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Abstract ix

DEVELOPMENT OF ALTERNATIVE 3-WAY CATALYSTS: FE-BASED PEROVSKITES WITH LOW NOBLE METAL CON-
TENT

Abstract

This study aims at developing alternative 3-way catalysts (TWC) for the exhaust gas treatment of
spark-ignition engines. Petrol engine exhaust comprises carbon monoxide, hydrocarbons and nitrogen
oxides (NO,) which need to be eliminated simultaneously. The partial replacement of platinum group
metals (PGM) which are nowadays used as TWC active phase was intended. To this end Fe-based
perovskites were investigated.

The main drawback of PGM is their scarcity which leads to high environmental, societal and economic
exploitation and usage cost. The stability of PGM nanoparticles which tend to sinter during catalyst
operation and the N, selectivity during NO, reduction also deserve improvement. 3-way catalytic
reactions have been performed on LaFeOs-based perovskites in complex feed streams containing
all 3 kinds of pollutants and other naturally present gases such as O, and H, and high amounts of
inhibitors (CO,, H,O). To improve results of the LaFeO5 perovskite, 2 approaches — textural properties
and composition optimisation — were studied. Textural properties could be improved by optimising
synthesis parameters such as the employed solvent and the calcination atmosphere. Interesting NO,
reduction results were obtained by changing the calcination atmosphere during LaFeO; synthesis.
Surface and bulk composition optimisation lead to significantly enhanced catalytic performances.
Furthermore, an increased N, selectivity is observed compared to a commercial reference catalyst. The
doping with low PGM content lead to enhanced performances which were increased by a reductive
pre-treatment.

Keywords: 3-way catalyst, perovskite, automotive exhaust gas treatment, denox

DEVELOPPEMENT D’UNE NOUVELLE GENERATION DE CATALYSEURS 3 VOIES : PEROVSKITES A BASE DE FER A
FAIBLE TENEUR EN METAUX NOBLES

Résumé

Cette étude vise a développer de nouveaux catalyseurs 3-voies (TWC) pour le traitement de gaz
d’échappement issus de moteurs a essence. TWC doivent simultanément éliminer le monoxyde de
carbone, les hydrocarbures et les oxydes d’azote (NO,). Le remplacement partiel des métaux nobles
(PGM) qui sont actuellement utilisés comme phase active dans les TWC est 'objectif de cette étude.
Afin de parvenir a ce but, des perovskites a base de Fe ont été étudiées.

L’inconvénient majeur des PGM est leur rareté qui cause un cott élevé d’exploitation et d’usage. La
stabilité des nanoparticules ayant tendance de fritter lors de 'usage du TWC et la faible sélectivité
en N, (Sy,) pendant la conversion de NO nécessitent une amélioration. Les réactions 3-voies ont été
mencées sur les perovskites a base de LaFeO3 dans des flux complexes contenant les 3 types de polluants
et d’autres gaz naturellement présents comme O,, H, ainsi que de hautes quantités d’inhibiteurs
(CO,, H,O). Afin d’améliorer les résultats de la perovskite LaFeO3, 2 approches — 'optimisation des
propriétés texturales et de la composition — ont été poursuivies. Les propriétés texturales ont pu
étre améliorées par I'optimisation de parametres de syntheése comme le solvant ou I’'atmospheére de
calcination. Le changement de I"'atmosphere de calcination a donné des résultats prometteurs sur
la réduction des NO,. L'optimisation de la composition de la surface et du bulk a apporté un gain
significatif en performance catalytique. De plus, une Sy, accrue est observée comparé a un catalyseur
de référence commercial. Le dopage a faible teneur en métaux nobles amene a une performance élevée
qui a été augmenté par un traitement réducteur.

Mots clés : catalyseur 3 voies, perovskite, traitement d’effluents automobile, dénox
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Symbols, acronyms and abbreviations

3DOM 3-dimensionally ordered macroporous

A A-site atom

a unit cell parameter a (XRD)

A pre-exponential factor

A/F air-to-fuel ratio

B B-site atom

b unit cell parameter b (XRD)

B.E. binding energy

BET Brunauer-Emmett-Teller theory

BJH Barret-Joyner-Halenda theory

C unit cell parameter ¢ (XRD)

CA citric acid

CCM conventional citrate method

CCM* conventional citrate method with 1% part of calcination under stagnant
atmosphere

CCT colloidal crystal templating

CNRS French Centre National de la Recherche Scientifique, meaning National

Institute for Scientific Research

d diameter

d average diameter

d_pore average pore diameter

Aeryst average crystallite diameter

dpore pore diameter

0 stoichiometric term describing the difference between the nominally
expected and the actual amount of oxygen in a perovskite

AEgpiit multiplet splitting energy difference

ATsq difference between temperatures of 50 % conversion

DSC differential scanning calorimetric analysis

e.g. Latin exempli gratia, meaning for example

E, app apparent activation energy

EDX energy dispersive X-ray spectroscopy

Eq. Equation(s)

et al. Latin et alii, meaning and co-workers
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xii Symbols, acronyms and abbreviations

EtOH ethanol

EU European Union

Fi inlet molar flow rate of the gas i at the inlet of the reactor

Fig. Figure(s)

FWHM full width at half maximum

GHSV gas hourly space velocity

GWP global warming potential

H,-TPR hydrogen temperature-programmed reduction

HAM hydroalcoholic method

HAM N, hydroalcoholic method with 1% part of calcination under N, flow, dry-
ing in climate chamber

HAM air hydroalcoholic method, calcination under air flow

HAM NO hydroalcoholic method with 1% part of calcination under NO flow,
drying in climate chamber

HAM* hydroalcoholic method with 1% part of calcination under stagnant
atmosphere, dried in a regular oven

HAM* 0ling hydroalcoholic method with 1%t part of calcination under stagnant
atmosphere followed by a cooling before the atmosphere switch, the
drying step was performed in a regular oven

HC hydrocarbons

HTXRD high temperature X-ray diffraction

i.e. Latin id est, meaning that is

ICDD International Centre for Diffraction Data

ICP inductively coupled plasma atomic emission spectroscopy

IR spectroscopy infrared spectroscopy

ITUPAC International Union of Pure and Applied Chemistry

IWI incipient wet impregnation method

k rate constant

K.E. kinetic energy

A stoichiometric factor (section or wavelength of source radiation
(XRD)

Aexc wavelength of excitation (Raman)

m mass

Meatalyst mass of catalyst

MSM macro-structuring method

MSM* macro-structuring method with 15 part of calcination under stagnant
atmosphere

MSM cooling macro-structuring method with 1% part of calcination under N, flow
followed by a cooling before the atmosphere switch to air flow

n (molar) amount of substance
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Symbols, acronyms and abbreviations xiii

n.a. not available

NAFTA North American Free Trade Agreement

O.4s adsorbed oxygen species, i.e. 07", Oy, surface hydroxyl and carbonate
species

Olattice lattice oxygen, O

OSC oxygen storage capacity

p pressure

Po atmospheric pressure

PDF powder diffraction file — Hereby are meant the reference files of the
ICDD database

PGM platinum group metals

PMMA polymethylmethacrylate

PN, nitrogen partial pressure

Procedure A catalytic performance test procedure A conducted for perovskites,
s. Fig.[2.7]

Procedure B catalytic performance test procedure B conducted for the commercial
reference catalyst, s. Fig.

