Université S REPUBLIGUE
Lu- de Lill uce F3: e ousous FRANCA'SE anr agence nationale
elite de la recherche

DAL
...... Perlih‘
EEEEEEEEEEEEEEEEEEEE

THESE DE DOCTORAT

Université de Lille

Intelligent End-of-Pipe Catalytic Systems
Suited for Alternative Fuels

PhD Candidate: Mr. Yuanshuang ZHENG

SHARE GREEN WITH ALL

Next Generation of Three-Way-Catalysts for Natural Gas Vehicles Exhaust Gas

Natural Gas vehicles

Perovskite ABO F
orm
Three-Way Catalysis rormula

A-Site Partja| Substitution

ANR Project - SmartCot: ANR-18-CEO7-0040







©

Lu- U n ive rSité anr agence nationale

d e Li l.l.e de? la rtherche

THESE

Pour I’obtention du Grade de

DOCTEUR EN CHIMIE

Ecole Doctorale :

Sciences de la Matiére, du Rayonnement et de I’Environnement

Secteur de Recherche : Chimie Théorique, Physique, Analytique

Présentée et soutenue par
Yuanshuang ZHENG

Le 18 octobre 2022

Catalyseurs de post-traitement intelligent
adaptés a ’usage de carburants alternatifs

Directeur de thése : Pascal GRANGER

JURY
Mme. Valérie KELLER Directrice de Recherche, Université de Strasbourg Rapporteuse
M. Philippe VERNOUX Directeur de Recherche, Université de Lyon Rapporteur
Mme. Catherine ESPECEL  Professeure des Universités, Université de Poitiers Pres1den.te dg Jury
Examinatrice
M. Xavier COURTOIS Maitre de conférences HDR, Université de Poitiers Examinateur

M. Pascal GRANGER Professeur des Universités, Université de Lille Directeur de these







Table of Contents

Table of Contents

TaDIE OF CONMIENTS ...
RESUIME ...ttt s
ADSEIACE ...t
Chapter I. General INtroQUCHION...............cocoooiiiiciccceeeeeeee s
1. General INtrOQUCLION ..............coovvceeecececeees e
2. Background and significance
3. Coexistence of opportunities and challenges for methane use.................cccccccevevnnnnn. -13 -
4. Natural gas as alternative in transportation .................cccooeeeveerereriereeeeee e -13 -
RETETEIICES ... - 16 -
Chapter 1. Literature REVIEW............cccoooviiviiiiciceeeeeeeeeeeee e -19 -
Lo INtrOQUCTION ...t -19 -
2. Scientific hypotheses and ObJECtIVES.............cccoviveiiiiiiieeeceee s - 20 -
3. Three-way catalytiC SYSTEIML..........ccoviviiiiiieiciesce s -23 -
4. Four-way catalytiC SYSTEIM.........ccccccoeviviiiiiieice e - 27 -
5. Three-way catalysts for natural-gas-vehicles.................c.cooooviiioiciciccccccc, - 30 -
6. Perovskite Materials ..........cc.cooiiiiiriiiiiec e -34 -
6.1. STTUCTULE .....coo ettt -34 -
6.2. Related reactions and applications ..............c..cccooovvocueveieeeeceeeeeeeee e - 37 -
6.3. Perovskites self-regenerative mechanism............c.ccccooevveecveecinieeeennnn, - 38 -
6.4. Synthesis of PETOVSKILE ...........cccooiviieiiiiecs e -42 -
7. High-throughput and design of eXperiments.................c.ccocoveeeieieiecseeceeeeeee s -49 -
7.1. High-throughput experimentation..............c.ccccococeveviieieieeeceeeeeeeeee e - 49 -
7.2. Design of experiments
RETEIEINCES ...ttt
Chapter I1I. Experimental Measurements and Characterizations ................c.ccoccocoeveereerenenrenroenenns - 67 -
1. Preparation of catalySts ...........cccooiiiiiiiiiicccccce s - 67 -
1.1. ChemICAlS ...t - 67 -
1.2. Synthesis ProtoCols ... - 68 -
2. Catalyst characCteriSAtIONS ............ccccovveriiviiiiriieieie e -73 -
2.1. Thermalgravimetric analysis .............cccccoovevviiieiiisieeeececee e -73 -
2.2. X-1ay diffraCtion..........cooovicececeeccce e - 74 -
2.3. Temperature programmed reduction............c.ccooeveeeceeevecrcieeeeeeeeeeee e, -75 -
2.4, Temperature programmed oXidation..............cccocoeveeecereeecrcrececeeeeee e, -75 -
2.5. Temperature programmed desorption / mass Spectroscopy..............cc.o....... - 77 -
2.6. Nitrogen physiSOrPION.........cccccoiviiiiiiieiiiieieee e - 78 -
2.7. X-ray photoelectron SPeCtroSCOPY ..........ccovivreevreieeeeeeeeee e eee e -81 -
2.8. Hydrogen chemiSOrption ..............cccccccviveiciiiieisiee e -81 -
2.9. Scanning electron microscopy / energy dispersive x-ray spectroscopy.....- 82 -
2.10. Inductively coupled plasma / atomic emission Spectroscopy ..................... -82 -

-1-



Thése de Doctorat — Université de Lille

2.11. in situ Electrical conductivity measurement.............cccocoeveereererirnrnnernnnnn, - 83 -
3. Catalytic PErfOTMANCE............c.cooveeicececiceeeeee ettt - 83 -
3.1. EXperimental SCTUPS..........c.ccoovervciciiecieeeteee e - 83 -
3.2. Catalyst performance and kinetic principal..............c.ccccocooeviiiiiinicciieinn, -90 -
RETEICIICES ... -94 -
Chapter IV. Elemental Composition of Perovskites on Bulk and Surface Properties................. - 97 -
Lo INtrOQUCTION........oiveii st -97 -
2. Impact of lanthanum stoichiometry and A-Site partial substitution on LayA;xMnOs+s
PEIOVSKILES ...ttt -99 -
2.1. Bulk and structural properties .............ccccoevovveveiereieeececeeeeeeee e, -99 -
2.2. Textural Properties and surface composition.............c.ccccoceeveveeiiererriennnnnns - 127 -
2.3. In-situ electrical conductivity: impacts of stoichiometry and substitution of
lanthanum on A-site Of PErOVSKIteS ...........ccccccvviviieiiiieieee e, - 149 -
3. CONCIUSION. ... - 154 -
RETEIEINCES ... - 157 -
ATINEXES ..ottt bbb - 162 -
Chapter V. Palladium Incorporation on Bulk and Surface Properties of Perovskites ............... - 165 -
Lo INtrOQUCHION ........oovoiiici s - 165 -
2. Impact of palladium incorporation mode on LaMnQOs+s perovskite: One-pot versus
sequential MEthOd .............c..co.coviiieeeeece et - 168 -
2.1. Bulk and structural properties ..............cccocovereveveeseeeeceeeeeneeee e - 168 -
2.2. Bulk reducibility from Ho-TPR...........c.ccoccooiiiiiieeeceeeeceee e - 170 -
2.3. Bulk reoxidation of reduced sampled from O»-TPO.............cccccoeevvirernnn - 173 -
2.4. Oxygen desorption (O2-TPD / MS) ... - 176 -
2.5. SUIfACE ANALYSIS ..o - 178 -
3. Impact of palladium incorporation on the structural properties of Pd/LaxAixMnQOs+s
CAALYSES (ATK, ST) oot - 187 -
3.1 Bulk reducibility from Hao-TPR..............ccocooiiiiiiiieeeeeeeeeeeeeeee, - 187 -
3.2 Bulk reoxidation of reduced sampled from O2-TPO...............cccococovvnne. - 190 -
3.3. Oxygen desorption (O2-TPD / MS) ... - 191 -

34. Surface composition

4. Conclusion

5. An attempt to optimize perovskite formulation on palladium incorporated

LaxSro.1sMnOs+5 for methane catalytic combuStion..................cccoooovvveeiviieceeeeeeeeeee - 201 -

5.1. INtrOAUCHION ... s

5.2 Design of experiments

5.3. BUIK PIOPETLIES.........ocovoveeveeeee s

5.4. SUrface COMPOSILION ...............ovoieiieeeeeeeeee e

5.5. CONCIUSION ..o
RELETEICES ...
AATIIIEXES ... s

XPS analysis for Pd/La,MnQO3, Pd/LaxK;xMnOs3, Pd/LaxSri.x<MnQO3 series before high

thrOUZNPUL TEACLION ..ot - 231 -

XPS analysis for Pd/La,MnOs, Pd/LaxK;xMnO3, Pd/La,Sri.xMnOs series after high
-2-



Table of Contents

throOUGNPUL TEACLION ... - 233 -
XPS analysis for palladium incorporated LaxSro.1sMnOjs series after high throughput
TEACTION.......ooeoieiee sttt - 238 -

Chapter VI. Theoretical and Experimental Combination from High Throughput Experimentations

of Methane Oxidation in Lean and Stoichiometric Conditions...............cccccoceveeeeeeerrereerennnn, - 241 -
Lo INtrOQUCTION .......coioiiii st - 241 -
2. Theoretical approach on model Pd (111) surface...........c..ccccooovvecveccvcecccceecee, - 243 -
3. Mechanistic insights on reaction mechanism for methane oxidation on polycrystalline Pd-
based catalyst in lean CONditions ................cccco.oeveiiieiiieiiisieeeee e, - 246 -
3.1. Experimental methodology ...........cccccoooiiiiiiiiieieeeeeeceeeee e - 246 -

3.2. Kinetic MOAEING ...........c.ooooviieeeeeeeeeeeeeeeeeee e - 252 -

3.3. Impact of lanthanum stoichiometry, lanthanum substitution by strontium and
potassium on the catalytic properties of supported palladium .................c..cc.cocevnee.. - 257 -

34. Impact of palladium incorporation and calcination temperature............... - 264 -

3.5. Discussion and coNCIUSION..............c.cccovvoiiiviiieiiieiseeeeeeceeeee e - 271 -

4.  Mechanistic insights on reaction mechanism for methane oxidation on polycrystalline Pd-

based catalyst near-stoichiometric conditions in the presence of steam. ........................... - 276 -
4.1. Steady-state rate MEASUICIMENLS .................co.oveevereeeececeeeeeeeeeeeeeee e, - 278 -
4.2. Kinetic MOdeling ..............co.ovovuiiuoiicceecieeeeeeeeeee e - 283 -
4.3. Particular case of Sr-doped catalysts .............cc.ccooovveiereecreececeeeeee e - 289 -
44. Brief ConCIUSION. ............coovuiiieccccec s - 291 -
RETEIEINCES ... -292 -

Chapter VII. Catalytic Measurements in Real Exhaust Gas Composition from NGVs Engines- 297

INETOAUCTION ..ot - 297 -

2. Catalytic measurements for palladium incorporated LaxMnOs.s series .................... - 299 -

2.1. Methane CONVEISION.............c.cocovverecieiereeieiesseeiseee e - 299 -

2.2. Carbon monoxide CONVETSION................cocoeivieeeieeeeseeeee s - 301 -

2.3. Nitric 0Xide CONVETSION..........c.cc.eveieiverieisieieee e - 3083 -

3. Catalytic measurements for palladium incorporated LaxSro.1sMnOs.s series........... - 306 -

3.1. Methane CONVEISION.............c.coocvreceeieieeieresie e - 306 -

3.2 Carbon monoxide CONVETSION................cocoeivieeeieeeeseeeee s - 309 -

3.3. Nitric 0Xide CONVETSION..........c.cc.eveieiverieisieieee e - 311 -

4. CONCIUSION. ...t - 315 -
RETETEIICES ........oovoeve e s - 318 -
ATINEXES.......ooviiiie et - 320 -
Chapter VIII. General Conclusion and OUtlook ............c..cccooeviiiieiecscececececeeeeeee e, - 323 -
1. General CONCIUSION..............ccoovuiecececeececceeee e - 323 -

2 OULIOOK ...t - 328 -
ACKNOWICAZEIMENLS ... - 329 -
Scientific PrOQUCHIONS ..o - 333 -
PUBLICALIONS .......oooooieec s - 333 -
CONTRICICES.........oovooeeieci et - 333 -




Thése de Doctorat — Université de Lille




Résumé

Résumé

L’objectif de ces travaux de thése est pour développer les catalyseurs a base de
pérovskite et palladium pour le traitement des traces de méthane issues des véhicules
fonctionnant au gaz naturel. Plus en détail, I’étude est basée sur la combinaison de deux
catalyseurs actifs ayant chacun un role dans la réaction visée sur la combustion
catalytique de méthane. Les pérovskites a base de composition LaMnO3 avec une
excellente activité d'oxydation du méthane a haute température sont utilisées comme
supports. Parmi eux, 1’étude non-steechiométrique du lanthane et les substitutions
partielles du lanthane par le potassium et le strontium ont été utilisés pour modifier la
structure de la pérovskite afin de générer des distorsions pour une meilleure activité
catalytique et une meilleure mobilité de 1'oxygéne. Le palladium, reconnu comme un
métal noble avec d'excellentes performances catalytiques du méthane a basse
température, a été incorporé aux catalyseurs pérovskites par différentes méthodes de
calcination (c'est-a-dire la méthode one-pot et la méthode séquentielle par la voie de
synthese de la méthode sol-gel de 1’acide citrique). Compte tenu de la prise en compte
de la maitrise des cofts, I’objectif est de réduire au maximum l'utilisation du palladium,
de 1% a 0.5% en masse dans 1I’expérimentation. Par conséquent, le systeme catalytique
composite de pérovskite boosté par la faible teneur en palladium est la stratégie de
recherche de ce sujet autour de la combustion catalytique de méthane.

Afin d'étudier les propriétés physico-chimiques des catalyseurs, les méthodes de
caractérisation telles que I’analyse thermogravimétrique, la diffractométrie de rayons
X, la N2-physisorption, la Hz-réduction en température programmée, la O2-oxidation en
température programmeée, la Or-désorption programmeée en température combiné par
spectrométrie de masse, la microscopie électronique a balayage combiné par
spectroscopie de rayons X a dispersion d'énergie, la microscopie électronique en
transmission combiné par spectroscopie de rayons X a dispersion d'énergie, la

spectrométrie photo-¢électronique X, la spectrométrie de masse a plasma a couplage
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inductif et la conductivité sont utilisées pour analyser les propriétés de surface et de
bulk des catalyseurs cibles.

La deuxiéme partie de cette thése a été consacrée a la cinétique de I’oxydation de
méthane par la route de réactions a haut débit. L’étude de la cinétique a été effectuée
par I’approche a travers la combinaison théorique et expérimentale pour étudier les
mécanismes des différentes propositions des sites actifs et la source d'espéces réactives
de l'oxygeéne actif avant et aprés vieillissement. De plus, dans tout le processus de
réaction, les catalyseurs avec différentes méthodes d’incorporation de palladium
présentent les mécanismes de réaction différents. Cette étude est instructive pour
d'étudier la nature et la synergie de l'oxydation de méthane sur la pérovskite boostée
par palladium et les facteurs influencant la conception des catalyseurs.

En pratique, cette combinaison des catalyseurs a été utilisée comme catalyseurs a
trois voies pour le post-traitement de gaz d'émission simulé des véhicules a gaz naturel.
Les catalyseurs ont été testé dans le réacteur de plug-flow a 1'échelle du laboratoire
selon le méme plan expérimental comme la partie cinétique. Dans le courant des traces
de méthane, la réaction devient plus difficile et plus compliquée en présence de NO,
CO, vapeur d'eau et CO». L'oxydation complete du méthane, 1'oxydation partielle du
méthane, la réduction du NO a l'azote et méme a I'ammoniac ont été découvert et

investigué par le bilan de réaction.

Mots-clés : Pérovskite / Combustion catalytique du méthane / Palladium / Catalyse

a trois voies / Emission des véhicules au gaz naturel



Abstract

Abstract

The objective of this thesis work is to develop catalysts based on perovskite and
palladium for the treatment of traces of methane from vehicles running on natural gas.
In more detail, the study is based on the combination of two active catalysts, each
having a role in the targeted reaction of the catalytic combustion of methane.
Perovskites based on LaMnO3 composition with excellent high temperature methane
oxidation activity are used as carriers. Among them, the non-stoichiometric study of
lanthanum and the partial substitutions of lanthanum by potassium and strontium have
been used to modify the structure of perovskite to generate distortions for better
catalytic activity and mobility of the oxygen. Palladium, recognized as a noble metal
with excellent low temperature methane catalytic performance, has been incorporated
into perovskite catalysts by different calcination methods (i.e. one-pot method and
sequential method by synthesis of the sol-gel method of citric acid). Given the
consideration of cost control, the objective is to reduce the use of palladium as much as
possible, from 1% to 0.5% by mass in the experiment. Therefore, low palladium
boosted perovskite composite catalytic system is the research strategy of this topic
around catalytic methane combustion.

In order to study the physicochemical properties of catalysts, characterization
methods such as thermogravimetric analysis, X-ray diffractometry, N2-physisorption,
H>-temperature-programmed reduction, O:-temperature-programmed oxidation, O>-
temperature-programmed desorption combined with mass spectrometry, scanning
electron microscopy combined with energy dispersive X-ray spectroscopy,
transmission electron microscopy combined with energy dispersive X-ray spectroscopy,
X-ray photoelectron spectrometry, inductively coupled plasma mass spectrometry and
conductivity properties are used to analyze bulk and surface properties of target
catalysts.

The second part of this thesis was dedicated to the kinetics of methane oxidation

-7-



Thése de Doctorat — Université de Lille

by the high-throughput reaction method. The study of the kinetics was carried out by
the approach through the theoretical and experimental combination to study the
mechanisms of the different proposals of the active sites and the source of reactive
species of active oxygen before and after aging. Moreover, in the whole reaction process,
the catalysts with different palladium incorporation methods exhibit the different
reaction mechanisms. This study is instructive to investigate the nature and synergy of
methane oxidation on palladium-boosted perovskite and the factors influencing catalyst
design.

In practice, this combination of catalysts has been used as three-way catalysts for
simulated gas aftertreatment of natural gas engines. The catalysts were tested in the
laboratory-scale plug-flow reactor according to the same experimental plan as the
kinetic part. In the current of methane traces, the reaction becomes more difficult and
more complicated in the presence of NO, CO, water vapor and CO;. The complete
oxidation of methane, the partial oxidation of methane, the reduction of NO to nitrogen

and even to ammonia have been discovered and investigated by the reaction balance.

Keywords: Perovskite / Methane catalytic combustion / Palladium / Three-way

catalysis / Natural gas vehicles emission



Chapter 1. General Introduction

Chapter 1. General Introduction

1. General introduction

Regulations on pollution and greenhouse gas emission are becoming more
stringent on the issue of climate change. Humans impact the environments in many
ways, environmental pollution, global warming and climate change could be regarded
as a formula for multifactorial combination hazards on environmental and energy issues.
The damages caused by their interaction are real and affect all living things on the earth.

Natural gas or biogas, as alternative fuels, is seen as a cleaner energy source than
conventional petroleum fuels. However, as methane is 28 times more potent than carbon
dioxide at trapping heat in the atmosphere, the removal of trace methane from complex
automobile exhaust emissions become very necessary, but it is still a technological
challenge when considering the overall cost-effectiveness and economizing precious
metal resource. In the context of intense international attention on environmental and
climate issues, scientific research and technological progress in the field of the
environment are given greater responsibility. Therefore, the objective of the short
overview is to present and compare recent major strategies and novel potential trends
on three-way catalysts for methane combustion with the purpose of reducing cost of
end-of-pipe catalytic system and effectively improving hydrothermal stability,
resistance to aging and poisoning. Particular attention has been paid in this manuscript
to palladium-based catalysts and mixed metal oxides, such as perovskite type oxides
and multi-element oxide materials. Excellent oxygen exchange capacity and their
synergistic effects with precious metals promote methane oxidation process while

lowering content of noble metal.
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2. Background and significance

Climate change and the increase of extreme disasters caused by anomalies are
constantly threatening the survival of mankind and the earth home on which human
beings live [1]. Therefore, human beings continue to make efforts under the United
Nations Framework Convention on Climate Change, the Kyoto Protocol and the
Signing of the Paris Agreement have brought a clear outlook on climate change [2]
which is urged to be implemented during the COP26 in 2021. Traditional fossil fuels,
such as coal and oil, as the most important energy source, are not only non-renewable
energy, but also bring various serious environmental pollution. In the field of
transportation, the environmental problems associated with the use of petroleum and its
derivatives as fuels have been always seriously concerned. Aiming at major pollutants,
such as CO, NOy, unburned HC and particulate matters [3], increasingly strict
environmental protection laws and regulations put forward higher requirements on the
end-of-pipe technology of exhaust gas emission of internal combustion engine [4].
Especially in the context of the global Covid-19 pandemic, the instability of oil and
coal markets is further driving the development of alternative energy [5].

Methane, as the main component of natural gas and biogas, is treated as a pivotal
alternative energy source with abundant supplies because of its clean and renewable
properties [6]. However, methane, which is gaining more attention lately, is the second
most abundant anthropogenic greenhouse gas (GHQG) after carbon dioxide (CO»),
accounting for about 20 percent of global emissions [7]. Moreover, 28 times as potent
as carbon dioxide at trapping heat in the atmosphere is a thorny issue, and its
concentration in the atmosphere have more than doubled over the last two centuries,

which rapidly and powerfully affects the earth’s temperature and climate system [8].
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Fig. 1.1 Global CH4 Monthly Means

Concentrations of methane have increased by more than 150% since industrial
activities and intensive agriculture began [9] because methane, as an energy source with
easily accessible feature, can be produced by various routes, such as natural,
agricultural and industrial production activities. After carbon dioxide, methane is
responsible for about 23% of climate change in the twentieth century [10]. The
measurements from Global Greenhouse Gas Reference Network, as a vital reference
widely used by international climate researchers, presents the analysis of samples from
2020 with a significant jump about 6% (Fig.1.1) in the first two decades of this century
[11] in the atmospheric burden of methane. Scientists around the world therefore make
efforts to better understand the budget of methane with the ultimate objectives of
reducing GHG emissions and improving prediction of environmental change. The
Global Methane Budget [12] shows the distribution of sources of methane emissions
during recent years: about 30% of methane emissions are produced by wetlands,
including ponds, lakes and rivers; Another 20% is produced by agriculture, due to a
combination of livestock, waste management and rice cultivation; Activities related to
oil, gas, and coal extraction release an additional 30%; The remainder of methane
emissions come from minor sources such as wildfire, biomass burning, permafrost,
termites, dams, and the ocean (Fig.1.2).

-11 -
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Fig. 1.2 Global Methane Budget 2008-2017.

As a result, regulations and policies on environmental issues [13] have become
increasingly strict and global climate governance has become more and more clear after
countries have committed to peak carbon dioxide emissions in recent years and carbon
neutrality [14]. In order to achieve the ambitious issue on Environment and Climate,
European Commission has set a 2050 long-term strategy to reach carbon neutrality [15],
United States announce a 50-52 percent reduction in GHG emissions by 2030 [16],
while China, under the guidance of the Two Mountain Theory [17], plans to reach the
peak carbon emission and carbon neutral targets respectively by 2030 and by 2060 [18].
Hence, the widespread use of renewable clean energy has become an international
reality in the coming decades [19] with the efforts of all parties and methane, as a
promising renewable source of clean energy, holds the promise of a bright future of

diverse energy sources under control of emission regulations [20].
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3. Coexistence of opportunities and challenges for

methane use

Methane “flaring” provides a significant fraction of the world's primary energy,
and is used for heating, electrical generation and energy for transportation.
Opportunities and challenges coexist in the use of natural gas or biogas. A study from
Environmental Defence Fund found that cutting methane emissions now could slow the
near-term rate of global warming by as much as 30% [21]. In addition to the greenhouse
effect of methane itself, the by-product is N2O and the formation of underlying ozone.
Besides, main applications involve the reaction of methane combustion in air, and hence
that brings up an additional problem of GHG emissions because the greenhouse gas
emissions are not only methane but also trace amounts of nitrous oxide (N20O) during
transient combustion events such as ignition and blowoff [19], which has an even longer
lifetime and its greenhouse effect is 300 times higher than carbon dioxide (CO2) [20].
Therefore, with the increase consumption demand of natural gas and biogas as
alternative fuel [21], these negative effects of methane combustion come from both
stationary and mobile sources [22] involving natural gas. In consequence, the review
mainly focuses on methane abatement and also the corresponding removal of
greenhouse effect by-products is under consideration among the different scientific and

technological routes.

4. Natural gas as alternative in transportation

An end-of-pipe technology, according to the term given by European Environment
Agency, is an approach to pollution control which concentrates upon effluent treatment
or filtration prior to discharge into the environment, as opposed to changes in the
process giving rise to the wastes [15]. “SmartCat” concentrates mainly on vehicles of
natural gas or biogas powered engines, methane oxidation is our concerns and the

foundation to extend materials research and catalytic system design.
-13-
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The research objectives in this manuscript are focused on new Three-Way-Catalyst
composition for methane catalytic combustion. Up to now, Pd supported on alumina
can be regarded as a benchmark. However, this formulation is strongly subjected to
deactivation at high temperature due to particle sintering. A current strategy is to force
palladium composition to preserve in severe conditions significant residual catalytic
activity. This option is not cost-efficient and does not fulfill the European
recommendations to reduce the use of materials of strategic importance.

An alternative is to lower thermal sintering by strengthening the metal support
interaction. Previous investigations revealed successful achievements even though the
explanations diverge regarding the origin of improved thermal stability. Indeed,
dynamic changes typically under cycling lean/reach conditions can protect PGM to
coalescence then preserving high degree of dispersion. This concept has been widely
discussed and largely questioned as these dynamic changes require large amount of
surface defects. Alternative explanation led to the conclusion that the strength of
interaction can be associated to the formation of two-dimensional aggregates that wet
the surface of perovskite.

Different scenarios have been envisioned by modifying the perovskite
composition through partial substitution of A-site, La-deficiency and well as the
strategy for Pd incorporation, e.g. one-pot vs. sequential method. A proposal consisting
in lowering the Pd content has been suggested. Based on this the manuscript has been
divided in 8 chapters. The state-of-the art reviewed the main achievements in
automotive exhaust depollution especially when engines are powered by natural gas.
Three chapter detailed the experimental protocols as well as the techniques used for
physicochemical characterization, and a chapter focused on methane oxidation kinetics.
In simulated condition, kinetic approaches have been developed with the aim to
establish relevant comparison with surface properties. Particular attention was paid to
the evaluation of the catalytic measurement in simplified and complex composition
more representative of the exhaust gas composition.

Experimental results and their discussion have been distribution in 4 chapters

-14 -
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entitled: (i.) Impact of elemental composition of perovskites on bulk and surface
properties, (ii.) Impact of palladium incorporation on bulk and surface properties of
perovskites, (iii.) Methane oxidation kinetic study from high-throughput
experimentations, (iv.) Catalytic measurement in real exhaust gas composition of NGV's
engine. A general conclusion emphasized the most relevant information to conclude
this thesis and an outlook to guide for a future optimization of three-way catalysis for

natural gas vehicles exhaust gas.
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Chapter 2. Literature Review

Chapter II. Literature Review

1. Introduction

The realization of effective sophisticated end-of-pipe technology is expensive
because of requiring an extensive use of critical materials of strategic importance, such
as platinum group metals and rare earths metals. In addition, the efficiency of current
processes in terms of selectivity and energy consumption and, most importantly, the
development of alternative routes has become a priority for modern and particularly
future industry because of limited natural oil reserves and stringent environmental

legislation [1].
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Fig.2.1. Scenario on the consumption of Fig.2.2. Comparison of particulate matter

energy in the transport sector in France. [2] number and particulate matter mass

emissions from various engines. [3]

According to the related French energy development plan, the energy consumption
of liquid fossil fuel in transport is expected to reduce by 50% [2] in the next 30 years
(Fig.2.1), which can be an exalting occasion to diversify energy sources by adopting
simpler and more compact end-of-pipe technologies.

One of the most promising alternative and green carbon feedstock is methane with
their reserves significantly exceeding those of crude oil. Moreover, methane can also
be considered as a renewable energy source which is also called biogas. Compared to
traditional liquid fossil fuel powered engines, the emergence of natural gas or biogas
powered engines afford an alternative option with lower greenhouse gas and nitrogen
oxide (NOx) emissions, as well as much lower particulate matter formation (Fig.2.2)
[3]. Nevertheless, methane, as the main gas in natural gas and biogas, has 23 times
higher global warming potential than carbon dioxide although it has the above

advantages. Therefore, the relevance of the option resides in the abatement of unburnt
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methane in the exhaust gas.
In consequence, how to decrease or substitute the use of cost-effectiveness active
materials to remove residual traces of refractory methane in the exhaust stream is the

main technological challenge.

2. Scientific hypotheses and objectives

Currently, methane treatment systems involve highly loaded palladium-based
catalysts [4] with a content greater than 200 g/ft [5], which is more than twice the
amount used in conventional Three-Way-Catalysts (Fig.2.3) with high running
temperature range between 400 °C and 500 °C [5,6].

480 ;

460 i A ....................
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= 1 | A O
=
3420 A~
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Fig.2.3. Effect of Pd loading on methane conversion [3].

Besides, the thermal resistance of catalysts, which should be adequately taken into
account to prevent deactivation, is a critical and crucial issue at high temperature. In
spite of numerous researches reporting various active materials for methane oxidation
such as supported transition metal, noble metals and partially reduced mixed metal
oxides [7-10], highly loaded palladium-based catalysts are still mainly used as reference
in industry. The choice of highly loaded precious metal is dictated to attenuate the
deactivation effects by thermal sintering.

According to the above, “SmartCat” will tackle main issues related to the
innovative development cost-effective end-of-pipe technologies, in matter of the use of
methane considered as less harmful in terms of atmospheric pollution as alternative
fuels and in connection with the reduction of strategically critical materials such as
platinum group and rare earths metals.

In order to avoid the impact of the greenhouse effect by methane, eliminating the
residue of methane in the exhaust gas lays our fingers on the development of a new

applicable exhaust gas cleaning technology. Recently, M. Richard et al. [10,11]
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proposed a new conception based on a catalytic dual bed concept in order to boost
methane oxidation. A significant enhancement of methane conversion rate (Fig.2.4) was
researched and observed on a low palladium loading (< 0.2% wt). by a catalytic dual
bed configuration (LaMnO3-Pd/YSZ). The former is perovskite-type material for the
sake of generating active oxygen species, the latter is yttria-stabilized zirconia ceramic
material or with low palladium-loaded framework. Besides, the active oxygen species
boost the reaction more readily with methane on second catalytic portion. A synergetic
catalytic effect showed a positive and remarkable result but without well understanding

the chemical kinetic nature of oxygen.

160
40 + 2

30 + LaMnO; +YSZ dual bed
20 +

10 +

Isotopic distribution of O, (%)

0 - : : : ' :
200 300 400 500 600

Temperature (°C)
Fig. 2.4. Effect of the LaMnO3 + YSZ dual bed on the '°0; formation from isotopic exchange of

180, (gas) with 1°0; (solid) [12]

By the new design of dual bed, a new concept of single bed is also under
consideration, which is aimed at loading precious metals on perovskites materials. In
this case, integrating perovskites materials with low palladium loading becomes the
main effort. Whether the single bed concept or dual bed design, the research on new
formulation of perovskite-based materials is our premier importance.

To overcome scientific and practical issues in the face of catalysts with low amount
precious metals and without noble metals, our attention has been paid on stoichiometric
and non-stoichiometric perovskites and related mixed oxides materials by doping and
substitution concepts with the purpose of adjusting perovskite ABO; formula to
modulate lattice oxygen in metal oxides. Exceptional redox and oxygen storage
capacity could be activated by structural distortion and relevant oxygen quantum states.

Therefore, to well control perovskite valency and the related oxygen vacancy is
principal for generating specific active oxygen species and maintaining a high Pd
dispersion at relative high temperature to activate methane. Y. Nishihata et al.
researched the self-generation behavior of such materials [13], e.g. the ability to adjust
their surface properties in complex conditions of exhaust gas, can be profitably applied
to enhance the thermal sintering resistance and sulfur poisoning tolerance during the

-21 -
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cold start of engines.

In spite of the above advantages, the poor specific surface area is treated as a
serious obstacle in the face of bulk-type mixed oxides materials, which is one of the
features of perovskite. A. Zaki et al. developed the moderate templating synthesis routes
in mild conditions leading to unique two-dimensional porous structure [14] with a
considerable outcome concerning the porous structure preservation at high temperature,
related oxygen storage capacity and redox properties. A significant reduction of
catalytic bed volume could be envisaged in case of improvement in mass transport
phenomena owing to the optimization of bi-dimensional macro-mesoporous structure.

As a consequence, SmartCat project proposes innovative technological solutions
by restudying the automotive exhaust systems on the basis of two complementary
approaches, according to the self-regenerative behavior of doped and substituted
spinel/perovskite-like structure and to the dual bed concept with more singlet oxygen
species as more active intermediates issuing in the methane conversion at lower
temperature to protect catalysts from deactivation such as thermal sintering.

According to the above introductions, the objectives mentioned covered such
issues:

1. The development of hard templating methods for obtaining thermally resistant
hierarchical porous structures in order to improve oxygen mobility, related oxygen
storage capacity, specific surface area and mass transfer diffusion.

2. The development of innovative strategies: Introducing more resistant palladium
species in case of thermal sintering and poisoning effects; Implementing advanced
techniques for ex-situ and in-situ characterization on the catalytic system
functionalities, such as redox and oxygen storage capacity properties.

3. The development of advanced spectroscopic instruments and proper in-situ
methodologies for the characterization of reactive oxygen species and reactive
intermediate species implying steady-state transient Kinetic analysis.

4. The investigation of methane combustion kinetics at various richness. As well as
the establishment of more relevant surface-reactivity relationships in agreement
with a selected reaction mechanism for the sake of better optimizing catalytic
functionalities.

5. The selection of appropriate formulation, compositions and structures in order to
verify the concepts of catalytic single-bed and dual-bed reactors.

6. The validation of the single-bed and the dual-bed concepts at various richness
approaching realistic conditions in a wide temperature range with the presence of
sulfur material as contaminant.
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3. Three-way catalytic system

Air pollution generated from mobile sources becomes an environmental problem
and gains extensive public attention. “More than 1.1 billion cars were registered
worldwide between the year of 1965 and 2018 and the world’s annual automobile
production reached a peak of nearly 74 million in 2017” (Fig.2.5), reported by US
Department of Energy on Transportation Energy Data Book [16]. Just in the European
Union, the passenger car production is close to 20 million in 2019 [17] on the basis of
investigation of European Automobile Manufacturers Association. In the context,
emission control of automotive exhaust is of great importance on a global level to tackle
the problem of air pollution and it is crucial to address the environmental problems
caused by vehicle exhaust emissions. The environmental concern by mobile sources is

due to the fact that the majority of engines employ combustion of liquid fuels derived

from crude oil.
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Fig.2.5. World Automobile Production and Fleet, 1965-2018 [17]
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For the past few years, there are two contradictory trends that automobile
manufacturers have to face with the development of efficient end-of-pipe technology:
cost investments and preservation of the competitiveness vs. the implementation of
more stringent standard regulations with respect to atmospheric pollutants, e.g. NOx
and particulate matter from gasoline and Diesel engines. Automotive industry already
mobilized a lot of investments to match the increasingly strict standards about the
atmospheric pollutant emissions (Fig.2.6) [18]. Particular attention was paid to Diesel
engines compared to gasoline engines utilizing a mature technology. The catalytic
exhaust gas treatments for mobile sources are becoming more and more sophisticated,
with consequently an extensive use of critical materials such as precious metals and
rare earth elements.

Engine exhausts consist of a complex mixture, the composition depending on a
variety of factors such as: type of engine (two- or four-stroke, spark- or compression
(diesel)-ignited), driving conditions, cold start, vehicle speed, acceleration/deceleration,
etc. Kaspar et al. [19] summarized typical compositions of exhaust gases for some

common engine types.

Exhaust components Diesel engine Four-stroke spark Four-stroke lean-burn Two-stroke spark
and conditions® ignited-engine spark ignited-engine ignited-engine
NO, 350-1000 ppm 100—4000 ppm 1200 ppm 100-200 ppm
HC 50-330ppm C 500-5000 ppm C =1300ppm C 20,000-30,000 ppm C
co 300-1200 ppm 0.1-6% 1300 ppm 1-3%

(03] 10-15% 0.2-2% 4-12% 0.2-2%

H;O 1.4-7% 10-12% 12% 10-12%

CO2 7% 10-13.5% 11% 10-13%

SO, 10-100 ppm® 15-60 ppm 20 ppm =20 ppm

PM 65 mg/m*

Temperatures (test cycle) rt—650°C (rt—420"C) rt-1100°C* rt—850"C rt—1000°C
GHSV (b~1) 30,000-100,000 30,000-100,000 30,000-100,000 30,000-100.000
(AR =1.8 (26) =1 (14.7) =1.16 (17) ~=1 (14.7F°

Table.2.1. Exhaust compositions for two-/four-stroke, diesel and lean-four-stroke engines [19].

@ Ny is remainder.

® For comparison: diesel fuels with 500 ppm of sulfur produce about 20 ppm of SO, [?°,

¢ Close-coupled catalyst.

d 7 defined as ratio of actual A/F to stoichiometric A/F, 4 = 1 at stoichiometry (A/F = 14.7).

¢ Part of the fuel is employed for scavenging of the exhaust, which does not allow to define a precise

In the exhaust mixture of gasoline powered engine, nitrogen oxides (NOx), mostly
NO, unburned or partially burned hydrocarbons (HCs) and carbon monoxide (CO) are
the most harmful and principal gaseous pollutants (as shown in Table.2.1) and the name
of TWCs is derived from the ability to eliminate simultaneously the three main
atmospheric pollutants existing emission. In addition to the other pollutant components
such as water, hydrogen, nitrogen, oxygen, etc., sulfur oxides are normally unremoved

by the post-combustion treatments because the only effective way is to reduce them to
- 24 -
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elemental sulfur which would accumulate in the system [19]. Besides, the prevention
of catalyst sulfur poisoning is also a point that we need to seriously consider when
dealing with methane by perovskite-type catalysts. Accordingly, diminishing sulfur
content in fuel is the way to minimize sulfur emissions.

Besides, the variability of the exhaust emissions with the air/fuel ratio (A/F) is
illustrated in Fig.2.7., where A/F is expressed as the sometimes-used equivalence ratio
(M). The value is defined as the ratio of the total oxygen in the air-fuel mixtures burning
in the engine to the amount of oxygen required for the complete combustion of the fuel.
It can also be conveniently measured as a ratio of the actual A/F to the stoichiometric
A/F. An A/F of 14.6 corresponds to an equivalence ratio of A=1, which is also referred
to as the stoichiometric point [22]. Therefore, rich burn and lean burn is defined
respectively as A<l and A>1.

Rich Lean ) 120 T
—_ 150 * H; (CO) + NOx — N; + H;0 + €O HC + 0z 2. CUsEr B
S . 10 DT T T B P TR esaee
@ >
— L4
< 80 1 s
2 s HC &
o = >
g 2 60 e
€ & /.-'éo
[0} o
- E 40 ":nl°
% 3 HC 4()(50;1‘()) l(}co H;0 (H, 02 =
- = . e ti
g . 20 & (Partial ;xldall;n) —— Lonun.(rymn
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Air : Fuel ratio, by weight Air-to-fuel ratio (wt/ wt)
Fig.2.7. The effect of the air/fuel (A/F) Fig.2.8. Three-way catalytic (TWC) converter
ratio (w/w) on automotive gasoline profile for conversion vs. air-to-fuel ratio. [21]

engine emissions. [19, 22|

The main reactions on TWC converter are listed on the Table.2.2 below [19, 22]:

Description Reaction(s) Description Reaction(s}

Oxidation 2CO0+0, — 2C0O, Water—gas shift CO+H,0 — CO,+H,
HC+0;, — CO,+H,0° Steam reforming ~ HC+H,0 — CO,+H,*

Reduction/ 2C0+2NO — 2C0, +N,

Three-way HC+NO — €O, +H,0+N, "

2H, +2NO — 2H,0+N,

2 Unbalanced reaction,

Table.2.2. Reactions occurring on automotive exhaust catalysts, which may contribute to

exhaust removal [22].

Zheng et al. [21] also shows the TWC conversion profile (Fig.2.8) which extends
the former figure in detail. CO and HCs are essentially fully oxidized at lean (excess
- 25 .-
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O2) of the stoichiometric air-to-fuel ratio (right side of stoichiometric, A>1). NOx
reduction occurs when little or no O is present, as in the rich operating mode (left side
of stoichiometric, A<1). The A value is controlled via a feedback control system through

a signal received from the O sensor as shown in Fig.1.4.

Air r ] Gasoline Engine
Close Couple .
T L TWC Main TWC
t i H,0
*{I I IW (] ’ ’ Hxip co.
T 1 i . - N,
i HCs
B m
— | e, (on-board

0, sensor diagnostics)

Computer feed back
control of air-to-fuel ratio

Fig.2.9. A schematic of the unit operations in the exhaust system for a TWC with feedback

control of air-to-fuel ratio [21].

Two A sensors (oxygen quantity sensor) are installed in the closed-loop control
system: one placed upstream and the other placed downstream of the catalytic converter.
The quantity of air is constantly measured and the fuel injection is adjusted
automatically by the electronic automation system which relies on the feedback signal
from the A sensor located upstream of the catalytic converter. A/F fluctuations can be
detected by comparing the signal difference between the two A sensors (Fig.2.9).
However, in case of abnormal behavior of oxygen sensors leading to extensive
variations of A/F ratio, an On-Board Diagnostics (OBD) ensures the exhaust emission

under the limits with the coordination of each part [21].

Stainless steel

container

( )

X P/
Washcoat Ceramic monolith  Insulating—

antivibration pad

Fig.2.10. A typical catalytic exhaust converter. [22].
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For the composition of three-way catalytic converter (Fig.2.10), the monolith
(honeycomb) and the active phase (washcoat) are the two main components. The
monoliths are made of ceramic materials, which is cheaper and readily available
materials conferring sufficient thermal resistance under normal engine running
conditions and a good thermal shock resistance. Typically, a density of 46-62 cells per
cm? with a wall thickness of 0.10-0.30 mm is employed. This allows the exhaust gases
to pass through the honeycomb with a small pressure drop, keeping a good contact
between the active phase and the gas phase. The active phase (washcoat) is a mixture
of noble metals, promoters, surface area stabilisers, high-surface-area support as well
as proprietary additives to improve the activity of the TWCs. The active phase is
supported (washcoated) from slurry onto the monoliths by dipping method [22].

4. Four-way catalytic system

Compared to three-way catalytic system (TWC), the four-way converter (FWC) is
aimed at treat diesel powered engine emission pollution. Besides the normal pollutants
carbon monoxide (CO) and hydrocarbon (HC), the emission contains significant
amount of the nitrogen oxides (NOx) as well as the particulate matters (PM) emitted
from diesel engines. These primary pollutants are undesirable in the atmosphere as they
cause health problems of living beings, global warming and climate change, pollution
of water and soil, deterioration of buildings and monuments, negative impact on
agricultural productivity and are known to be mutagenic and carcinogenic [23].
Furthermore, the pollutants react with atmospheric constituents photochemically to
form much more dangerous secondary pollutants, such as peroxyacetyl nitrate (PAN),
smog, ozone, etc. Thus, for maintaining air quality, European Emission Standards [18]
have become increasingly stringent as mentioned in Table 2.3 for light-duty vehicles
(LDVs) and heavy-duty vehicles (HDVs). It reflects lowering of NOx emission
threshold, on the order of 55-80%, and PM, on the order of 10-67% from Euro-5 to
Euro-6 [24] (Table 2.3).
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Vehicles
LDV (g/km) HDV (g/kWh)
Euro 5 Euro 6 Euro V Euro VI
Emissions (2011) (2014) (2009) (2014)
cO 0.5 0.5 1.5 1.5
HC* 0.23 0.17 0.46 0.13
NOx 0.18 0.08 2.0 0.4

PM| 0.005 0.0045 0.03 0.01

HC* represents HC + NOx for light duty vehicles.

Table.2.3. Emission limits for light-duty vehicles (LDVs) and heavy-duty vehicles (HDVs)

Particulate matter, known as PM, is a complex mixture consisting of solid phase
and condensate materials. The main components of solid phase are inorganic carbon
and metal ashes, while condensate materials contain boiling hydrocarbons, water and
sulfuric acid [25]. Burtscher et al. [26] researched particles from diesel as well as
particles from other combustion sources are a complex mixture of elemental carbon
(EC), a variety of hydrocarbons (HC), sulfur compounds, and other species. Particles
differ in size, composition, solubility and therefore also in their toxic properties.

Zhu et al. [27] did an investigation on the morphology, internal macrostructure,
and fractal geometry of particulate matter (PM) conducted for a 1.7-L light-duty diesel
engine. A high-resolution transmission electron microscope (TEM) was used to observe
and graphitic crystallite structures were found from these light-duty diesel particulates,
particularly at high engine loads.

Fig.2.11. TEM photographs of diesel particulates sampled at (A) 780 rpm/0%
load and (B) 2500 rpm/70% load (Magnification of 89,000) [27].
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The particulates produced from diesel engines showed distinctive morphological
differences. A and B (Fig.2.11) show the typical TEM images of diesel particulates
sampled at 780 rpm/0% load (idling) and 2500 rpm/100% load, respectively. At the
idling condition, many particles appeared to be nebulous in morphology (boundaries
between primary particles were unclear). These amorphous soot particles are suspected
to contain a significant amount of soluble organic compounds (SOCs) or other liquid
phase chemicals. Further investigations into chemical compositions are needed to
validate this observation. On the other hand, the particulates sampled at 100% load
appeared to be quite distinctive [27]. Therefore, the engine load has a profound effect
on particulate morphology. A similar trend has been found from heavy-duty diesel
particulates [28-30].

To address the problem of particulate matter emission, a Diesel Particulate Filter
(DPF) is inevitably required and has been proven to be quite effective in controlling
PM emissions of diesel automobiles. Vaclavik et al. researched the structure of a wall-
flow particulate filter (Fig.2.12) [31].

Fig.2.12. Structure of wall-flow particulate filter (PF) [31].

Therefore, after the investigations on PM treatment, for meeting the current
emission standards of diesel-powered vehicles, the optimization of integral engine and
post-treatment catalytic system has been taken into consideration. Up to now, an
integration of separate technologies (Fig.2.13) is designed to control various pollutants
in the exhaust emission of diesel engines, such as diesel oxidation catalyst (DOC),
diesel particulate filter (DPF), selective catalytic reduction (SCR) and ammonia slip
catalyst (ASC) [32].
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Urea solution

DIESEL
ENGINE

Fig.2.13. Diesel engine emission control technologies [32].

For the treatment of NOx with relatively high content from the diesel engines, the
selective catalytic reduction (SCR) technology develops progressively. In actual
industry (Robert Bosch GmbH), Nova et al. [33] designed a sophisticated Urea-SCR
with vanadium(V) oxide (V20s)/WO3 supported on titania catalyst technology. Similar
as the concept presented in Fig.1.8, they put it into reality in order to control diesel
vehicle exhaust gas emissions with a urea solution tank, dosing spray module and static
mixer, temperature and NOx sensors. Besides, increasing activity by using higher
manganese loadings appears to result in the formation of more N>O. It is noted perhaps
the most successful development in this area was made by Shell who in the early 1990s
developed a relatively low-temperature ammonia SCR process using a vanadium on

titania catalyst promoted by transition metal species [33].

5. Three-way catalysts for natural-gas-vehicles

Compared to TWC and FWC end-of-pipe technologies for gasoline and diesel-
powered vehicles, the emergence of engines powered by natural gas (NGV), or locally
produced bio-gas, offers an alternative to liquid fossil engines with lower greenhouse
gas and NOx emissions combined with significantly lower amounts of particulate
matters (PM) formation in exhaust emission [2]. However, the main obstacle of NGV
lies in the residual emission of methane which is characteristically refractory to break
down due to the high bond energy of CH3-H(g) (439.3 kJ mol™') [34]. Heterogeneous
catalysts have therefore been a key to the successful conversion of methane. The reason
for this is that once methane is adsorbed on a metal surface the C-H bond dissociation
energies depends on the hosting surface metal, and the total bond dissociation energy
appears to be useful for identifying promising catalysts [35-37].

Although natural gas-powered engine has such mentioned advantages, these could
be partly counterbalanced by the residual emissions of methane in the exhaust which is
recognized as a potent greenhouse gas that is 23 times higher than CO». Raj [38]

investigated the implementation of palladium-rhodium three-way catalysts and
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platinum—palladium oxidation catalysts respectively to regulate the emissions of NOx
and unburnt methane from stoichiometric (A = 1) and lean-burn (A = 1.3) NGV engines.
Generally, stoichiometric conditions are advantageous because the simultaneous
abatement of NOx and methane is easier than under lean conditions, and greater
resistance to poisoning effects in the presence of water (>10 vol%) and sulfur (<0.5
ppm) is observed. Till now, the majority of academic investigations have been
performed under lean-burn conditions (excess of oxygen), being more favorable for
combusting methane at lower temperature. Important technical issues are addressed by
academia in order to stabilize the presence of oxidic palladium species responsible for
the catalytic performances [39].

As to the function of palladium matter, Granger et al. [39, 40] researched the
conversion between Pd’ species and PdO. A critical aspect in the development of
stoichiometric NGV catalysts is related to the low stability of PdO under these operating
conditions, which decomposes to much less reactive Pd° species at high temperature.
Hence, some thermodynamic constraints must be considered due to the equilibrium
between PdOx and Pd°. Palladium in association with platinum was found to improve
the thermal durability and the impact of sulfur poisoning [41]. For the methane
abatement catalytic technologies, palladium is the metal chosen for highly loaded
benchmark catalysts generally [38] (>200 g/ft, more than twice the amount used in
conventional catalysts) to compensate the deactivation process due to thermal sintering.
The investigation of Wang et al. [42] introduced that a high temperature in the range
400-500°C is needed to activate the cleavage of the C—H bond [34]. Gelin et al. [43]
put forward such issues: (i) thermal deactivation at high temperature, (ii) design of
catalytic systems more resistant to poisoning effects, especially sulfur compounds in
the exhaust gas, and (ii1) high activity at the lowest temperatures typically during the
engine cold start. Activation of methane is supposed to take place on site pairs
composed of surface PdO and surface Pd (Fig.2.14) [40, 43].

