worrying about the interference of the contaminants. A surface is
considered “clean” if the surface contaminants is below 1% of the monolayer which is actually the
detection limit of the current surface science techniques.}® Also, a contamination below 1% is

considered unlikely to affect the experimental results.!
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The surface cleaning is performed by ion sputtering and high-temperature treatments.!? lon
sputtering is an efficient way to clean the surface by physically removing layers from the surface.
It consists of generating ions and accelerating them towards the surface. Upon collision on the
surface, ions transfer their kinetic energy to the surface which causes chemical bond cleavage of
the surface species, and ejection of atoms and molecules from the surface. The ion sputtering gun
is an IQE 11-A model and is provided by specs. The sputtering gun can go up to a 3 KeV kinetic
energy and uses argon with a 99.999% purity as a gas source to generate a collimated ion beam.
The argon gas is directly fed into the ionization chamber through a leak valve in order to minimize
the pressure increase and the typical operating pressure is between 10 and 10° mbar. Preferential
atomic removal may occur during sputtering which results in a distorted surface that contains
vacancies, kinks and adatoms.>** Annealing to high temperature provides enough energy to allow
enough mobility to the atoms at the sample surface in order to obtain flat terraces and reach an
optimal orientation. In addition, annealing to high temperatures will also help to desorb the
unwanted molecules from the surface.

The major and common impurities that can be observed on the platinum surface are carbon,
calcium, phosphorus, oxygen, silicon, chlorine and sulfur.!! For the Pt(111) single crystal used in
this thesis, the only observed impurities are carbon and oxygen. Cleaning the surface for the first
time requires several argon-ions (1.5 keV, 1 x 10° mbar Ar*) sputtering cycles for 30 min without
annealing, otherwise the existing impurities generated during the fabrication process can form
dislocations and ruin the surface. Later on, it is followed by another argon sputtering cycle but this
time at a temperature of 600 K for 30 min. This followed by annealing to 1100 K for 2 minutes,
then heating in oxygen at a pressure of 1 x 107" mbar and at a temperature of 900 K for 2 minutes.
During the annealing process the carbon diffuses from the bulk to the surface and an oxygen
treatment is recommended to remove the excess carbon that eventually desorbs as CO and CO..
The surface cleanness is verified by XPS and LEED. It takes several days with repetitive cleaning
cycles to clean the platinum surface for the first time (Figures Cland C2).

The subsequent recleaning can be achieved with less time and only the ion bombardment
and high temperature treatment are required. The Pt (111) crystal surface is usually recleaned by
repetitive cycles of 15 min of argon-ion sputtering at a pressure of 1 x 10° mbar and with an energy
of 1.5 keV at 600 K, followed by annealing to 1100 K for 2 minutes. Generally, it takes 3 cycles
to clean the surface.
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Further information on how to operate the equipment and a typical cleaning procedure can

be found in Appendix C.

2.6 X-ray photoelectron spectroscopy
2.6.1 Basic principle

X-ray photoelectron spectroscopy is a powerful technique for surface chemical analysis. It
provides important information about the elemental surface composition, the oxidation state of
these elements and the relative abundance of the atom species at the surface.*'’ The technique
was developed in the 1940-1950’s by Kai Siegbahn and coworkers which led him to win the Nobel
prize in physics in 1981. The Basic principle behind the XPS relies on the photoelectric effect. It
consists of irradiating the specimen with X-rays (Figure 2.14). The X-ray photon interacts with a
core level electron by transferring its energy to the core electron which is ejected from the atom
with a certain kinetic energy (E;). The kinetic energy of this electron can be measured by an
electron analyzer. Hence, the binding energy (E}) of the photoelectron can be determined by the

following equation :

Eb = hv — Ek —Q (26)

Where hv is the energy of the incident photon and it is well known because it is specific to
the radiation source, and ¢ is the work function of the material.

The binding energy of the photoelectrons is an intrinsic material property which leads to
chemical identification of the elemental surface composition. Moreover, the shift in the binding
energy is related to a change in the chemical environment. For example, the binding energy of the
electrons from the 1s orbital of elemental carbon is 284.8 eV and is shifted by 4.2 eV with respect
to the 289 eV of the carbon monoxide. The shifts of the core electrons binding energy are mainly
caused by the charge redistribution of valence electrons, thus providing information about the
valence state.

The simplest method to determine the relative abundance of the atomic species is by
comparing the peak area of the species of interest to the peak areas of the all the other elements
present in the sample. The assumption in this method is that the number of recorded photoelectrons

is proportional to the number of atoms on the surface. Thus, the concentration of the atomic

48



species, i, (C;) can be determined by the following equation:

I;
C = — oL 2.7)

/s,
n 1]-/
Jj=1 S]

Where [ is the integrated area of the photoelectron peak and S is the relative sensitivity
factor (RSF). The RSF values are experimentally determined and are usually implemented in the
analysis software tools.

The intensity or integrated peak area of the photoelectron peaks can be described by the

following equation,
I =n,oAJ9yx0 (2.8)

Where o is the photoelectric cross section of the element, A is electron mean free path in
the sample, J is the photon flux, 9 is the photoelectron emission angle, y is the relative excitation
probability, O is the sample area from which photoelectrons are detected, n, is the atomic
concentration of the element and y is the instrument constant (transmission function of the
analyzer and detector efficiency).

It is to be noted that due to the mean free path of the outgoing photoelectron is few
nanometers (between 3-10 nm for Al X-ray source), which makes the XPS very sensitive only to

surface species.
2.6.2 XPS components

The XPS used in the laboratory is made by SPECS and its major components consist of an

X-ray source, electron energy analyser, focusing lenses and the electron detector (Figure 2.15).
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Figure 2.14: Schematic Diagram of the X-ray photoelectron spectrometer with all its

principle components.

2.6.2.1 X-ray source

The choice of an anode is very important when it comes to performing the experiment, the
quality of the results mainly depends on the following factors : X-ray energy and linewidth. The
X-rays emitted from the anode need to have high enough energy to generate the photoelectrons in
the region of interest, the linewidth should not be too large otherwise it broadens the peaks. The
use of a monochromated source can improve the resolution.

Our X-ray source is hon-monochromatic and is equipped with a twin anode configuration
allowing the choice of generated X-ray from aluminium (Al) or magnesium (Mg) (Figure 2.15).
The energies of the K, emitted X-rays are 1486.6 eV for the Al with a full width at half-maximum
(fwhm) of 0.85 eV and 1253.6 eV for the Mg with a fwhm of 0.7 eV.!

The basic principle behind the X-ray source consists of passing a high current through
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tungsten filament which will eventually emit electrons. These electrons are accelerated towards a
high voltage positively biased anode (with respect to the filament). Upon collision with the anode,
core electrons can be exited and emits photons (X-rays) when they go back the ground state. The
anode is water-cooled to dissipate the heat generated by the electron bombardment. A thin Al
window and shielding covers the source. The Al window allows the transmission of the X-ray but
cuts off the stray electrons and minimize Bremsstrahlung, and the shielding is necessary to avoid

sample contamination from the filament.
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Figure 2.15: Cross section Diagram of a twin anode X-ray source.

2.6.2.2 Energy Analyzer and lens system
Once photoelectrons are ejected from the sample, they travel through a lens system that is
positioned at an optimum distance of 40 mm on top of the sample. The lens system is a set of 10

electrostatic lenses and was designed to yield ultimate transmission by focusing the electron beam
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into the entrance slit of the hemispherical energy electron analyzer (HSA) (Figure 2.14).8 The
lens system allows several acquisition modes to define the analysis area and angular acceptance in
order to optimize the results depending on the application. all the lenses are controlled
electronically. The lens system is also equipped with an iris that can be manually controlled and

by closing it the photoelectrons from the surroundings can be eliminated.

The HSA PHOIBOS 100 is used to disperse the photoelectrons. It consists of two 180°
concentric hemispheres that are mounted on a common center with a mean radius of 100 mm. An
entrance slit connected to the lenses systems and an exit slit connected to the detector are equally
distant from the centre. A negative potential voltage is applied on the outer hemisphere and a
positive potential voltage is applied on the inner hemisphere to generate an inverse squared (1/R?)
electrostatic field in the region in-between. For a fixed electrical field gradient, only electrons with
the right kinetic energy can make it from the entrance slit to the exit slit . Electrons arriving with
very high kinetic energies are deflected on the negatively biased hemisphere and the electrons
arriving with low kinetic energies are deflected on the positively biased hemisphere. The energy
necessary to allow the electron to pass through the energy analyzer and make it to the detector is

called the pass energy (Epqss) and it can be defined by the following equation :

Epass = (—Q)KAV (2.9)

Where AV is the potential difference applied to the hemisphere, Q is the charge of the

electron and K is the calibration constant related to the geometry of the analyzer.

2.6.2.3 Electron Detector
The electron detector type used is a single channel electron multiplier and commonly called
channeltron. The channeltron consists of a square-shaped glass box that is shaped inside as a funnel
connected to a small curved glass tube (Figure 2.15). The inner walls are coated with a high
resistance material and when a potential is applied at the ends of the tube, the coating becomes a
continuous dynode. The collision of the photoelectron with the dynodes results in the emission of
secondary electrons. These electrons are accelerated by the high voltage connected to the

chaneltron which results in further collision with the dynode along the glass tube. These successive
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collisions result in a cascade of electrons (pulse). At the end of the glass tube, the electrons are
intercepted by the collector electrode and are counted in the preamplifier channel. On average for

one incident electron, about 108 electrons make it to the collector.

2.6.2.4 Operational mode

The XPS spectrum is typically plotted as electron counts or electron counts per second
(CPS) versus binding energy or kinetic energy. We operated the system in a fixed analyzer
transmission (FAT) mode. It consists of setting a constant voltage on the analyzer such that the
pass energy of the analyzer is held at a constant value. The electrostatic lens system will be
responsible to retard or accelerate the given kinetic energy of the electrons to the range accepted
by the analyzer, and by doing so the lens voltage is recorded and converted to the appropriate
electron kinetic energy (x axis). The advantage of using this mode is to allow the acquisition of
the spectra with a constant resolution.

The spectral resolution (AE,..s) observed in the XPS spectra depends on three major factors:
the analyzer resolution (AE,,), the inherent linewidth of the of the atomic level (AE.,.;) (e.g9. O
1s, C 1s), and the natural linewidth of the incident photon radiation AE,p,0n. The spectral

resolution equation is given by the convolution of these three factors

AE, s = \/AEC%n + AEZ,,, + AE? (2.10)

leve photon

The analyzer resolution depends mainly on geometrical factors and can be described by the

following equation

AE,, S o
> v (2.11)
Epess 2Ry 4

Where S is the mean slits width, R, is the mean radius of the hemisphere and « is the half
angle of the dispersion direction. Maintaining the pass energy constant results in a constant
analyzer resolution.

Besides the physical parameters we also have the software parameters that can be tuned
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such as the dwell time, energy step and number of scans to improve the quality of the collected

spectrum. The dwell time is the time spent per energy step acquiring the intensity. The higher the

dwell time the higher intensity that can be obtained. The energy steps play an important role

especially in resolution as you obtain a smooth continuum spectrum; the lower energy step the

better. The increase of the number of scans increases the S/N ratio by a factor of v/n , where n is

the number of scans. To double the S/N ratio 4 scans are necessary, but to triple the S/N ratio it

requires 9 scans. The paid price for all these improvements is time. Optimizing these parameters

to improve the quality of the spectrum often means that more time needs be spent for spectrum

acquisition. A summary of the parameters that were used in this thesis can be found in Table 2.1

and guidelines on how to operate the XPS step by step can be found in Appendix D.

Table 2.1: Acquisition parameters set for the acquisition of XPS spectra.

Physical Parameters

Source Aluminium
Voltage (eV) 1462.8
Anode Current (mA) 26.5
Filament Current (A) 2.23
Operation Mode Fixed Analyzer Transmission
Lens Mode Small Area
Iris (mm) 28
Entrance Slit (mm) 7x 20
Pass Energy (eV) 30-75
Software Parameters
Survey Cls O1s Pt(4f)
Dwell Time 0.2 1 1 0.5
Energy Step 0.5 0.05 0.05 0.1
Pass Energy (eV) 75 30 30 30
Scans 1 6 6 1
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2.7 Low Energy Electron Diffraction
2.7.1 Basic principle

Low energy electron diffraction is a technique for surface structure determination. It is
generally used to determine the surface structure of clean and adsorbate covered crystal
surfaces.®'%22 The basic principle of the LEED relies on Bragg’s diffraction. It consists of
bombarding the sample with a collimated electron beam (Figure 2.16). The incident electrons
behave like a wave and upon collision with atoms they can undergo elastic collision and are
scattered from the lattice planes. These back-scattered electrons interfere constructively and are

observed as bright spots on the fluorescent screen forming a diffraction pattern.
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Figure 2.16: Side view diagram of the Low Energy Electron Diffraction technique.

The inelastic mean free path of the electrons in a solid depends strongly on the incident
energy of the electrons. For this reason, the incident electrons energy should be between 10 and
400 eV where the inelastic mean free path is ~ 2-4 layers (Figure 2.17). This will allow the incident
electrons to penetrate only the few first layers before undergoing inelastic collisions, thus making

the LEED a very sensitive surface technique.
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Figure 2.17: Electron mean free path in platinum(111) Where the mean free path distance
is expressed in number of platinum layers. Spectrum was generated by using the mean free path

equation provided by Seah.®

The information that can be extracted on the LEED pattern relies on the position and the
intensity of the diffraction spots. From the position of the spots, the surface, size and shape of the
reciprocal lattice the unit cell can be determined; hence, its corresponding unit cell of the real space
can also be obtained. Furthermore, the symmetry, the number and sharpness of the spots can
provide information about the presence of adsorbates and their preferential orientation compared
to the substrate. From the intensities of the diffraction spots, the exact atomic coordinates can be
obtained. The spot intensities are recorded as function of the incident kinetic energy of the electron
to generate the I-V curves and additional computer modelling is necessary.®

In this work, LEED was only used as a standard method for the characterization of the
surface quality in order verify the cleanliness of the Pt(111) surface prior to performing the other
experimental techniques. Qualitatively, sharp spots were associated with a well ordered surface
ready for usage. A LEED image of the clean Pt(111) surface is show in the cleaning process section

in appendix C. Guidelines on how to operate the LEED step by step can be found in Annex D.
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2.7.2 LEED components

The LEED used in the laboratory is made by SPECS and its major components consist of
an electron gun, grids and a fluorescent screen.

The electron gun consists of a cathode, a Wehnelt cylinder, a double anode, an
electrostatics single lens and a drift tube. The used filament is made of iridium (Ir). The advantage
of using Iris that it emits electrons at much lower temperatures and is more resistant than tungsten.
The anode is positively biased with respect to the cathode. So once electrons are emitted, they are
accelerated by the anode towards the elements of the electrostatic single lens which has the
responsibility to focus and shape the electron beam. The Wehnelt cylinder surrounds the cathode
and acts as an electrostatic aperture by narrowing the electron beam. It generally has a control over
the sharpness of the diffractions spots.

The hemispherical grids are made of molybdenum and are gold coated. The grids act as
suppressors. By applying a negative voltage to them, the reflected inelastic and secondary electrons
from the sample can be blocked allowing only the elastically scattered electrons to go through.

The fluorescent screen is placed after the grids and a positive high voltage between 5 and
7 kV is applied to it. Once the elastically scattered electrons make it through the grids they are

accelerated towards the fluorescent screen and upon collision a diffraction spot appears.

Table 2.2: Initial Parameters used for the LEED prior the incidence of the electron.

Parameters
Filament Current (A) 2.4
Energy (eV) 0
Wehnelt VVoltage -7
Anode Voltage 359
Lens 1/3 Voltage 5
Lens 2 Voltage 85
Suppressor Voltage 0
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2.8 Temperature programmed desorption
2.8.1 Basic principle

Temperature programmed desorption is a powerful technique that probes surface kinetics
of the gas phase molecules with surfaces.?*2® It provides important information about the
adsorption/desorption energies and the mechanism of catalytic reactions of molecules on the
surface.?* The technique consists of dosing molecules on top of a sample and approaching it
towards a mass spectrometer (Figure 2.18). By gradually increasing the temperature as a function
of time, the adsorbed parent molecules can either molecularly desorb from the surface or
decompose into byproducts that can also desorb from the surface. The mass spectrometer monitors
the pressure of the desorbed species from the surface as a function of time. Hence, the temperatures
of desorption of the parent molecule and byproducts can be determined, providing information
about the adsorbed state of the molecule (chemisorbed or physisorbed). The order of desorption of

the species gives information about the reaction pathways.
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Figure 2.18: Side view diagram of the Temperature programmed technique

The experiments are monitored by a computer that records the pressure (rate of desorption)
and temperatures as a function of time. The time between the two sets of data can be correlated
with a designed macro and a spectrum of pressures as a function of temperature can finally be
obtained. The determination of the energetic barriers is performed by applying the redhead analysis
which mainly depends on the heating rate (8) and the desorption rate (r).%’

The temperature of the sample (T) is linearly increased as a function of time (t) and can be

determined by the following equation:
T =T, +ft (2.12)

Where T, is the initial temperature of the sample.
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Equation (2.12) can be rewritten as

ar

= (2.13)

B

The desorption rate is the rate of change in the coverage (6) as a function of time and can

be described by the following equation :

20
r=——o-=ko" (2.14)

Where k is the desorption rate constant and n is the order of desorption.
The rate of change in the coverage as a function of temperature can be obtained by dividing
equation (2.14) by (2.13)

00 ko™

- = 2.1
aT = p (2.15)
The rate constant for desorption obeys Arrhenius equation
_ —Eges
k=Ax exp( BT ) (2.16)

Where E . Is the desorption energy and R is the gas constant. Replacing k in the equation

(2.15) leads us to the so-called Polanyi-Wigner equation

90 AO"  [—Eg,
T B eXp< RT ) (217)

The maximum intensity of the desorption peak of the molecules occurs at the maximum

temperature (Ty,qx)
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0%6

Tmax

Assuming that A and E,,¢ are independent of coverage and by substitution of equation
(2.17) in equation (2.18), the Redhead equation can be obtained.

Edes — Angnd_l exp (_Edes)
RTr%ax ﬁ RTmax

(2.19)

A first order desorption is when the molecule desorbs from the surface by itself and the
value attributed to n, is equal to 1. For example, the molecular desorption of methanol from the
surface. A second order desorption is often called associative desorption and it happens when two
adsorbed molecules recombine to desorb from the surface as one. For example, two hydrogen
atoms (H) in the adsorbed phase recombine to desorbs as dihydrogen (H>). In this latter case, n
equals to 2.

Use of the Redhead equation is the simplest method to determine the desorption energy as
it can be obtained from one spectrum. More complex and accurate methods exist for TPD
analysis?®, but the complexity of the chemical systems and the overlap of peaks make the Redhead
method more suitable for our experiments. In order to determine the desorption energy, we need
to know the pre-exponential factor, the maximum temperature of the desorption peak and the
heating rate. The T,,,,,, and the ramp can be easily determined from the spectrum and experimental
setting. The pre-exponential factor A is usually simplified and estimated to be 10%s™. This value
is often underestimated which leads to non- accurate results. For example, taking T4, = 300K,
£=3K/s and A= 10%3, 10'* and 10 s results in the following energies ~77, 83 and 89 kJ/mole
respectively. A difference of 6 kd/mole in the energies results in a change of one order of magnitude
in the pre-exponential factor.

The determination of the pre-exponential factor can be determined experimentally in two

ways. The first one consists of acquiring several TPD spectra with different heating rates and then

plotting the In (ﬁ /T2 ) Versus 1/T . The desorption energy can be determined form the slope

max max

of the linear plot. Hence, the pre-exponential factor can be obtained. The second one consists of
using Charlie Campbell approach and it is the one used in this thesis.?® This approach takes into

account the entropy of adsorbed and gas phase species to provide more accurate results.*
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Campbell compared over 30 different adsorbates/substrate combination and concluded that the
desorption prefactor after nonactivated molecular adsorption with attractive adsorbate— adsorbate

interactions can be obtained by the following equation

)
2

(ﬁ) (2.20)

Nl W

k,T 0
A= 5 €XP (0.38545/R +3.3-9311In (

- )
My

Where, k, is Boltzmann constant, S;as is the entropy of the gas phase molecule at standard

pressure, my, is the mass of argon, m is the mass of the desorbed specie and T is the desorption

temperature.

2.8.2 TPD components

The main component in the TPD technique used in the laboratory is the quadrupole mass
spectrometer (QMS) also called the residual gas analyzer (RGA). The model used is a Prisma TM
80 and is provided by Pfeiffer vacuum. It has a detection range varying from 1 to 200 mass to
charge (m/z) ratio with a detection limit below 1072 torr. The RGA resolution is adjustable between
0.5 to 2.5 m/z, typically a lower resolution results in higher signal sensitivity and a higher
resolution results in a lower signal sensitivity. The RGA is composed of three important parts: an
ionizer, a quadrupole mass filter and an ion detector (Figure 2.19).

The residual gas analyzer parts are encased in a glass bulb that has a Imm hole at the
bottom and is differentially pumped by the ion pump in the RHK chamber. A molybdenum cone
with a 5 mm tip hole is attached to the glass bulb bottom and acts as a first stage filter for the
molecules take of angle from the surface. It allows only the molecules that perpendicularly desorb
from the surface to make it into the glass blub and this helps to increase the signal to noise ratio.
The small diameter of the cone and the bulb ensures that we are only detecting the molecules that
desorb from the sample surface. Once the molecules pass through the bulb hole, they reach the
ionization region (lonizer). It relies on the same principle as in the ion gauge (section 1.4), where
the entering gas molecules get ionized upon collision with the emitted electrons from the filament.
Once the ions are formed they are focused and accelerated towards the quadrupole mass filter

region. The quadrupole mass filter, as its name suggests, acts as filter for the ions, based on their
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mass to charge ratio (m/z). It consists of four parallel rods in which an alternating and direct
currents are coupled to generate an oscillating electric field. For a given alternating and direct
current, the ion entering the oscillating electric field follows a helical trajectory and if it has the
right mass to charge ratio it makes it to the detector region otherwise it collides with the rods or

the walls and is discharged.3*3*

lons created through lons separated by lon detection
electron bombard- the m/e ratio in in the ion
ment ionization in the rod system detector

the ion source

lon-optics

Field radius ry

‘.‘ ‘/[ iﬁ
4/. " Formation T ° .

7

Cathode chamber (U+Veosot)

v 0

Figure 2.19: Schematic diagram of the components of the quadrupole mass spectrometer.

Picture provided by Pfeiffer.
The quadrupole voltage (Ugyqq) can be described by following equation
Uguaa = U +V cos(wt) (2.21)
Where Ug,qq represents the voltage of direct current and V is the amplitude of the

alternative current oscillating at frequency w.
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The motion of the ions inside the mass inside the quadrupole mass filter can be described

by starting with Newton’s second law and Lorentz’s force law
F=ma (2.22)
F= QE + Q¥B (2.23)

Where F is the force, m is the mass of the ion, Q is the ion charge, E is the electric field, v
is the speed of the moving ion and B is the magnetic field.
Knowing that the magnetic field B=0 and that the E = —VV ,and by combining 2.21, 2.22

and 2.23, the differential equations of motion can be obtained®®

0°x _ Q [U+Vcos(wt)]
atz m i

x (2.24)

92y ~ 2 [U + V cos(wt)] y (2.25)

at2  m i

0%z
— =0 2.26
3¢z (2.26)

Where 1y is the field radius. These equations are an example of Mathieu’s equation and
can be numerically solved. To perfectly fit Mathieu’s equation, the substitution of these two

parameters is necessary

8QU
R (227
0
4QV
= — 2.28
1 mréw? (2.28)
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These parameters are called the stability parameters and by plotting a versus g, the cross
section of the curves in the x and y directions give us the stability region (which is represented by
the area under the red triangle (Figure 2.20). The load line is obtained by dividing parameter a/q
which gives us 2U/V. In Figure 2.20, for a given value of U, V, w, and r, the intersection of the
load-line with the stability region delimits the acceptance region of the ions. All the ions of the
same mass to charge ratio have the same "a" and "q" parameters. Hence, only those specific atoms
with a "a" and "q” parameters inside the triangle between the load-line and the apex will make it
to the detector. All the other ions outside of this region will be deflected towards the rod or the

walls and will be discharged.
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Figure 2.20: Stability region Diagram of the quadrupole mass spectrometer at fixed U, V/,

w, and r, parameters. Diagram provided by Pfeiffer.
The resolution in this case can be improved by simply increasing the slope of the load line

U/V ratio. The closer the load line is to the apex the better the resolution will be (Figure 2.21).

Comparing the solid line and the dashed line, the solid line has a lower slope and is far from the
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apex which results in broader peak but a higher detected signal. In contrast, the dashed line is
closer to the apex allowing a better resolution, but the signal is weaker as fewer ions makes it to
the detector. The scanning of different mass number can be achieved by varying the amplitude of
U and V but maintaining the U/V ratio constant. The lower m/z ions trajectory are more stable at
low of U and V amplitudes, and the higher m/z ions trajectory is more stable at higher U and V

amplitudes.

80 —
70 —

40 —

DC voltage (volts)

0 - .

T
0 50 100 150 200 250 300 350 400 450 500 550
(a) RF voltage (Vo-p)

E
|

Figure 2.21: a) Stability region Diagram of m/z 28, 69 and 219. The dashed line and the
solid line represent the load line with different slopes to show the stability region of the collected
ions .b) Simulated intensities and the resolutions of the mass spectrometer depending on the load

line slope. From Kero et al.3! Copyrights © 2005 John Wiley & Sons, Inc. Reprinted by

permission of John Wiley & Sons, Inc.

The primsa mass spectrometer in the laboratory is equipped with a dual ion detector. The
first one is a Faraday cup and the second one in a secondary electron multiplier (SEM).%%3" The
farday cup consists of a metallic cup on which the ions get discharged upon collision with its
surface. A current proportional to the number of ion captured by the cup can be measured. The ion
current is then converted into a reading of pressure with proper calibration. The Faraday cup can
detect partial pressures up to 10 torr but the measurement is slow especially at the detection limit.
To measure lower ion current the use of the SEM is necessary. SEM can detect partial pressures

up to 10 torr. The SEM detector relies on the same principle as the channeltron seen in section
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1.6.2.3 except that the setup is different. The SEM consists of consecutive semi-cylindrical
dynodes facing each other with a certain offset. Upon the collision of the ion with the first dynode,
secondary electrons are emitted and are accelerated towards the second dynode that will emit at
his turn more secondary electrons. A cascade of electrons is generated and at the end a collector
collects those electrons to measure a current that is proportional to the number of incident ions.
For each incident ion about 107 electrons make it to the collector which makes very sensitive. The
SEM has the advantage that it has a fast response time and the noise to level ratio is much better
compared to the Faraday cup.

The number of detected ions is proportional to the number of molecules in the gas phase.
It is also to be noted that during the ionization process the molecules can break down into
fragments that are taken into account during the acquisition process. A typical plot of pressure
versus temperature will include the partial pressure of the parent molecule and the partial pressure
of its fragmentation pattern as well. For example, when CO2 (44 amu) is ionized, the signal with
m/z ratio of 44 will be measured but it will also measure the intensity of m/z ratio of 14, 16, 28
and 32 corresponding to Carbon, Oxygen, CO and O respectively.

The RGA is not only used for TPD technique but is also used to monitor the partial
pressures of the gases inside the chamber. It also helps to detect leaks when performing check-ups
with helium gas.

A procedure on how to perform a TPD experiment can be found in Appendix D.

2.9 Reflection adsorption infrared spectroscopy
2.9.1 Basic principle

Reflection adsorption infrared spectroscopy is a powerful technique that is used to probe
the vibrations of the molecules on the surface with a sensitivity of one thousandth of a monolayer.
It provides important information about the adsorption geometry and the integrity of the adsorbed
molecule.®® The basic principle behind the technique consists of exciting the vibrational modes of
the molecules by irradiating the surface with infrared light. The infrared light is initially generated
by the FT-IR (Bruker Equinox 55) spectrometer and is incident on a flat mirror that reflects the
beam at a 90° angle to a parabolic mirror (90° off-axis, 30 cm focal length) which focuses the
beam on the sample with an angle of incidence of 7° onto the surface inside of the UHV chamber

(Figure 2.22). The energy of the incident infrared light is absorbed by the molecule only if it
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matches its vibrational frequencies, otherwise the infrared beam is simply reflected from the
surface. After reflection from the surface of the sample, a second parabolic mirror focuses the
beam to a liquid-nitrogen cooled mercury-cadmium-telluride (MCT) detector (InfraRed associates,
model D315/6). By measuring the reflected infrared light, the absorbed frequencies can be
determined. The frequency at which a given vibration occurs depends on the strengths of the bond
and the mass of the atoms. This means that every molecule has its own vibrational modes; thus,

providing us with information about the chemical nature of the adsorbates.
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Figure 2.22: Top view schematic diagram of the RAIRS system setup with its

components.

The vibrational modes of the molecules can be excited by the interaction of the electric
field with the dipole moment of the molecule. The behaviour of the electric field changes when a
metal is involved. Consider an electric field incident with a polarisation s parallel (Es) to the

surface and a polarisation p perpendicular (E,) with an angle to the surface (Figure 2.23). Upon

68



reflection from the surface, the electric field components (E, and Es) are reversed in opposite
direction with almost the same magnitude given the fact that the reflection factor is close to 1 for
metals. At the reflection boundary, the parallel components of the electric field of the s polarisation
Es and E¢ almost cancel out while the perpendicular component of the electric field of p

polarisation is enhanced.

. \/

E's

Figure 2.23: Reflection of the electric field from a metallic surface at the boundary. The

incident s and p polarisations of the electric field are represented by Es and E,, respectively with

their corresponding reflections E; and Ej,.

This means that it is only the perpendicular component of the electric field that interacts
with the dipole moments of the molecule and this is called the metal-surface selection rule.3®4

The intensity of the measured peaks depends on the strength of the electric field, the change
in the dipole moment of the molecule and the angle between the perpendicular electric field and
the dipole moment. The intensity of the perpendicular component of the electric field strongly
depends on the incident angle. In figure 2.24, for incident angle around 80 and 88°, E,, intensity
is almost doubled. This angle is called a grazing angle where the sensitivity of the RAIRS is at a

maximum.
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Figure 2.24: Resultant electric field from the surface with varying incident angles. The
incident electric field for the infrared radiation is represented by E, while s and p polarisations
of the electric field are represented by Es and E,,. Given that the intensity I o« E?, the
contribution from the parallel components of the Electric field is almost zero.Reprinted from
Hollins et al.*! Copyright (1985) with permission from Elsevier.

2.9.2 RAIRS components
Figure 2.22 shows that the major components for the setup of the RAIRS chamber are: the
infrared source, the FT-IR spectrometer, the MCT detector and purging boxes. All the other

components of the UHV chamber are discussed in sections 1.3 and 1.5.2.

2.9.2.1 Infrared Source
The infrared source used in the equinox 55 is a silicon carbide heat source (commonly
known as a globar) that generates mid-infrared radiation (2 — 25um).*? The basic principle relies
on black body radiation. A current is passed through the silicon carbide rod to raise its temperature.
The intensity of the black body radiation mainly depends on the temperature, this is why the silicon

carbide is operated at 1200 K. The source is air cooled to maintain the temperature constant.
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2.9.2.2 Fourier Transform Infrared Spectrometer

The basic principle of the FTIR relies on the Michelson interferometer.*# An
interferometer is used to measure the wavelength of the optical beam through the creation of
interference patterns. A Michelson interferometer consists of a fixed mirror, a movable mirror and
a beam splitter. The emitted infrared beam from the source is partially reflected to the fixed mirror
and partially transmitted to the movable mirror by the beam splitter. When they return to the beam
splitter they recombine, then leave the interferometer to interact with the sample and then the signal
is measured by a detector. The intensity of the signal depends on the interference of the waves and
their path difference. For a given wave length, if the path difference (&) is zero or an integer number
of wavelengths, the two beams are in phase and the interference is constructive and a maximum
intensity is measured, but if § is not zero and is not an integer number of wavelengths then a total
or a partial destructive interference occurs. Each wave length undergoes constructive and
destructive interference at a different path differences 6 and this is how the interferometer
distinguishes the different frequencies. The measured intensity of all the IR beam wavelengths
(I(8)) by the detector as a function of § gives rise to an interferogram which represents an addition
of each interferogram arising from each different wavelength (Figure 2.25 a). It is typically
performed by moving the movable mirror back and forth at constant speed. The highest intensity
is measured at zero path difference, where all the wavelengths of the IR beam are in phase and
constructively interfere. This high band intensity is called the centerburst. Moving the path
difference causes some of the wavelengths to be out of phase and results in signal drop due to
destructive interference. By taking the Fourier transform of the interferogram we obtain the
calculated spectrum of the infrared absorbance intensity versus wavenumber (cm™) (Figure 2.25
b). This spectrum is generally called the single beam spectrum and its shape is mainly due to the

globar of the infrared source, the sensitivity of the detector and properties of the optics.
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Figure 2.25: a) Interferogram obtained after reflection from a clean Pt(111) surface. b)
Background single beam spectrum. c) Single beam spectrum after depositing 100L of anisole on

Pt(111). d) Transmittance spectrum obtained by dividing spectrum ¢ by spectrum b.

Prior dosing the molecules, a single beam spectrum of the clean surface is acquired and is
referred to as the background. The background will generally contain absorbance peaks of the
surrounding molecules in the environment such as water vapour and carbon dioxide. Upon
adsorption of the molecules, a single beam spectrum is acquired and will contain peaks specific to
the vibrational modes of the dosed molecule but also undesired peaks from the molecules present
in the surrounding environment (Figure 2.25 c). To eliminate these peaks a transmittance spectrum

can be obtained by dividing the intensity of the molecule's absorbance spectrum by the intensity
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of the background spectrum (Figure 2.25 d).

The collected interferogram is performed by multiple scans (moving the mirror back and
forth) to increase the signal to noise ratio (S/N). The relation between them is described by the
following equation S/N « (n)'/? where n is the number scans. Increasing the number increases
the S/N in the other hand increases the acquisition time as well. This leads us to the next important
parameter which is the resolution. The resolution is proportional to 1/8, meaning that the higher
the path difference the better the resolution becomes. To obtain a higher path difference, the mirror
will have to be displaced at a longer distance. The drawback in doing so, is that the spectrum will
be noisier S/N o resolution. Depending on the experiment and what we want to probe a trade-
off between the S/N, the time and the resolution needs to be taken into account to achieve high

quality spectra.

2.9.2.3 Mercury cadmium telluride (MCT) Detector

Mercury cadmium telluride detector used in the laboratory consists of a crystal made of
these three elements, a thallium bromoiodide (KRS-5W) window to protect the crystal, electronics
to measure the current and a liquid nitrogen reservoir to cool down the detector. MCT detectors
are very sensitive to infrared light and the model used can detect wavelengths between 2-24 um
with a peak at 22 um(4,,,4,)- When the infrared light interacts with the crystal, electrons from the
valence band are excited to the conduction band. By applying a voltage, a current can be measured,
and it is proportional to the number of photons hitting the detector. Hence, the measured current
gives the measure of the infrared intensity.

