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Zusammenfassung

Es hat sich gezeigt, dass Edelmetalle (Pd, Pt)agetr auf leicht reduzierbaren
UbergangsmetalloxiderfCo;0,, NiO, FeOs) eine erhohte katalytische Aktivitat in der CO
Oxidation aufweisen, welches auf starke Metall-Era@/echselwirkungen zurickzufiihren ist.
Die Natur (elektronisch oder chemisch) dieser Weltiskung ist allerdings noch nicht geklart.
Eine Erhohung der katalytischen Aktivitat in der QIXidation ist vor allem bei niedrigen
Temperaturen in der Autoabgasreinigung erstrebemswviei welcher bis heute die CO
Vergiftung des Katalysators wahrend des sogenanpi@itstartens” ein grof3es Problem
darstellt.

Ziel der Arbeit war die Synthese von zwei getrégerfPd Katalysatoren, namlich einem
PdO/C@0,4 und einem PdO/E©®; Katalysator, deren Charakterisierung in Bezug Stwéiktur
und Zusammensetzung und die Ermittlung des Eirdisier Pd Beladung auf die katalytische
Aktivitdat in der CO Oxidation. AuRerdem wurden reit in situ Methoden dynamische
Wechselwirkungen der Reaktanden mit der Katalysaenflache unter Reaktionsbedingungen
untersucht. Zur Charakterisierung der Struktur ward Methoden wie z.B. die
Transmissionselektronenmikroskopie (TEM) einges&id in situ Methoden wurde die Fourier
Transform Infrarot Spektroskopie (FTIR) und die ®iebektronenspektroskopie unter
Umgebungsdruck (APXPS) zur Anwendung gebracht. Bialysatoren wurden mittels
Nassimpragnierung synthetisiert, welche folglichAdtikeln in einer Gré3enordnung von sub-2
nm auf dem Cg¢D, und von 5-10 nm auf depre,03; aufwiesen. Eine Erhéhung der katalytischen
Aktivitat in der CO Oxidation wurde nach der Pd &&ing fur beide Katalysatoren erzielt.
Interessanterweise zeigten die Katalysatoren uRemktionsbedingungen ein von Grund auf
verschiedenes Adsorptionsverhalten von CO. Anhamdiv situ FTIR Aufnahmen wurden auf
dem PdO/CgD, keine CO-P8 Banden und nur Karbonat-Banden verzeichnet. ImeGsatz
dazu wurden auf dem PdO/Bg starke CO-PUBanden bereits bei RT zum Vorschein gebracht,
welches auf eine Reduktion des PdO durch CO zudfidhren ist. Mittelsin situ APXPS
Messungen wurde schlussendlich auch bestatigt, keiss metallisches Pd auf dem {Cn
vorlag, sondern PdO und PgQlie stabilen Phasen unter Reaktionsbedingungerenwar
Zusammenfassend kann aufgezeigt werden, dass lended PdO/Cs0,, die CO Oxidation auf
dem C@O,4 Trager und unter der Bildung von Karbonaten abJawbbei PdO und Pdfals
Promotoren agieren. Im Gegensatz dazu liegt demuPdem FgO; Tragerin metallischer Form

unter Reaktionsbedingungen vor und stellt Adsonsptétze fir CO zu Verfigung.



Abstract

It is well known that the loading of a noble mefalg. Pt, Pd) on an easily reducible transition
metal oxide (e.g. GO, YF&Os, TiO, or MnQ) results in an enhancement in the catalytic
activity in CO oxidation at low temperatures duerteractions at the metal-support interface.
However, the underlying nature of the interacti¢e¢ectronical” or “geometrical”) is still under
debate. Enhancing the CO oxidation activity inlthe temperature range is of special interest for
controlling automotive emissions during the colarsof a car (T< 250 °C), where the strong CO
adsorption on the noble metal remained an unsobsecb.

The aim of the thesis was the synthesis of twoerkfit supported Pd catalysts, namely
PdO/Ca0,4 and PdO/Fe0s, their characterization in terms of structure anthposition and the
investigation of the influence of the Pd loading the catalytic activity in CO oxidation.
Furthermore in situ studies were utilized to investigate dynamicakiattions between the
reactants and products and the catalyst surfaceerurehction conditions. The structural
characterization of the catalysts was performedrérysmission electron microscopy (TEM). As
in situ methods, the Fourier Transform Infrared (FTIR) athé ambient-pressure X-ray
photoelectron spectroscopy (APXPS) were appliede Tatalysts were prepared by wet
impregnation method yielding highly dispersed Pdigas with a mean size of sub-nm to 2 nm
on the CgO,4 and of 5 to 10 nm on thd-e,03 support according to TEM images. The kinetic CO
oxidation studies revealed that after Pd loading@mancement of the activity was achieved for
both catalysts. Interestingly, significant diffeces in the adsorption behavior of CO under
reaction conditions could be observed. Tihaitu FTIR studies showed that on the PdQ/Q0

no CO-Pd absorption bands were evident and only surfackocate formation was detected,
while on the PdO/R©; catalyst strong CO-Pdbands appeared already at RT indicating a
reduction of PdO to metallic Pd by the CO. The Gf34ands on PdO/R©; were also present at
higher temperatures (~150 °C), where a full CO eosion was observed. Thus, it was concluded
that on both catalysts the CO oxidation rate wdsaffected by the well-known CO poisoning of
Pd. In situ APXPS measurements confirmed the absence of mefdl on CgO, and the
presence of stable PdO and RBdibases under reaction conditions. Overall, theraadf CO
adsorption sites and thus the CO oxidation pathveagsapparently very different on the two
catalysts. On PdO/GO, the CO oxidation proceeds most likely via surfaegbonates on the
Co:0, with PdO and Pd@acting as promoters, while on PdOABg metallic Pd provides
adsorption sites for CO during the reaction.
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1 Introduction 2

Chapter 1

1 Introduction

1.1 Catalysis in general

About 90 % of industrial reaction processes ardopeed in the presence of heterogeneous
catalysts which are found in a wide range of déferfields e.g. chemical, food, automobile and

petrochemical industries [1].

Nowadays, the performance and the costs of a lggreous catalyst in a specific application
have to be optimized to fulfill the increasing exvimental and energy demands and needs of the

society.

For the optimization of the catalyst performanagalytic studies have to be conducted where the
performance of the catalyst, meaning the catalytaperties including activity, selectivity and
stability, is determined under a variety of reacticonditions (T, p, space velocity of the
reactants’ feed). In addition, an in-depth studythe reaction kinetics (e.g. reaction rates and

orders, activation energies) is required.

Another relevant issue for achieving a further iay@ment of the catalyst performance is the
fundamental understanding of the catalytic propsrin terms of structure and chemistry of the
catalyst, the reaction mechanism including kindificeelevant reaction steps and highly active
intermediates, and the nature (“chemical” and “gewital”) of active sites [1]. Moreover,

deactivation mechanisms (e.g. sintering, carbonosiépn, phase change) occurring on the

catalyst surface have to be identified with the toreliminate them.

In recent years, the development of a variety diase analysis methods has given the possibility
to advance towards the fundamental understandinfeotatalytic properties by revealing the
surface structure and chemistry of the catalysaanolecular level. Especiallyn situ studies
where the catalyst is studied under reaction carditprovide an insight into dynamic processes
on the catalyst surface and structural and chencltathges of the catalyst itself induced by the

present reactants and products which could no¢beated by ex situ methods.
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Lately, also theoretical methods e.g. DFT calcalaihelped to get an insight into the nature of

highly reactive intermediates and active sites.

To enable these catalytic and fundamental stuthescatalyst has first to be synthesized with a
defined structure and composition in a well-coméablway. Frequently applied instrumental
techniques and procedures for the characterizafistructural, chemical and catalytic properties

of heterogeneous catalysts are illustrated in &dufl.

Synthesis
(Impregnation, ion exchange)

/Heterogeneous ™
catalyst i
T

Structural characterization /Lf-;:5 _________--i:;t\ Phase composition measurements|
(BET, TEM, SEM, STM) ~(XRD, Raman, XRF)
| P @
4 W :
L | Insitu measurements

Chemical characterization
(TPR, TPO, TPD)

|

Y !
\

(XPS, FTIR, XANES)

Kinetic measurements

Figure 1.1.: Instrumental techniques and procedures applieavisstigate the structural, the chemical and
the catalytic properties of a heterogeneous cdtafier its synthesis.

1.2 The three-way catalyst (TWC(C)

Today around 30 % of all industrially applied hetgneous catalysts are used in the
environmental sector including the controlling aft@motive exhaust emissions, stack gas

emissions from power stations and gaseous effluertke refining and chemical industry [1].

One of the greatest achievements in this sectdhdsintroduction of the three-way catalyst

(TWC) in the 80s, which is responsible for the aubtive emission control.

Today the usage of a TWC in automotive exhaustsyshn figure 1.2, is the most effective and
safe technology for achieving a reduction of hatnplollutants including hydrocarbons (HC),

carbon monoxide (CO) and nitrogen oxide ¢N@uring the normal operating mode of the
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combustion engine [2]. The active material of th&{ consists of the noble metal Pd or Pt
supported on AD; and CeQ@ (oxygen storage) for the oxidation reactions amdsRpported on
ZrO, for the NQ reduction [3]. However, during the start of thegee, when the catalyst
temperature is still low (T< 250 °C), the catalistin its inactive state and cannot convert the
toxic pollutants to the more harmless productsudiclg nitrogen, C@and water, which is also
referred to the “cold start problem” [3]. Thus, higmount of pollutants (50-80 %) [2] are
released into the environment till the ignition ferature of the catalytic reaction is reached

(around 250-300 °C) meaning where the catalystigets active state [3].

Due to environmental concerns and stricter leg@iatconcerning automotive exhaust, there is a
motivation to reduce these toxic emissions during told start by improving the low-
temperature catalytic activity of the TWC.

¥y
—_— — ol
— = =
— CO: N. H.0

CO NOx HC
noble metals: Pt, Pd, Rh J

supports: Al203, CeO,, ZrO,

Figure 1.2.: Schematic drawing of a three-way catalyst, its neaimponents and the involved chemical
reactants [4].

The underlying reason for the suppression of CCdation 2CO + @C;)“ 2CQO, at low
temperatures is the rapid self-poisoning of Pd biby high levels of CO meaning that CO
exclusively adsorbs on the active surface siteBdpreventing the adsorption and activation of
O, shown in Scheme 1.1.

Q.
g

© @ ©® ©

6 o o o

Support

Scheme 1.1: Schematic drawing of a self-poisoning of Pd by CO.



1 Introduction 5

To facilitate the catalytic CO oxidation at low tpematures, one approach is to combine easily
reducible transition metal oxides e.g.30g FeOs, TiO, or MnO, with the noble metals e.g. Pd,
Pt or Au. The high catalytic activity at low tempgires is mainly attributed to synergetic
interaction between the oxide support and the notdtal at the metal-support interface defined
as a “strong metal-support interaction” (SMSI) et$,6,7]. Most authors propose that the
reaction proceeds at or nearby the metal-suppderfate where the noble metal provides
adsorption sites for CO and the support suppliggex species to react with adsorbed CO [8,9].
However, the underlying nature (“electronical” gebmetrical’) of the SMSI state, the active
sites, respectively states and the reaction meshmaaie still controversially discussed.

1.3 State of the art

In recent time, there is an increased demand tergtahd the fundamental surface processes and
the structure and chemistry of the active states/son the catalyst surface, which guide the

catalytic activity, selectivity and stability ofdélcatalyst.

In the particular field of noble metals supportedt@nsition metal oxides most of the research is
interested in the nature of the SMSI state at th&ahksupport interface which is assumed to have
an effect on active sites and the reaction mechaaiwd thus, the catalytic activity in a variety of
different reactions e.g. the CO oxidation, methsteam reforming [10], methane oxidation [10],

water-gas shift reaction [11] and methanol decontipog12].

Herein, we especially focus on the noble metalugpsrted on various transition metal oxides in
the CO oxidation reaction. The CO oxidation is ohéhe most intensively studied reactions as it
is often used as a prototype reaction for many rotieactions. Furthermore, Pd has got
intensively under investigation as it is known ft higher activity and lower costs for CO
oxidation compared to Pt or Au [3]. As a suitalsbnsition metal oxide, GO, has attracted a lot
of attention due to its excellent intrinsic CO a@idn activity already at room temperature (RT)

and its even greater activity in combination withadble metal [13,14].

In the following, a summary is given of the alreadjeased studies of transition metal oxides

supported noble metals in CO oxidation in the madel the real catalysis field which include
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the study of (1) the nature of the SMSI state daadnfluence on the catalytic activity, (2) the
influence of the pretreatment (oxidative or redugtion the SMSI state i.e. on the catalytic
activity, (3) proposed reaction mechanisms inclgdimtermediates and involved active states
(e.g. oxidation states) of the metal and the suppod finally (4) proposed deactivation

mechanisms.

In addition, already published results and postutat about the properties of the transition metal
oxides Cg0O, andyFe,0O; and their behavior in CO oxidation are representedill be made
clear that the results are contradictory and opegstipns still remain. On the one hand this is due
to a lack of insight on the surface chemistry ahalecular level as only a limited number of

experimental techniques can be utilized under i@acbnditions such as high-pressure scanning

tunneling microscopy (STM), Fourier transform iméd spectroscopy (FTIR), synchrotron based
near-edge X-ray absorption fine structure (NEXAF&nbient-pressure X-ray photoelectron
spectroscopy (APXPS), whereas most of them aresunibhble for the investigation of oxide
surfaces due to charging effects. On the other ltaisddue to the enormous complexity of the
catalyst surface structure (e.g. different crystgihphic facets and sizes, lattice distortions,
defects) and chemistry especially at the metal-suppterface which is getting influenced by a
variety of factors involving the composition of theaction mixture, the temperature and the
pressure, the pretreatment conditions, the georakfand chemical nature of the noble metal and

the support (e.g. particle size and distributiogstallite size) and many others.

1.3.1 Strong-metal-support interactions (SM Sl)

In the late seventies Tauster et al. [15] firstddticed the concept of “strong metal-support
interactions” (SMSI) based on the observation adegreased CO and,Hhemisorption on

different noble metals supported on Tiéter a reduction pretreatment at high temperature

Nowadays, the SMSI state is used as a descriptioarfy kind of interaction between a noble
metal and a metal oxide support which modifiedeziin a positive or negative way, the catalytic

activity or selectivity of the catalyst.
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Until today, the SMSI state has been reported tmiobetween noble metals including Pd, Pt, Rh
and a variety of different reducible oxides likesOg FeOs;, TaOs, CeQ, V.03, MnO; or TiO,

[7].

However, the nature of the SMSI state (“electraiiioa “geometrical”) and its influence on the
catalytic activity in particular in CO oxidation widely discussed mainly due to limitations of
insight of the metal-oxide interface under reactmnditions. Interactions of “electronical”
nature imply a charge transfer between the metdl taer oxide modifying the valence-band
electronic density of states which could resulthia formation of metal-metal bonds, whereas the
interactions of “geometrical” nature involving a ssaransport described by an encapsulation of
the metal by the oxide support or/and interdiffusad metal ions at the metal-support interface

[6]. Also a combination of “electronical” and “geetnical” interactions are reported to exist [6].

An and co-workers [13] for example, observed foraaety of transition metal oxides (6,
NiO, CeQ, aFe,03; and MnQ) an enhancement in CO oxidation rates after Igathem with Pt
whereas the greatest enhancement was observeldef&tACgO, catalyst. They were implying
that charges at the metal-support interface pravidem the redox chemistry of the support e.g
Co304 <> CoO are responsible for an enhancement in CO baidactivity. This postulation was
based on NEXAFS and APXPS studies.

A variety of other studies of noble metals depasie oxide single crystals by surface sensitive
technigues revealed that the SMSI effect is ofedated to an encapsulation of the noble metal by
a reduced thin layer of the oxide suppwattich was reported to be either from advantage or
disadvantage with respect to the catalytic CO diodaactivity. Naumann d’Alnoncourt et al. [7]
stated for a Pd/FeCratalyst that an encapsulation of Pd particleamyeQ layer was evident
after a reduction pretreatment at 250 °C resultmgn enhanced CO oxidation activity which
they derived from a combination of CO chemisorpti@bectron microscopy and APXPS
experiments. Furthermore, Qin and co-workers [D&tplated for Pt deposited on aBg (111)

film that after a mild reduction pretreatment aO2& or an annealing process above 570 °C, Pt
particles got encapsulated (derived from STM) legdb an increase in CO oxidation activity.
To mention one example where the encapsulatioheohbble metal had a negative effect on the

catalytic CO oxidation activity, the work of Bonarand co-workers [18] can be pointed out in
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which they observed a decreased CO oxidation &ctoxvier encapsulated Pt clusters supported
on a rutile TiQ (110) surface after the annealing up to ~ 830 °C.