H
| ¢ \
H=¢—H HH H H

H 2 HCH 0 HTG=H O
IMEE— OO f—"

Fig.2.14. Reaction scheme for the activation of methane on a surface Pd—PdO site pair [40,

Lee et al. [44] studied methane oxidation on a plasma-catalysis hybrid system.
According to the catalyst loading position, two different configurations of the hybrid
system were proposed: (a) in-plasma catalysis (wherein the catalyst is placed in the
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discharge zone) and (b) post-plasma catalysis (wherein the catalyst is placed after the
discharge zone) (Fig.2.15).

e Filter

(a) = (b) ﬁ
n \”_
= Ground electrode |
— g0 — =oT“
e

Fig.2.15. (a) In-plasma catalysis / (b) Post-plasma catalysis reactor configuration [44].

A synergistic effect was found for the in-plasma configuration [44], demonstrating
a quicker “light-off” of methane oxidation and a lower CO selectivity. Consequently,
complete methane oxidation was achieved even at room temperature when 2% wt
Pd/A,0s oxidation catalyst was employed. However, such synergy was not detected in
the post-plasma configuration. In addition, electrochemical method has also introduced
to assist the catalytic activity of methane oxidation. This method is based upon the
concept of non-faradaic electrochemical promotion of catalysis (NEMCA) discovered
by Stoukides et al. [45]. By applying a potential between the working electrode
(consisting of the catalyst supported on a solid electrolyte) and the counter electrode
(deposited on the same solid electrolyte), the metal-support interaction can be
monitored [39]. Matei et al. [46] studied systematically the effect of electrochemical
promotion of catalysis on methane combustion. It was established that impregnation of
Pd on highly porous YSZ (Y20s3-stabilized-ZrO2, an oxygen ion conductor) led to a
much more active catalyst compared to that typically deposited on dense YSZ, with an
increased catalytic rate as much as one order of magnitude (Fig.2.16). The author
attributed the improvement of catalytic performance to the much higher dispersion of

palladium on porous electrolytes.
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Fig.2.16. Effect of the temperature on methane conversion, CO: formation rate and in-plane
resistance of the Pd catalyst deposited on dense and on porous YSZ [46].
Pcy, = 1.4 kPa, Py, = 4.5 kPa, F =200 ml/min.

Granger et al. [39] pointed out that one of the main obstacles in methane
conversion consists in the deactivation caused by coke deposition, and that materials
with excellent Oxygen Storage Capacity (OSC) properties could overcome the
deactivation obstacle. Hence, perovskite-based materials, whose formula is well known
as ABO3 with OSC and intrinsic oxygen mobility, are taken into extensively
investigations. Meanwhile, Eyssler et al. [47] have indicated the beneficial effect of
perovskite-based material on stabilizing PdO and asserted that depending on the
calcination temperature and reaction temperature, a delicate equilibrium existed
between the fraction of active PdO exposed on the LaFeOs3 surface and the fraction of
Pd™" dissoluted in the Pd-LaFeOs solid solution. Eyssler et al. [47] further discovered
that below 700 °C, catalytic activity was in accordance with Pd*" species on the surface
of LaFeOs. The higher the thermal treatment temperature, the lower the Pd dispersion,
these result in a diminished accessibility of PdO-surface and active centers. They
concluded that 2 wt% Pd/LaFeOs3 outperformed the conventional Pd/Al>O3 in terms of
stabilizing active PdO at high temperature [47]. It was widely recognized that the self-
regenerative mechanism of perovskites can protect noble metals (i.e. Pt, Pd, Rh) from
sintering by inhibiting the particle growth. Yoon et al. [48] studied the thermal stability
of Pd-containing LaAlOs catalyst. A strong Pd-La interaction was clarified to induce
the electron transfer from La to Pd. As a result, a higher electron density of Pd was

identified, probably responsible for the enhancement of thermal stability of PAO when
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subjected to high temperature.

Besides, the solids exhibit remarkable catalytic properties on total oxidation
reactions, especially methane combustion. However, their practical applications on an
industrial scale are relatively insufficient. The most demonstrated in post-combustion
catalysis are related to their development at the beginning of the 1970s as two-way
catalysts [49, 50], and recently in three-way catalysis based on the fact that the self-
regenerative behavior of perovskite-based materials could protect PGM particles from
irreversible thermal sintering under airflow cycling conditions.

NGV is considered as alternative for conventional gasoline or diesel vehicles to
meet future legislation requirements. The concept of NGV can be concretized through
either CNG or LNG. Further amendments are still needed to be cost-efficient while
improving the overall performance of the NGV prior to its large-scale application, in
particular dealing with issues of deactivation caused by thermal ageing and sintering,

water or sulfur poisoning as well as methane slip at low temperature [38].

6. Perovskite materials

Perovskite materials are mixed oxides and described by the general formula ABO:s.
Besides, A and B are two cations and O being an oxygen anion. They represent probably
the most studied mixed-oxide system in the field of heterogeneous catalysis due to their
versatile properties to accommodate a wide range of cations. Because most of the
oxides present a slightly lower or higher oxygen content compared to the theoretical
formulation, ABOsxs is more accurate and the stoichiometric term 6 means the

differences from the theory. Here for easier readability, ABO3; denotes ABO3x1s.

6.1. Structure

In the structure of perovskite, the A cation can be a lanthanide, alkaline, or
alkaline-earth cation while the B cation is a metallic element from the 3d, 4d, or 5d
configuration. Considering the possible valences of the cations and the electroneutrality
of the structure, different charge distributions can be encountered in the structure [5].
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Fig.2.17. Perovskite structure [51].
A green: B blue: O red.

dodecahedral A site octahedral B site

radius radius radius

ion (A= radius (A)b ion (A)“ (A)b
Na' 1.06 1327 (IX) L' 0.68 0.74
K 145 1.602 Cu® 0.72 073
Rb* L61 1.73 Mg* 0.66 0.72
Ag 1.40 1.30 (viII)  Zn™ 0.74 075
Ca® 1.08 1.35 Ti* 0.76 0.67
Sr*t 1.23 1.44 Vi 0.74 0.64
Ba®* 1.46 1.60 crt 0.70 0.62
Pb** 1.29 1.49 Mn** 0.66 0.65
La* 1.22 1.322 Fe¥* 0.64 0.64
Pt 1.10 114 (VIII)  Co™ (LS) 0.52
Nd* 1.09 L12(VIID)  Co™ (HS) 0.63 0.61
Bi** 1.07 LIL(VIID)  Ni** (LS) 0.56
Ce* 1.02 0.97(VII)  Ni** (HS) 0.62 0.60
Th* 1.09 1.04(VIII)  Rh* 0.68 0.66
Ti* 0.68 0.60

Mn*' 0.56 0.54

Ru™ 0.67 0.62

pt** 0.65 063

Nb** 0.69 0.64

Ta™ 0.69 0.64

Mo®* 0.62 0.60

wet 0.62 0.60

Table.2.4. Cations commonly found in perovskite structure.
List of Cations with Their Respective Radii, Found in ABO3-Type Perovskite [52].
aFrom ref 53. "From ref 54.

The ideal crystalline unit cell of perovskite is described as cubic from the Pm3m
space group (Fig.2.17), where the A cation is in the center of the cube, formed by the B

cations, and the oxygen ions are located in the middle of the edges. The B cation is in
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octahedral coordination toward oxygen, while the A cation is in dodecahedral
coordination [51, 52]. As such, more than 90% of the metallic elements from the
periodic table can enter the perovskite structure.

Royer et al. [5] summarized that one of the advantages of the perovskite structure
is thus the possibility to adopt a wide range of different compositions, changing either
the A or the B cation or partially substituting each cation by other cations of the same
or different valences, resulting in a general formula of A;—xA'xB1-yB'yO3ss, to adjust its
redox and surface properties (Table 2.4, Table 2.5). The stability of the structure
depends directly on the geometrical constraints of octahedral and dodecahedral cavities.
To have a stable BOg octahedron, the B** radii should be higher than 0.51 A. Insertion
of the A cation in the cube octahedral cavities of the BOs arrangement leads to distortion
of the octahedrons and formation of more stable orthorhombic or rhombohedral
structures.

The tolerance factor (or Goldschmidt factor) is an empirical factor introduced to

indicate the ion accommodation capability of the perovskite structure [55, 56].

\/2(7'3 +10)
ry — radius of A site cation
rg — radius of B stie cation
1o — radius of oxygen anion
0.75<t<1.06
Perovskites
t<0.75 t>1.06
0.75<t<096 |0.96<t<0.99 .
i 0.99<t<1.06
limenite orthorhombic | Rhombohedral e hexagonal
distorsion distorsion

Table.2.5. Tolerance factor with the corresponding structure.

Theoretically, perovskite structure could be maintained as long as the tolerance
factor is kept within the range of 0.75 <t < 1. The ideal cubic structure is
characterized by a tolerance factor of 1; In the ideal cubic structure of highest symmetry,
A cation, B cation and oxygen anion have contact with each other. The ideal structure
occurs only when the tolerance factor gets close to 1.0 at high temperature. A t value
lower than 1.0 gives rise to a structure with less symmetry. When t < 0.75 the crystal
exists in the form of ilmenite structure (FeTiO3). While when 1.00 <t < 1.13 the crystal
becomes hexagonal symmetry such as calcite or aragonite [57]. Table.1.5 summarizes
the range of tolerance factor corresponding to the relevant structure. Due to the role of
the BOg octahedron on crystal unit cell formation, an octahedral factor (rg/ro) was also
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introduced, being as important as the tolerance factor [56].

The Ruddlesden-Popper phase (RP phase) is composed of n consecutive
perovskite layers (ABOs3) alternating with rock-salt layer (AO) along the
crystallographic c-axis direction [58]. A cation is located at the boundary between two
types of layers with a coordination number of 9 while B cation is situated in the center
of octahedron formed with nearby 6 oxygen anions. Lee et al. [58] researched the
general formula of RP oxides expressed as An+1BnO3n+1 (n>1) or more specifically as
(AO)-(ABO3) where n represents the number of connected layers of vertex-sharing BOg
octahedra [59]. When n=1, A;BOs structure is formed, i.e. LaxCuOs; When n>1
additional ABOs3 blocks are introduced between two rock-salt layers to form complex

oxides with multiple stacked octahedral layers.

6.2. Related reactions and applications

Royer et al. [5] outlined four main kinds of perovskite-based materials reactions,
which are oxidation reactions, reduction reactions, selective oxidation reactions and
reactions for hydrogen and syngas production. Aiming at methane partial or total
oxidation, such applications below are chosen to introduce.

For the oxidation reactions [5], owing to their exceptional redox properties
(multiple valence states of the cations) coupled to a high oxygen mobility, perovskites
can be remarkable oxidation catalysts, such catalysts are applied for CO oxidation at
low-temperature [60], confirming that manganite and cobaltite perovskites were very
active for CO oxidation, and CH4 oxidation at high-temperature, explaining that
perovskites and other mixed oxides such as hexa-aluminates are less active than Pd
catalysts but are more stable at high temperatures [61, 62], which is a decisive
advantage in natural gas combustion technology [63]. Even though cobaltites and
manganites (and to a lesser extent, ferrites) dominate this application, the quasi-infinite
possibilities to substitute A and B cations allowed us to tune the catalytic properties on
demand. However, intrinsic activity of perovskites for most oxidation reactions remains
1 or 2 orders of magnitude lower than that of noble metals. Intensive research was
performed to increase surface area (see section 2). Perovskites of 100 m?/g can now
compete with noble-metal catalysts having currently metallic surface areas of 1 m%/g.
Keeping a high surface area in oxidation reactions is however challenging. Higher
stability could be obtained by supporting perovskite on other oxides such as zirconia
and alumina. Finally, perovskites were proven to be excellent supports of metal
catalysts: combining the two active materials (perovskite oxide and metal) gives rise to

innovative catalysts in many applications [64-68].
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Perovskites are good candidates for both decomposition (of N>O or NO) and
catalytic reduction of NOx because of the wide range of composition and their modular
properties [69]. Concerning N>O decomposition [70], oxygen desorption is proposed to
be the rate-determining step of the process. Perovskite has been studied for NOx
reduction in a continuous process (SCR) because of their ability to incorporate and
combine many chemical elements, like precious metal, or to accommodate B-site cation
substitution. NO decomposition, oxygen can act as an inhibitor. Adsorption of O, must
be weakened, accompanied by an increase of NO adsorption capacity, which is
achieved in the presence of reduced metallic sites and oxygen vacancies [71, 72]. At
higher temperature, NOx removal occurs through the nitrate route. Oxygen is involved
in NO oxidation, and the improvement of both a-oxygen abundance and B-oxygen
mobility help formation of nitrate species and results in high DeNOx efficiency.
However, perovskite materials suffer from a lack of activity, mainly at low temperature.
By the enhancement of lattice O> mobility and the increase in cationic defects,
incorporation of Pd into the perovskite B site is an interesting option to improve the
catalytic performance [10].

For the selective oxidation reactions [5], methane is often the feedstock of choice
due to the abundance of natural gas and conversion of methane to syngas by partial
oxidation of methane (POM). POM is more energy efficient compared to conventional
steam reforming, and it produces synthesis gas with a H»/CO ratio of 2 suitable for
methanol synthesis and Fischer—Tropsch reactions [73]. At this temperature, total
oxidation of methane is favored. Consequently, two different mechanisms have been
proposed for the POM reaction: (i) CO and H; are produced directly from methane; (ii)
CHs is oxidized into CO; and H>O followed by steam or dry reforming of CH4 to yield
CO and H» [74, 75]. Oxidative coupling of methane (OCM) is an interesting route for
direct conversion of natural gas to Cz hydrocarbons, especially ethylene, which can then
be converted to useful chemicals and fuels. The reaction is highly exothermic and
requires high temperatures (>700 °C, necessary to activate methane). The catalysts are
mostly supported metal oxides with basic properties such as alkali metals, alkaline-

earth metals, and rare-earth metals [76].

6.3. Perovskites self-regenerative mechanism

Besides the excellent properties on oxygen mobility and oxygen storage capacity
of perovskite materials, their self-regenerative behaviour is also recognised as
“intelligent” performance (Fig.2.18). Daihatsu Motor developed the "Intelligent

Catalyst" using perovskite oxide as a support instead of alumina materials in 2001 [77].
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The coordination of Pd ions in a crystal perovskite oxide provided the active function
for self-regeneration in automotive exhaust gas, resulting in long catalyst life and less
use of Pd.

Perovskite-type structure

Oxidation T
(solidifies) e 9
e | 7 1
. Tei-e
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Fig.2.18. B site doped by Pd to exhibit self-regenerative property [77].

Self-regeneration is realized through a cycle between solid solution and
segregation of Pd in a perovskite crystal. Namely, Pd atoms move back and forth
between the inside and the outside of the perovskite crystal synchronized with the
fluctuations of the real automotive exhaust gases. As a result, catalyst deactivation by
the growth of Pd nanoparticles can be suppressed (Fig.2.19) [77].

pd-perovskite segregation of Pd-perovskite
solid solution  1-3 nm Pd particles  solid solution

ﬁam-composilion

P iale. | OXidation (initial)  reduction oxidation  time
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self-regeneration!
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Fig.2.19. Self-regenerative mechanism of Pd doped perovskite in structure [77].

LaFeo.57Co00.38Pdo.0sO was used as the so-called “intelligent catalyst” to compare
with the conventional Pd-impregnated y-Al>O3 catalyst (Fig.2.20) [77, 78]. Tolerance
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to aging as well as catalytic activity prior to and after aging of the as-mentioned
catalysts were examined by a series of methods. It was manifested that perovskite-based
LaFeo.57C0038Pdo.0sO3 catalyst afforded an extraordinary heat resistance capability
compared to Pd-impregnated y-Al,O; catalyst. From the images of transmission
electron microscopy (Figurel.4 b), it was shown that after ageing at 900°C during 100
h, the particle size of palladium of perovskite-based catalyst increased only to a limited
extent, evidenced by small metallic particles with diameters of 1-3 nm. On the contrary,
an enormous increase of the particle size of the Pd/alumina catalyst was observed when
exposed to the same ageing conditions, reaching up to 120 nm. The reason for this
phenomenon was attributed by the authors to the capability of Pd-perovskite catalyst to
suppress remarkably the growth of metallic particles. Furthermore, the aged Pd-
perovskite catalyst displayed a much higher catalytic activity compared with the
Pd/alumina one. After ageing at 900 °Cduring 100h, the Pd-perovskite catalyst retained
high catalytic activity whilst catalytic activity of the Pd/alumina decreased dramatically
by around 10% (Fig.2.20).
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Fig.2.20. Catalytic activity of LaFe.57C0¢.338Pdo.0sO3 (Pd-perovskite catalyst) and Pd-
impregnated y-Al,O3 (Pd/alumina catalyst) during the ageing at 900°C lasting 100h. [77].

Taniguchi et al. [79] extended the self-regeneration concept initially discovered in
Pd-perovskite to other perovskite-type oxides. It was confirmed by author that self-
regenerative function was observed not only in the Pd-perovskite, but also in the Rh-
perovskite and the Pt-perovskite as well. Similar to palladium, rhodium and platinum
exhibited a comparable pattern of moving in and segregating out of the perovskite
lattice in a reversible way in a redox cycle as well as outstanding suppression effect on
the agglomeration and growth of either rhodium or platinum grains, respectively
(Fig.2.21). A universal technology was accordingly proposed for designing such a
“Super intelligent catalyst” (Fig.2.22).
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Therefore, precious metal-containing perovskite is labelled as “intelligent” by
Tanaka et al. [80] as it maintains high catalytic activity even when subjected to harsh
conditions thanks to its self-regeneration function. The core the self-regenerative
technology lies in the formation of the metal-perovskite solid solution under oxidizing
condition and the segregation of metal under reducing conditions to form either
nanoparticles or metallic clusters. Hence, the self-regenerative mechanism is dependent
heavily on the precious metal-perovskite interaction and some aspects should be taken
into account when it comes to the design of an intelligent catalyst. That is to say, the
oxide consisted of perovskite components should be able to capture and release
precious metals in a reversible manner under redox environment and at the same time

preserve the stability of the perovskite structure itself even at high temperature.

(b) (c)

Fig.2.21. TEM photographs of Rh and Pt on perovskite: a) CaTiRhQO3 after oxidation;
b) CaTiRhO:; after reduction; ¢) CaTiRhOs after re-oxidation; d) CaTiPtOs after oxidation; e)
CaTiPtO; after reduction; f) CaTiPtOs after re-oxidation, demonstrating the self-regeneration
function of Rh and Pt perovskites [79].

Till now, self-regeneration function has been identified in lots of intelligent
catalysts, most of which are based upon platinum, palladium or rhodium hosted in
LaFeOs, LaAlOs;, CaTiOs, CaZrOs, SrTiOs3, SrZrOs, BaTiO3, BaZrO3 perovskite [80].
However, contrary to most previous claims, recent studies manifested that the dislodged
noble metal is not completely reintegrated into the perovskite crystal, casting doubt on
the self-regeneration theory [81]. Meanwhile, M. B. Katz et al. [82] found that the
cyclical process of platinum-doped CaTiO3 perovskite mostly arose from bulk rather
than surface re-dispersion and only a few nanometers (measured from free surface) of
perovskites with self-regeneration function are potentially useful as a host or support
for precious metals in any practical embodiment of the original self-regenerating TWC
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concept. In our real planning, the catalysts impregnated or doped Pd is also considered
to finish our future High-throughput screening at RealCat Advanced Laboratory under
the references of Pd impregnated CeO; and ZrO; and Ceo.5Z10.50:.

[

Platinum (Pt) Rhodium (Rh) '~ Palladium (Pd)
) | [Utillised in Intelligent Catalyst]
Ox|d zation

5 Oxidization .
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Rh Q ; -
C
Reduction ; / Raduction
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* A site: Alkaline earth element with a valence of +2 (Ca, etc.) | | "Asite: Lanthanum
* B site: Transition elements with a valence of +4 (Ti, Zr, etc.) ‘B s!te: Iron ‘
* B site: Precious metals (platinum, rhodium) - "B site: Palladium

*0: Oxygen (a valence of -2)
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Fig.2.22. Self-regenerative scheme of Pd, Pt, Rh doped perovskite in structure [77].
“Super intelligent catalysts”

6.4. Synthesis of perovskite

Different synthesis methods were developed over the past years to prepare
perovskites. Up to now, a multitude of various preparation routes of perovskite was
proposed from solid state reactions, over co-precipitation to reverse micelles
microemulsion [83] and microwave assisted method [84]. The non-exhaustive study
can address but a limited overview and additional details can be found in a recent review
by Zhu et al. [85].

6.4.1 Solid state process
6.4.1.1 Solid-solid method

Solid-solid method, also called ceramic method, was introduced in the 1970s as
the first approach to prepare perovskite [86]. Oxides, hydroxides or carbonates solids
are mixed together to undergo reactions through solid-solid diffusion. The obtained
compounds are then subjected to heat treatment at high temperature (typically higher
than 1000°C) [86]. This simple method requires high-temperature processing and long
reaction time. It has thereby been considered not suitable for catalysis application owing
to the poor textural properties of the products because of the growth and agglomeration
of particles caused by thermal treatment at high temperature [87].
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6.4.1.2. Reactive grinding method

Reactive grinding method refers to mechano-synthesis, known as mechano-
chemical processing (MCP). The first systematic investigation on chemical effects of
mechanical action was conducted [88, 89]. Mechano-synthesis starts with mixing the
precursors (usually in the form of powder) with appropriate proportions and subsequent
loading of the above powder mixture, together with grinding media (i.e. steel, zirconia
or tungsten carbide) into a reactor in which reactants are subjected to repeated milling
for the requisite length of time to get final products [90]. Mechano-synthesis is
characterized by the implementation of mechanical energy provided by high-energy
ball milling to trigger chemical reactions at quasi room temperature [91]. A low reaction
temperature allows this technique to reduce significantly the particle size of products
and consequently gives rise to higher specific surface area and enhanced density of
surface defects expected to be active sites for redox reactions. It should be noticed that
some key factors, including the ratio of ball-to-precursor, milling time, milling
atmosphere etc. will have a great influence on the particle size of products. In most of
the cases, a certain number of additives such as NaCl, LiCl, ZnO can be used for the
purpose of further improving specific surface area of perovskite. In such circumstance,
additional leaching steps become indispensable to remove additives by means of

appropriate liquid solution depending on the nature of employed additives.

6.4.1.3 Microwave crystallization

Various perovskites synthesized by microwave crystallization have been reported
[92, 93, 94]. The advantages of microwave can be exemplified: Firstly, a lot of reactions
have been observed to occur faster under microwave irradiation and reaction kinetics
could be increased by 1-2 orders of magnitude thanks to either the reduction of energy
barrier or thermal effect [95, 96]. Secondly, the limited use of organic solvent makes it
more ecologically friendly. In addition, since the initial heating is done rapidly, it
consumes less energy and saves cost. Generally speaking, microwave synthesis is faster,
cleaner and more energy efficient route compared to conventional methods. However,
reagents must have a high dielectric constant or ionic conductivity in order to absorb
microwave energy, restricting to a great extent the applicability of microwave
technology [97].

6.4.2 Solution-based method

Wet-chemistry synthetic routes are believed to be approaches that are more
convenient, more sustainable and less energy-consuming. Unlike solid-state methods,

more precise process control is possible in wet-synthesis routes, which yields better
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textural properties and homogeneity of the products [98].

6.4.2.1 Sol-gel method

In his patent published in 1967, Pechini invented a method for the preparation of
alkaline earth titanates, zirconates and niobates by way of resin intermediates [99]. The
principle of this method is based on the ability of certain alpha-hydroxycarboxylic acids
such as citric, lactic and glycolic acids to form stable polybasic acid chelates with
several cations (i.e. titanium, zirconium and niobium) in an aqueous-organic medium.
When heated with polyhydroxy alcohol (i.e. ethylene glycol), a polymeric gel with
homogeneous distribution of cations is formed as a result of polyesterification of the
above chelates. After a thermal treatment at relatively low temperature, excessive
organic constituents are removed and desired oxides are obtained [99, 101]. The nature
of gel varies depending on the method of drying step: a xerogel is the product of solvent
extraction done through thermal evaporation. In contrast, supercritical conditions result

in an aerogel (Fig.2.23).
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Fig.2.23. Graphic representation of Conventional Citric Method. [99-101]

6.4.2.2 Mechanism of sol-gel method

Various factors, such as the type of employed organic acid, the solution
characteristic, the ratio of organic acid to metal ions and the decomposition/calcination
temperature, have influences on the product properties. Among common organic acids
capable of complexing metals, citric acid was known to be able to form the most stable
precursors with metal ions and make them most resistant to autooxidation. Hence, citric
acid is most widely used as the complexing agent in sol-gel route. In spite of the fact
that specific surface area of perovskites prepared by citric acid complexation is a bit

lower than those prepared by polyacrylic acid under same conditions, the enhanced
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homogeneity and uniformity of ions on the material surface often leads to better
catalytic activity for CO oxidation [5]. What’s more, it should be mentioned that the
ratio of complexing agent to metal ions impacts greatly the composition and property
of the product. The effect of CA/metal ions ratio on LaMnOs+s was studied by Taguchi
etal.[100]. It was shown that gel formation was possible in the molar range from 0.0023
to 0.015 mol of citric acid and the composition of gel was dependent on the citric acid
proportion in the initial mixture. Courty [102] discovered that the content of residual
carbon in the final product was affected deeply by the citric acid proportion. The higher
proportion of citric acid was, the lower content of residual carbon would be. The author
attributed this phenomenon to the fact that the combustion of residual carbon was
facilitated by higher citric acid proportion leading to diminished apparent density and
subsequently augmented porosity. Besides, effect of thermal treatment temperature and
time was also examined by the same author. It was found that higher temperature as
well as longer treatment time gave rise to bigger size and better crystallinity of
perovskite particles. Residual carbon content in the final product plummeted as the
decomposition temperature rose in the range of 0-1000 degrees yet stabilized above
1000 degrees [102].

Another important factor during synthesis is the solvent utilized. As a matter of
fact, the characteristic of solvent is linked directly to the dissolution of metallic salts as
well as the following complexation and gelation process. A wide variety of solvents
have been reported, including both inorganic (i.e. water) and organic ones (i.e. ethanol,
propanol, ethylene glycol, diethylene glycol). A.Kahoul [103] gave a detailed
comparison of water and propanol on the physico-chemical properties of La;.xCaxCOO3
perovskites. He claimed that cobaltite synthesized using propanol as solvent exhibited
single perovskite phase, larger SSA and higher electrical conductivity values compared
to those prepared using water. H. Aono et al. [104] prepared precursors of fine
perovskite-type materials by using a series of complex solvents composed of water-
organic solvent with various constituents and content. According to his result, pure
LaFeOs perovskite phase was obtained even calcined at temperature as low as 350°C
by using a water-ethylene glycol mixed solvent.

In some cases, Ethylene Glycol (EG) is employed to improve product property.
EG has been proven as a stabilizer of the CA-metal chelate, leading to a lessened gel
combustion rate. Surface crystallinity of material could be ameliorated due to the
addition of EG, contributing to a better catalytic activity. Mohsennia [105] studied the
impact of ethylene/citric acid ratio (EG/CA ratio) on the catalytic activity of
Lag.7Bag3CoxNiixO3 nano-catalyst. The author argued that the catalytic activity of
LBCNs can be strongly affected by the EG/CA ratio through distinctive complexing

mechanism and a higher EG/CA ratio can result in a better catalytic activity for CO
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oxidation [105]. The main drawback of sol-gel route is, however, the release of
undesired gases such as NOy during nitrates decomposition and solvent evaporation and

drying processes.

6.4.2.3 Co-precipitation method

The co-precipitation method is based on simultaneous precipitation of precursors
in a liquid medium with the presence of precipitating agent. The advantages of co-
precipitation lie in its simplicity, wide variability, low cost and easily scalable to
industrial level [106]. Many metal salts could serve as precursors, such as hydroxides,
carbonates and oxalates. Water, ammonia, urea and oxalic acid are often used as
precipitating agents [107-111]. Driven by the principle of reduction of Gibbs free
energy of a supersaturated solution, precursors will undergo nucleation, growth,
coarsening and/or agglomeration processes, resulting in precipitates which are
subjected to further processing (washing, drying, calcination) in order to get final
products [112]. The simultaneous precipitation of multiple species present in the
solution is a prerequisite for the success of synthesis. Moreover, pH value of solution
and types of precipitating agent plays a decisive role in the precipitation process. By
utilizing N, N-dimethylacetamide (DMAC) as solvent and tetramethylammonium
hydroxide (TMAOH) as precipitating agent, Huang and co-workers [106] reported a
facile co-precipitation method to synthesize LaosSro4MnOs perovskite catalyst with
high surface area of 48 m*/g and excellent catalytic activity for methane oxidation. The
author ascribed the reason of this result to the better compositional homogeneity of
precipitates caused by lower crystallization temperature. Djoudi [113] synthesized
successfully LaAli—xNixO3-5 (0 <x <0.6) perovskite via co-precipitation method by
employing nitrate salts of lanthanum, aluminum and nickel as cations precursors and
sodium hydroxide as base precipitating agent. Final products showed pure perovskite
phase and good crystallinity.

Nevertheless, this method has some inherent disadvantages: Firstly, the solubility
and compatibility of precursors must be ensured to form oxides with expected
compositions. Further, the quality of products is susceptible to many operational
parameters such as pH value, co-precipitation rate, washing, drying and thermal
treatment temperature. What’s more, addition of inappropriate precipitating agent or
poor mixing may induce ununiformed temperature distribution in certain part of the

solution, resulting in agglomeration of precipitates and heterogeneity in composition.

6.4.2.4 Auto-combustion method
In the past decade, auto-combustion method has been extensively applied as a

reference method to synthesize numerous catalytic materials [114, 115]. This method is
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characterized by its merits in terms of simplicity, short synthesis time as well as the
ease of up-scaling. Precursors can be nitrates or oxides. Organic reagents, such as citric
acid, oxalic acid, tartaric acid, urea and glycine, are used as fuels [116]. Auto-
combustion is triggered when the gel is heated by a heat source, resulting in the removal
of organic matter. Perovskite phase is then formed either directly through heating or
through further calcination.

3 atmospheric conditions are involved in auto-combustion: namely, oxidizing
atmosphere (fuel-deficient), reducing atmosphere (fuel-rich) and stoichiometric
atmosphere. It is worth mentioning that the ratio of fuel/oxidizer has a substantial
influence on the released heat and subsequently maximum temperature of the
combustion reaction process. Thus, a suitable fuel/oxidizer ratio is very essential to
guarantee the purity of crystalline phase [117].

Despite the fact that the auto-combustion method has been used to synthesize a
broad variety of materials, improvement of operational parameters is still demanded for
commercial applications. Parameters influencing the combustion reaction, such as type
of fuel, fuel/oxidizer ratio, use of excess oxidizer, and water content of the precursor
mixture, need to be optimized towards desirable particle size distribution and

crystallinity of products [118].

6.4.2.5 Flame spray pyrolysis method

Flame spray pyrolysis, also known as flame aerosol synthesis, is a technology
consisting of producing nanoparticle aerosol by feeding either liquid or vapor
precursors into a high-temperature flame. Some key parameters, including precursor
concentration, flame temperature, fuel, mixing, oxidant, entrainment,
precursor/dispersion flow rate ratio (P/D) and precursor solution composition, affect
significantly product properties and particularly primary particle and crystallite sizes
related directly to catalytic performance [119]. It is regarded as a time-saving, energy-
efficient synthesis approach as it combines feeding of precursors, mixing, in-situ
calcination in a fast single-step without neither the need of solvent-intensive washing
nor post-thermal-treatment typical of those made by other wet-chemistry methods.
Unlike batch process, it offers the possibility of continuous production of nanoparticles
in industrial scale. Equally important, catalytic features of flame-made materials such
as particle size and crystallinity, SSA could be tuned to achieve better performance.
Synthesis of perovskite was first reported by J.H. Brewster [120]. By spraying an
aqueous mixture comprising of barium acetate and titanium lactate into a Ho/air flame,
BaTiOs perovskite was successfully synthesized. A series of La;xMxCoO3; (M=Ce, Eu)
was prepared by spraying aqueous feed composed of metal acetate/nitrate/citrate into a
H,/O; flame, resulting in pure perovskite phase with SSA up to 25m?/g [121]. The same
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methodology has been applied to the successful synthesis of a broader range of
perovskites with formula of LaBO3 (B=Co, Mn, Fe) [122]. Organic liquid feed has been
reported to be effective to increase dramatically the SSA of products. Chiarello
proposed a technique based on organic liquid feed to synthesize cobaltites. SSA of
LaCoO; was improved to as high as 64 m*/g by employing a mixed solvent of alcohols
and propionic acid [123].

Notwithstanding, some disadvantages still existed, one of the mains shortcomings
was from the high cost of suitable precursors and highly specialized facility. Since the
synthesis is completed in a single step, it is sometimes not easy to get rid of the temples
frequently used in the synthesis of macroporous material, thus not suitable for the
preparation of materials with porous structure. In addition, conditions of precursor
mixing must be well controlled as respect to explosive precursors and in certain cases

an incomplete combustion could occur [124].

6.4.2.6 Solvothermal/Hydrothermal method

A solvothermal reaction refers to any chemical reaction which takes place under
temperature and pressure above ambient temperature and pressure in a sealed vessel in
the presence of a solvent. It is specifically called hydrothermal reaction in the case of
water as solvent [125, 126]. It relies on the solvation of precursors (usually soluble
metal salts) to form target product in an aqueous medium. Some mineralizers, such as
hydroxides, carbonates and halides, are often added to assist the solubilization of
precursor salts and have a considerable impact on the final particle size and morphology
[126]. One of the biggest advantages of solvothermal method arises from the fact that
it enables the preparation of inorganic materials at temperatures well below those
required for solid-state or sol-gel method and in most of the cases post-annealing
treatment could be omitted [125]. Application of hydrothermal method to the synthesis
of titanate perovskites ATiO3 (A = Ca, Sr, Ba, etc.) have been widely reported [127-
130]. Furthermore, microwave has been reported beneficial to the improvement of
physico-chemical and catalytic properties of perovskite-type oxides during
hydrothermal aging step [131]. Kaddouri et al. [132] found that microwave-assisted
hydrothermal synthesis led to enhanced methane combustion activity of La-Ce-Mn-O
perovskite. The author claimed that the strong interaction between well dispersed
cerium oxide species and LaMnOs host structure was responsible for the good

performance of as-prepared material.

6.4.2.7 Spray/freeze drying method

Spray drying refers to a technique involving a rapid vaporization of the solvent
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contained in small droplets of required solutions of cations whilst slow sublimation of
the solvent is employed in the case of freeze drying [133]. Freeze drying relies on
spraying the solution in the form of fine droplets into liquid nitrogen followed by
sublimation of the solvent in the absence of liquid phase [134]. The first step of freezing
aims at a minimum segregation of diluted salts and as a consequence an intimate mixing
of ions can be attained [135]. Both spray drying and freeze drying allow excellent
control over purity levels and compositions, generating particles with adequate
homogeneity [133]. Reports regarding perovskite preparation using these techniques
are not scarce, exemplified by the synthesis of Lai«SrxCoiyFeyOs.5 [136] by spray
drying and the synthesis of Sro2CoTeOs and Lao.oSro.1GaosMgo 20285 by freeze drying
[137].

/. High-throughput and design of experiments

7.1. High-throughput experimentation

High-throughput experimentation (HTE) has developed from applications in the
pharmaceutical industry [138]. High-throughput synthesis and testing of solid materials
has recently gained special attention in heterogeneous catalysis. The basic concept for
accelerating the development process comprises parallel synthesis, screening and
testing of a large number of materials based on heuristic approaches, which, in tum,
include fundamental and empirical knowledge on catalysis and appropriate
optimization procedures when progressing in the development process. In high-
throughput experimentation an extensive amount of data is being accumulated. For
handling of these data and extraction of knowledge therefrom in the form of
relationships between the chemical and physical properties of the materials and their

catalytic performance suitable data storage and analysis capabilities are required [139].
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Fig.2.24. Graphic representation of the development cycle design-make-test-model [141].

Comprehensive HTE platforms are now available for conducting all stages in the
R&D trajectory, from catalyst preparation and reaction screening of libraries of
catalysts, to processing of the large volumes of data generated by high-throughput
experimentation, and the derivation of useful knowledge from the results in the form of
kinetic and process models. Maxwell et el. [140] classified concretely a HTE platform
into hardware for reaction screening including software for design, simulation and
modeling, as well as data handling. High throughput experimentation in heterogeneous
catalysis provides an efficient solution to the generation of large datasets under
reproducible conditions. Knowledge extraction from these datasets has mostly been
performed using statistical methods, targeting the optimization of catalyst formulations.
The effort to integrate the automated equipment by suitable software environments into
efficient functional platforms and workflows for HTE has to be balanced in the light of
desired throughput, required consumption of resources, and time for realization.
Gordillo et al. [142] proposed the efficient and successful workflow in a fully closed
HTE cycle that can be best visualized with design—make—test-model (Fig.2.24).
Considering the amount of bigdata to handle, McCullough et al. [141] proposed a new
pathway to HTE with the combination with advanced learning methodologies
belonging to the artificial intelligence. By modifying the different reactive and catalytic

condition, HTE could be widely used for synthesis and redox reactions.

7.2. Design of experiments

Design of experiments (DOE), as a methodology of statistical analysis, can be a

vital tool for accelerating the discovery and creation of viable new chemical products,
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and for engineering the processes through which they can be delivered at scale. O’Neill
[143] considered that competition and increased demand for product innovation are
placing unprecedented pressures on chemical manufacturing. As well as a seemingly
unquenchable need for new products and product variants, the industry as a whole is
also burdened with the high cost of research and development, leading to a near constant
search for lean and efficient solutions. Though statistical analysis has not always gone
hand-in-hand with chemical development, it can be a vital tool for accelerating the
discovery and creation of viable new products, and for engineering the processes
through which they can be delivered at scale. This marriage is the way to get things
“right first time”, reducing development risks and relieving the pressures mentioned
above. Design of experiments is a systematic method to determine the relationship
between factors affecting a process and the output of that process.

Design of experiments (DOE) is a statistical approach to process optimization that
is used across a variety of industries. It possesses a number of advantages over the
traditionally employed “one variable at a time” (OVAT) approach, such as increased
experimental efficiency as well as an ability to resolve factor interactions and provide
detailed maps of a process’s behavior. Bowden et al. [144] demonstrated the DoE
approach to accelerate and to optimize their methodologies and new synthesis.
Farrusseng [145] reviewed the relation between DOE method and high-throughput
experimentation in heterogeneous catalysis by pointing out that DoE planning is very
efficient for the fine optimization of both catalyst synthesis and process conditions. In
this case, the most robust surface responses are generated as empirical models while
minimizing the number of experiments. Recent publications illustrate the versatility and
power of DOE applied to HT catalyst experimentation.

As a consequence, in the SmartCat project, the investigation to bridge DOE, as a
statistic method, and high-throughput experimentation brings us a new effort not only
in the catalytic performance planning but also could be considered further on catalytic
result-oriented principle to design.
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Chapter III. Experimental Measurements
and Characterizations

1. Preparation of catalysts

1.1. Chemicals

Precursors

Lanthanum (IIT) nitrate hexahydrate [Ref-203548-500G, La(NOs3)3-6H20, 433.01
g/mol, 99.999% trace metals basis, Merck(Sigma-Aldrich)], Manganese (II) nitrate
tetrahydrate [Ref-63547-100G, Mn(NO3)2°4H>0, 251.01 g/mol, purum p.a., >97.0%
(KT), Merck(Sigma-Aldrich)], Palladium (II) nitrate dihydrate [Ref-76070-1G,
Pd(NO3)2:2H20, 266.46 g/mol, ~40% Pd basis, Merck(Sigma-Aldrich)], Strontium (II)
nitrate [Ref-204498-10G, Sr(NOs)2, 211.63 g/mol, 99.995% trace metals basis,
Merck(Sigma-Aldrich)], citric acid [Ref-791725-500G, C4Hs07,
HOC(COOH)(CH,COOH),, anhydrous, free-flowing, Redi-Dri™, ACS reagent,
>99.5%, Merck(Sigma-Aldrich)].

References

Commercial cerium zirconium mixed oxides with a stoichiometric ratio 1:1 and
their impregnation oxides with 0.5%wt palladium are chosen as reference catalysts.
One kind is from Lurederra (CeO2/ZrO>, 0.5%wt Pd/(CeO2/Zr0,)) and the other is from
Johnson Matthey (Ceo.5Zr0502, 0.5%wt Pd/Ceo.5Z10.50>).
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1.2. Synthesis protocols

1.2.1 Synthesis of perovskite

Synthesis methods of perovskite materials can be generally be classified into three
major routes: processes involving solid, processes involving liquid and processes
involving gases or vapours [1]. Sol-gel method, which is one of processes involving
liquid beginning with liquid reactants or solutions, is a relatively optimal option in the
laboratory scale to prepare small particles in the nanoscale under lower temperature and
short time . The Pechini route is a modified sol-gel method and the so-called
conventional citrate method is treated as the principle of synthesis to guide the way to
parent and substituted perovskite materials [2].

Metal nitrate precursors are dissolved into ultrapure water to obtain the aqueous
solution in first. Then add citric acid, as the chelating agent, until the corresponding
quantity and therein molar ratio of metal ions to chelators is 1:1. Continue to stir the
mixture till gel form, and then transfer the gel liquid into a flask. Attach the flask to the
rotavapor instrument, the rotative evaporation condition has two parameters, constant
temperature is set to 60 °C with water bath and rotation velocity could be between 30
rpm and 60 rpm to obtain moderate bubbles during the process of reducing the pressure
in the flask. As rotative evaporation continues, the liquid gel viscosity increases and
becomes viscous gel. Transfer the viscous gel onto culture dish and keep dry at 80 °C
in thermostatic drying oven for 24 hours. During the drying process, residual moisture
in gel is well evaporated till obtain a very dry gel. Grind and pulverize the dry gel in
powder form in a mortar [3].

Depending on the thermo-gravimetric analysis on the dry gel powder, the nitrate
dry gel could be decomposed around 300 °C with a violent reaction like explosion and
the following calcination becomes smoothly above the nitrate decomposition
temperature. The nitrate decomposition is treated in muffle furnace till 300 °C and then
transfer the decomposed powder into a quartz tube reactor [4]. Assemble the quartz tube

reactor into a tube furnace with constant air flow inside and finally calcined the pre-
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treated powder at 600 °C or 800 °C in order to obtain the final perovskites. Therefore,

the nitrate decomposition step, which is also named as pre-calcination below 300 °C,

700

Calcination In Air Flow
600 —

500
400

300

Temperature (°C)

200

100

00 e e e e e
time (minutes)
Fig. 3.1. Calcination Program for Perovskites at 600 °C.
and the calcination step in tube furnace form the two-step calcination strategy. Besides,

calcination heating rate is set to 2 °C/min and maintain the target calcination

temperature for 8 hours (Fig. 3.1. and Fig. 3.2.).

900

Calcination In Air Flow

800 —_
700
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1000 1200
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Fig. 3.2. Calcination Program for Perovskites at 800 °C.
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Citric acid as the nature of chelating agent is a conventional sol-gel route
presenting an agreeable route to perovskite synthesis in laboratory scale with good
homogeneity and suitable yield as mentioned in the beginning. However, low specific
surface area and rare pore structure are the shortcomings to a certain extent. In addition,
the higher the calcination temperature, the lower the specific surface area. The

correlative characterizations are presented and analysed in subsequent chapters.

1.2.2 Incipient wet impregnation method

Incipient wet impregnation method is generally applied to load precious metal on
support materials [5]. The perovskite synthesized in the previous step is treated as active
catalytic support and impregnated by palladium nitrate precursor.

Firstly, weigh the palladium nitrate precursor and record the mass. Then transfer
the precursor into a volumetric flask of 250 mL and add ultrapure water to dissolve the
nitrate to an aqueous solution. The corresponding concentration in mass can be
calculated by the palladium basis labelled 40%.

Weigh perovskites and calculate the related palladium nitrate volume. Transfer the
weighed perovskite to a flask and the corresponding volume of precursor solution
should be added with pipettor (Thermo-Scientific, Finnpipette F1 Single Channel

Pipette, Variable volume).
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Fig. 3.3. Calcination Program for Perovskites at 400 °C.

Connect the flask with the rotavapor to evaporate the water and obtain the
perovskite supported by palladium nitrate. Transfer the mixture powder into tube
reactor and calcinate at 400 °C under air flow using tube furnace for 8 hours with

heating rate of 2 °C/min (Fig. 3.3.).

1.2.3 Synthesis strategies

Depending on the mentioned route to perovskite synthesis as principle, two
methods to reach palladium incorporation into perovskite materials have been

investigated and developed: sequential method and one-pot method.

Sequential method

As the name suggests, the sequential method is done step by step in order realizing
palladium incorporation in two stages. Firstly, synthesize perovskite active support by
sol-gel route and then incorporate palladium on the surface of perovskite materials
following incipient wet impregnation method (Fig. 3.4.). The sequential design is to
realize a conception doping palladium species on the perovskite surface as far as

possible.
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Fig.3.4. Citric acid route of sequential method 2, 3],
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One-Pot method

One-pot method is the combination of perovskite active support synthesis and the
incorporation of noble metal active site. The route is designed to dope palladium into
the perovskite structure co-existing with manganese element in the B position of

perovskite ABOs3 structure (Fig. 3.5.).

( )
Agqueous solutions

of metal nitrates

g J
Citric Acid (CA) <

CA/Metal Elements =1 | - ¥ ~ | Adqueous Solution

Evaporation
(Solvent removal)

Pd(NO,),

[ Gel forming ]

A 4

[ Drying at 80 °C ]

\ 4

Dry gel decomposition at

300 °C in muffle furnace

A4

Calcination at 600/800 °C
in tube furnace

[ Perovskite ]

Fig.3.5. Citric acid route of one-pot method.

2. Catalyst characterisations

2.1. Thermalgravimetric analysis

Thermalgravimetric analysis (TGA) is thermal analysis method while measuring
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sample mass with the increase of temperature. The measurement provides relative
physical and chemical information, such as phase transition and thermal decomposition.
Quantitative and qualitative changes information and the corresponding influences can
be obtained while combining other detection means. In our project, TGA is the
technique to investigate nitrates decomposition and is carried out on a TA Instrument
DSC-TGA SDT 2960 thermal analyser in the temperature range from room temperature

to 1000 °C in air. Besides, the heating rate was kept constant to 10 °C/min [6].

2.2. X-ray diffraction

Powder X-ray diffraction is measured at Chevreul Institute and performed on
Bruker AXS D8 advance diffractometer in Bragg-Brentanamo geometry fitted with a
LynxEye Super Speed detector. Data are recorded with Cu Ka radiation (A= 0.154 nm,
40 kV, 30 mA) on the 20 range from 10° to 80° with 20 step of 0.02° and calculated

depending on Bragg equation (eq. 3.1).

Bragg equation:

2dsin® = nA (eq. 3.1)

Where the parameters mean:
d — Spacing between diffracting planes
6 — Incident angle of the incoming beam
A — Wavelength of the beam

n — Integer

The Fullprof Suite Software is used for Rietveld refinement to analyse crystal
structure parameters. Unit cell parameters are calculated by Williamson-Hall method
with LaBg as reference standard.
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2.3. Temperature programmed reduction

H> temperature programmed reduction (H2-TPR) experiment is a thermal
technique to evaluate reducibility of catalytic materials. Micromeritics AutoChem II
2920 apparatus is used to analyse samples with a constant heating rate of 10 °C min!
during heating process from ambient temperature to 1000 °C. Besides, weigh 50 mg of
catalyst and expose the samples to a flow of 5 vol.% hydrogen diluted in helium (5 vol.%
H»/He). A thermal conductive detector is carried out to monitor the evaluation of
hydrogen concentration and hence the difference between reference and sample is
calculated to obtain hydrogen consumption. A cold trap containing iso-ethanol is

employed to trap the water produced by reaction.

2.4. Temperature programmed oxidation

O, temperature programmed oxidation (O>-TPO) experiment is a thermal
technique to evaluate oxidability of catalytic materials, which could be treated as
reverse analysis of H-TPR. Therefore, Micromeritics AutoChem II 2920 apparatus is
also used to analyse samples with a constant heating rate of 10 °C min~! during heating
process from ambient temperature to 1000 °C. Besides, weigh 50 mg of catalyst and
expose the samples to a flow of 5 vol.% oxygen diluted in helium (5 vol.% O2/He). A
thermal conductive detector is carried out to monitor the evaluation of oxygen
concentration and hence the difference between reference and sample is calculated to
obtain oxygen consumption. A cold trap containing iso-ethanol is employed to catch

the water produced by reaction.

-75 -



Thése de Doctorat — Université de Lille

Table. 3.1. Parameters of H>-TPR and O2-TPO Connection Program.

Combined Ho-TPR/O2-TPO

Process Step Unit Note
Parameters

No.1 Heating Rate °C/min 10

No.2 Temperature Range °C From T @ambienty to 1000
Ha2-TPR No.3 Flow Rate ml/min 50

No.4 Sample Mass mg ~50

No.5 Gaz Composition % 5% Ha/Ar

No.1 % 5%H:/Ar (30 min)
Cooling — Cooling Gaz Composition

No.2 % He (30 min)

No.1 Heating Rate °C/min 10

No.2 Temperature Range °C From T @ambienty to 1000
O2-TPO No.3 Flow Rate ml/min 50

No.4 Sample Mass mg ~50

No.5 Gaz Composition % 5% Oy/He

In our case of study, O2-TPO is combined with H>-TPR to study the re-oxidizing
property of metal oxides and their interaction between perovskite support and palladium
active site after reducing process (Table 3.1 and Fig. 3.6). In addition, the connection
could provide details on metal valence to investigate metal re-oxidation capacity.
Between the reducing and oxidizing process, helium is added to protect the catalysts in

reducing state during the cooling procedure.
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——H,-TPR ——O,-TPO
1000

800 4 Cool-Down
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Fig.3.6. H2-TPR and O2-TPO Connection Schematic Program.

2.5. Temperature programmed desorption / mass

spectroscopy

Step 1 : Under Pure O, Part Step 2 : Under He, Part
Sml/min :

30min

1000°C

10°C/min

1h

{600 °C

10°C/min

30min

40°C +
Fig.3.7. O2-TPD Schematic Program.