Procedure C catalytic performance test procedure C, conducted for perovskites in-
cluding a reductive pretreatment, s. Fig.

Procedure D catalytic performance test procedure D, conducted for perovskites

including a reductive pretreatment, modified stoichiometric conditions,

s. Fig.[2.9]

PS polystyrene

Qo total flow rate

R universal gas constant

r radius

Tintrinsic intrinsic reaction rate

Tspecific specific reaction rate

r.h. relative humidity

RP Ruddlesden-Popper phase

rt room temperature

Sx,0 N,O selectivity during NO reduction

Sx, N, selectivity during NO reduction

SN, NHj selectivity during NO reduction

SCA French service central d’analyse, meaning Central Analyses Service
SEM scanning electron microscopy

SOFC solid oxide fuel cell

SSA specific surface area

stoicl 1%t test ramp under stoichiometric conditions

stoic2 return test = 4! test ramp under stoichiometric conditions
T temperature
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Xiv Symbols, acronyms and abbreviations
t tolerance factor (Goldschmidt)
t time
Tys temperature of 25 % conversion
Tsg temperature of 50 % conversion
TEM transmission electron microscopy
Tg glass temperature
TGA thermogravimetric analysis
o} Bragg angle (XRD)
Ts temperature for which the selectivity is listed
TWC 3-way catalysis or 3-way catalyst
USA United States of America
Voore cumulative pore volume
Vinit cell unit cell volume
Vi oxygen vacancy
WGS water-gas shift reaction
WTO World Trade Organisation
X conversion
x mole fraction
XAS X-ray absorption spectroscopy
X conversion of the gas i
XPS X-ray photo-electron spectroscopy
XRD X-ray diffraction
Yn,0 N,O yield
Yy, N, yield
Yyn, NH; yield
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Introduction

Motivation Besides the industry and the energy transformation sector, traffic exhaust gases
are a major source of local and global pollution. Efforts in science and engineering and the
introduction of different regulations throughout the world, such as Euro 6 (European Union
and affiliates) and Tier II (North American Free Trade Agreement (NAFTA), Brazil) in the

traffic sector, aim to reduce this pollution.

Regarding traffic exhaust, different kinds of pollutants are regulated, namely CO, NO,,
hydrocarbons (HC), particulate matter (soot) and SO,. While the regulation of the latter lead
to the limitation of sulphur content in fuel and is thereby eliminated at the source, the other
4 kinds of pollutants are formed during the combustion process and need to be dealt with by

after-treatment systems, i. e. catalytic converters.

In engines fuelled by petrol (spark-ignition engines) all of these pollutants are formed
but soot emissions are much lower than for auto-ignition engines (fuelled by diesel) and as
a consequence were exempt of the previous petrol vehicle regulation (up to Euro 5). The
employed catalyst, therefore, needs to eliminate the following 3 pollutants simultaneously:
CO, NO,, HC. This is why it is generally called a 3-way catalyst (TWC). Such a TWC contains
different materials but the active phase commonly consists of platinum group metals (PGM),
i.e. Pt, Pd, and Rh. These noble metals are short in supply and demand high environmental
and social costs due to their exploitation by mining. This is why the after-treatment system

in cars is relatively high in cost.

Indeed, regulation has lead to a significant decrease in pollution caused by traffic since its
first implementation in California in the 1960s and limits became more challenging over the
decades. This lead to the desulfurisation of the fuel and the ban of known catalyst poisons
such as lead. In Europe, the current regulation, Euro 6, just entered into effect in September
2014. Concerning petrol engines, the only change implemented compared to the Euro 5
legislation is the introduction of a soot (“particle number”) regulation. The TWC-pollutants’
regulation remains unchanged.

Even though a high conversion of pollutants can nowadays be achieved via conventional
3-way catalysis (TWC), leading to a significant decrease of individual pollution since the
1960s, the increasing use of cars has globally caused an augmentation of absolute pollutant

quantity emitted via road traffic emission, even if this is different from the trend observed in
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Europe. This evolution is most striking in emerging countries, especially in India and China
which generally also have an older car fleet. In order to be able to equip all the vehicles,
in those countries included, a way of substituting the rare and also expensive noble metals
which are used in today’s catalysts is highly needed.

Although challenging, it is therefore evident that a further decrease in price, i.e. in

platinum group metals (PGM), in the catalytic converter is necessary and worthwhile.

Objectives The objective of this study is the investigation of Fe-based perovskite catalysts
— without or with low PGM content — as alternative to conventional 3-way catalysts. The
overall goal is the development of less expensive but catalytically performing and stable

3-way catalysts presenting high N, selectivities.

Approach This thesis is divided into 6 chapters. First, a bibliographic study (Chapter|1) on
3-way catalysis and conventional 3-way catalysts as well as perovskites (in 3-way catalysis) is
performed.

In Chapter [2]the synthesis protocols, employed conditions of the physico-chemical char-
acterisations and the catalytic activity evaluation are presented.

Chapter 3|focusses on the reference catalysts, i. e. the perovskite references LaBO3 (B = Mn
or Fe) and La,CuQy4 and the commercial reference catalyst. The choice of the starting system,
i.e. Fe-based perovskites, as alternative 3-way catalysts is justified. The results of physico-
chemical characterisations of LaBO3 (B = Mn or Fe) and La,CuO, prepared by conventional
citrate method as well as their catalytic performances are shown to illustrate the choice of Fe-
based perovskites as a suitable alternative system. In addition, the catalytic performance of a
conventional 3-way catalyst containing rare earth, noble metals and promoters is described
in Section for comparison with the later results.