According to Knozinger [19], the driving force fahe encapsulation seems to be the
minimization of the surface energy. He stated ti@tle metals on oxides with relatively low
surface energies like TEOCeQ and WLOs reveal the encapsulation effect, while®@d and SiQ

do not. However, this statement would be in disawgrent with the study by Ivanova et al. [20],
who reported about the SMSI state between Pd andupport AIO; which they related to the
formation of “core-shell” structures consisting Bfl particles covered by an aluminate phase
which was observed via morphological changes wih-nesolution TEM (HRTEM).

Besides the encapsulation effect, the SMSI effexs also associated with an interdiffusion of the
noble metal into the oxide support lattice accaogdim the studies by Sun [12] and Hinokuma et
al. [21]. They reported about cationic'Pspecies which diffused into the Cglattice forming a
chemical bond like Pd-O-Ce stabilizing the *Pspecies which they derived from electron
microscopy, extended X-ray absorption fine strietyEXAFS) and X-ray photoelectron
spectroscopy (XPS) studies.

A variety of other studies reported about an enbamnt in activity after loading a transition
metal oxide with a noble metal without discussihg potential present SMSI state in detail.
These studies include the work of Jin et al. [2#%}p observed an improvement in CO oxidation
catalytic activity after loading with Pd on hightydered mesoporous metal oxides (mesogfMO
including CeQ, Ca04, MNnyO3, SNQ and TiQ compared to the pure meso-M@hich they
attributed to some metal-support interactions. Tighest activity was obtained for PdACh,
although the greatest enhancement compared toutleenpeso-MQ was achieved for Pd/CeO
Moreover, the studies by Luo et al. [16,23] revddleat the light-off temperatures for Pd loaded
MnOy-Ce(,, FeQ-Ce, and Cg0O4-Ce(, catalysts decreased by 70 °C, 100 °C and 36 °C
compared to the unloaded oxides which they ascribexbme synergetic effect between the Pd
and the support. The Pd/g&n-Ce(; catalyst showed activity already at RT.
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1.3.2 Influenceof the pretreatment on the SM S|

Different pretreatments of the catalyst, whetheoxidizing or reducing atmosphere, are often
reported to induce or have an impact on the SM&lesbetween the noble metal and the

transition metal oxide i.e. on the catalytic adgivi

Skoglundh et al. [24] concluded that a prereduc{ibfo H; 600 °C) of CgO4 supported Pt and
Pd catalysts significantly lowered the light-offrtiperatures for CO conversion by up to 100 °C
compared to the catalyst after peroxidation. Thosil be in agreement with the observations by
Mergler et al. [25], who showed that a reductioetgratment (K 400 °C) increased the light-off
temperature by 75 °C for a Pt/CgOIO, catalyst in CO oxidation compared to an oxidation
pretreatment. In contrast, the work of Jin and awkers [22] pointed out that already a
calcination in air (300 °C) was sufficient to induea SMSI state between the metal Pd and
different mesoporous metal oxides (Ge@aOs, Mn;Oz, SnQ, and TiQ) resulting in an
enhanced CO oxidation rate. However, a subseqeehiction pretreatment (5%,H150 °C)
even further improved the catalytic CO oxidatiotivaties of the catalysts. In contrast, Luo et al.
[26] reported that a reduction pretreatment; (200 °C) of a Pd/CeOcatalyst did not

significantly alter the catalytic activity in CO iobation compared to an oxidation pretreatment.

Until lately, in the particular case of the encdpsan effect, it was well established that the
reduction in H atmosphere at different temperatures (230-500[7(27] or the annealing in

vacuum above 430 °C [17,28] are required to indtee encapsulation. However, recently
Ivanova et al. [20] reported that a calcinatiorad?d/AbO; catalyst in air (550 °C) was sufficient
to induce an encapsulation of Pd by theGAlsupport exhibiting a high activity in CO oxidation

at ambient temperatures.
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1.3.3 Postulated CO oxidation mechanism, inter mediates and active states

In general it is known that the CO oxidation reactcannot proceed in the gas phase at low
temperatures because the reaction is spin forbid@2@h O, first has to dissociate to atomic

adsorbed O to enable the reaction.

It is further known that in the presence of nobketais e.g. Pt, Pd, Rh supported on non-reducible
oxides e.g. Sig) CO oxidation follows the competitive Langmuir-ldivelwood mechanism [29],
described by the equations (1.2-.1.4) where CO @wbs associatively and,@issociatively on

the noble metal resulting in the formation of £O

COyas> CO* (1.2)
Ozgase> 20* (1.3)
CO* + 0% & CO (1.4)
CO* & COyyas (1.5)

*[llustrates the chemisorbed molecule on the notétal.

However, the CO oxidation mechanism on noble metafgported on reducible transition metal
oxides is still not well understood as it is beédvthat the reaction mechanism is very
complicated including the involvement of differémbds of active oxygen species at or close the

metal-support interface [30], carbonates and hygrgsoups [31].

Mergler et al. [25] for example proposed a reacti@thanism where CO molecularly adsorbs on
the Pt and @dissociates on the Co@romoted by the presence of oxygen vacancieswelloby

a reaction to C@either at the metal-support interface or due tggex spillover to the Pt. This is

in agreement with Haruta’s study [32], who postdiathe same CO oxidation mechanism for an
Au/Coz04 catalyst where he proposed in addition some balentarbonate species as reaction
intermediates. Schubert et al. [33] postulated aoki@ation mechanism for an Au/fk2; catalyst
where CO adsorbs on the Au particles andirOa molecular form (&) on the support &
followed by a dissociation at the metal-supportiféce and a possible spillover onto the Au
particles to react with the adsorbed CO. In contira@dHaruta, Schubert excluded carbonates as

intermediates based on their isotope studies.
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A completely different reaction mechanism was plastal by Luo et al. [23] shown in figure 1.4,
where CO molecules adsorb as bidentate carbonates ©@30,-CeQ, support followed by a
reaction with adsorbed oxygen species from the liieeRd via an oxygen spillover proce3shis
would be in agreement with the work by Zou et 84][in which he proposed the same CO
oxidation mechanism on a Pd/CeRnO;, catalyst. Furthermore, Zou included in his model
some active interface JOspecies adsorbed on oxygen vacancies which ardede®r the

formation of the bidentate carbonates.

P, \ :ls sillover
bidentate carbonate ¢~

o O u () [s C P,

YAYA Q n/ 2 qa o
. Ce h \/
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Figure 1.4: CO oxidation reaction pathway over an PdfQeCeQ, catalyst proposed by Luo et al. [23].

In terms of active states of noble metals (e.gdaton state) supported on transition metal
oxides, the studies of supported Pd catalysts ast notable, in which the oxidation state of Pd

providing the active sites for CO oxidation at lewmperatures is controversially discussed.

Schalow et al. [35] found out that the CO oxidatamtivity at low reaction temperatures (T< 170
°C) was significantly higher in the presence of aliet Pd compared to partially oxidized Pd
particles both deposited on a well ordereddzdilm. The work was based on a combination of
multi-molecular beam (MB) experiments amdsitu time-resolved infrared reflection absorption
spectroscopy (TR-IRAS). The lower activity of thgpported partially oxidized Pd was attributed
to the weak CO adsorption on the Pd oxide surfaselting in a lower reaction probability. This
is consistent with the work of Satsuma et al. [B8)hich it was pointed out that the formation of
metallic Pd on the metal oxide supports Ge@d TiQ is essential for the high CO oxidation
activity at low temperatures. Furthermore, accagdio the work by Hinokuma et al. [21], an
increase of CO oxidation at ambient temperaturesnbge than 20 times was reached after the
thermal decomposition of PdO to Pd nanoparticle€e6) support which was demonstrated by
EXAFS and XPS studies.
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In contrast, Luo et al. [37] related the high aityiwf a PAO/CgsZry 5O, catalyst in CO oxidation
to the presence of PdO or/and Pd hydroxide spedeseover, Meng et al. [9] suggested that the
high CO oxidation catalytic activity of a PdO/GPdO,s catalyst synthesized by a solid-
solution combustion method could be explained leyftee PdO species providing CO adsorption
sites in combination with the Pdspecies incorporated in the matrix creating oxygecancies
for activating the @ Priolkar et al. [38] concluded that only?®ibns in the Ce@matrix (1wt%

Pd) provide the active sites for CO oxidation.

1.3.4 Deactivation mechanisms

The deactivation of transition metal oxide basethlgats at low temperatures under CO
oxidation conditions was extensively investigatgdrésearchers and therefore approaches were
applied to prevent the catalysts from deactivatidn.variety of deactivation mechanisms

occurring on the catalyst surface were postulated.

In the case of G@, based catalysts, it is proposed that the deamivatan occur due to an
irreversible reduction of the catalyst’'s surface addition to a blocking of active sites by
carbonyl, carbonate, coke or/and water [39,40]eEmly, the presence of moisture was reported
to strongly deactivate the catalyst at low tempeest [41]. For example, Skoglundh et al. [42]
stated that the presence of moisture strongly peida Pt loaded CqfL,0; catalyst at low
temperatures in CO oxidation. In contrast, Jans$ai. [39] suggested that the reconstruction of

the pure CgO, surface is the main reason for the deactivation.

To prevent the G®, catalysts form deactivation, researches succeeslithdl different
approaches. Jansson et al. [40] suppressed thévddiao by increasing either the,QO ratio
or the temperature from 30 to 80 °C Moreover, lthaai al. [43] reported that the addition of Au

on Cag0, prevented the catalyst from deactivation due testuce at temperatures of -54 °C.

Based on XPS and STEM measurements of a Pg/a8@lyst, Naumann d’Alnoncourt et al. [7]
revealed that the deactivation occurred in two wagtuding changes in the oxidation state of

the iron species and a sintering of the Pd pasticle
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However, moisture was not only reported to actraghibiting factor but was also mentioned in
the context of having a promoting role in CO oxidatin the presence of other transition metal
oxides like FgOs and TiQ.

For example Schubert et al. [33] suggested thatptesence of OH groups on an Au/Bg
catalyst surface even prevents the catalyst fromctdation due to the transformation of

carbonates to less stable bicarbonates.

1.3.5 Catalytic and structural propertiesof the two different oxides Cos04 and yFe,O3

Co304 has been proposed as a promising catalyst invarneactions (e.g. CO, hydrocarbon and
ammonia oxidation, Fischer-Tropsch synthesis). Artistanding high catalytic activity was
achieved in CO oxidation at low temperatures. Thgh lactivity was related to its favorable
redox properties arising from its unique struct@e;O, has a spinel structure based on a cubic
close-packing array of oxide ions where one hathefoctahedral sites are occupied by‘Gmd
one-eighth of the tetrahedral sites by Ceations (see figure Figure 1.3).

@0 @ @ o

Figure 1.3: Crystal structure of the spinel oxide 0g.

Haruta et al. [32] for example reported about ghthoff temperature, also defined agp T
(temperature where 50 % CO conversion is reacloédy, 80 °C over Cg0, in CO oxidation,
while Thorméhlen et al. [42] even found g Df -63 °C. In the study by Xiaowei et al. [43]
Co304 nanorods showed 100 % CO conversion even at -7TH€se differences are apparently
due to different feed composition, different morjagyy, texture and particle and crystallite size
of Co30,.
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Subjecting the G, to a reduction pretreatment, the high catalytiivag at low temperatures
was drastically reduced (increase ofp by 70 °C) [40]. This is in contrast to studies by
Skoglundh, Mergler and Jin (described in chapt8r2).which revealed for noble metals loaded

Co30, catalysts that the reduction pretreatment imprdiaectatalytic activity in CO oxidation.

Concerning the CO oxidation mechanism oveg@;at is assumed that it occurs via a redox

cycle [42,44]. However, the involved active stadas oxygen species are still under discussion.

On the one hand Pollard et al. [44] postulated eh@eism where CO adsorbs on theé"'Caites
followed by the reaction with an oxygen bonded ©Bd" ion to form CQ which desorbs from
the surface. A partially reduced site (oxygen vagans formed which can be reoxidized by
oxygen from the gas phase. This is in agreemerit thi¢ study by An et al. [13] where they
identified the C6" states at the metal-oxide interface of a Pcatalyst as active in CO
oxidation.

On the other hand Jansson et al. [40] proposedchanesm for a CsD4/Al,O3 catalyst, where
CO presumably adsorbs on a®Csite and reacts with a neighboring oxygen bondettie¢ C3*
forming CQ which desorbs from the catalyst surface. Herexygen from the gas phase can
also refill the formed oxygen vacancy to reactividi site again. This would be consistent with
the study by Xiaowei et al. [43], who found out ttHao;O, nanorods which predominantly
expose (110) facets that are rich in®Cexhibit higher catalytic activity in CO oxidaticthan
conventional nanoparticles revealing (111) and Y@8dets and thus have no enrichment if"Co
on the surface. Therefore, he concluded that thigitgcdepends on the amount of Easites.

Possible deactivation mechanisms are discussdthjpter 1.3.4.

Besides the intensively studied {0q, lately also different iron oxides likeFe,0O; yF&,03 and
Fe;O, became attractive candidates to study in theiucsire-activity behavior in low
temperature CO oxidation. Maghemitg=¢,03) for example also exhibits a spinel structure
similar to the CgD4 where F& ions are located in tetrahedral and octahedras sivhile the
charge neutrality is fulfilled by the presence afion vacancies [45]. If the vacancies are filled
with F€*, magnetite R, is formed. However, the activity of these irondes was reported to
be significantly lower compared to &o. El-Sheikh et al. [46] revealed that over a puoa

oxide consisting of R©®, andyFeO;full CO conversion was reached at temperature90f°Z.



1 Introduction 15

However, the very high catalytic activity of difeart iron oxides in CO oxidation was mainly

reported in combination with noble metals [7,193B]T.,

1.4 Aim of the work

Based on the debates and open questions, the dhis efork was to (1) synthesis a{0g and a
yFe,0; supported Pd catalyst(2) characterize the structure and the compasitb the two
catalysts, (3) determine and study the influencé¢hefPd loading and (4) the influence of the
pretreatment (oxidative and reductive) on the gétahctivity in CO oxidation. Furthermore an
insight should be gained into the nature of actitzges (e.g. SMSI state, oxidation states of the
noble metal and the support), reaction intermesliatel inhibiting surface species under relevant
catalytic reaction conditions by meansiofsitu spectroscopic methods to approach towards an
understanding of the CO oxidation and deactivatithanisms together with an identification
of active sites. For the characterization of thracttire and the composition of the catalysts ex
situ methods like B sorption, X-Ray powder diffraction (XRD) and tramssion electron
microscopy (TEM) combined with energy-dispersivdRdy spectroscopy (EDX) measurements
were performed. The influence of the Pd loadinghmncatalytic activity of the catalysts in CO
oxidation was determined via kinetic measurementssiudied via CO/C@Oadsorption followed

by Fourier transform infrared spectroscopy (FTIRH a&O- and @ temperature-programmed
desorption (CO-TPD/@TPD) experiments. Furthermore, the influence & pnetreatment on
the catalytic activity was estimated by subjectihg catalysts either to an oxidation or a
reduction prior to the kinetic measurements andetated with H temperature-programmed
reduction/oxidation (HTPR/TPO) measurements. The appliedsitu spectroscopy studies
includedin situ Fourier transform infraredin( situ FTIR) andin situ ambient-pressure X-ray

photoelectron spectroscopy (APXPS).

! The Co30, was chosen because it is extensively used in its pure state due to its very high activity in CO oxidation at
low temperatures and its even enhanced activity in combination with a noble metal. yFe,0; was chosen as a
support because it has a similar crystal structure to the Co;0,and because it was also reported to be highly active in
combination with noble metals [7].
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Chapter 2

2 Experimental

2.1 Catalyst Preparation

Table 2.1.: Overview of the used chemicals.

Chemicals  Purity / % Producer
Pd(OAc) >99.9 Sigma Aldrich
Co304 >71 % Fluka
vFe03 Sigma Aldrich
SiO, Alfa Aesar
Toluene >99.5 Carl Roth

The oxide supported Pd catalysts were prepared dipess impregnation of 2 g of the oxide
supports CgDs, YFe:03 or SiQ, with 84 mg of Pd(OAg)dissolved in toluerfeto obtain a 2 wt%

Pd loading. After impregnation, the catalysts were dried 80 C for 1h followed by a
calcination step in static air at 400 °C for 4 heTcatalysts were denoted as oxidized Pdgidg;0
PdO/FeO; and PdO/Si@ The PdO/SiQ was only used as a reference catalyst in catalytic
studies. In addition, the pure oxides;OgpandyFe,O3; were prepared as references by calcination

at 400 °C for 4h as well. The oxigEeO5; was in the following denoted as Be.