O> Temperature Programmed Desorption (O2-TPD) provides a route to investigate

the oxygen mobility of catalytic materials. The experiment is also realized via
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Micromeritics AutoChem II 2920 apparatus. 50 mg weighed catalyst sample is exposed
to pure oxygen flow (5 ml/min) while heating from ambient temperature to 600 °C with
a constant heating rate of 10 °C/min, and keep the sample in the same condition at 600
°C for 1 hour. Then cool-down to room temperature, and the following step is to change
the circumstance from pure oxygen to pure helium and then heat to 1000 °C again with
a rate of 10 °C/min and keep it at 1000 °C for 30 minutes (Fig. 3.7.).

During the process of oxygen desorption, the desorbed oxygen is detected by the
thermal conductive detector. Meanwhile, the mass spectroscopy is connected to the

detector to identify quantitatively in the process of desorption of oxygen species.

2.6. Nitrogen physisorption

Textural properties of catalytic materials are tested by nitrogen physisorption
measurement with Micromeritics Tristar analyzer. In first, a degassing process under
vacuum is put into effect aiming at removing impurities on the samples. Then setting
up all device and fill an insulated container with liquid nitrogen. Pore size distribution,
as a frequently used method to detect the surface properties of target materials, is an
important parameter to characterize the corresponding porosity. According to the
definition of International Union of Pure and Applied Chemistry (IUPAC), porous solid
materials can be divided into three types according to the size of pore diameter (d):
microporous materials (d < 2 nm), mesoporous materials (2 nm < d < 50 nm) and
macroporous materials (d <50 nm). The specific surface area and the pore size/volume
distribution were calculated according to and Brunauer-Emmett-Teller (BET) [10] and
Barrett-Joyner-Halenda (BJH) [11] methods. Besides, the principle of measuring
specific surface area by nitrogen gas adsorption method is based on the adsorption
characteristics of gas on the solid surface. Under a certain pressure, the surface of the
tested sample particle (adsorbent) has a reversible physical adsorption effect on gas
molecules (adsorbate) at ultra-low temperature, and corresponds to There is a certain
equilibrium adsorption capacity at a certain pressure. By measuring this equilibrium
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adsorption amount, the specific surface area of the sample is equivalently obtained by
using a theoretical model. Due to the irregularity of the outer surface of the actual
particle, strictly speaking, this method measures the sum of the total surface area of the
outer surface of the particle and the internal through-holes that the adsorbate molecules
can reach.

The updated IUPAC classification of physisorption isotherms is presented in Fig.
3.8 (relative pressure is X-axis; nitrogen adsorption capacity is Y-axis). The relative
pressure of X-axis can be roughly divided into three stages: low pressure (0.0-0.1),
medium pressure (0.3-0.8) and high pressure (0.9-1.0). The Y-axis deviation of the
adsorption curve at the low-pressure end indicates that there is a strong force between
the materials and nitrogen (type I, type I, type IV). When there are many micropores
in the material, due to the strong adsorption potential in the micropores, the initial
adsorption curve appears to be type I. The X-axis deviation of the low-pressure end
indicates that the force between the material and nitrogen is weak (type III, type V).
The middle pressure end is mostly the condensation and accumulation of nitrogen in
the material channels, including the holes generated by particle accumulation of
samples, and the pore structure within the range of ordered or gradient mesoporous.
The high pressure can be used to roughly see the degree of particle accumulation.
Besides, a relevancy between the shape of the hysteresis loop of a type IV(a) isotherm
and the adsorbent texture has been widely confirmed, and IUPAC classified the
hysteresis loops into types H1, H2(a), H2(b), H3, H4 and H5 [12].
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Fig.3.8. Types of nitrogen isotherm

adsorption and desorption curves [12].

In addition, according to the shape of the adsorption isotherm and the analysis of
hysteresis loop, the main information about pore structure and textural properties could
be obtained. However, due to the complex pore structure of the actual adsorbent, the
isotherms and hysteresis loops obtained from the experiments sometimes cannot be
simply classified into a certain category, and they often reflect the "mixed" pore
structure characteristics of the adsorbent [13]. Fig. 3.9 presents four types of hysteresis
loops of adsorption isotherm. There are saturated adsorption plateaus on the adsorption
isotherms of the HI and H2 hysteresis loops, reflecting that the pore size distribution is
relatively uniform. H1 is a uniform pore model, while H2 reflects a complex pore
structure. The H3 and H4 type hysteresis loop isotherms do not have obvious saturation

adsorption plateaus, indicating that the pore structure is very irregular.
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2.7. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy analysis, as an advanced technical detection
means, is used for chemical valence investigation on materials surface. A Kratos Axis
Ultra spectrometer as the apparatus at Chevreul Institute is equipped with a
monochromatized Al Ka source (15 mA, 14 KV) and a charge compensation gun. The
calibration of instrumental work function is modified to Au 4f7/2 metallic god with
binding energy of 83.95 eV. The recorded spectra were charged corrected by attributing
C 1s spectral component a binding energy of 285.0 eV. Spectra analysis was carried out
using the scientific software CasaXPS which is specifically used in XPS Data analysis.
Besides, the Gaussian(70)-Lorentzian(30) line profile was adopted for peak
deconvolution because the symmetry of peaks are different: symmetric when it
concerns about metal oxides, asymmetric to Pd metal as an example. Calculation of
surface atomic composition is conducted by relative sensitivity factor analysis method

with Shirley background.

2.8. Hydrogen chemisorption

Pulse technique is carried out for hydrogen chemisorption to measure the
dispersion of precious metal on the surface of support materials. Catalyst mass of 200
mg is weighed for the test. In first, sample is heated from ambient temperature to 300
°C under diluted hydrogen (5 vol.% H»/He) with a heating rate of 10 °C/min. This
reduction process continues for 2 hours at 300 °C. Then a following step for purging
sample with pure argon is operated for 1 hour at 300 °C. Finally, cool-down until
ambient temperature. The hydrogen chemisorption is operated via injection of 10 pulses
of hydrogen with an interval of 5 minutes under argon with a flowrate of 50 mL/min.
The dispersion of precious metal on surface is assumed in first an overall stoichiometry
of metal/H» ratio = 1:1. Besides, a hemispherical geometry is assumed to investigate

the corresponding particle size.
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2.9. Scanning electron microscopy / energy dispersive x-ray

spectroscopy

The morphology of catalytic materials is investigated by scanning electron
microscopy (SEM) with Hitachi S-4700 Cold Field Emission Gun Scanning Electron
Microscopy operated at voltage acceleration of 15 kV with a resolution of 1.5 nm. Two
secondary electron detectors are carried out, one is above the objective lens and the
other is below the lens.

Energy dispersive X-ray spectroscopy (EDS or EDX) is combined with SEM to
conduct elemental analysis or chemical characterization for elemental dispersion
investigation. Oxford EDS instrument is connected to SEM to help us analyze elemental

composition of metal oxide catalysts.

2.10. Inductively coupled plasma / atomic emission

spectroscopy

Inductive coupled plasma atomic emission spectroscopy (ICP-AES) is operated at
RealCat Platform in Centrale Lille Institute. The technique is to examine the
corresponding elemental composition of materials in order to confirm the difference
between theorical calculation and sample. 20 mg sample is dissolved into aqua regia
and then heated to 120 °C for 100 minutes. Then the following step is to dilute with
ultra-pure water, the samples is pumped into a nebulizer and then introduced to the
plasma flame. Intensity of the characteristic wavelength is emitted by a certain element
and can be measured by a photomultiplier and concentration of the element was
operated by comparing the intensities of the characteristic lines of the element with that

of reference sample as standard.
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2.11. in situ Electrical conductivity measurement

The in situ electrical conductivity measurements is considered as a remarkable
technique to study the oxidation state of mixed metal catalysts for well knowing the
corresponding catalytic behaviors [7]. The effects of oxidation—reduction cycle of the
catalytic system can be followed by measuring the surface conductivity [8].

Besides, the characterization has been not only studied as a function of temperature
and oxygen partial pressure, but also analyzed by temporal responses during sequential
exposures to air, methane/nitrogen and methane/air mixture under reaction conditions.

Catalysts based on oxidized or reduced semiconductor oxides can be demonstrated
by tracking the evolution of their electrical conductivity as a function of the nature of
the gas phase in contact with the solid phase. Thus, exposure of p-type oxides to oxygen
causes their conductivity to increase relative to that of inert atmospheres, according to

the following equilibrium [9]:

Ozgas) <> 05 faas) + 1 20(aasy + h° > 20{qsy + 20" & 0F

where h° represents a positive hole and O a lattice oxygen anion of the
perovskites.

This characterization method presents a route to analyze oxygen vacancies by
identifying conductor and semi-conductor types under different gas atmospheres in
order to study the catalytic behavior of perovskites in the methane complete oxidation

by in situ conductivity measurement.

3. Catalytic performance

3.1. Experimental setups

Two kinds of reaction have been carried out, one is high throughput reaction with
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recently popular high throughput screening techniques to investigate methane oxidation
in rich, lean and stoichiometric conditions, the other is to simulate the real

stoichiometric gas composition of methane engine emission.

3.1.1. High throughput reaction

High throughput technique is a screening process aiming at reducing time and error,
and hence parallel synthesis and reactions can be obtained in the same condition. The
experiments have been realized at RealCat Platform in Centrale Lille Institute.
Implementation of screening method provides an efficient route to synthetize materials
and to test the reaction activities of different materials in the parallel conditions.
Therefore, large amount of data can be obtained in the same time to help scientists
investigate the differences by comparing their performance and activities. In our project,

Flowrence 1220 instrument at RealCat platform is used for methane conversion tests.

Reactor type:

/  Stainless steel reactors

/  narrow end stainless steel reactors tube /  NF 30 stainless steel reactors tube with
with frit, internal diameter 2.6 mm, frit, internal diameter 2.6 mm, external
external diameter 3 mm, length 30 cm, diameter 3 mm, length 30cm, frit
frit porosity 3 pm (ref AV2061) porosity 3 um (ref AV2059)

/ narrow end stainless steel reactors tube /  NF 30 stainless steel reactors tube with
with frit, internal diameter 2 mm, frit, internal diameter 2 mm, external
external diameter 3 mm, length 30 cm, diameter 3 mm, length 30cm, frit
frit porosity 3 pm (ref AV2060) porosity 3 um (ref AV2058)

Be careful: Viton O-ring 2.85*2.62 mm for reactor tube (standard for all applications) (Ref
AV2009) should be used

AN

Quartz reactors

AN

reactor tube quartz internal diameter
2 mm, external diameter 3 mm, length
29.5 cm, end rounded (Ref AV2063) frit
porosity 3 pm (ref AV2027)
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Reactor filling (Fig. 3.10):
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Fig.3.10. Reactor filling.
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Table. 3.2. Catalyst information of first high throughput reaction.

Reactor Block
Catalysts Pd Position =~ Mass Percent of Pd/%

Number Number
Pd/Ces5Zro502 Surface 0.5 2 4
Pd/Ce02Zr0: Surface 0.5 16 1
Pd/LaMnOs C600 Surface 1 6 2
Pd/LaosMnOs C600 Surface 1 7 2
Pd/La1.:MnOs C600 Surface 1 8 2
LaMnixPdx03 C600 Lattice 1 4 1
Pd/LaMnO3 C800 Surface 1 5 2
LaMnixPd:03 C800 Lattice 1 3 1
Pd/Lay.9sKo.02MnO3 C600 Surface 1 9 3
Pd/Lao.9sKo0.1sMnO3 C600 Surface 1 10 3
Pd/LasKo.1MnO3 C600 Surface 1 11 3
Pd/La.ssKo.1sMnO3 C600 Surface 1 12 3
Pd/Lao.9sSro.2MnO3 C600 Surface 1 13 4
Pd/Lao.95Sro0.0sMnO3 C600 Surface 1 14 4
Pd/Lao.sSro.1MnO3 C600 Surface 1 15 4
Pd/Lao.ssSro.1sMnO3 C600 Surface 1 1 1

Two times high throughput reactions have been operated. From the 29" June 2020
to the 7™ July 2020, the first series high throughput reactions have been carried out at
Realcat Platform which is located in Centrale Lille Engineering School. During this
time, 16 catalysts are been tested in the same conditions as parallel experiments. As the
first high throughput reactions in the plan, 2 commercial catalysts are chosen as
references: CeO2/ZrO> and Ceo.5Z10.502 both impregnated with 0.5% mass of palladium
from Luderra and Johnson Matthey respectively; and 14 catalysts with different
perovskite formulas impregnated with 1% mass of palladium have been chosen as

candidates (Table. 3.2)
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Programming for reaction

The programming part follows our catalytic conditions and the software,
combined with Flowrence 1220, is to control the high throughput reaction conditions
involving pretreatment, before aging reaction condition, aging process and post-aging
activity test. In addition, the program is designed to simulate the rich, lean and
stoichiometric inlet gas composition. Besides, combined with gas spectroscopy

instrument, the whole reaction system can be turned on once the preparation of reactors

finish.

Fig. 3.11. Flowrence 1220 Programming.

Table. 3.2. presents the two references and fourteen candidates. The objective of
the first high throughput reaction is to research the reactivities of the different
formulations of perovskite catalysts impregnated with 1% mass percent of palladium in
about 1% methane and inert gas flow.

Table. 3.3. gives the details of second time reaction, involving eight catalysts under
reduced matrix using “design of experiments” technique aiming at investigating the
impacts of the following four factors: calcination temperature, palladium loading
content, palladium incorporation position and perovskite site A stoichiometry. The
second reactions with four impacts depend on the first results and corresponding

thinking. By controlling the four synthesis conditions, the eight catalysts are prepared

- 87 -



Thése de Doctorat — Université de Lille

to obtain different formulation and combination in order to investigate corresponding

physicochemical properties.

Table. 3.3. Catalyst information of second high throughput reaction.

Catalysts and Preparation Conditions Pd Postition Pd Content/%  SiteA T (°C)

0.5%Pd/(La.55S10.1sMnO3-C600) Surface 0.5 0.7 600
Lag.55S10.15Mno.9900Pd0.009103-C800 Lattice 0.5 0.7 800
Lag.s5Sr0.15Mno.0818Pdo.018203-C600 Lattice 1 0.7 600
1%Pd/(Lag 55S10.1sMnO3-C800) Surface 1 0.7 800
Lag 85Sr0.15Mno.9890Pdo.011003-C600 Lattice 0.5 1 600
0.5%Pd/(Lag 35S10.1sMnO3-C800) Surface 0.5 1 800
1%Pd/(Lag.85S10.1sMnO3-C600) Surface 1 1 600

La0.85Sr0.15Mno.9779Pdo.022103-C800 Lattice 1 1 800

3.1.2. Laboratory scale in real exhaust gas condition

Catalytic measurements were carried out in a fixed bed flow reactor on 200 mg of
catalysts in powder form (average grain size of 150 um sieved between 100 um and
200 pm) mixed with silicon carbide. Catalytic performances were evaluated from
successive Temperature-Programmed Reaction (TPR), in the temperature range from
120 °C to 550 °C (Fig. 3.12.). The total flow rate is adjusted to 333 ml/min (20 L/h)
controlled by “Brooks Instrument Smart Mass Flowmeters”. The inlet gases are under
stoichiometric condition and the outlet gases are monitored by a “Thermo Scientific
Model 42i-HL chemiluminescence analyzer for NOx” and an “Agilent Technologies
490 Micro Gas Chromatography (Mcrio GC)” for the detection and the quantification
of Hz, N2, NoO, CO, CH4 and COa.
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Table. 3.4. Inlet gas composition for lab-scale temperature-programmed reaction.

Gas (Vol %) CH,4 CO NO (0)) CO, He H>O

Stoichiometric 0.1 % 0.05 % 0.2 % 0.125 % 10 % Balance 1%

Schematic Diagram

Temperature (°C) Temperature Programmed Reaction
3
Step 1 Step 2 Step 3 Step 4
Pretreatment Before Aging Aging Process After Aging

1h
750

550

~4h

250
600 </h, 300 “/h 600 °/h 300 “/h 800 “/h
120 ———— S -== P
300 *fh \
20

Time (;1)

Fig.3.12. Schematic Program of Thermal Programmed Reaction.

Besides, catalytic reaction simulating methane engine emissions are performed by
the laboratory scale experimental set-up (Fig. 3.13.). The body of the device involves 5
major sections: a pre-treatment section connecting four gases respectively; an air inlet
system with 6 gas flowmeters; an evaporation system with a water reservoir, a liquid
flowmeter and water evaporator; a high-temperature tube furnace and corresponding
plug-flow reactor; a detection system with a micro gas chromatography and a NOx

analyser.
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Fig.3.13. Schematic Program of Thermal Programmed Reaction Set-up

in Laboratory Scale for Methane Catalytic Oxidation.

3.2. Catalyst performance and kinetic principal

3.2.1. Catalyst performance principal

Catalyst performance is investigated by conversion of methane under the complex
condition. Due to the stoichiometric gas composition, high temperature range and water
vapour, major reactions and side reactions should be taken into consideration. As
illustrated parallel and sequential reaction can be envisioned taking place mostly at high

temperature.

Major reactions:

CHs +4NO = 2N, + CO: + 2H2O0,
CH4 + 20, =CO; + 2H20,

2NO +2CO =Nz + 2CO»

2CO + 02 =2CO0,,
CHs+H,0=CO + H;

Hz +% O2=H20

-90 -



Chapter 3. Experimental Measurements and Characterizations

Side reactions:

CHs + 8NO = 4N,0 + CO2 + 2H;0,
2NO + 5Hz = 2NH3 + 2H20,

2NO + CO =N20 + CO»

Equations 3-1:

[CH4]o—[CH4]

Conversion of CHy4: C(cha) = CHALL % 100%
Conversion of CO: Cco) = % x 100%
0
Conversion of NO (rich/near-stoichiometric condition): Cnoj = %
0

Calculation of unreacted NO amount: [NO]unreacted = [NO]o — [NO]
Calculation of NH3; amount: [NH3] = [NOJo — [NO] — 2[N2] — 2[N20]

2N,

Yield of N2: Yono) =
2N3+2N20+NH3+NOynreacted

% 100%

2N,0
2N2 +2N2 0+NH3 +N0unreacted

x 100%

Yield of N2O: Yoy =

NHs
2N3+2N30+NH3+NOynreacted

x 100%

Yield of NH3: Ynusz) =

Where:

[CH,]o— Inlet concentration of methane

[CH,] — Outlet concentration of methane

[CO]Jo — Inlet concentration of carbon monoxide
[CO] — Outlet concentration of carbon monoxide
[NO]Jo — Inlet concentration of nitric oxide

[NO] — Outlet concentration of nitric oxide

[N2] — Outlet concentration of nitrogen

[N20] — Outlet concentration of nitrous oxide

[NH3] — Calculated outlet concentration of ammonia
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3.2.2. Kinetic principal

Reaction rate of methane oxidation is calculated at each corresponding sampling
temperature and plug-flow reactor model is assumed to investigate the kinetic research.
Besides, first order reaction of methane oxidation on perovskite catalysts is adopted for

kinetic properties [2, 3].

Rate constant of methane oxidation reaction can be calculated by equation 3-2:

Qo 1
k= —In——->— .32
W T = Xena (eq. 3-2)
Where:
k — Rate constant for the corresponding temperature (1'g!'*s™)
Qo — Total initial volumetric feed flowrate (1/h)

W — Catalyst weight (g)

Xcn4 — Conversion of methane for the corresponding temperature (%)

Rate of methane oxidation reaction can be calculated by equation 3-3:

FCH4‘0

w

= k[CHy]o(1 — Xcpa) = (1 —Xcpa)In

1—Xcya (eq. 3-3)
Where:

k — Rate constant for the corresponding temperature (I'g!'*s™)

[CHa4]o — Methane concentration

Xcns — Conversion of methane for the corresponding temperature (%)

FicHaj0 — Inlet molar flowrate (mol/min)

m(catalyst) — Catalyst weight (g)

Arrhenius plots and corresponding formula (Inr = ax + b) are drawn by Excel
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depending on relation between In r and 1/T. Apparent energy (Eapp) and pre-exponential

factor (A) can be deduced:

Where:

Eapp — Apparent energy (kj'mol™)

A — Pre-exponential factor (I'g"!'s™!)

R — Gas constant (kj'mol*k™")

a — slope extrapolated from the corresponding Arrhenius plot

b — intercept extrapolated from the corresponding Arrehnius plot

The kinetic properties of corresponding catalysts based on temperature and

pressure can be calculated and investigated by the above formulas and principals.
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Chapter 1V. Elemental Composition of

Perovskites on Bulk and Surface Properties

1. Introduction

Perovskite materials, as one of the most attractive mixed metal oxides systems
since 1970s, are normally described in the form of a general ABOs3+;s formula. A and B
represent two cations and O is oxygen anion in the perovskite composition. A cation is
located in the centre of cube and surrounded by B cations while oxygen ions are located
in the middle of edges. Furthermore, A cation is in dodecahedral coordination for

oxygen while B cation is in octahedral coordination (Fig. 4.1.).

o
Q. 0 o 0

Fig. 4.1. Schematic illustration of ideal perovskite structure in the form of the formula ABO3-+s.
(Cation A: Red; Cation B: Green; Anion O: Blue.)

Besides, lanthanide, alkaline and alkaline-earth cations can be located in site of
cation A while the site of cation B situates a transition metal having 3d, 4d or 5d
configuration. In view of the ionic valence state and electroneutral structure, various
charge distributions are thus regulated by different metal compositions in perovskite
structure. In addition, dodecahedral cation A and octahedral cation B can be partially

substituted by other cations with the same or different valences. This advantage brings
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a broad composition as reported elsewhere in chapter 1 (see Table 1.4.) leading to
various metal formulas related to corresponding redox and surface properties.

As an alternative for precious metal three-way catalyst, the stability of structure is
a key parameter of the catalytic materials depending on the correlative geometrical
constraints of octahedral and dodecahedral cavities. The radii of cation B should be
higher than 0.51 A in order to reach a stable structure of BOs octahedron. The insertion
of cation A into the BOg¢ octahedral cavities results in related structural distortion and
more stable orthorhombic or rhombohedral structures [1].

Perovskite structure can be maintained theoretically as long as tolerance factor is
kept within the range of 0.75 < ¢ < 1.06 (see Table 1.5. in chapter 1). Furthermore,
the ideal cubic structure with the highest symmetry is characterized by a tolerance factor
between 0.99 and 1.06, and the distortion of orthorhombic and rhombohedral structure
is identified in the range of 0.75 < ¢ < 0.96 and 0.96 < ¢ < 0.99 respectively.
Therefore, perovskite has a wide and flexible selection of elements under the constraint
of tolerance factor.

According to the perovskite compositions, some advantages in terms of high
temperature stability and resistance to reaction inhibitors such as water and sulfur
species in the harsh environment of automobile exhaust gas can be obtained.

However, perovskites generally require a higher temperature to achieve the same
catalytic activity as noble metals, which means higher energy consumption. Moreover,
in consideration of their usual limited specific surface area, often less than 1 m?/g with
conventional high temperature preparation methods (T = 1000 °C), the catalytic
results of the oxides are negligible.

Hence, since the first works in the 1970s reporting the remarkable catalytic
properties of perovskite materials for oxidation and NO reduction reactions, their
application has extended to a wide variety of catalytic reactions, thanks in particular to
the development of new soft synthesis routes involving lower temperature to get the
structure of the perovskite and then making it possible to significantly increase the

specific surface of materials. Hence, coprecipitation, complexation and sol-gel routes
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or else rapid drying methods (lyophilization, spray) lead to sharp improvement in
textural properties.

The heterogeneous catalysis performance of perovskites of formula LaA’BB’O3
(A’= Sr**, Ce*" and B or B’ = Mn, Fe, Co, Ni) have been widely studied and reported
in the literature. Cobaltites and manganites generally show better activities in oxidation
catalysis, compared to other transition metals: LaCoO3; = LaMnOz > LaNiO3; >
LaFeOs > LaCrOs [3]. Moreover, the substitution of La®" by a cation of a different
valence often results in further increase in catalytic activity. The rest of this chapter will
be focused on perovskite compositions based on LaMnOs; and optimized formulas
depending on A-site stoichiometry, A-site substitution, palladium boosted perovskites
and their related synergic effects. Therein, the bulk and surface properties of the related
perovskites, involved in the reaction mechanisms of methane catalytic combustion, are

detailed by various techniques of characterizations.

2. Impact of lanthanum stoichiometry and A-Site

partial substitution on LaA{xMnQOs.; perovskites

The perovskite A-site investigation on stoichiometry and partial substitution were
based on La-deficient and stoichiometric, i.e. the compositions of LaxMnOs+s and
LaxA1.xMnOs+5 formulas respectively. A-site regulation of perovskite LaMnQO3 as basic
composition is characterized on structural properties of bulk and related surface
properties. In addition, the related electrical conductivity variation of prepared

perovskites was tested and also discussed in lean conditions.

2.1.  Bulk and structural properties

Bulk and structural properties reflect the physicochemical properties of catalytic

materials through relevant physicochemical characterization, such as thermal
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gravimetric analysis (TGA), X-ray diffraction analysis (XRD), thermal-programmed
reduction by hydrogen (H2-TPR), thermal-programmed oxidation (O2-TPO), thermal-

programmed desorption of oxygen combined with mass spectrometry (O2-TPD-MS).

2.2.1. Thermal gravimetric analysis

Thermal gravimetric analysis on perovskite materials investigates the chemical
and physical processes taking place during the thermal decomposition of dried
precursors to get the final structure of catalytic materials [4].

Thermalgravimetric analysis (TGA), differential scanning calorimetry (DSC) and
differential thermal analysis (DTA) of the precursor decomposition were performed on
TA Instrument SDT Q600. The thermal analysis is applied to three perovskite series of
catalysts. Among them, LaxMnOs+s formula as the base to study the impact of
lanthanum stoichiometry; LaxKixMnOs+s and LaxSr1xMnOs+5 as examples to study the
impact of partial stoichiometric substitution of potassium and strontium at the A site of
perovskite materials.

Figs. 4.2.-4.4. show the decomposition curves of Laos;MnOs+s5, LaMnO3+s and
La; 3MnOs+5 dry sol-gel or so-called xerogel precursor powder obtained by citrate acid

120 15

26.69%
(0.8236mg 0.8 4
100 '

0.6+

80 31.87%
(0.9836mg)

Weight (%)
Heat Flow (W/g)

60

1.199%
(0.03699mg)
¥

40+ v

20 0

-1
200 400 600 800 1000 1200 1400
Temperature (°C)

Fig. 4.2. TGA/DSC/DTA curves of Lao7MnOs+5 xerogel.
(Black: TGA; Blue: DSC; Red: DTA.)
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route synthesis method.
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Fig. 4.3. TGA/DSC/DTA curves of LaMnQOs+s xerogel.
(Black: TGA; Blue: DSC; Red: DTA.)
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Fig. 4.4. TGA/DSC/DTA curves of La1.3MnOs+; xerogel.
(Black: TGA; Blue: DSC; Red: DTA.)

The decomposition reaction of LayMnOs+s composition precursors series
obviously takes place in three stages. The first stage between 20 °C and 280 °C
corresponds to a weight loss of about 27%. In this stage, the removal of physically
adsorbed water from xerogel structure happens near 100 °C and the exothermic range

from 180 °C to 280 °C concerns the decomposition of lanthanum and manganese
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nitrates and some citrates with a mass of H,O, CO» and NOx gas production. The second
mass loss stage from about 280 °C to 400 °C reflects thermal decomposition of the
remaining citric acid complex and then the mixture of oxides begins the crystal
formation stage to form perovskite at about 700 °C [6, 7]. The third stage between 700
°C and 750 °C with a slight weight loss around 1.5% is considered as the step to
eliminate the impurity oxides in order to obtain pure target perovskite [8].

Profiles for weight loss, heat flow reveal the same processes irrespective of La
stoichiometry highlighting strong exothermic reaction, i.e. nitrate decomposition and
citrate combustion. From the related thermal gravimetric analyses, 300 °C can be
regarded as the boundary temperature between the related citric acid organometallic
complexes and the formation of metal oxides. Based on these observations a two-step
calcination process was implemented as reported elsewhere [5]. A first ramp of
temperature reaching isotherm at 300°C was performed in muffle furnace. Afterwards,
a subsequent calcination in air was performed in a fixed bed flow reactor with a final
isotherm at 600°C to obtain the perovskite structure. However, even though the
calcination proceeded 8 hours in isothermal conditions at 600°C transient TGA analysis
also emphasizes weak weight loss on LaxMnOs, with x = 1 and 1.3, near 700°C
suggesting incomplete conversion of single oxides to mixed oxide. Hence, a second

series was prepared with calcination temperature at 800°C to get a pure structure.

2.2.2. Structural properties from XRD analysis

Calcined samples at 600°C and 800°C were characterized by XRD (X-ray
diffraction) analysis in order to investigate the influence of calcination temperature on

their structural properties. XRD pattern are reported in Figs 4.5-4.6.
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Fig.4.5. XRD profiles: (Red) LaosMnO3-C600; (Blue) LaMnQO3-C600;
(Olive) La13Mn0O3-C600 in the 2-theta range from 20° to 80°.
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Fig.4.6. XRD profiles: (Red) LaosMnO3-C800; (Blue) LaMnO3-C800;
(Olive) La13MnO3-C800 in the 2-theta range from 20° to 80°.

For the LaxMnOs-; series calcinated at 600 °C (see Fig. 4.5), LaMnOs3 served as
benchmark composition characterized by a rhombohedral structure. with peak splitting
at 20 = 32.5°and 32.8° for the most intense reflection characteristic of the rhombohedral
structure (PDF 04-012-5560). As observed broad reflections appear for the calcined
samples at 600°C which does not reveal the abovementioned peak splitting. The
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orthorhombic structure predominates but additional weak reflections appear at 20 =

28.2°, 29.8° and 31° reflecting bulk detectable impurities assigned to LaMn2Os (PDF
04-009-5912) composed by La>O3 and Mn(NO3)2* 2H>0 on the LaxMnO3-C600. For

the series of LaxMnO3-C600, the low crystallinity of perovskite increases the surface
valence of manganese metal, but also brings complex impurity phases.

The diffractograms recorded on samples calcined at 800°C exhibit narrower
reflections which reflect improved crystallinity. Let us note that the peak splitting is
observed on LaMnQO3 and no additional discernible reflection seems to appear assigned
to bulk single oxide impurities. Hence, in contrast to calcination at 600°C, thermal
treatment at 800°C leaded to the pure structure. Let us note similar observations for the

composition x = 0.7 and 1.3 although these samples seem in lesser extent less

crystallized.
Table 4.1. XRD Rietveld refinement results of lattice parameters
LaxMnQOs series calcinated at 800 °C
Crystal Lattice Unit cell
Catalyst a(A) b(A) c(A) a P v
system  system volume(A3)
5.49008 5.49008 13.29487 347.034
LaMnO; trigonal ~ rhombohedral 90°  90°  120°
(20.00016)  (20.00016)  (£0.00080) (£0.025)
5.48414
5.48414 13.33177 347.245
Lap;MnO;  trigonal ~ rhombohedral (40.00030) 90°  90°  120°
(40.00030) (20.00159) (+£0.049)

As global tendencies, calcination at 600°C leads to sample exhibiting a lower
crystallinity than those calcined at 800°C. For this latter series the absence of impurities
is also noticeable. Based on this, the Rietveld refinement method has been implemented
to determine the lattice parameters at the unit cell volume. Stoichiometric LaMnO3+;5
presents almost perfectly clear according with the reflection peak signals of reference

than the non-stoichiometric Lag7MnQO3:+5. Both of them have the most intense signals at
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Intensity

26 (32.811°) and h k 1 (1 0 4), but a small peak splitting at 20 (32.503°) withh k1(1 1
0) which indicates the rhombohedral system and relatively intense peak at 26 (22.934°)
with h k 1 (0 1 2) indicating slightly more Lanthanum in stoichiometric structure.
Besides, the pure manganite La**Mn®*0%; is essentially antiferromagnetic with
orthorhombic structure. LaMnOz could be orthorhombic, rhombohedral or cubic
depending on their differences on Mn*" concentration which presents about 0-12%
(orthorhombic), 18-30% (rhombohedral) and more than 30% (cubic) respectively [9].
The results from Rietveld refinement analysis using Fullprof software present that
all diffraction peak signals were well indexed in rhombohedral structure and lanthanum
deficiency on perovskite A-site produced an obvious structure distortion with slightly
bigger unit cell volumes. Combining with the peak splitting on stoichiometric LaMnOs3
but no obvious peak splitting on non-stoichiometric Lao.7MnOs, this phenomenon may
also indicate that the distortion of the latter is favorable for a larger contact area

corresponding to the results of specific surface area, which is lanthanum deficiency

sample has a relatively higher specific surface area than stoichiometric LaMnO3z sample.

The details of porosity will be illustrated in the following Brunauer-Emmett-Teller

specific area investigation.
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Fig.4.7. XRD profiles: (Black) Lao.9sKo.02MnQO3-C600; (Red) Lao.osKo.0sMnO3-C600; (Blue)
Lao.9Ko1MnO3-C600; (Olive) Lao.ssKo.1sMnO3-C600 in the 2-theta range from 10° to 80°.
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With regard to La;jxKxMnO3 samples calcinated at 600 °C, the four samples
present a rhombohedral symmetry. Their main reflections, with peak splitting at 20 =
32.5% and 32.7°, are characteristic of the rhombohedral structure (PDF 01-089-8127).
Besides, as the K substitution content increases from 0.02 to 0.15 in perovskite
formulation, monoclinic lattice structure Ki30Mn3Os (PDF 01-080-7317) arises with
two increasingly intense peaks at 20 = 12.6° and 25.4°, same as the work of adding
potassium from K. Jiratova et al. [34]. the impurity could be attributed to relatively low
calcination temperature at 600 °C.

To Sr-substituted La;xSrxMnO3 samples calcinated at 600 °C, the absence of
reflection for x = 0.02 clearly emphasize an amorphous structure. The crystallization is
enhanced at increasing Sr content with the appearance of typical reflections of the
rhombohedral LagsSro2MnOs structure (PDF 01-075-3215). No additional reflection
assigned to SrO, LaxO; or MnOx is distinguishable which suggest a preferential

inclusion of Sr** cation in dodecahedral coordination [32].
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Fig.4.8. XRD profiles: (Black) Lao.9sSr0.02MnQO3-C600; (Red) Lao.osSro.osMnO3-C600; (Blue)
Lao.9SroaMnO3-C600; (Olive) Lao.ssSro.1sMnO3-C600 in the 2-theta range from 20° to 80°.
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2.2.3. Bulk reducibility from H>-TPR experiments

H>-TPR experiment (hydrogen thermal programmed reduction) is a useful thermal
technique to evaluate reducibility of catalytic materials. Micromeritics AutoChem II
2920 apparatus was used to analyse samples with a constant heating rate of 10 °C min™!
during a heating-process from ambient temperature to 1000 °C. Typical Ho-
consumption profiles vs. temperature are reported in Figs.4.9-4.12. H> uptakes were
calculated by integration of the reduction peaks. A cold trap containing iso-ethanol was

employed to trap water produced from the reduction process.
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Fig.4.9. Hz2-thermal-programmed reduction of LaxMnQOs series calcinated at 800 °C

The thermal-programmed reduction experiments were operated by above-
mentioned conditions to investigate the reducibility of B-site adjusted perovskite
materials as target based on LaMnO; formulation, and the results are illustrated and
discussed from profile shape, peak region and the temperature at maximum peak in the

following Figures and Tables. Particular attention was paid to the impact of lanthanide
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stoichiometry and Sr-substitution on the reducibility of framework and extra framework
oxidic manganese species.

This study on impact of lanthanum stoichiometry is put into effect by heating
from ambient temperature to 1000 °C and also by comparing the two calcination
temperature series together in the same scale and conditions. The total reduction
accounts for Eq. (1). Nonetheless, two sequential reduction processes appear distinctly

corresponding to Egs. (2) and (3).

LaMnO; + 5 H, = - La;03 + MnO + - H,0 —— Eq. (1)
Mn*t > Mn3* ——Eq. (2)
Mn3*t - Mn?* —— Eq. (3)

Two major reduction regions, standing for two reduction steps, in bulk and on the
surface, were expressly observed at temperatures below and above 550 °C respectively.
A-site cations usually have stable valence states (e.g. La**, Sr*") and unreducible in the
temperature range of the study. Hence, H>-TPR profiles of LaMnOs; composition
perovskite is representative of the redox properties of manganese cation in B-site with
adjustable valence state.

Besides, the number and sequence of reduction peaks are closely related to the
valence state of the B-site metals which can be stabilized in unusual oxidation state then
creating electronic imbalance. Subsequent restoration of the electroneutrality can be
obtained by further adjustment on the oxygen stoichiometry and/or the oxidation state
of manganese. A further reduction from Mn?" cation to metallic Mn do not take place
in this reduction process [10].

As to the LaxMnOs-C800 samples, calcinated at 800 °C, shown in Fig.4.9, La
deficiency sample Lao7MnO3-C800 generally presents characteristic peaks of reduction
process at lower reduction temperature than LaMnO3-C800 and La;3MnO3-C800
samples. The phenomenon can be ascribed to the nonstoichiometric perovskite structure

with segregation of more reducible cationic manganese species due to partial ex
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solution process as exemplified in Fig.4.6. and improved oxygen mobility due to
vacancies formation.

Let us note that reduction profiles mimic those already reported by Y. Liu et al
[11] on 3DOM LaMnOs perovskite and y wt% MnOx/LaMnO3; where MnOx was
incorporated by wet impregnation. They observed the growth of the lowest temperature
reduction process assigned to the removal of a small amount of surface oxygen ads-
species with an increase of y content. Hence the broad and weak contribution near
189 °C on Lag7MnOs3-C800 seems consistent with previous assignment and would
correspond to the slow segregation on MnOx at the surface.

However, this contribution disappears for stoichiometric and over-stoichiometric
lanthanum composition. With an increase of the amount of lanthanum, the following
peak positions, between 300 °C and 400 °C on Lao7;MnO3-C800, are shifted to higher
temperature on LaMnO3-C800 and La; 3MnO3-C800. Their relative intensity also varies
while the latter contribution becoming prominent on La; 3MnO3-C800.

As a matter of fact, the evolution in relative intensity reflects changes in the
relative concentration of Mn*" and Mn**. The former contribution around 320 °C and
351 °C would be related to reduction of Mn* to Mn** and Mn?" situated in a highly
unsaturated coordination microenvironment. The latter peak about 379 °C belongs to
the single electron reduction of Mn*" to Mn** located in an unsaturated coordination
microenvironment [12].

Therefore, it could be concluded that La-defiency would promote the formation
of Mn*" and Mn** in highly unsaturated coordination microenvironment at relatively
lower temperature. At higher temperature, above 550 °C, the characteristic peak was
due to the bulk lattice Mn®" reduction to Mn?" cation. In the second region, the bulk
reduction of Mn** to Mn?" of deficient and excess La cation samples occur at relatively
lower calcination temperature than stoichiometric LaMnO3-C800, which can be

ascribed to the lattice structure distortion.
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Fig.4.10. H2-thermal-programmed reduction of LaxMnOj3 series calcinated at 600 °C

Quantitative analysis of hydrogen consumption can be estimated from the
estimation of H> uptakes by integration of H> consumption profiles. The related atomic
H/Mn can be deduced. In usual case, H/Mn=1 when the valence of manganese is Mn>"
in LaMnO3 composition because the reduction of 1 mol Mn** of LaMnO3 consumes 1
mol H (0.5 mol H») [13]. Hence, H/Mn value could reflect the valence of bulk oxidic
manganese species, i.e. the relative composition of Mn** and Mn*" species in calcined
perovskite samples. Nonstoichiometric samples per unit mass calcinated at high
temperature of 800 °C uptake more hydrogen than stoichiometric one, and under the
same mass, the Mn content of stoichiometric sample is lower than that of deficient
sample and higher than that of excess La sample because the corresponding molar mass
is Lap7MnO3 < LaMnOs3 < La; 3MnQOs. In addition, H> consumption on the surface of
nonstoichiometric catalysts is obviously higher than LaMnOs-C800, which reflects
nonstoichiometric composition calcinated at high temperature promotes the surface
reduction capacity. By examining the estimates of H/Mn ratio, one should mention that
the values likely vary with the margin of error and did not indicate a significant impact
of A-stoichiometry on the valence state of manganese in the bulk structure of
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manganese. Regarding the contribution of the surface reduction process, there is no
clear tendency observed that would indicate a clear A-site stoichiometric dependency
on oxidation state of manganese at the surface. The values emphasize a predominant
stabilization of Mn>". This observation relativize previous evolution observed on the
profiles which a priori emphasized changes in the bulk Mn*" and Mn** distribution.
Sharp changes are observable in the reduction profile vs. temperature recorded on
perovskite calcined at 600°C. First, the low reduction process (< 550 °C) becomes
prominent notably on Lao7MnQO3-C600. As seen a broader and intense signal appears
in the temperature 150-500°C while a weak and broader high temperature signal shifted
to much lower temperature arise in the range 500-700°C, which has the similar results
as W. Yang et al. [14]. Generally, series calcinated at 600 °C presented larger peaks than
800 °C and different profiles, H. Zhu et al. attributed the phenomena to pore
distributions and structure differences [21]. For LaMnO3-C600 and La; sMnO3-C600,
a splitting of the high temperature signal appears with a shoulder near 700°C. In case
of LaxMnO3-C600 samples calcinated at 600 °C (Fig.4.10.), lower calcination
temperature leads to lower crystallization state depending on related XRD profiles
(Fig.4.5.). Compared to former high calcination temperature, the wider range of
characteristic peaks at both low and high temperature are observed and excess oxygen
ad-species of all the three formulas occur nearly 200 °C and clear wider signals reflect
the reducibility of multiple undetected amorphous manganese oxide impurities. As the
expected quantitative study (Table 4.2) on La deficient sample calcinated at 600 °C, the
one shows highest surface H> consumption of 75.6%. In addition, La; 3:MnO3-C600
composition still holds the highest average oxidation state which is same as the samples
calcinated at 800 °C. It seems obvious that the stabilization of Mn*" at the expense of
Mn** does not seem sensitive to A-stoichiometry. On the other hand, the calcination
temperature seems a more critical parameter. Indeed, calcination at 600°C is
accompanied with significant increase of the H/Mn value that reflects a greater

stabilization of Mn*" species
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Fig.4.11. H>-TPR profiles: (Black) Lao.9sSr0.02Mn0O3-C600; (Red) Lao.95Sr0.0sMnO3-C600;

(Blue) Lao.oSro.a1MnO3-C600; (Olive)Lao.ssSro.1sMnO3-C600 in overall temperature range.

As to LaxSrixMnOs3-C600 series (Fig.4.11.) owning stochiometric composition
and A-site partially substituted by Sr, the series can be generally divided into two
regions bounded by 550 °C. With adding more Sr content, XRD profiles present that
the samples become more and more crystallized which has an obvious impact on the
corresponding reduction properties. Both La** and Sr** are nonreducible under the H,-
TPR condition, the reduction peaks should only root in the reduction of Mn species.
However, partial substitution of La*" by Sr?* creates electronic imbalances. Subsequent
equilibration can be restored by an increase of the valence state of manganese and/or
an oxygen deficiency [32]. In the first region, the temperature of excess oxygen and of
Mn*" to Mn*" and/or the single electron reduction of Mn*" situated in a highly
unsaturated coordination micro-environment decrease with better crystallinity and
increasing Sr content which was investigated also by J.A. Onrubia et al. [32]. And the
peaks about 430 °C may arise from a single electron reduction of Mn®" in an unsaturated
microenvironment [12]. Besides, the shoulder peaks around 500 °C and 650-670 °C
disappear while perovskite crystals are fully formed, and appearing the peak around
725 °C indicating the reduction of perovskite bulk Mn** to Mn** [23].

With regard to K substitution series (Fig.4.12.), 550 °C could also be treated as the
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boundary temperature between the reduction on surface at low temperature and inside
the bulk at high temperature. Considering the charge balance of perovskites, the valence
state of potassium ion can theoretically partly stabilize the valence state of manganese
from Mn®*" to Mn*". The hydrogen reduction process proceeds from the surface
gradually to the interior. Excess oxygen species firstly reacted with hydrogen at around
260 °C for the series. Lag.9sK0.02MnO3-C600 presented a similar characteristic reduction
as LaMnQs-C600 (Fig.4.11.). With K content increasing, a trend of Mn*" predominance
has taken place on surface, the relatively high quantity of superficial Mn>" under
unsaturated microenvironment [12] comes down significantly which corresponds to
increasing Mn*" species from XRD results [15]. Besides, the Mn*" to Mn*"
characteristic peak became dominant which was investigated by Y. Xu et al. [33].
According to these authors, by adding more K content in the high temperature region
(> 550 °C), the position of reduction peak deviates to slightly high temperature, which

reflects the change of manganese valence state in the lattice structure.
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Fig.4.12. H>-TPR profiles: (Black) Lao.9sK0.0:2MnO3-C600; (Red) Lao.95K0.0sMnO3-C600;

(Blue) Lao.sKo1MnO3-C600; (Olive)Lao.ssKo.1sMnO3-C600 in overall temperature range.

Mn**—>Mn™

With regard to relative quantitative analysis, the LaxMnO3-C800 samples present

globally higher H/Mn ratio than LaxMnO3-C600 samples although their corresponding
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total and surface hydrogen consumption show the crosscurrents. In addition, La-
deficiency provides a beneficial impact on surface H, consumption of both LaxMnO3
composition. Sr partial substitution on A-site leads to higher H> surface reduction and
H/Mn ratio (Table 4.2.). Hence, depending on the comparison of stoichiometric study
and samples with same calcination temperature, nonstoichiometric composition and
partial Sr substitution on A site provides a positive impact on obtention of relatively
more Mn species with Mn** cation. As to K substitution, with increasing K substitution
content, both total hydrogen consumption grew and increasing H/Mn presented
relatively higher Mn*" content.

In principle H>-TPR experiments represent bulk phenomena. However, the initial
stage concerns processes taking place at the surface while extensive bulk reduction will
be governed by diffusion phenomena. Based on this, H>-uptakes have been normalized
taking the specific surface area into account.

As seen, the normalized H> consumptions provide a different perspective, the
above-mentioned series show generally different trends depending on calcination
temperature and crystallinity: 1) As to LayMnO3-C800 series, stoichiometry was a
positive factor: stoichiometric sample expressed significant advantage compared to two
non-stoichiometric ones. 2) For LaxMnOs3-C600 series, La-deficiency and La-excess
show respectively positive and negative effects. 3) Relative to Sr samples calcinated at
600 °C, adding Sr from 0.02 wt.% to 0.15 wt.% presented a trend from amorphous state
to the crystal formation from XRD information (Fig.4.8.) and the corresponding
decreasing tendency on surface H, consumption indicated the formation of higher
degree of crystallinity. 4) With regard to K series calcinated at 600 °C, adding K from
0.02 wt.% to 0.15 wt.% showed a stable rhombohedral structure feature with more and
more obvious surface oxides of relative high Mn valence from XRD results (Fig.4.7.),

which corresponds to the increasing hydrogen consumption while adding K content.
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Table 4.2. H>-TPR quantitative analysis.

H, Relative H
Total H, Nomalized
Consumption  contribution SSAM
Catalyst Consumption H/Mn Consumption
<550°C (%) (<550 (m?/g)
(mmol/g) (mmol/m?)
(mmol/g) °C)
Lag7;Mn05-C800 3.5 2.0 56.8 1.8 26.4 0.076
LaMnO;-C800 29 1.1 37.9 1.7 7.5 0.147
La; 3MnO;-C800 2.8 1.4 50.5 1.9 17.9 0.078
Lay7;MnO;-C600 4.5 3.8 84.2 1.4 29.4 0.129
LaMnO;-C600 34 22 64.6 1.4 21.7 0.101
La; sMnO;-C600 33 2.1 63.6 1.6 23.7 0.089
Lag95S19.00Mn0O3-C600 4.1 34 82.9 2.0 21.3 0.160
Lag.95S10,0sMnO3-C600 4.1 3.6 87.8 2.0 21.1 0.171
LagsSro;MnO;-C600 3.8 3.1 81.6 1.8 26.3 0.118
Lay 35S10.1sMn0O3-C600 35 2.9 82.9 1.7 36.9 0.079
La.03K0.02MnO3-C600 35 2.0 57.1 1.7 26.9 0.074
Lag.95K0.0sMnO5-C600 3.6 23 63.9 1.7 22.8 0.101
Lay 9Ky 1MnO;-C600 3.8 2.1 55.3 1.7 20.1 0.104
Lay 35Ko.1sMnO5-C600 39 2.1 53.8 1.8 16.6 0.127

[1] SSA: Specific Surface Area.

2.2.4. Reoxidation of reduced sampled from O:-TPO experiments

After H>-TPR experiments till 1000°C, the samples were cooled down to room
temperature in helium gas flow and then subjected to a same temperature ramp 10

°C/min in 5 vol.% O in He to study reoxidation properties of perovskites (Fig.4.13.).
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Fig.4.13. H-TPR and O:-TPO combination schematic illustration.

Starting from the benchmark LaMnOs3; composition, extensive reduction of the
perovskite into La;O3 and MnO is expected up to 1000°C in gaseous hydrogen.
Previous investigations [12] shown that subsequent thermal treatment in oxidative
conditions can retore the perovskite structure according to the following Eq. (4).
Accordingly, the theoretical atomic O/Mn ratio should be equal to 0.5 which accounts
for a preferential stabilization of Mn>" in octahedral position in the perovskite structure.
Hence, excess oxygen consumption (O/Mn > 0.5) indicates the formation of a higher
valence state of Mn cation for the corresponding perovskite composition in the same

re-oxidation conditions.

La;03 +2 MnO + 1/2 O, =2 LaMnO3 Eq. (4).

As observed, a two-steps re-oxidation process takes place on reduced samples.
At high temperature re-oxidation of pre-reduced LaxMnO3-C600 and LaxMnO3-C800
takes place at the same temperature above 750°C and should correspond to the
restoration of the perovskite structure. A peculiarity appears near 925°C on La-deficient

Laog.7sMn0O3-C600 and LaxMnO3-C800 compositions.
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Fig.4.14. O2-TPO profiles:
(Red) Lao7MnO3-C800; (Navy) LaMnO3-C800; (Olive) Lai;sMnO3-C800.

