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Abstract/Résumé

The catalytic after-treatment of exhaust gases from gasoline engines requires simultane-
ous abatement of CO, NO and hydrocarbons and is commonly called three-way catalysis
(TWC). Perovskites based materials like LaFeO3, regarded as intelligent supports, are be-
ing considered as potential candidates as alternative TWC in context of reducing noble
metal content. Such bulk catalysts often demonstrate variable surface compositions in
comparison to the bulk. Since surface determines the catalytic performance in heteroge-
neous catalysis, deeper understanding of the surface characteristics especially under rele-
vant reaction conditions becomes imperative. To this end, LaFeO3 based model catalysts
relevant to conventional catalysts have been investigated by combination of advanced
suface analysis techniques like XPS, LEIS and ToF-SIMS to study the existing surface vari-
ations. In addition, catalysts behavior was studied under CO atmosphere by NAP-XPS and
GI-XANES. This methodology allowed to reveal that inducing a La-deficiency in the struc-
ture helps to improve the catalytic performance due to an interfacial effect. In addition,
the different catalytic operating modes of Cu or Mn substituted perovskite powders were
determined by in situ/operando Raman spectroscopy.
Keywords: perovskites, surface analysis, three-way catalysts, in situ/operando spectroscopy

Le post-traitement catalytique des gaz d’échappement des moteurs à essence néces-
site la conversion simultanée de CO, NO et des hydrocarbures. Ce procédé est connu sous
le nom de catalyse trois voies (TWC). Les matériaux à base de perovskites comme LaFeO3,
décrits comme des supports "intelligents", sont considérés comme des candidats poten-
tiels dans la recherche d’alternatives aux catalyseurs trois voies classiques, dans un con-
texte de réduction de leur teneur en métaux nobles. Ces catalyseurs massiques présen-
tent en surface une composition souvent différente de leur formule chimique, qui car-
actérise ces matériaux dans leur volume. Etant donné que, en catalyse hétérogène, la
surface est déterminante pour les performances catalytiques, il est impératif de mieux
comprendre les caractéristiques de la surface, en particulier dans des conditions aux plus
proches de celles de la réaction. Ainsi, des catalyseurs modèles plans à base de LaFeO3,
imitant les catalyseurs conventionnels sous forme de poudre, ont été étudiés en combi-
nant des techniques avancées d’analyses de surface comme XPS, LEIS et ToF-SIMS pour
étudier les variations de surface à différentes échelles de profondeur. De plus, le com-
portement des catalyseurs a été étudié sous atmosphère CO par NAP-XPS et GI-XANES.
Cette méthodologie a permis de révéler qu’une composition déficitaire en La induit dans
la structure permet d’améliorer les performances catalytiques grâce à un effet d’interface
entre la perovskite et une phase minoritaire d’oxyde de fer. En outre, les différents modes
de fonctionnement catalytiques de poudre de pérovskites substituées au Cu ou Mn ont
été déterminés par spectroscopie Raman in situ et operando.
Mots-clefs : perovskites, analyses de surface, catalyseurs trois voies, spectroscopie in situ

et operando





General Introduction

Exhaust gases from mobile sources are a major source of global air pollution. Indeed, in-

ternal combustion engines, whether using petrol or diesel as fuel, emit gases like carbon

monoxide (CO), unburnt hydrocarbons (HC), nitrogen oxides (NOx) as well as particu-

late matter. To regulate the level of such pollutants in the atmosphere, governments of

different countries have laid strict emission standards that all automotive vehicles must

abide with, such as, Euro 6 in the European Union, China V in China and Bharat Stage

IV in India. The after-treatment of the released pollutants are performed by the catalytic

converters located near the tailpipe of the automotive engines. It consists of a catalyst to

eliminate CO, HC and NOx simultaneously, and are thereby commonly known as Three-

way catalysts (TWC). Such TWC are usually comprised of platinum group metals (PGMs)

such as platinum, palladium and rhodium as the active-phases supported as nanoparti-

cles over various oxides like ceria, zirconia, alumina etc. The usage of PGMs in this system

makes it quite expensive owing to the imbalance in demand and supply arising from the

social and environmental exploitation during mining. Moreover, commercial TWC cur-

rently used have been shown to undergo fast deactivation with time due to sintering of the

noble metal nanoparticles under harsh operating conditions. This makes it imperative to

decrease the PGMs content in TWC by at least partial replacement by other active mate-

rials, while maintaining the catalytic performances for longer duration. This objective is

the keystone of the PARTIAL-PGMs project (2016-19), which received funding from the

European Commission Horizon 2020 research and innovation program. The PARTIAL-

PGMs project aims at developing integrated TWC-particulate filters systems based on

nanomaterials with a reduction of more than 35% in PGMs and 20% in rare earth ele-

ments content by increasing catalytic performance and/or by tuning their properties by

replacement with transition metals.

A potential material that can be utilized as TWC is a perovskite-type mixed oxide with

general formula ABO3, which has been investigated by several researchers since the last
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decade owing to their high thermal stability, better resistance against sintering and com-

position versatility that allows tuning their properties by partial substitution at the lattice

sites. However, such bulk materials have been observed to undergo composition varia-

tions at the surface compared to the bulk. Surface being the site of interest for hetero-

geneous catalysts, it must therefore be investigated in details for getting an in depth un-

derstanding of such active materials. Furthermore, the precise evaluation of the surface

properties and its dynamics under operating conditions also makes it possible to fine-

tune the catalyst composition towards improved catalytic performances. Therefore, the

objective of this thesis work is to investigate a Fe-based, PGM-free perovskite oxide based

on LaFeO3, from both the surface and bulk properties point of views by means of a smart

combination of advanced characterization techniques. More precisely, the effects of per-

turbing the LaFeO3 stoichiometry by La deficiency at A site and substitution at B site are

investigated in details in the present work.

The approach involves relevant surface models of LaFeO3 in the form of thin films

keeping their properties similar to that of conventional powder catalysts. This is carried

out mainly by maintaining polycrystalline nature of the thin films. Such model catalysts

provide better surface to bulk ratios, less charging issues with various analytical methods

and act as discrete model materials with control of the film thickness in the desired range.

The validation of the model catalysts is done by direct comparison to that of similarly syn-

thesized powder catalysts. The surface and bulk of the relevant models are investigated

by combination of surface techniques like XPS, LEIS and ToF-SIMS together with bulk

techniques like Raman and XRD. The different LaFeO3 based catalysts are further studied

under TWC relevant reactive conditions in in situ/operando modes to understand the sur-

face/bulk dynamics by using in situ GI-XANES, NAP-XPS and/or in situ/operando Raman

spectroscopy. This work focuses on not only investigating surface properties and reactiv-

ity of such bulk catalysts by combination of complementary surface and bulk techniques,

but also the scope of each technique to characterize perovskite-type materials.
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Chapter 1

Literature review

1.1 Perovskites and automobile-exhaust pollution

1.1.1 Context of three-way catalysis in automobile engines

With rising concerns about air pollution and the environment, stricter emission standards

for automobile vehicles are being initiated worldwide to ameliorate the air quality. Like-

wise, European emission standards state strict limits for exhaust emissions that all new

vehicles must abide with. Such legislation have come into action since 1992 with Euro 1

while Euro 6 was the previous stage introduced in September 2014 [1]. It is believed that

more stringent limits are likely to be enforced for Euro 7 in 2020, particularly in terms of

reduction in the CO2 production. To this end, gasoline-based automobile vehicles have

been installed with catalytic converters, developed and patented by the French chemical

engineer Eugene Houdry in the United States. Since the 1970s, these have been installed

at the engine tailpipes to remove the most hazardous gases produced in the automotive

exhaust.

The chief pollutants formed by gasoline combustion engines are carbon monoxide

(CO) and unburnt hydrocarbons (HC) caused by incomplete combustion of the fuel to-

gether with nitrogen oxides (NOx) formed by the thermal fixation of nitrogen from air at

very high temperatures during the course of the combustion process. Their release into

the atmosphere is evaded by three way catalyst (TWC) installed within the catalytic con-

verter, which plays the simultaneous role of oxidizing the CO and HC into carbon dioxide

and water and reducing the NOx into molecular nitrogen via a redox process. The major

reactions taking place during three-way catalysis are presented below [2]:
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Chapter 1. Literature review

Oxidation reactions:

2 CO+O2 → 2 CO2 (1.1)

CnH2n +
3

2
n O2 → n CO2 +n H2O (1.2)

NO-reduction reactions:

2 CO+2 NO → 2 CO2 +N2 (1.3)

CnH2n +3n NO → n CO2 +n H2O+
3

2
n N2 (1.4)

2H2 +2NO → 2H2O+N2 (1.5)

In reaction 1.5, hydrogen is produced by side reactions like the water gas shift reac-

tion between CO and H2O and the steam reforming reaction of hydrocarbons and water

to form H2 and CO2. The presence of hydrogen may assist in the reduction process, how-

ever, excess of it can result in undesirable ammonia production.

A heat engine undergoes combustion using fuel and oxygen from air and thereby their

relative quantities play an important role in the distribution of exhaust gas composition.

This is given by the air/fuel ratio (AFR) in a running engine defined as,

AFR =
mass of air

mass of fuel
(1.6)

According to Fig.1.1, the maximum removal of the main pollutants is ensured at the

stoichiometric AFR, marked by the dotted zone. For a gasoline and diesel powered engine,

the stoichiometric AFR value is 14.7:1 and 14.5:1, respectively. Conversion above 95% is

possible only within a narrow window of operation where the AFR is controlled accurately.

However, there are always small fluctuations originating from the time required for the

composition adjustments, making the air-fuel control system quite transient in nature

[3].

In reality, automobile engines do not work exactly at the stoichiometric AFR. The ratio

between the actual and the stoichiometric AFR is called lambda (λ) as given by,

λ =
actual AFR

stoichiometric AFR
(1.7)

When the AFR is higher than this stoichiometric value, it is referred to as a lean mixture,

2





Chapter 1. Literature review

surface area materials such as alumina, ceria, zirconia etc. Platinum and palladium are

known to catalyze the oxidation reaction possessing intrinsic reactivity, robustness and

thermal stability as necessary for automotive applications. On the other hand, rhodium

is active for NOx reduction with an ability of reaching decent NOx conversions at stoi-

chiometric and near-stoichiometric regimes while maintaining a lower selectivity towards

ammonia formation [7]. The wide utilization of PGMs in the catalytic converters makes

the entire system not only expensive but also one of the main industrial consumers of

such critical raw materials. In fact, more than 50% of the world’s platinum is required

by the automobile industry [8]. Hence, it becomes imperative to reduce the amounts of

PGMs, especially platinum, in order to bring down the cost and anticipate the potential

scarcity of such precious metals.

Moreover, under working conditions the catalytic converter containing the TWC, which

is placed close to the engine, can reach very high temperatures of up to 1000◦C. Such

harsh operating conditions make the catalyst vulnerable to sintering of the noble metal

nanoparticles and/or their diffusion into the support as the catalyst ages, leading to its

deactivation [9]. This leads to the necessity of scientific attention on not only reduction

of the actual amount of PGMs used in such systems, but also enhance their catalytic lives

by replacing, at least partially, with more enduring catalytic systems, such as a perovskite-

type mixed oxide, with none or least amount of PGMs content.

1.1.2 Perovskite type-oxide

Perovskites are mixed oxides with a general formula of ABO3, where the larger cation A

is coordinated to 12 oxygen atoms and the smaller cation B takes the octahedral sites in

the lattice framework, as shown in Fig.1.3. A mixed oxide can have a perovskite structure

when the Goldschmidt tolerance factor (t) as given below, lies between 0.8 and 1 [10],

t =
rA + rO

p
2(rB + rO)

(1.8)

where the radii of A is rA, B is rB and that of the oxygen ion is rO.