MCT detectors have the advantage of being very sensitive and having a tunable bandgap.
The sensitivity (D*) of the detector is at least 10 times higher than the conventional ones such as
deuterated triglycine sulfate (DGTS).*In order to achieve this, cooling down the detector with
liquid nitrogen is necessary to avoid the excitation of the electrons by thermal agitation which
results in a noise decrease. Depending on the compositions of the alloy elements the bandgap can
be tuned (Figure 2.26). A lower bandgap will allow infrared waves of lower energies (lower
frequencies) to excite the electron from the valence band to the conduction band. The limit at
which the infrared wave frequencies cannot excite the electron to the conduction band is called a
cut-off frequency and generally falls just above the value of 4,,,,, . The cut-off frequency of the

D315/6 model, is around 700 cm™ and below. This is the reason why metal-atom vibrational
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modes cannot be observed, because their frequencies lie in region below 400 cm™. Typical
specifications of the 315/6 model and acquisition parameters can be found in Table 2.3. For the

operation mode of the RAIRS technique, please see Appendix D.
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Figure 2.26: This graph summarises the behaviour of the band gab and the cut-off
frequency as a function of the alloy composition Hg1x Cdx Te and temperature. The bandgap

energy (Eyqp) as a function of alloy composition is modelled from the following equation Eg,,, =

—0.302 + 1.93x — 0.81x2 + 0.832x3 + 5.35(1 — 2x)10~* T. Replotted from P. Norton.*’

2.9.2.4 Purging

The presence of water along the optical path leads to the appearance of undesired sharp
peaks in the IR spectrum. These peaks may obscure peaks that provide important information about
compounds in the sample. One way to eliminate these undesired peaks is by purging the optical
path with dry air or nitrogen. To ensure that the optical path is purged, two plexiglass boxes have
been built by using screws and silicone as a sealant. The first plexiglass box is the intermediate
between the FT-IR spectrometer and the UHV chamber (Figure 2.22). The box holds a dessicant
to absorb water moisture, a flat mirror and a parabolic mirror to reflect the IR beam. The box also
protects the KBr windows, KBr is soluble in water. Over time exposure of the windows to water
vapor causes the widows to become opaque and eventually they will stop transmitting the IR beam.
A second plexiglass box is also used on the opposite side of the chamber, this box holds a dessicant,

a parabolic mirror and a detector. The box is purged with dry air as well and on top of the reasons
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stated above, the detector is usually cooled down with liquid nitrogen and any presence of vapor

water can condensate on detector lens which results in signal saturation.

Table 2.3: Acquisition parameters set for the RAIRS spectra and specifications of D315/6

MCT model.
Physical Parameters
Source Silicon carbide
Voltage (eV) 1462.8
Crystal width (mm) 1
Crystal length (mm) 1
window KRS-5W
Operating temperature (K) 77
D* (cm HzY>W-) at 10KHz 8.47x10°

Software Parameters

Resolution (cm™) 4
Scans 1000
Sample signal gain 4

2.10 First principles calculations

Determining the reaction pathways and the intermediate species experimentally is very
challenging as consecutive reactions can occur quickly and the resolution of the equipment makes
it difficult to track the exact reaction pathways without assumptions. Applying DFT methods in
computational chemistry helps us to determine the relative stability of intermediates and the
transition states without worrying about the experimental constraints, and thus providing us with
a complete picture of the catalytic mechanism. In this work, first principles calculations based on
density functional theory (DFT) were performed with the Vienna Ab Initio Simulation Package
(VASP). This work was part of a collaboration between Ecole normale supérieure de Lyon and
the University of Ottawa. | performed all the work related to XPS simulations and the
determination of the core level binding energy. The work related to the surface optimisation,

adsorption geometry of the molecules, transition states and kinetic analysis have been performed
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by Romain Réocreux, specific details about his work can be found in his published thesis.*® In this
section, | will cover an introduction of the first principles calculations and present an optimal guide

on how to perform XPS calculations to estimate the core electron binding energy.

2.10.1 Introduction to density functional theory

The first principles calculations approach is based on density function theory. DFT
technique assumes that the ground state energy (¢) is only determined by the electron density (p).
The density itself is a function of position, hence its name “functional”.*®>! From Schrédinger's
equation the energy functional as a function of denstity can be described by the kinetic energy (T),

the interaction with external potential (V,,;) and the electron-electron interaction (V,,;):

E[p] = T[p] + Vext[p] + Vext[p]

The kinetic and electron-electron functionals are unknown. In order to solve Schrddinger's
equation an approximation has to be made. In this case we introduce a ficticious system of n non-
interacting electrons where each electron can be described by a single determinant orbital
wavefunction ¢;. The electron-electron interaction will be approximated as the classical coulomb

interaction. The ground state energy can be obtained by the Schrodinger equation :

? ()
L v P2 v - 2.29
- ext (T'1) - r, + %c(11) @i(r) = () (2.29)
2m — 4-71'807‘12 S——— .
, Apted external potential exchange correlation
l Kinetic Energy electron electron potential
repulsion

Where V,,; represents the external potential applied to the system. For example, for
molecules and solids it would be the attraction of the electron to the nucleus.

The density p(r) is described by the wavefunctions ¢;(r) :

p() = ) 19 (2:30)
i=1
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The exchange-correlation energy (Ex¢)is the sum of the error made using n non-interacting
electrons and treating the electron-electron interaction classically. The exchange-correlation
potential (Vy.) is obtained by applying the gradient of the density to the exchange-correlation

energy :

Viclp] = — (231)

Unfortunately, the exchange correlation energy functional (Exc[p]) is not known and it relies on
an approximation. This approximation itself is a research field which is out of the scope of this
thesis. There are many different functionals and each one of them is suited for a certain type of
study. The exchange correlation energy functional used is this thesis is a generalized gradient
approximation (GGA, optPBE) that depends on the density and its gradient. This functional was
shown to correctly describe both chemisorption bonds and dispersive interactions, and to give

adsorption energies in close agreement with experimental results.

Brc ~ [ p0)ecc(p, Vp)dr (2.32)

The Kohn-Sham equations are solved self-consistently (Figure 2.27). It starts by guessing
the density of electrons. Then the density is used to estimate the exchange correlation energy which
at its turn is used to obtain the exchange correlation potential. The exchange correlation potential
is then used in the Kohn-Sham equations to solve for a new set of wavefunctions. Then the new
set of wavefunctions is used to estimate the new density of electrons. The process is repeated until
convergence is achieved where the density of electrons and the exchange correlation potential are

constant.
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Figure 2.27: Diagram representing the logical pathway in density functional theory

calculations.

2.10.2. XPS Simulations

To perform XPS simulations a methodology had to be implemented to accurately estimate
the core level binding energies. The project started by calculating core level binding energies of
simple molecules such as CO on Pt(111) surface and by varying different parameters such as the
number of adsorbed species, the number of K-points, the adsorption sites and the number of
excited electrons. Once a better understanding of the influence of these parameters has been
achieved, we increased the complexity towards ethanol to be able to study the influence of the
adsorption geometry, and the individual/simultaneous excitations of the atoms. The overall
understanding of the influence of all these parameters enabled us to determine the optimal
parameters that were used to calculate the core level binding energies of phenol, anisole and 2-
Phenoxyethanol. The successful agreement between the theoretical predictions and the
experimental results led to the implementation of the methodology (how perform XPS simulations)
in the research group for future use. The details of calculations and spectra simulations can be
found in Appendix E.

The XPS simulations are carried with a code implemented by Kresse in the Vienna Ab

Initio Simulation Package.>>® The simulation consists of 3D-cell where a molecule and /or slab
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can be implemented. The cell system is periodically reproduced to generate an “infinite” surface.
Although the code provides a good description of the surface potential of transition metals and
their interaction with molecules, it still lacks proper determination of the core electron binding
energies. The core hole is simulated with a pseudopotential rather than the full electronic
description of core electrons.>*>® In addition, simulating a real XPS process where the core electron
is completely removed from the atom is impossible. The Coulomb potential of an ionized atom
cannot be treated under the assumption of periodicity due to Coulombic divergence. For these
reasons, the method cannot provide absolute core level energies but the binding energy shifts AE,
is accurate and can be compared to experimental values.*®>’

XPS simulations are carried by specifying the following parameters implemented in VASP
: ICORELEVEL, CLNT, CLN, CLL, CLZ.%®

The ICORELEVEL can take two values either 1 or 2. If ICORELEVEL is set to 1, it will
only provide core level binding energy in the initial state approximation which involves
recalculating the Kohn-Sham eigenvalues of the core states after a self-consistent calculation of
the valence charge density. If it is set to 2, an electron from the core shell will be removed and
placed into the conduction band. The final state approximation process is closely related to the
XPS process.

The CLNT corresponds the concerned atom. The position number corresponding to the
atom in the POSCAR file should be entered here.

The CLN and CLL corresponds to the principal quantum number (n) and angular quantum
number (I) to specify from which core shell the electron should be excited.

The CLZ corresponds the number of electrons that are removed from the core. The choices

are 1 or 0.5 electron (Derived from Janak’s theorem).>
Table 2.4 contains the optimal parameters to calculate core level energies that can be

compared to experimental results. Further details about the determination of the right parameters
can be found in Appendix E.
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Table 2.4: Initial Parameters used for the calculation of core electron binding energy of

the C1s.
Parameters
ICORELEVEL 2
CLNT 2
CLN 1
CLL 0
CLZ 0.5
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Chapter 3:
Decomposition Mechanism of Anisole on Pt(111):
Combining Single-Crystal Experiments and First-Principles

Calculations

Reprinted with permission from Réocreux, R.; Ould Hamou, C. A.; Michel, C.; Giorgi, J.
B.; Sautet, P. Decomposition Mechanism of Anisole on Pt(111): Combining Single-Crystal
Experiments and First-Principles Calculations. ACS Catal. 2016, 6, 8166-8178. Copyright ©
2016, American Chemical Society.

| performed all the XPS and TPD experiments, and XPS prediction by density functional
theory calculations for the reactivity of Anisole on Pt(111). I performed all the analysis and
interpretation related to the experimental results. Romain Réocreux performed all the DFT

calculations (except the XPS predictions) and related analysis.
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Abstract

To valorize lignin as a renewable source of aromatics, it is necessary to develop selective
heterogeneous catalysts for the hydrodeoxygenation reaction of aromatic oxygenates such as
anisole. Most of the metal supported catalysts tested so far exhibit a high conversion but a low
selectivity towards valuable aromatic hydrocarbons, yielding mainly phenolic compounds. To gain
insights into that catalytic system, we performed surface science experiments (X-ray Photoelectron
Spectroscopy and Temperature Programmed Desorption) under Ultra-High Vacuum conditions
(UHV). Dosing anisole on Pt(111) surprisingly gave benzene, carbon monoxide and hydrogen as
the main desorbing products of decomposition. With the help of Density Functional Theory (DFT)
we successfully explain the unexpected selectivity. In the present work we show in particular that
phenoxy PhO stands as a key intermediate. Although the UHV conditions do not allow the
hydrogenation of phenoxy into phenol, i.e. the catalytic product, they reveal the key role of both
hydrogen and carbonaceous species. Under UHV conditions, anisole gets extensively
dehydrogenated: it results in the formation of carbonaceous fragments, which can actually perform
the deoxygenation of phenoxy into benzene, but also, more importantly, coke. This detailed study

opens the door to a rational design of hydrodeoxygenation catalysts based on supported metals.

Keywords: Lignin, Pt(111), anisole decomposition mechanism, phenol, benzene, DFT, TPD, XPS
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3.1 Introduction

Within the context of biomass conversion, lignin has received intense research for about a
decade concerning its extraction and decomposition into upgradable aromatic fragments. Lignin
is indeed nature’s most abundant aromatic polymer (10% to 30% of biomass) and therefore
represents an extraordinary sustainable source of high valuable aromatic compounds, which are
currently produced from oil fractions. Among those target molecules, the so-called BTX platform
(benzene, toluene, and xylene) is of great interest. Their production however requires the
deoxygenation of the aromatic monomers and oligomers obtained from preliminary lignin
depolymerization. Decreasing the oxygen content of such recalcitrant phenolic compounds still
remains a very difficult task. The required reduction of the oxygen containing functional groups
(ethers, phenols, etc) indeed competes with the undesired reduction of the aromatic moieties into
cyclic, or worse, linear alkanes.

Albeit quite challenging, many heterogeneous catalysts have been designed to reduce the
amount of oxygenated functional groups using moderate to large pressures of hydrogen. This so-
called hydrodeoxygenation (HDO) reaction can be catalyzed using molybdenum sulfide catalysts
promoted with cobalt or nickel (CoMoS or NiMoS).*”" To maintain their catalytic activity, extra
sulfur-containing species must however be added to the system, leading to an undesired increase
of the sulfur content in the products.® The HDO of lignin fragments has also been attempted on
noble metals. Ru and Pd show higher conversion for HDO than CoMoS and NiMoS.° Pt shows
even higher conversions but the products are not as deoxygenated as with the other noble metals.
This singularity of Pt has been investigated a great deal using anisole and guaiacol as model
compounds. Under HDO conditions they mainly undergo demethylation or transalkylation
reactions, leading to different phenolic compounds.'®? In spite of the very reducing environment,
only very small amounts of BTX — resulting from demethoxylation — have been detected. Even if
reaction networks have been proposed,'®'3!* the full mechanism remains difficult to elucidate
experimentally since both the conditions and the support can have effects on the selectivity. >

To gain insights into the reactivity of aromatic oxygenates on noble metal surfaces, many
DFT studies have been performed and published.®-?* Honkela et al. showed in particular that
the dissociation of phenol into phenoxy was endothermic on Pt(111) and exothermic on Rh(111)
and suggested that it may explain the higher propensity of Rh to deoxygenate aromatics.'® Vlachos

and co-workers recently proposed the first DFT-elucidated mechanism of guaiacol
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decomposition.?® Based on electronic energies, they showed that guaiacol could indeed be
demethylated to catechol but was recalcitrant to further deoxygenation. Heyden and co-workers
enhanced this model taking entropy and pressure effects into account and confirmed Vlachos’s
work.?®> However it is very difficult to get experimental evidence that support the proposed
mechanism since many parameters remain quite challenging to model (e.g. support effects, state
of surfaces, ...).

Fortunately, single crystal experiments can help investigating the intrinsic reactivity of the
metal catalyst by isolating the different parameters like in particular the environment and the shape
of the catalyst. Using TPD experiments, the reactivity of simpler aromatics has already been
reported in the literature and has shown different preferences in C-H, C-O and C-C bond cleavages.
Phenol has been extensively studied on various metals. On Rh(111)% it decomposes into phenoxy
via O-H bond cleavage at temperatures below 300 K, while C-H bond cleavage is observed at 350
K and above. Observable products of desorption are CO and Hz. On Mo(110)?’ phenoxy is also
formed below 300 K but it decomposes into Ha, surface oxygen and hydrocarbon fragments. All
C-0O bond cleavages occur by 450 K (no molecular desorption of CO is observed). On Pt(111), the
O-H bond cleavage occurs even earlier, below 200 K. Above 0.7 monolayer (ML) coverage
phenoxy is subject to a competitive reaction pathway, it either generates benzene and surface
oxygen, or it decomposes into CO, H> and carbonaceous species. Below 0.5 ML coverage, no CH-
containing adsorbates can be observed on the surface: C-C and C-H bond cleavages are more
favorable than the C-O bond cleavage. This leads to hydrogen and carbon monoxide as the main
desorbing products.?®

The only fundamental investigation of anisole decomposition on platinum was carried out
by King and co-workers. They studied the adsorption of anisole on Pt(100)-hex by reflection
adsorption infrared spectroscopy (RAIRS) and temperature programmed desorption (TPD).?°
King’s group has found that the multilayer of adsorbed anisole molecularly desorbs at 175 K. The
monolayer decomposes on the surface by the cleavage of the O-Me bond around 250 K to form
phenoxy and methyl. Above 350 K the phenoxy species decomposes into CO, O, and Hz. The
methyl group undergoes either hydrogenation to form methane that desorbs at 325 K or
dehydrogenation to form surface carbon. No formation of benzene or phenol was reported.

In this manuscript, we provide a detailed description of the interaction and decomposition

pathways of anisole on a Pt(111) surface. The fundamental approach involves the combination of
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detailed DFT calculations with experimental techniques focusing on the monolayer and
submonolayer regimes of anisole on the surface. Experimental results will be presented for X-ray
photoelectron spectroscopy (XPS) and temperature programmed desorption (TPD). In
combination with a kinetic analysis of the reaction energy profiles obtained from DFT, we propose
a mechanism to understand the selectivity of benzene over phenol in the desorption products.
Finally, we will discuss how we can rationalize the reverse selectivity observed under HDO

reaction conditions.

3.2 Experimental

The 8 mm diameter and 0.5 mm thick platinum single crystal sample with purity of
99.999% was purchased from Princeton scientific. Experiments were carried out in a multi-
technique UHV chamber (Specs GmbH) with a base pressure of 4 x 1071° mbar. The Pt (111)
crystal surface was cleaned by repetitive cycles of 15 min of sputtering (1.5 keV, 1 x 10~ mbar
Ar®) at 600 K, followed by annealing to 1100 K for 2 min. The sample cleanness was confirmed
by LEED and XPS. The sample was cooled via a liquid nitrogen reservoir and heated by electron
bombardment as needed. The temperature was measured by a chromel-alumel (K-type)
thermocouple in contact with the back of the sample.

Anisole (+99% purity, Sigma Aldrich) was introduced to the UHV chamber through a leak
valve that was connected to a gas manifold with an anisole reservoir. The reservoir was heated to
350 K to increase the vapor pressure and ensure the purity of the deposition. The gas manifold was
heated accordingly to prevent condensation and allow a constant, stable flux of anisole gas into
the chamber. Exposure of anisole to the surface was typically performed at 1x107 torr pressure
and the dosage measured in Langmuirs (1L = 1x107 torr.s).

All doses were subsequently converted to surface coverage and reported as layers on the
platinum surface. The coverage was determined by calibration with the C 1s XPS signal of the CO
saturation coverage at 300 K*. At 300 K, CO is known to saturate producing a uniform monolayer
with coverage of 0.49 + 0.02 (1 CO molecule for every 2 Pt atoms). Comparison of this saturation
with the intensity dependence of the carbon signal from anisole allowed us to determine the
saturation coverage of anisole and hence the coverage of every other dose. Dosage of anisole on
Pt(111) shows a saturation plateau in the C 1s area corresponding to 1 anisole molecule for every

10 Pt atoms (Appendix F, Figure F1). We define this coverage as one monolayer (1 ML).
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XPS

XPS spectra were recorded on a Specs GmbH system (XR50 X-ray source and Phoibos
100 SCD analyzer) 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 spectra using 0.05 eV step size, 1 second
dwell time, and a pass energy of 30 eV. For the C 1s and O 1s regions 8 and 6 scans respectively
were acquired 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 for the C 1s region while a linear background subtraction was used for the O 1s region.

For the experiments, anisole was dosed on the clean sample at 115 K and then heated up to
the desired temperature of observation to acquire the spectrum. Once the acquisition was done, the
sample was subject to a cleaning cycle (Ar sputtering followed by annealing to 1100 K) to remove
all the residual carbon on the surface. The cleanness of the sample surface was verified by LEED

and XPS. This process was repeated for each dosage of interest.

TPD

The TPD experiments require placing of the sample in front of a differentially pumped
quadrupole mass spectrometer (QMS) and ramping the sample temperature while monitoring the
fragments of interest. For our experiments, the Pt(111) sample was dosed with varying exposures
of anisole at 110 K and placed 1 mm below a 1 mm diameter hole leading to the differentially
pumped QMS. The temperature controlled heating ramp was programmed in LabView and
designed to provide and record a linear temperature ramp in the range of 120 K to 800 K, with a
ramp rate of 7 K/s. The sample was subject to one cleaning cycle (Ar sputtering followed by
annealing to 1100 K) to insure the cleanness of the surface before each dosage. A total of 11
channels corresponding to m/z values of 108, 94, 78, 77, 65, 45, 32, 28, 16, 15 and 2, were
monitored for the anisole TPD experiments. The selected m/z values correspond to the main peaks

of the fragmentation pattern of the expected species.
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3.3 Computational Details

The DFT calculations were performed using the Vienna Ab Initio Simulation Package®—33
(version 5.3) with the optPBE non local functional.>*® This functional was recently shown to
correctly describe both chemisorption bonds and dispersive interactions and to give adsorption
energies in close agreement with single-crystal calorimetry for unsaturated hydrocarbon molecules
on Pt(111).%%% The electron-ion interactions were treated using the Projected Augmented Wave
(PAW) method.® The plane wave basis set was truncated at a cut-off energy of 400 eV. The
geometric structures were considered as converged when the forces were less than 0.02 eV/A.

When a metal surface was involved, a 4 layer p(4x4) slab model was considered, with 5
other equivalent layers of vacuum between slabs and the integration over the Brillouin zone was
performed using a 3x3x1 Monkhorst-Pack k-points mesh.3® For gas phase calculations, the energy
was calculated at the gamma point in a cubic cell of 20x20x20 A3,

The local minima were located using the conjugated gradient method. The transition states
were identified using the Nudged Elastic Band (NEB) method*%*! and/or the dimer method.*>44
To accurately locate the transition states, the structures were optimized using the Quasi-Newton
method. For each optimized structure, a frequency calculation was finally performed to check its
first order saddle point property.

All the frequency calculations were performed relaxing only the coordinates of the
adsorbates and the upmost platinum layer. They were performed to calculate the ZPE correction
as well as the vibrational entropy at 400 K within the harmonic oscillator approximation. For each
structure involving a slab, the two softest modes of the bare slab were identified and removed for
the evaluation of the entropy, keeping the number of vibrational modes constant from one structure
to another. For gas phase hydrogen, both the rotational (free rigid rotator approximation) and the
translational (free particle in a box model, pressure of 10*° mbar i.e. roughly the pressure of the
chamber) contributions were also calculated. For the other gas phase products (carbon monoxide,
benzene and phenol), the free energy was not calculated since the partial pressures are very ill
defined. Being mainly interested in barriers though, we associated to each desorption process a
fictitious desorbing transition state meant to estimate the free energy barrier of desorption. The
corresponding electronic energy and vibrational entropy were calculated from gas phase structures,
and, to that, a 2D-translational entropy contribution (free particle on a 2D surface, the area of

which equals the slab area) was added as earlier suggested by Campbell and co-workers.*
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The XPS calculations were performed using the final state approximation, excitation of
half a core electron to a virtual orbital. The excited electrons are allowed to relax after the core
hole has been removed; all the remaining core hole electrons are frozen. Each atom was excited
independently whatever its chemical nature. This method cannot provide absolute core level

binding energies; only shifts of the core electron binding energy are relevant.*64

3.4 Experimental Results.
XPS

The identification of surface species was initially performed by monitoring the carbon and
oxygen environment of surface species as a function of temperature.

Figure 3.1 shows C 1s photoelectron spectra after deposition of 8.1 L of anisole on Pt(111),
acquired at varying temperatures. This dosage corresponds to an overly saturated layer, perhaps
better described as the onset of overlayers of anisole on the surface (see Appendix F, Figure F1)
and hence we refer to it as a multilayer regime. Upon deposition at 110 K, anisole shows two peaks
in the C 1s spectra, one at 285.3 eV, which is attributed to carbon bound to an oxygen atom (labeled
C-0O) and the other one at 283.7 eV, which is attributed to carbon atoms bound only to other
carbons (labeled C-C).2 After flashing to 240 K, the C-C and C-O areas decrease in intensity as
some desorption takes place. At 360 K, the C-O peak area vanishes while the C-C peak area
decreases only slightly in intensity. This is consistent with the decomposition and desorption of
oxygen containing species. Upon heating to 550 K, the remaining C 1s peak shifts to lower energy,

283.3 eV, as adventitious carbon accumulates during the time of the experiment.

C1s XPS — C-C bond

—— C-O bond
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Figure 3.1: XPS spectra acquired at different temperatures starting from a multilayer of anisole
deposited at 110 K
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A closer look at the sub-monolayer regime is provided in Figure 3.2 where the Pt — anisole
interactions are dominant. Upon deposition of 0.5 ML of anisole on Pt(111), the spectrum at 115
K shows the two characteristic peaks (C-C and C-O) in the C 1s region. The monolayer was
determined as described in the experimental section and it is defined as one anisole molecule per
10 Pt surface atoms. Upon heating to 200 K and then 300 K, we notice no difference in the intensity
of the peaks or in the electron binding energies. At 400 K, the C-O peak vanishes completely while
the C-C peak intensity remains constant, and at the same binding energy of 283.5 eV. The
extinction of the O 1s XPS signal (see Appendix F, Figure F2) further corroborates the

disappearance of the oxygen containing species.
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Figure 3.2: XPS C 1s spectra acquired at different temperatures starting from 0.5 ML of
anisole deposited at 115 K

Temperature Programmed Desorption

Molecular desorption of the parent anisole molecule was monitored for multiple values of
coverage as a function of temperature (Figure 3.3, top panel). The data shows no molecular
desorption of anisole at low coverages (0.6 ML and below). As we increase the coverage and reach
0.9 ML we notice that a part of anisole molecularly desorbs with a broad peak at ~400 K. This
peak keeps shifting to low temperatures as we increase the coverage stabilizing at 360 K. For very
high coverages a growing desorption peak at 260 K is observed and it corresponds to the multilayer
desorption. This temperature appears to be higher than what was determined by XPS experiments
(<240 K), however taking into account the XPS experimental time (~1h vs. seconds for TPD) and
the residence time of species on the surface, the two experiments are consistent. For example, the

desorption of anisole from a physisorbed layer has a half-life of 1.79x10" h at 115 K so that the
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physisorbed layer can be considered as kinetically stable. When the temperature increases around
220-240 K, the half-life drops drastically to a fraction of an hour. Since the XPS experiment lasts
one hour, the desorption actively occurs and this results in a change in the XPS spectrum at 240
K. This agreement holds for other species observed to desorb at higher temperatures where the
apparent discrepancy is bigger but the residence time of species on the surface is lower (see Table
F1 for the half-lives of different species as a function of temperature).

The primary desorbing product of anisole decomposition is benzene as observed by TPD
(Figure 3.3, middle panel). No other aromatic species were observed. The TPD spectrum for the
benzene fragment (mass 78) shows that, for all coverages below 1 ML, benzene molecularly
desorbs from the surface in a broad feature from 360 K to 500 K. As we increase the coverage
above the monolayer the benzene desorption temperature centers to 400 K and we start seeing a
growing peak at 260 K. Based on the measured fragmentation pattern of anisole in our QMS, this
peak (marked with * in Figure 3.3) is not a reaction product, but rather due to the fragmentation
of the molecularly desorbed anisole (see Appendix F, Figure F3). The peak at 400 K does not seem
to saturate, suggesting a different reactivity.

H2 and CO are the only other observed reaction products (Figure 3.3, bottom panel).
Hydrogen shows peaks at 325 K and 460 K, with two shoulders at 425 K and 510 K. For
comparison, the associative desorption of pure hydrogen from Pt(111) has been previously
observed in the temperature interval between 290 and 375 K.*34® The dot-dash line in Figure 3.3
that matches the observed peak in these experiments, corresponds to the reported dosage of 2 L of
H on clean Pt(111).*® The additional high temperature hydrogen peaks have been assigned to
subsequent surface reactions yielding H» as a product (see discussion below). Only one peak of
CO is observable at 470 K. This desorbing molecular CO matches the temperature range of
molecular desorption of CO from clean Pt(111) (dashed line on Figure 3.3).%° The reactivity of
anisole on Pt(111) surface is coverage dependent. The main goal of this study is to focus on the
monolayer regime to correlate the experimental data to DFT calculations. The 0.9 ML, 1 ML and

> 1ML exposures of anisole show the same behavior in the evolution of H>and CO.
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Figure 3.3: TPD spectra after anisole exposure on Pt(111) and selecting Anisole and
formed byproducts (Benzene, Hydrogen and Carbon-monoxide). Different exposures of anisole
have been dosed at 115 K on Pt(111) and desorption rates are measured using a linear
temperature ramp of 7 K/s. (*) corresponds to benzene produced by the gas phase fragmentation
pattern of anisole in the mass-spectrometer. The dashed line for CO corresponds to molecular
desorption of pure CO from Pt(111) with 0.3 ML coverage.>! The dot-dashed line for H

corresponds to the expected desorption temperature of Hydrogen from Pt(111).4°

Analysis of the TPD data allows the experimental determination of desorption energies for

each species (Table 3.1). The approach taken is based on the general rate law for desorption, the
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Polanyi-Wigner equation (eq. 3.1), where v is the frequency factor and 4,.,E is the desorption

activation energy for an n order process.

d9_ on (
P vO" exp

AdesE> (3.1)

RT

We use the simple approach of Redhead to obtain the general expression shown in equation
2. More complex and accurate methods exist for TPD analysis,® but the complexity of the
chemical systems and the overlap of peaks make the Redhead method more suitable. Traditionally
in the Redhead approach, the frequency factor v takes the standard value of ~10 s™*. However
Campbell and co workers®*® have demonstrated that a more accurate value can be calculated
using the entropy of the adsorbed and gaseous species. The calculated frequency factors are
presented in Table 3.1 as obtained using the Campbell approach for molecular or associative
desorption and temperature corrected entropy values from the Yaw’s Handbook.>® With these
appropriate frequency factors and using the TPD data, the desorption activation energy 4,..E was

calculated from the peak temperature T,, of each species of interest using (eq. 3.2).

ot = () @2

The TPD spectra also provide effective information of the activation energy associated with
surface reactions. The high temperature peaks in the hydrogen TPD correspond to H> generated at
a temperature above its normal desorption temperature and hence the associated activation energy
calculated corresponds to the process that generates the additional H atoms. This quantity,
calculated also using equation 3.2, is labeled as the apparent activation energy, A*Eapp. It is
important to note, however, that because hydrogen desorbs molecularly but is produced on the
surface as an atomic species, desorption spectra can be analyzed as a first order molecular process
or as a second order associative process. Both analyses are presented in Table 3.1 for comparison
and the validity of the appropriate activation energies will be discussed in comparison with DFT

computed values.
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Table 3. 1: Desorption energies of observed species, calculated by the Redhead analysis

Species Observations Temperature K v@®@s™ A, E ki/mol  A*E,,,, ki/mol
Anisole Multilayer 260 5.4x10® 83 = e
Saturated 1 ML 360 2.4x10Y 121 e
1% layer (low 400 42x10Y 136 @ -
coverage)
Benzene  Molecular 400 43x10% 125 -
desorption
Literature 400-550°"  --e-- 133-200°’
Carbon Molecular 470 8.3x10* 137 = -
monoxide desorption
Literature 470% e e e
Hydrogen Analyzed as 325 1.7x10% 89
molecular 425 1.8x10% 118
desorption 460 1.8x10% 128
510 1.8x10% 142
Analyzed as 325 9.7x10%  —--mme- 52
associative 425 5.9x10%  ------- 67
desorption 460 5.5x108  —--eee- 73
510 4.9x108 - 81
Literature 293-3758 e - 39.748
330 e e 73%

@ Desorption frequency factors

Analyzing the XPS and TPD results together allows us to determine the ratio of
decomposition vs. desorption processes. In the XPS spectra at 240 K we can assume that the C-C
peak corresponds to the monolayer coverage of anisole. At 550 K, all the anisole, benzene and CO
has desorbed from the surface. Quantifying the remaining carbon left on the surface shows that

80% of the monolayer decomposes into carbon and only 20% desorbs from the surface. Taking a
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closer look to the TPD spectra of the saturated monolayer, mass 78 corresponds to the
fragmentation pattern of anisole and benzene. Knowing the fragmentation ratio of anisole in the
gas phase we can determine its contribution to mass 78. From the 20% desorption of the multilayer,
16% corresponds to the molecular desorption of benzene and 4% of anisole.

3.5 DFT Results
Anisole adsorption

We first studied the adsorption of anisole at different coverages and different geometries.
The most stable structure of chemisorbed anisole was found at the so-called bri30 site, as earlier
reported in the literature.?®°%5%-61 We computed the associated desorption energy on a p(4x4) slab
and a p(3x3) slab in order to assess the coverage effect. On a p(4x4) slab (~0.6 ML with the
definition given above), its desorption energy is 174 kJ/mol while on a p(3x3) slab (surface almost
twice as covered, ~1.1 ML) it is about 140 kJ/mol showing a clear coverage dependence effect
(see Figure 3.4). According to the experimental evaluation of saturation at one anisole for ten Pt,

the p(3x3) slab models a close-to-saturation situation (one anisole for nine Pt).

Side views

¢l 0.63 ML 1.11 ML 2.22 ML
AgesE 174k)/mol  149-137 kI/mol 61 kJ/mol
oot 1.5eV 1.4eV -

Figure 3.4: Structures of anisole at different coverages 0 with their computed integral
desorption energies 4,.,E. One monolayer (ML) is defined as one molecule of anisole for ten
surface platinum atoms. The energies in italics were computed with 14 layers of void between

two slabs instead of 5. §XF5is the computed energy difference between the core level of carbon in

the two environments, namely close to other carbons or close to an oxygen atom.
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We went further and tried to model the situation corresponding to the bi-layer regime. We
started from anisole on a p(3x3) slab and added another anisole molecule on top of the chemisorbed
one with the same orientation of the methoxy MeO group (see Figure 3.4, right panel). In order to
get rid of any non-physical interaction, we performed — only for this particular calculation — the
geometry optimization with a larger void between the metallic slab and its periodic image,
equivalent to 14 layers. The obtained structure and desorption energy (61 kJ/mol) must be
compared with care to any experimental data. Static DFT is indeed usually not a method of choice
to sample the phase space of such a flexible system. Nonetheless the potential energy surface
should be rather flat since it is mainly based on weak van der Waals interactions. Therefore the
energy should be quite reliable. Additionally, the carbon 1s electron binding energies were
calculated for anisole on the p(3x3) and the p(4x4) slab and an XPS spectrum was simulated. The

XPS

obtained separation 8¢5 between the C 1s signal for the C-C and C-O environments was 1.4 eV

and 1.5 eV respectively, in good agreement with the measured separation of 1.6 eV.
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Reactivity of the Methoxy substituent
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Figure 3.5: Sorted reaction network for the decomposition of anisole on Pt(111):
rightward, upward and downward arrows show C*-H, C*-O, Ph-O cleavages respectively. We
assigned to each arrow the activation energy (in italics) and the reaction energy (in bold) of the
elementary step. The reported energies are given in kJ/mol and are not ZPE-corrected. For the

demethylation step, anti and syn precise the transition state of interest (see Figure 3.6, for the

structures of the transition states).