2 Pd(OAc) could not be dissolved in methanol or ethanol wfoe toluene was taken as a solvent.

* 5 wt% Pd catalyst were also prepared but didn’txshny significant difference in activity (shownappendix).
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2.2 Textural, structural and chemical characterization

2.21 Nitrogen sorption

The N sorption experiments recording full adsorption-adpson isotherms were carried out at
77 K using Micrometrics ASAP 2020 for the pure axglipports G4, F&O3; and SiQ.

The specific surface area (S§A) was determined according to the Brunauer-EmméeiTe
(BET) method. The average pore diameteg) (@d pore volume () were derived from the
desorption branch of the isotherm based on Badeyrer—Halenda (BJH) model. Before the

measurements, the oxide supports were heated°& 80der vacuum for 3 hours for degassing.

2.2.2 X-Ray powder diffraction (XRD)

The XRD patterns were collected on a Philips X’'Hemd XRD-diffractometer using a Bragg-
Brentano focusing geometry with a Cu Kadiation sourcerE0.1542 nm) and recorded in & 2
scan from 5 to 90 ° with a step size of 0.02° artdna per step of 280 s. The calcined catalysts
were directly taken for the analysis or were sule@to a reduction pretreatment externally. The
reduction was performed ex situ in a flow of 5 %iklHe at 100°C for the G@, supported Pd
and at 300 °C for the F®; supported Pd catalysts. The reduced catalysts demeted as
Pd/CoQ and Pd/Fe@ Crystallite phases were identified by comparisio@ diffraction peaks
with standard compounds from the diffraction dasadb Crystallite sizes were calculated from
Scherrer equation using the software package TOMB®Sed on the Rietveld refinement, a

guantification of the different components was otsd for the prereduced catalysts.
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2.2.3 Transmission eectron microscopy (TEM)

The TEM images were obtained using a FEI TECNAI R2UOWIN at the University Service
Center for Transmission Electron Microscopy, Vieturaversity of Technology. It was equipped

with a field emission source and an energy-disgersiRay (EDX) Si detector.

The TEM micrographs including bright field imagésgh resolution TEM (HRTEM) and high
angle annular dark field (HAADF) image were recarder the oxidized PdO/GO, and
PdO/Fe0Os; and the reduced Pd/Co@ed. 100 °C) and Pd/Fgdred. 300 °C) catalysts. The
reduction was performed under the same conditisrtbe@reduction of the samples prepared for
the XRD measurements.

In addition, the scanning transmission electronrasicope (STEM) Hitachi HD-2700 at the
Electron Microscopy ETH Zurich (EMEZ) was utilizéat the analysis of the samples including
the oxidized PdO/G®, and the pure GO, where high angle annular dark field (HAADF)
images were obtained.

The samples were prepared on a carbon film mowmexicopper grid.

2.24 CO and O, temperature-programmed desor ption (CO-TPD/O,-TPD)

The CO- and the £TPD experiments were performed in a continuous fized bed quartz tube
reactor equipped with a quadrupole mass spectron{€mniStar). The experiments were

conducted for all synthesized and calcined@and FgO; based catalysts.

In the case of the CO-TPD measurement, 20 mg ofdltayst was pretreated in synthetic air at
400 °C for 30 min to remove surface contaminantgerAcooling down to RT in synthetic air, 5
% CO in He (50 ml mifl) was purged through the catalyst for 30 min. Reifg this, pure He
was flown and the catalyst was heated up to 60t 10 °C min', while the mass signal of
CO and CQwas recorded.

For the Q-TPD measurement, 80 mg of the catalyst was hegied synthetic air to 400 °C and

held for 30 min in pure £low (10 ml minY). After cooling down to RT, pure He was switched
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on and the catalyst was heated up to 800 °C, vehiteass spectrometer recorded the amount of
desorbed @

2.25 H;temperature-programmed reduction (H,-TPR) and temperatur e programmed
oxidation (TPO)

The H-TPR and the TPO experiments were performed inrdiramous flow fixed bed quartz
tube reactor coupled with a quadrupole mass spaetay (QMS). Prior to the TPO experiment,
the H-TPR was performed. The experiments were condufdeall synthesized G®, and
Fe,0O; based catalysts.

In the BH-TPR experiment, 20 mg of the catalyst was preteat synthetic air at 400 °C and
held for 30 min. After cooling down to RT, a flo 0 % H in He (50 ml mif!) was passed
through the sample and heated up to 500 °C withte of 5 °C mift, while the QMS was

recording the mass signal of.H

After completing the HTPR test, the sample was again cooled down torRHe and the TPO
was conducted. Therefore, the reduced catalysheated in a 10 % 0n He flow (50 ml mift)
from RT to 600 °C with a rate of 10 ° riiinwhile the QMS was recorded the mass signal-of O

2.3 Kinetic measurements
Kinetic measurements were carried out in a contisufiow fixed bed quartz reactor under
atmospheric pressure which was connected to tliegae supply.

The flow rates of the reactants were controlledchybrated mass flow controllers (MKS) for

CO, G and B and rotameters for Nand synthetic air.
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The reactant CO and the product G&ere recorded on-line with a HP 6890 gas chronafy
(GC) equipped with a 6 way-valve for injection, @4Rlot Q column, a Flame lonization
Detector (FID) and a Thermal Conductivity Detedfb€D). The FID was used for quantification
which detected CO and G@s CH after a mechanizing unit with the same sensitiaitg CO
conversion was calculated directly from the rafithe peak areas of CO and £O

The temperature was regulated via an Eurothermeeatyre controller and was measured with a

type K thermocouple placed in the reactor direatipve the sample.

A scheme of the experimental set up is shown mwé@.1.
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Figure 2.1: Scheme of the experimental set up for the catalyeasurements in the fixed bed flow
reactor [47].

20 mg of the catalyst diluted with 100 mg of quastnd was used for all experiments. The
activity of the catalyst was measured after apglyan oxidative, respectively a reductive

pretreatment.
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The reaction gas mixture consisted of 5 % CO and@cl®@, in He (CO:Q = 1:2), while the
conditions during pretreatment for each of the stigated catalysts are listed in table 2.2. A total
flow of 50 ml miri* was chosen for all pretreatment and reaction gasuneis. In the case of the
PdO/Ca@0O, catalyst, the kinetic measurements were also amadun the absence of traces of
moisture (3-10 ppm in the normal feed [43]) by gsincold trap filled with a mixture of ethanol
and liquid N (T= -80°C).

The time on stream experiment (TOS) was performeRTawhere changes of activity were
followed by a GC injections series till no CO corsien was observed anymore, followed by a
stepwise temperature programmed experiment, corgist 3 GC injections every 10 °C (15 min
holding time at each temperature) and a heating @8 °C min. The reactant CO and product

CO, were analyzed in temperature intervals of 10 °C.

Table 2.2: Pretreatment conditions for the investigated gatalused for kinetic measurments.

Pretreatment Oxidation at 400 °C; Reduction;
conditions Y% h; 10 °C mift Y% h; 5 °C mift
(syn. air) (5% Hin Ny)
T at 400 °C at 100 °C at 300 °C
Sample PdO/CGD, Pd/CoQ* Pd/FeQ
PdO/Fe03 Pd/FeQ
Co04
Fe0Os
PdO/SIiQ

*The reduction pretreatment for the Pd/Gofas only conducted at 100 °C because it is kndvahdt 300 °C the GO, already

transforms to the inactive metallic Co.

2.4 Fourier transform infrared spectroscopy (FTIR)

FTIR spectra were taken in transmission mode onmukds Vertex 70 spectrometer equipped
with a mercury cadmium telluride (MCT) detector anith a resolution of 4 cth All FTIR
measurements were recorded in the flow transmissadin equipped with CaFwindows and
containing the sample holder which was connected tgpe K thermocouple, measuring the
temperature, and a ring-shaped heating wire regpilaia an Eurotherm controller. Each
spectrum consisted of 256 scans (recording tinmairg to obtain a good signal to noise ratio. A

background spectrum was recorded of the emptydoeihg He flow at RT, which was subtracted



2 Experimental 22

from all other sample spectra. The spectra weréuated with the OPUS software. For each

FTIR experiment a fresh sample was prepared.

The sample (~ 4 mg) was pressed together with EBm@ support, into a pellet, and placed into
the sample holder. Prior to the IR experiment, tag¢alyst was subjected to an oxidation,
respectively a reduction pretreatment. The proaeduring the pretreatment, the IR adsorption
andin situ experiments are listed in table 2.3. The gas flawese purged through the flow cell
controlled by MKS mass flow controllers. The totiaw rate of the pretreatment gas mixtures
was kept at 50 ml mih while a total flow rate of 25 ml mihwas used for all IR experiments. In
the case of then situ experiments, an online GC and a mass spectrometer coupled to the
exit of the flow cell and recorded simultaneoudhe treactants and the product (defined as
operando FTIR) [48].

Table 2.3: The overview of the procedures for the pretreatméntIR adsorption and the situ
experiments.

Procedures
Pretreatment IR adsorption experiments  insitu IR experiments

Oxidation at 400 °C; ¥z h; 1. 5% CO/CQin He 1. 5% CO + 10 % @in
10 °C min* flow at RT; %2 h He flow at RT; 1 h
(synthetic air)

2. He flow at RT; 1h 2. He flow at RT; 1h
Reduction at 100 °C; %2 h; 3. 5% CO/CQin He 3. 5% CO + 10 % @in
5 °C min* flow from RT to 200 He flow from RT to
(5 % Hp in Ny) °C; 2 °C mint 200 °C; 2 °C miit

4. He flow at 200 °C; 4. He flow at 200 °C;

% h % h

2.5 Ambient pressure photoelectron spectroscopy (APXPS)

The APXPS measurements were performed at the I®&8n line at BESSY IlI, Berlin,
Germany. Details of the set-up have been descredously [49]. Measurements were only
conducted over the PdO/€y, catalyst.
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The catalyst was pressed into a self-supportinggmafid mounted on a sapphire sample holder.
It was subjected to an oxidation pretreatment (@&r Q at 400 °C for ¥2 h at flow rates of 3.5

ml min) in the reaction cell to remove contaminates eagbon.

After cooling down to RT in oxygen atmosphere, teaction mixture (0.5 mbar CO+0Owas
introduced at flow rates of 3 ml mirfor CO and 1.5 ml mih for O, (CO:Q, = 1:2), while a
differential quadrupole mass spectrometer (QMS) ar@C were simultaneously recording the
reactants and the products. The Pd 3d, Co 2p, @ndsC 1s core level spectra were recorded
with appropriated selected excitation photon emsrgiv = 1015, 540, 730 and 465 eV resulting
in the same electron kinetic energieg(E 200 eV).

In addition, a depth profile analysis was appliedthe Pd 3d (hv= 540, 740, 940 and 1040 eV)
and the Co 2p (hv = 1015 and 1215 eV) to obtaiarmation about the atomic composition at
different sample depths. The spectra obtainedffgreint excitation energies were normalized by
the storage ring current and the energy-dependeittent photon flux, which was obtained from

the previous measurements using a gold foil.

The corresponding inelastic mean free path wasuledéd for pure Pd using calibration curves

from the literature [50]. For calculating the atomatio of the fitted areas of the Pd 3d and the Co
2p core levels, the areas were first normalizedh®y atomic subshell photo ionization cross

section, listed in table Al.

The XPS O 1s spectra were calibrated in respettetd@ order peak of the O 1s, while all other
XPS spectra were calibrated with respect to thenFlavel of the O 1s. The fitting of the Pd 3d
doublet was performed with mixed Gaussian/Lorenthimctions, while the relative ratio and the
distance between the 3gand 3d,, core level peaks were kept constant. The subbracif the

background was done by the Shirley method. The exah atomic ratios were obtained by

dividing the calculated areas of the fitted peaks.
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Chapter 3

3 Results and Discussion

3.1 Textural and structural characterization

3.1.1 Ny sorption

The N, sorption measurements were carried out for theethifferent oxide supports ¢,
Fe0Os3 and SiQ.

The obtained M adsorption-desorption isotherms for the three exidre shown in figure Al

(A—appendix).

From the N adsorption-desorption isotherms the texture parammencluding specific surface
areas SSAet, average pore sizes,and pore volume Y which are known to be closely related
to the catalytic properties [51], were calculated are summarized in Table 3.1. For the oxides
Co30,4 and FeO; the texture parameters were very similar with . §SAer of 38.3 and 37.3

g™, respectively. The SiQexhibited a significantly higher S$4r of 88.5 nf g*. We assume
that the SSAer for the different oxides did not change after iggmation of Pd, based on
previous results [10,52]. Thus, it is reasonablditectly compare the catalytic properties of the
Co30,4 and FgO3 based catalysts excluding strong $SAD, and 4, influences. For the SiO
based catalysts, we have to consider the highep&S#hen comparing catalytic properties in

the CO oxidation experiments.

Table 3.1: Textural properties of the pure oxides;0gn FeO; and SiQ.

Sample  SSAer/n? gt D,/ nm V, / cnt g*
C0;04 38.3 16 0.16
Fe0s 37.3 15.8 0.09
SiO, 88.5 21.7 0.3
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312 XRD

X-Ray diffractograms were recordest situ for the oxidized (400 °C) and the reduced (100,
respectively 300 °C) supported Pd catalysts andptive supports to determine characteristic
parameters including crystalline phases, the diigstaizes and the catalyst phase composition.
These structural parameters are known to be cloekdyed to e.g. the metal dispersion and size,
the active sites and overall to catalytic propsr{il]. Panagiotopoulou et al. [53] for example
showed for a Pt/Ti@catalyst that the conversion of CO was stronglyasced with decreasing

crystallite size of the metal oxide support.

The XRD pattern of the GO, based catalysts including PdO4Cg, Pd/CoQ (red. 100°C) and
the pure CgO, are shown in figure 3.1(a) whereas thexJzebased catalysts including
PdO/Fe0;, Pd/FeQ (red. 300°C) and KL6; are represented in figure 3.1(b).
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Figure 3.1: X-ray diffractograms of (a) PdO/g0, (blue), Pd/CoQ(red. 100 °C) (green) and pures0Og
(black) and (b) of PdO/K@; (red), Pd/Fe@(red. 300 °C) (green) and pure,©g¢ (black) recorded at RT.

The diffraction patterns for the oxidized PdO4Og and pure Cg¢D, samples, shown in figure
3.1(a), were identical and included diffraction keavhich can be ascribed to a spinek@p
phase. This indicates that no phase transformdtazh occurred during the impregnation. The
diffraction pattern for Pd/CoQ(red. 100 °C) clearly revealed a partial phasesfiamation of
C030,4 to cubic CoO and metallic Co (Composition: 44 %@0 42 % CoO; 14 % Co). Neither
the oxidized PdO/G®, nor the Pd/CoQ (red. 100 °C) catalyst, revealed diffraction peaks
corresponding to a Pd phase suggesting that tpaiidles were highly dispersed on the catalyst
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surface [54]. Another reason for the absence oPthéiffraction peaks could be the low loading
of only 2 wt%.

In the case of the oxidized PdO4#Be and the pure E®3; sample, the diffraction patterns were
almost identical exhibiting both the presence ofntyamaghemite Fg€3; and a minor amount of
hematite FgO3 (see figure 3.1(b)). In contrast, the Pd/ke€vealed diffraction peaks mainly
related to magnetite E®, and a minor amount of metallic Fe indicating tha0O; had
exclusively transformed to E®, and Fe (Composition: 90 % &,; 10 % Fe). Neither the
oxidized PdO/Fg; nor the Pd/FeQ(red. 300 °C) catalyst revealed diffraction peaksa Pd
phase suggesting the same as fofGzsupported Pd catalysts, that the Pd particles wietdy
dispersed on the catalyst surface. Based on ther@ctEquation, crystallite sizes were
calculated for all C¢D, and FgO3 based catalysts and listed in table 3.2.

Table 3.2: Calculated crystallite sizes for the {0 and FgOs; based catalysts.

Crystallite sizes / nm Crystallite sizes / nm

Sample Co0; __CoO _ Co Sample FE;  FeO, Fe
PdO/CQO; 26.8 7 / PAO/F®;  39.7 7 /
Pd/CoQ Pd/FeQ
ted 100°c) 201 257 108 (VAR 53.8  33.2
C0:0s 31.6 / / FeOs 38.7 / /

Oxidized PdO/CgD4 exhibited a crystallite size of 26.8 nm for the;Op phase, which was
slightly smaller compared to the crystallite siZgpore C@O, with 31.6 nm presumably resulting
from the impregnation process of Pd (see table 2f#¢r the reduction at 100 °C of the catalyst,
a crystallite size of 29.1 nm for the £ phase was obtained indicating that no significant
growth of the crystallite size had occurred. Fa@ €oO and metallic Co phases, crystallite sizes

of 25.7 and 10.8 nm were calculated.