The archetipal perovskites have a cubic structure with t=1. On the other hand, lower t

values lead to distorted structures with orthorhombic, rhombohedral or tetragonal sym-

metry. The A-cation is usually a rare earth, alkaline earth or alkali metal element like La,

Sm, Pr, Ba, Ca, Sr, Na or K, while the B-site mostly comprises of a transition metal cation.

4











1.1. Perovskites and automobile-exhaust pollution

to the weakly bound O−/O−
2 species formed during calcination on the transition metal

sites of the perovskite surface. On the other hand, the β-oxygen desorption occurs at

higher temperatures and originates from the bulk of the perovskite lattice. Their yield and

desorption temperatures are dependent on the calcination temperature and are usually

characterized by temperature-programmed desorption (TPD) experiments. They further

result in two different redox mechanisms for the catalytic reactions. In the suprafacial

mechanism involving the α-oxygen, the reactant molecules are activated by providing an

appropriate adsorption site, while the intrafacial mechanism involves the consumption

of the β-oxygen from the bulk, which later gets replenished by adsorption, dissociation

and finally the incorporation of gas phase oxygen atoms. The type of mechanism is de-

termined mainly by the reaction temperature, as in case of oxidation of methane that

occurs suprafacially below 800◦C and above that, intrafacially [24]. CO oxidation follows a

suprafacial mechanistic route, which occurs by the adsorption of CO species followed by

its interaction with the adsorbed dissociated oxygen species [25]. Additionally, NO reduc-

tion follows an intrafacial pathway. NO adsorbs dissociatively onto an oxygen vacancy,

then two adsorbed N-species combine to form a nitrogen molecule [26]. The oxygen va-

cancies are replenished by the reducing gases in the feed such as CO.

In spite of several benefits of perovskites for TWC application, there are few issues that

must be addressed to make them most relevant in real catalytic conditions. They usu-

ally have low surface areas (<5 m2g−1) due to the high calcination temperatures of up

to 1000◦C required during preparation of such oxide phases. However, this drawback is

addressed to a large extent by suitable synthesis methods and as high as 100 m2g−1 of

specific surface area has been achieved, for instance, by nano-casting approaches by in-

filtrating perovskite precursor solution into pores of a host material like SiO2 [27, 28]. Also,

perovskites generally have low tolerance to sulfur-based poisons, which tend to improve

with noble metal substitution in the structure [29, 30]. Moreover, the operative window

of PGMs-free perovskites is narrower and they are intrinsically less active as compared to

the ones with PGMs [31]. In spite of the few hitches to be tackled, it is possible to success-

fully bring down the PGMs concentration to a large extent and thereby the overall cost.

Henceforth, the perovskites have already been commercialized as a constituent of TWC

in Japan in 2002, thanks to their self-regeneration abilities [32].
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for a A substituent such as the Sr here. After light sputtering (40Ar+ at 500 eV), the sub-

surface beneath was revealed with clear appearance of the B-site signal. Finally, with

prolonged sputtering bulk composition is reached representing the bulk stoichiometry.

The intensity of the Fe peak is slightly decreased in the bulk compared to the sub-surface

[42]. This signifies a B-enriched region in the sub-surface of the perovskite. Such segrega-

tion in perovskites is considered to be caused by the existence of surface charges caused

by charge mismatch of A3+O2− and B3+O2−
2 planes in A3+B3+O2−

3 perovskites in the form

of secondary phases such as oxides, hydroxides or carbonates of A cation at the surface

[43]. Further, Ding et al. and Lee et al. [44, 45] have also identified cation size mismatch

causing strain in the lattice, as another driving force for the surface reconstruction. The

A-enrichment further gives rise to the B-rich zone or in other words, an A-depleted re-

gion just underneath the outer surface. Such observations in perovskite oxides were also

reported by other authors for La0.65Sr0.35FeO3, SrTiO3 and BaTiO3 [46–48].

This surface segregation is also seen in related mixed oxide phases such as Ruddlesden-

Popper (A2BO4) and double perovskite phases (AA’B2O5) and can be considered as a gen-

eral trend of such materials [42]. It is therefore imperative to understand the occurrence

and extent of such segregation or enrichment in a perovskite to predict if such surface

phenomena may affect catalysis by, for instance, blocking the active sites.

Moreover, the actual reaction conditions under high temperature can cause the sur-

face characteristics to change further. Blanck et al. [37] observed that the relative intensity

of La and Fe LEIS signals for La0.7FeO3 catalysts strongly changed after successive expo-

sures of CO followed by NO as shown in Fig.1.11, which was explained by the mobility of

the segregated iron oxide species during the reaction at higher temperatures.

Time-of-flight secondary ion mass spectrometry (ToF-SIMS): It provides elemental

and molecular information from ∼1 nm of the top surface by mass spectrometric detec-

tion of the secondary ions generated from ion bombardment, with excellent detection

limits (ppm-ppb) even for light elements. It can in addition provide spatial images (lat-

eral resolution of ≃100 nm) as well as depth profiling information by combining a sec-

ond sputter gun. ToF-SIMS is widely used in the field of electrochemistry, where per-

ovskites are frequently used as materials for energy storage and conversion [49]. It is

also gradually standing out as an effective method for surface sensitive analysis of cat-

alysts [48, 50, 51]. Several perovskite-based materials have been studied by ToF-SIMS in
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1.3 Towards advanced characterization of catalysts

1.3.1 Model catalysts

Looking at the catalyst before and after reaction only provides information regarding the

surface composition, structural or morphological modifications of the catalyst and not

the real picture during the catalytic process when it is performing its action. Most often a

catalyst is only screened after optimization by trial and error method and therefore some

scientists have even referred to catalytic research as magic rather than science [94]. To-

day many advances have been made to understand catalysis in more details by for exam-

ple, studying model catalysts by in situ approaches. Deeper understanding towards the

important aspects of catalysis can be studied by a systematic model approach, by varia-

tion in the complexity of the investigated materials in ambient condition, as proposed by

Sauer et al. [95]. Fig.1.22 presents a pictorial representation of different type of model sys-

tems as a function of complexity that can enable to understand the essential features of a

catalyst under working conditions in a step-by-step manner. Such an approach allows to

receive the small pieces of relevant information unraveling more realistic picture of cat-

alyst interaction to finally help with better fundamental understanding for designing a

catalyst. Thus, in simple words, a model catalyst is inspired from real heterogeneous cat-

alyst, which is prepared for understanding of a complex phenomenon by simplifying the

system. The objective of studying such models is to gain information regarding a catalytic

system such that it can allow us to understand and ameliorate current catalyst and not

merely for exploring new catalysts for practical applications [96]. The strategy to prepare

relevant model catalysts is to reduce the complexity of the system while compromising

to the minimum on the features of the real catalyst [97]. Models catalysts can be in the

form of metal single crystals representing the active phase, for e.g. Rh(100) for CO oxida-

tion, or oxides supported metal clusters as thin films, e.g. Au on TiO2 single crystal for CO

oxidation reaction to study the metal-support interaction [98].

Material and pressure gap: Heterogeneous catalysis being a surface driven process

makes it imperative to study effectively the surface properties of the model catalysts. Sur-

face science-based technology to understand such model materials are not straightfor-

ward and come with challenges such as pressure and material gaps. The catalyst sur-

face is analyzed mostly by ultra-high vacuum (UHV) based surface analytical techniques

compared to the higher pressures in real catalytic conditions required by industrial appli-

23





1.3. Towards advanced characterization of catalysts

lishing a reliable structure-function relationship. Several efforts are being made by sci-

entists since more than 40 years to look at atomic scale information while bridging these

existing gaps [97]. To this end advances towards development of in situ and operando ana-

lytical experiments are on the rise to better understand the structure-activity correlations

[99–101].

In situ/operando approach

As mentioned above, deeper mechanistic insights in a heterogeneous catalytic reaction

can be acquired by combining advanced characterization techniques with in situ/operando

characterizations. The recent development of optical, electronic and ionic spectroscopies

as well as imaging techniques has opened the way to the depiction of active phases at the

atomic and molecular scales. When the spectroscopic measurement is run under con-

trolled conditions, it is termed as in situ spectroscopy. An in situ experiment involves the

simultaneous functioning of a physico-chemical characterization technique with a com-

bination of external constraints. In case of heterogeneous catalysis, such constraints can

include the temperature, reactant feed, atmosphere and presence of an electric field or a

light source. This approach has been developed in the 1950s for studying the structure

of adsorbates originating from interaction of CO with silica-supported Pd, Ni, Pt and Cu

materials using infrared spectroscopy [32]. There are by now numerous spectroscopic

techniques available, which can provide a share of the required information regarding

any catalytic system.

One step further was taken with the emergence of the operando concept, whose guid-

ing principle is based on the simultaneous characterization of the catalyst and measure-

ment of catalytic performances, thus building a direct structure-activity correlation. This

approach has been introduced in 2002 by Perez et al. [102] by operando Raman investi-

gation of Sb-V-O catalysts during propane ammoxidation with simultaneous recording of

the catalytic yield, highlighting the presence of new phases which were not detected in

the calcined samples.

Most techniques operating in situ are not directly surface-sensitive. Taking into ac-

count the fact that the catalytic processes take place at the outermost surface of the cata-

lysts, a decent description may require additional efforts in the depiction of the exposed

surface. Obtaining such fundamental information in bulk materials with intrinsically low

surface areas is difficult since most techniques fail to discriminate between the surface
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1.4. Conclusions and thesis outline

their behavior under more realistic catalytic conditions such as under CO at high tem-

peratures, in direction of bridging the pressure gap. At most stages, the model catalysts

are compared to powdered catalysts for verifying their relevance as suitable TWC models.

This methodological approach enables to not only investigate the catalysts but also verify

its reliability to be used as a general approach for studying bulk catalysts. To this end, the

thesis is divided into the next four chapters as follows:

Chapter 2 presents the general principles and experimental conditions of all the ex-

perimental techniques used and the sample preparation methods.

Chapter 3 consists of a detailed description of the LaFeO3-based thin films together

with the substrate. The physico-chemical properties including the structural, morpho-

logical and the surface analyses are discussed. Finally, the model catalysts are directly

compared to the conventional catalysts (LaFeO3 powders) to compare its relevance as a

TWC model.

Chapter 4 comprises of a systematic comparitive study of stoichiometric LaFeO3 and

more active La-deficient La0.7FeO3 by combination of different techniques including depth

profiling by LEIS/TOF-SIMS. The thin films of both compositions are examined under

CO atmosphere by NAP-XPS and GI-XANES analyses with an attempt to separate surface

and bulk processes. The similarities or differences between the two stoichiometric com-

positions allows to understand the driving force of enhancement of catalytic activity of

La0.7FeO3 over the stoichiometric catalyst composition.

Chapter 5 is devoted to studying the conventional catalyst powder after substitution at

B-site by X (La0.7Fe0.8X0.2O3, X=Cu or Mn), short-listed by the Partial-PGMs consortium,

by in situ/operando Raman spectroscopy. The driving force of the positive role of the B-

site substitution is further investigated by XPS, ToF-SIMS and XANES.

Finally, cumulative results with respect to LaFeO3-based catalysts are conclusively dis-

cussed together with future perspective of this work.
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Chapter 2. Experimental approach and techniques

rpm (rotations per minute) for 10 seconds followed by 2000 rpm for 150 seconds. The first

step at lower speed ensures uniform spreading of the precursor solution, while the second

step at higher speeed dries out the remaining solution by centrifugal forces. Under these

spinning parameters, usually a homogeneous coating is formed over the silicon wafer,

given the room humidity is below 50%. Every time prior to spin-coating the laboratory

humidity was checked to ensure fine deposition.