To investigate the anisole decomposition mechanism, we have first focused on the
reactivity of the methoxy substituent, the carbon atom of which is referred to as C*. We therefore
assumed that the phenyl moiety remains intact during the decomposition process. This fair
assumption, considering that benzene derivatives are the main desorbing products experimentally,
will be discussed later on in the present work. Despite the simplification resulting from this
assumption, the decomposition mechanism still involves many bond cleavages: C-O scissions,
namely Ph-O and C*-O, on the one hand, and C*-H scissions on the other hand. The resulting
reaction network is therefore quite dense and shows many intermediates and transition states. To
represent all the ensuing possibilities, we built the sorted reaction network given in Figure 3.5.
This diagram gives the reaction and activation energies (except when the reaction is too
endothermic) of each elementary step from anisole. For the sake of efficiency, the energies have
not been ZPE-corrected since many intermediates have appeared to be chemically irrelevant. In
spite of all, the raw data presented here invite interesting comments concerning the reactivity of
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anisole on Pt(111). In Figure 3.5, vertical arrows show C-O cleavages: should they point
downwards, it is a Ph-O cleavage process otherwise it is a C*-O cleavage. Rightward arrows are
associated to C*-H cleavages. Moving to the right in the diagram therefore corresponds to an
increase of the dehydrogenation level of C*. If we focus on the Ph-O cleavages (downward
arrows), we notice that the reaction gets more and more favored thermodynamically when moving
to the right of the diagram with reaction energies going from +206 kJ/mol (for the fully
hydrogenated methoxy substituent) to -112 kJ/mol (for the fully dehydrogenated substituent). The
Ph-O cleavage is particularly endothermic for anisole and phenoxymethylene PhOCH.: this comes
from the associated products, namely methoxy and formaldehyde, that adsorb through an oxygen
atom to the not especially oxophilic Pt(111) surface. When the dehydrogenation level of the
substituent increases (see Appendix F, Figure F6, for the structures), the resulting products,
namely formyl CHO and carbon monoxide CO, start strongly interacting with the Pt(111) surface
through their carbon atom: the reaction energies drastically drop then. The activation energies
follow the same trend: increasing the dehydrogenation level lowers the barriers. That was also
reported in the literature for other oxygenates such as ethanol on Pt(111).6263

The same trends can be observed for the C*-O cleavages (upward arrows) but these steps
tend to be kinetically easier and thermodynamically more favored than the Ph-O cleavages (except
when the strongly chemisorbed carbon monoxide is formed). This is related to the production of
carboradical intermediates CHy (x = 1 — 3) that are particularly stable on platinum. Even phenoxy
on Pt(111) can be seen as a carboradical: it has already been reported in the literature? that it has
an oxocyclohexadienyl structure and it corroborates with the infrared spectrum we computed (see
Appendix F, Figure F4). It also explains its particular stability on Pt(111). One C*-O cleavage
elementary step shows up as an exception (upper left hand corner): the direct demethylation of
anisole into phenoxy and methyl is particularly difficult. Albeit thermodynamically slightly
downhill (-12 kJ/maol), the activation barrier is huge (183 kJ/mol) considering a syn-demethylation
(Figure 3.6a). Nonetheless we were able to significantly lower this barrier (to 159 kJ/mol) when
considering anti-demethylation with an Sn2-like mechanism involving a Walden inversion (Figure
3.6b). As far as we know, this is the first time such a transition state has been reported in the
literature for surface platinum catalyzed reactions. Its stability might be addressed to its tighter
geometry (bonds about 0.3 A shorter) that makes the methyl group better interact with both the
oxygen atom and the surface. Although that transition state is too high in energy to be of any
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relevance later in this work, it might play an important role on other metallic surfaces or with other

substituents that might stabilize further more the planar transition state.

Figure 3.6: Selected transition states from anisole. (a) syn-demethylation (CPtO = 86°),
(b) anti-demethylation with an SN2-like transition state structure (CPtO = 123°), and (c) first
dehydrogenation of the methoxy MeO group.

PhO as a pivotal intermediate.

From the previous reactivity screening (Figure 3.5), we extracted the most favorable
pathways yielding phenol and benzene and added the ZPE-corrections to build the corresponding
free energy profiles at 0 K given in Figure 3.7.

As shown in Figure 3.7, the C*-O cleavage becomes the easiest process after the first
dehydrogenation at C*. It leads to phenoxy PhO and methylene CH. on the surface, the latter
evolving to methylidene CH, which is particularly stable on Pt(111). This agrees, at least
qualitatively, with the experimental data of the group of Campbell®%® on the methyl-methylene-
methylidene equilibrium. Phenoxy PhO is a pivotal intermediate. Its reactivity on the Pt(111)
surface can yield either benzene or phenol. First, phenoxy can be very easily hydrogenated to
phenol?® (red path in Figure 3.7): the activation barrier is pretty low (A*F = 27 kJ/mol) and the
reaction is thermodynamically favored (A.F = —8 kJ/mol). While phenol is easily formed on the
surface, its desorption is rather difficult (A*F = 164 kJ/mol). An alternative consists in
deoxygenating phenoxy into phenyl using methylidene CH (blue path in Figure 3.7) or atomic
carbon C (green pathway in Figure 3.7). The key transition states towards the formation of phenyl
are shown on Figure 3.8. The two overall barriers for benzene formation from phenoxy (A*F =
144 — 153 k] /mol) are still higher than the one leading to adsorbed phenol, but slightly lower
than that for the overall process including the phenol desorption (A*F = 156 k] /mol). Although
this 0 K study seems to support the selectivity for benzene over phenol, it is very delicate to

compare barriers of a reaction at the surface and a desorption step since they involve quite different
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activation entropies resulting in rates that can be three orders of magnitude different.®> A more

detailed comparison therefore requires including the temperature and entropic contributions.

F (k/mol) at 0K PhOH )+ CH + H

+100 + 95 93 —
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63
13
0
°T rowme = .
PhOCH, + H PhO + CH, + H
PhO + CH +2H o
PhOH +CH +H Ph+ CO + 3H

-100 +

phenol desorption

benzene formation via PhOCH

benzene formation via PhOC PhH + CO + 2H

-152
Figure 3. 7: Energy profile (E+ZPE, in kJ/mol) on Pt(111) for the most favored anisole

decomposition pathway forming the pivotal PhO (orange) followed by three possible pathways

for its further transformation, namely phenol desorption, benzene formation via PhOCH (blue),

and benzene formation via PhOC (green).
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Figure 3.8: Transition states associated to phenyl formation from (a) PhOC and (b)

(c)

PhOCH and (c) its hydrogenation to benzene. The distance of the bonds that undergoes

cleavages are also given.
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Entropic contributions

Modeling UHV conditions requires particularly special attention regarding the description
of the desorption processes. Albeit endothermic, all the desorption processes become indeed
extremely exergonic at higher enough temperature under these conditions. This is all the more
important when trying to compare reactions with different amounts of gas phase molecules

produced A;ng:

PhOMe(g) = PhOH(g) + %2 Ha(g) + CHags) Arng = +0.5 (3.3)

PhOMe(g = PhH(g) + Hag) + CO(g) An, = +2 (3.4)

With the stronger increase in the number of gas molecules, benzene is clearly entropically
favored, especially at low pressures. We assumed that the UHV chamber atmosphere mainly
consists in hydrogen: its partial pressure is therefore well defined and we can calculate its
desorption entropy. It is a key parameter since hydrogen is produced on the surface all along the
three different pathways described in Figure 3.7. Albeit endothermic (4,4.E = 89 kJ/mol),
hydrogen desorption becomes exergonic — because of the entropic contribution (4,..S(H,) =
433 J.mol™1. K1) — for temperatures above 206 K. Below this temperature, the decomposition
pathways should not change much. Above 206 K, we have to reconsider the steps that involve
adsorbed hydrogen: each time hydrogen is produced, an extra exergonic step appears, namely
hydrogen desorption, that stabilizes the system by 42 kJ/mol at 400 K. We end up with the free
energy profile at 400 K given in Figure 3.9.
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Figure 3.9: Free energy profiles at 400 K in kJ/mol using adsorbed anisole as a
reference. Gas phase species are indicated with a (g) label. The barriers for phenol PhOH and
benzene PhH desorptions have been estimated with the desorbing transition state model

described in the computational section.

As we can see in Figure 3.9, vibrational entropy slightly increases the barrier of the first
dehydrogenation step from 95 kJ/mol to 102 kJ/mol. This results likely from the immobilization
of the methoxy group with the proper conformation to perform the dehydrogenation with the
optimal C-H-Pt alignment (see associated transition state given in Figure 3.6c). Then, with
hydrogen desorption, the states {PhOCH.+Y%Hy@} and {PhO+CH+Hyg} become highly
stabilized: this is a consequence of Le Chatelier’s principle. These hydrogen desorption processes
do not drastically change the barrier involved in the production of benzene via PhOCH (blue path)
since the rate determining transition state (Ph-OCH scission, lying at +14 kJ.mol™) does not
involve any hydrogenation or dehydrogenation reactions. The production of benzene via PhOC
(green path) is, on the other hand, more impacted by the hydrogen pressure. The dehydrogenation
of methylidene CH to carbon C, which was energetically demanding (A.E = +92 kJ/mol),
becomes more favorable (A.F = +10 k]J/mol) with the help of hydrogen desorption. With a rate
determining transition state®® lying at +14 kJ/mol, the green path becomes as easy as the blue path

for the production of benzene. This can be directly related to the number of hydrogen released in
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the gas phase: 3/2 Hy(g) in the case of the green path and 1 Hag for the blue path. With the release
of only %2 Hx(g), the production of phenol is clearly limited by the increase of the temperature: the
desorption of phenol becomes much more difficult to reach (A*F = 179 kj/mol) from the rate
determining intermediate {PhO+CH+H>}. The desorbing transition state associated to phenol
desorption is admittedly stabilized by its 2D translational entropy but not as much as the
intermediate {PhO+CH+H2()}. Under TPD conditions, benzene formation is therefore easier than
phenol production, with an overall effective activation barrier of 135 kJ/mol vs. 179 kJ/mol at 400
K, even though the conditions are much less reductive (low hydrogen pressure) than under catalytic

conditions (large pressures of hydrogen).

Reactivity of the aromatic ring

So far, we have assumed that the aromatic ring remains intact while the methoxy group of
anisole undergoes several bond cleavages. As stable as the aromatic moieties might be, the drastic
conditions of the UHV chamber favors all the dehydrogenation steps by generating gas phase
hydrogen, as we have already mentioned in the previous part. In our attempt to understand the
intrinsic reactivity of the most representative aromatic intermediates, we have therefore screened
the reactivity of several aromatic oxygenates, namely phenoxy, phenol, and anisole, toward C-H
cleavages. The energetics (no ZPE-correction) of the first dehydrogenation step is given in Table
3.2. As a result of the adsorption of the aromatic ring at the bri30 site on Pt(111), no aromatic
hydrogen atoms are equivalent. We labeled them with the usual o, m, and p tags (for ortho, meta
and para) and we added the n/c distinction (defined in Figure 3.10) to indicate whether the
considered hydrogen is bound to a 7 or a o bonded-to-Pt carbon atom. Strikingly, all the aromatic
dehydrogenation reactions are endothermic and most of them involve huge barriers. The lowest
barriers were computed for the meta-o position, and, among the aromatic oxygenates studied,
phenoxy shows the lowest energetic barrier (A¥E = 128 k] /mol). This meta dehydrogenation was
also reported by Ihm et al.?® as being a key step in the aromatic ring decomposition of phenoxy.
Along with another dehydrogenation in ortho (or para, but less likely scenario) they mention two
C-C bond cleavages (ipso-ortho and meta-para) to form carbon monoxide CO and carbonaceous
species on Pt(111). Using the same approach as in Figure 3.5, we studied the different C-C
cleavages as a function of the hydrogen content of the aromatic ring (see Appendix F, Figure F5).

Two routes have appeared to be chemically relevant: the first one consists of two ipso-ortho C-C
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cleavages followed by the aforementioned meta-dehydrogenation while the second one starts with
the meta-dehydrogenation to afford an intermediate that decarbonylates with two subsequent ipso-
ortho C-C cleavages (see Figure 3.11). At 0 K, the first mechanism shows a lower barrier (A*F =
162 k] /mol) than the second one (A*F = 186 k]/mol). Although the first mechanism should be
preferred at lower temperatures, the barrier is far too big to be affordable. Increasing the
temperature has almost no impact on the first mechanism (A*F = 159 kJ/mol) but drastically
changes the free energy landscape of the second one: the overall barrier of the latter strongly
declines to A*F = 113 k] /mol. This second route, which was locked at lower temperatures, opens
up with the help of hydrogen desorption. The associated rate-determining step switches to the
meta-dehydrogenation at temperatures above 600 K. The full decomposition of phenoxy becomes

therefore extremely efficient at higher temperatures.

Table 3. 2: First aryl dehydrogenation energetics for adsorbed phenoxy PhO, phenol
PhOH and anisole PhOMe. The reaction energies are given in bold and followed by the

activation energy in italics. The energies are not ZPE-corrected.

AE, A*E (K)/imol) m-n m-c 0-1 0-G p-m
PhO 160 70, 128 143, 204 117,184 116, 192
PhOH 155 68, 150 157, 208 82,174 116, 163
PhOMe not isolated 77,141 165, 215 110, 186 93, 161
RO R
A
o

Figure 3.10: Labeling of the aromatic carbons for the flat-lying geometry of the organic

species adsorbed at the bri30 site on Pt(111). Underlying Pt atoms shown as grey circles.
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Figure 3.11: Decarbonylation of phenoxy into carbon monoxide and carbonaceous

species.

3.6 Discussion

In our surface science experiments, anisole is deposited on a Pt(111) surface under Ultra
High Vacuum (UHV) conditions at 110 K under higher and lower exposure conditions. Upon
heating, four products desorb molecularly, namely anisole, hydrogen, benzene, and carbon
monoxide. Interestingly enough, phenol has not been observed, while it is one of the main products
in the hydrodeoxygenation reaction of aromatic oxygenates over the Pt/AlOs catalyst. Our
approach, that combines results from TPD and XPS experiments on the one hand and DFT
calculations on the other hand, allows us to address this selectivity for benzene over phenol under
TPD conditions. We propose the reaction scheme given in Figure 3.12. Under higher exposure
conditions, the XPS spectra shows two C 1s peaks one for carbon atoms bound to other carbon
atoms and the other for carbon atoms bond to oxygen atoms. The concurrent intensity decrease of
the two C 1s peaks at 240 K, ie. at a rather low temperature, suggests that part of the anisole
molecules are weakly bound to the surface and desorb easily. The TPD experiments estimate their
desorption energy at 83 kJ/mol. This is in fair agreement with the DFT computed energy of 61

kJ/mol for a physisorbed layer on top of the flat-lying chemisorbed layer as shown in Figure 3.4.
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Those desorption energies are slightly higher than the vaporization enthalpy of anisole (which is
about 40 kJ/mol®"), as expected. Above 260 K, we end up with a mono or sub-monolayer
chemisorbed system that is not necessarily equivalent to a submonolayer deposited directly.
Evidence of the likely difference in the submonolayer regime can be found by the different ratio
of reaction pathways. That is, upon initial adsorption of multilayers, the fraction of reaction leading
to benzene products becomes dominant (see Figure 3.3).

Under lower exposure conditions (< 1 ML), the chemisorbed layer can keep desorbing
molecularly. TPD experiments show indeed a molecular desorption peak at 360 K for a coverage
about 1 ML and another one at 400 K at a coverage of 0.9 ML. This temperature shift reflects a
variation of the experimental desorption energies from 121 kJ/mol to 131 kJ/mol that likely results
from a decrease of the lateral interactions on a less crowded surface. DFT depicts well the
desorption process with an energy of about 140 kJ/mol for a coverage of 1 ML that increases to
170 kJ/mol at 0.6 ML. No corresponding anisole desorption TPD signal could be observed at such
a low coverage since desorption has become energetically too difficult to happen, and other

reaction processes can take place.
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Figure 3.13: Free energy barriers as a function of temperature of the rate-determining
steps associated to the four proposed mechanisms, after phenoxy formation (orange). The dotted
curve splits the diagram in a kinetically forbidden and a kinetically allowed domain under the
TPD conditions. The molar entropies were calculated at 400 K and assumed constant over the

temperature range (Ellingham Approximation).

Our DFT investigation has lead us to consider many reactions. From the easy production
of the pivotal phenoxy PhO intermediate, we have proposed two routes for benzene formation and
one for phenol production. The competing fragmentation of phenoxy into carbonaceous species
and carbon monoxide has also been described. Even if this whole inspection allows us to explain
qualitatively the selectivity for benzene over phenol and the large amount of hydrogen released at
higher temperatures, the comparison between DFT and TPD results remains, as things stand, out
of range, since TPD gives temperatures and DFT free energies. To overcome this issue we plotted,
see Figure 3.13, the overall barrier of free energy of each process as a function of temperature
(solid curves). The dotted gray line splits the diagram into two domains: the upper gray half-space

corresponds to kinetically difficult processes, and the lower white half-space shows kinetically
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crossable barriers (see Appendix F for the mathematical development). With this new tool that we
introduced, one can now give a detailed comparison between DFT and TPD to support the scheme
given in Figure 3.12.

In Figure 3.13, the lowest barrier corresponds to the dehydrogenation of anisole PhOMe
into {PhOCH>+H} (orange line). This barrier is not much temperature-dependent and remains
about 100 kJ/mol over the whole temperature range. Nonetheless, such a barrier is too high to be
crossed at temperatures around 250 K, where anisole is predicted to be kinetically stable. When
the temperature reaches 320 K, the orange curve crosses the kinetically forbidden gray domain to
enter the kinetically allowed white half-space: the associated dehydrogenation of the methoxy
substituent starts being effective. It is readily followed by a C*-O cleavage and another
dehydrogenation process to yield phenoxy, methylidene and dihydrogen {PhO+CH+H3zg}, a state
showing a particular stability (A.F = —121 kJ/mol at 400K). This is in excellent agreement with
the TPD experiments that show one peak for hydrogen desorption at 325 K. This peak is
particularly intense since it is associated to the desorption of two hydrogen atoms from anisole
(over a total of 8 hydrogen atoms available). From the rate-determining intermediate state®
{PhO+CH+Hzg} the overall free energy barriers to phenol (red curve), benzene (blue and green
curves since two mechanisms have been studied), and coke formation (black curve) are also
reported in Figure 3.13. The required adsorption of hydrogen (which is particularly endergonic
under UHV conditions) for phenol production makes the phenolic route more and more difficult
with the increase of temperature. This explains why no signal corresponding to phenol could have
been detected in the TPD experiments.

Above 420 K, the overall barrier of benzene production via the rate-determining transition
state {PhO+[C---H]*+H(} intersects the limit between the kinetically forbidden and kinetically
allowed domains. We note that the other mechanism via the rate-determining transition state
{[Ph---OCH]*+H2¢} is also possible from our DFT calculations. Nonetheless the shoulder at 425
K in the TPD of hydrogen seems to be consistent with the path through {PhO+[C---H]*+Hy}.
Therefore, hydrogen is produced from methylidene and further reaction steps readily follow and
yield benzene. It agrees well with the TPD results that show a small hydrogen peak at 425 K and
also a broad peak for benzene desorption at about 400 K (left path in Figure 3.12).

Above 450 K, the rate-determining transition state associated to the ipso-ortho C-C

cleavage starts being reachable with the increased exergonicity resulting from the desorption of
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hydrogen and yield carbonaceous species (black curve in Figure 3.13). According to those DFT
predictions, phenoxy can indeed undergo a dehydrogenation at the meta position, which seems to
open up the route to the total decomposition of phenoxy into carbon monoxide, hydrogen, and
carbonaceous species. This route becomes predominant over 500 K (lower barrier than phenol and
benzene productions). This is consistent with the TPD experiments that show the formation of
hydrogen at 460 K and carbon monoxide at 470 K. This is supported by the XPS experiments that
show the disappearing of the peak associated to carbon atoms bound to oxygen atoms: a C-O
bond(s) containing species desorbs upon heating leaving hydrogenated carbonaceous fragments
behind on the surface. The TPD of hydrogen is also to be compared with the one Ihm et al. %
obtained when they studied the TPD of phenol on Pt(111). They show the same “peak-shoulder-
band” pattern for hydrogen desorption over 460 K, which was attributed to the decomposition of
phenoxy into {C3H3+CO+Co+Hzg} (460 K peak) and then {Cx+5/2H24+CO} (600 K band).
The shoulder was interpreted by Ihm et al.?® as being the superposition of the peak at lower
temperatures and the band at higher temperatures. It stands as an indirect evidence that phenoxy is
indeed produced on the surface in our TPD experiments of anisole on Pt(111). They also estimated
the overall barrier of this decomposition mechanism at 128 kJ/mol and attributed it to the rate-
determining dehydrogenation of phenoxy at the meta position. Our DFT calculations suggest
indeed that the barrier lies between 110 to 130 kJ/mol when the fragmentation of phenoxy becomes
predominant. For temperature above 600 K, the rate-determining step is also predicted to be the
meta-dehydrogenation (black curve in Figure 3.13).

All in all, the chemically relevant regime under TPD conditions is then between 420 and
490 K. At low temperatures, the productions of benzene and phenol compete, but the surface is
not hot enough to have the aromatic compounds desorb. When the temperature increases, hydrogen
desorption gets more and more exergonic. It therefore favors the dehydrogenation processes and
disfavors the hydrogenation processes. That is why the production of phenol through phenoxy
hydrogenation gets more and more difficult with the increase of temperature, whereas benzene
production is almost not impacted by the temperature variations. Eventually large amounts of
hydrogen can be produced upon coke formation: even if this route is particularly difficult

energetically, it is entropically aided and becomes the predominant path above 500 K.
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Although realistic catalytic conditions are far from the TPD conditions, this study points
out the central role of phenoxy and methylidene, on the one hand, and hydrogen desorption, on the
other hand, in hydrodeoxygenation reactions of aromatic oxygenates extracted from lignin.

The kinetically favored initial reaction is the dehydrogenation of the methyl group followed
by the C*-O bond cleavage to yield phenoxy. In lieu of getting hydrogenated, it reacts with the
carbonaceous species generated from the methyl group of anisole itself. The actual reducing agents
are hence adsorbed atomic carbon atoms or methylidene (depending on the considered mechanism)
and not hydrogen. This “hook-back” mechanism, performed by atomic carbon atoms adsorbed on
the surface, is especially favored since it leads to the particularly stable carbon monoxide
adsorbate. This chemistry is to be compared to the oxygen removal from furfural on Pt(111)
mediated with an atomic zinc co-adsorbate that stands as the actual reducing agent.%®

Even though hydrogen might not be as crucial as expected to deoxygenate aromatic
compounds, it still plays a key role. At a slightly higher temperature, the dehydrogenation of the
adsorbates does not only affect the methyl group but also the aryl moieties. This results in the total
decomposition of the organic compounds into coke. Under catalytic conditions, the hydrogen
pressure (ranging from about one atmosphere to tens of bars) prevents this aryl decomposition.
Nonetheless hydrogen desorption is much less favored and the selectivity of benzene over phenol
is lost. Moreover a methane production pathway may also be possible under catalytic conditions,
so that the reducing carbonaceous species get removed from the surface. All in all, phenolic
derivatives indeed turn out to be the main products in hydrodeoxygenation performed over

Pt/Al,O3 under catalytic conditions.%6°

3.7 Conclusion

In this article, we carefully studied the decomposition of anisole at a Pt(111) surface, a
platform molecule in the transformation of lignin into valuable compounds. From surface science
experiments (TPD and XPS), we showed that the anisole decomposition in ultra high vacuum
experiments yields mainly benzene and not phenol, in contrast with the catalytic tests performed
with supported Pt catalysts under a H. atmosphere.

To rationalize those observations, we performed an extensive analysis of the reaction
mechanism based on DFT using the optPBE functional and a periodic slab model. We carefully

assessed the adsorption of anisole at various coverages from 0.6 ML to the physisorbed second
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layer. Then, a kinetic analysis based on our DFT data shows an excellent agreement with the TPD
spectra we obtained experimentally, validating the reaction mechanism we proposed here. The
critical intermediate is phenoxy PhO co-adsorbed with methylidene CH. As far as we understand
the system, the pressure of hydrogen tunes the selectivity of the subsequent branching reactions.
Under UHV conditions, the hydrogenation reactions are all extremely difficult and phenol is
therefore not produced. Carbonaceous species, which cannot be hydrogenated into methane for
example, remain on the surface and efficiently perform the deoxygenation of phenoxy around 400
K. Above 450 K, phenoxy gets even more dehydrogenated leading to the full decomposition of
phenoxy into coke and carbon monoxide.

Based on this study, we can now propose a better design of hydrodeoxygenation catalysts.
To prevent the formation of coke, a sufficient pressure of H; is required. However to facilitate the
formation of benzene over phenol, we need to promote the Ph-O breaking with a reducing agent
able to stabilize the liberated oxygen atom. Promoters such as atomic zinc adsorbed on the
platinum surface have been successful in the deoxygenation of furfural and very recently
anisole.%®0 In addition to the stabilization of the oxygen atom, it weakens the C=0 double bond:
this might explain why it works with the deoxygenation of phenolics since phenoxy, the rate

determining intermediate, has a strong C-O bond that structurally looks like a double bond.
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Chapter 4:
Adsorption and Decomposition of a Lignin g-O-4 Linkage
Model, 2-phenoxyethanol, on Pt(111): Combination of Experiments

and First Principles Calculations

Reprinted with permission from Ould Hamou, C. A.; Réocreux, R.; Sautet, P.; Michel, C.;
Giorgi, J. B. Adsorption and Decomposition of a Lignin B-O-4 Linkage Model, 2-Phenoxyethanol,
on Pt(111): Combination of Experiments and First-Principles Calculations. J. Phys. Chem. C 2017,
121, 9889-9900. Copyright © 2017, Amercian Chemical Society.

| performed all the XPS and TPD experiments, and XPS prediction by density functional
theory calculations for the reactivity of 2-phenoxyethanol on Pt(111). I performed all the analysis
and interpretation related to the experimental results. Romain Réocreux performed all the DFT

calculations (except the XPS predictions) and related analysis.
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Abstract

To sustain the current attempts in valorizing lignin-based derivatives, this study focuses on
the decomposition upon a temperature ramp of 2-phenoxyethanol, a model for the B-O-4 linkage
in lignin, on a Pt(111) surface. Under ultra-high vacuum conditions, benzene, hydrogen and carbon
monoxide are the main desorbing products. Although benzene is the only aromatic desorbed
product at low initial molecular coverages, very small amounts of phenol can be detected at higher
initial coverage. Combining X-ray photoelectron spectroscopy and temperature programmed
desorption experiments together with density functional theory calculations, a reaction mechanism
is suggested, starting with the OH bond scission. Phenoxy, PhO, is proposed as a key surface
intermediate that preferentially deoxygenates rather than desorbs as phenol, similarly to the case
of anisole. This behavior, typical of ultra-high vacuum conditions, is attributed to the reducing
properties of carbonaceous surface species that efficiently deoxygenate phenoxy and afford the

formation of the very stable carbon monoxide.

Key-words: 2-phenoxyethanol, mechanism, decomposition, TPD, DFT, XPS, lignin
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4.1 Introduction

Biomass is a sustainable and renewable feedstock for potentially high value chemicals that,
due to its abundance, could theoretically supply the world demand.! Alternatively it could produce
up to 10%-14% of the world’s energy usage.? Lignin, an important biomass component, is the
second most abundant polymer in wood and represents up to 40% of the dry biomass weight. While
the lignin specific formulation is variable,>® each of its monomers consists of one aromatic
oxygenate unit. The removal of oxygen to produce higher value compounds is a necessity but it
still remains one of the challenging tasks for lignin exploitation (via pyrolysis, hydrolysis,
oxidation, etc).®’ Pyrolysis is the most studied method for conversion of lignin and removal of
oxygen linkages. It is an effective method to liquefy lignin in order to produce bio-oils.8° However,
the separation of the products can be challenging and costly. In contrast, heterogeneous catalysis
seems to be the key solution for the conversion of lignin, as the products and the catalyst can be
easily separated. Regardless, since thermal decomposition leads to a variable and often
uncontrolled product range of the target products, catalysis plays an essential role in making
biomass conversion viable for valorization by reducing activation energies for reaction and guiding
product selectivity. 2-phenoxyethanol (2-PE), with its aryl and alkyl ether function, is used here
as a model of the quintessential B-O-4 linkage, one of lignin’s dominant structural motifs which
provides more than half of the linkage structures. In this study that combines surface science and
modeling, its reactivity is investigated on the platinum Pt(111) model surface as a model catalyst

in order to compare the facility of the C-H versus C-O versus C-C bonds cleavage (Figure 4.1).

Carboneceous  Benzene

LI |

C-C & C-H Ph-O & &

‘ t O &O-H

o

Figure 4.1: Potential decomposition pathways 2-phenoxyethanol (2-PE): in grey, the

fragmentation of the aromatic ring; in red the targeted Ph-O cleavage; in green, the

decomposition of the ethanol arm.
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As a substituted aromatic compound, 2-PE can undergo a decomposition scheme that is, in
principle, related to simpler aromatics like phenol, anisole, etc. Single crystal investigations of
aromatic oxygenates on transition metal surfaces have shown different preferences in C-H, C-O
and C-C bond cleavage.'®*® The decomposition pathways of aromatics are strongly dependent on
the coverage of adsorbed molecules on the surface and the interaction strength of the aromatic ring
with the catalyst,0-13

In the study of the binding of lignin model molecules such as 2-PE to a metal surface, the
importance of the aromatic ring is affected by the binding of the phenyl group to oxygen.
Molecules with this phenoxy moiety could be expected to behave differently from non oxygenated-
aromatics. As such, previous studies of phenol-catalyst interactions are relevant. Phenol has been
widely studied on different noble metals. On Pt(111), phenol in a multilayer desorbs from the
surface at 195 K while in the second layer at 225 K.'! Between 0.7 to 1 ML, the O-H bond cleavage
occurs below 200 K and phenoxy is subject to a competitive reaction pathway. It either generates
benzene and surface oxygen, or it decomposes into CO, H> and hydrocarbons. Below 0.7 ML
coverage, C-C and C-H bond cleavages are more favorable than C-O bond cleavage resulting in a
total decomposition into CO, H» and graphitic carbon. Upon adsorption of Phenol on Rh(111), the
multilayer molecularly desorbs at 210 K. Part of the saturated surface undergoes molecular
desorption at 240 K and the remaining molecules on the surface decompose into phenoxy via O-
H bond cleavage at temperatures below 300 K.13 The C-H bond cleavage is observed at 350 K and
above. Observable products of desorption are CO and Hz. Whereas on Mo(110), the multilayer
desorbs at 210 K and a weakly bond layer desorbs at 240 K. Desorption competes with reaction
on the surface, where a phenoxy species is formed below 300 K and subsequently decomposes
into Ha, surface oxygen and hydrocarbon fragments. All C-O bond cleavages occur by 450 K** (no
molecular desorption of CO is observed). No formation of benzene has been reported from the
decomposition of phenol on Rh(111) or Mo(110). Similarly, on Ni(110) the phenol multilayer
desorbs at 200 K and a non-reactive second layer is observed to desorb at 224 K. The first layer
totally decomposes into phenoxy between 250-350 K.X° Further decomposition of phenoxy leads
to the formation of Hz and CO as the only observed byproducts. Those studies demonstrate the
intrinsic differences between the first, second and multilayer behavior, and the presence of

phenoxy as an intermediate.
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Phenoxy also seems to be a key intermediate in the decomposition of more complex
oxygenated aromatics.’>'>" As an example, Vohs and co-workers and King and co-workers
propose the formation of the phenoxy species as the main intermediate for anisole decomposition
on Pt(111) and Pt(100)hex.®>!® Combining surface science experiments and periodic DFT
computations,*? Réocreux et al. showed that anisole on Pt(111) reaches a saturation coverage of
one monolayer (1 ML) corresponding to 7 carbon atoms per 10 platinum atoms on the surface,
7C/10Pt. For a coverage below 1 ML, a small fraction of anisole molecularly desorbs from the
surface at 360 K while the majority decomposes into phenoxy via a C-H bond cleavage on the
methyl group below 325 K. At higher temperatures, there is a competition between Ph-O bond
cleavage, forming phenyl then benzene, and a complete decomposition of the aromatic ring. These
results showed that under UHV conditions, the formation of benzene is dominant and it desorbs
from the surface at 400 K. Above 450 K, the remaining phenoxy completely decomposes into CO
and Ha.

Several studies also demonstrated that the introduction of specific additives promotes the
decomposition of oxygenated aromatics. Vohs and co-workers have shown that the introduction
of Zn to enhance binding through the oxygen group leads to the preferential breaking of the Ph-O
bond.t® A similar behavior was seen for benzaldehyde on Pt(111).2> On H; pre-covered Pt(111),
part of the benzaldehyde molecularly desorbs from the surface at 200K while the rest completely
decomposes into CO, Hzand CHa, keeping the C-O bond intact. In contrast, on H2 pre-covered
Zn/Pt(111), upon heating to 200 K, part of the benzaldehyde molecularly desorbs from the surface
and part of it reacts by breaking the C-O bond and leads to toluene and other compounds. Due to
the bonding of the carbonyl oxygen with Zn sites, the C-O bond cleavage is facilitated. In addition,
Medlin’s group investigated the interaction of benzyl alcohol on Pt(111) and Pt(111)/Mo surfaces
using a combination of TPD experiments and DFT calculations.?’ On clean Pt(111), benzyl alcohol
mainly decomposes into benzene, CO and H». Here also C-C and C-H bond cleavage are favorable.
However, upon depositing benzyl alcohol on the Mo modified Pt(111) surface, the decomposition
of benzyl alcohol into benzene, CO and H decreases and the production of toluene is observed.
The presence of Mo subsurface atoms decreases the strong adsorption of the aromatic ring on the
surface, leading to a change in the adsorption geometry of benzyl alcohol that favors the C-O bond
cleavage. This example shows that changing the electronic structure of the Pt(111) surface can

influence the adsorption energy and geometry of the aromatic molecules. A less strongly adsorbed
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aromatic group on the Pt(111) surfaces tends to make C-O bond cleavage accessible. All these
examples demonstrate the need for a deoxygenating species on the Pt(111) to break the Ph-O or
the C-O bond. In the case of anisole, it has been shown recently that surface carbonaceous species
can play this role explaining the formation of benzene under ultra high vacuum conditions*? in
contrast with the selectivity towards phenolics under hydrogenolysis conditions of related
molecules.?-28

Although the dominant binding of 2-PE to the surface is through the benzene ring, it is
expected that at low temperature the aromatic ring remains intact.'*'2181% The early reactivity
might therefore be governed by the substituent. In other words, at low temperature, 2-PE can be
thought of as a substituted ethanol. The reactivity of such C2 flexible adsorbates (like ethanol or
ethylene glycol) has already been reported in the literature.?>* Although it depends on both the
nature of the surface and the substrate, C-H cleavages are usually rather easy. At a certain
dehydrogenation level, the C2 oxygenates can undergo a C-C cleavage. As for the C-O bond, a
higher dehydrogenation level is required for the cleavage to proceed on Pt(111).2%%

Overall, to understand the different reaction pathways of lignin decomposition, it is
important to systematically increase the level of complexity of the model molecules used, as it has
recently been reported.?®2® This work provides a detailed description of the interaction and
decomposition pathways of 2-PE on a Pt(111) surface. The focus is on the mutual influence of the
arm and the aromatic moiety in regards to the reaction selectivity (in particular, the influence of
this flexible oxygenated arm on the Ph-O bond breaking). It will combine detailed DFT
calculations with experimental techniques focusing on the 1st layer reactivity of 2-PE on the
surface. Experimental results will be presented for X-ray photoelectron spectroscopy (XPS) and

temperature programmed desorption (TPD).

4.2 Experimental

Experiments were performed under ultra high vacuum (UHV) in a stainless steel analysis
chamber with a base pressure of 5 x 10™° mbar. The Pt(111) crystal surface was cleaned by
repetitive cycles of 15 min of sputtering (1.5 keV, 1 x 10° mbar Ar*) at 600 K, followed by
annealing to 1100 K, described in details previously.!?

2-phenoxyethanol (+99% purity, Sigma Aldrich) was introduced to the UHV chamber
through a leak valve that was connected to a gas manifold with an attached 2-PE reservoir. The
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reservoir was heated to 435 K to increase the vapor pressure and ensure the purity of the deposition.
The gas manifold was heated accordingly to prevent condensation and allow a constant, stable flux
of 2-PE gas into the chamber. Exposure of 2-PE to the surface was typically performed at 1x10®
mbar pressure and the dosage measured in Langmuirs (1 L = 1.33x10° mbar e s).