Chapter [4| discusses the different synthesis approaches followed in order to optimise
the LaFeOj; perovskites’ textural properties. After investigating the influence of the solvent
during synthesis comparing conventional citrate method (CCM) to hydroalcoholic method
(HAM) (Section [4.1), the impact of adding a template (macro-structuring method (MSM)) to
allow for a controlled structuring of the perovskite is discussed in Section Finally, the
influence of the calcination procedure and especially its atmosphere is explored in Section [4.3]

In Chapter [5]different approaches to enhance catalytic activity of non-noble metal doped
Fe-based perovskites by composition optimisation in B- and A-site are investigated. The
interest of tailoring the surface composition of perovskites is laid out in Section whereas
the substitution in A- and B-sites of the perovskite is treated in Sections 5.2, 5.3, and |5.4]

The influence of combining these composition optimisations on the catalysts’ properties is
investigated in Section

Finally, the impregnation with low PGM content on selected promising catalysts is studied
in Chapter [6]
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Chapter 1

Bibliographic study

In general, a catalyst is a compound which accelerates the conversion of reactants to products
intervening in intermediate steps and thereby lowering the activation energy for these
reactions. This compound is never consumed, however. It acts on the kinetics of a reaction,
not its thermodynamics. Heterogeneous catalysts as used in exhaust gas treatment are in a
different phase than the reaction takes place in, i. e. the reactants. The 3-way catalyst (TWC)
consists of a solid whereas the reactions take place in the gas phase. This catalyst is capable
of converting simultaneously 3 main atmospheric pollutants from petrol engine exhausts:
CO, NO and unburnt hydrocarbons (HC).

1.1 Automotive exhaust gas treatment of spark-ignition en-

gine operated vehicles

As already stated earlier, automotive exhaust gas treatment depends on the engine (and the
fuel) the vehicle runs on. Major differences exist between spark-ignition and auto-combustion
engines leading to different amounts of pollutants being formed. Therefore, different after-
treatment systems have been developed for both vehicle types. The present study focuses
on the investigation of the catalytic converters employed in conjunction with petrol fuelled

engines, i. e. spark-ignition engines.

Origin of the pollutants The pollutants CO and HC in the exhaust gas of spark-ignition
engines are due to incomplete combustion. There are multiple reasons for the combustion
to proceed incompletely. The main reason is the lack of air leading to CO and unburnt HC
residues. HC may also end up in the exhaust gas if fuel goes directly through to the exhaust.
In addition CO is formed if temperature is too low. NO,, on the other hand, are formed at

high temperature in the presence of excess oxygen.
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Effects of the pollutants on (human) health and environment CO is a known toxic gas
leading to an oxygen displacement in blood and thereby asphyxiation which may be fatal
at high concentrations. But even lower concentrations are still noxious. HC as a class of
compounds have different effects on health and environment. Some are carcinogenic, another
effect is its contribution in forming ozone and photochemical smog by their reaction with
NO, under sunlight. In addition, ozone and NO, themselves are known to provoke and

deteriorate respiratory problems. Furthermore, NO, may cause acid rain.[!]

Regulation in effect (Europe) In September 2014, the Euro 6 regulation came into force
in the European Union. While diesel fuelled car emissions were further limited, the main
targets for petrol fuelled cars remained the same as for the Euro 5 regulation as shown in
Table Merely, a particle number limit per kilometre was added.

Table 1.1 — Euro 5 and 6 regulations for petrol fuelled cars. Emissions are regulated on a
gkm™! basis except for the particle number (P).[2]

regulation effective date CO THC* NMHC! NO, PM*“ P (#/km)

Euro 5 September 2009 1.0 0.10 0.068  0.060 0.005 -
Euro 6 September 2014 1.0 0.10 0.068 0.060 0.005 6-1011°

? Total hydrocarbon content.

b Non-methane hydrocarbon content.

¢ Particulate matter.

4 Applies only to vehicles with direct injection engines.

¢Limits are set to 6 - 1012km™~! during the first 3 years from the effective dates.

Viable ways to reduce pollutant emissions 2 different ways to address the pollutant emis-
sions can be deduced from what has been said before. One possibility is to improve the
engine operation in order to reduce incomplete combustion, i.e. emission control at the
source. This corresponds to the challenge for engineers. The other possibility is the reduction
of the emissions via the optimisation of the catalytic after-treatment devices, the objective of

this study.

1.1.1 Principle of 3-way catalysis (TWC)

A major difference between petrol and diesel fuelled engines is the air-to-fuel ratio (A/F) at
which the combustion takes place. While the latter engine is operated under highly oxidising,
i.e. under so-called lean conditions with a fuel deficiency and oxygen excess, the former
is actuated around the so-called stoichiometry (air-to-fuel ratio (A/F)=14.7/1kg/kg). As
becomes clear from the already discussed origins of the pollutants and can be seen in Fig.
this is necessary to allow for optimum conversions of all 3 kinds of pollutants. At very high

© 2015 Tous droits réservés. lilliad.univ-lille.fr



Thése de Anke Schon, Lille 1, 2015

1.1. Automotive exhaust gas treatment of spark-ignition engine operated vehicles 5
AlF AlF
12 14 16 12 14 186

Active Inactive

system system

100 s
< 4E
< 80+ VAV
& s
o H i .
» ! o
© 60+ HC / 11
8 . COop 3
2 Y NI
c S B Y
© o
3 20 /NG
s | /

0 = .
13 14 15 16

Air/Fuel Ratio

Figure 1.1 — Ideal operation air-to-fuel ratio (A/F) in TWC. Optimum conversions of all
3 kinds of pollutants can only be achieved under so-called stoichiometric conditions and
therefore stoichiometry-control is constantly required.[3]

air, i. e. oxygen, excess CO and HC are completely converted, however, NO, remain or are
additionally formed. On the other hand, the deficiency of air (rich conditions) leads to the
products of incomplete combustion, i.e. CO and unburnt HC.

To facilitate the reading and comparisons between different authors the A/F is generally
indicated by the stoichiometric factor (1). It describes the difference between the real and
the optimum A/F (Eq. . For A/F=14.7, A corresponds to 1.3l

B actual engine A/F
~ stoichiometric engine A/F

(1.1)

Under rich conditions A is defined to be <1, under lean > 1. Indeed, a A sensor is
employed to adjust the A/F in operating conditions. It measures the partial oxygen pressure
in the exhaust and results are used to electronically control the amount of injected fuel.l4] As
a consequence of this, short time lapses between the sensing of an increased or lowered A/F

and the corrective reaction occur leading to a fluctuation between slightly rich and slightly
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lean conditions.

The reactions which take place over the catalyst correspond to the oxidation of unburnt
HC (Eq.[1.2]and and CO (Eq.[1.3]and and the reduction of NO which may occur via
different pathways as shown in Eq.[I.4]to

CyH, +(x +4)0, =xCO, + § H,0 (1.2)
CO+30,=CO, (1.3)

NO + H, = IN, + H,0 (1.4)

CO + NO = 1N, + CO, (1.5)
(2x+%)NO+CxHy:(x+%)N2+%HZO+XC02 (1 6)
CyHp + nHyO = (n + 2)H, + nCO (1.7)
CO + H,0 = CO, + H, (1.8)

Furthermore, at high temperature steam reforming of different HC may contribute to
their conversion as shown in Eq. Likewise, CO can be oxidised by the water-gas shift
reaction (WGS) as shown in Eq. The necessary steam is provided by the combustion in

the engine.

