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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 LaFeOs, 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 a 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 a base de perovskites comme LaFeOs,
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 hétérogene, 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 modeles plans a 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 a différentes échelles de profondeur. De plus, le com-
portement des catalyseurs a été étudié sous atmosphere 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 grace a 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
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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 (NO,) 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 NO, 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 LaFeOs, 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 LaFeOs 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.

ii
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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 CO; 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 (NO,) 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 NO, into molecular nitrogen via a redox process. The major

reactions taking place during three-way catalysis are presented below [2]:

1
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Oxidation reactions:

2CO0+0,—2C0Oy (1.1)
3
CnH2n+§n Oy, - nCO,+nH,O (1.2)
NO-reduction reactions:
2CO0+2NO—2C0O2+Ny (1.3)
3
CnH2n+3nNO—>nC02+anO+EnNg (1.4)
2H, +2NO — 2H,0 + Ny (1.5)

In reaction 1.5, hydrogen is produced by side reactions like the water gas shift reac-
tion between CO and H,0O and the steam reforming reaction of hydrocarbons and water
to form H, and CO,. 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 (1.6)
mass of fuel

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 (A) as given by,

actual AFR
A= — - 1.7)
stoichiometric AFR

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

2
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100 —A -

Conversion (%)

A 4

Rich Stoichiometric Lean

Air/Fuel Ratio

Figure 1.1: Variation of conversion of CO, HC and NO pollutants with the air/fuel ratio (AFR) in
catalytic converters [4].

whereas when it is lower, it is called a rich mixture. Therefore, for a stoichiometric mixture
A=1, lean mixture A <1 and for rich mixtures A >1. This efficiency is controlled by utilizing
a Lambda (A) sensor at the inlet and outlet of the converter that measures the oxygen
present in the exhaust and governs the fuel and air injection like a feedback-system [5].

A catalytic converter is shaped like a cylinder placed at the end of the engine enclosed in a
stainless steel body comprising of three main components, the substrate, wash-coat and
noble metals, as shown in Fig.1.2. The substrate acts as the internal structure, which is
generally based on honeycomb-type ceramic monolith, foam or a metallic type substrate.
The wash-coat, composed of high surface area oxides, is coated over the substrate while

acting as a support for the active phase.

TWC on honeycomb
N,.H,0, CO, monolith

Quter Stainless
steel Shell

HC, CO, NOx

Figure 1.2: A scheme of a TWC catalytic converter [6].

The catalysts presently used for the TWC application are based on noble metals such
as platinum, palladium and rhodium, often referred to as Platinum group metals or PGMs,

supported over common oxide supports to increase their dispersion over high specific

3

© 2019 Tous droits réservés. lilliad.univ-lille.fr



Thése de Shreya Nandi, Université de Lille, 2019
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],

rat+ro

f=—— (1.8)
V2(rg +10)

where the radii of Ais rp, B is rg and that of the oxygen ion is rg.

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
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Hence, a perovskite can comprise of several elemental combinations at the A and B-sites
by partial substitutions at each site, which permits to control the oxidation states of the
cations and formation of ionic vacancies. This allows adjusting the surface composition
as well as redox properties of the perovskite, ultimately determining their catalytic prop-
erties [11]. Thus, with the advantage of an easy-to-tune composition, perovskites embed
an array of various catalytic as well as non-catalytic properties and are nowadays found in
numerous applications (fuel cells, batteries, gas sensors, semiconductor industries etc.).
Additionally, the formation of a perovskite structure helps to increase the thermal stability

of the transition metal oxides [12].

Figure 1.3: Structure of a perovskite: the A-site is represented by violet, B-site by blue and O
atoms by red spheres [13].

Furthermore, the interest towards perovskites for their application in TWC rose im-
mensely with the discovery of their self-regenerating property by Nishihata et al [14]. In
their study on Pd-doped perovskite, LaFeq 57C0¢.33Pdg 0503, it was determined by X-ray
diffraction and absorption spectroscopy that the palladium oscillated between the per-
ovskite lattice under oxidative conditions, and out of the lattice as Pd° under reducing
conditions throughout the redox fluctuations, typically existing in the exhaust gas as de-
scribed in Fig.1.4.

This periodic reversible movement of the noble metals depending on the atmosphere
encountered by the catalyst could prolong retention of the high dispersion of active phases
over time, overcoming deactivation by sintering. Therefore, slowing down the progressive
deactivation as the catalyst ages, unlike a conventional catalysts e.g. Pd/Al,O3, which
tend to agglomerate much faster under the classic automotive environments [15], as pre-
sented in Fig.1.5. Thus, perovskite type-oxides came to be known as “intelligent” catalysts

contributing to the process of self regeneration by forming a solid solution between the

5

© 2019 Tous droits réservés. lilliad.univ-lille.fr



Thése de Shreya Nandi, Université de Lille, 2019
Chapter 1. Literature review

\ Oxidation Reduction /

Figure 1.4: A scheme showing the self-regenerating phenomenon in LaFe( 57Co¢ 3gPd.0503
perovskite during redox cycling.

noble metals and the oxide with a much improved thermal resistance [15, 16].
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Figure 1.5: Change in activity of catalysts during aging for a perovskite (prolonged activity)
compared to a conventional TWC catalyst (faster deactivation) [14].

Some researchers have begun to investigate the scope of this self-regenerative phe-
nomenon further. As an example, microscopy techniques like STEM were employed to
study epitaxially grown films of Pd-doped LaFeOs; under redox conditions. The authors
stated that the extent to which the Pd dissolution occurred was limited [17] and the re-
versible movement was evidenced mostly in the bulk of the perovskite and not available
to the catalytic reaction at the surface to the same extent. However, they evidenced that
the Pd particles strongly interacted with the lattice after the oxidation step.

In another study by the same group on Pt-doped CaTiOs, they observed that after re-
duction, most of the Pt clusters on the surface tend to coarsen rather than precipitating
back in the matrix during oxidation [18]. Even though these studies show that the novel
phenomenon may occur only up to a small extent, but in all cases, a strong interaction be-

tween the noble metals at the surface and host lattice is evident, as can be seen in Fig.1.6
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Figure 1.6: HAADF-STEM image of PdO nanoparticle strongly interacting with the host perovskite
lattice (right) and an EELS line scan across AB (left) [17].

from the dark reaction zone from the HR-TEM image as well as the pink region (~2 nm)
on the adjoining EELS image. This can help maintaining a steady catalytic activity by
avoiding Pd agglomeration under realistic conditions. Interestingly, recently in situ STEM
analysis of Rh-doped CaTiO3; powder highlighted the self regeneration of Rh nanoparti-
cles, which were rather clearly observed to appear on the surface under reducing con-
ditions and revert to the as-received state under oxidizing atmosphere [19], as shown in
Fig.1.7. Therefore, the extent of self-regeneration phenomenon may slightly differ from
one perovskite to the other, but is overall beneficial as an intrinsic property of a perovskite

oxide.

As-prepared Reduced Re-oxidized
e :

20 nm

Figure 1.7: In situ STEM images of Rh-doped CaTiOs as-prepared, after reduction and after
re-oxidation treatments at high temperature self explaining the self-regeneration process [19].

1.1.3 Perovskites as TWC catalysts

The intrinsic redox properties of perovskites make them suitable for application in catal-
ysis. The nature of the B-site cations determines the key catalytic role of such bulk cata-
lysts, while the A-site cation in a trivalent state plays almost no significant role as observed
during CO and HC oxidation reactions shown in Fig.1.8 [20]. Likewise, in Fig.1.9 the La,

Sm and Gd at A-site do not influence the rate of propane oxidation while change in the
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B-site cation has a major influence, with Mn and Co being the most active [21]. Addi-
tionally, when the A cation is substituted by ions of a different valency, it can influence
the catalytic activity by changing the valency of the B cation and/or the formation of oxy-
gen vacancies [22]. For instance, a 20% substitution of La3* by Sr2* ions at the A-site in

Lanthanum cobaltate increased the catalytic activity up to ten times, as shown in Fig.1.8.

3
L

Rate/cm3m=2 mirr!
2
é

la Ce Pr Nd Pm SmEu Gd
A-site ion (Ln)

Figure 1.8: Catalytic activity of (a) Sr-substituted Lng gSry»CoO3 and (b) LnCoO3 during propane
oxidation reaction at 227°C, where Ln represents the A-site ion [20].
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Figure 1.9: The effect of changing A and B-site cations of perovskites on propane oxidation
reaction [22].

The conversion and selectivity are largely governed by the oxygen mobility and its
storage capacity originating from the structural defects. Perovskites are known to ad-
sorb large extent of oxygen and desorb two kinds of oxygen species namely, the a-oxygen

and the -oxygen [23]. The a-oxygen desorbs at lower temperature (<500°C), attributed
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to the weakly bound O™ /0O; species formed during calcination on the transition metal
sites of the perovskite surface. On the other hand, the f-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 a-oxygen, the reactant molecules are activated by providing an
appropriate adsorption site, while the intrafacial mechanism involves the consumption
of the B-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 m?g~!) 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 m?g~! 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 SiO» [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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1.1.4 Choice of perovskite: LaFeO3

Since the B-site cation determines the chief catalytic role in the perovskite oxide, its choice
is most imperative. Transition metal cations at the B-site such as Cr, Mn, Fe, Co and Ni can
form the correct perovskite structure. However, the ones containing Cr, Co and Ni pose a
threat to the environment since they are toxic and their usage must be avoided [32-34].
Although among the rest, Mn-based perovskites show best oxidation properties in CO
and HC oxidation, the LaFeO3 and other substituted ferrites are highly investigated due
to their widespread availability and low cost of the iron precursors. Likewise, the LaFeOs3
has been chosen as the base perovskite by the PARTIAL-PGMs consortium as one of the
materials of interest for further investigation. Thereby, lanthanum orthoferrite perovskite
is the targeted material to be investigated for this thesis work.

Previous studies on LaFeOs by Schoen et al [35] have shown that the stoichiometric
composition features a higher surface La/Fe ratio compared to the bulk ratio of 1, as evi-
denced by XPS analysis. This enrichment of lanthanum is often observed in Lanthanum
based oxides due to their high reactivity under air to form surface lanthanum hydrox-
ides and/or carbonates [35, 36]. On reducing the content of La in the non-stoichiometric
form La;_ ,FeOs (x=0, 0.1, 0.2, 0.33), the surface La/Fe ratio decreased to a value of 0.9 for
x=0.33, as described in Table 1.1. The induced La-deficiency resulted in better catalytic
activity not only in CO oxidation but also in NO reduction reactions, as presented by the
decrease of the temperature of 50% conversion (T50) values in Table 1.2. The surface opti-
mization by adjustment of the La/Fe ratio lead to higher accessibility of the active species

of iron, thereby improving the CO as well as NO reactivity [35].

Table 1.1: Surface and bulk La/Fe ratios of La; -, FeOs (y=0, 0.1, 0.2, 0.33) catalysts [35].

La/Fe atomic ratio

XPS ICP-AES
LaFeO; 2.13 1.01
LapoFeOs 1.64 n.a.
LaggFeO3 1.31 n.a.
Lape7FeO3 0.88 0.66

The H,-temperature programmed reduction (TPR) revealed the existence of additional
hematite (Fe,O3) in strong interaction with the perovskite structure, formed as a result of
the La-deficient composition. To ensure whether the enhancement in the activity was

brought upon by this hematite phase, the La;_,FeO3 series were compared with that of a
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Table 1.2: Temperatures of 50% conversion of the different gases in the exhaust feed for
La;_yFeOg3 catalysts (y=0, 0.1, 0.2, 0.33), hematite and a mechanical mixture of LaFeO3 and
hematite [35].

Condition Stoichiometric Rich
Tso (°C) Cco C3Hs C3Hs H> NO

LaFe0O; 438 463 478 501 -
LagoFeO3 386 443 467 439 510
LaggFeO; 398 431 499 433 488
Lages7FeO3 384 420 497 471 479
Fe,03 459 490 = 493 -
Fe,03 + LaFeO3 436 465 486 482 -

mechanical mixture of Fe,O3 and LaFeOs3 as well as the hematite alone. The CO conver-
sion remained similar to that of the stoichiometric LaFeO3s without any NO conversion
in both cases (Table 2). Furthermore, an in situ Raman investigation on the stoichio-
metric (LaFeO3) and La-deficient ferrite (Lag 7FeO3) under cycles of air, moisture, CO and
NO highlighted the reversible formation of an iron oxide nano-phase only at the surface
of the La-deficient composition during treatment under oxidizing conditions [37]. This
nano-phase strongly interacting with the perovskite was postulated to be the reason be-
hind the improved catalytic activity in the La-deficient perovskite, in line with the study
by Schoen et al [35].

Additionally, recent studies on LaFeO3 based catalysts showed better activity in CO
and propane oxidation on partial substitution of the La-deficient perovskite with Cu at
the B-site [38]. Recent results also highlighted that part of the substituted copper existed
as CuO, well dispersed on the perovskite surface [39]. Further, the NO reduction was en-
hanced by doping with Rh nanoparticles. This catalyst was compared to a commercial
reference catalyst containing Pd and Rh, which resulted in higher NO conversion with

lower ammonia production [40].

1.2 Physicochemical properties of perovskites

The scopes of characterizing the inherent properties of lanthanum ferrite and related per-
ovskites by surface analysis techniques like LEIS, ToF-SIMS and XPS have been discussed
in this section. The importance of applying these surface-sensitive techniques to such
bulk catalysts has been highlighted through various examples. Finally, the aspects of bulk

characterization techniques such as Raman and XANES have also been mentioned. More

11

© 2019 Tous droits réservés. lilliad.univ-lille.fr



Thése de Shreya Nandi, Université de Lille, 2019

Chapter 1. Literature review

details about the principles of each technique will be discussed later in Chapter 2.

1.2.1 Surface analysis techniques (XPS, LEIS, ToF-SIMS)

Low energy ion scattering spectroscopy (LEIS): It stands as a powerful tool when it comes
to characterization of heterogeneous catalysts due to its extreme surface sensitivity to the
very first atomic layer. Both bulk as well as supported catalysts have been studied using
this technique. LEIS can be used to quantify the surface elemental composition as well
as achieve information from sub-surface layers (<10 nm) relevant for dispersion of the
active phase [41]. In addition, good quality spectra under static conditions (ionic dose
less than 1% of a monolayer) can be recorded within short time periods (~60 s) with
high sensitivity and specificity for different elements. This analytical method has been
widely used to study perovskite-type materials to highlight some of their important fea-
tures. In the field of fuel cell materials, it was observed by LEIS in a condensed pellet of
Lag 6Sro.4Fep g§Cop 203 that the larger A-site cation (Sr) segregates and dominates the sur-

face leaving a B-rich zone just beneath the surface as shown in Fig.1.10.
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Figure 1.10: (a) LEIS 20Ne* spectra of Lag gSrg.4Fep.sCog 203 perovskite of its outermost surface,
sub-surface and bulk composition, and (b) a scheme representing the variations in composition
at the perovskite surface [42].

The perovskite presents an A-site (Sr) domination on the outermost surface with al-
most no signal from the transition metal cation (Fe). Such A-site segregation or enrich-

ment has been observed for several perovskites, where the segregation is more enhanced
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for a A substituent such as the Sr here. After light sputtering (*°Ar* 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 A>*O%~ and B3* 05~ planes in A**B**03%~ 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 Lag 5Srg 35FeO3, SrTiO3 and BaTiO3 [46-48].

This surface segregation is also seen in related mixed oxide phases such as Ruddlesden-
Popper (A2BO,4) and double perovskite phases (AA'B,05) 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 Laj ;FeOs 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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Figure 1.11: LEIS (*He" at 3 keV) spectra of Lag 7FeOj3 catalyst (a) before and (b) after successive
CO followed by NO exposures [37].

catalysis to examine surface reconstruction of the surface of a perovskite, study reaction-
induced surface modifications as well as determine the poisoning effects in catalytic re-
actions [52-54]. Fe-substituted perovskites of the composition LaCo;_,Fe,O3 were in-
vestigated by Wu et al [55] as N2O decomposition catalysts. Mixed-oxide clusters were
detected, e.g. LazCoFeO;, which confirmed the co-existence of the Fe and Co at the B-
site of the perovskite lattice on the topmost surface of the catalyst. In another study, Ko-
cemba er al [56] investigated that the catalytic activity of Pt/BaSnO3 catalyst for CO + H,
oxidation was determined by the strong chemical interaction between the Pt and the per-
ovskite forming a bimetallic phase as revealed by ToF-SIMS analysis due to the presence
of mixed oxide ionic fragments such as BaP’[Oér and PtSnO™*. In fact, the emitted positive
or negative secondary ions are representative of the chemical composition of the surface
of catalysts. Most reports indicate that the secondary ions detected by ToF-SIMS are gen-
erated from direct emission of ions with characteristic composition of the catalysts and

not merely produced by a recombination process of the secondary ions [57-59].

Furthermore, depth profiling analysis by ToF-SIMS can elucidate surface anomalies
such as surface segregation or enrichment on sample. Lee et al. [60] made depth profiling
measurements on epitaxially grown thin films showing lower extent of Sr-segregation in
Lag gSrp.4Co03 film compared to polycrystalline thin films. The presense of grain bound-
aries were stated to facilitate transport of the segregating atoms thereby showing more
extended surface segregation than single crystals [61, 62]. Such surface segregation can
lead to lower catalytic activity for oxygen reduction in case of thin film-based electrodes

[63]. The depth profile shown in Fig.1.12 displays the abundance of Sr* and Co* com-
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pared to the bulk in Lag Srg 4CoO3 perovskite.

100000 5
10000 +

1000+

intensity / counts

100

10 L b L . L) T L} - L]
0 100 200 300 400 500
sputter time /' s

Figure 1.12: Depth profiling (0.5 keV, O3 ) by ToF-SIMS in positive mode (25 keV; BiJ) for
Lag ¢St 4CoOs3 perovskite [62].

Similarly, Co and La surface enrichment in LaCoO3 cathode presented a detrimental
effect on its performance [64]. The Co enrichment has been presented by ToF-SIMS map-
ping in Fig.1.13. In another study, B-site segregation as Co3z0,4 in LaCo,_,Fe,O3 catalyst

seemed to inhibit N>O decomposition reaction [55, 64].
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Figure 1.13: (a) Electron image, (b) La and (c) Co ToF-SIMS images of the LaCoO3 cathode
representing surface segregation of B-site Co species [64].

In addition, ToF-SIMS was used to examine the surface composition of fresh and aged
commercial TWC catalyts, which highlighted the effect of poisoning elements like S, Ca
and Pb originating from the fuel and lubricating oils within the automotive exhaust sys-
tem, proportional the distance traveled [65]. The Ca and Pb containing ionic fragments
have been shown in Fig.1.14. Thereby, ToF-SIMS analysis can provide a variety of surface
oriented information regarding a catalyst with higher surface and elemental sensitivities,

which could get blurred when analyzed by XPS with a higher analysis depth (~5-10 nm)
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[66].
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Figure 1.14: Positive ToF-SIMS mass spectra obtained from a vehicle-aged alumina-ceria based
commercial TWC [65].

X-ray photoelectron spectroscopy (XPS): It is one of the most common techniques
to characterize the surface chemistry of catalysts to measure the elemental composition,
ratios as well as the chemical states from the top <10 nm of the material. Most stud-
ies relevant to perovskites use XPS to determine their surface composition and oxidation
states of the constituent ions. In case of LaFeOs perovskite, both La and Fe exist in the
3+ oxidation state. The La is mostly studied using the La 3d orbital due to its higher pho-
toemission cross section. The La 3d photopeak displays two visible components from
spin-orbit coupling, 3ds,» and 3ds/2, which further split due to multiplet splitting. The
complex peak structure of the La spectrum is a result of charge transfer from the valence
band of the ligand atom to the 4f orbital of the ionized core of La [67]. A typical example
of a La 3d photopeak from LaFeOj3 is shown in Fig.1.15.

The binding energy of La 3d lies between 834.0-835.0 eV depending on the type of the
La compounds. The magnitude as well as the intensity of the multiplet splitting com-
ponents are dependent on the chemistry of the La-based compounds. As presented in
Fig.1.16, La»,03, La(OH)3 and La, (CO3)3 have different magnitudes of the splitting as well
as distinct shapes. However, the assignment of such chemistry is always ambiguous ow-

ing to the highly reactive nature of lanthanum-based compounds, which may hydrolyze
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Figure 1.15: XPS spectra of LaFeOs : Fe 2p and La 3d photopeaks featuring a 3+ oxidation state for
both [68, 69].

to form La(OH)3 or react with CO to form surface carbonates. To this end, a reliable spec-
trum of lanthanum oxide for example, can be achieved by performing a high temperature
oxidation treatment under in situ conditions to remove surface contaminants. However,
the analysis of La(OH)3 or even La-based mixed oxides without any pre-treatment can be
tricky due to the inevitable presence of surface lanthanum carbonates. The La 3d photo-
peak overlaps with the La MNN Auger signal when Al Ka source is used, as displayed in
Fig.1.17. This overlapping can be removed by subtraction of La MNN peak from La 3d or
by only considering the half orbital (La 3ds/2), which has almost no interference with this

Auger signal [67].

La 3ds),

Compound AE
La oxide 4.6
La hydroxide 3.9

La carbonate 3.5

Binding Energy (eV)

Figure 1.16: XPS La 3ds,, spectra of different La compounds featuring differences in position,
mutiplet splitting shape and magnitude [70].

In case of iron, the 2p orbital is the most commonly investigated orbital owing to its
higher cross section. Fe 2p photopeak (Fig.1.15) presents a significant spin-orbit coupling

with an energy separation of 13.1 eV. The binding energy of the Fe 2p orbital depends on
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Figure 1.17: XPS La 3d spectrum with contribution from La MNN region for La,O3 [67].

the chemical state as well as the ligand nature. For instance, Fe 2p photopeak shows a
binding energy of 709.6 eV in FeO and 710.4 eV in FeCl,, both being Fe?*. The different
valence states and ligand nature are relatively easier to be predicted thanks to the shape
and position of the satellite feature of Fe 2p. Fe3* (Fe,03) has a satellite feature around 8
eV higher, while Fe?* (FeO) satellite feature is located 6 eV higher compared to the binding
energy of the main Fe 2p3,, peak [71]. Biesinger et al. [72] presents detailed multiplet
splitting fitting parameters of reference Fe-based compounds.

The O 1s spectrum in case of perovskites is mostly composed of three components,
as shown in Fig.1.18: the signal from the lattice oxygen (-oxygen) lying between 529.4
and 530.1 eV, the thermodynamically stable O~ /0%~ surface oxygen species (a-oxygen),
defects in oxides and hydroxides between 531.2 and 531.8 eV and other adsorbed surface
contaminants like carbonates, organic oxygen or adsorbed water located at higher bind-
ing energies (>532 eV) [72-74]. The a-oxygen species, often called chemisorbed oxygen,
may not always be seen directly as it may be hidden under the contribution from surface
adsorbates such as the hydroxides. However, its contribution may be clearly seen on a
pure perovskite surface for example after heating under oxidative conditions to remove
the surface adsorbates.

The binding energy values of La 3d, Fe 2p and O 1s photopeaks for LaFeO3 perovskite,
as stated by several authors have been listed in Table 1.3 with their charge referencing
values and synthesis methods.