In the case of the oxidized PdO#Bg and the pure KO3 catalysts, similar crystallite sizes of
39.7 and 38.7 nm for the F& phase were obtained (shown in table 3.2). Forrédueiced
Pd/FeQ (red. 300 °C) catalyst, the transformation of BegO3; phase to the E®, and metallic
Fe phases resulted in changes of the crystalltessiThe magnetite k@, phase had a
significantly larger crystallite size of 53.8 nmhie the crystallite size of the metallic Fe
exhibited a smaller value of 33.2 nm compared &b tfi the FgO; phase in the oxidized sample.
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To sum up the XRD results, we can state that tlgstaltite sizes of the GO, based catalyst

were slightly smaller compared to the crystallies of the FgO3; based catalysts.

Loading Pd on G, and FgOs had neither changed the present crystalline phasethe
crystallite sizes of the catalysts enabling the gamnson of catalytic properties between the
supported Pd catalysts and the pure supports, wkitiding strong crystallite phase and size
effects.

In contrast, the change of the phase compositiotdth, the CgO, and FgO; based catalysts
after the reduction process, is important to carsiwhen comparing catalytic properties of the
catalysts. Horv et al. [19] for example, stated #or Au/FeOs; catalyst that the support
composition whether it consists g¥e,03 or a mixture of F¢O, and FeO influenced the catalytic
activity in CO oxidation. Moreover, we can statattthighly dispersed Pd particles are
presumably present on the catalyst surface for,kbtlh CgO, and the FgO; based catalyst,
which is from importance in obtaining a high cat&activity [22,55].

313 TEM

To obtain information about the morphology and &xptietails of particles sizes and shapes of
the metal and the support, bright field TEM, HRTENMd HAADF micrographs in combination
with EDX spectra were recorded. The supported Rdlysds after oxidation and reduction
pretreatment were examined with TEM.

Bright field TEM, HRTEM and HAADF images of the PAT®;0, are shown in figure 3.2.

6)0) rirr]
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Figure 3.2: (a) Bright field TEM and (b) HRTEM image of theidized PdO/CgO, catalyst and (c,d)
HAADF images of the oxidized PdO/gy catalyst. The HAADF images were obtained on thEET
Hitachi at ETH Zurich.

No details about the morphology of the PdQf@pocatalyst could be gained from the bright field
TEM image, shown in figure 3.2(a).

However, HRTEM images of the PdO/Atn catalyst, displayed in figure 3.2(b), indicated
spherical CgO, particles with a homogeneous size distribution peudicle diameters between 10
and 15 nm. Moreover, different crystal planes idoig (111), (311) and (220) corresponding to
Co304, were identified. Nevertheless, characterististlyplanes for PAO or Pd were not found.
Also the HAADF images, shown in figure A2 (a,b)id dot reveal detectable single Pd particles,
and therefore we assumed that the PdO particles ghly dispersed and in the sub-nanometer

range, which is in good agreement with the XRD ltsshown in Figure 3.1(a).

This assumption was proved by the HAADF imagesinbthfrom the STEM Hitachi HD-2700,

shown in figure 3.2(c,d), where bright spots frone tsub-nm range up to 2 nm could be
identified which were assigned to the Pd particlegtthermore, it seems likely that the Pd
particles were epitaxially grown on the support ehhiwas also reported in literature [20].
However, it is not reasonable to calculate a partsize distribution of the Pd particles as the

number of measured particles was too small.

In the case of the Pd/Ce@ed. 100 °C) catalyst, the HRTEM images reveaeathange in the
morphology of the support from spherical partidiesnore angular shaped ones, shown in figure
A3 (c,d), apparently resulting from the phase tiamsation to CoO and metallic Co according to
XRD and EDX analysis. In addition, the HAADF imagesPd/CoQ, shown in figure A3 (a,b),
revealed highly dispersed bright spots with diamseté 1-3 nm. We assume that the bright spots
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correspond to Pd according to the EDX analysis.sAggest that the Pd particles had aggregated

during the reduction pretreatment as they appedarbd larger in size.

Micrographs of the PdO/E®;3, recorded in bright field TEM, HRTEM and HAADF medre

shown in figure 3.3.

Figure 3.3: (a) Bright field TEM, (b) HRTEM and (c,d) HAADF iages of the PdO/F®; catalyst.

The bright field TEM micrograph of PdO/f&&;, shown in figure 3.3(a), revealed that the
particles of the support K&; are almost spherical but irregular in size andvbeh 10 and 100
nm. The HRTEM images, as for example, seen in &#duB(b), revealed (002) crystallographic

planes, corresponding to the PdO phase.

In the HAADF images, shown in figure 3.3(c,d) ,ghti spots with sizes between 5-10 nm could
be observed which were identified as Pd partice®m@ing to EDX (EDX spectra are shown in
figure AB).
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For reduced Pd/R®; (300 °C), HAADF images (shown in figure A4 (e)vealed neither

changes in particle sizes nor in the morphologghefFeOs; support.

To summarize the results from the TEM measuremewtscan state that the Pd particles on
Co30,4 are very small with mean sizes from the sub-nngeaop to 2 nm, whereas the Pd
particles on the R@; are in the size range of 5-10 nm. The reasonhi@differences in the Pd
particle sizes on the @0, and the F£; supports can arise from the difference in the ¢baim
nature of the supports and thus, the interactidgh@Burface with the Pd precursor species during
the impregnation process. Furthermore, the suppoot®, and FeOs; revealed different size
distributions, with a homogeneous particle sizetrithstion for CaO, (~ 10 nm) and an
inhomogeneous one for the,Bg support (10-100 nm). These differences in parstte of Pd
and the supports could influence the catalytic prigs in CO Oxidation and thus, have to be
considered when comparing catalytic propertieshef ¢atalysts, even though the $5Awas

very similar.

3.2 Influence of the Pd loading

3.2.1 Kineticstudiesin CO oxidation reaction

For the kinetic measurements of PdO/Gpand PdO/Fg£; in comparison to the pure ¢y and
Fe,0O3 supports in the CO oxidation reaction (C@#1:2), the catalysts were first subjected to
time-on stream experiments (TOS) at RT, discussathapter 3.5., till a complete deactivation
of the catalysts was reached, followed by tempesghuiogrammed experiments. In order to
compare the catalytic activities, different kineparameters were evaluated from the light-off
curves obtained from the temperature-programmedererpnts. These kinetic parameters
included on the one hand the so called light-affgerature for 50 % CO conversiog °C) and

on the other hand reaction rates r (mblgs) at two different temperatures (50 and 70 °C) at
where the rates were not limited by the pore am fidliffusion (CO conversion < 15 %).
Moreover, activation energies, &J mol') were calculated for differentiating between potahti

different reaction mechanisms and rate determisiags [56,57]. To estimate the contribution of
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only Pd nanoparticles in the catalytic activity, ®gpported on an inert oxide e.g. i@3], was

studied in the CO oxidation experiments as well.

Figure 3.4 shows the light-off curves for PdO4Og PdO/FeOs, PAO/SiQ and the pure oxides
Co30,4 and FgOs.
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Figure 3.4: CO conversion over the PdO/&n, PdO/FgO; and PdO/Si@and the pure GO,
and FegOs; catalysts as a function of temperature. The csti®lyvere previously treated in
synthetic air (400 °C; %2 h) and subjected to timestseam experiments at RT.

According to the Jp values and the reaction rates given in tabletBe2activity follows the order
PdO/Ca0,4 < PdO/Fg0; < Cx0,4 < PAO/SIQ < FeOs. Thus, loading Pd on GO, respectively
on FeO; greatly enhanced the catalytic activity, whiclnisgreement with literature [7,23]. The
greatest enhancement in activity was achieved®iPdO/FgO; catalyst (decrease ofdby 120
°C) compared to pure F®; with a low intrinsic activity (Fo= 230 °C). The activity of
PdO/Ca04 was only slightly increased (decrease gf @y 30 °C), though the catalyst revealed a
higher activity than PdO/EF®; due to a high intrinsic activity of pure ¢y (Tso= 105 °C). The
high intrinsic activity of pure G, was expected as its high activity is well estdigd in
literature [39].

As stated before, PdO/SiCshowed significantly less CO oxidation activity ngqeared to
PdO/Ca0,4 and PdO/F£3 implying that the enhancement in activity cann@sbmply explained
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by summing up the intrinsic activities of the Pdrtigdes (represented by the activity of
PdO/SiQ) and the pure GO, or the FgO; catalyst, respectively.

These results lead to the following discussions@mtlusions.

For PdO/SiQit is well known that the CO oxidation reactioldavs the competitive Langmuir-
Hinshelwood mechanism where @as to adsorb and dissociate on the same sited as CO to
get activated and to enable the conversion of COQg Therefore, a relatively high temperature
(in our case 175 °C) is required. In the case @/Ra;0, and PdO/F£3, the activation of ©
already occurs at lower temperatures revealed bysidnificantly lower light-off temperatures
(Tsg) of 75 and 110 °C which lets us conclude thatsiyeports CgO, and FeOz have a major
promotional effect in activating oxygen species@® oxidation and thus, changing the reaction
mechanism compared to PdO/@iBlowever, at this state we cannot prove if théyear oxygen
activation arise from a present SMSI state at thetahlsupport interface or results from a
bifunctional mechanism where CO adsorbs on Pd aygem on the support followed by a
reaction to CQdue to an oxygen spillover effect to Pd. Furtheenave cannot explain why the
enhancement is greater for the Pd@@zecompared to the PdO/gQ, catalyst. A possible
reason could be a different reaction mechanismlvivwg different adsorption sites resulting from
a different nature of the interaction between tbkel& metal and the support or/and from different
Pd particle sizes (sub-nm to 2 nm for the PdQ@@zacatalyst, respectively 5-10 nm for the
PdO/FeOs) or/and oxidation states of the metal and the supjstrong effects of the slightly
different crystallite and particle sizes of the gogis on the differences in catalytic enhancement

can be most likely neglected.

Table 3.3: Kinetic parameters includingsd reaction rates and the, Ealculated for the supported Pd
catalysts and pure oxides in CO oxidation (50 n@@r+ 100 mbar ¢).

Tso/ °C reaction rate r / mol'sg* 10° E,/ kJ mot*

Sample
at 50 °C at 70 °C
PdO/Ca0O, ~75 3.6 10.9 40
PdO/Fe0O3 ~110 2.5 4.1 38
C0304 ~105 1.2 3.6 66
FeOs ~235 0 0 65

PdO/SIQ ~175 0 0 169
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Besides the 4y and the reaction rates, thg &e calculated and compared in table 3.3. and
resulted from the obtained Arrhenius plots, showrAv. The CgO, and FgO; supported Pd
catalysts exhibited similar,Balues of 40 and 38 kJ mbkuggesting that the rate determining
step might be the same, though the reaction mestmacould differ due to differentsd values as

it was mentioned before [56]. The pure oxides@and FgO; exhibited higher Evalues of 66
and 65 kJ mot compared to the GO, and FeOs supported Pd catalysts suggesting that the rate
determining step of the reaction had changed aftading Pd. For PdO/SiQ the E was

significantly higher with a value of 169 kJ rifatompared to all other investigated catalysts.

Thus, the calculated activation energies over ifferdnt catalysts support the assumption of a
different reaction mechanism over PdOJOpand PdO/Fg€; compared to PdO/SiOAIlso the
reaction orders for the PdO/¢y catalyst which were determined by C. Herzig fromn group
with respect to the CO and the @actants at a temperature of 60 °C, indicatettiemteaction
does not follow the competitive Langmuir-Hinshelwlomechanism over PdO/g@, as they
revealed positive values for both, the CO (0.24) the Q (0.25) reactants.

However, at this state we cannot explain how tlaetien proceeds and where and which kind of
oxygen species (chemisorbed oxygen, sub-surfacgemxysurface oxides or bulk oxide) reacts
with CO. Further studies described in the followimid] provide more insight into the adsorption
sites and surface species on the catalyst surfatéhas, the reaction mechanism and a potential

present SMSI state.

3.2.2 Study of CO and CO; adsor ption behavior by FTIR

In order to find the origin of enhancement in cgialactivity after loading the catalysts with Pd,
the CO and C@adsorption behavior was studied for PdQ@poand PdO/Fg€3; and compared
to the pure C¢D, and FegO; catalysts followed by FTIR spectroscopy. Inforroatiabout
changes of the CO/G(adsorption sites, the nature of adsorbed speciédhe strength of the
CO and CQ@chemical bond to the catalyst surface after logalith Pd were obtained [58,59].

The FTIR spectra of PdO/@0, and pure C¢D, as well as of PAO/F®; and pure F€3; during
5 % CO (50 mbar) in He flow at RT are displayedigure 3.5 (a,c). The time resolved FTIR

spectra recorded in He flow after the CO exposteeshown in figure 3.5 (b,d).
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Figure 3.5: FTIR spectra of the PdO/g0, (blue curve) and the @0, (black curve) catalysts recorded at
RT in (a) 5 % CO (50 mbar) in He flow and (b) 5 % @ He flow followed by flushing in He only (10
and 30 min); FTIR spectra of the PdOBeg(red curve) and the K@s (black curve) catalysts in (c) 5 %
CO (50 mbar) in He flow and (d) 5 % CO in He floalléwed by flushing in He flow (10 and 30 min).
The catalysts were pretreated in synthetic air (4D0% h). The structures of the observed carbsnate
marked with different colored symbols, are visuadiin table 3.4-3.5.

In all FTIR spectra, displayed in figure 3.5, baridsthe region of 2200-2050 ¢hmwere
corresponding to gaseous CO. The IR spectra oPt@/Ca0O, and the pure GO, catalyst,
shown in figure 3.5(a), exhibited similarities balso some differences in the CO absorption
behavior. Both exhibited carbonate/bicarbonate ispein the region of 1800-1100 &min
agreement with previous findings [23,44,60-63]. Mierational bands at 1540 and 1290 tm
could be assigned to bidentate carbonates [60y@ii¢reas bicarbonates gave rise to bands at
1620, 1425 and 1223 chbidentate) and to bands #60, 1390 and 1223 ¢h{mondentate),
respectively [61,62]. The amount of bidentate cadte species relative to the amount of
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bicarbonates was significantly higher on pure@ocompared to PdO/GO,. Similar results
were observed by Luo et al. [23], where bidentatdanates were suppressed in intensity on
Pd/Cg04-Cey compared to pure GOs,-CeQ. They argued the suppression in intensity by a
decreased surface area due to the Pd loading.

Back to our study, the CO adsorption on the Pd@Dgccatalyst further resulted in two
additional weak bands at 2195 and ~1940'cmhere the former could be attributed to linear
bonded CO on Pdand the latter to two different species includimigiged and 3 fold-hollow (3-
fh) bonded CO on Fd64,65]. No CO bands on Pd(2120-2110 cr) neither on Pd (2180-
2160 cnT) [64,65] could be detected suggesting the absefidenic Pd* adsorption sites.
Carbonyl bands bonded to €@r C&* were also not found neither in the high frequeranyge
between 2208- 2120 ¢hmor in the low frequency range between 2080-2060[61]. This does
not surprise as it was reported in literature BB} they are easily removable, respectively easily

transformed to carbonates.

To investigate the strength of chemical bondinghefadsorbed species, time resolved IR spectra
of PdO/C@0, and CgO, were recorded for 60 min in He flow after the Cp@sure shown in
figure 2.3(b). It was revealed that in the casPd®/CaO,, the small amount of CO adsorbed on
Pd® was weakly bonded as the intensity decreased iasagmeared after 30 min. The bicarbonate
species on both catalysts decreased in intenstyvttereas the decrease was more pronounced
on PdO/CgOs. In contrast, the intensity of bidentate carbosatmained constant. Thus, the
bidentate carbonate species were strongly bondbdreas the bicarbonate species were more

weakly bonded to the catalyst surface.

In addition, CQ adsorption experiments were also carried out dd/€d0, and C@Os4, shown
in A13, to find further causes for the differenceaictivities of the PdO/GO, and the CgO..
However, the C@adsorption experiments revealed almost no adsorti CQ neither on the
PdO/C@04 nor on the CgO, catalyst.

In the case of PdO/EF®@; and pure F£3, the CO adsorption behaviors were completely difie
highlighted in figure 3.5(c). On PdO/Kk®; bicarbonates predominated corresponding to bands a
1619, 1411 and 1220 ¢min addition, a sharp and strong vibration ban##4 cni assignable

to linear bonded CO on Pdnd a band at ~ 1930 &ncharacteristic for two species including
bridged (1950 c) and hollow (1916 cif) bonded CO on Pemerged.
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In contrast, on pure E®3; no CO adsorption species appeared at all, whiah agreement with
Daniells’ study [31] of amFe&0; catalyst however in contradictions to other pragiadsorption
studies of different iron oxides reporting CO ags$ion in the form of carbonates [46,66].