For the low temperature reduction process, no discernible change appears except
on La;3MnO3-C800. Clearly, the peak splitting, likely related to the re-oxidation of
Mn?" species in different chemical environments does not appear on this sample: O
consumption corresponding to this process is significantly delayed.

The corresponding quantitative analysis summarized in Table 4.3. is useful as the
calculation of the atomic O/Mn ratio from O uptake leads to values that exceed 0.5
underlining the formation of Mn*" except for La; 3MnO3-C800. In that case, the value
tends to the theoretical values O/Mn = 0.5 that indicates the predominance of Mn>" after
complete re-oxidation. For this sample, the Oz-consumption profile vs. temperature
would be more representative of the re-oxidation of a single Mn*" species while for
stoichiometric and La-deficient compositions Mn** could coexist in different chemical
environments. This explanation seems in agreement with H>-TPR experiment on
La; 3MnO3-C800 showing a less intense low-temperature reduction step assigned to the

reduction of Mn** (see Fig. 4.9.).
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Fig.4.16. O2-TPO profiles: (Black) Lao.9sSro.02MnQ03-C600; (Red) Lao.95Sr0.0sMnO3-C600;

(Blue) Lao.oSro1MnO3-C600; (Olive) Lao.ssSro.1sMnO3-C600 in overall temperature range.

Let us examine now the LaiSrxMnO3-600 series. The same two-step re-
oxidation process in Fig.4.16 takes place and the restoration of the perovskite structure

would start above 720°C. As exemplified in this figure, the high-temperature re-
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oxidation process seems to be weakly dependent to Sr-addition and mimics that earlier
discussed on undoped compositions. According to previous observations on
stoichiometric compositions, no negative signal appears above 900°C. The most
important changes are observable at low temperature as strontium addition induces the
formation of more re-oxidizable manganese species. It is obvious the re-oxidation
occurs more readily and this observation is accentuated with a rise in strontium content.
As strontium and lanthanum are not reducible, then O/Mn ratio in Table 4.3 is only
sensitive to change in the oxidation state of manganese. As seen, the values for x = 0.02

near 0.8 > 0.5, taking the margin of error into account, emphasize the presence of Mn*".
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Fig.4.17. O>-TPO profiles: (Black) Lao.9sK0.02MnO3-C600; (Red) Lao.9sKo.0sMnO3-C600;
(Blue) Lao.9Ko.1MnO3-C600; (Olive) Lao.ssKo.1sMnO3-C600 in overall temperature range.

Interestingly, the O/Mn values gradually decrease with a rise in Sr content
reaching 0.5 for the composition x = 0.15. Again, there is no discrepancy with H>-TPR
experiments for which we observed a decrease of the H/Mn ratio with an increase in Sr
loading corresponding to less stabilization of Mn**. Nonetheless, these observations
emphasize that the restoration of the electroneutrality after La** substitution by Sr**
does not proceed through the adjustment of the oxidation state of manganese but would

occur more likely through the oxygen stoichiometry. We have also to keep in mind that
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Sr?* insertion could also induce more structural constraints that would limit its insertion
particularly at high concentration inducing segregation.

The O»-consumption profiles vs T recorded on La;-xKiMnOs in Fig. 4.17 differ
from those obtained on Sr-doped samples and seems more representative of phenomena
taking place on LaxMnQO3 except at high temperature above 900°C. Indeed, the negative
signal earlier discussed on Lao7MnOj is restored for composition x>0.05. In contrast to
strontium, K-addition does not promote the oxidability of manganese species. Clearly
the low-temperature reduction process disappears. It is also worth to note that the O/Mn
ratio remains constant irrespective of the K composition. This observation could be
jointly related to the growth of K;s4Mn3Os. The remaining question lies in the
relationship existing between this new phase and the appearance of the negative signal

previously assigned to O2 desorption.
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Table 4.3. Amount of oxygen consumption from O:-TPO.

Total Oz Consumption

02 Consumption (< 600 °C)

Ratio of Oz Consumption

Catalyst O/Mn
(mmol/g) (mmol/g) (<600 °C)/%
LaosMnO3-C800 1.7 1.4 82.4 0.7
LaMnO3-C800 1.4 0.9 64.3 0.7
La13MnO3-C800 0.9 0.7 77.8 0.5
Lao.sMnO3-C600 1.5 1.1 73.3 0.6
LaMnOs-C600 1.5 1.0 66.7 0.7
La13MnO3-C600 0.8 0.5 62.5 0.5
La0.98Sr0.02MnO03-C600 1.6 1.1 68.8 0.8
La0.95Sr0.0sMnO3-C600 1.4 0.8 57.1 0.6
Lao.9Sro.1MnO3-C600 1.2 0.8 66.7 0.6
Lao.s5Sr0.1sMnO3-C600 1.1 0.7 63.6 0.5
Lao.9sK0.02MnO3-C600 1.1 0.8 71.8 0.5
La0.95sK0.0sMnO3-C600 1.0 0.8 77.8 0.5
Lao.9Ko.1MnO3-C600 1.0 0.8 75.7 0.5
Lao.ssK0.1sMnO3-C600 1.1 0.8 74.5 0.5
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2.2.5. Oxygen desorption (O:-TPD/MS)

Oxygen desorption properties were treated following the two-step program
(pretreatment under pure O flow and then the desorption test during heating) Fig.4.18
with the measurements of thermal programmed desorption combined with mass

spectroscopy (O2-TPD/MS) in order to avoid the O> and CO; signals overlap.

Step 1: Under Pure Oxygen Part Step 2: Under Helium Part

5 mL/min

30min
1000°C

1h

600 °C

30min
40°C

Fig.4.18. O:-TPD/MS operation program.

Perovskite oxides with oxygen vacancies can produce/convert different oxygen
species that should play a crucial role in the reaction of oxygen-containing substances.
Therefore, it is essential to determine the quantity and strength of surface or sub-surface
oxygen species available in perovskite oxides to manage properly the oxygen storage
capacity of these materials typically near the stoichiometry in three-way catalysis
and/or other catalytic applications [17].

In practice, perovskites were subjected to a ramp of temperature at constant
heating rate as described in the experimental section. Outlet gas mixture was analyzed
by Mass Spectrometry by selecting appropriate m/z values. In our case, the value m/z
=32 (0Oy) was recorded allowing to substract extra processes which cannot be simply
differentiated by analyzing only the TCD signal from chromatography analysis. The

oxygen desorption profiles within the heating temperature from 100 to 1000 °C are
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described in Figs. 4.18, 4.19, 4.20 and 4.21.
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Fig.4.19. O:-TPD/MS profiles: (Red) LaosMnO3-C800; (Navy) LaMnQO3-C800;

(Olive) La13MnO3-C800 in overall temperature range.

For the LaxMnOs series calcinated at 800 °C (Fig.4.19), the oxygen species
desorbed in the low temperature region-I can be attributed to the weak molecular
physisorbed and/or chemisorbed oxygen, which is described by a-oxygen, on
perovskite surface. f-oxygen can be ascribed to oxygen species generated from oxygen
vacancies on the surface or in the subsurface (500-700 °C) [18] and to lattice oxygen of
perovskite bulk (above 700 °C) [10].

As to La deficient sample Lag.7MnO3-C800 with obviously various oxygen species,
two a-oxygen peaks attribute to surface adsorbed oxygen species [19] indicating that
La deficiency promotes surface adsorbed oxygen types. The oxygen region-II described
as P-oxygen from the deficient A-site sample bulk generates multistep oxygen
desorption due to structural distortion caused by La defect. With more La content,
samples seem to have a trend to weaken oxygen desorption, especially on La excess
sample La;3MnO3-C800 with the suppression of a-desorption and sharp delay of f3-
desorption (Table 4.4.).
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With regard to lower calcination temperature at 600 °C of LaxMnO3-C600 series
(Fig. 4.20), both a-oxygen and -oxygen present more evident profiles although the
corresponding amounts of desorbed oxygen decrease compared to series calcinated at
800 °C. Consistent with the above examples, the increase in La content from defect to
excess still limits the overall amount of oxygen desorption, but samples with excess La
show more surface o-oxygen desorption and sharp improvement of B-desorption.
Calculations of the amount of desorbed oxygen are resumed in Table 4.4. In contrast to
previous observations from H>-TPR experiments, calcination temperature does not
influence the a-oxygen desorption process. On the other hand, it seems obvious that -
oxygen desorption is slightly improved on sample calcined at 800°C. Hence, improved
crystallinity would favor bulk oxygen diffusion particularly on LaosMnOs. The
enhanced oxygen mobility from La-defect samples (Table.4.4.) than stoichiometric
ones could be attributed to the oxygen vacancy generation, same as Y. Zhu et al. [35].
It is worthwhile to note that A-stoichiometry influences the B-oxygen desorption with

a detrimental effect at increasing La concentration.
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Fig.4.22. O:-TPD MS profiles: (Black) Lao.9sK0.02MnQO3-C600; (Red) Lao.9sK0.0sMnO3-C600;
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To stoichiometric Sr partially substituted samples, we still observed on O>-TPD
profile (Fig. 4.21) a weak a-desorption and the amount of Oz desorbed are comparable

with undoped samples according to the margin of error. By examining the B-desorption
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process, it seems to occur more readily with the increase of crystallization degree when
Sr doping increases. By comparing the 3-oxygen amounts with that recorded for the
benchmark LaMnOs-C600 (~0.56 mmol/g), a clear beneficial effect of Sr-doping on
the amount of desorbed oxygen appears notably for the lowest Sr-composition. On the
contrary, this available oxygen desorbs at much higher temperature. Then, an increase
in strontium content is accompanied by a decrease in the amount of oxygen but which
desorbs at lower temperature (Table 4.4.). Hence, two antagonistic effects appear as
increasing amount of strontium inducing less available mobile oxygen species [32], but
speed up their desorption at lower temperature. In fact, LaMnO3-C600 and

Lao.85S10.15Mnyo.1503-C600 exhibit in some extent comparable O»-desorption behavior.

Table 4.4. Amount of desorbed oxygen from O2:-TPD.

Amount of Desorbed Oxygen (mmol/g)

Catalyst
a-Oxygen B-Oxygen Total Amount
Lag7Mn0O3-C800 0.067 0.769 0.836
LaMnOs-C800 0.052 0.722 0.774
La; sMnO3-C800 - - 0.669
Lao7sMnO3-C600 0.052 0.723 0.775
LaMnO;-C600 0.052 0.557 0.609
La; sMnO3-C600 0.064 0.515 0.579
Lag.08S10.02MnO3-C600 0.014 0.701 0.715
Lag.95S10.0sMnO3-C600 0.068 0.623 0.691
LagoSro.1MnO3-C600 0.020 0.600 0.620
Lag 85S10.1sMnO3-C600 0.056 0.498 0.554
Lag.08K0.02MnO3-C600 0.022 0.522 0.544
Lag.95K0.0sMn0O3-C600 0.032 0.602 0.634
Lag.9Ko.1MnO3-C600 0.041 0.492 0.533
Lag.35K0.1sMnO3-C600 0.108 0.502 0.610
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Remarkable observations when partial substitution strategy was applied to
stoichiometric perovskite composition by potassium (Fig.4.22), i.e. LaixKiMnOs.
Indeed, the a-desorption is improved and corresponds to higher amount of desorbed
oxygen increasing gradually with a rise in K-doping to reach a maximum of 0.108
mmol/g on LassKo.1sMnOs (Table 4.4.). For B-oxygen desorption, low amount of
potassium does not drastically perturb oxygen behavior remaining comparable to that
observed on the benchmark LaMnOs;. Contrarily to low temperature re-oxidation
process, the amount of oxygen desorbed in independent of K-composition and no
beneficial effect is discernible. In fact, the main observation is related to the occurrence
of extra desorption processes taking place near 750°C and 920°C for x > 0.05. As a
result, K-doping would delay the B-oxygen desorption in bulk to relatively higher
temperature which could be attributed to the growth of growth of K;4Mn3Os. Let us
note that this observation seems in relative agreement with O2-TPO emphasizing a

weak negative signal above 900°C previously assigned to oxygen desorption.

2.2. Textural Properties and surface composition

2.2.1 Textural properties

Nitrogen adsorption-desorption experiments provides an important route to
characterize the textural properties of prepared perovskite catalysts, relative specific
surface area (SSA), types of adsorption isotherms and pore size distributions depending

on Brunauer—Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) methods [20].
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Table 4.5. Textural properties of bulk perovskites.

Average Pore

Pore Volume

Catalyst SSA (m?/g) ?
Diameter (nm) ? (cm®/g)
Lao7MnO3-C800 26.4 16.3 0.17
LaMnO3-C800 7.4 14.7 0.02
La13MnO3-C800 17.9 22.0 0.10
LaosMnO3-C600 294 7.9 0.20
LaMnO3-C600 21.7 10.8 0.14
La13MnO3-C600 23.7 10.1 0.14
Lao.9sK0.02MnO3-C600 26.9 12.4 0.16
Lao.95sKo0.0sMnQO3-C600 22.8 17.4 0.16
Lao.9Ko.1MnO3-C600 20.1 20.8 0.13
Lao.ssKo.1sMnQO3-C600 16.6 21.4 0.09
Lao.98Sr0.02MnQO3-C600 21.3 9.8 0.15
Lao.95Sr0.0sMnO3-C600 21.1 11.0 0.12
Lao.9Sro.1MnO3-C600 26.3 9.8 0.14
Lao.85Sr0.1sMnQO3-C600 36.9 12.4 0.23

Generally, the Y-axis deviation of the adsorption curve of the perovskite series of
LaxMnO3-C800 at the low pressure indicated that the materials had a strong effect on
nitrogen. A physisorption isotherm type IV with a hysteresis loop type H2(b) reflected
the complex pore structures and shapes, such as unevenly distributed tubular holes and
densely packed spherical particle gap holes. In the state of complete crystallization from
the XRD analysis, the specific surface area and the pore size distribution present
significant differences among the three catalysts for different component strategies.
Firstly, non-stoichiometric compositions show obviously higher specific surface areas
(SSA), average pore diameters and pore volumes than the stoichiometric one (Table
4.5.). Besides, La-deficiency mainly presenting mesoporous pore distribution

significantly increased the SSA than La-excess sample with principally macro-porous
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diameters. Stoichiometric LaMnO3-C800 also weakly presented a mainly macro-
porous feature.

With regard to the same composition LaxMnQOj series calcinated at 600 °C, all the
series held larger SSA than the samples of high calcination temperature [21] and present
also nitrogen isotherm type IV and type H2(b) of hysteresis loop. Different from the
high temperature calcination series, the 600 °C samples show a relative uniform
distribution among micropore, mesopore and macropore types. La-deficient
composition slightly shifted to macropore zone and La-excess sample held slightly
more micropore and mesopore. As the 800 °C series, La-deficiency still expressed the
largest specific surface area and pore volume, but the differences with the other two
samples reduced obviously. To the average pore diameter distribution, La-deficiency
notably presented a negative influence to both calcination temperature series.

For the stoichiometric composition series of potassium substitution calcinated at
600 °C, samples present type IV nitrogen isotherm and H2(b) hysteresis loop generally.
And adding more potassium presented a negative impact on SSA (Table 4.5.) and a
trend from mesoporous to microporous had been observed with potassium content
increasing.

As the former series, Sr substitution series also held the type IV of nitrogen
adsorption isotherms and H2(b) hysteresis loop in general. But unlike the K substitution
stoichiometric series, Sr substitution samples showed a positive impact on SSA. Pore
diameter distribution increased from mainly microporous state to relative larger
mesoporous and macro-porous. Besides, with adding Sr content, the XRD results from

amorphous state to crystal formation should be also taken into consideration.

2.2.2. Scanning electron microscopy / energy dispersive X-ray
spectroscopy analysis

Textural analysis from nitrogen physisorption reveal samples with rather low

specific surface area and total pore volume. SEM (Scanning electron microscopy)
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analysis can complement these previous observations. SEM analysis provides
morphological information and also allow the observation of uniformity or
heterogeneity. The combination with EDX (energy dispersive X-ray spectroscopy)
analysis is useful to verify homogeneity in composition. But the relevance of this
information is established if different zone can be examined.

SEM measurements were performed on LaxMnO; calcined at 600°C and 800°C
and on K-substituted LaMnO3 samples calcined at 600°C. For each sample different
area were examined. As example, two regions are illustrated in Figs 4.29-4.33. In all
cases, the absence of morphological organization is noticeable. For the stoichiometric
LaMnO3-C600 composition, a spongy structure is observed in some extent still
observed on LaMnO3-C800. Phase aggregation responsible of the loss of specific
surface area is not correlated to the formation of large and densely packed aggregates.
Regarding, the chemical composition, the elemental volume analyzed seems to be La-
rich on LaMnO3-C600 while the stoichiometry La/Mn = 1/1 matches with the expected
composition on LaMnO3-C800. An additional SEM-EDS experiment was performed
on Laop7MnO3-C800 as contrarily to LaMnO3-C800 no significant loss of specific
surface area was observed. Fig. 4.47 reveal that the spongy structure, previously
observed LaMnO3-C600, is systematically observed and does not reveal aggregation in
agreement with the preservation of the SSA.

It 1s also worth to note that irrespective of the zone analyzed homogeneous
compositions are observable with the absence of strong segregation. Clearly the
calculation of the La/Mn agrees with the expected composition Lao7MnOs. For the
composition exhibiting an excess of lanthanum a calcination at 800°C induces a loss of
SSA but in lower extent than on LaMnO3-C800. SEM images reveals more densely
packed structure compared to Lap7MnO3-C800. Similarly, a good reproducibility is
observed on lanthanum and manganese compositions still demonstrating a good
homogeneity in composition. It is also noticeable that the La/Mn ratio agree with the

expected composition.
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Fig.4.27. SEM-EDS analysis of LaMnO3-C800.

A conclusion can be drawn by comparing data obtained from XRD, N»-
physisortion and SEM-EDX analysis on LaMnO3, La; 3MnOs and Lag7MnOs3 revealing
a higher thermal stability on La-deficient samples then preserving their textural

properties.
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Fig.4.29. SEM-EDS analysis of Lao.7MnO3-C800.
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Fig.4.31. SEM-EDS analysis of Lao.ssK0.02MnQ3-C600.
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Fig.4.33. SEM-EDS analysis of Lao.9Ko.1MnQO3-C600.
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SEM coupled to EDX analysis was performed on La;xKxMnO3 compositions
according to the same methodology. As seen in Fig. 4.49 the textural morphology
differs from previous observations with a more open structure for the lowest K-
composition, i.e. x = 0.02. This observation seems in rather good agreement with the
gain observed in SSA compared to LaMnQO3-C600 (26.9 m?/g vs. 21.7 m?/g). For
intermediate K-composition (x = 0.05 and 0.010) a different morphological structure is
perceptible which tends to that observed on LaMnOs3-C600 with a characteristic sponge
structure earlier described. Correlatively, a decrease in the specific surface area is
observed then stabilizing at 20.1 my/g. Finally, for the highest composition (x = 0.15)

the morphological structure changes and correspond to a subsequent loss in the SSA.
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Fig.4.34. SEM-EDS analysis of Lao.ssKo.1sMnQO3-C600

Chemical composition reported for K-substituted sample did not reveal the same
homogeneity in the distribution of La, K and Mn compared to LaMnO3-C600 even

though this latter sample reveals unexpectedly a La-rich composition. Chemical
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compositions are summarized in Table 4.6. Average composition from the different

zone analyzed. The values for the atomic La/Mn, K/La and (La+K)/Mn ratios have been

reported and can be compared to the theoretical stoichiometry.

Table 4.6. SEM-EDS atomic ratio.

Elemental composition

Catalyst (at.%) A/B? K/La K/Mn
La Mn K

LaMnOs-C600 11.6 94 1.23 - -
LaMnOs-C800 121 11.2 1.08 - -
Lao.7MnO3:-C800 41.2 58.8 0.70 - -
La13Mn0O3-C800 55.2 44.8 1.23 - -
Lao.98Ko.02MnO3-C600 49.6 49.5 0.9 1.02 0.02/0.02°  0.02/0.02°
Lao.95K0.0sMnO3-C600 413 58.3 2.6 0.75 0.06/0.05°  0.04/0.05"
La0.90K0.10MNnO3-C600 37.8 55.3 6.9 0.81 0.18/0.11°  0.12/0.10°
Lao.s5Ko.1sMNnO3-C600 29.4 57.7 13 0.73 0.44/0.17°  0.23/0.15

aA=La+KandB=Mn

® theoretical value

LaMnO;-C600 can serve as benchmark for further comparisons with the series Lai-

xKxMnO3-C600. For the reference, the La/Mn ratio exceeds the theoretical value reflecting rich

La sample. On the other hand, the A/B values calculated for the K-substituted samples do not

reveal A-rich sample. In fact, the opposite is observed with Mn rich samples at increasing K

doping. Parallel to this observation, the K/La and K/Mn ratios deviate from the theoretical value

emphasizing K-rich samples when the K loading increases. These tendencies could be related

to the development of bulk Ki.3sMn3Og phase characterizes from XRD analysis.
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2.2.3. Surface composition from X-Ray photoelectron spectroscopy

analysis

The role of surface reconstruction in tuning perovskite catalysts is an efficient
route to methane activation. In order to further study the surface metal states and the
related surface segregation influence of K and Sr partial substitution [22, 24], X-ray
photoelectron spectroscopy (XPS) provides the main information related to the
oxidation state of atoms and the related surface composition. The orbitals La 3d, K 2p,
Sr 3d, Mn 2p, Mn 3s and O 1s were analyzed and compared to investigate the related
impacts and properties on perovskite A-site adjustment involving stoichiometry and
partial substitution based on LaxA1xMnO; formula.

As previous work breakdown structure, the XPS results are divided into two parts:
influence of lanthanum stoichiometry and influence of A-site partial substitution of
potassium and strontium incorporation in stoichiometric composition. Besides, the two
calcination temperatures of LaxMnO3 composition were discussed together considering
the influences of calcination temperature and A-site lanthanum stoichiometry on
surface metal valence. As to A-site stoichiometric partial substitution series, the surface
properties were investigated together to discuss the changes in perovskite B-site metal
valence states by the addition of potassium and strontium cation into basic composition.
And the binding energy of C 1s were calibrated to 284.8 eV to all the samples [26]. In
a word, the goals of two above-mentioned strategies are to study the perovskite B-site
manganese cation valences changes aiming at improving the catalytic capacity of

methane oxidation.
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As to the series on the study of La-stoichiometry (Fig.4.35, Fig4.36), the XPS
study on La 3d orbital also presented relatively stable binding energy positions (dual-

peak binding energy range from 833 eV to 838 eV) and fixed difference value, which
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showed the stable La 3d orbital valence state. Besides, La>O3 as an unreducible metal
oxide presented the high stability during the redox process in the range from room
temperature to 1000 °C were already analyzed in the former investigations [11, 12, 14,

25].
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Fig.4.39. XPS spectrum of K 2p on Fig.4.40. XPS spectrum of Sr 3d:
Lai xKxMnQ;3-C600. Lai_xSrxMnQO;3-C600.

With regard to the A-site substituted series by K and Sr (Fig.4.37, Fig.4.38), the
difference of binding energy located stable as the former observation. But an obvious
difference on binding energy positions could be found: K substituted samples varied to
relative lower binding energy (dual-peak from 292.54/295.35 eV t0 292.39/295.13 eV)
with adding increasingly potassium into perovskite composition; Sr substituted samples
also varied to lower B.E. values with a progressive shift from 133.3 eV for x = 0.02 to
132.6 eV for x = 0.15. Considering the related XRD profile (Fig.4.7) in which the oxide
of potassium Ki39Mn3Os appeared, the phenomenon could be attributed to phase
separation of oxides and surface segregation [24] of potassium which influenced the La
3d signals. In the particular case of Lai«SrxMnOs partial segregation of single oxide

SrO could originate the observed changes in spectral features.
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For K 2p and Sr 3d orbitals (Fig.4.39, Fig.4.40), the corresponding profiles became
cumulatively intense as the content of potassium [26] and strontium increased. To the
Sr-substituted series, the increasing photopeak intensity and integrated area indicated
the increasing content of both surface and lattice strontium, which indicated probably
the segregation of SrO when Sr increases. Besides, the binding energy of peaks
presented the trend of moving to lower position indicating the generation of lattice
strontium [27, 28] which corresponded to the related XRD result (Fig.4.8.) showing the
formation of crystal perovskite while surface Sr becoming also intense due to surface

segregation [36].
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Fig.4.41. XPS spectrum of O 1s on Fig.4.42. XPS spectrum of O 1s:
LaxMnQO3-C800 LaxMnOs-C600

The deconvolution of O 1s orbitals of samples could be attributed to lattice
oxygen (Red line: Oiy), chemisorbed oxygen (Blue line: Ouas: 0%, O7, 0,%) and
adsorbed hydroxyl and/or H>O species containing oxygen matter (Pink line: Oy)

respectively. The binding energy of non-stoichiometric composition samples generally
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situated at slightly higher position than two stoichiometric LaMnO3 samples of different
calcination temperatures (Fig.4.41, Fig.4.42). The molar ratio of Oagds/O1at (Table.4.7.)
from quantitative calculation of related peak areas presented the relative composition
of surface oxygen species of samples on different calcination temperature and
stoichiometry. To the 600 °C calcination samples, adsorbed oxygen species increased
from La-defect to La-excess composition. However, as to the samples calcinated at 800
°C, La-defect sample - Lao7MnO3-C800 presented the high relative content of surface
adsorbed oxygen species, which would be in touch with surface deficient structure of
high crystallinity and was consistent with the result of N>-physisorption (Fig.4.23.).

To the stoichiometric composition series of potassium and strontium on A-site
(See Annexes Fig.4.43-S1, Fig.4.44-S2), the related O 1s binding energy and the molar
ratio of Oags/O1at (Table.4.7.) from quantitative calculation of related peak areas were

not consistent with the increasing content of K and Sr respectively.
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Fig.4.43. XPS spectrum of Mn 2p Fig.4.44. XPS spectrum of Mn 2p
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Following the Mn 2p studies of M. Biesinger et al. [29], the Mn 2p orbitals of
samples were analyzed into six peaks of Mn (IV) and one peak of Mn (III) in Fig.4.43,
Fig.4.44, Fig.4.45 and Fig.4.46. The following quantitative calculation of Mn**/Mn**
ratio [26, 30] depended on the related peak areas and globally both of the two
stoichiometric samples presented relatively high Mn**/Mn** ratio in their respective
series, which indicated that both of Mn-excess and La-excess of non-stoichiometric
perovskites had the significant influence on modification of cation valence: La-excess

samples showed relatively lower Mn (III) valence than La-deficient ones.
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Fig.4.45. XPS spectrum of Mn 2p. Fig.4.46. XPS spectrum of Mn 2p.

Mn 3s photopeak provides useful insights on the oxidation state of manganese [31].
multiplet splitting of Mn 3s peak results from the coupling of non-ionized Mn 3s
electrons and 3d valence band electrons. Example of Mn 3s peak splitting is given in

Fig.4.47. (See annexes Fig.4.47-S1, Fig.4.47-S2, Fig.4.47-S3)
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Fig.4.47. XPS spectrum of Mn 3s:
(Top) Lao.sMnQO3-C800; (Middle) LaMnO3-C800; (Bottom) La13MnQ3-C800.

Prominent multiplet splitting can be observed for Mn?*, Mn*" and Mn*". The
average oxidation state (AOS) of manganese in the perovskite can be calculated

according Eq. (4). [31]

Average Oxidation State (AOS) = 8.956 — 1.12Xx AEspiitting (Mn 3s) %)

The numerical values for AEspiwing (Mn 3s) and the corresponding values
calculated from Eq. (5) are reported in Table 4.7. The amplitude of variation for
Mn**/Mn*" from 0.18 to 0.59 is not easy to correlate to change on the AOS also varying
in narrow range 3.28-3.65. In this latter case weak variation are observable. A good
agreement is observed on LayMnO3-C800. In this case higher crystallization, in
conformity with structural requirement, seems favorable. On the other hand, low
crystallinity with partial segregation on LaxMnO3-C600 could explain the absence of
reliable comparison. Probably, more suitable comparison for K- and Sr-substitution was

expected, as the substitution of trivalent by divalent and monovalent cation can create
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electronic imbalance. But we found that the restoration of the electroneutrality also
involve the adjustment of oxygen stoichiometry. For La;xKxMnOs3, clearly no relevant
comparison appears. A discontinuity arises for Lao.ss5Ko.1sMnO3-C600 with a sharp
increase in Mn**/Mn*". For the series For La;xSrxMnOs, weak amplitude in the
evolution of Mn**/Mn*" and Mn AOS are observed but no discrepancy seems to appear.

With K and Sr molar content increasing, the two series calcinated at 600 °C
presented generally fixed binding energy of main peak position and the lower
Mn**/Mn*" ratio [26, 30] than stoichiometric LaMnOs3-C600 composition indicating A-
site substitution by lower valence cation K* and Sr** brought relatively higher Mn

valence.

- 146 -



Chapter 4. Impact of Elemental Composition of Perovskites on Bulk and Surface Properties

Table 4.7(a). XPS analysis on surface elements ratio of perovskites (%).

M (Site A) / M (Site B)
Catalyst Mn*/Mn* ® AEpiitting (Mn 3s) Mn (AOS) ® O(adsy/Oaty ©
La/Mn Sr/Mn K/Mn

LaosMnO3-C800 0.49 - - 0.35 5.04 3.28 1.21
LaMnO3-C800 0.76 - - 0.39 4.96 3.37 0.79
La13MnQO3-C800 1.11 - - 0.28 4.78 3.57 0.82
LaosMnO3-C600 0.40 - - 0.31 4.92 3.42 0.61
LaMnQO3-C600 0.60 - - 0.59 4.9 3.44 0.74
La13MnO3-C600 0.77 - - 0.21 4.85 3.49 0.89

@ Mn3*/Mn** ratio from Mn 2p orbital
® Mn average oxidation state (AOS) from Mn 3s orbital

© Oxygen adsorption species and lattice oxygen ratio from O Is orbital
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Table 4.7(b). XPS analysis on surface elements ratio of perovskites (%).

M (Site A) / M (Site B)
Catalyst Mn**/Mn* @ AEpiitting (Mn 3s) Mn (AOS) ® O(adsy/Oar) ©
La/Mn Sr/Mn K/Mn

Lao.9sK0.02MnO3-C600 0.54 - 0.42 0.31 4.95 3.38 1.32
La0.95K0.0sMnO3-C600 0.44 - 0.91 0.29 4.89 3.45 0.69
Lao.9Ko.1MnO3-C600 0.35 - 1.57 0.31 4.84 3.51 0.52
Lao.35K0.1sMnO3-C600 0.53 - 2.41 0.45 491 3.43 1.07
La0.98Sr0.02MnO3-C600 0.57 0.06 - 0.21 4.74 3.62 0.74
La0.95Sr0.0sMn0O3-C600 0.77 0.12 - 0.18 4.71 3.65 0.81
La0.9Sro.1:MnO3-C600 0.50 0.16 - 0.22 4.76 3.60 0.71
Lao.85Sro.1sMn0O3-C600 0.59 0.25 - 0.28 4.78 3.57 0.77

@ Mn3*/Mn** ratio from Mn 2p orbital
® Mn average oxidation state (AOS) from Mn 3s orbital

© Oxygen adsorption species and lattice oxygen ratio from O Is orbital
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2.3. In-situ electrical conductivity: impacts of stoichiometry

and substitution of lanthanum on A-site of perovskites

2.3.1. Introduction

Ionic conductivity measurements were performed in collaboration with Prof. I.-C.
Marco at the Laboratory of Chemical Technology and Catalysis University of Bucharest
(Romania).

As a matter of fact, these measurements are useful at least for two reasons. First,
oxygen mobility and oxygen ionic conductivity are involved in OSC properties that
broaden the operating window of TWC near stoichiometric conditions. The second
reason comes from earlier study [37] which found that perovskite can activate alkane
transformation thanks to their p-type semiconducting character. Hence, surface O-
species could abstract hydrogen atoms. In practice, the behavior of semiconducting
single or mixed oxides catalysts can be investigated by examining the evolution of their
electrical conductivity in oxidative or reductive atmosphere. The following equilibrium
can be established where he and Oe™ stand for a positive hole and a lattice oxygen anion
of the solid respectively. This equilibrium will be displaced according the nature of the

atmosphere.

02(gas) S Oz (ads) + he 5 20 (ads) + he 5 20?7 (ads) + 2he S Oe*

The electrons trapped by the adsorbed oxygen leads to the creation of positive
holes. On the other hand, under rich exposure in the presence of a reducing agent, such
as methane, the consumption of lattice oxygen Oe” with the subsequent formation of
oxygen vacancies is promoted and leads to lower concentration of the positive holes

that induce a decrease of the electrical conductivity.
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2.3.2. Principe and experimental considerations

Electrical conductivity measurements were carried out under air as a function of
temperature. Steady-state measurement were also performed at 550°C at various partial
pressure of oxygen. The following compositions have been studied LaxMnO3-C600 and
LaxSri-xMnQO3-C600 series compared to stoichiometric LaMnO3-C800 sample.
Experimental details are reported elsewhere [38]. Briefly, the perovskite samples into
pellets to ensure good electrical contacts between the grains. The pellet was places
between two platinum electrodes in a quartz tube reactor and exposed to controlled gas
flowing. The electrical resistance was measured by a megaohm-meter (FLUKE 177

Digital Multimeter). The electrical conductivity o was determined according to Eq. (6):

o= (): 0

where R stands for the electrical resistance and t/S the geometrical factor of the

pellet including the thickness ¢ (ca. 3 mm) and the cross-section area S of the pellet.

2.3.3. Electrical measurement at different temperature in air

In the temperature range of this study, i.e. 60-600 °C, an exponential increase of
the electrical conductivity is observed which obey to an Arrhenius law according to Eq.
(7). The Arrhenius plots In o vs. the reciprocal temperature leads to the observation of
straight lines as exemplified in Figs.4.48 which confirm that all samples analyzed are

semiconducting oxides.
Ec
o =0y exp () (™

oo 1s the pre-exponential factor which reflects the charge carrier concentration and
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can be determined from the intercept of the straight lines. E. is the activation energy of
conduction calculated from the slopes of the semi-log plots.

The behavior of LaMnO3-C800 is noticeable as its semiconducting behavior is
verified in a restricted domain of temperature below 200 °C. At higher temperatures,
the electrical conductivity does not vary with temperature suggesting that the sample
shift into a metallic conductivity state. Let us note that this behavior has been already
pointed out on LaCoOs [38].

The difference observed on the electrical conductivity of LaMnOs calcined at
600°C and 800°C could be rationalized at first glance by a p-type semiconducting
behavior for LaMnO3-C800 with cationic vacancies (oxygen excess), as most the
literature papers claim for LaMnOs3 calcined at temperatures higher than 750 °C,
involving a polaron hoping mechanism in the Mn*"~O?~Mn*" network. In contrast,
LaMnOs3-C600 would preferentially behave as a typical n-type semiconductor with,
most likely, oxygen vacancies as main point defects involving an electron hoping

conduction mechanism in the Mn**—O0O?*—Mn>" network.

Table 4.8. Electrical conductivity as a function of temperature governed by

the Arrhenius law.

Catalyst Ec (eV) 60 (! ecm™)
LaMnO3-C600 0.21 0.182
La0.98Sr0.02MnO3-C600 0.56 1.470
Lao.95Sr0.0sMnQO3-C600 0.49 0.883
Lao.sSro.a1MnO3-C600 0.32 0.265
Lao.85Sr0.1sMnO3-C600 0.15 0.055
Lao.sMnO3-C600 0.50 2.994
La1.sMnO3-C600 0.31 0.332
LaMnO3-C800 0.09° 0.069*

* Determined from the low-temperature region.
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The values for the pre-exponential factor oo and the activation energy for
conduction are reported in Table 4.8. As seen the lowest values for oo is obtained on
LaMnOs3-C800 while the highest one characterizes Lag7MnO3-C600 and in a lower
extent Lag.osS10.02MnO3-C600. However, these latter two compositions also correspond

to the highest values for E.

2.3.4. Oxygen partial dependency of electrical conductivity

Variation of ¢ as a function of the oxygen pressure was studied at 550 °C. Results

are reported in Figs.4.49 in a log—log plot for all the materials studied. Although

different, negative slopes, i.e. 05/0Po, < 0, can be observed for all the solids calcined
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at 600 °C confirming their n-type behavior. For the solid calcined at 800 °C, no variation
of ¢ as a function of the oxygen pressure was observed at 550 °C, in line with its
metallic-like conductivity observed at this temperature. These observations emphasize
the fact that the mechanism of conduction for the samples analyzed (except LaMnOs-

C800) would involve ionic oxygen vacancies.
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3. Conclusion

This chapter was dedicated to the physicochemical characterization of bulk and
surface properties of bare perovskite (in the absence of noble metal) prepared according
to a classical citrate route. Particular attention was paid to the composition playing with
the lanthanum stoichiometry and the nature and degree of substitution of La in the
benchmark LaMnO3 composition. The calcination temperature was taken into account
only for the LaxMnOs series with x in the range 0.7-1.3. Two temperatures were selected,
e.g. 600°C and 800°C, based on TGA-DSC analysis.

Regarding structural properties, the rhombohedral structure prevails irrespective
of the calcination temperature. However, additional reflections on samples calcined at
600°C reveal the presence of MnOy impurities. Calcination at 800°C leads to the pure
rhombohedral structure with improved crystallinity and subsequent loss of specific
surface area except on Lag7MnQO; with limited crystallite growth. Such observations
have been confirmed from SEM-EDS analysis revealing the conservation of the
morphological structure.

Potassium and strontium substitutions have been investigated on stoichiometric
samples (with A/Mn = 1) calcined at 600°C. Substituted-Sr samples are more
amorphous than the benchmark LaMnOs3 but crystallization occurs at increasing Sr-
content. No bulk detectable impurity was detected from XRD analysis especially SrO
segregation suggesting preferential inclusion in the perovskite lattice. A gain in specific
surface area is noticeable for the highest Sr-substitution. Regarding K-substituted
samples the opposite tendency is observed with a loss of specific surface area at
increasing K content in conjunction with morphological changes and the appearance of
stronger heterogeneity in composition with K-rich composition. All these changes have
been related to the growth of Ki4Mn3Og phase besides the rhombohedral structure of
the perovskite.

The reducibility of manganese species is also affected by these changes in
structural properties as partial segregation of MnOx species can lead to more reducible

oxidic manganese species than those stabilized in the perovskite lattice in octahedral
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coordination. It has been found that oxidic manganese species can be already stabilized
in different oxidation state in the benchmark LaMnOs, e.g. Mn*" and Mn** with a
typical two-step reduction process until complete reduction to Mn?*. La-stoichiometry
was found to alter the reducibility with improved reducibility on Lao7MnOs3 assigned
to a greater formation of Mn*". A rather similar tendency characterized Sr-substituted
samples. In contrast, potassium would preferentially stabilize Mn>",

The reactivity of oxygen towards desorption from O2-TPD experiments reveals
the existence of low-temperature process (a-desorption) assigned to the desorption of
surface oxygen species and a high-temperature desorption process (B-desorption)
assigned to subsurface and/or lattice oxygen species. Interestingly, (a-desorption is
promoted on LaosMnO3-C800 suggesting higher mobility due to defective sites at
enhanced crystal organization. In contrast Sr- and K-substitutions have a detrimental
effect. This is particularly true for the series LaxKi1.xMnO;3 characterizes by desorption
above 900°C at increasing K content which could reflect the behavior of Ki.4Mn3Oe.

Surface composition was studied from XPS analysis and provide useful
information regarding the surface. Two information can be exploited regarding the
mixed valence of manganese and related changes due to La-stoichiometry and K- and
Sr-substitution and the surface composition. First, among the different series
investigated the calculation of the Mn**/Mn*" ratio emphasizes a greater stabilization
of Mn** on LaxSr1xMnOs showing that the restoration of the electronic balance goes
through changes in the oxidation state of manganese in the perovskite lattice. A priori
this tendency was also expected on LaxKi1.xMnO3 even more accentuated because of the
substitution of trivalent by monovalent cation. However, the opposite tendency is
observed with an increase of the Mn**/Mn*" reaching its highest value on
Lao 35Ko0.1sMnO3 which emphasize a preferential stabilization of Mn**. This observation
seems in rather agreement with a strong K-enrichment in connection with the formation
of Ki.4Mn30Og.

Finally, electrical conductivity measurements emphasize different electrical

conductivity mechanism on LaMnO;3 calcined at 600°C and 800°C. p-type
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semiconducting behavior involving in the Mn**—0O*-Mn*" network involving cationic
vacancies (p type conductor) whereas LaMnQOj calcined at 600°C would act as a typical
n-type semiconductor involving oxygen vacancies in the Mn**—0O*Mn?*" network.
Subsequent measurements on Sr-substituted samples confirm an anionic conductivity.
The higher charge carriers are observed on Lag7MnO3 and Lag.ogSr0.02MnOs. However,
a compensation effect is noticeable as a clear decrease in the activation barrier is

observed at increasing Sr-content correcting to a lowering of the charge carriers.
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Chapter V. Palladium Incorporation on Bulk

and Surface Properties of Perovskites

1. Introduction

Fig.5.1.1 Schematic illustration of ideal Pd incorporated perovskite structure in the form of
/ABO3+5 and ABx 03+ formulation.
(Cation A: Red; Cation B: Green; s Anion O: Blue.)

Palladium is normally treated as the highly efficient noble metal to break C-H bond
in methane catalytic combustion [39]. However, considering the high cost of palladium,
perovskite materials are recognized as the attractive alternatives of noble metals [2] due
to its flexible and modifiable ABOs formulation [1] influencing related structure and
corresponding properties in bulk and on surface [40]. Hence, the combination of the
precious metal and perovskite becomes an interesting topic and updated wide space
worthy of further investigations which can avoid both shortcomings, such as thermal
sintering of precious metals, catalysts poisoning and high temperature stability, as much

as possible and play a bit better.
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Nishihata et al. [41] firstly pointed the self-regeneration phenomenon of palladium
located in B-site of perovskites and Tanaka et al. [42] then demonstrated that rhodium
and platinum in B-site of perovskites also have the smart self-regeneration property in
the research field of automobile emission control [43]. As a result, the property, which
improves the catalytic performance of base metal, not only reduces the use of precious
metal, but also effectively avoids the shortcomings of high temperature thermal
sintering of noble metal. However, the concept developed by Nishihata et al. and Tanaka
et al. also provoked strong debates of conflicting study regarding the self-regeneration
of Pd/LaFeOs and LaFeo 95Pdo.0503-5 models in vehicle emission control area.

By way of illustration, Katz et al. [44] found that Pd particles at the surface of
LaFeOs; and subsequent dissolution of palladium into the perovskite lattice in lean
conditions can be a limited process and would require a large number of defective sites
which would not be available in LaFeOs exhibiting a crystalline nature [45]. Dynamic
changes at the surface during three-way conditions are also subjected to prerequisite in
terms of oxidability of the precious metal as well as the perovskite. This has been
already emphasized [46, 47] that improved resistance to thermal sintering could not be
strictly related to dynamic processes involving surface/sub-surface diffusion
phenomena but more likely to the creation of strong metal-support interaction. Based
on this, the key would be related to the method for palladium incorporation as well as
the nature of the subsequent thermal treatment to activate the formation of metallic

particle in strong interaction with the perovskite support.
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Fig.5.1.2. Pd incorporation by One-Pot Route.  Fig.5.1.3 Pd incorporation by Sequential Route.

°C in tube furnace

Two strategies have implemented for palladium addition according to a one-pot
approach (Fig.5.1.2) consisting in incorporating palladium during the sol-gel synthesis
and a sequential approach (Fig.5.1.3) which basically consists in adding palladium
through a classical wet impregnation. The following scheme illustrate these two
strategies.

Let us note that for the one pot route the precursor was calcined at two different
temperatures in air, i.e. 600°C and 800°C corresponding to the stoichiometric
composition labeled LaMngosPdo.0203-C600 and LaMno.osPdo.0203-C800. For the
samples prepared by sequential method, LaxMnOs3, calcined at 600°C or 800°C was
further impregnated with the same amount of palladium (1 wt.% Pd). Impregnated
precursors after drying were finally calcined in air at 400°C. The corresponding samples

will be labeled Pd/LaxMnQO3-C600 and Pd/LaxMnO3-C800 with x =0.7, 1 and 1.3.
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2. Impact of palladium

incorporation mode on

La,MnOs+5 perovskite: One-pot versus sequential

method

2.1.  Bulk and structural prop

erties

LaMn
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Fig.5.2.1. XRD profiles of 1% wt. Pd perovskites by One-Pot route:
(Red) LaMn,, ,,.,Pd, (,,405-C600 and (Blue) LaMn,, ..,Pd, ,,,,0,-C800.

XRD pattern recorded on LaMno.9sPdo.0203-C600 in Fig.5.2.1. does not reveal

distinct reflections which underline the amorphous structure of this sample. In contrast,

narrow and intense reflections are observabl
a high crystallinity as earlier discussed. The

shows a good agreement with the structure L

e for LaMno.9sPdo.0203-C800 which reflect
comparison with reference diffractograms

20.94Mno 9203 (PDF 04-015-9651). Because

of rather low Pd content (1 wt.%), no reflection characteristic of PdO was detected

notably on LaMng.9gPdo.0203-C800 (ambiguous weak reflections of PdO, PDF 04-002-

4417) which corresponds to the most severe calcination temperature.
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For impregnated samples (Fig.5.2.2), due to the very low doping content of
palladium at 1 wt.% and the uneven distribution of Pd, the sensitivity of XRD cannot
clearly reflect the characteristic peak of palladium species in the samples. Similar to the
former perovskites without palladium impregnation process, all the samples showed the
characteristic reflections of perovskite LaMnOs; (PDF 04-012-5560). Higher
calcination temperature till brought higher crystallinity, the lower temperature
calcination samples presented the lower degree. In addition, calcination at 400 °C after
impregnation of Pd nitrate solution seemed to have no obvious effect on the

crystallization degree of perovskites.

- 169 -



Thése de Doctorat — Université de Lille

2.2. Bulk reducibility from H>-TPR

For the sample series with two different synthesis methods, H>-Thermal-
Programmed Reduction experiments can be useful to understand the reduction
properties of palladium doped samples, and investigate the promotion effect of
palladium on the perovskite reducibility. Accordingly, different impact can be expected

as a function of the method used for Pd addition.
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Fig.5.2.3. H2-TPR profiles of 1% wt. Pd Fig.5.2.4. H>-TPR profiles of 1% wt. Pd

perovskites of C600 series.
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Fig.5.2.3 earlier discussed in chapter 4 underlined a two-step reduction process
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starting from Mn*" to Mn?*' with the intermediate formation of Mn**. Different
contributions appear on the low-temperature reduction process assigned to the
reduction of extra framework oxidic manganese species or stabilized in octahedral
position in the perovskite lattice.

As seen in Figs. 5.2.3 and 5.2.4, the incorporation of palladium will essentially
perturb the low-T reduction process inducing a sharp shift of the reduction of oxidic
manganese species to lower temperature and the appearance of an extra H> consumption
process below 150°C assigned to the reduction of oxidic PdOx species into Pd° [48].

The different reduction processes can be resumed according to Egs. (1)-(5):

LaMnPdO; + - Hy = > La,05 + MnO + Pd + 2 H,0 —— Eq. (1)
PdO,/LaMnO; + > Hy = ~La,03 + MnO + Pd + ZH,0 —— Eq. (2)
Mn*t - Mn3* ——Eq. (3)

Mn3*t - Mn?* ——Eq. (4)

Pd** - Pd® — Eq. (5)

Hence, once reduced palladium will assist the reduction of the perovskite. It is
remarkable that the reduction of PdOx on Pd/LaMnO3-C800 is not observed. For this
sample the H> consumption profile mimic that observed on the bare sample even though
a slight shift to lower temperature is observable. In fact, the reduction temperature of
PdO particles is closely related to the composition of support materials which will
govern the strength of interaction, the Pd dispersion and the particle size. Previous
investigations found that well-dispersed PdO reduces above 100°C whereas the
reduction of larger PdO particles in weaker interaction with the support would occur
for T<50°C [75, 76]. Based on this one can presume that a weaker interaction between
Pd particles and the perovskite support would occur on Pd/LaMnO3-C800.

A second peculiarity is observable on LaMng 9sPdo.0203-C600. Beside the sharp
low temperature reduction process starting at 100°C a shift of the high temperature

reduction process to lower temperature is noticeable. Such a trend is in some extent
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noticeable on Pd/LaMnO3-C600 and could reflect a much stronger interaction between
Pd and the perovskite. In fact, it was expected on LaMngosPdo.0203-C600 that the
isolation of bulk cationic Pd"" replacing Mn**/Mn*" in octahedral coordination of the
perovskite lattice can speed up the overall reduction process. For these two samples, it
seems that a much greater Pd-perovskite interface could be obtained. In the contrast, a
deterioration of such interface seems plausible on LaMno.9sPdo.0203-C800 as the high

temperature reduction process is partly restored and delayed.

Table 5.2.1. H>-TPR profiles quantitative analysis.

Total H, H, Relative H Nomalized
SSAM
Catalyst Consumption Consumption < contribution (%) H/M Consumption
(m%/g)
(mmol/g) 550 °C (mmol/g) (<550°C) (mmol/m?)
Pd/LaysMnO3-C800 3.2 1.7 52.6 1.3 24.7 0.130
Pd/LaMnO;-C800 2.9 1.0 354 1.4 7.2 0.403
Pd/La; sMnO3-C800 2.6 1.3 49.8 1.5 16.7 0.156
LaMny 9gPd.0203-C800 6.3 4.4 70.8 1.5 6.4 0.984
Pd/Lag7MnO3-C600 3.7 3.2 86.4 1.5 28.9 0.128
Pd/LaMnO;-C600 3.7 2.4 65.9 1.8 20.7 0.179
Pd/La; 3MnO3-C600 3.6 2.3 62.8 2.1 22.3 0.161
LaMny 9gPd.0203-C600 8.1 7.0 85.5 2.0 28.9 0.280

UISSA: Specific Surface Area.

As seen from the comparison of Table 4.2 in Chapter IV and Table 5.2.1, low
content palladium incorporation obviously boosted the reduction capacities of catalysts,
the synergetic Pd and Mn cations promoted the surface reduction activities to even
lower temperature. Besides, generally, one-pot synthesis samples presented obviously
more active properties than sequential samples depending on calculation results of the
H/M ratio and unit hydrogen consumption (Table 5.2.1), which also reflected the

importance of the synthesis method as a vital factor in catalyst design for stabilizing the
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palladium active sites.