Additionally, other side-products as NO,, nitrous oxide (N,O) and ammonia (NH;3) may
be formed. NO, is a toxic gas which may mainly be formed under lean conditions according
to Eq. Nitrous oxide, even though non-toxic, is also an undesired side-product because
it is a very potent greenhouse gas and contributes to the depletion of the ozone layer. Its
global warming potential (GWP) of 310 exceeds by far not only the one of CO, (1) but also
the one of the even more potent methane (21).72) NHj;, on the other hand, is a corrosive
compound which is dangerous for aquatic animals. Typically, N,O can be generated during
the cold start of the engine below the light-off temperature from incomplete NO, reduction,
e.g. according to Eq. .[5’8’10'11] Ammonia, on the other hand, is mainly formed in rich
conditions, i. e. in a large excess of H, (Eq. .[5] Such high amounts may be present due to

WGS under rich conditions.

NO + 30, =NO, (1.9)
CO + 2NO =N,0 + CO, (1.10)
NO + 3 H, =NHj; + H,0 (1.11)
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1.1.2 Composition of a conventional TWC catalysts

A conventional catalytic converter is a complex system. An example as used in TWC is
depicted in Fig. A metallic or ceramic (cordierite 2 MgO -2 Al,0O5-5SiO,) monolith is
generally packed inside a metal casting, protected by a mat out of ceramics or metal wire
mesh. This cylindrical monolith has a honeycomb structure with long and narrow channels
which allow for a high exchange surface with the gas phase. A cell density of 300 to 600 cpsi
(cells per square inch) is generally used in automotive exhaust gas treatment.l®l The monolith
is washcoated by a highly porous oxide layer presenting a high specific surface area (SSA),
generally alumina, and incorporating a variety of additives namely the so-called promoters

and the (catalytically) active phase.

Figure 1.2 — Conventional TWC converter.[2]

The promoters are mainly rare earth metal oxides (CeO,, ZrO,) as well as La,03 and BaO
but other oxides may be added in lower amounts as well. The former are incorporated to allow
for a temporary stocking (Eq. or release of oxygen (Eq.[1.12), i. e. to enhance the oxygen
storage capacity (OSC), in order to stabilise the stoichiometry. Indeed, as already discussed
earlier, in 3-way operating conditions the A/F does not meet ideal stoichiometry continuously
despite the invention of the A sensor. Instead, a cycling around the stoichiometry is generally
observed. Even though the operating window could be narrowed down in recent years,
periods under rich and lean conditions are frequently passed through during the driving
cycle. In these cases the promoters allow for buffering the effect of the fluctuation by
balancing the oxygen content.3>13717] This helps in continuously obtaining acceptable

conversions of all 3 pollutants.

ZCEOZ + CO = Cezo3 + C02 (112)
Ce,0;3+ 30, = 2CeO, (1.13)
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La,0O5; and BaO addition, on the other hand, improves the thermal stability of the
alumina.l®®l But CeO, and ZrO, were also shown to enhance this stability.l!8] In fact, it
is known, that CeO, also stabilises the noble metal dispersion, >l and favours WGS and steam
reforming reactions by promoting the catalytic activity on the interfacial metal-support sites
as well as it enhances CO oxidation by using lattice oxygen.[3:14]

The active phase itself is dispersed onto the washcoat in the form of small nanoparticles
(approximately 1 to 2nm for the fresh catalyst). It consists of trace amounts of different
noble metals of the platinum group metals (PGM). These are mainly Pt, Pd and Rh. Others as
Ru and Ir were investigated but proved unsuitable due to their volatility and/or toxicity.[>!]
While the main function of Pt and Pd is to promote oxidation, the benefit of adding Rh is
attributed to its reduction performances.[3929 The enhanced NO conversion is generally
explained by an enhancement of the NO dissociation on Rh.[3:21:22]

One drawback of the use of PGM nanoparticles, however, is that over the time the active
phase nanoparticles tend to sinter due to the high temperature which can reach more than
1000 °C.[3] This leads to a decrease in catalytic activity due to the lower density of active

sites.

Table 1.2 — Current market prices of TWC-relevant PGM.

PGM price ($.troy ounze™!)?

Pt 1271
Pd 782
Rh 1180

“ Prices as of 20th January, 2015.123

The TWC system has been in use for a long time and optimised over the last decades
allowing for very high conversions of all regulated pollutants. Its major inconvenience is its
cost, however. This is mainly caused by the expensive PGM (Table used as the active
phase, and was more recently aggravated due to the price increase for rare earths. This was
mainly caused by an export restriction by China, the leading producer. In response to the
World Trade Organisation (WTO) ruling against China after a dispute settlement case was
launched by the European Union (EU), Japan and the United States of America (USA) this

restriction is supposed to be lifted, though.[24‘26]

1.1.3 Parameters influencing the catalytic performances of TWC and cat-

alytic performance evaluation

The catalytic performances of a TWC depend on multiple parameters as illustrated in Fig.
which can be classified into the following fields: the chemistry and the physics of the catalyst
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and the engineering aspects.l?l In addition, all of these parameters have an impact on the

others. This generally complicates an exhaustive investigation.

Support . Reaction
design Converter design temperature
Washcoat iy
\ / velocity
Three—way catalyst
/ performance \
. Gas
Precious metals composition
_ Dynamic
Preparation Age conditions

Figure 1.3 — Parameters influencing the performances of a 3-way catalyst (TWC).[27]

As a chemist, I will not dwell on the challenges of support and converter design, without
abnegating the importance and need for elaborate designs, which do influence many of the
other parameters.

From the chemist’s and material scientist’s point of view, the preparation of the coated
monolith and the composition of the washcoat and the active phase, i. e. the precious metals
or alternative compounds, is primordial. Interactions between the elements of the washcoat
with the support are important to allow for proper adhesion of the catalyst. Moreover,
positive and negative interferences between components may occur inside the washcoat itself
and with the active phase. Additionally, the active phase has to be prepared in a way to
satisfy high dispersion and out-standing thermal stability. The durability of a catalyst is
much dependent on its age, i. e. its thermal stability. In general, TWC loose in performance
during use due to the sintering of the active phase or the support occluding the active phase.
Alloying effects can also be detrimental to the intrinsic activity of PGM to convert NO, CO
and HC. This sintering as well as deleterious reactions with catalyst poisons need to be
prevented as much as possible by catalyst design.

On the other hand, the reaction temperature naturally determines the ease or difficulty
for all reactions taking place, e. g. the desorption of exhaust gases and conversion products
and the interactions/reactions between the exhaust gases themselves, thereby influencing the
conversions of the different compounds, i. e. the catalyst performance.