The position of La 3d lies between 833.5 and 834.7 eV, while for Fe 2p between 709.8
and 710.6 eV. It is evident from these enlisted values that the binding energy of this mixed
oxide phase is usually lower than that of the single oxide phase of Fe,O3 (Fe 2p at 710.9

eV) probably due to the difference in electron density around Fe in the mixed oxide phase
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Figure 1.18: XPS O 1s spectrum of LaFeO3 showing the different oxygen components [73, 74].

Table 1.3: Binding energy values of core level spectra for LaFeOs from literature with their
synthesis methods and charge correction values [68, 75-83].

1 Citrate sol-gel 833.5 710.2 529.4 285.0 [74]
2 Electrospinning 834.7 709.8 528.8 284.5 [75]
3 Hydrothermal 834.3 710.2 528.3 284.6 [76]
4 Hydrothermal 834.4 710.6 530.0 284.6 77
5 | Ultrasonicspray 834.1 710.5 529.3 284.8 [67]
pyrolysis
6 Combustion - 710.5 529.4 284.8 78]
7 Polymerized 833.5 709.9 529.1 ; (791
complexation
8 Pecini 834.0 710.2 529.0 284.8 [80]
9 | Self-combustion 833.8 710.1 529.1 285.0 [81]
10 Conventional 833.8 710.2 529.1 285.0 (82]

Citrate

[71, 79]. Most articles related to LaFeOs present data related to the lattice oxygen only
in its as-received state due to the feasibility and therefore only lattice oxygen values have

been listed in the table.

The above example show the extent of different range of surface related information
that can be obtained by XPS, LEIS and ToF-SIMS that can together provide a more com-
plete picture of the surface characteristics of the bulk material. For deeper insights, the

comparison of the general attributes of the three techniques have been enlisted in Ta-
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ble 1.4 highlighting the type of possible data collection, resolution and detection limits of

each [66, 84].

Table 1.4: Comparison of key properties and scope of the surface analysis techniques : XPS, LEIS
and ToF-SIMS [66].

Properties LEIS ToF-SIMS XPS

Surface sensitivity Outermost atomic layer A few atomic layers ca.10 nm

Static depth profiling Inherent, ca. 10 nm No If multiple scans taken at multiple angles|
(angle resolved XPS), ca. 5 nm

Dynamic depth profiling With sputter gun With sputter gun With sputter gun

Analysis time per spectrum | Typically minutes Typically minutes Somewhat longer

Detection limits A few % of a monolayer for the | ppm 0.1-1% of a monolayer

lighter elements, up to 0.1-1%
for the heavier elements

Matrix effect Essentially none Strong Essentially none
Quantitative results Excellent Relatively poor Very good
Oxidation state information| None Somewhat, through molecular| Yes
fragments
Molecular information None Yes, through molecular Yes, through chemical shifts
fragments
Lateral resolution ca. 100 microns Submicron ca. 10 microns

1.2.2 Perosvskite structure by Raman and XANES

Raman spectroscopy is an useful technique to investigate the structure, average lattice
and phase transitions of a material. Owing to its high sensitivity towards structural distor-
tion and oxygen motions, it can be used to determine the structure and phase of a multi-
oxide system. Perovskite-based oxides have been moderately studied by Raman spec-
troscopy. The spectrum is highly sensitive to the type of B-site substitution that brings
upon any structural distortions, as represented in Fig.1.19, where LaFeO3, LaMnOs and
LaCoO3 have different Raman signatures with change of the B-site ion. The LaMnOs3 fur-
ther undergoes Jahn Teller distortion due to the presence of Mn3* ion, which presents a
different Raman fingerprint compared to LaFeO3 without such distortions [85].

LaFeO3 has an orthorhombically distorted perovskite structure with 60 normal modes
out of which, 24 are Raman active modes [86]. A better resolved Raman spectrum is shown
in Fig.1.20, where bands below 200 cm™! are attributed to La-vibrations (A modes) [76].
The line around 270 cm™! comprises of 2 components at 263 and 289 cm™! due to FeOg
octahedral tilt (T modes). The oxygen octahedral bending vibration gives rise to the scat-
tering around 400-500 cm™! (B modes). The components above 600 cm™! present the
O-stretching vibrations (S modes) and the longitudinal optic phonons overlapping each

other. A strong broad line at 1320 cm™! is attributed to the second order scattering due to
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Figure 1.19: Raman spectra of (a) orthorhombic LaFeOs, (b) rhombohedral LaMnOs and (c)
rhombohedral LaCoOs collected using the 632.8 nm laser at 300K [86].

the combination of IR active LO phonons observed around 630 and 490 cm™! [76, 87, 88].

The Raman bands related to LaFeO3 have been enlisted in Table 1.5 [37].
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Figure 1.20: Raman spectrum of LaFeO3 nanofibres calcined at 600°C [76].

Table 1.5: Wavenumbers of Raman bands with corresponding symmetry and atomic motions [37].

Wavenumber (em~')  Symmetry Assignment

152 By, displacement of La cations
175 Ay displacement of La cations
263 Ay tilt of FeOg octahedra
289 A, tilt of FeOy octahedra

330 (sh)

400 (sh) By, FeOg out of phase bending
431 Ay FeO4 bending

500 (broad) LO phonon mode

570 FeO antisymmetric stretching

Bs,

639 (broad) "

FeO stretching and LO phonon mode

In addition, the effect of temperature on LaFeO3 was studied by Coutinho et al. and

Andreasson et al. [89, 90], the Raman peaks broadened and became less defined with
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heating due to the increase in short-range disorder, besides a shift to lower wavenumbers

due to increase in the lattice parameter with rising temperature.

X-ray absorption near-edge spectroscopy (XANES) is a powerful tool that provides in-
formation regarding the valence state, symmetry and the basic fingerprint of a sample. A
sample containing a mixture of different crystalline phases can be detected by quantify-
ing with a linear combination fitting of the reference spectra of known compounds. The
typical Fe K-edge XANES spectra of LaFeO3 has been shown in Fig.1.21 (orange line). It
displays a weak pre-egde peak at ~7115 eV representing the 1s to 3d transition and the
whiteline at ~7130 eV formed by the 1s to 4p transition [80, 91]. The absorption edge
and the intensity of the whiteline can vary with substitutions within the perovskite lat-
tice (Fig.1.21). In a study by Haas et al. [92], as the amount of Sr** increases at A-site
in La;_,SryFeOs3, the intensity of the whiteline decreases together with a tiny shift in the
edge value, probably due to the presence of segregated Sr-species on the surface and/or
increasing amount of tetravalent iron in the lattice [93]. Therefore, XANES stands as a
powerful technique to detect and quantify the occurrence of any surface/bulk anomalies

that are common aspects observed in several perovskite-type mixed oxide systems.

1.6
1.4 —_—
=0.
1.2 i
x=05
1 x=09
o x=10
s 08
0.6
04
0.2
y 2
7.11 7.12 7.13 7.14 7.15

X-ray energy [keV]

Figure 1.21: XANES region of normalized Fe K-edge X-ray absorption spectra of La; _,Sr,FeOs
[92].
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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 TiO» 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

© 2019 Tous droits réservés. lilliad.univ-lille.fr



Thése de Shreya Nandi, Université de Lille, 2019
Chapter 1. Literature review

catalytic material, working catalyst

!

characterization

!

realistic structure and
morphology

i‘wﬁl i nanoparticles on
W' ity modified single crystals

or thin films

1

modification of single

crystals, promotors,
inhibitors, dopant effects

single crystals
and
single crystalline films

MODELS OF INCREASING COMPLEXITY

metal clusters and
oxide clusters
(charge state: +, £0, -)

Figure 1.22: Schematic representation of different types of model systems as a function of
increasing complexity [95].

cations, this difference is known as the pressure gap. Further, material gap refers to the
discontinuity between model catalysts systems such as well-characterized single crystals
and industrially relevant catalysts shaped as polycrystalline powder. Such gaps often lead
to failed extrapolation of the results from the model to that of the real conditions. It could
create a thermodynamic or kinetic barrier in viewing the catalytic system; new thermody-
namically stable phases and/or kinetically dominated reaction pathways at higher tem-
perature and pressure may remain unnoticed only under UHV conditions. In addition,
catalysis is a dynamic process, such that structural defects may form during the reaction
impacting the overall reaction performance that can determine the structure and chem-
istry of working catalysts, unlike the static conditions such as those used during surface
techniques. This drives one towards the necessity of not only producing more suitable
model materials depicting a catalytic system but also the requirement for in situ/operando
experimental approaches, i.e. at elevated temperature and pressures such as those of real

conditions, that can illustrate a catalyst surface directly under working conditions estab-
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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-0 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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and the bulk containing the same elements and therefore spectroscopic data is rather
only representing bulk signals [103]. However, precious insights can be achieved from
a smart combination of experiments using probe-molecule reactions such as ambient-

pressure XPS.

Thanks to in situ XAS study on LaFe 57C0¢ 3gPd 0503 perovskite under cycles of ox-
idative and reductive atmospheres, the unique self regenaration properties of the per-
ovskite were first discovered, as discussed previously. As shown in Fig.1.23, the Pd moves
in and out of the perovskite lattice reversibly confirmed by the valence state of Pd. The
Pd moves out of the lattice under reducing conditions in metallic state and again goes
back into the lattice as PdO, given by the bond distances as well as the XANES spectra
[14]. Such reversible structural changes have been further shown to be existing within the
control frequency of an actual gasoline engine [104]. This property has been verified to

some extent by in situ microscopy techniques as well [17, 19].
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Figure 1.23: In situ XAS of LaFeg 57C0¢.3gPdg 0503 with PdO and Pd as reference materials: (a)
XANES spectra at the Pd K-edge in transmission mode and (b) Radial distribution function
showing local structure around Pd atom changing reversibly in a redox cycle [14].

Recently, lanthanum ferrite based perovskites were investigated by in situ Raman in
stoichiometric (LaFeOs) and non-stoichiometric (Lag 7FeO3) compositions under Oy, H»O,
CO and NO environments as mentioned previously. A hematite-like nano-phase with a
reversible character was evidenced only in case of Lay 7FeOs, during reaction under oxy-
gen and under hydrating conditions. This new phase was not observable under CO but
re-surfaced under NO, highlighted by the Raman lines at 212 and 276 cm ™! (Fig.1.24). The
appearance of this reversibly occuring phase was postulated to be assisting in better cat-

alytic activity of Lag 7FeO3 over LaFeO3 by favoring formation of oxygen defects [37].
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Figure 1.24: In situ Raman spectra of LaFeO3 and Lag 7FeOs during the increase of calcination
temperature under O, [37].

Some studies on Lag gSrg 4 FeO3 based perovskite as thin film electrodes by in situ tech-
niques such as NAP-XPS evidenced the occurrence of B-site iron exsolution as Fe®. Opitz
et al [105] observed formation of Fe® under cathodic polarization in electrochemical water
splitting reaction, plausibly playing a positive role in the enhancement of the activity. In
another study by the same authors, similar catalysts were investigated for electrochemi-
cal CO; reduction by NAP-XPS, which presented intermediate carbonate formation under
reducing conditions with increase in oxygen vacancy concentration. Unlike in the case of
water splitting reaction, the CO- kinetics were not affected by exsolved metallic Fe parti-
cles during reduction [106]. Further, Goetsch and co-authors inspected the Fe® formation
of the same perovskite by heating under hydrogen up to 700°C with NAP-XPS. They ob-
served the exsolution of ~18% Fe® on the extreme surface (1.8 nm) together with majority
of Fe?* formation (~78%) and small amount of Fe3* remaining as shown in Fig.1.25 [107].
On changing the photon energy the analysis depth varied from 1.8 to 5 nm, presenting
slightly different proportions of the respective ions. As expected, the so-called bulk spec-
trum contains higher contribution of Fe** compared to the sub-surface and the extreme

surface.

1.3.2 Metal-oxide thin films

Thin film is a layer of a particular material such as a metal oxide supported onto a sub-
strate, from monolayer to several microns in thickness. Single or mixed oxide thin films
are commonly studied as model catalysts. The deposition of the thin film layer on the sub-
strate is done by deposition techniques of chemical or physical origin. In case of chem-

ical deposition, a liquid precursor is used, which transforms into the required material
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Figure 1.25: NAP-XPS of Lag gSrg.4FeO3 under H, at 700°C: (a) Fe 2ps/2 spectra with change of
incident photon energy to vary the depth resolution and (b) atomic fraction of each Fe species at
different surface depths [107].

by annealing leaving a solid layer behind, such as spin-coating, dip-coating, chemical
vapor deposition and atomic layer deposition. While physical deposition techniques uti-
lize mechanical, electro-mechanical or thermodynamic means to deposit a thin film like

molecular beam epitaxy, magnetron sputtering, pulsed layer depositions etc.

The choice of the substrate for fabrication of a metal oxide thin film largely depends
on the type of application. In case of studying model catalysts, an ideal substrate must
have minimum interaction with the oxide film layers as well as high melting points due
to usually high temperature and pressure conditions of the catalytic reaction. Silicon,
alumina, aluminium nitride, glass, titanates, ferrites are often used as substrate materials.
Silicon(100) single crystal is one of the commonly used substrates not only in the semi-
conductor industries but also as a substrate for model catalysts. Single oxides as well as
mixed oxides like perovskites have been succesfully deposited on Si(100) wafers by several
researchers [108-110]. Fig.1.26 presents the cross-sectional image of a perovskite thin film
over Si(100) wafer with a thin amorphous layer of silica present between the film and the
substrate, confirmed by angle-resolved XPS [111]. Thirumalairajan et al [112] successfully
prepared LaFeOj thin films supported over silicon wafers as NO, gas sensor by magnetron
sputtering .

Chemical methods involving deposition of a precursor solution to produce a thin film
is one of the most simple and inexpensive routes to fabricate crystalline thin films with
the required stoichiometries. The main steps with the corresponding structural evolu-
tion have been presented in Fig.1.27. Firstly, a precursor solution is prepared contain-

ing the metal cations according to the stoichimetric ratios. The precursor solution can
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Figure 1.26: (a) HR-TEM of cross-section of SrTiO3 thin film supported over Si(100) substrate (b)
angle-resolved XPS highlighting the presence of SiO, between the perovskite film and the silicon
substrate [110, 111].

be prepared in several methods such as sol-gel, citrate complexation, Pechini route, etc.
[113, 114]. They allow good control of the stoichiometry of the film layer, however it can

be accompanied by the formation of some cracks on the film surface [114].

room temp 200-400°C >600°C
U] () (1 (V)
synthesis deposition pyrolysis, condensation crystallization
precursor wet amorphous crystalline
solution layer metal-oxygen network metal oxide film

)

gl

Figure 1.27: Steps of chemical solution deposition to produce thin films, with the corresponding
stages from the initial precursor solution to final crystalline film [114].

Secondly, a thin wet layer of this solution is deposited on the substrate by a coating
technique such as spin coating, dip coating, etc. Thirdly, this wet layer is then annealed
to evaporate low boiling point compounds and decompose the metal precursors while
promoting hydrolysis and condensation reactions towards an amorphous metal-oxygen
network. Finally, further thermal treatment at higher temperature crystallizes the amor-

phous film to an ordered periodic arrangement. The formation of a crystalline film as-
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sisted by the application of thermal energy, is governed by both kinetics and thermody-
namics. The driving force of crystallization is given by the difference between the free
energy of the crystalline and amorphous phases (AG = G, - G,), which is inversely pro-
portional to the temperature as shown in Fig.1.27(a). For thin films, this value can further
depend on the interfacial energy contribution governed by the films bulk, top surface
and the film-surface interface determining the crystallization process. Nucleation of the
crystal phase drives the crystallization of the thin film either from the bulk of the existing
amorphous phase or at the film interface (Fig.1.28(b)). The nucleation and growth pro-
cess involved are dependent on the temperature, which governs the diffusion of the atoms
in the film layer. Hence, it is possible to produce crystalline phases at comparatively low

temperatures with longer annealing duration.
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Figure 1.28: (a) Free energies for solution derived amorphous and crystalline thin film as a
function of temperature, where AG is the driving force for crystallization and T, is melting
point, (b) homogeneous and heterogeneous nucleation and growth of thin films [114].

The growth and nucleation of the thin film depends on the interaction between the ad-
sorbates or the layer atoms (film) and the substrate surface, broadly classified into three
growth mechanisms, as shown in Fig.1.29 [115]. According to the Volmer-Weber or island
model, the adsorbate-adsorbate interactions are stronger than adsorbate-substrate inter-
action forming discrete 3-D nuclei on the substrate. A homogeneous layer can be even-
tually formed by nucleation and merging together of such island-like structures. In the
Frank-van der Merve or layer model, the deposit grows first as a continuous mono layer
followed by another layer on top. Here, interaction between the substrate and the layer
atoms is stronger than the neighboring layer atoms. The Stranski-Krantanov or joint-
islands model is a combination of both the above models. Here, growth occurs first in

layer-by-layer mode, such that a mono layer is produced followed by formation of dis-
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Figure 1.29: Representation of the different thin film growth models [115].

Spin coating

Spin coating is one of the popular chemical methods to fabricate uniform thin films since
several decades. As presented in Fig.1.30, it involves depositing a thin film layer on the
basis of centrifugal draining and evaporation consisting of four steps, namely, deposi-
tion, spin-up, spin-off and evaporation [116]. Firstly, excess of the precursor liquid is put
on the substrate surface. Secondly, as the substrate starts to spin excess liquid is pushed
away towards the edges due to the centrifugal forces. Thirdly, the liquid leaves the surface
as small droplets. In the final step, the film becomes thinner and viscous as evaporation of
solvent takes place. Often depending on the type of solvent, the evaporation can already
begin at the spin-off stage. Spin coating often leads to uniformly thick thin films due to a
balance between centrifugal force and the viscous force acting radially in opposite direc-
tions [117]. The film thickness can be controlled by varying the viscosity of the precursor
solution and/or the time and speed of the spin coater, as has been verified by Extrand et
al [118]. However, the film’s quality can be greatly affected by the presence of dust par-
ticles on the substrate leading to voids or bubble-like structures on the final thin film.
The substrates are therefore stored under distilled water to avoid any dust accumulation
on the surface of the substrate prior to the deposition stage. Spin coating technique has
been used to prepare LaFeOs-based thin films by several authors with different thickness
ranges from <10 nm to microns [119-122].
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Figure 1.30: Stages of spin coating method for depositing thin films [114].

1.4 Conclusions and thesis outline

This chapter brings forward the necessity to find better alternatives for TWC catalysts with
none or least amounts of PGMs while gaining deeper insights of the catalytic system by
advanced characterization techniques. Having verified by several researchers the poten-
tial application of LaFeO3-based catalysts as TWC, owing to its unique self-regenerating
property, the importance of variable surface compositions are highlighted that directly
control the catalytic activities. The application of a combination of different surface-
sensitive techniques can reveal surface properties at different scales. The surface anal-
ysis of the perovskites is performed not only by applying surface-sensitive techniques but
also preparing dedicated model materials shaped as thin films with high surface to bulk
ratio to further enhance the detection of surface properties. The thin film can act as dis-
crete models with tunable thickness. The choice of using silicon as the substrate reduces
surface charging issues compared to insulating powders and such systems further allow
more effective depth profiling studies revealing the presence of surface segregation, if any.
Furthermore, one step further can be taken by application of in situ/operando surface and
bulk techniques to unveil information that can be otherwise hard to detect by ex situ mea-
surements.

Thereby, the goal of this thesis work is to investigate LaFeO3-based bulk catalysts shaped
as polycrystalline model thin films supported over Si(100) substrates prepared by spin
coating by combination of surface and bulk techniques such as LEIS, ToF-SIMS, XPS, Ra-
man and XANES. The polycrystalline nature of the model catalysts allows bridging the
material gap to alarge extent. The perovskites are further analyzed under in situ/operando

modes by NAP-XPS, in situ GI-XANES and in situ/operando Raman spectroscopy to study

32

© 2019 Tous droits réservés. lilliad.univ-lille.fr



Thése de Shreya Nandi, Université de Lille, 2019
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 LaFeOs-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 (LaFeOs 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 Lay 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
Lay 7FeOs3 over the stoichiometric catalyst composition.

Chapter 5 is devoted to studying the conventional catalyst powder after substitution at
B-site by X (Lag 7Feg X203, 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

This chapter includes the description of the experimental techniques along with the sam-
ple preparation protocols. Owing to the complementary nature of each analytical tech-
nique used, a combination of available surface-sensitive analysis techniques has been
used to achieve an overall surface-viewpoint of the model catalysts besides the bulk sen-
sitive techniques. It is aimed at distinguishing the surface/bulk regimes to understand
the surface driven heterogeneous catalytic reactions like CO oxidation reaction, as well as
the surface-modifications in the bulk catalysts like LaFeO3 perovskites. To provide a quick
view and summary of the advanced characterization techniques used in this work, a de-
scriptive figure has been represented in Fig.2.1. XPS, GI-XANES and Raman spectroscopy

have been used in in situ/operando mode for studying the surface/bulk dynamics.

SURFACE ANALYSIS

SURFACE /BULK ANALYSIS o
XPS/NAP-XPS <10nm  insitu

GI-XANES <10 nm insitu ToF-SIMS 1nm -

to few
pm LEIS 0.3nm -
BULK ANALYSIS
IMAGING
Raman pum operando SEM
AFM

Figure 2.1: Descriptive summary of the characterization techniques used in this work with their
scopes and depth resolutions.
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2.1 Synthesis protocol

2.1.1 Thin film
Precursor solution

The preparation of the precursor solution for the thin films was based on the concept
for preparing alumina supported LaFeOs thin films [1]. Required amounts of lanthanum
nitrate hexahydrate (99.9%, Aldrich) and iron nitrate nonahydrate (99.9%, Aldrich) were
diluted in millipore water (15.0 M{2cm at 17°C) for preparing 5 mL of bimetallic solution
having an initial metal concentration of [Fe]=[La]=0.3 mol/L. Citric acid (99.5%, Sigma-
Aldrich) was then added in order to reach a concentration of 0.6 mol/L, thus leading to a
citric acid/ (Fe+La) molar ratio of 1. Further, 250 pL of ethylene glycol (99.5%, Fluka) were
added to facilitate the polymerization. The solution was then heated under reflux at 50°C
overnight. Subsequently, the precursor solution was further heated at 60°C in air ranging
between 20 minutes and 1 hour, depending on the required thickness and stoichiometry
of the perovskite film as described in table 2.1, except for the ultra thin film (<10 nm)
that was diluted in order to have a concentration of 0.03 mol/L. The heating step allows
to control the viscosity (concentration) of the precursor solution, which governs the final

thickness of the thin film [2].

Table 2.1: Duration of heating the precursor solution under air depending on thickness and/or

composition.
S.No Perovskite Thickness Thickness Heatingin air
U stoichiometry description range (mins)
1 Stoichiometric Intermediate 50-100 nm 20
2 La-deficient Intermediate 50-100 nm 40
3 Stoichiometric Thick Upto few um 45
4 La-deficient Thick Upto few um 60
5 Stoichiometric Very thin <10 nm eI T
water)

Silicon(100) substrate

Si(100) wafer (Prime CZ, Sil’'Tronix) wafer was used as substrate for the thin films. Each

circular wafer with a diameter of 7.6 cm was cut into small quadrilateral pieces (0.5 - 1
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cm?) using a diamond pen. They were then washed in acetone and isopropanol, suc-
cessively, in an ultrasonic bath for 10 minutes each to remove the organic contaminants
from the surface. Next after rinsing with millipore water, the samples were immersed into
freshly prepared Piranha solution (1:1 vol.% H,SO,4 and H»0»), a strong oxidising agent,
for 20 minutes in order to remove any remaining residues. This improved the hydrophilic-
ity of the surface by adding surface hydroxyl groups on the substrate supported by the
formation of a thin layer of silica, as evidenced by XPS analysis (detailed later in chapter
3). Finally, the substrates were thoroughly rinsed multiple times with millipore water and
stored in the same until just before deposition.

