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Abstract

This thesis focused on non-linear optical sum frequency generation (SFG) spectroscopy
and its application to examine industrially relevant supported Pt/ZrO, model catalysts.
Complementary techniques such as transmission electron microscopy, x-ray diffraction
and x-ray photoelectron spectroscopy were used to fully characterize the samples and to
support and extend findings of the SFG measurements.

The studied model catalysts consisted of different thin Pt structures (from nanoparticles
to continuous films) on supporting oxide layers and were produced by atomic layer
deposition, which is industrially relevant due to its already extensive use in
manufacturing of electronics. The model systems were characterized by bulk and surface
methods to enable later comparison between different samples and correlation of
spectroscopic results with surface structures.

The introduction to the SFG measurements includes an overview of the SFG process and
setup as well as reference studies for a thorough description of the system. Followingly,
CO adsorption studies were conducted for catalyst characterization, and CO oxidation
reaction studies were performed in combination with mass spectroscopy. The SFG
adsorption studies did not only monitor the increasing surface roughness of samples
with less Pt deposited, but also revealed CO dissociation on rough samples at 250 °C.
The reaction studies unraveled higher reaction onset temperatures for samples with less
deposited Pt, which was unexpected, as smaller particles and metal-oxide interfaces are
believed to promote CO oxidation. Complementary near ambient pressure X-ray
photoelectron spectroscopy measurements explained this "discrepancy" by indicating
that even in oxidative environment CO dissociation was occurring on rough Pt films.






Kurzfassung

Die vorliegende Arbeit befasst sich mit der nicht linearen
Summenfrequenzspektroskopie (SFG) und deren Anwendung zur Untersuchung von
Pt/ZrO, Modellkatalysatoren mit industrieller Relevanz. Zusatzliche
Untersuchungsmethoden wie Transmissionselektronenmikroskopie, Rontgendiffraktion
und Rontgenphotoelektronenspektroskopie wurden eingesetzt um die Proben
umfassend zu charakterisieren und die SFG Ergebnisse zu unterstiitzen.

Die Modellkatalysatoren wiesen unterschiedliche Platinoberflachenstrukturen (von
Nanopartikeln bis kontinuierlichen Filmen) auf, welche auf unterstiitzende
Oxidschichten aufgebracht waren. Die Platin und Zirkonoxid Schichten wurden per
Atomlagenabscheidung (ALD) hergestellt, einer Methode die bereits in
unterschiedlichen mikroelektronischen Fertigungsprozessen eingesetzt wird und deshalb
industriell relevant ist. Die Modellsysteme wurden mit Volumen und
Oberflachenmethoden charakterisiert, um die Proben untereinander zu vergleichen und
um Ergebnisse aus den spektroskopischen Messungen den unterschiedlichen
Oberflachenstrukturen zuzuordnen.

Die Einflihrung in das SFG System beinhaltet einen Uberblick Giber den nicht linearen
optischen Effekt, den experimentellen Aufbau und Referenzmessungen. Danach werden
CO Adsorptionsmessungen zur weiteren Charakterisierung der Modellkatalysatoren
gezeigt, sowie Reaktionsmessungen fiir CO Oxidation in Kombination mit
Massenspektrometrie. In den SFG Adsorptionsmessungen konnte eine steigende
Oberflachenrauigkeit fur Filme mit weniger Platin Abscheidezyklen (und ausgepragter
Partikelstruktur) gezeigt werden. Zusatzlich wurde fiir raue Oberflachen CO Dissoziation
ab 250 °C beobachtet. Vergleiche der Reaktionsmessungen zeigten hohere
Reaktionstemperaturen flir Proben mit weniger Platin. Dieses Ergebnis war unerwartet,
da rauere Metallteilchen und Metall-Oxidgrenzflachen die Reaktivitdt erhéhen sollten.
Zusatzliche Rontgenphotoelektronenspektroskopie bei erhéhten Driicken (NAP-XPS)
konnte diese Unstimmigkeit erklaren, da gezeigt werden konnte, dass CO Dissoziation
auf rauen Filmen auch in oxidierender Atmosphare auftritt.
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1 Introduction and Motivation

Catalysis plays a key part in modern economy. Catalysts are and have for many decades
been important for various processes in chemical industry, e.g. for the production of
fertilizers, pharmaceutics and fuels. In addition, catalysts are used for environmental
protection, e.g. cars have a catalytic converter to reduce toxic waste gases like carbon
monoxide. Another arising field of use for catalysis is the production and storage of
energy to satisfy the increasing demand in renewable energies [1, 2]. Examples are
catalysts used in fuel cells, utilizing hydrogen or methane to produce electricity, or
conversion of greenhouse gases to fuel for energy generation [3]. Development of new
or improved catalysts can allow companies to outperform their competitors and

catalytic research is therefore strongly represented in industry.

All fields of application require the permanent advancement of catalysts to improve
performance, selectivity towards desired end products and stability for long-lasting use.
Furthermore, the availability of materials is important in the design. Today, many
improvements on catalyst materials are still made by trial and error testing of material
combinations, rather than by systematic research. Even structures and combinations of
several catalysts used in industry already decades ago have never been determined. In
addition, nowadays very complex base materials can easily and reproducibly be
prepared (like differently structured oxides, metal organic frameworks, zeolites,
perovskites and so on), combining various elements. In many cases these are not
complete catalysts themselves, but are used as supports for well dispersed active (nano)
particles. The sheer number of structures, support materials, dopants, deposition
methods and nano particle compositions makes it impossible to find the best catalyst by
testing all possible combinations. It is therefore essential to understand the influence of
different materials properties on a reaction, to tailor the catalyst according to the

specifications.

Most times it is impossible to gain detailed knowledge on the influence of different
components of a catalyst using industrial catalysts, as they are very complex in both
composition and structure. For fundamental research they are therefore often
substituted by model catalysts of different complexity that allow focusing on special
characteristics (surface terminations, support interfaces), and enable the use of special
characterization techniques. For catalyst research it is especially important to apply
surface science techniques to investigate the surface layers of a catalyst, which are

responsible for catalyzing the reaction, and the adsorbates, which not only include



educts but also reaction intermediates that allow the identification of reaction
pathways. These surface science methods often have special requirements on sample
geometry, like flat surfaces, and electric conductivity, adding more constraints to the
investigated catalyst models. The induced discrepancy between model catalysts and
industrial catalysts is called the "materials gap". At the same time nearly all surface
science methods require ultra-high vacuum (UHV) [4] and many model catalysts would
have severe contamination in ambient pressure and are therefore only prepared and
characterized in UHV. This difference to the industrially used ambient to high pressures
is called the "pressure gap". In recent years increasing efforts are made to design more
complex model catalysts and to apply special measurement setups that allow measuring
model catalysts under more realistic reaction conditions to close these gaps and

increase the relevance of data gathered from model studies [5].

Work in this thesis focuses on Pt model catalysts supported on ZrO,. Pt was chosen for
its unmatched use in a broad range of catalytic processes. The most well-known
application is Pt in automotive catalytic converters and it will most likely be used in fuel
cells. While Pt is superior to other materials in several applications [6], the limited
availability as a noble metal is of great concern [7-9], thus many studies focus on
reducing the amount of Pt required. This can be achieved by using nano particles with
maximized numbers of active sites per amount of Pt, alloying metal that enhance the
activity by opening up additional pathways for reactions, and by using support materials
[10-12], e.g. oxide support interfaces acting as oxygen donors. The Pt of our model

catalysts was therefore supported on zirconia to obtain metal-oxide interfaces.

In the following chapter, the main surface science techniques used in this study, sum
frequency generation (SFG) spectroscopy and near ambient pressure x-ray
photoelectron spectroscopy (NAP-XPS), will be presented. They were selected due to
their suitability to bridge the "pressure gap" and work in relevant reaction pressure
regimes. The next chapter will focus on the Pt/ZrO, model catalysts and their structural
characterization. This will be followed by an introduction to our laboratory setup for SFG
and chapters on CO adsorption. Afterwards, reaction measurements of SFG and NAP-
XPS performed during CO oxidation will be presented, comparing different model
catalysts and highlighting important trends. Finally, an overview of the results and an

outlook will complete this thesis.



2 Methodology

As mentioned before, the improvement of catalysts requires a detailed understanding of
the effect of different components of the catalyst (metal, oxide) on the presence and
reactivity of adsorbates on the surface. Most techniques yield data on the bulk material,
but in catalytic studies the most important information is often concerning structural
and chemical surface properties, in addition to the surface adsorbates. It is therefore
essential to apply special surface sensitive methods. These methods should specifically

yield information on

e the elements constituting the surface layers of a catalyst, their abundance and
chemical (oxidation) state,
e the surface structure, material crystallinity and particle sizes and
e the type and amount of surface adsorbates and where/how they are bound to
the surface.
While the word "catalyst" was first defined as "a substance that speeds up a chemical

process without being affected", catalysts taking part in reactions are often strongly
influenced by the environment [13]. Active phases can form or disappear, surface
structures can change and material deposition and integration in the surface can cause
deactivation. Various surface sensitive methods require UHV measurements and can
thus only be used to characterize the catalyst before and after reaction to identify
persisting changes. It is therefore necessary to also employ techniques that work at

higher pressures and can be applied during ongoing reactions.

For this thesis two in situ (near) ambient pressure surface sensitive methods have been

employed and will be introduced in this chapter.

2.1 Sum Frequency Generation Vibrational Spectroscopy

For decades infrared (IR) spectroscopy has proven to be a powerful tool to investigate
the presence, absence and changes of molecules in reaction media or on surfaces. The
underlying process of IR spectroscopy is the absorption of an IR photon by a molecule

when it is resonant to a vibrational excitation.

The resonance frequency of vibrations primarily depends on the atoms forming the
bond e.g. stretching vibrations of a bond between C and H are always located around
2700-3200 wavenumbers, while stretching vibrations of bonds between C and O are

located around 1700-2300 wavenumbers. The transition frequency is then influenced by



the bond character (e.g. single and double bond), which is influenced by the composition
and structure of the molecule. For example the C O stretching vibration of the CO gas
molecule is at lower wavenumbers than the C O stretch vibration of the CO; gas
molecule due to the different bond strengths between carbon and oxygen. These

contributions already allow distinguishing different molecules by IR spectroscopy.

Let us look further into IR spectroscopy on adsorbates, which is the most important
application for surface science. When molecules bind to surfaces one can expect that
the transition frequencies of the monitored vibrations also change. The surface bond has
a great impact on the electronic structure of the molecule. To take again the example of
the C-O stretching vibration of a CO molecule, different adsorption sites (like on-top,
bridge or hollow adsorption) on a metal (e.g. Pt) surface, can vary over 100
wavenumbers [14]. The peak position for a certain adsorption site is also different for
different materials and structures. For example, the on-top CO resonance on Cu is
several wavenumbers shifted from the same adsorption site on Pt [15] and the on-top
CO resonance on Pt terraces is still 10 wavenumbers shifted from CO on Pt steps [16].
This allows applying IR spectroscopy to follow surface structure changes and surface
composition changes. Other minor influences are interactions between the molecules
without forming bonds. This can for example be dipole-dipole interactions [17]. With a
high surface coverage the dipole-dipole interaction has a higher impact due ordered
adsorption structures. Shifts in transition frequencies can thus also be related to

changes in surface coverage.

The different effects mentioned above make IR spectroscopy an important technique for
surface science. Nevertheless, simple IR spectroscopy has a huge drawback for catalyst
research. The acquired spectra do not only show adsorbates but also free gas molecules.
If measurd in vacuum, before and after a reaction this is no problem, but to understand
the properties of a working catalyst under reaction conditions one must measure at
higher pressures. In this case the IR spectra include strong gas phase signals, which need
to be subtracted using background measurements or interpreted using simulations to
ensure that they do not obscure adsorbate signals. This gives rise to more complex
methods that enable surface sensitive measurements. Two methods used in our
research group are polarization modulated infrared reflection absorption spectroscopy

(PM-IRAS) and sum frequency generation spectroscopy (SFG).

For PM-IRAS, image charges cancel the surface contribution of the IR signal in one
polarization (s-pol.), leaving only the gas phase signal. The other polarization (p-pol)

yields surface plus gas phase signal and subtraction of both polarization measurements
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leaves only the surface contribution [18]. While this method is relatively straight
forward, it is limited to metal surfaces, which create the image charges. In comparison
SFG needs a much more complex laser system, but it can be used with most flat
surfaces, not only metals but also metal oxides, perovskites and so on. In the following
sections the concept of SFG as well as some of its properties like the surface sensitivity

will be introduced.

2.1.1 Basic derivation of the sum frequency generation effect

Extensive theory on nonlinear optics in general and SFG in particular can be found in
books by Boyd [19] and Shen [20], respectively. To explain SFG spectroscopy the
interaction of light with matter is essential. Light causes an electric field, which affects
the positive and negative charges of atoms and molecules, inducing dipoles. Thus, the

equation for the total dipole p of an atom or molecule is given as
f=jo+ aE+ BE*+ yE3 + -, (1)

Here o is the permanent electric dipole, while all other terms are dependent on the

electric field. Analogous, for a macroscopic material the polarizability P can be written as
P=PD 4 P@ 4 PO 4 ... = g (yVE+ yPDE>+ y®E3 4 ..), (2)

In case of small electric fields all higher order terms are negligible because their
coefficients are several orders of magnitude smaller than ¥V, thus only the linear term
P = 50)((1)5 is important. This term describes polarization oscillating with the electric
field E and is responsible for "every-day phenomena" like reflection and diffraction.

For large electric fields, however, E2is much larger than F?, so the second order term

P® pecomes significant.

For the basic derivation the fields of P@® and E will now be written as scalars and the
influence of the vector character will be discussed later when taking into account the
polarization dependence. Thus, the insertion of the scalar electric field of a photon E =

E, coswt is used to change the expression to

P® = gx@(E, cos(wt))?
(3)

= goxPE,* cos?(wt)

With application of trigonometric addition theorems



cos(x + y) = cos(x) cos(y) + sin(x) sin(y)
cos(2x) = cos?(x) — sin?(x) = cos?(x) — (1 — cos?(x)) = 2 cos?(x) — 1,

we receive the expression
2 @p 2 1
P@ = g,x?E, 5 (1 + cos(Rwt)). (4)

This shows that P(®) contains an oscillating part at the doubled incoming frequency for a

single incoming laser beam. This effect is called second harmonic generation (SHG).

For SFG not only one laser beam but two are used. For two incoming beams with

different frequencies the electric field is composed of E= E; cos(wqt) + E, cos(w,t) .

The resulting second order polarizability is

P® = o@D (E; cos(wt) + E, cos(w,t))?
(5)
= eox P (E,* cos?(wst) + E,* cos?(w,t) + 2E; E, cos(w;t) cos(w,t))
Again trigonometric addition theorems can be applied to this equation to illustrate the
effects arising from the second order interaction. The squared cosines can be arranged
like before with
2 cos?(x) = 1+ cos(2x)

as

2 2 1 2 2
E1 Ccos ((l)lt) = E(El +E1 COS(Zwlt))

and

1
E,? cos?(w,t) = > (Ez2 + E,? cos(szt)).
For the term combining the frequencies both forms of the cosine addition theorem are

added up
cos(x + y) + cos(x —y) = 2 cos(x) cos(y)

2E,E, cos(w t) cos(wyt) = E;E;(cos(wt + w,t) + cos(wt — w,t)).

The final form of P is therefore

1
P®@ = g @ > (E1:* + E,* + E;? cos(Ruwqt) + E,% cos(2w,t) (6)

+ 2E,E, cos(wqt + wyt) + 2E,E, cos(w t — w,t)).
The first part E;*+ E,” is a static term and the second part E;”cos2w;t +
E22 cos 2w, t is the already discussed second harmonic generation for the single beams.
The two remaining terms are oscillations at the sum and difference of the incoming

6



frequencies. The term to describe sum frequency generation spectroscopy, is therefore

the term with oscillation at the sum of the incoming frequencies
P® = gy xPDEE, cos(wit + w,t). (7)
The time independent form that is commonly used in the literature is then
P@ = ¢ y@EE,. (8)

For general vibrational spectroscopy applications, one of the input frequencies must be
in the infra-red range to comply with the vibrational transitions one wants to map, while
the other input frequency may be chosen freely, as long as it is non-resonant with the
probed material. In most cases a frequency in the visible regime is used as it is easy to
adjust and detect. The frequency of the generated photons in is then given as the sum of

the scanning infrared and constant visible frequencies
Wsp = WiR T Wyys. (9)

This also locates the SFG light in the visible regime, but the intensity is so low that it is

commonly impossible to see the SFG signal with the naked eye.

2.1.2 Quantification of second order susceptibility

We have seen in the last paragraphs that the nonlinear susceptibility X®@ has a large
influence on the polarizability P®@. We also know that it is zero for centrosymmetric
media, while it can be non-zero at interfaces. To get a useful quantification of the non-
zero X@ we have to go back to the molecular description. The microscopic value
equivalent to X@ s the molecular hyperpolarizability B, with a, B,y for values of the

axes a,b,c of the molecular coordinate system.

The macroscopic susceptibility is an orientation average of the molecular

hyperpolarizability [20]

XE) = N Y (RAIR(OR@)apy e (10)
apy

with N as the number of molecular contributions and R denoting rotation matrices for

the Euler angles to translate the rotation of the molecular frame to the surface frame.

It has been shown in the literature [21, 22] that the hyperpolarizability can be derived as

a relatively simple equation for resonant IR light. The equation for resonance n is



afy _ _:“ZO (a(l)}n (11)

" 2h(wy, — wig — i)
In the denominator the resonance condition is given by w, — w;z, the difference
between resonance frequency and IR frequency, with a dampening term iI'. The
nominator is a product between the Raman polarizability tensor p and the IR transition
dipole moment a. It is therefore obvious that if a vibration shows either no Raman
activity or no IR activity it is not visible in SFG spectroscopy. In addition, the resonance
intensities cannot be referenced to IR or Raman spectra due to the double dependency.
Still, if the Raman polarizability and the transition dipole moment are known the

hyperpolarizability can be directly calculated.

Apart from the hyperpolarizability at resonance there is also a "nonresonant"
contribution. This contribution is accompanied by a phase factor, as its origin can be
different than for the resonant contribution. Thus the full hyperpolarizability can be

written as

apy — gabBY Hip | Z apy _ paby gig 4 z —iuho(@gh) ' 1

d = P & Pk 2h(wp — wig — i) (12)

For the quantitative conversion of the molecular hyperpolarizability to the second order
susceptibility detailed information, like the quantity and disorder of investigated
molecules, is required. While this is often not accessible, x? can be qualitatively written

again as the sum of a resonant and non-resonant term.

] . A 13
@ _ @ E ' @ _ E ' n (
Xijk = Xijknr® e'® + XijkRes = ANReld) + Wy, _ il"n'
n n

— WiR

Here A, is the intensity of the n resonance with resonance condition w,, — wg,. This

formula is used in general SFG fitting functions.



2.1.3 Important characteristics of SFG for spectroscopy

After this short introduction to the basics of SFG, two important properties will be
discussed in this part. First the effect of having a coherent process and second the
surface sensitivity that makes this technique so interesting for surface science and

catalysis.

Direction of SFG light

Figure 2.1: Orientation of beams in SFG with plane of incidence perpendicular to surface

While the SFG process uses high power pulsed laser beams to increase the E-field
strength, the number of generated SFG photons is still limited. As mentioned above it is
generally impossible to detect the SFG beam with the naked eye. Nevertheless, the
layout of the experimental setup and especially the placement of the detector can be
determined mathematically as the SFG process is a coherent process (due to the
oscillation of ordered dipoles). The coherence defines the direction of the generated
photons by the parameters of the incoming photons i.e. by the direction and frequency
of the incident laser beams. Assuming both laser beams lie in the same plane of
incidence (perpendicular to the surface) the SF photons are also emitted in this plane.
Only the angle to the surface normal needs to be calculated. This can be achieved
through the conservation of momentum. The parts of the wave-vectors parallel to the

surface need to fulfill the equation
kea)) = ey + Ry (14)

We can derive the parallel part using the respective angles of incidence and (and SFG

exit angle) 6; as



w;n;
ky = ——sin(6y), (15)
c
where n; is the frequency dependent refractive index. The final equation is then

NspWsp SIN(Osp) = Nypw g Sin(O1g) + Ny swy;s sin(Bys). (16)

For excitation beams coming from the same direction, as shown in Figure 2.1, the SFG
photons are in between the reflected beams. For counter-propagating geometry of the
excitation beams the SFG beam would have the same exit direction as the green light
due to the higher frequency but at a different exit angle. In this case it is often easier to
spatially separate the green and SFG light, which are typically hard to separate optically

due to the close frequency relation.