Depending on the space velocity, the time for interaction between the exhaust gas and
the catalyst differs. In a real TWC, gas hourly space velocity (GHSV) of up to 100000 h™!
reign,l% leaving but little time for the catalytically promoted after-treatment reactions. The
higher the space velocity, the lower the performance of the TWC.

Finally, the gas composition plays a key role in the performance of TWC. As already
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discussed above, TWC are optimised to run in stoichiometric conditions. The influence of
fluctuations around this stoichiometry, i. e. dynamic conditions, has been laid out earlier.
Moreover, different kinds of HC may be formed in the engine in different temperature
ranges and depending on the (in)completion of the combustion higher or lower amounts of
inhibiting reaction products (H,O and CO,) may be present in the exhaust stream.

This list is non-exhaustive but allows to understand the challenges of performance
evaluations. Catalytic evaluations can be performed in a real vehicle (chassis dynamometer
tests), in an engine bench test or in model laboratory tests using synthetic gas mixtures.
Chassis dynamometer and engine bench tests are generally very expensive and do not allow
to study particular aspects of the catalyst performance parameters. In terms of judging the
practical applicability of the TWC such tests are indispensable, though, because real life
conditions are difficult to mimic in their whole complexity in laboratory tests.
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Figure 1.4 — Light-off curves for Rh/alumina. Reaction of 10300 ppm CO, 2680 ppm H,,
490 ppm C3Hg, 197 ppm C3Hg, 1030 ppm NO, 9350 ppm O, and 5000 ppm H,O balanced
by He at a total flow rate of 200 cm® min~! (GHSV of 7500h~!, 1 =0.98) over Rh/Al,O5: (A)
conversions of CO, NO, C;H, and C;3Hg; (B) production of N,O and NH;.[28

Model laboratory reactions with synthetic gas mixtures, if conducted to evaluate catalytic
performances in TWC, should, nonetheless, exhibit an appreciable complexity to resemble
real-life conditions. Laboratory evaluations are often performed following a temperature
programme. This leads to the typical, generally S-shaped, light-off curve of conversion of the
different reactants as shown in Fig.[1.4A.
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Some trends are observed for nearly all TWC and listed hereafter. Indeed, CO is generally
easier oxidised than any of the HC. Concerning the HC, alkenes and aromatic compounds
are more reactive than alkanes and therefore exhibit lower light-off temperatures. The more
C atoms are present in an alkane molecule, the easier it will be converted.l®l Furthermore,
NO reduction is more difficult than CO oxidation and generally does not proceed via the CO
+ NO reaction in realistic exhaust gas.[®]

However, differences between the activities of different PGM exist. Cant et al. studied
the impact of the nature of the noble metal on the production of nitrous oxide for supported
Rh, Pd and Pt catalysts at slightly lean conditions.[28]! The authors showed that most nitrous
oxide was formed over the Rh catalyst but that the N,O production drops at temperatures
above 250°C (Fig. [1.4B). The Pt catalyst, on the other hand, favours the production of
ammonia, nitrous oxide formation is only observed in a narrow temperature range. More
complex behaviour was evidenced for the Pd catalyst. This catalyst leads to the widest
temperature range for N,O production, starting at low temperatures according to the authors
via the catalysis of the NO + H, reaction, and persisting even above 350 °C. Differences were
also observed concerning the hydrocarbon oxidation conversions.

Therefore, the optimisation of an elaborate combination of different active phases and

promoters on suitable supports is required for optimum performances.

1.1.4 Criteria of a good TWC

A 3-way catalyst should ideally exhibit high intrinsic catalytic activity in oxidation and
reduction. The oxidation and reduction performances should additionally be as high as
possible under stoichiometric conditions in the presence of a complex gas mixture including
the pollutants and inhibitors such as high amounts of water and CO,.

Secondly, high selectivities of non-noxious conversion products are desirable. Especially
concerning NO reduction, a high N, selectivity during NO reduction (Sy,) is important. Other
by-products exhibit harmful effects, N,O being a non-toxic but extremely potent greenhouse
gas, NO, and NH; being known for their toxicity.

Thirdly, such a catalyst should present a high thermal stability under the described
conditions, i. e. withstand as much as possible occurring sintering processes.

To ensure best conditions for TWC, the fluctuations around the stoichiometry should be
buffered by a component with a reasonable oxygen storage capacity (OSC).

The stability against catalyst poisons such as SO, and Pb is appreciable but is less im-
portant nowadays than in the beginnings of automotive exhaust gas treatment. This change
is due to the fact that, on the one hand, Pb, formerly present due to the use of tetraethyl
lead as anti-knock additive has been forbidden in fuel as a consequence of its toxicity and its

deleterious effects on the after-treatment catalysts. The SO, content in exhaust gas, on the

!General conditions of the study are reported in the caption of Fig.
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other hand, has decreased significantly during the last decades thanks to the limitation by
regulation of S in the fuel.

Finally, a good availability and thereby cost is desirable.

As is evident from this list, a good TWC is generally composed of many different com-
ponents. The interplay of all these components allows for the good overall performance.
Interactions between so many components cannot be prevented which can have positive or
negative consequences.

Therefore, many different systems such as zeolites or perovskites have been proposed
to (partially) replace at least one component of the conventional TWC. Some perovskites,
oxides which are easily tunable in composition, were shown to exhibit promising catalytic
performances coupled with relatively high thermal stability and present the advantage of

being more easily available than the conventionally employed active phase noble metals.

1.2 Perovskites ABO;_;

Compounds of the perovskite family as investigated in this study are mixed oxides of
nominal composition ABO; with A-site atom (A) being Ca and B-site atom (B) being Ti in the
eponymous mineral. They are used in many different domains due to their versatile property
to accommodate a wide range of cations. Most of these oxides present a slightly lower or
higher oxygen content with respect to the nominally expected amount, the stoichiometric
term 6 presenting the difference from this theoretical content. However, to allow for easier
readability, ABO;, s will be denoted as ABO; hereafter.

1.2.1 Structure
Perovskites

Indeed, the ABX; perovskite structure can be formed by a variety of different ions. Non-oxides
as KZnF; and KNiFj, carbides, halides, nitrides and hydrides crystallise in the perovskite
structure as welll#2%] but are not subject of this study.

For a perovskite structure as ABOj; to be formed 2 main electronic and structural require-
ments have to be met. The first is the electroneutrality of the compound, i. e. the sum of the
valences of the A and B-site cations must equal 6. The other requirement relies on the size of
the cations. While one of the cations should present a similar radius as the O*" cation, e. g.
Ca’* and La’*, and is generally denoted as A, the other is significantly lower in size (B2).14

In this structure, for which the ideal crystal lattice is cubic (space group Pm3m), the A-site
cation is coordinated by 12 oxygen anions, while the B-site one is octahedrally coordinated

(6-coordinate) as shown in Fig. Only few structures of the so-called perovskite family are

2B is a generic term and does not refer to the element boron.
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Figure 1.5 — Perovskite structure. A green, B blue, O red.3%

perfectly cubic, e. g. SrTiO3, BaSnO3. Most display distortions leading to orthorhombic and
rhombohedral, less often to tetragonal, monoclinic and triclinic lattices.l!% Another possible
structure consists of the hexagonal lattice.

