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Abstract

Chlorine is a basic chemical essential for a broad range of products, with a current annual
demand of 90 million tons. However, hydrogen chloride is often an inevitable byproduct,
accumulating to around ten million tons per year. A sustainable way to solve this waste
issue is to recover molecular chlorine by thermal catalysis in the Deacon process
(4 HCI + O2 — 2 Cl2 + 2 H20). Compared to conventional hydrogen chloride electroly-
sis, only 15% of the energy is required. Cerium oxide is a viable catalyst for this reaction,
which is active yet stable, but it is still unclear why. A reaction mechanism has been
proposed based on density functional theory (DFT) calculations, but it has yet to be con-
firmed experimentally.

The approach for corresponding model studies in this work is to divide the overall reac-
tion into two half-reactions, based on so-called chemical looping, where the catalyst is
alternately cycled between two reactants. Similarly, the proposed mechanism for the Dea-
con process over CeOx-,(111) can also be divided: first, the catalyst is exposed to HCI,
corresponding to an exothermic surface chlorination process, and the byproduct water is
formed. Secondly, oxygen is activated upon exposure and adsorbed, and chlorine is
formed in an endothermic de-chlorination process.

The model catalyst, i.e., single-crystalline reduced CeO»—(111) thin films, is prepared via
physical vapor deposition PVD. The films are characterized using dedicated surface-sen-
sitive methods: X-ray photoelectron spectroscopy XPS, near edge X-ray absorption fine
structure NEXAFS, low-energy electron diffraction LEED, X-ray reflectivity XRR, and
temperature programmed desorption TPD. Complementary density functional theory cal-
culations DFT+U are realized in collaboration.

First, chlorination of the reduced cerium oxide is modeled on reduced single-crystalline
CeO2-x(111) model surfaces, which stabilizes various ordered surface structures, e.g.,

(V7 x VT)R19.1°, (3 x 3), or (4 x 4), depending on the concentration of oxygen vacancies
(Vo). Saturating these phases with HCI at room temperature, followed by annealing to the
Deacon process temperature of 700 K, results for all cases in a uniformly covering

(/3 x V/3)R30°-Clysc overlayer structure with identical coverage and adsorption geome-
try of Cl in oxygen vacancies (Clyac). Water or hydrogen formation can be observed de-
pending on the reduction degree x. In order to rationalize why the formation of the

(v/3 X V3)R30°-Clyqe structure on CeOa—(111) is independent of the original reduction
degree x of CeO,-(111) efficient diffusion of surface and bulk oxygen vacancies is re-
quired.

Second, as a key experiment, the stepwise re-oxidation of the chlorinated surface is in-
vestigated. Here, the displacement of tightly bound chlorine in an oxygen vacancy is pre-
dicted to be the most critical step. Synchrotron-based XPS and NEXAFS disentangle the
surface and bulk properties of the surface-chlorinated model catalyst during re-oxidation.
The re-oxidation process is found to start from the bulk of the catalyst and propagate
towards the surface. Chlorine recombines and forms the desired product Cl, solely during
surface oxidation. DFT+U calculations evidence Cl is displaced by an adsorbed peroxo
species in a concerted reaction, likely not being the rate determining step. The formation
and dissociation of the peroxide species drive the re-oxidation and de-chlorination pro-
cesses, hence being considered essential for cerium oxide-based catalysis in general.






Kurzfassung

Chlor ist eine Grundchemikalie, die fiir eine Vielzahl von Produkten und Giitern unent-
behrlich ist. Weltweit betrdgt der jdhrliche Bedarf derzeit etwa 90 Millionen Tonnen.
Chlorwasserstoff ist hdufig ein unvermeidbares Nebenprodukt bei der Chlorverwendung,
mit einer Gesamtmenge von etwa 10 Millionen Tonnen pro Jahr. Eine nachhaltige Mog-
lichkeit zur Losung dieses Abfallproblems ist die Riickgewinnung von molekularem
Chlor durch thermische Katalyse im Deacon-Verfahren (4 HCl1 + O, — 2 Cl> + 2 H0).
Im Vergleich zur konventionellen Chlorwasserstoff-Elektrolyse werden hierbei nur 15 %
der Energie benotigt. Ceroxid ist ein vielversprechender Katalysator fiir diese Reaktion,
der aktiv und dennoch stabil ist. Ausgehend von Dichtefunktionaltheorie-Rechnungen
(DFT) wurde ein Reaktionsmechanismus vorgeschlagen, der allerdings noch nicht expe-
rimentell verifiziert wurde.

Der in dieser Arbeit vorgestellte Ansatz flir entsprechende Modellstudien besteht darin,
die Gesamtreaktion in zwei Halbreaktionen zu unterteilen, die auf dem so genannten che-
mischen Looping basieren, bei dem der Katalysator abwechselnd zwischen zwei Reak-
tanten zirkuliert wird. Der vorgeschlagene Mechanismus fiir den Deacon-Prozess iiber
CeO2-x(111) ldsst sich ebenfalls auf diese Weise unterteilen: Zundchst wird der Kataly-
sator durch HCI in einem exothermen Schritt chloriert, wodurch Wasser als Nebenpro-
dukt entsteht. AnschlieBend wird die Exposition von Sauerstoff, dieser aktiviert und ad-
sorbiert, und Chlor in einem endothermen Dechlorierungsprozess gebildet.

Der Modellkatalysator, in Form einkristalliner, reduzierter CeO2-(111) Diinnschichten,
wurde durch physikalische Gasphasenabscheidung (PVD) prépariert und mit verschiede-
nen oberfldchensensitiven Methoden charakterisiert: Rontgenphotoelektronenspektro-
skopie XPS, Rontgen-Nahkanten-Absorptions-Spektroskopie NEXAFS, Niederenergie-
Elektronenbeugung LEED, Rontgenreflektometrie XRR und temperaturprogrammierter
Desorption TPD. Komplementére Dichtefunktionaltheorieberechnungen DFT+U wurden
in einer Kooperation realisiert.

Reduzierte einkristalline CeO»-,(111) Oberflichen kdnnen, abhidngig von der Konzentra-
tion der Sauerstoffleerstellen (Vo), verschiedene geordnete Oberrekonstruktionen ausbil-
den, z. B. (W7 x V7)R19.1°, (3 x 3), oder (4 x 4). Die Sittigung dieser Phasen mit HCI
bei Raumtemperatur und ein Heizschritt auf die Deacon-Verfahrenstemperatur von 700
K fiihrt in allen Fillen zu einer gleichmiBig bedeckten (V3 x v/3)R30°-Clyae-Uberstruktur
mit identischer Bedeckung und Adsorptionsgeometrie von Cl in Sauerstoffliicken (Clyac).
Die Bildung von Wasser oder Wasserstoff kann in Abhéngigkeit des Reduktionsgrads x
beobachtet werden. Unabhéngig vom urspriinglichen Reduktionsgrad x ist fiir die Aus-
bildung der (v/3 x v/3)R30°-Clyac-Uberstruktur eine effiziente Diffusion von Sauerstoff-
leerstellen an der Oberfldche und im Volumen erforderlich.

Als Schliisselexperiment wurde die schrittweise Reoxidation der chlorierten Oberflédche
untersucht, da die Aktivierung von Chlor als ratenbestimmender Schritt vorhergesagt
wird (DFT). Mit Synchrotron basiertem XPS und NEXAFS wurden die Oberflichen- und
Volumeneigenschaften des oberflaichenchlorierten Modellkatalysators wéhrend der
Reoxidation analysiert. Es konnte gezeigt werden, dass der Reoxidationsprozess im Vo-
lumen beginnt und Chlorbildung ausschlieBlich wahrend der Oberfldchenoxidation statt-
findet. DFT+U-Rechnungen konnten zeigen, dass Cl hierbei durch eine adsorbierte Per-
oxospezies in einer konzertierten Reaktion aktiviert wird, und dies somit nicht dem ge-
schwindigkeitsbestimmenden Schritt entspricht. Die beschriebene Peroxospezies ist fiir
Ceroxid-basierte Katalysatoren von grundlegender Bedeutung.
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1 Introduction

Chlorine is a chemical element with the atomic number 17 and belongs to the group of
the halogens. In industry, it is a basic chemical with a current annual production of an
estimated 90 Mt worldwide®* including an estimated 10 Mt in Europe® in 2021. Most
chlorine is produced via the chlor-alkali process, which is the electrolysis of an aqueous
sodium chloride solution (brine) that also produces sodium hydroxide NaOH. It is esti-
mated “that over 50% of all the industrial chemicals and polymers depend on chlorine”,’
which, however, is no longer contained in one third of the final products.” A key example
is the production of the three polymers polyurethane PU, polycarbonate PC, and polyvinyl
chloride PVC for which more than half of the chlorine produced is consumed.® PU, PC,
and PVC, are encountered every day in broad range of applications: PU is often used as
foam in insulation materials, as well as mattress, seat upholstery, shoe soles, or sponges.
Polycarbonate has a broad application in electronic devices because of its outstanding
electrical insulation and stability.® Due to its transparency it is also suited for durable
glasses or for CDs, DVDs, and Blu-rays as well as safety goggles in the laboratory. PVC
is used, e.g., for piping, window frames, and flooring, but also for daily consumer prod-
ucts like credit cards or basket balls. Figure 1.1 depicts the exemplified manufacturing
process of polycarbonate:
Deacon Process
1 O, H,0

X A1 Hoi 0.  Ck
o o
Polycarbonate - - gui’f‘éce )
4n HCI (c) Cl, (a)
“ (d) (e)
O O ' ‘ Catalytic 2
HCI Oxidation *
0" 0
- [ 4
cI” ¢l (b)
Phosgene

Figure 1.1: The chlorine cycle depicted as for the production of polycarbonate. The cycle starts with chlo-
rine Cl, (a) oxidizing carbon monoxide to phosgene while Cl, is reduced (b). In a condensation reaction of
phosgene with bisphenol A, the desired product polycarbonate is formed, yielding HCI (c) as a byproduct
in the ratio 1:2. The cycle is closed by the catalytic HCI oxidation (Deacon process) with oxygen to recover
chlorine and form water as a byproduct. As a viable catalyst, cerium dioxide is investigated in dedicated
model experiments, i.e,. on CeO»-(111) thin films separated in a chlorination step (d) and de-chlorination
(e) step. Inspired by reference’.

Conventionally, chlorine (Figure 1.1a) from the chlor-alkali process is used as an oxidiz-
ing agent here for carbon monoxide CO, yielding phosgene COCl, (Figure 1.1b) by
changing the oxidation state of the carbon atom from +II to +IV, while the two chlorine
atoms are reduced from 0 to —I. Afterwards, phosgene can react in a condensation reaction
with Bisphenol A to form the desired product polycarbonate. However, during the con-
densation two moles HCI are formed per mole monomeric unit polycarbonate as residual
waste product. In the case of polyurethane, with diisocyanates as key intermediate, the
ratio is even 1:4, meaning that per monomeric unit four moles of HCI are generated.



Partially, HCI can be used in the production of PVC, as the polymer contains one chlorine
atom per monomeric unit. However, in the end, there is an increasing excess of around
10 Mt HCI omnipresent waste, which the market cannot absorb.? In the future this issue
is expected to aggravate, as, for example, the demand for superior PU and PC is rising
faster than that for PVC.® Commonly, the HCI waste is processed in HCI electrolysis or
even in neutralization with a base, which is energy intensive and undesirable.”'%2 Addi-
tionally HCI originates in large scales from metallurgy processes.°

The issue of excess HCI as waste product dates back to the end of the 19" century, due
to the production of sodium sulfate Na>SOj as the basis for the historic Leblanc process
(soda ash NaxCOs production). Given this, Henry Deacon and Ferdinand Hurter®!?
started around 1870 to develop the heterogeneously catalyzed oxidation of HCI with mo-
lecular oxygen O> (Deacon-Hurter process):'*!°

+I -1 0 0 +I -II
4HC1+0,—2ClL+2H,0 AH=-114kJ/mol (1.1)

Here, four moles of HCI (Figure 1.1c) are oxidized by one mole of oxygen via a solid
catalyst to recover two moles of desired chlorine and two moles of water as a side product
containing the reduced oxygen. During the HCI oxidation four electrons and four hydro-
gen atoms need to be transferred from the four chlorine atoms to the two oxygen atoms.
This process closes the depicted chlorine cycle (cf. Figure 1.1) and offers the possibility
to recycle HCI directly at the production site where it is generated, enabling a circular
economy. This is especially desirable, as chlorine, phosgene, and HCI are toxic and cor-
rosive gases. The main advantage of thermal heterogeneous catalysis is its low energy
utilization of only 15% compared to conventional HCl electrolysis.” However a active yet
stable, but also environmentally safe and economically viable catalyst is essential for a
successful application which has been a challenge for over 150 years (cf. Chapter 3.1).

The original cupric chloride CuClz-based catalyst used by Deacon and Hurter suffered
from volatilization of CuClz at high temperatures. A breakthrough only at the end of the
last century was the development of a ruthenium oxide RuO»-based catalyst supported on
rutile-TiO2 by Sumitomo Chemical. Although being commercialized, RuO;-based cata-
lyst faces several challenges: ruthenium is a rare platinum group metal with an annual
world production of 20-30 t per year, thus making it susceptible to severe price fluctua-
tions. Furthermore, RuO»-based catalysts exhibit stability issues due to volatilization at
high temperatures which requires a challenging isothermal reactor design.

A recently discussed®!'®!” and abundant alternative to ruthenium oxide is cerium dioxide.

CeO is active and stable at a typical reaction temperature of 700 K and in a wide range
of process parameters.? Cerium (6.55 - 10! mg/kg) is much more abundant than ruthe-
nium (1 - 107 mg/kg) in the earth’s crust.!® In addition, CeO»-based catalysts allow for
running the flow reactor under adiabatic reaction conditions, thereby reducing investment
costs.>!!” However, the reaction mechanism of the Deacon process on CeO»-based cat-
alysts is still elusive. “A more detailed understanding of the catalytic reaction mechanism
associated with the process”!’
alyst. In the case of RuQ,, the reaction mechanism has been successfully resolved using
dedicated single-crystalline RuO2(110) model catalyst systems (cf. Chapter 3.3). In

may be important for a successful optimization of the cat-



previous studies Amrute et al. proposed a reaction mechanism over defective CeOx(111)-
surfaces based on model experiments on powder samples and computational density func-
tional theory DFT+U calculations.'® Subsequently, CeO»-based catalysts have been fur-
ther investigated utilizing model catalysts with a specific morphology (e.g., fibers®® or
nanoparticles®!), doping®>* or the use of a supporting material® (cf. Chapter 4.2). How-
ever, the experimental verification of the proposed reaction mechanism remains. Pioneer-
ing experimental surface science studies using dedicated single-crystalline CeOx(111)
thin films®®?” were conducted in the Over research group by Christian Sack.?® They
formed a foundation for the present thesis (cf. Chapter 4.4, 6.5, and 7.1). Generally, in
surface science, a system, e.g., a catalyst, is investigated under structurally and chemically
controlled conditions (e.g., single-crystallinity and ultrahigh vacuum, respectively). Here,
the identification of a suitable model system (i.e., RuO2(110) or CeO»—(111)) and how
the catalytic reaction can be investigated under ultra-high vacuum UHV conditions is of
vital importance.

For the Deacon process it can be shown that the proposed reaction mechanism (cf. Chap-
ter 5.1) can be split in to an HCI-driven “chlorination” and an oxygen-driven “de-chlo-
rination” of the catalyst. (cf. Chapter 5.2). The separation of a catalytic reaction in reactor
design is known as chemical looping® and was already investigated in pilot studies for
the Deacon process.’® In simple terms, the catalyst is cycled between two reactors and
alternatingly exposed to the two educts of the catalytic reaction. Transferred to dedicated
model studies, in a first step' the “chlorination” can be investigated by exposing HCI to
reduced CeOz—(111)-surfaces as the fully oxidized CeO(111)-surface was shown to be
inactive.?! The findings and results from previous work are categorized in this context
and complemented with additional experiments (cf. Chapter 7.1). In a second step” the
chlorinated, yet reduced surface acts as model system for the oxygen driven “de-chlorin-
ation.” The present thesis focuses on the latter step, as the de-chlorination, i.e. the activa-
tion of a chlorine atom from an oxygen vacancy, has been proposed to be the most energy-
demanding step of the reaction. Furthermore, it is as yet unclear how an oxygen molecule
can be activated on a chlorinated surface. For a detailed investigation, the second model
system was prepared in a dedicated synchrotron beamtime using X-ray photoelectron
spectroscopy XPS and near edge X-ray absorption fine structure NEXAFS. In this way,
the surface and bulk properties of the model catalyst surface region could be disentangled.
In addition, lab-based XPS, low-energy electron diffraction LEED, temperature pro-
grammed desorption TPD and X-ray reflectivity XRR experiments are utilized. In order
to use the full strength of the surface science approach, complementary computational
DFT+U calculations were carried out in collaboration with M. Veronica Ganduglia-Piro-
vano and Pablo G. Lustemberg.






2 Methods

The methods used in this work can be classified as a classic surface science approach.*
Instead of a catalyst applied in a reactor, a suitable model catalyst or system is investi-
gated. In the following the surface science methods (Figure 2.1) utilized for the investi-
gation of the CeO>-(111) thin film model system are briefly explained. In general, for
the investigation of a sample a testing probe is required (e.g., photons /v of a specific
wavelength) and the response of the sample (e.g., in the form of emitted electrons) needs
to be quantifiable.*’

XPS LEED

gy 1

CeO,_(111)

o=
NE)I(_KFS Ru(0001)

Figure 2.1: Overview of the used methods for investigation of the CeO,-.(111) thin film model catalyst
system: X-ray photoelectron spectroscopy XPS, near edge X-ray absorption fine structure NEXAFS, low
energy electron diffraction LEED, X-ray reflectivity XRR, temperature programmed desorption and com-
plementary density functional theory DFT+U. Adapted from reference®.

In the present thesis, spectroscopic techniques like XPS and NEXAFS are used to deter-
mine the oxidation state of the ceria thin film at different information depth, as well as
the amount of chlorine and the chemical state. Structural characterization is achieved with
techniques XRR and LEED in order to determine the thickness of the film and the surface
diffraction patterns and order, respectively. TPD is used to analyze possible reaction pat-
terns, e.g. water or chlorine formation depending on the reduction degree x of the sur-
face.>® Due to the model character of the system, it is suited for complementary compu-
tational methods, i.e. DFT calculations which are realized in a collaboration in order to
verify the interpretations drawn from the experimental studies.

2.1 Surface Science Approach

The investigated system in the present thesis is CeO»-, acting as a heterogeneous catalyst
for the Deacon process. A CeOx-(111) thin film constitutes the model catalyst, with the
(111)-facet being the most stable surface,> thus ensuring structural control. Control of
the chemical environment is ensured by working under UHV conditions, with ambient
base pressures below punv < 107! mbar. In this way, the educts HCI and molecular oxy-
gen can be dosed wunder controlled conditions, with pressures up to
p(HCI) < 5 x 10 8 mbar and p(02) < 1 x 107> mbar, respectively.

Most of the experiments in the present thesis were conducted in sifu, meaning the sample
is characterized at the same place where the experiment was conducted, e.g., before and
after an HCI dosing step, without breaking UHV conditions. Especially in heterogeneous



catalysis operando studies are highly desirable, i.e., while the reaction or an experiment
takes places. However, due to the corrosive nature of HCI and the high pressures needed
for oxygen, operando measurements are limited for the present model system. Ex situ
characterization of the sample is not possible as adventitious carbon contaminates the
ceria surface,*®3” except for XRR, in which case the influences of adsorbed carbon con-
taminations are negligible. In addition, water and oxygen can adsorb ex situ. A key ad-
vantage of the surface science approach is the good comparability with theoretical calcu-
lations. Due to the model character of the present CeO> system a computational modelling
is possible, enabling a combined experiment and theory approach.*®

2.2 Interaction of Electrons with Matter

A surface can be defined as “range of a phase region, that differs from the bulk, typically
in the range of a few atomic layers”.?® In order to investigate a surface often emitted
electrons are measured as response to the incoming X-rays (e.g. XPS and NEXAFS) or
electrons (e.g. LEED). The emitted electrons escaping from the surface region or under-
lying bulk thus determine the surface-sensitivity of the measurement. The escape depth
respectively information depth of the electrons is determined by how far an electron can
travel, e.g., in a solid before it is absorbed. The intensity decay of the electrons can be
described with “an exponential first-order decay law typical for the travel of radiation

through matter.**3

1(d) = I, exp( 4 ) @.1)
A(Eyin) cos(0)

With [, being the initial intensity before interaction with the solid, d the travelled dis-
tance, A(Ey,) the inelastic mean free path IMFP, and O the angle between the surface
normal and the detector (cf. Figure 2.3). The inelastic mean free path A(E;,) of electrons
in a solid is defined as the distance an electron can travel before its intensity decays to 1/e
of its initial intensity, with e being Euler’s number.** The inelastic mean free path A(Ey,)
is dependent on the kinetic energy Ej;, of the electron and can be described with the so-
called universal curve (cf. Figure 2.2).

The shape of the curve can be rationalized as follows:* for energies higher than ~50 eV
the inelastic mean free path A(E};,) increases directly proportional to the electron’s ki-
netic energy, hence velocity, as the time decreases during which the electron might be
absorbed passing through a given thickness of a solid.**> Around 50 eV, the inelastic mean
free path A(Ey;,) passes through a minimum. Below kinetic energies of 20-30 eV the in-
elastic mean free path A(E;,) rapidly increases as plasmons cannot be excited anymore
which is the dominant energy loss mechanism.>*
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Figure 2.2: Universal curve: the inelastic mean free path A(Ey;,) of an electron in a solid dependent of its
kinetic energy.’? The gray area represents the typically found distribution for different materials.’® Adapted
from reference®.

Consequently, escaping electrons with kinetic energies between ~50 eV and ~250 eV are
the most surface-sensitive, thus suitable for investigating the topmost layers. In the pre-
sent thesis, surface sensitive electrons are used, in LEED or synchrotron-based XPS. For
bulk-sensitive measurements, representing the whole thickness of the film, emitted elec-
trons with either high kinetic energy FEiin>~500eV or low kinetic energies
Exin <~20-30 eV should be detected, which is accomplished in the present thesis via bulk-
sensitive XPS or NEXAFS measurements in the total electron yield TEY mode. In addi-
tion, for enhanced surface sensitivity the detector angle O can be adjusted, i.e. by rotating
the sample. In this way the effective path length defr in the solid is increased and a process
for energy loss becomes more likely, thus increasing the surface sensitivity.*?

1= I, exp(—d/ME,,)) [=I, exp(—d/)(E,,)cos(6))

Id Thin film 0 >4
eff

Substrate

Figure 2.3: Schematic depiction of how going from normal to glancing angles of emission increases the
effective path length (de.sr) = d/cos(d) from an electron in a solid by variation of the detector angle 6.
Adapted from reference’.

2.3 Generation of X-rays

Essential for the investigation of the sample with XPS, NEXAFS, and also XRR is the
generation of X-rays, which “are electromagnetic waves with wavelength 4 in the region
of an Angstrom (A = 1071°™).40 In the lab, typically X-ray tubes with a fixed wavelength
are used, e.g. Mg K, (hv = 1253.6 eV) for XPS. At a synchrotron facility X-rays can be



used in a broad spectrum (e.g. Av =40 — 1500 eV at the FlexPES soft X-ray beamline)
and techniques like NEXAFS with varied photon energy Ej,, or surface-sensitive XPS
can be performed.

2.3.1 Lab-Based Generation of X-rays

In a X-ray tube, electrons are accelerated from a filament towards a cooled metal anode,
e.g. made of magnesium (hv = 1253.6 eV) or aluminum (Av = 1486.6 ¢V). On the one
hand, characteristic X-rays are generated by transitions of electrons between shells (e.g.,
the K, transition from the L shell to the K shell, after an electron got removed from the K
shell), which is used on the lab-scale for analysis. On the other hand, continuous brems-
strahlung is generated. However, the brilliance of a lab source is approximately a factor
of 10'? lower*® compared to a synchrotron source. Hence, for use of X-rays with variable
wavelength synchrotron facilities are used instead of the bremsstrahlung of an X-ray tube.

2.3.2 Synchrotron-Based Generation of X-rays

In a synchrotron facility X-rays with variable wavelength and high intensity can be gen-
erated. Figure 2.4 depicts the simplified schematic of the X-ray beamline utilized in the
present thesis.
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Figure 2.4: Simplified schematic of a synchrotron X-ray beamline. Bunches of electrons circulate (blue)
in a storage ring and generate so called “white” X-rays (depicted in red) upon passing of an undulator. The
desired X-ray wavelength is adjusted with a monochromator and the now monochromatic beam is focused
(focusing device) on the sample in the experimental end station, e.g. for X-ray spectroscopy. Adapted with
permission from references**!. © 2011 John Wiley & Sons Ltd.

In principle, bunches of electrons circulate in a storage ring. In case of the FlexPES beam-
line the 1.5 GeV storage ring has a circumference of 96 m and is designed as a dodecagon
with 12 linear sections, for up to 12 beamlines. In the linear sections of the ring an inser-
tion device for the generation of X-rays is placed, which is nowadays typically an



undulator. An undulator consists out of an array of magnets. When an electron passes the
array of magnets it is forced to execute small-amplitude oscillations. “At each oscillation
X-rays are emitted and, if the amplitude of the oscillations is small, then the different
contributions from the passage of a single electron add coherently, and a very intense
beam of X-rays results”,*’ called ‘white beam’. To adjust the desired wavelength/energy,
the white beam passes a monochromator as a key component of each beamline. After-
wards, depending on the application, the now monochromatic beam can be focused and
shaped in a focusing device further downstream and finally reaches the sample for its

application in an experiment.
2.4 X-ray Spectroscopy

The X-ray spectroscopy methods used in this work are XPS and NEXAFS. Both tech-
niques are based on the creation of core-holes by absorption of incoming photons 4v.*> A
core-level electron of an atom can be excited either to a yet bound state (NEXAFS, Figure
2.5a) or to the continuum (XPS, Figure 2.5b), whereas the latter leads towards ionization.
In NEXAFS “the spectroscopy provides information about the empty electronic states
above the Fermi level”,*>*? while in XPS the kinetic energy of the emitted electron is
measured and information about the binding energy of the core-level can be obtained.*?
In the present thesis both techniques are used to disentangle surface from bulk properties
of the model catalyst, e.g. to determine the degree of oxidation.

Creation of core holes Decay of core holes
o i}
a) b) c)
o

E. E. 577 E
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X-ray Absorption X-ray Photoelectron Auger Electron
Spectroscopy XAS Spectroscopy XPS Spectroscopy AES

Figure 2.5: Schematic illustration of a) core-level excitation used in X-ray absorption spectroscopy XAS,
e.g. NEXAFS, b) ionization used in X-ray photoelectron spectroscopy XPS, and c¢) non-radiant decay pro-
cesses used e.g. in Auger electron spectroscopy AES. Adapted with permission from reference®.

2.4.1 X-ray Photoelectron Spectroscopy - XPS

Basis for X-ray photoelectron spectroscopy is the outer photoelectric effect (Nobel prize
1921, Albert Einstein), meaning that photons /v as a probe can induce electron emission
as a response. In chemistry XPS is also referred to as electron spectroscopy for chemical
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analysis ESCA, for which Kai Siegbahn as developer of the technique was awarded with
the Nobel prize in 1981.

For electron emission to occur the energy of the photon Ej, needs to be larger than the
work function ¢s (cf. Figure 2.6) of the sample.*® The work function ¢s is defined as the
minimum energy to remove an electron from the highest occupied level of the solid to the
vacuum level Ev.** (cf. Figure 2.6) The kinetic energy of the emitted electrons Exin can
be measured with an analyzer.(cf. Figure 2.7) Hence, utilizing a fixed photon energy Ej,,
and a given work function ¢4 of the analyzer being grounded with the sample (cf. Figure
2.6), the binding energy Egg of the emitted electron can be determined via the following
equation:

Ege = Eny — (Exin + ¢4) (2.2)
The binding energy Esk is referenced to the Fermi-level Er of the spectrometer, to which
the sample is connected electrically.*?
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Figure 2.6: Energy-level diagram of photoelectron spectroscopy: A photon of energy E},,, excites an elec-
tron of binding energy Ey, (w.r.t. the Fermi level Er). The measured kinetic energy of the photoelectron Ei,
is referenced to the electron spectrometer with the work function ¢a. Adapted from reference®.