The carbon coverage was determined by calibration with the C 1s XPS signal of the CO
saturation coverage on Pt(111) at 300 K. Under these conditions, CO is known to saturate with a
coverage of C/Pt = 0.49 + 0.02 (1 CO molecule for every 2 Pt atoms).3! Comparison of this
saturation with the intensity dependence of the carbon signal from 2-PE allowed us to determine
the amount of deposited carbon per platinum atoms. Every Dosage of 2-PE on Pt(111) and its
corresponding C/Pt ratio can be found in table G1 (Appendix G). We define the coverage as the
amount of carbon per Platinum atoms.

XPS

XPS spectra were recorded on a Specs GmbH system (XR50 X-ray source and Phoibos
100 SCD analyzer) 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 spectra using 0.1 eV step size, 0.5 second
dwell time, and pass energy of 20 eV. For the C 1s and O 1s regions three scans were acquired 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 for the C 1s region
while a Linear background subtraction was used for the O 1s region.

For the experiments, 2-phenoxyethanol was dosed on the clean sample at 110 K and then
heated up to the desired temperature of observation to acquire the spectrum. Once the acquisition
was done, the sample was subject to a cleaning cycle (Ar sputtering followed by annealing to 1100
K) to remove all the residual carbon on the surface. The cleanness of the sample surface was
verified by LEED and XPS.

TPD

The TPD experiments require the placing of the sample in front of a differentially pumped
quadrupole mass spectrometer (QMS) and ramping up the sample temperature while monitoring
the fragments of interest. For our experiments, the Pt(111) sample was dosed with varying
exposures of 2-phenoxyethanol at 110 K and placed 1 mm below a 1 mm diameter hole leading to
the differentially pumped QMS. The temperature controlled heating ramp was programmed in

LabView and designed to provide and record a linear temperature ramp in the range of 120 K to
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800 K, with a ramp rate of 6 K/s. the sample was subject to one cleaning cycle (Ar sputtering
followed by annealing to 1100 K) to insure the cleanness of the surface before each dosage. A total
of 13 channels corresponding to m/z values of 138, 122, 108, 94, 78, 77, 65, 45, 33, 32, 31, 28 and
2, were monitored for the 2-PE TPD experiments. The selected m/z values correspond to the

expected species and their respective fragmentation patterns.

4.3 Computation Details

The plane-wave periodic DFT calculations were performed using the Vienna Ab initio
Simulation Package (version 5.3).323% The energies were computed using the optPBE3®%
exchange correlation function that was proven to account accurately for the interactions of
aromatics on metal surfaces.3"3® The core electrons were treated using the Projector Augmented
Wave (PAW) method.®® The valence electron density was developed on a plane wave basis set
truncated at 400 eV. All the structures were considered optimized for forces less than 0.02 eV/A.

Unless defined otherwise, four-layer p(4x4) slabs were considered. The Pt atoms of the
down most two layers were held fixed at the bulk position. The metallic surface was then
surmounted with a 5 layer void (counted in units of Pt interlayers) in order to minimize the
unphysical interactions arising from the 3D periodicity of the calculation. The integration over the
Brillouin zone was performed using a I'-centered 3x3x1 Monkhorst-Pack k-point mesh.*’ Gas
phase structures were optimized in a 20x20x20 A cell computing the energy at the T point only.

Transition state structures were first interpolated from the structures of the reactant and the
product using the Opt’n’Path program.** They were then pre-optimized using the CI-NEB
algorithm®243 and finally fully optimized using a quasi-Newton algorithm or the Dimer Method.**
46

We performed a frequency calculation for each structure in order to, first, check the first-
order saddle point property of the transition states, and second, calculate the Zero-Point Energy
correction (ZPE) and the vibrational entropy (calculation at 400 K supposed constant). For slab
structures, only the uppermost layer was included in the finite difference scheme of the frequency
calculations. The two weakest modes associated to the global horizontal motion of the platinum
atoms along the cell vectors were moreover removed before the calculation of the entropic
contributions as in our previous work.!> The rotational and translational entropies (the latter

depending on the partial pressure of the gas) were also taken into account for gas phase hydrogen.
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We assumed for hydrogen a partial pressure of 101° mbar, corresponding to the order of magnitude
of the pressure inside the UHV chamber. It only concerns hydrogen since the partial pressure of
the other desorbing products is zero and the associated chemical potential is therefore ill defined.
All the entropic contributions were evaluated using the equations of statistical mechanics for a free

particle in a box, a rigid rotator and a harmonic oscillator.

4.4 Results and Discussion
(@) XPS and TPD

The identification of surface species upon dosing 2-phenoxyethanol on Pt(111) was
initially performed by monitoring the carbon and oxygen environment of species on the surface as
a function of temperature. Figure 4.2 shows C 1s and O 1s photoelectron spectra after deposition
of 1.5 L of 2-PE on Pt(111) at 110K, with spectra acquired at varying temperatures. Upon
deposition, at 120K, 2-PE shows two peaks in the C 1s spectra, one at 285.3 eV, which is attributed
to carbon bound to an oxygen atom (labeled C-O), and the other one at 283.5 eV which is attributed
to carbon atoms bound only to other carbons or hydrogens (labeled C-C).!* The binding energy
difference between the carbon peaks is 1.8 eV. After flashing to 260K, the C-C and C-O peak areas
decrease in intensity as some desorption takes place and only the C-O peak shifts to lower binding
energy (285.1 eV). Then, the binding energy difference of the C 1s signals of the C-C and C-O
peaks reduces from 1.8 eV to 1.6 eV, suggesting a decomposition of the parent molecule. At 300
K, the C-C and C-O areas decrease in intensity as desorption of the byproducts takes place. At
360K, the C-O peak area vanishes. Upon heating to 460 K, the remaining C 1s area peak decreases
as only adventitious carbon remains on the surface.

Observations of the O 1s region after depositing 1.5L of 2-PE at 110 K on Pt(111) correlates
with observations in the C 1s region. Upon deposition, at 120 K, 2-PE shows one peak at 532.2
eV. After flashing to 260K, the peak area intensity decreases and shifts to lower binding energy of
531.5 eV as some desorption and decomposition takes place. This is consistent with the
observations made on the C 1s region. At 300 K, the peak area decreases in intensity as some
anisole and phenol start desorbing from the surface (see TPD data below). At 360 K, the peak area

vanishes.
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Figure 4.2: XPS spectra acquired at different temperatures for 1.5L of 2-phenoxyethanol
deposited at 110 K.

Integrating the area of the C 1s region gives insight on how the coverage changes as a function of
temperature (Figure 4.3). A dose of 1.5 L, which corresponds to one molecule of 2-PE per 10 Pt
atoms (as determined by XPS intensities, see Appendix G, Table G1), corresponds to the onset of
multilayers on the surface. The large drop in C 1s peak area between 240 K and 260 K corresponds

to desorption of the multilayer as will be further discussed in comparison with TPD results.

C1s area

| I I | | I I I |
150 200 250 300 350 400 450 500 550 600

Temperature (K)
Figure 4.3: Analysis of XPS spectra acquired at different temperatures for 1.5L of 2-
phenoxyethanol deposited at 110 K. The peak area decreases drastically between 240-260K,

which corresponds to desorption of the multilayer.

Turning now to the TPD experiments, molecular desorption of the parent 2-PE molecule

was monitored for multiple coverages as a function of temperature (Figure 4.4). The data shows
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no molecular desorption of 2-PE at low coverages (0.85 L and below). As the coverage increases
and a dose of 1.12 L is reached, the second layer of 2-phenoxyethanol is seen to molecularly desorb
with a peak at 256 K. Assignment of these desorbing molecules to the second layer (rather than
generically from multilayers) was made not only by the quantification of molecules, but also by
comparison of the desorption energy values with DFT calculations (see below, Figure 4.8). A low
temperature peak appears at 238 K for higher doses and does not saturate within the range of our
measurements. This 238 K peak is attributed to the multilayer desorption. Studies on phenol have

reported a similar behavior for the multilayer.1%

OH 0.64L
— 0.78L
o) — 0.85L
— 1.12L

— 1.2L

— 55L

Intensity (arb.units)

— x 0.05

150 200 250 300 350 400 450 500 550 600
Temperature (K)

Figure 4.4: TPD spectra after several 2-phenoxyethanol exposure at 110K on Pt(111)and
desorption rates are measured using a linear temperature ramp of 6 K/s

Three primary reaction products result from the decomposition of 2-PE on the surface,
namely anisole, phenol and benzene. The TPD for these species are shown in Figure 4.5. By far,
the highest intensity was observed for benzene, making it the primary desorbing aromatic product
as discussed below. The TPD spectrum for the benzene fragments (mass 78) shows that for 0.78
L coverage, benzene molecularly desorbs from the surface with a peak at 380 K and keeps
desorbing up to 520 K. As the coverage increases, the peak centers at 360 K. Phenol and anisole
desorb in small quantity in a peak centered at 360 K, but only for initial coverage of 0.85 L or
higher. The dosage dependence, particularly the lack of observed desorbing aromatics at lower

coverages, is in agreement with previous literature where it was also shown that aromatics such as
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benzene, phenol and anisole decompose completely on the Pt(111) surface for coverages below
06 ML.11’12‘47’48

Intensity (arb.units)
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Figure 4.5: TPD spectra after several 2-phenoxyethanol exposures at 110K on Pt(111).
Monitored masses 108, 94 and 78 correspond to Anisole, Phenol and Benzene respectively. The
contribution of the parent molecule from the fragmentation pattern in the gas phase has been
subtracted so as to show only desorbing species (see Appendix G for subtraction procedure).

Desorption rates are measured using a linear temperature ramp of 6 K/s.
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The only other observed reaction products of the decomposition of 2-PE are H, and CO
(Figure 4.6). Hydrogen shows peaks at 334 K, 438 K and 555 K with two shoulders at 357 K and
520 K after dosing 0.85 L of 2-PE. For comparison, the associative desorption of hydrogen from
Pt(111) has been previously observed in the temperature interval between 290-375 K.**5° The dot-
dash line in Figure 4.6, which matches the observed peak in these experiments, corresponds to the
reported dosage of 2L of H, on clean Pt(111).*® Above 375 K the hydrogen peaks might correspond
to the decomposition of the phenoxy species on the surface as observed with phenol and anisole
on Pt(111).1! The additional high temperature hydrogen peaks in Figure 4.6 have been assigned to
subsequent surface reactions yielding H: as a product. In an attempt to quantify the origin of the
hydrogen products, fitted Gaussians have been used to estimate the area ratio between the
desorption peaks (see Appendix G, Figure G2). The desorption spectra can be fitted with 5 peaks
(centered at 335 K, 357 K, 438 K, 520 K, and 554 K respectively) with a corresponding area ratio
of approximately 2:1:5:1:1. This qualitative ratio, normalized to the smallest peak as 1, correlates
with the number of 10 hydrogen atoms in the 2-PE molecules. The corresponding sequence of
dehydrogenation will be discussed below using DFT calculations.

In contrast with the rich hydrogen spectra, only one broad peak of CO is observable at
404K with a shoulder at 438 K. The dashed line for CO corresponds to molecular desorption of
pure CO from Pt(111) with 0.5 ML coverage.>* No other molecular products have been observed.
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Figure 4.6: TPD spectra after 0.85 L exposure of 2-phenoxyethanol on Pt(111) and
selecting formed byproducts Hydrogen and Carbon-monoxide (Mass 2 and 28). Desorption rates
are measured using a linear temperature ramp of 6 K/s. The dashed line for CO corresponds to
molecular desorption of pure CO from Pt(111) with 0.5 ML coverage.>® The dot-dashed line for
H. corresponds to desorption temperature of Hydrogen with 2 L coverage from Pt(111).49:50

Analysis of the TPD data allows the experimental determination of desorption energies Edes
for each species and it can also provide information on the activation energy associated with
surface reactions (Table 4.1). The analysis is performed based on the general rate law for
desorption by the simple approach of Redhead®? with appropriately corrected frequency factors.
The calculated frequency factors v are presented in Table 4.1 as obtained using the Campbell
approach for molecular or associative desorption®° and temperature corrected entropy values
from the Yaw’s Handbook.>®>" The only exception is for 2-phenoxyethanol, where the entropy
value for anisole was used as an approximation (the entropy value for 2-phenoxyethanol is not
available). Further details on the choice of the approach method have been previously described.'?

The high temperature peaks in the hydrogen TPD spectrum correspond to H» generated at
a temperature above its normal desorption temperature and hence the associated activation energy
calculated corresponds to the process that generates the additional H atoms. This quantity is labeled

as the apparent activation energy Eq%".

132



Table 4.1: Desorption energies of observed species, calculated by Redhead analysis of

the TPD data.
Species Observations Temperature  v3 (s?) Edes Ea?PP
(K) (kJ/mol)  (kJ/mol)
2-phenoxyethanol  2nd Layer 256 5.4x10® 81 = e
Multilayer 238 35%x10% 75 e
Anisole Molecular 355 2.2x10Y 119 -
desorption
Literature e
2" layer 260%2 54x10% 83 @ ceeeee-
saturated 1% layer 3602 2.4x10Y7 121
Phenol Molecular 355 3.9x101%  —eeeee- 114
desorption
Literature 225 Y A—
Benzene Molecular 363 8.0x10® 112 = e
desorption 510 2.2x10® 182
Literature 400-550%  —eeeee- 133-2004  -------
Carbon monoxide ~ Molecular 404 7.7x10% 117 e
desorption 438 8.5x10* 128
Literature 410% e
Hydrogen Analyzed as 335 1.9x10% 93
molecular 357 1.9x10% 100
desorption 438 2.0x10% 123
520 2.1x10% 147
554 2.1x10% 157

133



Analyzed as 335 1.05x10°  ----me- 54

associative 357 9.92x108  -----m- 58

desorption 438 8.62x10%8  ----mm- 72
520 7.66x108  ---m--- 85
554 7.20x108 91

Literature 293-375%° e e 39.7%
cic10 R — 7350

Since decomposition of 2-phenoxyethanol and its fragments is significant, even at
relatively low temperatures, we have quantified the amount of carbon left on the surface at different
stages using the C 1s XPS signal. Figure 4.3 shows an example of the C 1s intensity upon dosage
of 1.5 L of 2-phenoxyethanol and the decrease in signal due to multilayer desorption, yielding a
residual carbon signal corresponding to decomposition species. To assess the relative yield of the
decomposition vs intact desorption pathways during reaction, the C 1s intensity for one monolayer
had to be estimated. This was done by comparison of the XPS signal for several doses as well as
by determination of the XPS intensity at a temperature where the multilayer has desorbed (as
determined by TPD). In Figure 4.3, the monolayer intensity was determined at T = 260 K (lowest
temperature to allow second layer desorption prior to XPS data collection) and the residual carbon
intensity at T = 360 K. From this analysis, it was determined that approximately 29% of the
monolayer desorbs as molecular fragments, while 71% decompose into carbonaceous species.

Now getting back to the TPD data, one can correlate the peak area of the desorbing
fragments to the amount of desorbed byproducts (see Table 4.2). At low coverages such as 0.64 L,
1 molecule per 23 Pt atoms (C/Pt=8/23), no desorption of byproducts is observed. The
decomposition of the aromatic ring in 2-phenoxyethanol is dominant due to the availability of
many unoccupied sites. At 0.78 L, 1 molecule per 19 Pt atoms, only benzene is observed as a
byproduct. As the carbon coverage on the surface increases to 1 molecule per 16 Pt atoms (0.85

L), a competitive reaction pathway is observed with desorption of phenol and anisole. As the
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surface gets more crowded, part of the Ph-O bond cleavage is inhibited. The ratio of desorption of

the byproducts is maintained at a higher coverage of 1 molecule per 12 Pt atoms (1.2 L).

Table 4.2: Analysis of the TPD spectra after different dosages of 2-phenoxyethanol on

Pt(111) at 110K. As the carbon coverage increases anisole and phenol desorption is observed.

Exposure (L) Molecule/Pt Anisole (%) Phenol (%) Benzene (%)
0.64 1/23 0 0 0

0.78 1/19 0 0 100

0.85 1/16 0.2 4.8 95

1.12 1/13 0.1 6 93.9

1.20 1/12 0.3 6.5 93.2

(b) Proposed pathway combining XPS and TPD.

From XPS and TPD experimental results, a schematic of the reaction and decomposition
of 2-phenoxyethanol on Pt(111) is proposed in Figure 4.7. Upon dosing, 2-phenoxyethanol adsorbs
on the Pt(111) surface at 110 K. Then, when heating, the multilayer molecularly desorbs at 238 K
followed by desorption of the second layer at 254 K. The desorption energies are measured as 75
kJ/mol for the multilayer in reasonable agreement with the enthalpy of vaporization of 66 kJ/mol®’
of 2-phenoxyethanol, and 81 kJ/mol for the second layer molecules in good agreement with the
DFT calculated adsorption energy of 85 kJ/mol (see below, Figure 4.8).

The first saturated layer totally decomposes on the surface. The only observed byproducts
are anisole, phenol, benzene, CO and H.. At 260K, the C 1s binding energy difference between
the C-C and C-O XPS peaks reduces to 1.65 eV, suggesting the onset of decomposition of the
parent molecule. This is comparable with the difference of 1.6 eV and 1.7eV C 1s binding energy
of pure anisole and phenoxy on Pt(111)'!2 suggesting these two species may be produced on the
surface. The associative desorption of H at 335K (which corresponds to “usual’ temperature
desorption of Hy) is another clear indication of the decomposition of the parent molecule.
Literature suggests that this first hydrogen desorption comes from the cleavage of the O-H
bond, 011314 byt a more detailed discussion of the origin of H at the different stages of reaction
will be explored using mechanistic DFT calculations. Upon heating to 360 K, aromatics derived

from the 2-phenoxyethanol, start to desorb: traces of anisole, few percent of phenol and a majority
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as benzene. Anisole is known to decompose into phenoxy and to yield benzene and not phenol, as
its been reported in a previous study.'? Thus, the benzene that starts desorbing at 363K could be
obtained through the following sequence: C-C bond breaking, generation of anisole and/or
phenoxy, decomposition into benzene.

The additional presence of non-negligible amount of phenol questions the role of the
glycoxy arm in the selectivity of the decomposition. Since phenol completely decomposes in the
first layer before reaching its desorption temperature,** the observed phenol from 2-PE
decomposition must be formed at a temperature that is higher than its desorption temperature.
Therefore, the observed molecular desorption of phenol at 355 K has to be reaction limited, that
is, as soon as it is formed it already has enough energy to desorb and hence the measured E*P
should be comparable to the activation energy of the reaction that produces it. Desorption of
oxygen containing species (anisole, phenol, carbon monoxide, etc.) correlates with the
disappearance of the C-O peak in C 1s and in the O 1s region at 360 K and only hydrocarbons and
adventitious carbon remains on the surface at 460 K.
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Figure 4.7: Proposed pathway of 2-phenoxyethanol (2-PE) decomposition under UHV
conditions on Pt(111) built form surface science experiments (the temperatures correspond to
the TPD peaks).
To achieve additional insight into the selectivity toward the different bond cleavage

mechanisms (shown in Figure 4.1) involved in 2-phenoxyethanol decomposition on Pt(111), the
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different reaction steps associated with the experimentally obtained pathway (Figure 4.7) have
been calculated. In the following section, we use periodic DFT calculations to not only corroborate
some of the experimental conclusions, but also to propose the reasons for the formation of benzene,
phenol and anisole as products and particularly for the coverage dependence of their appearance.

(c) Mechanistic insight from DFT calculations
i. 2-phenoxyethanol (2-PE) desorption

TPD experiments show that the molecular desorption of 2-PE occurs at both 238 K and
256 K (see Table 4.1) at a dosage above 1.12L. To assess the structure in function of coverage, the
adsorption structure and energy are computed on different sized slabs (see Figure 4.8). The most
stable structure on the p(4x4) slab is found at the bri30 site in agreement with our previous study
on the adsorption of oxygenated aromatics on Pt(111)*® and with previous studies on related
adsorbates.?62°960 The desorption energy at such a coverage (1 molecule:16 Pt) is computed at
200 kJ/mol, much larger than the one expected from the TPD (see Table 4.1, 81 kJ/mol). The
structure expands on three Pt atoms in one direction and four in the other one (12 Pt atoms in total)
suggesting that this structure — on the 16 Pt atoms of a p(4x4) slab — does not model a saturated
monolayer of 2-phenoxyethanol. We were able to put this adsorbate on a smaller p(3x3) slab (9 Pt
atoms). The desorption energy decreases to 175 kJ/mol. This coverage effect can safely be
attributed to the increased lateral interactions and the reorganization of the glycoxy substituent that
has to fit in this smaller p(3x3) cell. In spite of the increased coverage, the interaction of the
adsorbate with the metallic surface remains very strong and desorption appears as being a very
unlikely process. Increasing the coverage to the second layer gave a desorption energy of 85
kJ/mol. This was modeled using a p(3x3) slab with an extra molecule on top of a chemisorbed 2-
PE and was confirmed on several configurations using a p(4x4) slab. For this calculation only, the
void thickness was increased to 14 layers (in units of Pt layers). For the second layer, only weak
physical interactions ensure the stability of the two-layered system which explains why the
desorption energy has been more than halved on going from the first to the second layer. The
calculated value of 85 kJ/mol matches well with the desorption energy obtained experimentally
(see Table 4.1, 81 kJ/mol). Consequently, it is the first layer, which cannot desorb, that contributes

most significantly to subsequent reaction products.
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Figure 4.8: Adsorption geometries of 2-phenoxyethanol at different coverages on Pt(111)

(M designates the number of organic molecules and Pt the number of surface platinum).

ii. Low coverage reactivity

Since it is extremely complex to tackle coverage effects for coverages close to saturation
using only DFT and geometry optimization (many very specific geometrical configurations would
need to be tested), we focused on the reactivity study using the large enough p(4x4) slab on which
the lateral interactions are not too important and less likely to be specific.

2-PE has twenty bonds and as many first reactions possible. This means that there is, in
principle, a very large reaction network to study. However, from previous experimental and
theoretical studies, it is known that the first bonds to be broken are unlikely to be on the aromatic
moiety, without yielding coke.>!2 In other words, although the dominant binding of 2-PE to the
surface is through the benzene ring, in terms of initial reactivity we can think of the molecule as a
phenoxy substituted ethanol. Comparing the substituent to the numerous studies on oxygenated
C2 organic compounds suggests that the C-C and C-O bonds cannot be cleaved unless a certain
level of dehydrogenation has been reached.?®3° Therefore, the early reactivity should be governed
by C-H and O-H cleavages. Among the O-H and C-H bonds (see Table 4.3 for the activation
parameters), the a hydrogen appears as being the easiest cleavage in ethanol (A*U = 58 kJ/mol).
In 2-PE however, this is the most recalcitrant to abstraction with a barrier of A*U = 119 kJ/mol.
This difference in activation energies (AA*U = 61 kJ/mol) illustrates that the adsorption through
the aromatic moiety can exert a strong constraint on the reactivity of the C2 fragment; and this, in

spite of the distance of the C, carbon to the aromatic group. In the transition state of ethanol
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dehydrogenation, the C, is on top of a Pt atom at a height of 2.63 A from the surface (see Figure
4.9) and can easily take the ideal and classic triangular shape. Because of the phenoxy group that
acts as a real anchor at the bri30 site, 2-PE does not have the same capability to adapt to this 3-
center transition state. Although the C, manages to get even closer to the surface (2.57 A), it does
not lie over a Pt atom and the hydrogen reaches a bridge position, in a strongly distorted 4-center
transition state. Despite a reduce distance between the aromatic and the Cg, the Cg-H is impacted
to a lesser extent (AA*U = 28 kd/mol). The corresponding transition state appears as less strained
since it manages to reach the sTable 4.3-center configuration (see Figure 4.10). Lastly, the O-H
bond seems to be less impacted energetically (AA*U = 9 ki/mol) than entropically (AA*S = -46
J.KL.mol). Unlike ethanol, which directly interacts via its oxygen in both the initial state and the
transition state, 2-PE indeed undergoes a bigger conformation restriction from a free —OH group
to the 4-center transition state (see Figures 8 and 10).

In short, the 2-PE decomposition starts with the O-H scission. This detailed comparison
between the 2-PE and the simple ethanol molecule shows that the bond scission in the pending
arm can be strongly affected by the presence of the aromatic moiety, and that they are
systematically destabilized. In the following analysis of the reaction network, this will be used as

a general behavior to avoid exploring the entire reaction network.

PhOCH,o = _H HOu, /
24y S o
% H :‘;?:9
L AR !

S H
~7 H. 2.57 2.63 =
Pt—PtiPt Pt — Pt e— Pt

2-phenoxyethanol ethanol
Figure 4.9: Structures of the transition states associated to the C,-H cleavage on 2-

phenoxyethanol (left panels) and ethanol (right panels). Distances are reported in A.
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O-H cleavage B C—H cleavage

Figure 4.10: Structures of the transitions states associated to the O-H and Cg -H

cleavages on 2-phenoxyethanol.

Table 4.3: Comparison of the reactivity of ethanol and 2-phenoxyethanol (2-PE) for the
different O-H and C-H cleavages. These DFT data were computed on a p(4x4) slab for 2-PE and
a p(3x3) slab for ethanol. The internal energy U includes the zero point energy (ZPE)
contribution. The entropy contribution includes only the vibrational entropy based on harmonic
frequencies since those are surface steps with no rotational or translational degrees of freedom.

More details can be found in the computational details section.

2-phenoxyethanol Ethanol
A*U A*S AU A*S
(kd.molt)  (Q.KLmol?t)  (kimol?t) (J.K1mol?b)
O-H 84 —65 75 -19
Co-H 119 -19 58 -10
Cp-H 112 -10 84 -31
PhO-C & Cq-H 129 +2 — —

The reaction profile of the 2-PE decomposition is reported in Figure 4.11, free energy F
being computed at 400K. As detailed above, the first step is the breaking of the O-H bond. With a
barrier of 110 kJ/mol, it easily competes with the desorption of 2-PE at low coverage. This first
process is quite endergonic (AF=+65 kJ/mol) but is readily followed by the desorption of hydrogen
(ArF=-40 kJ/mol), pushing the dehydrogenation forward and making the reverse process unlikely.
The subsequent a-dehydrogenation reaction is indeed very slightly activated (A*F=26 kJ/mol) and
happens selectively compared to the backward reaction (A*F=85 kJ/mol) and the -
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dehydrogenation (A*F=125 kJ/mol). The result of the dehydrogenation at the O-H and C,—H sites
affords the corresponding aldehyde (2-phenoxyethanal in conformation A, Figure 4.12) and
hydrogen {PhOCH,CHO+H(g)} at F=-71 kJ/mol (see Figure 4.11). The subsequent o and
dehydrogenations (A*F=73 kJ/mol and 98 kJ/mol respectively) cannot compete with the
conformational change to a second conformer labeled B (see Figure 4.12). This conformational
change is admittedly slightly endergonic (A:F=14 kJ/mol) but proceeds though a low barrier of 45
kJ.mol™. In addition B is very reactive towards the second a-dehydrogenation with a barrier of
only A*F=31 k/mol (ie an overall barrier of A*F=45 ki/mol from conformer A). As a consequence
of the Curtin-Hammett principle, we obtain 2-phenoxyacetyl PhOCH,CO in a B conformation.
After desorption of hydrogen, this step (at F=—149 kJ/mol in Figure 4.11) becomes irreversible
with a reverse barrier of A*F=133 kJ/mol.

The 2-phenoxyacetyl appears as a key intermediate along the reaction path. After the large
amount of hydrogen released (3 atoms for one 2-PE molecule), further dehydrogenation appears
as kinetically blocked (A*F=160 kJ/mol). In line with the reactivity of ethanol?® and anisole,'1°:18
the cleavage of the PhO-C and C-C bonds should be now affordable. The barriers are A*F=92
kJ/mol and A*F=116 kJ/mol respectively, suggesting that the PhO-C cleavage is the most
accessible. The products are the phenoxy fragment PhO and the ketene CH>CO that further
decomposes into methylene CH. and adsorbed carbon monoxide CO with a barrier of A*F=86
kJ/mol. Further, methylene readily evolves into methylidene CH (see gray part of the diagram)
yielding an additional H atom. Then methylidene (or carbon after an extra dehydrogenation step)
can snatch the oxygen atom from phenoxy to produce benzene with an overall barrier of A*F=135
kJ/mol around 400 K, as we have recently shown for the anisole/Pt(111) system.

Overall, the production of {PhO+CH+2CO+2H2(g)} can be considered to proceed with a
relatively low overall barrier of A*F=110 kJ/mol and should therefore appear at moderate
temperatures under TPD conditions (in the 320-380 K range). It is associated to four
dehydrogenations directly followed by hydrogen desorption (see downward arrows in Figure
4.11). Although, the last dehydrogenation might be a bit delayed by two barriers of A*F=92 kJ/mol
and A*F=86 kJ/mol (the associated transition states of which being at F=—57 kJ/mol and F=—118
kJ/mol respectively in Figure 4.11) to afford methylene CHa. If the decomposition of 2-PE
followed the mechanism proposed in Figure 4.11 with a selectivity of 100%, one would expect a

ratio of approximately 3:1 for the first two peaks in the TPD of H; in the 300-400 K range.
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However, the DFT calculations have shown that the Cg-H cleavage, although not preferential, is
also possible for the first dehydrogenation (A*F = 116 kJ/mol at 400 K, calculated from the data
given in Table 4.3). This might open a competitive route that could alter the 3:1 ratio, potentially
leading to an observed TPD ratio of approximately 2:1 (Figure 4.6). At higher temperature, the
production of benzene competes with the decomposition of PhO, which can form carbonaceous
species. As shown previously, such a process starts with the CH dissociation in meta of the oxy
substituent and becomes more favorable than the benzene production at temperature higher than

450K.*247 This explains the large production of hydrogen and the shoulder in CO above 400K.

A F (kJ/mol) at 400K
+100+ %\
o
25
01 =2J/PhOCH,CH,0+ 1/,Hy
PhOCH,CH,OH
-100 T
PhOCHgCHO+H2(g)
-149
PhOCH2C0+ 3/2 H2(g)
-2001 PhO+CH,CO+ 3, Hyg) o
PhO+CH2+CO+ 3/2 H2(g) -
— hydrogen desorption
isomer A 284
— [SOMeEr B e
-300 1+ our previous work on anisole
PhO+CH+CO+2Hyp(g) ==
-324

Figure 4.11: Free Energy profile of 2-phenoxyethanol decomposition into phenoxy,
methylidene, carbon monoxide, and gas phase hydrogen. The free energy was computed at 400 K

as described in Computational Details.
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(iif) Towards higher coverages

The proposed mechanism has been derived for low to moderate coverages. However, the
TPD experiments show that an increase in the coverage (up to 1 molecule per 12 Pt) yields to a
small production of phenol (PhOH) and negligible traces of anisole (see Table 4.2). The increase
of the coverage is expected to favor steps that require a reduced amount of surface Pt at the expense
of steps that necessitate more.

The first transition state, corresponding to the dehydrogenation of the alcohol has a
geometry where 2-phenoxyethanol lies down on three Pt atoms in one direction and four on the
other (see Figure 4.10). This means that approximately twelve Pt atoms are needed for this step to
proceed easily. If the coverage increases, the energy of this transition state should increase. At
higher coverages, 2-phenoxyethanol might even lack space to have the alcohol function interact
with the surface.

So far, only classic sequential cleavages were considered, following the Langmuir-
Hinshelwood mechanism for surface reactions. However, at high coverage, an Eley-Rideal
mechanism could be more favorable, the bond cleavage being synchronous with the ejection of
one of the products. The simultaneous cleavage of the PhO-C and the C,-H bonds produces
phenoxy PhO, hydrogen and the hydroxyethylene (CH.CHOH) that is directly ejected in the gas
phase (see Figure 4.13). The free energy barrier is A*F=128 ki/mol at 400 K on a p(4x4) slab
(calculated from the data given in Table 4.3, entry PhO-C & C,-H). This barrier is too high to be
relevant at low coverages. However, the ejection of the enol makes this alternative competitive at
higher coverages with the increase of the other barriers. It leaves locally only phenoxy and
hydrogen. In absence of CHy species, the deoxygenation is unlikely since the Ph-O bond
dissociation in phenoxy is highly endothermic (AF=124 kJ/mol at 400 K) and strongly activated
(A*F=225 kJ/mol at 400 K). Then, the hydrogen surface diffusion is hindered by the high surface
coverage, opening the door to the PhO+H recombination into PhOH instead of {PhO+Y2H2(g)},

which would lead to the small yield of phenol observed.
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Conformer A Conformer B

Figure 4.12: Conformers A & B of 2-phenoxyethanal.

2.32A 1.42A
1 X :

J127A

Figure 4.13: Transition state structure associated to the concerted formation of enol.

4.5 Conclusion

In ultra-high vacuum conditions, the 2-phenoxyethanol (2-PE) desorbs from the Pt(111)
surface in two stages: (i) desorption of the multilayer (ii) desorption of the second layer. The
strongly chemisorbed first layer decomposes in coke (71%) and aromatic compounds (29%). The
decomposition of the pending arm and the deoxygenation of the aromatic moiety is effective since
the main product is benzene and only ~5% of phenol is observed at a higher coverage.

Despite its flexibility, the pending arm of 2-PE is highly constrained by the strong
adsorption of the aromatic ring and it does not react as a simpler alcohol such as ethanol. The
reaction starts with the O-H scission, followed by two successive Cq-H scissions, yielding the
PhOCH>CO intermediate and 3/2 Hx(g). The alkyl arm of this intermediate cannot be easily
dehydrogenated further and undergoes a C-C scission. Falling back to the reaction network of the
anisole decomposition, the phenoxy intermediate is obtained and yields benzene thanks to the
presence of numerous carbonaceous Species.

A higher coverage yields to a higher fraction of oxygenated aromatics (mainly phenol).
The DFT calculations suggest that this can be related to the existence of a synchronous step that
does not require the adsorption of all the products. The CH.CHOH fragment is ejected in gas phase

as a stable molecule, leaving behind the phenoxy intermediate and one hydrogen atom. Locally,
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without CHy species, the deoxygenation is unlikely. In addition, the higher coverage probably
limits the H diffusion, allowing the recombination into phenol.

This study opens the road to a better design of metallic based catalysts aiming at lignin
deoxygenation. A strong pressure in hydrogen is to be avoided to prevent the formation of phenol
from phenoxy. The reluctant Ph-O cleavage requires the presence of reductive species such as CHx
or promoters such as Zinc.*® Without promoters, the formation of reductive carbonaceous species

necessitates a low enough coverage of reactants.
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Chapter 5:
Direct observation of phenoxy as the key and common
intermediate for the decomposition of lignin fragments containing
the beta-O-4 linkage

Ould Hamou, C. A.; Giorgi, J.B. Direct observation of phenoxy as the key and common
intermediate for the decomposition of lignin fragments containing the beta-O-4 linkage. Submitted
to J. Phys. Chem. C

| performed all the RAIRS experiments and analysis of the reactivity of phenol, anisole
and 2-phenoxyethanol on Pt(111). I performed all the analysis and interpretation related to the

experimental results.
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5 Direct Observation of Phenoxy as the Key and Common Intermediate for the

Decomposition of Lignin Fragments Containing the Beta-O-4 Linkage
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Abstract

The decomposition of phenol, anisole and 2-phenoxyethanol on Pt(111) in ultra-high
vacuum is studied as models to understand the reactivity of the f-O-4 linkage in lignin. Desorption
of multilayer and monolayer is observed as well as the generation of decomposition products.
Using RAIRS to monitor the vibrational signatures of all the species we observed the appearance
of the characteristic 1480 cm™ vibration for the phenoxy group. This in conjunction with changes
in other bands is used to identify the phenoxy species (as opposed to the oxocyclohexadienyl
moiety) as the common key in the decomposition of the three molecules. The nature of the phenoxy
species is discussed in comparison with previous literature and may lead to insight into the

reaction-product selectivity of the decomposition.