Surface sensitivity

One of the main reasons the complex SFG process is nevertheless popular for IR
spectroscopy, is, as mentioned, its interface sensitivity. On its way to the surface, the
laser beam passes through gas phase, which adds peaks to conventional IR spectra.
Gases are centrosymmetric media, as there is no preferred direction for the orientation
of the gas molecules and thus even non-symmetric molecules give the same average
over a larger area. In SFG this symmetry inhibits the generation of a gas phase signal.
The effect of centrosymmetry on non-linear polarizability will be shown starting from

formula (8)
P(Z) = Sox(z)ElEz.

We can assume that in a centrosymmetric medium, if the electric fields E are reversed

to —F, we also get the reversed polarizability —P(®) due to symmetry operations.
—P® = g0y P (=E)(—E,)
With the square the electric field loses its negative sign.
—p®@ = EOX(Z)ElEz

Comparing the two equations shows that for centrosymmetric media the polarizability

and its reversed form are the same.
—P®@ = g y@EE, =P (17)

Two values can only be the same with reversed sign if they are zero. This shows that as
long as the electric field E is non zero, the susceptibility of centrosymmetric media has

to be zero and is therefore not active for SFG. Accordingly, SFG spectroscopy receives no

10



contributions from gasses and liquids, which are always centrosymmetric, as well as
from all centrosymmetric solids. Hence, in a catalytic system the gas phase does not
yield a signal and the standard catalyst materials (e.g. noble metals) do not affect the
measurement. The only non-centrosymmetric part in this system is the interface
between gas phase and solid including adsorbates on the solid surface. Apart from the
shown surface sensitivity used for catalytic gas measurements the interface sensitivity
allows using this technique to investigate molecules on liquid and solid surfaces [23-25],
liquid-liquid interfaces [26] (e.g. orientation of molecules with lipo-/hydrophilic groups
at oil-water interfaces), liquid-solid interfaces [27] (e.g. adsorbates in electrochemistry),

and even solid-solid interfaces [28].

While most bulk media are not contributing to SFG measurements, there are materials
that are intrinsically not centrosymmetric due to their special crystal structures. In fact,
out of 32 possible crystal point groups 21 are non-centrosymmetric [29]. Some

frequently used materials are

e GaAs (-43m)

e 7nSe (-43m)

e Quartz (32)

e BBO [B-BaB,04] (3m)

e KDP [KH2PO4] (2m) or KD*P [KD2PQ4] (2m)

The respective crystal lattices are denoted in parenthesis. These materials generate a
relatively large sum frequency signal and are therefore often used in optical elements
(e.g. KDP is a standard SHG crystal). They are also well suited for adjustment of SFG

systems.
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2.1.4 Polarization dependence

p-polarization

s-polarization

Figure 2.2: SFG beams in coordinate system. p-polarization is parallel to the plane of

incidence in the x-z-plane, s-polarization is perpendicular to the plane of incidence.

In the basic explanation of the SF signal for simplicity we omitted the vector nature of
the electric field and polarizability, but the orientation of the electric fields (i.e.
polarization of the light) has quite some influence. In this section the effect of different

polarizations is described.

In the time independent vector notation the polarizability is analogous to formula (8)

given as

ﬁ(z) = SOX(Z)EI Ez. (18)

This equation indicates that the susceptibility X®@ s a 3x3x3 tensor with 27

components. The value for a single axis i of P®@ s given as

Pisp = EOZZXijkElekz (19)
k

j
with i,j,k €x, y, z for the different axes and 1 and 2 denoting the respective incident

beam.

Polarization of light can in general be split into two orthogonal vector fields. These are
chosen as p-polarization (from german "parallel"), which lies parallel to the plane of
incidence of the laser beam, and s-polarization (from german "senkrecht"), which lies
orthogonal to the plane of incidence (compare Figure 2.2). With the plane of incidence

lying in the x-z plane of a coordinate system, we can directly see that s-polarization has
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only a contribution to E,, and p-polarization only to E, and E,. Therefore, the quantities

of E for the different directions are given as

Ei = F(E? cos(6;) — 1, EY cos(6;)) = F cos(6;) (1 — r,)EF (20)
Ey, = E} +Ef = (1 +19)E} (21)
E;, = (E? sin(6;) + r,E} sin(6,)) = sin(6;) (1 + ) E?, (22)

with i standing for the different beams in the SFG process and rp and rs are the
reflectivity factors for the p- and s-polarized light. The different signs of E, are for co-

and counter-propagating incident beams.

Polarization dependent measurements can therefore be used to calculate single
elements of the tensor matrix or calculate rough estimations of the molecular tilt angle.
Figure 2.3 shows three simplified examples of s-polarized incident beams and their
influence on different molecule configurations. This beam would only cause excitation in
y direction as the electric field only oscillates in y direction. If a molecular bond is
parallel to the surface normal, stretching vibrations are also parallel to the surface
normal (in z direction). For an electric field in y direction it is therefore not possible to
excite the stretching vibration and no resonance would be observed in the SFG
spectrum. If the molecular bond is tilted with respect to the surface normal a
contribution of the s polarization can drive an oscillation in the direction of the
stretching vibration. The electric field strength in the direction of the molecular bond
can be obtained by using a vector base in the y-z plane with one vector in the direction
of the molecular bond and the other one perpendicular. In this case a corresponding
peak appears in the SFG spectrum. The third panel in Figure 2.3 concerns a molecule on
a smaller facet that is tilted with respect to the macroscopic surface normal (e.g.
observed on a rough film). In this case even a molecule adsorbed perpendicular to the
surface contributes to the SFG signal. As mentioned before, this is a simplified picture
and the calculation of intensity ratios is quite complex. Detailed analysis for polarization
dependent SFG and intensity correlation to the tilt angle can be found in the literature
[30-32]. Still this simple explanation allows us to use polarization dependent SFG as a
gualitative indicator for the roughness of our samples as CO bound perpendicular to the

surface of small tilted facets is not parallel to the macroscopic surface normal.
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s-polarization s-polarization s-polarization

7
WL

Figure 2.3: Scheme of s-polarized beams and their interaction with molecules. Left: a

molecular bond perpendicular to the surface and parallel to the surface normal (z
direction) is perpendicular to the electric field oscillations, i.e. no excitation for SFG
signal. Mid: a molecule tilted on the surface is not parallel to the surface normal and can
be excited by s-polarized light. Right: a molecule perpendicular to the surface but with a

surface tilted to the plane of incidence (x-z direction) contributes to the SFG signal.
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2.2 Near Ambient Pressure X-ray Photoelectron Spectroscopy

Infrared reflection adsorption spectroscopy (IRAS) is a very important surface science
technique and in most cases it provides indirect information by using probe molecules
(e.g. CO) and adsorbate changes. A method for direct surface investigation is x-ray
photoelectron spectroscopy (XPS). It allows not only identification of chemical elements
on the surface but also their oxidation state. Therefore, it was originally named electron
spectroscopy for chemical analysis (ESCA) by Kai Siegbahn, who was awarded the Nobel
Prize in 1981 for advances of this technique [33]. Standard XPS is limited to very low gas
pressures (i.e. ultra-high vacuum, UHV) but specially designed analyzers and chambers

allow measurements at several millibars pressure.

2.2.1 General principle of XPS

The underlying mechanism of XPS is a photoemission process, when an electron is
excited by an X-ray photon. When the photon energy is high enough to ionize the atom
the electron is no longer localized at the atom and travels through the sample. For its
detection it is necessary that electron leaves the sample and reaches to the analyzer.
The kinetic energy of the photoelectrons depends on the binding energy Eg of the atom
core level (which is specific for each element and its electronic shells) and the X-ray
photon energy hv. When the electron leaves the sample, the kinetic energy is also
reduced by the surface work function WF. Thus electrons reaching the vacuum have a

kinetic energy of
Exin = hv — Ep — WFSample- (23)
This basic process is also shown schematically in Figure 2.4.

For spectroscopy the electrons with a certain kinetic energy are measured with an
energy selective analyzer. The analyzer has its own work function, adding to the kinetic
energy of the electrons. When the analyzer and sample are electronically connected the
contact potential is @ = WFggmpie — WFgna1yzer- This changes the equation for the

measured kinetic energy to
Ekin@Analyzer = hv — EB - WFSample +®=hv-— EB - WFAnalyzer- (24)

This equation shows that the work function of the sample is irrelevant for
measurements as it is compensated by the contact potential between analyzer and

sample.
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Figure 2.4: Energy diagram of the XPS process. An X-ray photon creates a photo electron
from a core level of a surface atom. The kinetic energy Exin of this electron depends on

the binding energy EB and the sample work function WF.

Although the work function of the analyzer is unknown, the kinetic energy of the XPS
spectra can be calibrated. For metallic samples this is easily done by measuring the
Fermi edge of a spectrum. Electrons from the Fermi edge can be assumed to have a
kinetic energy equal to the X-ray photon energy hv (since Eg is zero, there is no
reduction from binding energy). Thus, the electrons with highest Exin in the XPS spectrum
(assumed to be the Fermi edge electrons) are set to a kinetic energy equal to hv, shifting
the whole XPS spectrum in energy. The calibrated values correspond to the kinetic
energy of electrons before leaving the sample (i.e. before influence of the sample work
function) as Exin—catibratea = hv — Eg. For samples that do not exhibit a well-defined
fermi edge it is also possible to calibrate the energy using a known peak position, like the

C 1s of graphitic carbon.

For XPS analysis counts per second (CPS) are plotted versus Eg. In this way of plotting,
peak fitting can be performed for data analysis giving information on peak shifts
(chemical nature of the element), peak areas (quantification), components and so on. An
exemplary survey spectrum of a Pt/ZrO; sample is shown in Figure 2.5. The spectrum
consists of narrow peaks from the core level electrons of different elements. An
increasing background arises from electrons that are inelastically scattered and thereby

lose energy before leaving the sample. Other possible features not observed in this
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survey spectrum are (broad) Auger peaks [34]. The kinetic energy of Auger electrons is
only defined by the Auger process and independent from the X-ray excitation energy.
Then, when plotting Eg vs. intensity, these peaks move in the spectrum when changing
the excitation energy. This effect can be utilized to differentiate Auger from

photoelectron peaks and to prevent Auger peaks from obscuring relevant XPS features.

Pt 4f7/2
Pt 4f5/2

Pt 4d5/2
Pt 4d3/2

O1ls
Pt 4p3/2

Zr3s Zr3d3i2

cis Zr 3d5/2

XPS Intensity [a.u.]

600 ' 500 ' 400 ' 300 ' 200 ' 100 ' 0
Binding Energy [eV]
Figure 2.5:Example of an XPS survey spectrum of a Pt/ZrO, model catalyst. Most
prominent peaks are from different Pt core levels (4p, 4d, 4f, 5s and 5p) as well as from C
1s, O 1s and Zr 3d.

2.2.2 Information gain and Surface sensitivity

The position of XPS peaks in the spectrum mainly depends on the elements monitored.
It is possible that features of different elements overlap due to similar electron binding
energies but this is mostly limited to the emission from one electron shell. Therefore,
different material combinations still have characteristic peaks that can be used to clearly
identify the surface composition of a sample. In the example survey in Figure 2.5 the
peaks for platinum, zirconium and oxygen (from zirconia) are well separated and some
surface contaminants can be identified (especially carbon). XPS is therefore suitable to

monitor surface composition and contamination.

Apart from the general Eg difference for different elements (which is in many cases
relatively large), the core levels are also influenced by the surrounding atoms. Different
molecular bonding and connected oxidation states cause a shift that is also visible in XPS
spectra. As an example Figure 2.6 shows a Cls spectrum with three different
components that form the overall envelope. All three shown features arise from carbon
core levels, but due to the different bonds of carbon atoms to other surrounding atoms

they are split into three peaks. XPS is therefore suitable to identify various important
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surface science characteristics like oxidation states of different atoms in a sample,
molecular bindings and surface contaminations. This is due to the differences in the local
electronic structure of different bonding configurations. A higher electron concentration
(lower oxidation state) can cause increased screening of the positively charged atom
core, decreasing the binding energy, while higher oxidation states generally increase the

binding energy of the electrons.

XPS Intensity [a.u.]

Binding Energy [eV]

Figure 2.6: Example of a C 1s spectrum with three different contributions due to

differently bound carbon.

To generate an XPS spectrum the photoelectrons have to fulfill several requirements.
While they are still inside the sample they can collide elastically or inelastically with
other compound atoms. Inelastic collisions will cause the electrons to lose energy or
even prevent them from leaving the sample at all. In both cases the electrons are lost for
the XPS spectrum, as inelastically scattered electrons that reach the detector only
contribute to the background. The probability of an electron from depth d to reach the
surface without energy loss depends on the inelastic mean free path A exponentially
with e~4/2_ The inelastic mean free path of electrons in solids is in general very short
and mainly depending on their kinetic energy [35]. This means that electrons from the
surface have a much higher chance to leave the sample than electrons from lower layers
and electrons with more kinetic energy also have a higher chance to reach the surface

than electrons with low kinetic energy do.

The implications for XPS measurements are that the majority of the signal contribution
comes from the surface layers and that with higher X-ray photon energies the proing
depth increases. The technique is therefore inherently more sensitive to the surface
layers but can be tuned by selecting excitation energies close to the binding energy of

investigated peaks (probing only top layers) or to much higher excitation energies
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(probing also lower layers). For laboratory setups the X-ray sources typically comprise
two possible photon energies, which are high (above 1k eV) to allow measurements over
a large range of binding energies. Two different energies are required to handle Auger
peaks that may obscure signals for one of the excitation energies. The constant
excitation energies also imply that laboratory XPS sources often probe deeper into the
sample than the desired surface layers and have different signal depths for different
elements. This is different at synchrotron facilities, where not only the beam brilliance
(i.e. number of photons with the same direction and wavelength per area and time) is
much higher, but photon energies can be chosen over a wide range. For example, for
measuring peaks at binding energies of 80 eV and 530 eV, the respective excitation
energies of 140 eV and 590 eV could be used to achieve similar information depths.
Changing the excitation energy for measurements of a single peak (e.g. successive
increase of excitation energy by 150 eV) yields depth profiles, because electrons from
lower layers have an increased probability to leave the sample. In laboratory
measurements depth profiling is possible be changing the angle between the surface
normal and analyzer. The higher the angle, the longer is the path through the sample for
electrons from deeper layers. Thus, for high angles the measurements are very surface
sensitive even with high X-ray photon energies, but the overall intensity of a spectrum is

low.

2.2.3 Near ambient pressure XPS

Inelastic collisions of photoelectrons within the solid sample may prevent their
detection. However, even after leaving the sample they can still have inelastic collisions
with gas phase molecules. This is especially problematic as the electron path from
surface to analyzer is much longer than the path through the solid. To encounter this
problem samples are located in UHV chambers to minimize gas phase collisions and
ensure that a high number of photoelectrons reaches the analyzer without losing their
energy. Standard XPS setups are therefore not suitable for catalytic in situ
measurements. They can be used to compare surfaces before and after exposure to
different gas phases or before and after reactions. Still, in many cases there may be
phenomena occurring during reaction, which cannot be observed with ex situ

measurements [18, 36].

To facilitate XPS measurements in gas phase, special setups have been designed with
differential pumping stages towards the analyzer. In these setups higher gas pressures

can be realized, due to special geometrical arrangement of x-rays, sample and analyzer.
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Right in front of the sample is a nozzle with a very small diameter that allows electrons
to fly towards the analyzer. Inside the nozzle, the first pumping stage drastically lowers
the surrounding pressure (at least 10 mbar) and additional pumping stages further
lower the pressure down to 10® or 10° mbar to ensure that a multitude of

photoelectrons reaches the detector and to prevent damage to the detector.

With such a setup it is possible to perform XPS measurements in reaction gas mixtures
up to catalytically relevant pressures [37, 38]. It is therefore called "Near Ambient", as

significant spectra can in some cases be acquired up to a few tens of millibars.

One characteristic of NAP XPS spectra are gas phase peaks. As mentioned before the
nozzle of the analyzer is very close to the sample surface to minimize the pathway of
photoelectrons through the high pressure region. Nevertheless, in the remaining space
in-between sample and nozzle it is possible that the X-ray photons excite photoelectrons
from the gas phase molecules. They cause additional peaks in the XPS spectrum. Gas
phase peaks are in general located at higher binding energies than those from surfaces
and are very narrow due to the more discrete electronic structure of atoms and
molecules in comparison to the band structures in solids. In addition, the photoelectrons
from the gas phase are not retarded by the surface work function. Shifts of gas phase
peaks in XPS spectra can thus be directly correlated to changes in the surface work

function of the measured samples.

In summary, near ambient pressure XPS can be used to investigated surfaces and
adsorbates under reaction conditions up to several millibars with a specially designed
setup. Additionally, gas phase peaks can be observed, which may be a valuable addition
for studying the evolution of gas phase compositions or detecting reaction
intermediates. Nevertheless, the NAP-XPS setups are complex and expensive and are
therefore mostly found at synchrotron facilities where they gain additional value from

the high X-ray brilliance.
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3 Model catalysts: Concept & Preparation

3.1 Introduction to Model Catalysts in Heterogeneous Catalysis

The aim of surface science studies in catalysis is to investigate the active catalyst surface,
to characterize the active sites and to monitor reaction processes. This may vyield
information on the nature of active surface compositions or structures, about reaction
intermediates and catalyst deactivation. The gained information provides deep
understanding of the processes taking place and can be used to create new catalysts or

improve existing ones for industrial use.
Surface science methods often impose special requirements on investigated materials.

e Often the samples have to be conducting, e.g. for scanning tunneling microscopy
(STM). Other samples cannot be used or special equipment would be required,
like an electron flood gun for x-ray photoelectron spectroscopy (XPS) to
discharge the surface.

e Surfaces need to be well defined to make a connection between results and
surface structures. For example adsorption sites with different coordination
numbers influence peak positions, but there are also other effects like influence
of supports or alloying on the peak position.

e Samples also need a very smooth surface for many techniques. For example STM
or atomic force microscopy (AFM) cannot be used to investigate pores and
spectroscopic methods working in reflectance like SFG need focused light for

detection.

Industrially used catalysts do not meet these requirements, as they are designed to have
large surface areas and therefore high porosity and surface roughness. Nanoparticles are
often deposited on support materials to enhance the catalytic activity, which may be
oxides and therefore insulating. To conquer this challenge model catalysts are used for

surface science investigations.

3.1.1 Examples of model catalysts

In early surface science studies, single crystals were mainly used as models. Single
crystals have a defined structure, a well know composition and can be polished to
achieve very low surface roughness. They can be prepared for measurements by Ar

sputtering to remove contaminations from the surface and annealing (heating to high
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temperatures) to smooth microscopic roughness afterwards. The main variation in single
crystal studies (apart from using different elements) is choosing different surface
terminations of the crystals. Choosing for example a Pt(335) instead of a Pt(111) single
crystal allows observing the difference between step and terrace interaction for a Pt
surface [39, 40]. Overall, single crystals can be used with most surface science methods
and vyield results that can often be linked well to the surface structures and
compositions. Nevertheless, the well-defined surface is also a great disadvantage for
drawing relevant conclusions as it is very different from real catalysts, where complex

structures and material interfaces have a huge impact.

To add the influence of catalyst/support interfaces to the single crystal studies inverse
model catalysts can be designed [41, 42]. Instead of the usual metal on support system,
a single crystal of the metal material is used (as support) and small amounts of the oxide
are deposited on top. This can either be achieved by evaporating the oxide onto the
surface, or by using an alloy single crystal [43]. In the latter case one metal of the alloy
may form an oxide layer or particles on the crystal surface upon oxidation. These inverse
models feature the properties of well-defined catalyst materials (similar to single

crystals) but add support interfaces to the reaction process.

Figure 3.1: Evolution of model catalysts from single crystals to increasing complexity.

The next step in model catalyst complexity is using a well-defined support (e.g. single
crystal or thin film) with exact metal structures on top. These can be specially prepared
crystalline nanoparticles or size-selected clusters deposited on the surface. In this case
the composition is already similar to industrial catalysts, while most features are still
well defined. Still the macroscopic roughness is very small and suitable for most surface
science techniques. To increase the complexity further, the metal particles on top may

be less defined polycrystals with grain boundaries and random surface terminations.
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Apart from the described catalyst models, there are many more possibilities for certain

measurements, e.g. polycrystalline foils, self-assembled monolayer surfaces etc.