Emission of an electron can occur from core levels and valence levels from the atoms of
a solid. “Core levels are defined as inner quantum shells which do not participate in chem-
ical bonding”*® while “valence levels are defined as electrons in the more weakly bond
partially filled outer quantum shells”,** which can participate in chemical bonding. Emit-
ted core level electrons can be used for the chemical identification of an element as the
binding energy Egg of a core level, e.g. | s, is dependent on the charge of the nucleus of
the atom/element. E.g., the binding energy of oxygen 1 s ~532¢eV is greater than for car-

bon 1 s ~284 eV, cf. Figure 2.8.

In addition to the information about the chemical elements, the core level also contains
information about the chemical environment. In a first approximation the determined
binding energy Ege is the negative orbital energy of the emitted electron (Koopmans’
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theorem, Ege = —¢). However, Koopmans’ theorem seldom applies as initial (before pho-
toionization) and final (after photoionization) state effects alter the measured kinetic en-
ergy Eiin and thus the determined binding energy Egg. The binding energy of the core
level is influenced by valence levels (initial state effect) as the outer quantum shell has
charge density close to the core, hereby influencing the shielding of the core electron from
the nucleus. This can be used to probe the chemical environment, e.g. oxidation state or
adsorption site on a surface. Furthermore, the determined binding energy (EBg = —¢€ —&re-
lax —€rel —€corr) €an be influenced by, e.g. the remaining electrons, which may relax to min-
imize their total energy &relax, relativistic effects erel (€.g. spin-orbit splitting), and correla-
tions effect ecorr (€.g. plasmon excitation).

Experimentally the energy of the kinetic electrons Ekin is measured via a hemispheric
analyzer (cf. Figure 2.7). It consists out of two electrically isolated, concentric hemi-
spheres with an applied electric potential difference. The electrostatic field allows only
electrons of a specific kinetic energy (pass energy) to get through the analyzer towards
the detector, where the signal is recorded. Electrons with a higher kinetic energy (fast
electrons) are neutralized at the outer hemisphere, whereas electron with a lower kinetic
energy (slow electrons) are attracted to the inner hemisphere. Scanning of the kinetic en-
ergy is achieved by a retard plate with a negative potential, which slows down the emitted
electrons to the pass energy.>
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Figure 2.7: Schematic depiction of the electrostatic energy analyzer used in photoelectron spectroscopy,
e.g. for the analysis of surfaces. Adapted from reference®’.

As an example the C 1s and O 1s XP spectra of polycarbonate are depicted in Figure 2.8.
There are four carbon species and two oxygen species visible, which are assigned in Fig-
ure 2.8b). Especially the carbon atom (4) in the carbonate group (orange) stands out due
to the large shift induced by the three surrounding oxygen atoms (initial state effect). Next
to the carbonate species in Figure 2.8a) a final state effect (5) is visible due to a 7 — 7*
excitation, a so-called “shake-up” event. This lowers the measured kinetic energy Exin and
as a result increases the observed binding energy Epe.** A comparable typical energy loss
event in solid crystals is the excitation of plasmons. The other carbon atoms in Figure
2.8 are assigned to aromatic carbon atoms (1), aliphatic carbon atoms (2) and aromatic
carbon atoms (3) next to an oxygen atom.
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From the intensity ratio of the species, also the atomic ratio can be determined, e.g. 2:1
for the oxygen atoms in the carbonate group, marked in black and orange respectively.
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Figure 2.8: a) C 1s and O 1s XP spectra of polycarbonate. The deconvoluted peak are correlated with b)
monomeric unit of polycarbonate PC. Adapted with permission from reference*.

2.4.2 Near-Edge X-ray Adsorption Fine Structure - NEAXFS

Near-edge X-ray absorption fine structure NEXAFS and X-Ray Absorption Near Edge
Structure XANES describe the same technique. However, it has become established that
the former name is used in the soft X-ray regime (hv < ca. 1.5 keV), whereas the latter is
used in the hard X-ray regime (hv > ca. 3 keV).

In NEXAFS an electron from a core hole is excited into empty states above the Fermi
level (cf. Figure 2.5b). For excitation in NEXAFS the photon energy Ej,,, is scanned by
~30-40 eV around an absorption edge (e.g., the Ce M4 s edge, which corresponds to the
Ce 3d core level.). If the sample is a thin foil, the absorption could be directly quantified
by the attenuation of the incoming and outgoing X-ray beam. However, for supported
thin film samples like in the present thesis the absorption can be measured only indirectly
by the decay of the excited electrons. The excited electrons can decay either non-radiant
via the emission of an Auger electron into the continuum (cf. Figure 2.5c¢) or radiant via
the emission of a photon (X-ray fluorescence). The intensity of the emitted primary Auger
electrons is a direct measure of the X-ray absorption process.* In principle the created
primary Auger electrons can be used for surface-sensitive measurements. However, in
NEXAFS also bulk-sensitive measurements are possible by the so-called total electron
yield (TEY) mode. In this mode, all electrons emitted from the sample are measured,
dominated by the so-called “inelastic tail” of secondary electrons with a kinetic energy
Eiin <20 eV, which possess a large IMFP (cf. Chapter 2.2) and can escape from deeper
layers of the bulk. The secondary electrons originate from cascade-like scattering of the
primary Auger electrons.

NEXAFS can generate complex, informative absorption spectra, which make direct in-
terpretation challenging as they are difficult to simulate.*® Therefore, NEXAFS spectra
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are often interpreted by utilizing references (cf. Chapter 6.6.1). A detailed description of
the underlying processes in NEXAFS can be found in reference™.

2.5 X-Ray Reflectivity - XRR

X-ray reflectivity XRR is used in the present thesis to determine the thickness d of the
thin film. In XRR the sample is probed with an X-ray beam of the wavelength A at small
angles O slightly above the angle for total external reflection. The incident angle a; and
the exit angle ay with respect to the surface are kept equal a; = ay = 6, so-called spec-
ular XRR. The intensity of the reflected X-ray beam is measured as a function of the angle
0. Typically, the decadic logarithm of the measured intensity is plotted against the mod-
ulus of the wavevector transfer |q,| perpendicular to the surface. The XRR geometry is
depicted in Figure 2.9.

surface / interface

Figure 2.9: Principle of specular XRR: the incident o; and exit angles ar are symmetrically raised
a; = ar = 6. Therefore, the reciprocal space perpendicular to the surface, along ¢, is probed. Adapted from
reference?’.

For g follows:

4
lq.| = |kol[sin(as) + sin(a)] = Tnsin ) (2.3)

with |ky| = |kf| = |k;| = 2771 being the (elastically conserved) wave vector modulus.*’

XRR measurements are sensitive to the electron density profile perpendicular to the sur-
face in a range of ~0.1-100 nm and hence suited for the characterization of thin films.*’
For a thin film grown onto a dissimilar substrate, reflection can occur at the substrate/thin
film layer interface and at the thin film layer/air interface. The reflected X-rays can inter-
fere in a constructive and deconstructive manner which gives rise to oscillations in inten-
sity during the measurement. From these so-called Kiessig fringes*® the average thickness
of the film can be determined via

d= 21
~ Alg,l
with A|q,| being the the difference between two adjacent maxima (or minima) in inten-
sity. For an extended description of XRR the reader is referred to references**#”#

(2.4)
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2.6 Low Energy Electron Diffraction - LEED

Low-energy electron diffraction (LEED) was firstly described by C. Davisson and
L.H. Germer in 1927 on a nickel crystal surface. In 1937 C. Davisson was awarded the
Nobel prize in Physics shared with G.P. Thomson for the experimental discovery of the
diffractions of electrons by crystals and for the discovery of electron waves, respectively.

In principle, a coherent low-energy electron beam is diffracted from a periodically or-
dered (crystalline) surface. The energy of the low-energy electron used in the present
thesis is typically between 40-300 eV. The wavelength of the electrons can be estimated
from the modified de Broglie equation

h2

1= 2.5
2myE (2-3)

to be around 1.93-0.70 A, with wavelength A, Planck constant /, energy of the electron E
and its mass m.. For comparison, the trilayer distance in CeOx(111) is~1.56 A. The wave-
length of the electron is the same order of magnitude as the wavelength of interatomic
distances which is why they can interact and may undergo diffraction if the atoms in the
surface are arranged periodically (crystalline).

) . - 2
The electron beam can be described as wave front with the wave vector k, = 7” and each

atom at the surface as scattering center. After elastic scattering each scattering center is
source of a spherical wave, which can be approximated as a plane wave in the far field
towards the detector. Due to constructive and destructive interference discrete maxima of

the diffracted electron beams with the wave vector kg can be observed on a fluorescence

screen which acts as a detector. There are two conditions which need to be fulfilled to
observe a diffraction maximum, which can be visualized with the Ewald sphere (cf. Fig-
ure 2.10):
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Figure 2.10: Two-dimensional Ewald sphere construction perpendicular to the surface for low-energy elec-
tron diffraction.
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Energy conservation:
|ko| = || (2.6)

The magnitude of the incident wave vector of an electron |EO| must be equal the magni-
tude of the wave vector of a scattered electron |Eg | In the Ewald sphere the energy con-
servation is depicted by a sphere (or in two dimensions, a circle) with the radius |EO| at
the origin of I_c)o.

Momentum conservation:
Ako =k, — ko = hdj + kd; +xd5 =g = (hk);hk€eZxeR  (2.7)

Secondly, momentum conservation must be fulfilled: the momentum transfer Azg must
be a multiple of the reciprocal lattice vector g. In the Ewald construction g is depicted by
rods which are integers of the vectors d; and d;. In a figurative sense, a diffraction max-
imum is observed when the Ewald sphere intersects the so-called forest of rods.

In a LEED pattern the following information is contained: on the one hand, the two-di-
mensional periodicity of the surface unit cell can be derived from the arrangement of the
reflections as well as the formation of superstructures (e.g. (V3 x v3)R30°). On the other
hand, the information of the geometry of the surface is contained in the intensity change
of the reflexes, if several LEED images are considered with a variation in energy
(LEED-IV, LEED fingerprinting).

2.7 Temperature Programmed Desorption - TPD

Another classical lab-based method for the investigation of (adsorbed molecules on) sur-
faces is temperature programmed desorption TPD, also termed thermal desorption spec-
troscopy TDS. The surface is investigated by applying a temperature ramp to the sample.
As aresponse, the desorption rate of ions or molecules is probed with a mass spectrometer
and the count rate/intensity is typically measured as a function of the temperature.*®> The
temperature ramp can be described via

T(t) =T, + Bt (2.8)

with temperature 7, time t, initial sample temperature T, and the constant heating rate 3
(typically between 1 and 100 K/s, in the present thesis 4 K/s). If an adsorbate A is ad-
sorbed on a surface B, in a first approximation a desorption maximum at 7}, corresponding
to the maximum desorption rate of A is observed upon annealing, which is a convolution
of two factors: as the temperature rises, thermal energy becomes available to break ad-

sorbate-surface bonds and the desorption peak starts to evolve in an Arrhenius depend-

E . o
ency: k; = Aexp (— #), with the rate constant k4, the activation energy Eq, the pre-ex-

ponential factor 4 (typically assumed 4 = 10713 s™') and the universal gas constant R. How-
ever, the desorption is limited by the amount of adsorbate on the surface, which decreases
simultaneously. The observed desorption peak is shown as convolution of these factors
in Figure 2.11.
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Figure 2.11: The dotted line indicates the rate of desorption as a convolution of, the changes in surface
coverage and rate constant k,, as a function of temperature T respectively. Adapted from reference®.

In theory, from the desorption peak of an experimental series with increasing surface
coverage the following information can be derived, 1) activation energy for desorption, ii)
lateral adatom interaction and iii) relative surface coverage.>® In the present thesis, TPD
is used qualitatively, i.e. to monitor the desorption temperature of HCI or H2O, as cover-
age-dependent measurements for the investigated system are non-trivial (cf. Chapter 7.1,
TPD Results). The description of coverage-dependent measurements and the determina-
tion of reaction order can be found in references**.

2.8 Density Functional Theory - DFT

The model character of the investigated CeO2—(111) thin film is well suited for comple-
mentary density-functional theory DFT calculations. These were performed in a collabo-
ration by M. Veronica Ganduglia-Pirovano and Pablo G. Lustemberg.!? The following
section focuses on how the surface of the model catalyst can be modeled in silico. Addi-
tionally, the principle behind the energy diagrams shown in the present thesis is exempli-
fied. An extensive description of DFT can be found in reference®’.

In general, DFT is a computational method to determine the ground state of the electronic
structure of a system, e.g. atoms, molecules, but also complex systems like catalysts, by
quantum mechanical modeling.’® Instead of treating each electron in the system individ-
ually, in DFT the so-called electron density is used, which reduces a 3N-dimensional
problem, with N being the number of electrons in a system, i.e. N = 666 in Figure 2.12,
to a three-dimensional one. The ground state-energy of a system is a unique functional of
the electron density (first Kohn-Sham theorem). It is obtained by a recursive, iterative
optimization process minimizing the total energy (second Kohn-Sham theorem).

Periodic boundary conditions (PBC) are a fundamental concept in density functional the-
ory (DFT) used to model single crystalline periodic materials such as solid crystals. These
conditions are essential as they enable the simulation of an infinite number of repetitions
of the system in all directions of space. Under periodic boundary conditions, it is assumed
that the system repeats infinitely in all directions, implying that the physical properties of
the system are invariant under translations in the crystal lattice. This means that the prop-
erties of the system within a unit cell extend throughout the crystal periodically.

Practically the description of a surface, e.g. stoichiometric CeO2(111), is realized with a
so-called three-dimensional slab—supercell approach®® First, the system is described by a
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defined supercell, e.g. the (V3 x v/3)R30°-CeO,(111) supercell, which defines the vectors
a and b depicted in Figure 2.12. The length of vector ¢ is determined by the width of the
surface and the vacuum region. These three vectors: a, b and ¢ are the ones that repeat
infinitely. It is crucial to include a vacuum region for precise surface simulations. The
vacuum space must be chosen sufficiently large, so that the top of one slab does not in-
teract with the bottom of the next slab.*

~ Vacuum

o s 4B ) <
1 ﬁ& Y, §Y Three-trilayer
lab

)./8 % >

} Vacuum
,*./" | » b

a

Figure 2.12: Exemplified supercell of CeOx(111) ((v/3 x +/3)R30° with three trilayer)' that defines the solid
surface when the periodic boundary condition in applied all three directions (a,b,c) Adapted from refer-
ence™.

The full power of DFT comes into effect by comparing the minimized total energies of
two systems, 1.e. an “investigated system” with a questioned quantity to a “reference sys-
tem”. It is essential that the number and sort of atoms in the compared systems are the
same. In this manner binding energies, adsorption sites, or defect configurations etc. can
be determined and compared to findings from other techniques (e.g. TPD, LEED).

For instance, the dissociative adsorption energy of one HCl molecule on the
(V3 x v/3)R30° CeOx(111) surface®' (CeOa(111) + HClgas — (H*+C1%)aas/CeOa(111)) can
be calculated as

[E

ads

(H™+C1")] = E[(H"+CI"),, /CeO,(111)] — E[CeO,(111)] — E[HCly]

adsorption energy "investigated system" reference system

(2.9)

[E (H*+Cl*)] is the dissociative adsorption energy of HCI on the CeO»(111) surface to

ads

be determined. E [(H*vLCl*)a 4/ Ce0,(111)] is the total energy of an H atom and a Cl atom

adsorbed on the CeOx(111) surface (—225.76 ¢V), the “investigated system.*
E[CeO,(111)] and E[HCly,] are the total energies of the pristine CeO2(111) surface with
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a (V3 x V3)R30° supercell (—218.59 eV, cf. Figure 2.12) and one HCI molecule in the
gas phase (—6.08 eV), respectively, which form together the “reference system”. In this
manner [E, dS(H*+C1*)] =—1.09 eV can be calculated, which predicts an exothermic ad-
sorption of H*+ClI*, as observed experimentally®! (cf. Chapter 4.4). In a corresponding
energy diagram, the system of the pristine CeO2(111) surface with HCI in the gas phase
(“reference system”) would be referenced to 0.0 eV, whereas the system with adsorbed
H*+CI* (“investigated system”) would be referenced to —1.09 eV. The “investigated sys-
tem” can be the “reference system” for another question, e.g. the formation energy for a
defect.

In addition to its utility in identifying stable ground state configurations, DFT plays a
crucial role in elucidating reaction mechanisms between chemical reactants and products.
One employed technique for this purpose is the Nudged Elastic Band (NEB) method.>°
The NEB method offers the possibility to compute transition states and activation ener-
gies, which allows deeper insights into the kinetics of chemical reactions. This allows to
predict reaction rates and identify rate-limiting steps. In this way reaction pathways can
be investigated, thus complementing findings from an experiment.
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3 Deacon Process

The Deacon process is the heterogeneously catalyzed oxidation of hydrogen chloride
HCI with molecular oxygen O to yield the desired product chlorine Clz, and water H2O
as a byproduct.

+I -1 0 0 +I -II
4HC1+0, —2ClL,+2H,0 AH=-114kJ/mol (1.1)

Originally, the motivation for the catalytic oxidation of HCI was the production of sodium
sulfate (2 NaCl + HoSO4 = NaxSO4 + 2 HCI) as an educt for the historic LeBlanc process
(Na2S0O4 + CaCOs + 2 C > NaxCOs + CaS + CO») to obtain the basic chemical sodium
carbonate Na,COs3, e.g. for soap or glass manufacturing. During the production of Na;SO4
HCl is released, which made the development of the Deacon process necessary as HCl is
a toxic and corrosive gas. Nowadays, the historic LeBlanc process is replaced by the Sol-
vay process, but the issue of HCI as a waste product persists (cf. Chapter 1). Conven-
tionally, excess HCI is nowadays recycled in HCI electrolysis as neutralizing is unattrac-
tive.” By use of an oxygen-depolarized cathode'! (Bayer-UhdeNora) the energy consump-
tion could be lowered by 30% in comparison to the diaphragm electrolysis process.

An even more sustainable way to cope with this waste problem is to recover molecular
chlorine from HCI by the Deacon process:? The energy consumption by the Deacon Pro-
cess with RuO2/TiO; is only 15% in contrast to optimized ODC electrolysis.>? Addition-
ally, instead of electricity as in electrolysis, heat is necessary, which is often abundant as
reaction heat in manufacturing sites.”® Another motivation for the recycling of chlorine is
that the conventional production of via chlor-alkali electrolysis, is “one of the most en-
ergy-intensive and costly processes in the chemical industry”.” Calculated for the year
2000, around 1% of the world electric energy 15.1 PWh>* was converted in the chlor-
alkali process: At that time the estimated production capacity was 45 Mt/a with an energy
demand of 0.15 PWh.>®> Due to their toxicity, reactivity, and corrosivity, chlorine, HCI
and chlorine-containing compounds like phosgene are commonly produced and used on
the same site to minimize transport paths. Hence, a catalytic recycling on-site is desirable
to enable a circular economy for chlorine. Also new developments for the safer storage
of chlorine like the usage of trichlorides* [Cl3]” would still make recycling of HCI neces-
sary.

3.1 General Considerations

“In general, the Deacon reaction can be broken down into two separate processes.”>!%-12:56

Here, the simplified catalytic cycle for the original catalyst (CuClo/pumice) used by Henry
Deacon and Ferdinand Hurter'® is shown. First, HCI reacts with cupric oxide CuO to
cupric chloride CuCls, during which water is formed as product. This chlorination process
is exothermic:!?

4 HC1 + 2 CuO — 2 CuCly + 2 H,0 A:H =-239,4 kl/mol'® (3.1)
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In the second step, the CuCl, reacts with molecular oxygen to recover CuQO, thereby
releasing the desired Clz and closing the catalytic cycle. Within this endothermic process
the chloride becomes oxidized to Cl», while the molecular oxygen is reduced.

2 CuCl, + O — 2 CuO +2 Cl, AH =+125,5 kJ/mol'®  (3.2)

In total the Deacon process is a slightly exothermic reaction AH =—114 kJ/mol
(Equation 1.1). From a thermodynamic point of view, a low reaction temperature is
feasible to shift the equilibrium to the product side.!? But “running the reaction at low
temperatures, however, requires both very active and very stable catalyst materials.*>
Unfortunately, the Deacon process is a challenging reaction and the search for a suitable
catalyst is subject of research for more than 150 years by now.!#!3

The original catalyst, CuO dispersed on pumice, suffered from volatility of the formed
CuCl: during the typical reaction temperature of 673-720 K, which lead to a loss of the
active phase.'? In the last century several other commercialized developments> like the
Shell Process in the 1960s (CuCl>-KCl on SiO», fluidized bed), the KEL-Chlorine process
by Kellogg in the 1970s (nitrosylsulfuric acid NOHSOy in sulfuric acid), and the Mitsui
MT process (Cr203 on SiO», fluidized bed) in the 1980s took place. Despite other attempts
trying to optimize the original Cu-based catalyst®!” these catalyst showed either activity
(low pass single conversion in the reactor), stability (active phase volatilization), envi-
ronmental (e.g. Cr-based), or corrosivity issues.”> Only in the late 1990s a stable and
active catalyst was discovered by Sumitomo Chemical® based on RuO-covered rutile
TiO,, of which the reaction mechanism has been successfully elucidated.’’

3.2 Deacon Process over RuQO;

A breakthrough at the end of the 20" century was the use of RuO. supported on rutile-
TiO2 by Sumitomo.’>> In the 2000s another similar RuO,-based catalyst supported on
cassiterite-SnO, was developed by Bayer.” An example of the successful implementation
of a RuO»-based catalyst, is the Deacon II plant of Covestro in Shanghai with an annual
production capacity of 160 kt/a Cl,, which started operation recently in 2021. A corre-
sponding figure can be found in reference®. Here, 98% of the used HCI originate from
the production of isocyanites for PU production (cf. Figure 1.1).°° RuO»/rutile-TiO: is a
stable and active catalyst, typically running at temperatures of 620 K. The reaction mech-
anism of the HCI oxidation over the predominantly exposed (110) surface has been elu-
cidated previously and is summarized in the following. An extended description can be
found in references!'>>7!,

3.2.1 Reaction Mechanism

For the Deacon process over ruthenium(IV) oxide the RuO2(110) surface is an appropriate
model catalyst, as the (110) orientation is by far the most stable surface orientation, which
is likely most prevailing on RuO, powders or e.g. rutile-type supported catalysts.’? In the
rutile structure (cf. Figure 3.1a) the Ru atom (blue) is bound to six oxygen atoms (green)
forming a slightly distorted octahedron. The oxygen atoms in turn are surrounded by three
ruthenium atoms in a planar sp>-configuration. The bulk-truncated RuO2(110) surface
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exposes two kinds of undercoordinated atoms: oxygen in a bridge position (Oyr, dark
green) coordinated to only two Ru atoms underneath with one perpendicular dangling
bond, and 1f-cus-Ru atoms (1f-cus: one-fold coordinatively unsaturated site, red), coor-
dinated to only five oxygen atoms, i.e. with an oxygen atom missing in on-top position.5?
Under HCI oxidation conditions the Oy atoms are mostly replaced by chlorine atoms
(Clyyr, gray). Hereby the surface is self-stabilized against further chemical reduction, ex-
plaining the stability of RuO2 in the Deacon process.®?
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Figure 3.1: Reaction mechanism of the HCI oxidation (Deacon process) on RuO,(110): a) chlorinated
RuO»(110) surface with CI (gray) residing in bridge positions (Cly). In a first approximation the reaction is
taking place along the one-fold coordinatively unsaturated site of Ru (1f-cus-Ru) highlighted with a red
frame. b) Synchrotron-based XP spectra of Cl 2p and O 1s within ex sifu measurements of the catalytic
cycle, ¢) Depicted mechanism along the (1f-cus-Ru) rows. The color frames are associated with the corre-
sponding XP spectra. Adapted with permission from reference®.

In a first approximation the catalytic cycle takes place along the 1f-cus-Ru sites, high-
lighted in Figure 3.1a) with a red frame. This slice along the 1f-cus-Ru sites is the starting
point for the catalytic cycle. In Figure 3.1b) the Cl 2p and O 1s spectra of the catalytic
cycle are depicted. Upon HCI (1 L, 420 K) and O> (5L, 200 K) adsorption a shoulder be-
comes visible in the Cl 2p XP spectra assigned to Cly forming a hydrogen bond to a
neighboring HO. group (Figure 3.1c), black frame). After annealing to 375 K water
OotH2 forms on the surface (Figure 3.1c), blue frame). Upon subsequent annealing water
is removed from the surface leaving only Clo on the surface, identified by a transition of
the shoulder into a sharp peak at 196.13 eV (Figure 3.1c), green frame). Further anneal-
ing up to 700 K leads to desorption of Cl, thereby restoring the starting point of the sur-
face (Figure 3.1c), red frame). The reaction can be described as a quasi-one-dimensional
Langmuir-Hinshelwood reaction along the 1f-cus-Ru sites. However, it was shown in
kinetic Monte-Carlo KMC simulations that the OH groups can interact across the bridge
rows, thereby influencing the kinetics. A detailed description can be found in a
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publication and corresponding reviews'>37%!, Based on the mechanism it has been shown
that the hydrogen transfer in water formation is the rate determining step.’’

Although RuO: is a stable and active catalyst it faces several challenges: ruthenium Ru is
a rare platinum group metal, with a low abundancy of 1-10° mgkg (cf.
Au4 - 107 mg/kg or Pt 5 - 10~ mg/kg)'® in the earth crust. The annual world production
of 20-30 t per year as side product of copper, nickel, or platinum refinement, makes it
susceptible toward high price fluctuations. Averaged per year, between 2016 and 2021
the price for Ruthenium fluctuated within $1,350 and $18,500 per kg.%* Also, the con-
struction and operation of the reactor is challenging as the Deacon process over RuO; is
typically run under isothermal conditions. Another issue is the formation of local hotspots
in the catalyst bed leading to the formation of volatile RuOj at elevated temperatures and
thus loss of active catalyst material.

Therefore, the search for a suitable catalyst for the Deacon Process is still an ongoing
research subject. There are several reports on stabilizing the original Cu-based catalyst,
e.g. Cu-K-La/y-AlLO; by Feng et al.,** Cu-K-Sm/y-Al,03 by Sun et al.** or Cu/Ce com-
posite oxide by Tang et al..®® Amongst other developments, e.g. using Mn,%’ the Deacon
reaction was investigated over CuCrO: (delafossite)®, U3Os, or IrO,.!” The latter devel-
opments however bear concerns considering toxicity (i.e. Cr®") or price (Ir). A promising
and viable alternative in terms of abundance, stability, and reasonable activity is cerium
dioxide.®
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4 Cerium Oxide CeO2-x

Cerium Ce is a so-called “light rare-earth” element with the atomic number 58 in the
group of the lanthanides, with a [Xe] 4f'5d'6s? electron configuration. Despite the mis-
leading name from times of its discovery in rare minerals, cerium is quite abundant with
6.65 - 10! mg/kg in the earth crust, which is comparable to copper Cu (6.0 - 10! mg/kg)
or zinc Zn (7.0 - 10" mg/kg).!® Upon air exposure it tarnishes quickly at the surface due
to oxidation. Averaged per year, between 2016 and 2021 the price for the typical trading
form ceria is within $1.57 to $2.15 per kg, thus being only a fraction compared to Ru
(cf. Chapter 3.3.1).