2.3.

Bulk reoxidation of reduced sampled from O:-TPO

Similar to bare perovskites, reduced Pd-doped perovskites from H>-TPR

experiments were subjected to the same reoxidation process (Fig.4.14, Fig.4.15 in

Chapter IV). As earlier explained, at 1000°C the perovskite is completely reduced

according to Eq. (1). A key point during the reoxidation is related to: (i.) the restoration

of the perovskite and (ii.) the possible reinsertion of oxidic palladium species inside the

perovskite lattice and/or preferential segregation into PdOx crystallites as described in

Eq. (3.1.2):

Pd + La;O3 +2 MnO + (1+x)/2 O2 = PdOx + 2 LaMnO3

La, ,MnO,-C800

T T 3. T T T L T T T L T . T

——
LaMnO,-C800

T 1) T T
La, ,MnO,-C800

T T T T T T v T T v T
400 500 600 700 800 900

Temperature (°C)
Fig.4.14. O:-TPO profiles: (Red) Lao.7MnO3-C800;

(Navy) LaMnOs-C800; (Olive) La;sMnO3-C800.

T T T
100 200 300

1000

O, Consumption

Eq. (3.1.2).
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Fig.4.15. O2-TPO profiles: (Pink) Lao7sMnO3-C600;
(Blue) LaMnO3-C600; (Cyan) Lai:MnO3-C600.

| e e v |
100 200 300

In practice it was found that a two-steps reoxidation process takes place. A broad

signal with two apparent maxima on LaMnO3-C800 appears above 300°C.

In the presence of Pd, reoxidation was more complicated because Pd was oxidized

to bivalent and higher valence states during the reversible PdOx«>Pd’ transformation

and the interaction between Pd and MnO during oxidation should be taken into account.
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According to previous studies about self-regeneration properties [41, 42, 43], a
hypothesis could be inferred which may occur the oxygen release while surface high
state Pd dissolving into the perovskite lattice. Thermal PdOy stability and
transformation depend on the interaction between Pd and the support [49].

On the whole, the splitting peak appeared in almost all samples at low temperature
region. As the former bulk perovskites investigation on sequential synthesis series, a
main two-steps re-oxidation process happened on reduced samples with 550 °C as the
dividing line. However, both of the samples of one-pot route showed a nearly coherent
reoxidation process, which could be inferred that different Pd incorporation methods

presented different external profiles.

Pd/La,,MnO,-C800 PdiLa, ,MnO,-C600

——T T T " T T T T T T T T T I e e B Y NS B e s s s
Pd/LaMnO,-C800 Pd/LaMnQ,-C600

B z
= =
5 T T T T T T T T T T T 5 T T T T T T T T T T T T T T T
= Pd/La, ,MnQ,-C800 E Pd/La, ,MnO_-C600
T — T T T T T T T " T " T " T T T — T T T "~ T T T " T T T T
LaMn, .Pd, ...0.-C800 LaMn, ,.,.Pd, ,,;0,-CB00
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Temperature (°C) Temperature (°C)
Fig.5.2.5. 02-TPO profiles: Fig.5.2.6. 0:-TPO profiles:
800 °C Calcination Samples. 600 °C Calcination Samples.

In addition, the small negative peaks about 900 °C could be observed, which
involved the release of oxygen. This situation was most pronounced and intense for the
two non-stoichiometric sequential catalysts with Pd/Lao7MnO3 composition, especially

on the sample calcined at 800°C. In the range of high temperature, the re-oxidation of
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Pd/La; 3MnO3 composition did not seem to end at 1000 °C that can be taken as the
characteristic of La-excess composition. Moreover, one-pot series also presented the
peak splitting at high temperature range due to different Pd doping technique, because

PdOx crystallites of different sizes exhibit different properties during redox process [50].

Table 5.2.2. Amount of oxygen consumption from O:-TPO.

Catalyst Total O, Consumption (mmol/g) Oo/M
Pd/Laop7sMnOs3-C800 2.06996 0.84
Pd/LaMnO;-C800 1.56335 0.76
Pd/La; sMnOs3-C800 1.42927 0.82
LaMny.98Pdo.0203-C800 1.71431 0.83
Pd/Lap7sMnOs3-C600 1.06387 0.43
Pd/LaMnO;-C600 1.42915 0.70
Pd/La; sMnOs3-C600 1.24320 0.71
LaMny.98Pdo.0203-C600 1.92395 0.94

As a whole, compared to bulk perovskite without Pd doping (Fig.4.14, Fig.4.15 in
Chapter IV) during the re-oxidation process, Pd incorporation route showed a
significant difference in the re-oxidation process (Fig.5.2.5, Fig.5.2.6). Generally, the
sequential method series maintained a two-step process similar to the perovskite
without Pd doping, while the one-pot method showed a continuous oxidation process
on the whole. From the calculation results (Table 5.2.2) of oxygen consumption and
ratio of oxygen and metals (O/M), at first glance, one-pot samples consumed more
oxygen overall from total O/M ratio. The high temperature calcined sequential samples
showed overall higher O/M values than perovskite supports (Table 4.3 in Chapter IV)
during the re-oxidation process, especially the Lao7MnO3-C800 showing the oxygen
release at 900 °C presented the same O/M ratio as the one-pot C800 sample. As to the
sequential Pd doping C600 series, there was no significant change from Pd doping but

the one-pot C600 sample consumed more oxygen due to its initial low degree of
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crystallinity.

2.4. Oxygen desorption (O2-TPD / MS)

The oxygen desorption of palladium incorporated perovskite catalysts were also
experimented by thermal programmed desorption combined with mass spectroscopy
(O2-TPD/MS) following the program as above Fig.4.18.

Palladium supported perovskite oxides with oxygen vacancies can
produce/transform different kinds of oxygen species. Different from the single
perovskite catalysts, Pd incorporated LaxMnQO3 type perovskites were investigated for
the changes of these oxygen mobility and storage properties and oxygen bond strength
in the reaction of oxygen-containing substances [51]. Therefore, measurements of the
amount and intensity of surface or subsurface oxygen in palladium-supported
perovskite oxides, in order to properly investigate the effect of palladium doping on the
oxygen mobility and storage capacity, are usually performed in three-way catalysis
and/or other catalytic applications near stoichiometry [17].

The related results of the MS on O>-TPD are shown in the Fig.5.2.7 and Fig.5.2.8.
The amount of O released from perovskites was calculated after deconvolution of the
O desorption curve and are listed in Table 5.2.3. As the former oxygen desorption
calculation in Table 4.4 in Chapter IV, the boundary between surface desorbed a-oxygen
and B-oxygen from lattice [53] has been defined as previously at 500 °C. Only a little
amount of Oz desorbed from perovskites at T <500 °C designated as a-O2 and ascribed
to oxygen species weakly bound to the surface of the perovskite and more O desorption
observed at T > 500 °C is referred to as B-O2, which is removed from the lattice [52].

In general, sequential Pd incorporated perovskite samples presented the similar
curves (Fig.5.2.7, Fig.5.2.8) as only perovskite cases (Fig.4.19, Fig.4.20 in Chapter [V)
in accordance with previous study of Zhang et al. on Pd incorporation into perovskite
[53], but with a reduced oxygen desorption capacity compared the results from Table
4.4 and Table 5.2.3. Among the samples with palladium incorporation method and
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stoichiometry as variables, the stoichiometric samples Pd/LaMnO3 from sequential
route showed the lower oxygen desorption than the one-pot LaMng.9sPdo.0203 samples,
implying poor molecular oxygen coverage and lattice oxygen reducibility of sequential
ones. In addition, the lower calcination temperature brought the Pd/perovskites more
oxygen desorption capacity. Both of above-mentioned results corresponded to the

related hydrogen consumption from H2-TPR measurements.

——PdiLa,,MnO,-C800

——Pd/La, ,MnO,-C600

—— Pd/LaMnO,-C800 — Pd/LaMnO,-C600

——PdiLa, ,MnO,-C800
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0, Desorption
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LaMn O.STTZPd

0.022405-C800 LaMn Pd 0.-C600

0.9772 0.0228 ~ 3
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Temperature (°C) Temperature (°C)
Fig.5.2.7. O2-TPD-MS profiles: Fig.5.2.8. O2-TPD-MS profiles:
800 °C Calcination Samples. 600 °C Calcination Samples.

The same enhanced oxygen desorption effect was seen to the sequential Pd
impregnated non-stoichiometric La-defect Pd/Lao7MnO3 composition, and the La-
defect samples, especially the sample calcined at 800°C, still presented a broad flat a-
Oz desorption peak around 200 - 500 -C and without decay to the B-O: as desorption of
Pd-free sample. Maintaining the significant enhancements of oxygen desorption was
likely related to surface oxygen vacancies generated on Pd substitution and La-defect

on surface and in structure. As to the La-excess ones, the C600 and C800 ones had the
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opposite results compared to stochiometric composition on oxygen desorption capacity.

Table 5.2.3. Amount of desorbed oxygen from O2-TPD.

Amount of Desorbed Oxygen (mmol/g)

Catalyst
a-Oxygen? B-Oxygen® Total Amount

Pd/Lag 7Mn0O3-C800 0.060 0.567 0.627
Pd/LaMnOs-C800 0.012 0.320 0.332
Pd/La; 3Mn0O3-C800 - - 0.521
LaMno.g772Pdo.022803-C800 - 0.497 0.497
Pd/Lag7Mn0O3-C600 0.130 0.720 0.850
Pd/LaMnOs-C600 0.049 0.522 0.571
Pd/La; sMnO3-C600 0.069 0.468 0.537
LaMng.g772Pdo.022803-C600 0.107 0.687 0.794

2T <500 °C Oxygen desorption

® T > 500 °C Oxygen desorption

2.5. Surface analysis

For the study of surface properties, the measurements of XPS, H>-chemisorption
and N»-physiosorption have been operated and the corresponding results have been
summarized in the following Table 5.2.4. The Pd incorporation in tuning the surface
properties of perovskite catalysts is an efficient route to methane activation in the low
temperature range. In order to further study the impact of Pd doping methods, X-ray
photoelectron spectroscopy (XPS) provides the two main results on the oxidation state
of atoms and the related surface composition. The orbitals Pd 3d, La 3d, Mn 2p, Mn 3s
and O 1s were analyzed and compared to investigate the related impacts and properties
on palladium incorporation routes involving stoichiometry and Pd partial substitution
based on LaxMnO3 formula.

Besides, the dispersion and particle size of surface palladium species can be
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measured by hydrogen chemisorption method which provide a more convinced
pathway to investigate the properties of surface precious metal. In addition, Na-
physisorption was used to analyze the surface construction of Pd/perovskite and their
interaction micro-environments [54].

Generally, the calcination temperature, the Pd incorporation methods and the
perovskite stoichiometry are the three vital variables that can affect the surface
properties and bulk structure. For palladium species from Table 5.2.4 from both XPS
and chemisorption results, the consistent trend showed the credibility of the double
insurance. As a matter of fact, 1% low content Pd species of both synthesis routes were
in the oxidation state PdOx [55].

The examination of the specific surface area on impregnated samples does not
reveal significant deviation compared to bare samples. As previously found calcination
at 800°C has a strong detrimental effect with a loss of SSA except on La-deficient
perovskites Pd/Lag7MnOs. Metallic palladium dispersion was estimated from Ho»-
chemisorption measurements performed at 100°C, taking a stoichiometric ratio H/Pd =
1. Prior chemisorption the catalysts were pre-reduced at 250°. Data in Table 4.14 reveals
weak Pd dispersion on impregnated samples. Surprisingly, the highest metal dispersion
is obtained on LaMno.9sPdo.0203-C800 while LaMng.ogPdo0203-C600 exhibits Pd
dispersion almost nil. These observations can be questionable in a certain extent as H»-
TPR experiment suggested a greater Pd-support interaction on this latter sample.
HAAD-TEM analysis was performed to complement Hz-chemisorption.

High-angle annular dark-field imaging (HAADF) is an STEM/TEM technique
which produces an annular dark field image formed by very high angle. This analysis
was coupled to chemical analysis. Images were recorded in different scales from 600
nm to 7 nm. For LaMno.9gPdo.0203-C600 (Fig.5.2.10) a very high Pd distribution is
observed irrespective of the selective scales. In contrast, Fig.5.2.9 shows heterogeneous
Pd distribution noticeable on LaMnoosPdo.0203-C800 with Pd-rich domain as

exemplified coexisting with domains corresponding to homogeneous distribution.
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Fig.5.2.9. HAADF-S/TEM mapping of LaMno.ssPdo.0203-C800.
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Fig.5.2.10. HAADF-S/TEM mapping of LaMno.osPdo.0203-C600.
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Fig.5.2.11. HAADF-S/TEM mapping of Pd/LaMnO3-C600.
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Regarding Pd/LaMnOs3-C600, it is obvious that Pd is more heterogeneously
distributed in comparison with LaMno ¢sPdo.0203-C600. As exemplified in Fig.5.2.11,
strong Pd aggregates form but coexist with domains characterized by a high Pd
dispersion.

Returning to Pd dispersion some discrepancies appear with HAADF observation.
However, those results can be reconciled by assuming that the pre-reduction
temperature is not enough high to completely reduce Pd** species into metallic particles.
This assertion seems to be acceptable at least for LaMng.ogPdo.0203-C600 for which the
very low metal dispersion does not fulfill the high degree of dispersion of oxidic Pd
species on the calcined sample. Hence, one can expect a strong Pd-support interaction
on LaMny 9gPdo.0203-C600 which delays the reduction of oxidic palladium species. This
conclusion could be also partly validated on Pd/LaMnQO3-C600 but in a certain extent
as phase aggregation has been also characterized. Based on this the low Pd dispersion
can account for the coexistence of unreduced PdOy species as well as large Pd particles.
Now regarding the one-pot LaMngosPdo.0203-C800 catalyst, it seems obvious that
exsolution process may occur during the calcination but contrarily to impregnated
Pd/LaMnO;3-C600 this ex-solution process is slow and avoid significant particle
sintering.

Regarding XPS analysis, Pd 3d, La 3d, Mn 2p, Mn 3s and O 1s photo-peaks were
analyzed. La 3d photopeak (see annexes Fig.5.2.S1) reveal similar spectral features as
those already discussed on undoped samples. A dual-peak binding energy range from
833 eV to 838 eV is characteristic of La*". Semi quantitative analysis reveals a strong
lanthanum enrichment on sample calcined at 600°C which tends to disappears when
calcination proceeds at 800°C. The combination of Mn 2p (Fig.5.2.12) and Mn 3s (See
Annexes Fig.5.2.S2) orbital studies provided the more convinced method to investigate
the surface manganese. The Mn 2p spectra were deconvoluted following the previous
studies of Biesinger et al. [29] and Abdallah et al. [26, 30]. From the figures of Mn 2p
and the related calculation of Mn 3s from Table 5.2.4, the fact that lower calcination

temperature can lead to higher surface Mn valence was confirmed. Interestingly, the
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Mn?**/Mn*" ratio of Pd doped samples calcined at 800°C is higher than on undoped Pd
samples. On the contrary, the Mn**/Mn** ratio showed the opposite trend for the series
calcined at 600°C from comparison of Table 4.8 and Table 5.2.4. Such comparison
suggests that calcination at 600°C is more favorable to stabilize Mn*" species.

Oxygen species have been divided into three parts in Fig.5.2.13: lattice oxygen
(Ort: O%) in red curve, surface chemisorbed oxygen (Oads: O, O7, 02%) in blue and
then adsorbed CO*- and/or -OH containing oxygen matters in magenta [59]. The severe
calcination temperature showed the positive effect on Oags/Orat ratio compared to lower
sequential ones. And one-pot samples were generally high in value Oads/Orat ratio, but
lower temperature one presented the highest level of chemisorbed surface oxygen

(Table 5.2.4).
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Fig.5.2.12. XPS spectrum of Mn 2p: One-pot and sequential samples.

XPS analysis can provide the Pd valence information, from Fig.5.2.14, Fig.5.2.15
and Fig.5.2.16, there is no Pd® species normally located around binding energy about
335 eV [56], PdO about 337 eV [57] and PdO> peak appeared around 339 eV [58]. The

post-calcination samples were in the oxidation state globally, but the weak signals of
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Pd/LaMnOs3-C800 with high crystallinity and lowest specific surface area showed the
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Fig.5.2.13. XPS spectrum of O 1s: One-pot and sequential samples.
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Fig.5.2.14. XPS spectrum of Pd 3d: One-Pot Calcination Samples.
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Sample prepared by one-pot synthesis show that surface Pd/Mn ratio is sensitive
to calcination temperature. The higher value obtained on LaMno.9gPdo.02MnO3-C800
seems to be in agreement with the segregation of more reducible PdOy species coming
from exsolution process and then responsible of higher H/Pd ratio from chemisorption
measurements. In contrast, for LaMno.9sPdo.02MnO3-C600 the much lower Pd/Mn ratio
reflects a minimization of ex-solution process with cationic palladium species less
reducible in the perovskite lattice. There is no clear tendency if different coordination
of extra-framework cationic Pd species would stabilize higher oxidation state. On the
other hand, the stabilization of Mn** seems to be more favorable on samples calcined
at 600°C. The 600 °C calcination samples held the higher SSA and manganese valences
compared to severe 800 °C indicating a direct correlation among the calcination,
specific surface area and Mn valences with the same variation trend between two

valence orbitals of Mn 2p and Mn 3s.

Pd/La, ,MnO,-C800 PdiLa, ;Mn0,-C600
T T T T T T T T T T T T T T T T T T
Pd/LaMnO,-C800 y PdlLaMnO CGOU
3 3
= s —
= 2 -
@ ‘0 |PdiLa, Mno -csoo
=4 c 3
2 2
= =
T T T T T T T T ! T
LaMn,,.Pd, ,..0,-C800 LaMn, ,;..Pd, ,.,,0,-CE00
— T - 1 T 1 T T T T T T 7 — T T T T T 1
348 346 344 342 340 338 336 334 348 346 344 342 340 338 336 334
Binding Energy (eV) Binding Energy (eV)
Fig.5.2.15. XPS spectrum of Pd 3d: Fig.5.2.16. XPS spectrum of Pd 3d:
800 °C Calcination Samples. 600 °C Calcination Samples.
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Table 5.2.4. Summary of surface analysis of Pd incorporated perovskites.

XPS Analysis
Catalyst Pd disp. (%) @  SSA® (m?/g)
Pd ratio (%) Pd/La® Mn/La® Pd/Mn Pd*/Pd*©  Mn¥*/Mn*@  Mn (AOS)®  Ogus/Ogay
Pd/Lay7Mn0O;-C800 0.90 0.09 1.44 0.06 0.66 0.79 3.38 0.90 - 24.6
Pd/LaMn0O;-C800 0.07 0.01 0.86 0.01 - 0.94 3.45 0.99 5.4 74
Pd/La; sMnO;-C800 0.44 0.03 0.61 0.05 0.31 0.91 3.65 0.79 - 17.6
LaMng ggPdo.0205-C800 2.01 0.14 0.75 0.19 0.40 0.92 3.48 0.81 28.2 6.4
Pd/La; 7Mn0O3-C600 244 0.22 1.04 0.21 0.14 0.17 3.62 0.71 6.2 29.4
Pd/LaMn0O;-C600 0.70 0.06 0.83 0.07 0.33 0.21 3.55 0.65 13 21.7
Pd/La; sMnO;-C600 1.18 0.09 0.70 0.13 0.43 0.18 3.61 0.75 1 23.7
LaMng ggPdo.0205-C600 0.68 0.06 1.10 0.06 0.57 0.18 3.72 1.39 0.28 28.9

La/Pd ratio from XPS composition analysis

La/Mn ratio from XPS composition analysis

Pd*/Pd?* ratio from XPS Pd 3d orbital

Mn**/Mn* ratio from XPS Mn 2p orbital

Mn average oxidation state (AOS) from XPS Mn 3s orbital

Oxygen adsorption species and lattice oxygen ratio from XPS O 1s orbital
Pd dispersion (%) from H,-chemisorption measurements

Specific surface area from Np-physisorption
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3. Impact of palladium incorporation on the structural

properties of Pd/LayA1xMnQs.; catalysts (A=K, Sr)

3.1. Bulk reducibility from H>-TPR

Following the same H>-TPR/O,-TPO experimental program (Fig.4.13), the
reducibility of the 1wt.% Pd sequentially doped C600 samples were analyzed and the
Fig.5.3.1 and Fig.5.3.2 showed the profiles of the K and Sr substituted series
respectively and the quantitative results were calculated in Table 5.3.1.

In general, Pd impregnation obviously improved the reduction capacity of a-zone
(T < 500 °C) and the appearance of peak about 100 °C could be attributed to the
reduction signals of Pd species. Besides, the f-zone (T > 500 °C) basically fixed in the
same temperature positions. Quantitatively, the H/M ratio and hydrogen consumption
decreased with increasing K and Sr substitution (Table 5.3.1).

Returning to bare La1.xK«xMnOs3 and La;xSrxMnO3 Hz-reduction profile (Fig.4.11,
Fig.4.12) mainly underlined the two-step reduction process of Mn*" to Mn?". A lower
H: uptake recorded on La;xKxMnOs emphasized a lower reducibility compared to La;-
xKxMnOs and La;«xSrxMnOs likely due to the growth of an extra composite material.
XRD analysis also showed a greater crystallinity of K-substituted perovskite (Fig.4.1.7)
with increasing K substitution. For Sr-substituted, a greater ability to stabilize Mn*" was
found.

The examination of Fig.5.3.1 and Fig.5.3.2 clearly shows a sharp shift of the low
temperature reduction process on calcined Pd/LaixKxMnO3 while the high temperature
does not seem to be significantly perturbated revealing comparable characteristics with
the bare sample. It is not easy to distinguish the signal assigned to the reduction of PdO
on this series which should occur at low T. In contrast PdO reduction appears more
distinctly on Pd/La;xSrxMnOs; with a weak contribution below 100°C. Surface and bulk
reduction processed are also accelerated for Pd/La;xSrxMnOs. A prominent reduction

process takes place below 250°C with apparent maximum centered at lower
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temperature for x < 0.05. The comparison of the total H>-uptake reveals the same
tendencies as on the undoped samples with lower values on Pd/La;xKiMnOs.

Nonetheless, slight changes are noticeable on Pd/La;xSrxMnOs3 for x > 0.1 with an

increase in Ho-uptake.
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Fig.4.11. H>-TPR profiles: (Black) Lao.9sSro.0:2MnQO3-C600;  Fig.4.12. H>-TPR profiles: (Black) Lao.9sKo0.02MnQO3-C600;
(Red) Lao.osSro.0sMnO3-C600; (Blue) LaosSro.aMnQO3-C600;  (Red) Lao.9sKo.osMnO3-C600; (Blue) Lao.oKo1MnO3-C600;
(Olive)Lao.s5Sr0.1sMnO3-C600 in overall temperature range. (Olive)Lao.ssKo.1sMnO3-C600 in overall temperature range.
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Fig.5.3.1 H2-TPR of K substituted samples with Pd. Fig.5.3.2 H2-TPR of Sr substituted samples with Pd.
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Table 5.3.1. H>-TPR profiles quantitative analysis.

Total H, Consumption H; Consumption Relative H, contribution (%) SSAM  Nomalized Consumption
Catalyst H/M I
(mmol/g) <550 °C (mmol/g) (<550 °C) (m%/g) (mmol/m?)
Pd/Lag 93K0.02MnO3-C600 3.7 22 59.1 1.8 26.3 0.14
Pd/Lag.95K0.0sMnO3-C600 3.8 24 61.9 1.8 224 0.17
Pd/Lag.9Ko.1MnO3-C600 3.3 2.0 59.4 1.5 19.8 0.17
Pd/Lag 85Ko.1sMnO3-C600 3.6 2.1 57.6 1.6 16.4 0.22
Pd/Lag.98510.0oMnO;3-C600 4.5 2.8 62.1 2.2 21.0 0.21
Pd/Lag 95S10.0sMnO3-C600 4.0 2.7 67.3 1.9 20.8 0.19
Pd/Lag.oSro.1MnO3-C600 4.1 2.6 63.3 2.0 25.7 0.16
Pd/Lag 85Sr0.1sMnO3-C600 4.1 2.5 61.9 1.9 36.1 0.11

UISSA: Specific Surface Area.

1M =Pd + Mn
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3.2. Bulk reoxidation of reduced sampled from O:-TPO

Following the same H>-TPR/O2-TPO program (Fig.4.13), the re-oxidation ability

of the 1wt.% Pd sequentially doped C600 samples followed the hydrogen reduction

experiments. The Fig.5.3.3 and Fig.5.3.4 showed the profiles of the K and Sr substituted

series respectively and the quantitative results were calculated in Table 5.3.2.
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Fig.5.3.3 O:-TPO of K substitution samples.
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Fig.5.3.4 O2-TPO of Sr substitution samples.

In general, Pd impregnation samples hold the same profiles (Fig.5.3.3, Fig.5.3.4)

as the related perovskites without palladium doping (Fig.4.17, Fig.4.16) and two-step

re-oxidation process took place and the restoration of the perovskite structure would

start above 720°C. But the gas release appeared around 900 °C for the Sr substituted

samples compared to the ones without Pd. And the K substituted samples showed the

higher oxygen consumption values than the Sr substituted ones considering the oxygen

consumption and O/M ratio (Table 5.3.2) which were the opposite of the previous
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reduction part (Table 5.3.1). This phenomenon was completely different from the
perovskite series without palladium (Table 4.3), which showed that palladium

impregnation brought a great impact on the redox process during perovskite

reconstruction.
Table 5.3.2. Amount of oxygen consumption from O:-TPO.
Catalyst Total O, Consumption (mmol/g) o/M M

Pd/Lag.98K0.02MnO3-C600 1.76 0.85
Pd/Lag.95K0.0sMnO3-C600 1.62 0.78
Pd/Lag.9Ko.1MnO3-C600 1.61 0.75
Pd/Lag.35Ko.1sMnO3-C600 1.62 0.74
Pd/Lag.98S10.02MnO3-C600 1.51 0.74
Pd/Lay.95Sr0.0sMnO3-C600 1.68 0.81
Pd/Lag.9Sro.1MnO3-C600 1.22 0.58
Pd/Lay .85Sr0.1sMnO3-C600 1.22 0.58
1M =Pd + Mn

3.3.  Oxygen desorption (O2-TPD / MS)

The oxygen desorption was combined with mass spectrometry following the same
protocol as former O2-TPD program in order to avoid the overlap of oxygen and carbon
dioxide and to calculate their quantitative study. Fig.5.3.5, Fig.5.3.6 and Table 5.3.3
showed the profiles and desorbed oxygen quantitative study of the K and Sr substitution
series with 1wt.% Pd content impregnation. Let us notice that the catalyst was not pre-
reduced prior to O2-TPD experiments. Based on this, the impact of oxidic Pd species at
the surface or sub-surface on the mobility of surface and sub-surface oxygen species
can be examined.

The oxygen desorption of both presented the similar profiles as the series without

Pd impregnation ones and the quantitative study showed more surface desorbed oxygen
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O, Desorption

with Pd doping by wet-impregnation method indicating an improved surface oxygen
mobility capacity. As to the total oxygen desorption amount (Table 5.3.3), Sr
substitution samples increased while K substitution samples stayed stable with
palladium incorporation, which could be attributed to the crystal formation to the Sr
partially substituted samples. Hence, the oxygen desorption mainly depended on
perovskite oxygen storage capacity. The deposition of palladium at the surface has no

visible consequence on surface oxygen mobility.
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Fig.5.3.5 0:-TPD of K substitution samples. Fig.5.3.6 O2-TPD of Sr substitution samples.
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Table 5.3.3. Amount of desorbed oxygen from O:-TPD.

Amount of Desorbed Oxygen (mmol/g)

Catalyst
a-Oxygen 2 B-Oxygen ° Total Amount
Pd/Lag.9Ko.02MnO3-C600 0.13 0.42 0.55
Pd/Lao.95K0.0sMnO3-C600 0.16 0.39 0.55
Pd/Lag 9Ko.1MnO3-C600 0.10 0.43 0.53
Pd/Lao s5K0.15sMn0O3-C600 0.11 0.46 0.57
Pd/Lao.9sSro.02MnO3-C600 0.13 0.60 0.73
Pd/Lag.g5Sr0.0sMn0O3-C600 0.14 0.61 0.75
Pd/Lao.sSro.1Mn0O3-C600 0.13 0.51 0.64
Pd/Lag 5Sr0.1sMn0O3-C600 0.12 0.51 0.63

2T <500 °C Oxygen desorption

® T > 500 °C Oxygen desorption

3.4.  Surface composition

The surface composition of the palladium incorporated catalysts based on K and
Sr partially substituted perovskites was characterized by hydrogen chemisorption (Ha-
Chemisorption), X-ray photoelectron spectroscopy (XPS) and N»- physisorption, the
combined study of the three methods can be used to study the surface properties of
catalysts with more confidence on the impact of palladium incorporation (Table 5.3.4.)
from the calculation of the A-site partial substitution catalysts (See annexes Fig.5.3.S1,
Fig.5.3.S2, Fig.5.3.83, Fig.5.3.S4 for XPS photo-peaks of A-site metals).

Firstly, the Pd species with the similar Pd 3d binding energy position (Fig.5.3.7,
Fig.5.3.8) were in the oxidic state with Pd*"/Pd*" valences [55, 56, 57, 58] to all the
partially substituted samples generally. And the surface Pd ratio and Pd dispersion
indicated that slightly partial substitution by K and Sr seemed to be positive to the

surface Pd state and stability (Table 5.3.4). Besides, the Pd dispersion from hydrogen
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chemisorption did not present the consistency with the specific surface areas of both of

two substitution series.
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Fig.5.3.7 XPS analysis of Pd 3d orbital

on K substitution samples.
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The manganese valence states of the two series were investigated from Mn 2p and

Mn 3s combination following the Mn 2p studies of M. Biesinger et al. [29] with six

peaks of Mn (IV) and one peak of Mn (III) [26, 30] in Fig.5.3.9 and Fig5.3.10 and the

Mn 3s orbitals analysis from multiplet splitting of Mn 3s peak [31] in Fig.5.3.11 and

Fig.5.3.12. The related calculation was listed in Table 5.3.4 showing that Sr substituted

samples presented higher valence state than K substituted ones on both Mn 2p and Mn

3s calculation in general.
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Fig.5.3.11 XPS analysis of Mn 3s orbital Fig.5.3.12 XPS analysis of Mn 3s orbital
on K substitution samples. on Sr substitution samples.

In addition, K substitution samples hold the similar Mn valence state with all in
crystal state, and the Sr substitution ones showed also the similar Mn valence state with
the gradual formation of a crystalline state from XRD spectrum (Fig.4.8) indicating that
the crystalline or amorphous state of perovskite seemed not strictly related to the nature

of oxidic manganese species at the surface and the surface valence of manganese.
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Fig.5.3.13 XPS analysis of O 1s orbital

on K substitution samples.
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Fig.5.3.14 XPS analysis of O 1s orbital

on Sr substitution samples.

The binding energy position and profiles of O 1s orbital of the samples were

presented in Fig.5.3.13 and Fig.5.3.14 with mainly the lattice and surface adsorbed

oxygen and little other oxygen-containing substances [59]. And the Oads/Olat ratio

seemed rising with increasing both of K and Sr amount substitution showing that the

surface (Table 5.3.4).
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Table 5.3.4. Summary of surface analysis of Pd incorporated perovskites.

XPS Analysis
Catalyst Pd disp. (%) © SSA® (m?/g)
Pd ratio (%) @ o fi/Sr o fllr(l/Sr ll\.;l_‘rin i Z:: Z :ii (b) Mn(AOS) © %Z: (d)
Pd/Lao.9Ko.02MnO3-C600 1.90 0.03 0.25 0.13 0.38 0.79 3.54 0.94 1.38 26.3
Pd/Lao.95K0.0sMNnO3-C600 241 0.05 0.40 0.12 0.43 0.44 3.48 0.73 0.08 22.4
Pd/Lao.9Ko.1MnO3-C600 1.29 0.03 0.39 0.07 0.56 0.56 3.56 1.02 0.34 19.8
Pd/Lao.esKo.15MnO3-C600 0.32 0.01 0.28 0.02 0.63 0.67 3.48 1.27 0.02 16.4
Pd/Lao.s8Sr0.02Mn0Os-C600 2.75 0.23 0.81 0.28 0.45 0.14 3.69 0.75 2.28 21.0
Pd/Lag.g5Sr0.0sMn0O3-C600 1.94 0.15 0.81 0.19 0.36 0.14 3.70 0.64 12.4 20.8
Pd/Lao.sSro.1Mn0O3-C600 2.89 0.22 0.70 0.31 0.47 0.19 3.65 0.94 8.08 25.7
Pd/Lao.g5Sr0.1sMnO3-C600 1.37 0.10 0.68 0.14 0.52 0.24 3.71 1.42 2.02 36.1

a. Pd ratio (%) from XPS composition study

b.  Mn¥*/Mn* ratio from XPS Mn 2p orbital

C. Mn average oxidation state (AOS) from XPS Mn 3s orbital

d. Oxygen adsorption species and lattice oxygen ratio from XPS O 1s orbital
e. Pd dispersion (%) from Hy-chemisorption measurements

f. Specific surface area from No-physisorption
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4. Conclusion

Pd deposition has been investigated in this chapter according to two different
procedures. The Pd was fixed at 1 wt.%. The first method was a classical sequential
approach consisting in the impregnation of the perovskite substrates and then a
calcination in air at 400°C. For the second one-pot method, palladium is introduced in
the course of the sol gel procedure. In this latter case, the calcination was proceeded at
much higher temperature to obtain the perovskite rhombohedral structure, e.g. 600°C
or 800°C in air. One has to mention that calcination at 600°C led to more amorphous
structure with residual bulk detectable impurities while at high temperature the
formation of a well-crystallized pure structure was observed from XRD analysis. On
the other hand, low calcination temperature preserves enough specific surface area
needed for the dispersion of oxidic Pd species through the impregnation method.

According to above two protocols, drastic changes in the palladium distribution
are expected as oxidic Pd species should segregate predominantly at the surface on the
outermost layer of the perovskite on impregnated Pd/LaMnO3s samples whereas Pd
should be homogeneously distributed in the volume of the grain size for the sol gel
LaMno.9sPdo.0203 samples. Different techniques were implemented for the bulk and
surface characterization. The reducibility of oxidic manganese species obeys to a two-
step process starting from Mn*" to Mn?>* and a more extensive reduction is observed
when cationic palladium species are stabilized in the perovskite lattice in the series
LaMnyg.9sPdo.0203. O2-TPD analysis also evidences improved oxygen desorption on
one-pot samples. However, bulk oxygen mobility is deteriorated on well-crystallized
perovskites, e.g. calcined at 800°C. As a matter of fact, the most prominent parameter
which affects oxygen mobility seems to be the presence of defective sites due to La-
deficiency with improved surface and bulk oxygen desorption.

Regarding oxidic palladium species their reducibility differs as isolated cationic
palladium species in the perovskite are less reducible than extra-framework PdOx
species. Unexpectedly, Ho-chemisorption measurements on pre-reduced samples at
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250°C revealed the highest Pd dispersion on LaMng.9sPdo.0203 calcined at 800°C. At
this reduction temperature the rhombohedral structure of the perovskite is conserved.
In fact, HAADF-TEM measurements shows that Pd™ species remains extremely
dispersed and unreduced in this temperature conditions leading to very low H/Pd values
from H»-titration when LaMno.9gPdo.0203 is calcined at 600°C. In contrast calcination at
800°C provokes Pd ex solution with the resulting segregation of small Pd particles at
the surface which probably originates the high H/Pd ratio observed on this catalyst.
Interestingly, HAADF-TEM also evidences highly dispersed Pd species coexisting with
larger aggregates.

Finally, surface analysis from XPS agree with previous observations showing that
Mn*" species are better stabilized at the surface on samples calcined at 600°C. Except
for LaMng.osPdo.0203 exhibiting low surface Pd concentration a surface Pd-enrichment
is noticeable on sample calcined at 600°C. The high surface Pd concentration agree
with exsolution process leading to more reducible PdOy species and well-dispersed
once reduced. Palladium oxide was found stabilized in +1I and +IV oxidation. However,
no discernible correlation was observed according to the dispersion of the chemical
environment, e.g. lattice or extra lattice species.

Palladium has been incorporated to Lai;xKxMnOs and La;xSrxMnOs; by wet
impregnation. It has been observed that bulk properties are weakly perturbated. As a
general trend, no distinct evolution of the oxygen mobility is discernible. Pd dispersion
are rather low exceptionally on La;xKxMnOs despite comparable dispersion with Laj.
SrxMnOs but such observation seems to be in agreement with the lower surface
concentration of palladium. For La;xSrxMnO3 surface Mn enrichment takes place and
correspond to a greater stabilization of Mn*' compared to La;xKxMnQs. As a matter of
fact, such a trend confirm previous observation as the formation of binary K/Mn

structure would block the oxidation state of Mn>".
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5. An attempt to optimize perovskite formulation on
palladium incorporated LaxSro.i1sMnQOs.5 for

methane catalytic combustion

5.1. Introduction

After nearly a century of mature development of the catalytic industry, single
precious or base metal catalysts have been widely studied, breakthrough progress is
becoming more and more difficult. Among them, noble metal catalysts are widely used
in the fields of energy chemical industry and environmental protection, such as
automobile exhaust purification, hydrogen fuel cells, petroleum refining, biomass and
solid waste conversion and utilization, etc. Due to the high price and limited reserves
of precious metals, reducing the amounts of precious metals in catalysts has been a
major challenge in the field of catalysis. As to methane catalytic oxidation, Palladium
as a precious metal, which is treated as the most efficient metal for the methane strong
C-H bond breaking at low temperature, is particularly special for the remove of trace
amounts of methane in the emission of natural gas vehicles (NGVs) [59]. In an era of
diverse fuel sources with the huge world-wide resources of natural gas (much larger
than crude oil), the study of Pd based catalyst for methane oxidation is of great practical
and future significance [60].

In recent years, composite metal oxide catalyst more and more attracted the
interests of the catalytic scientists in methane catalysis, such as perovskite materials
[61], high entropy metal alloys (HEAs) [62], cerium oxide supported palladium [63]
and spinel metal oxides [64] because their shape, structure and surface properties of
composite metals influence each other, and the characteristics of various metal oxides
can work together with surprising synergy effect and strengthened efficiency of
methane catalysis. In the aforementioned study of methane catalysis, Pd is treated as
the most efficient metal for the methane strong C-H bond breaking at low temperature
[65], as a result, palladium is chosen as one of the candidate materials in this study. In
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the same time, the above-mentioned polymetallic oxide catalysts provided also the
methods to protect the Pd species from poisoning and sintering. For example, the spinel
metal oxide MgAlO4 substrate, which is difficult to be reduced, can inhibit the
excessive oxidation of Pd in the hyperoxic environment and maintain the catalytic
active structure of Pd-PdOy at temperatures as high as 800-1200°C [64]. And both of
the perovskite and high entropy metal oxide have been reported for their noble metal
self-regeneration property [41, 66], which is helpful to protect the interface of Pd, PdOx
and/or Pd/PdOx with their unique advantages of noble metal protection from perovskite
[74] in order to improve its high activity and hydrothermal stability for NGVs three-
way catalyst.

M. Richard et al. pointed the ground state of free oxygen molecules could be
activated by a sequential electron transfer leading to the formation of reactive
superoxide (O%), peroxide (0,?") and oxide species (O%") and the formation of reactive
oxygen species could also occur without electron transfer by chemically active singlet
oxygen (1Ag) formation with an obviously reduced the Pd content realized on dual-bed
LaMnO3-Pd/YSZ [67]. Depending on the drastic rate enhancement observed on the
oxygen exchange which positively influences the rate of methane oxidation in
connection with the creation of more reactive oxygen species, P. Granger proposed
LaMnOs perovskite validation and interesting prospects regarding the feasibility of
developing the former dual-bed catalytic systems for the abatement of methane at low
temperature [68].

However, the factors affecting the catalytic effect have become more and more
complex, the control of metal-support interactions is such significant to improve
composite catalysts in heterogeneous catalysts to enhance activity and selectivity [69].
Hence, the content of various metals in the composite catalyst, temperature, location of
active metals, catalyst structure and synthesis method, cost control and so on are all
factors that need to be considered. Therefore, how to conduct research methodology
efficiently becomes particularly important. Besides the impact of specific shape of

noble metal [65], in particular, reducing the use of precious metals to low or even ultra-

- 202 -



Chapter 5. Palladium Incorporation on Bulk and Surface Properties of Perovskites

low content appears to be of realistic and future significance. For example, traditionally,
the distance between the two active sites of a catalyst is considered as "closer is better".
In previous studies, the precious metal Pt is usually placed inside the support channel,
and the distance between the two active sites is considered as "closer is better". Under
the goal of reducing the content of precious metals, K. Chen et al. [70] studied the
position of Pt metal in the composite catalyst and found that when 0.01% nano-scale Pt
was located in the pore mouth of the support, the catalytic efficiency was increased by
orders of magnitude and the cost advantage was extremely high, which is very
instructive for the thesis work on combination of Pd and perovskite.

In the exhaust gas composition of NGVs, NO is a pollution gas that cannot be
ignored. Kim et al. [71] studied Pd based Sr-substituted perovskite Lag.9Sro.1CoO3 and
Lao.9Sro.1MnOs for treating NOy reduction with significant performance and pointed the
potential of Pd/perovskite catalysts as a viable substitute in reducing the NOx gas and
the cost of three-way catalytic system.

Besides, our previous study on Pd/Lag.gsSro.1sMnO3-C600 perovskite (See later
catalytic reaction part) had a significant methane oxidation performance among the 16
ones during the first time high-throughput reactions at RealCat Platform in Centrale
Lille Engineering School. Therefore, the combination of low Pd content and Sr partially
substituted LaMnOs perovskite has been chosen as our strategical formulation to
methane catalytic combustion for methane exhaust trace. As a result, the combination
of design of experiments (DOE) and high-throughput experiments (HTE) has been
chosen as the efficient methodology to optimize the composition of multi-elemental
composite while providing the interactions and impacts of factors among the huge
amounts of data [72].

For the series of perovskite catalysts using a factorial reduced matrix, there are
always two different factors between samples. However, the relevant analysis reports
are not yet available from the DOE partners, we firstly studied the overview of this
series from physicochemical properties in bulk and on surface. Besides, the post-

reaction XPS analysis results from high throughput are listed in the annexes of this
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chapter and the methane catalytic measurements in real near-stoichiometric exhaust gas
condition are analyzed in Chapter VII.

In conclusion, on the basis of the previous study of perovskite-based catalyst with
1wt.% Pd content for first high throughput methane catalytic oxidation measurements,
1%Pd/Lag 85S10.1sMnO3-C600 was found the optimal catalyst. Hence, depending on the
four factors: calcination temperature, palladium content, palladium incorporation
method and perovskite A-site defect, the attempt to optimize perovskite formulation
based on palladium incorporated LaxSro.1sMnOs+s with DOE design was planned in the
second high throughput methane catalytic oxidation. Considering the scientific and
industrial significance of reducing Pd content, to investigate the internal synergy
property between palladium incorporation and related perovskite factors, it is necessary
as an efficient method to optimize the formulation of perovskite catalyst particularly in
the three-way catalytic system of natural gas vehicle engines working in extreme

environments.

5.2. Design of experiments

The design of experiments (DOE) method includes two parts: design of
experiments and analysis of data. The first part contains variable selection, factor
coding, spreadsheet and experimental operation; the latter part concerns statistic model,
the relationship of data results and optimization [73]. Depending on the working
situation and the suggestion from Prof. M. Bigan of Department of Chemistry in Lille

University, the fractional factorial design become the choice.
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Table 5.5.1. Factor choices for LaxSro.1sMnOs formulation.

Factors (X) Level -1 Level 0 Level +1
Calcination Temperature X1 (°C) 600 700 800
Pd content X2 (wt.%) 0,5 0.75 1
A-site stoichiometry (fixed Sro.15) X3 0,7 0.85 1
Incorporation mode X4 Sequential Sequential One-pot

For coding the 4 factors (Table 5.5.1), a full design needs 16 experiments,
considering our working situation, a reduced matrix has been given with 8 experiments
and 3 repetitions as the center of the statistical response surface in order to better

understanding the impact proportion of every factor and their corresponding interaction.

Table 5.5.2. Factor coding for LaxSro.1sMnQO3 formulation.

X1 X2 X3 X4
-1 -1 -1 -1
+1 -1 -1 +1
-1 +1 -1 +1
+1 +1 -1 -1
-1 -1 +1 +1
+1 -1 +1 -1
-1 +1 +1 -1
+1 +1 +1 +1
0 0 0 0
0 0 0 0
0 0 0 0

Then, the 4 factors above are substituted into the below Table 5.5.2 and Table 5.5.3
is obtained with the catalyst formulation that need to be prepared and then tested
following the interested research fields. Besides, three impact concerned (methane
oxidation conversion, palladium dispersion, specific surface area) are chosen as our
interested studies. And one bare perovskite (Lao.7Sr0.1sMnO3—C700) without Pd doping

1s added into this framework as a reference.
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Table 5.5.3. Catalyst design for LaxSro.1sMnOs formulation.

Factor X1 X2 X3 X4
Catalysts to test
Exp.No T°C Pd Metal (La/Sr) Pd-Incorporation mode
1 600 0,5 0,7(0.55/0.15) sequential 0.5%Pd/(Lag 55510.1sMnO3 - C600)
2 800 0,5 0,7(0.55/0.15) one pot Lag 55Sr0.15Mng 9909Pdo.009103 - C800
3 600 1 0,7(0.55/0.15) one pot Lag 55Sr0.15Mng 9318Pdo.018203 - C600
4 800 1 0,7(0.55/0.15) sequential 1%Pd/(Lag.55Sr0.1sMnO3 - C800)
5 600 0,5 1(0.85/0.15) one pot Lag g5Sr0.15Mng.9890Pdo.011003 - C600
6 800 0,5 1(0.85/0.15) sequential 0.5%Pd/(Lag.35S10.1sMnO3 - C800)
7 600 1 1(0.85/0.15) sequential 1%Pd/(Lag.s5S1r0.1sMnO3 - C600)
8 800 1 1(0.85/0.15) one pot Lag g5Sro.1sMng 9770Pdo.022103 - C800
9 700 0.75 0.85(0.7/0.15) sequential 0.75%Pd/(Lag.7Sr0.1sMnO3; — C700)
9 700 0.75 0.85(0.7/0.15) sequential 0.75%Pd/(Lag.7Sro.1sMnO3 — C700)
9 700 0.75 0.85(0.7/0.15) sequential 0.75%Pd/(Lag.7Sro.1sMnO3 — C700)

5.3. Bulk properties

5.3.1. X-ray diffraction

X-ray diffraction (XRD) is used to study the perovskite crystalline states
(Fig.5.5.1), in general, crystal formation depends on the calcination temperature and
preparation method, and palladium content and A-site lanthanum defect have no
obvious effect on the structure of perovskite crystal. These samples basically conformed
to the crystal reflections of the reference strontium partially substituted perovskite
(Lao.gSro2MnOs3; PDF 01-075-3215).

The two 600 °C calcinated sequential samples (0.5%Pd/Lao.s5Sr0.1sMnO3-C600,
1%Pd/Lag.g5S10.1sMnO3-C600) do not present the crystalline state compared to the other
samples. Among the 600 °C samples (black, dark yellow, cyan and magenta), one-pot
method seemed to contribute to forming perovskite crystal structure regardless of Pd
content or A-site defect, which means one-pot palladium incorporation seemed to be

helpful to form perovskite crystals compared to the sequential wet-impregnated ones.
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Fig.5.5.1 XRD spectrums of 9 Pd/perovskites and 1 support.

In addition, the XRD spectrum of 0.75%Pd/(Lao.7Sr0.1sMnO3-C700) perovskite did
not show a significant difference with spectrum shift from the bare Lao.7Sr0.1sMnO3 one
indicating that powder XRD was insufficient to detect ultralow content palladium. For
other samples with different compositions, the perovskite structure containing
strontium is also maintained on the whole, which also indicates that the homogeneous
or heterogeneous distribution of trace palladium on the surface has little influence on

the XRD signal characteristic patterns.
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5.3.2. Bulk reducibility and reoxidation capacity from combination of

H>-TPR and O:-TPO

The evaluation of reducibility and reoxidation ability of the catalytic series has

been experienced by H> and O consumption of combined thermal-programmed

experiments following the same protocol as former chapters (Fig.4.13). The Fig.5.5.2

and Fig.5.5.3 presented the reduction and reoxidation profiles of the nine Pd

incorporated perovskites and one support.
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Fig.5.5.2 H>-TPR of 9 Pd/perovskites and 1 support.
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Fig.5.5.3 O2-TPO of 9 Pd/perovskites and 1 support.

This series of profiles shows that it has all the characteristics of previous materials

in terms of the overall reduction and then oxidation process, such as three characteristic

interval reduction peaks, palladium reduction peak around 100 °C, surface and bulk

reduction peaks and oxygen release negative peak above 900 °C oxidation part.
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Table 5.5.4. Amount of hydrogen consumption from H2-TPR with specific surface and specific consumption.