3.2 Atomic Layer Deposition: Theory and Catalyst Production

One method that has gained importance in catalyst production over the last few years is
atomic layer deposition (ALD). As its name indicates this is a method where atomic
layers are formed, whereby thickness and stoichiometry can be controlled. ALD is a form
of chemical vapor deposition (CVD) using volatile precursors and applied especially in
the production of electronic devices. In comparison to standard CVD, where all required
precursors are in the gas atmosphere at the same time, the ALD process consists of
separate dosing of the precursors with intermediate evacuation or purging of the gas

phase with inert gas.

The ALD process consists of four main steps as shown in Figure 3.2 and sometimes of an
initializing step at the beginning to activate the surface. In the first step one precursor
(in general a metal core complex) is dosed into the ALD chamber. It reacts with the
surface, removing several ligands from the metal core, and forming a new layer. The
process is self-limiting, as the reaction at the surface can only occur as long as there are
active end groups. In the second step the gas phase with remaining precursor and
reaction products is purged/evacuated. In the third step the second precursor (in most
cases water or oxygen) is dosed into the ALD chamber. It removes the remaining ligands
from the metal complexes at the surface and adds a new layer (in most cases
chemisorbed OH or O). The fourth step is purging/evacuating after the second precursor
to ensure that not more than one layer is formed per cycle. These steps are repeated

until the desired thickness of the film is achieved.
The general ALD procedure is straight forward, but there are several things to consider:

Pace of the ALD process: The alternating precursor use and purge phase make this
technique quite slow compared to other CVD applications. Thus it is important to know
the dependence of layer growth to dosing time and the inertness of the precursor and

reaction products in the purging step to minimize the cycle duration.

Temperature control: The temperature of the precursor, the ALD chamber walls and the
sample are crucial. The precursor temperature is responsible for the amount of
precursor available in the dosing step, while the chamber temperature needs to be

higher than the precursor temperature to keep it from sticking and low enough to
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prevent the chemical deposition/decomposition. The temperature of the sample needs
to be high enough for the reaction to occur but low enough to prevent thermal

decomposition of the precursor on the surface.
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Figure 3.2: ALD process in 4 steps. In step 1 the first precursor (metal complex) is dosed.
The complexes react with the active surface groups until the surface is covered with a
new layer. The 2nd step is a purging or pumping of the gas environment to hinder gas
phase reactions. In the 3rd step the other precursor is dosed, removing the rest of the

ligands remaining from the metal complex and forming a new layer with active end
groups again. In step 4 the gas phase is again purged/pumped to avoid gas phase

reactions and disturbances in the self-limitation of the process.

Stoichiometry of the sample: One of the advantages of ALD is the direct control of
stoichiometry of the deposited material, e.g. in the deposition of oxides. This is possible
by exchanging the metal complex precursors with suitable complexes featuring a
different metal core every x cycles depending on the desired composition. In this case it

is very important to know the deposition rate per cycle for the different precursors.

Wetting: Another important point, which is connected with deposition rate and sample
temperature, is the so called "nucleation delay". In theory an ALD process forms mostly
uniform layers on the surface. Nevertheless, when starting the deposition on a different

material the bond to the surface is very weak, causing the deposited material to
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aggregate to nanoparticles/islands instead of layers from the beginning. This can, for
example, be observed when depositing metal films onto oxide surfaces [44]. It has been
shown for Pt on oxides that up to 20 deposition cycles there was no continuous surface
layer, while after a certain threshold the surface smoothed out and a uniform film was
obtained at higher numbers of deposition cycles. This effect can be influenced by surface
pretreatment of the base material prior to ALD. While this nucleation is a great problem
for many applications of ALD, especially in the manufacturing of electronic components,
it is an interesting tool for the production of catalysts, where controlled growth of

nanoparticles is desired.

The very uniform surfaces that can be obtained by ALD (especially when using a single
crystal as base material) fit the afore mentioned smoothness requirements of model
catalysts in surface science, while the nucleation in several material combinations can be
used to create well dispersed nanoparticles of comparable size. This makes ALD a
perfect method for model catalyst creation. The final model catalysts designed herein
consised of a silicon (100) wafer as base material, because the wafer has a well-defined,
very smooth surface and is easily available due to its use in electronics. On the silicon
wafer, zirconia (ZrO;) was deposited via ALD. The precursors used for the zirconia were
tetrakisdimethylamido-zirconium (Zr(NMe3)s , see Figure 3.3 left) for ALD step 1 and
water for ALD step 3. The reaction process starts with an OH terminated surface. In the
first step two of ligands are removed from the metal complex by reaction with hydrogen
of the OH groups, while the zirconium precursor binds to oxygen and forms a layer
(compare Figure 3.2). In the third step, the remaining two ligands are removed by

reaction with water and the surface becomes OH terminated again.
2(0H) qqs + Zr(N(CHs3);)4(g) — 025urface'ZT(N(CH3)2)2 + 2 HN(CH3),(g)

025urfaceZT(N(CH3)2)2 + 2 Hzo(g) - Ozzrsurface'z(OH)ads + 2 HN(CH3)Z(9)

The precursor temperature was 75 °C to provide a saturating dose and the sample
temperature was 200 °C, as deposition below 180 °C causes impurities [45]. The
precursor pulse time for step 1 was 0.15 s, the pump time in step 2 was 10 s. For the
water in step 3 the pulse time was 0.025 s with a pumping duration in step 4 of 10 s
again. With a deposition rate of 0.105 nm per cycle, a ZrO; film of 42 nm was deposited

with 400 cycles.

On this 42 nm zirconia film Pt was also deposited by ALD. The precursor for this

deposition was methylcyclopentadienyltrimethyl-platinum (MeCpPtMes, see Figure 3.3
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right) as first reactant and oxygen was the second reactant. The corresponding reaction
is [46]

30445 + 2 CH3CsH,Pt(CH3)3(9)

— 2(CH3CsH4Pt(CH3),) ..+ C0,(g) + CHy(g) + H,0(g)

ads

2(CH3CsHy Pt(CH3),) y + 24 05(9)
- Zptsurface'BOads + 16 COZ(g) +13 Hzo(g)

for the first and third step respectively. The precursor temperature was 70 °C with a
sample temperature of 270 °C. With changes to step 3 lower sample temperatures could
be used but special equipment would be required [47]. The pulse times are higher
compared to the zirconia deposition with 1 s for step 1 with the Pt precursor and 2 s for
step 3 but the pumping time in both pumping steps was only 3s. The number of
deposition cycles was varied for different samples to create a "bridge" from Pt
nanoparticles to bulk surfaces. The selected numbers of deposition cycles were 5, 10, 50,

125, 250 and 750. Corresponding TEM images will be shown in the next section, except

for the 750 cycle sample. As will be shown later, the 250 cycles already feature a closed
thick film. Furthermore, using deposition rates from literature [48] we can estimate the
film thickness of the 250 cycle films being 10 nm and the 750 cycle film being 30 nm.
Below 250 ALD cycles, a (homogeneous) thickness calculation by deposition rate is

meaningless, since to the island nucleation density is unknown.

Zr(NMe,), MeCpPtMe,

C
Figure 3.3: Metal precursors for the ZrO, and Pt deposition. Left: Tetrakis-dimethyl-

amido-zirconium. Right: Methylcypclopentienyl-trimethyl-platinum
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3.3 Characterization of ALD Model Catalysts

After designing model catalysts by ALD, a detailed characterization is needed prior the
surface science experiments. This is necessary to understand the correlations between
surface structure and observed catalytic properties. In the following results of
transmission electron microscopy (TEM), x-ray diffraction (XRD) and x-ray photoelectron
spectroscopy (XPS) measurements are shown. They characterize the amount and

structure of Pt but also yield information on the underlying support material.

3.3.1 X-ray diffraction

For a full characterization of the model system, especially concerning the support, bulk
techniques need to be applied. X-ray diffraction provides information about the
crystallinity of materials. For our system, we use it to determine crystal lattice

structures, lattice constants, preferred lattice directions and estimated crystallite sizes.

Zr0,

Intensity [a.u.]

30 40 50 60 70 80
Position [*2Theta] (Copper(Cu))
Figure 3.4: XRD pattern of the model catalyst with 50 deposition cycles. Peaks
corresponding to cubic (Fm3m) ZrO; are marked with blue lines; peaks corresponding to

cubic (Fm3m) Pt are marked with green lines.

Figure 3.4 and Figure 3.5 show the XRD data of two selected samples with 50 and 250
deposition cycles of Pt, respectively (ZrO; was, as stated before, deposited over 400 ALD
cycles). The first interesting characteristic is the existence of a large number of peaks
that appear on the same positions in both cases but with differing intensity. The
spectrum gives evidence on the polycrystallinity of the sample as all powder diffraction
peaks are visible. For single crystals (or crystallites with preferential growth direction)

only selected peaks lie within the one measurement plane and only sample plane
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rotation could bring out all peaks. For the polycrystalline spectra the peaks could be

assigned to crystal structures of ZrO; and Pt using XRD libraries.

Intensity [a.u.]
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Figure 3.5: XRD pattern for the model catalyst with 250 deposition cycles. Peaks
corresponding to cubic (Fm3m ) ZrO; are marked with blue lines; peaks corresponding to

cubic (Fm3m ) Pt are marked with green lines.

Table 3.1 shows the best fitting data set for the zirconia support peaks from the XRD
database. It corresponds to a cubic lattice with space group Fm3m and a lattice spacing
of a=b=c=5.11 A [49]. Table 3.2 shows the best fitting data set for Pt, which is also in
both cases a cubic Fm3m lattice with spacing of a=b=c= 3.92 A [50]. Furthermore, the
large lattice mismatch does not facilitate a preferential growth of the Pt crystals on the

zirconia.

Table 3.1: Best fitting dataset for the ZrO, peaks

h k | d [A] 20 [°] | [%]
1 1 1 2,95026 30,270 100,0
2 0 0 2,55500 35,094 19,4
2 2 0 1,80666 50,474 51,5
3 1 1 1,54072 59,995 31,5
2 2 2 1,47513 62,959 4,5

Table 3.2: Best fitting dataset for the Pt peaks

h k | d [A] 20 [°] | [%]
1 1 1 2,26500 39,764 100,0
2 0 0 1,96160 46,244 53,0
2 2 0 1,38730 67,456 31,0
3 1 1 1,18260 81,289 33,0
2 2 2 1,13250 85,715 12,0
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As expected, the intensity of the platinum peaks on the 250 cycle film was much higher
than for the 50 cycle film, due to its more numerous and larger Pt crystal grains. The
zirconia signal is comparable in intensity for both samples. It is also important to point
out that the standard peak fits are not matching the peak shape of the Pt features on
the 50 cycle film. They are very wide, hinting to additional peak broadening (e.g. from
disorder). Accordingly, the peak width values (full width at half maximum, FWHM)
denoted in Table 3.3 for the 50 cycle ALD Pt film are too small as the FWHM is taken at a
higher position than the actual peak shape requires. Another interesting observation is
the large peak height of the [111] peak compared to the [200] peak for the 250 cycle
film. It indicates that, while there is no single crystalline character of the sample, it

seems there is still a slightly preferred lattice direction for the Pt crystallites.

The XRD measurements can also be used to calculate estimates of the lower size
boundary of Pt crystallites. For this estimate the Scherrer equation [51] (Formula (26))

was used with L denoting the lower boundary of the grain size.

- K-2 (25)
"~ sin(0) - 4(26)

K denotes the Scherrer factor, which is determined empirically to be roughly 0.9. A is the
wavelength of the x-ray source, in this case copper ka = 1.54 A. © is the position of the
respective peaks and A(20) is their full-width-half-maximum in radians. The measured

guantities and calculated L values are denoted in Table 3.3.

The mean of the calculated crystal grain sizes was 13+3 nm for the ZrO; substrate of the
250 cycle sample and 12.5+2.4 nm for the 50 cycle sample. As expected the values are
comparable as the ALD process of Pt should not have a great influence on the ZrO; film,
nevertheless Lzo; is slightly lower for the 50 Pt cycle sample. One has to keep in mind
that the Scherrer formula is only a size boundary estimate. For Pt crystallites, the mean L
value was 11.0£0.9 nm for the 250 cycle Pt film and 9.8+1.4 nm for the 50 cycle Pt film.
It is surprising that the values are again very close although the amount of Pt differs by a
factor of 5. On one hand this may be an indicator that the Pt film keeps its granular
structure even at higher thickness. On the other hand one has to keep in mind that the
used FWHM values for the 50 cycle film are smaller than the actual values due to the
peak fit mismatch with the actual peak shape. As the FWHM is in the denominator, a

larger FWHM would lead to a lower value of the size boundary.
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Table 3.3: XRD peak positions, peak width, peak area and calculated grain size by using

the Scherrer formula for the measurements shown in Figure 3.4 and Figure 3.5.

250 cycle ALD | 20[°] A(20)[°] Areala.u.] Calc. grain size[nm]
ZrO; 30,4702 0,5968 189,01 13.8

ZrO; 35,3251 0,4773 78,41 17.5

Pt 39,8160 0,7321 2034,06 11.5

Pt 46,3512 0,8689 544,07 9.9

ZrO; 50,8028 0,8455 137,40 10.4

ZrO; 60,3038 0,7873 82,73 11.7

Pt 67,5916 0,8219 656,96 11.6

50 cycle ALD 20[°] A(20)[°] Areala.u.] Calc. grain size[nm]
ZrO; 30.4168 0,6304 273,16 13.1

ZrO, 35,2644 0,5426 114,83 15.4

Pt 39,5174 0,8056 355,45 10.5

Pt 45,9070 0,8149 184,89 10.6

ZrO, 50,7618 0,8868 175,03 9.9

ZrO, 60,2857 0,8022 98,71 11.4

Pt 67,4814 1,1600 117,69 8.2

3.3.2 Transmission electron microscopy (TEM)

As a microscopic technique, TEM is a suitable method to determine the film character of
Pt on the surface. TEM and scanning electron microscopy (SEM) images were acquired at
the USTEM facility of the TU Wien. In Figure 3.6 an SEM image of the 250 cycle Pt
surface shows that the film is homogeneous from top view with a slight hill structure. As
this top view does not yield much information about the morphology of Pt, cross
sectional cut samples were used in TEM to show the zirconia support and illustrate the

different film structures of Pt.

Figure 3.6: SEM image of a continuous 250 cycle ALD Pt film.
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The TEM images for films with 400 deposition cycles of zirconia and 5, 10, 50, 125 and
250 ALD cycles of Pt are depicted in Figure 3.7 to Figure 3.11. The supporting zirconia
films consist of two discernible parts. The oxide was not deposited in one ALD session of
400 deposition cycles, but in two sessions of 200 cycles each. The thickness of each
zirconia layer is constant and the surface smooth and homogeneous. Concerning the
crystallinity, large crystallites can be observed as areas of different brightness. The

crystallites are in several places connected across the separately deposited layers.
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Figure 3.7: 5 cycle ALD Pt sample. The deposited Pt forms individual particles on the

surface.

Figure 3.8: 10 cycle ALD Pt sample. The deposited Pt forms individual particles on the
surface. Due to the cross sectional preparation the Pt is less visible than for the 5 cycle
ALD sample, but the visible Pt directly at the zirconia interface are slightly broader and

almost cover the whole surface.

For the two samples with the least amount of Pt on the surface (5 & 10 cycles) the Pt
forms nanoparticles. Their shape appears to be half spheres with a slightly pyramidal
distortion. For the "ticker" film with 50 deposition cycles the nanoparticles have a more
spherical shape and already start to build overlaps, forming island structures. Therefore,
the amount of open interfaces between Pt and support is lower than for the 5 and 10

cycle films.
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Figure 3.9: 50 cycle ALD Pt sample. The Pt film consists of particles that start to merge

into a continuous film.

Figure 3.10: 125 cycle ALD Pt sample. The Pt forms a closed layer but still shows a

granular structure of merging particles.

Figure 3.11: 250 cycle ALD Pt sample. The Pt forms a closed, thick layer.

The images of the 125 and 250 cycle model catalysts show closed Pt surfaces. The Pt is
smoothing out the particle character with increasing numbers of deposition cycles. The
continuous film "shuts off" the Pt-support interfaces from the gas phase, except on the
sample sides. The smoothed Pt film of the 250 cycle sample is expected to behave like
standard bulk Pt.

TEM can also be used to complement the crystallinity measurements of XRD. Images at
high resolution can directly show the crystallinity of particles. Examples can be seen in
Figure 3.12 and Figure 3.13 for 10 and 125 deposition cycles, respectively. In Figure 3.12
the polyhedral shape of the nano particle for films with few deposition cycles is visible. It

has a slightly pyramidal shape with a blunt tip and its crystallinity is visible. For the
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continuous surface of the 125 cycle sample in Figure 3.13 the crystallinity of Pt is also
directly observed. The connected particles can still be distinguished. They appear to

have grown individually until they reached a common height.

Figure 3.12: Nano particle prepared with 10 ALD cycles.

£a R R

Figure 3.13: Connected Pt nanoparticles prepared with 125 ALD cycles.

To determine the crystal grain size one can use dark field TEM. Therefore, the direct
transmission is blocked and an aperture is used to only observe electrons diffracted in a
special direction. This allows the observation of crystals with a lattice orientation
matching this diffraction (crystals with selected orientation are bright in the images).

The dark field measurements are also well suited to compare the surface structures.

Figure 3.14: Dark field TEM of 10 cycle ALD Pt sample. Small nano particles on the
surface are assumed to be small single crystals. Only two of the observed crystallites

have the same orientation.
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Figure 3.15: Dark field TEM of 50 cycle ALD Pt sample. Crystallites have about the same
size as on films with fewer deposition cycles but are surrounded by more Pt particles on

the surface (dark black shapes).

Figure 3.16: Dark field TEM of 125 cycle ALD Pt sample. Most crystallites are still small
like they are on films with fewer deposition cycles but also larger crystal grains are

forming. In addition, one of the much larger zirconia crystallites lighted up in this image.

Figure 3.17: Dark field TEM of 250 cycle ALD Pt sample. Some crystallites are much larger
than those of the films with fewer deposition cycles. Apparently, crystallites grew

together.

The dark field images, shown in Figure 3.14 to Figure 3.17, illustrate very nicely the
evolution of the Pt surface with increasing numbers of deposition cycles from small
separate single crystalline nanoparticles over a polycrystalline granular film to a
smoothed film with larger crystalline structures. These images also confirm that the Pt
crystallites on the surface do not have the same azimuthal growth direction or there

would have been more crystallites that light up for one setting (coherent centers).

34



3.3.3 X-ray photoelectron spectroscopy

Finally, the samples were characterized by XPS, which can be used to check for
impurities, determine the oxidation state of Pt (or in this case the nano particle
character) and to verify that the Pt film is continuous (when the Pt layer is thick enough

that it shields the Zr signal).

These following XPS spectra were taken with a laboratory XPS system. For the samples
with 5 to 250 Pt deposition cycles survey spectra and the Cls, Pt4f and Zr3d core levels
were measured. Figure 3.18 and Figure 3.19 show the results combined for all samples
for C 1s and Pt 4f/Zr 3d, respectively. The spectra were calibrated for graphitic carbon as
visible in Figure 3.18.
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Figure 3.18: Intensity-normalized C1s spectra of all five samples. The graphitic carbon

peak maximum (at 284.9) was used for energy calibration of the spectra.

= S5
S, S,
2 2
D _— = 129 &
c - c
g g
< 50 £
n o n
o _ 2l
X T ‘ 10 X

T T T ‘ T T > — S

80 78 76 74 72 70 68 188 186 184 182 180

Binding Energy [eV] Binding Energy [eV]

Figure 3.19: Pt 4f and Zr 3d spectra of the different samples. The Pt deposition cycles are

denoted on the side. The Zr 3d for 125 cycles is not shown, as it was zero.
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Contrary to expectations (the thicker films should shield the Zr 3d signal better), the
"thickest" film yielded a signal for Zr 3d that was not visible for the 125 cycle film. This is
due to prior treatment of the 250 cycle ALD Pt sample and the absence of a
replacement. The measured 250 cycle sample was previously sputtered for SFG
measurements in Trieste and in addition some beam damage (from the high power IR
radiation in that setup) of the sample surface could be observed by the naked eye. It is
expected that a fresh sample with 250 cycle Pt deposition does not yield a Zr 3d signal. It
is also worth mentioning that a shift in the binding energy of Pt was observed for the
different samples. For those with fewer ALD cycles the Pt was shifted to higher binding
energies. This is a typical phenomenon for metal nanoparticles, thus correlates well with
our expectations from the other characterization measurements. It was not possible to
calculate absolute amounts of Pt on the samples from our measurements, as there was
no reference signal to quantify the XPS intensity (which can vary strongly with tilt and
distance of the sample to the analyzer). In addition, varying amounts of surface carbon
prevents a direct comparison. Nevertheless, in Table 3.4 the peak areas and deduced
ratios between Pt and Zr signals are denoted for basic comparison. For the two samples
with least deposition cycles a two-fold increase for the Pt/Zr peak area ratio matches the
actual increase in surface Pt as, due to its separated particle structure, the Pt did not
diminish the Zr signal at this point. For the 50 cycle sample the ratio is much higher than
five times the ratio of the 10 cycle film as the Pt actively diminishes the Zr signal. The Zr
signal of the 125 cycle film is then not observed anymore due to the thick continuous Pt
film and the 250 cycle film shows, as mentioned before, only a Zr signal because of the

surface alteration.