4.1 Cerium Oxide CeQO;-«

Cerium oxide CeO»-, is a prototype of a reducible oxide>*>’*! as Ce possesses two stable

oxidation states: Ce(IV) and Ce(III). In the lab, cerium(IV) oxide CeO, appears as a col-
orless, yellowish solid whereas upon reduction towards cerium(IIl) oxide Ce>O3 the ap-
pearance changes depending on the degree of reduction towards a blue and finally black
color. Key property of CeO» and derived materials is the redox chemistry between Ce*"
and Ce*" and the concomitant facile formation of oxygen vacancies Vo while maintaining
structural integrity. At elevated temperature oxygen can be removed, e.g. as O, from the
crystal lattice, thereby reducing four Ce*" cations to Ce*" and yielding two oxygen vacan-
cies Vo. The process is reversible, hence under oxidizing conditions oxygen can be in-
corporated into the reduced lattice until all oxygen vacancies are “re-filled" and Ce*" cat-
ions are oxidized to Ce*":

4Ce*+207 24CS +2Vo+0, (4.1)

The reaction can also be expressed in Krdger-Vink notation by:”?
4 Celot2 OF = Cect2 Vi +0, (4.2)

This property is often referred to as the oxygen storage capacity OSC. Key example for
the utilization of the OSC in catalysis is the application of CeO,-, as a supporting carrier
material for the actual active component (e.g. Pt or Pd) in catalytic converters of combus-
tion engines. Under “rich” exhaust conditions oxygen is removed from CeO;-,, while
under “lean” conditions oxygen in incorporated. Apart from broad application in cataly-
sis, e.g. in the water-gas shift reaction, water splitting, steam reforming, or in solid oxide
fuel cells, ceria is often used as a polishing agent.!”-”" Recently, it has caught attention for
the Deacon process where it can serve as viable catalyst without any additional active
component. '
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0.541 nm

Figure 4.1: Cubic fcc-unit cell of cerium dioxide CeO,. Cerium cations are depicted in black and oxygen
anions in gray, respectively, drawn with an ionic radius of 50%. The red dashed triangle indicates the (111)
surface plane and the orange rhombus the corresponding surface unit cell (cf. Figure 4.2). Adapted with
permission form reference’.

The fully oxidized cerium(IV) oxide CeO- crystalizes in the fluorite structure derived
from CaF», with the space group Fm3m. The cerium cations are arranged in a face-cen-
tered cubic fcc-unit cell (Figure 4.1, black), where all tetrahedral sides are occupied by
oxygen anions (Figure 4.1, gray). The arrangement of the oxygen anions can be described
as a simple cubic arrangement embedded inside the fcc unit cell. As result, every cerium
cation is coordinated by eight equivalent nearest neighboring oxygen anions, whereas
each oxygen anion is tetrahedrally coordinated by four cerium cations. The lattice con-
stant of the fcc-unit cell is @ = 0.541134(12) nm.*>”3 The fully reduced cerium(III) ses-
quioxide a-Ce>Os (A-type) crystallizes in a hexagonal structure.® Between these two lim-
its the structure of CeO,—, with (0 <x <0.5) can be described based on the fluorite lattice
of fully oxidized CeO,. Upon reduction Ce retains near fcc-like positions®® and depending
on x and the temperature the oxygen vacancies are either randomly distributed, or form
ordered structures, e.g. 1-Ce7012 (rthombohedral iota-phase). A detailed description of the
phase diagram can be found in a review by Adachi et al.”* A limiting structure for fluorite-
based cubic c-Ce>03 (C-type) is bixbyite (Mn203), space group /a3. Here, the Ce cations
are coordinated to six O anions and the unit cell consists of 32 Ce atoms and 48 O atoms
(cf. Figure 4.5). In the present thesis the reduction degree x was kept between
(0 <x <0.4) in order to prevent a transition”* from cubic c-Ce,O3 (C-type) to hexagonal
a-Ce203 (A-type). During reduction from Ce*" to Ce** the ionic radius increases from
reeavy = 0.097 nm to rcequry = 0.114 nm. For comparison, the ionic radii of oxygen O* and
chloride are 7o = 0.138 nm and rc; = 0.181 nm, respectively.”®

4.2 Deacon Process over CeQ;—«

The Deacon process over ceria has been investigated in several studies under real cataly-
sis conditions, setting the boundary conditions for model studies and complementary DFT
calculations. The first studies mentioning CeO,’"’® or Ce-containing compounds’® as po-
tential catalyst materials for the Deacon process can be found in the patent literature,
while the first scientific investigation was published by Amrute et al..!®" They showed
that CeO> powder samples are stable over a wide range of process parameters. Bulk chlo-
rination is not observed in O»-rich feeds (HCI:O2 > 4:3) whereas under stoichiometric or

sub-stochiometric feeds (HCI:O2 < 4:1) the bulk is chlorinated. The formed CeCls-6 H,O
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(as revealed by X-ray diffraction XRD) is inactive but stable with respect to volatilization.
Original activity levels can be restored upon re-exposure to O,-rich feeds.!¢ In a follow
up study, Farra et al. investigated the chlorination and reoxidation/reactivation operando
with prompt-gamma activation analysis (PGAA)!! and corroborated the previous find-
ings. Interestingly, they found that high oxygen over-stoichiometries can regenerate the
active surface while chlorine is still present in the subsurface. Furthermore, they investi-
gated cerium oxychloride CeOCIl and found it to be unstable in the HCI oxidation, as in
an Oa-rich feed CeOs is formed.®? In another study they found that oxygen exhibits a
positive reaction order in the Deacon process.®?

There are several approaches reported in the literature to improve the performance of
ceria-based catalysts. One approach is the usage of dopants: e.g. Hf- and Zr-doped cata-
lysts revealed an increased activity, while trivalent dopants were found to be detri-
mental!”?>2* Another possibility is the use of a supporting material. Here,
Ce0/Zr0,!%#436 i5 a suitable candidate, which was already tested in a pilot plant.!® Also
for CeO2/ZrO; systems a re-activation of the catalyst in oxygen after deactivation under
“harsh” conditions (HCI1:O2 = 3:1) is observed.?> The Deacon process over ceria-based
catalysts runs typically at a “high” temperature of 700 K under adiabatic conditions,
which simplifies the reactor design. This makes it also suitable for a combination with
the conventional RuO; catalyst at 620 K in a reactor cascade, decreasing the investment
cost by more than half.®

Although the Deacon process over ceria is promising and the activity and stability could
be improved by doping or the use of supports, the reaction mechanism is still elusive
(cf. Chapter 5). Here, a detailed understanding on the same level of the reaction mecha-
nism over RuO; (cf. Chapter 3.3) is the aim. Model studies were conducted on a variety
of systems, like polycrystalline samples with a specific morphology, e.g. fibers,?® porous
samples,’’ or shape-controlled particles exposing a preferred facet orientation.?’:”" While
the previous model systems can be investigated under real catalytic conditions, i.e. ambi-
ent pressures, single-crystalline thin film systems under UHV conditions?®*! bear the ad-
vantage of comparably low structural complexity and high purity, which makes it possible
to elucidate the microscopic processes involved in the HCI oxidation over CeO> surfaces.!
Furthermore, a direct comparison with computational modeling, e.g. DFT calculations is
possible. First model studies for the HCI oxidation over CeO2—(111)/Ru(0001) thin films
were conducted by Christian Sack?® and formed the basis for the present work.

4.3 CeQO2-(111) Surface

In surface science or model catalysis often low-index faces are investigated to ensure
structurally controlled conditions (cf. Chapter 2.1). In case of CeO> the (111), (110), and
(100) surfaces are the most discussed in literature. The stability of these three surfaces is
in the order (111) > (110) > (100).*> The surface investigated the most in the literature
and also in the present thesis is the (111) surface due to its stability and because it is most
likely to be exposed in real powder samples.®® For model studies under ambient pressure
conditions it is also possible to prepare nano powders via hydrothermal synthesis,
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exposing the (100) surface in form of cubes, the (111) surface in form of octahedra, and

the (110) surface in the form of rods, while the latter can show faceting to (111).27!

4.3.1 Stoichiometric CeO(111)

The CeO: (111) surface can be derived from the cubic unit cell of stoichiometric CeOy,
by constructing a plane which intercepts all three axes in the unit cell dimension (cf. Fig-
ure 4.1, red dashes). The extended (111) surface is depicted in Figure 4.2, with the (1 % 1)
surface unit cell depicted in orange.

a) [011] £ b)  [111]
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Figure 4.2: a) Schematic top view of the stoichiometric CeO»(111) surface, with the (1 x 1) surface unit
cell in orange. b) Side view along the (011) direction of the CeOx(111) surface showing the ABC stacking
of the O-Ce-O trilayer. Cerium cations depicted in black and oxygen anions in gray. Adapted with permis-
sion from reference.

The CeO»(111) surface can be described by O-Ce-O trilayers, where a layer of cerium
atoms is wrapped between two layers of oxygen atoms. In the topmost trilayer the oxygen
atoms are called surface and subsurface oxygen atoms, respectively. The cerium atoms
and the surface oxygens atoms are exposing one dangling bond each. The distance be-
tween two cerium respectively two oxygen atoms is @ = 0.3826 nm, corresponding to the
lattice constant of the (1 x 1) surface unit cell. One O-Ce-O trilayer has a thickness of
0.156 nm which also corresponds to the distance between two O-Ce-O layers, resulting
in a step height 0of 0.312 nm. Three O-Ce-O trilayers are stacked in an ABC order, leading
to a lattice constant of a1 = 0.936 nm normal to the surface (Figure 4.2b). The CeO(111)
surface can be categorized as a Tasker Type 2 surface,® that means it has no net dipole
moment perpendicular to the surface, although each O-Ce-O trilayer is intrinsically
charged.®

Experimentally there are several ways to prepare the CeO2(111) surface.> For instance, a
polished single crystal can be used.”® However, due to the low electronic conductivity of
stoichiometric CeO» techniques like LEED or scanning tunneling microscopy STM are
challenging. An alternative approach is the preparation of ceria thin films supported on
an electronically conductive substrate, which was also employed in the present thesis.
Thin films can be prepared in multiple ways, for example by the deposition of Ce-con-
taining organic or inorganic precursors, €.g. metal-organic chemical vapor deposition
MOCVD,* direct deposition from a CeO; target, e.g. pulsed laser deposition PLD,’! mo-
lecular beam epitaxy MBE,”? or, most commonly via oxidation of evaporated Ce metal,
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physical vapor deposition PVD. For an extended overview the reader is referred to a re-
view by Mullins et al..?® In the present thesis the CeO»(111) surface is prepared via PVD,
which is an UHV-compatible technique allowing for the preparation of confined homo-
geneous thin films. Typically, CeO(111) thin films are prepared on ~cp(0001) or fec(111)
single crystal metal surfaces, e.g. Pd(111),® Pt(111),°*% Ni(111),”” Rh(111),%
Ru(0001),°” Au(111),”® or Cu(111).”° The growth of cerium oxide on Ru(0001) was thor-
oughly studied by the research group of Flege et al.!®!%! [slands are initially formed as
equilateral triangles, which corresponds to a Volmer-Weber growth. Closed films can be
prepared via deposition of Ce at comparably low temperatures of 700 K in oxygen (in situ
oxidation, Figure 4.3a) followed by a post-oxidation ranging from ~1000K°’ to
1450 K, with higher temperatures improving crystallinity. Closed thin films are reported
for a film thickness of 5-6 O-Ce-O trilayers,?®” and yet expose domain boundaries (Fig-
ure 4.3c) and defects (Figure 4.3d).

Figure 4.3: Scanning tunneling microscopy STM images from Lu et al. of a 6 O-Ce-O trilayer CeOx(111)
thin film a) as grown at 700 K in p(Oz) = 1077 mbar (in situ oxidation), b) after annealing to 980 K in
p(02) = 4-107" mbar (post-oxidation). ¢) Domain boundaries (arrows) on terraces. d) Atomically resolved
surface with the unit cell indicated in black. The bright protrusions are assigned to the Ce atoms. In addition,
defects are visible as lowered areas. Adapted with permission from reference?’.

The surface lattice constant of CeO2(111) aj = 0.3826 nm has a mismatch ratio with that
of Ru(0001) aj = 0.2704 nm of 1.41. However, it could be shown that the (111) thin film
shows a good comparability towards bulk CeO2(111).27?%7° In addition, Siegel et al.’!
prepared a 300 nm thick bulk-like CeOx(111) film on Yttria-stabilized zirconia
YSZ(111). The LEED-IV analysis indicated a good comparability to the investigated
5-8 nm thick thin film systems on Ru(0001).2® The LEED-IV studies?®**! revealed that the
topmost surface oxygen layer is expanded by 6-8 pm with respect to the underlying ce-
rium layer, while the cerium layer is contracted by 2-4 pm with respect to the underlying
subsurface oxygen layer. (cf. Figure 4.2b)

4.3.2 Reduced CeO:-(111)

A key property of CeO,(111) is the redox chemistry of Ce*" and Ce** accompanied by
the formation of oxygen vacancies Vo. Hence, in model catalysis the reduced
CeO2-x(111) surfaces are of particular interest. The restructuring of CeO>-,(111) upon
reduction is already quite complex itself: depending on the degree of reduction x, with
0<x<0.5, CeOr-(111) thin films stabilize a variety of ordered reconstructions with
well-defined oxygen vacancy Vo concentrations. In literature, several reconstructions of

the pristine CeOx—(111) surface are reported, e.g. (v7 x V7)R19.1°, (+/7 x 3)R19.1°,
(V3 x V/3)R30°, (3 x 3), (4 x 4) (C-type Ce203), and a-(1 x 1). 7390102105 Thege surfaces,
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in particular the location of Vo, were studied with non-contact atomic force microscopy
NC-AFM and complementary DFT+U calculations by Olbrich et al. (cf. Figure 4.4).%%:1%
Previously the (v/7 x v/7)R19.1°, (3 x 3), and (4 x 4) were prepared by Duchoii et al. on
Cu(111) (cf. Figure 4.4)'% and Ru(0001)!** and studied by means of LEED and XPS.
With XPS the reduction degree x was determined to be (+/7 x v/7)R19.1°: 70%
(x = 0.35), (3 x3): 50% (x =~ 0.25), and (4 x 4): 5% (x =~ 0.03). In Figure 4.4 the
LEED patterns, corresponding NC-AFM images, and DFT+U structures are shown. In
addition, the crystal structures of C-type CexO; (cf. 4x4) and Ce;O12
(cf. (/7 x VT)R19.1°) were refined with neutron diffraction data by Kiimmele et al..'”’
These findings were used in the DFT+U optimization by Olbrich et al..”
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Figure 4.4: Comparison of the a) stoichiometric CeO,(111) surface and the reduced CeO,-,(111) surfaces
exposing several reconstructions b) (v/7 x v/7)R19.1°, ¢) (3 x 3), and d) (4 x 4). These were investigated by
Olbrich et al. with DFT+U calculations and NC-AFM measurements and by Duchoni et al. with LEED and
XPS. Adapted with permission from references’®!%,

Experimentally the CeO2-—(111) film can be reduced by several methods:*®* thermal
heating under UHV conditions,”>*> dosing of a reducing agent (e.g. methanol),' or soft
sputtering with a low acceleration voltage and kinetic energy.'® A reproducible way
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developed by Stetsovych et al.!?? and used by Duchoii et al.!* is the deposition of metallic
cerium onto a preformed CeO2(111) thin film at room temperature. Upon annealing to
700-900 K the topmost cerium metal film is re-oxidized by the underlying CeO: (cf. Fig-
ure 4.5a+b). Depending on the amount of metallic Ce and the thickness of the underlying
CeO> film, the reduction degree at the CeO>—(111) surface can be adjusted between
0 <x<0.5. (cf. Chapter 6). In the same publication Duchoii et al. described that the
degree of reduction x of the film is not homogeneous perpendicular to the surface. Instead,
a gradient is formed with a higher degree of reduction respectively a higher concentration
of oxygen vacancy towards the surface (cf. Figure 4.5¢). Upon reduction an increase in
the surface lattice constant of +3.5% was determined via LEED, in agreement with ex-
periments on bulk samples.”> Due to the reconstruction depending on the degree of re-
duction x, the LEED pattern can also be used for an estimation of the degree of reduction
of the surface after cross-calibration with XPS.

O vacancy V,

T — 900 K concentration
EEE——

0802-X d=5-8 nm

CeO2| | CeO2 | |[CeOuy

(cubic) (cubic) (cubic)
(a) (b) (c)
Ru(0001)

Figure 4.5: Preparation of reduced CeO,-(111) thin films by deposition of Ce metal on CeO>(111) at room
temperature. a) Upon annealing to 900 K the Ce metal becomes b) oxidized by the underlying CeO,. ¢)
After a final annealing step, a gradient in the degree of reduction x respectively the oxygen vacancy Vo
concentration is observed. Adapted with permission from reference!®.

4.4 Interaction of HCI with Stoichiometric CeO:(111)

The interaction of HCI with the stoichiometric CeO2(111)/Ru(0001) surface was investi-
gated previously in a combined experiment (XPS, LEED, STM, TPD) and theory

(DFT+U) approach.>' It was found via LEED that a (v/3 x v/3)R30° superstructure is
formed at room temperature upon exposure of HCI (Figure 4.6a), which could also be
observed and calculated with STM measurements and DFT+U calculations, respectively
(Figure 4.6b).

Complementary DFT+U calculations showed that HCI adsorbs in a dissociative acid-base
reaction forming a Clyop Species on top of a cerium atom, while hydrogen binds to a neigh-
boring surface oxygen site forming a hydroxyl group. The adsorption energy is calculated
to be —1.15 eV (cf. Chapter 2.8) with an additional acid-base stabilization of ~0.4 eV.
The calculated adsorption energy is in broad agreement with the experimentally deter-
mined value of —0.89 £ 0.15 eV in surface coverage-dependent TPD measurements.
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Figure 4.6: a) LEED patterns (49 eV) before and after exposure of 3.8 L HCI to CeO»(111) at 300 K. The
(1 x 1) unit cell is shown in black and the (v/3 x +/3)R30°-H+Cl unit cell in green. The graph shows the
integrated intensity of the (2/3, 2/3) superstructure diffraction spot as a function of HCI exposure.’! b) DFT
simulations of empty-state STM images (0—1.8 eV) of the (3 3) 30 X R ® — Cl + H surface compared to a
small section of an atomically resolved STM image of the CeOa(111) (+/3 x v/3)R30°-H+Cl structure after
exposing the CeO,(111) surface to 5 L of HCl at 300 K. The calculated structure is superimposed where H
and Cl species and the outermost O and Ce ions are depicted as yellow, green, red, and gray spheres, re-
spectively. Adapted with permission from reference?.

The Clo species is mobile as it possesses a low activation barrier for hopping between

two cerium atoms of ~0.6 eV, which agrees with the (+/3 x v/3)R30°-H+Cl superstructure
formation at room temperature. In contrast, hydrogen is practically immobile on
CeOx(111) at room temperature with a binding energy of 1.8 eV.!'? Upon annealing to
800 K solely HCI and neither water nor hydrogen are detected in TPD. This finding could
be explained with complementary DFT+U calculations of the energy profile (Figure
4.7¢) showing that HCI recombination and desorption is favored over CI-Cl association
and Clz desorption.
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Figure 4.7: “Energy profile for HCl interaction on the stoichiometric CeO»(111) surface. The two paths for
CI* removal from the surface are shown in blue for the C1* association with H* (HCI desorption) and in
green for association with C1* (Cl, desorption). The involved surface structures are depicted as top views
of ball and stick model (green: Cl, gray: Ce, red: O, yellow: H)” Adapted with permission from reference?!.
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In the context of the stoichiometric CeO(111) surface an additional experiment address-
ing the influence of oxygen on the (v/3 x v3)R30°-H+Cl superstructure is depicted.
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Figure 4.8: a) Cl 2p lab-based XP spectra of a (v/3 x v/3)R30°-H+Cl superstructure as a function of tem-
perature upon stepwise annealing in oxygen p(O) =5 x 1077 mbar. b) normalized CI2p intensity (circles)
and Ce*" fraction (squares) determined from Ce 3d spectra as a function of temperature. In gray, the corre-

sponding annealing experiment®! under ultra-high vacuum conditions is shown. Unpublished data by Chris-

tian Sack.

In the presence of an oxygen atmosphere p(02) = 5 x 10”7 mbar the (v/3 x v/3)R30°-H+Cl
superstructure was stepwise annealed while the Cl 2p and the Ce 3d XP spectra were
measured in situ between each annealing step (Figure 4.8a). From the quantification of
the data (Figure 4.8b) it can be seen, that in comparison to annealing under UHV-condi-
tions the Cl 2p intensity and the Ce*" fraction follow the same trend.

Hence, it was concluded that the stoichiometric surface is inactive in the Deacon process,
and a Langmuir-Hinshelwood reaction mechanism at the surface is likely to be excluded.
The stoichiometric surface being non active is also in agreement with the proposed reac-
tion mechanism in literature, where the surface is defective and exposes oxygen vacan-
cies.
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5 Keynote: Proposed Reaction Mechanism over Defective
CeO2(111)

Amrute et al. proposed a reaction pathway for the HCI oxidation over defective single
crystalline CeO2(111), based on experiments on ceria powder-catalysts.!®!!! The energies
of the reaction intermediates were predicted using density functional theory (DFT) calcu-
lations (cf. Chapter 2.8).? In this chapter preliminary considerations are carried out based
on the proposed reaction pathway, where open questions reside and how these can be
investigated utilizing dedicated model experiments.

5.1 Proposed Reaction Mechanism

The proposed reaction pathway is depicted in Figure 5.1. For each step the in the calcu-
lation the corresponding molecules in the gas phase (cf. Chapter 2.8) are depicted, on
the left for the educt side, i.e. HCI and %2 O, and on the right for the product side, i.e.
H>0O and Cl,.
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Figure 5.1: Proposed reaction pathway for the HCI oxidation over the single-crystalline CeO»(111) surface
(top view), re-arranged and based on Amrute et al..!® Only the outermost O—Ce—O trilayer is depicted. For
each step the educts and products in the gas phase are depicted on the left and right, respectively. Color
code: Ce** cations are white spheres, the O surface (subsurface) atoms are red (light red), Cl atoms are
green, and H atoms are yellow. Adapted with permission from references®!®.

The catalytically active phase was modelled with the chlorinated CeOx(111)-(2 x 2) sur-
face, where chlorine resides in an oxygen vacancy position (Clvac) and one surface lattice
O site is occupied by hydrogen forming a hydroxyl OH group (A). The catalytic cycle'
starts with the dissociative adsorption of one HCI (acid-base reaction), where chlorine
resides in a Ce on-top position (Cliwp) and the H atom 1is transferred to the OH surface
group (B). The Clyp species displaces the formed H>0 molecule and fills the nascent sur-
face oxygen vacancy (Vo,s), thus becoming a second Clvac, while water desorbs at a typ-
ical reaction temperature of 700 K (C). A second HCI molecule dissociates on the surface
and forms a Cliop species (D). The most critical but also innovative step in the proposed
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reaction pathway is the displacement of Clyac to an on-top position Clip, a reaction step
that is endothermic by +2.15 eV (E). The activation of Clyac leaves an oxygen vacancy
behind that is filled by dissociative adsorption of /2 O2 from the gas phase, a process that
is exothermic by —3.4 eV (F). Last, the two Clip species recombine, leading to the desired
product Clz and closing the catalytic cycle (G).? In general, the proposed mechanism can
be categorized as a Mars-van Krevelen mechanism, 6218611112 where oxygen atoms are
removed from the lattice (here as water C) and the formed vacancy Vo is refilled by ox-
ygen from the gas phase (F).

5.2 Thought Experiment: Chemical Looping in Model Catalysis

In a thought experiment the separation of the Deacon process into an exothermic chlorin-
ation process and an endothermic oxidative de-chlorination process (cf. Chapter 3.2) can
be transferred to the proposed mechanism as followed: The first steps (A, B, C, D) can
be summarized as “chlorination” of the surface (light blue background, A:H = —0.83 eV),
while the latter steps (E, F, G) of the reaction path in Figure 5.1 can be considered as
oxidative “de-chlorination” (light orange background, A:H = +0.17 eV).? During chlorin-
ation (light blue background), oxygen acts as a “spectator species” in the gas phase, while
during oxidative de-chlorination (light orange background) water act as a “spectator spe-
cies.” The overall calculated reaction enthalpy A:H = —63,7 kJ/mol is in reasonable agree-
ment with the reported value in Chapter 3.1 (A:H =—114 kJ/mol), taking into account
that in the proposed reaction mechanism only % O is considered.'”

Chlorination:
(A) 2 HC1 + CeO2-+Clvac-OH — (D) CeO2-x-2 Clyvac-HClags + H2O Al = —0.83 eV
De-chlorination:
(D) CeO2-+-2 Clyac2-HClags + Y2 O2 2 (G) CeO2-:Clvac-OH + Cl2 A\H=+0.17 eV
Overall reaction:
(A) 2 HCI+% O2 =2 (G) Clo+ H2 O A:H =—0.66 eV (A:H = —63,7 kJ/mol)

In order to transfer the thought experiment to dedicated model catalyst experiments the
concept of chemical looping is utilized,?*!'* which is used in technical reactor design. A
chemical looping reactor consists out of two stages or reactors with a fluidized bed, be-
tween which the catalyst is cycled and acts as a carrier. An advantage of chemical looping
is that “chemical equilibrium limitations can be overcome”.? Transferred to the Deacon
process a simplified chemical looping reactor is illustrated in Figure 5.2.
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Figure 5.2: Schematic depiction of a simplified two-stage cyclic fluidized bed reactor used in the thought
experiment for chemical looping in the Deacon process. Adapted from references’*38,

The cycle starts at (1.), where the catalyst runs in counterflow through the “chlorinator”
and is exposed to the HCI feed. At a typical process temperature of 700 K, the catalyst is
chlorinated and water H>O (2.) forms. Subsequently, the now chlorinated catalyst is trans-
ferred to the “oxidizer” where the chlorinated surface is exposed to the oxygen feed (3.)
in counterflow upon which the desired chlorine (4.) forms. This chemical looping “two-
stage cyclic fluidized bed process” concept has been realized for the Deacon process,> !
although not reaching “commercial viability”>® due to corrosion issues.” Additionally, the
idea was developed further by Han et al..””''® It shall be noted that under real condi-
tions®*!15 the operation of a reactor in operando is dynamic''® and more complex than the
exemplary depiction in Figure 5.2. For example, the gas inlet of Oz and HCI can be varied
at each fluidized bed and be adjusted to the operation conditions.***® For an extended
description it is referred to the original publication from Mortensen et al.’* Nevertheless,
this conceptual separation forms the basis for dedicated model studies in order to answer
open questions regarding the reaction mechanism. The chlorination and de-chlorination
of the CeO»-(111) surface can be investigated separately under well controlled chemical

and structural conditions:
5.2.1 Chlorination

The reaction mechanism is proposed for a “defective stoichiometric CeOx(111) sur-
face”.!® Previous experiments showed that the fully oxidized surface is inactive
(cf. Chapter 4.4), and that cerium is far more reduced?"®! under real conditions. This
raises the question how HCI interacts with reduced CeO»-.(111) surfaces of different de-
grees of reduction. Furthermore, in the reaction mechanism two chlorine species Cl, one
in a Ce on top position Clip (e.g. Figure 5.1, B) and one in an oxygen vacancy Clyac (e.g.
Figure 5.1, C) are proposed.'®!!"-120 While the former has been described on the stoichi-
ometric surface®! (cf. Chapter 4.4), the latter needs to be identified experimentally. Fi-
nally, the question arises, if the product water H2O can be observed during chlorination
and if its formation is dependent on the degree of reduction x. Quite a few of the experi-
ments and results of the “chlorination” have been published previously in a shared publi-
cation and were conducted during the doctoral thesis of Christian Sack.?® In this work
they are embedded and cited in the context of the chemical looping experiment and
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complemented by additional DFT calculations and synchrotron- as well as lab-based ex-
periments.

5.2.2 De-Chlorination

During de-chlorination the proposed reaction pathway in Figure 5.1 remains elusive in
two critical points: First, the activation step Clyac — Cliop 1s highly endothermic (cf. Fig-
ure 5.1, E) and therefore would only be possible, if it can be coupled with the exothermic
adsorption process of /2 O gas. The second point concerns the replenishment of a surface
oxygen vacancy by %2 Oz gas (cf. Figure 5.1, F), which is not an elementary step. Instead,
a full O, gas molecule (cf. Equation 1.1) has to be adsorbed.> How is this possible on the
chlorinated surface and where does then the other half of the O, molecule remain on the
surface?? Finally the question arises if chlorine formation can be observed? Overall, the
questions can be summarized as experimental investigation of the present proposed reac-
tion mechanism and if a possible bottleneck can be identified. The experiments and results
of the “de-chlorination” have been published previously.?
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6 Experimental Setup

In the following section the experimental setup and equipment to investigate the previ-
ously discussed “chlorination” and “de-chlorination” over dedicated CeO>-(111) model
catalyst thin films in the Deacon process is described. Following the equipment, the prep-
aration of the CeO>-(111)/Ru(0001) is explained. Finally, it is shown how the degree of
reduction x of the CeO>-(111) thin film is determined via XPS and NEXAFS in a linear
combination approach. The thickness of the films is determined by XRR.