Total H, Consumption H, Consumption Relative H, contribution SSA 1 Nomalized Consumption
Catalyst H/M?
(mmol/g) <550 °C (mmol/g) (%) <550 °C (m%g) (mmol/m?)
0.5%Pd/(Lao.s5S10.1sMnO;3 - C600) 4.4 32 73.8 1.7 27.9 0.16
Lag.55S10.1sMn0.9900Pdo0.009103 - C800 2.4 1.6 66.8 0.9 30.3 0.08
Lag.55S10.15Mng.9818Pdo.018203 - C600 4.5 3.5 78.8 1.7 32.6 0.14
1%Pd/(Lay.s5Sr0.1sMnOs - C800) 3.2 1.8 56.2 1.2 45.6 0.07
Lag.g5S10.15Mn0.9890Pd0.011003 - C600 3.0 1.4 45.4 1.4 26.4 0.11
0.5%Pd/(Lag.ssSr0.1sMnOs3 - C800) 2.9 1.2 39.1 1.4 11.8 0.25
1%Pd/(Lag.85S10.1sMnO3 - C600) 5.0 39 78.5 2.4 36.9 0.14
Lao.85S10.15Mno0.9779Pd0.022103 - C800 2.1 0.9 42.6 1.0 7 0.3
0.75%Pd/(Lag.7Sr0.1sMnO3; — C700) 33 1.8 53.7 1.4 49.0 0.07
Lag.7Sr0.1sMnO3; — C700 3.1 1.4 46.1 1.3 51.3 0.06

*M =Mn + Pd

® SSA: Specific surface area
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During the reduction in hydrogen gas flow, both La** and Sr** are nonreducible
under the H2-TPR condition, the reduction peaks should only root in the reduction of
Pd and Mn species the perovskites, and La;O3, SrO, MnO and Pd metal states are the
states in the end of reduction [23]. Same as former studies on Pd incorporation, two
main impacts could be observed: one was Pd species reduction peak appeared about
100 °C, the other was that Pd doping obviously boosted the surface Mn species (Mn**
and surface Mn>" situated in a highly unsaturated coordination micro-environment [32])
reduction (zone < 500 °C) to even lower temperature area. Besides, the higher the
calcination temperature led to an increasingly clear surface and lattice reduction interval
which could be connected with their different crystallinity from XRD spectrum
(Fig.5.5.1). In addition, from the quantitative study (Table 5.5.4), the factors of
palladium doping, low temperature calcination and A-site defects appeared to have

positive effects on the overall and surface consumption of hydrogen and the calculation

of H/M ratio.
Table 5.5.5. Amount of hydrogen consumption from O2-TPO.
Total O, Consumption Nomalized Consumption
Catalyst oM ®
(mmol/g) (mmol/m?)

0.5%Pd/(Lag.55Sro.1sMnO3-C600) 1.1 0.4 0.04
Lay.55510.15Mn0.9909Pdo.000103-C800 1.7 0.7 0.06
Lay 55S10.1sMno 9818Pdo.015203-C600 1.4 0.5 0.04
1%Pd/(Lag.55S10.1sMnO3-C800) 1.3 0.5 0.03
Lay gsSto.15Mno.9890Pdo.011003-C600 1.3 0.6 0.05
0.5%Pd/(Lag .s5Sr0.1sMnO3-C800) 1.4 0.7 0.12
1%Pd/(Lag.85S10.1sMnO3-C600) 1.2 0.6 0.03
Laj.85S10.15Mn0.9779Pdo.022103-C800 1.3 0.6 0.19
0.75%Pd/(Lag.7Sro.1sMnO3—C700) 1.4 0.6 0.03
Lag7Sro.1sMnO3—C700 1.4 0.6 0.03
*M=Pd+Mn
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In addition, the A-site defect samples showed the deeper the defect in A site, the
deeper the binding degree of Pd and surface manganese reduction peaks regardless of
the synthesis methods and calcination temperatures. In other words, the A-site defect
promoted the redox capacity of palladium species and manganese oxides on the
perovskite surface.

The following reoxidation from O>-TPO reflected the ability and the stability to
form the perovskite structure again. At 500 °C, the reoxidation process can still be
divided into two parts and the differences of reoxidation profiles mainly depended on
the A-site defect especially in a-zone (< 500 °C). From the Lag.7Sr0.1sMnOs series, Pd
incorporation seemed to lead to gas release about 900 °C. Besides, the quantitative
calculation (Table 5.5.5) on oxygen consumption and their quantity per unit metal (O/M)

showed no significant difference on all samples.

5.3.3. Oxygen desorption (O:-TPD/MS)

The oxygen desorption was combined with mass spectrometry following the same
protocol as former oxygen desorption program (Fig.4.18). Mass spectrometry was
combined with thermal programmed desorption analysis in order to avoid the overlap
of oxygen and carbon dioxide and to calculate related oxygen desorbed quantity.
Fig.5.5.4 and Table 5.5.6 showed the profiles and quantitative study of the fixed Sr
substitution series.

In principle, the A-site deficiency and low calcination temperature presented the
positive impacts on the oxygen desorption indicating stronger oxygen mobility, storage
capacity and the ability to produce/convert different oxygen species [35]. Besides, the
Pd incorporation to Lag 7Sro.1sMnO3 sample brought a positive impact on the capacity
of oxygen desorption. In addition, the synthesis methods of perovskites seemed to have

no obvious impact on the desorption capacity of oxygen.

-211-



Thése de Doctorat — Université de Lille

—— (0.5%)Pd/La, .,Sr, ,;MnO,-C600
I T i T | T I T I T I T I T T I T
(1%)PdiLa, Sr, , .MnO,-C80

——
T T T T T T T T T T T T T T T T T

—— (0.5%)Pd/La, ,Sr, ,,MnO,-C800
T

aD.85

D T e ) e P P e e
Lao.sssro.1smnu.9gospdu.oog1Oa'csoo

e R e [ S P o) [T ) [P FRR I | T
Lau.sssru.15Mn0.ga1apdu.u18203'csoo

I T T
MnO,-C600

i T T
(1%)Pd/La,_ , Sr

0.15

O, Desorption

T T T

| Tt
Lao_assro.15Mnn,gasnpdo.nﬁooa'ceo

— T 7 T T T
La, 4557y 1sMN, 477,Pd, 5, 0,-C800
T

L P v SO S e )
(0.75%)Pd/La, Sr, ,.;MnO,-C700

T T T T T T T T T T T

[ T
,Mno_-C700

I T B
LaO.Tsr0.1

I
100 200 300 400 500 600 700 800 900 1000
Temperature (°C)

Fig.5.5.4 Oxygen desorption from O2-TPD of 9 Pd/perovskites and 1 support.
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Table 5.5.6. Amount of desorbed oxygen from O2-TPD.

Amount of Desorbed Oxygen (mmol/g)

Catalyst
a-Oxygen ? B-Oxygen ® Total Amount

0.5%Pd/(Lag 55St0.1sMnOs - C600) 0.14 0.66 0.80
Lao.55Sr0.15Mng.9909Pd0.009103 - C800 0.09 0.34 0.43
Lao.55Sr0.15Mng.9g18Pdo.018203 - C600 0.13 0.69 0.82
1%Pd/(Lag.55Sr0.1sMnO3 - C800) 0.10 0.48 0.58
Lao 85Sr0.15Mng.9890Pdo.011003 - C600 0.07 0.31 0.38
0.5%Pd/(Lag.35Sro.1sMnO3 - C800) 0.06 0.29 0.35
1%Pd/(Lao 85Sro.1sMnO3 - C600) 0.12 0.63 0.75
Lay.g5Sr0.1sMng 9770Pdo.022103 - C800 0.06 0.24 0.30
0.75%Pd/(Lag.7Sro.1sMnO3 — C700) 0.11 0.33 0.44
Lao.7Sr0.1sMnO3 — C700 0.10 0.30 0.40

? Desorbed oxygen < 500 °C

® Desorbed oxygen > 500 °C

5.3.4. Inductive coupled plasma atomic emission spectroscopy

The elemental composition analysis was proceeded by inductively coupled plasma
atomic emission spectroscopy (ICP-AES) at RealCat Platform in Centrale Lille
engineering school in order to more accurately measure the elemental composition ratio
of the perovskite catalysts as a whole.

In general, the composition of the eight catalysts basically conformed to the
initially theoretical design, especially the Pd content of 0.5%wt. and 1%wt. states.
(Table 5.5.7). This overall composition of the elements presented the different results
compared to the surface composition studies from XPS analysis (Table 5.5.8), which

indicated that there was the elemental segregation on the samples surface.
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Table 5.5.7. Elemental composition analysis from ICP/MS spectroscopy.

Catalyst La Sr Mn Pd
0.5%Pd/(Lao.g5Sr0.1sMnO3 - C800) 52.65% 5.99% 24.70% 0.56%
0.5%Pd/(Lao 5551r0.1sMnOs - C600) 39.57% 8.92% 28.26% 0.61%

1%Pd/(Lao.s5Sr0.1sMnO3 - C600) 45.57% 5.45% 20.47% 1.02%
1%Pd/(La 55St0.1sMnO3 - C800) 39.51% 8.97% 28.03% 1.02%
Lay.85S10.15Mn0.9890Pd0.011003 - C600 50.07% 5.73% 22.86% 0.50%
Lag.55S10.15Mn0.9909Pd0.000103 - C800 42.98% 7.65% 30.76% 0.57%
Lay.85S10.15Mn0.9779Pd0.022103 - C800 50.41% 5.73% 23.00% 0.90%
Lag 55S10.15Mng.0818Pdo.018203 - C600 38.43% 6.75% 27.02% 1.02%

5.4. Surface composition

The surface composition of the nine palladium incorporated catalysts and one
perovskite support have been characterized by chemisorption (H2-Chemisorption), X-
ray photoelectron spectroscopy (XPS) and N»- physisorption, the combined study of
the three methods can be used to study the surface properties of catalysts with more
confidence on the impact of palladium incorporation (Table 5.5.8.). The results of
surface properties of nine catalysts can be taken into the matrix of design of experiments,
and the influence of four factors on surface properties, especially the palladium impacts
can be obtained through analysis.

The binding energy position and profiles of Pd 3d orbital from the nine Pd doped
samples were showed in the Fig.5.5.5 and Pd valences were mainly in Pd’, Pd*" and
Pd*" states [55, 56, 57, 58], and the state of Pd does not seem to be related to the method
of synthesis or the calcination temperature. The quantitative study of Pd ratio on surface
from XPS analysis showed that the samples of sequential preparation route generally
presented higher surface Pd content than the one-pot ones and the Pd dispersion
presented also the same trend from the Hp-chemisorption analysis.
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The binding energy position and profiles of O 1s orbital of the samples were

presented in Fig.5.5.6 with mainly the lattice and surface adsorbed oxygen and little

other oxygen-containing substances [59]. And the Oags/O1at ratio seemed no coherence

with stoichiometry, calcination temperature and sequential/one-pot preparation route.

As previous work breakdown structure on A-site metals, the XPS results are

divided into two parts: influence of lanthanum stoichiometry and influence of A-site

partial substitution of strontium incorporation in stoichiometric composition. The

binding energy of La 3d generally stayed the same position for all samples indicating

homogenization state of lanthanum. But the Sr 3d binding energy profiles and position

varied due to the degree of crystallization from the different calcination temperature

and Sr surface segregation [27, 28, 36].
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The manganese XPS study was investigated as the former analysis by Mn 2p and
Mn 3s together to analyze the Mn valence state following the Mn 2p studies of M.
Biesinger et al. [29] in Fig.5.4.9. The lower calcination temperature and the A-site
defect showed the positive impacts leading to higher Mn valence state depending on
the quantitative study from Mn 2p orbitals of samples with six peaks of Mn (IV) and
one peak of Mn (III) [26, 30] and Mn 3s from multiplet splitting of Mn 3s peak [31] in
Fig.5.4.10.

Prominent multiplet splitting can be observed for Mn?**, Mn** and Mn*'. The
average oxidation state (AOS) of manganese from Mn 3s orbital of perovskite can be

calculated as Chapter IV according Eq. (5.5.1). [31]

Average Oxidation State (AOS) = 8.956 — 1.12xAEspiitting (Eq.5.5.1)

In addition, as to the Lao.7Sr0.1sMnO3-C700 sample, Pd impregnation led to higher
surface Mn valence state which have the same tend of hydrogen consumption as H»-

TPR results (Fig.5.5.2, Table 5.5.4).
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Table 5.5.8. Summary of surface analysis of 9 fresh palladium incorporated perovskites and 1 support after calcination.

XPS Analysis H,-Chemisorption N,- physisorption
Catalyst
Pd ratio (%) @ LanSr LaIV-II—nSr ;_‘i 1;‘1_; i ZZ %: (b) Mn (AOS)© % (@  Pddisp. (%) © SSA® (m%g)

0.5%Pd/(Lag.55S1r0.1sMnO3-C600) 4.92 0.50 1.21 042 0.20 - 0.52 3.35 2.04 4.6 27.9
Lag.55Sr0.15Mno.9900Pd0.000103-C800 0.16 0.01 1.27  0.01 - 0.10 042 2.88 1.17 2.8 30.3
Lag.55Sr0.15Mno.9818Pd0.018203-C600 0.23 0.02 1.27 0.02 11.03 0.16 041 3.25 0.85 3.6 32.6
1%Pd/(Lao.55S10.1sMn0O3-C800) 4.0 0.39 1.34 029 021 021 053 3.08 1.06 4.8 45.6
Layo.855r0.1sMno.9890Pdo.011003-C600 0.13 0.01 0.66 0.01 6.97 - 0.56 3.19 0.95 5.6 26.4
0.5%Pd/(Lag.s5Sro.1sMnO3-C800) 0.53 0.04 070 0.05 1.05 - 0.41 3.27 1.59 3.8 11.8
1%Pd/(Lao.35S10.1sMn0O3-C600) 4.26 037 083 045 026 - 0.28 3.56 2.56 8.4 36.9
Lag 85Sr0.15Mno.9770Pd0.022103-C800 0.53 0.03 067 0.05 0.78 - 0.48 3.22 1.06 0.4 7

0.75%Pd/(Lag.7S10.1sMnO3—C700) 1.20 0.09 095 0.10 - 0.10  0.39 3.38 0.78 16.8 49.0
Lag.7S10.1sMnO3—-C700 - - 0.87 - - - 0.42 3.29 0.96 - 51.3

a. Pd ratio (%) from XPS composition study

b.  Mn*/Mn* ratio from XPS Mn 2p orbital

C. Mn average oxidation state (AOS) from XPS Mn 3s orbital

d. Oxygen adsorption species and lattice oxygen ratio from XPS O 1s orbital

e. Pd dispersion (%) from H,-chemisorption measurements

f. Specific surface area from N,-physisorption
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5.5. Conclusion

In this part, the fractional factorial matrix of design of experiments, which includes
a selected subset of a full factorial design, was dedicated to design the formulation of
nine palladium incorporated samples in order to understand the proportion of the impact
of each factor and the relevant synergetic correlation by efficiently building the
relationships between factors and related requirements of natural gas engine emission,
such as methane conversion, NO reduction, palladium dispersion, oxygen storage
capacity, specific surface area, etc. Once the framework matrix of experimental design
is established, the above parameters of interest can be substituted into the matrix
responses by relevant computer software to form correlation surface diagram readily.
The methodology can effectively guide the catalyst design of complex system.

Regarding the bulk analysis from XRD, the spectrums maintained the reference
strontium substituted perovskite structure except two sequential C600 samples in
amorphous state. As to the reduction capacity from H>-TPR experiments, interestingly,
the more the defect, the closer the reduction peaks of palladium species and surface
manganese among the three different A-site stoichiometric compositions. The low
calcination temperature and the perovskite A-site deficiency contributed to stronger
oxygen desorption capacity. Elemental analysis by ICP/MS spectroscopy confirmed the
whole elemental composition corresponding to designed perovskite formulation, which
could be referred to surface composition investigation.

The XPS analysis of lanthanum and strontium as A-site metals reflected the totally
different properties: lanthanum showed the stability but the state of strontium depended
on calcination temperature. Although there were always two different factors in each
pair of catalyst combination comparison, without receiving the results of cooperation
partner, it could still be seen that the surface defects seem to promote the existence of
metallic palladium species of which binding energy at 335 eV. In addition to the main
divalent palladium, a trace amount of tetravalent palladium could also be detected.
Within the same discussion as former study on poor palladium dispersion from one-pot

-219 -



Thése de Doctorat — Université de Lille

sample of high calcination temperature, surface deficiency and low calcination
temperature presented the positive impacts on palladium dispersion and specific surface
area. In addition, these samples were both measured both in high throughput reactions
for kinetic study in Chapter VI and in real exhaust gas composition of natural gas engine
catalytic reaction in Chapter VII. Ultimately, the specific systematic DOE study needs
to wait for the analysis report from statistic partner before the final conclusion of this

section on impact factors aiming at reducing palladium content can be given.
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Annexes

XPS analysis for Pd/LaxMnO3, Pd/LaxKixMnQ3, Pd/LaxSr:-

xMnQOs; series before high throughput reaction
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XPS analysis for Pd/LaxMnO3, Pd/LaxKixMnQ3, Pd/LaxSr;-

xMnQs; series after high throughput reaction
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Fig.S5.3.1 XPS spectrum of post-reaction La 3d: One-pot and sequential
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Chapter 5. Palladium Incorporation on Bulk and Surface Properties of Perovskites

Table S5.3.1. Impact of Pd incorporation into perovskite, post-reaction of high throughput, on the surface properties of Pd-based perovskite catalysts

XPS analysis after high throughput reaction for Pd/LaxMnO3, Pd/LaxKixMnOs3, Pd/LaxSri1xMnQOs series.

Catalysts Pd ratio Pd iﬂ 1“ p_d MLH ®) Mn (AOS)* 0 .45 05, Ratio (%) a
(At%) * La(+k/Sr)  pd2+  Pd° Mn Mn** Oiut
Pd/LaMnO;(C600) 0.14 0.02 - 1.75 0.03 1.45 3.29 0.44 66.95
Pd/LaMnO;(C800) - - - - - 1.22 3.37 0.86 59.92
Pd/Lag sMnO3(C600) 0.32 0.10 0.24 3.63 0.06 0.93 3.31 0.46 74.27
Pd/La; sMnO5(C600) 0.58 0.01 - 2.27 0.06 1.14 3.47 0.91 39.46
LaMno.osPdo.0203(C600) 0.68 0.08 - 0.92 0.11 1.16 3.24 0.89 44.62
LaMno 9sPdo.0203(C800) 1.29 0.11 1.91 - 0.14 1.04 3.52 0.96 12.10
Pd/La 05K 0.02MnO3(C600) 0.25 0.02 - 1.12 0.03 1.27 3.53 0.73 44.74
Pd/Lay 05K0.0sMnO3(C600) 0.22 0.04 0.42 - 0.04 0.91 3.21 0.24 51.54
Pd/Lay oKo.1MnO3(C600) 0.20 0.01 0.99 - 0.01 1.00 3.40 0.76 46.77
Pd/Lay s5Ko.1sMnO3(C600) 0.10 0.003 0.60 - 0.01 1.06 3.44 1.13 14.22
Pd/Lag 9sS10.0:MnO3(C600) 1.19 0.10 0.99 0.58 0.21 1.34 3.21 0.94 17.86
Pd/La.95S10.0sMnO3(C600) 0.65 0.09 - 0.18 0.12 1.63 3.24 0.89 62.72
Pd/Lag St 1MnO3(C600) 1.15 0.08 0.58 2.26 0.12 1.32 3.24 1.12 18.31
Pd/Lay s5Sr0.1sMnO3(C600) 0.80 0.06 0.44 - 0.08 1.59 3.22 1.25 16.96

¢ from Pd dispersion ratio (%) from XPS
b from XPS Mn 2p orbital

¢ average oxidation state

“ ratio of hydroxyl, calcium carbonate and other oxygen-containing substances in total oxygen amount (within lattice oxygen and adsorbed oxygen species)
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XPS analysis for palladium incorporated LaxSro.isMnQO3

series after high throughput reaction

Intensity (a.u.)

0.55
T

) (0.5%)PdiLa, .S, ;MnO,-C600
e 8E = 5.26
(0.5%)PdiLa, , S, ,;MnO,-CE00
RS R T R ———_— s La, S, M, 0P, ., 0,-CB0O " ot Tt
Hngv) BE = 516

La Srm SM"u.ssnspdu.nw 03—0800
T T T T T T T T T

Mnf1v) Min{ivy

Hingp Mn(1v) HMing?

0

Ly 550 16MNy 4515P i .005,0,-C600

T T T T T T T T T
La, 555 T15M0y g515P g g 5203'0600

SE=52
A

v T T

T
Hn(v)

T
Mn(ivy

Mnitv}

T
Wn{iv)’

Mn{Ivy

Hin{Ivy

(1%)PdILa, ,.Sr, ,,MnO-C800

‘\Ilnll\/l :

- ] . — . —T— —— T .
. Mn(Iv) Mn0v) Mintiv) [~ ol -~ |1 %)PUILB sr ' MnO_-€800 g

3 Mn(iv) =] b A 3E=5.26

= 8 e

3., {1 n,{,)l?'deaf‘“SroﬂsMn?a—Cs?ﬂ : . ‘ ‘ | . - o ST e

o Mn(p Mn Mn{iv) Mn ! L, * |a,,sSr, . Mn Pd -C600 3

2 anw: 1Y) ! ) adl 2 085 0.15 0.9890 3 bE = 5-09

[ o

=] ]

: Lao.cssrn |5MnD.ﬂ!ﬁOPdD.D11OOJ_CSUU E

- T T ] T T T T " - ¢ N P T

) ) ——— it —— b (0.5%)PH/La, Sk, . MnO!-C800 1

% e <
{0.5%)PdiLa, S, , MnO,-C800

(1%)PdlLa, . Sr., MnO, L600

T T T T T !

ity M) Mty Mty LaDLESr; 15P|'|;1”],7ISF’€| > i 161—0'800 T ‘
ooty i 6E =5.08
La, 51, ,Mn, . Pd, .., 0,-C800 - =
i 1 1 = 1 1 1 - T = 1 z Ll 3 1 L) 1 ' 1 M 1 M
665 660 655 850 645 640 635 94 92 90 88 86 84 82 80 78

Binding Energy (eV)

Binding Energy (eV)

Fig.S5.3.7 XPS spectrum of post-reaction Mn 2p and Mn 3s: One-pot and sequential
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Fig.S5.3.8 XPS spectrum of post-reaction Pd 3d and O 1s: One-pot and sequential

- 238 -




Chapter 5. Palladium Incorporation on Bulk and Surface Properties of Perovskites

Table S5.3.1. Impact of Pd incorporation into perovskite, post-reaction of high throughput, on the surface properties of Pd-based perovskite catalysts

Catalysts

XPS analysis after high throughput reaction for Pd/LaxMnO3, Pd/LaxKi1xMnO3, Pd/LaxSrixMnOs series.

Pd

Pd4+

Mn3+

Pd ratio (At%) * pd* pd** Pd  Mn’ (b) Mn (AOS)¢ = 0Og, Ratio (%)
La + Sr Pd?* Pd° Mn Mn*t lat
0.5%Pd/(Lao.55Sr0.1sMnO3-C600) 1.28 0.22 0.88 - 0.16 0.47 3.03 1.37 65.99
Lao.55Sr0.15Mn0.9909Pd0.009103-C800 0.10 0.01 0.19 - 0.01 0.44 3.15 0.81 47.73
Lao.55Sr0.15Mno.9818Pd0.018203-C600 0.10 0.02 0 - 0.01 0.41 3.10 0.64 67.90
1%Pd/(Lao.ssSr01sMnO3-C800) 0.62 0.12 - 6.16 0.12 0.37 3.03 3.27 10.25
Lao.85Sr0.15Mn0.9890Pd0.011003-C600 0.06 0.01 0 - 0.01 0.40 3.22 0.80 64.53
0.5%Pd/(Lao.ssSro.1sMnO3-C800) 0.19 0.02 0 - 0.03 0.43 3.22 1.05 44.67
1%Pd/(La0.s5Sr0.1sMnO3-C600) 1.17 0.08 0.52 - 0.12 0.42 3.27 1.13 8.49
Lao.s5Sr0.15sMmno.9779Pd0.022103-C800 0.19 0.02 0.31 - 0.03 0.43 3.24 1.04 57.45

* from Pd dispersion ratio (%) from XPS
b from XPS Mn 2p orbital

¢ average oxidation state

4 ratio of hydroxyl, calcium carbonate and other oxygen-containing substances in total oxygen amount (within lattice oxygen and adsorbed oxygen species)
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Fig.S5.3.9 XPS spectrum of post-reaction La 3d and Sr 3d: One-pot and sequential
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Chapter 6. Methane Oxidation Kinetic Study from High-Throughput Experimentations

Chapter VI. Theoretical and Experimental
Combination from High Throughput
Experimentations of Methane Oxidation in Lean

and Stoichiometric Conditions

1. Introduction

As previously discussed, the substitution of liquid fuels by natural gas engines is envisioned
at short terms and complies with more stringent regulations on atmospheric pollutant emissions
with lower NOx and nearly zero particulate emissions. However, more efficient three-way
catalytic technologies are required to avoid unburnt methane emission recognized as potent
greenhouse gas. One of the key issues lies in their weak efficacy near the stoichiometry or under
slight rich exposure typically under three-way catalytic operating conditions. Up to now, the
kinetics of catalytic methane combustion and related model prediction have been investigated
essentially in lean conditions on benchmark supported palladium catalysts [1-5]. Numerical
simulations near stoichiometric conditions from relevant microkinetic analysis are scarce [6,7].
A critical factor is the preservation of the dispersion of PdOx species recognized as the active
sites [8,9]. At high temperature typically encountered in three-way operating conditions, the
decomposition of PdOx into less active nanometric metallic Pd° species cannot be strictly ruled
out causing a loss of efficiency. [8]. Presently, there is no clear consensus on the nature and
architecture of active sites in typical three-way operating conditions. Miller and Malatpure [10]
assumed a pair of sites composed of PdO and Pd’. New generation of three-way catalysts has
arisen in the past two decades able for stabilizing the dispersion of precious metals in a broader
temperature range under switching lean/rich exposure thanks to strong interactions with
perovskite structures [11-13]. The development of such supported catalysts has also opened up
debate over the consensus that PdOx is the active site of the reaction. For instance, Lu et al. [14]
synthesized hexagonal Pd-YFeOsss structure by flame-spray-pyrolysis, with preferential
formation of supported Pd® and Pd*" species instead of solid solution. They observed a strong

rate enhancement in methane conversion after cycling up to 850°C under reaction conditions
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assigned to the formation of metallic particles and the phase transition to orthorhombic YFeO3xs.
Besides, Gonzales-Marcos et al. [15] also observed the coexistence of two kinetic regimes from
light-off curves on Pd supported on Ceo.6sZ10.3202 explained by the involvement of Pd(+I)-like
species at low temperature while metallic Pd° species would act as active sites at high
temperature. Different kinetic regimes have been also identified on Pd/Al,O3-CeO; assigned to
the prevalence of the Pd-Ce or Pd-PdO interface accompanied with higher TOF values and
lower activation barrier in the former case [16]. The nature of the active site-related reaction
mechanisms is also disputed over the presence or the absence of water in the feed gas. Steam
has currently a detrimental effect [17] by hindering oxygen mobility on the support and
suppressing the oxygen exchange process at the metal support interface [18]. In addition, water
can originate deactivation because the large accumulation of water can weaken the strength of
Pd nanoparticles on support material, and then become more sensitive to coalescence process,

leading to changes in the particle size and morphology.

Intensity (a.u.)

) / (b) reduced
20 25 30 35 40 45 50 55 60 65 70 75 80
20(°)
Fig 6.1 XRD patterns recorded on calcined Pd/Lao;MnO3;(SOL) catalyst (a) and after
pre-reduction in H, at 250°C (b).

(a) calcined

This chapter reports a kinetic study of the catalytic CH4/O; reaction on Pd-based catalysts
in the presence and absence of steam. Different parameters have been investigated related to
the lanthanum composition, the methodology for Pd incorporation and the Pd content. Two
different richness for the inlet gas mixture have been investigated in the presence of an excess
of oxygen and near stoichiometric conditions. Based on combined theoretical and experimental
approaches, the different reaction mechanisms, accounting for single and dual sites involving

surface reactive oxygen species form the perovskite, have been compared.
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Prior to reaction, the catalyst samples were in situ reduced at 250°C. As example, XRD
analysis on ex situ pre-reduced Pd/Lao7;MnOs3 catalyst (Fig 6.1) shows that the rhombohedral
perovskite structure is conserved after reduction in moderate temperature conditions, i.e. 250°C
in a flow containing 5 vol.% H> in He. The characteristic reflections of the rhombohedral
Lao7sMnOs structure persist after reduction. A slight shift on to lower 26 values is noticeable

which reflects an expansion of the cell volume due to the reduction of Mn*" to Mn>*,

2. Theoretical approach on model Pd (111) surface

The unity bond index-quadratic exponential potential (UBI-QEP) is a theoretical method
suited for straightforward calculations of heat and activation energies for elementary steps
involved in a catalytic reaction according to a thermodynamic approach briefly described in
Scheme 6.1. This method can be considered as a generalization of the bond order conservation
Morse potential method as described elsewhere [21]. Calculations of activation barrier E and
enthalpy of reaction AH were performed on a closed-packed Pd (111) surface with preferred
three-fold hollow sites corresponding to n = 3. A set of elementary steps representative of
adsorption steps and surface reactions in the course of methane oxidation has been selected. In
all cases forward and reverse transformation have been envisioned characterized by activation
energies respectively Erand E, such as AH = E- E,. Only gas phase total bond energy D and
atomic heat of chemisorption (Q) are needed [22] for the calculation of activation barrier as

described in Table 6.1. Oxygen and methane adsorptions were assumed none activated.

Gas phase reaction
Gas phase reactants Gas phase products

\L Adsorption reaction Adsorption reaction \L

Catalytic reaction

Ad-phase reactants Ad-phase products

Scheme 6.1. Methodology for the calculation of activation barrier for forwards and reverse elementary

steps and enthalpies AH = E/- E,..
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Table 6.1. Equation for the calculation of activation energy for various elementary steps described in

the unity bond index-quadratic exponential potential method (UBI-QEP).

Elementary step Equation

Heat of adsorption of dissociated atom with Qo4 the heat 1
Qa= Qoal2— n

of adsorption for metal-atom bonding

Heat of adsorption strongly bonded diatomic AB Qz
Qap = 0 T Do
molecules Qa+ Dup
Activation energy Eag,, for the dissociation of diatomic 1 Q40Qp
8Y Fane EAB,gZE(DAB +—Q 0, Qap — QA_QB)
A B

gas phase species AB; > A+ + B+
Activation energy Eapass in case of dissociation of Eupqqs = Eapg + Qs
adsorbed diatomic AB molecules

Activation energy for the recombination A+ + B+« > AB,  Ejp 5 = Q4+ Qp — Dyp

Activation energy for the recombination A« + B« > AB+  Eyp 14 = Q4+ Qp — Dap — Eupg

Numerical values are listed in Table 6.2 and account for a typical accuracy of 5-15 kJ/mol.
These values correspond to the zero-coverage limit when free sites are largely available, which
is rarely the case when catalytic measurements are performed near atmospheric pressure. The
heat of adsorptions for none activated adsorption processes, i.e. dissociative and molecular
adsorption respectively for O and CHs, reveal a much higher exothermicity of oxygen
adsorption reflecting a stronger adsorption. Subsequent surface reactions have been considered
with two different scenarios for the dissociation of chemisorbed methane molecules involving
a nearest-neighbor vacant Pd site or occupied by chemisorbed O atoms.

Slightly lower activation barrier is obtained in the former case (97 kJ/mol vs. 117 kJ/mol)
which emphasizes that chemisorbed O atom would not a priori favor the C-H bond breaking in
CHay,a¢s molecules in these coverage conditions. Previous DFT calculations on PAO(101) surface
[23] differ from these conclusions showing that hydrogen abstraction from methane would
occur more readily over a Pdcus-Ocus site pair. As a matter of fact, such differences were expected
as already pointed out by Zhu et al [3] who found significant change of the activation energy
on Pd metal and PdO for methane combustion suggesting different reaction mechanisms and
we must also keep in mind the borderline case for &= 0 which does not reflect the adsorbate
composition in our operating conditions.

The intermediate production of CO can be discussed near stoichiometric conditions when
the surface is oxygen depleted because similarly to Oags and OHags, COads species could
potentially act as inhibitor preventing methane dissociation. Let us note the low activation
barrier for the following step: CO+ + O+ 5 CO2 + 2+ which presumes a fast CO oxidation to

COo. Results near zero-coverage a priori suggest a detrimental effect of oxygen related to
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inhibiting effect. However, the adsorbate coverage dependency of the activation barrier

assigned to the C-H bond breaking step must be envisioned.

Table 6.2. Heat of reaction and activation barrier calculated on Pd(111) at &= 0 from the UBI-QEP method.

Reaction AH (kJ/mol)  Es*(kJ/mol) E.* (kJ/mol)
0, +2+ 520+ -232 0 232
CH4 + + 5 CHy= -90 0 90
CHy» + + 5 CH3+ + H+ 88 97 9
CH3+ + + S CHox + Hx 66 104 38
CHy+ + +« 5 CH+ + H+ 35 99 64
CH+«++ S C+ + H+ -145 21 166
C++ 0+« 5 COx + « -174 31 205
CO+S5 CO ++« 134 134 0
CO++ 0«5 CO;y + 2+ -36 20 56
O+ + H+ 5 OH+ + « 29 90 61
OH++H+ S H,0 + 2+« -114 0 114
20H+ S H,O+ O« ++ 144 144 0
CHy+ + O« 5 CH3+ + OH+ 117 117 0
CHj+ + O« 5 CHa+ + OH+ 95 102 7
CH,+ + O+ & CH= + OH= 64 93 29
CH++ O+ 5 C« + OH+ -116 42 158

More representative energy data can be calculated using the UBI-QEP method upon
addition of co-adsorbates resulting from the fact that the surface metal atoms interact with more
than one adsorbate. The usual decrease in the heat of adsorption while increasing oxygen and
methane coverage due to repulsive interactions is correctly predicted by the UBI-QEP method.
This effect becomes significant when the adsorbed species occupied more than 40% adsorption
sites with a sharp weakening effect of Pd-O adsorption bond. The effect of coverage adsorbate
can be also quantified on the activation barrier.

Particular attention has been paid to the following step CH4+ + O+ S CH3+ + OH= (step 6b
in mechanism I(b)) characterized by an activation barrier higher than step corresponding to C-
H bond breaking on a nearest-neighbour vacant site at zero coverage. Chemisorbed O atom and
OH groups appear as reactant and product respectively. Evolution of the activation with respect
to 6o and Gon is a key information.

Some restrictions in the UBI-QEP method lies in the lack of possibility to consider the
mutual interactions between adsorbed O and OH. Figs 6.2 (a) and (b) only take the repulsive
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interactions between the same adsorbate, i.e. Oags or OHags, into account. As seen, antagonistic
evolutions appear as increasing O-coverage induces a lowering of the activation barrier for €o
above 0.4. This tendency emphasizes a clear assistance of oxygen in the C-H bond scission and
seems to reconcile previous investigations which privileged a cooperative effect of Pd° and PdO
[10].

On the contrary, an increase of the activation barrier is observable with a rise of on which
clearly shows a detrimental effect. On the basis of these theoretical calculations, the classical
beneficial effect of nearest neighbour O atoms is restored at increasing coverage while he did

not appear formally at nil coverage.

250 100 200 y
oo )
. — 160 4 A
5 2 'y
S £ 120
£ >
X =
2 . o
< S 5o
3 =
40 o
®
0 r
0 0.5 1
O

Fig. 6.2. Coverage dependency of enthalpy of adsorption for gaseous O, (M) and methane ([J) (b) surface oxygen
and OH coverage dependency of activation barrier of step (6b) O coverage (O) and OH coverage (A)

3. Mechanistic insights on reaction mechanism for methane
oxidation on polycrystalline Pd-based catalyst in lean
conditions

3.1. Experimental methodology
In this chapter, the Kinetic behavior of Pd-based catalysts has been investigated in steady

state conditions at 400 < with partial pressure of methane in the range (0.75-3.0)x10 atm and

an excess of 0.05 atm O». The temperature dependence of the reaction rate has been examined

at constant p(CH4) = 1.0x107 atm in the temperature range 350-400<C. After a first series of
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kinetic measurements, catalysts samples were in situ aged at 750 <C in the presence of 10 vol%
H20 and 5 vol.% O,.

Afterwards, the aged samples were subjected to the same protocol for a second series of
steady-state kinetic measurements. For all experiments the space velocity was maintained
constant at 60 L.h™ .g™. As indicated in the experimental section the specific reaction rate can
be calculated by assuming CSTR assumption in case of very low CH4 conversion. In most case
the mass balance for a plug flow reactor has been considered leading to Egs. (1) and (2)
respectively for the calculation the overall rate constant k and the specific rate constant r. Fo,

Fen, o [CH4lo, and W stand for the total inlet volume flow rate, the inlet molar flow rate of

methane, the inlet molar concentration of methane and the weight sample.
Fo 1

k=—1

n
W 1-Xcy,

1)

FCH4,0 1

r = k[CHylo(1 — Xcu,) = —,

(1-Xepy,)In Q)

1-Xcn,

The occurrence of mass transfer phenomena was verified from the calculation of the Weisz-
Prater criterion in Eq. (3) which accounts for the observed reaction rate (rops, mol.m3.s), the
observed concentration of methane in the gas phase (Cobs, mol.m3), the effective diffusivity of
CHa (Defr.cha, m2.s), and the characteristic length representing the volume to surface ratio (L,
m). The results obtained from those calculations taking methane conversion in the range 0.01-
0.3 into account strictly fulfill the boundary conditions given by Eq. (3) with numerical values

lower than 4x1073.

2
Fobs L

<1 3)
Cobs Deff,CH4

16 catalysts samples were investigated with composition listed in Table 5.3. The main

parameters that characterize these samples are:

(1) the A-stoichiometry taking La-deficient and stoichiometric ABO3; composition;
(i1) the substitution of lanthanum by strontium and potassium;

(i11) the methodology developed for palladium incorporation directly during the sol-gel
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synthesis (one pot method) or by wet impregnation of the calcined perovskite (sequential
method);
(iv) the temperature for the thermal treatment to build up the perovskite structure on sol-gel

samples.

As emphasized in Table 6.3, these different parameters have significant impact both on
structural properties as described earlier and also on the surface properties. Indeed, one can
observe significant change on the specific surface area, the palladium dispersion and the valance
state of key element stabilized in some extent in unusual oxidation state such as Pd(+IV) species.

Pd/Lao7sMnOs catalysts served as benchmark to illustrate the methodology implemented
for obtaining experimental kinetic features, i.e. specific rate, TOF, pre-exponential factor and
apparent activation energy from the Arrhenius plot and the calculation of rate constant and
adsorption enthalpies predicted from rate expression derived from a representative reaction
mechanism scheme.

The subsequent discussion lies in the interpretation that can be given to the changes
observed in the predicted values of these thermodynamic and kinetic constants, in particular
after ageing, with regard to the surface properties of the catalysts, the main characteristics of
which are summarized in Table 6.4.

The apparent reaction order for methane can be deduced from the slope In » vs. In CHas
concentration in Fig.6.3 while the preexponential factor and the apparent activation energy can
be calculated from the intercept and the slope of the Arrhenius plot in Fig.6.4. The numerical

values are reported in Table 6.5.
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In conc. CH,
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Fig. 6.3. Apparent reaction order with respect to methane on pre-reduced and aged Pd/Lao7MnOs.
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Fig. 6.4. Arrhenius plots on pre-reduced and aged Pd/Lao7MnOQO;.
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Table 6.3. Impact of palladium incorporation into perovskites, i.e. wet impregnation vs sol gel (One-Pot) method, on the surface properties of Pd-based perovskite catalysts

Method for Pd Pd dispersion ¢ XPS analysis
Catalysts Thermal treatment SSA (m%g)

incorporation (%) Pd/Mn Mn*/Mn*?  Mn (AOS)¢  Pd*"/Pd*"(x>2)
Pd/LaMnO3(C600) Calc. in air 400°C wet impregnation 21.7 13.0 0.039 0.22 3.58 0.33
Pd/LaMnO3(C800) Calc. in air 400°C wet impregnation 7.4 54 0.010 0.94 3.46 0.44
Pd/Lag7MnO3(C600) Calc. in air 400°C wet impregnation 29.4 6.2 0.130 0.18 3.63 0.14
Pd/La; 3sMnO3(C600) Calc. in air 400°C wet impregnation 23.7 1.0 0.075 0.18 3.62 0.43
LaMnyg.9gPd0.0203(C600) Calc. in air 600°C Sol-gel (One Pot) 28.9 0.2 0.04 0.19 3.48 0.57
LaMny.98Pdy.0203(C800) Calc. in air 800°C Sol-gel (One Pot) 6.4 28.0 0.102 0.91 3.72 0.40
Pd/Lag.9sK0.02MnO3(C600) Calc. in air 400°C wet impregnation 26.9 1.4 0.042 0.79 3.54 0.38
Pd/Lag.95K0.0sMnO3(C600) Calc. in air 400°C wet impregnation 22.8 0.08 0.041 0.44 3.48 0.29
Pd/LagoKo.1MnO3(C600) Calc. in air 400°C wet impregnation 20.1 0.4 0.024 0.56 3.56 0.32
Pd/Lag 35Ko.1sMnO3(C600) Calc. in air 400°C wet impregnation 16.6 0.02 0.007 0.67 3.48 0.63
Pd/Lag.9sSr9.02MnO3(C600) Calc. in air 400°C wet impregnation 21.3 2.2 0.147 0.14 3.69 0.14
Pd/Lag 95S10.0sMnO3(C600) Calc. in air 400°C wet impregnation 21.1 12.4 0.107 0.16 3.70 0.12
Pd/Lag.¢Sro.1MnO3(C600) Calc. in air 400°C wet impregnation 26.3 8 0.158 0.19 3.65 0.14
Pd/Lag 85S10.1sMnO3(C600) Calc. in air 400°C wet impregnation 36.9 2.0 0.078 0.28 3.71 0.28

¢ from H, chemisorption at 100°C on prereduced catalyst at 250°C

b from XPS Mn 2p orbital

¢average oxidation state
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Table 6.4. Kinetic parameters for the CH4/O2 and CH4+/O2/H20 reaction on Pd/LaoMnO3 respectively in lean and near stoichiometric conditions

Catalyst Thermal Pp(CH4)/10 p(H20)/10° Preexponential Specif. rate
p(02)/1073 T (°C) Eapp Reaction order TOF Reference
treatment 3 3
(atm) (atm) (atm) factor A (s')  (kJ/mol) CHj4 o)) H,O mol.s'g! (s
Pre- 4.5x10°8
0.75-3.0 6.2x101"
1 wt.%Pd/LaosMnO;3 reduced/250°C 50 - 400 136.0 0.7 - - 0.015 This study
1 50 100 400 - - - - - 0.9x10®  0.003 This study
Aged” 0.75-3.0 50 - 400 6.4x108 97.9 0.8 - - 4.4x10®  0.015 This study
1 50 100 400 - - - - - 2.1x10®  0.007 This study
Pre- 17.4x10®
0.75-3.0 2.0-6.0 5.0-20.0 460 2.6x108 87.6 0.8 0.14 ~-1.0 0.088 )
reduced/250°C This study
0.86 wt.% Pd/ZrO,  Calc./air, 500°C 20 200 1-150 280 - - 1.1 0.1 -1.0 0.015 [5]
7.7 wt.%Pd/Si-ALOs  Calc./air, 500°C 20 200 - 280 - 85 0.012 [4]

under reaction

Pd foil mixture/500°C 0.2 200 0.0125 280 - 125 0.7 0.2 -0.9 0.59 [24]

“in 10 vol.% H,0 in O, vol.% at 750°C

Table 6.5. Kinetic and thermodynamic constants optimized from a least
square method at 400°C on Pd/LaosMnO3

Thermal T(reaction)

Kec© kio¢ Kcna? Ko?
treatment °C) ¢ ? e ©
Reduced” 400 (2.540.3)x10°  (5.240.6)x102  17.2+0.9 (5.0£0.3)x10?

Aged® 400 (11.6+0.2x10°  (2.340.6)x10  5.740.3  (8.0+0.4)x10!

@ pre-reduction at 250°C
b aging at 750°C in air with 10 vol.% H,O

¢ mol.min"'g" - ¢ atm™
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The comparison of calculated reaction rates, TOF and kinetic parameters, i.e. reaction order,
pre-exponential factors and apparent activation energy can be compared with previous data
obtained either on metallic or oxidic Pd surface. As a matter of fact, they did not reveal
significant discrepancies [4,5,24]. Indeed, an increase of the activation energy on metallic
surface is noticeable and the kinetics obeys to a positive reaction order with respect to methane.
The lowering of TOF values in the presence of 10 vol.% H»O is also consistent with a strong
inhibiting effect of water on the reaction rate. Let us note that comparable specific rates and
TOF values are measured on aged catalyst still in the absence of water. This observation does
not show significant detrimental effect of the aging process in the presence of steam. As a matter
of fact, previous investigations revealed that the alteration of the metal-support interaction may
depend on the nature of the pretreatment and the richness of the reactant mixture with an
alteration accentuated in reducing atmosphere by using perovskite as substrate [25,26]. Indeed,
pre-reduction at moderate temperature, i.e. 250°C would in principle preserve the metal support

interface as the structural properties have not been deteriorated.

3.2. Kinetic modeling

In first approximation, two reaction mechanisms (I(a) and I(b)) have been examined based
on the UBI-QEP method which account for metallic Pd sites stabilized on Lao7MnOs.
Mechanism I(b) can be supported due to a combined effect related to a weaker oxygen inhibiting
effect associated to a lowering of the heat of adsorption and a lowering of the activation energy

of step (3b) at increasing O-coverage as expected in large excess of oxygen.

Mechanism I(a) Mechanism I1

(4) Ox(g)+2% S 20« (4) Ox(g)+ 2% S 20x

(5) CH4(g) + * S CHax (5) CHa(g) + %k 5 CHax

(6a) CHax +* = CHsx + Hx (6¢c) CHax +°O’ = CHsx + ‘OH’
(7a) CHsx + % = CH> + H% (7c) CH3x + O’ = CHax + ‘OH’
(8a) CHx +% - CH* + H> (8¢c) CHax +°O’ = CHx + ‘OH’
(9a) CHx + 3% > Ck+ Hk (9¢) CHx +°O’ = Cx+ ‘OH’
(10) Cx +O0x = COx + * (10) Cx +Ox = COx + *

(11) COx +O% = CO,+ 2% (11) COx +Ox = CO,+ 2%
(12) 20Hx = H20 + Ox + 2% (12)2°OH’= H,0 + ‘O’
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Mechanism I(b)

(4) Ox(g)+2% S 20x

(5) CH4(g) + * S CHax

(6b) CHax + Ox = CH3sx + OHx
(7b) CH3x + Ox = CHax + OHx
(8b) CHax + Ox = CHx + OHx
(9b) CHx +Ox = Cx+ OHx
(10) Cx +Ox = COx + *

(11) COx +Ox = CO,+ 2%
(12) 20Hx = H20 + Ox + 2%

Perovskite Perovskite

Scheme corresponding to mechanism I(b) Scheme corresponding to mechanism II

In fact, the aforementioned elementary steps closely mimic those already reported in the
literature on PdO [13] even though the nature of oxygen can be questioned coming from
dissociative adsorption into chemisorbed O species on PdO/Pd and/or surface oxygen lattice
species. Mechanism I(a) and I(b) agree with a single site mechanism only composed of Pd
atoms with competitive adsorptions of O> and methane. The positive reaction order for CHy
concentration (see Table 6.4) accounts for the kinetic limiting effect of the first C-H bond
dissociation [27]. Fujimoto et al. [5] also suggested that subsequent C-H bond breaking are
kinetically insignificant. By assuming the first C-H bond breaking slow, then all the other step
would occur much faster and reversible adsorptions can be assumed quasi equilibrated leading
to Egs. (13) and (14) corresponding to surface coverages of adsorbed methane molecules and

O atoms on Pd, i.e. O¢y, and Oywith 6, corresponding to the fraction of vacant sites based

on the hypothesis that Oags, and CHa ags are the most abundant intermediates at the surface.
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95 = ,/KOPOZH;‘ (13)

Ocu, = Ken,Pen, 0y (14)
: . 1
with 6y = 1+Kcn,Pcu,+/KoPo, (15)

The expression of the reaction rate in Egs. (16) and (17) respectively for mechanism I(a)

and I(b) can be easily derived in agreement with this set of assumptions.

keaKcH,PcH,

; (16)
[1+KCH4PCH4 +,/K0P02]

— * [
r= k6a96‘H46v =

— kO OF = kepKcH,PcHy/KoPo,
r= Kepbcu,Uo =

: 17)
[1+KCH4_PCH4_ +11K0P02]

The linear transformed of the reaction rate Eqgs. (16) and (17) allow a graphical

discrimination. In practice, the set of assumptions for their establishment is valid if the plots

VPcn,/r and /PCH4,/P02/r vs. Pcy, is linear with a positive slope.

200 160
y = 12526x + 13768 [ (a 150 g (b)
180 17 Re- 05216 g y= 1025§sox +2 1;5.77
o =™ 140 1 Re=0.921
2 160 =
= S 130
I 2
O 140 1 y = 6869.8x + 144.46 - 15 )
feh R2 = 0.1756 ) g y = 7090.1x + 120.43
120 - 2 R2 =0.224
110 1
100 T . 100 i .
0.0005 0.0015 0.0025 0.0035 0.0005 0.0015 0.0025 0.0035
p(CH,) (atm) p(CH,) (atm)

Fig. 6.5. Plot of ’PCrH“ vs. p(PCH 4) (a) and /PCH% (702 g p(PCH 4) (b) from reaction rate values measured
on pre-reduced ([J)and aged Pd/Lao7sMnQOs3 (O) at 400°C.

As observed in Fig.6.5, the plots reveal a poor agreement. On the basis of these
observations, a dual site mechanism II has been examined as alternative which differs from

Mechanism I(a) and I(b) by the nature of reactive oxygen species. Indeed, they would no longer
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come from the direct gaseous O dissociative adsorption on metallic Pd sites but from surface
lattice oxygen of the perovskite support at the Pd-Lag7MnOs interface. Let us note that one
cannot strictly rule out reactive oxygen species coming from PdO at the vicinity of Pd’ site even
though it is accepted that oxidation of metallic Pd particle is a slow process [2].

The reaction rate from Mechanism II can be expressed according to Eq. (18) as follow:
r = k6C92H4_90 (18)5

where ks stands for the rate constant related to step (6¢) in mechanism II, 8¢y, the

methane coverage on metallic Pd sites (x) and 6, the coverage reactive ‘O’ supplied from the
support materials and/or PdO. Similarly, oxygen and methane adsorption steps on Pd are still
assumed at quasi-equilibrium in agreement with Eqgs. (13) and (14). As reactive ‘O’ species are
converted to ‘OH’ species the mass balance given Eq. (19) which accounts for 68, andthe 6,y

representative of ‘O’ and ‘HO’ coverage on the support can be established.
90 + HOH = 1 (19)
By applying steady-state approximation to ‘O’ species then

ae *
d_to = T12 - 4‘T6c = k1295H - 4k6C9CH400 = O (20)

By substituting 6on by 1-6o from Eq. (19), subsequent resolution leads to Eq. (21) :

2k, 2k1p+4kecO¢,

90 — (2k12 +4'k6£'92H4) 1 i \/1 _ ( 2k12 >2
1)
Finally, the reaction rate Eq. (22) can be obtained by replacing the expression of 6, given

in Eq. (21).