However, at this moment we have no explanatiotterabsence of CO bands on purgze

Moreover, the C@ experiments, shown in figure Al4, revealed that, @@s adsorbed as
bicarbonates with bands at 1619, 1411 and 12286 emboth, the PdO/E®; and the Fgs
catalyst. However, in the case of PdO@=% bicarbonates were easily removed in He, in cehtra

to pure FgO; where they were strongly bond to the surface at RT

Table 3.4 summarizes the assignments of the olibelRebands and their corresponding
frequencies and compares them with literature.fidguencies of the assigned IR bands stated in
literature slightly differ from the observed frequées in our study as the IR spectra in literature

were recorded over a variety of different oxides.

We can conclude that loading Pd onsQGgresulted in the following differences in the CO
adsorption behavior compared to pure;@p (1) A higher amount of weakly bonded
bicarbonates in relation to the total amount ofboaates and (2) small amounts of easily
removable adsorbed CO on metallic Pd. For Pd@%ethe addition of Pd even created CO
adsorption sites on the catalyst surface comparguite FeO; with no CO adsorption capacity
at all. These findings are in good agreement whth different intrinsic activities of the pure

oxides and the enhanced activities after loading Pd

Comparing the CO adsorption behavior of ;@9 and FeOs; supported Pd catalysts, it is
noticeable that severely less CO adsorbed on PdP&D/CaO, compared to PdO/R®;,
although the Pd loading is 2 wt% on both catalyBtsssible reasons are discussed in detail in

chapter 3.4.1 involving thie situ studies.
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Table 3.4: Assigned IR bands corresponding to CO adsorbdedospecies and compared to literature.

IR band / ¢m
This work Literature* o ]
Species ¥CO) w(CO) Scheme 3.1: Schematic illustration afarbonates.
Sample PdO/GD, PdO/FgO; PdO/SIQ
i ¥ 6=|¥ © | ¥ -
CO on P4 (linear) 2100 2094 2100 2100-2050 ? ?
CO on P4 (bridged) 1940 ~1950 1990 ~1985 2 é
g é) 3 o © © ©
CO on Pd (111) (bridged) 1939-1948 @ o S ® @
CO on Pd (100) (bridged) 1990-1970 ®
CO on P4 (hollow) 1916 1940 1940-1920 N .
CO on P& (linear) 2140 2140 2120 2120-2110 [64,65] ** [61,63]
CO on P4" (linear) 2150 2160 2180-2160

Table 3.5: IR bands corresponding to carbonate species adsorbthe oxides GO®, and FgO; and compared to literature (different oxides).

IR band / crit

Species ¥(COO) Vv,{COO) v(OH) 3(COH) v(CO)

Sample Ce0, Fel; Literature Ceg0, Fel; Literature GO, FeO, Literature CgO, FeOs Literature Ce0, FeO, Literature
Bicarbonate® 1390 1420- 1660 1650- 3658* 1223 1250-
(monodentate) 1390* 1625* 1180**
Bicarbonated 1425 1411 1440- 1620 1620 1625- 3600 3625* 1223 1220 1250-

(bidentate) 1415 1600* 1180**
Monodendate 1380 1370 1476 1470- 1080-
carbonates 1300** 1530%* 1040
Bidendate¥

carbonates 1030- 1290 1310 1270- 1540 1540 1670-

980 1250%* 1530
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3.2.3 Study of CO and O, desor ption behavior via CO- and O,-TPD

In order to get further insight into the underlyimgchanistic behaviour for the enhanced activity
of the C@O, and FeO; supported Pd catalysts, we investigated whetherPith loading also
changes the CO and,Qlesorption behavior by performing CO- and-T®D experiments.
Herein, we can point out that the lower the desonpiemperature of CO and:@, the weaker is
the adsorption of CO and the easier the availgbalftreactive oxygen species on the catalyst
surface. Therefore, low desorption temperaturesldveuggest a high catalytic activity of the

catalyst in CO oxidation at low temperatures.

Figure 3.6(a) displays the TPD profiles of &iter the CO adsorption, while in figure 3.6(b) the
TPD profiles of Q on the CgO, supported Pd and the pures;Og catalyst are compared.

(a ) PdO/Co,0, ( b) PdO/Co,0,
130 Q135

M
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QMS signal / a.u.

130 Oy (M/z=32)

CO, (miz=44)

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
50 100 150 200 250 300 350 400 450 500 50 100 150 200 250 300 350 400 450 500
T/T T/C

Figure 3.6: (a) CQ desorption profiles during the CO-TPD and (B} T®D profiles of the PdO/GO,
(blue curve) and pure @0, (black curve) catalyst. The catalysts were preslippretreated in synthetic
air (400 °C; %2 h).

For both, PdO/CsD, and CgO4 catalysts, CO exclusively desorbed as,@0ring the CO-TPD,
whereas the desorption temperature for, @@s significant lower for PdO/G0, compared to
Co30,4 concerning the intense Geak with a maximum desorption rate at 130 °C ther
PdO/Ca0,4 and at 200 °C for the @O, catalyst.
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According to the results from FTIR analysis, shawifigure 3.6(a), it seems that the strong,CO
signal in the TPD curves resulted from the desorpif mainly surface bonded bidentate
carbonates and bicarbonates which was also repamtggrevious studies for Ce@CozO4
catalysts [67,68]. In addition small desorptionlsekcated at higher temperatures (at 300 °C for
PdO/Ca04 and 350 °C for Cs,) were suggested to result from the oxidation asgbdption of
deposited carbon. Moreover, the TPD results ind@tdhat CO adsorbed in higher amount on
Cao30,4 than on PdO/CG®, which is consistent with the observations by Jialg[22].

The Q-TPD results exhibited different kinds of oxygersdmotion peaks for the PdO/¢, and
the CqO, catalyst (see figure 3.6(b)). A very clear oxygksorption peak, defined as the alpha
peak, centered at relatively low temperatures & A3 for the PdO/Cs, and of 130 °C for the
Co30, catalyst while the peak intensity on the PdQ@owas significantly higher. This is in
agreement with the previous work by Meng et al, {@jo reported that the introduction of Pd on
Ce(Q promoted the adsorption of easily removable oxygpecies due to an incorporation of Pd
into the CeQlattice and thus, the production of more oxygecaevaies on the catalyst surface.
Trying to attribute the alpha peak in the TPD cutwean specific oxygen species, we can state
from literature [69] that adsorbed, ©an interact with reducible oxides and be incaapex into
the bulk involving the following possible elementateps:

O,(ad)—~0, (ad)~0O (ad)—~0, (lattice).

Li et al. [68] proposed for example that an ionig¢ @dical is the active oxygen species in CO
oxidation. However, at this state it is not possifsbm our study to tell which oxygen species
corresponds to the alpha peak.

For PdO/Fg03 and FgOs, the CO-TPD, shown in figure A9 (a), revealed m&ita CO nor a CO
desorption peak. This is in agreement with the ltedtom the CO adsorption measurements
followed by FTIR (5 % CO in He flow), shown in figri 3.5(c,d) which revealed for PdO4Bg
weakly bonded bicarbonates and carbonyls on P&hieng already at RT and for pure,©g no
CO adsorption at all. Weakly bonded bicarbonated earbonyls on PdO/E®; apparently
dissipated during the flushing with He for 30 mirkRa .

The Q-TPD profile of the PdO/F®s;, shown in figure A9 (b), revealed several oxygen
desorption peaks with maximum desorption rate9aflB0 and 150 °C which were defineduas

B andy. This indicates that there are several easily val@ oxygen species adsorbed on the
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PdO/Fg0O; surface which can be involved in CO oxidation atb&nt temperatures. For

comparison, the 9TPD on pure F€s is planned to be carry out in near future.

To summarize the TPD results, we can concludefthddO/C@QO,, the adsorbed CO was more
easily desorbed as GQower desorption temperature) and a higher amotieasily removable
oxygen was present on the catalyst surface comparpdre CgO,, which is in agreement with
the observed enhanced activity in CO oxidation.

The CO-TPD measurements of the®gbased catalysts are in agreement with the FTIRestu
but did not provide any new insights.

3.3 Influence of the pretreatment

3.3.1 Kinetic studiesin the CO oxidation reaction

With the aim to study the influence of the pretneat on the CO oxidation activity of the {n
and FegO; supported Pd catalysts, the catalysts were s@ojeah addition to the oxidation
pretreatment, to a reduction pretreatment (5 9%8nHHe flow). The reduction was performed at
100 °C for the CgD, supported Pd and at 100 and 300 °C for th©fsupported Pd catalyst.

The catalytic measurements of the reduced catalyste carried out in the same way as the
measurements of the catalysts subjected to theatiw@dpretreatment, as described in chapter
3.2.1.

Moreover, the same kinetic parameters as for thdatively pretreated catalysts includingeT
and reaction rates at 50 and 70 °C were calculated the light-off curves obtained from the

temperature programmed experiments to determine@amgare the catalytic activities.

Figure 3.7 shows the CO conversion plotted as a&timm of temperature for the oxidized
PdO/C@0, and the reduced Pd/CpQred. 100 °C) catalysts, respectively the oxidized
PdO/FeO; and the reduced Pd/Fe@ed. 100 and 300 °C) catalysts.
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Figure 3.7: CO conversion over the (a) oxidized PdOJ@pand the reduced Pd/CoQred. 100 °C)
catalysts and (b) oxidized PdOPg and reduced Pd/FgQred. 100 or 300 °C) catalysts as a function of
temperature. The reduced catalysts were pretr@amahthetic air (400 °C; ¥ h) prior to reduction.

The catalytic activity of the Pd/Cqatalyst, subjected to a reduction pretreatmeri0éat °C,
significantly decreased compared to oxidized Pd@dz@ccording to the increase of they T
value by 60 °C and lower reaction rates, listethble 3.6.

In the case of the reduced (red. 100 or 300 °Clrétd/catalysts, no change in activity could be
observed compared to the oxidized Pd@Zzecatalyst which was indicated by nearly identical
Tso values (~110 °C) and reaction rates.

Our results are in contradiction with most of poas studies [7,22,42] where a reduction
pretreatment of G®, and FeOs; supported noble metal catalysts led to an enhasceof the
activity (see chapter 1.3.2). Naumann d’Alnoncairal. [7] for example observed a decrease of
the T5o value by 40 °C after the reduction pretreatmerthwd, at 250 °C for a Pd@Fe0s
catalyst due to an induced encapsulation. Howeaerording to these authors [7], it is also
possible that the induced encapsulation decomposanioxygen rich CO reaction mixture.
Therefore, we can assume that even if the redugii@reatment had induced a potential
enhancement due to a SMSI between Pd and the $upiegD; the potential enhancement is not
present anymore under the oxygen rich reaction spivere and thus, a similar state of the
catalyst is established as after the oxidationrgadtent.

To conclude, we can state that the catalytic agtoi the C@O,4 supported Pd catalyst is strongly
influenced by the different pretreatments, eittmeoxidizing or reducing atmosphere, in contrast
to the catalytic activity of €3 supported Pd which is unaffected.
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Table 3.6; Kinetic parameters includingsgand reaction rates calculated for the oxidizedthededuced

supported Pd catalysts in CO oxidation.

reaction rate / mol'sg"

Sample Tso/ °C 10°
at 50 °C at 70 °C
PdO/C@0;4 ~75 3.6 10.9
Pd/CoQ (red. 100 °C)  ~135 0 0.7
PdO/FeO; ~110 2.5 4.1
Pd/FeQ (red. 100 °C)  ~110 2.6 4.0
Pd/FeQ (red. 300 °C)  ~110 1.9 4.2

332 HyTPRand TPO

In order to correlate the different influence of tleduction pretreatments on the catalytic activity
of the C@0O,4 and FegOs; supported Pd catalysts with the redox properties, catalysts were
characterized by performing;H PR and TPO experiments. The-FPR profiles of PdO/G®,
and PdO/Fg3 are shown in figure 3.8(a), while the TPO profitdsthe reduced Pd catalysts,
defined as Pd/Co and Pd/Fe, are highlighted ind@u8(b).
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Figure 3.8: Flow reactor (a) TPR profiles of the PdO/GO, (blue curve) and PdO/Ke; (red curve)
catalysts (10 % Kin He flow; heating rate: 5 °C mifh (b) TPO profiles of the reduced Pd/Co (blue
curve) and the Pd/Fe (red curve) catalysts (10,% Ble flow, heating rate: 10 °C mih

The H-TPR profile of PdO/CgD,4, shown in figure 3.8(a), consisted of two overiagppeaks,
including a weak one at ~50 °C and a broad and emtric one with a maximum at ~106 °C.

Based on previous TPR profiles, it is suggested tha former could be attributed to the
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reduction of PdO particles and the latter to the-step reduction of GO®, to metallic Co via
CoO [16]. However, Osakoo et al. [70] also repotteat highly interacting PdO particles with
the support CsD, were reduced at significantly higher temperatafes200 °C. Thus, we could
not exclude that a reduction of PdO also proce@ugdrallel to the reduction of @0, at higher
temperatures.

Furthermore, we want to mention here that the reoluof PdO/Cg0O, take place at significantly
lower temperatures than the reduction of the puwsgOgcatalyst, shown in figure A10 (a). This
can be explained by the dissociation oftbl atomic H on the metallic Pd particles pres&gf [
followed by a spillover of H inducing this early-oeduction of CgO,. This would be consistent
with our suggestions regarding the assignment efpiak at 50 °C to the reduction of PdO to
metallic Pd to accomplish the low temperature rédoof CgO,.

The TPR profile of the PdO/K®; substantially differs from that of PdO/¢,. PdO/FegOs
exhibited one small reduction peak at ~120 °C predaly corresponding to the reduction of PdO
and one intense at ~375°C attributed to the redinaf FeO; to metallic Fe via F©,.

To summarize the TPR results, it can be statedRH&YC@O,4 was reduced at significant lower
temperatures than PdOAEx.

Additional information regarding the redox propesticould be gained from TPO experiments,
shown in figure 3.8(b). The profiles of the Pd/Gmld&d/Fe catalysts were considerably different.
The Pd/Co exhibited three oxygen consumption pda&sted at ~70, 300 and 400 °C. We
attributed the peaks at ~300 and ~400 °C to theidaton of bulk metallic Co to G@, as it
was reported in literature [39]. The peak at 70nii@ht correspond to the oxidation of metallic
Pd together with some Co species as the peak itytevess too high to exclusively assign it to the
oxidation of Pd.

In the case of Pd/Fe, the reoxidation profile résgdawo overlapping peaks, one intense and
broad peak with a maximum at 200 °C and anotheradr@00 °C, which were both attributed to
the oxidation of Fe to ©®; occurring in multiple steps. A peak correspondmhe oxidation of
Pd to PdO could not be identified.

According to the TPO profiles, Pd/Fe was retramefmt in its oxidized state at lower
temperatures compared to Pd/Co.

In conclusion, HFTPR and TPO results revealed that Pd@@zoand PdO/F€; are
substantially different in their redox properties tae support G®, is more easily reduced at
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lower temperatures than the suppori@ebut is harder to reoxidize. However, it has tokbpt
in mind that we mainly record the redox propertéshe bulk phases and small changes of the

oxidation states on the surface relevant for thalgiagc properties might not be detected.

With respect to the TPR and TPO results, we costdbdish a correlation between the different
influence of the reduction pretreatments on theviagtof the CgO, and FeO3; supported Pd
catalysts and the different redox properties. k& ¢hse of reduced Pd/CpQ@ed. 100 °C), the
loss in activity seems to result from a changehan @xidation state of GO, after the reduction
pretreatment indicated by the,-fIPR profile. This is consistent with the XRD rdsuvhich
proved the formation of CoO and metallic Co afteeduction at 100 °C. The inhibition of the
activity by forming the phases CoO and metallic €cassumed to result from a decreased
mobility and availability of surface oxygen compar® CaO, which is known for its highly
mobile oxygen [71]. However, it is not clear if Cahd metallic Co together leading to an
inhibition or only the metallic Co as CoO was aleported to be an active phase in CO oxidation
according to literature [13]. The reoxidation te ttactive” C@O, phase seems to proceed not
easily according to the TPO profile, and theretbie catalyst apparently required relatively high
temperatures to reactivate and form;Qp again under reaction conditions indicated by a
relatively high & value of ~ 135 °C.

In the case of the Pd/FgeQatalyst (red. 100 °C), the Fe oxidation state hiigemained
unchanged during the reduction pretreatment dw@er&datively high stability of the F®; phase
against reduction according to the-HPR and therefore did not show any change in iagtiv
compared to the oxidized PdO#Bg. In contrast, the Pd/FeQed. 300 °C), which also showed
the same activity as the oxidized PdOJGp catalyst, changed its oxidation state after the
reduction pretreatment by forming the FeO and tletatiic Fe phases indicated by the TPR
profile and proven by XRD. However, due to an eagidation of the FeO and metallic Fe
phases, as demonstrated by the TPO profiles, ttadystican easily regain its activity under
reaction conditions resulting in an unchanged #gtigompared to the oxidized PdO4ERs.
Another possibility could be that the availabilapd mobility of active oxygen is still very high
in the presence of FeO and metallic Fe and thuwes,ctitalytic activity is not limited by the

presence of FeO and Fe.
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3.4 In situ studies

In situ spectroscopy studies includimng situ Fourier Transform Infrared (FTIR) and thesitu
ambient pressure XPS (APXPS) were performed on @d), and PdO/Fg£3; under relevant
catalytic working conditions to get a fundamentatlerstanding of the dynamic interactions of
the reactants CO, LQand the product COwith the catalyst surface. The aim was to identify
active states (e.g. SMSI state, oxidation statesjction intermediates and inhibiting surface
species which are the basis for clarifying the Cfdation mechanism and deactivation

mechanisms and for revealing active sites.