6.1 FlexPES Beamline - EA(Q1 End Station

The Surface and Materials Science SMS branch (EAO1 end station) of the FlexPES beam-
line*! at the 1.5 GeV storage ring of MAX IV can be divided into three chambers (cf. Fig-
ure 6.1): first, the experimental chamber with the incoming beam (beam in) from the
storage ring and the detectors for XPS (DA30-L(W)) and NEXAFS (MCP detector). Sec-
ond, the main preparation chamber above the experimental chamber, with a vertical au-
tomatized manipulator (VACGEN Omniax) for sample adjustment in and between the
upper main preparation chamber and the lower experimental chamber. Third, a secondary
preparation chamber is located next to the main preparation chamber with an additional
vertical automatized manipulator (PREVAC). The cerium electron beam evaporator of
the Over research group (EFM 3, Focus GmbH) is mounted in a horizontal position on
the secondary preparation chamber, to ensure a comparable sample-evaporator distance
(cf. Chapter 6.5). Basis for sample manipulation are flag-type sample holders. Samples
can be loaded into the main preparation chamber via a load-lock attached to the main
chamber and can be stored within two sample garages.

) .y o VACGEN Omniax manipulator
PREVAC manipulator B g8 } |

' . Main PREP Ch. & /
Evaporator 3 ~ 4 //

Beam in

Experimental Chamber NEXAFS MCP detector

Figure 6.1: Side view of the EAO1 end station at the Surface & Material Science branch of the FlexPES
beamline, located at the 1.5 GeV storage ring of MAX IV in Lund, Sweden. Adapted from reference'?'.
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On the manipulator the sample is heated via a tungsten filament behind the sample holder.
For higher temperatures (7 > ca. 1000 K) the heating mode can be switched to electron
beam heating. Cooling of the sample is achieved by compressed air (optional: liquid N»)
passing through the manipulator. Temperature measurement is achieved by a K-type ther-
mocouple spot-welded to the side of the sample and connected to the manipulator with
flexible contact springs. Oxygen is dosed through a manifold attached to a main prepara-
tion chamber and can be dosed in the experimental chamber up to pressures of p(O2)=
5 - 10~® mbar. In the main preparation chamber larger oxygen doses ( > 30 L) can be ap-
plied in a reasonable amount of time (¢ < 360 s) with pressures up to p(O2) = 5 10~° mbar.
HCI (Air Liquide, 2.8) is stored in a custom-made 10 ml cylinder on a separated manifold
attached behind a mounting port of the main chamber. Hydrogen chloride is dosed in the
main preparation chamber as well with pressures up to 5 - 10~ mbar via the background
pressure, to protect the chamber from corrosion. These pressure requirements exclude
operando measurements and the data for XPS and NEXAFS are acquired in the experi-
mental chamber in situ.

XP spectra of Cedd, Cl2p, and O Is are measured at two photon energies,
(Ce 4d: hv =250 eV/850 eV; Cl 2p: hv=250eV/850 eV; O Is: hv=580¢eV/ 1180 eV)
which allow for probing near-surface and bulk-like properties. Bulk-like properties are
probed by photoelectrons with kinetic energy of Exin = 650 eV, while near-surface prop-
erties are probed by photoelectron of Exin = 50—130 eV kinetic energy, close to the mini-
mum of the universal curve of inelastic mean free path of electrons (cf. Chapter 2.2).'??
The energy of the Ce 4d is chosen to be 4#v =250 eV as a compromise between achieving
high surface sensitivity and avoiding the Cooper minimum'? at 4v = 175 eV'** with its
low cross-section.> XP spectra of Ce 4d are used instead of Ce 3d to have sufficient flux
at higher kinetic energies of Exin = 650 eV. The slit-width of the beam is set to 50 um and
the pass energy Epass of the detector is set to Epass = 50 eV, except for Cl 2p (hv =250 eV,
Epass=10¢eV) and O 1s (hv =580 eV, Epass =20 eV). The spectra are calibrated via the
Fermi level Er of gold foil mounted next to the sample. From the Ce 4d spectra at
hv =250 eV the near-surface fraction of Ce**/Ce*" and therefore the near-surface reduc-
tion degree x (Ce*" fraction) can be determined (cf. Chapter 6.5.4).2 NEXAFS data of
the Ce My 5 edge (Ce 3d) are recorded in total electron yield (TEY) mode. Here the signal
is dominated by low energy electrons with Exin S 20 €V, the so-called “inelastic tail”.*’
As the average escape depth of these photoelectrons is larger'?? (cf. Chapter 2.2) than
the thickness of the CeO2-(111) film, the Ce**/Ce*" fraction of the bulk and therefore the
bulk reduction degree x (Ce*" fraction) can be determined.? The combination of XPS and
NEXAFS allows for disentangling surface form bulk properties of the CeO2-(111) thin
film. Beam-induced damages of the studied layers are not encountered, as routinely
checked during the synchrotron beamtime (cf. Chapter 2.3). Additionally, the defocused
synchrotron beam spot’> I mm x 0.4 mm is moved between each measuring point over the
homogeneous sample.?

6.2 XPS Chamber

XP spectra can be acquired in the lab of the Justus-Liebig-University JLU in a dedicated
UHV system?! as well. Here, a non-monochromatic Al/Mg dual anode X-ray source
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(Omnivac) with an operating photon energy of 1253.6 eV (Mg Ka) and a Leybold EA
200 analyzer are used. As complementary method the chamber is equipped with a quali-
tative LEED system (Specs ErLEED 1000-A). CeO-,(111) thin films on Ru(0001) can
be prepared with the cerium electron beam evaporator (EFM 3, Focus GmbH) mounted
in an upward-pointing angle of ~45°. The Ru(0001) is mounted via clamped w-shaped
tungsten wires to the manipulator of the chamber. Temperature control up to 7= 1450 K
is achieved by a K-type thermocouple spot-welded to the back of the sample. In addition
to O (Linde, 5.0) and Ar (Linde, 5.0), atomic oxygen O can be dosed via a thermal
cracker (Oxford Applied Research: TC50 — Universal Thermal Cracker, cf. Chap-
ter 6.4.2).

HCI (Air Liquide, 2.8) and CI> (Linde, 5.0) can be dosed in a shutter-separated “mounting
cell”, which is pumped individually. Furthermore, the cell can be opened to move the
manipulator out of the chamber for mounting the sample. In addition, the electron beam
evaporator can be attached at the mounting port of the cell in a vertical, straight position
for melting down fresh cerium in the crucible (cf. Chapter 6.5.1). A detailed description
of the UHV system can be found in reference!?’.

6.3 LEED Chamber

A second UHV system!?%!?7 at the JLU is equipped with LEED, using a video-LEED
(Specs ErLEED 1000-A) system, and TPD. As mass spectrometer a high sensitivity ion-
counting system (Hiden Analytical HAL 301/3F) is used. The cerium electron beam evap-
orator (EMF 3, Focus GmbH) is mounted in a horizontal position. Before mounting on
the LEED chamber, the cerium was molten in the XPS chamber in a straight position to
prevent cerium from segregation out of the crucible.

The sample is spot-welded with w-shaped tungsten wires to the tantalum bars of the ma-
nipulator. Temperature control from 7= 110 K (liquid N2) up to 7= 1550 K is achieved
by a K-type thermocouple. A detailed description of the UHV system can be found in
reference.?

6.4 Specific Instruments

The following two instruments are essential for the preparation of the cerium sample as
well as for the generation of atomic oxygen O.

6.4.1 Cerium Evaporator

The cerium oxide thin films in the present thesis are prepared via physical vapor deposi-
tion. Key tool for the deposition of cerium is an electron beam evaporator (EFM 3, Fo-
cus GmbH, Figure 6.2). In the core of the evaporator a hollow cooling shroud (a) (copper)
resides which is cooled with water (b) inside the walls. In the center of the cylinder a
crucible (¢) or rod can be placed from behind with an high-voltage (HV) insulated feed-
through (d). Electron beam heating is achieved with a filament (e) residing at the end of
the copper cylinder around the opening. In front of the latter a flux monitor (f) and a
shutter (g) are placed for control of the evaporation process. Not shown is the combined
quadripolar feedthrough for the filament (e) and thermocouple attached to the cooling
shroud.



40

g) shutter
actuator
linear flange
aotor DN40CF  h) cerium ¢, o1 jiciple
metal
d) HV feed-
through ; /a I
i ~38 mm
a) cooling . / f) flux- ;
e) filament i distance
b) cooling shroud  © monitor
water

f) fluxmonitor
\ feedthrough

Figure 6.2: Semitechnical drawing of the used evaporator for physical vapor deposition (EFM 3, Fo-
cus GmbH). Adapted from reference!?3.

For the evaporation of cerium (h), a molybdenum crucible (8§ mm diameter, capacity of
250 mm?) is used, as cerium becomes liquid under evaporation conditions (melting point
Tce = 1068 K). Prior to first usage the empty Mo crucible needs to be degassed under
UHV conditions via electron beam heating, until upon further increasing the heating
power does not increase the pressure anymore and, in addition, p < 1-107'° mbar and the
flux remains close to zero. Afterwards the crucible is filled with a stripe of cerium metal
(ca. (6 x 6 x 1) mm?, ca. 25 mg, HMW Hauner GmbH, 99.9%). The stripe needs to be
cleaned in a nonpolar, aprotic solvent®® (e.g. n-heptane or n-hexane) as cerium metal is
stored under protective paraffin oil due to its reactivity (cf. lithium or sodium). Rough oil
and other residuals can be removed with a clean spatula.

A common issue observed during the evaporation is segregation of cerium out of the
crucible. In order to ensure a homogeneous, reproducible thin film preparation at all three
UHYV systems initially the cerium is melted down in a vertical straight position in the
“mounting” cell at the XPS chamber (cf. Chapter 6.2). The process can be followed
through a window. Another measure to ensure comparable preparation between the three
used UHV systems is that the evaporator sample (i) distance, is kept at an optimized value
of ~38 mm, adjusted via the z-drive. After each mounting of the evaporator the melted
down cerium needs to be degassed again. Over time cerium segregates out of the crucible
and the filling process needs to be repeated. For the evaporation of cerium at the EA01
end station (Surface and Material Science branch) at the FlexPES beamline*! at MAX IV
in Lund, Sweden the evaporator with the crucible containing the molten in cerium was
transported under protective Ar gas.

6.4.2 Thermal Oxygen Cracker

For the generation of atomic oxygen O an Oxford Research Systems TC-50 thermal
cracker is employed at the XPS chamber. Similarly to the electron beam evaporator an
iridium capillary is annealed via electron beam heating to temperatures up to 1250 K.'%°
By a leak valve O; (Linde, 5.0) can be dosed through the heated capillary into the UHV
chamber. The chemical bond of oxygen is cracked thermally, generating reactive atomic
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oxygen. However, when passing the capillary not all molecules are cracked. The amount
of dosed atomic oxygen can be determined via the parental loss method:'?’ a specific
pressure, e.g. p(02) = 1-10~® mbar, is adjusted with the leak valve of the cracker, while
the capillary is not heated. Simultaneously the pressure is monitored via a mass spectrom-
eter (MS) at the specific mass/charge ratio (m/z) of oxygen (m/z =32). Given the assump-
tion that atomic species react directly with any surface inside the chamber the cracking
efficiency C.E. can be calculated'? from the MS signal when the capillary is non heated

(m /Z;){ 7 and heated (m/ z$) via

_ (m/z3)) —m/z$3) - 100

m/zgf

C.E.

(6.1)

Due to the reactivity of the atomic oxygen, the sample needs to be positioned directly in
front of the capillary during dosing.

6.5 Preparation of the CeO:-(111)/Ru(0001) Thin Film Model System

In the following section the preparation of the stoichiometric and reduced CeO2-(111)
thin films used in the present thesis is described, followed by a brief characterization.

6.5.1 Stoichiometric CeO2(111)/Ru(0001) Thin Films

Starting point for all experiments shown are CeO(111) thin films grown onto disk-shaped
Ru(0001) single crystals (MaTecK GmbH, @ 7 or 8 mm) via physical vapor deposition
(PVD). Cerium (Goodfellow, 99.9%; HMW Hauner GmbH, 99.9%) is deposited from a
well-outgassed electron beam evaporator (EFM 3, Focus GmbH, U =800V,
P =40-50 W, Flux =2.0 uA, deposition time taep - 50—120 min).? In situ oxidation is
achieved with a background O» atmosphere of p(02) = 5-10~% mbar at a temperature of
T=700 K during evaporation. For post-oxidation the sample is annealed to 7= 1000 K
in p(0O2) = 107° mbar for 15 min. A quick annealing step by flashing to 7= 1200 K and
subsequent cooling to room temperature in O is added to improve the crystallinity of the
CeOx(111) film (cf. Figure 4.3).2% Higher flashing temperatures are avoided in order to
prevent cracking of the film. After deposition the LEED pattern is counterchecked for
Ru(0001) substrate-related diffraction spots. If needed the deposition time Z4ep 1s adjusted,
and the oxidation steps are repeated. The preparation process is adapted from that of Mul-

lins et al.?” and Hasegawa et al.?® Similar preparation procedures were reported in the
literature, 75:9497:100,102,130,131

For the experiments at the EAO1 (Surface and Material Science branch) at the FlexPES
beamline*! at MAX IV in Lund, Sweden two stoichiometric CeO2(111)-Ru(0001) thin
film samples were prepared in the XPS and the LEED chamber at the JLU. After transfer
to the main preparation chamber of the EAO1 end station the post-oxidation step (anneal-
ing for t=15min in p(02)=10"°mbar at T=1000K, followed by flashing to
T = 1200 K) is repeated to remove adventitious carbon contamination®®” from the atmos-
phere during sample transfer.
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For re-preparation of the CeO2(111) thin film in the home lab, the Ru single crystal is
cleaned with two consecutive sputter (7 =room temperature, ¢= 30 min,
p(Ar) =10 mbar, U=1.5keV, Iem =18 mA) and annealing (7= 1300 K, 7= 5 min,
p(02) = 10-° mbar) cycles. The purity of the clean Ru(0001)-(2x1)O or Ru(0001)-(2x2)0O
surface is checked via the LEED pattern and XPS measurements.

6.5.2 Reduced CeO:-(111)/Ru(0001) Thin Films

Upon reduction of the CeO2—(111) thin film the surface reveals several well-ordered re-
constructions, e.g. (V7 x V7)R19.1°, (3 x 3), and (4 x 4) depending on the reduction de-
gree x ranging from x = 0 (CeO2(111)) to x = 0.5 (fully reduced Ce>O3(111)) (cf. Chap-
ter 4.3.2). The reduced CeO»-,(111) films are prepared by evaporation of Ce metal under
UHV conditions at room temperature onto the stoichiometric CeO>(111) thin film. The
formation of the reconstructions depends on the previous deposition time f4¢ep and the
thickness of the underlying CeO>(111) film. In the present thesis the following depend-
encies were found: 77 x v7)R19.1 = 0.1 - taep, 13 x3) = 0.18 - t4ep and 74 x 4y = 0.29 - tgep. After
deposition the sample is annealed to 7=900 K for #= 15 min, and finally flashed to
T=1100 K under UHV conditions.'*10413!

6.6 Characterization of the CeO:-«(111)/Ru(0001) Thin Film Model
System

The preparation and characterization of CeO>-(111) thin films has been described previ-
ously in the doctoral thesis of Christian Sack®® and in the literature.>>!%* The preparation
of CeO-,(111) thin films on Ru(0001) was established in the Over research group within
the doctoral thesis of Christian Sack.?® The pristine film was investigated with STM,
LEED, and XPS. It was shown by LEED that the crystallinity of the film could be im-
proved upon annealing to temperatures above 1200 K to 1300K-1400 K. In STM it was
observed that the terrace width increases from ~20 nm (1000 K) to ~50 nm at 1400 K.
The thickness of the films was determined by the damping of the Ru 3d signal to ~23 O-
Ce-O trilayers (71 A). LEED-IV analysis of the pristine film was in good agreement with
findings from Siegel et al. (cf. Chapter 4.3.1)

6.6.1 Determination of Film Thickness

The thickness d of the CeO2-(111)/Ru(0001) thin film is determined via XRR (PANalyt-
ical X’Pert PRO MRD, Cu K,). In Figure 6.3 the measurements of two samples are
shown. The orange line shows the XRR measurement of the stoichiometric CeO2(111)
film. From the minima and maxima in intensity (Kiessig fringes, cf. Chapter 2.5) the
average thickness can be determined to dox = 5.7 nm, which corresponds to 18 O—Ce—O
trilayers.! The blue line shows the measurement of the reduced and subsequently re-oxi-
dized sample after the beamtime. Under the assumption that the re-oxidized film has the
same thickness as the previously reduced film, a value of dreox = 7.5 nm or 24 O—Ce—O
trilayers (cf. Figure 6.3) is determined. The determined thickness agrees well with the
previously?® measured one, where the film thickness was determined by the dampening
of the Ru 3d signal of the supporting Ru(0001) single crystal. Compared to XPS, XRR
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has the advantage that the thickness is determined directly. A disadvantage is, however,
that the measurement is ex situ.

0 0.1 0.2 0.3 04 0.5 0.6 0.7
: : | : CeOy(111)

d=5.7nm
= 18 O—Ce-O-trilayer

reoxidized CeOy(111)
d=7.5nm
= 24 O—Ce-O-trilayer

\“
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Figure 6.3: XRR measurements of a stoichiometric fully oxidized CeO»(111) thin film (orange) with a
thickness of d =~ 5.7 nm grown in the LEED chamber. In blue the XRR measurement of a second
CeO,-(111) thin film is shown, which was grown under similar conditions as the LEED film but in the
XPS chamber and afterwards reduced and re-oxidized during the beamtime. The thickness ratio
dreox/dox = 1.32 is in reasonable agreement with the deposition times #ip, in Chapter 6.5.2 considering the
preparation at two different chambers. Adapter from references'-2.

6.6.2 Determination Reduction Degree

The reduction degree x of the CeO»-(111) thin films can be determined with X-ray spec-
troscopy techniques, like XPS (Ce 3d and Ce 4d) and NEXAFS (Ce Mssedge). Ceria
yields complex spectra, for example the XP spectra of Ce 3d depicted in Figure 7.4 or
Ce 4d depicted in Figure 6.5. The XP Ce 3d spectra for fully oxidized CeO2(111)/Ce**
and fully reduced Ce(III) oxide/Ce*" contain six and four peaks, respectively. For the 3d
core level two peak might be expected due to spin-orbit splitting. The additional peaks
(two for Ce*" and four for Ce*") result from so-called “shakedown” states. Here electrons
can be transferred from the O 2p level to the Ce 4f level in the excited state.>>!3%!3 Ce 4d
spectra are even more complex than Ce 3d spectra as in addition to spin-orbit splitting
and shake-down effects due to a coupling of an unpaired electron in the Ce 4d final state
with an electron in the Ce 4f level 313413

For quantification of the reduction degree x a linear combination approach?? is used in-
stead of a deconvolution. As example in Figure 6.4 and Figure 6.5 the freshly reduced
CeO2-x(111) surface is measured at the FlexPES beamline once with bulk-sensitive
NEXAFS (Figure 6.4) and once with surface-sensitive XPS (Ce 4d) (Figure 6.5). For
comparison the measured references are shown in gray for the fully oxidized surface
(Ce0y) and in black for the fully reduced surface (Ce20O3). The fully oxidized surface
corresponds to the stochiometric freshly oxidized film. The fully reduced Ce>Os3 films is
prepared in-situ by depositing (U = 800 V, P = 40-50 W, Flux = 2.0 pA, deposition time
tdep = 30 min) metallic Ce on Ir(111) under UHV conditions and annealing the film to
1250 K. The residual water pressure in the UHV chamber is sufficient to oxidize the Ce
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film to Ce20s. The corresponding spectra of CeO; and Ce2O3 (XPS-Ce 4d, NEXAFS
Ce My s edge) agree well with those reported in the literature.>*3136-139

All NEXAFS spectra including the reference spectra are normalized by the energy-de-

pendent flux and the integral intensity in the range from 865.5 eV to 918.5 eV (Figure
6.4).
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Figure 6.4: a) Bulk-sensitive NEXAFS Ce My s edge (Ce 3d) spectra measured in total electron yield (TEY)
mode of partly reduced, pristine CeO,.(111) (blue), fully reduced reference Ce,O3 (black) and fully oxi-
dized reference CeO»(111) (gray). b) Procedure of linear combination for NEXAFS exemplified for pristine
Ce0,4(111): NEXAFS(CeO,-,(111)) =2x'NEXAFS(Ce;03) + (1-2x)-NEXAFS(CeO,), with x = 0.18
(37% Ce* fraction). Adapted from reference?.

a) XPS - Ce 4d hv =250 eV b)

CeO,_,(111) CeO,_(111)

Ce,0, G linear combination (x = 0.355): a

CeO, ===Ce0, (111)= R
= E = 2X.(Ce203) + " “ [
= F £ (1-2x)-(CeO,) [ERNA
5 A . ' L
g £ :
s 2
= >
2 ?
" c
c ]
2 <
£ =
s‘
2 D Z

0 v 0
130 125 120 115 110 105 130 125 120 115 110 105
Binding Energy / eV Binding Energy / eV

Figure 6.5: Surface-sensitive Ce 4d XP spectra (hv =250 ¢V) of partly reduced, pristine CeO>.(111)
(blue), chlorinated Clyac- CeO2(111) (orange), fully reduced reference Ce,O3 (black) and fully oxidized
reference CeO»(111) (gray). b) Procedure of linecar combination for XPS exemplified for pristine
CeOa.(111): XPS(CeOr-(111)) = (1-2x)-XPS(CeO») + 2x-XPS(Ce>03), with x = 0.35 (71% Ce** fraction).
Adapted from reference?.
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The bulk reduction degree x and corresponding Ce*" fraction (2x-100%) of CeO2+(111)
is derived from the Ce M4 s edge NEXAFS spectrum (TEY yield) by fitting the NEXAFS
spectrum of CeO2-(111) as a linear combination of the reference spectra of the fully
oxidized CeO,(111) film (0% Ce*") and a fully reduced Ce2Os film (100% Ce*"): (1—2x)-
NEXAFS(CeO») + 2x- NEXAFS(Ce203).” The surface reduction degree x is derived from
the Ce 4d XP spectrum in a similar manner. The procedure of linear combination is sum-
marized in Figure 6.4, resulting in a bulk Ce*" fraction of 37% (x = 0.183) that is in be-
tween those of (3 x 3) and (v/7 x V7)R19.1°. Accordingly, in LEED a faint (3 x 3) is vis-
ible (cf. Figure 7.1). For comparison the reduction degree at the surface is much higher
71% (x = 0.355) in agreement with the reported gradient in the literature.>'% In a similar
manner the reduction degree of the lab XPS spectra of Ce 3d can be determined (cf. Fig-
ure 7.4, Appendix Figure 10.2).



46




47

7 Results: HCI Oxidation on CeO2-«(111) Thin Films

This chapter is divided into a “chlorinator” part and an “oxidizer” part, in the same way
as the in the thought experiment of the chemical looping reactor (cf. Chapter 5.2, Figure
5.2). First, the results from the “chlorinator” will be discussed (Chapter 7.1). These can
be further separated into the investigation of the chlorination of the surfaces upon HCI
exposure (Chapter 7.1.1) and water formation (Chapter 7.1.2) upon annealing. Second,
the results from the “oxidizer” are shown (Chapter 7.2). These can be separated into the
re-oxidation of the surface upon O> exposure (Chapter 7.2.1) and a de-chlorination of
the surface (Chapter 7.2.2).

7.1 “Chlorinator”: Chlorination of the Model Catalyst

The chlorination of the surface and concomitant water formation mimics the steps (A-D)
in Figure 5.1 and is performed by exposing reduced CeO2-(111) surfaces to HCI at room
temperature and annealing to the process temperature afterwards. This is investigated via
lab-based LEED (fingerprinting), XPS, and TPD experiments.?® These are complemented
by DFT+U calculations and synchrotron-based XPS measurements.

7.1.1 Chlorination

LEED Fingerprinting Results

First, various ordered CeO»-.(111) surfaces were prepared at the LEED chamber forming
well-ordered (v/7 x V7)R19.1°, (3 x 3), and (4 x 4) reconstructions with distinct degree
of reduction, i.e. x = 0.21, 0.29, and 0.40, respectively, which are close to the correspond-
ing values of x =2/7, 0.33, and 0.5, reported in the literature'®*!%°. The superstructures
are evidenced by LEED patterns with low background intensity and sharp LEED reflec-
tions (cf. Figure 7.1a).” Saturating these reduced ordered CeO> (111) films with 15 L
HCI at room temperature led in all cases (i.e., (V7 X V7)R19.1°, (3 x 3), or (4 x 4)) to the
development of a blurry (1 % 1) structure, while the former reconstruction of the pristine
CeO2-x(111) disappeared (cf. Figure 7.1b). Room temperature was chosen for HCI dos-
ing in order to protect the equipment. Upon annealing to 700 K, the typical reaction tem-
perature of the Deacon process, a (v/3 x v/3)R30° became visible in all cases, whose or-
dering could be improved by an annealing step to 900 K (cf. Figure 7.1c).
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Figure 7.1: LEED patterns taken at 47 eV of various reduced ordered phases of CeO,-,(111) a) before, b)
after saturation with HCl at 300 K, and c) after subsequent annealing to 900 K under UHV conditions. In
all cases the final structure is a (N3 x V3)R30°-Cly,c superstructure. The (1 x 1) unit cell (black) and the unit
cells of the superstructures (orange) are indicated.! For comparison the d) LEED pattern of the reduced
CeO,-(111) surface at the FlexPES beamline revealing a faint (3 % 3) reconstruction (energy = 67 eV) with
x=0.18 (37% Ce** fraction, cf. Chapter 6.6.2) and ¢) exposing a (V3 x V3)R30°-Cl,,. superstructure (en-
ergy = 46 eV) after exposure to 15 L HCI at room temperature and subsequent flashing to 7= 1000 K.
Adapted from references'->%,

Among the various starting structures of reduced CeO»-(111), the best-ordered
(V3 x V/3)R30° Cl-overlayer structure was accomplished when saturating the
CeO2-x(111)-(4 x 4) or CeO2—(111)-(3 x 3) surfaces with HCI at room temperature and
subsequent annealing to 900 K. In the following, the various (v/3 x v/3)R30° overlayer
superstructures based on reduced CeO>-(111) will be referred to as
V3Cl-(7 x V7)R19.1°,/3CI-(3 x 3), or v/3Cl-(4 x 4), in order to emphasize the initial
reconstruction of the reduced CeO2-(111) surfaces.!

For comparison a reduced CeO>-,(111) thin film (cf. Chapter 6.5.2) was prepared at the
FlexPES beamline revealing a faint (3 x 3) reconstruction (cf. Figure 7.1d). After expo-
sure to 15 L HCI at room temperature and subsequent flashing to 7=1000K,> a

(v/3 x v/3)R30° LEED pattern is revealed as well (cf. Figure 7.1¢). The faintness (3 x 3)
of the reconstruction could result from the time between preparation and LEED
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measurement due to the high reactivity of the reduced surfaces. Therefore, the surface
was annealed to 700 K in UHV for reactivation, prior to HCI dosing.

Besides the periodicity of the overlayer superstructure, LEED is able to provide infor-
mation about the local adsorption geometry of the chlorine species.! In order to compare
and distinguish the four lab based (v3 x v/3)R30° overlayer superstructures based on re-
duced CeOr-(111) (cf. Figure 7.1) and stoichiometric CeO2(111) (cf. Figure 4.6a), so-
called lab-based LEED-IV (intensity versus voltage) curves were recorded (cf. Figure
7.2). Here the kinetic energy of the electrons and hence the diffraction conditions can be
varied and the intensity of the diffracted beams can be measured. These LEED-IV curves
contain, very similar to the X-ray diffraction intensities, detailed information on the local
Cl-adsorption geometry and the variations in the CeO>-,(111) substrate structure. In prin-
ciple, this information can be retrieved from computing theoretical LEED-IV data within
the multiple scattering approach that is based on a given model structure.'** However,
experimental LEED-IV curves can also be used alone in a semi-quantitative way, by com-
paring experimental LEED-IV data sets from different preparations, according to which
similar LEED-IV curves of fractional order beams indicate a similar local adsorption ge-
ometry. This method was coined LEED fingerprinting technique.!-'#!