Table 3.4: Peak area of Zr 3d and Pt 4f and the ratio of Pt- /Zr-area for the different

samples.
Zr Area Pt Area Ratio Pt/Zr
5 32459 4081 0,125
10 66067 16089 0,243
50 339 4913 14,492
125 - 17874 -
250 753 48240 64,06

We also measured O1s spectra in our lab and at the BESSY Il synchrotron facility. The
O1s signal was expected to have one feature from the oxygen in the zirconia support
(for the samples that had visible the zirconia peaks). Interestingly, apart from oxygen

corresponding to zirconia, a second feature at higher binding energy was observed with
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relatively high intensity. Figure 3.20 shows a survey as well as O 1s and C 1s of a pristine,
clean 750 cycle Pt film at 600 °C in UHV (BESSY II). The small feature at 529.2 eV belongs
to oxygen of the zirconia support. The origin of the peak at 531.6 eV is not related to the
zirconia as it was very intense also for thick Pt films. To check if the oxygen was an
adsorbed surface species, the sample was heated in 10® mbar vacuum to 600 °C, an
environment where surface oxygen should have desorbed from Pt. Nevertheless, as
seen in in the bottom left of Figure 3.20 the feature at 531.6 eV was still visible. Only at
even higher temperatures (700°C) the peak disappeared. Following the disappearance of
the 531.6 eV peak, the 529.2 eV feature increased strongly, which indicated that some
zirconia was not covered by Pt anymore. These observations led to the conclusion that
the high binding energy oxygen signal originated from oxygen trapped within the Pt
bulk. This was caused by the ALD process, with the alternating MeCpPtMes and O3 cycles
and some incomplete reactions. Heating to high enough temperatures allowed the
oxygen to leave the bulk, while influencing the Pt film morphology (without changing the

chemical state) and uncovering parts of the zirconia support.
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Figure 3.20: Survey, O 1s and C 1s spectrum of pristine 750 cycle Pt film at 600 °C,
measured at BESSY Il. A large oxygen peak at 531.6 eV can be observed in addition to the

small 529.2 eV peak of oxygen in zirconia.
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SEM images after the high temperature measurements showed that the Pt formed a

meandering structure with exposed zirconia areas, as seen in Figure 3.21.

e 10 M — el spot | tilt — 1 pm —

Figure 3.21: SEM images of thick 750 cycle Pt film after heating to 700 °C in UHV. The left
panel shows the transition between laser heated part (upper left) and pristine surface
(lower right). The right panel shows a magnification of the meandering Pt with exposed

zirconia.

3.4 Model Catalysts with Sputter Deposited Pt

In addition to the model catalysts prepared exclusively with ALD, we also used some
samples with the Pt added through sputter deposition onto an ALD zirconia film. The
thickness of these Pt films was estimated based on sputtering time and deposition rate
to be 2, 5, 10 and 30 nm. These samples should be roughly correlating to the films with
50, 125, 250 and 750 ALD deposition cycles.

Contrary to the ALD samples we did not perform the same extensive characterization of
the sputter deposited samples. Prior to basic characterization we performed CO
adsorption measurements on all samples. These measurements will be shown in chapter
5 for the ALD and sputter deposited samples. The sputter deposited Pt films exhibited
strange behavior and after measurements showed surface changes in terms of dark
colored spots. These spots are due to surface damage by the high power IR radiation of
the SFG experiments. To investigate these changes we performed XPS measurements in

the XPS center of the TU Wien, enabling a spatial resolution of 80 micrometers.
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Figure 3.22: Zr 3d signal of damaged and as prepared sputtered Pt film of 10 nm nominal
thickness. For the damaged surface a Zr 3d signal was observable. This is an indication

that the Pt coverage of the surface must have changed.

The XPS measurements in Figure 3.22 clearly showed that zirconia was uncovered by the
SFG measurements. This may have been due to Pt agglomeration. To get a better
impression we also took scanning electron microscopy (SEM) images. Figure 3.23 shows
three spots on the surface of the 5 nm Pt film. On the left the pristine sputter deposited
Pt is shown. Some surface irregularities were observed in form of brighter spots (surface
roughness). The middle and right SEM images show that for the sputtered samples the
Pt peels away from the zirconia support upon IR radiation in the SFG process. This
behavior of the surface would have compromised any characterization or catalytic
reactivity measurements. Therefore, we did not perform further characterization or
reaction measurements on the sputter deposited Pt films. The adsorption

measurements in pure CO environment will be shown in chapter 5.3.
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Figure 3.23: SEM images of 10 nm sputter deposited Pt film. Left: the film as prepared,
middle: start of surface damage, right: Pt curled up with large uncovered zirconia

surface.
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4 SFG Setup and Reference Measurements

The complex process described above requires a sophisticated setup. Pulsed lasers are

required for the non-linear process, because the electric field E needs to be strong for
the second order term to become significant. In addition, the number of SFG photons is
still low requiring a sensitive detector. The experimental geometry of the sample stage
must then comply with the specifications of the SFG process. The resulting setup will be

discussed in the following paragraphs.

4.1 Laser System

The SFG process requires two input beams. One is chosen as visible light and one is
scanning IR for vibrational spectroscopy. We used a system from EKSPLA [52], which
generates both beams from one initial laser. This initial laser is a diode laser that is
amplified with Nd:YAG laser crystals in two stages. The Nd:YAG crystals are pumped by
flashlamps. The first amplification state is an amplifier cavity, where the number of
roundtrips can be chosen depending on the desired amplification. The second stage is a
single reflectance path, where the delay between pump pulse and laser pulse can be
chosen. As a result of using Nd:YAG crystals the first stage of the laser system generates
a 1064 nm beam with up to 25 mJ beam energy at a repetition rate of 50 Hz and 25-30

ps puls length with a beam diameter of roughly 8 mm.

After splitting off part of this beam, the remaining light is fed through a KDP crystal for
frequency doubling (SHG) to generate 532 nm visible light. Part of the frequency
doubled visible beam is used directly for the SFG process, the rest is used for the
generation of scanning IR light. The VIS beam used for the SFG process has a maximum

power of 2 mJ but is always used with reduced energy in experiments.

The previously split off 1064 nm light and part of the 532 nm light are further used for a
difference frequency generation (DFG/ optical parametric amplification, OPA) stage.
Both beams have roughly 5 mJ. The green light is fed through BBO crystals for
parametric generation (OPG) and the resulting light is wavelength selected with a
diffraction grating. Then it is mixed with the 1064 nm light in a AgGaS, crystal. The
resulting beam can have a wavelength from 2.3 to 10 um (wavenumber of 4000 to
1000 cm™) and is p-polarized with a varying power of several mJ with minima at 4000
and 1000 cm™,
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The VIS beam requires a waveplate-polarizer cube arrangement to tune the beam
intensity and a A/2 waveplate after the polarizer cube to get the desired polarization for
the measurement. It is also important to add an adjustable delay path for the VIS beam
(as its optical path is usually shorter than the path for generating IR light) to ensure that

laser pulses are temporally overlapped for the SFG process.
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Figure 4.1: Top-view of setup and beam paths of the measurement system. A primary
pulsed laser is frequency doubled to 532 nm in the SHG unit. The green beam is split, one
beam directed at the measurements cell, the other one used for optical parametric
amplification to generate tunable IR light. VIS and IR beams are used to generate SFG

light that is detected by a PMT detector.

The beams are then optimized for a horizontal sample surface. The incidence angles are
45° and 59° for the IR and VIS beam, respectively. After the sample the green beam is
partially blocked by an iris diaphragm to reduce green stray light in the detector. The
SFG beam is further modified by a polarizer to select s or p polarization and an edge
filter to reduce influence of green light. It is then detected with a photon multiplier tube
(PMT) to count the low number of SFG photons. A schematic overview of the whole

setup is shown in Figure 4.1.

4.1.1 Measurement chamber

The sample stage for SFG measurements is strongly depending on the investigated
surfaces/interfaces. Possible sample stages can be movable bowls for liquid/gas,
Langmuir Blodgett troughs for SAMs/gas, coated prisms for liquid/solid interfaces and
various others. In our case a closed cell is required to provide reaction environment for
catalytic measurements. This was achieved with a high pressure cell that could also be

pumped to low vacuum pressures, desirably down to 10® mbar. A schematic of the
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design of our initial simple cell is shown in Figure 4.2. Such a setup can be improved by
connecting it to a large UHV chamber for surface preparation and characterization, as
described before ("Rupprechter Design") [18, 53, 54].

A new combined, modified and upgraded setup was constructed as part of the PhD
thesis of Matteo Roiaz and is described in detail in reference [55]. The high pressure cell
features two windows matching the incidence and exit angles of the SFG beams. The
windows are made from CaF; to enable high transmission of the IR light. Gases can be
dosed via a leak valve and a standard gas dosing valve. The chamber can be pumped
down to 5-10° mbar and gases can be dosed up to 1.1 bar. In addition, the gas phase
composition can be detected with a mass spectrometer to check the purity of gases and
follow catalytic reactions by using an additional leak valve. In the first setup one single
sample stage was fixed inside the chamber with resistive heating to 550 °C and a
thermocouple inside the stage. For the new setup the sample can be mounted on two
different stages. One sample stage can be heated resistively by an integrated heating
coil. Depending on the gas environment it can reach 700-800 °C. This stage is preferable
for thin samples that can be clamped to the surface. The second stage is designed for
single crystals. There heating is achieved be running a high current through the wires
that hold the single crystal (many single crystals have a groove on the side to facilitate

mounting). With this stage temperatures to above 1000 °C can be achieved.

The new chamber has, however, two drawbacks. The first one is that of beam angles are
fixed. The SFG intensities may strongly depend on the experimental configuration.
Without being able to change the incident angles it is possible that in several cases only
suboptimal results are achieved. The second drawback is the IR adsorption of the gas
phase inside the reaction chamber. The SFG intensity is directly proportional to the IR
and VIS intensity. Thus, absorption of IR light by gas molecules needs to be considered in
the spectra. For this purpose a photodiode is monitoring the IR intensity, which is placed
prior to the cell. It allows compensation of IR absorption from molecules in surrounding
air, but not absorption from the gas phase inside the chamber. In comparison,
monitoring the IR light after the cell would include the additional path through the gas
phase after the sample, also impractical for normalization. A possibility to counter the
influence of absorption would be a recessed incidence window that is closer to the
sample (as used in refs. [18, 53-55]), which would further restrict the beam paths and
require specific components to fit the windows. It is more feasible to use reference
measurements with a non-centrosymmetric material and the gas phase in question to

calculate compensation factors for spectra at different pressures.
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Sample
holder

Figure 4.2: Layout of first measurement chamber. CaF, windows allowed the beams to
enter and exit the chamber. The sample holder could be adjusted in x,y and z direction

and tilted. Additional flanges were used to change and check the gas atmosphere.

The SFG beams are adjusted for a fixed height horizontal surface. Sample surfaces are
often slightly tilted and samples can strongly vary in thickness. Therefore the sample
stage is mounted on a manipulator that can be shifted in all three spatial directions and
it can be tilted along the plane of incidence of the beams. With this setup it is possible to
adjust samples of different height to intercept the SFG beams where they spatially
overlap. It can also be used to compensate surface tilt in direction of, but not
perpendicular to the beams. Samples have to be installed accordingly as the only
possibility to change the tilt in the other direction would be to tilt the mounting of the

connected high pressure and UHV chambers (which is rather impractical).

4.1.2 Add-ons: Pump-Probe

One of the advantages of SFG in comparison to other surface IR techniques like PM-IRAS
is the possibility to measure time dependent processes. While the pulsed lasers require
a quite extensive installation they also come with advantages. For a pump-probe system
a pump is applied to trigger an action of the sample and a probe is used afterwards to
monitor the temporal evolution. The pump can for example be a heat pulse or molecule
excitation. In these cases the probe is used to monitor the heat dissipation or coupling of

molecular transitions.

For our SFG setup the standard SFG process is used as probe. A pump pulse can be

generated directly at either 1064 nm or 532 nm. Depending on the system it is most
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likely used as heat pump but for some surfaces may be used to drive transitions [56].
The temporal resolution is limited by the pulse length. In our case the pulse length is
rather long for pump-probe systems with 25 ps. Heat dissipation through electronic
effects cannot be observed with this time scale and would require fs pulses [57].
Nevertheless, mechanical heat dissipation can be observed as well as temperature
dependent adsorption and desorption effects [58, 59]. It is also possible to investigate
effects that need high fields by temporal overlap of pump and probe pulses (adding an

excitation).

To use the 1064 nm light as pump laser a second waveplate and polarizing beam splitter
(there is already a set to split off light for the DFG) would be required in a very tight
space. The benefit of integrating this beam is the splitting inside the SHG box with a
shutter for the pump beam. To use the 532 nm beam a waveplate and polarizing beam
splitter are required outside the SGH box as there is not enough space inside. In
addition, there are no mirrors for beam positioning of this beam prior to the intensity
and polarization adjustment stage, thus a beam splitter can have a huge negative impact
on the alignment. The beam path for a 532 nm pump beam integrated in the standard
setup (as already realized in our setup) is shown in Figure 4.3. All other pump setups
would need an additional laser as source and would be harder to integrate as the pulses

need to be coordinated and the remaining work space is quite limited.
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Figure 4.3: Top view of pump laser added to SFG setup. The light green colored beam
path belongs to the 532 nm pump. It is split off using a 4/2 waveplate and polarizing
beam splitter. A motorized delay line is used to control the temporal offset of pump and

probe.
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4.2 Adjustment and Maintenance

4.2.1 Heating of the sample

In the first measurement chamber, where most of the adsorption and oxidation
measurements were performed, the thermocouple was positioned inside the sample
stage. To ensure that the logged temperature were correlated compared to the actual
sample temperature, a measurement was performed with a second thermocouple fixed
to the surface of a sample. Temperature was ramped up to 500 °C. Higher temperatures
were not investigated as the sample stage could not be used at higher temperatures due
to the temperature limitations of the ceramic feed through. The results are plotted in
Figure 4.4, where the red dotted line shows the optimum correspondence of
temperatures and the black squares show the measured values. While a small difference
emerges at higher temperatures, the divergence is insignificant with 10 °C difference at
500 °C. Most measurements only use temperatures up to 450 °C and the temperature

steps do not require adjustment.
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Figure 4.4: Comparison of temperature in sample stage and on sample surface. The

diagonal red dotted line denotes the optimum correlation.

In the new improved measurement chamber the thermocouple is (for the ALD samples
on the resistive sample holder) pressed to the sample surface by the wire grid that is
also used to fix the sample on the holder. Thus, the thermocouple is measuring the

temperature directly at the surface and no comparison/correction is required.
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4.2.2 SFG reference spectra

To evaluate the SFG system, selected parameters for beam output and alignment have
to be obtained. The output power of the first and second stage of amplifiers has to be
recorded to monitor the overall performance of the laser. The power of the green
frequency-doubled beam directed to the chamber is used to check the SHG-crystal
alignment. To survey the alignment of the OPG unit one has to consider that the output
power is different for every wavelength, depending on the grating and crystals used for

frequency mixing.
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Figure 4.5: Measured SFG Infrared intensity (black) between 1400 and 4000 cm™
compared to H,0 and CO; absorption spectra in gas phase (blue & red, respectively)
taken from NIST [60]. The IR intensity is breaking down due to absorbance of H,0 and

CO; in air. In addition, oscillations can be seen due to interference at the photo diode.

Figure 4.5 shows a curve of infrared beam power with respect to infrared wavelength.
This curve also explains some of the dips seen in IR intensity by absorption in air. Gas
phase water shows huge IR absorption between 1300 and 1800 wavenumbers,
generated by H-O-H bending as well as at higher wavenumbers starting around
3500 cm?, arising from O-H stretch vibrations. CO; causes a strong signal decrease
between 2300 and 2400 cm™ due to C-O stretching. The reference spectra are shown in
Figure 4.5, with data taken from NIST [60]. The blue curve is corresponds to H;0 and the

red curve to CO,. The additional oscillation of the IR curve over the whole plotted range
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is attributed to the measuring photo diode because its surface causes interference
effects with no influence on the actual power of the beam. By using a Fourier band block
filter from 0.04 to 0.058 Hz the interference oscillations can be squelched and the

resulting curve is suitable for normalizing the SFG signal.
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Figure 4.6: Signal intensities of incoming beams and of SFG signal of GaAs, in
dependence of wavenumber. The intensity of the IR beam depends on air absorbance as
described before. The green light is only influenced by temporal laser instabilities. The
SFG signal is influenced by the IR and green beam intensities as well as by the GaAs,

where the SFG signal is generated.

After characterizing the beams directed to the sample, special materials can be used to
generate SFG signals over a large range of wavenumbers or very distinct resonance
peaks due to high grades of molecular ordering. Examples are GaAs or ZnSe for
generating high SFG intensity over large range and quartz or ethanol for exhibiting
pronounced resonances. Thus, after overlapping the focus of the beams with the correct
angles of incidence these materials can be used to find and optimize the SFG signal after
roughly setting the mirrors to the right angles with a pilot beam (red diode laser). A
suitable wavelength is chosen and the mirrors directing the beam at the photon
multiplier are adjusted to maximize the SFG signal. It is also possible to change angle of
incidence and position of the infrared beam to obtain a better overlap with the green
beam, but this procedure can change the angles of incidence to less suitable values and

should only be performed when the SFG signal strength is monitored. A spectrum of a
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reference measurement on GaAs is depicted in Figure 4.6, including the measurements
of the green and IR laser beam intensities. These can be used to normalize the signal.
Normalization is done by dividing the SFG signal by the intensities of the incoming laser
beams. The resulting normalized SFG intensity should only depend on the material
specific nonlinear susceptibility ¥® and, in the best case, show no influence of the IR gas

phase absorption.

Nevertheless, despite the normalization, most measured signals still show a significant
feature caused by the CO; absorption as seen in Figure 4.7, where the black curve is the
normalized GaAs spectrum. The orange curve in the same graph shows the normalized
intensity of our second commonly used reference material ZnSe. To determine why the
normalization with the IR beam does not eliminate the CO; intensity loss we measured
the pathway of the IR beam through atmosphere for the beams used in the SFG process
and the IR measurement (i.e. from the OPA to the chamber and to the photo diode,
respectively). The difference in path length is roughly 15 cm. At a total path length of 50
cm this difference is significant and explains why our normalization does cancel the
influence of CO; in air, but with the limited available space it is not possible to move the

photo diode 15 cm farther away to improve the normalization.
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Figure 4.7: Normalized spectra of GaAs (black) and ZnSe (orange) around the CO;
absorption dip. Even with normalization by dividing through IR and green beam

intensities the dip cannot be eliminated.
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The log of the visible signal also shows some intensity changes over time. Therefore, we
took a time dependent spectrum of the visible, IR and SFG intensities, shown in Figure
4.8. We can see that the visible signal is the most stable, which is expected as it is the
first beam generated from the 1064 nm Nd:YVOs beam. The infrared is directly
dependent on the noise of the green beam as this is part of the difference frequency
generation (DFG) used to produce the tunable infrared light. In addition small
fluctuations are added to the infrared beam, most likely an error propagation caused by
the non-linear crystals used in the DFG. In comparison to the rather low noise of the
incoming beams, the SFG signal shows large oscillations. This is on one hand due to the
energy threshold of the non-linear effect but the noise does not seem to be fully
correlated with the noise of the incident beams. Thus, we think that additional
vibrations of the first sample holder (or chamber) played a role in developing the

oscillations of the SFG signal.
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Figure 4.8: Time dependent measurement of intensities of visible, SFG and IR beams on
GaAs. The noise of IR and green beams is low in comparison to the noise of the SFG

signal.

To finish the measurements on the influence of incoming beams on the SFG signal a
measurement was performed to check the proportionality of the SFG signal to the
incoming beam intensity. For this measurement we tuned the intensity of the green
incoming beam with time while staying at the same wavelength. The green beam was
used because the IR beam cannot be tuned in intensity without changing the intensity of
the Nd:YVO, laser output. The curves for the green and SFG signal as well as the

normalized SFG signal are shown in Figure 4.9. Comparing the green and SFG curves the
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signals look quite similar, but if they would be directly proportional the resulting
normalized curve for dividing the SFG by the green should be a straight line, which is not
the case. Apparently when going to low green intensities, the drop in SFG signal is too
high. This might be due to a threshold for the non-linear effect generating the SFG

photons.