Keywords: Lignin, Pt(111), anisole, phenol, 2-phenoxyethanol, RAIRS
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5.1 Introduction

As the world’s population increases, sustainability is a growing concern in areas ranging
from energy to chemicals and other resources.* New alternative ways must be found to supply the
growing world demands. Biomass conversion seems to be an ideal candidate to be used in chemical
production since it is inexpensive, renewable and readily available.?® and thus the conversion of
biomass into high value products is an important target both economically and socially. Lignin, an
important biomass component, is the second most abundant polymer in wood and represents up to
40% of the dry biomass weight.*°> Lignin conversion has significant potential as a source for the
sustainable production of fuels and bulk chemicals.?*®7 With its unique structure and chemical
properties, a wide variety of bulk and fine chemicals, particularly aromatic and alcohol compounds
are potentially obtainable from lignin.® As of today, lignin is usually a byproduct of paper and pulp
industries; and it is mainly recycled as low-grade fuel to generate heat.> The degradation of lignin
into value added compounds has been studied by hydrothermal conversion, pyrolysis, catalysis,
enzymatic degradation, etc.>®! The use of heterogeneous catalysis for lignin conversion is a
promising method as the products and the catalyst can be easily separated. Moreover, catalysis
plays an essential role in making biomass conversion viable for valorization by reducing activation
energies for reaction and guiding product selectivity.

Lignin can be simplistically described as a large molecule consisting of aromatic rings
linked together by various forms of oxygen links. The most abundant link is the p-O-4 which
constitutes up to 60% of all the lignin linkages (Figure 5.1 shows a small lignin fragment where
the B-O-4 link is showcased). Because of the complexity of the lignin molecule and the difficulty
in handling it for fundamental studies (due to its high viscosity, low vapor pressure, immiscibility,
etc), it is important to start with simple model molecules that identify key features. Surface studies
with smaller key molecular fragments allow a better understanding of the bond breaking steps of
these moieties in a catalytic environment.** Since lignin is defined by aromatic groups bound to
oxygen, the simplest model molecule to consider is phenol, and from it we can bridge the level of
complexity by considering more complex ligands in the arm moiety to anisole and 2-
phenoxyethanol (Figure 5.1). The reactivity of such lignin fragments has been explored on
different catalysts, including sulfides and noble metals for hydrodeoxygenation. Metals such as Ru
and Pd are quite efficient, but Pt which produces compounds less deoxygenated has even higher

conversion. In this work, the molecular reactivity of phenol, anisole, and 2-phenoxyethanol is
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investigated on the Pt(111) surface as a model catalyst in order to compare the relative facility of
the C-H, C-O, and C-C bond cleavages.

B-O-4
0]
HO OH
OH
O OMe O~ OH O OH
O o —> —> —>
(0] © 2-Phenoxyethanol Anisole Phenol
OMe
HO OMe

Lignin fragment
Figure 5. 1: Small Lignin fragment and the identification of suitable small-molecule

fragments: 2-phenoxyethanol, anisole and phenol.

Single crystal investigations of aromatic oxygenates on transition metal surfaces have
shown different preferences in C-H, C-O and C-C bond cleavage.!*** The decomposition
pathways of aromatics seem to be strongly dependent on the coverage of adsorbed molecules on
the surface and the interaction strength of the aromatic ring with the catalyst.}*'°2! Previous
studies of phenol-Pt(111) interactions are relevant.'4?22* On Pt(111), phenol multilayers have
been reported to desorb from the surface at 195 K while the second layer would desorb at 225 K.*
The adsorption geometry of phenol on Pt(111) has been reported to be lying with the ring flat and
parallel to the surface.'*?22325-27 As one would expect for phenol, the O-H bond cleavage seems
to occur first and the resulting phenoxy is subject to decomposition via two competitive reactions:
generation of benzene and surface oxygen, or decomposition into CO, H; and hydrocarbons.
Zhuang studied phenol on Pt(111) by HREELS showing that upon heating to 225 K the multilayer
of phenol desorbs from the surface and the first layer starts decomposing by O-H bond cleavage,
which they see as a weak shoulder in the 3300-3350 cm™ region, leading to the formation of
phenoxy on the surface.?? No C-O stretching peak was observed in the expected region of 1800-
2100 cm, hence the reported CO formation is reaction limited (it is formed above the natural

desorption temperature, and therefore it desorbs as soon as it is formed). The general conclusion
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was that phenoxy is the intermediate specie in the decomposition of phenol and that O-H bond
cleavage is more favorable than C-O, C-H and C-C bond cleavage.

Phenoxy also seems to be a key intermediate in the decomposition of more complex
oxygenated aromatics.'®1%21282% King and co-workers proposed the formation of the phenoxy
species as the main intermediate for anisole decomposition on Pt(111) and Pt(100)hex. Vohs and
co-workers®® went a step further suggesting the formation of cyclohexadienone as a subsequent
intermediate.3*3 Combining surface science experiments and periodic DFT computations,?*
Réocreux et al. showed that anisole on Pt(111) reaches a saturation coverage of one monolayer (1
ML) corresponding to 7 carbon atoms (one molecule) per 10 platinum atoms on the surface,
7C/10Pt. For a coverage below 1 ML, a small fraction of anisole molecularly desorbs from the
surface at 360 K while the majority decomposes into phenoxy with a mechanism initiated via a C-
H bond cleavage on the methyl group below 325 K. Anisole further decomposes via O-C bond
cleavage to form phenoxy (PhO), methylidyne (CH) and hydrogen on the surface. At higher
temperatures, there appears to be a competition between Ph-O bond cleavage, forming phenyl then
benzene, and a complete decomposition of the aromatic ring. The formation of benzene was
proposed to occur through two different pathways. The first one consists of further decomposition
of methylidyne to form carbon and hydrogen on the surface. The carbon would eventually react
with the phenoxy to form PhOC that further reacts to form benzene and CO. The second pathway
consists of the reaction of methylidyne with phenoxy to form PhOCH that keeps reacting to form
benzene. The estimated energy barriers for the start of the 1% and 2" pathways are 135 and 133
kJ/mol, respectively. These results showed that under UHV conditions, the formation of benzene
is dominant, and it desorbs from the surface at 400 K. Above 450 K, the remaining phenoxy
completely decomposes into CO and Ho.

Increasing the complexity of the model molecule, Ould Hamou et al. showed that 2-
phenoxyethanol (2-PE) on Pt(111) desorbs from the surface in two stages, the multilayer at 238 K
and the second layer at 256 K.!° For the monolayer, the major desorption products of the
decomposition are benzene, CO, Hz, a small fraction of phenol and traces of anisole. The 2-PE
decomposition was proposed to start with the O-H scission below 325 K, followed by successive
C-H scissions, yielding the PhROCH2CO intermediate. The alkyl arm of this intermediate cannot be
easily dehydrogenated further and undergoes C-C or PhO-C scission. The decomposition barriers

are 92 and 116 kJ/mol, respectively, suggesting that the C-C and PhO-C cleavage are both
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accessible. If PhOCH-CO undergoes C-C bond cleavage, it will fall back to the reaction network
of the anisole and if it undergoes PhO-C bond cleavage the products are the phenoxy fragment,
PhO, and the ketene CH.CO.

Overall, to understand the different reaction pathways of lignin decomposition, it is
important to systematically increase the level of complexity of the model molecules used, as it has
recently been reported.’®?! Despite the general acceptance of the phenoxy radical as an important
intermediate, its observation has not been without controversy. In particular, the formation of
phenoxy is the cornerstone of the proposed decomposition pathways of anisole and 2-
phenoxyethanol on Pt(111), but no direct observation has been reported. This work focuses on the
identification of specific bonds being broken during the decomposition of phenol, anisole and 2-
phenoxyethanol on Pt(111). The study is focused on the commonality of the mechanisms and the

direct identification of key intermediates of the decomposition of the parent molecules.

5.2 Experimental

Experiments were carried out in a UHV chamber with a base pressure of 7 x 1071° mbar
achieved by a combination of a mechanical pump and a turbo molecular pump. The chamber is
dedicated for reflection absorption infrared spectroscopy (RAIRS) and contains a low energy
electron diffraction (LEED) to verify surface cleanness, a quadrupole mass spectrometer for
residual gas analysis and a sputtering gun used in sample cleaning. The chamber is equipped with
a main manipulator allowing 500 mm linear transfer of the sample in the z direction with 360°
rotational range. The manipulator is also mounted on an x-y stage which allows the arm to move
within 25 mm range in the x and y directions.

The RAIRS experiments were performed with a Bruker Equinox 55 FT-IR spectrometer
coupled to the UHV chamber. The IR beam is redirected from the spectrometer to a flat mirror that
reflects the beam at a 90° angle to a parabolic mirror (90° off-axis, 30 cm focal length) which
focuses the beam on the sample with an angle of incidence of 3° inside of the UHV chamber and
onto the surface. After reflection from the surface of the sample, a second parabolic mirror focuses
the beam to a liquid-nitrogen cooled mercury-cadmium-telluride (MCT) detector (InfraRed
associates, model D315/6). Two differentially pumped windows are mounted on opposite sides of

the UHV chamber. These windows have 2.75” CF flanges and use KBr 38 x 6mm optical crystals
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with a 1/4” tube for differential pumping. Fluorocarbon O-rings are used as seals between the
chamber and the windows. The entire optical pathway outside UHV is purged with dry air.

The 8 mm diameter and 0.5 mm thick platinum single crystal sample with purity of
99.999% was purchased from Princeton Scientific. The Pt(111) crystal surface was cleaned by
repetitive cycles of 30 min of sputtering (1.5 keV, 1 x 10° mbar Ar*) at 600 K, followed by
annealing to 1100 K for 2 min. The efficiency of the cleaning cycle was periodically confirmed by
XPS, where no carbon peaks were observed, and by LEED verifying spot sharpness. In addition,
each RAIRS experiment was preceded by LEED verifying spot sharpness. The sample was heated
by electron bombardment and the temperature was measured by a chromel-alumel (K-type)
thermocouple in contact with the edge of the sample.

Phenol (+99% purity, Sigma Aldrich), anisole (+99% purity, Sigma Aldrich) and 2-
phenoxyethanol (+99% purity, Sigma Aldrich) were introduced to the UHV chamber through a
leak valve that was connected to a gas manifold with an attached reservoir. The reservoir was
heated to increase the vapor pressure and ensure the purity of the deposition. The gas manifold
was heated accordingly to prevent condensation and allow a constant, stable flux of gas into the
chamber. Exposure of the molecules to the surface was typically performed by background dosing
at 1x10°° mbar pressure and the dosage measured in Langmuirs (1 L = 1.33x10° mbar e s). The
gas purity was monitored by a quadrupole mass spectrometer.

The RAIRS experimental spectra were collected at 4 cm™ resolution with 1000 scans. The
molecules were dosed on the clean sample at 130 K and then heated up to the desired temperature
of observation to acquire the spectrum. For temperatures above 360 K, the sample was heated to
the desired temperature and then cooled down to 360 K to acquire the spectrum. The spectra were
manipulated using OPUS analysis software by performing a baseline correction and an

atmospheric compensation for the CO2and H2O regions.

5.3 Results

RAIRS spectra were obtained for phenol, anisole and 2-phenoxyethanol upon the
adsorption of a multilayer on Pt(111). Data was then obtained as a function of temperature and the
spectra were analysed in detail. A summary of all peak positions at various temperatures is
provided in Appendix H, together with quantification of selected relevant peaks.
Phenol
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The identification of surface species upon dosing phenol on Pt(111) was initially performed
by monitoring vibrational modes of species on the surface using RAIRS. Attribution of the
different vibrational modes of the as-deposited phenol is best performed by comparison with the
spectra of liquid phenol, since it is expected that on the surface at low temperature the molecules
will condense but not in a typical crystalline form. Additionally, vibrational modes can be
compared with experimental vapor data and computed modes (see Appendix H, Table H1). There
are small shifts between the vibrational modes of liquid phenol and the ones observed upon
adsorption of 100 L of phenol on the Pt(111) surface at 130 K, which indicates that the surface
influences the adsorption geometry of the molecules even in the multilayer regime.

Figure 5.2 shows the vibrational spectra of phenol after deposition of 100 L of phenol at
130 K, with spectra acquired at varying temperatures. This dosage produces multilayers of phenol
on the surface. As the temperature is increased, desorption and reaction are expected to occur.

Upon deposition, at 130 K, we can center our attention on the 5 major peaks in the spectra
at 758, 1244, 1480, 1501 and 1598 cm™, which can be used to assess qualitative evidence of the
arrangement of the molecules. The peaks at 1480, 1501 and 1598 cm™ are assigned to C-C stretches
whereas the peaks at 758 and 1244 cm™ are assigned to C-H out of plane bending and Ph-OH
stretching, respectively (Table 5.1). Because of the surface selection rules, only the modes that
have vibrational dipole moments perpendicular to the surface can be observed, and therefore the
observation of the C-H stretching peaks indicates that phenol is tilted from the surface, as it has
been reported previously for coverages above 2 ML, that is, non-parallel orientations become
important.** This is in direct contrast with the predicted adsorption geometry of isolated phenol on
the surface, which would have an almost flat phenyl group.323

Additionally, weak peaks corresponding to C-H bending modes are also observed at 889,
1025, 1072, 1154 and 1169 cm™. Very weak C-H stretching modes are observed at 3026, 3049
and 3093 cm*. However no conclusive O-H stretch peak can be attributed in the acquired spectrum
(data not shown), in agreement with the extremely weak signals observed by HREELS.** Details
of the band assignments and comparison to the vibrational frequencies of liquid phenol are
presented in Table 5.1.
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Figure 5.2: RAIRS spectra acquired at different temperatures for 100L of Phenol
deposited at 130 K. Spectra have been offset for clarity.

After increasing the temperature to 220 K, the IR peak intensities diminish as some
desorption takes place. This correlates with the desorption temperature of the multilayer of phenol
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on Pt(111). Upon reaching 240 K and subsequently 300 K, the IR peaks further decrease in
intensity which is in agreement with the molecular desorption of the second layer of phenol on
Pt(111).1422 The CO bond in phenol (Ph-OH), observed at 1244 cm™, experiences a “blue shift”
to 1250 cm™? together with the disappearance of most of the C-C and C-H stretching modes
indicating a possible rearrangement of the phenyl ring and/or the onset of decomposition of the
molecule. Of particular interest is the apparent shift of the peaks at 758, 889 and 1480 to 768, 852
and 1484 cm™, and the appearance of peak at 1233 cm™ as the temperature is increased. As will
be discussed below, these are uniquely indicative of the interaction between the phenoxy radical
and the surface, and its subsequent decomposition. The nature and orientation of the phenoxy
group on the surface will be discussed in the Discussion in conjunction with the observations for
anisole and 2-phenoxyethanol.

At 450 K, the peaks at 758 and 852 cm™ disappear indicating the eventual full
decomposition on the surface. No molecular CO stretching peak has been observed in the 1800-
2100 cm™* region, which suggests that the reported desorption of CO from phenol decomposition
is reaction limited; that is, as soon as it forms, it desorbs. This is in agreement with the previously

reported results.#?2
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Table 5. 1: Vibrational modes and peak assignments of Phenol on Pt(111) at 130 K.

Vibrational mode? Pt(111) Phenol liquid (exp)®*
C-H stretch (20a) 3093 3070
C-H stretch (13) 3049 3044
C-H stretch (2) 3026 3020
C-C stretch (8a) 1598 1597
C-C stretch (19b) 1501 1500
C- C stretch (8b) 1480 1474
Ring stretch (19a) 1398 1362
C-O stretch (7a) 1244 1228
C-H bend (9a) 1169 1168
C-H bend (15) 1154 1152
C-H bend (9b) 1072 1072
C-H bend (12) 1025 1025
Ring breathing (18a) 1000 981
C-H bend (17b) 889 888
X2 sensitive (1) 812 812
C-H bend (4) 758 752

aApproximate mode description. Wilson’s notation in parenthesis.®

Anisole

As the natural increase in complexity of model molecules toward lignin, anisole provides
a methyl group as the shortest aliphatic group attachment to the phenolic oxygen. Since in phenol
the O-H bond is the first to cleave, this replacement poses the question as to whether the O-C bond

will follow suit for anisole.
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Figure 5.3: RAIRS spectra acquired at different temperatures for 100 L of Anisole
deposited at 130 K. Spectra have been offset for clarity.

The identification of surface species upon dosing multilayers of anisole on Pt(111) was

performed by monitoring vibrational modes of species on the surface as a function of temperature.
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Details of the band assignments and comparison to the vibrational frequencies of liquid anisole are
presented in Table 5.2,

Figure 5.3 shows the vibrational spectra of anisole after deposition of 100 L of anisole at
130 K, with spectra acquired at varying temperatures. Upon deposition, at 130 K, anisole shows
six major peaks in the spectra at 764, 786, 1041, 1254, 1500 and 1603 cm™. The peaks at 1500 and
1603 cm™ are assigned to C-C stretches, 764 cm™ to C-H bending out of plane and 768 cm™ to
ring breathing. The more relevant peaks at 1041 and 1254 cm™ are assigned to O-CHg stretching
and Ph-OR stretching, respectively. Weak peaks corresponding to CHs stretching modes are
observed at 2836, 2960 and 3009 cm™, whereas CH3 deformation modes are observed at 1441 and
1469 cm™. Finally, a very weak C-H stretching is also observed at 3063 cm™.

There are small shifts between the vibrational modes of liquid anisole and the ones
observed on Pt(111) mainly due to surface/metal interaction. As above, due to metal surface
selection rule, only the modes that have vibrational dipole moments perpendicular to the surface
can be observed and this gives us an insight about the adsorption geometry of the molecule on the
surface. The observation of strong C-H bending peaks at 764, 890 and 1301 cm™ indicates that
anisole adsorbs on the surface primarily via a -interaction between the phenyl ring and the surface.
Furthermore, the observation of O-CHjs, Ph-OR and C-H stretching peaks at 1041, 1254 and 3063
cm™, respectively, indicates that the methoxy group of the anisole is tilted from the surface. These
observations are in agreement with previous suggestions for anisole adsorption on Pt(111).21:3!
After increasing the temperature to 180 K, the majority of the IR peak intensities remains the same
except for the peaks at 1175, 1441, 1587, 2960 and 3009 cm™. These peaks shift and become
stronger and sharper. This behavior is attributed to the rearrangement of molecules in the adsorbed
layer to a more thermodynamically stable geometry.

Upon reaching 240 K, the IR peaks decrease in intensity which is in agreement with the
molecular desorption of the multilayer of anisole from Pt(111), as previously reported.?* As in the
case of phenol, the shift of the C-H bend (764 cm™ out of plane) peak and the appearance of the
new peak at 861 cm™ (likely shifted from its 890 cm™ initial position) are associated with the
strong interaction of the molecule with the surface on the first layer suggesting that the adsorption
geometry of the monolayer is different from the multilayer.

As the temperature reaches 300 K, the IR peaks further decrease in intensity and the CHs
vibrations at 1441, 1469, 2836, 2960 and 3009 cm™ vanish. In addition, the O-CHs peak at 1041
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cm? disappears indicating the rupture of that bond. These observations lead to the conclusion that
the anisole molecule follows a decomposition path that includes the dissociation of the C-H bonds
in the methyl group and the formation of a phenoxy species. Direct confirmation of the phenoxy
species is provided by the appearance of a peak at 1485 cm™. In addition, the peak at 1254 cm™
(which in anisole is due to the Ph-OR bond) is shifted to 1251 cm™; and the C-H stretching peaks
at 3026, 3049 and 3093 cm™ and C-C peak at 1501 cm™ vanish.

The phenoxy species seems to be stable up to 360 K. At 450 K, we clearly observe a small
peak appear at 1261 cm (initially a shoulder next to the 1251 cm™ peak), and the C-C peak at
1603 cm™ vanishes as the aromatic ring breaks down as the molecule completely decomposes. The
spectra at 360 and 450 K are very similar to the spectra observed for phenol at 330 and 450 K,
respectively, which suggests that anisole decomposes by forming phenoxy on the surface. The
subsequent steps are similar to the phenol case. In addition, no molecular CO stretching peak has
been observed in the 1800-2100 cm™ region, this suggests that the reported desorption of CO from

anisole decomposition is reaction limited.

Table 5.2: Vibrational modes and peak assignments of Anisole on Pt(111).
Vibrational mode 2 Pt(111) Liquid Phase (exp)®

(a) arm vibrations

CHz antisym. str. 3009 3004
CHs antisym. str. 2960 2942
CHs sym. str. 2836 2834
CHjs antisym. def. 1469 1469
CHs sym. def. 1441 1442
CHs rock 1175 1180
O-CHgs str. 1041 1039

(b) ring vibrations

C-H stretch 3063 3062
C-C stretch 1603 1599
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C-C stretch
C-C stretch
C-C stretch
C-C stretch
C-H bend
Ph-O stretch
C-H bend
C-H bend
C-H bend
Ring breathing
C-H bend
Ring breathing
C-H bend (out of plane)
X-sensitive

1587
1500
1453
1326
1301
1254
1153
1080
1019
994
890
786
764
696

1588
1497
1455
1332
1292
1247
1151
1073
1019
992
880
785
752
690

aApproximate mode description.

Overall, the data supports the C-H bond cleavage in the methyl group as the onset of

decomposition and provides direct identification of the phenoxy intermediate on the surface, in

good agreement with predictions provided by DFT calculations.?

2-Phenoxyethanol

With better understanding of the reactivity of phenol and anisole on the Pt(111) surface, 2-

phenoxyethanol provides a further increase in the complexity of the arm moiety. 2-phenoxyethanol

is an important part of the lignin model, it provides a f-O-4 linkage and it allows a comparison of
reactivity for different types of bonds, namely: Ph-O, C-C, C-O, C-H and O-H. A simple

comparison with phenol and anisole suggests that there will be a competition between the O-H and

C-H bond cleavage.
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Figure 5.4: RAIRS spectra acquired at different temperatures for 100 L of 2-
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Table 5.3: Vibrational modes and peak assignments of 2-Phenoxyethanol on Pt(111).

Vibrational mode? Pt(111) Liquid Phase (exp)*
(a) arm vibrations

CH,-CH; antisym str 2938 2930
CH2-CH2 sym str 2876 2873
CHy> scissor 1499 1491
CHa twist + C-H ring bends 1303 1296
O-C+C-C+C-Ostr 1088 1078
O-C +C-Osstr 1057 1042
O-C-C + C-C-O def 922 914
(b) ring vibrations

C-H ring bends 1603 1594
C-H ring bends 1588 1584
C-H ring bends 1459 1454
Ph-O + O-C str + O-H bend 1253 1240
C-H ring bends 1175 1172
C-H ring bends 1153 1150
Ring breathing 996(cal)
C-H ring bends 899 892
C-H ring bends 817 822
Ph-O-C def 793 789
C-H ring bends 760 750
C-H ring bends 694 688

@ Abbreviations used : str, stretch; def, deformation. Approximate mode description.
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The identification of surface species upon dosing 2-phenoxyethanol on Pt(111) was
initially performed by monitoring vibrational modes of species on the surface at low temperature
and then increasing the temperature to induce desorption and reaction. Details of the band
assignments and comparison to the vibrational frequencies of liquid 2-phenoxyethanol are
presented in Table 5.3.

Figure 5.4 shows the vibrational spectra of 2-phenoxyethanol after deposition of 100 L of
2-PE at 130 K, with spectra acquired at varying temperatures. Upon deposition, at 130 K, 2-PE
shows five major peaks in the spectra at 760, 1088, 1253, 1499 and 1603 cm™. The peaks at 1088
and 1253 cm™ are assigned to O-C + C-C + C-O str and Ph-O + C-O strs + O-H bend, respectively
whereas the peak at the peak at 1499 cm™ is assigned to CH; scissor bending mode. The peak at
760 cm™ is assigned to C-H bending and the peak at 1603 cm™ is assigned to C-C stretch in the
phenyl. The remaining peaks are assigned as follows. Weak peaks corresponding to CH>-CH>
stretching modes are observed at 2876 and 2938 cm™ whereas C-H bending modes are observed
at 694, 817, 899, 1153, 1175, 1459 and 1588 cm™. However no conclusive O-H stretch peak can
be attributed in the acquired spectrum. There are small shifts between the vibrational modes of
liquid 2-phenoxyethanol and the ones observed on the Pt(111) surface,® especially for the Ph-
OR+ O-C + O-H peak that is shifted from 1240 to 1253 cm™ which indicates that the surface
influences the adsorption geometry of the molecule. The aromatic ring is expected to lay parallel
to the surface,® but the observation of the ring stretching frequencies suggest some degree of tilt.
The observation of the strong peak at 1253 cm™ indicates that the linear portion of the molecule is
not completely flat on the surface and is probably tilted away from the surface at an angle, hence
the observation of vibrations at 1088, 1499, 2876 and 2938 cm™. These observations are in
agreement with the previous study of 2-phenoxyethanol on Pt(111).1® After increasing the
temperature to 240 K, the IR peaks decrease in intensity but no shifts are observed which is in
agreement with the molecular desorption temperature of the multilayer of 2-PE on Pt(111).%°
Further heating to 260 K, leads to desorption of the second layer of 2-phenoxyethanol, leaving us
with one monolayer that already started decomposing. The disappearance of the CH2-CH>
stretching modes at 2876 and 2938 cm™ followed by the shift of Ph-OR + O-C + O-H and O-C +
C-C + C-0O vibrational modes to 1051 and 1086 cm™ indicate the onset of decomposition of the

arm, likely by O-H bond cleavage as it has been previously predicted.’® The peak at 1499 cm™
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remains since it not only corresponds to the CH> scissor mode, but also to ring vibrations (C-C
str).

Upon reaching 300 K, the O-C + C-O and O-C + C-C + C-O stretching modes at 1051 and
1086 cm™* vanish, and the Ph-OR + O-C stretching peak at 1253 cm™ shift to 1251 cm™. The onset
of the peak at 1482 cm™ indicates the formation of the phenoxy group. By 400 K, the spectra look
like the spectra observed for phenol between 330 K and 450 K, with the two peaks in the oxygen
region at 1483 cm™ and 1260 cm™ which confirms that the 2-phenoxyethanol decomposes by
forming phenoxy on the surface and falls back to same reactivity. In addition, no molecular CO
stretching peak has been observed in the 1800-2100 cm™ region, this suggests that the reported
desorption of CO from 2-phenoxyethanol decomposition is reaction limited as well.

5.4 Discussion

Phenol, anisole and 2-phenoxyethanol adsorb on the surface at 130 K. Upon heating, the
decomposition pathways of these aromatics undergo several bond cleavages to be able to form a
key intermediate which is phenoxy. The phenoxy group, which had been previously suggested,
can be clearly identified in our RAIRS spectra. Figure 5.5 shows a summary of the decomposition
pathways as determined by combining RAIRS results with previous experimental and first-

principles calculations,!#16:19.21.2226,31
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fragments are drawn for clarity, and drawing does not imply observed or inferred geometry.
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Desorption

Phenol desorbs from the surface in two steps: the multilayer desorption occurs upon
reaching 220 K, while the second layer desorbs upon reaching 240 K. These temperatures are
consistent with White and co-workers®* that reported the two step desorption of phenol from Pt
(111) at 195 K for multilayers and 225 K for the second layer. Campbell and co-workers? used
calorimetry to show that initially phenol adsorbs on the Pt(111) surface with a heat of 220 kJ/mol.
Upon increasing the coverage, they distinguish a transition layer that binds more strongly
compared to the bulk multilayer. The reported heats of adsorption of the second layer and the
multilayer are 118 kJ/mol and 73.2 kJ/mol, respectively.

The adsorption geometry of the multilayer of anisole is different from the monolayer. The
methyl group peak vibrations get stronger at 180 K. This suggests that upon heating to 180 K the
molecule has enough energy to reorient itself on the surface in a more stable configuration. At 240
K, the multilayer desorbs from the surface. Upon reaching 300 K, part of the saturated monolayer
desorbs from the surface. Reocreux et al.?! investigated the reactivity of anisole on Pt(111) by
temperature programmed desorption and first-principles calculations. The reported TPD result
showed that the multilayer and part of the monolayer desorbs at 260 K and 360 K respectively.

2-phenoxyethanol desorbs from the surface in two steps. The multilayer and the second
layer desorb from the surface upon reaching 240 K and 260 K respectively. At this temperature,
desorption competes with the onset of decomposition. This is in agreement with the reported TPD
and first-principles calculations results from Ould Hamou et al.!® that showed that the multilayer

and the second layer of 2-phenoxyethanol desorb from the surface at 238 K and 254 K respectively.

Decomposition

The decomposition of the three molecules can be followed by the disappearance of the the
PhO-C peak at ~1040 cm™ in the parent species and the appearance of the characteristic Ph-O
vibration in the phenoxy radical at 1480 cm™. Figure 5.6 shows the intensity behaviour of these
bands together with the most intense 1250 cm™ band characteristic of the three parent molecules
which allows the observation of the desorption process. The onset of formation of the phenoxy
species is around 200 K and above ~400 K we observed its complete decomposition. The phenoxy
species arising from phenol seems to linger to higher temperatures (~550K). This may be explained

by the lack of carbon-containing fragments on the surface which have been proposed to catalyze
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the decomposition. Quantification of the Ph-O peak arising from phenol decomposition is difficult
because of the overlapping peaks, and therefore the data shown in Figure 5.6 for this peak contain
a large error. Nevertheless, the peak is clearly visible as shown in Figure 5.7.

Although the reaction takes place sufficiently fast to prevent us from determining which
bond will cleave first, for anisole/Pt(111), Reocreux et al.?* showed by first-principles calculations
results that the first reaction starts with C-H bond cleavage followed by the PhO-CH: bond
cleavage (O-C) and further dehydrogenation of the methyl group to form phenoxy and carbon on
the surface. For 2-phenoxyethanol, decomposition was proposed to start by O-H bond cleavage
forming PhOCH.CH-O followed by two consecutive C-H bond cleavages and then formation of
phenoxy. Overall, the decomposition of all three molecules leads to the formation of phenoxy on

the surface.

0.8

0.6 |-EF 2PE 1250 cm’
—£— 2PE 1080 cm’
—® JPE1480cm | %,
0.4 |-= Anisole 1250 cm’'

—A— Anisole 1040 cm’'
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Temperature (K)
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Figure 5.6: Decomposition of phenol; anisole; and 2-phenoxyethanol. Peaks at ~1250
cm are associated with the parent molecule (ring plus Ph-OR), 1040 and 1080 cm™!
corresponds to the PhO-C bond and 1480 cm™* shows the Ph-O bond in the phenoxy radical.
Intensities have been normalized to the value at 130 K for the parent molecules and to their

highest value for the Ph-O peak.
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The nature of the key phenoxy intermediate

The formation of the phenoxy intermediate can be inferred for the decomposition of the
three molecules studied here. White and co-workers!* and Zhuang? showed that phenol
decomposes into phenoxy by O-H bond cleavage above 225 K. We have inferred the formation of
phenol from anisole by the disappearance of the O-CHjs vibration at ~1040 cm™ in agreement with
Vohs and co-workers®® and King and co-workers®® who also proposed the formation of the
phenoxy species as the main intermediate for anisole decomposition on Pt(111) and Pt(100)hex.
Similarly the formation of phenoxy was proposed by DFT by comparison with TPD and XPS
data.?!

The phenoxy intermediate has been predicted to bind to the Pt(111) surface via a n°-n
adsorption geometry, effectively as an oxocyclohexadienyl radical.®” Such a n adsorption is
calculated to be more stable than a physisorbed geometry by approximately 0.9 eV, with an overall
adsorption energy of ~2.7 eV, depending on binding site. It is therefore no surprise that when any
evidence of phenoxy is inferred, the assumption is made that the species will have a n°-m geometry.
However, in this species, the C-O bond has some double bond character, and its vibrational
frequency is expected in the 1600-1650 cm™ rang and has been predicted at 1616 cm™ by DFT
calculations for phenoxy/Pt(111).2

The results shown above do not show a peak in the 1616 region for any of the molecules
studied. Instead, peaks characteristic of the phenoxy radical have been observed. Figure 5.7 shows
the appearance of the Ph-O peak for phenoxy at ~1480 cm™ during the decomposition of the three
molecules. The complete identification of the vibrational structure of the phenoxy species is
obtained by comparison with experimental data obtained for phenoxy supported in an argon matrix
and computational data.®® In Table 5.4 we compare the phenoxy vibrational frequencies with those
observed by the decomposition of the three target molecules as measured here. Through this
comparison, phenoxy can be clearly identified. The evolution of all the peaks with temperature is

provided in the Appendix H.
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Table 5.4: Assignment of the phenoxy vibrations during decomposition of phenol, anisole

and 2-phenoxyethanol on Pt(111).

Mode? Phenoxy Phenol®  Anisole® 2PE°
Matrix®  Pt(111) Pt(111) Pt(111)
300K 300K 300K
C-H str (20a) 3090
C-H str (13) 3065
C-H str (2) 3018
C-C str (8a) 1550 1593 1603 1602
1589 1586
C-C stretch/C-H 1515 1500
bend (19b)
C-C str/C-H bend 1441 1457
(8b)
C-H bend/ C-C str 1397
(19a)
C-C str/C-H bend 1318
(14)
C-O stretch (7a) 1481 1483 1485 1482
C-C str/C-H bend (3) 1266 12519 1251¢ 12519
C-H bend 1167
C-H bend/ C-C str 1441
(8b)
C-H bend/ C-C str 1072
(9b)
C-H bend + ring 1038 1016
breathing (12)
C-C-Chbend (18a) 977 930
C-H wag + boat def 898 860

(17b)
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Chair def + CO/CH 784 768
wag (4)

aApproximate mode description based on phenoxy. Wilson’s notation in parenthesis.*® "Spanget-Larsen
experimental data.® ¢At this temperature the molecule has mostly reacted to produce phenoxy. ‘Peak shifts to 1261

at higher temperature.

The formation of the phenoxy species (and not the oxocyclohexadienyl) can be easily
explained by the surface coverage. In these experiments the surface is dosed with multilayer
quantities of the molecule of interest (phenol, anisole or 2-phenoxyethanol) with a relatively high
flux. Under these conditions, the molecules are crowded on the surface and upon reaction there is
not enough space for a rearrangement of the phenoxy radical into its preferred geometry. The
phenomenon of molecular crowding for these type of molecules has been predicted since the
decomposition leads to multiple fragments.t®2! A tilted or perpendicular orientation has also
proposed for high coverages and it is the norm for other transition metals.*>4%-42 The explanation
of our observations as arising from a phenoxy radical is actually consistent with the previously
published data where the oxocyclohexadienyl species is logically proposed but not clearly
observed when the dose exceeds a monolayer.1#19213031 |n fact, the only clear observation of the
oxocyclohexadienyl radical is seen in the data of VVohs et al.*° for an experiment in which less than
a monolayer is deposited on the surface with low flux and then the sample is heated. The HREELS
data for anisole/Pt(111) shows a peak at 1630 cm™ between that starts to appear before 250 K and
disappears by 350 K. This peak, which was not identified by the authors, is consistent with the
formation and decomposition of the oxocyclohexadienyl radical, emphasizing that this species can
only be observed at low coverage. Interestingly, Vohs et al*® report the formation of H, and CO as
the only reaction products arising from the oxocyclohexadienyl intermediate, while we have
previously reported!®2! the formation of benzene which is consistent with a tilted/perpendicular

geometry of the phenoxy species as intermediate. 840

5.5 Conclusion

Under ultra-high vacuum conditions, the lignin model molecule, phenol, anisole and 2-
phenoxyethanol (2-PE) adsorbed on the Pt(111) surface decompose via several complex and
simultaneous reaction mechanisms. Despite increasing the arm complexity, the models of B-O-4

linkages seems to eventually fall back to the formation of phenoxy as the key intermediate in the

175



decomposition process. Upon dosing in the multilayer regime, we measure the vibrational spectra
of each molecule in the adsorbed state and monitor the desorption and decomposition by the
changes in characteristic vibrational modes of each species. The appearance of a peak at ~1480
cm? indicates the formation of the phenoxy species.