341 InsSituFTIR

In situ FTIR spectroscopy was performed over the Pd stigpaatalysts to gain an insight into
dynamic changes of the chemical and structuralreaifithe adsorbed surface species and of the
catalyst itself (e.g. oxidation state and size led Pd particles) on which the C-O stretching
frequency strongly depends on. In addition, infdioraabout relative changes in the amount of

the gaseous reactant CO and the productcoOld be obtained.

3411 PdO/C0304

= Time-On Stream reaction

The time resolvedn situ FTIR spectra of the PdO/g0, catalyst recorded under CO oxidation
conditions (CO:Q= 1:2) at RT are plotted in figure 3.9.
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Figure 3.9: In situ FTIR spectra recorded of PAO/ACQ under reaction conditions (CO;© 1:2) at RT as
a function of exposure time. The spectra were g@ibitt different spectral regions: (a) 2600-1700'@nd
(b) 1700-1100 cr The catalyst was pretreated in synthetic air (4D0% h).

The exposure of the PdO/¢ay catalyst to the reaction mixture resulted in dtiahappearance

of gaseous CQassociated to bands at 2360 and 2338, arhich indicated a CO conversion
already at RT, shown in figure 3.9(a).With ongoiimge of exposure the bands of €@ecreased
gradually and finally disappeared after ~30 minuekicating a deactivation of the catalyst. This
is consistent with our time-on stream experimentshie fixed bed flow reactor, discussed in
chapter 3.5, where a fast deactivation of the gsttdlas also been observed at RT. Surprisingly,
no clear bands corresponding to CO either adsosheidnic Pd* or on Pd species were found
suggesting that there are no accessible Pd adsorpties for CO on the catalyst surface.
However, when the CO gas flow was stopped and Gnlin He was flushed over the catalyst,
the presence of a small band at 2140'amas revealed which apparently corresponded to CO
bonded on ionic Pd species as its stretching frequency is in theoregéported for CO bonded
to Pd* (2120-2110 ci) and P (2180-2160 cril), shown in A20. Another possibility could be
that the band corresponded to a carbonyl band londleCd* or Cd* (2208-2120 cm)

however, this is unlikely as the band was not okt the CO adsorption experiments.

In the spectral region between 1700-1100'cmshown in figure 3.9(b), the formation of
carbonates/bicarbonates species was detected whkiehalready observed in the CO adsorption
experiments but with a greater intensity (see &gBi5(a)). The carbonate bands remained more
or less constant in intensity, in contrast to oaates, which were declining with ongoing time
or in other words with ongoing deactivation of ttealyst. No changes of bands corresponding
to hydroxyl groups (3700-3600 chor physisorbed water molecules (3800-2800'cn the

surface were observed.
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The exact role of the observed carbonates andduinates in CO oxidation cannot be clarified at
the moment meaning that it is not possible to econfivhether carbonate/bicarbonates are
participating in the reaction or they are just fedrindependently of the ongoing CO oxidation
reaction. However, we can most likely exclude thia¢ accumulation of carbonates and
bicarbonates at the catalyst surface inhibits C{daton at ambient temperatures as the former
were decreasing and the latter remained unchangedtensity during deactivation of the
catalyst. This is different to the study by Oh &haflund [72], who reported that the carbonate
and bicarbonate species accumulation on the sudfaad?dO/Ce@catalyst at 50 °C resulted in

a fast decay of activity (Details about the possilitactivation mechanism are discussed later in
chapter 3.5).

By comparison to the CQadsorption experiments, (spectra shown in figui@)Awe suggest
that the carbonate and bicarbonate species werevadting from the chemisorption of the
produced CQ@ as the CQ@ adsorption experiments revealed no carbonate ambst no
bicarbonate formation on the PdO/Oq catalyst surface, respectively. However, the gatal
surface structure might be different in the preseoicthe reaction mixture (increased number of
oxygen vacancies on the surface, different metapsu interactions) than in the presence of
CO, atmosphere, and therefore we cannot exclude ferthat carbonates and bicarbonates arise
from the readsorbed GO

For the bicarbonate species, we can even assuiniadlygarticipate (e.g. act as intermediates or
promoters) in the CO oxidation reaction at RT, lasytare simultaneously decreasing with the
decreasing C® production. Our suggestion on that bicarbonatés@as intermediates is
supported by the results from the CO adsorptioregrpents, shown in figure 3.5(b), which
showed that bicarbonates were weakly bonded anceftie can be easily converted and
desorbed as CO Furthermore, our suggestion would be consisteth whe postulations by
Daniells et al. [31] and Tang et al. [67]. Daniglt®posed that bicarbonates act as CO oxidation
intermediates based on FTIR studies over an A@featalyst, while Tang suggested that
bicarbonates are responsible for the high catafdtovity in CO oxidation over CeffILo;O, at

low temperatures.

In contrast, bidentate carbonates are presumallgartcipating in the CO oxidation reaction at

RT as they are strongly bonded on the catalystaseyfaccording to the CO adsorption
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experiments. On the one hand this would be in ageeé with the study by Tang et al. [67], who
proposed that temperatures of 100 °C and highes veguired to convert bidentate carbonates to
CO, over a Ce@Co030, catalyst, on the other hand this would be diffeterthe studies by Luo

et al. [23] in which they proposed that bidentaisathonates act as intermediates on g0z0
Ce(Q catalyst in the CO oxidation reaction already &t R

Moreover, we can conclude that no CO bonded to lhwetdd was detected indicating the
absence of metallic Pd on the surface at RT. Irirasty apparently small amounts of ionic Pd
species were present on the surface which wasatedidy the appearance of stable CO bands on
Pd*. However, due to the high stability of the adsdr®O-Pd* species, it is unlikely that they
are participating in CO oxidation at these low tengpures. These findings suggest that the Pd
species are not directly involved in the CO rearctib remarks an open question why there are
much less Pd adsorption site for CO compared td*ti@®@/FgO; containing the same amount of
Pd (2 wt%), shown in the following figure 3.11(a).

According to previous studies, the following possibituations (1)-(4) could be responsible for

the strongly decreased amount of Pd adsorptios &iteCO of the PdO/GO, catalyst.

(1) Theformation of an CoOy overlayer onto the Pd particles

The Pd particles could be partially “encapsulatbg”’the support in form of a reduced GoO
overlayer resulted in a blocking of the Pd adsorpsites for CO. In literature the encapsulation
effect was mostly reported after a reduction peginent or a high temperature annealing in
vacuum for the noble metals Pd and Pt on differeatal oxides (TiQ CeQ, FeQ) [7,17,18]
although recently it had been stated that an oxidapretreatment was sufficient to almost
completely cover palladium particles supported dsOA by a thin layer of an aluminate phase

[20]. Details about the encapsulation effect arescdbed in chapter 1.3.1.
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(2) The presence of fully oxidized PdO particles

Another possibility could be that the majority dfet Pd particles are present in their fully
oxidized state under reaction conditions gettinapiized by the support. This would be in
agreement with the observations by Zorn et al.,[48}o reported about fully oxidized PdO
particles supported on AD; which were stable against reduction till tempemdiof 250 °C (in
10 mbar CO) and exhibited no CO adsorption capaatitgll. However, the fully oxidized Pd
particles were obtained after strong oxidizing r@a@tment conditions (1 bar,@t 800-1000 °C),

in contrast to the relatively mild oxidizing condits (10 mbar at 400 °C) that were applied in
our case to the PdO/g, catalyst. Nevertheless, it is still reasonablespeculate about the
presence of fully oxidized Pd particles due tofimet that in our case the Pd particles are in the
size range from sub-nm to 2 nm and get thereforg easily oxidized compared to larger
particles [73]. Furthermore, the support used instudy is a different one (@0,) which could

also have a major effect on the stability of theoRidle particles.

(3) Theformation of a solid solution Coz«PdOy.s.

Another possibility is the formation of a solid stibn, where C8/** ions would have been
partially substituted by P8ions. The incorporation of ionic Pdspecies into the matrix of the
support was mainly observed for catalysts prepasea solution combustion method [38,74],
though lately Hinokuma et al. [21] observed an iposation of P& into a Ce@ matrix after a

conventional wet impregnation method forming Pd-©Hondings.

(4) The CO dissociation on Pd to C and CO,.

A fourth possibility could be that the CO dissoemton the Pd particles resulting in the
deposition of elemental carbon on the catalystaserfind thus, a blocking of Pd adsorption sites
for CO [75]. However, it is still under debate ifi Ban at all dissociates CO to £énhd C at RT

[76]. On Pd single crystals no dissociation waseol=d [76], while some authors have reported



3 Results and Discussion 50

about CO dissociation on Pd nanopatrticles [75,[i7addition, it has been proposed that metal-

support interactions could have an effect on thedi®Sociation [78].

= Temperature Programmed reaction

Subsequently to the time resolvedsitu FTIR studies at RT, a temperature programmnmesitu
FTIR experiment was carried out on the PdQ@ocatalyst in which the temperature was
increased to 200 °C. The FTIR spectra were recoededifferent temperatures including 30,
70, 110, 150 and 200 °C and are plotted in figui®.3
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Figure 3.10: In situ FTIR spectra recorded of PdOACR under reaction conditions (CO;:@ 1:2) as a
function of temperature. The spectra were recoaftiedin situ time on stream FTIR experiments at RT.

Upon temperature increase, a gas phase Bahd at 2360 and 2320 ¢rmappeared at a
temperature of ~110 °C and gradually increased au@ ttemperature of 150 °C, where a
maximum CQ production was reached {J). The temperature of full CO conversion is not in
agreement with the one from the experiment in thedf bed flow reactor cell ¢fax = 120 °C)
due to a different sample amount (different amafractive sites for the reactants) and geometry
of the reaction chamber (different contact timethe reactants with the catalyst surface). The
additional bands between 2360—2320"arere due to physically adsorbed £GBimultaneously
with the increase of the G®ands, a decrease of the carbonate bands lodatéd@ and 1300
cm® (bidentate carbonates) and at 1620, 1425 and &@20(bicarbonates) [61,63] could be
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noticed which is in agreement with the study by@anal. [67]. However, bidentate carbonates
still remained partially on the catalyst surfade temperatures of 200 °C, while bicarbonates
were disappearing already at temperatures of ~C5TRis is consistent with the time on stream
experiments which revealed also a lower stabilify becarbonates compared to bidentate
carbonates. It is likely that the produced L&t least partially originated from adsorbed

carbonates/bicarbonates in the temperature rartgede 100 °C and 200 °C.

The CO adsorption bands on the*Pspecies seem to disappear upon heating up. Dtieeto
disappearance of the CO®dands, it is unclear in which oxidation states Bieparticles are
present under these conditions. Theitu APXPS studies will give further insight into thatare

of the present Pd species under reaction conditions

From thein situ FTIR studies of the PdO/@0, catalyst, we can conclude that CO oxidation is
not limited by a self-poising of Pd by CO and ttere not following the competitive Langmuir-
Hinshelwood mechanism on Pd as we already postulatechapter 2.3 according to the
calculated kinetic parameters (e.ge, Teaction rates, reaction orders). The resulthéuindicate
that CO oxidation most likely proceeds on theg@osupport via carbonate formation. The role

of the apparently present ionic Pd species foc#talytic reaction remains unclear.
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3412 PdO/Fe0Os

= Timeon stream experiment

The time resolvedn situ IR spectra for the PdO/K@; catalyst, recorded under CO oxidation

conditions (CO:Q= 1:2) at RT, are plotted in figure 3.11.
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Figure 3.11: In situ FTIR spectra recorded of PdO#Bg under reaction conditions (CO;® 1:2) at RT
as a function of exposure time. The spectra artteplan different spectral regions: (a) 2500-1760'c
(b) 1800-1100 crh and (c) 4000-2500 ¢ The catalyst was previously pretreated in syitthait (400

°C; % h).

Upon the exposure of the reaction mixture to th®/Pe&O; catalyst at RT, shown in figure
3.11(a), small gaseous G®ands at 2360 and 2338 trappeared which declined already after
10 min. This is consistent with the fixed bed flosactor experiments, discussed in chapter 3.5,
where also a fast deactivation of the catalyst oleerved at RT. Furthermore, linear bonded CO
on Pd* and Pd" ions at 2150 and 2140 €nand in addition linear CO bands on’Rd 2084 crit
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evolved when dosing the reaction mixture. Moreowenather broad feature at ~1930 tm
appeared which was assigned to CO species bond@dfan bridged (~1950 cif) and 3-fold
hollow (3-fh)-bond (~1920 cif) configurations [64,65]. With prolonged expostireg, the band
corresponding to CO bonded in bridged and 3-fh igondtion on P8 species increased, while
simultaneously the bands related to CO linear &@ésbion ionic P, Pd* and metallic PY
species declined. This indicates that CO was ableeduce the supported PdO to metallic Pd
already at RT consistent with observations statquévious studies [35,79].

According to literature [65], it is known that arsstg linear CO adsorption band on°Ad
relation to the bridged and 3-fh bonded CO bandshe&racteristic for the presence of finely
dispersed Pd particles. Therefore, the decreasineafr bonded CO on Pdiuring the reduction
process originated apparently from the transforomaiito bridged bonded CO on ®Pdhis can

be argued by an increasing extent of reductioncam$equently increasing presence of metallic
Pd particles on the catalyst surface resulting ftbenreduction of Pd oxide species. Whether the
reduction process was accompanied by a sinterirtgeoPd particles we cannot confirm at this

stage.

In addition in the low frequency range spectrayahan figure 3.11(b), IR features at 1619, 1411
and 1220 criideveloped which were assigned to bicarbonate specié were already observed
in the CO adsorption experiment, shown in figu@. In the region of ~3700 ¢hsee figure
3.11(c) a loss in intensity was noticed due toss lm isolated hydroxyl groups bonded on the
FeOs. Instead new bands appeared at ~3600" @urresponding to hydroxyl groups of
bicarbonates [60,80]. This clearly indicates thactien of CO, respectively GQwith surface
hydroxyl groups to produce bicarbonates on thelysttgurface [81]. The broad band between
3700-3000 cii which increased with prolonged exposure time cdiddassigned to hydrogen

bonded water molecules bonded on the surface amchating with other adsorbates [82].

To conclude, we observed that a small amount of W&3 produced as long as the reduction of
PdO to metallic Pd proceeded suggesting that thepgZ&@iuction resulted from the reduction of
PdO. At the moment where only metallic°Hdr the CO adsorption were available, the ,CO
evolution stopped due to the well-known Pd selspoing by CO. There may also be an
influence of the increasing amount of hydrogen leohaater molecules on the deactivation of
the catalyst which has to be investigated further.



3 Results and Discussion 54

Furthermore, it is evident that the bicarbonatecigsemainly arise from the readsorbed ,CO
based on the Cfadsorption experiments, shown in figure Al4 (@vealing very strong
bicarbonate bands as it was proposed already hyybetal. [79]. and Wang et al.[83].

Most likely there a dynamic equilibrium exists betm bicarbonates and gaseous, (€3]

shown in equations (3.1-3.2).
CO, + * — *-bicarbonates (3.1)

*-bicarbonates» CO, +* (3.2)

=  Temperature-programmed experiment

Subsequently to the time resolviedsitu FTIR studies at RT, a temperature-programmmesitu
FTIR experiment was performed over the Pd@Izecatalyst in which the temperature was
increased to 200 °C, respectively. The FTIR speeicarded at different temperatures including
30, 70, 110, 150 and 200 °C and are plotted irréigul2(a).

In addition,in situ FTIR spectra over the PdO/Si®@atalyst upon heating up to 250 °C were

collected, and used as a reference and shownurefigj12(b).
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Figure 3.12: In situ IR spectra recorded of (a) PdO/Be and (b) PdO/Si©Qunder reaction conditions
(CO:0, = 1:2) as a function of temperature. The specteewecorded aftén situ time-on stream FTIR

experiments at RT.
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Upon heating the PdO/i@; catalyst in reaction mixture, GGtarted to evolve at a temperature
of ~ 110 °C and increased gradually up to a tentperaof ~ 150 °C where a maximal CO
conversion was reached. () (see figure 3.12(a)). The linear, bridged aniti 8onded CO on
Pd’ bands decreased up to a temperature of 70 °Gecstapre or less in the temperature range
from 70 to 150 °C and finally disappeared at a terafure of ~ 190 °C.