Signal Intensity [a.u.]

140
Time [s]
Figure 4.9: Time dependent measurement of green and SFG signal to test proportionality.
The normalized signal should be a straight line in case of linear proportionality but

instead shows signal dips hinting to a problem like a threshold for the SFG process.

The following experiments were performed at different CO partial pressures. Similar to
CO; CO absorbs IR light in the gas phase. To rule out that signal of adsorbed CO is
decreased or shifted due to the gas phase CO absorption, we performed measurements
on GaAs and ZnSe for increasing CO pressures. Figure 4.10 shows data obtained for
different CO pressures with ZnSe. Up to 200 mbar no significant loss of SFG signal
intensity could be observed. At 200 mbar, the second peak of the gas phase CO
absorption could be seen slightly in the red curve. For higher pressures, absorption of
the IR light was significant in our small chamber and caused a drop in SFG signal
intensity. These measurements showed that we did not have to take this effect into
account as the used CO pressures were far below 200 mbar. As the design of the new
chamber was analogous to the old chamber, the path length through the gas phase is

comparable and the reference spectra are still valid.
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Figure 4.10: ZnSe SFG spectrum in different CO pressures influencing IR incoming beam.

Up to 200 mbar CO pressure no influence on the SFG signal could be observed.
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5 CO Adsorption

To understand the interaction of reactants with the catalyst surface under reaction
conditions, first a basic knowledge of the interaction of each individual reactant with the
catalyst is required. This can, for example, provide information on adsorption sites and
adsorption strength. This thesis concentrates on the CO oxidation reaction. Therefore,
the adsorbates may be CO, oxygen and CO;. It is known from the literature that CO
adsorbs well on Pt and has high coverages at room temperature [61]. In addition, the
vibrational frequency of C-O stretching vibrations of CO adsorbed on Pt is located
between 1800 and 2150 wavenumbers, well inside the range of our SFG setup (1000-
4000). In comparison the O-O and Pt-O stretching vibrations are located below 1000
wavenumbers [62] making it impossible to observe oxygen on our samples directly with
our SFG setup. Therefore, the first part of SFG measurements was dedicated to CO

adsorption on our model catalysts and some reference single crystal surfaces.

CO resonance positions have already been investigated for Pt single crystals with SFG
[53, 63-68]. In comparison to standard IR spectroscopy, the intensities of bridge- and
hollow-bonded CO features are reduced. This is of no concern as the strongest CO signal
on Pt under regular conditions is on-top CO anyway. Therefore, we are only focusing on

the on-top resonances in the following SFG spectra.

5.1 Cleaning Procedure

Model catalysts are, as mentioned before, used to directly relate adsorption/reaction
results to specific surface structures and compositions. It is important that there are no
impurities hindering CO adsorption. In our case, these might include remains from the
ALD process or transport packaging, apart from the standard contamination from air

(mainly carbon and water).

For single crystal measurements, the preparation is rather simple [53]. The sample
surface is sputtered by argon (by accelerating it towards the sample to kick out surface
atoms). Depending on sputtering time and acceleration voltage several surface layers
can be removed to ensure that no contaminations remain. Impurities inside the single
crystals may remain. The sputtering process leaves the surface in a very rough state due
to the ion bombardment. Therefore, surface sputtering is followed by annealing to high
temperatures (for Pt around 800-900 °C). The heat allows atoms to move, smoothing the

surface again.
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The ALD model catalysts also need to be cleaned from surface impurities but sputtering
is not a feasible technique. Removing several layers of Pt from a film that only consists of
few layers would strongly influence the Pt film or even remove the entire Pt from the
surface, especially if the cleaning procedure has to be applied for several measurements.
Thus a different approach had to be found. In industrial catalysis the activation of
catalysts is often accomplished by applying oxidation and reduction cycles. The oxidation
cycles are in general well suited to remove carbon contaminations from the surface of
the ALD samples. Based thereon, we tried heating in O, to 300 °C to remove carbon and
water contamination and successive heating in UHV to 550-600°C to ensure that there
was no PtOx on the surface. Following this, CO adsorption experiments did not yield
good spectra (either no CO visible or strongly red-shifted peaks with very low intensity).
After several tests the best preparation method for CO on the Pt models was to first
heat in Oz (in our case 5 mbar) to 300°C for 10 minutes, then switch to a 1:1 CO/0O;
mixture (5 mbar) and heat to 250 °C for 15 minutes. The O ensures that the adsorption
sites are free for the CO molecules to adsorb on the surface. It seems that the CO-0O;
atmosphere is more capable of cleaning and populating the surface with CO than
heating in pure O, with successive gas switching. For the adsorption measurements the
sample was cooled down in the gas mixture and after reaching room temperature the

mixture was exchanged to pure CO.

5.2 Adsorption of CO on ALD Pt Samples

The CO adsorption studies again started with ALD Pt films. We knew that with different
numbers of cycles the surface was either more particle-like or smoothed out. For the
thicker films with 750 and 250 deposition cycles, the highest ALD smoothness was
achieved and with these numbers of layers the support should not influence the
adsorption on the Pt surface. We can thus assume that these Pt films were, to some
extent, comparable to single crystal measurements. This allowed us to focus our
measurements on the known frequency region with some buffer to include background

from 2000 to 2150 wavenumbers.

The adsorption spectra were acquired at a gas pressure of 10 mbar CO, which was dosed
with the rough dosing valve. The ALD model samples had not been investigated by SFG
before, therefore the first step was to check if the surface was flat enough for the
technique and if spectra with different polarizations could be obtained. In Figure 5.1
three spectra of on-top CO for a 250 cycle Pt sample are shown. This film is "bulk-like" Pt

and should have a smooth surface. The three spectra differ in the used beam
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polarizations. The upmost one (green) was measured with p(SFG)p(VIS)p(IR) polarization
(standard measurement setting) — the polarizer before the PMT was selecting only the p-
polarized part of the SFG light and both incident beams were set to p-polarization. The
red and black curves were measured with the polarizer before the PMT selecting s-
polarized SFG light. The red one with s(SFG)p(VIS)p(IR) and the black one with
s(SFG)s(VIS)p(IR). The peaks were fitted with standard SFG fitting described in chapter

2.1 with functions

(26)
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The fits are shown as lines in Figure 5.1. With these fits the peak positions could be

obtained, which are located at 2080 and 2079 cmL. A shift of one wavenumber is within
the measurement accuracy of the laser setup and in addition the signal to noise ratio is
very poor and decreases fit fidelity. Therefore, it is safe to state that all peaks are at the

same position as expected for measurements performed on the same system.
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Figure 5.1: Comparison of SFG measurements with different polarizations for 10 mbar CO
on 250 cycle ALD Pt. ppp-polarization signal is 100 times higher than those of the other

polarizations.

The main difference between the three curves is the intensity. The ppp spectrum has
roughly 100 times higher intensity than the other two polarization combinations. This is

mainly due to the orientation of the molecular bonds. As described in chapter 2.1.4, the
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signal in ppp configuration is in general highest for bonds orthogonal to the surface and
is reduced for bonds tilted from the surface normal. In turn, a signal increase for tilted
bonds is observed in the ssp signal. Thus, the intensity in this case confirms that the
microscopic surface facets are parallel to the macroscopic sample surface with CO bonds
aligned with the surface normal. Signals in other polarization combinations are always
present to a small extent [69, 70], but may be increased by (tilted) CO bound to step
edges. Yet in that case the peaks should be red shifted to lower wavenumbers because

CO is bound stronger to step edges [40].

The results also showed a peak asymmetry for two of the measurements. The
asymmetry is caused by the phase between resonant and non-resonant parts of the
signal. This phase shift should be approximately equal for all CO on Pt systems in
different measurement arrangements. The symmetry of the ssp signal is not due to a
different phase shift but from the low background. If the non-resonant signal is
sufficiently small the asymmetry is not visible regardless of the phase shift. An example
for the influence of background intensity is given in Figure 5.2. Simulated SFG peaks with
different ratios between resonant and non-resonant amplitude (Ar and Anr respectively)
with the same resonance position are put on top of each other. For low non resonant
background (e.g. green curve) the peak is almost symmetrical with the highest point at
the resonance center. For higher backgrounds the asymmetry gets more and more

pronounced.
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Figure 5.2: Simulation of difference in line shape with constant phase ¢=0 by changing

the ratio between resonant and non-resonant amplitude.

The peak position observed on the clean Pt surface was at 2080 cm™ (obtained from the
fit). Only the peak fit of the ssp measurement showed a different peak position, which is

most likely due to measurement or fit uncertainty. The peak position corresponds to on-
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top CO. Hollow and bridge CO could not be observed and respective regions are
therefore not shown. This matches results from single crystals reported in the literature
[71-74]. In addition, comparing to single crystal results, the peak position of 2080 cm™
corresponds to roughly 30 % surface coverage. The low surface coverage was most likely
related to a shorter CO/O; heating stage during the preparation of this sample and could

be increased by heating for longer times in CO/O; or by repeating the preparation cycle.
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Figure 5.3: Temperature dependent CO adsorption spectra on 250 cycle ALD Pt by in situ
SFG. The gas environment was 10 mbar of pure CO. Starting from room temperature the
temperature was increased stepwise for each spectrum until the CO signal mostly

disappeared.

After the initial tests, the next step in our measurements was a comparison of the
temperature dependence of CO adsorption on bulk like 250 cycle ALD platinum, and
using a platinum single crystal (Pt 110) as reference. Accordingly, the temperature was
increased first from room temperature to 150 °C, followed by stepwise increase of 50 °C.
SFG spectra were recorded at each step. The resulting data is plotted in Figure 5.3 and
Figure 5.4 for the ALD prepared platinum film and the platinum single crystal,
respectively. The collected spectra were again fitted with formula (26) to find intensity,
resonance position and phase. The fits are shown as lines in all plots. The resonance
position of the low temperature curves (<200 °C) was similar for the ALD sample and
single crystal within measurement accuracy. This indicates that both samples have a

comparable binding strength of CO to the surface.
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Figure 5.4: Temperature dependent CO adsorption spectra on Pt(110) single crystal by in
situ SFG. The gas environment was 10 mbar of pure CO. Starting from room temperature
the temperature was increased stepwise for each spectrum until the CO signal

disappeared.

For higher temperatures (above 250 °C) larger differences could be observed. The peak
intensities and shapes on the ALD film changed dramatically and a shift in resonance
position was visible, while there was almost no change for CO on Pt (110) at higher
temperatures. This may be due to different reasons. A strong decrease in intensity
combined with a red shift in wavenumbers is in many cases an indicator of reduced
surface coverage. While CO desorption can be expected for increasing temperature, the
temperature for CO desorption on ALD Pt should not differ significantly from desorption
on single crystals. This reason is therefore unlikely, as the binding energies for the bulk

Pt are similar (peak positions were almost the same for lower temperature spectra).

Another possibility is that a chemical change of the surface took place. For example CO
is known to transfer Ni from stainless steel tubing (in form of Ni carbonyls) to the
reaction chamber [75, 76], which could have contaminated the surface. This is rather
unlikely because it should also affect the single crystal, which was measured in the same

chamber, but cannot be excluded as the experimental parameters may differ to a minor
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extent. Another possible (chemical) explanation is CO dissociation, which could have
taken place on the ALD sample. This could have been caused by the different
microscopic roughness of ALD samples compared to single crystal. The ALD sample has a
higher surface roughness and therefore could induce CO dissociation. The single crystal
had been annealed at a high temperature after previous cleaning procedures and is
expected to have a very smooth surface. It would also be possible that some other
contamination was present, as our first setup could not reach low 10° mbar UHV
pressures and we could not ensure a highly clean measurement environment. It is also
possible that the difference was due to a strong metal support interaction (SMSI) effect
[77, 78]. For several material combinations a mechanism was observed in which support
materials started covering the surface of metal particles and/or changing the adsorption

properties.

To ensure that the problem was not contamination of any kind due to our first simple
chamber, the experiments were repeated in Trieste in collaboration with the group of
Erik Vesselli [79]. Due to differences in the setup and mounting, the sample preparation
was changed from heating in CO/O2 mixture (for surface cleaning) to a preparation more
comparable to the standard single crystal procedure, at the same time limiting the
number of possible measurements. The surface was cleaned by sputtering at 1kV
acceleration voltage in 10® mbar Ar background pressure. The sputter time needed to
remove approximately two layers was calculated to less than 2 minutes using the

formula given by Specs for the sputter rate z/t [80] as

A M

R Sip,
t 7rNye Jr

where M is the molar weight, r the density of the material, Na the Avogadro constant, e
the electron charge, S the sputtering yield [81] and jp the primary ion current density (1
mA). Sputtering with afore mentioned values equals a sputtering rate of roughly 1.5
monolayers per minute for the setup in Trieste. With this procedure 3 samples, selected
for their significance, were prepared by sputtering for 2 minutes; namely, Pt(111) single
crystal as reference, 250 cycle ALD Pt film as bulk sample and 50 cycle ALD Pt film as
particle-like sample. In addition, the Pt(111) was annealed to 800°C according to the
common cleaning procedure of Pt single crystal surfaces mentioned before. The thin
films were not annealed because the oxide support layer might have been altered by

such high temperatures e.g. SMSI effect or generation of oxygen vacancies.
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Figure 5.5: Temperature dependent in situ SFG spectra in 10 mbar CO on 250 cycle ALD
Pt. The spectra on the left side were measured for temperatures below the strong change
in line shape at 275 °C. The spectra on the right side were measured up to one higher
temperature step at 275 °C. The bottom spectra (black) are the final cool down spectra

after each cycle (in CO).

Measurements of the 250 cycle ALD Pt film in 10 mbar CO are shown in Figure 5.5. Two
temperature series were recorded. One with heating up to 225 °C (temperature before
the drastic line shape change took place) and one heating up to 275 °C (temperature
beyond the drastic line shape change). The bottom spectrum in each graph was taken
after subsequent cool down to room temperature in CO. Again, the change was
observed after reaching the 275 °C temperature threshold and the second room
temperature spectra show that this change was irreversible upon cool down. If we

stayed below the critical temperature of 275 °C, the adsorption was fully reversible.

The values for resonance position, resonance width and the phase difference to non-
resonant background for line fits of the temperature series to 275 °C are given in Table
5.1 to elaborate the changes. Especially comparing the starting room temperature
measurement to the one after cool down shows significant changes. The resonance
center was red shifted by 17 wavenumbers hinting to a change in binding energy [82],
change in coverage [71] or chemical change as mentioned above. The resonance width
increased, so the resonance seemed to be less localized (e.g. through more variation in
adsorption sites) and the phase difference to the non-resonant background got larger

(hinting at a change in localization of electrons near the surface).
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Table 5.1: Position, FWHM and phase of the CO resonances in the temperature series to
275 °Con 250 cycle ALD Pt

250 cycle ALD | 25°C 75°C 125°C | 175°C |225°C |275°C |25°CCD
Q (cm?) 2094 2092 2089 2086 2083 2067 2077
FWHM (cm?) | 8.2 9.1 9.4 10.2 10.6 21.5 14.3
® (rad) 6.16 6.14 6.15 6.12 6.27 6.86 6.58

Simple desorption of CO was already rendered unlikely, due to comparison between
single crystal and ALD samples in our lab. The irreversibility upon cooldown is an
additional argument to rule out CO desorption as cause for the signal change. As the CO
pressure in the chamber was not changed throughout the measurement, CO would have
adsorbed again when the sample was cooled and the initial peak would have been
recovered. It is also unlikely that contamination of the surface was the reason for the
change as we measured in Trieste at a chamber base pressure of 108-10° mbar. For a
clean experimental environment and initially clean Pt surface two scenarios are left:
either the surface structure/composition was altered, or CO decomposed to form a
carbon layer hindering the CO adsorption. The wavenumber shift (after cool down 2077
cmt) could also be an indicator for creation of Pt(CO)x complexes [83], either due to
surface restructuring or observed as an intermediate step in CO decomposition. Apart
from that, there is still the possibility of an SMSI effect with zirconia covering the Pt
surface and drastically reducing the number of adsorption sites. This effect is, however,
very unlikely for a fully covering Pt layer and also unlikely at the rather low

temperatures.

The same series of measurements was performed for the 50 cycle ALD film, depicted in
Figure 5.6. The asymmetry of the peaks at low temperature is slightly different in
comparison to the 250 cycle film. This may have two main reasons: On one hand the
phase can be different for lower film thickness (giving rise to electronic effects of thin
film geometry or support interaction), on the other hand, the peak intensity can be
diminished while the non-resonant background stays the same, thus only the line shape
would be changed due to the Xg/Xng ratio (compare Figure 5.2). Similar to the 250 cycle
sample this sample showed a line shape change at 275 °C, but it was less pronounced.
This is due to the lower peak intensity prior to 250 °C and the larger asymmetry. Still the
change was distinct and at the same temperature step. Furthermore, the change was
again irreversible with temperature on cool down, as seen in the bottom black curve in

Figure 5.6.
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The fit values for the 50 cycle ALD film temperature series are shown in Table 5.2. The
phase difference was comparable to the 250 cycle film while the resonance width was
lower for values below 225 °C. The most unexpected finding was the resonance position
which should have been red shifted for the rougher sample. The high wavenumbers are
maybe due to the sputtering surface preparation used in Trieste, as opposed to our
standard preparation, as the sputtering alters the surface structure. We observed the
same trends as for the 250 cycle ALD Pt film for resonance width and phase difference
with increasing temperature. However, the change in resonance position was almost
negligible compared to the 17 cm™ on the 250 cycle film. This is possibly again due to
the surface structure influence of sputter preparation. The short sputtering is not that
problematic for the 250 ALD cycle sample, as there is a thicker layer of Pt and after
sputtering the sample is still similar. For the 50 ALD cycle sample sputtering has a more

drastic effect due to the nanoparticle structure.

Table 5.2: Position, FWHM and phase of the CO resonances in the temperature series to
275 °Con 50 cycle ALD Pt.

50 cycle ALD | 25°C 75 °C 125°C | 175°C |225°C |275°C |25°CCD
Q (cm) 2096 2095 2094 2093 2090 2086 2095
FWHM (cm™) | 5.1 4.9 6.0 7.9 9.1 16.2 14.4
@ (rad) 6.14 6.09 6.40 6.5 6.5 6.82 6.82
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Figure 5.6: Temperature dependent in situ SFG spectra of the 50 cycle ALD Pt film. The

gas pressure was 10 mbar pure CO. At the step from 225 °C to 275 °C a change in line

shape for the CO was visible again. The bottom curve (black) was taken after cool down

in CO showing the irreversibility of this feature.
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This measurement was a first indicator that no SMSI effect was responsible for the signal
changes as related effects should have been much stronger on the thinner film. Still the
change seemed less pronounced on the 50 cycle film. Other explanations like CO
dissociation on rougher films should also cause a stronger change on this thinner and (as
seen in the TEM images) more particulate film. Nevertheless, the surface sputtering

might have changed the structure of this particle film to cause this unexpected behavior.

To verify that the repeated observations are due to surface roughness and not caused by
SMSI we prepared a roughened single crystal surface, i.e. we sputtered Pt(111) without
the following annealing. The sputtered surface was prepared with the same sputter
parameters as the ALD films. In Figure 5.7 the temperature series from room
temperature to 275 °C is shown for this surface (left, defective) and for the same single
crystal annealed at 800°C in UHV after sputtering (right, smooth). The curves show
various differences, starting with intensities and peak asymmetries. Still, most important
are the spectra at 275 °C, where the peak chance is observed for the roughened surface

but not for the smooth surface.
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Figure 5.7: In situ temperature series to 275 °C on Pt(111) in 10 mbar CO. The left panel
shows a freshly sputtered, therefore rough, surface; the right panel an annealed,
therefore smooth, surface. The rough surface shows the strong change in line shape
encountered with the ALD samples, while the peak on the smooth surface shows a typical

behaviour of reduced coverage at higher surface temperature.
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Table 5.3: Resonance position, width and phase of CO adsorbed on rough sputtered and

smooth annealed Pt(111) surface for temperature series to 275 °C. in 10 mbar CO

Sputtered Pt(111) | 25°C 75 °C 125°C | 175°C |225°C |275°C
Q (cm™) 2086 2081 2080 2077 2076 2049
FWHM (cm?) 7.8 8.9 9.9 10.7 11.2 17.4
® (rad) 6.67 6.1 6.74 6.34 6.69 6.38
Annealed Pt(111) | 25°C 75 °C 125°C | 175°C |225°C |275°C
Q (cm) 2094 2093 2093 2093 2086 2082
FWHM (cm?) 4.7 5.5 6.1 6.2 9.2 7.2

® (rad) 5.02 5.54 5.03 6.35 6.43 6.36

In Table 5.3 the resonance positions, widths and phase differences for the temperature
dependent spectra of the rough and smooth surface are shown. The peaks on the rough
surface are like the ALD samples rather asymmetric in comparison to the annealed
surface peaks. This is like for the other samples due to different ratio in non-resonant
background to peak intensity and different phase. The resonance width is also narrower
on the smooth single crystal surface, showing that the CO adsorption layer is better
ordered. As mentioned above, the most important finding was the recurring change in
peak shape for the rough surface when heating to 275 °C, which was not present for the
smooth surface. Therefore we conclude that this effect was indeed promoted by
roughness and the ALD films exhibit natural roughness due to their particulate structure.
As the Pt(111) is a single crystal, SMSI effects could be excluded after these
measurements and the changes were attributed to CO dissociation, which has been
reported in the literature for other stepped single crystals like Ru [84] and Ni [85], but

which has been controversially discussed for Pt.