This study provides direct evidence of the phenoxy species (as opposed to the
oxocyclohexadienyl moiety) and further insights in the order of bond cleavage of lignin models on
Pt(111).
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Chapter 6:
Adsorption and Decomposition of a Lignin g-O-4 Linkage
Model: Reactivity of Veratrol on Pt(111) by Combination of XPS,
TPD and RAIRS Experiments.

| initiated and supervised the project related with the reactivity of Veratrol on Pt(111).
Kusuma Virginna Adiningtyas helped me perform the XPS and TPD experiments as part of
fulfillment of her coop term. | trained Mohammed Asiri in performing the RAIRS experiments

and analysis. | interpreted all the results and wrote the draft article.
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6 Adsorption and Decomposition of a Lignin -O-4 Linkage Model: Reactivity of
Veratrol on Pt(111) by Combination of XPS, TPD and RAIRS Experiments
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Abstract

To sustain the current attempts in valorizing lignin-based derivatives, the adsorption and
decomposition of veratrol on a Pt(111) surface is studied as a model to understand the reactivity
of the B-O-4 linkage in lignin. The results showed that under ultra-high vacuum conditions,
hydrogen and carbon monoxide are the main desorbing products. Combining X-ray photoelectron
spectroscopy, reflection absorption infrared spectroscopy and temperature programmed desorption
experiments, a reaction mechanism is suggested, starting with the desorption of the multilayer
around 215 K, followed by the decomposition of the monolayer through C-H and O-C bonds
cleavage on the methoxy groups. 1,2-Benzoquinone is proposed to exist as a key surface
intermediate that keeps decomposing to form H. and CO that desorb at 315 K and 420 K
respectively.

Key-words: Veratrol, mechanism, decomposition, TPD, DFT, XPS, lignin
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6.1 Introduction

Lignin is one of the most abundant polymer in wood and consists of network of aromatics
that are linked with each other by oxygenate groups.! Lignin is a sustainable and renewable
feedstock that could provide an infinite supply of valuable chemicals. Among the potential routes
for production of chemicals, heterogeneous catalysis is regarded as the key for lignin conversion
by reducing the activation energies for reaction and targeting products selectively. In the lignin
valorization quest, it becomes important to always increase the complexity of the lignin model
used to have a better overall understanding of the reactivity of lignin itself. In previous published
work, we started with a simple lignin model such as anisole and gradually increased the complexity
of the arm moiety towards 2-phenoxyethanol.?® The aromatic molecules within lignin are cross-
linked with each other by more than one arm moiety and this opens new sight for investigation.
Veratrol, with its two methoxy functional groups on the 1,2 positions, is used here as a model of
the substituted p-O-4 linkage type (Figure 6.1).

Q Veratrol
OH /
OMe OH
O
OMe
HO OMe

Lignin fragment

Figure 6.1: Small lignin fragment with highlighted veratrol molecule in red.

No experimental or theoretical studies on the reactivity of veratrol on single crystal
catalysts had yet been published. In terms of reactivity, veratrol can undergo a decomposition
scheme that is, in principle, related to aromatics containing similar functional groups, such as
anisole and guaiacol (2-Methoxyphenol). As such, previous studies of the reactivity of anisole and

guaiacol on Pt(111) are relevant.
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The reactivity of anisole on Pt(111) has been studied by means of temperature programmed
desorption, X-ray photoelectron spectroscopy and reflection absorption infrared spectroscopy. In
summary, anisole desorbs from the Pt(111) surface in two stages, the multilayer at 260 K and small
fraction of the monolayer at 360 K.2 The core level binding energies of C 1s showed two major
peaks at 283.7 and 285.3 eV that were attributed to carbon species bound to a carbon atom and
carbon species bound to an oxygen atom respectively. Most of the monolayer decomposes into
phenoxy via a C-H bond cleavage on the methyl group below 325 K. At higher temperatures, there
is a competition between Ph-O bond cleavage, forming phenyl then benzene, and a complete
decomposition of the aromatic ring. These results showed that under UHV conditions, the
formation of benzene is dominant and it desorbs from the surface at 400 K. Above 450 K, the
remaining phenoxy completely decomposes into CO and Ha.24°

The reactivity of Guaicol has been studied on Pt(111) by means of surface science
technique and first principle calculations. The decomposition of the guaiacol starts with the
dehydrogenation of the arm moieties.\Vohs and coworkers® studied the reactivity of guaiacol on
Pt(111) by means of temperature programmed desorption and high energy electron loss
spectroscopy. On Pt(111), the physisorbed layer of guaiacol desorbs from the surface at 225 K.
The chemisorbed layer simply decomposes by dehydrogenation of the hydroxyl group to form 2-
methoxy-2,5-cyclohexadien-1-one as key intermediate. Further heating to 285 K, the intermediate
starts to decompose and the observed desorption byproducts are CO that desorbs at 435 K and H;
that desorbs at 340 K and 435 K. Upon reaching 485 K, only hydrocarbons remain on the surface.

McEwen and coworkers’, on the other hand, studied the reactivity of guaiacol on Pt(111)
by means of a temperature programmed X-ray photoelectron spectroscopy and first principles
calculations. Guaiacol was adsorbed on the surface at 170 K and two major signals in the C 1s
region corresponding to hydrocarbons/aromatic carbon species and carbon bound to oxygen
species are found at 284.4 and 286.2 eV respectively. The desorption of the physisorbed layer was
observed at 240 K. Although the overall binding energies remain unchanged, the use of
synchrotron based XPS allowed to distinguish the different carbon species and it was reported that
the saturation of the monolayer does not occur without some decomposition of guaiacol. At 170
K, the physisorbed and chemisorbed layers, in addition to some decomposed guaiacol are
simultaneously present on the surface. Upon heating to 375 K, guaiacol decomposes by either the

dehydrogenation of the hydroxyl group or the methyl group to eventually form 1,2-benzoquinone
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as key intermediate. Above 375 K, the 1,2-benzoquinone keeps decomposing to form
carbonaceous species and CO that quickly desorb from the surface.

Vlachos and coworkers®, studied the reaction mechanism of guaiacol hydrogenation on
Pt(111) by means of density functional theory calculations and linear free energy relations.
guaiacol adsorbs flat on the surface via all the carbon atoms in the aromatic ring. The
decomposition of guaiacol starts with the dehydrogenation of the methyl group. The intermediate
specie can undergo two distinct reaction pathways to form a quinone radical specie as a key
intermediate specie that will eventually get hydrogenated to form catechol. The first reaction
pathway involves further dehydrogenation of the methyl group or demethylation. The second
pathway will undergo O-H bond cleavage followed by dehydrogenation of the methyl group. The
formation of phenol is speculated on further decomposition of the catechol on the surface.

Heyden and coworkers®, studied the reaction mechanism of guaiacol hydrogenation on
Pt(111) by means of density functional theory calculations and microkinetic modeling. guaiacol
decomposes into two different reaction pathways that involve either the dehydration of the methyl
group or the hydroxyl group to eventually form 2-Hydroxyphenolate as a key intermediate. Then
the intermediate specie gets hydrogenated to form catechol as the major byproduct. The formation
of anisole and phenol is proposed as well but the deoxygenation of the intermediate specie is 4
orders magnitude slower than production of catechol.

Building on previous experiments with anisole and 2-phenoxyethantol, but considering the
uncertainty in reaction pathways and intermediates observed for guaiacol, similar but more
complex molecules require detail study. This work provides a detailed description of the
interaction and decomposition of veratrol on a Pt(111) surface. The focus is on the influence of
the second arm moiety with regard to the reaction selectivity. The study is conducted by means of
X-ray photoelectron spectroscopy (XPS), reflection absorption infrared spectroscopy (RAIRS) and
temperature programmed desorption (TPD).

6.2 Experimental

XPS and TPD experiments were performed under ultrahigh vacuum (UHV) in a stainless
steel analysis chamber with a base pressure of 5 x 10"2° mbar. The Pt(111) crystal surface was
cleaned by repetitive cycles of 15 min of sputtering (0.5 keV, 1 x 10~ mbar Ar*) at 600 K, followed
by annealing to 1100 K, described in details previously.?
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RAIRS experiments were carried out in another UHV chamber dedicated for reflection
absorption infrared spectroscopy where the base pressure is 7 x 10° mbar. The Pt (111) crystal
surface was cleaned by repetitive cycles of 30 mins of sputtering (1.5 keV, 1 x 10° mbar Ar*) at
600 K, followed by annealing to 1100 K for 2 mins. The sample cleanness was confirmed by
LEED. Detailed description of the chamber can be found in chapter 5.

Veratrol (+99% purity, Sigma Aldrich) was introduced to the UHV chamber through a leak
valve that was connected to a gas manifold with an attached veratrol reservoir. The reservoir was
heated to 473 K to increase the vapor pressure and ensure the purity of the deposition. The gas
manifold was heated accordingly to prevent condensation and allow a constant, stable flux of
veratrol gas into the chamber. Exposure of veratrol to the surface was typically performed at 1x10
" mbar pressure and the dosage measured in Langmuirs (1 L = 1.33x10° mbar e s).

XPS

XPS spectra were recorded on a Specs GmbH system (XR50 X-ray source and Phoibos
100 SCD analyzer) 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 spectra using 0.1 eV step size, 0.5 second
dwell time, and pass energy of 30 eV. For the C 1s and O 1s regions 6 scans were acquired 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 for the C 1s region
while a Linear background subtraction was used for the O 1s region.

For the experiments, veratrol was dosed on the clean sample at 130 K and then heated up
to the desired temperature of observation to acquire the spectrum. Once the acquisition was done,
the sample was subject to a cleaning cycle (Ar* sputtering followed by annealing to 1100 K) to
remove all the residual carbon on the surface. The cleanness of the sample surface was verified by
LEED and XPS.

TPD

The TPD experiments require the placing of the sample in front of a differentially pumped
quadrupole mass spectrometer (QMS) and ramping up the sample temperature while monitoring
the fragments of interest. For our experiments, the Pt(111) sample was dosed with varying
exposures of veratrol at 110 K and placed 1 mm below a 1 mm diameter hole leading to the
differentially pumped QMS. The temperature-controlled heating ramp was programmed in

LabView and designed to provide and record a linear temperature ramp in the range of 120 K to
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800 K, with a ramp rate of 6 K/s. The sample was subject to one cleaning cycle (Ar" sputtering
followed by annealing to 1100 K) to ensure the cleanness of the surface before each dosage. A
total of 11 channels corresponding to m/z values of 138, 110, 108, 94, 78, 32, 31, 28, 16, 14 and
2, were monitored for the veratrol TPD experiments. The selected m/z values correspond to the
expected species and their respective fragmentation patterns.

Analysis of the TPD data allows the experimental determination of desorption energies Eges
for veratrol. The analysis is performed based on the general rate law for desorption by the simple
approach of Redhead® with appropriately corrected frequency factors. The calculated frequency
factors v are presented in Table 1 as obtained using the Campbell approach'*? for molecular
desorption and temperature corrected entropy values from the Knovel’s Database.'® The entropy
of veratrol is not available; the entropy value for guaiacol was used as an approximation. Further
details on the choice of the approach method have been previously described.

RAIRS

The RAIRS experimental spectra were collected at 4 cm™ resolution with 1000 scans. The
molecules were dosed on the clean sample at 130 K and then heated up to the desired temperature
of observation to acquire the spectrum. For temperatures above 400 K, the sample was heated to
the desired temperature and then cooled down to 400 K to acquire the spectrum. The spectra were
manipulated using OPUS analysis software by performing a baseline correction and an
atmospheric compensation for the CO2and H»O regions. Due to geometry and different setup, the
dosage in the RAIRS chamber is different from the analysis chamber of the TPD and XPS. Dosage

values are reported and the discussion is performed in terms of comparable relative coverage.

6.3 Results
XPS

The identification of surface species upon dosing veratrol on Pt(111) was initially
performed by monitoring the carbon and oxygen environment of species on the surface as a
function of temperature. Figure 6.2 shows C 1s and O 1s photoelectron spectra after deposition of
20 L of veratrol on Pt(111) at 130 K, with spectra acquired at varying temperatures. Upon
deposition, at 130 K, veratrol shows two peaks in the C 1s spectra, one at 285.2 eV, which is
attributed to carbon atoms bound to an oxygen atom (labeled C-O), and the other one at 283.5 eV

which is attributed to carbon atoms bound only to other carbon or hydrogen atoms (labeled C-C).
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The binding energy difference between the carbon peaks is 1.7 eV. After flashing to 260 K, the C-
C and C-O peak areas decrease in intensity as some desorption takes place and the binding energy
difference of the C 1s signals of the C-C and C-O peaks remain the same. At 300 K, the C-C and
C-O areas decrease in intensity and shift to lower binding energies of 283.1 and 284.7 eV
respectively. The difference in binding energy is 1.6 eV. At 360 K, the C-O peak area vanishes.
Upon heating to 450 K, the remaining C 1s area peak decreases as only adventitious carbon
remains on the surface.

Observations of the O 1s region after depositing 20 L of veratrol at 130 K on Pt(111)
correlates with observations in the C 1s region. Upon deposition, at 130 K, veratrol shows one
peak at 531.7 eV. After flashing to 260 K, the peak area intensity decreases and shifts to lower
binding energy of 531.5 eV as some desorption and decomposition takes place. This is consistent
with the observations made on the C 1s region. At 300 K, the peak area intensity decreases and
shifts to a lower binding energy of 531.3 eV, as some desorption and decomposition occur from

the surface. At 360 K, the peak area vanishes.
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Figure 6.2: XPS spectra acquired at different temperatures for 20 L of veratrol
deposited at 130 K.

Integrating the area of the C 1s region gives insight on how the coverage changes as a function of

temperature (Figure 6.3). The drop in C 1s peak area above 220 K corresponds to desorption of

the multilayer as will be further discussed in comparison with TPD results.
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Figure 6.3: Analysis of XPS spectra acquired at different temperatures for 20 L of
veratrol deposited at 130 K. The peak area decreases after 220 K, which corresponds to

desorption of the multilayer.

RAIRS
The geometry and setup of the RAIRS chamber is different from the analysis one, hence the

dosage between the two chambers cannot be directly compared.

Figure 6.4 shows the vibrational spectra of veratrol after deposition of 200 L of veratrol at
130 K, with spectra acquired at varying temperatures. Upon deposition, at 130 K, veratrol shows
seven major peaks in the spectra at 758, 1033, 1127, 1261, 1467, 1515 and 1595 cm™. The peaks
at 1515 and 1595 cm™ are assigned to C-C ring + CCO stretches and the peak at 758 cm™ to C-H
bending out of plane. The more relevant peaks assigned to O-CHs stretching are observed at 1033
and 1055 cm™* whereas the Ph-O + C-C stretches are assigned at 1233 and 1261 cm™. Weak peaks
corresponding to CHs stretching modes are observed at 2836, 2958, 3004 cm™ whereas CH3 scissor
modes are observed at 1443 and 1467 cm™. Finally, a very weak C-H stretching peak is also

observed at 3064 cm™.
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Figure 6.4: RAIRS spectra acquired at different temperatures for 200 L of Vertarol
deposited at 130 K. Spectra have been offset for clarity.

The identification of surface species upon dosing multilayers of veratrol on Pt(111) was
performed by monitoring vibrational modes of species on the surface as a function of temperature.
Details of the band assignments and comparison to the vibrational frequencies of liquid anisole are
presented in Table 6.1.
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Table 6.1: Vibrational modes and peak assignments of veratrol on Pt(111).

Vibrational mode 2 Pt(111) Gas Phase (exp)* Calculated

(a) arm vibrations

CH3 asym. ip. str. 3004 3000 3039
CH3 asym. op. str. 2958 2954 2971
CH3 sym. op. str. 2836 2835 2898
HCH (CHpa) scissor 1467 1463 1457
HCH (CHg) scissor 1443 1442 1435
CHzs scissor 1335 1330 1421
CHs rock 1181 1176 1157
O-CHasstr. 1055 1052 1042
O-CHgsstr. 1033 1028 1019

(b) ring vibrations

C-H str. 3064 3064 3065
C-Cring+CCOstr. 1595 1592 1563
C-Cring+CCOstr. 1515 1506 1480
Ph-Osym. +C-Cstr. + 1261 1254 1255
CH bend

Ph-O asym. + C-C str. 1233 1230 1211
+ C-H bend

C-H bend 1127 1123 1096
C-H bend 915 e e
Ring breathing 810 e e
C-H bend (out of 758 - e
plane)

aApproximate mode description; str, stretching; sym/asym, symmetric/asymmetric; ip, in plane; op, out of phase.
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There are small shifts between the vibrational modes of gas phase veratrol and the ones
observed on Pt(111) mainly due to surface/metal interaction. As above, due to metal surface
selection rules, only the modes that have vibrational dipole moments perpendicular to the surface
can be observed and this gives us an insight about the adsorption geometry of the molecule on the
surface. The observation of strong C-H bending peaks at 758, 915, and 1127 cm™ indicates that
veratrol adsorbs on the surface primarily via carbon atoms of the aromatic ring. Furthermore, the
observation of O-CHs, Ph-O + C-C, C-Cring + CCO stretches and C-H stretching peaks indicates
that the methoxy groups of the veratrol are tilted away from the surface. These observations are in
agreement with previous suggestions for anisole and guaiacol adsorption on Pt(111).248915 After
increasing the temperature to 240 K, the majority of the IR peak intensities remain the same except
for the peaks at 2958, 3004 and 3064 cm™. These peaks become stronger and sharper. This
behavior is attributed to the rearrangement of molecules in the adsorbed layer to a more
thermodynamically stable geometry.

Upon reaching 300 K, the IR peaks decrease in intensity which is in agreement with the
temperature range of the molecular desorption of the multilayer observed in the XPS. The peaks
corresponding to C-H stretching modes in the CH3 fragment, observed at 2836, 2958, 3004 cm™,
vanish and the constant presence of the 1033 and 1261 cm™ assigned to O-CHg stretching and Ph-
O + C-C stretching suggest that the veratrol started decomposing by C-H bond cleavage on the
methyl group. Further heating to 330 K leads to the disappearance of the peaks at 1033, 1335 and
1467 cm™ corresponding to O-CHs stretching, CHs rocking and HCH scissoring respectively.
These observations clearly indicate the cleavage of the methyl group, inferring the formation of
quinone-like species on the surface. Furthermore, the peaks at 758, 1261 and 1515 cm™ shift and
the disappearance of the C-H bending mode at 1127 cm™ are associated with the loss of aromaticity
in the ring which emphasizes the formation of quinone-like species.

The intermediate specie seems to be stable up to 360 K. At 400 K, the peak at 1261 cm™
vanish while a new peak emerges at 950 cm™ and the peak at 758 cm™ gets stronger which suggests
that the ring breaks down as the molecule completely decomposes. In addition, no molecular CO
stretching peak has been observed in the 1800-2100 cm™ region, which suggests that the reported
desorption of CO from veratrol decomposition is reaction-limited.

191



TPD
Turning now to the TPD experiments, molecular desorption of the parent veratrol molecule

was monitored at a high coverage as a function of temperature (Figure 6.5). The data shows that,
at early temperatures, the molecular desorption peak of veratrol occurs at 215 K. This peak is
attributed to the desorption of the multilayer. Previous studies of closely related aromatics have
reported similar temperatures and behavior for the physisorbed layer.26"163 The only other

observed reaction products of the decomposition of veratrol are Hz and CO.

— 2m/zH,
—— 28 m/z CO
—— 138 m/z Veratrol

Intensity (arb.units)

150 200 250 300 350 400 450 500 550 600
Temperature (K)

Figure 6.5: TPD spectra after 20 L exposure of veratrol at 130 K on Pt(111). Monitored
masses 138, 28 and 2 correspond to veratrol, CO and Ha respectively and desorption rates are
measured using a linear temperature ramp of 4 K/s. The dot-dashed line for CO corresponds to
molecular desorption of pure CO from Pt(111) with 0.33 ML coverage.'”*8The dashed line for

H. corresponds to desorption temperature of Hydrogen with 2 L coverage from Pt(111).1%:20

Hydrogen shows peaks at 315 K, 420 K and 470 K. In comparison, the associative
desorption of hydrogen from Pt(111) has been previously observed in the temperature interval
between 290-375 K.1%2 This suggests that the desorption peak at 315 K is more likely to be
desorption-limited and the peaks at 420 K and 470 K are reaction-limited. In contrast, CO desorbs
with one peak at 420 K and this corresponds to the molecular desorption of pure CO from Pt(111)
with a 0.33 ML coverage.”?! The coincidence of the desorption temperature and the sharpness of

the CO peak and the second hydrogen peak suggest that the desorption of CO is also reaction-
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limited and that they are the byproduct of a common intermediate species. At this point it is more
likely that the aromatic ring is starting to decompose on the surface. Similar behavior has been
observed with oxygenated aromatic molecules (anisole, 2-phenoxyethanol and phenol) adsorbed
on Pt(111).2416:3No other molecular products have been observed.

6.4 Discussion

From RAIRS, XPS and TPD experimental results, a schematic of the reaction and
decomposition of veratrol on Pt(111) is proposed in Figure 6.6. Upon dosing, veratrol adsorbs on
the Pt(111) surface at 130 K. Upon heating, the physisorbed layer molecularly desorbs at 215 K.
The desorption energy of the multilayer is 64.8 kJ/mol and it is agreement with the enthalpy of
vaporization of 68.1 kJ/mol of veratrol.??

The first saturated layer totally decomposes on the surface as the temperature is increased
and the only observed byproducts are CO and H.. At 260 K, the C 1s binding energy difference
between the C-C and C-O XPS peaks reduces to 1.6 eV, suggesting the onset of decomposition of
the parent molecule. The associative desorption of H» at 315 K (which corresponds to “usual’
temperature desorption of Hy) is another clear indication of the decomposition of the parent
molecule. Furthermore, The peaks corresponding to CHs stretching modes observed at 2836, 2958,
3004 cm™ at 300 K, clearly indicate that the dehydrogenation occurred on the methyl group. This
is in agreement with previously published studies of phenol, anisole, 2-phenoxyethanol and
guaiacol on Pt(111) showing that the first reaction step starts with the dehydrogenation of the arm
below 300 K.246-9163 Upon heating to 330 K, we observe further changes in the IR spectrum, the
disappearance of the peaks at suggests that the molecule lost its aromaticity but the presence of
the peaks at 760 and 1250 cm™. The IR spectrum of 1,2-benzoquinone has vibrational peaks at
739, 1262 and 1734 cm™ which are attributed to C-H wag, C-C stretch + C-H bend and C-C=0
stretch respectively. Heyden and coworkers® studied guaiacol on Pt(111) and suggested that 1,2-
benzoquinone to be an intermediate in the possible decomposition pathways of guaiacol on
Pt(111). They showed that the adsorption energy of 1,2-benzoquinone is ~397 kJ/mol and the most
stable adsorption geometry to be flat with two oxygen atoms parallel to the surface. Thus, the peak
at 1734 cm™ cannot be observed in our study due to metal selection rules. In fact, a clear
observation of the C-C=0 stretch is seen in the data of Vohs et al.® The HREELS data for

guaiacol/Pt(111) shows that the intermediate species of the decomposition loses its aromaticity at
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285 K. A peak at ~1740 cm™ starts to appear at 285 K and disappears between 400-480 K. This
peak, which was not identified by the authors, is consistent with the formation of 1,2-
benzoquinone, emphasizing that this species adsorbs in a flat geometry on the surface and keeps
decomposing above 400 K. Desorption of carbon monoxide correlates with the disappearance of
the C-O peak in C 1s and in the O 1s region at 360 K, and the appearance of a new peak at 950
cmtindicates further decomposition of the 1,2-benzoquinone. This is in agreement with the strong
adsorption energy of ~397 kJ/mol reported previously, suggesting that 1,2-benzoquinone is more
likely to start decomposing on surface rather than molecularly desorbing from it. Only
hydrocarbons and adventitious carbon remains on the surface at 450 K. This is consistent with the

previous reported results of the decomposition of 1,2-benzoquinone on Pt(111) surface.
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Figure 6.6: Proposed pathway of veratrol decomposition under UHV conditions on

Pt(111) built from surface science experiments.

6.5 Conclusion

In ultra-high vacuum conditions, veratrol adsorbs on the surface at 130 K. The multilayer
desorbs at 230 K and the monolayer starts decomposing by dehydrogenation of the methyl group
below 300 K. The only observed decomposition by products Hzand CO. 1,2-Benzoquinone seems
to be key intermediate in the decomposition pathway of veratrol. It seems that increasing the
complexity by having a methoxy arm attached in the ortho position didn’t change the first reaction
steps of these aromatics. The cleavage of C-H on the arm is still preferred, but the intermediate
species of the decomposition is more likely to simply keep decomposing as no other aromatic

species have been observed during the desorption process.
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7 Summary and outlook

To gain insights into the reactivity of aromatic oxygenates that relates to the B-O-4 lignin
models, a study of combination of single crystal experiments and first principles calculation was
proposed.

In this thesis, we carefully studied the decomposition of (B-O-4 lignin models such as
anisole, 2-phenoxyethanol and veratrol on Pt(111) surface by means of X-ray photoelectron
spectroscopy, Temperature programmed desorption, Reflection adsorption infrared spectroscopy
and Density functional theory calculations.

From surface science experiments, we showed that the §-O-4 lignin models such as Anisole
and 2-Phenoxyethanol decompose in ultrahigh vacuum and leads mainly to the formation of
benzene as byproduct. The decomposition always starts on the arm attached to the aromatic ring,
the preference in the bond cleavage (when available) are in this following order O-H, C-H then C-
O or C-C. The decomposition pathways of these molecules lead to the formation of Phenoxy as
common key intermediate. The presence of carbonaceous species from the initial decomposition
of the parent molecules act as reducing agent in the deoxygenation of phenoxy, thus allowing the
formation of benzene.

The reaction pathways of these aromatics strongly depend on the coverage. For the
submonolayer regime, these molecules tend to completely decompose into CO and H2. Close to
the monolayer regime, lateral interactions become important allowing product selectivity. For a
monolayer coverage of anisole, 20% leads to the formation of benzene while 80% simply
decomposes into carbonaceous species. Similar results are observed for 2-Phenoxyethanol where
only 29% leads to the formation of benzene and 71% leads to the formation of coke. Combining
experimental techniques and first principal calculation showed to be a powerful tool to investigate
the reaction pathway of these oxygenated aromatics.

Moving towards a more complex lignin model such as veratrol showed a different reaction
intermediate. At a very high coverage, veratrol simply desorbs from the surface at 215 K while the
monolayer simply decomposes into CO, H2 and coke. Even though we expect that the lateral
interaction of the saturated monolayer to influence the product selectivity, the adsorption energy
of the key intermediate 1,2-benzoquinone is still very high and favors the formation of coke.

Setting up a new surface science technique (RAIRS) helped to provide further insights into

the decomposition pathway of these aromatics.
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Near future studies should involve further investigation of veratrol at submonolayer
coverage. As mentioned before lateral interactions play an important role in the guidance of
product selectivity and it is important to investigate the reactivity of veratrol for very low
coverages. It will be also important to extract more conclusions and exploit the experimental data
at its full potential by conducting a more substantial analysis.

Moreover, it would be interesting to see the influence of the second methoxy group on the
meta and para sites. It is worthwhile studying the reactivity of 1,3 and 1,4-Dimethoxybenzene.

We also noticed that in the case of phenol and 2-Phenoxyethanol the existence of a second
layer that is more strongly bound than the bulk layer suggests that there is an interaction between
the 1st and the 2nd layer. It may be that the hydroxyl groups create a sort of dimer making the
adsorption energy of the second layer stronger compared to the bulk one. Investigating molecules
such as phenylmethanol, phenoxymethanol and 2-Phenylethan-1-ol with a hydroxyl group
termination on the arm moieties will give us a better insight into the proposed hypothesis.

Overall, to understand the different reaction pathways of lignin decomposition, it is
important to systematically increase the level of complexity of the model molecules used by
increasing the complexity of the arm, increasing the number of the attached arm moieties to the

aromatic ring and/or probing the relative sites of the attached arm.
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Appendix A

Pump’s specifications

The UHV conditions is achieved by a combination of a different type of pumps :

mechanical pump, turbo molecular pump, ion pump and a titanium sublimation pump . In this

appendix, general information about the models and their technical data will be presented.

Table Al: Technical data of the turbomolecular pumps used in the laboratory. Provided

by Pfeiffer.
Model TMU 071P TMU 261 P TPH 180 H
Manufacturer Pfeiffer Pfeiffer Pfeiffer
Rotation speed (rpm) 90000 60000 50000
Max Temperature (°C) 80 90 80
Cooling Water Water Air
Location(Chamber) Load-lock Analysis RAIRS
Final pressure (mbar) < 5x1071° < 5x1071° 5x1071!
Backing pump (mbar) <10 <5 <5
Volume flow rate (l/s)
N2 60 210 180
He 55 220 170
H> 45 175 140
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Table A2: Technical data of the mechanical pumps used in the laboratory. Provided by

Edwards, Varian and Leboyd.

Model RV3/RV5 SH-110 D4A
Manufacturer Edwards Varian Leboyd
Rotation speed (rpm) 60Hz 1760 1725 1725
Max Temperature (°C) 70 60 40
Location(Chamber) Load-lock/Analysis Dosing lines RAIRS
Cooling Not required Air Not required
Final pressure (mbar) 2x10°3 6.6x107 3x10%
Oil Capacity (1) 0.7 Not required 0.7
Volume flow rate (I/min) 75/117 110 127

Table A3: Technical data of the ion pump used in the laboratory. Provided by Varian.

Model Valcon Plus 300 (Starcell)
Manufacturer Varian

Rotation speed (rpm) 90000

Max Temperature (°C) 350
Location(Chamber) Analysis and RHK
Final pressure (mbar) <10

Magnet Ferrite

Volume flow rate N2 (I/s) 240
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Table A4: Technical data of the TSP pump used in the laboratory. Provided by Varian.

Model 916-0061
Manufacturer Varian
Max operating current (A) 50
Volume flow rate (l/s) at 20°C

N2 516
H: 1205
H20 578
Volume flow rate (I/s) at -195°C

N2 555
H, 1706
H.O 696
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Appendix B

Heating and cooling

In this appendix, a general information about the heating and cooling procedure, and the
filament preparation will be addressed. It is important to follow the instructions to be able to heat
and cool down the sample without damaging the equipment. Reference data will be shown to keep

track of the efficiency of the filament and cooling power.

Heating Procedure :
1. Main Chamber

Make sure that the wire connections are set for the filament of the main chamber
Make sure the filament is approached toward the sample and is inside the puck

. Turn on the SH 100 power supply

1.
2
3
4. Make sure the temperature stabilisation knob is on manual
5. Gradually increase the accelerating voltage to 800 V

6

. Gradually increase the current from 0 to 1A, then by 0.05A steps every 5 seconds until
the desired temperature is reached (Max: 2.4A)

Note: The filament needs to be retracted before moving the sample inside of the chamber. Hence,

the heating should be turned off.
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Table B1: Increasing the filament current and its corresponding emission, temperature

and pressure. The measurements have been taken every 5 seconds during the cooling process

and with an accelerating voltage of 800 V.

Filament current (A)  Emission current (mA) Temperature (K) Pressure (mbar)
0.5 0.8 123 8.9x10710
1.0 5.7 127 1.4x10°
1.5 7 200 2.1x10°
1.8 8.2 550 4x107°
2.0 9.6 880 6.8x10°
2.2 21.7 1114 1.2x10°8

2. RAIRS Chamber

o ~ w N oPF

Make sure that the wire connections are set for the filament of the RAIRS chamber
Turn on the SH 100 power supply

Make sure the temperature stabilisation knob is on manual

Gradually increase the accelerating voltage to 800 V

Gradually increase the current from 0 to 1A, then by 0.05A steps every 5 seconds until
the desired temperature is reached (Max: 2.4A)
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Table B2: Increasing the filament current and its corresponding emission, temperature
and pressure. The measurements have been taken every 5 seconds during the cooling process

and with an accelerating voltage of 800 V.

Filament current (A)  Emission current (mA) Temperature (K) Pressure (mbar)
0.5 0.1 130 5.1x1010
1.0 0.2 160 5.6x10710
15 0.5 245 1.2x10°
1.6 1.0 310 2.9x10°
1.7 3.1 440 1.0x10
1.8 8.7 620 3.2x10°8
1.9 18.7 900 7.2x10°8
1.95 26.7 1100 1.1x10°7

Cooling Procedure :

1. Connect the dry air line to the coolant lines of the main manipulator for at least 1 hour
(Ideally overnight) to remove the moisture and avoid the formation of ice inside the
coolant lines.

2. Disconnect the dry air line and connect the coolant tube to the liquid nitrogen dewar
and open the valve

Note: In the main chamber, it takes around 30min to cool down the sample stage to 90-95K and
45min to 1h to cool down the sample to 110-130K. In the RAIRS chamber, it takes around 30 min

to cool down the sample to 130K.

Heating without cooling can be done but the temperature reading should never exceed
400K. Above this temperature cooling is mandatory. Ideally before performing an experiment that
requires heating above 400 K, it is important to first cooldown the arm to 130K then heat to the
desired temperature. During the experiment, the temperature of the sample stage needs to be stable
(90-110K) and if it is not the case, it means that the cooling power is not sufficient. Increasing the

inlet pressure from the dewar should resolve the issue.
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Filament preparation Procedure :

1. Cut 10 cm of the tungsten wire (0.005 and 99.98% purity)

2. Take a M1.6 screw size and gently wrap the wire around the grooves to make sur the
loops are equally spaced. 13 turns should generate 11 loops with a 1.5 mm diameter
(Figure B1).

3. Put the filament in a beaker full of methanol then put the beaker inside of the ultrasonic
bath and let it sonicate for at least 30 min to clean the filament.

4. After taking it out, let the filament dry and assemble it on the sample stage.

5. Once the filament is put back into the UHV chamber and UHV condition are achieved,
degassing should be performed by passing a current through the filament.

Figure B1: On the left, photograph of the filament preparation. On the right, Photograph

of the filament mounted on the sample holder of the RAIRS chamber manipulator.
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Resistance readings :

Table B3: Measurements of the resistance of different components of the RAIRS

manipulator.
Resistance (Q)
Measurements 20° 245°
Filament feed through to filament feed through 1.16 1
Filament feed through to sample holder (Mo plate) 0 0
Voltage feed through to sample 1.04 1.05
Voltage feed through to sample holder (Mo plate) 0 0
Sample to sample holder (Mo plate) 0 0
Voltage feed through to filament feed through 0 0
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Appendix C

Sample cleaning

In this appendix, sample preparation and cleaning procedure of the Pt(111) will be

presented. It is important to follow the instructions to be able to clean the sample without distorting

the surface.