The spin-coated films were then immediately transferred to a muffle furnace (Nabertherm

P330) for calcination under air. The films were initially heated at 0.5◦C min−1 until 150◦C

for 2 hours for decomposition of the nitrates from precursor salts. The slow heating ramp

was maintained to ensure the formation of uniform thin films. This was followed by heat-

ing up to 650◦C for LaFeO3 and 800◦C for all La-deficient perovskites for 2 hours. A higher

calcination temperature was required for the La-deficient compositions to stabilize the

perovskite phase in the structure as evidenced by GI-XANES analysis.

2.1.2 Powders

The synthesis of the catalyst powders were based on the conventional sol-gel method via

the citrate route using nitrate salts of the metals. Solid precursors obtained after drying

overnight at 80◦C were calcined in air at 900◦C for 8 hours. The preparation of all the pow-

ders analysed by advanced characterisation techniques during this work were done by fel-

low PhD student, Jianxiong Wu, as a part of the collaborative work under the framework

of PARTIAL-PGMs project. Particularly, the powder based samples used were LaFeO3,

La0.7FeO3 and B-Site substituted ferrites La0.7Fe0.8M0.2O3 (M = Cu or Mn).

2.2 Physico-chemical analytical techniques

2.2.1 Surface sensitive analyses

The lab-based surface analysis techniques were used available at the combined surface

analysis platform as shown in Fig.2.3, where XPS, LEIS and ToF-SIMS are connected to

each other via a radial chamber allowing successive analysis without any air exposure.

It is attached to an oxygen plasma cell to clean the sample surfaces prior to LEIS mea-

surements and a catalysis treatment cell for a thermal pre-treatment of the investigated

materials under gaseous feed.
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volume of the sample, dσX,nl j /dΩ is the differential cross-section of photo emission, ∆Ω

is the solid angle of the analyzer, θ is the angle between the direction in which the pho-

toelectrons are emitted and the surface, T is the transmission factor of the spectrometer

that includes geometric parameters and detector efficiency depending on the kinetic en-

ergy of the photoelectrons, λ is the inelastic mean free path of the photoelectrons emitted

from the nlj orbital of the element X.

The depth of surface probed by XPS can vary from 2 to 10 nm depending on the in-

elastic mean free path (λ) of the photoelectron, which is related to the Ek of the electrons

and the nature of the material probed. λ refers to the distance that an electron can travel

before it faces any inelastic energy losses. The information depth is therefore given by

3λsinθ, corresponding to 95% of the ejected photoelectrons resulting in the XPS signal

from this depth with a detection limit of around 1 atomic percent [3].

Near-ambient pressure XPS (NAP-XPS) : Conventional XPS system works under ultra

high vacuum (UHV) conditions to avoid the interactions between the photoelectrons and

the gas molecules. XPS measurements are therefore performed at 10−8 to 10−11 mbar to

ensure maximum number of electrons reaching the analyzer. Today’s technology has now

permitted operating under higher working pressures (few mbar), called the near-ambient

pressure XPS (NAP-XPS), allowing even analysis of liquids [4]. This has been made possi-

ble due to the presence of differential pumping system, which helps to separate the anal-

ysis chamber from the analyzer by lowering the pressure successively at each pumping

stage while minimizing the rate of collisions, as presented in Fig.2.5. The electrons are fo-

cused into the aperture of each stage by electrostatic lenses ensuring collection of larger

fraction of the photoelectrons through it. The pumping nozzle is therefore placed very

close to the sample as shown in Fig.2.6, which also depends on the type of gas and the

working pressure used.

In addition, X-rays originating from a synchrotron radiation source provides high pho-

ton flux leading to higher intensity of the emitted photoelectrons and maintain sufficient

photon count for the signal in spite of the inelastic collisions from ambient gas molecules.

The NAP-XPS system situated at the TEMPO beam line of synchrotron SOLEIL (France)

has been utilised for in situ experiments in this work. The setup consists of five chambers

namely, the loadlock, transfer, catalysis, preparation and the analysis chamber, as shown
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a good spatial resolution up to 200 nm under static conditions with poor mass resolution.

The burst mode, however, permits both better mass and lateral resolution but with rather

low signal intensities.

(3) Depth profiling mode - Depth profiling is made possible with a dual-beam configura-

tion, where one primary ion beam is used for data collection and the other one is dedi-

cated for sputtering of the material, sequentially. The analysed area is kept 2 to 3 times

smaller than the sputtered one to avoid edge effects at the crater.

With this technique, all elements including hydrogen and their isotopes can be well

identified chemically, both spatially and in depth. However, it does not allow easy quan-

tification due to extensive matrix effects as the secondary ions yield vary with the change

of the chemical nature of the surface.

Experimental conditions : The samples were analyzed on a ToF.SIMS 5 spectrometer

(ION TOF GmbH, Germany) equipped with a pulsed bismuth liquid metal ion gun with

the primary ion cluster of Bi+3 (25 keV, 1 pA current), as it has lower energy per atom,

it causes less fragmention compared to Bi+. The analyzed area was 500 µm x 500 µm

for spectral analyses while maintaining static conditions, in both positive and negative

polarity. For depth profiling measurements, Bi+3 was used for analysis and Cs+ (1 keV,

90 pA) for sputtering as they enhance the yield of negative ions. The sputtered area was

400 µm x 400 µm while the analysis was done on an area of 100 µm x 100 µm. Charge

compensation was used for all samples using low energy electrons (20 eV).

Low energy ion scattering spectroscopy (LEIS)

Principle : LEIS is an unique surface analytical technique that provides information on

the elemental composition of the outer most atomic layer quantitatively. It is based on

the principle of classical mechanics according to the law of energy and momentum con-

servation, where noble gas ions (4He+, 20Ne+ etc.) with mass m1 having a known energy

Ei is aimed at the surface to collide with the surface atoms of mass m2 and get backscat-

tered as shown in Fig.2.11. The energy of these backscattered ions E f is calculated by the

following equation given in terms of the kinematic factor (Km):

Km =
Ei

E f
= (

cosθ + (( M2
M1

)
2
) − si n2θ)

1/2

1+ M2
M1

)

2

(2.4)
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refers to the Avogadro number equivalent to 6.02 x 1023 atoms/mol. For quantifying mixed

oxides like a LaFeO3 perovskite, lanthanum oxide (La2O3) and iron oxide (Fe2O3) can be

used as the references by calculating their relative sensitivity factors, described in further

details in chapter 3.

Furthermore, just like in ToF-SIMS, the ‘static’ conditions must be met, where less

than 1% of the monolayer is eroded during analysis. The ionic dose (ions/cm2) can be

calculated according to the following equation:

Id =
ItS

eA
(2.9)

here, I is ionic current, t is the acquisition time (s), S is the ionic yield (depends on the type

and energy of the primary ion and sample density), e refers to elementary charge (1.6 x

10−19 C) and A is the analyzed surface area (cm2).

Experimental conditions : LEIS spectra were recorded with a Qtac100 spectrometer

(ION TOF GmbH, Germany) with primary ion sources of 4He+ at 3 keV (5 nA) and/or

20Ne+ at 5 keV (1 nA). Special attention was given to the experimental parameters (anal-

ysed area and acquisition time) such that total ionic dose does not exceed 1-3% of a mono-

layer during the analysis. Prior to any LEIS measurements, the samples were subjected

to the oxygen plasma source to remove the surface organic contaminants for 10 min at

around 10−5 mbar partial pressure of oxygen before transfer to the main analysis cham-

ber under UHV.

A depth profiling with LEIS was made using the primary gun for analysis and sput-

tering for qualitative information. 4He+ at 3 keV (5 nA) was used for analysis with a ac-

quisition time of 60 s on 300 µm x 300 µm with an ionic dose of 4.2x1014 ions/cm2. The

primary gun was then loaded with the 20Ne+ at 5 keV (100 nA) and sputtered for 20 s at

2.2x1015 ions/cm2 initially. The respective ions were loaded one by one for the consec-

utive measurement and sputtering cycles as the spectrometer is not equiped with a sec-

ond dedicated sputter gun. The sputtering doses were gradually increased up to 1.8x1016

ions/cm2. With these particular conditions, one depth profile took one day instead of less

than 1 hour in case of ToF-SIMS depth profiling.
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the scattered light has the same energy as that of the source (ν0), known as Rayleigh scat-

tering, while only one in million photons are scattered inelastically by change in the po-

larizibility of the molecule. This can be caused by its interaction with the molecular vibra-

tions and phonons of the scattering molecule with a loss in energy (ν0-νm) called Stokes

Raman or gain in energy (ν0+νm), called the anti-stokes Raman scattering, as shown in

Fig.4.2. Since, the transition rate from a more populated energy level to the virtual ex-

cited state is higher, therefore, Stokes lines are more intense in the Raman spectrum. The

spectra are represented in terms of wavenumbers (cm −1) to account for the energy shift

caused by the scattering process. Each material has its own Raman fingerprint depending

on the vibrational modes in the molecule.

Figure 2.18: Energy diagram of Rayleigh and Raman scattered light.

Experimental conditions : An Ar+ laser of 488 nm was used to record the Raman

spectra installed with neutral density filters to adjust the laser power with a X100 micro-

scope objective (N.A 0.9). The signals were collected through a confocal hole of 150 µm

in backscattering mode with 1800 grooves grating having a resolution of around ∼2 cm−1

and analyzed using a Peltier-cooled CCD from Horiba Labram HR. The spectrometer was

calibrated using the most intense band of the Si(100) reference at 520.6 cm−1.

Operando Raman: The Raman spectrometer was extended for operando measure-

ments as represented in Fig.2.19 with the detailed scheme in Fig.2.20 . An in situ Raman

cell (Harrick) was used with its inlet connected to gas flow regulators and the outlet con-

nected to a micro-GC to detect the gaseous products. A water saturator facility is also

attached for providing a partial pressure of water by controlling the temperature (∼940
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X-ray diffraction (XRD)

Principle : XRD is a widely used bulk technique to determine the phase and the lattice

parameters of crystalline materials. A monochromatic X-ray light is directed to the sam-

ple where it creates constructive interference with the crystalline sample to satisfy the

Braggs’s law (nλ=2dsinθ), relating the incident wavelength to the lattice interplanar spac-

ing d and the diffraction angle θ. The sample is scanned through a range of 2θ values

giving rise to diffraction peaks that are converted into d-spacing values for identification

of crystalline materials. It is non-destructive in nature with a limit of detection of 2% by

volume and can detect nanoparticles above 5 nm in size.

Experimental conditions : The X-ray diffraction (XRD) structural characterization of

the thin films were carried out using a 9-kW Rigaku Smartlab rotated anode X-ray diffrac-

tometer using Cu Kα (1.5418 Å), operated in Bragg-Brentano reflection geometry. To avoid

any saturation of the detector due to the (004) peak of the oriented Si substrate, the sam-

ple was intentionally disoriented by 2◦, once it was verified that the deposition was not

epitaxial but polycrystalline.