Restricted to LEED-IV curves of fractional order beams, mainly information on the CI-
induced surface structure with (v/3 x v/3)R30° symmetry is gained. As shown in Figure
7.1b the LEED-IV curves of the fractional order beams do not vary very much among the
various preparations on the reduced CeO»-.(111) surfaces so that the local coordination
structure of chlorine species is inferred to be identical in all cases.
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Figure 7.2: a) LEED-IV curves (fractional order beams) of (v/3 x v/3)R30° superstructures, prepared from
various reduced ordered phases of CeOy-(111) (7 x V7)R19.1°, (3 x 3), or (4 x 4)) after saturation with
HCl at 300 K and subsequent annealing to 900 K under UHV conditions. For comparison, LEED-IV curves
(orange) of the stoichiometric CeO»(111)-(1 x 1) are shown that is exposed to 15 L HCI at room tempera-

ture, forming a (v/3 x ¥3)R30°-CI+H phase.’' b) Example of a (+/3 x v/3)R30° LEED pattern at 90 eV.
Integer and fractional order beams, the corresponding unit cells for the CeO,-«(111) substrate (black) and
v/3x4/3)R30°-superstructure (orange) are indicated.' Adapted with permission from references'-2®.

The comparison among the various sets of LEED-IV curves can also be quantified by the
Pendry Rp-factor (cf. Table 7.1). Rp-factors'** of 0 and 1 signifies ideal agreement or full
disagreement, respectively. A Rp-factor of <0.25 is considered as a good agreement
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between LEED-IV data, while a Rp-factor > 0.5 indicates poor agreement. The fractional
order LEED-IV curves of the stoichiometric, oxidized, and CeOa(111)-(+/3 x v/3)R30°-
CI+H surface (cf. Chapter 4.4), i.e. V3CI-(1 x 1), are very different from those of the
reduced CeOs-(111)-(V/3 x V3)R30°-Cl surfaces, i.e. V3 Cl-(V7 x /7 )R19.1°,

V3CI-(3 x 3), or V3Cl-(4 x 4), (cf. Appendix, Table 10.2 and Table 10.1), implying that
also the adsorption geometry of chlorine species must be different in these two systems.

Table 7.1: Quantitative comparison of fractional order beams via the Rp-factor: The three HCIl-induced lab-
based (v/3 x v/3)R30° surface structures, i.e. V3CIl-(v/7 x V/7)R19.1°, +/3CI-(3 x 3), and V3Cl-(4 x 4), on
differently reduced CeO,-.(111) surfaces are in good agreement among each other (green background
color). In contrast, the (v/3 x v/3)R30°-CI+H surface structure on the stoichiometric oxidized CeOx(111)
surface, v3CI-(1 x 1), shows a poor agreement with the (v/3 x v/3)R30° surface structures formed on the
reduced surfaces (red). Here, the example of the vV3Cl-(3 x 3) is shown (cf. Appendix, Table 10.1). The
first two columns indicate which experimental surface structures are compared through the indicated IV
curves (cf. Figure 7.2) of the structures in the first row. Adapted with permission from references’?®.

Comparison of HCl-induced
(1/3,173)  (2/3,2/3)  (4/3,1/3)  (5/3,2/3)  Average @

(/3 x V/3)R30° based on
T<VTR19.1°  vs. (3 % 3) 0.19 0.21 0.14 - 0.18
WT<VT)R19.1°  vs. (4 x 4) 0.25 0.37 0.30 - 0.31
(3x3) vs. (4 x 4) 0.08 0.11 0.09 0.19 0.11
1x1) vs. (3% 3) 0.44 0.95 0.43 0.74 0.71

For comparison, (v/3 x v/3)R30° structures were prepared in the LEED chamber by ex-
posing the various reduced CeO»—(111) surfaces to Clz, and recording sets of LEED-IV
curves (cf. Appendix, Figure 10.1). Both preparation methods (Cl, and HCI exposure)
lead to virtually identical LEED-IV curves of fractional order beams (cf. Appendix, Table
10.2 and Table 10.3) associated with an identical local adsorption geometry of Cl. Ad-
sorption of Cl, on the stoichiometric-oxidized CeO(111) surface is endothermic and,
therefore, experimentally not observed.!

DFT+U calculations,*"*!!%!1%3 showed that Cl adsorbs on-top of Ce sites on the stoichio-
metric CeOx(111) surface (cf. Chapter 4.4). Additional DFT+U calculations (vide infra)
for Cl adsorption on the reduced CeO»-(111) surfaces indicate that chlorine preferentially
adsorbs in surface oxygen vacancies, Vo,s. Combining this with the above LEED finger-
printing results, it can be concluded that chlorine adsorbs in surface oxygen vacancies,
independent of the actual degree of reduction x of CeO2-(111) for 0.4 = x = 0.2. In the

following, the (v/3 x v/3)R30° overlayer superstructures based on reduced CeOax—(111)
will be referred to as (V3 x v3)R30°-Clyac.

The LEED-IV fingerprinting approach can also be applied to the integer order beams (cf.
Appendix, Figure 10.1). Here the differences among the various sets of experimental
LEED-IV data of the reduced CeO»-.(111) surfaces are substantial, as quantified by Rp-
factors exceeding Rp > 0.58 (cf. Appendix, Table 10.4). These results indicate that the
structures of the reduced surface reconstructions are different, in agreement with the de-
gree of reduction x of the CeO>,(111) surfaces.!
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Characterization of the Cl,.c Species

Flashing the v3Cl-(4 x 4) overlayer to 1500 K in UHV lead to reversible transformation
from the V3Cl-(4 x 4) to the pristine CeOa—(111)-(4 x 4) phase. Upon heating to 1500 K,
chlorine desorbs completely from the surface. In order to restore the original (4 x 4) re-
construction, oxygen vacancies Vo reversibly migrate from the surface to the near-surface
region or vice versa (cf. discussion Chapter 7.1.1). Additionally, oxygen may desorb at
these high temperatures resulting in an improved surface ordering.!

(4 x 4) (N3 x V3)R30° (Z x 4)

Figure 7.3: LEED pattern at 47 eV of the CeO,-(111)-(4 x 4) phase a) before and b) after exposure to 15 L
HCl at 300 K and subsequent annealing to 1100 K under UHV conditions. c) Finally the surface is annealed
to 1500 K to recover reversibly the CeO,(111)-(4 x 4) phase. Adapted with permission from refer-
ences' %%,

XPS and NEXAFS Results

In the lab the degree of reduction x of the various ordered CeO»-(111) surfaces can be
derived from the intensity of Ce*- and Ce*"-related features in the Ce 3d XP spectra
(cf. Figure 7.4) of fully reduced Ce;O3(111) and stoichiometric CeO»(111) via a linear
combination approach®>!* (cf. Chapter 6.6.2 and Appendix, Figure 10.2). The
Ce’" fraction of CeO,—(111) on Ru(0001) turns out to be: (V7 x v/7)R19.1°: 41%
(x=0.21), (3 x3): 58% (x=10.29), or (4 x4): 79% (x=0.40) which is in reasonable
agreement with a previous study’’ of such CeO»(111) layers on Cu(111)
[(V7 x VT)R19.1°: 28%, (3 % 3): 52%, or (4 x 4): 95%]. The agreement with literature is
not fully quantitative since the observed surface reconstructions are stable within + 5-10%
of x.! In addition, the film thickness and the resulting probing depth needs to be consid-
ered (cf. Figure 4.5). For comparison, the reduced film at the FlexPES beamline revealed
a faint (3 x 3) reconstruction, for which a Ce*" fraction between 52% and 58% is ex-
pected. However, the bulk-sensitive NEXAFS measurement yielded a Ce* fraction of
37% and the surface-sensitive Ce 4d XPS measurement a fraction of 71%, utilizing the
linear combination of CeO2(111) and Ce,Os3 reference spectra (cf. Figure 6.5). While
NEXAFS probes the whole film, the Ce 4d spectra probe the topmost surface only. In
between these boundaries the probing depth of lab-based XPS is located. Hence, the
measured lab-based data are in good agreement with the averaged (54%) Ce*" fraction as
determined by NEXAFS and surface-sensitive XPS. This gradient of the Ce** fraction is
also consistent with recent studies from the Matolin research group.!®® (cf. Figure 4.5)
Ce4d XP spectra and NEXAFS Ce Mass edge spectra of CeOx-(111) and Clyac-
Ce0,-+(111) including the reference spectra of Ce*" and Ce*" are summarized in (Figure
6.4, Figure 6.5 and Appendix, Figure 10.4, Figure 10.5).
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Figure 7.4: Ce 3d XP spectra (a) of various ordered CeQ, ,(111) structures from which the Ce** fraction
can be quantified (b) via linear combination (cf. Figure 10.2). Adapted with permission from references'-.

In order to quantify the coverage of the chlorine overlayer, lab-based CI 2p XP spectra
for the variously prepared (v/3 x v3)R30°-Cly.c overlayers on differently reduced
CeO2-x(111) surfaces were taken (cf. Figure 7.5), after annealing to 700 K. The Cl 2p
doublet is slightly shifted to higher binding energy (by AEge ~0.4eV), in comparison with
the stoichiometric CeO2(111)-(v/3 x v/3)R30°-Cl+H. This may point to a site change of
chlorine species: the Cl2p spectral features on CeO2(111) are observed at
199.1eV/200.7eV (for Cliop)’! and 199.7eV/201.3eV for CeO,-(111).2® However, this
shift in binding energy is substantially smaller than that found on RuO2(110): Clip
(196.1eV/197.6) and Cly: (197.6/199.2).6%145:146 The high-energy component of Clip on
CeO(111) is 2-3eV shifted to higher binding energies if compared to Clp on RuO2(110)!
(cf. Figure 3.1Db).
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Figure 7.5: Cl2p and Ce 4p XP spectra of stoichiometric CeO>(111) and various reduced phases of
CeO2+(111) after exposure to 15 L HCI at 300 K (saturation) and flash to 700 K. Adapted with permission
from references!?®,

From the invariance of the Cl2p spectra in Figure 7.5 for all (v/3 x V3)R30°-Clyac
phases, starting from CeOa—(111)-(v/7 x V7)R19.1°, -(3 x 3) or -(4 x 4), the CI coverage
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is inferred to be independent of the surface vacancy concentration of the pristine surfaces.
This observation is not reconciled with island formation, but instead points towards a

uniform, covering (v/3 x v/3)R30°-Clyac overlayer. If Cl adsorbs only in surface oxygen
vacancy positions Vo then the surface vacancy concentration after HCI saturation needs
to be independent of the reduction degree x. Therefore, it is concluded that oxygen va-
cancies need to migrate from the near-surface region towards the surface in order to pro-

vide the same Vo vacancy concentration to stabilize the fully covering (v3 x v/3)R30°-
Clyac surface structure (cf. discussion).!

TPD Results

Temperature programmed desorption (Figure 7.6) indicates the adsorption energy of ClI
being sensitively dependent on the degree of reduction x of CeO>-«(111), shifting the
maximum desorption from 1175 K (weakly reduced: (v/7 x v/7)R19.1°) to 1320 K
(strongly reduced: (4 x 4)). Surface coverage-dependent measurements series are chal-
lenging due to the high desorption temperatures, leading to high repetitive thermal load
of the holding tungsten wires resulting into contact loss of the latter. Instead, by CI 2p XP
spectra the Cl coverage can be followed as a function of the temperature (cf. Appendix,
Figure 10.3a). Also, here it is evident, that the temperature-induced removal of surface
Cl depends on the degree of reduction x of the CeO2+(111) surface.!

miz = 36 (H¥CI)
1320 K

(4 x 4)-based

(3 x 3)-based

1175K

Intensity / arb. unit

(V7 x N7)R19.1°-based

400 700 1000 1300
Temperature /| K

Figure 7.6: Temperature programmed desorption at 4 K/s of a) chlorine desorbing from HCl-saturated,
reduced CeO1-,(111) surfaces (cf. Figure 7.5). Adapted with permission from references'?%.

DFT+U Results

Complementary DFT+U calculations indicate that Cl preferentially adsorbs in the surface
oxygen vacancies, Vo, on the reduced CeO»-,(111) surfaces: The adsorption of one Cl
atom on the stoichiometric CeO2(111) surface is endothermic with an adsorption energy
of +0.35 ¢V, whereas if adsorbed on a reduced CeOz-(111)-(N3xV3)R30° surface with
one Vo, the adsorption is strongly exothermic with an energy of —2.64 eV (see Figure
7.7a and b).
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a) CeO, - (V3xV3)R30° b) CeO,., - (V3%V3)R30°

181

E = +0.35 eV/at. E =-2.64 eV/at.

Figure 7.7: Top and side views of pristine surfaces and with one adsorbed Cl atom. a) Stoichiometric
oxidized CeO,(111)-(N3xV3)R30° surface, b) reduced CeO,-(111)-(N3xV3)R30° surface with one surface
oxygen vacancy, Vos. Distances are given in pm and adsorption energies in eV per Cl atom (w.r.t. 2 Cly).
Color code: Ce*" and (Ce*") ions are white (gray), the oxygen surface (subsurface) ions are red (light red)
and Cl atoms are green. Adapted with permission from reference'.

The number of Ce*" cations provides information regarding the oxidation state of the
adsorbed CI atom. On CeOx(111), CI adsorbs slightly displaced on a Ce top site as C1°
(no Ce** available). On CeOa-(111)-(V3xV3)R30° with one Vo and two Ce**, chlorine
adsorbs on a Voj site as Cl, since Cl takes an electron from one adjacent Ce** to form
Ce*" due to its electronegativity. The different oxidation states of chlorine might also
explain why the Cl 2p doublet (cf. Figure 7.5) has virtually no shift in binding energy
(AEgE ~0.4eV) between adsorption on-top Ce*" (Cliop for CeO2(111)) and in an oxygen
vacancy (Clyac for CeO2-(111)). The shift due to the different oxidation state and adsorp-
tion site partly compensates. !

The Cl2p spectra (cf. Figure 7.5) indicate that the three reduced ceria phases

(W7 xVT)R19.1°, (3 x 3), and (4 x 4)) exhibit the same Cl coverage. However, the TPD
results show (cf. Figure 7.6) that Cl is more strongly adsorbed in case of the (4 x 4) phase
with a higher concentration of near-surface vacancies compared to the other two phases

((3 x 3) and (+/7 x V7)R19.1°). In order to rationalize these experimental results, the ad-
sorption energy per Cl atom is calculated for a concentration of Clyac species of @ = 1/3
for each phase. The CI coverage is defined as the ratio of the number of Cl atoms to the
number of Ce atoms in the topmost trilayer. The specific Cl concentration values
O((V7 x VT)R19.1°-Cl) = 2/7 = 0.29, O((3 x 3)-Cl) = 3/9 = 0.33, and O((4 x 4)-Cl) =
5/16 = 0.31 ensure to describe the experimental conditions and reduce possible coverage
effects in the calculation of the adsorption energy of Cl species on the reduced ceria
phases.
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Figure 7.8: Top views of pristine reduced CeO,-,(111) surface reconstructions and with adsorbed CI atoms.
a) CeOa-(111)-(N7 x V)R19.1°, b) CeOs-(111)-(3 x 3), and ¢) CeOs-(111)-(4 x 4). The violet (orange)
stars indicate the position of the Vo (Vo.s) 0xygen vacancies. In a), b) and c) 2, 3 and 5 Cl atoms are
adsorbed, with a coverage of ® =0.29, 0.33 and 0.31, respectively. The red arrows (left) indicate the surface
oxygen that moves filling the subsurface vacancy (orange dotted circle, right), after adsorbing CI. Averaged
adsorption energies are in eV per Cl atom (w.r.t. %2 Cl»). Color code as in Figure 7.7. Adapted with permis-
sion from reference’.

The calculated adsorption energies indicate the same trend as observed in the TPD exper-
iments, i.e., the binding of Cl species increases as surface reduction increases (cf. Figure
7.6), ie., [E((V7 x V7)R19.1°-Cl)| = 1.87 eV/at. < [E((3 x 3)-Cl)] = 2.25 eV/at. <
[E((4 x 4)-Cl)| = 2.65 eV/at (see Figure 7.8 a-¢). Geometrically, it is observed that the
average Cl distance to the plane of the Ce atoms of the first trilayer decreases by 91 pm

with respect to C1° species on the stoichiometric CeOa(111)-(v/3 x v/3)R30° surface.

The structures in Figure 7.8 show that Cl preferentially adsorbs in the oxygen surface
vacancies, Vo,, as Cl™. Due to the interaction of Cl with the surfaces, the spontaneous
mobility of some surface oxygen atoms is observed in case of the (v/7 x v/7)R19.1° and
(3 x3) phases, which fill subsurface oxygen vacant sites Voss. For the reduced

(7 x \/T)R19.1° reconstruction, the initial adsorption of 2 Cl atoms in one surface va-
cancy Vo, and one subsurface vacancy Vogs results in the adsorption of Cl species in
2 Vo,s, whereas the (3 x 3) reconstruction, which initially adsorbs 3 Cl atoms in one sur-
face vacancy Vos and two subsurface vacancies Vogs, ends up with CI species filling
3 Vo,. This effect is not observed in the (4 x 4) phase, where 5 Cl atoms are adsorbed,
since the structure (cf. Figure 4.4b) has two fully reduced ceria trilayers, Ce>O3, which
hinders the mobility of oxygen atoms.!
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Discussion
Adsorption Geometry and Adsorption Strength of Chlorine on Reduced CeO>-x(111)

DFT+U calculations indicate that chlorine adsorbs in surface oxygen vacancies of
CeO2—(111) with a high adsorption energy. The 3.0 eV higher adsorption energy of Clyac
on CeO2-x(111) compared to Cliop on the stoichiometric CeO2(111) surface is reconciled
with the temperature programmed desorption and temperature-dependent C1 2p XPS ex-
periments (Figure 7.6). LEED fingerprinting indicates that the chlorine adsorption site
on the reduced CeO>-(111) surfaces is independent of the oxygen vacancy concentration
of the corresponding pristine surfaces. Although the local adsorption geometry for Clyac
is identical for the three considered ordered CeO»-(111) surfaces (cf. Figure 7.2), the
adsorption of chlorine is stronger the higher the degree of reduction x is. This is evidenced
by additional Cl, TPD (cf. Figure 10.3) and corroborated by DFT+U calculations (cf.
Figure 7.8). Altogether, chlorine adsorbs in surface oxygen vacancies on the reduced
CeO2-«(111) surfaces, while the binding strength depends on the degree of reduction x,
which involves not only surface vacancies but also those in deeper oxygen layers.

The most important result of the chlorination step is that the interaction of CeO>-(111)
surfaces with HCI from the gas phase requires exchanges of electrons and of oxygen va-
cancies in the near-surface region to finally adsorb Cl on the surface. By LEED finger-
printing (Figure 7.1) and CI 2p XPS (Figure 7.5), it is shown that the surface coverage
of Clyac on all of the reduced CeO»(111) surface reconstructions is not affected by the
actual oxygen deficiency x of the CeO2—(111) systems. Therefore, after saturation of HCI
adsorption and annealing to 900 K, the surface concentration of oxygen vacancies in the

(v/3 x V3)R30°-Clysc overlayer needs to be identical and independent of the degree of
reduction x of CeO»-(111). The reduced surface reconstructions (4 x 4), (3 x 3), and
(v/7 x V/T)R19.1° are determined by the arrangement of the oxygen vacancies'* with dif-
ferent surface vacancy concentrations, being not commensurate with the (v3 x v/3)R30°
periodicity. The concentration of the oxygen vacancies in the various ordered
CeO2—«(111) surfaces was previously estimated by Stetsovych et al. and Duchon et
al..!92193 From these values collected in Table 7.2 it is obvious that the surface vacancy
concentration, Vo, is too small to allow for the formation of a (v/3 x v/3)R30°-Clyac, even
if only a Clyac coverage of ® = 1/3 is considered. Therefore, oxygen vacancies need to
migrate from the subsurface oxygen layer, Voss, of the topmost O-Ce-O trilayer (or
deeper layers) to the topmost oxygen layer.

Table 7.2: Concentrations of oxygen vacancies per nm? for the various ordered CeO,-(111) reconstruc-
tions from experiments'*>!% and theory’»'% (given in parenthesis). Values for the topmost layer and the

topmost trilayer are compared to those for the (/3 x v3)R30°-Cly, surface. Adapted with permission from
references’?.

Unit cell 4 x 4) (3 x3) (W7 xVTR19.1° (/3 x v/3)R30°-Cly,,

#V,/nm? topmost layer 1.90 (1.92) 1.70 (0.86) 1.10(1.10) 2.56

#Vo +Vo/nm? topmost trilayer 3.84 (3.84) 2.56 (2.56) 2.19 (2.20) 2.56
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The diffusion process of oxygen vacancies is kinetically possible (cf. Chapter 7.2). Ac-
cording to previous ab-initio molecular dynamics (AIMD) studies'*” the mobility of ox-
ygen vacancies in reduced CeO»-,(111) is very low at room temperature. Diffusion of Vo
within the topmost O-Ce-O trilayer is predicted to set in already at a temperature of 500 K.
However, in molecular dynamics simulations'*” for the temperature range of 500-900 K
the vacancy never left the topmost O-Ce-O trilayer towards deeper layers.

Microscopic Reaction Steps and Reactivity Patterns

The adsorption of HCI on CeO» .(111) proceeds via an acid-base reaction®’:!!7,

HCI(g) + Vo+ O "> Cl yac+ O 'H", that can be written in the Krdger-Vink notation:”
HCIl(g) + Vs + 055 = Cly s + OHp . To a first approximation the oxidations state of
Ce is not affected by the acid-base adsorption reaction of HCL. The energy for dissociative
HCI adsorption on (4 x 4) is exothermic by 2.70 eV*, that is close to previously calcu-
lated adsorption energy of 2.85 eV'® and is 1.5 eV higher than that on the stoichiometric
CeOx(111) surface,®! making this chlorine species practically inactive for the evolution
of Clp.'

As interim result it can be summarized that upon chlorination of the reduced surface with
HCI and subsequent annealing Cl resides strongly bound in oxygen vacancies at the sur-

face and forms a well-defined (v/3 x v/3)R30°-Clysc superstructure enabled by the reversi-
ble migration of oxygen vacancies. As second step of the chlorinator the water formation
upon annealing will be investigated.

7.1.2 Water Formation

TPD Results

When the reduced CeO»-(111) surfaces with various reconstructions (cf. Figure 7.1), i.e.

(V7 x VT)R19.1°, (3 x 3), and (4 x 4), are saturated with HCI at room temperature, hy-
drogen desorbs upon annealing at about 620 K from the surface in the form of water or
H (cf. Figure 7.9) so that only chlorine remains on the surface. There is a systematic
variation of water and H» formation as a function of the degree of reduction x of
CeO2-«(111). The more reduced the CeO>-(111) surfaces are, the less water desorbs from
the surface and instead the more H» evolves. As expected from the constant CI 2p signal
in Figure 7.5, the sum of the water and H> desorption signals in TPD in Figure 7.9b are
invariant for each preparation.
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Figure 7.9: Temperature programmed desorption at 4 K/s of H» and water desorbing from HCl-saturated,
reduced CeO1-,(111) surfaces (cf. Figure 7.6). Adapted with permission from references'?%.

XPS Results

For comparison the synchrotron-based Cl2p and O 1s XP spectra of the CeOx—(111)
sample at the FlexPES beamline are shown (Figure 7.10), after exposure to 15 L HCIl and
subsequent stepwise annealing to 1000 K. The shoulders at lower binding energy of the
Cl12p doublet at 198.6 €V/200.2 eV are assigned to chlorine still forming a hydrogen
bond.'* These shoulders disappear upon annealing to 1000 K, leaving only a single Cl
component on the surface. Concomitant with the decline of the shoulder in Cl 2p, also the
OH species'*® in the O 1s spectrum (cf. Figure 7.10b) disappear. This in agreement with
previous lab-based XPS measurements®® and also in reasonable agreement with the TPD
spectra in Figure 7.9, considering the multiple annealing of the sample during the syn-
chrotron-based measurements. The O 1s spectrum of fully chlorinated Clyac-CeO2-(111)
is shifted by 0.39 eV when compared to that of the stoichiometric CeO2(111) (cf. Figure
10.8).
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Figure 7.10: Surface-sensitive a) Cl 2p and b) O 1s XP spectra of CeO»—(111) when exposed to 15 L HCI
at room temperature and subsequently annealed to 1000 K in steps of 100 K and 200 K to remove hydrogen.
Adapted with permission from reference?.
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DFT Results

Furthermore, the experimental results of hydrogen TPD indicate that H> desorption is
facilitated from surfaces with a higher degree of reduction x (shift form 635 K to 610 K,
cf. Figure 7.9). The DFT+U calculations shown in figure Figure 7.11 a-c support these
results, since for a similar H coverage, an increase in the binding of H species is found as
the surface degree of reduction x decreases : |[E((4 % 4)-H)| = 0.48 eV/at < |[E((3 x 3)-H)|
=0.77 eV/at < |[E((\/7 x V7)R19.1°-H)| = 0.91 eV/at.; this trend is opposite to that found
for Cl species.

Ce;0,,.V7xV7 2H/Ce;0,,.V7xV7
a) 1Vos+ 1V
X il

* VO,S
* vO,SS
.- *
©(H) = 0.29
E = -0.91 eV/at.
b) Ce;0s. 3x3 3H/Ce;0s. 3x3
1Vos + 2 Vpss -
I o .
©(H) = 0.33
E = -0.77 eV/at.
c) Ce,03-Ce0,.4x4 5H/Ce,0,-Ce0,.4x4
2x(4 Vo5 + 4 Voss) _
* T e

O(H) = 0.31
E = -0.48 eV/at.

Figure 7.11: Top views of reduced CeO,-,(111) surface reconstructions: pristine (left) and with adsorbed
H atoms (right). a) (V7 x V7)R19.1°,b) (3 x 3), and c) (4 x 4). The violet (orange) stars indicate the position
of the Vos (Vo,s). In a), b), and ¢) 2, 3, and 5 H are adsorbed, with a coverage of ® = 0.29, 0.33, and 0.31,
respectively. Averaged adsorption energies are in eV per H atom (w.r.t. %2 H»). Adapted with permission
from reference’.

Discussion

Microscopic Steps and Reactivity Patterns

Upon increasing the surface temperature of chlorinated CeO,-(111) to 700 K, hydrogen
leaves the surface either via H» or via water formation, depending on the degree of reduc-
tion x of CeO,-(111). This experimental result is remarkable since the surface structure

of the chlorinated surface is identical for v3 Cl-(4 x 4), v/3 CI-(3 x 3), and /3 CI-
(V7 x V/T)R19.1°. Nevertheless, the HoO/H, formation ratio varies quite considerably (cf.
Figure 7.9). For the highly reduced v/3Cl-(4 x 4) surface, hydrogen evolution dominates,

while for the less reduced vV3CI-(v/7 x v/7)R19.1° surface, water formation prevails. Wa-
ter formation does not lead to a further reduction of CeO2 +(111), i.e., higher Ce* fraction,
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but instead only to the formation of an  additional vacancy:
2 O"H" — H,0 (g) + Vo + O™, or in the Kréger-Vink notation water formation reads:
20H, s —» H,0(g) + V5’ + 05 s. Water formation is energetically favorable as long as
the energy required for surface vacancy formation is lower than the energy released due
to water formation. This energetic situation is encountered in case of the

V3CI-(v/7 x v/T)R19.1° structure. However, on v3Cl-(4 x 4), water production is sup-
pressed, since the CeO>-,(111) surface is already highly reduced, close to Ce2O3(111),
and therefore the surface vacancy formation energy is too high. Instead for the v/3Cl-
(4 x4) surface, the formation of H> is favorable:
20 "H" +2 Ce*" — Ha(g) +2 0"+ 2 Ce*, or in the Kroger-Vink notation: 2Ce,, +
20H, s = Hy(g) + 205 s + 2Ceg,. It becomes evident that Ha evolution is accompanied
by the oxidation of Ce*" to Ce*". The Ce** state does not remain located at the surface,
but rather migrates via electron hopping (polaron) to deeper layers. Otherwise, the surface
structure should have been changed, which is experimentally not observed. This explains
also why hydrogen evolution is suppressed for the chlorinated stoichiometric CeO(111)
surface (cf. Chapter 4.4), since no Ce*" sites are available,*! while hydrogen formation
occurs on all reduced CeO>-(111) surfaces. Moreover, on the stoichiometric CeO(111)
surface, water is also not formed, but instead, adsorbed H and Cl recombine to desorb as
HCIl(ct. Chapter 4.4). The reason for not forming water is kinetics rather than thermody-
namics. In order to form water, hydrogen has to diffuse on the ceria surface, and this
diffusion process is activated by 1.8 eV,*! thus suppressing water formation.