The effect of the oxidative cleaning procedure can be clearly observed in the wetta-
bility tests performed on Si-wafers in Fig.2.2 before and after this treatment procedure.
On putting a drop of pure water on each substrate, the droplets spread according to the
surface hydrophilicity. This is shown by the contact angle between the droplet and the
Si-wafer. After the treatment, the contact angle was close to 0°, which ensures almost

complete wetting of the substrate by the aqueous precursor solution.

(a)

Wre After

LTI Rt A R AT ARE G e e

Low wetting; Contact Angle = ~55° Complete wetting; Contact Angle = ~0°

Figure 2.2: Wettability test of silicon substrates: (a) Top view, (b) and (c) side view displaying the
contact angle between the water droplet and the substrate before and after the treatment,
respectively.

Spin-coating and calcination

The passivated SiO/Si(100) substrates were dried under an air flow and immediately put
on the spin-coater. About 60 pL of the required precursor solution were added to just

cover this substrate well. The two-step spin-coater (SPS Spin 150) was then started at 500

© 2019 Tous droits réservés. lilliad.univ-lille.fr



Thése de Shreya Nandi, Université de Lille, 2019
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~! 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 LaFeOs,

Lag 7FeO3 and B-Site substituted ferrites Lag 7Feg gMg 203 (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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Catalysis

Figure 2.3: The surface analysis platform at UCCS, Univ. Lille.

X-ray photoelectron spectroscopy (XPS)

Principle: XPS is one of the most widely used surface analysis technique to characterize
the surface composition, chemical and oxidation states of heterogeneous catalysts. Its
use as an efficient analytical tool was ensured by the developments made by Kai Seigbahn
in the 1960’s, which won him a Nobel prize in 1981. It is a quantitative technique based
on the principle of the photoelectric effect. Photoelectrons are ejected when an optimal
amount of energy that is higher than the binding energy is used to excite electrons from
the core levels of surface atoms of the investigated material. The kinetic energy (Ex) of the
ejected photoelectrons are then measured by the analyzer. This phenomenon is described
by the following equation:

hv=Er+E,+¢ 2.1)

where, hv is the energy of the incoming X-ray source. Most commonly used X-ray sources
are Mg K, and Al K, with values of 1253.6 eV and 1486.6 eV, respectively. ¢ is the work
function of the spectrometer. The binding energy (E;) of the core level electron can thus
be determined using this relation, which is the parameter of interest for elemental identi-

fication.

A photoemission spectrum can comprise of different features depending on the type of
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Figure 2.4: Photoelectron spectroscopy: (a) Possible interactions between the ejected
photoelectrons with the sample near the surface after irradiation by X-rays and (b) scheme of a
photoemission spectrum [3].

interaction of the photoelectron with the sample as shown in Fig.2.4 [3]. An XPS spectrum
comprises of the main photopeak (I) formed by elastically scattered photoelectrons from
the sample surface, which have suffered no loss in energy (Fig.2.4(b)). A photoemission
peak is accompanied by energy loss peak caused by inelastic scattering of the electrons
(IT) that have lost small energies ranging from few eV up to 30 eV. The electrons under-
going multiple scattering with major loss in energy lead to secondary electrons (III), that
contribute to the large background, commonly seen in the XPS survey spectrum. Also,
some photoelectrons simply cannot escape from the surface and remain undetected due
to large energy lost (IV).

The binding energy of an electron depends on the element, its orbital as well as its
chemical environment. As the chemical bonding changes, the resulting E; of the core
electrons also vary depending on whether there is an withdrawal of valence electrons
charge or not, which exhibits stronger electronic shielding effect to the core electrons.
This is known as the chemical shift. For example, the C 1s photopeak of the C = O bond is
at higher E;, than the C — C bond (taken as a Ej, referenc) due to more shielded electrons
in the carbonyls.

The fundamental differential equation of XPS considers the raw intensity dI from a
slice of the solid sample of thickness dz, given by

-z
A sinf

OX,nlj A

QT
ag e

d
dlx n1j=F nx(z2) ( )dz (2.2)

where, F is the photon flux from the X-ray source, nx(z) is the number of X atoms per unit
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volume of the sample, dox ,;;/d{?is the differential cross-section of photo emission, Af2
is the solid angle of the analyzer, 0 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, A 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 (A) of the photoelectron, which is related to the Ej of the electrons
and the nature of the material probed. A refers to the distance that an electron can travel
before it faces any inelastic energy losses. The information depth is therefore given by
3Asin0, 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 1078 to 107!! 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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| e O

to pump to pump

Figure 2.5: Schematic stages of differential pumping systems with electrostatic lenses for beam
focusing [4].

Fy

Figure 2.6: Sample holder and nozzle position during analysis of the sample in the analysis
chamber.

in Fig.2.7. The loadlock allows the introduction of the samples at relatively higher vacuum
pressure of 10”7 mbar while maintaining the isolation of rest of the setup at UHV before
moving to the transfer chamber. The catalysis chamber is dedicated to any required ther-
mal pre-treatment at high pressure (~bar) and the preparation chamber allows surface
science based functions like ion sputtering, LEED, CVD etc. The sample can be directly
transferred to the preparation chamber from the transfer chamber, if the catalysis cham-
ber is not required. Finally, the analysis chamber allows heating of the sample using a
ceramic plate on the sample holder (internal) or a laser heating device (external).

The photon energy for the incident photon beam can be tuned as per requirements

between 50 to 1500 eV, which is one of the main advantages of using a synchrotron beam.
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Figure 2.7: The NAP-XPS instrument at TEMPO beam line, SOLEIL Synchrotron (France).

Five windows with different ranges of energy are available across two hutches (HU44 and

HUB80) for this purpose as shown in Fig.2.8. This window is usually chosen based on the

elemental orbital to be probed while keeping a decent photon flux.
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Figure 2.8: Variation of photon flux with photon energy across the different energy windows.

Experimental conditions: A Kratos Analytical Axis UltraDLD spectrometer was used

for lab-based XPS analysis. A monochromatic aluminum Ka source at 1486.6 eV is used

for the excitation. The pass energy was 20 eV for an analyzed surface area of 700 pm x

300 pm. Charge compensation was applied to neutralize any charging effects. The mea-

surements were done at a pressure of 107! mbar in the analysis chamber. Quasi in situ

measurements are made using the catalysis treatment cell, where the samples are ther-
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mally pre-treated under gaseous reactant flow (50 mL/min) at 500°C for 1 hour under at-
mospheric pressure in a stainless steel sample holder at 5°C/min. The pre-treated sample
is then transferred to the analysis chamber under UHV.

Additionally, the in situ experiments were performed at the TEMPO beamline of syn-
chrotron SOLEIL [5]. NAP-XPS experiments were performed in an analysis chamber at 0.1
mbar of a reactive gas with a differentially pumped SPECS Phoibos 150-NAP electron ana-
lyzer. The analyzer aperture has a diameter of 0.3 mm at a distance of around 1 mm from
the sample surface. The analyzer axis is normal to the sample surface and at 54° with
respect to the beam entrance axis. No charge compensation is available for this setup.
Overview spectra were recorded at 950 eV (maximum photon flux in #3) to allow com-
parison of the intensities of each element (La 3d, Fe 2p, O 1s, C 1s, and Si 2s) after every
treatment step. This energy was experimentally chosen with respect to the highest bind-
ing energy of interest (La 3d >834.0 eV), maximum photon flux and correct background
without Auger interference. Further, highly resolved spectra were collected while main-
taining a E; of 120 eV to probe similar depth for each orbital.

The C 1s from adventitious carbon contamination at 285.0 eV was used for referencing
of all the XPS spectra. In case of absence of any carbon signal, the O 1s signal from the
perovskite lattice was used as the reference (E;, ~530.0 eV). The spectral decomposition
as well as the quantification were carried out using the CasaXPS software. The steps of the
in situ treatment is shown in Fig.2.9 that involves firstly, activation of the catalyst under
air followed by CO exposure for 1-2 hours (5°C/min). Return spectra at low temperature

was recorded in each case to account for the thermal effects on the samples.

I AIR 11 CO
650°C 650°C
RT 100°C 100°C

Figure 2.9: Steps of in situ treatment during NAP-XPS analyses.

Time of flight secondary ions mass spectrometry (ToF-SIMS)

Principle: ToF-SIMS is well-established surface analysis technique with high sensitivity
in the ppm range (more sensitive than XPS) providing detailed elemental and molecular

information about the surface with a depth resolution of ~1 nm. A general scheme of the
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ToF-SIMS apparatus is given in Fig.2.10(a). It uses a pulsed beam (ns range) of primary
ions (few keV range) to generate secondary ions and neutral species from the surface of
the sample induced by a collision cascade as shown in Fig.2.10(b) originating from the
uppermost one or two monolayers. The primary ions transfer their energy to the atoms
of the targeted material during successive collisions and result in emission of molecular
and atomic ionic species from the very surface. The positive or negative secondary ions
emitted are then accelerated towards the time-of-flight analyzer by applying a potential
(U), where the ions take different time (t) to travel through a fixed distance (L) according
to their mass-to-charge ratio [6]. Measurement of the time-of-flight allows to determine
the mass of all the secondary ions thus formed, given by the following equation:
m_2U t?

- 12 (2.3)

primary ions
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Figure 2.10: ToF-SIMS: (a) Scheme of experimental setup (source: ION TOF Gmbh) and (b)
secondary ion emission by a collision cascade in ToF-SIMS [7].

An accurate surface analysis by ToF-SIMS is made under static conditions by keeping
alow primary ion dose below 10'® cm™2. This ensures sputtering less than 1% of a mono-
layer, such that the probability of the primary ion to interact with exactly the same region
on the surface of the sample is almost negligible. When the ionic dose is higher leading to
surface erosion, it is referred to as ‘dynamic SIMS’. ToF-SIMS measurements can be done
in three different modes [8] given as follows:

(1) Bunch mode for spectroscopic analysis - This static mode provides high mass resolu-
tion while compromising strongly with the lateral resolution (2-5um).

(2) Burst/ burst alignhment mode for imaging - The burst alignment mode allows to have
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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 TOESIMS 5 spectrometer
(ION TOF GmbH, Germany) equipped with a pulsed bismuth liquid metal ion gun with
the primary ion cluster of Bi; (25 keV, 1 pA current), as it has lower energy per atom,
it causes less fragmention compared to Bi*. The analyzed area was 500 pm x 500 pm
for spectral analyses while maintaining static conditions, in both positive and negative
polarity. For depth profiling measurements, Bij 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 um x 400 pm while the analysis was done on an area of 100 pm x 100 pm. 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 (*He™, 2°Ne* etc.) with mass m; having a known energy
E; is aimed at the surface to collide with the surface atoms of mass m, and get backscat-
tered as shown in Fig.2.11. The energy of these backscattered ions Ey is calculated by the

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

1/2 2

E; cosO + ((%)2) — sin%0)
Km = B, ( M, ) (2.4)
f 1+ M,
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where, 0 is the backscattering angle fixed by the instrument geometry. Since E;, m; and 0
are already known, the Ef can be measured by the analyzer and therefore the mass of the
surface atom can be calculated [9]. The detection of the elements is possible for atoms
with mass greater than that of the incident ion. Typically, the analyzes are performed with
“He" at 3 keV energy, which show better resolution at lower masses (energy). To improve
the resolution of the signals from heavier elements that are too close to each other, it is

necessary to use primary ions of higher mass such as 2°Ne* or “°Ar™.

o E;, m;

Figure 2.11: A scheme of low energy ion scattering process [10].

Typical LEIS signal of an element comprises of a surface peak and a preceding tail due
to its presence in subsequent sub-atomic layers as shown in Fig.2.12 represented by a the-
oretical LEIS spectrim of a ZrO,/Si thin film. Only Zr and O show a surface peak while Si
only shows sub-surface signal given by the background. The LEIS spectrum can provide
information about in-depth distribution non-destructively up to 10 nm. Here, only one
in thousand He™ ion is backscattered by the first atomic layer while others undergo neu-
tralization by penetration into the solid and scattered by the sub-atomic layers or reionize
when passing out of the solid giving rise to the background on the lower energy side. In
addition, the intensity of the surface peak after background substraction is proportional
to the surface coverage of the atom.

LEIS data can be quantified as they are known to have almost no matrix effects since
the probablility of the scattered ions P is not sensitive to the chemical state of the ele-
ment, unlike in ToF-SIMS, as has been also experimentally observed in several kind of ma-
terials [11]. This means that the ionic yield of the element does not vary with the presence
of another atom of any type. Thus, with this commonly accepted notion, it is possible to

calculate the surface atomic concentrations using LEIS data. The yield of backscattered
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Figure 2.12: Typical LEIS signals with the surface elemental peak and a sub-surface tail
dependent on distribution of sub-atomic layers [9].

ions S; of element i is proportional to the atomic surface concentration N; by the follow-
ing relation:

I
S;= ;tﬁRniNi (2.5)

where, I is the current of primary ions, e refers to elementary charge, t is the time of ac-
quisition, & is an instrumental factor depending on the analyzer transmission, detector
efficiency and solid angle, R is the roughness factor (usually ~0.9 for oxides and ~0.6 for

metals [12] and n; is the elemental sensitivity factor given by:

+d0'l'

n,-:Pl a0

(2.6)
where, P is the ion fraction of projectiles after backscattering and do;/d{? is the differ-
ential cross-section of scattering. The factors 1, ¢,  and do;/d {2 are constants for analysis
done with same instrumental parameters. Since neutralization is a complex process, the
ion fraction is expected to be a fairly complex quantity, making the direct quantification
of the surface composition using equation 2.5 a difficult task. Thus by calibration with a
reference sample of known surface composition, the LEIS signals can be quantified ac-

S ]
r l?f N:ef

1

N; = 2.7)

where, the atomic surface concentration N;ef for the reference sample can be calculated

from their respective mass and density [13], according to the following relation:

N 2/3
("2 = (24

M (2.8)

here, p is the bulk density and M is the molar mass of the reference sample, while Ny
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refers to the Avogadro number equivalent to 6.02 x 102 atoms/mol. For quantifying mixed
oxides like a LaFeO3 perovskite, lanthanum oxide (La,0s3) and iron oxide (Fe,O3) 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/cm?) can be

calculated according to the following equation:

1S

= A (2.9)

Ig

here, Iis 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

10719 C) and A is the analyzed surface area (cm?).

Experimental conditions: LEIS spectra were recorded with a Qtac100 spectrometer
(ION TOF GmbH, Germany) with primary ion sources of “He™ 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~° 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. “He* at 3 keV (5 nA) was used for analysis with a ac-
quisition time of 60 s on 300 um x 300 pm with an ionic dose of 4.2x10'* ions/cm?. The
primary gun was then loaded with the ?°Ne* at 5 keV (100 nA) and sputtered for 20 s at
2.2x10'5 jons/cm? 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 1.8x10'°
ions/cm?. With these particular conditions, one depth profile took one day instead of less

than 1 hour in case of ToF-SIMS depth profiling.

Y4
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2.2.2 Bulk and/or surface sensitive analyses
Grazing incidence X-ray absorption near-edge spectroscopy (GI-XANES)

Principle: X-ray absorption spectroscopy (XAS) is also based on the principle of photo-
electric effect similar to XPS. When the incident photon energy is more than the threshold
energy, it can excite an electron from the core level into the continuum, leading to a sharp
rise in the intensity of absorption called the absorption edge. The X-ray beam with in-
tensity Iy passes through a sample of thickness x, while being absorbed by the sample
leading to the final beam intensity of I;. The absorption cross-section p(E)x is related to

the attenuation of this X-ray beam, measured by ionization chambers and is given by:
Ip
lnI_=H(E)x (2.10)
t

The excited atom after photo ionization can relax through fluorescence as shown in Fig.2.13.

(a) (b)
Continuum _e° Continuum 4.
27
hv
M M
L I

Figure 2.13: Schematic sketch of (a) X-ray photoionization process and its relaxation by (b)
fluorescence.

A XAS experiment can be performed in the transmission mode or fluorescence mode.
The former mode is used more commonly and allows to analyze the material, where the
I and I are measured by progressively stepping the monochromator across a range of
wavelengths. In the latter case, a detector is placed close to the sample, perpendicular
to the incident X-ray beam to detect larger fraction of the emitted fluorescence with the
possibility of tuning the incident angle between the beam and the sample to adjust the
penetration depth of the X-rays in grazing incidence. The absorption coefficient p(E) in
X-ray fluorescence is given by u(E) o %, where Iy is intensity of the fluorescence line

associated with the absorption process.
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This grazing incidence mode allows surface sensitive analysis of the sample under in-
vestigation with a depth resolution of 2 to 8 nm [14]. Grazing incidence XAS is useful for
model systems with low amount of adsorbates on the surface of the sample and/or si-
multaneous surface and bulk measurements for a reactive system. Here, the flourescence
yield is dependent on the angle, which allows to investigate the near surface of layered
systems such as a thin film. Fig.2.15 shows the variation of flourescence with changing
incidence angle for one of our samples (LaFeOs thin film). At the criticle angle, which is
the smallest angle of incidence that results into total reflection, a standing wave is created
due to incoming and reflected beams such that the intensity of the primary beam is largely
enhanced (Fig.2.14). Hence, the signal of fluorescence sharply increases for the atoms lo-
cated at the surface and then decreases as reflectivity is reduced towards the bulk. In this
work, the investigated LaFeO3 based perovskites have a theoretical critical angle of 0.34°
(0.22° for Fe»03). For our measurments the critical angle varies between 0.25° and 0.35°
depending on the sample, which is in agreement with the theoretical ones calculated for

the investigated materials.

Incident Reflected
x-ray x-ray beam
beom
medium 1 (p| (pR=(p|
medium 2 or | Z,
Refracted
x=ray beom

Figure 2.14: Scheme representing total refection of X-rays showing optical path of incident,
reflected and transmitted beam at the interface of two media.

A typical X-ray absorption spectrum (Fig.2.16) comprises of the X-ray absorption near
edge structure (XANES) and the extended X-ray absorption fine structure (EXAFS) cor-
responding to different kinds of physical processes. The XANES region constitutes the
absorption edge with information regarding the oxidation state, symmetry and the elec-
tronic configuration of the excited atom corresponding to further excitation of the core
electron towards the continuum, up to 50 eV above the absorption edge. In this work,
phase composition determination is made using reference compounds by linear combi-
nation fits.

The EXAFS region, located 50 to 1000 eV above the edge energy corresponds to mainly

single scattering processes. The photoelectron wave function is backscattered by the sur-
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Figure 2.15: Variation of the fluorescence signal as a function of the incident angle for a LaFeOs
thin film as recorded during our experiment.
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Figure 2.16: X-ray absorption spectrum of LaFeOs at the Fe K-edge showing the XANES and
EXAFS regions.

rounding atoms resulting into an oscillatory nature of the absorption coefficient. This
contains important structural information about the local environment like the inter atomic
distances, coordination number and thermal disordering.

The investigation is mainly focused on the XANES region in this thesis work due its
excellent ability to distinguish between phases. The EXAFS region had low signal-to-noise
ratio due the low amount of matter on the thin film. Noise reduction could be made
by longer acquisition time but was risky as long duration under high temperature could
erode the film layers.

Experimental conditions: The GI-XANES measurements were made at the SAMBA
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S

Figure 2.17: The GI-XANES experimental setup at SAMBA beamline, SOLEIL France.

beamline in SOLEIL synchrotron facility (France) [15, 16]. A picture of the beamline has
been given in Fig.2.17. The beam size at the sample is 200 pum x 300 um with a focusing
monochromator between two bendable cylindrical mirrors with 6-35 keV energy range.
Spectra were collected at the Fe K-edge in the fluorescence mode. The sample was loaded
in an in situ chamber with a dynamic flow of either air or CO (5% CO in He) at 50-100
mbar. Reference powder compounds were recorded in the transmission mode by dilution
in barium nitride. XANES data analysis was done using Athena software [17]. The in situ
procedure has been already given in Fig.2.9 in section 2.1.1 (XPS part). It involves firstly,
activation of the catalyst under air followed by CO treatment at 650°C for 1 hour. XANES
spectra were recorded only at each temperature plateau, where several spectra could be
averaged and not during the temperature ramp, since a single aquisition spectra was quite

noisy owing to the low thickness of the thin film.

2.2.3 Bulk sensitive analyses
Raman spectroscopy

Principle: Raman spectroscopy is a popular technique used for chemical analysis of ma-
terials bulk providing information on the structure, crystallinity and phase of the inves-
tigated material. It is based on the principle of Raman scattering named after its discov-
erer Sir C.V. Raman, for which he won the nobel prize in 1930. When light interacts with a

molecule, it gets scattered with and without change in energy of the incident light. Most of
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the scattered light has the same energy as that of the source (v¢), 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 (vo-v,,) called Stokes
Raman or gain in energy (vo+Vv,,), 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 ~!) 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.

@ (2 © excited
4 state

............................................................ virtual
state

energy

vibrational — 4 —' ground
states state
Rayleigh scattering Raman scattering Raman scattering
(Stokes) (anti-Stokes)

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 pm
in backscattering mode with 1800 grooves grating having a resolution of around ~2 cm™!
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™!.

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

62

© 2019 Tous droits réservés. lilliad.univ-lille.fr



Thése de Shreya Nandi, Université de Lille, 2019
2.2. Physico-chemical analytical techniques

Pa). The powder samples are directly put into the sample holder inside the cell while the
thin films are put on a bed of well ground silicon carbide. For in situ/operando measure-
ments, the sample was heated at 5°C/min and a spectrum was recorded at every 100°C.
Every measurement was done on a fresh location on the sample to avoid any induced

damage from the laser.

Figure 2.19: Operando Raman setup at UCCS, Uniw. Lille.
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|v| Microscope
> — |Insitucel
NO v
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Cooling
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Figure 2.20: Experimental scheme of the operando Raman setup.

© 2019 Tous droits réservés. lilliad.univ-lille.fr



Thése de Shreya Nandi, Université de Lille, 2019
Chapter 2. Experimental approach and techniques

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 (nA=2dsin0), relating the incident wavelength to the lattice interplanar spac-
ing d and the diffraction angle 6. The sample is scanned through a range of 26 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 Ka (1.5418 A), 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™L
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Relevance of LaFeO; 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 LaFeOs 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 LaFeOs3
that is homogeneous in mm? 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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zation techniques to achieve the overall surface-oriented view-point by LEIS, ToF-SIMS
and XPS analyses. Finally, the two kinds of thin films are directly compared with the cor-
responding powder catalysts by the means of GI-XANES and quasi-in situ XPS analyses to
establish the relevance of the LaFeO3 thin films as relevant models for surface investiga-

tion of perovskite-based three-way catalysts.

3.1 Characterization of Si(100) substrate

The Si(100) substrate before deposition of the film layers was treated in order to remove
impurities and improve its hydrophilicity by formation of a native oxide layer, as de-
scribed in chapter 2. The post-treated substrate was analyzed by XPS to verify its surface
composition. The silicon wafer is mainly composed of silicon and oxygen besides some
adventitious carbon (14 at. %). The respective binding energy and atomic concentration
of each has been shown in Table 3.1. In Fig.3.1, the Si 2p signal is shown with two compo-
nents at 98.9 and 102.7 eV, representing elemental silicon (Si%) and oxidized silicon (SiO»),
respectively. The Si 2ps,» and 2p;,2 components are present in each photopeak, where
the spin-orbit splitting is close to 1 eV, more clearly indicated by the asymmetric shape
of the metallic signal of Si° [1]. The XPS analysis reveals the coverage of a passive layer of
oxidized silicon over the substrate.