2.2.4 Microscopic techniques

Scanning and transmission electron microscopy

Electron microscopy techniques use electrons possessing short wavelengths as a radia-

tion source due to their ability to provide high resolution images. There are two main

types: the transmission (TEM) and the scanning electron microscope (SEM). The SEM

image is formed by scanning a focused beam of electrons in a raster pattern on the sam-

ple. The primary beam interacts with the surface atoms and emit particles at each raster

point such as secondary and backscattered electrons (SEM imaging), diffracted backscat-

tered electrons (EBSD for crystal structure determination) and X-rays (elemental analy-

sis). Thus, providing quality data on sample’s morphology, chemical composition and

crystallinity. It has a lateral resolution of less than 20-40 nm. The TEM image is formed

by transmission of the high voltage electron beam through a very thin sample (100 nm)

carrying structural information of the analysed material. The image is then magnified

by magnetic lenses and recorded on a photosensitive screen or detector. It allows to see

atomic scale information within the sample. The resolution can be improved further by

combination of the above two principles commonly called scanning transmission elec-
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tron microscopy (STEM). It works similar to SEM but the beam is essentially scanned over

a TEM sample. A CCD chip or a high angle annular dark field (HAADF) is used to detect the

transmitted beam. In this thesis work, both SEM and TEM have been used for investigat-

ing the overall morphology of the thin film, its thickness, chemical and structural aspects.

These analyses were done at the microscopy platform of UMET, University of Lille using

Hitachi S4700 and FEI Tecnai G2-20 twin for SEM and TEM analysis, respectively.

Atomic force microscopy (AFM)

AFM is based on a tip (cantilever) assembly interacting with the sample in a raster scan-

ning motion. A laser beam is used to detect the attractive/repulsive forces between the tip

and the surface causing deflection of the cantilever. A position sensitive photo diode can

track the changes in the cantilever deflection during lateral as well as vertical motion of

the probe. An AFM setup commonly operates in three different modes depending in the

nature of the motion of the tip: contact mode, tapping mode, and non-contact mode. The

contact mode involves analysis when overall force is repulsive when in close contact with

the surface with atomic resolution but prone to sample scraping. In the tapping mode the

cantilever’s oscillation amplitude changes according to the topography of the sample with

high lateral resolution and least sample damage. The non-contact mode involves attrac-

tive forces between the cantilever and sample due to Van der Waals interactions, at higher

tip-to-surface distances than the contact mode. The surface morphology of the thin films

was locally investigated using a commercial AFM (MFP-3D, Asylum Research) at UCCS,

University of Artois. It works in the tapping mode under ambient conditions using Si tips

(Nanoworld Arrow-NC probes) with cantilever stiffness of 40 Nm−1.
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Chapter 3

Relevance of LaFeO3 thin films as reliable

models for surface investigation of TWC

To investigate and understand the surface properties of LaFeO3-based bulk catalyst pow-

ders, which are commonly used for catalytic testing and optimization in the laboratory, it

is ideal to constitute model catalysts shaped as thin films such that they closely mimic the

conventional ones. The preparation of LaFeO3 thin films deposited over silicon substrate

allows to have a better surface representation with improved surface to bulk ratio while

acting as discrete model materials with tunable thickness. They also help in minimiz-

ing the charging effects during surface analyses measurements and also allow efficient

depth profiling measurements. The thin films are kept polycrystalline in order to mimic

powder catalysts closely. Shaping as thin films is especially important for studying bulk

catalysts by X-ray absorption spectroscopy in order to avoid losing relevant information

in the bulk, unlike the supported catalysts. To this end, this chapter includes the in-depth

investigation of the LaFeO3-based model catalyst systems shaped as thin films, consist-

ing of the perovskite layers over Si(100) substrate. Firstly, the substrate is characterized by

XPS, ToF-SIMS and Raman spectroscopy to investigate its chemical state before deposi-

tion by spin coating. The film’s thickness can be controlled by tuning the concentration of

the precursor solution that is being deposited. The goal is to achieve a thin film of LaFeO3

that is homogeneous in mm2 range as well as can withstand high temperature experi-

mental conditions. Thus, two types of LaFeO3-based thin films are discussed, in sub-100

nm and sub-10 nm ranges. The morphology of each is analyzed using microscopy tech-

niques followed by the structural characterization by Raman spectroscopy and XRD. The

surface composition of these models is examined by combination of surface characteri-
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3.3 Characteristics of LaFeO3-based thin films of interme-

diate thickness (LFO:Si-100)

The LaFeO3-based thin films of intermediate thickness (50-100 nm) have been character-

ized in depth for their morphological, structural and surface properties by combination

of various analytical techniques.

3.3.1 Morphology

The top-view of the perovskite-based thin film (LFO:Si-100) has been shown by the SEM

images in Fig.3.8(a). The coverage is quite homogeneous with very few regions consist-

ing of any cracks or discontinuities exposing the substrate. Majority of the substrate is

covered by layers of the deposited oxide. Fig.3.8(b) shows the atomic forced microscopy

(AFM) images also confirming rather homogeneous coverage of the oxide film. The root

mean squared roughness (Rq ) defined by,

Rq =

√

1

n

n
∑

i =1

Yi
2 (3.2)

where Yi is the i th height of n data points, was found to reach about 1.4 nm.

The electron back-scattering diffraction (EBSD) images in Fig.3.9 further highlight the

polycrystalline nature of the thin film represented by the multi-colored zones in each di-

rection with different crystal orientations. The polycrystalline nature of this model cat-

alyst mimics the crystalline nature of conventional catalysts shaped as powders. This

bridges the material gap present between the commonly studied single crystal model cat-

alysts and the conventional polycrystalline powder catalysts used at the laboratory.

The cross-sectional view of the thin film to determine the film thickness is made pos-

sible by the high-angle annular dark field scanning transmission electron microscopy

(HAADF-STEM) imaging of its lamella prepared by focused ion beam (FIB). A protective

layer of platinum is used to coat the sample before cutting the lamella, clearly seen in

Fig.3.10(a) and (c). As shown in Fig.3.10(a), the thin film consists of a layer of around

70 nm with a mesoporous texture across depth. The pores are mostly located internally

with rather flat surface on top. This layer also consists of a few open channels up to the

substrate. The perovskite layer is followed by a very narrow dark zone of silica and then

silicon in the substrate, also evidenced previously by XPS analysis. The periodic ordering
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The high-resolution spectrum of O 1s of the perovskite film is dominated by two in-

tense components at 529.4 and 531.7 eV. The first one is in line with previous studies with

contribution from bulk lattice oxygen involved in lanthanum oxide and iron oxide groups

[12, 14]. The broader second contribution centered at 531.7 eV is assigned to oxygen from

adsorbed hydroxyl, O−/O−
2 α-species and organic oxygen species. In case the analyzed

area contains any voids exposing the SiO2/Si substrate, the O 1s region will also show a

contribution from silica at around 532.4 eV [16]. In this case, there is no silica signal de-

tected meaning the XPS analysis was focused on a homogeneous void-free region of the

thin film.

In addition, since the multiplet structure of La 3d is greatly modified according to the

chemical environment of lanthanum. For example, in lanthanum carbonate the relative

intensity of the higher binding energy multiplet peak is more intense unlike here, as con-

firmed by analyzing a commercial lanthanum carbonate powder (not shown). Hence, the

multiplet structure relative intensity and shape vary with the amount of the different sur-

face La species present on the surface. Thereby, the perovskite film is heated under oxygen

up to a temperature of 900◦C to remove completely the surface hydroxides and carbon-

ates as shown in Fig.3.14. After heating, the amount of carbon decreased from 15% to 4%

with complete removal of carbonates and hydroxide components, while the La/Fe ratio

remained constant at 2.1. The multiplet structure of La 3d spectrum of LaFeO3 after the

oxygen treatment possessed a different shape (relative intensity and width of the main

peak and multiplet feature) compared to that of La2O3 after similar treatment. Hence,

revealing the shape of the La 3d photpeak of a clean surface of LaFeO3. However, due

to dramatic loss of film, SiO2/Si(100) substrate is consequently revealed leading to an in-

tense O 1s component from SiO2, hiding the other eventual contributions.

LEIS analysis The LEIS spectrum of the LaFeO3 thin film is presented in Fig.3.15. The

spectrum indicates the elemental composition of the film’s surface with respect to the first

atomic layer only. Surface peaks from oxygen, iron and lanthanum are detected without

presence of any other elements ensuring a clean thin film surface. The ratio of La/Fe raw

peak intensity is 3.9 and 4.3 with 4He+ and 20Ne+ primary ion sources, respectively. Sim-

ilar to the XPS quantification, the LEIS spectra also suggest higher concentration of lan-

thanum compared to iron on the outermost surface layer evident from the much higher

intensity of La signal compared to Fe in the LEIS spectrum, qualitatively.
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Chapter 3. Thins films as relevant model materials

3.4.1 GI-XANES analysis at Fe K-edge

LaFeO3 thin film of intermediate thickness The XANES spectrum of the LaFeO3 pow-

der has been shown in Fig.3.29, recorded in the transmission mode using a pellet. The

perovskite powder shows a typical XANES fingerprint of LaFeO3 with a pre-edge at the ab-

sorption edge of 7128.1 eV signifying the presence of Fe3+ [13, 23]. The pre-edge is formed

due to the quadrupolar 1s→3d transitions and dipolar transitions due to mixing of p and d

orbitals, while the intense edge region is caused by 1s→4p dipole-allowed transition [23].

Further, to study the surface as well as the bulk of the LaFeO3 thin film by XANES, the

measurement was done in the fluorescence mode at grazing incidence. The critical angle

between the beam and the sample was adjusted such that measurement could be tuned

from being surface sensitive to bulk sensitive as has been described in details in chapter

2. The surface and the bulk GI-XANES spectra are shown in Fig.3.29, both being similar

to that of the LaFeO3 powder in every respect. This indicates that the thin film has the

same structure and chemical composition as that of the corresponding powders. There-

fore they are well representative as a perovskite model material. In addition, similarity

between the surface and the bulk XANES spectra of the thin film highlights the fact that

the film is homogeneously composed of only LaFeO3 throughout in depth. The surface

spectrum does not show the presence of any phase segregation of iron oxide and hence

can be considered as a good model to study the surface properties of such bulk catalysts

by utilizing advanced techniques in in situ or operando modes.

LaFeO3 ultra-thin film LFO:Si-10 was also analyzed by GI-XANES as shown in Fig.3.30

together with the XANES spectrum of LaFeO3 powder. Interestingly, it is confirmed by this

technique that the deposited film is indeed that of a perovskite without any additional

phases of iron oxide, similar to the powdered catalyst as well as the intermediate film

discussed above. Since this sample is already thin (∼3 nm) in the range usually probed by

the surface sensitive techniques (<10 nm), the surface and bulk spectra are in fact both

representative of the surface. This sample generates quite noisy spectra due to the low

coverage of the LaFeO3 layer and its thickness. This study indicates that the ultra-thin

film is also a good model of the bulk catalysts such as a perovskite. The disadvantage of

this kind of sample is that it can only be probed by limited number of techniques since it

falls under the limit of detection in most cases such as XRD, Raman and so on. Especially

for this kind of a sample, GI-XANES is a very efficient technique, which can efficiently

detect films of a few nanometers also, as is the case here.
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Chapter 4

Comparing LaFeO3 and La0.7FeO3 based

model catalysts by combination of

advanced characterization techniques

Having verified in the previous chapter, the surface and structural relevance of LaFeO3

perovskite-based thin films as suitable model catalysts, such materials are thereby used

to investigate the differences in the catalytic behaviours of stoichiometric LaFeO3 and

La-deficient La0.7FeO3. As it is already observed in previous studies discussed in chap-

ter 1, inducing an A-site deficiency reduces the extent of La-enrichment on the surface

of the perovskite catalyst. This permits better catalytic performance for CO oxidation as

well as NO reduction of La0.7FeO3 as compared to LaFeO3. In order to further investigate

this improved activity, the models of the two respective compositions are systematically

studied in this chapter. Initially, ex situ techniques are employed to determine and com-

pare the physico-chemical properties of the as-received samples by XPS, LEIS, ToF-SIMS

and Raman analyses. In addition, depth profiling by ToF-SIMS and LEIS is performed to

highlight any surface variations on each composition, a common aspect in perovskites.