Cleaning Procedure :
1. Main Chamber

Sample Preparation

Sample preparation is carried inside the main chamber and requires intensive sputtering

and annealing to be able to clean the Pt(111) sample.

1.

© o k~ w D

10.
11.
12.

13.
14.

Assuming the sample is on the main manipulator, move the sample to the sputtering
position x = 60.9,y = 25,z =13.5,0 = 240°

Cool down the sample to 110-130K

Purge the argon gas lines 3 times to ensure the purity of the dosed argon.

Before turning on the lon source 1Q 11-A controller make sure the knob is on standby
Wait 20 seconds for the electronics and emission filament to warm up

Open the leak valve and introduce argon inside the chamber to a pressure of 1x10°
mbar

Set the mode on operate and slowly increase the energy up to 1.5 KeV and leave it for
30 minutes

After 30 minutes, reduce the energy to 0 KeV and close the leak valve

Repeat steps 5 to 7 multiple times and verify with the XPS that the amount of carbon
and oxygen decreased between the cycles.

Repeat steps 5 to 7 but this time at a temperature 600K
Anneal to 1100K for 2 minutes

Decrease the temperature to 900K and introduce oxygen inside the chamber to a
pressure of 1x107" mbar for 2 minutes

Reduce the temperature to 600 K

Repeat the steps 9 to 12 until the cleanness of the sample can be verified with the XPS
and LEED.

208



Sample Cleaning

o ~ w N

7.
8.
9.

After the sample has been prepared for the first time, the cleaning cycle requires less

time and less intensive treatments. The procedure as follow:

Assuming the sample is on the main manipulator, move the sample to the sputtering
position x = 60.9 cm,y = 25mm,z = 13.5mm ,0 = 240°

Purge the argon gas lines 3 times to ensure the purity of the dosed argon.
Before turning on the lon source 1Q 11-A controller make sure the knob is on standby
Wait 20 seconds for the electronics and emission filament to warm up

Anneal to 600K and open the leak valve and introduce argon inside the chamber to a
pressure of 1x10° mbar

Set the mode on operate and slowly increase the energy up to 1.5 KeV and leave it for
15 minutes

After 15 minutes, reduce the energy to 0 KeV and close the leak valve
Anneal to 1100K for 2 minutes
Reduce the temperature to 600 K

10. Repeat the steps 5to0 9 two more times to be able to have a clean sample
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2. RAIRS Chamber

Sample Cleaning

1. Move the sample to the sputtering position x = 15.05mm,y =7mm,z =
26.6mm ,0 = 228°
2. Purge the argon gas lines 3 times to ensure the purity of the dosed argon.

3. Before turning on the lon source Perkin-Elmer 20-045 controller make sure the beam
voltage is at 5 kV and emission current is at zero.

4. Turn on the power and wait 20 seconds for the electronics to warm up

5. Anneal to 600K and open the leak valve and introduce argon inside the chamber to a
pressure of 1x10° mbar

6. Gradually increase the beam voltage to 1.5 kV and slowly increase the emission current
to 25 mA and leave it for 15 minutes

7. After 15 minutes, reduce the emission current to 0 mA and close the leak valve
8. Anneal to 1100K for 2 minutes
9. Reduce the temperature to 600 K

10. Repeat the steps 5to 9 two more times to be able to have a clean sample
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After following the cleaning procedure, the surface structure can be verified with the
LEED. Figure C1 show the diffraction pattern of the reflected electrons from the Pt(111) surface.
The sharpness of the peak, the hexagonal shape indicates that the surface is well ordered and
relatively clean. Further verification of the surface cleanness can be conducted by XPS. Figure C2
shows the C1s region before and after cleaning. Before cleaning, the presence of the peak at 284.4
eV is a clear indication of presence of adventitious carbon on the surface. After three cleaning

cycles, the peak vanishes indicating that the surface is carbon free.

Figure C1: A photograph of the LEED diffraction pattern after 3 cleaning cycles. The

energy of the incident electrons is 133 eV.
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Figure C2: XPS spectra of the C1s region acquired before and after 3 cleaning cycles.
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Appendix D

UHYV techniques instructions

In this appendix, instruction on how to operate the techniques will be presented. It is

important to follow the steps to avoid breaking parts in the UHV chamber.

X-ray photoelectron spectroscopy instructions :

1. Turning on the X-ray photo electron spectroscopy

1.

10.

11.

12.

Assuming the sample is on the main manipulator, move the sample to the XPS position
x= 696,y=125,z=11.7,0 = 294°

Make sure the sample is centered by looking through the apparatus window.

Make sure the sample is grounded either through the filament or the puck. A diagram
of the ground connections is attached on the electronics side panel. Any charging on
the sample will cause a shift in the spectrum and will increase the noise level.

Approach the X-ray gun at 15 mm

Turn on the XRC 1000 control unit then the HSA 3500 power supply and Wait 20
seconds for the electronics.

Press the water button on the XRC 1000 control unit to allow the water to flow though
the lines and cool down the X-ray source.

Open Specslab2 software and select in the analyzer drop box PHOIBOS-HAS 3500.
This should establish the connection between the computer and XPS and if successful
the indicator lights CAN and HV on the HSA 3500 should light up in green and orange
respectively. If an Error message appears, make sure that the internet connection is
disabled and restart the software.

On the specslab2 software, set the desired acquisition parameters and region of interest.
Please refer to Table 1 of section 2.6.2.3.

Once the regions and acquisition parameters are validated, press on the standby button
then on HV (high voltage) button located on the XRC 1000 control unit.

The voltage should ramp up to 14.6 kV and a red light indicator should blink up during
this step.

Once the voltage stabilises, the red light should be on and constant. You can now press
on the operate button.

Click on acquire in specslab2.
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Note: The high voltage should always be on standby if no acquisition is performed and
during the dosing process as well. This will prolong the filament life. Once ready to

perform a scan, click on the operate button.

2. Turning off the X-ray photo electron spectroscopy

Press on the standby button then on the HV button.

On the Specslab2 software unselect PHOIBOS-HAS 3500 from the analyzer drop box.
This will terminate the connection between the computer and XPS and the CAN on the
HAS 3500 should be blinking in green.

Wait 3 minutes to allow the voltage to drop down, then retract the X-ray gun at 40 mm.

Keep the water flowing between 5 and 10 minutes to cool down the completely the X-
ray source.

Turn off the XRC 1000 control unit and the HSA 3500 power supply.

Low Energy Electron Diffraction instructions :
Main UHV chamber
1. Turning on the LEED

1.

Assuming the sample is on the main manipulator, move the sample to the LEED
position x = 51.7,y =1,z =10.6,60 = 86°

Make sure the sample is centered by looking through the LEED window. The sample
should be facing the electron gun.

Make sure the sample is grounded either through the filament or the puck. Charging on
the sample will prevent the observation of the diffraction pattern.

Approach the LEED towards the sample at ~ 1 mm.

Turn on the erLEED 1000-A control unit then gradually increase the screen voltage to
7 kV.

Gradually increase the cathode current to 2.4 A.
Once set, make sure that the initial parameters of table 2 in section 1.6.2 are the same.

All light should be turned off including the ion gauge. To turn off the ion gauge, click
on the interlock button. A red-light indicator on the interlock bridge should turn on.
You can now turn off the ion gauge.
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9.

Position yourself in front of the LEED screen and increase the kinetic energy of the
electrons until you see a diffraction pattern.

2. Turning off the LEED

Decrease the energy of the electrons until you reach zero.

Turn on the ion gauge, wait until the pressure reading stabilises then click on the
interlock button. The red-light indicator should turn off.

Gradually decrease the cathode current to zero then decrease the screen voltage to zero
as well.

Turn off the erLEED 1000-A control unit
Retract the LEED screen.

Temperature programmed desorption instructions :

1. How to collect TPD data (Desorption rate vs T)

1.

Assuming the sample is on the main manipulator, move the sample to the TPD position
x = 40.55,y =11.375,z=19.6,0 = 86°

Make sure the sample is centered by looking through the several windows. The use of
a cell phone to zoom in can be quite useful to make sure the sample is centered.

Approach the QMS towards the sample until the molybdenum cone is at ~ 1 mm form
the surface.

Open TPD software in LabVIEW. Select the temperature ramp, the maximum
recording temperature and the initial current for the recording to start. Rename the
pathway files according to the experiment.

Turn on the XRC 1000 control unit and Wait 20 seconds for the electronics to warm
up.

Select the Filament current external on the Temperature stabilisation knob (XRC 1000
control unit).

Set the accelerating voltage to 800V and turn the filament current 8 turns. Turning the
filament current 8 times, will allow the current to reach a maximum of 2.4A.

Note: The filament current should not increase while turning the knob, at this point it is the

software that controls the current.
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8.

10.

11.

12.

Open the QMS software (called measure), then select setup on the toolbar and open the
SEM/Emission control. A window appears, make sure that SEM and Emission are
checked to be able to turn on the mass spectrometer.

Select MID on the toolbar then click on versus time. This will prompt you to choose a
file that will measures the ion current versus time for different mass to charge ratios.
Once a file is selected, click on parameters than channel to be able to select different
mass to charge ratios. The dwell time and the resolution as well can be modified in the
parameters.

When ready, save the pressure reading as cycles on the QMS software then click on
start on the TPD software. The current should increase according to the software
parameters.

Once the desired maximum temperature is reached, slowly decrease the current of the
filament to zero, then stop saving the pressure reading in the QMS software.

Open the TPD excel macro and click run, it will prompt to select the temperature file
which corresponds to the saved ramp file by the TPD software. Then, it will prompt
you to select ASCII pressure file. By doing so, you will obtain the plot of pressures as
a function of temperature.

Note: The pressure file saved by the QMS software needs to be converted into ASCII format by

using Display software.

2. Turning off the TPD equipment

1.

Gradually decrease the current and voltage to zero. Set back the Temperature
stabilisation knob to manual then turn off the XRC 1000 control unit .

Turn on off the QMS by selecting setup then SEM/Emission control. A window will
appear, make sure to uncheck the SEM and the Emission than click on OK. You can
now, close the software.

Retract the QMS.

Reflection Adsorption Infrared Spectroscopy instructions :
1. Turning on the RAIRS

1.

After cleaning the sample, move it to the RAIRS position x = 22.17,y = 15.39,z =
16,0 = 217°

Fill up the MCT detector reservoir with liquid nitrogen and wait few minutes until it
cools down.

Open OPUS software, it will prompt to enter a password : OPUS.
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Click on advanced data collection, a Measurement window will appear with different
tab parameters.

Select the Optic tab and make sure the source setting is set to MIR-Source, the beam
splitter to KBr , measurement and background channel to external right and finally the
detector set to External A.

Select the Check Signal tab, to make sure the interferogram is properly displayed and
the intensity is maximised.

Select the Advanced tab, to choose your resolution, the number of scans and type of
spectrum you want to save during the acquisition process.

Once the desired parameters are set, select the Basic tab and click on Background
Single Channel. This will acquire the background spectrum which become you
reference spectrum.

One the background spectrum is acquired simply click on Sample Single Channel to
acquire the single beam spectrum.

Note: The liquid nitrogen reservoir will stay cold for 6-7 hours. A refill may be necessary if the

experiment lasts more than 7 hours.

2. Turning off the RAIRS

1.
2.

If the heating is on, please turn it off first.

Click on setup then select logout to close the software.
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Appendix E

XPS simulations

In this appendix, details about the optimisation of the XPS simulations parameters are

described.

X-ray photoelectron spectroscopy simulations :

The binding energy of the core electrons can be described as the following:

E,=E(n—-1)—E(n)
= —& + Arelax + Acorr + Avibr + Arelat

[——
Koopmans Electronic Electronic vibrational Relativistic
relaxation correlation correction correction

Unfortunately, the method implemented in VASP for XPS simulation takes into account
the calculation in which the valence electrons relax in the presence of the core hole, but the other
core electrons are fixed in their ground state configuration. It does not take into account the other

correction factors meaning that the binding energy is approximated as the following :
Eb ~ =&+ Arelax

Before starting to calculate the binding energy of the aromatic molecules adsorbed on the
Pt(111) surface, it is important to understand and to find the optimal parameters for the calculations
of the core level binding energies. In this part, we will start to calculate the binding energy of Cls
for Carbon monoxide by varying different parameters such as the K points, the number of adsorbed
molecules and the number of electrons excited. Then we will increase the complexity towards
Ethanol, to see how the geometry of adsorption can influence the core level binding energies. At
the end, we will calculate the core level binding energies of phenol anisole and 2-phenoxyethanol

and try to correlate them to experimental observations.
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Carbon monoxide

Carbon monoxide has been adsorbed on a Pt(111) 4x4 slab with 3 layers thickness. Figure
E1 and Figure E2 show the core level binding energy of Carbon monoxide adsorbed on different
sites on the Platinum surface and by varying the number of adsorbed molecules. All the carbon

atoms have been excited individually with K(3x3x1) and the following parameters:

ICORELEVEL =2 Final approximation

CLNT =2 corresponds to Carbon specie

CLN =1 main quantum number of the excited core electron
CLL =0 angular quantum number of the exited core electron

CLZ = 0.5 or 1 electron count

Adsorbing one CO on different sites on the Pt (111) surface shows a difference in binding
between the top, hcp, fcc and bridge positions. It seems that the adsorption site of the molecule
influences the core level binding energy and this correlates with our predictions. A less
coordinated atom on the surface will tend to react more strongly with the adsorbed molecule.
Hence the binding energy is expected to be stronger for the top atom surface compared to the more
coordinated atoms in the hcp and fcc positions. For 1 CO, the difference in binding energy between
the top and bridge position for the full 1 electron and 0.5 partial electron excitation are 0.2 eV and
0.65 eV respectively. By adding several CO monoxides on the surface, the binding energy
difference between the top and the other positions becomes smaller for the 1 electron excitation.
Upon 4 CO adsorbed on the surface, it seems to be impossible to distinguish between the species
adsorbed on the top positions and the ones adsorbed on top position and those adsorbed on hcp
and bridge positions. In comparison to the 0.5 partial electron excitation, the difference in binding
energy remains relatively stable. For a monolayer or sub-monolayer regime, we would expect to
have the same difference in the binding energy. It seems that the 0.5 partial electron excitation is

a more sensible choice.
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Figure E1: Carbon monoxide adsorbed on Pt(111) surface (4x4 slab). For a full electron
excitation, as the increase of the number of adsorbed CO increases on the surface the difference

in the core level energies decreases.
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Figure E2: Carbon monoxide adsorbed on Pt(111) surface (4x4 slab). For a partial (0.5)
electron excitation, as the increase of the number of adsorbed CO increases on the surface the

difference in the core level energies remains relatively stable.
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Rosei and coworkers! experimentally showed that CO adsorbs preferentially on the top site
of Pt(111) surface. When the top atoms on the surface are saturated, its second preferential
adsorption site is the bridge position. The difference in binding energy between the top and the
bridge site for a 4x2 cell is 0.7 eV. This is in agreement with the binding energy difference of
0.742 eV obtained with the calculations (Table E1).

Table E1: Difference in core electron binding energies of the C1s for CO adsorbed on

4x2 platinum slab.

Adsorption site AC;ss (eV) Experimental*
0.5e le (eV)
4 CO Pt(111)(4x2) 2CO top 0.742 0.354 0.7
+2CO bridge

Another parameter that we can test is the K-points. The K-points rises from Bolch’s
theorem and corresponds to sampling points in the Brillouin zone. For an infinite system, the
integral of the real space is replaced by several integrals over the Brillouin zone. The choice of
sufficient K-points for the integration is crucial for the convergence of the results and is therefore
one of the major objectives when performing convergence tests. In Figure E3, the same parameters
described above has been used, except that this time the number of K-points is increased. It seems
that the number of sampling points does not have any effect on the core level binding energies and

the shift remains the same.
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Figure E3: Influence of K-points in the core binding level energies of Carbon monoxide

adsorbed on Pt(111) surface (4x4 slab) with a partial electron excitation.

Ethanol

Ethanol has been adsorbed on a Pt(111) with different slabs and different layers. Figure E4
and Figure E5 show the two different stable adsorption geometries of the ethanol on 3x3 slab with
3 layers thickness. All the carbon atoms have been excited individually with K(3x3x1) and the

following parameters:

ICORELEVEL =2 Final approximation

CLNT =2 corresponds to Carbon specie

CLN =1 main quantum number of the excited core electron
CLL =0 angular quantum number of the exited core electron

CLZ = 0.5 or 1 electron count
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Figure E4: Ethanol adsorbed on the Pt(111) surface (3x3 slab) with a parallel geometry.

The side view is shown on the left and the top view is shown on the right.

| MOLDEN| | MOLDEN|

Figure E5: Ethanol adsorbed on the Pt(111) surface (3x3 slab) with a perpendicular

geometry. The side view is shown on the left and the top view is shown on the right.

For the Ethanol parallel to the surface, a full electron and partial electron excitation showed
a difference in binding energies between the C*H, and C*Hs of 0.75 and 1.5 eV respectively. In
comparison to perpendicular ethanol on the surface, a full electron and partial electron excitation

showed a difference in binding energies between the C*H, and C*Hz of 0.1 and 0.86 eV. As
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expected, it seems that the adsorption geometry influences the binding energy. In the case of a full
core electron excitation, we can distinguish both carbon species for the perpendicular ethanol while
the carbon species for the parallel ethanol seem to be indistinguishable. In partial electron
excitation, regardless of the adsorption geometry both species are distinguishable. Increasing the
slab size of the Pt(111) from 3x3 to 3x6 allowed the adsorption 2 ethanol molecule in both stable
geometries. The interaction between the two different geometries of the ethanol adsorbed on the
surface didn’t affect much the shift in the core level binding energies. Although, the difference in
binding energies are off by 0.2-0.4 eV from the experimental value, the partial electron excitation
seems to be the best choice (Table E2).

Increasing the slab layers didn’t change much the shift between the core level binding
energies for the ethanol. The change is less than 0.03 eV and therefore it can be neglected (Table
E2).

Table E2: Influence of geometry and slab layers in the core electron binding energies of
the C1s for ethanol adsorbed on Pt(111) slab.

Slab Pt Adsorption geometry AC;s (eV) Experimental®
Layers 0.5e 1e (eV)

3x3 3 Perpendicular 0.86 0.1 1.1

3x3 3 Parallel 15 0.7 11

3x3 4 Perpendicular 0.83 0.11 1.1

3x3 4 Parallel 1.48 0.67 1.1

3x6 3 Parallel 0.95 0.65 1.1

+Perpendicular 1.5 0.1

Phenol, Anisole and 2-phenoxyethanol

Phenol, Anisole and 2-phenoxyethanol have been adsorbed on a Pt(111) 4x4 slab with 4
layers. The most stable adsorption geometry is used for this calculation and they are described in
Chapter 5, 6. In this case the C1s atoms have been excited simultaneously and individually using
a full electron and partial electron excitations. A summary of the shift between the carbon species

bound to an oxygen and carbon species bound to a carbon can be found in Table E3.
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Table E3: The core electron binding energies of the C1s for phenol, anisole and 2-

phenoxyethanol adsorbed on Pt(111) slab.

Molecule Excitation ACss (eV) Experimental
type 0.5e le (eV)
Phenol Individual 1.6 1.1 1.73
Anisole Individual 1.6 2.95 1.6
2-phenoxyethanol Individual 15 2.5 1.8°
2-phenoxyethanol  Simultaneous 0.7 2.3 1.8°

In conclusion it seems that the XPS simulations are in agreement with the experimental
results. The best parameters are when 0.5 partial excitation is used and each individual atom is
excited separately. Especially for these parameters, the number of slab layers and adsorbates on
the surface doesn’t influence much the shift in the core level binding energies. It also to be noted
that the core level binding energies are sensitive to the adsorption site and the geometry, for this

reason it is best if these are known experimentally to facilitate the comparison.
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Figure E6: Anisole adsorbed on the Pt(111) surface 4x4 slab. The spectrum was
generated using co-added Gaussians with FWHM of 1.5.The dashed line in the spectra
corresponds the position of the carbon species bound to a carbon and the dot dashed line
corresponds the carbon species bound to an oxygen. The positions of the lines are taken from

fitted peaks (not shown).
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Appendix F

Supporting information for the article presented in chapter 3:

Reprinted with permission from Réocreux, R.; Ould Hamou, C. A.; Michel, C.; Giorgi, J.
B.; Sautet, P. Decomposition Mechanism of Anisole on Pt(111): Combining Single-Crystal
Experiments and First-Principles Calculations. ACS Catal. 2016, 6, 8166-8178. Copyright ©
2016, American Chemical Society.
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Coverage Calibration with C 1s XPS

The C 1s XPS signal was monitored for different exposures of anisole on Pt(111) at 115K.
The C1s area reaches a plateau which correspond to the saturation of the monolayer. Coverage
calibration was achieved by comparison with CO saturation coverage at room temperature. Dashed
line in figure S1 indicates the area of the C 1s peak from a CO coverage surface which is known
to correspond to one CO molecule per two Pt atoms on the surface. That is, C/Pt atomic ratio of
0.5. Upon monolayer coverage of anisole, a C/Pt ratio of 0.7 is achieved which corresponds to one

molecule of anisole (7 carbon atoms) for each 10 Pt atoms on the surface.
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Figure F1: C1s spectra and corresponding integrated area after several exposures of
anisole at 115K on Pt(111). The C1s starts reaching a plateau around 2.8 Langmuir
corresponding to the saturation of the 1st layer of anisole on the platinum surface. Dash line

correspond to calibration point from CO adsorption on Pt(111).
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Oxygen XPS
The O 1s XPS signal was monitored for all measurements. Disappearance of the oxygen

signal matches the disappearance of the C 1s species assigned to oxygen bound carbons species
(C-0O labeled peaks).
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Figure F2: XPS spectra for the O 1s peak acquired at different temperature for 0.5ML of
anisole deposited at 115K.

Correction of TPD signal due to fragmentation of species in the mass spectrometer

Because all organic species fragment during the ionization process in the mass
spectrometer, it is necessary to identify the fraction of signal at specific mass to charge intensities
corresponding to species desorbing from the surface versus those that arise from fragmentation.
To perform the correction, appropriate parent molecules (for example anisole) are dosed into the
chamber in the gas phase and the mass spectrum is obtained to identify the corresponding
fragmentation pattern specific to the instrument (Figure F3a). In this case the ratio of intensities of
masses 78/108 was determined as 2.6. Since we monitor TPD of the masses simultaneously, this
allows us to quantify the fraction of m/z=78 corresponding to fragmentation of anisole in the QMS
and subtract it from the overall benzene signal. The result is the identification of benzene arising

from surface desorption (Figure F3b).
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Figure F3: a) Mass spectrum of gas phase anisole illustrating the instrument specific
fragmentation pattern. b) TPD spectra after multilayer exposure of anisole at 115K on Pt(111)
using a linear temperature ramp of 7 K/s. The blue line corresponds to benzene raw data as
measured by the mass-spectrometer. The black line corresponds to benzene produced from the
surface (data obtained after the subtraction of contribution of the gas phase fragmentation

pattern of anisole in the mass spectrometer).

XPS vs TPD consistency.

To justify that the TPD analysis is consistent with the XPS interpretation of the experiment
we calculated, from the TPD-determined frequency factors and activation energies, the expected
half-lives (in hour) as a function of temperature. The processes can be considered as kinetically
blocked when the half-lives are greater than an hour (blue values) and kinetically possible when
the half-lives are much smaller than an hour. From this, we can calculate the expected temperature
at which a process will happen during the XPS measurement that lasts one hour. The half-lives

presented here were calculated assuming a first-order Arrhenian process with the associated TPD-
determined parameters.
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Table F1: Half-lives of 4 given processes, namely anisole decomposition, physisorbed

anisole desorption and chemisorbed anisole desorption, and carbon monoxide desorption. The

half-lives, calculated from TPD-determined parameters, are given as a function of temperature.

Anisole physiorption  chemisorption CcO
decomposition PhOMe PhOMe desorption
frequency (s-1) 1.70E+14 5.40E+16 2.40E+17 8.30E+14
TPD barrier (kJ/mol) 89 83 121 137
T (K) half life (hour) for a 1st order process

100 5.08E+26 8.10E+22 1.29E+42 8.50E+52
115 4.38E+20 1.79E+17 7.35E+33 3.94E+43
150 1.62E+11 2.86E+08 1.10E+21 1.19E+29
200 2.89E+03 1.70E+01 3.22E+10 1.40E+17
210 2.26E+02 1.58E+00 1.01E+09 2.78E+15
220 1.54E+03 1.82E-01 4.31E+07 7.84E+13
230 1.85E+02 2.53E-02 2.43E+06 3.02E+12
240 2.66E+01 4.14E-03 1.74E+05 1.53E+11
250 4.47E+00 7.85E-04 1.54E+04 9.80E+09
260 8.61E-01 1.69E-04 1.64E+03 7.76E+08
270 1.87E-01 4.07E-05 2.06E+02 7.42E+07
280 4.55E-02 1.09E-05 3.01E+01 8.40E+06
290 1.22E-02 3.18E-06 5.01E+00 1.10E+06
300 3.56E-03 1.01E-06 9.40E-01 1.66E+05
310 1.12E-03 3.45E-07 1.97E-01 2.82E+04
320 3.82E-04 1.26E-07 4.53E-02 5.36E+03
330 1.39E-04 4.90E-08 1.14E-02 1.13E+03
340 5.34E-05 2.01E-08 3.12E-03 2.59E+02
350 2.17E-05 8.70E-09 9.19E-04 6.49E+01
360 9.29E-06 3.94E-09 2.89E-04 1.76E+01
370 4.16E-06 1.86E-09 9.71E-05 5.09E+00
380 1.94E-06 9.16E-10 3.45E-05 1.58E+00
390 9.43E-07 4.67E-10 1.29E-05 5.19E-01
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400 4.75E-07 2.46E-10 5.08E-06 1.80E-01
450 2.43E-08 1.54E-11 8.92E-08 1.86E-03
500 2.25E-09 1.67E-12 3.51E-09 4.77E-05
550 4.77E-09 2.72E-13 2.49E-10 2.38E-06
600 8.64E-10 6.00E-14 2.75E-11 1.96E-07
XPS temperature (K) 270 220 310 390

DFT predicted infrared spectrum of phenoxy PhO

The RAIRS simulated spectrum was generated from a VASP frequency calculation by

computing the contribution of the dipole moment along the direction perpendicular to the surface

(RAIRS selection rule) at each displacement. The associated matrix was diagonalized and the

intensity of each normal mode was determined using the squared variation of the dipole moment.
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Figure F4: DFT predicted infrared spectrum of phenoxy PhO.

The strong peak at 1616 cm™ corresponds to the stretching mode of the C-O bond. The

value of the wave number is typical for a carbonyl function and matches with the experimentally

observed cyclohexadienyl structure of “phenoxy” on Pt(111).
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Reaction network for phenoxy decomposition.
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Figure F5: Reaction network of phenoxy decarbonylation to carbonaceous species.
Downward, upward and rightward arrows are associated to the meta-para C-C, ipso-para C-C
and aromatic C-H cleavages respectively. Er and Ea stand for reaction and activation energies

respectively. The energies are given in kJ/mol and are not ZPE-corrected.

Kinetic analysis of the DFT data.

In a TPD experiment, two time-scales have to be compared: the one imposed by the
operator through the choice of the temperature ramp (here § = 7 K/s) and the ones that are
specific to the reactivity of the chemicals. If the reaction time is smaller than the TPD time-scale
T /B, then one can observe the reaction happening. Otherwise, the reaction is to slow to be observed

within the time of the TPD experiment. In this work we considered the 1% conversion time .,
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since only a small fractions of the initially adsorbed species yield desoring products. A reaction is

therefore considered to happen when:

T
T1%<_

B

Using Eyring’s equation for a 1% order process:

_ —In(0.99)h +AF* <T
e =T P\ RT ) S5

One can then extract the limit we considered in the main text of the article:

AF¥ ~ RTI kT
= T TIn(0.99) v
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Intermediates and transition states of the routes to benzene and phenol

PhO+CH: PhO+CH PhO+C PhO

Figure F6: Structures of the intermediates and transition states associated to the benzene

and phenol routes.
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Intermediates and transitions states of the routes to phenoxy fragmentation.

The structures appear here in the same order as in Figure 3.11 (main article).

Mechanism #1

TS (meta- TS (ipso-ortho C-C

dehydrogenation) cleavage)

TS (ipso-ortho C-C

CsH4
cleavage)

Figure F7: Structures of the intermediates and transition states associated to the 1st

mechanism of the fragmentation of phenoxy.
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Mechanism #2

TS (ipso-ortho C-C TS (ipso-ortho C-C

cleavage) cleavage)

TS (C-H cleavage) CsHa

Figure F8: Structures of the intermediates and transition states associated to the 2nd

mechanism of the fragmentation of phenoxy.
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Appendix G

Supporting information for the article presented in chapter 4:

Reprinted with permission from Ould Hamou, C. A.; Réocreux, R.; Sautet, P.; Michel, C.;
Giorgi, J. B. Adsorption and Decomposition of a Lignin B-O-4 Linkage Model, 2-Phenoxyethanol,
on Pt(111): Combination of Experiments and First-Principles Calculations. J. Phys. Chem. C 2017,
121, 9889-9900. Copyright © 2017, Amercian Chemical Society.
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Table G1: Surface carbon coverage corresponding to several exposures of 2-

phenoxyethanol at 110 K.

Dosage (L) Carbon Coverage
0.64 0.35 1molecule / 23Pt
0.78 0.43 Imolecule / 19Pt
0.85 0.51 1molecule / 16Pt
1.2 0.66 1molecule / 12Pt
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Figure G1: TPD spectra corresponding to Hydrogen contribution from background.
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Figure G2: TPD spectra corresponding to desorption of Hydrogen the surface after

0.85L exposure of 2-phenoxyethanol at 110 K with a ramp of 5.8 K/s. The ratio of the peaks are

2:1:5:1:1 respectively
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Figure G3: TPD spectra after several 2-phenoxyethanol exposure at 110K on Pt(111).
Monitored masses 108,94 and 78 corresponding to Anisole, Phenol and Benzene respectively.

Desorption rates are measured using a linear temperature ramp of 5.8 K/s
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Appendix H

Supporting information for the article presented in chapter 5:

Ould Hamou, C. A.; Giorgi, J.B. Direct observation of phenoxy as the key and common
intermediate for the decomposition of lignin fragments containing the beta-O-4 linkage. Submitted
to J. Phys. Chem. C
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Sciences, University of Ottawa, 10 Marie Curie Pvt., Ottawa, Ontario, Canada. K1IN 6N5.

Table H1: Vibrational modes and peak assignments of Phenol on Pt(111).

Vibrational modeP Pt(111)2 Phenol Phenol Phenol
vapor? vapor 22 liquid?
C-H stretch (20a) 3093 3087 3078 3070
C-H stretch (13) 3049 3063 3050 3044
C-H stretch (2) 3026 3027 3020
C-C stretch (8a) 1598 1603 1602 1597
C-C stretch (19b) 1501 1501 1501 1500
C- C stretch (8b) 1480 1478 1474
Ring stretch (19a) 1398 1349 1362
C-O stretch (7a) 1244 1261 1260 1228
C-H bend (9a) 1169 1168 1168 1168
C-H bend (15) 1154 1150 1152
C-H bend (9b) 1072 1072 1072
C-H bend (12) 1025 1025 1026 1025
Ring breathing (18a) 1000 999 981
C-H bend (17b) 889 881 888
X2 sensitive (1) 812 823 814 812
C-H bend (4) 758 750 752

4Phenol adsorbed on Pt(111), this work.

bApproximate mode description. Wilson’s notation in parenthesis.
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Table H2: Vibrational modes and peak assignments of Phenol on Pt(111) at varying

temperatures.
Vibrational mode? 130K 220K 240K 300K 330K 450K
C-H stretch (20a) 3093 3078
C-H stretch (13) 3049 3049
C-H stretch (2) 3026 3025
C-C stretch (8a) 1598 1598 1601 1593 1590 1587
C-C stretch (19b) 1501 1501
C- C stretch (8b) 1480 1479
Ring stretch (19a) 1398 1398
C-O stretch (7a) 1244 1243 1250 1251 1257 1257
C-H bend (9a) 1169 1170 1169 1169
C-H bend (15) 1154 1154
C-H bend (9b) 1072 1073
C-H bend (12) 1025 1025
Ring breathing (18a) 1000 1000
C-H bend (17b) 889 889
X2 sensitive (1) 812 813
C-H bend (4) 758 758 768 761 668
Phenoxy®
CO stretch(7a) 1486 1485 1484 1484
C-C str/C-H bend (3) 1233 1229
C-H bend (17b) 852

aApproximate mode description. Wilson’s notation in parenthesis.

bCharacteristic phenoxy vibrations
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Table H3: Vibrational modes and peak assignments of Anisole on Pt(111) at varying

temperatures.
Vibrational mode? 130K 180K 240K 300K 360K 450K
(a) arm vibrations
CHs antisym. str. 3009 3002 3001
CHs antisym. str. 2960 2960 2960
CHz sym. str. 2836 2835 2812
CHs antisym. def. 1469 1469
CHs sym. def. 1441 1440
CHs rock 1175 1187 1186
1171 1175
O-CHeas str. 1041 1043 1056
(b) ring vibrations
C-H stretch 3063
C-C stretch 1603 1603 1604 1603 1602
C-C stretch 1587 1587 1587 1589 1592
C-C stretch 1500 1499 1501 1500 1500
1492
C-C stretch 1453 1454 1457 1457 1458
C-C stretch 1326 1325
C-H bend 1301 1301 1300
Ph-OR stretch 1254 1255 1254
C-H bend 1153 1151 1148
C-H bend 1080 1079
C-H bend 1019 1018 1016
Ring breathing 994 995 928 930
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C-H bend 890 889

Ring breathing 786 785 797 799 797

C-H bend (out of plane) 764 757 752 756 752

X-sensitive 696 696 695

Phenoxy®

CO stretch(7a) 1485 1483

C-C str/C-H bend (3) 1251 1251 1261
C-H bend (17b) 861 860

aApproximate mode description. Wilson’s notation in parenthesis for phenoxy.

bCharacteristic phenoxy vibrations. Common peaks have not been transferred.

Table H4: Vibrational modes and peak assignments of 2-phenoxyethanol on Pt(111) at

varying temperatures.

Vibrational mode? 130K 240K 260K 300K 360K 400K
(a) arm vibrations

CH2-CH; antisym str 2938 2937

CH2-CH; sym str 2876 2873

CHy> scissor 1499 1500 1500 1500

CH; twist + C-H ring 1303 1303 1301 1303

bends

O-C+C-C+C-Ostr 1088 1087 1086

O-C +C-Osstr 1057 1057 1051

O-C-C + C-C-0O def 922 922 920

(b) ring vibrations

C-H ring bends 1603 1602 1603 1602 1598 1591
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C-H ring bends 1588 1589 1589 1586

C-H ring bends 1459 1459 1460

Ph-O + O-C strs + O-H 1253 1253 1254 1251 1247 1260
bend 1245
C-H ring bends 1175 1175 1174

C-H ring bends 1153 1152 1155

Ring breathing

C-H ring bends 899 898 896 881

C-H ring bends 817 814 814

Ph-O-C def 793 792 972

C-H ring bends 760 760 758

C-H ring bends 694 694

Phenoxy®

CO stretch(7a) 1482 1482 1497

aApproximate mode description. Wilson’s notation in parenthesis for phenoxy.

bCharacteristic phenoxy vibrations. Common peaks have not been transferred.
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Table H5: Normalized area of the vibrational peaks as a function of temperature after
depositing 100L of phenol on Pt (111) at 130K.