It is also quite surprising that H> evolution takes place around the same temperature
(T = 600 K) as water formation (cf. Figure 7.9 and Figure 7.10), i.e., substantially lower
than the Cl, formation temperature (T > ca. 1200 K) (cf. Figure 7.6). The temperature of
H> evolution and therefore the O-H bond strength slightly depends on the degree of re-
duction x of CeOx-(111), shifting from 635 K to 610 K.

Upon increasing the surface temperature even further to 1400 K, adsorbed chlorine will
ultimately desorb: 2 Ce*" + 2 Clvac = Cla(g) + 2 Vo+ 2 Ce**, or in the Krdger-Vink no-
tation: 2CI}, + 2Ce%, = Cl,(g) + 2V} + 2Cec,. Thus, Ce*" will be reduced to Ce*".
The adsorption energy of Cl sensitively depends on the degree of reduction x of
CeO2—«(111), shifting the maximum desorption from 1175K (weakly reduced:
(V7 x VT)R19.1°) to 1320 K (strongly reduced: (4 x 4)). The experimentally derived ad-
sorption energies vary therefore by about 12%. This change in adsorption energy is rec-
onciled with the present DFT calculations, indicating that the adsorption energy of the
Clyac species decreases from 2.65 eV (V3Cl-(4 x 4)) to 1.87 eV (v/3CI-(v/7 x v/7)R19.1°).
For the /3C1-(4 x 4) surface, the overall process of HCI adsorption followed by formation
of H> and Cl> does not lead to changes in the oxidation state of the cations in CeOy-(111),
while in case of water formation the CeO>-(111) is further reduced, such as encountered
for the V3Cl-(v/7 x v/7)R19.1° surface. In between, both water and hydrogen are formed,
such as for the v3CI-(3 x 3) surface. Altogether, the TPD experiments (cf. Figure 7.6
and Figure 7.9) illustrate how the degree of reduction x of bulk CeO»-(111) affects the
reactivity of the surface.
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Summary

In order to elucidate the microscopic processes in the “chlorinator”, dedicated single-
crystalline CeO-,(111) model systems with different reduction degrees were saturated
with HCI at room temperature and subsequently annealed. Supported CeOz-(111) films
are able to stabilize various ordered vacancy structures upon partial reduction, e.g.,

(V7 x V7)R19.1°, (3 x3), or (4 x4) with well-defined oxygen defect concentra-

tiOl’lS.75’90’102_105

It was shown that bulk oxygen vacancies need to migrate towards the surface to allow for

the formation of a well-ordered (v/3 x v/3)R30°-Clysc chlorine overlayer upon HCI expo-
sure, independent of the specific degree of reduction x of CeO2-(111). Chlorine prefer-
entially adsorbs in the surface oxygen vacancies Vosas Clvac with a binding energy that
is about 3 eV stronger compared to the adsorption of Cl on top (Cliop) of the undercoor-
dinated Ce ions on the stoichiometric CeOx(111) surface.>! These two surface chlorine
species, Clvac and Cliop, are considered essential reaction intermediates in the Deacon re-
action mechanism (cf. Chapter 5.1).!6!1!

The annealing step leads to the removal of hydrogen from the surface via water or H»
formation depending on the reduction degree. However, it is found that the Clyac species
is inactive due to its strong binding energy. The chlorinated yet reduced (v/3 x v/3)R30°-
Clyac surface acts as dedicated model system for the “oxidizer” in order to investigate the
re-oxidation and de-chlorination of the surface, including activation of oxygen from the
gas phase and chlorine in vacancies.
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7.2 “Oxidizer”: Oxidative De-Chlorination of the Model Catalyst

Introductory Experiment

As a start the re-oxidation of chlorinated (V3 x v/3)R30°-Cly,. surface is investigated in
operando by annealing the sample in front of the mass spectrometer (MS) in the LEED
chamber, while dosing oxygen p(O2) =2 x 107® mbar. The result of the experiment is
shown in Figure 7.12.

m/z = 36 (H3Cl)
operando re-oxidation
p(O,) = 2x1076 mbar

(V3 x V3)-R30° (x = 0.18)

(N7 x \7)-R19.1°

without re-oxidation

Norm. Integrated Intensity / arb. unit

Ce0,,(111) + 15 L HCI (x = 0.18)

400 600 800 1000 1200 1400
Temperature / K

Figure 7.12: Introductory experiment: HCl temperature programmed desorption of similarly prepared
(v/3 x V3)R30°-Cly,. CeO,-(111) surfaces in oxygen p(02) = 2 x 1076 mbar (red) and without re-oxidation.
Adapted with permission from reference?.

It can be seen that the desorption maximum is shifted by ca. 100 K to a lower temperature
compared to a similarly prepared sample without re-oxidation, which corresponds to the
desorption maximum of a vV3C1-(v/7 x v/7)R19.1° superstructure, although a shoulder to-
wards lower temperatures is visible and the desorption is finished at lower temperatures.
However, the initial desorption starts only at 1000 K being too high to explain and activity
at a typical reaction temperature of 700K. However, it is observed that the desorption
maximum is shifted to a lower temperature, indicating that a re-oxidation of the surface
took place (cf. Chapter 7.1.1). In addition, a shoulder towards lower temperatures is vis-
ible. A possible explanation is, that the amount of dosed oxygen is not high enough. In
an expected activity window for re-oxidation?® between 500 K and 900 K, only 200 L
oxygen are dosed, mainly limited by the maximum pressure limit of the MS detector.
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Hence, for the re-oxidation experiments in the “oxidizer” the sample is stepwise oxidized
at a fixed temperature. The re-oxidation experiment of the chlorinated CeO2-(111) mim-
ics the de-chlorination process in Figure 5.1 (E-G) and is carried out stepwise by a spe-
cific exposure of Oz at 700 K followed by a subsequently in situ characterization of the
sample with NEXAFS and XPS at room temperature. The temperature of 700 K is chosen,
to adapt the typical reaction temperature of the ceria-based Deacon process.

7.2.1 Re-Oxidation

Re-Oxidation Experiments of Clyac-CeQ2-x(111): NEXAFS and XPS

In Figure 7.13 the synchrotron-based NEXAFS Ce M4 s edge (Ce 3d) data in the TEY
mode is shown. This detection mode is sensitive to bulk Ce, so that the average Ce*" frac-
tion of the Clyac-CeO2-(111) film can be quantified by a linear combination of the refer-
ence spectra (cf. Chapter 6.5.2).

NEXAFS - Ce M, ; edge TEY mode

CeO, I\ I\
72700_[_::1 _ / S

700 L

300 L

Ce, 04

TEY Integrated Intensity / arb. unit

875 880 885 890 895 900 905 910
Photon Energy / eV

Figure 7.13: Bulk re-oxidation of Clyac-CeO»—(111): bulk-sensitive NEXAFS Ce My s edge (Ce 3d) data
(total electron yield: TEY) after exposing of Clyac-CeO-(111) to various doses of O,, indicated in Lang-
muir (L), at 700 K. The reference spectra for fully oxidized CeO, and fully reduced Ce,Os3 serve as refer-
ences for fitting the NEXAFS data by a linear combination of these reference spectra to determine the bulk
Ce’" fraction of Cly,-CeO>-(111) after various doses of O,. The optimized linear combination for each
spectrum is shown as thin double line (shifted for clarity reasons) in the same color as the corresponding
experimental spectrum. Adapted with permission from reference?.

The good agreement of these fits can be assessed from inspection of Figure 7.13, while
the quantified bulk Ce** fraction as a function of O, exposure is compiled in Figure 7.14
(circles). The bulk Ce** fraction decreases linearly with Oz exposure: at first steeply from
38% to 11% upon 300 L of Oz and then more slowly from 11% to 7% when increasing
the Oz exposure from 300 L to 700 L (and in the end to 5% for 2700 L Oy).
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Figure 7.14: Bulk and surface re-oxidation of Clyac-CeO,-(111) depending on the O, exposure: the bulk
Ce** fraction as derived from NEXAFS (TEY mode, circles) compared to the near-surface Ce*" fraction as
derived from XP Ce 4d spectra (hv = 250 eV, triangles). The Ce** fraction is calculated using a linear com-
bination procedure with two reference materials, namely, Ce,O3 and CeO,, as described in Chapter 6.5.2.
Adapted with permission from reference?.

While NEXAFS in the TEY mode is bulk-sensitive, XPS measurements of Ce 4d em-
ploying a photon energy of 4v =250 eV generating photoelectrons with a kinetic energy
of Ekin = 120 eV are highly surface-sensitive (the escape depth of such photoelectrons is
~1 nm, cf. Figure 2.2).1?? Also the Ce 4d spectra in Figure 7.15 can be fitted by a linear
combination of reference Ce 4d spectra of Ce>0O3 and CeOo.

hv =250 eV

XPS - Ce 4d

Norm. Intensity / arb. unit

130 125 120 115 110 105
Binding Energy / eV

Figure 7.15: Near-surface re-oxidation of Clyac-CeOr—(111): Surface-sensitive Ce4d spectra

(hv =250 eV) are shown after exposing Cl-CeO-,(111) to various doses of O, indicated in Langmuir (L)

at 700 K. The reference spectra for fully oxidized CeO, and fully reduced Ce,Os3 serve as references for

fitting the Ce 4d spectra by a linear combination of these reference spectra in order to determine the near-

surface Ce** fraction. The optimized linear combination for each spectrum is shown as thin double line

(shifted for clarity reasons) in the same color as the experimental spectrum. Adapted with permission from
reference’.
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Considering the two peaks W’*” and X’**, assigned to a Ce 4d’ O 2p° Ce 4f° final state of
Ce*" at Ege = 122-126 eV, "*%!% the Ce 4d spectra separate into two sets. At low Oz ex-
posures up to 200 L, the Ce 4d spectra vary only slightly with exposure, from 72% to
61% Ce**. Between 200 L and 300 L of O an abrupt change in the Ce 4d spectra occurs
with a decline of the Ce’*" fraction from 61% to 43%. For higher O, exposures above
300 L the variation in Ce 4d spectra is small again (43% to 35% Ce’"). This observation
is fully reconciled and quantified by the fitting procedure (Figure 7.15), whose derived
near-surface Ce®" fractions are shown in Figure 7.14 (triangles). For O exposure below
200 L (Figure 7.14, blue background), the fraction of near-surface Ce** of CeO2(111)
decreases more slowly than that of bulk Ce** as derived from the NEXAFS data.

The difference in Ce** fraction (bulk versus surface) as a function of Oz exposure (0-200
L of O2) can be traced to a preferential oxidation of bulk CeO,-(111), in agreement with
previous findings.?*!% In the O, exposure ranging from 200 L to 300 L, the near-surface
Ce’" fraction decreases quickly, while the bulk Ce** fraction (NEXAFS) of the entire film
still decreases with the same rate as for lower exposures (Figure 7.14, transition blue/or-
ange). This behavior points to a preferential oxidation of the surface region for Oz expo-
sures of 200 L to 300 L. Above 300 L both bulk and surface region further slowly oxidize
with the Ce** fraction declining more rapidly in the surface than in the bulk region (Fig-
ure 7.14, blue background). Even after exposure of 2700 L of O, the Ce*" fraction in the
near-surface region is still 30%, while that of the bulk Ce*" is only 5%. The mechanism
for the initial bulk oxidation followed by the surface oxidation will be further discussed
together with the DFT+U results.

The O 1s binding energy sensitively depends on the reduction degree x of CeQ,-.!%%!%

In Figure 10.8a (Appendix) surface-sensitive O 1s spectra (hv = 580 eV) are shown de-
pending on the O exposure during re-oxidation. Up to 200 L O, a shift by 0.1 eV is
observed in the O 1s binding energy, while from 200 L to 300 L, an additional shift of
0.1 eV is visible, remaining nearly constant then for even higher O exposures. In order
to resolve this subtle shift in energy, high resolution at FlexPES?!' is mandatory. More
bulk-sensitive O 1s spectra are shown in Figure 10.8b (Appendix). Here a more contin-
uous shift of the O 1s binding energy is evident, consistent with the NEXAFS experiments
shown in Figure 7.13

DFT+U Calculations: Activation of Oz and Re-oxidation Clyu-CeQOr—x(111):

In the following the re-oxidation of the chlorinated surface is studied by DFT+U calcula-
tions, for which O» needs to be initially activated. These processes are modeled by a
Ce30s5(111)-(3 x 3) unit cell’>! with a Clyac coverage of 1/3 and with or without O vacan-

cies in deeper oxygen layers below the surface (Vosss: V =vacancy, O = oxygen,
SSS = sub-sub-surface).

Activation of O2

For the activation and adsorption of O2 to occur the presence of a surface oxygen vacancy
Vo is required. O2 species adsorbing on surface Ce sites are weakly bound by less than
0.4 eV,'52133 thus being irrelevant for the re-oxidation process studied at 700 K. This is
in also agreement with the “oxidation” experiment of the chlorinated stoichiometric
CeOx(111) surface discussed in Chapter 4.4 (cf. Figure 4.8). The formation of a surface
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oxygen vacancy at the 3Clyac-Ce3Os(111)-(3 x 3) surface by desorption of molecular ox-
ygen (2 O2) requires 2.18 eV (Appendix, Figure 10.13a+b, no Vo sss in the slab) and can
therefore be safely ruled out at 700 K on the (111) surface. Instead, the diffusion of an
oxygen vacancy from a deeper oxygen layer (Vosss) of Ce3Os(111) towards the surface
is preferred as summarized in the energy diagram presented in Figure 7.16a (and Figure
10.13d, with one Vo sss in the slab).
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Figure 7.16: Activation of O, at 3Cly,-Ce30s(111)-(3 x 3): a) Energy diffusion path of the oxygen vacancy
from the third oxygen layer (Vo sss) to the surface (Vo,s) of 3Cly.c-Ce30s(111) and the O,*~ adsorption state
on the oxygen vacancy (peroxo species: 0,>7). Color code: Ce*' in the first/second ceria trilayer are
white/yellow and Ce>* atoms are gray, the oxygen surface (subsurface) atoms are red (light red), and CI
atoms are green. The blue star indicates the oxygen vacancy diffusing along the pathway, whereas the pink
star indicates the fixed Vosss vacancy. The energy reference point has been established as the state with
two vacancies in the third oxygen layer (Vo sss), 3Cl~ adsorbed on surface oxygen vacancies, and O, mole-
cules in the gas phase. Adapted with permission from reference?.

The oxygen vacancy can diffuse towards the surface with an activation energy of 0.80 eV.
The subsurface oxygen vacancy (Vo,ss: SS = sub-surface) is the most preferred site. The
surface oxygen vacancy (Vo,s) is 0.16 eV less preferred than the subsurface vacancy
(Vo,ss) and the activation barrier for an oxygen vacancy to diffuse from the subsurface to
the surface is 0.52 eV.!*"-151.134 The probability for an oxygen vacancy to be encountered
at the surface is given by Boltzmann statistics. For instance, at 700 K, the probability of
a surface oxygen vacancy (Vo,s) is about 7%. Whenever an O, molecule from the gas
phase strikes a surface oxygen vacancy (Vo,s) it is strongly adsorbed by about 2 eV in the
form of a peroxo species (02>") and pins the vacancy to the surface. The O—O bond length
is 144 pm which is in fair agreement with a typical bond length of peroxide groups.!>>!

The oxidation state of oxygen in chemisorbed O species is determined by several factors,
including the number of the remaining Ce** sites in system after the formation of the
adsorbed O; species, the O—O bond length, magnetization, and Bader charges. Upon O>
adsorption, the number of Ce*" is reduced by two per (3 x 3) cell, providing evidence'’
of the formation of a peroxo species 02>, with each O in the oxidation state —I. Addition-
ally, the total magnetization of O,>~ is 0.790 ug and the Bader charge difference with
respect to O2(gas) is calculated to be 1.23. These values serve as distinguishing indicators
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favoring the peroxo (022") over the superoxo (O2°) species (see Appendix, Figure 10.14
and Table 10.5).

' E,.,.= +0.48 eV

Figure 7.17: “Dissociation of adsorbed peroxo to Oip and Oyac species.” Color code as in Figure 7.16.
Adapted with permission from reference?.

The dissociation probability of the peroxo species to form Op and Oyac is low, since this
process is endothermic by about 0.48 eV (Figure 7.17b). Assuming that the entropies of
2% and Otop/Ovac are similar and utilizing the law of mass action, only 2% of the O,*
are dissociated at 700 K.

Re-Oxidation

The energy profile for the re-oxidation of Clyac-CeO2-(111) (cf. Figure 7.18) starts from
the adsorbed surface peroxo species and assumes the existence of oxygen vacancies in
deeper ceria layers (Vo,sss in the slab). If one of these vacancies diffuses towards the
surface and the subsurface vacancy (Vo,ss) is near the peroxo species, dissociation of the
peroxo species occurs. This dissociation step is exothermic by 2.41-2.58 eV and is only
slightly activated by 0.31-0.68 eV, depending on the local configuration. Two lattice ox-
ygen atoms are formed, thereby annihilating two oxygen vacancies, one on the surface
(Vo,s) and the other in the subsurface (Vo ss) underneath. This process reduces the con-
centration of oxygen vacancies in the near-surface region so that the chemical potential
difference drives the diffusion from bulk vacancies to the surface (activation barrier:
0.80 eV), thereby re-oxidizing the bulk of CeO2—(111).
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Figure 7.18: Re-oxidation process of 3Clyac-Ce3Os(111)-(3 x 3). The first step is the diffusion of an oxygen
vacancy Vo sssto form Voss. Then O,?” dissociates and fills in the Vo ss. Depending on the local configu-
ration this dissociation process is activated by 0.31 eV or 0.68 eV. Color code: Ce*" are white and Ce>*
atoms are gray, the oxygen surface (subsurface) atoms are red (light red), and Cl atoms are green. The
adsorbed O,%" is depicted in violet, the blue arrow indicates the movement of the O atom that fills the Vo s
upon 0% dissociation. The energy reference point has been established as the state with two vacancies in
the third oxygen layer (Vosss), 3Cl™ adsorbed on surface oxygen vacancies, and O, molecules in the gas
phase. Adapted with permission from reference?.
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As interim result it is found that oxygen is activated in oxygen vacancies as peroxo spe-
cies. Re-oxidation of the surface starts from the bulk and propagates to the surface. Con-
comitantly with re-oxidation of the surface de-chlorination is observed:

7.2.2 De-Chlorination

In order to monitor the de-chlorination of the surface it is probed with surface- and bulk-
sensitive XPS.

XPS Experiments

In Figure 7.19 the surface-sensitive XP Cl 2p spectra (Av =250 eV) of Cl-CeO2-(111)
exposed to various doses of Oz at 700 K are summarized. Up to 200 L of Oz no significant
changes are discernible in the Cl2p spectra (Cl2pi2 and CI 2p3» at 200.9 eV and
199.3 eV, respectively). That is, the changes are minor as long as the Ce*" fraction in the
surface-near region does not change significantly (cf. Figure 7.14). For higher O, expo-
sures the CI 2p doublet shifts to lower binding energies by 0.3 eV for the majority species
and by 1.0 eV for the minority species (shoulder at 198.3 eV, cf. Appendix, Figure
10.10).
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Figure 7.19: De-chlorination experiment: a) Cl 2p spectra (hv = 250 eV) after exposing Clyac-CeOr-(111)
to various doses of O, indicated in Langmuir (L) at 700 K. b) Intensity of Cl 2p core level spectra after
exposing of Clyac-CeO,-(111) to various doses of O, indicated in Langmuir (L) at 700 K. Adapted with
permission from reference?.

This abrupt change in the Cl 2p spectra at 300 L coincides with the sudden decrease in
the surface Ce’*" fraction as indicated in Figure 7.14. For a site change the shift in CI 2p
is likely too small, when compared to chlorine adsorption on RuO»(110), where a site
change of Cl from on-top to bridge position leads to a CI 2p binding energy shift of
1.5 eV(cf. Figure 3.1b).62146:158 A change in the oxidation state of Clyac from —I to 0 can
clearly be excluded since CI- is substantially stronger bound (DFT: 2.65 eV) than CI°
(DFT: 0.46 V) in a vacancy position (cf. Appendix, Figure 10.9).

Therefore, the binding energy shift of 0.3 eV for the main peak and 1.0 eV for the shoul-
der in CI 2p with respect to the spectrum with 0 L O2 may be traced to the existence of
two different chlorine Clyvac species as a consequence of the re-oxidation of the surface.
In Figure 10.10 (Appendix) the deconvolution of the surface sensitive CI 2p spectra of
Clyac-CeO2—(111) in comparison to that after exposing 2700 L of O, at 700 K is exempli-
fied. Similar CI 2p spectra are recorded with 4v = 850 eV (Appendix, Figure 10.11; more
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bulk-sensitive), evidencing that both chlorine species are located solely at the surface. In
addition, the quantification of chlorine species is not affected by diffraction effects. When
increasing the surface temperature from 700 K to 800 K, 900 K, 1050 K, and finally to
1200 K, the Cl1 2p spectra in Figure 10.12 (Appendix) indicate that both CI species are
stable up to 900 K and the minority Cl component desorbs at slightly lower temperatures
than the chlorine in the main peak. This indicates a lower thermal stability of the minority
species compared to the majority chlorine species.

The evaluation of the total amount of Cl (cf. Figure 7.19b) as a function of O2 exposure
at 700 K indicates a ~25% loss of surface chlorine above an exposure of 300 L O. Oxy-
gen-induced removal of chlorine is only observed for the majority CI 2p component,
while the minority Cl species once formed is not affected by Oz exposure above 300 L O
and is therefore not relevant for the present de-chlorination step. This finding evidences
a higher chemical stability of the minority species with respect to Oz exposure at 700 K.

TPD Experiments

The loss of 25% CI1 may be traced to a destabilization of the chlorine species due to re-
oxidation and its partial desorption at 700 K. In Chapter 7.1.1 (cf. Figure 7.6) the Cl-
overlayer on CeO2-(111) was shown to destabilize with decreasing Ce** fraction of the
underlying preformed CeO2-(111) thin film of ~80% to ~40% (0.4 <x < 0.2). Therefore,
in Figure 7.20 lab-based Cl» thermal desorption spectra (monitored as HCI1?43!) of Clygc-
Ce0,(111), identically prepared as at the beamtime with ~37% Ce’" fraction (w.r.t. to
NEXAFS Ce*" fraction) are compared before and after re-oxidation.

re-oxidation miz = 36 (H*CI)

+5.4 kL O, (700 K)

+5.4 kL O, (600 K)

without re-oxidation

Ce0,_(111) + 15 L HCI (x = 0.18)
400 600 800 1000 1200 1400

Norm. Integrated Intensity / arb. unit

Temperature / K

Figure 7.20: HCI temperature programmed desorption of a saturated Cl overlayer on CeO,(111) surfaces
before and after re-oxidation (2700 L Oy) at 700 K and 600 K. Adapted with permission from reference?.

It is clearly indicated that re-oxidation of the chlorinated CeO»-,(111) substantially shifts
the desorption temperature of chlorine to lower temperatures, i.e., the adsorbed chlorine
is significantly destabilized by the re-oxidation process. However, these experiments also
show that the loss of 25% of Cl cannot be explained by this destabilization effect, since
the desorption onset occurs at a temperature of 800 K (cf. Figure 7.20) which is
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significantly higher than 700 K. Therefore, the Oz-induced removal of Clyac is caused by
a surface reaction rather than a simple desorption process.

The broad feature of Cl, in TPD (Figure 7.20) of re-oxidized Clyac-CeO2-(111) from
800 K to 1200 K may be traced to a varying Ce>" fraction near the surface. During Cl,
desorption two oxygen vacancies are left on the surface so that the number of near-surface
Ce’" sites increases by two per Clo, which leads to stronger Cl bonding resulting in the
broad feature in Clo-TPD (cf. Figure 7.20), consistent with previous DFT calculations.!

DFT+U Calculations: De-Chlorination of Clyuc-CeO2—x(111)

In order to model the de-chlorination process with complementary DFT+U calculations,
an adsorbed surface peroxo species with the presence of an oxygen vacancy in deeper
ceria layers, specifically one Vo sss within the slab, is considered. This corresponds to the
final state shown in Figure 7.16, after adsorption of one O,>~. Subsequently, the process
outlined in Figure 7.16 is repeated, which involves the migration of the Vosss vacancy
towards the surface, followed by the adsorption of an O>?~ species. This establishes the
initial state (1) in Figure 7.21, wherein there is no Vosss vacancy within the slab. The
energy of the initial state (Figure 7.21, (1), —4.32 ¢V, two peroxo) approximates two
times (—2.23 eV, one peroxo), as indicated in the last state of Figure 7.16.
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(1) 3CI7,+20,%" (2) 2CI7, +Cl 7, +20%+0,% (3) CI7yc+2C17,, +40* (4) CI,.+Cl,(gas)+40*

Figure 7.21: De-chlorination process of 3Cly.-Ce30s(111)-(3 x 3). Two peroxo species at the surface dis-
place Cly,c to Cliop. This concerted process is activated by 1.04 eV and is exothermic by 0.6 eV. Subse-
quently, the two Cl, species recombine to form the desired product Cl,. Color code: Ce*" are white and
Ce*" atoms are gray, the oxygen surface (subsurface) atoms are red (light red), and Cl atoms are green. The
adsorbed O,? species are depicted in violet. O* indicates the lattice oxygen atoms that forms after 02>
dissociation. The energy reference point has been established as the state with two vacancies in the third
oxygen layer (Vosss), 3CI™ adsorbed on surface oxygen vacancies, and O, molecules in the gas phase.
Adapted with permission from reference?.

Afterwards the displacement step of Clyac to Cliop can be considered, a process that is
shown to be induced by the peroxo species at the surface. As soon as the peroxo species
is in the proximity of a Clvac species, the dissociation of the O»>~ species leads to the
displacement of Clyac to Cliop which is exothermic by 0.60 eV with an activation barrier
of 1.04 eV. This concerted process is shown as movie frames in the supporting infor-
mation (cf. Appendix, Figure 10.15). If it is not close to Clyac, the peroxo species needs
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to diffuse along the surface to approach Clyac. In this diffusion process! the upper O atom
of the peroxo species hops to a neighboring lattice O site forming a new peroxo species
with a barrier of 1.23 eV (Figure 7.22, no Vo sss in the slab). Both barriers can readily be
overcome at 700 K. If more than two Cliop, species form at the surface, they can recombine
and the Cl is released directly into the gas phase. According to DFT calculations this
association step of two Clip 1s activated by 0.87 eV and is endothermic by 0.79 eV
(cf. Figure 7.21).

1.50+ TS _
+1.23
1.00} -
s
9,
w 0.50 -
0.00f > -0.12 B
02 * 022 *
-0.50 =

Figure 7.22: Energy diagram and pathway (DFT calculation) for surface diffusion of an O atom of the
0> species to form another O,?~ species. Adapted with permission from reference?.

XPS: Removal of Clyac by Exposure to Atomic O at 300 K and O> at 500 K

The low activation energies found by DFT calculations suggest that partial removal of
Clyac should even occur at lower temperature than 700 K, for instance 500 K. A corre-
sponding set of experiments is presented in Figure 7.23a. Also at 500 K the Cl 2p signal
decreases with O exposure to 75% of the original intensity, although approximately
10 times higher O> doses are needed in comparison with re-oxidation at 700 K. This can
be explained due to both the formation of surface vacancies and the displacement reaction
are activated by 0.80 eV and 1.04 eV, respectively (cf. Figure 7.18 and Figure 7.21).