Finally, the two compositions are compared by employing in situ analyses under a TWC-

relevant gas such as CO, to study the surface reactivity during CO exposure at high tem-

perature by NAP-XPS and in situ GI-XANES investigations. The NAP-XPS analysis allows

to track the different behaviors of the two stoichiometries under CO environment to pro-

vide a reliable methodology to describe the trends under reactive conditions by analyzing

the changes in the overall oxidation states of the extreme surface (∼2 nm). Furthermore,

a detailed study under similar conditions is performed by in situ GI-XANES to reveal the
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structural information at the surface (∼2-8 nm) and the bulk simultaneously. Finally, the

XANES spectra are fitted by linear combination of Fe-based reference materials to quan-

titatively examine the phase composition at each step. The ameliorating role of the in-

duced La-deficiency in the perovskite is thereby explained by a predicted model. In the

light of all experimental results, a schematic conclusion will be proposed to describe the

promoting role of La-deficient perovskite.

4.1 Ex-situ analysis of La0.7FeO3 and LaFeO3 thin films

4.1.1 XPS

The XPS spectra of La0.7FeO3 thin film are given in Fig.4.1 and those of LaFeO3 have been

previously presented in chapter 3 (section 3.3.3). Both feature La in +3 oxidation state

characterized by the position of La 3d5/2 at 834.1 and 834.3 eV, respectively. They show

an energy separation of 4.2 eV in the multiplet splitting component of the La 3d5/2, cor-

responding to oxides of lanthanum [1]. The Fe 2p3/2 photopeak is located at a binding

energy of 710.4 eV for LaFeO3 and 710.7 eV for La0.7FeO3 confirming iron in the +3 oxida-

tion state, given by the characteristic satellite feature, 8.8 eV higher than the 2p3/2 photo

peak [2]. The stoichiometric perovskite LaFeO3 shows a high La/Fe ratio of 1.8 (instead of

1) due to the formation of surface La carbonates, supported by the presence of 16% of the

total carbon as carbonates. While the La0.7FeO3 has a La/Fe ratio of close to 1 by limiting

the formation of the surface La species confirmed by the lower amount of only 4% car-

bonates in the C 1s spectra, similar to the powders of same composition as discussed by

Schöen et al [3]. Further, La0.7FeO3 presents O 1s orbital with a main components around

529.8 eV attributed to the lattice oxygen (O2−) and another contribution centred at 531.3

eV representing the surface O−
2 /O− species, adsorbed hydroxyls, carbonates and/or or-

ganic oxygen species. Additionally, the O/(La+Fe) ratio for LaFeO3 and La0.7FeO3 is 1.4

and 1.7, close to the empirically expected value of 1.5 and 1.8, respectively. The oxygen

excess in the La-deficient La0.7FeO3 is known to be usually caused by A/B site vacancies

with their partial elimination as the respective oxide phases [4].
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Chapter 4. LaFeO3 vs. La0.7FeO3 using advanced methods

some extent by the presence of the segregated iron oxide, also evidenced by GI-XANES

and Raman analyses. This rather large extent of phase segregation of Fe2O3 in La0.7FeO3

results in the accumulation of the segregated surface particles. The enhanced presence

of the 54FeO− fragments near the surface is a result of a mixture of perovskite and iron ox-

ide phases, unlike LaFeO3 where Fe-enrichment near the surface is more likely driven by

the La-enrichment on the outermost surface that leaves behind an La-depleted or Fe-rich

sub-surface. This enhances the Fe signal in the LEIS spectrum of the non-stoichiometric

perovskite. It also makes available more Fe species on the surface supporting an enhance-

ment in the catalytic performance. In general, surface segregation in perovskites is more

pronounced on polycrystalline thin films compared to the epitaxially grown single crys-

tals, due to the presence of grain boundaries that enables easier transport of the segregat-

ing atoms [16, 17]. Therefore, LEIS and ToF-SIMS observations direct towards a schematic

representation of the surface of La0.7FeO3 (Fig.4.14(b)). It represents the Fe2O3 particles

on the outer surface supported on the LaFeO3 film. The La-enrichment and any Fe-rich

sub-surface might also be present but to a much smaller extent than the stoichiometric

perovskite thin film. Therefore, the different behavior of the 54FeO− fragments in the ToF-

SIMS depth profiles indicating the surface reconstructions can be considered to be caused

by different origins for the thin films of both stoichiometries, i.e., in case of LaFeO3, it is

driven by the surface La-enrichment while for La0.7FeO3, it is an outcome of mainly the

segregation of iron oxide particles on the surface/sub-surface regions.

4.1.5 Morphology of the La0.7FeO3 thin film

The morphology of the La-deficient perovskite is finally elucidated by SEM and AFM imag-

ing as shown in Fig.4.15. The top-view by SEM and AFM images indicate the presence of

segregated crystalline particles on the surface over the thin film bed. The morphology

of these particles is further displayed in Fig.4.15(b) bottom, with a height reaching up to

5 nm. The root mean squared roughness determined by AFM analysis is around 3 nm,

compared to 1 nm in case of LaFeO3, as was presented in chapter 3. The presence of these

segregated particles increases the surface roughness of the film. Chemical analysis by

SEM-EDX further confirms the presence of these segregates as iron oxide particles shown

by higher intensity of Fe and O located in similar regions. This corroborates to the esti-

mated scheme previously shown on the basis of LEIS, ToF-SIMS and GI-XANES analyses.

The Fe2O3 particles are rather large ranging around ∼100 x 200 nm2 laterally with a height
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lite featuring at 719.4 eV having a FWHM of 3.2 eV. Here, the C 1s spectrum analyzed at

400 eV shows the typical distribution of adventitious carbon with hydroxyl and carbonate

species. However, with incident energy of 950 eV it only shows a single peak from C-H

and C-C aliphatic bonds (inset of Fig.4.19), indicating that the amount of the C-O/CO2−
3

contamination are located at the surface in low amounts. Therefore, the O 1s photopeak

must also feature part of the signal arising from these carbon surface adsorbates.

Figure 4.19: NAP-XPS La 3d, Fe 2p, O 1s and C 1s spectra of LaFeO3 thin film under UHV at room
temperature.

Both LaFeO3 and La0.7FeO3 films feature similar properties of La and Fe in 3+ oxida-

tion states with similar binding energies and peak shapes. Here, it has to be reminded that

the contribution of the Fe signal originates from both the perovskite as well as the iron ox-

ide present in La0.7FeO3, as observed previously. XPS of Fe 2p spectrum does not allow to

differentiate the two phases with the same chemical environment (+3 oxidation state and

O2− oxide ligand) in La0.7FeO3. The thin films are comparatively clean with almost no

significant evidence of surface hydroxides and carbonates for the deficient perovskite. In

general, as seen previously the stoichiometric perovskite possesses more surface contam-

inants compared to La0.7FeO3.
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4.2. In situ analysis of LaFeO3 and La0.7FeO3 thin films under CO

is done using the reference spectra of Fe3+ with the lineshape from La0.7FeO3 after re-

turning to UHV after oxygen treatment. By comparing the Fe 2p spectrum recorded at

440◦C under O2 to the one after cooling down to UHV conditions, we estimate spectral

lineshape difference of ∼10% induced by temperature, whereas the Fe 2p spectra of the

as-received material and after O2 treatment in UHV are similar (Fig.4.22(a)). The reduced

Fe species fingerprint spectrum is obtained by applying the vectorial method, generally

applied to spectroscopic data involving a data set that is evolving featuring a mixture of

different chemical species [21, 22]. This method helps in avoiding the necessity to fit com-

plex spectra with multiple synthetic components, as in the case for Fe 2p. Instead, the

experimental spectra can be reduced to basic spectral shapes that are difficult to be mea-

sured experimentally and thereby a possible peak model can be constructed. According to

this approach, mathematical vectors with a physical meaning are extracted through their

linear combinations, which together can reproduce the whole data set. This method is

applied to the Fe 2p spectrum after O2 treatment under UHV (initial spectrum Si in which

we assume that only Fe3+ is present) and the one under CO at 550◦C (final spectrum S f in

which we assume a mixture of Fe3+ and reduced Fe species), according to the equation,

X j =(1-C j )Si -C j S f

where, C j is varying between 0 and 1 by a step scan of F/100, where F is the chosen fac-

tor taken as 0.5 in our case. Two vectors have to be then identified from the 200 vec-

tors generated to account for the evolution of the set of spectra. Here unfortunately, it

was not possible to consider as initial and final spectra, the two spectra recorded at high

temperature (440◦C under O2/ 550◦C under CO) as the acquisition ranges were not com-

parable. Following the generation of the vectors, the first vector is easily identified as it

corresponds to Fe3+ from La0.7FeO3 (Si , initial spectrum). The second one should present

coherent spectroscopic features (only positive and existing peaks) corresponding to re-

duced Fe species, respecting the theoretical intensity ratio I(2p1/2)/ I(2p1/2) = 1/2 for each

doublet. Indeed, the reduced species spectral form appears as the spectral form of a mix-

ture of Fe2+ and Fe0. In order to refine this extracted spectral form, the vectorial method

was used iteratively to it, firstly with the initial spectrum and secondly with the final spec-

trum, respectively. The two selected spectral forms extracted from vectorial method can

be combined to reproduce the original spectra using a linear least square approximation

(4.22(b)). Finally, the decomposition of the spectral form of reduced iron species leads to

20% Fe0 at binding energy of 706.6 eV given by an asymmetric lineshape LA(1.2,4.8,3) [2]
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Thus, the Fe 2p spectrum under CO at 550◦C features 50% of Fe2+, 37% of Fe3+ and

13% of metallic iron, according to Fig.4.22(b) and (c). Here, the majority of the Fe3+ in

La0.7FeO3 present as perovskite and Fe2O3 phase has been reduced into Fe2+ and Fe0.

In the case of O 1s signal, it always presents three contributions, where the O 1s com-

ponent from the lattice oxygen at 530.1 eV decreases during the CO treatment, signify-

ing a reduction of the perovskite lattice along with an increase in the second component

attributed to O−
2 /O− species, defects in oxides and/or single oxide phases under CO on

La0.7FeO3 surface.

As the sample is cooled down under CO at 0.1 mbar as shown in Fig.4.23, the signal

from the metallic iron gradually decreases along with a slight increase of the FWHM of Fe

2p3/2. These changes indicate the evolution of the surface ratios of Fe species during the

cooling step.

After cooling down to 100◦C under CO, the Fe0 signal is decreased with only a tiny

shoulder visible besides the decrease in the Fe2+ satellite feature. Since the tempera-

ture was not constant at 100◦C, spectral decomposition presents higher uncertainty at

this temperature. Nonetheless, this spectrum remains comparable to the one after re-

turn to UHV conditions (Fig.4.22(d)). According to the spectral decomposition presented

in Fig.4.22(e), the amount of the remaining Fe0 is close to 6% with an increase in the ra-

tio of Fe3+ from 37% to 50% and the rest remains as Fe2+, with an increased FWHM of

4.9 eV. The distribution of Fe species evolves between the cooling step under CO and its

evacuation. Indeed, at lower temperature (below 400-300◦C), CO is no more activated or

reactive, and so there is a re-arrangement of surface iron species. The O 1s signal from

the perovskite lattice at 530.1 eV remains similar after cooling down, while the C 1s peak

re-emerges similar to the activation step.