Table 3.1: Binding energy and atomic concentration of the elements present on Si(100) substrate
as detected by XPS analysis.

. Atomic )
Binding . Ratio
Element el concentration $i0,/si°
gy (at. %)

Si 2p (Si9) 98.9 34.2
Si 2p (Si0,) 102.7 8.6

0.25
O1s 532.3 429
Cls 285.0 14.3

The thickness of this oxidized layer can be estimated using the fundamental XPS equa-
tion, described in chapter 2, by applying to a morphological model. According to this
model, a continuous homogeneous layer of SiO, covering the Si(100) substrate is consid-

ered, as shown by the scheme in Fig.3.2 [2].
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Figure 3.1: XPS Si 2p photopeak of the post-treated silicon substrate.

} dsio,

Figure 3.2: Scheme of morphological model of a continuous and homogeneous layer of silica on
the silicon substrate.

Consequently, the integrated ratio of Isjzp(sio,) and Is;,s0) can be expressed by,

ISin(SiOg) B Si2p(Si0z) NSi2p(Si02)—Si0Oy ASin(SiOZ)—~Si02 (3 1)

—dsio,

Ig; 0 %80
Si2p(SiY) nSizp(SiO) ASin(SiO)*SiO exp()\Sin(SiO)ﬁsioz

as T is assumed to be constant within the small range of kinetic energy involved here and
the cross section 0s;2, equal to 0.33 is supplied by the manufacturer of the XPS spectrom-
eter (Kratos Analytical Ltd). The mean free path A is 3.08 nm for Si 2p/Si® and 3.75 nm for
Si 2p/Si0y, calculated from the formula proposed by Tanuma, Powell and Penn (TPP2M)
[3]. Finally, the number of Si atoms per unit volume as calculated from the densities are
found to be 4.9x10%2 and 2.2x10%2 atoms/cm? for SiO, and Si?, respectively.

On applying this equation, the thickness of the SiO; layer over Si was calculated to be
1.4 nm, in agreement with the values from literature [1, 4]. The substrate can therefore be
referred to as a Si0,/Si(100) system.

The ToF-SIMS depth profile of the post-treated substrate has been shown in Fig.3.3,
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which confirms the above model of a silica layer over the silicon. The depth profile presents
the increase of the intensity of O, and SiO; fragments arising from the silica layer at the
surface. With further sputtering, the intensity of these ionic fragments decreases while
that of the Si; ion increases since the silicon is situated beneath the silica layer. The depth
of the silica layer was estimated at 20s to be close to 0.9 nm according to the experimental

conditions.

Normalized intensity

Sputter Time (s)

Figure 3.3: ToF-SIMS depth profile of SiO,/Si(100) substrate in negative mode sputtered with 1
keV Cs* and analysed with 25 keV Bi*.

The SiO,/Si(100) wafer was also analyzed by Raman spectroscopy as shown in Fig.3.4.
It is dominated by an intense characteristic Raman line at 520 cm™! with broad lines of
much lower intensity (inset) at 300 cm™! and around 950 cm™!. These Raman lines are
characteristic of silicon vibrational modes [5].

The Raman signature of amorphous SiO; is composed of broad components, however,
with a depth resolution of at least 1 pm in Raman spectroscopy, it remains insensitive to

the 1.4 nm of the silica layer, as was evidenced by XPS analysis.

72

© 2019 Tous droits réservés. lilliad.univ-lille.fr



Thése de Shreya Nandi, Université de Lille, 2019
3.2. Thickness optimization of thin films

520
El 950
S
_ 5
S =| 300
U
> W
‘» 200 400 600 800 1000
GC) Raman shift (cm™)
<
I 1 T 1 N 1 'Al
200 400 600 800 1000

Raman shift (cm™)

Figure 3.4: Raman spectrum of the SiO»/Si(100) substrate.

3.2 Thickness optimization of thin films

The perovskite thin films were prepared by varying the concentration of the precursor so-
lution while keeping rest of the spin-coating parameters constant, as described in chapter
2. The control of the concentration allowed to achieve desired thickness of these discrete
model materials. Thin films synthesized by this technique are often susceptible to forma-
tion of voids or cracked zones as a result of the calcination treatment at high temperature.
Hence, the ideal thin film to be achieved by this method must have rather homogeneous
layer of the perovskite film in mm? range with minimum voids and an optimum thick-
ness with the ability to withstand high temperature treatments under in situ conditions,
discussed later in this chapter. To this end, thin films of LaFeO3 were prepared in three dif-
ferent thickness ranges, namely, thick (few hundred nm to microns), intermediate (50-100
nm) and ultra-thin (<10 nm) films as shown in Fig.3.5(c), verified by electron microscopy
measurements. The heating time or dilutions to prepare the thin films have been previ-

ously discussed in chapter 2.

Firstly, the thicker film ranging from a few hundreds of nanometers to microns in
thickness consists of numerous cracks and a highly uneven surface. This film may be suit-
able for study by bulk analytical techniques such as Raman spectroscopy yielding lower
interfering signal from the substrate. This film is however highly susceptible to damage

due to very low adherence to the substrate and therefore will not be considered any fur-
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Figure 3.5: Images of (a) ultra-thin (<10 nm), (b) intermediate (50-100 nm) and (c) thick (few
hundred nm to microns) thin films of LaFeOs.

ther. This thick film retains the brownish orange color similar to that of a LaFeO3 powder.
Secondly, the thin film of intermediate thickness ranging between 50 and 100 nm (abbre-
viated as LFO:Si-100) shows homogeneous coverage of the film with negligible macro-
scopic voids (Fig.3.5(b)). This thin film possesses a bright blue color as a result of its
nano-scaled dimensions. And thirdly, an ultra-thin film was prepared with a thickness
of below 10 nm (referred to as LFO:Si-10). The film is invisible with the naked eyes as well
as an optical microscope (100x) and simply looks like the surface of a bare Si substrate
(Fig.3.5(a)). Although, this film provides a high surface to bulk ratio, it can only be charac-
terized by highly surface and/or elemental sensitive techniques. Moreover, being so thin
it is difficult to be treated for longer duration during in situ experiments at high temper-
ature because of complete material volatilization. This matter loss can occur due to the

phenomenon of melting point depression in nano-scaled materials [6].

The loss of matter (the film thickness evolution) evidenced on such thin films after
treatment under oxygen at 900°C for 3 hours have been shown in Fig.3.6. It shows the
decrease of the background caused by secondary electrons, which lose energy while aris-
ing from the deeper sample layers containing information related to the depth of the thin
film. The loss in intensities of La 3d and Fe 2p occurs with increase of the Si 2p and Si 2s
signals revealing the presence of the substrate. The intermediate thin film can withstand
prolonged heating under relevant reaction conditions without complete loss of the film
layer and therefore is more suitable for being studied by in situ techniques as a model
catalyst. It must be noticed that the use of the treatment cell may induce contamination
on the surface of the material, as it can be seen on the XPS survey spectrum (Fig.3.6) with

the presence of Cu and Mo (<1 at. %).

More details have been described in the next section (section 3.3) together with the
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Figure 3.6: XPS survey spectra of the intermediate thin film of LaFeOs before (blue) and after (red)
treatment under oxygen at 900°C for 3 hours.

ultra-thin film as an approach to investigate a more surface oriented perovskite sample

(section 3.4). The surface investigation approach using discrete model catalysts has been

described in Fig.3.7 in decreasing order of thickness from microns up to 1-10 nm. Such

model catalysts allow not only to be more easily studied by surface sensitive techniques

but also permit a highly sensitive bulk technique to become surface sensitive, driven by

the low thickness of the sample itself. Thus, allowing surface analysis induced by the

sample.

(a) Powder

Analyzed
depth

(b) Thick thin film
(~um)

(c) Intermediate thin film (d) Ultra-thin film
(<100 nm) (<10 nm)

Figure 3.7: Description of the approach towards surface sensitive models.
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3.3 Characteristics of LaFeOs-based thin films of interme-

diate thickness (LFQ:Si-100)

The LaFeOs-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 (R,) defined by,

Rg=1/= Y Yi? (3.2)
i=1

where Y; is the i’" height of n data points, was found to reach about 1.4 nm.

S |~

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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Figure 3.9: (a) Electron image and electron back-scattering diffraction (EBSD) images along (b) x,
(c) y and (d) z directions of the LaFeOs thin film (LFO:Si-100), where each color represents an
unique crystal orientation.

of the atoms are shown in Fig.3.10(b), highlighting the crystalline nature of the perovskite
thin film. The elemental composition of the film’s cross section is confirmed by energy
dispersive X-ray spectroscopic (EDX) chemical mapping. The La, Fe and O were present
uniformly throughout the perovskite layer with no evidence of any phase segregation or

contamination.

3.3.2 Structural properties

X-ray diffraction The diffraction pattern of the oxide layer displayed in Fig.3.11 shows ev-
ery reflection of the polycrystalline perovskite LaFeOs crystallized in orthorhombic lattice
(PDF 74-2203) with lattice constants a = 5.553 A, b =5.563 A and c = 7.867 A (space group:
Pbnm). No reflection of any other crystalline phases such as La,03, La(OH)3 or Fe,O3 are

observed.

7l
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Figure 3.10: HAADF-STEM images of the cross sectional FIB-lamella of the LaFeOs thin film
(LFO:Si-100): (a) cross-sectional image, (b) high resolution image of the crystalline perovskite
layer and (c) EDX chemical mapping.
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Figure 3.11: X-ray diffractogram of perovskite thin film (LFO:Si-100); red stick diagram:
diffraction pattern of LaFeOs (PDF 74-2203).

Raman spectroscopy The typically analyzed sample depth by Raman spectroscopy is
approximately 1 um, which is one order of magnitude higher than the film’s thickness.
As a result, the Raman spectra recorded by focusing the laser beam at the surface of the
film are largely dominated by the signature of crystalline silicon from the substrate, as
can be seen in the Raman spectrum (black) presented in Fig.3.12. However, the signature
of the polycrystalline lanthanum orthoferrite can be retrieved by subtracting the Raman

spectrum of the bare Si substrate from that of the LaFeO3 thin film, recorded under the

same experimental conditions.
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3.3. Characteristics of LaFeOs-based thin films of intermediate thickness (LFO:Si-100)

The difference spectrum shown at the bottom of Fig.3.12 is similar to the Raman sig-
nature of the same material shaped as powders [7]. The modes below 200 cm ™! are related

to La motions, the doublet of lines observed at 269 and 298 cm™!

are oxygen octahedral
tilt (T) modes while the line at 431 cm™! is assigned to the bending vibration of FeOg oc-
tahedra. The band at 638 cm™! is assigned to Fe-O and La-O stretch vibrations [8-10].
To sum up, in spite of the relatively low share of perovskite phase as compared to the vol-

ume probed by Raman spectroscopy, LaFeOs lines of high enough intensity are detected,

which potentially paves the way to further operando Raman analyses.

e LFO:Si-100
e Si SUbstrate

150 300 450 600 750
Raman shift (cm™)

Difference
o LaFeO,

°

150 300 450 600 750
Raman shift (cm™)

Figure 3.12: Top: Raman spectra at A,y = 488 nm of bare SiO,/Si(100) substrate (grey) and
LaFeOs thin film (LFO:Si-100) (black), Bottom: Difference spectrum.

3.3.3 Surface properties

XPS analysis The XPS spectra of the LaFeOs thin film for C 1s, La 3d, Fe 2p, and O 1s are
presented in Fig.3.13. The C 1s photopeak presents an aliphatic component (binding en-
ergy reference at 285.0 eV) together with weaker components at higher binding energy
assigned to hydroxyl and carbonate surface contaminations. The peak at binding energy
of 289.2 eV (with 16.2% of the total C 1s signal) is attributed to the adsorbed carbonate
species at the surface of the LaFeOs film, as was previously also observed in the corre-
sponding lanthanum-based powders [11]. The high-resolution spectrum of La 3d exhibits

two peaks localized at 834.0 and 851.0 eV corresponding to the spin-orbit coupling of La
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3ds/» and La 3ds,, of La* ion in its oxide form [12-14]. Each of the spin-orbit peak is
further split by multiplet splitting components. The multiplet structure associated to La
3ds/» peak shows a magnitude of 4.3 eV. This value lies in between the one obtained from
lanthanum oxide (4.6 eV) and lanthanum hydroxide (3.9 eV) phases [12]. Indeed, owing
to the reactive nature of La compounds that react in ambient air with water and CO; to
form La hydroxides and carbonates, it is possible that this La 3d component is consisting
of contributions from surface lanthanum hydroxides and carbonates besides the mixed
oxide. The binding energy of Fe 2p3,» and Fe 2p;,» are 710.3 and 724.1 eV, respectively,
which is in line with the binding energy of Fe3* ions in perovskite oxides [14]. This is fur-
ther confirmed by the 9 eV binding energy separation between the main Fe 2p3,, peak
and its satellite (sat.), characteristic of Fe3* [15]. La 3d and Fe 2p core-level spectra thus
reveals that both La and Fe stand in +3 oxidation states and their respective areas allow
to calculate an La/Fe atomic ratio of 1.8. Here, only the La 3ds,» peak was considered for
quantification keeping in mind the overlapping of La MNN Auger peak with the La 3ds,»
signal [12]. Compared to the nominal composition, the LaFeOs thin film exhibits an ex-
cess of lanthanum at the surface whose value is close to what has been already reported

on the powdered samples [11].

Fe 2p

Intensity (a.u)

870 860 850 840 830 740 730 720 710 700

10 1s 02

Intensity (a.u)

536 534 532 530 528 526 294 291 288 285 282

Binding Energy (eV) Binding Energy (eV)
Figure 3.13: XPS La 3d, Fe 2p, O 1s and C 1s spectra of LaFeOs thin film (LFO:Si-100).
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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”/0; «a-species and organic oxygen species. In case the analyzed
area contains any voids exposing the SiO,/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 La,O3 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, SiO,/Si(100) substrate is consequently revealed leading to an in-

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

LEIS analysis The LEIS spectrum of the LaFeOs 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 He™ and ?°Ne* 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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Figure 3.14: XPS C 1s and La 3d spectra of LaFeOs thin film: as-received and after heating under
oxygen until 900°C.
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Figure 3.15: LEIS spectra of LaFeOs thin film (LFO:Si-100) using 3 keV *He™ (left) and 5 keV ?°Ne*
(right) as the primary ion sources, respectively.

In order to calculate the LEIS atomic ratios, reference oxides of La (La»O3) and Fe
(Fe,03) were analyzed as shown in Fig.3.16 and Fig.3.17. The references were sputtered
with the primary ion source until the surface peak intensities were constant to avoid in-
fluence of any surface contamination. For quantification, the LEIS equation as previously

discussed in chapter 2 (equation 2.5) has been used. Applying this equation, for La,O3
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and Fe, O3, respectively, their ratio can be given by [17],

ref ref
SLa _NLa NLa (3.3)

ref — ref
SFe Ttk NFe

ref ref
where, S&fjf is the ratio of raw areas of La and Fe in each of the reference oxides, Nﬁfjf is
Fe Fe

the ratio of the calculated atomic concentration of La and Fe in the reference oxides using
equation 8 in chapter 2 and Z—;’: is the ratio of the elemental sensitivity factor that is to be
calculated.
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Figure 3.16: LEIS spectra of Fe, O3 reference oxide using 3 keV *He* (left) and 5 keV ?°Ne* (right)
as primary ion sources, respectively.
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Figure 3.17: LEIS spectra of La, O3 reference oxide using 3 keV “He™ (left) and 5 keV ?°Ne* (right)
as primary ion sources, respectively.

The N Ir;f and N;if take into account the density and the atomic size of the respective
elements in the analyzed material. The sensitivity factor ratio can therefore be calculated
using these known values from Table 3.2. The quantification was made with both *He*
and ?°Ne™ primary ions for comparison.

Using the above values, the sensitivity factor ratio was found to be 1.3 and 1.4 with
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Table 3.2: LEIS intensities of reference oxide samples (Fe,O3 and LayOs), their ratios and
calculated surface atomic concentration of La and Fe.

. . Surface
Reference Primaryion La or Fe raw .
oxide source peak area (S) SuafSre crdaiEdanll,
(10%> atoms.cm?)
Fe,0, “He* 1077 0.73
0.96
La,0;5 “He* 1029 0.52
Fe,0; 20Ne* 4634 0.73
1.01
La,0;5 20N 4738 0.52

“He™ and °Ne™ ion sources, respectively. The value of the sensitivity factor ratio is ap-

plied according to the following equation to calculate the atomic ratio of La/Fe,

LFO LFO
NLu _ SLa NLa

NEO SO e

(3.4)

LFO

SiEo- . . o .
where, S{% is the ratio of the La and Fe intensities obtained from the LEIS spectrum of
Fe

LaFeOj3 obtained after in situ O, plasma treatment to remove most of the carbon contam-

. . . e . NpFO - . .

ination, Z—;’: is the calculated sensitivity factor ratio and finally ﬁ is the atomic ratio of
Fe

La/Fe in the perovskite that can be determined. Thereby, the La/Fe atomic ratio is calcu-

lated to be 3.0 and 3.1 for the “He* and ?°Ne* primary ions, respectively.

This ratio is higher in the case of LEIS analysis as compared to that of XPS (La/Fe=2).
This difference in the value obtained by the two techniques can be explained by the depth
probed in each case. This means that the La/Fe ratio in the first atomic layer probed by
LEIS is 3, while in case of the ~5 nm probed by XPS, it is equivalent to 2. In both the cases,
a surface enrichment of lanthanum is evident, which is commonly known to be caused by
the reactive nature of La-based compounds forming La hydroxides or carbonate species

on the extreme surface.

ToF-SIMS analysis The LaFeOs thin film was analysed by ToF-SIMS. The ionic frag-
ments identified in the mass spectrum have been listed in Table 3.3 in both positive and
negative modes. The La and Fe based fragments as well as the mixed oxide fragments
originate from the perovskite film while the silicon based ions represent the SiO,/Si sub-

strate.
The lateral distribution of some selected ionic fragments has been displayed in Fig.3.18.

It represents a uniform presence of the ionic fragments from the LaFeOs thin film through-
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Table 3.3: Identified fragments in positive and negative modes generated by ToF-SIMS analysis of
LaFeOs thin film.

La 138.91
La* 138.91 LaO- 15491
LaH* 139.91 LaOH- 155.91
La-based ions LaO* 154.91 LaOy 170.89
LaOH* 155.91 LaO,H" 171.89
Lao,* 170.89 LaOy 186.90
La,0, 341.80
S4Fe 53.94
Fe 55.93
SiFet 53.94 SFeOr 69.95
Fe-based ions Fe* 55.93 FeO" 71.93
S4FeO* 69.95 S4Fe0, 85.94
FeO* 71.93 FeO, 87.93
FeO5 103.93
Fe,05 159.87
La**FeO* 208.98
LaFeO* 210.85
|_La5i|e:o(})-l+ igigi Interference Interference
. S a>'Fe0,* . with i
Mixed oxide ions LaFeO, 226.83 substrate cbetrate
LaFeO,H* 227.84 fragments fragments
La,>*Fe0,* 395.73
La,FeO," 397.72
La,FeO,H* 398.73
it 27.97 j‘; 27.97
305+ 29.97 ' 29.97
Substrate-based ions . SiO” 43.97
Sio* 43.97 Si.- 5597
305i0* 45.97 2 '
305i0.+ 5997 Sio, 59.99
2 : SOy 75.97

out the surface, as previously seen by microscopy analysis. The lateral resolution of ToF-
SIMS in our experimental conditions is at the best 200 nm and therefore any details be-
low this limit may not be resolved and remain undetected. In general, oxides have higher
intensity in the negative mode, especially for oxygen containing ions, compared to the
positive mode. For example, the ions with only one oxygen can be observed in both po-
larities, however, the ions with more than one oxygen were not detected in the positive
mode, such as FeOQr and Fego; . The ToF-SIMS analyses were made in both polarities to
analyze the LaFeOs surface.

The mixed oxide fragments, or in other words, the ions containing La, Fe and O to-

gether, have been shown in Fig.3.19, such as LaFeO™, LaFeOH", LaFeO; , LaFeO; H, La,FeOj
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Figure 3.18: ToF-SIMS images of the surface of LaFeOj3 thin film (LFO:Si-100).

and La,FeO,H™. Their presence was further confirmed by the existence of similar isotopic
ions containing >*Fe such as La>*FeO" (Fig.3.19). These mixed oxide ions can only be well
identified in case of the positive mode without any overlapping contribution from the
SiO,/Si substrate as described in Fig.3.20. However, in case of the negative mode there
are already intense peaks present originating from the substrate alone. For example, the
LaFeO™ fragment overlaps with the Si;CH; ionic fragment, both having a mass of 210.85
u, thereby interfering with the mixed oxide fragments of interest. Hence, in order to fol-
low the mixed oxide fragments that are indicative of the presence of mixed oxide phase of

perovskite, it is necessary to analyze in the positive mode without any interference from

larger ions arising from the Si wafer.
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Figure 3.19: ToF-SIMS mass spectra of LaFeOj3 thin film (LFO:Si-100) showing the mixed oxide
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Figure 3.20: ToF-SIMS mass spectra of a bare Si0,/Si(100) substrate measured in positive and
negative modes at the m/z region expected from the mixed oxide fragments (dotted lines).

To ensure that the mixed oxide fragments are indeed originating from the surface of
the perovskite layer and not merely as a result of recombination of the individual ions
such as LaxO; and FexO; from segregated phases of La or Fe oxides, a mechanical mix-
ture of commercial powders of Fe,O3 and La, O3 was analyzed. This mixture was prepared
by grinding together the two oxides to finally prepare a pellet. The mass spectrum of this
mixture showed almost no signal in the region of a selection of the mixed oxide fragments
of interest as shown in Fig.3.21. This confirms that detection of the mixed oxide ions is a
direct indication of the presence of a perovskite phase only, and not an outcome of any
recombination process. Several studies on different catalysts have shown that the sec-
ondary ions produced by ToF-SIMS are a result of the direct fragmentation of ions with
compositions characteristic of the surface analyzed rather than any recombination pro-

cess, as is the case here [18-21].

3.3.4 Towards ultra-thin film of perovskite (LFO:Si-10)

This section involves the LFO:Si-10 films prepared with the most dilute precursor solu-

tion yielding perovskite film in the ultra-thin range (<10 nm). The low thickness provides
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Figure 3.21: ToF-SIMS spectra of a mechanical mixture of La,O3 and Fe, O3 (red) and the LaFeOs
thin film (LFO:Si-100) (black) in positive mode.

a higher surface to bulk ratio. Another advantage of such a sample is that it can act as
a sample driven surface analysis even when highly sensitive bulk techniques are used.
The main objective of studying this kind of ultra-thin film is to ensure the presence of
the perovskite phase at such low thickness and also to correlate to the physico-chemical

properties of the LaFeOs3 surface.