Considering both conditions, a wide variety of metal cations can be incorporated into
the perovskite structure. Following the condition of electroneutrality, compounds of the
formulas A*B>*0;, A2*B* 05, and A3*B3*0O, should be allowed. If they additionally meet
the geometrical requirement with a tolerance factor, t (Eq. [1.14), being in the limits of
0.75<t<1, they should form a perovskite structure.l®!%] The coefficient « initially proposed
by Goldschmidt in 1926 to describe the limits of the perovskite structure’s accommodation
capability®ll is nowadays generally denoted as the tolerance factor .

f=q=_TatTo (1.14)
V218 +10

A-site elements which meet these requirements are alkaline earths or rare earth metals,

e.g. Sr, Ca or La, whereas suitable B-site elements are 3d, 4d or 5d transition metals as Fe,
Mn, or Co. This leads to a large variety of possible compound compositions.

In addition to this, partial substitutions of the ions is possible if the above conditions are
met. Slight distortions are generally tolerated so that some elements can be accommodated
in low amounts which otherwise would not form a perovskite structure, e.g. Cu. This
may lead to a certain degree of cation or anion defects, also denoted as non-stoichiometry.
This tolerance is the reason why perovskites are widely appreciated for their customisable

properties.

Ruddlesden-Popper phase A,BO,

The Ruddlesden-Popper phase (RP) (A,BOy,) can be derived from the perovskite structure. It
forms a tetragonal K,NiF,-structurel3233] which for the oxides can be described as a layered
structure of ABO3 and AO (rock salt), i.e. [(AO)(ABO3)],.

Since Cu cannot form a perovskite as described earlier, its corresponding RP, La,CuQy,,
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was studied in comparison to the perovskites. This compound presents an orthorhombic
distortion. The A-site cation has a 9-fold, the B-site one a 6-fold coordination.[34]
Hereafter, the perovskite-like RP will be included whenever it is spoken of perovskites,

unless stated otherwise.

1.2.2 Properties and (non-catalytic) applications

Depending on the constituting elements perovskites show very different properties. They
may exhibit a large panel of properties such as (ferromagnetism (e. g. STRuO3, LaFeO3 only
weak), ferroelectricity (e. g. BaTiOj3), piezzoelectricity, pyroelectricity, thermoelectricity (e. g.
La,CuQ,), and superconductivity (YBa,Cu;0,).[0:2%33]

LaMnOj; and LaCoOj; are used as cathode and LaCrOj as interconnect materials in solid
oxide fuel cells (SOFCs).[3%37] This application relies on their good ion mobility. This ion
mobility, especially the O, mobility can be easily enhanced by creating oxygen vacancies.
The formation of anionic vacancies can be inherent to the anion-defective perovskite or can
be achieved or enhanced via partial substitution by lower valency cations in A- and/or B-site,
the structural tolerance being a perovskite property with great impact on catalysis as well.

Cationic defects, i. e. vacancies, are observed much less often. Especially, B-site defects
are not thermodynamically favoured as a consequence of their high charge density.[2)

Owing to the high electronic and ionic conductivity combined with high electrochemical
stability and interesting catalytic activity of some perovskites, e. g. LaFeO3, they are also
investigated for the use in Li-O, batteries.[38] Different conduction properties can be found
depending on the composition of the solid. Some perovskites are insulating, some show p- or
n-type semiconducting or metallic transport properties.[3’]

Based on the p-type semiconducting properties of certain perovskites as LaFeO5; which
increase if an oxidising gas adsorbs on their surface, they can be used as gas sensors, e. g.
LaFeO3; was shown to be sensible to acetone and methanol, SmFeO; to petrol, and EuFeO; to
formaldehyde.[40-42]

The perovskites good redox properties rely on oxygen adsorption properties and the
reversible oxygen release and uptake of the perovskite structure as depicted in Fig. [39]
The reduction to the brownmillerite (ABO, 5) is an extreme example in which a perovskite-
type structure is still retained. In most cases, only part of the oxygen is released leading to
intermediary structures.

Weidenkaff studied the reactivity of LaBO; perovskites (B =Ni, Co, Mn and Fe) during
redox cycles by thermogravimetric analysis (TGA).[3?] She observed a dependence of the
reaction rates of the solids (weight loss =f(T')) on the respective B-site cation. Reactivity was
found to increase from ferrites over manganites, and cobaltites to nickelites. This corresponds
to an analogous lowering of the reduction temperature from LaFeO3 to LaNiO;. Additionally,

a dependence on the specific surface area was observed which was not further exposed.
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Figure 1.6 — Changes to the perovskite structure during redox reactions.

Regarding substitutions in the A-site, a higher reactivity was revealed for Ca-substituted

cobaltites than for Sr-substituted ones.
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Figure 1.7 — O, (left) and isobutene (right) adsorption on LaBO;. B =Cr, Mn, Fe, Co or Ni.
Open circles correspond to the total, filled circles to reversible adsorption.2243] (Adapted

from [43].)

Kremeni¢ et al. investigated the O, and isobutene adsorption behaviour of perovskites
LaBO3 with B being a first row transition metal — except V and Ti since their compounds or
precursor (in solution) are unstable.3] Low reversible O, adsorptions were observed on all
solids which hints at physisorption. The authors found marked maxima of total adsorbed
quantities for LaMnO3 and LaCoO3 during O, adsorption experiments (Fig.[1.7), on the other
hand. The total isobutene adsorption is highest on LaFeO3, though. Furthermore, for all
investigated solids, the O, adsorption on clean surfaces was observed to be lower than on

the corresponding preadsorbed surfaces with isobutene (not shown). The authors concluded
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that no competitive adsorption between isobutene and O, takes place, i. e. the adsorption
occurs on different sites. No explanation of the observed maximum of isobutene adsorption

on LaFeO3 was given.
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Figure 1.8 — CO (left) and NO (right) adsorption on LaBO;. B = Cr, Mn, Fe, Co or Ni. Open
symbols correspond to the total, filled to reversible adsorption. Circles represent adsorptions
on clean surfaces, triangles adsorptions on which NO (left) or CO (right) is pre-adsorbed.[44]