LaFeO3: The LaFeO3 thin film was heated under CO gas up to 567◦C and then cooled

down to room temperature in presence of CO and analyzed again after CO evacuation.

During the temperature ramp presented in Fig.4.24, the C 1s signal decreases with com-

plete removal of the carbonates and hydroxides components. Here, the C 1s is not com-

pletely removed even at 567◦C, unlike in case of La0.7FeO3. The Fe 2p spectra evolves

under CO as the material is heated with loss of the satellite feature of Fe3+ along with an

increase in the FWHM of Fe 2p3/2 signal indicating appearance of the Fe2+ contribution,

as also previously observed for La0.7FeO3. At 567◦C under CO as shown in Fig.4.25, the La

3d undergoes no changes as observed earlier while the Fe 2p signal slightly shifts to lower
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iron oxide phase present in La0.7FeO3. Owing to the experimental results from this NAP-

XPS investigation, it can be concluded that the La-deficient perovskite shows a higher CO

reactivity compared to the stoichiometric LaFeO3. This higher reducibility under CO for

La0.7FeO3 highlights the promoting role of the additional phase of the Fe2O3 during CO

reaction.

Additionally, on cooling down both the materials to lower temperature, the contribu-

tion from Fe3+ increases while that of the reduced species decreases. In case of La0.7FeO3,

the concentration of Fe3+ increases from 37% to 50% with decrease in the Fe2+/Fe0 con-

centration, while for LaFeO3 the Fe3+ rises approximately from ∼65% to ∼90%. The re-

appearance of Fe3+ seems to occur more readily for LaFeO3 than La0.7FeO3 due to the

different surface compositions of the respective stoichiometries. Since this occurs while

the analysis chamber is still under CO gas, it is very unlikely that some external oxygen

molecules might have entered the analysis chamber especially in an UHV based instru-

ment. As the temperature decreases and CO is no more activated, the surface could un-

dergo re-distribution of the surface species. In addition, bulk diffusion of oxygen cannot

be ruled out owing to the low activation energy of 0.7 eV [23]. These processes can assist in

regenerating the Fe3+ on the surface of the perovskite, which can be an attractive property

of a redox material especially for its application in three way catalysis. Although, NAP-

XPS helps to evidence significant differences in the reactivity of LaFeO3 and La0.7FeO3

during CO reaction, the absolute structural information is not available. For instance, the

Fe2+ contribution can arise from the presence of reduced Fe oxides such as Fe3O4 and/or

FeO. In addition, the spectral decomposition has a rather high error margin of 10-20%

owing to the parameters of XPS decomposition of transition metals and their multiplet

structures. To avail more detailed information, the next section is dedicated to in situ

GI-XANES analysis of the two stoichiometries under similar conditions, which will not

only allow to identify the possible phase transformations at the surface, but also provide

a simultaneous comparison to the bulk.

Remark

In our experimental conditions with NAP-XPS equipment at SOLEIL, gaseous reactants

and products were not significantly detected at the near surface of the materials. This

could be due to the partial pressure of CO (0.1 mbar) since when it is increased to few

mbar, gas phase CO signal was detected at higher binding energy of the carbonaceous
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According to the LCF results, for the stoichiometric composition 15% of LaFeO3 seems

to reduce only to the FeO phase under CO at 650◦C (reaction 4.6). Formation of any mag-

netite was not evident. In case of the La-deficient La0.7FeO3 under similar conditions,

however, CO reaction results into 69% magnetite in addition to 23% of LaFeO3 and 8%

FeO at the surface. Since the La0.7FeO3 consists of both Fe2O3 and LaFeO3, it can be con-

sidered that the Fe3O4 formed after CO reaction is due to the reduction of Fe2O3 only.

However, if it was the case one would expect that the amount of LaFeO3 will remain con-

stant which is not the case as indicated in table 4.2 (62% before reaction, 23% after re-

action). Furthermore, the amount of Fe3O4 after reaction exceeds the amount of Fe2O3

initially present on the surface (40%). This indicates the 69% of Fe3O4 is coming from the

reduction of both Fe2O3 and LaFeO3 phases. The LCF shows that the non-stoichiometric

perovkite is basically a mixture of the stoichiometric perovskite LaFeO3 and Fe2O3 phases.

Additionally, no Fe3O4 was formed and only reaction 4.6 was observed for the reduction

reaction of the stoichiometric perovskite (15% FeO) after CO reaction (table 4.2). One can

conclude that for La0.7FeO3, reaction 4.5 does not occur. In fact, the origin of the presence

of high amount of Fe3O4 seems to be due to reactions other than reaction 4.3 and 4.6. One

possible reaction could be as follows:

Fe2O3 +FeO −−→ Fe3O4 (4.7)

In the above reaction, the FeO formed from the stoichiometric LaFeO3 could react with

some unreacted Fe2O3 phase to finally produce the magnetite phase. Reaction 4.7 could

be supported by the presence of a strong interaction or an interface between Fe2O3 and

LaFeO3 phases in La0.7FeO3. According to this assumption based on the LCF results, as

the LaFeO3 reduces to FeO under CO, the FeO finds Fe2O3 in close vicinity at the interface

to react and form Fe3O4 leading to the decrease in the initial amount of the perovskite.

This reaction is in line with the observations made by Kettler et al who evidenced the for-

mation of an intermediate FeO phase at the phase boundary during reduction of Fe2O3

to Fe3O4 [25]. Therefore in La0.7FeO3, the perovskite seems to be acting like a reservoir

of iron that continues to reduce to FeO as it keeps getting consumed by the Fe2O3 at the

interface forming majority of the magnetite phase. Interestingly, this predicted chemical

behavior is also in line with the catalytic performances studied previously [3]. It was ob-

served that the CO conversion improved only in case of La-deficient La0.7FeO3 perovskite
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a depth resolution of 1.5 nm highlighted the overall reactivity of the two compositions.

The La-deficient perovskite presented an intense Fe2+ satellite and a metallic component,

which remained absent in stoichiometric LaFeO3 with only loss of the initial Fe3+ satellite

feature.

During CO reaction, around 35% of the Fe3+ in LaFeO3 is transformed to reduced Fe

species, meaning around one third of the perovskite is undergoing reduction. In contrast,

La0.7FeO3 presents 50% Fe2+, 13% Fe0 and 37% Fe3+ during reduction under CO. The ab-

sence of Fe0 in LaFeO3 in contrast to La0.7FeO3 under CO at ∼550◦C, suggests that Fe0

is arising from the more easily reducible iron oxide phase present in La0.7FeO3, since the

LaFeO3 thin film contains no such segregated phases [3]. This also rules out the likelihood

of any exolution of Fe metallic species from the perovskite under CO. However, NAP-XPS

allowed to investigate only the oxidation states of Fe species under reactive conditions

without information regarding the phase compositions from which the Fe3+ and Fe2+ sig-

nals arise.

These differences have been further investigated by GI-XANES, which allows the de-

termination of the phase compositions at each step of the experiment. The application of

GI-XANES allowed to not only study the surface of the thin film (2-8 nm) but also the bulk

composition simultaneously by adjusting the incidence angle between the incident X-ray

beam and the sample. The surface spectrum of La0.7FeO3 reveals the presence of 60%

LaFeO3 and 40% hematite, while the bulk consists of 50% LaFeO3, 35% hematite and 15%

maghemite (γ-Fe2O3), according to the LCF results. Hence, the La0.7FeO3 perovskite thin

film is composed of 50-60% of the perovskite phase across depth and the rest remains as

iron oxide, also observed earlier by Raman analysis. On the other hand, the LaFeO3 thin

film is entirely composed of the perovskite phase throughout. Under CO at 650◦C, the

stoichiometric perovskite undergoes slight reduction of the surface to FeO (15%) without

forming any other phases like magnetite. This indicates that only FeO is formed from

the stoichiometric LaFeO3 under CO. In case of La0.7FeO3, the surface mostly reduces to

69% magnetite and 8% FeO while 23% remains unreacted. However in the bulk, the per-

ovskite shows slight reduction with mainly reduction of the iron oxides occurring. This

highlights once again the enhanced reduction of the perovskite surface in La0.7FeO3 com-

pared to the stoichiometric composition. Interestingly, the LCF results also show that the

perovskite is mainly reducing to the magnetite phase directly, as the maximum amount of

magnetite must not exceed 40% if it was only arising from the hematite phase. Of course,
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at this point both reduction processes including the reduction of LaFeO3 to FeO as well

as reduction of Fe2O3 to Fe3O4 and FeO must be occurring. Although, these alone cannot

explain why the La0.7FeO3 perovskite reduces to magnetite, unlike the case of stoichio-

metric LaFeO3. The most plausible explanation behind this observation in La0.7FeO3 may

be given by a two-step process: (i) the perovskite (LaFeO3) reduces to FeO under CO at

high temperature, and (ii) as FeO is formed, it finds Fe2O3 in its close vicinity at the in-

terface and reacts with it to form magnetite. The presence of such an interface between

the perovskite and the segregated Fe2O3 particles allows the perovskite to show enhanced

reduction to the magnetite phase and thereby help in improving the overall reducibility

of La0.7FeO3 catalyst during CO reaction. The beneficial role of the interface is also pre-

dicted by the catalytic performances when compared to a mechanical mixture of LaFeO3

and Fe2O3, which shows similar catalytic performance as that of the stoichiometric com-

position during CO/NO reaction [3]. This indicates that a strong interaction between the

two phases in La0.7FeO3 is required for this enhancement of the catalytic activity. Any

signal from metallic iron was not detected by GI-XANES throughout the in situ measure-

ments under CO at 650◦C.

Combining the observations from NAP-XPS and in situ GI-XANES together, in line

with SEM and AFM images, a scheme has been proposed to illustrate the predicted chemi-

cal behavior of the two perovskites, as shown in Fig.4.37. In case of LaFeO3 thin film under

CO at high temperature, the surface reduces to FeO only, since there is no other species

for FeO to react with (Fig.4.37(a)). On the contrary for La0.7FeO3, the perovskite reduces

to FeO and then further reacts with the Fe2O3 present close to it to form magnetite, which

is the major phase formed under these conditions. Thus, the perovskite acts like a reser-

voir of Fe2+ species that allows this reaction to occur continuously to form Fe3O4. Indeed,

Fe2O3 must also simultaneously reduce to magnetite followed by FeO and Fe0 as widely

known in literature [27]. Since every process can be considered to occur via formation of

a gradient, one can consider that the reduced species (Fe0, FeO, Fe3O4) will be arranged

according to their valence states with the most reduced species i.e. Fe0, being towards the

extreme surface as described in Fig.4.37(b). This further helps in establishing an oxygen-

gradient from the surface towards the bulk, which can also assist in oxygen mobility as

well as its redox capabilities. The metallic iron formed can further contribute to augment
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4.3 Conclusions

This chapter deals with systematic comparison of the stoichiometric LaFeO3 and non-

stoichiometric La0.7FeO3 thin film compositions. XPS and LEIS analyses confirmed the

decrease of the commonly known La-enrichment given by the surface atomic La/Fe ra-

tio by inducing the La-deficiency in the structure (La0.7FeO3). Raman spectroscopy high-

lighted the presence of segregated Fe2O3 phase in La0.7FeO3, given by the additional hematite

lines besides the one from perovskite. Likewise, the segregation of the iron oxide in the

surface as well as bulk could be quantified with GI-XANES analysis ranging from 40-50%.