* * 2
k6 BCH (2k12+4k6 BCH ) 2k
r = kecOin,00 = —— e (22)
4 2k1, 2k1p+4ke 00y,
. . 2k
By assuming step (6¢) as slow step, i.e. ki, > kg, then ™ +4k“ o ~ 1 and one can
12 6cYCH,
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simplify Eq. (22) leading to Eq. (23).

r= = kecOim, (1+ —5) (23)

2kq; 12

kecKcH,yPcH 2kecKcH,PcH
r = 4~ 4 1+ e (24)
(1+KcHuPcHy T KkoPo,) ki2(1+KcH,PcHy T koPo,)

Kinetic and thermodynamic constants in Table 6.5 have been estimated from a least square
method through the minimization of the sum of the square difference between predicted and
experimental reaction rates Y(Texp. — Tpredic.)z . Only Eq. (24) has been considered for the
adjustment. The comparison of optimized values obtained on pre-reduced catalyst and after
aging at 750°C in steam agree with mechanism II. They corroborate previous conclusions
emphasizing the supply of reactive oxygen from the support [17,18]. The rate constant k3. for
methane dissociation increases significantly on the aged catalyst which agrees with the decrease
of the apparent activation energy from 136 kJ/mol to 97.9 kJ/mol on aged sample (Table 6.4).
Such evolution could suggest a strengthening of the metal support interface. This assumption
is supported by comparable values for ki which still indicate a fast restoration of ‘O’ reactive
species.

Such changes also coincide with an alteration of the adsorptive properties of palladium
because adsorption competition on aged sample becomes more in favor of oxygen with sharp
increase in O-coverage at the expense of methane coverage as illustrated in Fig.6.6. Hence,
statistically the probability to find adsorbed methane on Pd at the vicinity of reactive O species
from perovskite would lessen. This inhibiting effect would exert a diluting effect and
counterbalance the increase observed on the reaction rate constant kec which could potentially
explain unchanged specific reaction rate and TOF values on aged Pd/Lao7MnOs3. Nevertheless,
the most prominent information given by those data is related to the absence of significant
deterioration of the Pd-support interface when the catalyst is exposed to 5 vol.% O and 10 vol.%

H>0 at 750°C as mechanism II still prevails.
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3.3. Impact of lanthanum stoichiometry, lanthanum substitution
by strontium and potassium on the catalytic properties of

supported palladium

In this chapter, the perovskite structure has been obtained by heating the precursor at
600°C in air for obtaining the rhombohedral structure. Pd has been systematically added
through a sequential wet impregnation and the Pd-doped precursor was ultimately calcined at
400°C. As summarized in Table 6.6, changes in perovskite composition induces modifications
of the textural properties in connection with structural changes previously discussed in Chapter
4 as the substitution of La** by Sr** an K" can lead to amorphous structure and segregation in
the particular case of K-doped perovskite materials. All these changes can also lead to change
in the reducibility of oxidic Pd species related to the strength of interaction with the perovskite
structure then influencing the palladium dispersion measured on reduced samples at 250°C.

First examination of kinetic features reported in Table 6.4 reveals different trends
according to the perovskite composition. related insight and comparison contributed to

following comments:

1. The addition of 1 vol.% H>O has a strong detrimental effect ascribed to significant inhibiting
effect of water adsorption on the reaction rate of methane combustion on pre-reduced and
aged catalysts. Even so, such sensibility seems to be attenuated on Pd/La;..K:MnOj series.

2. It seems obvious that thermal aging leads to different behavior by comparing pre-reduced
and aged samples operating in similar dried conditions. Indeed, on the series Pd/La,MnO3
the deactivation accentuates when La composition x increases. La-deficiency would

minimize the deactivation. In contrast, K-substitution lower the thermal stability with an
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accentuation of the deactivation especially for low K content. Strontium behaves differently
as the reverse tendency is observable on Sr-substituted with improved activity after aging
at low Sr content, i.e. for x <0.5.

3. For the apparent order for methane, there is no distinction on pre-reduced sample with a
positive value as reported elsewhere [27]. On the other hand, accurate determination of
reaction order on aged samples was not easy because the reaction order may vary in the
partial pressure range of methane of this study.

4. Let us now examine the evolution observed on the pre-exponential factor and on the
apparent activation energy. As a matter of fact, their comparison reveals opposite tendencies:
(1) On Pd/LayMnO3 and Pd/La;..K.O3 lower specific reaction rate values on aged catalysts
are clearly governed by a decrease in the pre-exponential factor as the parallel lowering of
Eapp values should in principle induces an increase of the reaction rate. (ii) On Pd/La;.xSr:O3,
at low Sr content, a rate enhancement is clearly noticeable. Similarly, such evolution can be
explained by an increase of the pre-exponential factor while Eapp also increase. On the other
hand, at high Sr content, i.e. x =0.15, strontium substitution induces a loss of activity which
is mainly explained by an increase in Eapp despite an increase on pre-exponential factor A.

5. Finally, among the different support composition, the highest reaction rate value is obtained
on Pd/LaMno ss5Sr0.1503,i.e. 13.2x10® mol.s.g! vs. 5.5x10® mol.s\.g"! on the benchmark

Pd/LaMnOs3 which underline the beneficial effect of strontium at low concentration.

For sake of clarity, the main trends from the abovementioned comparisons are related to
the high thermal stability of Pd/Lao7MnOs: A compensation effect on the aged sample is
noticeable related to a decrease in Eapp jointly with a lowering of A. For Sr-substituted samples,
a gain in activity is observed on aged Pd/LaMno.9sSr0.0203 despite unfavorable increase in Eapp
compensated by a joint increase of A. In terms of reaction rates, pre-reduced
Pd/LaMno.gsSro.1503 outperforms all others compositions. Let us note that these kinetics
features cannot be easily explained by the prevalence of unique parameter from the
physicochemical characterization reported in Table 6.3.

Clearly, changes in SSA, Pd dispersion and evolutions from semi-quantitative XPS
analysis, i.e. surface atomic Pd/Mn, Mn**/Mn*", Pd*"/Pd*" ratios cannot provide relevant
comparisons. This suggests that cooperative effects between the support, developing oxygen
storage properties, and nano-sized Pd particles would remain the most prominent arguments for
the interpretation of kinetic measurements and would be still in favor of dual site mechanism II

earlier described at least for pre-reduced catalysts.
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Similarly, the least-square method earlier described has been profitably used for the
optimization of the reaction rate constants kec and ki2 related to methane dissociation assisted
by neighbor reactive surface oxygen from the perovskite and their restoration respectively. The
equilibrium constants K¢y, and K, correspond to methane and dissociative oxygen
adsorption on Pd sites. Results are reported in Table 6.7. As seen, ki2 >> ke which means that
the previous assumption to obtain Eq. (24) is still verified.

Clearly the evolution of ke is independent of the Pd dispersion which agrees with the fact
that the density of active sites would depend on preferentially the extent of Pd-support interface
involving both the reactivity of surface oxygen species from ceria and the reactivity of methane

adsorbed of Pd sites. Regarding, methane adsorption, the values of K¢y, reflect the strength

of methane adsorption which can be in some extent related to the physicochemical properties
of nano-sized Pd particles in terms of structural (size and morphology) and electronic properties.
Both effects can be driven by the support (SSA and composition).

This strength in methane adsorption can modulate the competition for adsorption between
methane and O>. Methane and oxygen coverages can be calculated from Egs. (13) and (14) and
plotted as a function of p(CHj4) as illustrated in Figs. 6.7-6.9. The tendencies observed can be
discussed globally. K-substitution favors oxygen adsorption and this tendency accentuates on
aged samples. The competition is also in favor of oxygen on pre-reduced Sr-substituted samples
except on Pd/Lag g5Sr0.1503 which exhibits the highest reaction rate. Based on these comparisons,

in most cases, adsorbed oxygen species would act as inhibitor.
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Fig. 6.8. Evolution of surface coverages 0a; for methane (red curve), oxygen (blue curve) vs. methane partial
pressure during the CH4/O, reaction on pre-reduced catalyst (bold line), on aged catalyst (dotted line).
Pd/Lao‘ggKvole’lO3 (a); Pd/LaoAgsKo,ole’lO3 (b), Pd/Lao,90K0A10MnO3 (C); Pd/LaoA85K0A15MnO3 (C)
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Fig. 6.9. Evolution of surface coverages 0a; for methane (red curve), oxygen (blue curve) vs. methane partial

pressure during the CH4/O; reaction on pre-reduced catalyst (bold line), on aged catalyst (dotted line).
Pd/Lag.9sSr0.02MnOs3 (a); Pd/Lag.95Sr0.0sMnO3 (b); Pd/Lag.90Sro.10MnOs (c); Pd/Lag ssSro.1sMnOs (¢).
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Table 6.6(a). Kinetic parameters for the CH4/O: reaction at 400°C in lean conditions over pre-reduced and aged Pd/perovskite catalyst.

P(CH4)/10

Catalyst Thermal treatment 3 p(O10%  p(H:0)10% - Pre-exponential - Eqy CHjorder Specif. Rate (mol.s''g™) TOF
(atm) (atm) (atm) factor A (s)  (kJ/mol) (s
Pd/Lag7MnOs; Pre-reduced/250°C 0.75-3.0 50 - 6.2x10"! 136.0 0.7 4.5x108 0.015
1 50 100 - - - 0.9x108 0.003
Aged? 0.75-3.0 50 - 6.4x10% 97.9 0.8 4.4x10°® 0.015
1 50 100 - - - 2.1x108 0.007
Pd/LaMnOs3 Pre-reduced/250°C 0.75-3.0 50 - 1.2x103 140.5 0.7 5.5x108
1 50 100 - - - 1.1x108
Aged? 0.75-3.0 50 - 1.8x10° 119.1 nd 4.6x10°®
1 50 100 - - - 1.6x108
Pd/La; sMnO; Pre-reduced/250°C 0.75-3.0 50 - 8.4x10° 127.7 0.7 4.1x10°®
1 50 100 - - - 0.5x108
Aged” 0.75-3.0 50 - 4.5x10° 128.4 n.d 1.9x108
1 50 100 - - - 0.7x108
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Table 6.6(b). Kinetic parameters for the CH4/O: reaction at 400°C in lean conditions over pre-reduced and aged Pd/perovskite catalyst.

p(CH4)/10° 3 3 .
3 p(02)/10°  p(H20)/10~  Pre-exponential ~ Eqpp . 1.y TOF
Catalyst Thermal treatment (atm) (atm) (atm) factor A (1) (kJ/mol) CHsorder Specif. Rate (mol.s”'g™)
Pd/LaMnyg.08K0.0203 Pre-reduced/250°C 0.75-3.0 50 - 1.7x107 128.8 0.7 6.5x10%
1 50 100 - - - 1.2x10°®
Aged® 0.75-3.0 50 - 7.5x10° 117.0 1.0 2.5x10®
1 50 100 - - - 1.5x10°®
Pd/LaMno,95K0,0503 Pre-reduced/250°C 0.75-3.0 50 - 4.8)(104 99.1 0.8 3.8)(10'8
1 50 100 - - - 0.8x10®
Aged® 0.75-3.0 50 - 4.4x10* 102.2 1.1 2.1x108
1 50 100 - - - 1.5x10®
Pd/LaMny 9Ky 103 Pre-reduced/250°C 0.75-3.0 50 - 1.6x107 132.3 0.9 3.7x10%%
1 50 100 - - - 1.0x108
Aged® 0.75-3.0 50 - 2.0x10° 112.5 1.1 1.4x1078
1 50 100 - - - 1.4x10°8
Pd/LaMn 35Ko.1503 Pre-reduced/250°C 0.75-3.0 50 - 2.8x10° 111.2 0.9 2.8x10®
1 50 100 - - - 1.0x10°®
Aged” 0.75-3.0 50 - 2.8x10* 99.6 1.4 1.7x10°®
1 50 100 - - - 1.4x10°®
Pd/LaMny ¢sSr.0203 Pre-reduced/250°C 0.75-3.0 50 - 4.4x108 123.4 0.7 4.2x10®
1 50 100 - - - 1.4x10°®
Aged” 0.75-3.0 50 - 3.1x10° 119.2 n.d. 6.6x10%
1 50 100 - - - 1.9x10°®
Pd/LaMny 95Sr0,0s03 Pre-reduced/250°C 0.75-3.0 50 - 1.2x10° 116.6 0.7 4.5x108
1 50 100 - - - 1.3x1078
Aged* 0.75-3.0 50 - 5.8x10° 123.5 n.d. 4.7x107®
1 50 100 - - - 2.0x10®
Pd/LaMng ¢Sr¢.10;3 Pre-reduced/250°C 0.75-3.0 50 2.4x10° 116.3 0.7 6.4x10%
1 50 - - - 0.6x10®
Aged” 0.75-3.0 50 3.8x10° 121.9 n.d 5.5x10%
1 50 - - - 1.5x108
Pd/LaMny g5Sr0 1503 Pre-reduced/250°C 0.75-3.0 50 - 3.6x10° 116.1 0.6 13.2x10%®
1 50 100 - - - 3.0x10%
Aged” 0.75-3.0 50 - 7.5x10° 123.4 n.d. 7.5x1078
1 50 100 - - - 2.9x108
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Table 6.7 Kinetic and thermodynamic constants optimized in lean conditions at 400°C

on pre-reduced and aged supported Pd catalyst on perovskite support material.

Thermal
Catalyst Kec® ki2¢ Kcns? Ko
treatment
Reduced” (2.5+£0.3)'10-6 (5.2+0.6)'10-2 17.2+0.9 (5.0+0.3)'10-2
Pd/Lao_7MnO3 .........................................................
(11.6£0.2°10-6  (2.3+0.6)'10-2 5.7+0.3 (8.0+£0.4)10-1
(2.5+0.3)'10-5 0.59+0.06 170+20 (1.3+0.2)'10-2
Pd/LaMnOs
(4.4+0.5°10-5 0.20+0.02 63+7 (1.940.2)'10-2
(1.5+0.2)'10-4 (8.9+0.1)10-2 16+2 0.94+0.09
Pd/La1_3MnO3 .........................................................
(9.8+0.1°10-5 0.50+0.06 1742 0.53+0.07
(2.4+0.3)'10-5 0.58+0.06 185420 (4.8+0.5)10-2
Pd/LaMng.98K0.02003
(1.940.2°10-5 0.90+0.09 404+41 0.20+0.02
(7.5+0.8)'10-5 0.43+0.05 38+4 3+0.3
Pd/LaMn95K0.0503 o,
(1.0+£0.1)'10-3 1.3+0.02 3.8+04 4945
(4.1+0.4)10-3 0.61+0.06 0.42+0.04 30+3
Pd/LaMnooKo. 103
(2.7£0.3)'10-3 0.30+0.03 5.6+£0.6 223+23
(8.4+0.9)10-4 0.60+0.06 6.1+£0.7 (9119)
Pd/LaMng 5K0.1503 e,
(2.7+£0.3)'10-3 0.18+0.02 1242 587+60
(3.6+0.4)'10-4 0.56+0.06 9.0£0.9 6.9+£0.7
Pd/LaMno,ggSr0,0203 .........................................................
(4.5+0.5'10-4 0.51+0.06 10.4+2 7.9+0.8
(2.4+0.3)'10-4 0.60+0.06 1342 43405
Pd/LaMn0A958r0‘0503 -
(8.2+0.9)'10-5 0.86+0.09 62+6 8.8+0.9
(1.2+0.2)'10-4 0.80+0.08 33+4 57+0.6
Pd/LaMnooSro0.103
(1.7£0.3)'10-4 0.80+0.09 46+5 8.6+0.9
Reduced? (2.6+0.3)'10-5 0.88+0.09 473448 0.45+0.05
Pd/LaMn0A858r0‘1503
Aged?® (1.94£0.2)'10-5 0.90+0.09 337+40 0.20+0.2
“ reduced at 250°C - aged at 750°C in 10 vol.% H,O with 5 vol% O,
¢mol.min".g" - ¢ atm™!
3.4. Impact of palladium incorporation and calcination
temperature

Similar mathematical resolution was implemented to exploit kinetics measurements
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performed on supported Pd/LaMnO3(C600) and Pd/LaMnO3(C800) as well as sol-gel
LaMno.9gPdo.0203(C600) and LaMno.ogPdo.0203(C600). As earlier explained, C600 refer to the
calcination temperature of the perovskite performed at 600°C and 800°C.

First kinetic parameters reported in Table 6.8 did not reveal sharp changes in comparison
with data in Table 6.6 regarding the detrimental effect of water on the reaction rate both on pre-
reduced and aged samples. It appears that this effect is more accentuated in comparison with
K- and Sr-substituted perovskite support materials. The reaction order remains unchanged on
pre-reduced catalysts.

Nevertheless, different evolutions appear on the apparent activation energy compared to
previous changes observed revealing a decrease in E,pp recorded on aged samples. As
exemplified in Table 6.8, thermal aging induces a sharp increase in Eapp notably on aged
LaMno.9sPdo.0203. Interestingly, the reverse tendency is observed on Pd/LaMnOs3. The highest
specific rate on pre-reduced sample is observed on LaMno 9sPdo.0203(C800) while the lowest
one is recorded on Pd/LaMnO3(C800) which also exhibits the lowest thermal stability likely
due to enhanced Pd particle sintering.

Optimized value for the reaction rate and equilibrium constant at 400°C are reported in
Table 6.9. The rate constant reflects the reactivity of intermediates while the equilibrium
constant reflects the strength of adsorption both are connected in some extent because the
activation process take place if the strength of adsorption is enough important to weaken
intramolecular bonds and facilitate the cleavage of a C-H bond.

No clear correlation appears by comparing the numerical values ok ksc and Kcns4 which
seems consistent with a dual-site mechanism in which Pd can activate vicinal reactive oxygen
species from the perovskite support. Based on this, the competition for adsorption of methane
and oxygen could not be a determining parameter but this assertion could not be no longer valid
in case of competition of mechanism I(b) and II as in case of optimal O-coverage leading to a
weaking of the Pd-O.qs adsorption bond and a lowering of the rate constant ke, depending on
6o as the description in Fig.6.2.

By examining plots in Fig.6.10 clearly two different adsorption behaviors appear by
comparing pre-reduced and aged Pd/LaMnO3(C600) and LaMno.9gPdo.0203(C600) catalysts. In
the former case, aging has only a weak impact on the adsorption competition with a surface
predominantly covered by methane molecular. Pre-reduced LaMng.osPdo.0203(C600) and
Pd/LaMnO3(C600) exhibit comparable adsorption behavior but this one sharply deviates after
aging because the competition become largely in favor of oxygen on aged

LaMn.9sPdo.0203(C600).
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Fig. 6.10. Evolution of surface coverages 6ai for methane (red curve), oxygen (blue curve) vs. methane partial
pressure during the CH4/O; reaction on pre-reduced catalyst (bold line), on aged catalyst (dotted line).
LaMny.0gPdo.0203(C600) (a); LaMng.9sPd0.0203(C800) (b); Pd/LaMnO3(C600) (c); Pd/LaMnO3(C800) (d).

Such behavior correspond to antagonistic evolution on the apparent activation energy
values (Eapp) as aging induces a lowering of Eapp, on Pd/LaMnO3(C600) whereas an increase in
Eapp 1s characterized on aged LaMno.9sPdo.0203(C600). It is worthwhile to note that this latter
catalyst exhibits comparable adsorption behavior as Pd/LaMnO3(C800) which could suggest
that exsolution process could take place during aging leading to the segregation of larger Pd
particles predominantly formed on pre-reduced Pd/LaMnO3(C800) which could strengthen O»
adsorption.

The affinity of pre-reduced Pd/LaMnO3(C800) is much higher than that of
Pd/LaMnO3(C600). However, it seems obvious that aging will have lesser impact as in this
typical case to O-adsorption will be slightly weaken which means that surface reconstruction
taking place during aging would have different consequence according to the procedure for Pd
incorporation.

Finally, the competition for O adsorption seems more accentuated on pre-reduced

LaMno.9sPdo.0203(C800) than on LaMno.9sPdo.0203(C600) likely due to the fact that calcination
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at 800°C will favor Pd exsolution from the bulk to the surface. Nonetheless, aged samples
converge toward rather comparable behavior as Pd ex solution will occur during aging and
probably will affect more extensively LaMno.osPdo.0203(C600).

In order to get more insight into surface changes induces by thermal aging additional
HAADF-TEM measurements were achieved on aged LaMngosPdo0203(C600) and
LaMng 9gPdo.0203(C800)  (Fig.6.11,  Fig.6.12). Indeed, contrarily to calcined
LaMny 9sPdo.0203(C600) aging leads to the coexistence of small Pd particles as well as larger
clusters (Fig.6.11). For LaMno.9sPdo.0203(C800), ex solution process originally provokes the
formation of larges Pd particles leading to a greater stabilization. Aging, leads to particles
sintering but in lower extent which emphasizes the fact that both samples lead to more

comparable surface properties.

200 nm 200 nm

Fig.6.11. HAADF-TEM images recorded
on aged LaMno.osPdo.0203(C600).
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200 nm

Fig.6.12. HAADF-TEM images recorded
on aged LaMno.osPdo.0203(C800).
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Table 6.8. Kinetic parameters for the CH4/O2 reaction at 400°C in lean conditions over pre-reduced and aged Pd/perovskite catalyst.

Catalyst Thermal treatment p(CH4)/10°  p(02)/10°  p(H20)/10°  Pre-exponential Eapp CH4 Si::j TOF
(atm) (atm) (atm) factor A (s (kJ/mol) order (s
(mol.s'g™)
Pd/LaMnO3(C600) Pre-reduced/250°C 0.75-3.0 50 - 1.2x108 140.5 0.7 5.5x10°8
1 50 100 - - - 1.1x10°®
Aged? 0.75-3.0 50 - 1.8x103 119.1 nd 4.6x10%
1 50 100 - - - 1.6x10°¢
Pd/LaMnO;(C800)  Pre-reduced/250°C  0.75-3.0 50 - 1.3x107 129.4 0.6 4.8x1078
1 50 100 - - - 0.6x10°®
Aged” 0.75-3.0 50 - 3.1x10° 122.7 n.d 3.6 x10°®
1 50 100 - - - 1.7x108
LaMng.0sPd0.0203(C600) Pre-reduced/250°C 0.75-3.0 50 - 7.6x103 111.8 0.7 6.3x10°®
1 50 100 - - - 1.4x10%®
Aged? 0.75-3.0 50 - 8.4x106 127.3 n.d 4.2x108
1 50 100 - - - 1.6x10
LaMng.0gPd0.0203(C800) Pre-reduced/250°C 0.75-3.0 50 - 5.2x104 94.7 0.7 8.9x10°®
1 50 100 - - - 0.5x108
Aged? 0.75-3.0 50 - 1.4x107 131.9 n.d 3.1x10°8
1 50 100 - - - 1.6x108
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Table 6.9 Kinetic and thermodynamic constants optimized in lean conditions at 400°C

on pre-reduced and aged supported Pd catalyst on perovskite support material.

Catalyst Thermal treatment Kec® kio° Keng? Ko?
Reduced® (2.540.3)x10°° 0.59+0.06 170£20 (1.340.2)x1072
Pd/LaMnO;(C600)
Aged® (4.440.5x10° 0.20+0.02 6317 (1.940.2)x1072
Reduced? (8.9+0.9)x10° 1.50+0.20 35+4 6.310.7
Pd/LaMnQO3(C800)
Aged® (5.410.6x10° 0.8010.10 5716 0.840.1
Reduced? (2.6+0.3)x10°° 0.80+0.10 196120 0.6£0.1
LaMl’loAggPdo40203(C600)
Aged® (9.84£0.1x10* 0.50+0.06 4+1 1142
Reduced® (1.6£0.2)x107° 0.80+0.10 6517 0.7£0.1
LaMl’loAggPdo40203(C800)
Aged® (1.9+0.2x10° 1.0£0.1 64+7 5.0£0.6
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3.5. Discussion and conclusion

Lanthanum substitution: impact on the catalytic Pd properties of Pd particles

Kinetic behavior of Pd-doped perovskite can be reasonably modeled according to
a dual site mechanism which account the creation of dual sites at the Pd-support
interface. At first glance this conclusion is supported by the intrinsic catalytic properties
of perovskite in methane combustion [28-30]. Indeed, Gao et al explained the catalytic
behavior of on Lai..SryCo0Os.5 in methane combustion by the cooperation of surface
lattice oxygen vacancy with surrounding cationic cobalt species stabilized in lower
oxidation state. These authors clearly identified a beneficial effect of Sr which
manifests preferentially at low composition x < 0.1 which differ from our observations
as best performance were obtained on the perovskite corresponding to the higher Sr
content. Such apparent discrepancy is expected as palladium is intrinsically more active
than perovskite but can originate support effect.

Strontium has been already pointed out as a potential promoter for supported
palladium catalysts enhancing Pd dispersion. The basicity of the support material can
be also improved inducing electronic effects with an increase of the electron density of
Pd particles [31]. Let us note that the K-substitution can also lead to the same effect
with electron donation to Pd particles [32,33]. Hence, a strengthening of the metallic
character of Pd particles could be a priori provoked by the K- and Sr-substitution.
Related competition for methane and oxygen adsorption on Pd particles could be in
principle altered in some extent.

Nevertheless, divergent observations are noticeable as oxygen would compete
more in favor of oxygen on Pd/La;.K.MnOs; while a strengthening of methane
adsorption prevail on Pd/La;..Sr,MnQO3. This divergency proves that the Pd itself cannot
explained the evolution observed on the catalytic properties. They would also account
for the textural and structural properties of the perovskite support which can govern
oxygen mobility and the production of reactive oxygen species. Hence, while Sr-
substitution does not alter the perovskite structure, XRD analysis clearly evidence
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phase segregation induced by K-substitution lowering oxygen mobility.

By way of illustration, Alifanti et al. [30] studied methane and propane combustion
on lanthanum transition metal perovskite. They investigated the role played by oxygen
mobility on La;..SriMi,M’,03.s which combines the texture of the catalyst and the
structure. They found that high activity of perovskite depends on the SSA. Interestingly,
the loss of activity on aged catalyst due to the loss of SSA is compensated by a faster
bulk oxygen mobility at high temperature.

Based on these arguments, neither Pd alone nor perovskite alone would explain the
catalytic properties. In fact, they would result from the transfer of oxygen from the
perovskite to the palladium particle as reported elsewhere on Pd doped hexaaluminate
catalysts [34]. It has been found that this oxygen mobility would be directly related to
the Mn>"/Mn** redox properties.

XPS study had been applied on the 16 samples recovered after high throughput
reaction, the related metal properties were listed in the Table 6.10 as reasonable
reference. Compared with the former results of fresh calcinated samples in Chapter V,
the most obvious facts were the manganese valence decreased from the Mn 2p and Mn
3s orbitals indicating that the Mn cation participated the methane reduction, and the
surface Pd ratio decreased sharply for sequential samples rather than one-pot samples
which contained also the closed Pd ratio as before. For the Pd doped LaMnOs series,
both of the above effects indicated the different mechanisms for sequential and one-pot
samples during aging process, one-pot doped samples changed but sequential remained

the same.

Strategy for Pd incorporation combined with calcination temperature

Let us move to Pd-doped LaMnO3z with two different methods for palladium
addition according to a two-step process involving wet impregnation of LaMnOs3
calcined at 600°C and 800°C and a one pot method where palladium is added during
the sol. Afterward the same steps for the sol gel route were conserved till the calcination

at 600°C or 800°C to obtain LaMn;..PdO3(C600) and LaMni..Pd.O3(C600). As
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previously discussed, the calcination of the perovskite changes the textural properties
but the subsequent loss of specific surface area could be a priori compensated by
improved bulk diffusion. The method for palladium incorporation is also a critical
parameter as the surface density can drastically changes as well as the strength of
interaction according to the method itself but also to the importance of the specific
surface area.

As seen in Table 6.7, impregnated samples are surface Pd-rich sample while sol gel
samples exhibit much lower surface Pd density as Pd is expected to be randomly
distributed in the bulk with the absence of significant gradient. Incorporation of
palladium in the perovskite lattice is recognize to improve the stability of 3DOM
Lao 6Sro.4Mn;Pd.O3 [35].

However, jointly to a greater stabilization inside the perovskite lattice, the surface
density can sharply drop underlined by an extremely low Pd dispersion almost nil. The
dispersion on supported Pd catalyst is also rather low but could has different origin as
Pd rich surface could signifies the segregation of large Pd particles.
LaMnyg 9sPdo.0203(C800) exhibit the highest Pd dispersion and also the lowest specific
surface area which highlight exsolution process taking place when the calcination
temperature is high. Hence, diffusion from the bulk to the surface could lead to surface
Pd enrichment jointly to the segregation of reducible PdOx species.

Prior catalytic measurements in methane combustion, the authors reduced the
catalyst at 500°C which leaded to partial deterioration of the perovskite structure while
cationic Pd** species in octahedral coordination are extracted from their initial position
and segregated at the surface into nanosized metallic Pd° particles. Zao et al. found in
this configuration a high thermal stability and improved tolerance to CO2, H2O and SO
poisoning effects likely related to a much stronger metal-support interaction than that
obtained simply by impregnation [36]. Let us note in our case that the pre-reduction
performed at 250°C did not alter the structural properties of the perovskite. On the other
hand, extensive reduction of oxidic to metallic Pd species should.

Under reaction conditions, it is not easy to identify the valence state of Pd active
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site as re-oxidation cannot be completely ruled out even though this process is slow and
likely depend on the size and the strength of interaction with the support. Hicks et al.
[37] found that that oxidation over palladium was structure-sensitive, small particles
being less active than larger ones. The authors assigned this structure-sensitivity to the
reactivity of adsorbed oxygen and concluded that palladium oxide dispersed over
alumina is much less active than oxide clusters covering metallic crystallites.

By examining the range of variation of TOF and the rate constant ke no clear
dependency with Pd dispersion appears this is highlighted on LaMng.9sPdo.0203
exhibiting the highest Pd dispersion but the lowest value for kec. As a matter of fact, the
highest value for kec has been obtained on aged LaMng.9sPdo.0203(C600) which jointly
suffer from a strong oxygen adsorption likely inhibiting methane adsorption. However,
this effect is moderate as only slight changes observed on the specific rate. All these
observations seem to emphasized that Pd sites themselves would not be the driving
force in determining the catalytic properties but take the extent of interface with the

support materials.
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Table 6.10. Impact of palladium incorporation into perovskite, i.e. wet impregnation vs sol gel (One-Pot) method

on the surface properties of Pd-based perovskite catalysts

XPS analysis after high throughput reaction

Method for Pd
Catalysts incorporation Pd ratio (%) * ﬁl‘:/sr) %: I:)Ldz: ;—‘i Z%: (b) Mn (AOS)“
Pd/LaMnO3(C600) wet impregnation 0.14 0.02 - 1.75 0.03 1.45 3.29
Pd/LaMnO;(C800) wet impregnation - - - - - 1.22 3.37
Pd/Lag;MnO3(C600) wet impregnation 0.32 0.10 0.24 3.63 0.06 0.93 3.31
Pd/La; s3MnO3(C600) wet impregnation 0.58 0.01 - 2.27 0.06 1.14 3.47
LaMny.98Pd.0203(C600) Sol-gel (One-Pot) 0.68 0.08 - 0.92 0.11 1.16 3.24
LaMny.98Pdy.0203(C800) Sol-gel (One-Pot) 1.29 0.11 1.91 - 0.14 1.04 3.52
Pd/Lag.98K0.02MnO3(C600) wet impregnation 0.25 0.02 - 1.12 0.03 1.27 3.53
Pd/Lag.95K0.0sMnO3(C600) wet impregnation 0.22 0.04 0.42 - 0.04 0.91 3.21
Pd/LagoKo.1MnO3(C600) wet impregnation 0.20 0.01 0.99 - 0.01 1.00 3.40
Pd/Lag 35Ko.1sMnO3(C600) wet impregnation 0.10 0.003 0.60 - 0.01 1.06 3.44
Pd/Lag.98Sr0.02MnO3(C600) wet impregnation 1.19 0.10 0.99 0.58 0.21 1.34 3.21
Pd/Lag 95S10.0sMnO3(C600) wet impregnation 0.65 0.09 - 0.18 0.12 1.63 3.24
Pd/Lag.9Sro.1MnO3(C600) wet impregnation 1.15 0.08 0.58 2.26 0.12 1.32 3.24
Pd/Lag 85S10.1sMnO3(C600) wet impregnation 0.80 0.06 0.44 - 0.08 1.59 3.22

¢ from Pd ratio (%) from XPS
b from XPS Mn 2p orbital

¢average oxidation state
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4. Mechanistic insights on reaction mechanism for methane
oxidation on polycrystalline Pd-based catalyst near-

stoichiometric conditions in the presence of steam

In this section the reaction has been studied in experimental conditions that mimic three-
way operating conditions. The presence of steam has been considered but in much lower
concentration: 1-2 vol.% instead of ~ 10 vol.% in real exhaust conditions. An additional
important feature is also related to much lower oxygen concentrations. In practice, we should
expect that the supply of reactive oxygen species from the perovskite support should attenuate
the negative impact of low oxygen concentration on the kinetics of methane combustion. In
contrast, these operating conditions could originate the occurrence of extra parallel reactions
such as steam reforming or successive water gas shift reaction [38] even though the
concentration of water has been lowered. Formally, palladium is not a benchmark as nickel or
rhodium generally recognized more reactive for steam reforming reaction. However, perovskite
structure was found active to catalyze such reaction, particularly Sr-doped perovskite structure
[38]. Let us note that the reaction mechanism should not be more complex as most of
intermediates and elementary steps are common to total or partial oxidation. Indeed, the slow
steps still remains the C-H bond breaking.

As the previous kinetic study in lean conditions revealed the superiority of Sr-doped
catalysts especially the composition Pd/LaMnogsSro.1s03(C600). In order to implement
minimum experimental data to investigate the impact of various factors: (i.) calcination
temperature, (ii.) Pd content, (iii.) Pd incorporation strategies: one pot vs. sequential
impregnation method, (iv.) lanthanum deficiency on perovskite A-site. This part has been
discussed in a former separate Sub-Chapter 5.5. The beneficial of strontium has been already
pointed out as Sr-doping favors oxygen vacancies which eases the migration of oxygen from
the bulk to the surface. An interesting effect also lies in joint effects with palladium and La-
deficiency. Physicochemical properties on these series are resumed in Table 6.11. The operating
conditions selected for steady-state kinetic measurements are reported in Table 6.12. The same
procedure has been repeated with kinetic measurements performed on pre-reduced samples. A
second set of kinetic measurements were performed on aged samples after exposure 4h at 750°C

in 10 vol.% H>O and 5 vol.% O diluted in He.
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Table 6.11. Impact of perovskite LaxSro.1sMnQOs+s composition and palladium incorporation route,

i.e. wet impregnation vs sol gel (One-Pot) method, on the surface properties of Pd-based perovskite catalysts

Pd content Method for Pd SSA XPS analysis
Catalysts Pd dispersion “ (%)
(Wt.%) incorporation  (m%g) Pd/Mn  Mn*/Mn*® Mn (AOS)¢ Pd/Pd*(x>2) Pd*/Pd°

Pd/Layg 55Sro.1sMnO3(C600) 0.5 Sequential 27.9 4.6 0.214 0.52 3.3 - 0.20
Lag.s5Sr0.15Pdo.01Mng.0003(C800) 0.5 One-pot 30.3 2.8 0.06 0.42 2.9 0.10 -

Lag s5Sr0.15Pdo.02Mng.0s03(C600) 1.0 One-pot 32.6 3.6 0.011 0.41 3.3 0.16 12.74
Pd/Lag 55Sr0.1sMnO3(C800) 1.0 Sequential 45.7 4.8 0.157 0.53 3.1 0.04 0.25
Lag 85Sr0.15Pdo.01Mng.9003(C600) 0.5 One-pot 24.6 5.6 0.008 0.56 32 - 6.97
Pd/Lag 85Sro.1sMnO3(C800) 0.5 Sequential 11.8 3.8 0.032 0.41 3.3 - 1.05
Pd/Lag 85Sro.1sMnO3(C600) 1.0 Sequential 36.9 8.4 0.257 0.28 3.6 - 0.26
Lag s5Sr0.15Pdo.02Mng.0s03(C800) 1.0 One-pot 7 0.4 0.035 0.48 3.2 - 0.78

¢ from H, chemisorption at 100°C on prereduced catalyst at 250°C

b from XPS Mn 2p orbital

¢average oxidation state
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Table 6.12. Inlet partial pressures conditions during steady-state rate tests at 460°C.

p(CHa4)o p(O2)o p(H20)0
0.001 0.002 0.01
0.003 0.002 0.01

0.00075 0.002 0.01
0.002 0.002 0.01
0.001 0.006 0.01
0.001 0.005 0.01
0.001 0.002 0.005
0.001 0.002 0.02
0.001 0.002 0.01

Physicochemical characterization of the samples has been already discussed and can be

resumed as follow regarding the main trends:

4.1.

- Calcination at 800°C has a detrimental effect on the specific surface area
except on Sr-doped sampled exhibiting La-deficiency.

- Pd dispersion are low with no strong deviations. The weak dispersion reflects
equally particle sintering and/or the stabilization of unreducible palladium species in the
perovskite lattice remaining oxidic after prereduction at 250°C.

- Sharp difference is noticeable on the surface Pd/Mn ratio. Hence, the high
value on sample prepared via the sequential method would agree with preferential
aggregation due to weak Pd-perovskite interaction and low dispersion. In contrast, the
low Pd/Mn ratio would reflect homogeneous bulk distribution of oxidic Pd species in
strong interaction with the perovskite lattice.

- In agreement with abovementioned comments, the detection of metallic Pd’
species, mainly on impregnated samples, would reflect the presence of highly-reducible
oxidic likely in weak interaction with the perovskite support. This species would reduce

under X-ray irradiation during XPS measurements.

Steady-state rate measurements

The influence of the temperature of the reaction rates has been investigated in the range

400-480°C and 460-540°C respectively for pre-reduced and aged catalysts. One can observe

that aging leads to deactivation (see Fig. 6.13(a)). A classical Arrhenius behavior is observed
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on 0.5 wt.% Pd/Lao.g5Sr0.1sMnO3(C800).

The intercept and the slope of the straight line can lead to the calculation of the pre-
exponential factor A and the apparent activation energy Eapp. The value of Eapp shifts from 145.7
kJ/mol to 128.4 kJ/mol after aging. A compensation effect is observed with a sharp decrease of
the pre-exponential factor from 9.1x107 to 2.9x10° L.s".g"'. Hence, deactivation would result
from a loss of density of active sites. While no significant comparison can be drawn with the
same catalyst for the combustion of methane in lean and dry conditions, a tentative comparison
can be achieved with 1 wt.% Pd/ LaossSro.1sMnO3(C600). It is remarkable that aging induces
different kinetic behavior because in this specific case an opposite trend is observed with an

increase in Eapp on the aged catalysts.

/T (K™Y
0.5 S 3 . . . .
. @ Pre-reduced _400d125 0.0013 0.00135 0.0014 0.00145
0.4 N
2 OAged o 4 T
0 0.3 - O ‘o '4'2 ]
[ - _ B
o) o) I
= x -6 7
[
©o1 e O (a) £ 654 .
° -7 1
0 : : 7591 (b)
400 450 500 550 N

Temperature (°C)

Fig.6.13. Influence of temperature on methane conversion recorded on pre-reduced and aged 0.5 wt.%
Pd/Lag 35Sr0.1sMnO3(C800) (a) — corresponding Arrherius plots (b): 0.03 g. catalyst, 0.1 vol.% CHy, 0.2 vol.% O,
1.0 vol.% H>O.

Surprisingly, for the others catalysts samples, the Arrhenius behavior was no longer
observed as exemplified in Fig.6.14. Two ranges of conversion are observed differentiated by
a minimum as indicated in the figure. In most cases, when this minimum can be identified, a
shift to higher temperature is noticeable on the aged samples. It is also noticeable that aging
does not equally lead to the same trends as gain in conversion is sometimes observed instead of

deactivation.

-279 -



Thése de Doctorat — Université de Lille

4 0.5Pd/LacssSrosM ﬂO3(C600)

CH, conversion

460 500
Temperature (°C)

540

] 1.0 Pd/LaossSroisM n03(C8OO)

0.8 1
0.7 1
0.6 1
0.5 1
0.4 1
0.3 1
0.2 1
0.1 1

CH, conversion

430 480
Temperature (°C)

380

530

0.9 - LaossSroisPdoc-Mno 9803((:800)

0.8 1
0.7 1
0.6 1
0.5 1
0.4 -
0.3 1
0.2 1
0.1 -

©)

CH, conversion

°
® O

@)

450 500
Temperature (°C)

400

550

08 1 LaossSroisPdooiM no_ggoa(CSOO)

0.6 1
(@)

CH, conversion

0.4 A o)

o
0.2 1

@)

450 500
Temperature (°C)

400

550

conversion

conversion

Iﬂ’
O

, conversion

41.0 Pd/Lao_sssro_isMﬂ03(C600)

o (@)

@)

470
Temperature (°C)

520

0.9
0.8 1
0.7 1
0.6 1
0.5 1
0.4 4
0.3 1
0.2 1
0.1 1

LaossSroisPdooiMno 9903(@00)
o

©)

®)

400

450 500
Temperature (°C)

550

LaossSro1sPdooM no,9803(C600)

[ ol

470 520
Temperature (°C)

570

Fig. 6.14. Influence of temperature on methane

conversion recorded on pre-reduced (@) and aged

(O) support Pd catalysts.

Subsequent comparisons can be done with homologues free of strontium. Their preparation

is similar. The same two protocols for Pd addition were used and they also differ from the La-

stoichiometry. As general trend, it appears that strontium addition improves the resistance to
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deactivation. Indeed, deactivation is significantly delayed compared to Sr-free benchmark
systems. As observed in Table 6.13 a gain in methane conversion is sometimes observed. On
the other hand, strontium has a detrimental effect on the catalytic activity as Sr-free samples are

usually more active below 400°C.

Fig. 6.15. CH4 conversion profile vs temperature on
prereduced (blue curves) and aged Pd-based
catalyst (red curves) in the course of CH4/O>

reaction: inlet flow rate composition 1000 ppm

CHa4, 2000 ppm O; and 1 vol% H-O.
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Table 6.13. Impact of thermal aging on CH4 conversion measured at 460°C in the presence of 0.1 vol.%

CHy, 0.2 vol.% Oz and 1.0 vol.% H:O.

Catalyst Before Aging Conversion (%) After Aging Conversion (%)
0.5%Pd/Lay.55Sr0.1sMnO3(C600) 20.64 22.41
0.5%Pd/(Lag.85Sr0.1sMnO3(C800) 20.79 11.79

1%Pd/(Lag.55S10.1sMnO3(C800) 25.59 49.05
1%Pd/(Lao.35Sr0.1sMnO3(C600) 0.44 7.09
Lag.55S10.1sMno.01Pd0.9003(C800) 21.89 41.34
Lay 55Sr0.15Mno.02Pdo.9s03(C600) 12.62 9.33
Lay.g5S10.15Mno.99Pd0.0103(C600) 20.98 53.1
Lag 85S10.15Mn0.08Pd0.0203(C800) 15.97 17.01

The partial pressure dependencies of methane, oxygen and water of the reaction rate have
been studied at 460°C. Particular attention was paid to kinetic measurements on pre-reduced

samples. Results obtained on aged samples will not be presented and discussed.
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Table 6.14. Kinetic parameters for the CH4/O:z reaction at 460°C according to the operating

conditions described in Table 6.12

Specif. Rate”

Catalyst CH4 order O, order H>O order

(mol.s'g™)
0.5%Pd/Lag.s5S10.1sMnO3(C600) 1.9 0.42 0.38 0.26x1077
0.5%Pd/(Lao.g5Sro.1sMnO3(C800) 0.85 0.03 -0.31 1.43x107
1%Pd/(Lao 55Sr0.1sMnO3(C800) 0.89 -0.46 -0.47 1.47x107
1%Pd/(Lag.85S10.1sMnO3(C600) - - - -
Lag 55S10.15Mng 99Pdo.0103(C800) >0 >() >() 0.54x107
Layg.55S10.1sMng.08Pd0.0203(C600) 0.76 0.24 0 5.5x10%®
Lay gsSto.1sMng.99Pd0.0:103(C600) 0.98 0.17 0.07 1.30x108
Lag.g5Sr0.1sMng.08Pd0.0203(C800) 0.96 0.23 -0.96 5.5%10°8
LaMng.0sPdo.0203(C750) 0.72 0.09 -0.97- 2.03x107
Lag7Mng.0sPd0.0203(C750) 0.86 0.04 -0 .39 2.40x107
1%Pd/Laos;MnO3(C750) 0.79 0.14 -0.72 1.73x1077

“ measured at 460°C in presence of 0.1 vol% CHa4, 0.2 vol.% O> and 1.0 vol.% HO.

As seen in Table 6.14, apparent reaction orders and specific reaction rates at 460°C on Sr-
doped samples are compared with Sr free samples. The evolutions observed on the reaction rate
values corroborate previous comments emphasizing the detrimental effect of strontium. This
effect accentuates at low Pd content and on sample prepared according to the one-pot method.
Regarding the benchmark composition (in the absence of strontium) a positive value is obtained
for methane and oxygen while the negative order with respect to water reflect a strong inhibiting
effect earlier reported [35]. By examining the values obtained on Sr-doped samples some
discrepancies clearly appear in some extent contradict observations on benchmarks according

to the following comments:

- The first order kinetics with methane concentration is confirm except on 0.5%
Pd/Lao 85S10.1sMnO3(C800) obeying to a second order kinetics.

- The Dbeneficial effect of oxygen is verified except on
1%Pd/Lag 55S10.1sMnO3(C800) characterized by a negative reaction order.

- The  strong  inhibiting  effect of  water  disappears  on
Lao 55S10.15Mno.9sPdo.0203(C600). A positive  value is even  observed

Lao.85Sr0.15Mno.99Pdo.0103(C600) and 0.5%Pd/Lag 55Sr0.1sMnO3(C600).
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4.2. Kinetic modeling

The kinetics has been studied near stoichiometric conditions in the 1-2 vol.% H>O with
lower partial pressure of methane and O> (see Table 6.12). Consequently, water adsorption must

be considered according to the following step (23):
H20 + Ox + * 5 20Hx (23)

By assuming this step quasi at equilibrium then the OH-coverage expression can be

expressed according to Eq. (24):

. 05,

0ou = [Ku,oPu,04/KoPo,| 65 (24)

with 6; = — (25)
1+KCH4_PCH4+ K0P02+[KH20PH204/K0P02]

Regarding the reaction rate Eqgs. (16), (17) and (24) their expressions only differ from the

denominator which includes the following additional terms [K H,0PH,0+/ Ko POZ]O'S. Hence, the
following set of Egs. (26)-(28) can be established.

ksKcH,PcH
11 = keoOcu, 0y = e Py (26)
[1+KCH4PCH4_+JKOP02+[KOHPH201/KOP02] ' ]
k1sKcH,PcHy/KoPo
= k6b921.1498 = — : 0512 (27)
[1+KCH4_PCH4+«,KOP02+[KOHPH20 /KOPOZ] ' ]
kecK P 2k K P
Ty = k6c92H490 _ Kec c1;4 CHy, [1 4 e kCH; CH4] (28)
12

with D = [1+ Ke,Pew, + KoPo, + [KonPazoKoPo, | |

In a first approach steady-state rate measurements on the Sr-free catalyst will be exploited.
By examining the reaction order, the positive value with respect to the partial pressure of oxygen
would a priori invalidate Egs. (26) and (28) which would mean that reaction rate Eq. (27) would
be suitable for the modeling of reaction rate. As a matter of fact, a graphical discrimination
cannot be easily implemented as Eqs. (27) cannot be strictly linearized by applying a simple
mathematical function: the reciprocal 1/x. Based on this, the least square method has been

preferentially used. For sake of clarity, we conserved previous conclusions which ruled out
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mechanism I(a) corresponding to Eq. (26). In contrast, mechanism I(c), involving the Pd-
perovskite interface, and mechanism I(b) involving adsorbed O species on Pd as intermediates
have been considered in the optimization method. Hence, experimental and predicted reaction
rate according to Eq. (29) have been compared for the adjustment of the rate constants and the

equilibrium adsorption constants. The description of the procedure is schematized in Fig.6.16.

r=1,+ 13 =kepOcy,00 + kecOcn,00 =

kepKcH,PcH,/KoPo, n kecKcH,PcH, [1 + 2kecKCH,4PCH,

. catets] - (29)
[1+KCH4PCH4+\/KOP02+[KOHPH20\/KOP02] ] 12

As described, the different kinetic and thermodynamic constants have been optimized
when the sum of the square difference between predicted and experimental rates tend to a
minimum value. As seen a good consistency is observed by examining the plot predicted data
vs. experimental data. Based on this the contribution of each mechanism can be estimated

revealing on Lag7Mno.9gPdo 0203 still the predominance of mechanism I(c) with step (6¢) slow.
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Experimentalr Predicted r Contribution Relative Adjustable parameters

p (CHy)o p (02)o p (H20)o (mol/s/g) (mol/s/g) Criteria mech. lb Contribution

0.001 0.002 0.01 2.39E-07 2.07€-07  9.75583E-16  6.05E-08 0.29 0.004356775
0.001 0.002 0.01 2.38E-07 2.076-07  9.5093E-16  6.05E-08 0.29 5.90E-01
0.001 0.002 0.01 2.38E-07 2.076-07  9.26256E-16  6.05E-08 0.29 0.09791896
0.003 0.002 0.01 6.08E-07 6.22E-07  1.81501E-16  1.81E-07 0.29 5.60913E-06
0.003 0.002 0.01 6.09E-07 6.22E-07  1.53948E-16  1.81E-07 0.29 18517.81033
0.003 0.002 0.01 6.02E-07 6.22E-07  3.9718E-16  1.81E-07 0.29 5.845004031
0.00075 0.002 0.01 1.87E-07 1556-07  9.87102E-16  4.54E-08 0.29
0.00075 0.002 0.01 1.87E-07 1556-07  9.8311E-16  4.54E-08 0.29
0.00075 0.002 0.01 1.86E-07 1.556-07  9.44168E-16  4.54E-08 0.29
0.002 0.002 0.01 4.54E-07 4.156-07  1.55373E-15  1.21E-07 0.29 7 0E-07
0.002 0.002 0.01 4.50E-07 4.15E-07  1.27219E-15  1.21E-07 0.29
0.002 0.002 0.01 4.48E-07 4.156-07  1.08337E-15  1.21E-07 0.29 6.0E-07 1 y = 1.056x - 4E-08 o
0.001 0.006 0.01 2.49E-07 2.26E-07  5.06481E-16  1.05E-07 0.46 9
0.001 0.006 0.01 2.49E-07 2.26E-07  5.14513E-16  1.05E-07 0.46 2 50807 1 R? = 09903 .
0.001 0.006 0.01 2.49E-07 2.26-07  5.2231E-16  1.05E-07 0.46 S 4 0E-07 | o)
0.001 0.005 0.01 2.47E-07 221E-07  6.7439E-16  9.57E-08 0.43 g
0.001 0.005 0.01 2.48E-07 2.21E-07  7.31731E-16  9.57E-08 0.43 O 30E-07 {
0.001 0.005 0.01 2.47€-07 2.21E-07  6.4986E-16  9.57E-08 0.43 o £§
0.001 0.002 0.005 2.39E-07 2.79E-07  1.5873E-15  6.06E-08 0.22 £ 208-07 4 .
0.001 0.002 0.005 2.40E-07 2.79E-07  1.52725E-15  6.06E-08 0.22 T oEo7 - ©
0.001 0.002 0.005 2.39E-07 2.79E-07  1.5873E-15  6.06E-08 0.22 &
0.001 0.002 0.02 1.49E-07  2.22338E-14  6.04E-08 0.41 0.0E+00 . . .
0.001 0.002 0.02 1.49E-07  2.22338E-14  6.04E-08 0.41 0.0E+00 2.0E-07 4.0E-07 6.0E-07
0.001 0.002 0.02 1.49E-07  2.22338E-14  6.04E-08 0.41 Exoeri | :
0.001 0.002 0.01 2.40E-07 2.076-07  1.06148E-15  6.05E-08 0.29 xperimental reaction rate
0.001 0.002 0.01 2.38E-07 2.076-07  9.6326E-16  6.05E-08 0.29
0.001 0.002 0.01 2.28E-07 2.076-07  4.1929E-16  6.05E-08 0.29
Target to be 8.78555E-14
minimized

Fig. 6.16. Description of the adjustment routine by considering the minimum value reached for the sum of the square difference between experimental and predicted

reaction rate according to Eq. (29) leading to optimized values for the rate constants k., and the equilibrium constant K; on Lao.7Mno.9sPd0.0203.
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The same methodology has been repeated for LaMnoosPdo02O3 and
1%Pd/Lap7MnO3. For the former catalyst mixed kinetic regimes is still observed.
However, 1%Pd/Lag7MnO; behaves differently as the adjustment routine leads to an
optimized ke value almost nil with no longer contribution of mechanism I(c).