A similar study was conducted by Tascén et al. focussing on the adsorption of CO and
NO on LaBO; (B =Cr, Mn, Fe, Cr, Ni).[44] Results shown in Fig. also reveal a maximum for
NO adsorption on LaMnO3; and LaCoOj solids as previously observed for O,. The difference
in total adsorption between LaMnOj; and LaFeOj; in the case of NO is lower than for the
O, adsorption, though. The LaFeO; sample, on the other hand, exhibits the maximum CO
adsorption capacity in analogy to the isobutene results obtained by Kremeni¢ et al. According
to the authors, CO and NO adsorption consist of competitive phenomena, i.e. take place
(partially) at the same sites. This investigation also revealed a stronger NO adsorption
preventing CO adsorption. Infrared spectroscopy (IR spectroscopy) after simultaneous CO
and NO adsorption on LaFeO; revealed interactions between CO and NO and the surface
oxygen of the oxide. Isocyanate species (NCO) could be evidenced as was already observed
for conventional alumina-supported Pt TWC and correlated with ammonia production in
the case of CO + NO + H, reactions.[28]

Acid-base properties were investigated via the adsorption of probe molecules, e. g. pyri-
dine to probe acidic and CO, to probe basic sites, monitored by IR spectroscopy. It was found

that LaBO; perovskites (B =Mn, Fe, Cr) present only weak acidity.l4?l Basic properties are
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very common for perovskites, on the other hand.['] This basicity is the reason why carbonates
formed with atmospheric CO, are often found on their surfaces.[?’] These carbonates have
different stabilities on the perovskite surface since they may be bonded as mono- or bidentate
species.!1’]

The adsorptive, acid-base and redox properties of perovskites play an important role
in catalysis and caused the interest in this mixed oxide family for this field during the last
decades and up to now.[2’]

Another important aspect is the thermal stability of perovskites under reductive at-
mospheres. Differences depending on the A-site cation occur. For lanthanide cobaltites
(LnCo03), the reducibility increases, i. e. thermal stability decreases, with decreasing lan-
thanide radius.[#%47] Consisting results were obtained for LnFeOj solids by studying their
Gibbs free energies of formation (A¢G°).[434% Hence, La provides the highest thermal stability
for perovskites if the A-site cation is chosen from the lanthanide series as is generally the
case in heterogeneous catalysis.[?”) Concerning the B-site cations, thermal stability under
reductive atmosphere was found to increase in the following way in LaBO; perovskites: Ni <
Co < Mn < Fe < Cr ~ V.[2% This trend has also been reported for the single oxides of Fe, Co
and Ni.[1%21] Perovskites containing these cations were more stable than the corresponding
simple oxides,!l though, confirming the enhanced stability of transition metal cations in
the perovskite structure.

Generally, perovskites prepared by conventional synthesis methods exhibit a lower spe-
cific surface area (SSA) than alumina (1 to 5m?g~! versus 100m? g~! for y—alumina).[Sz]
The surface area can, however, be increased as shown in Section As has been pointed
out by Weidenkaff,3% textural properties depend very much on the exact compositions and

synthesis parameters need to be optimised accordingly.

1.2.3 Perovskites in 3-way catalysis

In this Section, particular attention is paid to perovskites comprising first row transition
metals in the B- and lanthanides in the A-site.

Perovskites were indeed already reported to be active in heterogeneous catalysis in the
early 1950s, e. g. for CO oxidation in the case of LaFeO5 or Lag 5551, 35Mn05.2324 However,
the interest in their catalytic properties became more evident in the 1970s after Meadowcraft
reported on the electrocatalytic activity in oxygen reduction of a cobaltite.[>>] Other reports
followed on the gas-phase reactivity of LaCoO3; and LaMnOj3; which proved catalytically active
for CO oxidation, NO removal and other reactions as the hydrogenation and hydrogenolysis
of cis-2-butene. 2%

Nitadori et al. already studied the effects of the A- and B-site cations in a perovskite
on heterogeneous catalysis in the late 1980s.l°1] As shown in Fig. the authors found

that propane oxidation activity is mainly affected by the B-site cation. The A-site cation
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plays a minor role in this respect as long as isovalent comparisons are made. Differences
depending on the A-site cation occur in the thermal stability under reductive atmosphere as
discussed earlier. Since La-containing perovskites are the most stable of the lanthanide series
and furthermore present slightly higher catalytic activities than Sm- and Gd-containing

perovskites, only LaBOj solids will be discussed further.
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Figure 1.9 — Catalytic activity of ABO; for propane oxidation at 227 °C. A =La, Sm or Gd;
B =Cr, Mn, Fe, Co or Ni.loel]

Peter et al. performed a study on Ln,CuO, with Ln =La, Pr or Nd.[°?l The comparison
of the low SSA Ln,CuQ, (= 0.5m?g~!) for the CO + NO reaction yielded best results for
La. According to the authors, contrarily to the LnBO; samples, this enhanced catalytic
activity results of the higher reducibility — lower temperature peaks were found in H,-TPR

measurements — leading to the formation of more and therefore smaller Cu® nuclei according

to Eq.

H,
Ln2CUO4

Cu’ + Ln,0, (1.15)

According to the authors, this higher reducibility resulted itself of the less dense structure
because of the higher radius of La** as compared to Pr’* and Nd®*, leading to more labile
oxygen species which make the oxide easier reducible.

From Fig. [6’61] it is evident that the B-site element has a dramatic importance for the
catalytic activity. This confirms the results obtained for other oxidation reactions, i.e. CO,

propylene and isobutene oxidations, which gave similar results.[*33] Indeed, LaMnO; and
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LaCoOj show highest oxidation activities compared to Ni-, Fe- and especially Cr-containing
perovskites. This correlates with the results obtained for O,-adsorption (Fig. by Kremeni¢

et al. as discussed above.[43

This leads to the result that mainly Co-, Mn-, Fe-, Ni- and Cu-containing perovskites
present interesting oxidative properties. Out of these, Ni and Co perovskites are excluded
for the scope of this study as a consequence of doubts concerning resulting environment
and health problems of their use — either due to the toxicity of formed compounds or their
precursors.[9047] Therefore, the focus of this study will be laid on LaMnOj5, LaFeO5 and
La,CuQy perovskites. Comparisons to the LaCoOj5 or other perovskite solids are occasionally

made since the LaCoOj3 perovskite presents one of the most studied systems.

It has to be kept in mind that partial substitutions in the A- and B-site as discussed
later can enhance the catalytic activity of different perovskites. Apart from the impact of
the composition, other parameters which are determined by the preparation method of the
catalyst — discussed in Section — e.g. specific surface area (SSA), redox behaviour, and
oxygen mobility may also influence the catalytic activity of a perovskite.