In contrast, the stoichiometric LaFeO3 comprised of 100% perovskite phase. Depth pro-

file of the respective thin film composition further indicated an enrichment of Fe (FeO−

fragments) in the perovskites of both stoichiometries. Although the Fe-enrichment was

expected for La0.7FeO3 owing to the extent of iron oxide segregation, its appearance in

LaFeO3 was a surprising outcome. Since no additional phases besides the perovskite were

determined in LaFeO3 thin film from the other complementary techniques, the existence

of any other phase segregation was unlikely. In fact, the existing surface La-enrichment

promoted the resulting Fe-rich zone underneath it, as evidenced in ToF-SIMS profile.

Such surface reconstruction has been widely evidenced by other researchers also. The

two films were then exposed to CO molecules and their surface reactivity was studied by

NAP-XPS and in situ GI-XANES measurements around 550-650◦C. The La-deficient com-

position resulted in higher reducibility of perovskite compared to LaFeO3 shown by more

prominent Fe2+ satellite as well as binding energy shift in La0.7FeO3. Finally, to elucidate

the proportion of each phase, LCF of GI-XANES spectra was employed. Under CO the

LaFeO3 mildly reduced to only FeO, while La0.7FeO3 reduced to a mixture with majority

of magnetite besides some FeO. The extensive reduction of the La0.7FeO3 perovskite was

predicted by the presence of an interface between the segregated Fe2O3 particles and the

perovskite itself, where the perovskite acted like a Fe2+ reservoir assisting in a continuous

reduction process. This lead to enhancement in the reactivity of La0.7FeO3 during CO ox-

idation reaction. The model catalyts were finally compared to conventional catalysts and

their catalytic performances to validate this hypothesis.
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Chapter 5

Mn or Cu substituted LaFeO3 TWCs:

Highlighting different catalytic operating

modes of La0.7Fe0.8M0.2O3

A/B-site substitution in perovskites can effectively tune the catalytic properties by con-

trolling the valency of constituent ions and lattice defect vacancies, as discussed in chap-

ter 1 [1]. The combined presence of two different ions at the B-site can bring about syn-

ergistic effects and can be effective in enhancement of the reducibility [2]. In this chap-

ter, the aspect of B-site substitution in LaFeO3 perovskite catalysts by Cu or Mn, partic-

ularly, La0.7Fe0.8Cu0.2O3 and La0.7Fe0.8Mn0.2O3 will be studied by the means of in situ /

operando Raman spectroscopy. These two perovskite compositions were chosen by the

Partial-PGMs consortium based on catalytic performance screening and theoretical cal-

culations [3]. Catalytic tests of the substituted as well as the non-substituted perovskites

have shown that besides inducing a La-deficiency in the composition (La0.7FeO3), the ad-

dition of Cu or Mn further improves the catalytic activity in CO oxidation reaction. Their

temperature of 50% conversion (T50) for CO oxidation to CO2 have been shown in Table

5.1. B-site substitution by Mn improves the T50 value by 45◦C, while the Cu substitution

improves it by 125◦C. Although, the operating feed consists of a complex mixture of gases

including CO, NO, hydrocarbons, O2, H2, H2O etc., the first approach is to study the cata-

lysts under simplified conditions with only one or two gaseous environments. Therefore,

to understand the promoting role of each substituted element, the two catalysts will be

comparatively studied under in situ conditions under oxidative (O2/He) and reductive

(H2/He) environment as well as under partial pressure of water.
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of water to study the effect of moisture on its structure. Thirdly, the perovskite was ob-

served under reducing conditions using hydrogen gas followed by a re-oxidation under

oxygen to obtain the initial oxidized state. Finally, the material was subjected to CO flux,

where the spectral changes were recorded simultaneously while monitoring the CO con-

version in operando mode.

In situ activation treatment under O2/He

The La0.7Fe0.8Cu0.2O3 perovskite was heated under atmosphere of 20% O2 in He, where a

Raman spectrum was recorded at each 100◦C as shown in Fig.5.4. As the La0.7Fe0.8Cu0.2O3

is heated from room temperature, the relative intensities of the lines change, for example,

the component at 635 cm−1 decreases with increasing temperature, in agreement with

the trends observed by Andreasson et al. on perovskites [10]. During this activation step,

the structure of the stretching modes are better resolved, with visible shoulders at 592,

623 and 663 cm−1, which already started to appear 200◦C onward. Similarly, the intensi-

ties of the tilt modes from the perovskites at 290 cm−1 also decreased with temperature.

Also, the relative intensity of the component at 421 cm−1 increases and the one at 480

cm−1 decreases as the heating progresses, as previously observed [9]. Although, the in-

tensity of the line at 480 cm−1 is indicative of copper hydroxide at room temperature, it

is difficult to follow it during heating due to the above-mentioned interferences. In addi-

tion, the hydroxide will begin to decompose above 200◦C. A contribution from CuO only

becomes clearly visible at around 340 cm−1 at 300◦C. As the temperature reaches 400◦C,

it is not possible to clearly detect any Cu species and the spectrum resembles that of the

parent perovskite at high temperature [9]. Most spectral changes occurring while heating

the perovskite are temperature-induced being reversible in nature. This is verified by the

return spectrum at 100◦C, recorded after the activation step, which is quite similar to the

one recorded at the same temperature at the beginning of the treatment.

In situ treatment under partial pressure of water

The La0.7Fe0.8Cu0.2O3 perovskite was subjected to partial pressure of water (∼940 Pa) and

heated up to 400◦C as shown in Fig.5.5. The Raman spectrum at 100◦C presents the lines

for CuO besides the perovskite fingerprint. As the temperature reaches 200◦C, the in-

tensity of the Raman line remains intense at 490 cm−1 indicating the likely presence of

Cu(OH)2, enhanced in the presence of moisture. Above 300◦C, the intensity at 490 cm−1
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oxide is evidenced during the CO exposure and the LaFeO3-related lines remained consis-

tent under the reducing environment. In Fig.5.8(b), as the temperature rises the intensity

of the lines at ∼1300 and ∼1600 cm−1 keeps increasing. These are attributed to the poly-

aromatic hydrocarbons (PAHs), which cover the catalysts surface as the CO reacts with

the surface [12]. The intensity of the line at ∼1600 cm−1 continues to increase up to the

second spectrum at 400◦C (400-2, orange) and then starts to decrease as they get ther-

mally decomposed after prolonged exposure at this temperature. In general, adsorbed

surface oxygen species or the α-O help to drive the CO oxidation reaction especially at

lower temperatures while bulk oxygen are involved at very high temperature above 600◦C

[1].

As evident from the series of the above spectra of La0.7Fe0.8Cu0.2O3, Cu species al-

though present are quite difficult to be clearly detected at different experimental steps

by Raman analysis due to the inherent spectral quality. Thereby, yielding concrete infor-

mation regarding the Cu species becomes quite difficult owing to the complex nature of

these spectra and is mainly used as a means to study temperature related changes and for

comparison with other compositions.

The corresponding online CO to CO2 conversion acquired during this experiment has

been shown in Fig.5.9. Here, the conversion sharply increases at each temperature ramp

as Cu2+ species are expected to reduce to Cu+/Cu0. Besides some Fe2+ species may also

take part, although not evidenced here. However, the conversion falls as no regenerative

process can occur to restore the active oxygen species that assists the CO oxidation reac-

tion with only CO in the gas feed. As the temperature increases in the next temperature

ramp, higher mobility of oxygen is favored and some surface O-species are formed again

thereby increasing the activity. The conversion reaches close to the maximum already

above 200◦C as the Cu-species are expected to reduce around this temperature [6]. The

maximum conversion is maintained around 5% achieved after each temperature ramp.

The Raman spectra during the applied redox cycles mainly highlighted the signature

of stoichiometric LaFeO3 without significant alteration of the frequency of the Γ-point

modes of LaFeO3. The most prominent changes came to be induced by temperature and

are mostly reversible by nature. As far as Cu-related species are concerned, CuO (and

Cu(OH)2), although possibly observed under specific conditions (ie. upon hydration and

at room temperature), their Raman signature could not be attested at higher tempera-

ture, owing to the loss of intensity from thermal effects, low amount of Cu-species and/or
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in the Fe 2p was evident after CO treatment. The binding energy, intensity of the Fe3+

satellite as well as the FWHM values remained similar after the CO exposure. In contrast,

copper undergoes drastic changes under CO. The Cu 2p spectrum shows a complete dis-

appearance of the Cu2+ satellite feature besides a shift of the binding energy value to 932.1

eV possessing quite a narrow peak width. Such a narrow peak at lower binding energy is

indicative of reduced copper species such as Cu0 or Cu+. Since the binding energy for

both are experimentally expected at the same value, the modified Auger parameter (α) is

used for the assignment of the Cu-species. This can be evaluated from the binding energy

values and calculating the modified Auger parameter (α), which is defined by

α = Ek(LMM) + Eb(Cu) (5.1)

where, Ek(LMM) is the kinetic energy of the LMM Auger peak of copper and Eb(Cu) is the

binding energy of the Cu 2p3/2 orbital [13]. The α is estimated to be 1851.2 eV, correspond-

ing to the metallic copper (Cu0) state. This reduction of copper is in line with literature,

where CuO is shown to be completely reduced to metallic copper at around 400◦C accord-

ing to H2-TPR studies. After CO exposure, La/(Fe+Cu) and Cu/Fe atomic ratios change

remarkably to 1.14 and 0.11, respectively. This can be explained by the reduction of the

CuO particles to the metallic state accompanied by change in dispersion of the metallic

species on surface and/or their diffusion into the bulk such that the amount of copper in

the extreme surface becomes limited.

Catalyst re-oxidation under 2% NO in He: Finally, the partially reduced La0.7Fe0.8Cu0.2O3

was subjected to a flow of NO gas. Under this oxidizing atmosphere, the Cu 2p signal

evolves as the Cu2+ satellite appears again along with a clear shoulder of the Cu 2p3/2 at

933.9 eV. At this point the copper is present in 2 oxidation states, evident from the pres-

ence of the additional peak at 932.1 eV. The α was calculated to be 1848.8 eV. This value

is close to the one expected from Cu+. Thereby, the Cu0 formed under CO step have re-

oxidized to a mixture of CuO and Cu2O after re-oxidation under NO. The La/(Fe+Cu) and

Cu/Fe atomic ratios were further changed to 0.82 and 0.17, respectively, as the metallic

copper transforms to the oxidized phases. These observations highlight that the impor-

tant redox behavior in La0.7Fe0.8Cu0.2O3 is mainly enhanced by the presence of the segre-

gated copper oxide phases that seems to play a major role in CO or NO reaction for TWCs
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5.3. Comparison of La0.7Fe0.8Cu0.2O3 and La0.7Fe0.8Mn0.2O3 with respect to their

catalytic operating modes

exposure to study the reactivity and stability of the reduced Mn and Fe species. In case of

the Fe 2p photopeak, it re-oxidizes back to the initial state and the metallic Fe contribution

is completely removed. The reduced species of iron present in the preceding step have re-

oxidized. The Mn 2p signal, however, still remains partially reduced with 47% Mn2+ and

53% Mn3+ (average oxidation state=2.7). This means 30% of the Mn2+ re-oxidizes back to

Mn3+ when reacting with NO. This indicates that the Fe3+ species are more easily oxidized

compared to the Mn3+ ions under NO.

5.3 Comparison of La0.7Fe0.8Cu0.2O3 and La0.7Fe0.8Mn0.2O3 with

respect to their catalytic operating modes

The extensive study by Raman spectroscopy highlighted some major differences between

the two kinds of B-site substituted perovskites, namely La0.7Fe0.8Cu0.2O3 and La0.7Fe0.8Mn0.2O3.