Morphology The surface of the as-prepared samples consists of regularly but ran-
domly spaced round island-like zones as shown by the AFM image in Fig.3.22 with a
mean diameter of 215 nm, which however fails to give a real depiction of the size dis-
tribution. By means of statistical analysis, the dimensions of the circular deposits show
multi-modal distribution centered around 77 nm (21%), 124 nm (36%), 221 nm (20%) and
342 nm (23%). A line scan across a specific spot reveals the maximum height of the de-
posited perovskite to be around 3 nm with a diameter of around 250 nm (Fig.3.22). The
beginning and the end of the line scan represent the surface roughness variation of the

SiO, /Si surface of the substrate.

X (um)

Figure 3.22: AFM images of the LaFeOj3 ultra-thin film (LFO:Si-10) and line-scan (green) across a
spot.
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The high resolution TEM analysis of the FIB-lamella of this thin film in Fig.3.23 also
features a thickness close to 4 nm of the perovskite film. The FIB-lamella was cut across
one of the spots to reveal the cross-sectional thickness. The deposited layer comprised of
La and Fe across depth indicating presence of the mixed oxide. The image however does
not clearly highlight the crystallinity of the deposited layer. On the regions without the
circular deposits, no La or Fe signal were detected by EDX analysis. This confirms that
only the island-like features are composed of the perovskite while the rest of the surface

is non-coated substrate.

Figure 3.23: HR-TEM and EDX images of the cross-section of LaFeOj3 ultra-thin film (LFO:Si-10).

The morphology of the ultra-thin film is also indicative of the type of growth of the
thin film. It follows a Volmer-Weber type growth model where the interface energy is
large enough to slowdown the formation of a complete layer and instead discrete nu-
clei like structures are formed during the growth process [22]. This means the perovskite
has a tendency to cluster as a result of weaker bonding with the substrate. According to
this growth model, a homogeneous layer can be formed as the islands are nucleated and
merge together. And with respect to this particular sample, due to the dilute precursor
solution used, the merging together of the islands remains incomplete instead of forma-
tion of complete layers of the oxide. In any case, each of the island-like deposits can be

considered to be representative of a LaFeO3 perovskite thin film of ~3 nm.

XPS analysis The XPS spectra of the ultra-thin film in Fig.3.24 show similar character-
istics as before (section 3.3) with some minor differences. The O 1s spectrum shows very
small intensity from the lattice oxygen and majority of the signal arises from the silica
layer of the substrate. Interestingly, the perovskite surface contains almost no carbon-
ates, usually positioned around 289 eV in the C 1s signal. The lower amount of such ad-

sorbed species on the surface is a result of the limited size and characteristic morphology
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of the thin film. In this case, only surface hydroxides and aliphatic adventitious carbon
are present summing to 9% of the total atomic concentration. The Fe 2p and La 3d photo-
peaks have a binding energy of 710.4 and 834.1 eV, respectively, indicating the oxidation
of 3+ for both ions. The Fe3* satellite feature is not so clearly resolved due to the low
amounts of the deposited layer. However, the overall Fe 2p peak shape with the FWHM of

3.7 eV and the binding energy value signifies the valence state of 3+.
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Figure 3.24: XPS La 3d, Fe 2p, O1s, and C 1s spectra of LaFeOj3 ultra-thin film (LFO:Si-10).

In case of the La 3ds,, orbital, the component of the multiplet structure on the higher
binding energy side is less intense than the other, with an energy separation of 3.8 eV.
The multiplet structure intensity and shape in La 3d spectrum is in good agreement with
that of a clean LaFeO3 surface as evidenced by XPS La 3d spectrum of LFO:Si-100 after
treatment at 900°C under oxygen (Fig.3.14). The LFO:Si-10 is therefore indicative ma-
jorly of the perovskite surface. Finally, the La/Fe atomic ratio for the ultra-thin film is 1.3,
lower than in case of the intermediate thin film of 70 nm (close to 2) as previously dis-
cussed. This difference is caused by the low thickness and typical morphology of the thin
film which responds differently by forming lower amount of surface lanthanum species,
mostly hydroxides.

LEIS analysis The LEIS spectra of the ultra-thin film of LaFeOs is presented in Fig.3.25,

analyzed at four different regions of 1000 x 1000 um? on the sample surface. Each spec-

90

© 2019 Tous droits réservés.

lilliad.univ-lille.fr



Thése de Shreya Nandi, Université de Lille, 2019
3.3. Characteristics of LaFeOs-based thin films of intermediate thickness (LFO:Si-100)

trum shows the elemental surface peaks of La, Fe, Si and O with similar intensities high-
lighting the homogeneous distribution of the perovskite deposit throughout the sample.
The La and Fe signals from the perovskite layer show at lower energy side of surface peaks,
low intensity sub-surface contribution (from deeper layers) owing to the low thickness of
the LaFeOj3 layer. The relatively intense signal of silicon is caused by the low coverage of
the perovskite on the substrate. The LEIS study confirms the presence of both La and Fe
on the first atomic layer, or in other words, the perovskite layer on this ultra-thin film. The

La/Fe atomic ratio was calculated to be 3.3, similar to the one obtained for LFO:Si-100.
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Figure 3.25: LEIS spectra of LaFeOj3 ultra-thin film (LFO:Si-10) using 3 keV *He™ on different
analysis areas of 1000 x 1000 um?.

LEIS analysis was continued through several cycles of sputtering with 5keV?’Ne* in an
attempt to depth profiling the thin deposited layer of perovskite. On sputtering gradually
as shown in Fig.3.26, a sharp increase in the intensity of the silicon signal with decrease
in the O signal occurs as the silica layer from the top was removed and the silicon was
revealed. It must be noticed that during the sputtering process the LaFeO3 film as well as
the silica is removed at the same time although with different sputtering rates. The La and
Fe signals are diminished as the sputtering progressed but were not completely removed
after several cycles of sputtering (inset of Fig.3.26).

ToF-SIMS analysis The ToF-SIMS spectra consisting of the mixed oxide fragments
similar to LFO:Si-100 have been shown in Fig.3.27. These mixed fragments are represen-
tative of the presence of the perovskite phase, since the occurrence of such fragments by
recombination is almost negligible, as already discussed in section 3.3. The lateral distri-
bution of some selected ions has been shown in Fig.3.28. Due to the limitation of lateral

resolution in ToF-SIMS (100-200 nm), the specific spot-like feature of LaFeO3 deposits
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Figure 3.26: LEIS depth profile of LaFeQs ultra-thin film (LFO:Si-10) using 5 keV ?°Ne* for
sputtering and 3 keV “*He™ for analysis.

are not visible. The images only represent the presence of the La, Fe and the mixed oxide

fragments throughout the surface of the material.
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Figure 3.27: ToF-SIMS spectra of the ultra-thin film of LaFeOs (LFO:Si-10) of 500x500 um?
showing the mixed oxide fragments containing La, Fe and O.
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Figure 3.28: ToF-SIMS images of the surface of LFO:Si-10.

3.4 Direct comparison with conventional powder catalysts

In the previous sections, the thin films or model catalysts of LaFeO3; were fully charac-
terized by combination of different surface analytical techniques as well as bulk and mi-
croscopy techniques. It was confirmed that the film layer was indeed LaFeO3 phase with
sub-100 nm thickness. In this section, a comparative study between the LaFeOj3 thin film
and the conventional powdered catalysts used at the lab scale has been made using a sin-
gle technique. To this end, XANES has been used to study the similarities or differences
between the two and thereby confirm their relevance as a suitable model catalyst for ad-
vanced characterization under operative conditions. XANES not only allows to obtain in-
formation on the coordination geometry and the oxidation states due to its sensitivity to
local geometries and electronic structures, but can also provide valuable data on the sam-
ple’s surface and bulk simultaneously when measured at grazing incidence (GI-XANES) in
fluorescence mode.

In the second part, the LFO:Si-100 thin film and the corresponding powder were both
analyzed by quasi-in situ XPS analysis using a coupled treatment cell, where the mate-
rial was activated under oxygen up to 500°C followed by exposure under CO gas at the
same temperature. After the in situ treatment, they were transferred to the XPS analysis

chamber under UHV conditions without contact in air.
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3.4.1 GI-XANES analysis at Fe K-edge

LaFeOQj; thin film of intermediate thickness The XANES spectrum of the LaFeOs 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 Fe®* [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 LaFeOs 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 LaFeOs 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.

LaFeOs 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 LaFeOj3 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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Figure 3.29: XANES spectra of LaFeO3 powder (green) analyzed in transmission mode and surface
(black) and bulk (blue) spectra of LaFeOs thin film (LFO:Si-100) analyzed in fluorescence mode in
grazing incidence (GI-XANES).
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Figure 3.30: XANES spectra of LaFeO3 powder (green) analyzed in transmission mode and surface

(black) and bulk (blue) spectra of LaFeOs ultra-thin film (LFO:Si-10) analyzed in fluorescence

mode in grazing incidence (GI-XANES).

3.4.2 Quasi-in situ XPS analysis

The LaFeOs thin film and the powder were also compared with respect to their XPS spec-

tra in the as-received state prior to any treatment in the treatment cell under oxygen and

CO gas. Table 3.4 shows the binding energy values of each orbital of interest together

with the atomic concentration of the LaFeOs thin film and powder. The description of the

LaFeOs thin film has been already made in the section 3.3 earlier. The binding energies

show comparable values (+0.2 eV). The La/Fe atomic ratio is equivalent to 1.8 in both
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cases. However, unlike the thin film, the powder is composed of slightly higher amount of
adventitious carbon with 26% compared to only 17% in the thin film. The La 3d and Fe 2p
photopeaks of both as-received samples are shown in Fig.3.31. La 3ds,» signal at 834 eV
has a more intense multiplet splitting component at higher binding energy in the pow-
der, while the opposite is the case for the thin film. This shape is highly dependent on the
amounts of lanthanum species on the surface due to the reactive nature of La based com-
pounds. In case of the Fe 2p photopeak, both show similar features with a characteristic

Fe3* satellite feature at 719.1 eV with binding energy of 710.3 eV.

Table 3.4: Binding energies, atomic concentration and La/Fe atomic ratio of LaFeOs thin film
(LFO:Si-100) and powder from XPS analysis.

LaFeO; thin film LaFeO; powder
S il::rlgf Conce(‘r;:)ration al;?)/:\?c z‘:::gf Conci;:)ration alg/:\?c
(eV) ratio (eV) ratio
La3d 834.0 22.1 833.8 17.6
Fe 2p 710.2 12.7 710.0 10.3
O1s 529.4 48.0 1.8 529.2 46.4 1.8
Cls 285.0 17.1 285.0 25.7
Si2s 153.9 0.1

The two LaFeO3; materials were heated under oxygen up to 500°C, to remove majority
of the surface contamination of carbon and obtain as clean surface as possible. After this
activation step, less than 2% of the C was remaining on the surface. This allows to provide
a clean surface of the perovskite for the succeeding treatment steps. As expected, the La
3d and Fe 2p signals remain in the +3 state after this activation treatment.

Finally, after CO exposure no significant evolution of the Fe 2p or La 3d is observed,
evident from the unchanged binding energy value of the Fe 2p or La 3d as well as the Fe3*
satellite. This occurrence is shown by both the LaFeO3 thin film as well as the powder in-
dicating that both samples behave similarly under a specific condition, which is expected
owing to similar physical and chemical properties of both. It has to be noticed that these
XPS analyses were performed under UHYV after the different treatments and do not allow
to investigate the surface evolutions that may occur under reactive atmosphere. Certainly
better information on the extent of CO reactivity on stoichiometric perovskite materials
can be obtained if the analysis is done in in situ modes under operative conditions and

temperatures (discussed in chapter 4).
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Figure 3.31: XPS La 3d and Fe 2p photopeaks of LaFeOj3 thin film (LFO:Si-100) and powder in the

3.5 Conclusions

as-received state, after activation under oxygen and treatment under CO gas at 500°C.

The surface compositions, bulk structure and morphology of the LaFeO3/Si based thin

films were investigated. The Si substrate comprised of a 1.4 nm thick layer of amorphous

silica over crystalline Si(100), revealed by XPS and ToF-SIMS. The thin films were pre-

pared by adjusting the concentration of the precursor solution before deposition on the

pre-treated SiO,/Si(100) substrate. Two main thickness ranges were considered for inves-
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tigation in this chapter, the sub-100 nm film of intermediate thickness (LFO:Si-100) and
sub-10 nm ultra-thin film (LFO:Si-10) ranges as discrete models. Firstly, the LFO:Si-100
showed homogeneous layers of polycrystalline LaFeO3 with minimum evidence of voids,
with a thickness of ~70 nm. The LaFeOs was crystallized in orthorhombic lattice with a
La-enriched surface indicated by the respective surface atomic ratios by XPS and LEIS as
mentioned in Table 3.5. ToF-SIMS further highlighted presence of the perovskite phase
given by the mixed oxide fragments, an useful way to determine mixed oxide phase when
present under detection limits of other techniques. Similarly, the ultra-thin film (LFO:Si-
10) also indicated the presence of LaFeOs, although it features incomplete film coverage
with a thickness of below 5 nm. It featured lower contamination from carbonates and
thereby less enrichment of La on the surface, presented in Table 3.5. This kind of models
having a thickness in the range usually analyzed by surface analysis techniques allows to
provide surface sensitive data using bulk techniques with excellent sensitivities. Finally,
the two kinds of thin films were compared to conventional powder catalysts, thanks to
GI-XANES analysis. Both LFO:Si-100 and LFO:Si-10 thin films featured the same XANES
fingerprint as that of the powder at the surface as well as the bulk. The reactivity of the
thin film and the powder after CO exposure was analyzed highlighting identical behav-
ior. Thereby, such thin films have been demonstrated to be relevant model catalysts that
can be reliably used for surface investigations of TWCs. Therefore, having confirmed the
relevance of the model catalysts, such models will be further investigated under in situ
conditions to reveal difference in catalytic performances induced by changing the stoi-

chiometric compositions of lanthanum ferrite, namely, LaFeO3 and Lag 7FeOs.

Table 3.5: Summary of the surface atomic ratios of LaFeOs thin films of intermediate (LFO:Si-100)
and ultra-thin thickness (LFO:Si-10).

sample T Thickness | La/Fe | O/(La+Fe) | Carbonates | La/Fe
P (nm) (XPS) (XPS) | C1s% (XPS) | (LEIS)
o LaFeO,
LFO:Si-100 | = o 70 1.8 1.4 16.2 3.1
o LaFeO,
LFO:SIF10 | 2 e 5 1.3 1.3 3.3
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Chapter 4

Comparing LaFeO; and La, ;FeO; 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 Lay 7FeOs. 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 Lag ;FeOs as compared to LaFeOs. 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 sifu 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 La; ;FeO; and LaFeQO; thin films

4.1.1 XPS

The XPS spectra of Lag 7FeOs 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 3ds/, 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 3ds,», cor-
responding to oxides of lanthanum [1]. The Fe 2p3,» photopeak is located at a binding
energy of 710.4 eV for LaFeOs and 710.7 eV for Laj 7FeO3 confirming iron in the +3 oxida-
tion state, given by the characteristic satellite feature, 8.8 eV higher than the 2p3,» 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 Lag 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
Schoen et al [3]. Further, Lag 7FeO3 presents O 1s orbital with a main components around
529.8 eV attributed to the lattice oxygen (O?") and another contribution centred at 531.3
eV representing the surface O, /O™ species, adsorbed hydroxyls, carbonates and/or or-
ganic oxygen species. Additionally, the O/(La+Fe) ratio for LaFeOs and Laj ;FeOs 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 Lay 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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Figure 4.1: XPS La 3d, Fe 2p, O 1s and C 1s spectra of Lay 7FeOs thin films under UHV conditions.

4.1.2 Raman spectroscopy

Owing to the low thickness of the thin film, the Raman spectra are dominated largely by
the signal of silicon from the Si(100) substrate. Subtracting the Si signal from the spectrum
of the film revealed the signature of the LaFeO3 perovskite phase. The assignment of these
lines has been previously detailed in previous chapters and [5]. All the expected bands
from LaFeOj3 are present at 160, 180, 269, 298, 231 and 638 cm™! as shown in Fig.4.2(a).
Similarly, the La-deficient perovskite shows not only all the lines of LaFeO3 perovskite and
but also some additional lines from the a-Fe;O3 or hematite phase. The prominent lines
at 223, 295, 410 and 620 cm™! display the Raman fingerprint of well crystallized hematite
phase [6, 7]. Further, the presence of some y-Fe,O3; or maghemite phase cannot be ruled
out due to the very broad nature of its signal at around 650 cm™!. The other maghemite
bands present around 350 and 500 cm ™! are not easy to detect due to overlapping lines.
The Raman analysis therefore highlights that the non-stoichiometric perovskite is com-
posed of perovskite as well as the most stable phase of Fe,O3 formed as a result of the
La-deficient composition. In contrast, the stoichiometric LaFeOs film only indicates the

perovskite phase without any addditional phase of iron oxide(s).

103

© 2019 Tous droits réservés. lilliad.univ-lille.fr



Thése de Shreya Nandi, Université de Lille, 2019
Chapter 4. LaFeOs vs. Lay 7FeOs using advanced methods

(a) :é_FO film (b)ﬁJ EFO

1EI'>0 3(I)0 4é0 660 7é0 150 300 450 600 750

Raman shift (cm™) Raman shift (cm-1)
Difference
o LaFeO
o° Difference N Hematitse
© LaFeO, N o
o ° *o
%o
o o °
o *

150 300 450 600 750 150 300 450 600 750

Raman shift (cm™) Raman shift (cm-1)

Figure 4.2: Raman difference spectra of (a) LaFeOs and (b) Lag 7FeOj3 thin films obtained by
subtracting the spectrum of the Si substrate from that of the thin film.

4.1.3 X-Ray absorption near-edge structure at Fe K-edge

Stoichiometric perovskite LaFeOs;: The normalized XANES spectra of the surface and
bulk of the stoichiometric perovskite thin film have been shown in Fig.4.3. The experi-
mental details of this technique have been provided in chapter 2. Both show identical
fingerprint of the LaFeO3 phase with the position of the absorption edge at 7128.3 eV, as
discussed previously in chapter 3. The composition of the thin film is the same for the
surface and the bulk, except slightly lower signal-to-noise of the surface spectrum, con-

firming the in-depth homogeneity of the perovskite across this model catalyst.

La-deficient perovskite Laj ;FeO3: Fig.4.4 presents the surface and bulk spectra of
Lag 7FeOs thin film, with an absorption egde at 7127.6 eV, slightly lower than the stoichio-
metric one. The XANES spectra of this La-deficient composition are different in shape
compared to that of the stoichiometric one, especially the whiteline structure. Both sur-
face and bulk spectra however feature similar shape at the pre-edge with a small variation
in the intensity of the whiteline, lower in case of Lay 7FeO3 bulk spectrum. Higher inten-
sity of the whiteline likely signifies higher contribution from the perovskite in the XANES

spectrum, as is the case in Fig.4.3. To highlight these differences more precisely, each
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Figure 4.3: Fe K-edge surface (black) and bulk (blue) XANES spectra of LaFeOs thin film at room
temperature measured in fluorescence mode.

spectrum is compared to the XANES spectra of typical iron oxide references, as shown in
Fig.4.5, such as the hematite (a-Fe,03), maghemite (y-Fe,O3), magnetite (Fe30,4), wiistite
(FeO), Fe metal and LaFeO3 powders with absorption edge of 7126.7, 7126.7, 7124.3,7119.4,
7112.0 and 7128.1 eV, respectively. The edge energy is dependent on the oxidation state of
the iron in the material. These reference spectra are used for performing linear combina-

tion fitting (LCF) of all the experimentally obtained XANES spectra.

T T T T T
Surface_LO7FO RT
Bulk_LO7FO RT

Normalised absorption (a.u)

7110 7125 7140 7155 7170
Energy (eV)

Figure 4.4: Fe K-edge surface and bulk XANES spectra of Lag 7FeOj3 thin film at room temperature
measured in fluorescence mode.

Comparison between LaFeOs; and Laj ;FeO3 surface/bulk: As evident from Fig.4.3
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Figure 4.5: Fe K-edge XANES spectra of different Fe-based references measured in transmission
mode.

and 4.4 the XANES spectra of Laj ;FeO3 thin film display a different shape compared to
those of LaFeO3 film, indicating variation in their respective compositions. The differ-
ences in the two stoichiometries can be explained by the LCF analysis of the respective
XANES spectra. No precipitation of any additional phase is detected in stoichiometric
perovskite as the spectra are similar to the one of LaFeO3 powder at the surface and bulk
(described in chapter 3). Thus, the LaFeOj3 thin film essentially consists of a single per-
ovskite phase. While the non-stoichiometric composition Lag7FeO3 is composed of not
only the perovskite phase but also additional iron oxide phase(s) as evident from Fig.4.6.
The film’s surface is composed of 60% perovskite and 40% hematite phase. While the bulk
consists of 50% perovskite, 35% hematite and 15% of maghemite phase. The presence
of hematite is also confirmed by Raman analysis previously, offering a different starting
point for Lay 7FeO3. These observations suggest that the induced La-deficiency does not
form a single phase of non-stoichiometric perovskite but yields a mixture of the stoichio-
metric perovskite and the iron oxide phases, particularly a-Fe,O3. This occurrence is as-
sisted by the presence of excess of iron in the composition of Lay 7FeO3, indicating that
the perovskite has a higher tendency to remain in the stoichiometric formulation, instead

of forming a single structure with A-site (La) vacancies.
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Figure 4.6: LCF analysis of surface (left) and bulk (right) XANES spectra of Lay 7FeOs thin film.

4.1.4 Surface analyses by LEIS and ToF-SIMS

The LEIS spectra of stoichiometric LaFeO3s and non-stoichiometric Lay 7FeO3 have been
presented in Fig.4.7. The LEIS spectra in both cases probing the first atomic layer, present
the expected surface elemental peaks of La, Fe and O indicating a rather clean surface.
The LaFeO3 spectrum presents a much higher intensity of La signal compared to Fe sig-
nal due to La-enrichment caused by the formation of surface La-species such as oxides,
hydroxides or carbonates. This trend is reversed on inducing the La-deficiency in the
structure in Lay 7FeOs with higher coverage of Fe than La. The La/Fe atomic ratios calcu-
lated from the LEIS spectra were determined to be 3.1 and 0.7 for LaFeO3 and Lag 7FeOs,
respectively, using our elemental sensitivity factors, as has been previously discussed in
chapter 3. The LEIS atomic ratios are slightly different to those obtained by XPS analysis
(1.8 for LaFeOs, 1 for LaFeO3), owing to the extreme surface sensitivity to the first atomic
layer compared to 5-10 nm probed by XPS. Both LEIS as well as XPS show similar trends
within the same order of magnitude. It highlights majority of La atoms on LaFeOs while
that of Fe on Lag 7FeOs at the surface of each composition.

Depth profiling by ToF-SIMS on stoichiometric LaFeOs thin film has been displayed
in Fig.4.8. The depth profile highlights three distinct zones, the SiO,/Si(100) substrate,
the perovskite bulk and the surface with higher concentration of **FeO~ and O} ions.
The >*Fe™, LaO~and La~ fragments evolve similarly during the depth profiling from sur-
face towards the bulk, with interfacial variations due to matrix effects as the substrate
is approached. The higher intensity of >*FeO~ (and O;) is indicative of the presence of

iron-enriched region near the surface. This is quite an unexpected outcome since any
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Figure 4.7: LEIS spectra of (a) LaFeOs and (b) Lag ;FeOj3 thin films analyzed using *He™ at 3 keV.

other additional phases have not been detected by other techniques like Raman, XRD

and XANES analysis of the stoichiometric composition (LaFeOs3).
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Figure 4.8: ToF-SIMS depth profile of LaFeOs thin film obtained by sputtering with 1 keV Cs™ (90
nA, 400x400um?).