In order to stabilize the peroxo species upon Oz exposure, the presence of oxygen vacan-
cies at the surface (Vo,s) is required. Since the concentration of surface oxygen vacancies
after bulk re-oxidation of Clyac-CeO2-(111) is very low, the peroxo species remains a
kind of “ghost species” that is present only in spurious amounts, and it is easily consumed
by re-oxidation and the displacement reactions. However, the peroxo species can be gen-
erated in an alternative way, by exposure to atomic oxygen O.'>’
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Figure 7.23: Cl 2p lab-based XP spectra: a) de-chlorination and re-oxidation at 500 K with 43.2 kL. O».
b) de-chlorination and re-oxidation at 300 K with 55 L of atomic O, ¢) and d): integrated intensity of the
ClI 2p peak of a) and b), respectively. The exposures in panel c¢) are given in kL. Detector angle 8 = 60° for
enhanced surface sensitivity (cf. Figure 2.3). Adapted with permission from reference?.

At room temperature, surface lattice O*~ sites can be transformed to O,>~ by adsorption
of atomic oxygen, without changing the oxidation state of Ce. Of course, atomic oxygen
can also adsorb on surface Ce sites, but this adsorption process is less favorable by
0.48 eV than the adsorption on surface lattice O followed by the formation of 0>~
(cf. Figure 7.17b). The peroxo species in turn induces the shift of Clyac species from the
vacancy position to the top position Clip, where chlorine can subsequently recombine
and desorb from the surface as Cl,. In this way, part of the Clyac at the surface can be
removed by exposing the re-oxidized Clyac-CeOo-(111) surface to atomic oxygen at
300 K. This process is monitored by the Cl 2p signal in Figure 7.23b showing that low
exposures of ~50 L O are sufficient to remove half of the surface Clvac species. This, in
turn, corroborates the preferential formation of the peroxo species and its important role
in the Clyac — Clwop displacement reaction. The peroxo species on the stoichiometric
CeO2(111) can also be verified in the O 1s spectrum (surface-enhanced, 8 = 60°) (Figure
7.24). The O 1s component at 531.3 eV can be discriminated from the OH species at
532.2 eV (cf. Figure 7.10), and according to a recent XPS study the high-energy compo-
nent was assigned to the peroxo species based on DFT-derived binding energy shifts.!>
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Figure 7.24: O 1s lab-based XP spectra with a spectral feature of the 0>~ species of CeQ,(111) when

exposed to 2 L of atomic oxygen O at room temperature. Detector angle € = 60° for enhanced surface sen-
sitivity. Adapted with permission from reference?.

As interim result it can be concluded that, after re-oxidation of the bulk, the Clyac is acti-
vated by adsorbed oxygen in form of a peroxo species in a concerted process and a de-
chlorination of the surface can be observed.

Discussion

Amrute et al.'® predicted the Clysc to Cliop displacement (cf. Figure 5.1) as critical step in
the de-chlorination process of the ceria catalyst. They proposed that one of the oxygen
atoms in the subsurface layer can diffuse towards the surface, pushing a Clyac atom to-
wards the top site on Ce and leaving one oxygen vacancy in the subsurface region. This
step has been considered rate-limiting for the Deacon process and is endothermic by
2.15 eV.! The following surface re-oxidation step has remained, however, largely elusive
and was proposed to be carried out through “a complex diffusion-reaction mechanism”!®
that would be exothermic by nearly 3.4 eV. Altogether, this combined process of oxida-
tive displacement is exothermic by 1.2 eV; a lower energy of 0.53 eV was reported by
Wolf et al.'® consistent with the DFT+U results in Figure 7.21.

With a combination of in situ synchrotron-based techniques (NEXAFS and XPS) the re-
oxidation process is shown to start from the bulk of Clyac-CeO>-,(111) and then propa-
gates towards the surface. From bulk-sensitive NEXAFS experiments (cf. Figure 7.13)
the re-oxidation of bulk CeO>-(111) is shown to proceed almost linearly with O2 expo-
sure up to 300 L of O, and above 300 L the re-oxidation is significantly slowed down.
Quite in contrast, the surface-sensitive Ce 4d XP spectra (cf. Figure 7.15) indicate only
little change of the Ce*" fraction in the surface region up to 200 L of O, while suddenly
oxidation in the near-surface region is practically completed for the exposure range from
200L up to 300 L. Only during surface oxidation, the CI 2p spectra (cf. Figure 7.19) alter
in that the spectral features shift slightly to lower binding energies and the integral
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intensity starts to decrease with Oz exposure. The actual activation step from Clyac to Cleop
is not directly observed. Instead the oxygen-driven removal of Clyac is monitored with the
ClI 2p spectra, i.e. the partial de-chlorination of the Clyac-CeO2-(111) surface, by the re-
combination of Clip species to form Cl; and its instant release to the gas phase at 700 K.

The DFT+U calculations confirm the results of the re-oxidation and de-chlorination X-ray
spectroscopy and TPD experiments in the “oxidizer”. The most important reaction inter-
mediate for the re-oxidation and de-chlorination of Clyac-CeO2-,(111) is shown to be a
peroxo species (0,27 that is stabilized in surface oxygen vacancies by ~2 eV, in agree-
ment with previous theoretical studies.'>>!36:161"163 Whenever an additional vacancy ap-
pears in the subsurface region directly below the peroxo species, the peroxo species dis-
sociates and replenishes two oxygen vacancies. The activation energy for the bulk re-
oxidation is governed by the diffusion barrier of oxygen vacancies from the bulk towards
the surface (+0.80 eV), while the activation barrier for the displacement step Clyac — Cliop
is +1.04 eV. From this difference in activation energies, the branching ratio at 700 K be-
tween these competing reactions is inferred to be about 1:50 in favor of bulk re-oxidation.
This is fully consistent with the experimental observation that the Cl 2p XP spectra
(cf. Figure 7.19) are practically unaltered as long as the bulk CeO>-(111) is not almost
fully re-oxidized (cf. bulk-sensitive NEXAFS Figure 7.14).

When the bulk and the near-surface region of CeO2-(111) are essentially re-oxidized
after exposing 300 L of O; at 700 K, the lifetime of the adsorbed peroxo species is long
enough to induce the competing displacement reaction of Clyac — Cliop. Since the surface
concentration of oxygen vacancies (Vo,s) is expected to be small after bulk re-oxidation,
only very few peroxo species are formed and, as a consequence, the displacement step
Clyac — Cliop 1s quite slow. The Cliop species is not persistent on the surface since the
recombination of two neighboring Clip species to form Clo gas is activated by only
+0.87 eV and proceeds therefore rapidly at 700 K; also considering the entropy gain upon
desorption. This explains as well why Clip cannot be detected in the Cl2p spectrum
(cf. Figure 7.19a), thus supporting the interpretation of the observed shift in Cl 2p spectra
being due to re-oxidation of the surface-near region. After exposure of 2700 L O the
reduction in Clyac coverage saturates and amounts to 75% (cf. Figure 7.19b). A possible
explanation is that there are not enough oxygen vacancies available at the surface into
which O> can adsorb as a peroxo species. This terminates the displacement reaction
Clyac — Cliwop and the subsequent recombination step of neighboring Clip species.

A de-chlorination experiment with atomic oxygen O provides indirect experimental evi-
dence for the important role of the peroxo species in the de-chlorination process.
Atomic oxygen exposure is able to form peroxo species at the surface without the need
of surface oxygen vacancies.!> The experiments in Figure 7.23b indicate that room tem-
perature exposure of ~50 L of atomic oxygen is able to remove 40% of Clyac from the
surface, a larger portion than that achieved by exposure of 2700 L of molecular O, at
700 K (25%).

In summary, in the “oxidizer” the proposed most critical step, i.e. the activation of dis-
placing Clyac towards Clip, was elucidated. Initially bulk re-oxidation (+0.80 eV) pre-
cedes the Clyac — Cliop displacement step (+1.04 eV). Both processes are shown to be
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initiated by Oz adsorption into an oxygen vacancy via the formation of a surface peroxide
species (peroxo: 02%7), while its dissociation is directly coupled with the reoxidation
(cf. Figure 7.18) and the Clyac — Cliop displacement (cf. Figure 7.21). In conclusion, the
concerted Clyac activation step is slightly exothermic by —0.6 eV with an activation energy
of only +1.04 eV. Therefore, it is unlikely to be the rate-determining step in the Deacon
process on the CeO2—(111) surface.
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8 Concluding Discussion

8.1 Catalytically Active Surface of CeOz-x

The Deacon reaction over CeO; exhibits a positive reaction order of Oz and typically runs
under oxidizing reaction conditions, i.e., a ratio of Oz : HCI > 1:4.!® Nevertheless, oxidiz-
ing reaction mixtures lead to a reduction of CeO; yet, so that it can stabilize strongly
adsorbing chlorine at the surface.!?2!:2>8!1

In generalized terms, partial CeO; reduction is enabled by HCI adsorbing in an acid-base
reaction resulting in OH group formation on surface lattice O and CI atom adsorption on
surface Ce. At sufficiently high temperatures, chlorine atoms are able to recombine, form-
ing Clp, whereas neighboring OH groups are able to form water and an oxygen vacancy
upon recombination. The formed oxygen vacancy can be occupied either by chlorine upon
dissociative HCI adsorption or by oxygen forming a peroxo species. The peroxo species
can adsorb at 700 K and the further dissociation of peroxo would need another subsurface
O vacancy in its proximity. For kinetic reasons, chlorine adsorption is preferred over
peroxo adsorption, resulting in an accumulation of chlorine in surface oxygen vacancies.
Ultimately, this will chlorinate the CeO,-x surface, where chlorine is strongly adsorbed in
surface oxygen vacancies as Clvac. However, the underlying reaction mechanism is elu-
sive and investigated in the present thesis.

Previously, the chlorination degree of CeO> powder was quantified to be less than 1 ML
(ML: monolayer) in an experiment with prompt gamma-ray neutron activation analysis
(PGAA)?! and confirmed by dedicated in situ titration experiments.!>> Closer to the pre-
sent model system are shape-controlled CeO> octahedrons exposing (111) facets.”! After
HCI oxidation reaction of CeO; nano-octahedrons with an oxidizing reaction feed
0> : HC1 = 2:1 (cf. stoichiometric feed: O, : HCI = 1:4), a mean Ce*" fraction of 29% in
the near-surface region and a C1/Ce ratio of 15% was determined.?! The fresh CeO; cata-
lyst possesses a Ce*" fraction of 20%. From these experiments, the chlorine coverage can
be estimated to be about 0.4 ML, which would account for 9% of the Ce**. Each C1~ needs
one Ce*" for charge compensation. Therefore, the residual 20% of Ce*" needs to be com-
pensated by 10% oxygen vacancies. In conclusion, the experiments from CeO, powder
and shape-controlled CeO, nanoparticles render a chlorinated CeO»-(111) surface with
a Clyac coverage of 1/3 and 10% oxygen vacancies a suitable model system of the catalyt-
ically active phase in the Deacon process and for studying the elementary reaction steps
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in the chlorination, water formation, re-oxidation, and de-chlorination reaction as part of
the Deacon process.’

8.2 Consequences for the Deacon Process
“Chlorinator”

From the experiments in the “chlorinator” it can be concluded that the reduced
CeO2-«(111) surfaces, with 0.2 < x <0.4, bind chlorine in the vacancy Clyac position too
strongly (cf. Figure 7.6b), thus suppressing evolution of Cl> at a reaction temperature of
700 K.! In contrast, the stoichiometric oxidized CeO2(111) surface, with x = 0, is also not

active in the Deacon process, because surface H and surface Cl recombine to produce
HCI that desorbs (cf. Figure 4.7).":2%!

Furthermore, water as a byproduct does neither form on the strongly reduced (4 x 4) sur-
face with x = 0.4 nor on the stoichiometric CeO>(111) surface with x = 0. In the former
case, H» is formed, while in the latter, H recombines with Cli, species instead of surface
O. However, with a decrease in the degree of reduction to x = 0.3 for the (3 % 3) surface
and x = 0.2 for the (v/7 x V7)R19.1° surface, an increase in water formation is observed,
which occurs below the Deacon reaction temperature. In conclusion, for the water for-
mation step the CeO,-.(111) surface needs to be partially reduced.'*8

Still Cl, evolution is suppressed at 700 K and the two surfaces are not active. In conclu-
sion, the catalytically active phase must be between these boundaries of stoichiometric
(x = 0) and highly reduced ceria (0.2 < x < 0.4). Most likely ceria CeO>-,» must be slightly
reduced, with 0 < x < 0.2, and both stoichiometric and reduced areas must be present

locally on the surface to produce Cl, and water as a byproduct.!®

“Oxidizer”

A reduction degree between 0 < x < 0.2 is encountered in the “oxidizer” during re-oxida-
tion of the surface. Initially the surface exhibits a reduction degree of x = 0.19 (38% Ce**
fraction) for the bulk (NEXAFS) and x = 0.36 (72% Ce’" fraction) for the surface (XPS),
yielding an average of x = 0.28 (55%) corresponding to a chlorinated (3 % 3) surface (cf.
Figure 7.1 and XPS and NEXAFS Results Chapter 7.1.1). Upon initial re-oxidation,
below 200 L of O a de-chlorination is not observed as bulk re-oxidation prevails. A sud-
den onset in de-chlorination respectively chlorine formation is observed after a dosage of
300 L of Os. From this dose the reduction degree x, enabling Cl> formation through the
peroxo species, can be estimated. The corresponding reduction degrees are x =~ 0.06 (11%
Ce’" fraction) for the bulk (NEXAFS) and x = 0.22 (43%) for the surface (XPS), yielding
an average of x = 0.14 (27% Ce** fraction) which is in good agreement with the reported
29% Ce*" fraction (lab-based XPS) reported by Li et al.?! for nano-octahedrons exposing
the (111) facet (cf. Chapter 8.1).

The reason for the observed de-chlorination and activity of the surface can be attributed
to the formation of a peroxo species at the surface activating Clyac in 0xygen vacancies
and leading towards the formation of Clo. The activation process is summarized in Figure
8.1 including re-oxidation and de-chlorination as shown in Chapter 7.2 (cf. Figure 7.16
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and Figure 7.21). Initially, three chlorine atoms reside in oxygen vacancies, while two
vacancies are located in deeper layers (2 Vo,sss) and two oxygen molecules O, are in the
gas phase. One Vo diffuses to the surface (white background, cf. Figure 7.16) upon which
an oxygen molecule from the gas phase adsorbs forming a peroxo species. Afterwards,
the second Vo diffuses to the surface (green background, cf. Figure 7.16) enabling the
adsorption of a second oxygen molecule and forming a second peroxo species. Subse-
quently, each peroxo species can displace one Cl atom in an oxygen vacancy in a con-
certed reaction leading to the formation of two Clip species which can recombine and
form the desired product Cl,. The re-oxidation and de-chlorination processes are shown
to be exothermic and likely to take place, as the maximum activation barrier is around
+1.0 eV which can be overcome at the typical reaction temperature of 700 K (Figure
7.19) or even 500K (Figure 7.23). However, during re-oxidation with molecular oxygen
a maximum de-chlorination of 25% is observed at both temperatures. This is attributed to
missing oxygen vacancies at the surface Vos (cf. Chapter 7.2.2) which might be the
actual bottle neck for the Deacon reaction on CeO>-(111) as discussed in the next chap-
ter.

& TS Re-oxidation De-chlorination

Figure 8.1: Summary of the activation of O, on and the re-oxidation and de-chlorination process of 3Clyac-
Ce305(111)-(3 x 3) as shown by DFT+U calculations: initially, an oxygen vacancy diffuses from the third
oxygen layer (Vo sss) to the surface (Vo) of 3Clyac-Ce3Os(111) upon which O, adsorbs forming a peroxo
species 0,2~ (white background). This process is repeated with a second oxygen vacancy diffusing from
the third oxygen layer (Vosss) (green background). Finally, the two peroxo species at the surface displace
Clyac to Cliop in @ concerted process, activated by 1.04 eV and exothermic by 0.6 eV. Subsequently, the two
Cliop species recombine to form the desired product Cl,. The energy reference point has been established as
the state with two vacancies in the third oxygen layer (Vo sss), 3Cl™adsorbed on surface oxygen vacancies,
and two O, molecules in the gas phase. The figure is a courtesy of Pablo G. Lustemberg.

8.3 Proposed Reaction Mechanism Revised

Relevance of the Proposed Peroxo Mechanism

In the present thesis it is shown that the activation of chlorine by an oxygen surface va-
cancy is not the rate-determining or most energy-demanding step'® as it proceeds in a
concerted reaction via displacement of a peroxo species with a maximum activation
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barrier of around 1 eV. Although this activation step is the key finding of the “oxidizer”
and an important building block in the reaction mechanism on the CeO>-,(111) surface,
it needs to be further investigated whether this activation mechanism is the only one re-
sponsible for the activity of the surface.

Considering the reaction equation (4 HC1 + O, — 2 Cl, + 2 H2O) of the Deacon process
and the re-oxidation mechanism summarized in Figure 8.1, it can be concluded that for
the formation of two chlorine molecules Cl in total four oxygen molecules O» need to be
activated, resulting in a annihilation of eight oxygen vacancies and finally in an oxidation
of the catalyst. Therefore, the sustainable supply respectively formation of oxygen vacan-
cies at the surface is essential.

Based on this, the following preliminary considerations can be made: either there must
be an underlying mechanism suppling oxygen vacancies from the bulk or there must be
an additional chlorine evolution mechanism at the surface which forms chlorine already
during the adsorption of HCI and lead to additional oxygen vacancies due to water for-
mation: 2 CeOz + HCl — 2 Ce20; + Clx + H20.

The latter situation is encountered in Chapter 4.4 on the stoichiometric CeO2(111) sur-
face, as it was shown that HCI formation is preferred over Clo formation. However, it
might possible that a peroxo induced Cliop species reacts with another Cliop species from
a dissociated HCl molecule on the surface leading to the formation of Clz and leaving an
OH group behind. This step is encountered in the proposed reaction mechanism (cf. Fig-
ure 5.1, F — G). Afterwards, another HCI molecule is adsorbed forming water with the
hydroxyl group and Cliop (cf. Figure 5.1, A — B). The water can desorb from the surface
by being replaced with the Clip species in a concerted reaction forming Clyac (cf. Figure
5.1, B — C). The Clyac species could be activated again by a peroxo species, thus restart-
ing the cycle. This reaction mechanism corresponds to the mechanism depicted in cf.
Figure 5.1 whereas instead of adsorption of 2 O the Cl is activated in a concerted pro-
cess by the peroxo species. However, in this proposed mechanism there is yet missing the
oxygen vacancy which activates O> from the gas phase to form the peroxo species. The
formation of the oxygen vacancy has already been a crucial point in the original publica-
tion by Amrute et al. and motivates further experiments.

The ideal case for the investigation of the influence of oxygen vacancies would be a
CeO2—«(111) where the reduction degree could be changed operando. A dedicated exper-
iment to govern and investigate the amount of oxygen vacancies at the surface is the con-
struction of a so-called electrochemical pumping cell adapted from Chueh et al.!o+16
schematically depicted in Figure 8.2.

Pt(111)-comb
\ L
CeO,_,(111)
™~

(porous) Ysz(111
Pt-paste - i) /

ceramic BN-heater

_L

Figure 8.2: Electrochemical pumping cell. Two platinum electrodes are attached to a Yttria-stabilized zir-
conia YSZ(111) crystal in form of a “comb” on top and porous platinum paste below. A CeO,(111) film
is prepared on YSZ(111) single crystal covering the Pt-“comb”. The whole cell is mounted on top of a
ceramic boron nitride heater.
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Instead of a CeO2-(111) thin film on Ru(0001), the film is prepared on single-crystalline
yttria-stabilized zirconia YSZ(111).”! The YSZ single crystal is enclosed between two Pt
electrodes allowing for pumping of oxygen in and out of the CeO»-,(111) film on top, via
the application of a voltage U. The system is heated to the process temperature by a ce-
ramic boron nitride heater. With this setup it might be possible, for example, to repeat the
re-oxidation experiment of the oxidizer. Via pumping, oxygen vacancies might be created
enabling the formation of peroxo species and a reactivation and de-chlorination of the
CeO2-x(111) surface.

8.4 Peroxo Species is Essential for Oxidation Catalysis over CeO:

The ability to remove/uptake oxygen from the lattice while maintaining structural integ-
rity endows ceria with unique properties in catalysis science and technology.®>’® The
mass-specific amount of oxygen that can be exchanged with the oxide catalyst is called
the oxygen storage capacity (OSC).!®”1® The O, incorporation requires two oxygen va-
cancies and electrons supplied from the oxidation of Ce**.”? Frequently, the OSC serves
as a simple descriptor for the activity in oxidation catalysis of reducible oxides.!!!:!134169-
172 Oxygen vacancies are considered mandatory for catalysis on ceria.!”>"17

Based on previous spectroscopic experiments on CeO, powders!’18! and CeO, (111)
platelets,'®® superoxo and peroxo species have been identified and assumed to play an
important role in the oxidation chemistry of ceria. In Chapter 7.2.1 it was shown that the
adsorption energy of the peroxo species at oxygen vacancies of CeO»-(111) is quite high
(~2 eV). Therefore, the peroxo species is quite persistent on the surface even at high tem-
peratures of 700 K. For the re-oxidation of CeO:-x, it was shown that two neighboring
surface oxygen vacancy sites for direct O dissociation are not required.’? Instead, the re-
oxidation process can take place in two consecutive steps, namely the activation of O
gas to form the peroxo species at the surface oxygen vacancy Vo s and its dissociation as
soon as another subsurface oxygen vacancy approaches the peroxo species. Therefore,
the peroxo species is mandatory for the oxygen storage capacity (OSC).!¢7-168

For comparison, a recent study demonstrated by a combination of infrared vibrational
spectroscopy and DFT calculations!®? that the activation of Oz at vacancies on single-
crystalline CeO2—(100) and CeO>-(110) takes place via peroxo and superoxo species,
but not on CeO2-,(111). The main reason for this apparent discrepancy with the present
results is the low adsorption temperature of 110 K in Ref.'®> For such low temperatures,
oxygen vacancies of CeO»-,(111) are frozen in the subsurface region and are not accessi-
ble to Oz adsorption from the gas phase. In the present thesis Oz adsorption takes place at
higher temperatures and therefore oxygen vacancies, although with low concentration,
are available on the surface of CeOx-(111).
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The peroxo group can diffuse across the (111) surface. In fact, not the whole peroxo spe-
cies diffuses, but rather the upper oxygen atom of 0,2~ diffuses to the neighboring surface
lattice O site and transforms it into another peroxo species. With an activation energy of
1.2 eV, this barrier can easily be overcome at 500—700 K, making the peroxo species a
mobile surface species (cf. Figure 7.22). This structure diffusion process is reminiscent
of the diffusion of protons in water (Grotthuss mechanism). For supported catalysts with
CeO2 being the carrier, the mobility of this peroxo species allows facile oxygen exchange
between the catalytically active particle and the CeOx support in the form of spillover and
back-spillover species.

Superoxide (superoxo: O>7) and peroxide (peroxo: O>>") are known to be important oxy-
gen species in catalytic oxidation reactions'®>!83 on ceria-based catalysts that were stud-
ied both experimentally and theoretically (see, e.g., Ref.!33153156.183-193) "Here the studies
by Pushkarev et al. '"8and Wu et al.'®® who identified the peroxo species via Raman spec-
troscopy on ceria powder samples and shape-controlled particles, respectively, are em-
phasized. Additionally, Wan et al.!® investigated the peroxo species by XPS and DFT+U
calculations on the CeO(111) surface (cf. Figure 7.24).

The peroxo species could be further investigated in dedicated synchrotron-based model
studies. As a start the experiment in Figure 7.24 could be repeated by exposing a pristine
CeOx(111) surface to atomic oxygen, in order to identify the peroxo species via surface-
sensitive XPS with high resolution. Spectroscopy of the peroxo species might also bear
the possibility to investigate the diffusion of oxygen vacancies to the surface. As a start,
a pristine reduced CeO,-(111) surface is cooled down to low temperatures (e.g. 110 K),
at which formation of peroxo species is unlikely. Subsequently molecular oxygen is
dosed, while the surface is annealed. Concomitantly the surface is monitored with XPS
or NEXAFS, if formation of the peroxo species can be observed, resulting in the re-oxi-
dation of the film.

In the present thesis, the crucial role of the peroxo species in the HCI oxidation reaction
during the re-oxidation and de-chlorination process was revealed. The peroxo species in-
duces the displacement of Cl from the vacancy position (Clyac) towards the on-top position
(Clwp) and the subsequent desorption in the form of Cl.. The concerted displacement of
CI maintains the oxidation state of —1, while the desorption step leads to the oxidation of
chlorine towards 0 oxidation state, accompanied with reduction of the catalyst. In general,
the concerted displacement of reaction intermediates may be of general importance for
oxidation catalysis over ceria.
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8.5 Comparison of the Deacon Reaction over RuO:(110) and
CeOZ—x(lll)

Although an understanding of the reaction mechanism up to the level on RuO2(110) is
under research yet, a fundamental comparison of the mechanisms is possible.

Table 8.1: Comparison of the RuO»(110) and CeO,-,(111) surface in the Deacon reaction.

Surface RuO»(110) CeOr«(111)

Structure 2-fold symmetry 3-fold symmetry (x = 0)
Tasker type 2 Tasker type 2

Temperature “Low” (T < 620K) “High” (T > 700K)

Stability Chlorination of bridge rows Reactivation possible!®%’

Deactivation Volatilization (leaching) Bulk chlorination

Reactor Isothermal Adiabatic

Mechanism Quasi-1D Langmuir-Hinshel- Mars-van Krevelen-like
wood-like
Along Rucys rows Across the surface and in bulk

Oxygen Activation Along Rugs sites®’ In oxygen vacancies’

Rate-Determining Step H transfer during H>O for- Oxygen vacancy formation??
mation®’ H transfer?3!