The Cu-substituted perovskite showed the expected fingerprint of LaFeO3-like phase in

addition to the segregated phase of CuO, which was also confirmed by XPS and XRD anal-

yses. XPS analysis further indicated an excess of Cu with respect to Fe in comparison to

the bulk. This implies that only trace substitution by copper occurs at the B-site of the per-

ovskite while rest remains as extra-lattice segregated phases located at the surface. More-

over, it is to be noted that Cu2+ ion is also JT active with a d9 electronic configuration, simi-

lar to Mn3+. From the Raman difference spectrum in Fig.5.3, it may be considered that the

new lines at 475 and 635 cm−1 could also be attributed to a JT distorted structure similar to

a manganite based-perovskite caused by the presence of some Cu2+ inside the perovskite

structure. However, several arguments can be made against this assumption. Firstly, La-

based mixed oxide with copper have a tendency to go to the Ruddlesden-Popper phase

(La2CuO4) instead of the perovskite phase. Different synthesis methods under ambient

pressure yield this type of structure including the citrate complexation route used in this

study [26–30]. Secondly, the Cu-based perovskite phase (LaCuO3) with Cu in +3 oxidation

state is synthesized only under very high oxygen pressures of around ∼200 bar [31–33].

In case of the La0.7Fe0.8Cu0.2O3 catalyst, no traces of either the Ruddlesden popper phase

(characteristic Raman line expected at 220 cm−1 [34]) nor the occurrence of any Cu3+ were

evidenced. Moreover, Cu-substitution has been widely carried out for several perovskite

families in the literature. In most of the studies, Cu-substitution lead to the formation
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of the segregated CuO phase for AB0.8Cu0.2O3 perovskite compositions [35–37]. However,

some authors have mentioned that this segregation is mostly favored at higher values of x

(>0.4) [38–40]. Albaladejo-Fuentes et al. reported different synthesis routes for prepara-

tion of BaTi0.8Cu0.2O3 perovskite, where CuO segregation has been evidenced for all cases

[41]. Hence, the segregation of CuO can be considered structurally driven due to the na-

ture of the Cu2+ ions. However, at this point it cannot be very precisely stated whether

any copper ions are located at B-site of the perovskite while replacing some Fe3+.

In contrast, in the case of La0.7Fe0.8Mn0.2O3 perovskite, there is no evidence of any

additional phase besides the perovskite itself. XPS analysis indicated the expected ratio

of Mn to Fe, similar to the bulk composition. The Mn3+ ion causes strong JT effect that

results in a complete change in the Raman fingerprint as compared to the parent struc-

ture of LaFeO3. Two possibilities can be considered for the Mn-substituted perovskite:

(1) the Mn3+ is only substituted at the B-site of the perovskite yielding a single phase,

ie. La0.7Fe0.8Mn0.2O3, or, (2) a solid solution of 20% LaMnO3 and 80% LaFeO3 is formed,

which can also yield similar Raman spectrum with a manganite fingerprint owing to its

high Raman cross-section.

Both questions related to La0.7Fe0.8Cu0.2O3 as well as La0.7Fe0.8Mn0.2O3 can be an-

swered to some extent using the help of ToF-SIMS analysis. As discussed in chapter 3, the

molecular fragmention involved is a direct evidence of the presence of the mixed oxide

of perovskite. Some mixed oxide fragments detected on the secondary ion mass spec-

trum have been shown in Fig.5.25 for both La0.7Fe0.8Cu0.2O3 and La0.7Fe0.8Mn0.2O3, such

as La2FeMO+
5 , LaFe2MO+

4 and La3FeMO+
6 (M = Cu or Mn). In case of La0.7Fe0.8Mn0.2O3,

the existence of these ionic fragments indicate the mixed oxide phase of perovskite sub-

stituted by Mn such that the Mn3+ is situated within the B-site of the parent LaFeO3 struc-

ture. The detected mixed-fragments are verified with similar isotopic ionic fragments of

65Cu and/or 54Fe. Hence, it is indeed a single phase of La0.7Fe0.8Mn0.2O3 composition. In

contrast, for the La0.7Fe0.8Cu0.2O3 perovskite, the presence of the mixed ionic fragments

is negligible and the analogous isotopic ions with 65Cu and/or 54Fe are completely absent

in the mass spectrum. This highlights the fact that very little or none of the Cu2+ ions have

been substituted at the B-site of the perovskite. This is in agreement with many studies

made on Cu-substituted perovskites where a preferential extra-lattice segregation of cop-

per as CuO has been evidenced mostly by XRD analysis [36, 37, 41]. The segregated par-

ticles of copper species are also observed by SEM analysis as shown in Fig.5.26 on a ∼70
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General Conclusions and Perspectives

LaFeO3 based perovskites, considered as alternative materials for TWC application, were

investigated in this thesis work. Such bulk materials often possess surface specificities

that can directly affect the catalytic performance. The methodology used in this work

involves both surface and bulk analytical techniques for investigating the structural and

surface properties of the perovskites, involving, among others, the crystal phase, the pres-

ence of defects, the chemical composition and the oxidation state. To-date methods

such as NAP-XPS or operando spectroscopies were appointed to investigate their sur-

face reactivity under TWC-relevant environment, according to either the in situ or the

operando approach. Discrete models of LaFeO3-based materials, ranging from ultra-thin

films towards the very same powders as those used for lab-scale evaluation of TWC per-

formances. Therefore, overall this thesis aimed at the following:

• To prepare surface models of LaFeO3-based catalysts by synthesizing model cata-

lysts shaped as polycrystalline thin films for reliable surface analyses.

• To investigate the surface and structural properties of the model catalysts and eval-

uate their relevance as TWC models.

• To use the models to study the role of A-site La deficiency in the perovskite structure

by in situ measurements.

• To compare B-site substitution in LaFeO3 by two different elements (Cu or Mn) and

investigate their catalytic operating modes.

To this end, discrete model materials of LaFeO3 supported over SiO2/Si(100) substrates

were prepared by spin coating with thickness ranging from a few nm to µm. The thin

films of 50-100 nm were chosen as suitable models for high temperature treatment (up

to 650◦C) and and those of <10 nm as surface models for highly element-sensitive tech-

niques to be used for low temperature analyses (up to 300◦C), respectively. LaFeO3-SiO2/Si(100)
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featured similar chemical, structural and surface properties of an orthorhombic lanthanum

ferrite oxide in both thickness ranges. The thin film also signified the presence of La-

enrichment similar to conventional powder catalysts although with less surface contam-

ination from adventitious carbon. Surface analysis further revealed that the La enrich-

ment did not block all the active Fe sites on the outermost surface, indicating that some

Fe sites still remain available for reaction. Finally, the model catalysts were compared to

conventional powders at the surface as well as the bulk of the thin film, which allowed to

validate these polycrystalline thin films as relevant models for further surface investiga-

tion of TWC reaction.

The perovskite based model catalysts were then utilized to successfully investigate the

beneficial role of inducing a La-deficiency into the structure (La0.7FeO3) by comparison

with the stoichiometric composition. La0.7FeO3 revealed the presence of ∼40% of iron

oxide and ∼60% of perovskite phase with particles of Fe2O3 embedded on the perovskite,

while the LaFeO3 is solely composed of the perovskite phase. The non-stoichiometric per-

ovskite showed higher reducibility to Fe2+ under CO exposure at high temperature com-

pared to the stoichiometric composition by NAP-XPS. Some metallic iron formation oc-

curred in La0.7FeO3 only, arising from the presence of the hematite phase since none was

detected in case of LaFeO3. Finally, to obtain more information regarding the phase com-

positions under CO environment GI-XANES was applied. The LaFeO3 reduced to only

the FeO phase (15%) while La0.7FeO3 reduced to majority of magnetite (69%) and some

FeO (8%). Quantitative correlations highlighted the extensive formation of magnetite un-

der CO atmosphere. This magnetite (Fe3O4) phase was never detected in stoichiometric

LaFeO3 under such conditions, supporting the key role of the interface between the per-

ovskite and the hematite in La0.7FeO3 we propose here. The vicinity of both LaFeO3 and

hematite phases allows the FeO, resulting from the reaction of LaFeO3 with CO, to imme-

diately react with the iron oxide phase to form the magnetite. The synergistic role pro-

vided by the interface is in line with the previous catalytic performances of the respective

perovskites. This study thereby highlights the driving force of the improved catalytic per-

formance caused by inducing an A-site deficiency in the perovskite structure. In addition,

it must be noted that the NAP-XPS and GI-XANES results cannot be directly quantitatively

compared due to the unavoidable differences in the experimental conditions and experi-

mental set-up.
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Additionally, as a collaborative work within the PARTIAL-PGMs consortium, the effect

of substitution at B-site by Cu or Mn were investigated for the La0.7Fe0.8M0.2O3 (M=Cu or

Mn) powder catalysts. Substitution of Cu2+ leads to segregation of CuO while no addi-

tional phase segregation was detected after Mn-substitution. The in situ Raman analysis

of La0.7Fe0.8Cu0.2O3 indicated likely presence of the CuO species that could impact the

redox cycle, however, owing to the spectral complexity, conclusive remarks from Raman

spectra alone could not be made. The presence of CuO species was thereby confirmed

by XPS and XRD. In case of La0.7Fe0.8Mn0.2O3, a complete change in the Raman spectral

signature was observed signifying the substitution of Mn3+ by replacement of Fe3+ sites at

the B-site. The copper substitution in B-site remained negligible confirmed by ToF-SIMS.

Hence, in case of La0.7Fe0.8Cu0.2O3, the copper exists as extra-lattice moieties in the form

of CuO and can be definitively considered as a LaFeO3-supported CuO catalyst. On the

other hand, the La0.7Fe0.8Mn0.2O3 is indeed B-site substituted system. In conclusion, each

perovskite will follow a different operating mode during a catalytic reaction. In this case

particularly, La0.7Fe0.8Cu0.2O3 resulted in better catalytic performance during CO oxida-

tion reaction.

Perspectives:

This work succesfully highlighted the adapted methodology to investigate fundamental

aspects of perovskite-based bulk catalysts by shaping them as polycrystalline thin films

for surface analysis by a multi-technique approach in ex situ as well as in situ modes. Of

course future work is required in some areas for a more detailed understanding of the ma-

terial and its reactivity.

As is the case for several other perovskite compositions, surface segregation of iron

was observed in LaFeO3 and La0.7FeO3. In stoichiometric LaFeO3, it as driven by the A-

site La-enrichment while for non-stoichiometric La0.7FeO3 it is mainly caused by the seg-

regated Fe2O3 particles due to the induced La deficiency. Although, this surface enrich-

ment or segregation phenomenon is clearly observed by depth profiling measurements,

accurate depth scales could not be determined. This can be done in the future by coupling

the ToF-SIMS measurements with AFM to determine the depth scales of the detected seg-

regation zones.
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Further, the Cu or Mn substituted perovskites have been investigated by in situ Raman

and quasi-in situ XPS. However, the redox behaviour of the CuO species was difficult to

be interpreted with respect to the Raman spectra. This can be more precisely investigated

in future by in situ XRD and/or XANES analyses to detect the change in phase composi-

tions during a redox cycle. This would not only allow to determine the role of CuO species

but also detect the presence of small traces of any other copper species such as Cu3O4,

La2CuO4 and FeCuO2, which were out of scope of the present work. Similarly, this will be

also interesting for the Mn-substituted perovskites likewise.

In general, the undertaken approach of this work can be extended similarly to a large

variety of oxides dedicated to redox applications, which will not only help to understand

the surface characteristics more effectively but also propose better ideas for designing of

active catalyst compositions.
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