In case of Lag 7FeOs, the depth profile presented in Fig.4.9 also features an enrichment
of the O; ions near the outer surface arising from the surface adsorbates as well as that of
>FeO~ fragments due to presence of any segregated iron oxide phase, already observed
by Raman and GI-XANES. A distinct difference here is with respect to the LaO™ fragments,
which evolve differently to that of the LaFeOs profile. The >*Fe™ and La~ emerge similarly

throughout the profile. Here, four zones according to depth can be distinguished, namely,
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the SiO,/Si(100) substrate, the film’s bulk, LaO~ enriched zone near the sub-surface and
the >*FeO~ enriched zone at the outermost surface. The depth profiling therefore high-
lights the segregation of the Fe,O3 as is already confirmed by complementary methods
and possibly some La,0s, as discussed later in this chapter. The depth profiles for each
thin film were repeated at three different analysis areas (100x100um?), where each profile

gave similar results as shown here.
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Figure 4.9: ToF-SIMS depth profile of Lag ;FeOs thin film obtained by sputtering with 1 keV Cs*
(90 nA, 400x400pum?).

The obvious question that arises at this point is whether the different behavior of
>Fe0~ and **Fe~ ions is an intrinsic property of the ionic fragmentation or does it re-
ally signify any phase segregation/enrichment phenomenon. In order to elucidate this,
a thin film of pure phase of Fe,O3 was prepared using the citrate-complexation method
and its synthesis was confirmed by Raman spectroscopy (not shown here). The evolution
of the **FeO~ and **Fe~ ions were determined for this iron oxide thin film as shown in
Fig.4.10. Interestingly, Fe,O3 presents similar fragmentation and depth profile for both
>Fe0~ and **Fe” ions throughout the oxide layer. This reveals that **FeO~ and **Fe~
(and O,) are expected to display similar profiles when originating from the same phase
with similar chemical envirnment. Hence, the dominating presence of **FeO~ ions at

the surface of LaFeOs and Laj;FeO3 indeed represents a surface enrichment or segre-
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gation phenomenon. The widely known La-enrichment caused by the reactive nature of

La-based compounds was not distinctly detected in the ToF-SIMS depth profiles for either

of the thin films.
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Figure 4.10: ToF-SIMS depth profile of Fe;O3 thin film obtained by sputtering with 1 keV Cs™ (90
nA, 400x400um?).

The intensities of the mixed oxide fragments (LaxFeyOgr ) in the secondary ions mass
spectra were compared for each composition by normalizing with respect to the inten-
sity of La54FeO§r . The relative intensity of each mixed oxide fragment has been shown
in Fig.4.11. In case of LaFeOs3, it generally presents more intense mixed oxide fragments
compared to Lay;FeOs, signifying the presence of higher concentration of mixed oxide
phase such as the perovskite in the stoichiometric composition as compared to the La-
deficient composition. This semi-quantitative approach indicates that the extent of sur-
face segregation for Lay ;FeOs is certainly higher than that of the stoichiometric LaFeOs.

Furthermore, the LaFeO3 thin film was subjected to prolonged cycles of LEIS sputter-
ing using 5 keV ?’Ne* ions and analyzed with 3 keV “He*. The sputtering has been car-
ried out with the primary ion gun as the spectrometer is not equipped with a dedicated
sputter gun. The variation of the intensity of each elemental peak with increasing sput-
tering cycles is shown in Fig.4.12. The intensity of the iron peaks varies significantly while
the intensity of lanthanum peaks remain almost constant. Near the surface, it presents
a higher Fe coverage as compared to the end of the sputtering cycles, indicating surface

enrichment of B-site ions, similar to the observations made by ToF-SIMS depth profil-
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Figure 4.11: Comparison of intensities of the mixed oxide fragments in ToF-SIMS mass spectra of
LaFeOs (LFO) and Lag 7FeO3 (LO7FO) thin films, normalized with respect to the La>*FeO}
fragment.

ing. This is also clearly evidenced from respective LEIS spectra at the outermost surface,
which shows lower concentration of iron compared to the sub-surface, that is reached
upon soft sputtering. Finally, by performing prolonged sputtering of the material the bulk
is reached, revealing lower intensity of Fe signal compared to the sub-surface. This ver-
ifies once again a B-site enrichment of Fe in the sub-surface region. The higher relative
concentration of La on the extreme surface is due to the A-site La-enrichment due to the
reactive nature of the La-based oxide materials. Higher intensity of La compared to Fe is

however maintained throughout the sputtering cycles.
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Figure 4.12: Cycles of LEIS sputtering with 5 keV ?°Ne* ions and analysis by 3 keV “He* on the
LaFeQj3 thin film.

In case of the Lay;FeOs perovskite, the changes upon LEIS sputtering and analysis
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cycles have been presented in Fig.4.13. Unlike LaFeOs, the intensity of both Fe and La sig-
nals varies as the material is progressively sputtered. The Fe shows higher intensity near
the surface and then continuously keeps decreasing. On the other hand, the La signal
shows a continuously changing intensity in depth. Fig.4.13(b) further highlights more in-
tense signal of Fe in the sub-surface compared to the outermost layers, similar to LaFeOs.
Towards the final sputtering cycles, the La becomes more intense than Fe like the stoi-
chiometric composition. The variable intensity of both La and Fe LEIS signals indicates
non-homogeneous distribution of La as well as Fe segregated species as lanthanum ox-
ide and iron oxide, as is also indicated by ToF-SIMS depth profiling. Both thin films do
not feature any silicon signal, indicating that these analyses were made at an area with-
out any cracks and the cycles of sputtering did not reveal the substrate, unlike ToF-SIMS.
These LEIS depth profiling analyses verify higher overall content of La in LaFeO3 and Fe

in Lag 7FeOs, as is expected according to the empirical stoichiometry of each.
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Figure 4.13: Cycles of LEIS sputtering with 5 keV >°°Ne™ ions and analysis with 3 keV *He* on the
Lag 7FeO3 thin film.

LEIS as well as ToF-SIMS depth profiles suggest the presence of Fe-rich surface and
sub-surface in Lap7FeO3. Only the La-deficient perovskite indicates likely presence of
lanthanum oxides phases also, formed as a result of the formation of Fe,O3 phase after
inducing La-deficiency. In addition, relatively lower amount of the perovskite phase is
presentin Lag 7FeO3s compared to LaFeOs as verified by the semi-quantitative comparison
of the perovskite-related fragments from ToF-SIMS mass spectra. It is worth mentioning
that the analyzed depth with LEIS and ToF-SIMS are not in the same range, we assume
that the bulk surface defined by LEIS could only correspond to the enriched zones above
the bulk defined by ToF-SIMS.
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Origin of surface segregation in LaFeO3 and La, ;FeOs: Surface analyses by LEIS and
ToF-SIMS highlighted detailed surface characteristics of the two compositions, LaFeO3
and Lag 7FeOs. LEIS of LaFeO3 featured higher coverage of La in the depth profiling anal-
ysis. This A-site enrichment of La is a widely known property of lanthanum-based per-
ovskites, mostly evidenced by XPS analysis [8-10]. The stoichiometric composition shows
significant La-enrichment due to higher content of La in the structure, driving the rapid
formation of La-based surface species. Interestingly, LEIS analysis also points out that al-
though La-enrichment is a dominant surface characteristic, it does not mask the B-site Fe
ions completely, which are considered the active sites for a catalytic reaction. Perovskite
oxides of the form A3*B3* O3 comprises of A** 0%~ and B3* 03" planes leading to an overall
charge mismatch driving the segregation of secondary phases such as oxides, hydroxides
or carbonates of A-cation at the surface. The lattice strain caused by the cation size mis-
match is another possible driving force for such observations as suggested by Ding et al
[11] and Lee et al [12]. Depth profiling analysis further signifies the presence of Fe-rich
zone near the surface in contrast to the bulk. Indeed, the A-site enrichment leaves be-
hind a B-rich zone as a result of the A-depletion just underneath the outer surface and is
a likely cause of the B-site enriched zone in stoichiometric LaFeOs [8]. Such surface re-
construction has also been observed in other perovskites like Lag 5Srg 35FeO3, SrTiO3 and
BaTiOj3 [13-15]. The enhanced signal of **FeO™ is not attributed to any iron oxide phase as
no such segregated phase was evidenced by combination of techniques previously men-
tioned, with an uncertainty of ~5%. Thus, these observations using LEIS and ToF-SIMS
allow to sketch a model of the stoichiometric ferrite as shown in Fig.4.14(a). It represents
the La enrichment on the outer surface without covering all the Fe species, which further

generates a Fe-enriched zone in the sub-surface region finally followed by the bulk.

Stoichiometric composition

/ at surface

Segregatediron oxide
Surface La-enrichment Bre8

Fe,05

Fe-enriched zone

Fe-enriched zone

(a) LaFeO, (b) La, ;FeO;

Figure 4.14: Schematic representation of the surface of LaFeOs and Lay ;FeOs thin films

In case of Lag 7FeOs, on inducing the La-deficiency the A-site enrichment is abated to
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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 Fe,O3 in Lag 7FeOs3
results in the accumulation of the segregated surface particles. The enhanced presence
of the >*Fe0~ 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 Laj ;FeO3 (Fig.4.14(b)). It represents the Fe,O3 particles
on the outer surface supported on the LaFeOs 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 MpeO™ 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 LaFeOs, it is
driven by the surface La-enrichment while for Lag 7FeQOs, it is an outcome of mainly the

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

4.1.5 Morphology of the La, ;FeQ; 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 LaFeOs, 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 Fe, 03 particles are rather large ranging around ~100 x 200 nm? laterally with a height
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of ~5 nm. Further, the brown region is representative of the LaFeO3 layer over which the

Fe, O3 crystallites are embedded.

Figure 4.15: (a) SEM-EDX and (b) AFM images of Lag 7FeOs thin film.

4.2 In situ analysis of LaFeO; and La) ;FeO3 thin films un-

der CO

4.2.1 NAP-XPS investigation of LaFeOj; vs. La, ;FeQ; thin films

The surface reactivity of the La-deficient perovskite Lajy;FeO3 has been compared with
respect to that of the stoichiometric perovskite LaFeO3 by means of NAP-XPS (TEMPO
beamline at SOLEIL synchrotron) in the presence of CO at around 10~! mbar to highlight

the promoting role of the induced non-stoichiometry in the catalyst composition.

Overview and surface sensitivity with NAP-XPS

The XPS spectra based on the synchrotron source were first collected at an incident en-
ergy of 950 eV for all the orbitals of interest. These spectra allowed the comparison of
the raw intensities of the elements to provide a quantitative outlook, since some physical
properties such as inelastic mean free path of photoelectrons that depend on the gas and
pressure as well as the transmission function of the equipment are not available for quan-
tification of atomic concentrations. In addition, a second set of analysis was performed
for obtaining information from the same depth of the material for each element by keep-

ing the same kinetic energy around 120 eV by tuning the energy of the incoming X-rays,
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thanks to the synchrotron facility. The XPS spectra for each element have been shown
in Fig.4.16 for a general comparison between the two incident energies considered. In
Table 4.1, the orbitals with their respective incidence energy, binding energy, kinetic en-
ergy, inelastic mean free path A (TPP2M formula) and the probed depth have been listed
[18]. The La 3d photopeak at 950 eV, Fe 2p at 850 eV, O 1s at 650 eV, C 1s at 400 eV have
been analyzed probing 1.5 nm depth of the material. These conditions provide a higher
surface sensitive information including chemical environment under relevant working

conditions.

Table 4.1: XPS signals collected with values of binding energy, kinetic energy, inelastic mean free
path A and the probed depth.

Esource (€V) Orbital Ebinding (€V) | Ekinetic (eV) A (nm) Depth (nm)
950 La 3d 834.7 115.3 0.5 1.50
950 Fe2p 710.9 239.1 0.7 2.01
950 O1s 530.1 419.9 1.0 2.88
950 C1ls 285.0 665.0 13 3.90
950 Si2s 153.9 796.1 15 4.50
850 Fe2p 711.0 139.0 0.5 1.59
650 O1s 530.2 119.8 0.5 1.50
400 C1ls 285.0 115.0 0.5 1.50
400 Si2s 154.3 245.7 0.7 2.07

The survey spectra at each incident energy have also been shown in Fig.4.16 along
with the respective elemental spectra of the Lay ;FeOs thin film. The La 3ds5,2 photopeak
is present at 834.7 eV indicative of the La3* oxidized state [1]. The Fe 2p photopeaks at
the two different energies present similar features with respect to the binding energy and
oxidation state, given by the position and spectral shape, respectively. The Fe 2ps,» pho-
topeak has a binding energy of 711.0 £ 0.1 eV with the characteristic satellite feature of
Fe3* at around 719.6 eV [2]. Interestingly, this thin film shows no contamination from
carbonates or hydroxides as evident from the C 1s spectra at both energies. Only contri-
bution from C-C is observed at 950 and 400 eV, respectively. The O 1s features three com-
ponents, lattice oxygen (0?), defects in oxides and adsorbed species and oxygen from
mainly silica, respectively. The O 1s shows slightly different ratios of the respective com-
ponents. More signal from the silica and the surface oxygen species at 532.6 and 531.2
eV, respectively are seen with an incident energy of 650 eV, being more sensitive to the

surface. In contrast, higher contribution of the lattice oxygen at 530.1 eV from the per-
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ovskite is present at 950 eV incident energy [19, 20]. In the successive sections, the spectra
recorded at lower energies for similar probed depths have been used to present the XPS

spectra at each in situ treatment step.

@ (b)
1s
E.ource= 950 eV La3d @ 950 eV
200000 | 8347ev
= 2
& 150000 - o)
< =
= 4
|72
@
§ 100000+ £
c
50000
80 855 850 845 840 835 830 ()
0 o o - s ! Binding energy (eV)
75 45| 1
A Fe 2 950 eV Fe 2 850 eV
Binding energy (eV) r@ 7109 eV r@ -
ot Eypuree= 850 €V § g
200000 - source™ € = =
Cls g 71956V g 71966V,
> = £
& 150000 4 - -
L
=
0w
S 100000+ . . . i
E 740 735 730 725 720 715 710 705 740 735 730 725 720 715 710 705
Binding energy (eV) Binding energy (eV)
500001 C1s @950 eV C 1s @ 400 eV
0= T r r r 2 7
750 600 450 300 150 0 g o
Binding energy (eV) > >
B B
(=4 [
2 ]
c £
Cis scur(e =650eV
200000 -
Py 294 292 290 285 286 284 282 250 294 2&2 2§0 255 ZSG 2é4 2&2 ZéD
w 2 .
g 150000 ) Binding energy (eV) Binding energy (eV)
2 O 1s @950 eV O1s @650eV
é 100000 - . .
c m M
S s
50000 > >
.? 3
2 3
0 . v : | = =
600 450 300 150 0
Binding energy (eV) 2
120000 - e ———————— e e e ey
538 536 534 532 530 528 526 524 538 536 534 532 530 528 526 524
100000 ] Cits Esource= 400 €V Binding energy (eV) Binding energy (eV)
Si2s @ 950 eV Si2s @400 eV
g 80000 - _
£ m )
%‘ 60000 - & g
[ = =
Z e 2
£ 40000 - ' 5 5
Si2s z =
20000-\-\/\__,)
0 T T T J . . . . .
300 200 100 0 156 154 158 156 154 152 150
Binding energy (eV) Binding energy (eV) Binding energy (eV)

Figure 4.16: XPS spectra of Lag 7FeOs thin film as collected at synchrotron SOLEIL: (a) Survey
spectra at different incident energies, (b) La 3d, Fe 2p, C 1s, O 1s and Si 2s at 950 eV and (c) Fe 2p
at 850 eV, O 1s at 650 eV, C 1s and Si 2s at 400 eV at room temperature under UHV.
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NAP-XPS during activation under oxygen

Laj ;FeOs3: The thin film is treated at high temperature under oxygen to remove the sur-
face contamination such as the adventitious carbon to have a clean surface. The material
was gradually heated until the C 1s signal was completely removed. Carbon started to dis-
appear around 427°C and was completely removed at 442°C as shown in Fig.4.17 during

heating under oxygen at 10~! mbar.

C 1s
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Intensity (cps)

442°C= -
206 294 292 290 288 286 284 282 280
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Figure 4.17: NAP-XPS C 1s spectra of Lag 7FeOj3 thin film during heating under 0.1 mbar oxygen
up to 442°C.

The sequence of all orbitals of interest was collected at the temperature of 442°C and
again after cooling down to room temperature under UHV condition to detect any tem-
perature specific changes. The La 3ds, is always present at 834.7 eV, representing a 3+ ox-
idation state. The higher binding energy multiplet splitting component of La 3ds,» shows
a lower intensity, usually seen after the removal of the La hydroxides and/or carbonates
based surface contaminants, typically observed for clean perovskite surfaces. Similarly,
the Fe 2p also remains in 3+ state marked by the constant peak position with a FWHM
of 3.4 eV and presence of the satellite feature at 719.6 eV. The O 1s spectra show the pres-
ence of mainly three components throughout the heating procedure while the C 1s signal
disappears at high temperature under oxygen as the surface carbonaceous species are
desorbed or react with activated O,. However, as the material is cooled down to room
temperature under O, and then under UHV, the C 1s signal reappears although less in-

tense, implying the same status of the surface before and after the activation step with
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respect to the adventitious carbon. This can be caused by the low dynamic conditions
during high pressure experiments at 10~! mbar due to large volume (35 L) of the analysis
chamber as well as low pumping capacity for very small atoms from the analysis cham-
ber, such that they are not easily removed and therefore settle down on the surface as the

temperature is decreased.
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Figure 4.18: NAP-XPS La 3d, Fe 2p, O 1s and C 1s XPS spectra of Lag 7FeOj3 thin film before in UHV
(blue), under 0.1 mbar O, at 440°C (black) and after coming back to room temperature under O,
and then UHV conditions (red).

LaFeOs3: Due to the reappearance of the carbon species after the oxidation treatment,
it was chosen not to heat the stoichiometric LaFeOs thin film under oxygen. The XPS
spectra are shown in Fig.4.19 measured under UHV at room temperature. In this case,
the La 3ds/, peak is positioned at 834.9 eV with the typical shape for perovskites with

3+ charge. The Fe 2pj3/, signal also shows a binding energy of 710.6 eV with Fe3* satel-
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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/ CO%‘
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.
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Figure 4.19: NAP-XPS La 3d, Fe 2p, O 1s and C 1s spectra of LaFeOs thin film under UHV at room
temperature.

Both LaFeO3 and Lag 7FeOs 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 Lag 7FeQg3, 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
0%~ oxide ligand) in Lag7FeO3. 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 Lag 7FeOs.
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NAP-XPS analysis during CO exposure at 0.1 mbar

Laj ;FeOs3: The Lag 7FeOs3 thin film was heated under CO gas up to 550°C and then cooled
down to 100°C in presence of CO and then finally CO gas was evacuated until reaching
UHYV conditions. The spectral changes of C 1s and Fe 2p regions are followed while heat-
ing the sample under CO gas in Fig.4.20. Throughout heating, the C 1s spectra show only
a single contribution from C-C/C-H carbon bonds. At 477°C, all the carbon is completely
removed due to the desorption or reaction of the carbon species at higher temperature. In
case of the Fe 2p signal collected at every 100°C and calibrated with respect to the lattice
O 1s obtained at the same energy at 530.1 eV. The Fe 2p3,, peak shows a shift in the bind-
ing energy towards lower energy together with a loss of the characteristic Fe3" satellite
feature during heating 500°C onward. Near 600°C, the iron reduces further to Fe’ (metal)
and Fe?" as evident by development of a component at 706.6 eV and the characteristic
satellite feature at 714.8 eV, respectively [2]. The formation of iron carbide although likely,

is ruled out due to absence of any signal in the C 1s region at this temperature. At 550°C

Fe 2p 711.0eV S

Fe3*Sat.
N

Intensity (cps)

82
Binding energy (eV)

Figure 4.20: Evolution of NAP-XPS Fe 2p and C 1s photopeak of Lag ;FeO3 thin film during
heating under CO at 0.1 mbar.

under CO in Fig.4.21, the La 3d photopeak retains the same shape and binding energy
as previously under UHV, confirming that La®* is not involved in CO adsorption and/or

reactivity. In contrast, the Fe 2p3,, signal shows a major reduction from Fe3* to Fe?* and
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Fe® with a shift of binding energy to 710.2 eV from around 711.0 eV. This is accompanied
by an increase in the FWHM value from 3.5 eV at room temperature to 4.2 eV at 550°C,
suggesting the appearance of Fe?" fingerprint (asymmetric main peak 2ps,» with satellite
feature). The FWHM of the Fe 2p3,, peak of Lag ;FeO3 after O, treatment is around 3.2
eV. The width increases due to the appearance of the additional component from Fe?*

as CO reactivity with La-deficient perovskite induces reduction of Fe3*. The Fe 2p peak
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Figure 4.21: NAP-XPS La 3d, Fe 2p, O 1s and C 1s spectra of Lag 7FeOs thin film under UHV (blue),
under CO 0.1 mbar at 550°C (black), under CO 0.1 mbar back at 100°C (red) and back under UHV
(green).

decomposition to estimate the distribution of Fe species regarding their oxidation state
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is done using the reference spectra of Fe3* with the lineshape from Lag ;FeOs after re-
turning to UHV after oxygen treatment. By comparing the Fe 2p spectrum recorded at
440°C under O, 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 O, 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 O, treatment under UHV (initial spectrum S; in which
we assume that only Fe®" is present) and the one under CO at 550°C (final spectrum S £in
which we assume a mixture of Fe>* and reduced Fe species), according to the equation,
X;=(1-C;)S;-C;S¢

where, C; 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 O,/ 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 Lag ;FeOj (S;, 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 1(2py,2)/ 1(2py/2) = 1/2 for each
doublet. Indeed, the reduced species spectral form appears as the spectral form of a mix-
ture of Fe2* and Fe®. 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% Fe at binding energy of 706.6 eV given by an asymmetric lineshape LA(1.2,4.8,3) [2]
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and 80% Fe?" given by the same asymmetric lineshape to model the multiplet structure

(709.8 eV) and a symmetric one GL(30) for the satellite at 716.1 eV, shown in Fig.4.22(c).

Figure 4.22: NAP-XPS Fe 2p spectra of Lag 7FeOj3 thin film: (a) before and after O, treatment
under UHV, (b) linear least square approximation with the two selected vectors to spectrum
under CO at 550°C spectrum, (c) components of extracted spectrum of reduced Fe species (d)
back under CO at 100°C and then under UHV, and (e) spectral decomposition of the spectrum
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Thus, the Fe 2p spectrum under CO at 550°C features 50% of Fe?*, 37% of Fe>* and
13% of metallic iron, according to Fig.4.22(b) and (c). Here, the majority of the Fe®* in

Lag 7FeOj3 present as perovskite and Fe,03 phase has been reduced into Fe?* and Fe®.

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, /O~ species, defects in oxides and/or single oxide phases under CO on

Lag 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
2ps/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 Fe® signal is decreased with only a tiny
shoulder visible besides the decrease in the Fe?" 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 Fe® is close to 6% with an increase in the ra-
tio of Fe** from 37% to 50% and the rest remains as Fe’", 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.