Temperature (K) Ph-O str
130 1
150 1.011
180 1.032
200 0.866
220 0.421
240 0.019
260 0.016
300 0.017
330 0.014
360 0.013
400 0.009
450 0.018

Table H 6: Normalized area of the vibrational peaks as a function of temperature after
depositing 100L of Anisole on Pt (111) at 130K.

Temperature (K) Ph-O str O-CHasstr CHsz sym CHz a. sym

130 1 1 1 1

180 0.896 0.936 0.867 1.603
240 0.040 0.016 0.592 0.071
300 0.021 -0.008 -0.003 -0.073
360 0.008 -0.004 -0.005 -0.121
400 0.007 -0.004 0.002 0.065
450 0.011 -0.007 -0.004 0.038

Negative numbers are due to noise in the spectra and can be assumed to be zero.

250



Table H7: Normalized area of the vibrational peaks as a function of temperature after
depositing 100L of 2-Phenoxyethanol on Pt (111) at 130K.

Temperature (K) Ph-O+C-O O-C+C-C+ CH2-CH: CHq: scissor

strs + O-H C-Ostr sym/a.sym str
bend

130 1 1 1 1

150 1.019 1.021 1.071 1.039
180 1.001 1.009 1.038 1.037
200 1.056 1.051 1.069 1.094
240 0.712 0.625 0.527 0.718
260 0.178 0.120 0.033 0.186
300 0.051 -0.035 -0.002 0.061
360 0.039 -0.019 0.012 0.037
400 0.059 -0.027 0.012 0.033
450 0.048 -0.005 -0.014 0.036
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Appendix |
Adsorption and Decomposition of Formic Acid on Cobalt (0001)

Reprinted with permission from Sims, J. J.; Ould Hamou, C. A.; Réocreux, R.; Michel, C.;
Giorgi, J. B. Adsorption and Decomposition of Formic Acid on Cobalt (0001). J. Phys. Chem. C
2018. 122 (35), 20279-20288. Copyright © 2018, American Chemical Society.

Although not strictly part of the thesis theme in regards to lignin, this work was part of my

graduate work time and learning experience.
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Abstract

Formic acid can undergo dehydration or dehydrogenation with variable selectivity over a
range of metal catalysts. The selectivity among these reactions depends on the reaction mechanism
and reaction conditions pertinent on each surface. This work provides mechanistic insight on the
decomposition of formic acid on cobalt at high and low temperature regimes. The adsorption and
decomposition of formic acid on a Co(0001) single crystal was studied in ultra-high vacuum by
X-ray photoelectron spectroscopy (XPS) and temperature programmed desorption (TPD). Insight
is provided using DFT calculations. In the low temperature regime, formic acid adsorbs
molecularly on the surface at 130 K. Partial decomposition produces CO at 140 K, and at 160 K
the decomposition of formic acid into formate, which is a thermodynamic sink, is dominant. Water
can be formed at low temperature via bimolecular processes. At high temperature (>400 K) the
similar barriers for decomposition of the formate species lead to the concomitant production of
CO, CO2 and Ha. The correlation between experiment and theory provides a framework for the

interpretation of surface species and reaction path operating in different regimes.
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I1. Introduction

The interaction and reactions of formic acid on transition metal catalysts has been the
subject of multiple studies due to the importance of formic acid in a variety of industries.'® Formic
acid decomposition possesses similar intermediates as the water-gas shift reaction® and methanol
oxidation.’® Additionally, these intermediates are often present in the oxidation of large organic
molecules and steam-reforming reactions.!! As such, formic acid is often a model molecule in the
study of bio-oil and biomass applications.>* In addition, formic acid also has been proposed as
a hydrogen vector for mobile applications.® Hence the importance of understanding and
controlling formic acid reactivity has produced a number of fundamental and industrial studies.

Formic acid provides two competing decomposition pathways, namely dehydrogenation
and dehydration (eg. 11 and 12). Single crystal investigations of formic acid on transition metal
surfaces have shown that not only the ratio of products, but also the mechanism by which they are
achieved depends on the nature of the metal and the surface plane involved.'® For example, on
Pt(111) formic acid decomposes primarily through the dehydrogenation reaction in UHV°® and
the dehydration reaction can only be observed at higher pressures,? while on Pt(100) formic acid
does not react in UHV conditions.? In addition, formic acid has also been suggested to undergo a
bimolecular decomposition pathway on Cu,'!?223 Ru,* and Ni"112324 syrfaces in addition to or

instead of the dehydrogenation and dehydration reactions.

HCOOH — CO, + H, (11)

HCOOH - CO + H,0 (12)

The decomposition of formic acid on cobalt surfaces are of particular importance because
cobalt is a prevalent catalyst for the water-gas shift reaction,® and methanol oxidation reaction,°
as well as being used as an additive to increase performance and stability of direct formic
acid/methanol fuel cell catalysts.®?52 Cobalt has also been suggested as desirable catalyst for
steam reforming. Despite its importance, a small number of experimental studies of formic acid
decomposition on cobalt have been performed. 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 report a CO,:CO ratio of approximately 1:1 on cobalt catalysts. Inglis
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and Taylor also found that this ratio was independent of temperature for the temperature range
used in their experiments. They postulated that formic acid may decompose through a bimolecular
pathway, but no mechanistic information or reaction pathways were proposed. Tang et al.*®
provided insight by measuring reaction products obtained from metallic cobalt powders and
performing TPD and IR spectroscopy to show the presence of a monodentate formate species and
provide an experimental ratio for the two reaction pathways (CO2/C0O=3.9), although different
from those of Inglis and Taylor.

Experimental insight into the reaction pathways is often obtained using single crystal
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
adsorption spectroscopy (IRRAS) and TPD in the temperature range of 160-640 K.3* They found
that formic acid chemisorbed onto the potassium layer forming formate and hydrogen at 160 K.
The formate subsequently decomposed to CO, Hz, and atomic O above 250 K. However, surface
formate could be synthesized by the reverse process, from CO, O», and H> at 300 K.

More recently, different groups provided a theoretical study of formic acid decomposition
trends for several transition metal surfaces, among them Co(0001).%*® They focussed on the
relative importance of the formate and carboxylic pathways to determine the CO2/CO product
ratio. Li et al. considered the reaction on Co(111) both in vacuum and with solvents!* and then
took it a step further, proposing a microkinetic analysis of the different reaction pathways on a
stepped cobalt surface.!> They found that different reaction pathways were preferred in the
different cases. A more detailed discussion of the available theoretical data will be provided in
comparison with our DFT calculations.

The present work provides a detailed experimental and theoretical study of the
decomposition and adsorption of formic acid on Co(0001) single crystal under ultrahigh vacuum
(UHV) conditions. Surface species produced during the interaction and reaction of formic acid
with the surface are characterized by low energy electron diffraction (LEED), X-ray photoelectron
spectroscopy (XPS) and temperature programmed desorption (TPD). Experimentally determined
surface species, decomposition products and desorption energies are compared with a full density
functional (DFT) calculations of energetics and transition states of the possible reaction pathways.

The combination of experiment and theory is used to obtain insight on this system.
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12. Experimental

Experiments were carried out in a UHV chamber with a base pressure of 3 x 1071° mbar.
The chamber contains an XPS, LEED, STM/AFM, mass spectrometer for TPD measurements, and
has been described in detail previously.®

The 8 mm diameter and 0.5 mm thick cobalt single crystal sample (hcp phase) with purity
of 99.999% was purchased from Princeton scientific. The (0001) crystal surface was cleaned by
repetitive cycles of 10 mins of sputtering (3 keV, background pressure of 1 x 10° mbar Ar"),
followed by annealing to 600 K for 5 min. The sample was confirmed clean by LEED, shown in
Figure S1 (supporting information). Temperatures above 630 K were avoided due to the Co phase
transition from hexagonal closest packing (hcp) to face-centered cubic packing (fcc) at 670 K637
The sample was heated by electron bombardment and the temperature was measured by a chromel-
alumel (K-type) thermocouple.

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. The purity of the formic acid dosed was verified by a
residual gas analyzer. All exposures are reported in Langmuirs (1 L = 1.0 x 10 torr s) without
corrections for the gauge sensitivity.

12.1 XPS Measurements

XPS spectra were recorded using a standard Al Ka source (1486.7 eV) operated at 289.7
W (14.2 kV, 20.4 mA) on a Specs GmbH system (XR50 X-ray source and Phoibos 100 SCD
analyzer). Selected peaks were obtained in high resolution spectra using 0.1 eV step size, 1 second
dwell time, and pass energy of 20 eVV. 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. Although it is tempting to
consider a large number of species under each spectra, the number of curves fit was limited by the
resolving peak width of the instrument (a minimum FWHM of 1.2 eV was used in all fits). The
binding energy scale was calibrated using cobalt (Co 2p 3/2 = 777.8 V).

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
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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.
12.2 TPD Experiments

The sample surface was dosed with varying exposures of formic acid at 130 K and placed
approximately 1 mm below a 1 mm diameter hole leading to a 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 4.60 + 0.15 K/s.
The sample was annealed at 630 K for 5 mins 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 which were measured by background dosing
within the instrument. All spectra were thereby correlated during analysis.
12.3 DFT Calculations

First principle calculations were performed within the framework of Density Functional
Theory (DFT) using the dispersion corrected GGA functional PBE+dDsC3%*! with the Vienna Ab
initio Simulation Package software (VASP 5.3) for electronic and geometric optimization.*?-** The
spin-polarized wave-functions were expanded on a periodic plane wave basis set with an energy
cut-off of 400 eV and optimized using an energy threshold of 10 eV. The core electrons were
treated using the Projection Augmented Wave (PAW) approach.* The electronic energy was
integrated over a gamma-centered 3x3x1 Monkhorst-Pack k-point mesh.*® For gas phase
calculations, the gamma point was considered. All geometries were considered optimized when
forces were less than 0.02 eV/A.

The Co(0001) surface was modeled employing a 4 layer 3x3 periodic slab, with 5 layers
void. During optimization, only the top two layers were relaxed keeping the position of the other
metal atoms fixed at their bulk position. Gas phase structures were optimized in a 20x20x20 A3

simulation box.
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13. Results

Experimental results will be described for adsorption of formic acid on Co(0001) using
XPS, where low temperature species can be identified. Temperature programmed desorption
(TPD) was used to directly observe reaction products formed both at low and high temperature.
Because of the multiple regimes observed, the DFT calculation results will be presented analyzing
separately the different possible reaction pathways.

13.1 X ray Photoelectron spectroscopy

Figure 1 shows the XP spectra in the carbon and oxygen regions for formic acid upon
adsorption on Co(0001) at 130 K. At this temperature, the electron binding energies for the C 1s
and O 1s features have been measured at 289.7 and 534.15 eV, respectively. These peak positions
are characteristic of molecular formic acid on Co(0001), and are consistent with molecular
adsorption at similar low temperatures on potassium-doped Co(1010)** and other transition
metals.!* A list of literature values for the different formic acid intermediates species is given in
Table J1.

Upon heating the sample to 140 K another carbon peak evolves and the oxygen envelope
becomes asymmetric. This can be attributed to the onset of formic acid undergoing decomposition
and the formation of carbon monoxide. The binding energy of carbon monoxide in the carbon
region is 286.2 eV,**° as observed here. The oxygen peak can be partially deconvoluted taking
advantage of the high binding energy component in formic acid and its oxygen stoichiometry.
Thus the formic acid contribution can be isolated as shown by the two green curves in Figure 11
Ols at 140 K, with peaks at 534.15 and 533 eV. The remaining species, which include CO and
other potential intermediates present, cannot be separated and are thus fitted by a single peak (blue

curve in Figure 11).
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Figure 11: XPS of 1 L formic acid adsorbed at 130 K and subsequent decomposition on
Co(0001). C 1s and O 1s regions shown at varying temperatures of interest. Identified peaks
correspond to: i) 289.7 eV, molecular formic acid; ii) 288.9 eV, formate; iii) 286.2 eV, carbon
monoxide; iv) 284.6 eV, carbon; v) 534.15 and 533 eV formic acid; vi) 530.9 eV, oxygen.

Upon heating to 160 K, there is a shift of 0.8 eV in the carbon peak, to 288.9 eV, with the
corresponding disappearance of the higher energy oxygen peak, 534.15 eV, associated with formic
acid. The shift in the carbon peak is in agreement with formic acid dissociation to formate and
hydrogen,>®->* and the disappearance of the higher energy oxygen peak indicates the formation of
formate binding in either the bidentate or bridged orientation. Due to the disappearance of the
higher energy formic acid oxygen peak, the deconvolution of the oxygen peak is no longer possible
and therefore the O 1s spectrum likely corresponds to the combined signal of formate, carbon
monoxide, and water species.

By 170 K, a third peak in the carbon region is observed at 284.6 eV together with a small
peak in the oxygen region at 530.9 eV. At this temperature, carbon monoxide can dissociate to
carbon and oxygen on Co(0001), and this process has been reported experimentally with binding

energies reported at 284.3 eV and 531.0 eV,*"*° respectively, in agreement with our observations.
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Note that the dissociation of CO on Co(0001) has been predicted as being extremely difficult,>
but perhaps steps, ad-atoms, defects or a more complex mechanism is involved. 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
more towards the carbon monoxide binding energies. In addition, the slight decrease in the oxygen
signal may be due to desorption of water in this temperature range (see TPD discussion).

Above 200 K desorption of several species becomes significant in the timeframe of XPS
measurements. Thus another technique is needed to further the investigation, here temperature
programmed desorption (TPD) is used.

13.2 Temperature Programmed Desorption

Temperature programed desorption spectra were obtained after deposition of formic acid
on Co(0001) at 130 K. Since each molecular species produces a characteristic fragmentation
pattern (multiple peaks in the mass spectrometer signal), it is possible to correct the mass
spectrometer signal to correctly identify species arising from the surface as opposed to those
produced by the ionization process in the mass spectrometer. As in previous work,>¢ we have
followed this procedure and all the spectra in Figure 12 have been corrected for the corresponding
fragmentation patterns in the mass spectrometer and therefore reflect the actual species desorbing
from the surface. The TPD spectrum of molecular formic acid, m/z 46 in Figure 12, shows
negligible signal at low doses indicating the tendency of formic acid to decompose on the surface
at low temperatures, as discussed above. At doses above 1 L, a very small peak around 174 K is
observed, likely due to desorption of unreacted molecular formic acid. However, the main feature
of the m/z 46 spectrum is a broad desorption peak with onset at 236 K. Since at this temperature
all the formic acid has been decomposed, the observation of this broad peak would indicate a
second order (recombination of formate and H) desorption of the molecule. It should be noted that
the formate may linger on the surface during the TPD time. Indeed, the variation in temperature
observed between XPS and TPD data is taken into account by the different experimental time for

each technique and the residence time of species on the surface.
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Figure 12: TPD spectra of mass/charge 46, 44, 28, 18, and 2 of increasing exposures of

formic acid, dosed at 130 K, on Co(0001) under a linear temperature ramp of 4.6 K up to 550 K

The low temperature regime (below 200 K), also reveals the desorption of molecular water
in good agreement with the literature.”*® This indicates the formation of water on the surface
below the peak temperature of 175 K. Additionally, upon the re-formation of formic acid on the
surface at ~236 K, a second peak of water can be observed. This is obviously reaction limited (as
soon as water is formed, it desorbs) giving clues for the reaction pathway of water formation (see

discussion below).
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Carbon monoxide can be observed to desorb in the low temperature regime. This is
consistent with on-top or quasi-on-top geometries obtained at high coverages,*>*® and in this case
caused by the constrain of other species present on the surface. However, most of the carbon
monoxide, m/z 28, is observed to desorb from the surface in the range of 250 K to 400 K, in
agreement with previous CO/Co(0001) studies.*"~4°

As discussed above, formate, carbon monoxide, carbon, oxygen, and water are formed and
observed on the surface at low temperature and it is therefore implied that hydrogen must also be
a surface species. Molecular hydrogen is expected to desorb from Co(0001) at ~370 K*° at low
coverages in a broad second order desorption peak, with the peak temperature shifting toward
lower values as the coverage increases. The TPD data presented here shows a broad peak around
370 K for low coverage, however this can be attributed to ambient hydrogen deposition. No other
peaks are observed below 400 K for increasing coverage suggesting that the hydrogen on the
surface reacts with other species or remains on the surface below that temperature.

Analysis of all the peaks below 400 K allows for the direct determination of desorption
energies at various coverages. Table 11 reports all relevant desorption energies calculated by
Redhead analysis and the corrected pre-exponential factors used, calculated by the Campbell et al.

relation.®®

Table 11: Desorption energies of observed species, calculated by Redhead analysis.

Species Temperature (K) Vdes & (Mbar/s) Edes (kJ/mol)
Formic acid 174¢ 1.1x 108 50.2
236° 1.7 x 10%° 69.5
Water 175° 2.6 x 10% 48.8
Carbon monoxide® 275 4.8 x 10 79.1
300 5.2 x 10% 86.7
320 5.5 x 10%* 92.8
380 6.5 x 10% 111.3
40014 6.9 x 10 117.5

3pre-exponential factor derived by the method of Campbell et al.®° for the corresponding molecular or associative
process.

bAssociative desorption.

*Molecular desorption. Molecular carbon monoxide desorption shows multiple peaks in this temperature range.*%:6!
9Reported associative desorption.26® Above 400K, desorption of CO is considered as reaction limited, see text.
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At temperatures above 400 K, there appears to be a correlation in the observed signal for
carbon dioxide, carbon monoxide and hydrogen. As the dose of formic acid increases from 1 to 5
L, the spectra appear to develop a triplet peak shape with main peaks at 415 K, 438 K, and 455 K.
As these temperatures are above the desorption temperature of the individual molecules, these
signals must be generated by a reaction taking place at that temperature (reaction limited
desorption). Comparison of the yields of the three molecules was performed by not only taking
into account the fragmentation patterns of all species present, but also compensating for the
corresponding ionization cross sections of each species® in the mass spectrometer. The overall
yield of CO2:CO:H> was estimated as 1:1:1 (see Appendix J). The observation could be explained
by a new reaction pathway becoming available (see discussion).

3.3 DFT Calculations

The reaction network for the decomposition of formic acid on Co(0001) has been
investigated performing periodic DFT calculations on a p(3x3) slab model of the surface. Formic
acid adsorbs on a top site through its carbonyl oxygen in a trans configuration in agreement with
previous theoretical studies on roughened Co'? and other metals.’®®® The computed adsorption
energy (AEass =-66 kJ/mol) is in reasonable agreement with the one measured by TPD (-50.2
kJ/mol, Table 1). We considered three main branches: (i) the carboxyl branch is reached through
the C-H bond dissociation (ii) the formate branch through the O-H scission (iii) and the formyl
branch through the C-OH bond rupture. Reaction energies and activation energies are gathered in
Table 12 and shown in a complete reaction scheme in Figure J2 (Appendix J). Figure 3 shows the

most important reaction pathways as discussed in the text.
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Table 12: Activation and reaction energies for all processed involved in the interaction

and decomposition of formic acid on Co(0001)

Label Reaction AE AEa
(kJ/mol) (kJ/mol)
Adsorption HCOOH > HCOOH* -66 n/a
H, > 2 H* -108 n/a
H.O - H,0* -44 n/a
CO2 2> COx* -3 12
CO > Cco* -176 n/a
0, > 20* -495 n/a
Decomposition HCOOH* - COOH* + H* -27 43
HCOOH* - HCOOy* + H* -72 39
HCOOH* - HCO* + OH* -18 75
COOH* - COH* + O* -32 89
COOH* > COy* + H* -1 97
COOH* - CO* + OH* -95 77
HCOOp* - HCOOp,* 51 52
HCOOp* > HCO + O 37 105
HCOOp* -CO: +H 43 106
HCO - CO +H -105 28
HCO »>HC + O -65 71
CO,>CO+0 -112 30
COH-> CO+H -81 98
COH-> C+OH 10 153
CO>C+0 73 228
CH>C+H 32 109
Recombination O+H > OH 18 114
OH+H > H,0 57 144

* indicates chemisorbed species. O2 adsorption was computed using H20, H2 as a reference
together with the formation energy of water (241.83 kJ/mol) to avoid using the O energy, which
is notoriously badly described at the GGA level.
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3.3.1 Carboxyl branch

The carboxyl intermediate (COOH¥*) can be easily reached through the C-H bond rupture
with a barrier of 43 kJ/mol. The reaction is slightly exothermic (-27 kJ/mol) and co-generates a
hydrogen atom adsorbed on a hollow site (H*). With its C=0 bond adsorbed in a di-sigma mode,
COOH* can undergo several decomposition routes. The most accessible one is the C-OH bond
rupture with a barrier of 77 kd/mol. It is strongly exothermic (-95 kJ/mol) and leaves the CO*
molecule and the OH* fragment on the surface, both chemisorbed at a hollow site. CO* can hardly
be dissociated into C* and O* on Co(0001) since this is a strongly endothermic and highly
activated process (228 kJ/mol), in agreement with previous DFT studies.*® The adsorption energy
of CO found by DFT at this low coverage of 1/9 ML (-176 kJ/mol) is in line with previous findings
but seems strongly overestimated compared with our TPD data (-117 kJ/mol at most). This
discrepancy can be attributed to coverage,>>® CO being strongly sensitive to lateral effects.>>58
Thus, CO* does not dissociate and preferentially desorbs. The other fragment co-generated with
CO* is the OH* species, which could be hydrogenated to yield water, recombining with an
adsorbed hydrogen H* produced in the first step. But this reaction is endothermic (57 kJ/mol) and
its high barrier (144 kJ/mol) renders this process less competitive than H> desorption (108 kJ/mol).
However, OH* is slightly less difficult to break than CO, with an exothermic reaction (-18 kJ/mol)
that requires overcoming a barrier of 96 kJ/mol. Thus OH* tends to generate H* that desorbed as
H> and O* that remains on the oxophilic Co(0001) surface, chemisorbed at a hollow site. The fate
of the O* species is interesting to consider. Adsorbed in a hollow site, the sequential hydrogenation
of O* into water is endothermic (75 kJ/mol) with high barriers (>110 kJ/mol), and therefore the
process cannot compete with the H desorption, which would in addition benefit from a favorable
increase in temperature through a gain in entropy (AEges = -108 kJ/mol). This is in agreement with
a recent experimental study focusing on water formation on Co(0001) using surface science
techniques®’ that have measured an activation energy of water formation from O* and H» around
129 + 7 kJ/mol. In addition, the associative desorption of O* (yielding O3) is strongly endothermic
(495 kJ/mol), in agreement with a recent DFT study®® on O adsorption on metallic surfaces. Thus,
even at a rather high temperature, O* remains on the surface while H, and CO desorb.

The next possible decomposition route of the carboxyl is the rupture of the C=0 bond. This
bond is activated by the chemisorption in a di-sigma geometry, with an elongation of 0.04 A
compared with HCOOH*. This C=0 scission yields COH* and O* with a barrier of 89kJ/mol and
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an exothermicity of -32 kJ/mol. Then, the COH* fragment would preferentially undergo a CO-H
scission, yielding CO* and H* rather than a C-OH scission according to the respective barriers of
98 kJ/mol and 153 kJ/mol. Thus, the resulting fragments are CO*, H* and O*. As already seen,
CO* would rather desorb than split into C* and O*, H* will desorb as Hz and O* will tend to stay
on the Co(0001) surface.

The third possible route from COOH* is the O-H scission yielding CO, and H*. It is rather
unlikely since it necessitates overcoming a barrier that is 20 kJ/mol higher than the C-OH bond
rupture. As expected, CO>* would easily desorb from the Co(0001) surface rather than get
dissociated into CO* and O*.

3.3.2 Formate branch

Starting with the chemisorbed formic acid, the formate intermediate HCOO* can be easily
reached with a barrier of 39 kJ/mol. Two main configurations of the formate can be found. In the
monodentate configuration, HCOOm* is bonded through only one oxygen that bridges two surface
atoms (Co-O distance of 2.03 A). This configuration is slightly less stable that the carboxyl
intermediate COOH* with an energy penalty of 21 kJ/mol. However, in its bidentate configuration,
HCOOy* is much more strongly stabilized by the formation of two strong Co-O bonds with a short
distance of 1.99 A. The deprotonation of formic acid HCOOH to bidentate formate is therefore
particularly exothermic (-72 kJ/mol). This formate route is expected be more competitive than the
carboxyl route since the OH scission barrier is slightly lower than the C-H dissociation (by 4
kJ/mol) and the obtained intermediate is much more stable (by 45 kJ/mol). Those conclusions are
in line with previous DFT studies that considered the relative stability of the intermediates.*®

HCOOb* can undergo further reaction through three different paths, however, all of them
have high barriers, above 105 kJ/mol, making this intermediate a thermodynamic sink. As
discussed later, these paths can only be accessed at higher temperatures. A first possibility is to re-
hydrogenate the formate into formic acid with a barrier of 111 kJ/mol. Then, formic acid would
easily desorb, especially at a high temperature (AEqes = 66 kd/mol). The two others possibilities
lead to the decomposition of formate into either HCO* or CO2* with almost equal barriers (105
kJ/mol and 106 kJ/mol, respectively.). The formation of CO: is slightly more endothermic than
the formation of HCO*. However, this step would be immediately followed by CO2 and H>
desorption that are both less demanding energetically than the previous rupture of the C-H bond
in HCOO*. On the other hand, the generation of the formyl intermediate HCO* from HCOOy* is
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less endothermic (37 kJ/mol) and is accompanied by the production of O* and H*. As seen
previously in the carboxyl route, O* would stay on the surface while H* will desorb as H.. HCO*
would break into CO* and H* rather than CH* and O*, producing finally CO, Hz and chemisorbed
atomic oxygen O*. Indeed, the H-CO scission is easily reached with a barrier of 28 kJ/mol, the
lowest of the entire network. Overall, the decomposition of the very stable formate HCOOb*
produces O*, CO, Hz and CO, with a limiting barrier around 105 kJ/mol.

3.3.3 Formyl branch

The chemisorbed formic acid can also undergo a C-OH dissociation yielding the formyl
intermediate HCO* and OH*. This route was shown to be easily accessible on Co-stepped surface,
with a barrier only slightly higher that the formate one while the last possibility, namely the C=0
bond breaking was much more difficult.!? According to our calculations, this process is more
demanding on a Co(0001) surface with a barrier of 75 kJ/mol and a slight exothermicity of -18
kJ/mol. As already seen, the as-generated OH* is decomposed into O* and H* but cannot be
hydrogenated into water while HCO fragments into H* and CO*. This route finally produces Ha,
CO and O*. Importantly, the production of CO* requires to overcome only two low barriers (75
kJ/mol and then 28 kJ/mol).

14. Discussion

Using DFT calculations we were able to determine the energy requirements for the full
reaction network on the flat Co(0001) surface. Moreover, comparison with the experimental data
offers insight into the relative importance of the different pathways as conditioned by coverage or
temperature. To facilitate the discussion, the results are separated into two regimes of low and high
temperature (below and above 200 K) as determined by the different features of the TPD data.
4.1 Low temperature.

Formic acid was dosed on the Co(0001) surface at low temperature, and according to our
XPS measurement, molecular formic acid is still the only surface species at 130 K, while
chemisorbed CO™* appears at a rather low temperature of 140 K and formate only forms at 160 K.
The observation of formate at this temperature is consistent with this reaction on other cobalt
surfaces and other transition metals®*° and with the low barrier in the reaction scheme. Formation
of the carboxyl species should be expected at the same time as the formate, since the two paths

have similar barriers, however the carboxyl species was not observed experimentally either
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because its C 1s signature could not be resolved (Table J1 lists the calculated peak positions for
the C 1s photoelectron for all the fragments) or because it decomposes shortly after being produced
via CO formation. The disappearance of the high binding energy O 1s peak at 170 K suggests the
absence of the carboxyl group. The CO formed at 140 K is seen in our TPD experiments desorbing
at a temperature below 200 K. This early temperature of desorption can be related to a strong
coverage effect, in this case provided by surrounding molecules and fragments. The production of
CO at such low temperatures can be explained by our DFT calculations; CO can be generated
together with OH* and %2 H» at a low temperature through either the carboxyl or the formyl path.
Along the formyl path, the barriers are as low as 75 kJ/mol and the HCO* itself is not visible by
XPS (within our sensitivity limits) because of its immediate decomposition to generate CO* with
the lowest barrier of the whole scheme, 28 kJ/mol. Note that the HCO C1s peak would be expected
at ~287.4 eV.507%72 | j et al.* also note that HCO would be the preferred reaction pathway on
Co(111), although in their calculations HCO was generated from HCOO* and the direct path from
HCOOH was not considered. The direct path may be also facilitated by defects since the barrier is
predicted to be lower on a Co-stepped surface.?

Our TPD experiments showed also a production of water at around 200 K. This production
cannot be explained based on our DFT calculations that demonstrate that at low coverage, the
formation of water from OH* and H* is very demanding energetically. This high activation energy
(144 kJ/mol) might be decreased at a high coverage, however other more energetically favored
processes may be at play (see section 4.3).

4.2 High temperature.

The formate species is thermodynamically favoured. That is, considering the first steps in
the decomposition of HCOOH, the exothermicity ratios highly favour the HCOOb* species
(HCOODb*/COOH*=2.7 and HCOOb*/HCO*=4). These ratios are consistent with previous
calculations for Co(0001) (HCOOb*/COOH*=2)! and Co(111) (HCOOb*/COOH*=1.7).14
Chemisorbed in a bidentate configuration, HCOOb*, it is particularly stabilized with the formation
of two Co-O bonds. However, further reactions of the formate species are strongly endothermic
and activated, making HCOOb* a thermodynamic sink.

The most activated process is the re-generation of formic acid that can be seen in our TPD
experiments desorbing around 300-400 K. The two other routes have very close activation energies

and thus yield concomitantly CO, CO2 and H,. This is in very good agreement with our TPD
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experiments that show a very similar pattern in the production of those three molecules above 400
K. As noted in the TPD section, sharp features are observed at 415, 438 and 455K for all three
species suggesting that their production is simultaneous. Furthermore, the CO2:CO ratio was
observed as roughly 1:1 for this high temperature range, consistent with the observations of Inglis
and Taylor® above 100°C.

4.3 Water generation, a bimolecular process?

The formation of water at low temperature could not be directly explained within the
reaction scheme we investigated by DFT. For that process, an alternative bimolecular reaction
pathway could be the reaction of formic acid with the hydroxyl fragment OH* generated via the
formyl path. This reaction would generate formate and water, an exothermic process (by 15
kJ/mol) expected to have an insignificant barrier since it involves proton transfer from a hydrogen
bonded species between an acid (formic acid) and a base (adsorbed hydroxyl) The strong
interaction of water and OH with formic acid and formate has previously been discussed for
platinum and aluminum surfaces.>%73-7"

An alternative is the dehydration of two formic acid molecules. This bimolecular reaction,
which would generate the anhydride in gas phase, could easily produce HCOO*, HCO* and water
on the Co(0001) surface (exothermic by 33 kJ/mol). The formation of a formic acid dimer or its
anhydride form have been proposed and observed on other surfaces. The anhydride species,
HCOOHCO, was calculated here and found to be easily dissociated with a strong exothermicity (-
145kJ/mol) into HCOO* and HCO* species. Additionally, no experimental evidence of the

anhydride species was observed.

15. Conclusion

This work provides mechanistic insight on the decomposition of formic acid on cobalt
catalysts. Dehydration and dehydrogenation compete in the decomposition of formic acid with the
ultimate formation of H.O, CO, CO, and H». Selectivity among these products depends on the
reaction mechanism and intermediates on the surface. Activation and reaction energies were
calculated for the full reaction network on the Co(0001) surface, allowing the interpretation of
experimental results. The adsorption and decomposition of formic acid on a Co(0001) single
crystal was studied experimentally (in UHV) by XPS and TPD.
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Upon adsorption of formic acid on Co(0001), three decomposition pathways have been
considered, via formation of a carboxyl, a formyl or a formate species. Carbon monoxide and water
are experimentally observed to be formed at low temperature. Calculations suggest that CO is
formed via the formyl intermediate while water is not energetically favored on the (0001) terrace
and must be produced by a bimolecular process.

The formate species is favored on the surface, being produced in a highly exothermic
process and having high barriers for further decomposition. However, at high temperature, above

400 K, these decomposition paths lead to the formation of CO, CO, and Ho.
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Appendix J

Supporting information for the article in Appendix I:

Reprinted with permission from Sims, J. J.; Ould Hamou, C. A.; Réocreux, R.; Michel, C.;
Giorgi, J. B. Adsorption and Decomposition of Formic Acid on Cobalt (0001). J. Phys. Chem. C
2018. 122 (35), 20279-20288. Copyright © 2018, American Chemical Society.
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Figure J1: LEED patterns of clean Co(0001) obtained with A) 30 eV and B) 102 eV. The
image shows the hexagonal pattern characteristic of the surface.
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Figure J2: Full reaction scheme for the possible reaction pathways involved in the

decomposition of formic acid on Co(0001). Activation and reaction energies are shown. Species

identified by either XPS or TPD experiments are shown in red.
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Table J1: Literature comparison of C 1s XPS peaks for formic acid

HCOOH HCOO COOH HCO CO C Work
289.7 2889 2862 2846  Co(0001), This work
288.69  288.30b 288.06 286.28 286.61 284.80 Co(0001), by DFT.2
288.60m This work
201.0 2905 287.5P 2840  Al(111),
289.9 2895 ZnO(1010),2
286.4, Co(0001)®
285.8°
2896 2875 286.6¢ Cu(110)5
287.4 2858 2842  Pt(111)]
2902 2896 Si(111)7x7,%8
2895  287.7 Cu(110),°

4Calculations were performed using the optimized geometries with the final state approximation
and excitation of half a core electron, all the remaining core hole electrons were frozen. This
method cannot provide absolute core level binding energies, only shifts of the core.'®! The values
have been corrected using the carbon species (C 1s at 284.8), as it is customary.

®Assigned only on the bases of electron density between the other two peaks.

‘On-top and hollow sites respectively.

didentified as formate in the manuscript.

®Peaks identified as chemisorption (289.6) and physisorption (290.2).

Estimation of the product yield for the high temperature reaction

In order to quantify the TPD, deconvolution of the currents for each species in the mass
spectrometer signal 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
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 deconvoluted currents of each molecule were then
corrected by dividing by the relative sensitivity factor of ionization for the relevant molecule. The
difference in ionization cross section results in differing current produced for equal amounts of

molecules for each species passing through the MS. From this data the stoichiometry of each event
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can be gleaned. Figure S3 shows the corrected data for CO, CO2 and H> for the high temperature
regime after dosing 2L of formic acid. As can be seen in the figure, not only is there a shape match
in the spectra, but also their intensity is very similar. Because of the multiple corrections, absolute
quantification would carry a large error, and therefore we use the conservative approach of stating

that the ratio of the three species is estimated as 1:1:1.

35x10° -
30 -
25| -

20+ =

Current (A.U)

I I I I I I
350 400 450 500 550 600

Temperature (K)

Figure J3: High temperature region of the TPD spectra for CO (blue), CO2 (red) and H>
(black). Data corrected for fragmentation patterns of all species and signal cross section in the

mass spectrometer.
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