Furthermore, in the carbonate region predominaRdektures corresponding to bicarbonate
species were observed which were constant in thinsity till a temperature of 110 °C was
reached. At this temperature they started to deaimd almost disappeared at 200 °C. Additional
broad bands between 1700 and 1300" ctarted to appear at ~150 °C which were assigmed t
monodentate (1476 and 1383 tnand bidentate (1553 and 1316 Yrearbonates [61,63,82]. As
mentioned previously, bicarbonates presumably &mse the re-adsorbed G®ased on the GO
adsorption experiments, shown in figure Al4. Redusd CQ was not strongly bonded as
bicarbonates on the catalyst surface accordinggd>Q experiments and therefore it is unlikely
that they are inhibiting the CO oxidation rate.aldition, it can be declared that the amount of
mono- and bidentate carbonates was not correlatitly the amount of produced G@s a
relatively high CQ production was already observed at temperaturegeka 110 and 150 °C

where these carbonates were almost absent.

Furthermore, it is important to point out here tbhpbn increasing the temperature from 110 to
150 °C, the C@ production is more than doubled, while the CO cage on Pd kept nearly
unchanged. Therefore, the g@roduction rate is not limited by the CO coveragePd at these
temperatures and therefore the reaction does noeed according to the competitive Langmuir-
Hinshelwood mechanism on Pd which we have alreaxyupated in chapter 2.3 based on the

calculated kinetic parameters.

This conclusion was also confirmed by thesitu FTIR results of the PdO/SiOshown in figure
3.12(b). The spectra of PdO/Si@vealed that the Gproduction rate was limited by the CO
coverage on Pd, specifically by a self-poisoningPaf by the strongly adsorbed CO, as,CO
started to appear at the same temperature (~210wh@je the CO adsorption bands on Pd
disappeared. This is characteristic for a CO oiodatreaction following the competitive
Langmuir-Hinshelwood mechanism on Pd which is welbwn to occur on Pd on inert supports
as SiQ.
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We attributed the different CO oxidation mechan@mPdO/Fg0; compared to PdO/Sieither
to a potential present SMSI state between Pd ap@;Hesulting in low temperature oxygen
activation independent of the CO coverage of Pditbrer to an oxygen activation occurring on
the FeO; surface (e.g. via an oxygen spillover effect) bgathe metal-support interface. CO
oxidation on PdO/F®s; is therefore assumed to proceed via a non-conygetitangmuir-
Hinshelwood mechanism where CO angdBemisorb on two different active sites. In thase,
the adsorption of CO would occur on metallic Pdilevthe adsorption of @would occur on sites
related to FgOs; which are not present on SiQe.g. oxygen vacancies of &, at the metal-
support interface, at the electronically modified Particles). Another possible reaction
mechanism could be the Mars-Van Krevelen mechambere the active oxygen reacting with
CO adsorbed on Pd comes from the lattice of th®fe

As a main and unexpected result of itheitu FTIR experiments we can state that the interastion
between the reactants and the surface of the PdO{Gmd of the PdO/RL©®; catalysts are
completely different. On PdO/@0,4, no bands for CO adsorbed on metallic Pd werecthteat
RT, while on PdO/F£; strong bands corresponding to CO on Pd appeaktesl &t us conclude
that apparently present Pd@n CgO, did not get reduced by CO in the reaction mixtuele

on FeOsz; PdQ got easily reduced. This could result from differ®d particle sizes as the Pd
particles were significant smaller on the;Og (sub-2 nm range) than on the,G¢ support and
thus, more stable in their oxidized state [73]. #heo possibility could be the different nature of
the supports resulting in different interactionshwid (e.g. encapsulation, interdiffusion). Upon
heating up in reaction mixture it seems that Pd® CgO, remains in its oxidized state under
reaction mixture (absence of CO°Rzands) while on PdO/E®s, Pd stays in its metallic state at

least till temperatures of 150 °C (indicated bypsty CO-P8 absorption bands).

Thus, it is assumed that adsorbed CO on metalliorP&eg0O; is involved in the CO oxidation
reaction, while on PdO/GO, there is most likely no CO bonded to Pd specieslwed. Instead,
for PAO/C@0;4 it is assumed that adsorbed bicarbonates on th@,Gupport participate in the
CO oxidation reaction at RT (as intermediates aynpoters) whereas bidentate carbonates
apparently not. For PdO/f@; carbonates did not act as intermediates as tlsenedd
bicarbonates apparently resulted from a readsaorptib CQ. However, for both catalysts,
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PdO/Ca0, and PdO/F&;, there are clear indications that the CO oxidateasction does not

follow the competitive Langmuir-Hinshelwood mectsamnion Pd.

3.4.2 Insitu Ambient-Pressure XPS (APXPS)

To study the changes of the oxidation states cifiRHC@O, and the surface composition of the
PdO/C@0, catalyst in correlation with the CO oxidation &ityi, synchrotron baseth situ
APXPS at various degrees of surface sensitivity peaformed under relevant catalytic reaction
conditions. Furthermore, the technique should gm®rmation about the role of carbon
containing species (e.g. carbonates, elementaboaidis possible intermediates or deactivation

factors.

The Pd 3d, Co 2p, O 1s and C 1s core levels wemded under reaction conditions (CQ0
1:2) and at two different temperatures (RT and 40P However, the O 1s core levels could not
be reasonable evaluated as a dehydroxylation ofuHface was noticed by to the photon beam.
The Pd 3d spectra recorded after pre-oxidationrfh&r Q at RT) and under reaction conditions
(0.5 mbar CO + @at RT and 100 °C) for the lowest kinetic photorergry (200 eV) i.e. in the

most surface sensitive mode and are shown in figLre.
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Figure 3.13: Pd 3d XPS spectra recorded before (0.5 mbhaat@T) and under reaction conditions (0.5
mbar CO + Qat RT and 100 °C) with a photon excitation enesfj$40 eV. The spectra were obtained
after an oxygen pretreatment (0.5 mbaraD400 °C) of the sample. Herein only the fittenives of the
Pd 3d,,are shown.

The analysis of the Pd 3d doublet of the Pd@@zsample under oxygen atmosphere (0.5 mbar
O,) at RT, shown in figure 3.13, suggested the pmaEseri two different Pd species including
P& (PdO) and P (PdQ). The 3@, peaks were located at binding energies of 336.7 eV
(FWHM = 1.2) for P4" and at 338.1 eV (FWHM = 1.5) for fdn agreement with the literature
[84]. Furthermore, the small peak at 339.9 eV d#ibated to a satellite peak 8f the PdO [84].
Additionally, a broad peak at an average value4&-346 eV was observed which could not be
identified as it is too intensive for a palladiuxiae satellite peak [85]. Further investigations ar
required to identify this peak.

The Pd*/Pd* ratio was calculated from the areas of the fiftetttions and turned out to be 0.70.
The atomic ratio of P&/Pd™* increased from 0.70 to 0.88 and stayed constaifit prblonged
exposure time of the reactants. The slight incréase 0.70 to 0.88 surprises as a decrease of the
Pd*/Pdf* was expected due to the presence of the redugiegt &0 in the reaction mixture.
However, it has to be kept in mind that largertierrors can arise from a bad signal-to-noise
ratio of the spectra and therefore it remains aroehether the increase in the*BPBd ratio is

in higher orders compared to the error range. Thpug can conclude that both ionic species

Pd* and Pd" were stable when dosing the reaction mixture ataRd@ were not reduced to
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metallic Pd by CO in the reaction mixture whichrsexcellent agreement with our situ FTIR
studies (chapter 3.4.1).

When increasing the reaction temperature from RIQ® °C, the PH/Pd™* ratio kept more or
less constant (PdPd*= 0.89). Thus, we can declare that the temperanerease from RT to
100 °C under reaction conditions has no effecthentd*/Pd* ratio.

With respect to the activity of the PdOACR catalyst, we observed a high activity of the gestal
at RT during the start of the reaction but a fasdativation with ongoing reaction based on the
data recorded by MS, shown in figure A24. In costirédhe activity at 100 °C was high and
stable. This is in agreement with the results fidmetic measurements in the fixed bed flow
reactor and then situ FTIR studies, described in chapter 3.2.1 and 3.4.1

We can conclude that the present Pd species uhddnigh active and deactivated state of the
catalyst at RT are Btland Pd" and thus, are not correlating with the catalytitivéty of the

catalyst.

Surprisingly, the P was even present during the pretreatment of thalysa at 400 °C
(Pd"/Pd* = 0.69), though it was reported in literature ttiet P4" decompose at 200 °C [86].
However, lately other groups proposed that it carstabilized by the interaction with oxides
such as Sn§ PdO and AIO; [84,85]. Therefore we suggested that thé&"Ret stabilized by the
Pd** species or by the G0, support. Another possibility is that the peak tedaat 338.1 eV is
actually not belonging to the highly oxidized “Pdut rather to highly dispersed Pd species
strongly interacting with G, the by forming e.g. a Pd-O-Co moiety [87] resgtiither from
interdiffusion of P& species into the GO, lattice or the formation of an overlayer of Go@h

Pd. The potential formation of a Cp@verlayer would also explain the increased fRif* ratio

when dosing the reaction mixture.

Table 3.6: The calculated P§Pd* ratios at different atmospheric conditions andpteratures.

Condition Ratio of
Pd"/Pd*
Atmosphere T/°C
0.5 mbar @ 400 0.69
0.5 mbar @ RT 0.70
0.5 mbar CO + @ RT 0.88

0.5 mbar CO + @ 100 0.89
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In the Co 2p region under oxygen atmosphere (0.&rr@b) , the Co 2p, core level peak was
centered at 779.6 eV and a weak and broad satpkitk appeared between 789-786 eV
indicating the presence of €y [71], shown in figure 3.14(a). No modification tbfe peaks in
the Co 2p region could be verified when dosing résction mixture, during the reaction with
time or when heating up to 100 °C. This let us btaohe that the reaction mixture has no
influence on the surface chemical state of thei&uies in the temperature range from RT to 100
°C, clarifying also that the surface oxidation stat Co does not correlate with the activity of the
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Figure 3.14: XPS spectra of (a) Co 2p (b) C 1s recorded before mbar @ at RT) and during the
reaction (0.5 mbar CO + @t RT and 100 °C) with a photon excitation enasfy§015 eV for the Co 2p
and 465 eV for the C 1s. The spectra were obtaifted oxygen pretreatment (0.5 mbarad 400 °C).

The C 1s spectra of PdO/€y, recorded under oxygen atmosphere (0.5 mbaraé presented

in figure 3.14(b) and exhibited two small peaks284.4 eV and 288 eV, where the former
corresponds to carbon (amorphous, graphitic, E8])and the later to carbonates [89] indicating
that the oxidation pretreatment could not compjeteimove the carbon containing species on the
surface. Upon dosing the reaction mixture the tatabunt of the carbon and the carbonates
species increased in relation to the total intgnsitthe Co 2p peak. The ratio of the peak
intensities of carbonates:carbon amounts to 1:Iningdhat carbonates and carbon are present in

the same amount on the catalyst surface. Howawarj4 in disagreement to the assignments of
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the peaks in the CO-TPD curve, discussed in ch&oBeB which suggested a significant higher
formation of carbonates compared to carbon. Theease of carbon upon dosing the reaction
mixture apparently results from a dissociation dd @ C and C® while the increase of

carbonates arises from the adsorption of CO amdagreement with thien situ FTIR studies. In

contrast, a slight decrease in intensities of e ¢evel peaks in the C 1s region was noticed
with prolonged exposure time at RT, shown in fig@&A(a). The decrease of carbonates is
consistent with the observations in the situ time on stream FTIR experiments where
bicarbonates partially declined. Thus, we can raghxelude that carbonates, respectively carbon
formation causes the deactivation of the catalypbn heating up to 100 °C, no change in the C

1s region could be noticed, plotted in figure 34(

It is assumed that the carbon had deposited orCt®, support and not on the Pd oxide
particles as the intensity of the Pd 3d core led&snot change when the total amount of carbon
increased after dosing the reaction mixture. A pidé carbon deposition covering the Pd
particles would be detected in form of a decreasatensity of the Pd core level peak due to the
fact that the amount of deposited carbon is alfmsttimes higher than the amount of Pd on the

surface (The atomic ratio C:Pd amounts to 3.7).

To obtain the chemical compositional distributidntlte Pd and the Co species from different
information depths, a depth profile analysis wasdumted. For the depth profile analysis of Co
2p only two different excitation energies, incluglit050 and 1250 eV could be chosen as the
energy range of the synchrotron based X-Ray radiatias limited towards higher energy values
(~1500 eV). In the reaction mixture no significahange of the P&Pd* ratio with increasing
sample depth, shown in table A2, could be noticeithar at RT nor at 100 °C concluding that
there was no enrichment of any of the ionic Pd iggeon the surface. Furthermore, it can be
pointed out that the atomic ratio Pd:Co was diffiefer two different information depths of the
sample, shown in table 3.7. The atomic ratio ofCdfor the very surface sensitive conditions
(Exin = 200 eV) amounted to 0.02 while the less surfeeesitive spectrum (& = 400 eV)
exhibited an atomic ratio of 0.03 (increase of 3Rvhich suggests that the sample is enriched in
Co at the topmost layers. However, based on thepositional information from only two
information depths, it is difficult to draw any iable conclusion with respect to a potential

enrichment of the Co species at the outermost&itéyers arising from an encapsulation effect.
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Table 3.7: Excitation energies and kinetic energies of the3d and Co2p core levels with the
corresponding inelastic mean free paths (IMFP)lemental Pd [50] and the calculated atomic ratio
Pd:Co. The spectra were recorded under reactiogitemms (0.5 mbar CO+g at 100 °C.

Eexcitactio/ €V Atomic
IMFP .
Exin / €V (Pd) /A* ratio
Pd3d Co2p C1s Pd:Co
200 540 1050 445 6 0.02
400 740 1250 645 9 0.03

In conclusion, than situ XPS results confirmed the presence of two stableo¥de phases,
namely PdO and PdQon the PdO/CsD, catalyst surface. No evidence for the existence of
metallic Pd was found which is in excellent agreemwith the in situ FTIR results.
Furthermore, no correlation between the activitytioé catalyst and the amount of PdO,
respectively Pd@could be established. Whether the stability of Plo&} species resulted from
an encapsulation effect cannot be proved at thi®.sThis motivates to further investigate the
role of the highly oxidized Pd in CO oxidation. Mower, the surface oxidation state of Co did

not correlated with the catalytic activity as well.

3.5 Deactivation

The final chapter concerns the stabilities of thtalysts at RT.

The PdO/CgO,, the PAdO/Fg; and the pure GO, catalysts were deactivating at RT under
reaction conditions (CO:£= 1:2) according to the time-on stream studiethenfixed bed flow
reactor, shown in figure 3.15, and in thesitu FTIR cell, shown in figure 3.9, 3.11 and A16. For
PdO/Ca0O,, deactivation at RT was also observed in the APXBBunder reaction conditions
(0.5 mbar CO +¢) according to the conducted MS analysis of thepglese composition at the
exit of the flow cell, shown in figure A24. The puFeO; catalyst exhibited no activity at RT at

all and is therefore not discussed here.
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Figure 3.15: (a) CO conversion over the PdO/Og (blue curve) and the PAOA&R (red curve) catalysts
at RT as a function of reaction time. (b) CO cosia@r over the PdO/GO, catalyst at RT in normal feed
(blue curve) and dry feed (black curve)The catalystre previously subjected to an oxidation
pretreatment a0 °C for %2 h.

When comparing the stabilities of the PdOJ/Og9 PdO/FgO; and CgO, catalysts under reaction
conditions after a reaction time of 30 min at R@e $igure 3.15(a), we can note that PdQ@o
was the most stable catalyst (loss of only 5 % @ c@nversion) followed by GO, (loss of 70
% in CO conversion) and PdOAEe with the lowest stability (complete loss of itstigity).
However, after a reaction time of 70, respectivElp min also CgD, and PdO/CgO, lost their
activities completely and therefore none of thalyats exhibit long-term stability at RT which is
consistent with the time resolvadsitu FTIR experiments.

For the PdO/F£; catalyst, then situ FTIR study indicated that the fast deactivationthod
catalyst at RT resulted from the ongoing reducpoocess of PdO to metallic Pd as it is known
that metallic Pd gets self-poisoned by CO resulimgn inhibition of the CO oxidation reaction.
Whether the reduction process is accompanied bintarig of the Pd particles cannot be
answered at this state.