LaFeOs3: The LaFeOj3 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 Lag;FeOs. The Fe 2p spectra evolves
under CO as the material is heated with loss of the satellite feature of Fe** along with an
increase in the FWHM of Fe 2p3» signal indicating appearance of the Fe?* contribution,
as also previously observed for Laj 7FeOs. 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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Figure 4.23: Fe 2p spectra of Lay 7FeOj3 thin film during cooling down from 550 to 100°C under CO.
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Figure 4.24: Evolution of Fe 2p and C 1s photopeak of LaFeOs3 thin film during heating under CO.

energy from 710.6 to 710.2 eV with loss of the Fe3* satellite feature. No evident satellite
structure of Fe?" is detected here. The FWHM of Fe 2ps,, peak also increases from 3.2 to
4.2 eV. In this case, no contribution from metallic Fe is observed, unlike the La-deficient
perovskite. However, spectral quality of Fe 2p after heating is not optimum for using the
vectorial method, as it leads to incoherent vectors. In any case, the Fe 2p spectrum under
CO at high temperature can accomodate up to 65% of Fe>* using Fe 2p lineshape of the
as-received LaFeOs. This attempt only allows to have an approximate evaluation of the

reduction of the Fe3* species after CO reaction. Nevertheless, by simple comparison of
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the spectral features with that of the Lay 7FeOs3 thin film, Fe 2p spectrum of LaFeO3; under
CO at 567°C shows no clear evidence of Fe2* satellite feature, its presence is however indi-
cated by the loss of the Fe®* satellite feature. Moreover, it undergoes a smaller shift in the
binding energy (0.4 eV) compared to that of Lag7FeO3 (0.8 eV). This indicates lower ex-

tent of reduction in the stoichiometric perovskite after reacting under CO. The C 1s signal
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Figure 4.25: NAP-XPS La 3d, Fe 2p, O 1s and C 1s spectra of LaFeOs thin film under UHV (blue),
under 0.1 mbar CO at 567°C (black), under CO 0.1 mbar back at room temperature (red) and
under UHV conditions (green).

decreases in intensity after heating under CO while the O 1s spectrum shows complete

removal of the contribution from the surface adsorbates as well as decrease in the 0%~
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from lattice oxygen of the perovskite as it gets reduced.
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Figure 4.26: Spectral decomposition of Fe 2p XPS spectra of LaFeOs thin film: (a) before under
UHY, (b) under CO at 567°C, (c) back under CO at room temperature and (d) back at UHV
conditions.

While cooling down to room temperature under CO, the FWHM of the Fe 2p signal
decreases together with re-emergence of the Fe3" satellite feature with a similar trend as
Lag 7FeOs. On reaching room temperature, the binding energy of the Fe 2p3,, increases by
0.2 eV. The Fe 2p spectrum at RT under CO features up to ~90% of Fe** contribution. The
component from the perovskite lattice oxygen increases as the temperature is reduced
to room temperature in line with the re-appearance of Fe3*. The C 1s spectrum shows a
rise in the intensity with return of the signal from hydroxide and carbonates after return
to room temperature. As UHV conditions are achieved again, the Fe 2p signal appears
quite noisy with the loss of spectral information. Here, the satellite structure is not clearly

visible.
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Figure 4.27: Fe 2p spectra of LaFeOs thin film during cooling down from 567°C to room
temperature under CO.

Distinguishing surface behavior of La; ;FeO3 from LaFeOs: insights from NAP-XPS

As seen previously, the surface of the stoichiometric LaFeOs contains a single phase of
perovskite while the La-deficient Lag 7FeOs contains two phases, namely the perovskite
and the iron oxide (ax — Fe»03), possessing different starting points with respect to their
compositions. At room temperature the two materials give rise to similar XPS spectra for
La, Fe and O. Only LaFeO3 contains carbonates and hydroxides as surface contamination,
evident from the C 1s spectra, while both stoichiometry show C-C/C-H type adsorbates.
From the XPS point of view, both samples portray similar oxidation states and chemical
environment in the as-received state as well as after oxygen treatment.

As both the samples are treated under CO around 550°C, most of the iron in Lag 7FeO3
present as Fe3™ reduces to 50% Fe?" and 13% Fe®. The Lag;FeO3 undergoes extensive
reduction with 63% of the initial Fe3* reducing to Fe?* /Fe® species. Here, indeed both the
perovskite and the iron oxide can react.

On the other hand, the LaFeOj in stoichiometric composition undergoes reduction to
Fe?* to amuch lower extent (estimated to ~35%) than the La-deficient composition with-
out any metallic Fe, given by smaller chemical shift in binding energy. Further, since the

LaFeOs forms no metallic species, it can be inferred that the Fe® may originate from the
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iron oxide phase present in Lag 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 LaFeOj3. This higher reducibility under CO for
Lay 7FeOs highlights the promoting role of the additional phase of the Fe,O3 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 Lag 7FeOs,
the concentration of Fe3* increases from 37% to 50% with decrease in the Fe?*/Fe® con-
centration, while for LaFeOs the Fe3* rises approximately from ~65% to ~90%. The re-
appearance of Fe3* seems to occur more readily for LaFeO3 than Lay;FeOs 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 Lag 7FeOj3
during CO reaction, the absolute structural information is not available. For instance, the
Fe?* contribution can arise from the presence of reduced Fe oxides such as Fe30, 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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compounds of the material, however with a significant loss of intensity of signals.

4.2.2 Insitu GI-XANES analysis of LaFeO3 vs. La, ;FeQOj; thin films at Fe
K-edge
Activation under air

The sample is heated to high temperature to remove the presence of carbonaceous sur-
face contamination, similar to the NAP-XPS. This ensures a clean surface for the forth-

coming steps as well as a common starting point for all surfaces under investigation.

Stoichiometric perovskite LaFeO3;: The spectrum at room temperature evolves after
heating under air at 650°C as shown in Fig.4.28. The intensity of the white line decreases
while the edge position remains the same and the first EXAFS oscillation located around
7180 eV changes owing to the Debye Waller factor. Interestingly, this change is completely
reversible in nature with decrease of temperature as shown by the return spectrum at
100°C. This thermal influence in the XANES spectra could be due to the non-linear lat-
tice expansion across the antiferromagnetic to paramagnetic transition in LaFeOs around

460°C as the sample is heated [24].
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Figure 4.28: Surface and bulk XANES spectra of LaFeOs thin film at room temperature (black),
650°C under air (blue) and back at 100°C under air (dotted green).

La-deficient perovskite La, 7FeOs: Fig.4.29 presents the surface and bulk spectra af-
ter heating under air. Both the surface as well as bulk spectra undergo changes at 650°C
and retain them even on reducing the temperature back to 100°C. Unlike the stoichio-

metric composition, the Lay ;FeO3 undergoes irreversible spectral changes under oxidiz-
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ing atmosphere. This spectral modification arises from the formation of the maghemite
or y-Fe»O3 phase as presented by the LCF analysis in Fig.4.30. Interestingly, the fitting
results indicate that the ratio of the perovskite phase is maintained same as the starting
point at around 60% and 50% at the surface and the bulk respectively, while only part of
the hematite goes into the maghemite phase. In general, the two phases of Fe,O3 could
co-exist in equilibrium around 650°C as been observed by Ketteler et al during annealing
of magnetite under oxygen [25]. Also, similar effect can be induced by a partial structural
transformation at similar temperature range as studied by Genezio et al [26]. This could
also be accompanied by re-distribution of the maghemite from the bulk to the surface
after heating. The occurrence of the hematite phase has also been observed in a previous
in situ study by Raman spectroscopy at room temperature and up to 500°C under air in
the powdered form. The maghemite phase was not easily observed perhaps due to lower
operative temperature unlike this case [5]. Similarly, the maghemite was also not detected

by ex situ Raman analysis in the previous section.
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Figure 4.29: Surface and bulk XANES spectra of Lag ;FeOj3 thin film at room temperature (black),
650°C under air (blue) and back at 100°C under air (dotted green).

CO reaction

Stoichiometric perovskite LaFeO3; The XANES spectra after treatment under CO at 650°C
have been shown in Fig.4.31. The surface spectrum presents a shift in the absorption
edge towards lower energy (inset) compared to the one at room temperature, indicating
reduction of the surface LaFeO3. The LCF analysis presented in Fig.4.32 further highlights
13% reduction of LaFeOs to the FeO phase. Similarly, the bulk also shows minor reduc-

tion given by the smaller shift in the edge with only around 6% of FeO content. The fits
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Figure 4.30: LCF analysis of surface (left) and bulk (right) XANES spectra of Lag 7FeO3 thin film
after treatment in air.

are done with the LaFeO3 recorded under 650°C to take into account the slight changes
induced by temperature observed earlier. The perovskite undergoes reduction under CO
and directly leads to the formation of FeO without forming any intermediate species such
as magnetite. On reducing the temperature back to 100°C under CO, the perovskite still
remains partially reduced in the return spectrum both at the surface and the bulk as seen
in the respective insets of Fig.4.31. According to the fits, the direct reduction of the stoi-

chiometric formulation under CO can be represented by the following reaction.

2LaFeO; + CO — 2FeO + La, 05 + CO, 4.1

The reduction rate is in line with H,-TPR studies made previously on powder catalyst of
the same composition, which shows almost none or little reduction of LaFeO3 up to 700°C

[3].
La deficient perovskite Laj 7 FeOs:

Bulk: The spectral changes of Lag 7FeO3 bulk under CO at 650°C is shown in Fig.4.33.
In presence of CO, the bulk of the non-stoichiometric perovskite indicates shift of the edge
energy in addition to slight changes in the spectral shape. It highlights not only reduc-
tion of the bulk but also more distinct change in the phase composition to some reduced
species. The LCF analysis displayed in Fig.4.35(right) allows to reveal 43% LaFeOs, 32%
magnetite, 14% hematite and 11% FeO under CO. The starting point of this catalyst con-
tained a 50-50 mixture of LaFeOs and Fe,Os3 in the bulk. According to the LCF analysis,

most of the Fe, O3 initially present gets reduced to magnetite and FeO. But the perovskite
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Figure 4.31: Surface and bulk XANES spectra of LaFeO3 thin film under air (black) at 650°C, under
CO (blue) at 650°C and back at 100°C under CO (dotted green).
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Figure 4.32: LCF analysis of surface (left) and bulk (right) XANES spectra of LaFeOs3 thin film at
650°C under CO.

remains only negligibly reduced at 43% at the bulk compared to 50% after activation in
air. It is likely that this small amount of LaFeO3; might have reduced to FeO while major
reduction only takes place for the iron oxides phases. At this point 2 simultaneous re-
actions can be considered to be taking place, firstly the reduction of LaFeO3 under CO

(equation 4.1) and secondly, for the iron oxides given by the following reaction.

Surface: The Lag ;FeO3 surface undergoes strong spectral changes under CO at 650°C
compared to the bulk as evident from Fig.4.33. It features a higher shift in the edge posi-
tion and drastic change in the shape of the whiteline. The XANES spectra of LaFeO3 and

Lag7FeO3 under CO have been compared in Fig. 4.34 (left), where the spectral signature
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Figure 4.33: Surface and bulk XANES spectra of Lag 7FeOs thin film under air at room temperature
(black), under CO at 650°C (blue) and back at 100°C under CO (dotted green).

of Lay 7FeO3 under CO features striking similarity to that of the magnetite reference, signi-
fying a major presence of this phase (right). The LCF analysis in Fig.4.35 further confirms
this, with 69% magnetite, 8% FeO and 23% LaFeOs. Rather large amount of the surface
Lag 7FeO3 has reduced primarily to magnetite. Additionally, the iron oxide at the surface
have also been completely reduced at this stage. In contrast, the bulk only undergoes 10%

reduction of the perovskite with some remaining unreduced Fe;O3.
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Figure 4.34: Comparison of surface XANES spectra of Lay 7FeO3 at 650°C under CO with (a)
LaFeOs thin film under similar conditions, (b) magnetite (FesO,4) reference.

Origin of different surface/bulk behaviors under CO: As previously discussed, the sto-
ichiometric LaFeOs thin film is composed of only the perovskite phase while the non-
stoichiometric perovskite consists of 40% and 50% of Fe,Os3 at the surface and bulk re-
spectively, besides the perovskite phase. Thereby, both materials possess different start-

ing points for any reaction. On reacting with CO, one can expect the following possible
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Figure 4.35: LCF analysis of surface (left) and bulk (right) XANES spectra of Lag 7FeOj3 thin film at

reactions to occur,

The LCF results of each treatment for the surface and bulk spectra are summarized in

table 4.2.

650°C under CO.

(4.3)

(4.4)

(4.5)

(4.6)

Table 4.2: Summary of the surface/bulk GI-XANES analyses of LaFeO3 and Laj 7FeOs.

As-received Air 650°C CO 650°C
Sample/
Conditions
Surface Bulk Surface Bulk Surface Bulk

LaFeO 100% LaFeO; | 100% LaFeO4 | 100% LaFeO, 100% 85% LaFeO; | 94% LaFeO,

3 LaFeO, 15% FeO 6% FeO
60% LaFeO; | 50% LaFeO; | 62% LaFeO; | 54% LaFeO; | 23% LaFeO; | 43% LaFeO,
La,;FeO; | 40% a-Fe,0, | 50% a-Fe,0, | 23% a-Fe,0, | 25% a-Fe,0, | 69% Fe,0, | 14% a-Fe,0,
15% ¥-Fe,0; | 15% ¥-Fe,0, 8% FeO 32% Fe;0,

11% FeO
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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 Lay;FeO3s under similar conditions,
however, CO reaction results into 69% magnetite in addition to 23% of LaFeO3 and 8%
FeO at the surface. Since the Lagy ;FeOs consists of both Fe, O3 and LaFeOs, it can be con-
sidered that the Fe304 formed after CO reaction is due to the reduction of Fe,O3 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 Fe3;0,4 after reaction exceeds the amount of Fe,O3
initially present on the surface (40%). This indicates the 69% of Fe304 is coming from the
reduction of both Fe,03 and LaFeOs phases. The LCF shows that the non-stoichiometric
perovkite is basically a mixture of the stoichiometric perovskite LaFeO3 and Fe, O3 phases.
Additionally, no Fe304 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 Lay 7FeO3, reaction 4.5 does not occur. In fact, the origin of the presence
of high amount of Fe30,4 seems to be due to reactions other than reaction 4.3 and 4.6. One

possible reaction could be as follows:

In the above reaction, the FeO formed from the stoichiometric LaFeO3s could react with
some unreacted Fe,O3 phase to finally produce the magnetite phase. Reaction 4.7 could
be supported by the presence of a strong interaction or an interface between Fe,O3 and
LaFeOj3 phases in Lag 7FeOs. According to this assumption based on the LCF results, as
the LaFeO3 reduces to FeO under CO, the FeO finds Fe, O3 in close vicinity at the interface
to react and form Fe30, 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 Fe,0O3
to Fe3O4 [25]. Therefore in Lag 7FeOs, the perovskite seems to be acting like a reservoir
of iron that continues to reduce to FeO as it keeps getting consumed by the Fe,O3 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 Lag 7FeO3 perovskite
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composition and not for a mechanical mixture of Fe,O3 and LaFeOs phases, which re-
mained comparable to the stoichiometric LaFeOs.

Back spectra under CO: As the temperature is reduced back to 100°C under CO, the
spectral signature of the surface tends to go back to the starting point as presented in
Fig.4.33. LCF analysis of the surface spectrum shows presence of 70% LaFeOs3, 24% hematite
and 6% FeO in Fig.4.36. The surface is thereby seems to have returned to the starting point
of the Lay ;FeO3 perovskite. The magnetite species observed under CO at high tempera-
ture could also be re-oxidized to perovskite as the CO molecule is no longer activated at

low temperature. In fact, the surface may be easily re-oxidized according to equation 4.8.

4Fe304 + 3Lay03 + Oy — 6LaFeO3 + 3Fe, 03 (4.8)

As suggested by this equation, with only one O, molecule required to form 6 molecules of
LaFeQgs, it is quite simple to form surface LaFeO3 again.

In contrast, the bulk still remains reduced on decreasing the temperature to 100°C
while retaining the magnetite phase to a similar extent as under CO at higher temperature

constituting 43% perovskite, 40% magnetite, 3% FeO and 14% hematite.
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Figure 4.36: LCF analysis of surface (left) and bulk (right) XANES spectra of Lag 7FeOs thin film at
100°C under CO.

4.2.3 Discussion

Chemical behavior of stoichiometric and non-stoichiometric perovskites: The surface
of the non-stoichiometric Lag 7FeO3 thin film in comparison to stoichiometric LaFeO3 has

been analyzed in in situ mode under CO at 550-567°C. The NAP-XPS investigation with
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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 Fe?* satellite and a metallic component,
which remained absent in stoichiometric LaFeOs with only loss of the initial Fe3* satellite

feature.

During CO reaction, around 35% of the Fe?* in LaFeOs is transformed to reduced Fe
species, meaning around one third of the perovskite is undergoing reduction. In contrast,
Lag 7FeO3 presents 50% Fe?", 13% Fe® and 37% Fe3* during reduction under CO. The ab-
sence of Fe® in LaFeOs in contrast to Lag;FeOs under CO at ~550°C, suggests that Fe?
is arising from the more easily reducible iron oxide phase present in Lag 7FeQOj3, since the
LaFeOs 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 Fe?* 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 Lay;FeO3 reveals the presence of 60%
LaFeO3; and 40% hematite, while the bulk consists of 50% LaFeQOs3, 35% hematite and 15%
maghemite (y-Fe,03), according to the LCF results. Hence, the Lag 7FeOs 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 LaFeOs 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 Laj 7FeOs, 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 Laj 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 Fe,O3 to Fe30,4 and FeO must be occurring. Although, these alone cannot
explain why the Laj;FeOs perovskite reduces to magnetite, unlike the case of stoichio-
metric LaFeOs. The most plausible explanation behind this observation in Lay 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 Fe,O3 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 Fe, O3 particles allows the perovskite to show enhanced
reduction to the magnetite phase and thereby help in improving the overall reducibility
of Lag 7FeOs3 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 Fe, O3, 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 Lag 7FeOs 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 LaFeOj3 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 Lag 7FeO3, the perovskite reduces
to FeO and then further reacts with the Fe, O3 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 Fe?* species that allows this reaction to occur continuously to form Fe30,4. Indeed,
Fe,03 must also simultaneously reduce to magnetite followed by FeO and Fe® 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 (Fe®, FeO, Fe;0,) will be arranged
according to their valence states with the most reduced species i.e. Fe?, 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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the reduction of LaFeO3 and Fe; O3 given by the following reactions,
2Fe, 05 + Fe — 2FeO + Fe; 0, (4.9)

2LaFeO4 + Fe — 3FeO + La, 04 (4.10)

Neverthless, the presence of metallic iron cannot justify the reduction of the perovskite
to magnetite and thereby cannot be considered the active species of this process. In any
case, if Fe? is present depending on the reaction temperature, it appears to promote the

reduction process under CO.

(a) Stoichiometric perovskite

(<o )

co,

(b) Non-stoichiometric perovskite

/CO co\

Fe,0, + FeO - Fe;0,
¥.

N

Figure 4.37: Scheme representing the chemical behavior of (a) Lag7FeOs and (b) LaFeOs under
CO at high temperature.

Finally, the Lay;FeO3 model catalyst must be compared to conventional powders of
the same composition by GI-XANES. The LCF for the Laj ;FeO3 powder shown in Fig.4.38
presents 65% perovskite with 20% hematite and 15% maghemite, which contains 35% re-
siding as segregated phases. The LCF results are in line with surface and bulk analysis

of Lag 7FeOs3 thin film confirming the presence of the iron oxide segregates. This vali-
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dates the model of Lay7FeO3 perovskite indicating that the findings made on this thin
film can be extended to catalysts shaped as powders. The extent of the iron oxide segre-
gation is probably more enhanced in the thin film due to its typical shape and dimension
(~70 nm), still acting as a reliable model of the non-stoichiometric perovskite. The non-
stoichiometric Lay 7FeOs could be considered like a supported catalyst with Fe,O3 parti-
cles in strong interaction with LaFeO3 forming an interface between the two, as predicted

from the NAP-XPS and GI-XANES results.

T T T

-
(9]
1

La, ,FeO; powder 1

-
o
1

65% LFO

0.5+

19% Hematite

Normalised absorption (a.u)

7110 7125 71|40 7155
Energy (eV)

Figure 4.38: XANES of Lay 7FeO3 powder catalyst and its LCF analysis.

Comparing NAP-XPS and GI-XANES analyses: Even though both techniques high-
light similar trends that is the higher reducibility of the perovskite in Lay ;FeO3 compared
to LaFeOj3 thin film. However, some differences exists, which must be discussed here in
order to understand their possible origins. No metallic iron is observed in case of in situ
GI-XANES analysis, unlike NAP-XPS. This can be explained by the different detection lim-
its from the depth resolutions of the two techniques, 1.5 nm in NAP-XPS and ~2-8 nm in
GI-XANES [28]. For instance, a 12% Fe? in 1.5 nm is equivalent to close to ~2% in 8 nm,
assuming a linear gradient of the species on the thin film. In addition, the absolute ex-
perimental conditions are likely to be different such as the sample temperature, pressure,
flow rate (more dynamic conditions in XANES), reactor design etc. Any variation of the
absolute temperature of the experiment even with a difference of around 50°C can result
in very different extent of reduction to different ratios of reduced species as has been de-
picted by Jozwiak et al [27]. For example, the amount of Fe® can increase by double on

increasing the temperature by 50°C during reduction of FeO under hydrogen. This shows
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that even a small difference in experimental temperature, as is the case here, can yield
different quantitative results. Moreover, the analysis areas of the sample during acqui-
sition for each technique are distinct as depicted in Fig.4.39. On one hand, XPS probes
1.5 nm of the surface with almost no influence of the sample roughness, being a material
specific technique. On the other hand, GI-XANES probes 2-8 nm of the surface and is
dependent on the surface roughness since the depth resolution changes with the sample-
beam geometry. Therefore, it is more cautious to consider the qualitative aspects of each

technique without direct quantitative comparisons.

(a) NAP-XPS (b) GI-XANES
. - 2-8nm
m¢1'5 nm ‘$ [ analyzed depth
sample
Material-specific analysis Geometry-specificanalysis

Figure 4.39: Comparison of XPS and GI-XANES analysis.
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4.3 Conclusions

This chapter deals with systematic comparison of the stoichiometric LaFeO3 and non-
stoichiometric Lag7FeO3 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 (Lag 7FeO3). Raman spectroscopy high-
lighted the presence of segregated Fe, O3 phase in Laj ;FeOs3, 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 LaFeOs 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 Lay7FeO3 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 LaFeOj3 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 Fe?* satellite as well as binding energy shift in Lay 7FeOs. 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 Lay 7FeO3 reduced to a mixture with majority
of magnetite besides some FeO. The extensive reduction of the Laj ;FeO3 perovskite was
predicted by the presence of an interface between the segregated Fe,O3 particles and the
perovskite itself, where the perovskite acted like a Fe>* reservoir assisting in a continuous
reduction process. This lead to enhancement in the reactivity of Lag 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 LaFeO; TWCs:
Highlighting different catalytic operating

modes of La, -Fe, sM, »,05

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, Lag7FepgCug 203 and Lag 7FepgMng 203 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 (Lay 7FeOs3), the ad-
dition of Cu or Mn further improves the catalytic activity in CO oxidation reaction. Their
temperature of 50% conversion (Tsp) for CO oxidation to CO, have been shown in Table
5.1. B-site substitution by Mn improves the Ts( 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, O, Hz, H»O 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 (O,/He) and reductive

(H2/He) environment as well as under partial pressure of water.
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Table 5.1: Temperature of 50% CO conversion (Tsg) to CO; for the investigated perovskites (0.1%
NO, 0.7% CO, 0.045% C3Hg, 0.022% C3Hg, 0.23% H>, 0.73% O-, 15% CO», 10% H,O, balance He;
Gas hourly space velocity 60000 mL. h~t.g™1)

Catalyst Ty, (°C)
LaFeO, 470
La,,FeO, 385
La, ;Fep gMng,0, 340
Lag ,Fey5Cug,0; 260

In addition, their behavior will be studied during CO reaction while online monitor-
ing of its conversion to carbon monoxide, i.e. in the operando mode. The catalysts will
be analyzed in the conventional powder form to have decent data regarding the activity,
which is quite challenging in thin films due to very low amount of matter and surface
area. Also, the efficiency of the in situ/operando Raman technique to study the structure-
activity correlations will be evaluated in context of such catalytic systems. Finally, each
catalyst will be investigated by quasi in situ XPS to attribute the chemical environment
of exiting species. The combined observations will allow to interpret the nature and the

operating modes of each catalyst under model reactive conditions.