In this particular case, only mechanism I(b) involving Pd as active sites would
occur and Eq. (27) would be the most representative. This equation agrees with an
increase of the order value for oxygen. Let us note that the numerical values of Koun
higher than those estimated for the equilibrium constant of methane and oxygen
suggests a significant inhibiting effect of water adsorption.

This assertion can be easily verified by the calculation of the coverage of O-, OH
and adsorbed methane species. As illustrated in Fig.6.17, the methane coverage (not
represented) is extremely low while adsorbed O and OH group predominate showing
competitive adsorptions largely in favor of these two ad-species. This particularly true
for dissociative water adsorption on Pd with high coverage reflecting a strong inhibiting
effect. The detrimental effect of water could also affect the rate constant kep.

Indeed, theoretical calculations pointed out that the activation barrier related to step
(6(b)) depends on 6o and Gon (see Fig. 6.2). This effect is markedly observed when the
site occupancy exceeds 40%. As seen in Fig.6.16, oxygen coverage on the benchmark
catalysts never reached this limit and 6o suggesting a weak impact on the C-H bond
breaking. In contrast, Gon exceed 40% which would provoke an increase in the
activation barrier. Hence, the predominance of adsorbed OH group would also induce

a decrease of kep.

kisKcH,PcHy/KoPo, 27)
2
[1+KCH4_ Pch, +/KoPo, +[KorPH,0./Ko POZ]O'S]

— * * —
= k6b9CH460 =

Consequently, near the stoichiometry, in the presence of steam, mechanism I(b)
would prevail at the expense of mechanism I(c). This means that the Pd-perovskite

interface would be strongly altered even suppressed for Pd/Lao7sMnO3 and only Pd
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active sites would run in these operating conditions. This could be explained by a strong
OH group accumulation onto the support in the presence of steam in the inlet gas
mixture blocking mobility and reactivity of surface oxygen lattice. Indeed, Shwartz et
al. found on Pd-based catalyst that OH groups accumulation on the support hinders

oxygen mobility and provokes deactivation [17,18].

0.70

0601 o memmmm==mm T

0.50 o

0.40 A - ST C-----TT 77

0.30 A

0.20 A

0.10 A

0.00 T T T T
0.0005 0.001 0.0015 0.002 0.0025 0.003

P(CH,) (atm)

Fig.6.17. Evolution of surface coverages 6ai for oxygen (bold line) and OH species (dotted line) vs.
methane partial pressure during the CH4/O; reaction on pre-reduced Lag7Mno.9sPd.0203 (red),
LaMny.0sPd0.020; (blue) and Pd/Lag;MnOs (green).
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Table 6.15 Kinetic and thermodynamic constants optimized near the stoichiometry in the presence of steam at 460°C on pre-reduced Pd catalyst on perovskite

support material. Predicted values were derived from Eq. (29).

Catalyst kec (mol.s-1.g-1)  kep (mol.s-1.g-1)  kio (mol.s-1.g-1)  Kcus (atm-1) Ko (atm-1)  Kon (atm-1) Contribution mech. I(b) (%)
Lao.7Mno.osPdo.0203 (5.240.3)x1073 (3.440.4)x10%2 0.59+0.06 0.030+0.003 1041 121£12 59
LaMno.osPdo.0202 0 (3.610.4)x1072 0.50+0.50 0.043+0.005 11£1 127+13 58
Pd/Lao.sMnO3 0 (1.440.2)x10? 0.71£0.10 0.23+0.03 2143 133+14 100
0.5%Pd/Lao.s5Sr0.1sMnO3(C800) 0 (3.310.4)x107? 0.71+0.10 0.018+0.002 8018 6.3£0.7 100
1%Pd/Lao.ssSro.1sMnO3(C800) (8.9+0.9) x10° (3.1+£0.4) x10! 8.0+0.08 0.010+0.02 10811 10£1 56
Lao.s5Sr0.1sMno.98Pdo.0203(C600) 0 (1.0£0.1)x10"! 0.93+0.12 0.014+0.002 4.01£0.4 negligible 100
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4.3. Particular case of Sr-doped catalysts

As discussed in Table 6.14, the kinetic behavior of Sr-doped deviate from
benchmark systems. Tentative predictions by using Eq. (29) fail to described the partial
pressure  dependency of the reaction rate in  most cases. Only,
0.5%Pd/Lao.85Sr0.1sMnO3(C800), 1%Pd/Lao.55S10.1sMnO3(C800) and
Lao.55S10.15Mno.9sPdo.0203(C600) lead to a reasonable agreement. Based on such
discrepancies no relevant conclusion can be a priori drawn as no consensus on the
reaction mechanism appears from this first optimization routine.

In a second attempt, the following mechanism I(d) has been assumed. This
mechanism proposal lies in the high OH coverage calculated and can agree with
positive value for the reaction order for water. The same set of hypotheses can be taken

into account to establish the reaction rate Eq. (30).

Mechanism I(d)
(4) Ox(g) + 2% 5204 1y = keaOcu,O0u =
(5) CH4(g) + * 5 CHax ksaKcryPcry[KonPi,0(KoPos|"*  (30)

.5
[1+KCH4PCH4+ K0P02+[K0HPH20 /Kopoz]o ]

(6d) CHyx +OHx = CHzx + %+ HyO
(7d) CH3x +Ox = CHax + x+ H,0
(8d) CHox +Ox = CHx + + x + H,O
(9d) CHx* +Ox = Cx++ x+ H,0O
(10) Cx +Ox > COx + %

(11) COx +Ox = CO + 2%k

(12) 20Hx S H,0 + O + 2%
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For the adjustment routine, we have adopted the same strategy taking for

prediction Eq. (31) into account.

r=1n+ 1= k6d92‘H495H + k6c92H490 =

5
keaKchyPcHa[KonPrzoy KOPOZ]O + kecKcHyPcHy [1 + ZkécKCH4PCH4] 31
572 R
[1+KCH4_PCH4+\/ KOP02+[K0HPH201/K0P02]0 ] D ki,D

Unfortunately, no improvement from this second attempt was obtained leading to

inconclusive arguments on the effective role of strontium on the kinetics.
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4.4. Brief conclusion

Kinetic measurements in lean and dried conditions led to a reaction mechanism
which illustrate a cooperation between Pd and the perovskite support. Improved surface
properties on Sr-doped samples have been assigned to stronger methane adsorption in
dry conditions. As already mentioned, strontium can also improve bulk oxygen mobility
which could create synergy effect.

In this sub-chapter, Sr-doped catalysts were studied in different operating
conditions near the stoichiometry and in wet conditions. Their catalytic properties were
compared to benchmark systems free of strontium. Kinetic exploitation was feasible on
Sr-free samples revealing in that case a mixed regimes with the coexistence of a dual
site mechanisms and a single site mechanism involving only palladium. It appears that
this latter mechanism prevails on Pd/Lao7MnOs assigned to a significant deterioration
of the Pd-support interface likely due to significant OH accumulation on the perovskite
blocking oxygen mobility. Subsequent optimization of kinetic and thermodynamic
constants also reveals a weakening of methane adsorption with competition for
adsorption becoming largely in favor of oxygen and water.

In the presence of strontium, more complex kinetic features were observed. First,
the classical Arrhenius behavior is no longer observed. The reaction order estimated
differ from those obtained on Sr-free samples. Optimization of the different kinetic and
thermodynamic  constants was only possible on three catalysts, i.e.
0.5%Pd/Lao.85Sr0.1sMnO3(C800), 1%Pd/Lay.55S10.1sMnO3(C800) and
Lao.55S10.15Mno.9sPdo.0203(C600). By examining the equilibrium constant similar
tendencies reproduce with a weak methane adsorption. In contract, a strengthening of

oxygen adsorption and a weakening of water adsorption is discernible.
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Chapter VII. Catalytic Measurements in Real

Exhaust Gas Composition from NGVs Engines

1. Introduction

This last chapter is focused on the performance of Pd-doped samples in more realistic
operating conditions which account for the presence of NO and CO in the inlet gas mixture.
Catalytic measurements were performed in wet conditions but the steam composition has been
lowered as the expected composition should normally tend to 10 vol.% in real exhaust gas
compositions. Catalytic measurements were performed on catalysts in powder form with a
space velocity of 100 L.h"!g!. The feed gas composition in stoichiometric conditions was the

following:

Table 1. Composition of the inlet feed gas mixture during catalytic measurements.

Gas CH,4 CO NO 0, CO, He H;O

Conc. Vol.% 0.1 0.05 0.2 0.125 8.0 Balance 1.0

Aging process has been also envisioned and described in the experimental section and the
catalytic properties were also evaluated on aged samples. While Rh is a benchmark for NOx
removal because of a much faster N-O bond scission, the development of Rh-free Three-Way-
Catalysts or the replacement of Rh by palladium started long time ago is still an interesting
issue [1].

Particular attention was paid to the Pd content, the strategy for Pd deposition and the
composition of the support on the catalytic properties. As exemplified, kinetic measurements in
chapter 6 revealed that the support material can play a key role in methane combustion
supplying reactive oxygen species but mostly in lean and dry conditions. A cooperative effect
was observed which can be modeled by a dual site reaction mechanism. In contrast, the presence
of steam can lead to significant detrimental effect as strong accumulation of OH group at the

surface of the perovskites can suppress the contribution of the support. Nonetheless, the
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composition of the support still remains an outstanding parameter as it can govern Pd dispersion
and alter the electron density in nanosized Pd particles. La and Ba are recognized to stabilize
Pd dispersion becoming more resistant to thermal sintering during thermal aging, resulting in
improved dispersion of Pd [2]. Improved resistance to deactivation has been also explained by
electron transfer from electronegative La to PdO. As the consequence, the decomposition of
PdO would be delayed [3]. Wang et al. [4] also found that doping with basic materials, e.g. Sr
and Ba, increases in electron density of nanosized Pd particles on Sr and Ba materials which
leads to CO-poisoning effect. Perovskite itself can exhibit remarkable catalytic performances
in three-way operating conditions. This potentiality is related to the ease to accommodate
transition metals in B-site [5]. In the particular case of LaMnO3; composition, Giannakas et al.
[6] suggested that the fraction of Mn**—O-Mn*" pairs could be another critical parameter which
could influence the catalytic activity.

In agreement we our previous conclusions, the Pd-LaMnOs interface is expected to govern
the catalytic efficiency in NO reduction. Indeed, Mohammadi et al. [7] investigated NO/CO
reaction in presence of water and tried to optimize the interface through different preparation
methods. Interestingly, they found that the CO-inhibiting effect can be modulated by the Pd-
perovskite interface and can be lowered in the presence of water. In case of deteriorated
interface, strong CO adsorption prevails then suppressing adsorption/dissociation of NO.
Optimal performance were related to the involvement of lattice oxygen for CO oxidation and
subsequent replenishment from NO dissociation at the Pd-perovskite boundary. On the other
hand, the occurrence of the Water gas shift reaction enhances NH3 formation [12-15].

The composition of the catalyst is not the unique parameter for the explanation of the
catalytic reaction. The composition of the reaction mixture and the range of temperature can
lead to different behaviors. At low temperature, generally methane is not activated, the
competition between the CO/NO and CO/O; reactions will predominantly prevail. The absence
of trace of hydrogen in our inlet composition mixture should avoid the undesired formation of
ammonia [7]. However, the water-gas-shift reaction can supply hydrogen. A rise in temperature
can lead to sharp changes in the products distribution as the presence of steam and CO; can
originate extra reactions involving methane activation. In principle, the expected reactions are
the direct combustion of methane and/or NO/CH4 reaction. However, dry and steam reforming
reactions cannot be no longer neglected and can originate sharp changes in the selectivity of
NO reduction as related production hydrogen can change the selectivity in favor of ammonia

production [12-15].
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Table 2. summarizes the possible reaction that can occur at low and high temperature.

Reaction LowT High T
CO + 1/20,= CO, x
2CO +2NO =N, + 2CO, X
2NO + H, =N, + H,O X

CH4 +2NO =N; + 2H;O

CH4 + 20, = CO; + 2H,0

CH4+ CO, =2CO + 2H,

CH4 + H,O = CO + 3H;
CO +H,0=CO,; +H, x
CO;+H;=CO + HxO x

2. Catalytic measurements for palladium incorporated

La.MnQOs;.; series

The 1wt.% palladium doped LaxMnO; samples consist in 5 samples which differ from the
method used for Pd incorporation, e.g. sequential route and one-pot method, the lanthanum
stoichiometry (x = 0.7 and 1) and the calcination temperature. Prior to reaction, all samples
were pre-reduced in hydrogen at 250°C. Temperature-programmed conversion profiles vs.

temperature are reported in Figs. 7.2.1-7.2.4.

2.1. Methane conversion

Understanding the methane activation and oxidation under real exhaust conditions is of
great importance and methane is the main emission gas component in exhaust gas of
stoichiometric NGV engines [8], the related methane conversion was discussed for the heating

process (Fig.7.2.1) and the reaction temperature of 550 ° C (Fig.7.2.2).
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Fig.7.2.1. Methane conversion before/after aging in temperature range from 120 to 550 °C.
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Table 7.2.1. Summary of methane conversion of calcinated Pd incorporated LaMnOs series.

Calc.T? SSA® Pd disp. Pd ratio 550 °C 550 °C
Catalyst
(°C) (m?%/g) (%) © (%) 4 Conv. % BA® Conv. % AAf

Pd/LaMnO;-C800 800, 400 7.4 2.7 0.07 8 5
LaMnyg 9772Pdg.022803-C800 800 6.4 14.1 2.01 88 77
Pd/Lag;MnO;3-C600 600, 400 29.4 3.1 2.44 12 68
Pd/LaMnO3-C600 600, 400 21.7 6.5 0.7 12 21
LaMnyg.9772Pdg.022803-C600 600 28.9 0.14 0.68 11 91

a Calcination temperature of one-pot and sequential methods

b. Specific surface area

Pd dispersion from H,-chemisorption

o
d. Surface Pd ratio of fresh catalysts from XPS analysis

@

Methane conversion before aging process

f. Methane conversion after aging process

Bare LaMnO3-C800 perovskite served as benchmark exhibiting a very weak conversion
in the whole range of temperature. Palladium addition has only a weak effect on the conversion
of methane on impregnated samples and LaMno.9sPdo.0203-C600 with conversion remaining
below 15% at 550°C. The development of a significant conversion is only observed on
LaMnyg 9sPdo.0203-C800 reaching ~88% at 550°C. At first glance, this behavior can be a priori
explained by the highest density of palladium at the surface corresponding to a high Pd
dispersion. An obvious difference is observed after aging with a remarkable activation except
on aged Pd/LaMnQO;-C800 which mimics the behavior of LaMnO3-C800 and corresponds to a
slight deactivation. The gain in conversion on aged LaMn.9sPdo.0203-C600 can be explained
by the segregation at the surface of palladium through exsolution process which has been found
more accentuated on LaMno.9sPdo.0203-C600. Nonetheless, HAADF-TEM did not reveal strong
particle sintering with a high Pd dispersion remaining and a moderate formation of large Pd

particles.

2.2. Carbon monoxide conversion

Carbon monoxide (CO) emissions, as the main pollution gas of automobile exhaust gas,
from uncontrolled stoichiometric NGV engines were twice that of uncontrolled diesel vehicles
[9]. Therefore, it is of great significance to investigate the CO removal efficiency of palladium

incorporated perovskites as an index of catalyst evaluation. Fig. 7.2.3 shows that CO conversion
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starts at much lower temperature, below 150°C, and occurs more slowly on undoped Pd sample
with complete conversion above 350°C instead of 250°C for the less active Pd-doped sample.
Clearly, palladium recognized as a metal of choice for the CO/O> reaction improves the
conversion especially on LaMno 9sPdo.0203-C800 and Pd/Lao7sMnO3-C800. The conversion is
not drastically amplified after aging as reported for methane. In most cases a slight deactivation
occurs except on LaMng 9sPdo.0203-C600 for which the activity in conversion develops. Hence,
this catalyst exhibits remarkable thermal stability which can be related to slower exsolution
process which likely limit extensive Pd aggregation. Based on this, a greater Pd-interaction
could growth and slower particle sintering. As discussed in the introduction, at low temperature
changes in conversion could be related to the occurrence of CO-inhibiting effect that can occur
on electron-rich Pd particles. The growth of large Pd particle would likely occur on supported
catalysts even though Pd/Lao7MnO; seems to be remarkably stable at high temperature. A
stronger Pd-perovskite interaction could be expected in case of well-dispersed Pd particles

which could be a favorable configuration for stabilizing electron deficient Pd particles.
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Fig.7.2.3. Carbon monoxide conversion before/after aging in temperature range from 120 to 550 °C.

At high temperature, interesting observations are related to a loss of CO conversion taking
place above 525°C. This observation is only noticeable on pre-reduced LaMng.9gPdo.0203-C800.
In brief, such observation is usually assigned to an extra formation of CO. This coincides with
the sharp increase in methane conversion, consequently, can be explained by the involvement
of methane reforming reactions coupled to the Reverse Water Gas Shift reaction. It is
remarkable that this tendency accentuates after aging starting at lower temperature on aged

LaMnyg 9gPdo.0203-C800 and appearing on aged LaMno.9gPdo.0203-C600.
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2.3. Nitric oxide conversion

Nitric oxide (NO) emissions, as main pollution exhaust gas, could be eliminated efficiently
near-zero levels by three-way catalytic technology of stoichiometric natural gas engines [9].
The target for nitric oxide reduction is nitrogen, but the by-products NH3 [10] and N2O are
generated during TWCs reduction. In addition, the aging process could influence the catalyst
oxygen storage and mobility properties leading to NH3 and N>O generation [11].

Following the above-mentioned equations and formulas, the figures of NO conversion, N2,
N2O yields (Fig.7.2.5 to Fig.7.2.7) presented the related results during heating from 120 to 550
°C and the conversion at 550 °C before/after aging showed the properties in the working

temperature (Fig.7.2.4).
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Fig.7.2.4. Nitric oxide conversion at 550 °C before/after aging.
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Fig.7.2.5. Nitric oxide conversion before/after aging in temperature range from 120 to 550 °C.

A broad range of temperature is observed for NO conversion with maximum conversion
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reached in the temperature range 150-200°C on pre-reduced catalyst (see Fig. 7.2.5). A
complete conversion is obtained on LaMno 9sMno.0203-C800 which also coincides with a high
CO conversion in this temperature domain. At low temperature the following reactivity

sequence can be established:

LaMng.9sMno.0203-C800 > Pd/Lay7MnO3-C600 > LaMng.9sMng.0203-C600 >
Pd/LaMnO3-C600> Pd/LaMnO3-C800

100 100
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0 A— Pdl{LaMn0,-C800} —a— Pd/{LaMnO,-C800)
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Fig.7.2.6. Nitrogen yield before/after aging in temperature range from 120 to 550 °C.
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Fig.7.2.7. Nitrous oxide yield before/after aging in temperature range from 120 to 550 °C.

Based on these observations the competition between the CO/NO and the CO/O» reaction
would be more in favor of the former one. On the other hand, a rise in temperature leads to a
progressive and continuous decrease of NO conversion while CO conversion remains complete
which emphasizes the weak selectivity of CO as reducing agent reacting preferentially with O
when the temperature increases. A peculiar behavior characterizes LaMng.90sMno.0203-C800 at
high temperature with a sharp increase in NO conversion reaching 85% at 550°C. It is also
remarkable that this sharp gain in conversion coincides with a sharp decrease in CO conversion

because of the occurrence of reforming and WGS reactions.
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After aging the behavior of Pd/LaMnQO3-C800 remains unchanged suggesting a stabilized
surface. On the other hand, the low NO conversion range recorded on the other samples
attenuates and slightly shifts to higher temperature. This deactivation seems to affect more
strongly LaMno.9sMno.0203-C800 and LaMno 9sMno.0203-C600. In contrast, the reverse trend is
observed at high temperature with a sharp gain in NO conversion and a quasi-complete
conversion of NO on Pd/Lag;MnQO3-C600, LaMng.9sMng0203-C800 and LaMng.osMng.0203-
C600.

The examination of the product distribution provides more insights. As indicated in Figs
7.2.6-7.2.8, N2, N2O. At high temperature when NO dissociate more easily, the production of

ammonia can occur thank to the occurrence of reforming reaction

2NO +2CO =N; + CO; (1)
2NO + CO =N>0 + CO; (2)
2NO + 2H; = N2 + 2H20 3)
2NO + Hz = N20 + H20 4)
2NO + 5Hz = 2NHj3 + 2H0 (5)

At low temperature, N>O forms more extensively on pre-reduced samples compared to N>
irrespective of the catalyst composition. LaMno.9sMng.0203-C800 and LaMng.9sMn.0203-C600
exhibit also an exceptional high production of NH3. The production of N>O decreases with a
rise in temperature while nitrogen production remains unchanged. A sharp production of
ammonia takes place on LaMngosMno.0203-C800 at 550°C in agreement with the
aforementioned discussion. After aging the same trends are perceptible. However, an improved
production of nitrogen is noticeable at high temperature particularly on LaMno.9gMno.0203-C800,
Pd/Lao7MnO3-C600 LaMno.og§Mno.0203-C800 and Pd/Lao7;MnO3-C600. Let us note that the
production of ammonia intensifies on these three catalysts.

Generally, on three-way catalysts containing Rh, the selectivity and product distributions
from NO reduction are governed by the strength of NO adsorption on the metal. In our case, it
seems obvious that additional parameters occur as high production of N2O should correspond
to low NO conversion and reversely. In practice, we observed the opposite trend at low
temperature which emphasizes the existence of competitive reactions and inhibiting effects. At
high temperature, NO conversion is complete corresponding to low adsorbate coverages with
higher fraction of vacant sites available for NO dissociation and H> dissociative adsorption.

Hence, resulting chemisorbed N atoms would recombine must faster to produce N> as well as
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their probability to react with chemisorbed H atoms to produce NH3; would increase.
Interestingly, the production of nitrogen is enhanced on aged Pd/Lao7MnOs3-C600
LaMnyp.9sMno.0203-C800 and Pd/Lag7MnO3-C600 above 450°C.

3. Catalytic measurements for palladium incorporated

La,Sro1sMnQOs-; series

In this chapter the main changes are related to Sr-substitution and the reduction of
palladium content from 1 wt.% to 0.5 wt.%. The parameters examined in the previous chapter
have been also conserved, e.g. A-stoichiometry, method for Pd incorporation and calcination
temperature in order to optimized a catalyst composition. As Sr acts as basic materials, it can
alter the electronic properties of metallic Pd particles increasing their electron density. Strictly
speaking, it is not easy to predict the consequence in terms of catalytic properties as this effect
can be detrimental in case of strengthening of the CO bond adsorption or beneficial at low
temperature as NO could dissociate more readily. This effect likely depends on the close
proximity of Sr and Pd and would depend on the method used for Pd addition. In principle, a

closer and stronger interaction is expected on samples prepared according to the one-pot method.

3.1. Methane conversion

As the main emission reduction target in this investigation, methane conversion is the most
direct catalyst evaluation parameter. Fig.7.3.1 showed the global methane conversion at 550 °C
of working condition, and the catalysts promotion by aging process occurred again on 600 °C.

Figs. 7.3.1 and 7.3.2 show the conversion profiles vs. temperature et compared methane
conversion at 550°C. As previously shown, methane activation needs high temperature and the
presence of water near stoichiometric conditions. Interestingly, a gain in conversion was
observed on undoped Sr-samples after aging. On the series prepared by sequential method
improved performances in methane conversion are obtained on 1 wt.%Pd/Lao.s5Sr0.1sMnOs-
C800 and 0.5 wt.% Pd/Lag.gsSr0.1sMnO3-C800. Calcination at high temperature leads generally
to higher crystallinity with lower amounts of impurities. In contrast, a loss of specific surface

area is generally observed except in the particular case of A-deficiency. Based on this, two
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antagonistic behaviors can occur related to improved bulk oxygen mobility and OSC properties
on well-crystallized samples but lower Pd dispersion are expected when the specific surface
area reduces. Obviously bulk oxygen mobility could be the most prominent parameter at high
temperature. After aging, 1 wt.% Pd/La.s5S10.1sMnO3-C800 and 0.5 wt.% Pd/Lao.85St0.1sMnOs-
C800 lose their performance while a gain in activity in methane conversion is observed on 0.5
wt.%Pd/Lao.55510.1sMnO3-C600 and 1 wt.%Pd/Lag.g5Sr0.1sMnO3-C600.

Let us now examine the catalysts prepared by the one-pot method. Similarly, the samples
calcined at 800°C initially outperform the series calcined at 600°C. However, while the activity
develops on aged Lao.55Sr0.15Mno.9sPdo.0203-C600, the reverse tendency is observed for the
other aged samples even though a moderate loss of conversion is observed on
Lao.85S10.15Mno.9sPdo.0203-C800. This global comparison reveals that the structural properties,
driven by the calcination temperature of the perovskite and the aging temperature, would be the
most important criteria in compared to A-stoichiometry, Pd content and dispersion. Hence,
improved oxygen mobility would be dependent on structural requirement fulfilled when the
catalyst is subjected to high temperature. The catalytic performance seemed having no
coherence with surface palladium ratio and dispersion from XPS analysis and hydrogen
chemisorption (Table 7.3.1) indicating the interaction of surface metals was of significance,
which corresponded to the kinetic study of combination of palladium species and perovskite in

former chapter.

Table 7.3.1. Summary of CHs conversion of calcinated Pd incorporated LaxSro1sMnOs series.

Catalyst Calc.T? SSA® Pd disp. Pd ratio 550 °C 550 °C .
(°C) (m?/g) (%) © (%) ¢ Conv. BA®  Conv.AAf

0.5%Pd/(Lao.s5S10.1sMnO3-C600) 600, 400 279 23 4.92 7.5 26.9
Lao.55510.15Mn0.9909Pd0.009103-C800 800 30.3 1.4 0.16 35 322
Lao.55S10.1sMn0.9818Pd0.018203-C600 600 32.6 1.8 0.23 6.5 36.8
1%Pd/(Lao.ssSr0.1sMnO3-C800) 800, 400 45.6 24 4.0 92 84.6
Lao.35S10.15Mn0.9890Pd0.011003-C600 600 26.4 2.8 0.13 1.4 53
0.5%Pd/(Lao.s5S10.1sMnO3-C800) 800, 400 11.8 1.9 0.53 72.5 67.2
1%Pd/(Lao.35S10.1sMnO3-C600) 600, 400 36.9 4.2 4.26 6.8 66.2
Lao.35510.15Mn0.9779Pd0.022103-C800 800 7 0.2 0.53 70.4 56.3
a Calcination temperature of one-pot and sequential methods
b. Specific surface area
c Pd dispersion from H,-chemisorption
d Surface Pd ratio of fresh catalysts from XPS analysis

@

Methane conversion before aging process

f. Methane conversion after aging process
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Central Sample with Reference:
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0.15

10. La,,Sr, ,,Mn0O,-C700

Fig.7.3.1. Methane conversion at 550 °C before/after aging.

Temperature (°C)

Temperature (°C)

Fig.7.3.2. Methane conversion before/after aging during heating from 120 to 550 °C.
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3.2. Carbon monoxide conversion

In principle at low temperature, palladium originates a high activity in the CO/O; reaction
and the support should play a negligible role reactive oxygen species being supplied from
gaseous Oy adsorption. Once pre-reduced, impregnated samples exhibit superior performance
compared to one pot samples likely due to the fact that a large fraction of palladium is imbedded
in the perovskite structure according to this latter method.

The better activity on impregnated samples is also related to the higher density of Pd sites
on the highly loaded samples. Aging leads globally to a loss of activity on impregnated sample
presumably due to Pd particle sintering. In contrast exsolution process leads to surface Pd
enrichment. This process already demonstrated can originate improved performances with
highest conversion measured on Lao 55S10.15Mno.9sPdo.0103-C800. Typically, on this sample, A-
deficiency and lower Pd content should minimize the loss of specific surface area and stabilize
a good Pd dispersion.

Sr partial substitution into perovskite could bring more porous material and oxygen
vacancies, and J. Yang et al. reported that O~ as a primary oxygen species as well as its origin
over perovskite oxides for CO oxidation, and the oxygen vacancy offered a feasible defect
strategy from Sr doping in perovskite for high-performance heterogeneous-structured catalysts

[16].
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Fig.7.3.3. Carbon monoxide conversion before/after aging during heating from 120 to 550 °C.

- 310 -



Chapter 7. Catalytic Measurements in Real Exhaust Gas Composition of NGVs Engines

3.3. Nitric oxide conversion

Sr doped perovskites were widely used for NO removal [17] and NO conversion because
Sr substitution into LaMnOs type perovskite changed the related structure, transition metal

oxidation state and oxygen vacancies generation [18].

- Conversion (550°C) Before Aging
= 100 - Conversion (550°C) After Aging
Numbered Catalysts:
90 Sequential Samples:
1. 0.5%Pd/(La, . Sr, ,.MnO,-C800)

80 2. 0.5%Pdi(La, , Sr,,,MnO,-C&00)
3. 1%Pdi(La, . Sr, ,,MnO,-C600)
70 4. 1%Pd/(La, ,,Sr,,.MnO,-C800)

One-Pot Samples:
5.la,,Sr,Mn, . Pd . 0O -C600

0.9890 0.0110 3

8.La,,Sr, .Mn . Pd _ O._-C800

0.9908 0.0091 " 3

7. La Sr . Mn Pd Q_-C800

0.9778 0.0221 73

8.La, . Sr, . .Mn Pd 0,-C600

0.55 0.15 0.9818 0.0182 " 3
Central Sample with Reference:
9. 0.75%Pd/(La, ,Sr, ,MnO,-C700)

10. La .Sr ,,MnO,-C700

0.55

60

50

40

30

20

10

Nitric Oxide Conversion at 550 °C (%

1. 2 3 4 5 6 7 8 9 10
Fig.7.3.4. Nitric oxide conversion at 550 °C before/after aging.

The NO conversion profile vs. temperature (Fig. 7.3.5) are rather comparable to those
previously discussed on undoped Sr-samples. On pre-reduced catalysts a low temperature

conversion is observed with a maximum in the range 150-200°C.
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Fig.7.3.5. Nitric oxide conversion during heating from 120 to 550 °C.
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Fig.7.3.6. Nitrogen yield during heating from 120 to 550 °C.
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Fig.7.3.7. Nitrous oxide yield during heating from 120 to 550 °C.

Subsequent increase in temperature is accompanied with a gradual decrease in NO
conversion. Finally, a sharp increase is often observed above 500°C. Such tendency reproduces
irrespectively on impregnated or one pot samples before and after aging. Hence, Sr-doping does
not seem to lead to remarkable changes. On impregnated samples, slightly improved
conversions are discernible for highly Pd loaded samples both on pre-reduced and aged samples.
Higher density of Pd sites would be more favorable.

Such tendency can be in some extent verified on one-pot samples as the highest conversion
at low temperature are recorded on the two catalysts calcined at 800°C. Based on this, the Pd
loading will not be the determining parameter in that case as the residual Pd concentration at
the surface will be governed by exsolution process, e.g. Pd extraction from the lattice to the
surface. As explained thermal aging will favor such process which can explain improved
activity recorded on the two samples originally calcined at 600°C.

Yields for N2, N2O vs temperature are reported in Figs 7.3.6-7.3.7. Globally, changes
observed are comparable to previous observation. At low temperature, there is no clear
correlation between the evolutions of the yields in N2O and the conversion that could explain

that they would be mostly governed by the strength of NO adsorption. In fact, this behavior
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seems to be most representative of the evolution observed at high temperature when NO desorbs
and/or dissociates.

Nitrogen yields are globally lower on the one-pot samples and aging did not induce
discernible changes except on Lao.s5S10.15Mno.9sPdo.0203-C800. The highest nitrogen yield is
obtained on 1 wt.% Pd/ Lag.gsSr0.1sMnO3-C600 stabilizing in the range 0.25-0.4 and increasing
above 525°C to reach 0.5.

N2O production is still significant and Sr seems to have no effect. The mode of Pd
incorporation seems to also have a weak effect. In most often cases, N>O declines at high

temperature as aforementioned.
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4. Conclusion

This chapter reports the catalytic properties of three-way Pd-based catalysts in more
representative compositions of exhaust NGVs engines. Palladium interacts with perovskite
substrate. Different parameters affect the perovskite composition, e.g. calcination temperature,
A-deficiency, A-stoichiometry, Sr-substitution. Regarding palladium two methods have been
implemented for their incorporation according to a classical wet impregnation leading to extra
framework PdO aggregates or during the sol-gel synthesis with preferential isolated cationic Pd
species stabilized inside the perovskite lattice. Palladium content has been investigated by
reducing the composition by half. Catalysts were pre-reduced at 250°C. These temperature
conditions did not affect the structural properties of the rhombohedral structure but can induce
the reduction of Mn*" to Mn?**. Regarding the reducibility of oxidic palladium species, extra
framework PdO species were found more reducible than cationic Pd"" inside the perovskite
lattice.

Multiple reactions take place in different temperature regimes near stoichiometric
conditions. At low temperature, CO conversion prevails. It was found and suggested that Pd
could be involved in the CO/O2, CO/NO and CO/HO reaction. The involvement of the latter
reaction has a detrimental impact as the production of hydrogen can originate the production of
ammonia in large extent. Methane conversion is obviously strongly delayed taking place above
450°C. The presence of steam and large amount of CO; eases the methane conversion thanks
to the involvement of reforming reactions. However, this reaction is also accompanied with a
significant production of ammonia.

The results for methane conversion on undoped Sr-catalysts can be resumed in the
following Table 7.2.1. and can be compared to surface properties in terms of SSA, surface Pd
concentration et metallic Pd dispersion. The highest conversion recorded on pre-reduced
LaMnyg 9sPdo.0203-C800 cannot be explained by the specific surface area but more probably by
the high surface concentration of palladium.

Aging leads to Pd exsolution process improving the conversion on aged
LaMnyg.9772Pd0.022803-C600. The rate enhancement in methane conversion on aged
Pd/Lag7MnO3-C600 also provides additional insights as this catalyst is characterized by a high
surface and bulk oxygen mobility assisted by the presence of palladium. Hence, both of
observation suggests that cooperative effect between Pd and surface reactive oxygen from the

perovskite would be the driving force in determining the catalytic performance.
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Strontium substitution leads to rate enhancement on pre-reduced samples. In contrast
aging has a detrimental impact on impregnated sample. One-pot sample leads to marginal

changes after aging which suggests a weak impact of strontium.

Table 7.2.1. Summary of methane conversion of calcinated Pd incorporated LaMnOs series.

Calc. T*  SSA?® Pd disp.©  Pd ratio? Conv. %° Conv. %'
Catalyst
(°O) (m?%/g) (%) (%) reduced aged

Pd/LaMnO3-C800 400 7.4 2.7 0.07f 8 5
LaMng 9772Pd.022803-C800 800 6.4 14.1 2.01f 88 77
Pd/Lao7MnO3-C600 600 29.4 3.1 2.441 12 68
Pd/LaMnO3-C600 400 21.7 6.5 0.7f 12 21
LaMng 9772Pdo.022803-C600 600 28.9 0.14 0.68f 11 91

Calcination temperature of Pd-doped catalysts
Specific surface area

Pd dispersion from H,-chemisorption

Surface Pd ratio of fresh catalysts from XPS analysis
Recorded at 550°C for fresh samples

- o2 o T o2

On aged catalysts

As explained CO conversion is likely involved in various competitive reactions. There is
no strong argument in favor of a strong CO inhibiting effect on CO conversion after Sr-
substitution especially on impregnated samples. Indeed, it is expected that Sr is mainly
stabilized in the perovskite structure. At high Sr-substitution surface, Sr enrichment cannot be
strictly ruled out. Nonetheless, no perceptible loss of CO conversion assigned to a strengthening
of CO adsorption bond has been observed neither on impregnated samples nor on samples
prepared according to the one-pot method. As a matter of fact, the presence of water could
contribute to clean the surface avoiding this detrimental effect. As explained, structural and
surface changes during aging mainly occur on one-pot sample as Pd exsolution. This is
particular true for Lao.gsSro.15Mno.99Pdo.0103-C600. In that case by reducing half the palladium
composition inside the perovskite lattice, exsolution process could be slower and then
minimizing possible aggregation process when Pd segregates at the surface.

Finally, the examination and the conversion curves of NO and product distribution clearly
show high performance in NO reaction notably at low temperature thank to CO and indirectly
to H> produced from the WGS reaction. However, a volcano-type curves is usually observed
emphasizing the weak selectivity of these two reducing agents which will react preferentially
with oxygen with a rise in temperature. At high temperature the NO conversion is restored

lowering the production of N2O but in this temperature domain a significant production of
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ammonia is obtained coexisting with nitrogen.

It seems not easy to distinguish between impregnated and one pot sample which variety is
the most sensitive to deactivation and the real impact of strontium. On undoped samples
prepared according to the one pot method aging induce a loss of performance in NO conversion
in the low temperature range while the activity is promoted at high temperature. Such tendency
does not appear distinctly on aged samples. It seems that strontium would attenuate the effect

of deactivation.
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Chapter VIII. General Conclusion and
Outlook

1. General conclusion

The general objective of this thesis work was to develop Three Way Catalysts
based on perovskite and palladium for the treatment of traces of methane from vehicles
running on natural gas, which is treated as the alternative and renewable energy sources
to traditional liquid fossil fuels. Perovskite with the general formula ABO; is treated as
the potential alternative materials to the noble metal and could partially replace
palladium based three-way catalysts for exhaust gas of natural gas engine.

In more detail, the state-of-art investigation is based on the combination of two
kind of active catalysts, each having a role in the targeted reaction — the catalytic
combustion of methane. Perovskites based on LaMnO3 composition are used as active
support of precious metal palladium because of the excellent methane oxidation activity
during high temperature. Among them, the perovskite A-site study of non-
stoichiometric lanthanum and the partial substitutions of lanthanum by potassium and
strontium have been used to modify the structure of perovskite to generate structural
distortions for better catalytic activity and mobility of the oxygen. Besides, palladium,
recognized as a noble metal with excellent low temperature methane catalytic
performance, has been incorporated into perovskite catalysts by different strategies (i.e.
one-pot method and sequential method by synthesis of the sol-gel method of citric acid).
Structure determines properties, different palladium doping methods and the
differences of perovskite bulk preparation have the significant impacts on
physiochemical and catalytic properties of catalysts. Therefore, the above chapters
presented the catalysts from different standpoints: i1.) A-site defect and substituted
perovskite bulk properties in chapter 4, ii.) the evaluation of two palladium

incorporation methods based on former bulk physiochemical study in chapter 5, iii.) the
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kinetic investigation for understanding the dual-active-site mechanisms in chapter 6 and
iv.) the catalytic measurement in real exhaust gas flow to research the ability to handle
multiple polluting gases simultaneously in chapter 7.

Given the consideration of cost control and palladium as an expensive precious
metal, the aim of the study was also to provide new insights in order to reduce the use
of palladium starting from 1 wt.% Pd and then shifting to 0.5 wt.% as ultimate goal.

The first chapter mainly concerned the bulk and surface properties of perovskite
compositions. The lanthanum stoichiometry as well as Sr- and K-substitution have been
investigated. The calcination temperature used for obtaining the typical rhombohedral
structure appears as key parameter. Indeed, a pre-requisite is to obtain samples
developing high specific surface area and oxygen mobility to enhance their oxygen
storage capacity. As a general trend calcination at 600°C led to higher specific surface
area but bulk impurities corresponding to single oxides have been detected. At high
calcination temperature the pure structure can be obtained with improved bulk oxygen
mobility. In contrast a loss of specific surface area is generally observed on
stoichiometric composition. The best compromise was obtained on La-deficient
Lao.sMnOs composition with the conservation of small crystallites than preserving high
specific surface area.

Potassium and strontium substitutions were subsequently studied on
stoichiometric samples (with A/Mn = 1) calcined at 600°C. Subsequent potassium
substitutions do not lead to improved properties essentially due to phase segregation
with the appearance of monoclinic lattice structure K1.30Mn3Og¢ exhibiting weak oxygen
mobility. Strontium substitution led to more amorphous structures with improved
crystallization at increasing Sr content. No phase segregation appears distinctly from
XRD analysis, but surface strontium enrichment slightly appears at increasing Sr
content. XPS analysis also revealed a larger fraction of Mn*" stabilized on Sr-
substituted samples which emphasizes the fact that strontium in different chemical
environment would coexist in dodecahedral environment in the perovskite lattice and

as extra framework species. Let us note that these changes did not induce improved
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surface and bulk oxygen mobility. Nonetheless, the mixed valence Mn*"/Mn** with
increasing amount of Mn*" on Sr-doped samples has been considered as a relevant
descriptor for methane activation.

Palladium has been previously recognized as a benchmark for methane
combustion. Despite numerous investigations, the nature of active sites is still debated.
Most of the investigations performed in lean conditions pointed out that PdOx could be
active but alternative explanations have arisen suggesting the involvement of dual sites
involving Pd’/PdO interface or metallic Pd species in strong interaction with a substrate
developing OSC properties. All these suggestions can be taken into consideration
especially in operating TWC conditions where PdOy is potentially unstable and can
decompose into metallic particles. Based on this, two different strategies have been
implemented for Pd incorporation according to a classical wet impregnation or one-pot
method consisting in adding palladium during the sol gel process. In this latter case,
calcination at 600°C or 800°C led to significant changes evidenced from HAADF-TEM
analysis emphasizing significant ex solution process leading to more reducible extra
framework PdOy at the surface when the catalyst is calcined at 800°C. On the other
hand, oxidic Pd species remains well-dispersed on LaMno.9gPdo.0203-C600 calcined at
600°C. For impregnated samples, lower dispersion is observed related to surface Pd-
rich sample. However, Pd/LaMnO3-C600 acts as an exception because palladium was
found highly dispersed. K- and Sr-doped perovskite compositions were only
impregnated at this stage and for Sr-doped samples the higher fraction at the surface of
Mn*" was still observed. XPS also showed surface Pd enriched surface. It was also
found that the presence of palladium has a beneficial effect on the oxygen desorption
suggesting improved OSC properties compared to the bare samples.

The catalytic properties of Pd-doped perovskite samples have been investigated
on pre-reduced samples at 250°C. In these moderate reduction temperature conditions,
the rhombohedral perovskite structure is conserved and extra framework PdOx species
are reduced. For isolated oxidic Pd"" species stabilized in octahedral coordination of

LaMno.9gPdo.0203 partial extraction may occur leading to well-dispersed nano-sized
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metallic Pd species. However, H>-chemisorption measurements revealed that a
significant fraction could remain stabilized as cations inside the perovskite lattice on
sample calcined at 600°C. The catalyst functionalities for methane combustion were
evaluated from high-through-put experiments on model inlet gas composition
composed of 750-3000 ppm CHs with 5 vol.% O>. Kinetic measurements were
discussed based on 3 different reaction mechanisms involving only palladium in the
composition of the active site and a dual site mechanism involving Pd and surface
reactive oxygen species from the support. In the derivation of a rate expression the first
C-H bon breaking in adsorbed methane molecules has been assumed by considering a
vacant nearest-neighbor site or the assistance of chemisorbed O atoms. While the first
proposal was invalidated only a weak agreement was observed with the second
mechanism proposal which led to consider reactive oxygen species from the perovskite
instead of gaseous Oa. A rather good agreement is obtained according to a dual site
mechanism. The calculation of rate constants and equilibrium constants for adsorption
led to interesting discussion relative to the strength of adsorption of methane and Oz on
palladium which can be differently modulated according to the composition of the
composition of the perovskite. Aging at 750°C in the presence of 10 vol.% H2O and 5
vol.% O> did not deteriorate the Pd-support interface and it was still verified that the
dual site mechanism prevails. In some extent this interface can be strengthened and can
lead to gain in methane conversion especially on Sr-doped catalysts. On the other hand,
near stoichiometric conditions in the presence of steam, kinetic measurement led to the
conclusion that strong water adsorption on the perovskite with OH accumulation
suppress the OSC properties and the metal-support interface.

Finally, the catalysts were evaluated in more realistic exhaust gas composition near
the stoichiometry in the presence of NO and CO from 100°C to 550°C that simulated
le catalytic performance during cold start engine. In the temperature range conditions,
several competitive and successive reactions take place and can predominate at low or
high temperature. As a general trend, CO is quickly converted below 200°C. The

occurrence of competitive CO/O2, CO/NO and CO/H2O reactions can explain the
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sudden CO conversion leading to complex evolution notably in the product distribution
of the NO reduction. Indeed, the CO/NO reaction lead unexpectedly to the production
of ammonia which emphasizes the fact that H> would be necessarily supplied and can
be only explained to the Water-Gas-Shift reaction. The tendency shows that this
reaction would be more pronounced on catalysts prepared by the sol-gel method. Hence,
more defective site promoted on these samples could a priori favor the dissociation of
water. At high temperature the involvement of reforming reaction would be more
responsible of methane conversion as in this temperature range a loss of CO conversion
is often observed. Among the products from NO reduction the formation of N2O is quasi
suppressed, both nitrogen and ammonia produce predominantly. Aging induces changes
in the catalytic behavior as Pd exsolution process enhance the conversion of methane
on aged LaMng.9772Pdo.022803-C600 likely explained by a increase of surface Pd
concentration. The rate enhancement in methane conversion on aged Pd/Lao7MnO:s-
C600 also provides additional insights as this catalyst is characterized by a high surface
and bulk oxygen mobility assisted by the presence of palladium. Hence, cooperative
effect between Pd and surface reactive oxygen from the perovskite would be favored.
A tentative optimization of the catalyst composition led to various attempts which
account for A-deficiency and a reduction of the Pd content. The comparison of the
results did not previous a good convergence towards an optimized composition. For CO
conversion the best selection in terms of activity and thermal stability correspond to
Lao.85Sr0.15Mno.99Pdo.0103-C800 (0.5 wt.% Pd) but this catalyst is not enough selective
to convert efficiently NO. Finally, the better consensus can be obtained on 1 wt.%
Pd/Lag.g5Sr0.1sMnO3-C600. The superiority of this latter catalyst is also related to a
much lower production of ammonia in favor of nitrogen in the whole range of

temperature.
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2. Outlook

For the further investigation on the project in the future, the first task is to continue
the part of design of experiments to understand the ratio of the importance of the four
factors for each physicochemical and catalytic property. On the basis of the intrinsic
connection between four factors and interested property parameters, such as methane
conversion, palladium distribution, NO conversion with N> and N>O yield, specific
surface area, etc., the design of experiments results, which contribute to future
palladium incorporated perovskite design, will be obtained from collaboration with
chemically statistical partner. With the help of the analysis of four factors, the catalyst
formulation for the next stage will be designed with the goal of reducing Pd content.

Furthermore, because of large amount water existence in the real condition,
increasing steam amount should be taken into consideration. And the sulfur and
phosphorus resistance of the catalyst should also be scheduled for testing as well.

In addition, considering the CO production from methane reforming above 500 °C
and the N>O and NH3 generation from NO conversion, an effective solution should be
taken into account within the limits of emission regulations, for instance, by adding
another reaction bed of base metal perovskite in a double-bed concept specially for CO,
NO, N>O and NH3 reduction.

All the above experimental operations were measured in lab-scale, therefore,
scale-up experiments with catalyst deposition in the honeycomb of three-way catalytic
convertor of natural gas engines should be scheduled in the future experiments.

The above-mentioned objectives are aimed at converting the state-of-art dual-
active-site three-way catalysts into reality of natural gas engine exhaust purification.
Under the strategic prospect of natural gas as an alternative, clean and renewable energy,
the study of this thesis has a realistic instructive significance in the case of cost control

and resource saving.
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