In contrast, for the PdO/@0, we can exclude a deactivation at RT resulting fleomeduction
process of the PdO particles and a resulting seffeming of Pd by CO as the presence of only
oxidized Pd species, namely PdO and Rd@as evident based an situ APXPS andin situ
FTIR. Moreover, the decrease in CO conversion atiRThot originate from a relative change of
the oxidation state of the oxidized Pd specieshasRd"/Pd* ratio kept constant during the
deactivation of the catalyst. Furthermore, the amdation of carbonate species or the deposition

of carbon as a reason for deactivation could adésexzluded based on the C 1s core level spectra
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derived from then situ APXPS, andn situ FTIR studies. Also a reduction of €y could not be
verified as a deactivation mechanism with respe¢hé Co 2p core level spectra. However, it is
guestionable if a slight reduction of £n e.g. at the metal-support interface could alrelagly
detected via a change in the Co 3p spectra as & atalysis might not be sensitive enough.
Our observations are consistent with the obsematiy Jansson et al. [39] on pure;Ogin CO
oxidation, who did not observe a deactivation duearbonates, carbonylssor an irreversible
reduction of CgO,4 and instead suggested a reconstruction of th®Lsurface as the reason for

deactivation.

The reason for the difference in the stabilitieshed PdO/CgO, and the CgO, catalysts with
prolonging reaction time cannot be clarified asthoint as the time resolvedsitu FTIR spectra
at RT, shown in figure A16, showed besides theefadecrease of the G@and over the GO,

compared to the PdO/g@, no significant difference neither in the hydroxgdrbonyl nor in the

carbonate region.

The fixed bed flow experiments were also carried iouthe reaction mixture applying an
additional drying step with a cold trap (“dry fe¢diver the PdO/Cf, catalyst at RT, shown in
figure 3.15(b), to estimate the influence of maiston the catalytic activity. In our study the
catalyst had deactivated in the normal feed affem@énh while in the dry feed it lost its activity
completely after 110 min. Therefore, we proved that moisture is a deactivation factor at RT
which was also revealed by thesitu FTIR studies, shown in A18(a), and is in agreenvatit

the study by Skoglundh et al. [42]. However, th&utts also indicate that moisture is not the only
reason for deactivation of the catalyst and furtheknown deactivation processes apparently
occur in parallel. Then situ FTIR, shown in figure A18, further revealed thia¢ texclusion of
moisture increased the stability of bicarbonatesnduime-on stream experiments. However, the
formation of bicarbonates need the presence ofdxytigroups on the catalyst surface and thus,
it is believed that the dry feed contains somedte=s of moisture. Further investigations are
required to find the fundamentals of the increastdbility of bicarbonates and the underlying
deactivatior mechanisrn of moisture.



Chapter 4

4 Summary and Outlook

In this work C@O, and FeO; supported Pd catalysts were successfully syntbesiz
characterized and studied in their catalytic penfomce in CO oxidation (CO:O= 1:2) after
different pretreatments (oxidative or reductiveja ¥x situ methods, namely,{dorption, XRD
and TEM, structural information (texture and morolgy) of the catalysts could be gained while
chemical information (redox and adsorption/desorptthemistry) was obtained through FTIR
spectroscopy, CO- and,OPD, H-TPR and TPO measurements. In additionsitu methods,
namelyin situ FTIR spectroscopy and situ APXPS, provided deeper insight into the chemical
nature of Pd states, surface species and adsomateEsiunder relevant reaction conditions and

thus, CO oxidation and deactivation pathways.

The two catalysts with similar surface areas wemethesized by wet impregnation method
yielding highly dispersed Pd particles with a meae of sub-nm to 2 nm on the £ and of 5

to 10 nm on theFe O3 support according to TEM images.

The kinetic CO oxidation studies revealed thatrdfiading Pd on Cf,, respectively Fgs an
enhancement of the activity for both catalysts welsieved with respect to decreased dnd
increased reaction rates. The greatest enhancemaeuntivity was achieved for the PdOBg
catalyst (decrease ofsgf by 120 °C) compared to pure ;B8 with a low intrinsic activity
(Ts= 230 °C). The activity of the PdO/€la, was only slightly increased (decrease gf @y 30
°C), though the catalyst revealed a higher actithgn PdO/F£; due to a high intrinsic activity
of pure C@O4 (Tse= 105 °C).

The following findings derived from CO- and,@PD and CO adsorption experiments followed
by FTIR were in good agreement with the differertinsic activities of the pure oxides and the

enhanced activities after loading Pd.
C0304 Vs Fe0s:

= CO adsorption as carbonates on purg@zdweakly bonded bicarbonates and strongly

bonded bidentate carbonates)
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= No CO adsorption on pure f&2;
After loading Pd on Co30y:

(1) Very small CO adsorption on metallic Pd sites

(2) Increase of the amount of weakly bonded bicarbenate
(3) Decrease of the total amount of carbonates

(4) Lower desorption temperature of CO as,CO

(5) Higher availability of easily removable oxygen
After loading Pd on Fe,Os:

(1) Large CO adsorption on metallic Pd sites (weaklydsal CO on Pd)

(2) Formation of weakly bonded bicarbonates

Interestingly, these findings clearly show soméedénces in the CO adsorption and desorption
behavior on the two supported Pd catalysts. iWidgtu studies under relevant catalytic working
conditions it was shown that the Pd catalysts aeldubited different Pd oxidation states, surface
species and adsorptions sites under reaction consliand thus, different CO oxidation pathways
and intermediatesn situ FTIR studies revealed that CO did not bond to Hiet&d and solely
very small CO-P# bands were present under reaction conditions stiggethe presence of
PdQ species. In contrast, for PdO#Bg strong CO bands on metallic Pd were detecteddirea
at RT indicating the reduction of PdO by CO. The-B® bands on PdO/EL©; were also present
at higher temperatures (~150 °C), where a full @@version was observeth situ APXPS
proved the absence of metallic Pd onn@pand revealed the presence of two oxidized Pdsstate
namely P&’ (PdO) and Pt (PdQ,). During the course of the reaction i.e. whendaglyst was
altered from an active to an inactive state, thie &f Pd"*/Pd** kept constant. Thus, a correlation
between the oxidation state of Pd ons@pand the activity could not be established. Thbikiya

of the highly oxidized PU species was suggested to result from an intesiifuof the PY ions
into the CgOy lattice or coverage by a Coayer forming Pd-O-Co bonds.

Besides the small CO adsorption on ionid*Psbecies on PdO/GO,, in situ FTIR further
revealed that CO had mainly adsorbed as two diffekinds of carbonates, namely weakly

bonded bicarbonates and strongly bonded bidentatbooates, where bicabonates were
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decreasing and bidentate carbonates kept constintdecreasing COproduction. In contrast,
on PdO/FgO; only bicarbonates were evident under reaction itimmd which were found to

result from readsorbed G@ccording to C@adsorption experiments.

Based on these results, CO oxidation pathways dimou involved intermediates can be
postulated. For PdO/GO, it is assumed that the reaction proceeds via lbacetes serving as
intermediates on GO, with PdO and Pd®acting as promoters. Over PdO/Bg the reaction
apparently proceeds via CO adsorption on metadisikes while carbonates are not involved as
intermediates. As an explanation for Pd presedifferent oxidation states on the £ and the

Fe 03, the different Pd particle sizes, observed in HRIM&/and the different chemical nature of
the supports resulting in different metal-suppatetiactions (e.g. charge transfer, encapsulation,
interdiffusion) are assumed. Furthermore, the tesabicate that the CO oxidation rate is not
affected by a CO poisoning of Pd for both catalyatsl the supports @04, respectively F&3
provide active oxygen (lattice or chemisorbed oxyga or close to the metal-support interface.
Thus, the reaction does not follow the competitiagmuir-Hinshelwood mechanism on Pd
(CO and @ compete for the same active sites) which is wetvin for Pd supported on inert

oxides e.g. Si@

Moreover, the influence of the pretreatment wagss=d by subjecting the catalysts to either an
oxidation (synthetic air flow) or a reduction (5H4 in He flow) prior to the kinetic CO oxidation
measurements. After the reduction pretreatmentcé#talytic activity of the Pd/CoQ(red. 100
°C) catalyst decreased while the activity of Pd/Fé@@d. 100 or 300 °C) was unaffected. The
different influence of the reduction pretreatmentthe catalytic behavior of the catalysts was
attributed to the different redox chemistry. Fof@&alD, the decrease of the catalytic activity was
ascribed to the phase transformation fromg@oto CoO and metallic Co resulting in an
insufficient availability of active oxygen. The ufexted activity of Pd/FeQafter the reduction
pretreatment can be explained by a higher stalaiiginst reduction of the }&; phase and thus,

higher availability of active oxygen species.

Finally, deactivation of the catalysts during tlmuise of reaction at RT was investigated. The
time on streann situ FTIR studies revealed that the deactivation ofRH©®/FgO; catalyst at RT

occurred due to a reduction of Bd© metallic Pd by CO in reaction mixture.
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For PdO/CgO,, it was found out that a low content of moistur8 ppm) decreased the stability
of the catalyst at RT. Though, carbon and carbosatxies were observed under reaction
conditions, they could be excluded as reasonsdactilation as they were not increasing during
the course of deactivation. Furthermore, a redoatibthe surface of the support {0 or the
oxidized Pd phases were not evident during theedeser of activity according ta situ FTIR and

in situ APXPS. Nevertheless, according to our results tmeds not the only deactivation factor

at RT and other unknown deactivation processesrapig occur in parallel.

In near future, for PdO/E8s, in situ APXPS studies would be useful to get more insigtat the
active phases of Pd and,Bg, CO oxidation pathways. In addition, a comparisbthe Pd core
level intensities with those of PdO/&, would help to reveal a potential present encapisala
of Pd by CoQ.

In addition, low-energy ion scattering (LEIS) [9€An be a useful surface analyzing method to
reveal the potentially present encapsulation obyd CoQ layer by determining the quantitative

chemical composition in the outermost layer bub &hsthe second or third layer [91].

To clarify whether Pd in the unusually high oxidatistate is stabilized by a dispersion within the
Cao30, lattice via forming e.g. Pd-O-Co moieties, extehdéRay absorption fine structure
(EXAFS) studies shall be performed to get an insigko the local chemical and structural
environment of the ionic Pd species by determititegbond length, the coordination number and
most important the nature of neighboring atomsumasinding coordination shells (e.g. Pd-O-Pd,
Pd-O-Co) [38]. To obtain surface sensitive spetitmatotal electron yield or the elastic Auger-

electron yield [92] is usually detected.
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Appendix A
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TEM

A

Figure A2: The (a-d) HAADF images and (e,f) HRTEM of the PG&0,. (c,d) were obtained from the
STEM Hitachi at Zurich where the bright spots reprging the Pd particles.
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10 am)

Figure A3: (a,b) HAADF and (c,d) HRTEM images of the Pd/Gdf@d. 100 °C) in HRTEM images of
the PdO/Ce¢

O..
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Figure A4: (a,b) Bright field TEM and (c,d) HRTEM imagestbe PdO/FgD; catalyst and (e) HAADF
image of the Pd/Fe(red. 300 °C) catalyst.

EDX

Figure A5: EDX spectrum of the bulk phase of PdO/Co304 cparding to figure A2 (a).
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Figure A8: Light-off curves for CO oxidation over (a) & and CoQ (red. 100 °C), (b) F©; and FeQ
(red. 300 °C), (c) 5 % Pd/K@;, (d) 2 and 5 wt% PdO/GO, and (e) PAO/CQ, in dry and normal feed.
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Figure A9: (a) CQdesorption profiles during CO-TPD of the PdQ®£(red curve) and the Ke;
(black curve) and (b) Qdesorption profiles during TPO of the PdOBgcatalyst.
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Figure A10: H,-TPR profiles of the (a) PdO/@0, (blue) and the GO, (black) and (b) PdO/R©; (red)
and FeO; (green).
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CO-TPR
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Figure A12: FTIR spectra of the (a) PdO/gy and (b) PdO/F®; and (c) CgO, catalysts in 5 % CO
(50 mbar) in He flow. The catalyst was previoudigtpeated in synthetic air (400 °C; % h).
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Figure A13: FTIR spectra of PdO/GO, (blue) and CgD, (black) in 5 % CQ@in He flow at RT. The
samples were previously subjected to an oxidatietrgatment at 400 °C.
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Figure Al4: FTIR spectra of (a) PdO/K; and (b) FgOs recorded in 5 % C£(50 mbar) in He flow and
in pure He flow after 10 and 30 min. All spectrareveecorded at RT and after an oxidation pretreatme

at 400 °C.
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Figure A15: FTIR spectra of the (a) PdO/Co@ed. 100 °C) and (b) PdO/Fg@ed. 100 °C) catalysts in

5 % CO (50 mbar) in He flow.
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Figure Al6: In situ FTIR spectra recorded of ¢y under reaction conditions (CO:;© 1:2) at RT as a
function of exposure time and plotted in the spéetinge of (a) 2500-1800 ¢hand (b) 1800-1100 ¢
The catalyst was previously pretreated in synthadti¢400 °C; ¥ h).
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Figure Al17: In situ FTIR spectra recorded of PdO/Pg under reaction conditions (C0O;0 1:2) at 130
°C as a function of exposure time. The catalyst pvasiously pretreated in synthetic air (400 °Ch}z
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Figure A18: In situ FTIR spectra recorded of PAOACR in dry feed under reaction conditions (CQ©
1:2) at RT as a function of exposure time and etbih the spectral range of (a) 2500-1800"emd (b)
1800-1100 cil. The catalyst was previously pretreated in syithat (400 °C; ¥ h).
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Figure A19: In situ FTIR spectra recorded of PdO/Sitnder reaction conditions (CO:6 1:2) at RT as
a function of exposure time. The catalyst was jasly pretreated in synthetic air (400 °C; %2 h).
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Figure A20: In situ IR spectra recorded of PdO/CR under reaction conditio{§0:0, = 1:2) and in He
flow (10 and 30 min).
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Figure A21: In situ IR spectra recorded of &5 under reaction conditions (CG;6 1:2) as a function of
temperature plotted in the spectral range of (804IB00 crit and (b) 2800-1100 cf The spectra were

recorded aftein situ time-on stream FTIR experiments at RT.
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Figure A22: Insitu IR spectra recorded of (a) PdO/Co304 in dry fewtl(d) Pd/FeOx (red. 100 °C)
under reaction conditions (CO:0 1:2) as a function of temperature. The catalygst previously
pretreated in synthetic air (400 °C; %2 h).
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Figure A23:. XPS spectrum (survey scan) of the freshly Pd@dZ oatalyst.
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Figure A24: QMS signal of C@(m/z = 44) as a function of time under CO oxidatimnditions (CO:@
=1:2) at RT and at 100 °C.
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Figure A25: XPS spectra of (a) C 1s, (b) Pd 3d and (c) Cae2prded during the reaction (0.5 mbar CO
+ O, at RT) at the start of the reaction (t = Omin) aftér a reaction time of t ~ 60 min with a photon
excitation energy of 465 eV. The spectra were abthafter oxygen pretreatment (0.5 mbaa0400

°C).

Table Al: Atomic cross sections for photo ionization of t#lectrons from the core levels Pd 3d, Co 2p

and C 1s.

Eyin /eV Atomic cross sections
Pd 3d Co 2p Cls
200 2.84 0.643 0.323

400 1.456 0.4121 0.131
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Table A2: Kinetic and excitation energies of the Pd 3d dewels with the corresponding inelastic mean

free paths (IMFP) in elemental Pd [50] and the waled atomic ratio PtPd®*. The spectra were
recorded under reaction (0.5 mbar CO# & RT and at 100 °C.

MFP
/Em P IPE* P IPE

Atomic Atomic
Ratio Ratio

at RT at 100 °C

Ekin/ Eexcitatior{
eV eV

200 540
400 740
600 940
800 1140

6 0.91 0.88
9 0.83 0.89
12 0.91 0.80
15 0.90 0.89

Table A3: Calculated atomic ratio P@Pd* recording during an active and inactive catalgtate of the

catalyst under reaction (0.5 mbar CO 5 & RT.

Catalytic
state

Atomic
Ratio Pd*/Pd*
at RT

active
inactive

0.87
0.83
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Abbreviations

APXPS  Ambient Pressure X-ray Photoelectron 8pscopy
BET Brunauer, Emmett and Teller

DFT Density functional theory

EDX Energy dispersive X-ray spectroscopy

EXAFS Extended X-ray absorption fine structure

FTIR Fourier-Transform infrared
FID Flame ionization detector
GC Gas chromatograph

HAADF High angle annular dark field
HRTEM High resolution TEM

IMFP  Inelastic mean free paths

MS Mass spectrometer

RT Room temperature

SMSI  Strong metal-support interaction
STM Scanning tunneling micrograph

TEM Transmission electron microscopy

TPD Temperature programmed desorption
TPO Temperature programmed oxidation
TPR Temperature programmed reduction
UPS Ultraviolet photoelectron spectroscopy

XANES X-ray absorption near edge structure

XRD X-Ray diffraction
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