The goal of the discussed CO adsorption measurements was a better understanding of
the basics of the CO oxidation reaction (i.e. the importance of adsorption properties of
the surface). Therefore, it is crucial to know if the observed changes to the CO resonance
have any influence during the actual CO oxidation reaction. As the reaction environment
consists of a CO/02 mixture like the one used to clean the samples after preparation, we
tried heating in the same mixture after the change in line shape (i.e. after surface
passivation by carbon from CO dissociation). For this, 20 mbar O, were added to the
atmosphere of 10 mbar CO to get the same ratio that was used for most of the oxidation
measurements shown later. With this gas environment the same temperature series

was measured as with pure CO.

Figure 5.8 shows the temperature series up to 275 °C in CO/0; mixture on the used/C-

poisoned 250 cycle ALD Pt sample, with the parameters described above. This

63



experiment was performed directly following the measurement shown in Figure 5.5
(temperature series in 10 mbar CO to 275 °C). The room temperature spectrum was not
altered by the addition of O, to the gas atmosphere and the spectra did not change
significantly from room temperature to 125 °C. Exceeding that temperature resulted in
visible changes. At 175 °C a blue-shift and increased intensity could be seen for the CO
resonance, indicating carbon oxidation. Further increase of the temperature changed
the peak shape dramatically compared to the regular shape of CO resonances on Pt. The
intensity was increased significantly and the phase difference changed. At the end of the
experiment the signal was very similar to the initial CO signal in terms of line shape and
intensity. The spectrum was also similar to CO adsorbed on the annealed Pt(111) single
crystal at this temperature. In Table 5.4 the fitted resonance positions, widths and
phases are displayed. All values were quite constant for the measurements up to 175 °C,
where a slight increase of resonance position (3 cm™) could be found. A change could
also be observed for phase and resonance width, both decreasing, as an ordered CO

adsorption pattern was established (above 175 °C).
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Figure 5.8: In situ temperature series in 10 mbar CO/ 20 mbar O, mixture on 250 cycle
ALD Pt up to 275 °C, after heating in pure CO to 275 °C. Curves above 125 °C show a

change back to reqular CO on Pt resonance shape.

64



Table 5.4: Resonance position, phase difference and width for on-top CO on the 250 cycle

ALD Pt film. Measurements performed in a CO/0; 1:2 mixture with 30 mbar total

pressure after previous heating in pure CO to the same temperature.

250 cycle ALD | 25 °C 75 °C 125°C | 175°C [225°C [275°C
Q (cm™?) 2079 2079 2079 2082 2085 2085
® (rad) 6.69 6.79 6.71 6.38 6.0 6.13
FWHM (cm?) | 14.7 16.6 15.6 11.5 7.7 8.2

These measurements showed very well that we could recover the peak for CO adsorbed
on the 250 cycle ALD Pt film. Comparing the measurements at 225 °C in pure CO and in
CO/0; mixture showed that the peaks were very similar, with slightly lower linewidth
and higher wavenumber. This indicates a slightly higher CO coverage of the surface in

CO/02 mixture at this temperature.

The same heating measurements in CO/O; after the observed changes in pure CO were
also performed for the used 50 cycle ALD Pt film and the used roughened single crystal.
The spectra are plotted in Figure 5.9 and the fitted values of position, resonance with
and phase difference are shown in Table 5.5. As before, a change back to a standard on-
top CO on Pt resonance could be seen starting at 175 °C. The 50 cycle Pt film resonance
did not shift much in the CO adsorption experiments and had therefore also almost no
change in position for the CO/O; measurements. Only a slight increase in intensity
connected with a decreasing resonance width and lower asymmetry were indicators for
the recovery of the initial on-top CO peak. In comparison, the roughened Pt(111) single
crystal resonance showed a stronger red shifted at the beginning and therefore also a
stronger blue shift with increasing temperature could be observed. Furthermore, the
change in phase difference was much stronger for the roughened single crystal surface.
Again comparison with the respective measurements at 225 °C showed that the
resonance was better localized (lower resonance width) in the CO/O2 mixture. The
results showed that O, promotes the adsorption of CO at temperatures below CO
oxidation. The oxygen has a cleaning effect, freeing adsorption sites that are taken up by
CO as these conditions favor adsorption of CO over oxygen. Furthermore, oxygen then
inhibits spreading of carbon from dissociated CO from steps to terraces, stabilizing the

CO coverage on terraces.

65



50 cycle ALD Pt

o -
=T

" 25°C

s 75°C

= 125°C

SFG Intensity [a.u.]
SFG Intensity [a.u.]

T T T T T T T T T T — 225°C
2000 2050 2100 2150 2000 2050 2100 2150

Wavenumber [cm™] Wavenumber [cm™]

Figure 5.9: In situ temperature series from RT to 225 °C in CO/0; 1:2 mixture (30 mbar
total) for the 50 cycle ALD Pt film (left) and the roughened single crystal surface (right)
after heating in pure CO to 275 °C. Above 125 °C again a change back to regular CO on Pt

line shape can be observed.

Table 5.5: Resonance position, phase difference and width of CO in a 10 mbar CO/20
mbar O, mixture for the 50 cycle ALD Pt film and the rough single crystal surface after
heating in pure CO to 275 °C.

50 cycle ALD 25 °C 75 °C 125 °C 175 °C 225 °C
Q (cm) 2093.1 2093.6 2094.0 2094 2095
FWHM (cm™?) 12.8 18.9 9.8 8.5 6.4

® (rad) 6.70 6.82 6.73 6.78 6.38
Sputtered Pt(111) | 25 °C 75 °C 125 °C 175 °C 225 °C
Q (cm™) 2067 2063 2060 2072 2083
FWHM (cm™?) 13.1 17.5 17.3 11.5 6.6

® (rad) 7.08 7.02 6.87 6.25 5.84

After systematic studies to unravel the reason for the strongly different temperature
characteristic of the CO adsorption measurements in our lab we can reason that the
change was CO dissociation. An SMSI effect can be ruled out as the effect was also
present on a roughened single crystal. Surface contamination could be excluded by
measuring on a different setup and by measuring single crystals, which showed a
reversible behavior. Different desorption temperatures would not cause the
irreversibility upon cooldown. CO decomposition in comparison would lead to the
formation of a carbon layer, hindering standard CO adsorption and persisting upon

cooldown on the metal surface. Such a layer can be removed by the addition of O; as
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observed in the follow up measurements. It is possible that with the recovery of the CO
peak CO dissociation is not influencing oxidation. The peak change was only observed in
pure CO environment and the counteracting cleaning effect took over in the presence of
O; already at temperatures below oxidation. Alternatively, the formed C may be rapidly

reoxidized under reaction conditions.

5.3 CO Adsorption on Sputter Deposited Pt Samples

A second set of samples contained sputter deposited (SD) Pt on zirconia. These samples
also featured different nominal thickness of 10 nm, 5 nm, 2 nm, 1 nm, and 0.7 nm. The

amount of Pt should thus be comparable for the 10 nm SD and the 250 cycle ALD film.

A survey spectrum of the 2 nm SD film (Figure 5.10) was used to show that no significant
contamination was present on the sample surface. The most prominent peaks belonged
to the Pt binding energies of Pt 4f and Pt 4d electron shells. The zirconia support caused
several Zr (3d, 3s) and an O 1s peaks. A distinct signal could also be seen for the carbon
peak, which is the most common surface contamination of Pt [86]. In addition, a small
peak at 400 eV is visible. This would most likely correspond to nitrogen, which may be a
contaminant from storage in atmosphere. The survey did not reveal any other larger

contaminations so the sample seemed well suited for the adsorption measurements.

Pt 417/2
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Pt 4d3/2

Pt 4p3/2
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Figure 5.10: XPS-Survey of the 2 nm SD Pt film. Pt, Zr, O and Si are expected in the
spectrum as they were part of the sample. C and N as well as part of the O-peak are

contaminants from exposure to air.
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For the SFG adsorption measurements the SD samples were pretreated in the same way
as the ALD prepared samples. First oxidation in 5 mbar of O; at 300 °C, then change of
gas environment to 5 mbar of 1:1 CO/O; mixture and cool down in this mixture to allow

the adsorption of CO on the surface cleaned by the addition of oxygen.

Subsequently, measurements in 10 mbar CO were conducted. Depicted in Figure 5.11
are two measurements on the 2 nm SD Pt film (roughly correlating to the amount of Pt
on the 50 cycle ALD film). The green spectrum was obtained first and showed an
unexpected broad feature around 1950 cm™ so a second spectrum (black) was acquired.
The second spectrum did not show the feature at 1950 cm™, only the much narrower
resonance at 2046 cm™ that belongs to on-top CO. Compared to the resonance position
of on-top CO on the ALD samples (around 2090 cm™) the peak position is strongly red
shifted (implying adsorption at very low coordinated Pt sites) and the intensity is very
low (poor signal to noise ratio). The broad peak in the first measurement is located in
the bridging Pt region but the large FWHM of the feature hints to a very heterogeneous
source. Its total absence in the second measurement might have been induced by the
laser beam, as darker spots were found at the measurement locations (see Figure 5.11,

right picture).
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Figure 5.11: Room temperature SFG spectra of CO on 2 nm SD Pt film in 10 mbar CO.
Green spectrum was taken after fresh preparation; black spectrum was taken directly
after the first spectrum. On the right side a photo of the 2 nm sample with 3 damaged

spots, highlighted by circles, is shown. The spots look darker than the pristine film.
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CO adsorption was also investigated on a second sample, the 5 nm SD Pt film. Two
spectra of this sample are shown in Figure 5.12. The back one is shortly after dosing 10
mbar CO and shows a large on-top CO peak, a second spectrum, in red, is after two
hours of waiting time in CO environment. The lasers were turned off during this waiting
time to rule out further influence from beam damage. The CO peak in the second
spectrum is strongly diminished in intensity. A significant intensity loss was observed on
the ALD samples when CO dissociation contaminated the surface. It is possible that CO
dissociation also caused the change in signal of the SD Pt sample over two hours, as the
peak position of 2071 cm™ can be assigned to rough Pt and the results on our ALD films

showed that rough surfaces promoted CO dissociation.
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Figure 5.12: SFG measurement on the 5 nm SD Pt film in 10 mbar CO. The black curve is
after CO dosing at room temperature, the red curve after 2 hours waiting time (without

laser radiation) in the same gas environment.

Concerning the beam damage, we investigated which of the SFG beams caused the
change of the sample. This was done by separately shining either visible or IR laser on
the sample. This showed that the damage was induced by the infrared laser, which was
already used with the lowest beam power possible. Some precautions had been taken
prior to the measurements to prevent damage by the IR beam by moving the focus point
5 millimeters away from the sample surface and using relatively low laser amplification,
risking power instability, so the beam damage could not be prevented by adjusting the

beams. Still, we had not expected beam damage as there were no signs on the ALD
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prepared samples of all thicknesses. Next, we investigated the damaged areas to
determine sample usability for further measurements. SEM images of the samples were
acquired with Karin Whitmore from the USTEM, and XPS studies were performed at the

analytical instrumentation center of the TU Wien by Anette Foelske-Schmitz.

Figure 5.13 shows SEM images of the 2 nm SD Pt film. The left panel shows a region
outside the damaged spot (pristine film), while the right panel shows the region inside
the damaged spot. The pristine 2 nm SD film looked very uniform, while the damaged
part had distinct bright and dark patches. There are different reasons for brightness in
SEM. The strongest influence comes from the atomic number of the monitored
elements and morphology [87]. Elements with high atomic number vyield more
secondary electrons and the coefficient for back scattered electrons is increasing almost
monotonically with the atomic number. The morphology is important as it changes the
trajectories of electrons, influencing their path to the detector. For surfaces tilted in the
direction of the detector the brightness is generally higher, for surfaces tilted away from
the detector the brightness is generally lower. The bright spots in our SEM image could
therefore be due to higher accumulations of Pt and the dark spots are either regions
without Pt or tilted away from the detector. We assume that the dark areas were
uncovered zirconia with a far lower average atomic number than Pt, while the bright
areas were Pt agglomerations. The Pt areas were very uneven causing additional
contrast through topological changes. For better resolution an image with higher
magnification was required but this was not possible for this sample due to focusing

(charging) issues.

Figure 5.13: SEM image of the 2 nm SD Pt film. On the left side an area without beam
damage is depicted featuring a uniform Pt film, on the right side an area with beam
damage is depicted with very agitated coloring that hints to changes in the structure of

the Pt film exposing the zirconia support.

70



Nevertheless, the same beam damage also occurred on the 5 nm SD Pt film (used in the
SFG measurement shown in Figure 5.12). Thus this film was analyzed with SEM and the
thicker Pt layer yields enough conductivity to circumvent the charging issues. Figure 5.14
depicts the damaged area at the magnification as for the 2 nm film. Again, structured Pt
somehow agglomerated uncovering the darker zirconia. It looked like the Pt film was
peeling off the surface in ribbons. The brightest parts of the image were curled up sides
of the remaining Pt sheets. This explains the patterns observed also for the 2 nm SD film
with small curled up Pt parts that uncovered dark zirconia patches. The features were

smaller on the 2 nm Pt film because the Pt film was thinner.

2

Figure 5.14: SEM image of the 5 nm SD Pt film. The brighter structures correspond to the

Pt while the darker uniform part is the zirconia support. Pt seems to curl up in ribbons.

Due to the good conductivity of the 5 nm SD sample we could use higher magnification.
The results are shown in Figure 5.15 for the pristine film (left) and the damaged area
(right). The pristine Pt looked uniform with brighter and darker spots corresponding to a
particle/grain-like structure with small height differences and tilted surface facets. The
damaged area showed bright Pt flakes and strings on dark zirconia. Brightness changes
within the Pt structures are mainly from topological changes. This detachment of Pt

from the support indicates insufficient sticking of Pt to the zirconia support material.
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Figure 5.15: SEM image of the 5 nm SD Pt film. On the left side the pristine Pt surface is
shown with grain structure. On the right side a damaged spot after SFG measurement

can be seen with Pt curling up.

To supplement the SEM images, spatially resolved XPS spectra were acquired. At the
analytical instrumentation center of TU Wien, it is possible to perform area resolved XPS
for a spot of 2 um diameter using a monochromatic Al Ka source. The area resolved
measurements allowed us to compare the damaged spot to the undamaged film.
Additionally, angle resolved detection allowed depth profiling. The XPS analyzer was
therefore equipped with a lens to only measure electrons from specified exit angles over
a range of 60 °. Depending on the mean free path of the electrons in the sample, angle
dependent measurements are more or less surface sensitive. Large angles to the surface
normal increase the path the electrons have to travel through the material. It is
therefore less likely that electrons from lower layers leave the material and such

measurements are more surface sensitive.

Figure 5.16 shows Zr 3d spectra of the 2 nm SD film from angle resolved XPS
measurements. The left panel shows spectra on the pristine film while the right panel
shows spectra on the damaged part. We evaluated the binding energies of the Zr peaks.
For pure metallic Zr the binding energy would be 179 eV for 3ds;; [88]. In comparison,
we had Zr 3ds/; at 182.2, which perfectly correspond to ZrO; [88, 89]. For depth profiling
we used the capability of the analyzer to measure different escape angles between 20
and 80 °. The black curves correspond to the smallest angle to the surface normal (20°),
i.e. electrons have the shortest path through the sample, and the green curves
correspond to the largest angle (80°). Spectra in-between change by 15° per
measurement. The first difference between the two measurement spots was the poor
signal to noise ratio for zirconia below the pristine SD Pt. This was due to the very low
signal intensity because the zirconia was fully covered with Pt. This became especially

clear with the high angle measurements as for very surface sensitive spectra the
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zirconium signal vanished. The zirconia peaks of the beam-damaged area were only
slightly decreasing proving that our assumption with curled up Pt and uncovered zirconia
from the SEM images was correct. In addition, a slight shift of the peak positions could
be observed but this was most likely due to the insulating nature of ZrO,, which could

have led to sample charging effects [43].
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Figure 5.16: XPS measurements of Zr 3d in UHV of the 2 nm SD sample. The left panel
shows angle resolved measurements on the undamaged film, while the right panel shows
angle resolved measurements on a beam damaged spot. For the undamaged part the Zr
3d intensity was lower because the Pt film was covering the zirconia, causing a signal
near zero for the most surface sensitive measurement. For the damaged film the peaks
are much more intense because the Pt film exposed zirconia. Even the more surface

sensitive measurements still showed distinct peaks.

Figure 5.17 shows the C 1s spectra for the measurements at 20° for the damaged and
undamaged surface after CO adsorption. The peak at 284.8 eV (blue) is the standard
peak for graphitic carbon [90]. The peak at 286.5 eV (red) is from adsorbed CO [91, 92].
The feature at 288.5 eV (orange) belongs to some higher oxidized compounds,
explaining the large linewidth. Most noticeably, on the damaged film an additional peak
is required to fit the XPS spectra located at 285.3 eV and the intensity of the CO peak is

strongly diminished. The lower CO signal correlates well with our SFG results.
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Figure 5.17: XPS measurement of C 1s core level. Comparison between un-damaged and
damaged area on 2 nm ALD sample is shown. The red peak at 286.5 corresponds to

adsorbed CO and has much less intensity for the damaged spot.

In summary, combining SEM and XPS measurements we found that Pt was not properly
sticking to the ALD zirconia substrate upon Pt sputter deposition. The IR beam of the SFG
process locally heated the surface and Pt detached from the zirconia and agglomerated.
This effect renders these samples unsuitable for model catalyst measurements, as the
model catalyst structure needs to be homogeneous and controllable/predictable. We
also wanted to design model catalysts to investigate metal/support interaction, which is
impossible if the metal detaches. Furthermore, future experiments should focus on nano
particle structured metals, which are not stable due to the agglomeration of Pt observed
for the SD films. These samples were therefore not investigated further and CO

oxidation measurements were only conducted on the ALD prepared Pt films.
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5.4 Polarization Dependent Spectroscopy of CO Adsorption

A powerful feature of SFG is the possibility to carry out polarization dependent
measurements. In chapter 5 all spectra shown were taken in ppp polarization except for
Figure 5.1, as the ppp spectra are stronger than ssp spectra for flat metal surfaces. This
is due to the bond orientation of on-top CO parallel to the surface normal. The
comparison between ssp and ppp signals can yield information about surface roughness,
as for rougher surfaces facets should be tilted from the macroscopic surface normal and
cause the respective adsorbed CO to be tilted likewise. Those CO molecules
perpendicular to a facet, but tilted from the macroscopic surface normal contribute to

the ssp signal (Figure 5.18).

POOPOPE $HHGOGO
0000e 060666

Figure 5.18: Molecule bonds are oriented orthogonal to the surface. For flat surfaces
they are parallel to the surface normal, for rougher surfaces molecules are tilted with
respect to the macroscopic surface normal causing an ssp signal in the SFG

measurements.