5.1 B-site substituted LaFeO; by Cu (Lay ;Fe( gCug,03)

5.1.1 Physicochemical characterization of La, ;Fe; 3Cu 03
XRD analysis

The XRD pattern of Lag 7Fey gCug 2O3 perovskite is presented in Fig.5.1. The diffractogram
shows the characteristic reflections of an orthorhombic crystal structure with Pbnm space
group (JCPDS PDF 37-1493). The lattice constants are a=5.545 A, b=7.857 A and ¢=5.550 A.
In addition, the diffraction pattern shows weak reflections at 35.6° and 38.7°, correspond-

ing to the (111) and (-111) reflections of some segregated CuO phase.

XPS analysis

The XPS La 3d, Fe 2p, Cu 2p, O 1s and C 1s photopeaks of Lag 7Fey gCup 203 have been
shown in Fig.5.2. The O 1s contribution from the lattice oxygen is located at 529.2 eV,

while the one from hydroxides, defects in oxides and/or organic species is present at
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Figure 5.1: X-ray diffraction pattern of Cu-substituted perovskite powder, Lay 7Fe gCug 203 and
assignment of reflections of LaFeOs crystallised the Pbnm space group (PDF 37-1493).

531.7 eV. The C 1s signal originates from the adventitious carbon constituting 28% of the
total atomic concentration. This amount and distribution of carbon contamination were
also previously observed for LaFeO3 powder in chapter 3. The La 3ds5,2 photopeak shows
a binding energy of 833.7 eV with 3.9 eV separation of the multiplet splitting component,
corresponding to the La3* oxidation state [4]. The Fe 2p signal at 710.2 eV displays the
Fe3* shake-up satellite feature at 718.8 €V [5]. The Cu 2p3,» photopeak with the binding
energy of 933.5 eV shows a broad and intense satellite feature centered at 943 eV, char-
acteristic of the presence of Cu®>* ions. On comparing the Cu 2p spectrum after oxygen
treatment (presented later), a lower binding energy and broader peak is revealed indicat-
ing the presence of reduced Cu’/Cu™ species besides majority of Cu>* species, as already

observed by Wu et al. on the same material [6].

The La/(Fe+Cu) atomic ratio is estimated to 0.68, similar to that of the theoretical
bulk composition. The atomic ratio of the B-site cations, Cu/Fe, is 0.33 instead of 0.25
as per the empirical formula. This indicates an excess of copper on the surface of the

Cu-substituted perovskite catalyst.
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Figure 5.2: XPS La 3d, Fe 2p, Cu 2p, O 1s and C 1s spectra of Cu-substituted perovskite powder,
Lag.7Fep gCup.203.

Raman analysis

The ex situ Raman spectrum of Lay 7Fey gCug 203 has been shown in Fig.5.3, together with
that of the parent Lay 7FeO3 perovksite. It is to be noted that all the Raman lines expected
from lanthanum orthoferrite perovskite are present at around 180, 270, 300, 430 and 640
cm™! as shown by the black line in Fig.5.3. The attribution details of each band has already
been discussed in chapter 3 (section 3.3.2). Here, the doublet at 270 and 300 cm™! are not
well resolved and give a single broad line around 300 cm™!. Additionally, the spectrum
shows no clear evidence of any iron oxide phase. On simple comparison between the Ra-
man spectra of Lag 7FeO3 and Lag ;Fey gCup 203 in Fig.5.3, the region around 150 and 635

1

cm™! are more intense, the contribution around 300 cm™! is broader and an additional

1

line is noticed at 475 cm™" in case of the Cu-substituted perovskite.

The Raman difference spectrum (dotted blue) obtained by subtracting the Raman
spectrum of Lag 7FeOs from that of Lag 7Fey gCug 203 has also been shown in Fig.5.3. This
difference spectrum reveals the presence of additional Raman lines around 300-340, 475
and 635 cm™!. The Raman signature of CuO is generally observed at ~290, ~340 and ~625
cm™!, while that of Cu(OH); are observed at ~292 and ~488 cm™! [7, 8]. By taking into
account the observations from XPS and XRD analyses regarding the presence of the seg-

regated copper oxide species, an attribution of the Raman bands becomes possible. The

152

© 2019 Tous droits réservés. lilliad.univ-lille.fr



Thése de Shreya Nandi, Université de Lille, 2019
5.1. B-site substituted LaFeOs by Cu (Lay7Fey g Cug203)

635

Difference

200 300 400 500 600 700 800 900
Raman Shift (cm™)

Figure 5.3: Raman spectra of Lag 7Fey gCug 203 (red) and Lag 7FeO3 (black) powders and their
difference spectrum (dotted blue); A,y =488 nm.

new broad feature between 300-340 cm™! may originate from a summed contribution
from ~290 and 340 cm™! lines of the CuO phase, while the new peak at 475 cm™! could
be attributed to the presence of the Cu(OH), phase. However, this line is susceptible to
overlap with optical phonon modes present around 500 cm™!, as previously observed by
Blanck et al. [9]. The scattering line at 635 cm~!is representative of both the perovskite
and CuO phases. The attributions from the Raman spectrum alone could be quite risky
owing to its complex nature possessing several spectral components, nevertheless with
additional data from complementary techniques, the attribution becomes more reliable.
For simplification, the characteristic Raman lines of the copper oxide with least interfer-
ences from the parent perovskite would be at ~340 cm™!. It is to be noted that, owing to
their low signal to noise ratio all the Raman spectra have been smoothed after baseline

correction.

5.1.2 Insitu/operando Raman analysis of La, ;Fe, gCu,,03

The Lag 7Fe gCug 203 perovskite is investigated during heating under relevant conditions
to observe its chemical behaviour. In the first step, the catalyst is exposed under an ox-
idative atmosphere up to 400°C to activate the surface and determine any temperature

induced structural changes. Secondly, the sample was treated under the partial pressure
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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 O,/He

The Lag 7Feq gCug 203 perovskite was heated under atmosphere of 20% O, in He, where a
Raman spectrum was recorded at each 100°C as shown in Fig.5.4. As the Lag 7Fe gCug 203
is heated from room temperature, the relative intensities of the lines change, for example,
the component at 635 cm™! 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™!, which already started to appear 200°C onward. Similarly, the intensi-
ties of the tilt modes from the perovskites at 290 cm™! also decreased with temperature.
Also, the relative intensity of the component at 421 cm™! increases and the one at 480
cm™! decreases as the heating progresses, as previously observed [9]. Although, the in-
tensity of the line at 480 cm™! 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™! 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 Lay ;Fey gCup 203 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™! indicating the likely presence of

Cu(OH),, enhanced in the presence of moisture. Above 300°C, the intensity at 490 cm™!
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Figure 5.4: In situ Raman spectra of Lag 7Feg gCug 203 during activation treatment under 20%
Og/He.

decreases and a weak line at 350 cm™! becomes visible. Basically, at 300 and 400°C, the
spectra is very similar to the one obtained under O,/He under the same temperature. Fi-
nally, the return spectrum is once again similar to 100°C spectrum at the beginning. Only
copper(Il) oxide and the substituted perovskite Lag 7Feq gCug 203 will likely participate in
a reaction over 200°C. No evidence of hematite phase expected at 212 cm ™! is evidenced
under the presence of moisture, unlike Lay ;FeOs, which showed an intense formation of

new peaks of hematite (a-Fe,O3) under similar conditions [9].

In situ reduction under hydrogen

The Raman spectra under hydrogen with increasing temperature have been shown in
Fig.5.6. The spectra at 100 and 200°C do not undergo any changes as compared to the
features observed under O, and during hydration treatment previously. Even at higher
temperature the Raman spectra is quite similar to the preceding steps with no evident
1

changes, irrespective of the reducing atmosphere. Only the stretching mode ~650 cm™

undergoes less distortion in contrast to the oxidative environment. However, any reduc-
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Figure 5.5: In situ Raman spectra of Lag 7Feg gCug.20O3 during heating under hydrating
atmosphere.

tion related changes are not obvious. Exposure of the sample under full hydrogen flow for

longer duration (dotted green line) lead to the loss of spectral definition.

—100°C
——200°C
——300°C
——400°C
—-—=-400°C
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I ' I ‘ 1 ' I ' I
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Figure 5.6: In situ Raman spectra of Lag 7Fep gCup 203 under 20% H, in He; dotted green line
represents exposure to full H, flow.
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CuO particles are known to reduce to metallic copper under hydrogen below 400°C
[11]. Due to the complexity of the spectra at higher temperature, the Lay 7Feg gCu203
perovskite will be also studied under reducing environment by quasi-in situ XPS to inves-

tigate the chemical environment in section 5.1.3.

Re-oxidation under O, in He

The Lag 7Feg gCug 203 perovskite catalyst was re-exposed under O,/He until 400°C to re-
gain the initial state of the material by oxidizing any reduced species. The Raman spectra
obtained from this treatment is identical to the ones during the activation step in section

5.2.1.

—100°C
—200°C
—300°C
——— 400°C
—-=— 100°C return

200 400 600 800 1000
Raman shift (cm™)

Figure 5.7: In situ Raman spectra of Lag 7Fe gCug.20O3 during re-oxidation treatment under 20%
02/ He.

Temperature-programmed reaction under CO in He

The Raman spectra recorded under a flow of CO have been shown in Fig.5.8 in high and
low resolutions using gratings of 1800 and 600 grooves, respectively. The spectra were ad-
ditionally analyzed with the 600 grating to include the higher frequency region with the
same experimental time frame. As the sample is heated, the relative intensities of the
lines at 488 and 290 cm ™! decrease and they become broader. The spectrum under CO

at 400°C is similar to the Raman fingerprint of LaFeO3;. No Raman signature of copper(I)
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oxide is evidenced during the CO exposure and the LaFeOs-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™! 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™! 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 a-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 Lag7FeygCug 203, 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 CO; conversion acquired during this experiment has
been shown in Fig.5.9. Here, the conversion sharply increases at each temperature ramp
as Cu?* species are expected to reduce to Cu*/Cu’. Besides some Fe?" 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 /-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),), 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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Figure 5.8: In situ Raman analysis of Lag 7Feg §Cug.2O3 under 5% CO/He: (a) 1800 grooves grating
and (b) 600 grooves grating.

possible spectral overlapping of different components. Interestingly, these observations
indicate that in Lag 7Fe gCug 203, on substitution by copper, the LaFeOj3 fingerprint do

not undergo drastic changes.

5.1.3 Quasi-In situ XPS analysis of La, ;Fe 3Cu, 05

The Lag 7Feg gCug 203 perovskite was treated under oxygen as the activation step in the
treatment cell coupled to the XPS analysis chamber. Similarly, this was followed by expo-
sure to CO. The material surface was then subjected to an oxidant like NO to investigate
the reactivity of the perovskite surface. The La 3d, Fe 2p and Cu 2p photopeaks after each

treatment step have been shown in Fig.5.10.

Catalyst activation under 20% O,/He: The Laj 7FeggCug 203 perovskite was heated

159

© 2019 Tous droits réservés. lilliad.univ-lille.fr



Chapter 5. Lay;FeygMng 203 and Lay 7 Fey gCug 203

Thése de Shreya Nandi, Université de Lille, 2019

400
350 —
300 —
250 —
200 —
150 —

100
50

Ml

50

—u&— Temperature (°C)
[l CO Conversion (%)
[ CO2 (Peak area)

|

200
Time (mins)

250

|
WHH ___________ ‘ __________________________________
100 150

- 2000

- 1800

- 1600

1400

- 1200

- 1000

- 600

400

o
T

200

300

Figure 5.9: CO conversion to CO, during in situ Raman analysis of Lag 7Fey gCug 203 under 5%

CO/He.
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Figure 5.10: Quasi- In situ XPS spectra of Lag 7Feg gCug 203 powder under 20% O, /N», 5% CO/He

and 2% NO/He.

under oxidative conditions at 500°C for 1 hour, and the La 3d, Fe 2p and the Cu 2p pho-

topeaks have been shown in Fig.5.10. The binding energy of La 3d is 833.9 eV while that

of the Fe 2p is 710.4 eV, similar to the as-received state, both remaining in +3 valence

states. In case of the Cu 2p, the binding energy is shifted to 934.2 eV still retaining an in-

tense satellite feature. This satellite structure indicates the presence of Cu®>* species. The

La/(Fe+Cu) and Cu/Fe atomic ratios remain unchanged at 0.64 and 0.34, respectively.

Catalyst reduction under 5% CO in He: The perovskite was then subjected to CO flux

at 500°C, the XPS spectra after this treatment step were shown in Fig.5.10. No change
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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 Cu" 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 Cu’ or Cu™. Since the binding energy for
both are experimentally expected at the same value, the modified Auger parameter («) is
used for the assignment of the Cu-species. This can be evaluated from the binding energy

values and calculating the modified Auger parameter (), which is defined by

a=Eramm + Epcuw (5.1)

where, Exqmyy is the kinetic energy of the LMM Auger peak of copper and Ey ¢, is the
binding energy of the Cu 2p3,, orbital [13]. The a is estimated to be 1851.2 eV, correspond-
ing to the metallic copper (Cu®) 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 Hp-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 Lay 7Fey gCug 203
was subjected to a flow of NO gas. Under this oxidizing atmosphere, the Cu 2p signal
evolves as the Cu?* satellite appears again along with a clear shoulder of the Cu 2ps,, 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 a was calculated to be 1848.8 eV. This value
is close to the one expected from Cu*. Thereby, the Cu’ formed under CO step have re-
oxidized to a mixture of CuO and Cu,O 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 Lag 7Fep gCug 203 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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application.

5.2 B-site substituted LaFeO3; by Mn (La, ;Fe; sMn, ,053)

5.2.1 Physicochemical characterization of La, ;Fe; sMn,,03
XRD analysis

The diffraction pattern of Lay 7FeggMny 203 powder has been shown in Fig. 5.11. It dis-
plays intense diffraction peaks at 32.2°, 40.0°, 46.1° and 57.4° corresponding to the reflec-
tion planes (121), (220), (202) and (240), respectively, characteristic of the orthorhombic
phase. The lattice constants are a=5.547A, b=7.815A and c=5.536A with pnma space group
(JCPDS PDF 37-1493). No other reflections arising from additional phases such as Fe, O3,

Lay,O3 or Mn,O3 were observed.
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Figure 5.11: X-ray diffraction pattern of Mn-substituted perovskite powder, Lag 7Fey.gMng 203
(PDF 37-1493).

XPS analysis

The XPS spectra of Lag ;Fey gMng O3 perovskite, namely, La 3d, Fe 2p, Mn 2p, C 1s and O
1s photopeaks, are presented in Fig. 5.12. The O 1s signal at 529.6 eV is attributed to the
lattice oxygen of metal oxides, while the one at 531.7 eV arises from the surface adsorbate
species and defects in oxides [4, 14]. The C 1s photopeak presents well known charac-

teristics of adventitious carbon, contributing to 27% of the atomic concentration. The La
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3d peak is located at 833.9 eV with a multiplet splitting component separated by 4.1 eV
signifying the presence of La®*, as was observed for the LaFeO3 perovskites in previous
chapters. The Fe 2p signal is present at a binding energy of 710.4 eV with the characteris-
tic Fe3* satellite feature at 719 eV. The Mn 2p photopeak at a binding energy of 641.8 eV
is characteristic of oxidized Mn. The determination of the oxidation state using Mn 2p
orbital alone is not straightforward. One possibility is the use of Mn 3s splitting level from
which an average oxidation state (AOS) of Mn can be estimated [15]. Due to low amount
of surface Mn species, it was preferred to decompose the Mn 2p spectrum spectrum with
the multiplet splitting parameters given by Biesinger et al to determine the oxidation state
of Mn ion [5]. According to these authors, reference spectra of manganese oxides such
as MnO,, Mn,0O3 and MnO representing the 4+, 3+ and 2+ valence states respectively, is
fitted with 5 to 6 components each with constant FWHM values, binding energy differ-
ences and component distribution with respect to each other. The decomposition of the
Mn 2p photopeak has been shown in Fig. 5.12 exhibiting predominantly Mn3*. Thereby,
the as-received Lag;FeggMng 203 perovskite contains both the B-site ions in +3 oxida-
tion state. The La/(Fe+Mn) atomic ratio is equal to 0.76, close to the bulk composition
of Lag 7Fep gMng 203. The B-site ionic ratio, Mn/Fe, is 0.26, close to that of the empirical
formula. The surface and bulk compositions are often varying in bulk catalysts like per-

ovskites, however in this case, the XPS atomic ratios are well representative of the bulk

ComPOSItlon.
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Figure 5.12: XPS La 3d, Fe 2p, Mn 2p, C 1s and O 1s spectra of Mn-substituted perovskite powder,
Lag 7Fep.gMng 203.
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Raman analysis

The Raman spectrum of Lag 7Feg gMng 203 has been shown in Fig. 5.13. On the first look,
the Raman spectrum appears completely different from the parent perovskite structure
of LaFeOs. It shows two intense lines at 506 and 657 cm ™! with a weak band at around 300
cm™ corresponding to the O-bending, O-stretching and MnOg rotation modes, respec-
tively [16]. Such a spectral fingerprint corresponds to LaMnOs3-like perovskite structure.
This means that even a small amount of substitution of Mn within the perovskite struc-
ture leads to a complete change in the Raman spectrum [17]. The same tendency was
also shown by Mn-substitution at a lower extent such as La-deficient Lay 7Feg 9gMng ;O3 as
presented in Fig.5.14. In fact, LaFeg9Mng ;03 and LaFe; gMny 203 with a stoichiometric
composition also show identical spectral features. The perovskite with higher amount of
Mn at B-site show slight shift of 650 cm~! band towards higher wavenumbers (blue shift)
without any effect of the La-content. This kind of shift was also observed by Sultan et al on

PrFe;_,Mn,O-based perovskites caused by an increased compressive stress in the parent

perovskite structure as the Mn-content increases [18].

657

506
300

200 400 600 800 1000

Raman Shift (cm™)

Figure 5.13: Raman spectrum of Mn-substituted perovskite powder, Lag 7Feg s§Mng 203 (Aexc.=488
nm).

Mn3* is a Jahn Teller active ion, the presence of which can cause structural distortion
within the perovskite lattice. According to the Jahn Teller (JT) theorem, if any non-linear
molecule is in an electronically degenerate state, it attempts to lower the symmetry and
energy to remove the existing degeneracy by undergoing structural distortions by for ex-
ample, change of the Mn-O distance in the MnOg octahedra within the perovskite. Hence,
besides the already distorted structure of a perovskite by octahedral tilting as is the case
in LaFeOs (tolerance factor # 1), the perovskite can undergo further distortions caused by

the Jahn-Teller effect of the B-site cation, such as the Mn3* here. The electronic configura-
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Figure 5.14: Raman spectra of (a) Lag 7Fep.gMng 203, (b) LaFeg gMp 203, (c) LaFey9Mng ;03 and
(d) Lag.7Feg.9Mng 103 (A¢xc.=488 nm).

tion of Mn3* and Fe®" are given in Fig.5.15 in high spin state [19]. The JT effect causes the
Raman fingerprint to change completely from that of the LaFeO3 to the one of LaMnO3
like perovskite. The orthorhombic Lag ;Fep gMng 203 shows only 3 lines at room tempera-
ture at 300, 506 and 657 cm™!. More Raman bands of lower frequency range exist and are
observed at much lower temperatures or at fixed scattering configurations around 140,
170, 198, 257, 284 and 308 cm—1 with very low intensities, completely hidden in the noise
under the current configuration [16, 20, 21]. In general, manganite based perovskites are
sensitive to temperature or laser power of the Raman source resulting in broader peaks
and increased shift in line position with temperature (red shift). The two most intense
bands at 506 and 657 cm™! correspond to the A; and B,y modes representing the bending
and stretching vibrations of MnOg octhedra. In the orthorhombic manganite, JT distor-
tions are static and coherent, or in other words, they are compatible with the perovskite
structure leading to a strong enhancement of some Raman signals.

Itis likely that the Raman spectrum of Lag 7Fep gMng » O3 is the sum of the contribution
from LaFeOs-like and LaMnOj3-like spectra. However, due to the much higher Raman

cross-section of the manganite perovskite, only its fingerprint is predominantly visible.

5.2.2 Insitu/operando Raman analysis of La, ;Fe, sMn, 05

In this section, the Lay ;Feg gMng 203 powder was also subjected under relevant reaction

conditions to observe its behavior during model reaction steps.
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Figure 5.15: Electronic configuration diagram of Mn(III) and Fe(III) in high spin state.

Thermal treatment under He

The Raman spectra of Lag 7Feg gMng 203 perovskite during heating under He in inert at-
mosphere is shown in Fig.5.16. The spectra do not show any significant temperature-
induced changes. The Raman line positions and the shapes remain intact, only small
decrease in the intensity of the band at 650 cm~ ! with temperature is observed, similar to
the Lag 7Feg gCup 203 in the previous section. On reducing the temperature back to 100°C,
i.e. the return spectrum remains identical to the one during the initial run at 100°C indi-
cating that the relative changes in the line intensities are fully reversible and are caused

only due to thermal effect as the lattice expands with temperature.
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Figure 5.16: In situ Raman spectra of Lag ;Feg sMng 2 O3 during thermal treatment under He.

166

© 2019 Tous droits réservés. lilliad.univ-lille.fr



Thése de Shreya Nandi, Université de Lille, 2019
5.2. B-site substituted LaFeOs by Mn (Lag 7Fey g Mng 203)

Thermal treatment under partial pressure of water

The mixed oxide was then heated in presence of vapour pressure of water (~940 Pa) up to
300°C, presented in Fig. 5.17. As it was previously shown by our research group, the pres-
ence of moisture (and O-) allows to evidence the presence of segregated hematite phase
on La-deficient Lag 7FeO3. However, similar to the previous step, no change in the Raman
spectra was evident in case of Lay7FeggMng 203 [9]. Here the Raman bands of hematite
usually located at 212, 276 and 412 cm™! could be hidden in the noise and difficult to be
seen due the relatively high Raman cross-section of manganite-based perovskites.
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Figure 5.17: In situ Raman spectra of Lag 7Feg sMng 2 O3 under partial pressure of water (~940 Pa).

In situ treatment under hydrogen

The Raman spectra during hydrogen treatment of Laj;FeygsMny 203 have been shown
in Fig.5.18. The spectrum evolves above 300°C<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>