The surfaces of RuO2(110) (cf. Figure 3.1) and CeO2(111) (cf. Figure 3.1) are structur-
ally different. RuO2(110) exposes a twofold symmetry while CeO>(111) exposes a three-
fold symmetry. However, both surfaces are categorized as Tasker type 2 surfaces, mean-
ing they have no dipole moment perpendicular to the surface, while the planes of the
surface are not charge neutral. In the Deacon process RuO»(110) is active and stable at
comparably low temperatures (T < 620K), while CeO>-(111) is active and stable at high
temperatures (T > 700K). The stability of RuO2(110) in the Deacon reaction is ascribed
to a chlorination of the bridge rows. However, at too high temperatures volatilization is
possible leading to deactivation. Therefore, RuO,-based reactors are run at isothermal
conditions while CeO»-(111)-based ones run at adiabatic conditions. The de-activation
of the CeO»-,(111)-based catalyst occurs due to bulk chlorination at temperatures too low
(T < 660K)"* or HCI feeds too high (HCI1:02 4.5:1.5)*°. However, a reactivation in oxy-
gen-rich streams is possible!®? and a volatilization not observed. The reaction mecha-
nism on the RuO>(110) surface corresponds to a quasi-1D Langmuir-Hinshelwood-like
reaction mechanism along the Rucys rows. The rection mechanism on the CeOx-(111)
surface, on the other hand, rather corresponds to a Mars-van Krevelen mechanism, as
water formation and activation of oxygen involves oxygen vacancies at the surface. On
the RuO(110) surface, molecular oxygen O is activated along the Rucys sites. The rate-
determining step was shown to be the hydrogen transfer within water formation.’” On the
CeO2—«(111) the rate-controlling step is still elusive. The present thesis indicates that it is
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not the activation of chlorine by an oxygen vacancy. Instead, it is likely to be the for-
mation of oxygen vacancies, which might be limited by the desorption of water. The latter
might also be addressed to the limited diffusion of hydrogen across the surface,’' thus
inhibiting water formation. In summary, the reaction mechanism of the Deacon reaction
on CeO2-(111) differs fundamentally from that of RuO>(110).
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9 Summary and Outlook

In the present thesis the Deacon process was investigated on CeOz-,(111) in dedicated
model studies. The basis for the present thesis are the proposed reaction mechanism by
Amrute et al. and pioneering model studies within the doctoral thesis of Christian Sack.
In a thought experiment, the proposed reaction mechanism was separated into an exother-
mic chlorination by HCI, forming water (“chlorinator”), and an endothermic oxidative
de-chlorination by O, forming Cl> (“oxidizer”). This separation into partial reactions is
used in chemical looping, which was transferred to dedicated model experiments in the
“chlorinator” and “oxidizer.”
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1. Chlorinator 2. Oxidizer

Figure 9.1: Schematic depiction of the chemical looping model experiments in the present thesis. In the
“chlorinator”, a reduced CeO»-,(111) thin film is initially exposed to HCI at room temperature. Upon an-

nealing to 700K, Hydrogen desorbs in the form of water or hydrogen. At the surface a (V3 x v/3)R30°-Clyy
overlayer structure form with chlorine residing in oxygen vacancies for which migration from the bulk is
necessary. Afterwards the chlorinated yet reduced surface is re-oxidized stepwise. It was found that initially
the bulk of the film is re-oxidized and only upon surface re-oxidation is a de-chlorination of the surface
observed. Both processes are enabled by a peroxo species formed upon adsorption into an oxygen vacancy.
Adapted with permission from references'*

“Chlorinator”

Initially the microscopic steps in the Deacon reaction over ceria were studied during chlo-
rination with HCl starting from a reduced CeO2-(111) surface. The CeOz-»(111) thin film
is prepared on a Ru(0001) single crystal via PVD. The thickness, determined by XRR,
was in fair agreement with the previous?® thickness determination by XPS. Depending on
the degree of reduction x, the reduced CeO>-(111) surface is able to stabilize various
ordered structures, (V7 x v/7)R19.1°, (3 x 3), or (4 x 4). Saturating these reduced
CeO2—«(111) surfaces with 15 L HCI (or more) led in all cases to the development of a
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uniformly covering (V3 x v/3)R30°-Clyac overlayer structure upon annealing to 700 K.
By LEED fingerprinting, DFT calculations, and XPS, the Cl coverage and the local ad-

sorption geometry of the (v/3 x vV3)R30°-Cl structure on CeOr—(111) is found to be in-
dependent of the original degree of reduction x (0.2 < x < 0.4). In a dedicated synchro-

tron beamtime, the (v/3 x V3)R30°-Cly,c overlayer structure could be reproduced, con-
firming the lab-based findings."?® DFT+U calculations indicate that chlorine occupies an
oxygen vacancy position (Clvac) with an adsorption energy that is 3 eV higher than that
for the stoichiometric CeO2(111) surface, where Cl resides in an on-top position of sur-
face Ce sites (Cliop). However, the adsorption energy of Cl in the surface vacancy position

is too high to explain the Deacon activity at 700 K. The invariance of the (v/3 x v/3)R30°-
Clyac overlayer on CeO>-(111) with the degree of reduction x requires sufficient mobility

«cl

of the surface and bulk oxygen vacancies, being one key result of the “chlorinator.

Temperature programmed desorption and temperature-dependent Cl 2p XPS indicate that
the adsorption energy of Cl in the oxygen vacancy sensitively depends on the degree of
reduction x of CeO2-(111): chlorine desorption shifts from 1175 K to 1320 K when the

degree of reduction x is increased from CeO15(111) (weakly reduced: (v/7 x V/7)R19.1°)
to CeO16(111) (strongly reduced: (4 x 4)). Also, the formation of the byproduct water
critically depends on the degree of reduction x of CeO2-(111). In the case of a high de-
gree of reduction x, H» is formed instead of water, whereas on the stoichiometric oxidized
CeOx(111), H-CI recombination is observed instead of water formation. However, water
formation becomes possible with a decrease in the degree of reduction x such as that of

the (v/7 x v/7)R19.1° reconstruction.'

In conclusion, in the “chlorinator” the open questions (cf. Chapter 5.2) could be an-
swered. In addition to the Clop species,’! the Clyac species!?® could be identified and water

formation was revealed to be dependent on the degree of reduction. The (v/3 x v/3)R30°-
Clyac overlayer on CeO2—(111) at the end of the reaction in the “chlorinator” was subse-
quently moved to the “oxidizer.”

“Oxidizer”

The critical reaction step in the HCI oxidation over ceria was predicted to be part of the
“oxidizer”. Based on a previous DFT study, the displacement step of the Clyac species
towards Clip was identified,'® although this displacement step is highly endothermic.'
Synchrotron-based techniques, including in situ near edge X-ray absorption fine structure
(NEXAFS) and in situ high-resolution X-ray photoelectron spectroscopy (XPS), in com-
bination with first principles DFT calculations were employed to elucidate this critical
reaction step in the HCI oxidation reaction. A dedicated experiment was designed, mod-

eling the re-oxidation of a (v/3 x v/3)R30°-Cly,c overlayer on the CeOx—(111) model cat-
alyst at 700 K, a typical reaction temperature for the HCI oxidation. The photon energies
in synchrotron-based XPS were carefully chosen in order to be highly surface-sensitive,
while Ce My 5 edge NEXAFS (Ce 3d) in the total electron yield mode probed bulk prop-
erties. With this combination of surface- and bulk-sensitive methods, it was demonstrated
that the re-oxidation of the chlorinated CeO>-(111) surface at 700 K starts from the bulk
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and propagates subsequently towards the surface. The underlying mechanism can be de-
scribed with complementary DFT+U calculations. The re-oxidation of Clyac-CeO2-(111)
considerably weakens the adsorption energy of the Clyac species. Ultimately, part of the
Clyac species is shifted to on-top positions Clwp, Where they recombine readily to form
CL. Both the re-oxidation of CeOz-(111) and the Clyac — Cliop displacement step of sur-
face chlorine are predicted with DFT+U calculations to be induced by a previously pos-
tulated?® peroxo species (O2>"). In this way the displacement step and surface re-oxidation
are coupled so that the concerted displacement step becomes exothermic by 0.6 eV with
an activation barrier of about ~1 eV. With such a low activation barrier the Clyac — Cliop
site change is shown to take place even at 500 K, although requiring a higher O, exposure
than for the re-oxidation at 700 K. The peroxo species not only impacts the Deacon pro-
cess, but is also of general importance for catalytic oxidation reactions on CeO»-supported
catalysts. Oxygen spillover effects for supported particles on CeO, are intimately corre-
lated with the peroxo species and their facile diffusion across the surface.?

In conclusion, it could be shown (cf. Chapter 5.2) in the “oxidizer” that oxygen can be
activated in surface oxygen vacancies Vo by the formation of a peroxo species, which, in
addition to re-oxidation is also responsible for the activation of Clyac in order to enable
CL formation. It was found that the concerted activation step is not the bottle neck, as
discussed in the literature. Instead, the bottle neck may be the supply of Vo at the surface.

Although chemical looping might be challenging for technical application (cf. Chap-
ter 5.2), it was shown that the separation into partial reactions allows for valuable insights
into the reaction mechanism of the Deacon process over ceria-based catalysts. The peroxo
mechanism was identified as an important “building block™ of the reaction mechanism.
In a next step the chemical looping approach could be adapted to reaction conditions un-
der ambient pressure in a flow reactor.

Chemical Looping under Ambient Pressure

Another possibility is to transfer the chemical looping approach of the present thesis to
the flow reactor in the Over research group. In this way, the model experiments of the
present thesis can be transferred to ambient pressure conditions. Instead of cycling the
catalyst it is also possible to cycle the educt stream.!'® In Figure 9.2 the graphical abstract
of recent publication by Sun et al.? is shown, separated into a chlorination (“chlorinator”)
and oxidation (“oxidizer”) step.
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Figure 9.2: Table of contents graphic of a recent publication by Sun et al..* The chlorine evolution is
monitored as a function of time on stream on a CeO»-based catalyst (20 mol% of CeO, supported on ZrO,
particles). The reaction mixture is changed from stable mild (HCL:O, = 1.5:3, red) to deactivating harsh
conditions (HCI1:O, = 3:1, orange). These two steps correspond to the chlorination of the catalyst (“chlorin-
ator”). In blue, the re-oxidation and concomitant de-chlorination of the catalyst is shown (“oxidizer”). Af-
terwards the catalyst is active again under mild conditions. Adapted with permission from reference®.

In red, a stable operation of the catalyst under mild conditions is observed, whereas harsh
conditions lead to a deactivation of the catalyst, due to bulk chlorination. However, by
dosage of oxygen the catalyst can be de-chlorinated and re-activated and operates again
under mild conditions afterwards.

The model experiments might be transferred to the flow reactor by using CeO»-, octahe-
drons exposing the (111) facet*""”!. From re-oxidation of the “mildly” chlorinated catalyst,
the actual chlorination degree of the surface might be quantified. This was already inves-
tigated by Alexander Spriewald-Luciano in the Over research group in preliminary ex-
periments.
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10 Appendix

10.1 Supporting Information

a) Fractional LEED IV Curves b) Integer LEED IV Curves
(113, 1/3) (1,0)

IV curve based on
prist. HCI Cly
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Figure 10.1: a) LEED IV curves (fractional order beams) of (3 x V3)R30°-Cl phases, prepared from var-
ious reduced CeO,-(111) reconstructed, ordered phases (v/7 x V7)R19.1°, (3 x 3), or (4 x 4)) and stoichi-
ometric CeO»(111) (1 x 1) after saturation to 15 L (or more) HCI or Cl, at 300 K and subsequent annealing
to 900 K under UHV conditions. b) LEED IV curves (integer order beams) of the same phases as in a).
Adapted with permission from reference! and a) from reference.?®
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Quantitative comparison (Pendry Rp-factors) of fractional and integer order LEED

IV curves as shown in Figure 10.1.

Table 10.1: Comparison of fractional order LEED IV curves between the HCl-induced (V3 % V3)R30°-
CI+H surface structure on stoichiometric CeO(111) and HCl-induced (\/3 X Y3)R30°-Clyqe surface struc-
tures on differently reduced CeO,-«(111) surface reconstructions. Adapted with permission from refer-

ences!?8.

. . 1/3, (273, (4/3, (5/3,
HCl-induced vs.  HCI- induced 13) 213) 13) 23) Average
V3Cl-
- 0.72 0.56 0.71 - 0.66
V3ck(ix1) TxVTR19.1°
V3CI(1 x 1) V3Cl-(3 x 3) 0.44 0.95 0.43 0.74 0.71
V3CI-(1 x 1) \3Cl-(4 x 4) 0.32 0.96 0.47 0.66 0.68

Table 10.2: Comparison of fractional order LEED IV curves between Cl-induced (V3 X V3)R30°-Clyqc
surface structures on differently reduced CeO-«(111) surfaces among each other. Adapted with permission

from references

1,28

. . 173, (213, (4/3, (5/3,
Clz- induced vs.  Cl- induced 13) 213) 13) 273) Average
V3Cl-
- 0.29 0.55 - - 0.35

(V7 x VT)RI9.1° V3CI(3 % 3)
V3Cl-

3C1-(4 x 4 0.15 0.41 - - 0.25
(V7 x VT)RI9.1° V3Cl(4 x 4)
V3CI-(3 x 3) V3Cl-(4 x 4) 0.14 0.20 0.19 0.20 0.19

Table 10.3: Comparison of fractional order LEED IV curves between HCIl- and Cl- induced
(V3 % V3)R30°-Cly,c on similar reduced CeOa-(111) surfaces. Adapted with permission from references!-2.

. . 173, (273, (4/3, (573,
HCl-induced vs.  Cl-induced 13) 213) 13) 23) Average
V3Cl- V3Cl-
0.10 0.16 - - 0.13
TVTR19.1° T<VTR19.1°
V3CI-(3 % 3) V3CI-(3 x 3) 0.24 0.20 0.24 0.33 0.24
V3Cl-(4 x 4) V3Cl-(4 x 4) 0.05 0.13 0.04 0.11 0.09

Table 10.4: Comparison of integer order LEED IV curves of the pristine surface (reconstructions) on dif-
ferently reduced CeO,(111) surfaces with each other. Adapted with permission from reference’.

pristine VS. pristine 1,0) 1,1 2,0) Average
(V7 x+T)R19.1° (3 x3) 0.81 0.36 0.73 0.58
(V7 x+T)R19.1° 4 x4 0.94 0.47 1.48 0.87
(3x3) 4x4 0.73 0.47 1.00 0.68
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Figure 10.2: Fitting of Ce 3d spectra of CeOy(111) (1 x 1): 0% Ce** (x =0), (7 x V7)R19.1°: 41%
(x=10.21), (3 x 3): 58% (x=10.29), or (4 x 4): 79% (x = 0.40) by superposition of Ce 3d of fully-reduced

Cey03(111) (blue) and stoichiometric CeO»(111) (orange). Adapted with permission from references

1,28
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Figure 10.3: a) Cl 2p XP spectra of (V3 x V3)R30°Cly, surface structure upon annealing to various tem-
peratures monitoring the actual Cl-coverage on the surface. b) Temperature programmed desorption com-
parison of chlorine/Cl, desorbing from at 300K Cl,- and HCl-saturated (transparent, cf. Figure 7.6) reduced

CeO,-.(111) surfaces. Adapted with permission from references

1,28
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Figure 10.4: a) Bulk-sensitive NEXAFS Ce M5 edge (Ce 3d) spectra measured in total electron yield
(TEY) mode of partly reduced, pristine CeO,.«(111) (blue), chlorinated Clyac-CeO»..(111) (orange), fully
reduced reference Ce,O; (black) and fully oxidized reference CeO»(111) (gray). b) Procedure of linear
combination for NEXAFS exemplified for pristine CeO,(111): NEXAFS (CeO,—(111)) = 2x- NEXAFS

(Ce203) + (1-2x)- NEXAFS (Ce0,), with x = 0.18 (37% Ce>" fraction). Adapted with permission from ref-
erence’.
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Figure 10.5: a) Surface-sensitive Ce 4d XP spectra (hv = 250 eV) of partly reduced, pristine CeO,—(111)
(blue), chlorinated Clyac- CeO1(111) (orange), fully reduced reference Ce,O; (black) and fully oxidized
reference CeO»(111) (gray). b) Procedure of linear combination for XPS exemplified for pristine
CeOa.(111): XPS(CeOr—(111)) = (1-2x)-XPS(CeOz) + 2x-XPS(Ce203), with x = 0.35 (71% Ce** fraction).
Adapted with permission from reference?.
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Figure 10.6: Cl 2p XP spectra of CeO,-.(111) when exposed to 15 L HCI at room temperature and subse-

quently annealed to 1000 K to remove hydrogen. a) surface sensitive: Av =250 ¢V, b) bulk sensitive
hv =850 eV. Adapted with permission from reference?.
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Figure 10.7: O1 s XP spectra of CeO>—(111) when exposed to 15 L HCI at room temperature and subse-

quently annealed to 1000 K in steps of 100 K and 200 K to remove hydrogen. a) surface sensitive:
hv =580 eV, b) bulk sensitive hv = 1180 eV. Adapted with permission from reference?.
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Figure 10.8: O 1s XP spectra of during the re-oxidation at 700K of the fully chlorinated Clyac-CeOr—(111)
at two photon energies. a) surface sensitive: #v =580 ¢V, b) bulk sensitive #v= 1180 eV. Adapted with
permission from reference?.

E.4 (CI') = -2.65 eV E.4 (CI°) = -0.46 eV

Figure 10.9: Ball and stick model (DFT calculation) of a) CI and b) CI° adsorbed on a surface oxygen

vacancy (Vos) on CeO,—,(111) with periodicity (v/3 x v/3)R30°. The Cl—Ce distance is shown in pm and
the adsorption energy, Fads, is with respect to the energy of the clean surface with Vosand 1/2 Clygas.
Adapted with permission from reference?.
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Figure 10.10: Deconvolution of surface sensitive Cl 2p XP spectra (hv =250 eV) of Clyac-CeOr—(111)
before (0 L O,) and after (2700 L O,) re-oxidation. Adapted with permission from reference?.
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Figure 10.11: a) Bulk-sensitive Cl 2p XP spectra during re-oxidation of Clyac-CeOr—(111) at 700 K with
various O, exposures, for zv =850 eV. b) Deconvolution of bulk sensitive Cl 2p spectrum (hv = 850 eV)
of Clyac-CeO,—,(111) before (0 L O,) and after (2700 L O») re-oxidation. c) Intensity of bulk sensitive CI
2p core level spectra (hv =850 eV) after exposing of Clyac-CeO,-(111) to various doses of O, at 700 K
indicated in Langmuir (L) in comparison with surface sensitive intensity #v = 250 eV (gray). Adapted with
permission from reference?.
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Figure 10.12: a) Thermal desorption of Cl, followed by surface sensitive CI 2p XP spectra, for hv =250 eV
with b) the corresponding intensity after deconvolution. Adapted with permission from reference?.
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Figure 10.13: Ball and stick model (DFT calculations) of a) 3Cl.ac atoms adsorbed oxygen vacancies (Vo s)
on Ce;0s(111)-(3 x 3), b) The blue star indicates the oxygen vacancy and c) the O,> adsorption state on
the oxygen vacancy. d) Energy diffusion path of the oxygen vacancy from the third oxygen layer (Vo sss)
to the Vo s on the Ce3Os(111) with 2Vo s and 1V ss (red path), without oxygen vacancies on CeO»(111)
(blue path) and on 3Cly,-Ce30s(111) (black path). Color code: Ce*" first/second trilayers (Ce’") atoms are
white/yellow (gray), the oxygen surface (subsurface) atoms are red (light red), and Cl atoms are in green.
Adapted with permission from reference?.
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Figure 10.14: a) Peroxo- and b) superoxospecies adsorbed on 3Cly.-Ce30s(111)-(3 x 3). Note that there is

one more Ce*" in the case of superoxo compared to peroxo species. Adapted with permission from refer-
2

ence”.

Table 10.5: Comparison between peroxo and superoxo species shown in Figure 10.14. Adapted with per-
mission from reference?.

Relative N L .
TP o~ d(O-0O) Magnetization per O  Total Magnen'zatlon of O, Bader Charge difference
(pm) atom species wrt. O, gas
(eV)
Peroxo 0.00 144 0.000 ; 0.000 0.000 1.23
Superoxo +0.59 134 0.300 ; 0.490 0.790 0.73

e
f{ Y
> i O .
— b i

Figure 10.15: Movie frames (DFT calculations) of the de-chlorination process from two adsorbed O,
species and three Cl™ adsorbed on oxygen vacancies. The yellow-bordered states are local minima, the
transition states (TS) are highlighted in blue, and the remaining states are intermediate states of the reaction
paths. Adapted with permission from reference?.
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Figure 10.16: Differential heat of adsorption (DFT calculation) of Cl atoms at 1/3 ML, 2/3 ML, and 1 ML
in the (+/3 x v/3)R30° with 3 oxygen vacancies. Adapted with permission from reference?.

The differential heat of adsorption is calculated by applying the following formula:
—(E((n+1)Cl) — E(nCl) — 1/2-E(Clxgas)) where n= 0, 1, or 2 indicates the number of chlo-
rine atoms, E(Clgas) is the energy of Cl» in the gas phase, and the terms
E((n+1)C1)/E(nCl) are the total energies of the n+1/n chlorine atoms adsorbed in the unit
cell (v/3 x v/3)R30°. When n = 0, E(OCI) is the total energy of the CeO,—, surface, where
the formula becomes minus the adsorption energy of a chlorine atom (—FEads(Cl)).

The reported results correspond to the lower energy obtained by optimizing the adsorption
site of the CI atom, the position of the Ce**, and the oxygen vacancies. In these calcula-
tions the (v/3 x v/3)R30° have 5 trilayers, 3 oxygen vacancies which may be distributed
in the first three oxygen layers (Vos; Voss; Vosss), the 5, 4 and 3 Ce** arising from the
3 oxygen vacancies and the adsorption of 1CI", 2CI™ and 3Cl, respectively, are distrib-
uted in the top three trilayers.

10.2 Modeling of the CeO:-(111) Surface

The DFT calculations were realized by Pablo G. Lustemberg and M. Verdnica Ganduglia-
Pirovano. The CeO».(111) surfaces are modeled with a lattice constant of 5.485 A cal-
culated from the CeO; bulk. Different Cl phases in Chapter 7.1 with (+/3 x v/3)R30°,
(V7 xVTR19.1°, (3 x 3) and (4 x 4) symmetry are modeled according to what was re-
ported by Olbrich et al.,*® where each phase is characterized by the number of surface
(Vo) and subsurface (Vo,ss) vacancies, as described in Table 10.6.

Additionally the ClI surface phase in Chapter 7.2 is modeled based on the (3 x 3) unit
cell reported by Olbrich et al.>* for describing the formation of reduced CeO> (111) sur-
face reconstructions with one surface (Vo,s, V: Vacancy, O: Oxygen, S: Surface) and two
subsurface (Vo,ss, SS: Sub-Surface) oxygen vacancies in the outermost O—Ce—O trilayer.
As the results in Chapter 7.2 involve the modeling of oxygen vacancies in the third ox-
ygen layer (Vo,sss, SSS: Sub-Sub-Surface, i.e. a vacancy in the third oxygen layer), a slab
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containing three O—Ce—O trilayers was used, keeping the bottom trilayer fixed, and
~21 A of vacuum separation between consecutive slabs.

All surface models used in this work have ~21 A of vacuum separation between consec-
utive slabs. The number of trilayers (three O—Ce—0), k-point mesh using the Monk-
horst—Pack method,'”> and the number of Ce*" atoms per trilayer are also indicated in
Table 10.6. For the calculations of the HCI, O2, H> and Cl> molecules in the gas-phase, a
(15 x 15 x 15) A3 cell was used, with I'-point only.

Table 10.6: Characteristics of the different C1-CeO,- modeled phases. The number of surface (Vo) and

subsurface (Vo) vacancies is indicated. In the case of the (4 x 4) phase, the third and fourth oxygen layers
of the second trilayer each also have 4 oxygen vacancies.

Phase (V3 x/3)R30° (/7 xJT)R19.1° (3 x3) (4% 4)
No. Vo 1 2 1 1 4

No. Vo -- -- 1 2 4

No. Ce atoms per trilayer 3 3 7 9 16
No. Ce*" 1* trilayer 2 3 4 4 16
No. Ce** 2™ trilayer - 1 - 2 15
No. Ce** 3" trilayer - - - - 1
k-points mesh 4x4x1 3x3x1 2x2x1 Ix1Ix1
No. atomic trilayers 4 3 3 4
Relaxed/fixed layers 3/1 2/1 2/1 3/1
Surface area (nm?) 0.10 0.91 1.17 2.08

The reported Cl adsorption energies in Chapter 7.1 are calculated per Cl atom according
to the following equation:

Eaas(Cl) = (E[NCl/CeO2~] — E[CeO2—] — N/2 E[Clzgas])/N
where E[NC1/CeO»-,] is the total energy of N atoms of Cl adsorbed on the reduced CeO»-

surface, the E[CeO2] is the total energy of the clean CeO,-,(111) surface and E[Cly,gas]
is the energy of the chlorine molecule in gas phase.

The adsorption energy of chemisorbed O> in Chapter 7.2 species is calculated according
to the following equation:

Eads = E[(I’lOz/?)Clvac-CeOz—x(l 1 1)] - E[3Clvac'ceo2fx(1 1 1)] - nE[OZ,gas],
where n = 1,2 is the number of adsorbed O species, E[(702/3Clyac-CeOr-(111)] is the
total energy of the O, molecules atoms adsorbed on the chlorinated surface with two ox-
ygen vacancies on the third oxygen layer (3Clyac-Ce3Os(111)-(3 x 3)+2Vo,sss), E[3Clyac-

CeO2-x(111)] is the total energy of the surface without the adsorbate, and E[O2 gas] is the
energy of the oxygen molecule in gas phase.
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10.3 Experimental Details DFT Calculations

Spin-polarized DFT calculations were carried out using the slab—supercell approach,’!
with the Vienna Ab-initio Simulation Program (VASP, version 5.3.5 and 5.4.4).196-2%
The Ce (4f, 5s, 5p, 5d, 6s), O (2s, 2p), Cl (2s, 2p), and H (1s) electrons are explicitly
treated as valence states using the projector augmented wave (PAW) method.?! A plane-
wave cutoff energy of 400 eV is applied, while the remaining electrons are considered
part of the atomic cores. The energies and forces were calculated using the DFT+U ap-
proach by Dudarev et al.2%? (U= U — ] = 4.5 eV for the Ce 4f electrons) with the gener-
alized gradient approximation (GGA) proposed by Perdew, Burke, and Ernzerhof
(PBE).?*> DFT(PBE)+U is a widely employed approach in the study of ceria-based sys-
tems. However, it's widely acknowledged that hybrid functionals, which incorporate a
mixture of DFT(GGA) and Hartree-Fock exchange energies, offer enhanced computa-
tional accuracy for ceria-based systems, albeit at a significantly higher computational
cost. Notably, for the results in Chapter 7.2, these methods excel in describing the rela-
tive stability of surface and subsurface oxygen vacancies, as well as the interaction of
molecular O, with reduced ceria surfaces. Both hybrid and DFT(PBE)+U methodologies
consistently indicate that O vacancies tend to form preferentially on subsurface sites, with
the two excess electrons localizing on next-nearest-neighbor Ce** ions, as demonstrated
by Ganduglia-Pirovano et al.."** Additionally, Preda et al.'*> employed small Ce,Os clus-
ters and both hybrid and DFT(PBE)+U methodologies, consistently finding that on re-
duced ceria nanoparticles, superoxide O>~ species are formed through the direct interac-
tion of O2 with low-coordinated Ce*" ions.

The oxidation state of a given Ce ion has been estimated by considering its local magnetic
moment (the difference between up and down spin on the atoms), which can be estimated
by integrating the site- and angular momentum-projected spin-resolved density of states
over spheres with radii chosen as the Wigner—Seitz radii of the PAW potentials. For re-
duced Ce ions, the occupation of Ce f states is close to 1, and the magnetic moment is
~1 uB. Hence, those ions are referred to as Ce*". The number of the Ce** ions results from
optimizing the structure, while the optimal configuration of the excess electrons is found
through a two-step procedure. Initially, to attain a desired configuration, the Ce atoms in
which excess electrons were intended to be incorporated were reclassified as a different
species and assigned the Ce** pseudopotential provided by the VASP’s pseudopotential
repository. Due to the larger ionic radius of Ce** in comparison to Ce*", the atomic posi-
tions of all atoms were optimized, resulting in the desired structural configuration. Sub-
sequently, in a second optimization step, the structure obtained in the previous step was
further optimized. However, in this case, all Ce atoms were represented with the Ce**
pseudopotential. This second step was crucial in obtaining the energy of the chosen spatial
configuration.

It is important to mention the PBE gradient approximation tendency to overestimate the
bond energy of O by up to 0.5 V.2 A variation of 0.5 eV in this regard would have no
significant impact in our conclusions.

To locate transition state (TS) structures, the climbing image nudged elastic band method
(CI-NEB)*** was employed with seven images for each reaction pathway. For all the TS
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reported in this work, only one imaginary frequency was found, and the full geometry
optimizations starting from its back and forward nearest configurations (along the reac-
tion path) end in a non-dissociated and dissociated state, respectively. In the calculated
potential energy profiles, the energy barrier, Eparier = ETs — Eis, equals the difference be-
tween the energy of the transition state, ETs, and the initial state, Eis.
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11 List of Abbreviations

Cltop
ClVB.C
DFT
fce
GGA
hep
IMFP
v

L
LEED
ML
MS
NC-AFM
NEXAFS
0OSC
PAW
PBE
PC
PGAA
PU
PVD
SS
SSS
STM
TEY
TPD
UHV
VASP
XPS
XRR

Chlorine on Top of Cerium

Chlorine in an Oxygen Vacancy
Density Functional Theory
Face-Centered Cubic

Generalized Gradient Approximation
Hexagonal Closely Packed

Inelastic Mean Free Path

Intensity versus Voltage

Langmuir

Low-Energy Electron Diffraction
Monolayer

Mass Spectrometer

Non-Contact Atomic Force Microscopy
Near Edge X-ray Absorption Fine Structure
Oxygen Storage Capacity

Projector Augmented Wave

Perdew, Burke, and Ernzerhof
Polycarbonate

Prompt Gamma-ray Neutron Activation Analysis
Polyurethane

Physical Vapor Deposition

Sub-Surface

Sub-Sub-Surface

Scanning Tunneling Microscopy

Total Electron Yield

Temperature Programmed Desorption
Ultra-High Vacuum

Vienna Ab-initio Simulation Program
X-ray Photoelectron Spectroscopy
X-ray Reflectivity
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