To prove that the ssp spectra indeed depend on the surface roughness, different ALD
samples were examined and the SFG spectra compared. The obtained spectra are shown
in Figure 5.19. The curves for 750 and 250 cycle films are quite similar, with the peak
positions matching within accuracy. In comparison, the 50 cycle Pt film had higher
intensity and a larger peak asymmetry. Both changes hint to a difference in film
structure, with CO tilted away from the sample surface normal. The increase in ssp
intensity is especially noteworthy as we saw a larger decrease in ppp intensity for the 50
cycle film compared to the 250 cycle film. For the 10 cycle ALD cycle Pt film, which is not
continuous but consisting of single particles, two resonances were present and the
intensity was again lower. The two resonances were explained by the further structural
change, offering different adsorption sites. One peak (2085 cm™) was at the same
wavenumber as the resonances on the thicker films and should therefore correspond to
"standard" Pt (terrace) sites. The other resonance was at much lower wavenumbers
(2056 cm™) and may correspond to very low-coordinated Pt or even to Pt at metal-
support interfaces. This corresponds well with the TEM results, which showed that the
10 cycle film has distinct particles, while the thicker films start to combine particles to
build a closed layer. In addition, the overall ssp intensity of the 10 cycle film is again

lower than the intensity of the 50 cycle film. This is due to the lower amount of Pt sites

75



available for CO adsorption on this particle film. The direct comparison of ppp and ssp
signals for the 250, 50 and 10 cycle samples is shown in Figure 5.20. This comparison

highlights the change in lppp/lssp ratio from closed film to particle film.
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Figure 5.19: SFG spectra in ssp polarization for CO adsorption in 10 mbar CO at 200 °C on
different ALD Pt samples.

Nevertheless, even for the thinnest ALD films the ppp signal was still significantly larger
than the ssp signal. Concerning simulations of the lypp/lssp ratio for CO on Pt [70] the
lowest ratio for angles over 80° would be roughly 2. In our case, ratios were indeed low
as denoted in table Table 5.6, indicating a significant tilt of facets due to the particle
structure of Pt for films with few deposition cycles. In addition, the slightly higher ratio
of the 10 cycle film compared to the 50 cycle film (3.4 vs 2.4 ) matches the TEM images,

in which the Pt particles of the 10 cycle film were shaped more like pyramids with less

tilted side facets.

Table 5.6: Intensity ratio of ppp to ssp signals for the on-top CO peaks of different ALD Pt

samples.
250 cycle 50 cycle 10 cycle
Ratio lppp/lssp 17.4 2.4 3.4
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Figure 5.20: SFG spectra of 250, 50 and 10 cycle ALD Pt films for comparison of ppp and

ssp signals. Measurement temperature was 150 °C for 10 mbar CO.
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6 CO Oxidation Measurements

In the two previous chapters, a thorough characterization of the ALD model catalysts
and CO adsorption in pure CO environment was presented. The insights gained in these
studies are the basis for the interpretation of SFG spectra in mixed CO/O, atmosphere
during CO oxidation reaction. Still, for catalytic measurements a simple study of
adsorbates solely by SFG is not sufficient. To correlate spectral changes to reaction
processes we need to monitor the amount of educts and products. Therefore, we used a
mass spectrometer (MS) to check the gas composition during the catalytic
measurements. We could then link changes in adsorbates directly to changes in the gas
atmosphere. In our setup we used a mass spectrometer from Pfeiffer Vacuum with
Faraday detector to monitor CO, O; and CO; to follow the reaction, and Ar to calibrate
pressure and detection sensibility drifts over time. In the following part examples of MS
measurements upon temperature steps for SFG spectra and the influence of partial
pressure will be described. Afterwards, reaction measurements on the ALD films will be

discussed, focusing especially on the 250 and 50 cycle Pt films.

SFG spectra take some time depending on the precision/resolution of the measurement.
The shortest SFG scans roughly take 5 minutes, but for low signal intensities 20-30
minutes may be necessary. Related MS measurements are plotted versus time with the
respective temperature steps also indicated in the same graph for better correlation. As
the measurement chamber is a batch reactor, the duration of temperature steps can
slightly influence the activity e.g. by changing the gas ratio and therefore the reaction
equilibrium over time. Especially long SFG spectra might have an influence, thus some
complementary measurements without simultaneous SFG acquisition but with a
constant temperature ramp were also recorded. In that case the time could directly be
converted to sample temperature and the MS signal could be plotted versus

temperature.

Figure 6.1 shows an example of the correlation of reaction temperature and mass
spectrometer signal for a mixture of 10 mbar CO and 10 mbar O,. The large difference in
signal intensity of CO and O; is apparently not due to the difference in partial pressure
(as the partial pressures are the same) but indicates different detection sensitivity
(partially influenced also by molecular fragmentation). For the shown system the on-set
of CO; production started at the 250 °C temperature step, but the increase in CO; was
almost negligible. The incline can be observed better in Figure 6.2, which is a detailed
plot of the CO, MS signal for temperature steps of 250 to 300 and 350 °C. It highlights

that with increasing temperature the material activity increased as the rise was steeper
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at higher temperatures. All in all, the MS data allows following the reaction qualitatively

with temperature, but for quantitative results MS detection would need to be calibrated
for the different gases.
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Figure 6.1: Mass spectrometer data and temperature plotted vs time for a 2 nm SD Pt
film in 10 mbar CO and 10 mbar O, mixture. Shown are the ion currents for the educts of

CO oxidation, CO and O3, and the product, CO;.
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Figure 6.2: Zoom on CO, mass spectrometer signal between 250 °C and 350 °C for the

above data. This zoom shows that already at 300 °C an increase in CO, can be observed.

The partial pressures of CO and O; are important for the catalytic reaction because they
are responsible for the reaction equilibrium and surface coverage (i.e. surface poisoning

by CO at low temperatures and high CO pressure [93]). Figure 6.3 shows the influence of
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different ratios of CO and O, on the SFG spectra with the left panel displaying spectra for
a 1:2 mixture of CO and O, (oxygen excess) and the right panel displaying a 2:1 mixture
of CO and O3 (stoichiometric mixture for CO oxidation) with a total pressure of 120
mbar. The experiments were conducted on the 750 cycle ALD Pt film (i.e. bulk sample).
Heating in CO/0O; mixture shifts the peak position due to the lowering CO coverage upon
thermal desorption (as observed in CO adsorption measurements in chapter 5.2), but
the surface remains CO poisoned and inactive. For the oxygen excess the wavenumbers
of the CO resonance were somewhat lower than for the stoichiometric mixture, due to
lower CO coverage with lower partial pressure. The most important difference is the
disappearance temperature of the CO signal. At 400 °C no surface CO could be detected
by SFG for the oxygen excess case while there was still CO on the surface at the same
temperature for the stoichiometric mixture. To facilitate the oxidation reaction and to
ensure that the surface fully changed from CO poisoning to oxygen coverage, the

following experiments were thus conducted with O, excess mixtures of a 1:2 CO/0;

ratio.
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Figure 6.3: In situ temperature dependent SFG spectra for bulk like 750 cycle ALD Pt film.
Left panel shows data for 40 mbar CO and 80 mbar O, mixture. Right panel shows data
for 80 mbar CO and 40 mbar O, mixture. For the oxygen excess, no adsorbed CO peak
can be found at 400 °C while for the stoichiometric mixture some CO remains bound to

the surface at this temperature.
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6.1 Operando SFG Spectroscopy

For the operando studies, which are in the focus of this thesis, the ALD films with 10, 50
and 250 deposition cycles of Pt were systematically investigated. Furthermore, some
measurements on the 5 and 125 cycle samples were added to emphasize trends. All of
the following SFG CO oxidation measurements were performed in an oxygen excess gas

mixture of 1:2 CO/O; at a total pressure of 30 mbar.

Figure 6.4 shows the spectra for the 250 cycle ALD Pt film from 150 to 400 °C. Prior to
the SFG measurements, several cycles of CO oxidation were performed to assure that
the surface was clean and the measurements reproducible. The on-top CO peak was
located at 2091 cm™ for the first temperature step of 150 °C. Heating caused the
resonance to redshift to lower wavenumbers. Exact values are denoted in Table 6.1. This
is, as mentioned before, a sign of reduced surface coverage, which results from thermal
desorption. At 400 °C, the CO resonance was not visible any more, meaning that the
surface fully switched from CO coverage to oxygen coverage. CO oxidation requires
oxygen coverage of the active facet, as CO poisons the surface and hinders the process
[93]. The switch in coverage at 400 °C corresponded to the strong increase in CO;

formation seen in the MS data.

Table 6.1: Resonance position and intensity of on-top CO peaks for different

temperatures. in reaction mixture 10 mbar CO, 20 mbar O.

250 cycle 150°C 250°C 350°C 375°C 390°C
Q (cm™?) 2091.3 2088.9 2081.6 2080.5 2080.1
FWHM (cm?) | 5.9 6.8 8.4 8.3 9.2

One big question that remained was why the CO, production started well below the
major 400 °C step, at which CO was no longer poisoning the surface. A co-adsorption of
oxygen and CO in the form of intermixed layers is not possible and oxidation only occurs
after the coverage has changed. Nevertheless, a measureable increase in CO, was
observed in the MS data already at the 350 °C temperature step, when surface CO was
still present. There was also a slightly larger red shift in the SFG spectra when heating
from 250 to 350 °C than for any other steps. This effect may be explained by the surface
structure of the ALD film. As seen before in TEM, the film is composed of single crystal
grains that grow together to form a closed film. It is safe to assume that this film consists

of different facets with varying crystal terminations.
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Figure 6.4: Mass spectrometer data and in situ SFG spectra of CO oxidation on 250 cycle
ALD Pt in 10 mbar CO and 20 mbar O;. The left panel shows the mass spectrometer data
and temperature curve in dependence of passing time. The right panel shows the SFG
spectra corresponding to the temperature plateaus. A red-shift of the peak position is

seen when the first increase in CO; pressure is visible.

In general, different crystal terminations have different catalytic properties. CO
oxidation on Pt at low pressure has been reported in the literature using photo-emission
electron microscopy (PEEM) [94]. Using a polycrystalline Pt foil, it was shown that at a
CO pressure of 10° mbar the temperature of switching between CO and oxygen
coverage differs for almost 100 K for the 110 and 111 termination. Compared with our
SFG measurements, when no CO was present above 400 °C (all facets oxygen covered)
the first facets might have switched coverage already around 300 °C. These facets may
have catalyzed CO oxidation at lower temperatures while the remaining CO still
poisoned facets and contributed to the SFG signal. This may also be responsible for the
larger red shift of the CO peak with the temperature step from 250 to 350 °C. Different
facets have slightly different binding energies and the measured spectra are mostly a
median of the different peaks and after some surfaces stopped contributing to the CO
signal, the peak is centered more at different wavenumbers. According to the PEEM
measurements, the 110 domains are first to switch coverage. Measurements on single
crystals comparing the wavenumbers of adsorbed CO found that the adsorbates on 110
domains are located at the highest wavenumbers [95]. Their desorption at temperatures
between 250 and 350 °C perfectly matched the overall signal red shift in our SFG results.
Overall the gradual activation of different facets for CO oxidation is a suitable

explanation for our results.
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The same SFG temperature series has been recorded for the 50 cycle ALD Pt film, shown
in Figure 6.5. For this film, the CO peaks were at lower wavenumbers than for the
smoother 250 cycle film, as summarized in Table 6.2. This matches our adsorption
measurements, when CO on rough surfaces (i.e. films with fewer deposition cycles) was
redshifted in comparison to CO on smooth surfaces. Again, a red shift with increasing
temperature was observed but contrary to the 250 cycle film, the CO peak did not
vanish at 400 °C, but only at 450 °C. This indicates that the oxidation was also "delayed"
as the CO poisoning persisted up to higher temperatures. The conclusion was therefore
that the particle film was less active for catalyzing CO oxidation than the smoother bulk

film.

Table 6.2: Resonance position and intensity for the 50 cycle ALD Pt temperature

dependent spectra in oxidation environment of 10 mbar CO and 20 mbar O;.

50 cycle
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Figure 6.5: Mass spectrometer data and in situ SFG spectra for CO oxidation in 10 mbar
CO and 20 mbar 02 on the 50 cycle ALD Pt film. The decrease of CO and increase in CO;
for higher temperature is shown in the left panel, while the SFG spectra corresponding to
the temperature steps are shown in the right panel. Again a red shift was observed
above reaction on-set temperature. The resonances were at lower wavenumbers than for
the 250 cycle film.

This finding was quite unexpected, as, for various reactions, it had been reported in the
literature that smaller/rougher particles were generally more active than smoother

films/bulk. The next steps were therefore to investigate if the results were reproducible
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and if they were affected by the rather high laser intensity. Afterwards it was examined
whether the lower activity was specific to this sample or a trend for all samples with few
deposition cycles.

To confirm that the reaction results were reproducible and whether there was any
influence of the laser beam, repeated measurements with linearly ramped temperature
were performed. Both previously discussed samples (250 and 50 cycle) were
investigated. The initial gas phase again consisted of a 1:2 mixture of CO/O, with 10
mbar CO and 20 mbar O,. Alternatingly, the SFG lasers were on or off for each ramping
cycle, with a ramping speed of 20 °C/min for the temperature increase. Figure 6.6 shows
MS data for two temperature cycles with laser off (top 1 & 3) and laser on (top 2 & 4),
both for the thicker ALD film and for the thinner film. For temperatures below ignition

(seen as a kink in the spectra) the curves were identical for all cycles on one sample.
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Figure 6.6: Mass spectrometer data for multiple cycles of CO oxidation on 10 nm and 2
nm ALD Pt in 1:2 mixture of CO/O; (total pressure 30 mbar). The right panels are zoomed
on the temperature at which CO oxidation starts. The measurements are alternating

between temperature ramp with SFG lasers off (1,3) and SFG lasers on (2,4).
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This can be seen better in the magnified displays on the right side. For temperature
above the ignition kink the curves slightly differed for the thicker sample. Apparently,
multiple cycles of oxidation increase its catalytic activity above ignition. Nevertheless,
the laser radiation does not seem to have any influence on the catalytic reaction. The
ignition temperature remained the same for all cycles, no matter if the lasers were on or
off. The change in activity for the 250 cycle sample above ignition was also visible in the
third curve with radiation off. It is also important to mention that the position of the
kink was at slightly higher temperatures than the disappearance of CO in the spectra.
This is in part due to delayed gas information at the MS. With a ramp of 20 °C/min, a
small delay can have a significant influence on the measurement. In our setup the MS is
connected to the high pressure chamber by 50 cm long steel tubing and a leak valve to
ascertain a maximum pressure of 10 mbar in the MS. The distance is no problem for
the SFG measurements, as the measurements were started 1-2minutes after reaching
the set temperature for a step. Yet, for the fast ramp the tube length may influence the
correlation of data. In addition, the gas volume of the chamber is large compared to the
sample. The measurements are performed without a circulation pump so the insufficient
gas mixing also contributes to the time delay. Therefore it is possible that the ignition
kink in the ramping experiments is actually at lower temperatures than the one seen in

the MS data (comparable to when CO vanished in the SFG spectra).

The MS ramping experiments showed that the activity of the thinner rougher film
remained lower than that of the smoother film. The question remains if this is a general
trend for films with fewer deposition cycles or a specialty of the 50 cycle film. Therefore,
the temperatures at which CO was fully removed from the surface were measured also
for the 125 cycle and 10 cycle ALD Pt films. The resulting temperatures for all
measurements are denoted in Table 6.3. The measurements prove that the change in
temperature for CO to O coverage switching was connected with the number of
deposition cycles: the fewer the deposition cycles, the higher the temperature. The main
difference observed before for films with fewer deposition cycles was the higher
roughness compared to the smoother thicker films. Therefore, the increased
temperature was most likely linked to the higher surface roughness. More precisely,
higher roughness means higher number of step sites that bind CO differently than
terrace sites. The thicker films have more terrace sites where CO is weaker bound to the
surface, while the thinner films with more particles have more step sites where CO is
stronger bound to Pt. Terrace sites have been reported to be favored in CO oxidation
[96]. So this may have some impact on our results. Nevertheless, rougher surfaces also

bind oxygen stronger and are typically considered more active

85



Table 6.3: Temperatures of disappearance of CO resonance in SFG spectra for different

film thicknesses.

ALD Pt cycles No peak in SFG (°C)
250 400
125 425
50 450
10 475

To complement the temperature dependence table of CO disappearance, Figure 6.7
shows the CO peak positions during reaction of the various Pt ALD films for lower
temperatures at 150, 250 and 350 °C. Again a monotonous behavior is observed with
decreasing number of deposition cycles. The lower the amount of Pt, the larger was the
red shift of the CO resonance. The films with few deposition cycles have, as mentioned
before, more step sites, which bind CO stronger and cause a red shift in the resonance.
In addition, the rough films do not allow adsorption of CO in a well ordered structure.
This causes the CO coverage to be lower than for the smoother films also contributing to
the red shift.
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Figure 6.7: Positions of on-top CO resonances during reaction (10 mbar CO, 20 mbar O;)
for Pt films with different numbers of ALD deposition cycles. For all samples values at

temperatures 150 (black), 250 (red) and 350 °C (green) are shown.

Figure 6.7 also shows that for samples with more deposition cycles the difference in
peak position is smaller. Obviously, at some point the smoothness of the surface cannot

be increased further by continuing deposition of Pt and the peak position stabilizes
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around 2092 cm™ at 150 °C. Another important finding concerns the red shift with
increasing temperature. For the smoother films each temperature step causes a red shift
to the resonance position due to thermal desorption of CO. In comparison, the first step
shown from 150 to 250 °C does not induce any change in the resonance position of the 5
and 10 cycle samples and only a minor shift for the 50 cycle film. These results support
our previous assumption that CO is adsorbed stronger on the thinner films. It is
therefore more difficult to remove CO from the surface. The CO poisoning persists to
higher temperatures on these rougher films and "delays" the reaction to higher

temperatures.

While the trend between different numbers of deposition cycles and catalytic activity is
quite clear for the SFG measurements, it is still contrary to several reports of
nanoparticles being more active than bulk crystals or continuous films. To support our
findings and ensure that neither our laser technique nor our chamber was responsible
for the unexpected results, we decided to use a second well-established operando

method.
6.2 Operando NAP-XPS Spectroscopy

The operando XPS measurements were performed at the synchrotron facility MAX IV in
Lund, Sweden. The experiments were conducted on the very recently opened HIPPIE
beamline, which features a UHV chamber that included a smaller chamber for operando
experiments. The catalytic reactions in this setup were performed in flow mode, as the
differential pumping is incompatible with a batch reactor. The gas composition
throughout the reaction was again monitored by a mass spectrometer. Due to
experimental limitations the maximum pressure reachable during the NAP-XPS
measurements was 3 mbar (i.e. one magnitude below pressures used in SFG). Still, we
used the same 1:2 ratio for CO and O; as in SFG.

First, spectra of the catalyst elements, Pt 4f and Zr 3d, are discussed, as XPS allows direct
investigation of surface composition changes. It has been reported several times that
oxidation of surface Pt may occur during reaction [97, 98]. Figure 6.8 shows the Pt 4f
peaks for the 250 cycle ALD sample (top) and for the 50 cycle ALD sample (bottom) for
different temperatures. The peaks are fitted with asymmetric line shapes, due to their
metallic nature. In addition, some constraints can be applied to the fits as the area of 4f
5/2 is 75% of the 4f 7/2 peak and the distance between the peaks is fixed (spin orbit
splitting, 3.3 eV). It is then apparent from the fit that the peak position was the same for

both samples and for all reaction temperatures: 71.0 eV for the Pt 4f 7/2. There were no
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visible shoulders emerging throughout the reaction measurements. The design of the
beam line did not allow the use of photon energies lower than 670 eV; this is by far
higher than the binding energy of 71-75 eV and the resulting core level photoelectrons
therefore have relatively high kinetic energies. For the resulting kinetic energy of 598 eV
of the photoelectrons the inelastic mean free path is roughly 1.2 nm. Assuming the
maximum probing depth as the depth where 95% of all photoelectrons are inelastically
scattered, it can be calculated as 35 A. Thus, the measurements are not very surface
sensitive but a potential surface oxidation should still be visible as a small shoulder (but

was absent).
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Figure 6.8: Pt 4f XPS spectra of the 250 and 50 cycle film at different increasing CO

oxidation temperatures (1 mbar CO and 2 mbar Oy).

The only significant change at different temperatures was the change in intensity for the
50 cycle film. For lower temperatures, especially 200 °C the intensity of the Pt peaks was
very low compared to higher temperature spectra. As the amount of Pt on the sample
did not change the measurements imply that the Pt signal was somehow obscured (by

something covering the surface), an effect that disappeared at higher temperatures.

Figure 6.9 shows the corresponding Zr 3d peaks for the same measurement at
temperatures 150, 250 and 350 °C. The position of zirconia peaks at 150 °C was 182.7 eV
for 3d 5/2 for the 250 cycle peak and 182.4 eV for the 50 cycle film. The small shift is due
to the influence of the different amounts of Pt on the zirconia. At 350 °C a peak shift by
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0.3 eV to lower binding energies could be observed for both samples. This is most likely
due to the start of oxidation. The different surface coverage changes the surface work
function and oxygen from the zirconia (at the metal oxide interface) is consumed by the
reaction, lowering the oxidation state of the surrounding zirconium atoms. In addition,
as seen for the Pt, the peak intensities for the 50 cycle film increased with higher
temperature. This was again a sign of a species covering the surface, which was removed
upon temperature increase. The zirconium peaks at higher temperatures were also
much larger for the 50 cycle film than for the 250 cycle film as there is less Pt obscuring
the signals. As stated before, the zirconia peaks should not be visible for a pristine 250

cycle film, but the measured sample was slightly altered by previous sputter

pretreatment.
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Figure 6.9: Zr 3d XPS spectra of the 250 and 50 cycle Pt film at different temperatures in

oxidation mixture of Imbar CO and 2mbar O,.

The next step was to investigate the Cls signals of possible surface adsorbates. To
ensure that all observed carbon species were due to the reaction environment and not
due to adventitious carbon on the surface, the samples had first been cleaned. They
were heated in oxygen and simultaneously checked by XPS measurements to guarantee
that no carbon was initially present. A comparison of C 1s spectra of the clean surfaces

to those during reaction is shown in Figure 6.10 for the 250 and 50 cycle ALD Pt samples.
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Figure 6.10: C 1s spectra of clean surface versus surface in reaction mixture (1 mbar CO,
2 mbar 0;).
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Figure 6.11: Temperature dependent C1s NAP XPS spectra of 250 and 50 cycle Pt model
catalysts in CO oxidation environment. The gas pressure was 1 mbar CO and 2 mbar O,
and temperatures are ramped from 150 °C in 25 °C steps up until no carbon features can

be observed anymore.

In Figure 6.11 C1s spectra are displayed for increasing reaction temperatures for the 250
and 50 cycle film (from 150 °C in 25 °C steps up to 350 °C and 400 °C, respectively). At
high binding energies a narrow peak was observed, which can be assigned to gas phase
CO. With increasing temperature this gas phase peak lost intensity due to the reaction.
For even higher concentrations of CO; a new gas phase peak would appear for CO,. At

lower binding energies a broad feature consisting of several peaks could be observed,
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which corresponded to different carbon compounds on the surface. It was clearly visible

that all of them disappeared from the surface at higher reaction temperatures.

A detailed plot of the different C 1s surface features can be found in Figure 6.12. The
peak at lowest binding energy of 284.4 eV (blue) is due to graphitic carbon [90], which
most likely originates from CO dissociation at steps. The peak at 286.4 eV (red) arises
from molecular CO adsorbed on the surface [91, 92]. The small feature at 288.2 eV
(orange) is broad and possibly containing several sub features that cannot be fitted
separately with reliable accuracy. The position suggests carbon from higher oxidized
compounds [97]. These may be found at the interface to the zirconia support, where
more oxygen is available. The last feature around 291 eV (green) corresponds to gas
phase CO.

© measured
254 envelope
1 graphitic
20 - (60)
higher oxidized carbon
1 gas phase

XPS Intensity [a.u.]

292 290 288 286 284 282 280
Binding Energy [e.V.]

Figure 6.12: Example of a fitted C 1s NAP-XPS spectrum in CO oxidation environment. At
lower binding energies several surface features can be found, while at higher binding

energies a CO gas phase is visible.

It was explained before that the catalyst surface is CO poisoned as long as CO was
blocking the adsorption sites for 0. Therefore, the gas phase peak should be stable in
intensity until the reaction starts/ignites. It was therefore reasonable to compare the
peak intensities of adsorbed and gas phase CO. The results are shown in Figure 6.13. On
the 250 cycle Pt film a slow decrease of both peak areas was observed over a larger
temperature interval. The gradual change over a large temperature regime was, as
discussed previously, due to the different surface terminations of different Pt crystal
grains. On the 50 cycle Pt film the decrease in peak intensity of adsorbed CO from

roughly 275 °C to 350 °C matched the strong decrease in gas phase CO from 300 °C to
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350 °C upon reaction onset. Both samples match our expectations, still, the spectra of

adsorbed CO and gas phase CO could not explain the higher reaction onset temperature

for the more particle-like film.
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Figure 6.13: Comparison of adsorbed (black) and gas phase (green) CO peak areas.
Especially for the 50 cycle ALD Pt film the temperature for the decrease in intensity of

both peaks matches very well.

A possible explanation for the temperature difference in the onset of CO oxidation can
nevertheless be found in the Cls spectra. The carbon signal intensity of the 50 cycle film
is much larger than for the 250 cycle film. This is due to the large amount of graphitic

carbon on the surface.

Figure 6.14 shows a comparison of both surface CO and graphitic carbon peak areas for
the temperature dependent Cls spectra. It is obvious that the graphitic carbon peak
area is not only larger for the 50 cycle film than for the 250 cycle film, it also increases
for the first few temperature steps. This explains the diminished intensities of the Pt and

Zr signals in Figure 6.8 and Figure 6.9 at 200 °C.
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Figure 6.14: Comparison of peak areas of adsorbed CO (red) and graphitic carbon (blue)
for 250 and 50 cycle ALD Pt model catalyst.
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The increased amount of carbon was most likely due to higher CO dissociation
probability on the rougher 50 cycle film. We have seen this already before in the SFG
studies on CO adsorption; there the dissociation was dependent on surface roughness.
The large amount of carbon on the surface also hinders the early switching from the CO
poisoned surface to the oxygen covered reactive surface, as first the carbon has to be
removed to free active sites. For the 250 cycle film the graphitic carbon was gone at
275 °C, before all CO was desorbed from the surface while for the 50 cycle film the
graphitic carbon peak was still larger than the adsorbed CO peak even at 325 °C. This
finding is in accordance with the trend that rougher surfaces have higher reaction onset
temperatures. As CO dissociation increases with higher surface roughness this causes

even more carbon contamination of rougher (thinner) films, which must be removed.

As mentioned before, the gas atmosphere was monitored simultaneously to the XPS
spectra. The resulting data for the 50 cycle ALD Pt films is plotted in Figure 6.15. The
different temperature steps are denoted at the visible steps of CO; increase in the
graph. The first visible step in CO; could be seen at 250 °C after the amount of graphitic
carbon started to decline in the XPS spectra. With higher reaction temperatures the
amount of produced CO; increased even more at each temperature step. This is due to
faster reaction kinetics at higher temperature in general, but also due to the additional
switching of facets with different surface terminations and the removal of graphitic

carbon.
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Figure 6.15: MS data for the reaction measurements on the 50 cycle sample.

Temperature steps are denoted, stepwise increasing CO5.
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Figure 6.16: CO and graphitic C peak areas from fitted C 1s spectra at different
temperatures in reaction gas mixture. The spectra were first taken while heating the
sample to 400 °C, then while cooling back to 225 °C.

An additional way to show that the significant carbon contamination was responsible for
the "delayed" CO oxidation onset (to higher temperatures) is to compare with spectra
taken while cooling down in reaction environment. Figure 6.16 shows the peak area of
surface CO and graphitic carbon for increasing and decreasing temperature on the 50
cycle ALD Pt film. The values of peak areas while heating up were divided by 4 for a
better presentation. The results showed that there was a hysteresis between heating
and cooling. The CO peak persisted to 325 °C while heating up but only reappeared
275 °C upon cooldown. In addition, the peak areas for both CO and graphitic carbon on
the surface were much lower upon cooldown to 225 °C. Apparently, the reaction
environment helped in keeping the surface clean and oxygen covered, when cooling
down, until the CO adsorption and dissociation started and blocked sites again. The
hysteresis as well as the stronger increase of the graphitic carbon peak even after
cooldown supported the suggestion that the activity of the rough model catalyst was

limited by the carbon contamination from CO dissociation.

To complete the NAP-XPS measurements, Figure 6.17 shows the C 1s spectra of the 10
cycle ALD Pt film during CO oxidation reaction (left panel) and the respective peak areas
for surface CO and graphitic carbon (right panel). For this sample, the peak area of
graphitic carbon was roughly twice the area of adsorbed CO at 150 °C. While this ratio is
comparable to the 250 cycle ALD Pt film, the overall amount of carbon and CO on the
surface was much higher. The surface poisoning persisted to an even higher

temperature (375 °C). In addition, graphitic carbon stayed on the surface until the full
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switch of coverage to oxygen occurred (i.e. start of the reaction on all surface
terminations), as seen for the 50 cycle ALD Pt film. These results show that the carbon

contamination through dissociation was again impairing the reactivity of the catalyst.
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Figure 6.17: Left: C 1s NAP-XPS spectra for 10 cycle ALD Pt in reaction environment
(1 mbar CO, 2 mbar Oz). Temperature was increased in 25 °C steps from 150 to 400°C.
Right: peak area of adsorbed CO and graphitic carbon from fits of the temperature

dependent spectra.

Compared to the SFG measurements, all desorption temperatures were lower in the
NAP-XPS measurements. This was expected due to the lower total pressure of 3 mbar
(compared to 30 mbar in SFG). Nevertheless, the same trends were observed. A
comparison of the temperatures at which CO was no longer visible in the SFG and NAP-
XPS measurements is shown in Table 6.4. For the three measured model catalysts, CO
persisted to higher temperatures on samples with fewer deposition cycles. While the
absolute temperatures were different (this is partly due to the different pressures but
also due to different detection limits), the relative temperatures between the different
samples were similar. From the 250 cycle ALD Pt island sample to the 50 cycle Pt particle
sample a difference of 50 °C in the removal of CO was observed and an additional 25 to

50 °C was needed to remove CO from the 10 cycle ALD Pt sample.

Table 6.4: Temperatures of SFG and XPS spectra, for which CO first disappeared upon

heating the samples.

ALD Pt cycles No CO in SFG No CO in NAP-XPS
250 400 °C 300 °C

50 450 °C 350 °C

10 475 °C 375-400 °C
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To sum up, the trend in reaction temperature for the model catalysts was the same in
SFG and NAP-XPS spectra. While SFG spectra did not yield a full explanation of the
results, the measurements could easily be performed with our laboratory setup. The
addition of the synchrotron based NAP-XPS measurements yielded further insight to the
shift of the reaction onset to higher temperatures for rough films by highlighting that CO

dissociation was also present in oxidation conditions.
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7 Summary

Model catalysts: Over the course of this thesis different ALD and SD Pt/ZrO, model
catalysts have been structurally characterized and used for CO adsorption and oxidation
measurements. The samples were prepared by depositing a 40 nm ALD zirconia film as a
catalyst support on a Si wafer substrate. The active metal was Pt, which was deposited
on top of the zirconia by either ALD or SD with differing amounts of Pt (5, 10, 50, 125,
250 and 750 deposition cycles for ALD and 2, 5, 10 and 30 nm nominal thickness for SD).
TEM and XRD measurements showed that ALD samples with more deposited Pt had an
island structure, while the thinner ALD samples had a particle structure, with smaller
crystal grain sizes. In all cases the zirconia was homogeneous with large crystal grains
and the Pt was poly crystalline. The SD samples were not fully characterized as they
showed severe surface instabilities during CO adsorption measurements. The Pt on the
SD samples did not stick well to the supporting oxide. With the heat of laser radiation it
partly detached from the surface in ribbons, forming large three dimensional Pt
structures. Thus, SD samples were unsuitable as model catalysts and not investigated in
more detail. In depth measurements solely focused on the ALD prepared samples,
especially on the 250 cycle Pt film as bulk-like model and on the 50 cycle Pt film as

particle-like model.

Characterization of the SFG System: The optical parameters of the SFG system in our
laboratory were thoroughly characterized for the first time. Reference spectra were
collected for the intensity of the IR beam over the whole measurement range and for
the stability of the beam intensities over time. Spectra of GaAs and ZnSe were acquired
for signal comparison after adjustment of the beam paths and the influence of gas phase

absorption on the SFG signals was studied to be able to interpret SFG data correctly.

CO Adsorption: We used SFG measurements of CO adsorption for additional sample
characterization and as basic reference data for the reaction studies. We only
investigated the on-top resonances of CO on Pt, as signal contributions of other
resonances (bridge and hollow) were too weak in SFG. For the different film structures
we saw shifts in the resonance position, intensity and peak shape. The shifts were
mainly due to two reasons: different binding strength (e.g. steps vs terraces) and
different coverage. For the various films the peak positions depended strongly on
structural differences. More particulate structure had lower amounts of terrace and
higher amounts of step sites; therefore a redshift was present due to different binding
strengths. For increasing temperatures the surface structure might change, but observed

resonance shifts were more likely due to CO desorption. The facets of a polycrystalline
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surface have different desorption properties, so desorption from one kind of surface
termination causes an overall intensity change and peak shift in the SFG spectra. The
difference in surface structure was also investigated using polarization dependent SFG
measurements, which can distinguish between molecular bonds parallel to and tilted
from the surface normal. Films with fewer deposition cycles had more adsorbates tilted
to the macroscopic surface normal, implying that there were more tilted crystal facets.
This was in accordance with the TEM images from sample characterization. SFG spectra
of adsorbed CO can thus also be used to highlight the roughness increase for samples

with less deposition cycles (more particle-like structure).

CO dissociation: An unexpected finding in the adsorption studies was a sudden peak
change on rough surfaces with increasing temperature. The intensity strongly decreased
and the resonance position was red shifted for temperatures above 225 °C. These
changes were similar to the changes induced by desorption (red shift, intensity loss), yet
desorption at this temperature should also have been observed on all samples. It was
therefore assumed that CO dissociated on the steps and kinks of rough surfaces,
spreading over the terraces to cause this signal change. This hypothesis was supported
by measuring cool down spectra that showed that the initial CO peak was not recovered
at room temperature, i.e. the change was not reversible. Furthermore, spectra in CO/0;
mixture showed that the addition of oxygen allowed recovery of a normal CO on-top
peak upon heating. Starting at 175 °C, the oxygen cleaned up adsorption sites for CO,
which was still dominant in adsorption, so the surface was CO covered. Most
importantly, the dissociation related measurements suggested that rougher surfaces

were more prone to causing CO dissociation than smoother surfaces.

CO oxidation monitored by SFG: The central point of the model catalyst investigations
were reaction studies. For the CO oxidation measurements we compared mass
spectrometer data and SFG spectra for increasing reaction temperatures on the 50 and
250 cycle film. Again, the SFG spectra showed a roughness induced redshift from island
to particle film, in addition to the temperature induced redshift through CO desorption.
An interesting result was that CO, started to increase in the gas phase (i.e. start of
oxidation), while the CO signal was still present. Only by increasing the temperature by
another 100 °C above the reaction on-set temperature, the CO signal fully disappeared
from the SFG spectra. CO on the surface "poisons" the catalyst and blocks CO oxidation
so catalytic activity should only start after the CO is removed. This duality of adsorbed
CO and CO; production at the same time was due to the polycrystallinity of the sample

surface. Some crystal terminations allowed switching of surface coverage to oxygen,
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starting the CO; production, while other facets were still CO poisoned and contributed
to the SFG spectra. Furthermore, the reaction on-set temperature and the temperature
at which CO was removed from the surface were higher for the Pt particle film than for
the island/bulk film. While this was partly due to stronger bonding of CO to steps than
terraces (i.e. harder to remove from steps), the stronger bonding of oxygen to rough
surfaces and the additional oxygen provided by the zirconia support should counteract
the increase in temperature. Thus, additional NAP-XPS measurements were performed

to uncover the reason for the decreased activity of particle model catalysts.

CO oxidation monitored by NAP-XPS: The NAP-XPS measurements showed the same
trend as the SFG measurements, to be specific, they showed that CO oxidation reaction
was offset to higher temperatures for the particle like film compared to the smoother
continuous film. These measurements also provided an explanation for the increased
reaction temperature. On the 50 cycle film a significant amount of graphitic carbon was
found blocking the active surface. For the 250 cycle film, the much lower amount of
graphitic carbon was removed from the surface before complete CO desorption. The
carbon contamination on the particle film persisted until the surface switched to oxygen
coverage. The carbon inhibited early coverage switching, "delaying" the reaction on set
to higher temperatures. It appeared to be the main limitation for CO oxidation on the 50
cycle particle film. NAP-XPS spectra on a 10 cycle ALD Pt film could show that this was a
trend for samples with fewer deposition cycles, as the same carbon contamination
caused the reaction on-set temperature to be even higher. In conclusion the SFG and
NAP-XPS measurements correlated well and we could show that the CO dissociation
observed in CO adsorption measurements also played a vital role in CO oxidation for

rough model catalysts.
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8 Conclusion and Outlook

The motivation for the current experiments was the design and investigation of model
catalysts, to get a better grasp on surface interactions and, at the same time, to bridge
the materials and pressure gaps. Overall we were successful in our design of model
catalysts. While sputter deposition of Pt did not yield reliable samples, ALD proved to be
a great technique for manufacturing samples with different surface structures. ALD Pt
can also be deposited for industrial catalysts similarly to our models by just using a
different support material, which supports the relevance of our model. The ALD models
were also well suited for SFG and NAP-XPS measurements with their macroscopically
smooth surfaces allowing measurements at higher pressures, i.e. bridging the pressure
gap. Simultaneously, they still featured different microscopic roughness, closing the

materials gap.

By comparing catalysts throughout the "bulk-to-particle" transition, we found a strong
discrepancy between annealed single crystals, which were often used as catalyst
models, and complex and more "disordered" model catalysts. In adsorption
measurements CO dissociation was not observed on the smooth single crystal using SFG,
while it was very prominent on all samples with rougher surfaces. Furthermore, CO
dissociation had a lasting effect on the CO oxidation reaction on our model catalysts,
affecting surfaces differently depending on microscopic surface structuring. These
measurements prove that studies on too simple catalyst models may not explain
phenomena seen on industrially relevant catalysts. They show that it is crucial to choose
suitable models and to compare the different findings to understand what is happening
at a surface during reaction and to finally implement the research in catalyst

development.

With the ALD prepared Pt catalysts we found an unforeseen effect, with Pt particles
requiring higher temperatures for CO oxidation than smooth bulk-like material. By
combining SFG measurements on CO adsorption and oxidation with NAP-XPS
measurements on CO oxidation we were able to explain the temperature difference.
Smoother surfaces were CO covered and different facets switched easily to oxygen
coverage at higher temperatures. Rough surfaces (comprised of particles) had high
amounts of carbon contamination due to CO dissociation at steps and edges. On these
particles higher temperatures are required to allow the coverage switch from CO to

oxygen, therefore the reaction is "delayed". This is schematically shown in Figure 8.1.
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Figure 8.1: Schematic evolution of surface coverage of the model catalysts. Starting from
the clean surface the addition of reaction atmosphere CO/0O; causes surface coverage
with CO on the terraces and carbon contamination from CO dissociation on the steps.
Heating the sample in the CO/O> gas mixture causes the terraces to switch from CO to

oxygen coverage but the high amount of carbon on the rough particles inhibits this

switch and CO poisoning persists to higher temperatures.

For application of these results to advancements in real catalysis it is of course
important to further study this trend. The measurements on a Pt film with less
deposition cycles but differently shaped Pt particles showed less CO dissociation overall,
but high amounts of carbon contamination still persisted to very high temperatures.
Using other amounts of Pt (by either changing the number of ALD cycles or the
deposition temperature) it may be possible to change the geometry of the Pt particles to
a more favorable smooth geometry. It should also be investigated whether higher ratios
of oxygen in the reaction mixture can circumvent the contamination from dissociation.
High partial pressures of O, compared to CO might inhibit CO dissociation at steps even
for the rough particles, facilitating the switch in coverage. For further steps it would
therefore be reasonable to study the impact of different gas ratios and to adjust the
model catalysts by modifying the catalyst preparation. Apart from changing parameters
of the ALD process (depositing different amounts of Pt, obtaining different particle

geometries), the influence of different support materials should also be tested.
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Another interesting issue is polarization dependent SFG investigations of the CO
oxidation reaction. They may yield a better understanding of coverage on different
facets. This would be especially interesting if a preferential growth direction of the Pt
particles could be achieved by a modified ALD particle preparation. The polarization
measurements on CO adsorption already proved it an interesting tool to compare
surface structures in gas atmosphere and would surely provide interesting results during
oxidation measurements. In addition, the SFG experiments could also be extended by
time-dependent pump-probe measurements. While this setup requires additional
experimental adjustment, it may allow the direct study of increased temperature on the
stability of carbon contamination (observed on particles) and how fast it spreads at

different sample temperatures.

As a last point it would of course be interesting to use ALD prepared model catalysts for
investigations of other reactions. Zirconia as a support material is for example found in
various reforming catalysts (mostly in combination with Ni nano particles). Our studies
using Pt model catalysts were very rewarding and the application of ALD model catalysts
worked very well. So it may be straight forward to prepare different material

combinations for ALD model catalysts in the future.
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