CO and HC oxidation

LaBO; perovskites (B being a 1% row transition metal) are well renowned for their high
oxidative catalytic activity which is generally attributed to their good O, adsorption as
already discussed above.[22:68] Moreover, the easier reducible the oxide, the better is the
catalytic activity for oxidation reactions. For the series of B as 3d transition metal, it was
found that perovskites containing Ni, Co or Mn in the B-site were the most reducible and

gave the best results.[29:°]

The catalytic oxidation of HC and CO has been studied for different perovskite-type oxides
like cobaltites, manganites and ferrites. Especially Co- and Mn-containing perovskites are

considered to be highly catalytically active for oxidation reactions as already stated.[2%70-72]

The CO oxidation is generally assumed to follow a suprafacial mechanism.l”2l Only
chemisorbed oxygen species from gaseous oxygen are involved in such a suprafacial process
which occurs at relatively low temperatures. This explains why oxygen adsorption properties
play a key role in this reaction. On the other hand, for CH, combustion, which only occurs
at high temperatures over perovskites, an intrafacial mechanism is preferred.l’2! In this
case, migration of bulk oxygen to the surface, filling up the oxygen vacancies, is considered.
The necessary oxygen mobility is an additional factor to be considered to allow for high
conversions. The mechanisms of other HC oxidations such as alkenes are assumed to follow

suprafacial mechanisms.”?]

The generally observed oxygen non-stoichiometry in LaMnOs, i. e. the presence of low

amounts of Mn4+, is assumed to be advantageous for the methane oxidation.

© 2015 Tous droits réservés. lilliad.univ-lille.fr



Thése de Anke Schon, Lille 1, 2015

20 CHAPTER 1. Bibliographic study

NO reduction

The catalytic reduction of NO, by the same perovskite compositions as used for oxidation
reactions — something which is needed in TWC - requires other operation conditions in
order to yield (nearly) complete conversion. This has been stated for LaMnOj5 in the 1970s
already.[73] It was found that oxygen vacancies, V), in the perovskite (LaMng gV 5 103_s)
allow for a better reduction activity.[”3] Zhao et al. also investigated the vacancy dependency
regarding Ni-based perovskites and stated that for NO reduction oxygen vacancies are
needed to allow for a better adsorption and activation of NO as well as an increased lattice
oxygen mobility which enables a faster restoration of the active sites.[”4] This correlation was
confirmed by Zhu et al. who studied La,CuO, and LaSrCuO, phases.[”>l A way to obtain
those vacancies is the partial substitution by lower valent metals such as copper or strontium
as already discussed before.

A mechanism for NO reduction on perovskites was proposed by Voorhoeve et al. over

manganites in 1975[7%] in which oxygen vacancies (V) play a major role as can be seen in

Eq.[L.16]to[T.2T}

NO + V§ - NO, 44 (
NO,4s + NO — N,O + O_q4, (
2NO,4s = 2N_y4s + Oy (

NO,q4s + Nogs = N,O + V§ (1.19
2NO,4s = Ny + 20,44, (
20,4s > 0, + 2 V] (

According to the authors, the reaction shown in Eq. is favoured at low temperatures
while the reaction reported in Eq.[I.20]is actually favoured at high temperatures. The latter
finding is explained by the higher availability of active sites and lower NO,4, concentration
due to the easier desorption at higher temperatures. This explains why N, formation is
generally mainly observed at high temperatures. Ferri et al. assume that NO reduction by H,
follows the same mechanism.l”] In the same study, the authors stressed the importance of
the inhibitory effect of stable tetravalent B-site cations. Furthermore, the authors observed a
higher N, selectivity during NO reduction (Sy,) for manganites and ferrites compared to the
tested Co- and Ni-based perovskites.

The presence of O,, H,0, and CO, as inhibitors has been studied by different groups.Z87°
Tofan et al. showed that all these compounds have an inhibiting effect on the rate of NO
reduction by H, over substituted cobaltite, ferrite and nickelite.l”8] CO, exhibits an especially
strong inhibition. This is presumably due to the formation of carbonates on the basic

perovskite surface. All investigated perovskites show a similar inhibiting effect by water
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adsorption. Differences between the water inhibition mechanism over the ferrite compared
to the nickelite and cobaltite are supposed, though. The degree of the inhibition effect of
CO, is different for the 3 perovskites. CO, inhibition was the strongest on the nickelite and
the weakest on the ferrite. Furthermore, an increase of the inhibiting effect of H,O, and
CO, with increasing temperature was observed while O, inhibition is lowered in the same
temperature range. Iwakuni et al. confirmed the highly deleterious effect of CO, on NO
decomposition over a BaMnOj-based perovskite.[”2] According to the authors, the inhibition
could be attenuated by co-feeding H,. H, also allows for an easier removal of nitrate species
which form on the perovskite surface and are strongly bonded. This surface cleaning helps

to enhance the NO conversion.

CO + NO reactions

CO + NO reactions are often performed to get a preliminary notion of TWC reactivity of a
catalyst. The test on this reaction implicates, however, much simplified conditions compared
to those which reign in TWC, ignoring competitive adsorption and reactions as well as the
influence of inhibitors. Due to the simplicity of the test, it cannot be assumed that results
obtained by this method could be directly transferable to judge on the activity in TWC
applications. Since the test of this reaction is relatively easily feasible however, a large panel
of conducted tests has been reported in literature. A recent extensive review of this reaction
over perovskites can be found in [72].

The mechanism of CO + NO reactions, as generally described for perovskites, 727380

follows the elementary surface reactions shown in Eq. to Eq.

NO — NO, 4 (1.22)

NO — N, 4; + Oqs (1.23)

CO — CO, 4, (1.24)

CO + 0,45 — COu4s (1.25)
2N, 4, — N, (1.26)

NO, 4 + Nags = NyO,ys (1.27)
N,O,4s = Ny + 0,46 (1.28)
20,4, 0, (1.29)

Different groups have reported on the CO + NO reaction over ferrites, manganites and
cuprates.[0281783] Peter et al. found that ferrites and cuprates show most interesting results
even better than for cobaltites.[8!]

An important feature of a good TWC is the high N, selectivity during NO reduction. Cu
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ions are presumed very active for the NO reduction and were found to enhance N, selectivity
during NO + CO reduction.[®3#4 Peter et al. monitored the NO conversion products during
the CO + NO reaction catalysed by La,Cu0,.[°2] Even though, at 200 °C, the N,O selectivity
during NO reduction (Sy,0) is 100 %, it decreases with increasing temperature to favour
largely the formation of N, at 450 °C. At this temperature, Sy ois down to 10 %. During the
CO + NO reaction, metallic Cu particles are formed as evidenced by XRD after the catalytic
test. These metal particles are considered the active species. The RP structure itself, however,
is nearly completely destroyed as can be seen from the appearance of strong diffraction
peaks ascribed to La(OH); and very weak contributions from the original compound.[®?
In subsequent runs, the light-off temperature drops. It can be assumed that the Cu species
which are initially finely dispersed in the perovskite-like structure right after the destruction
of the RP are subject to Ostwald ripening processes. This sintering then leads to decreasing
activities. Although high reducibility is correlated to high catalytic activity, the retention of

the perovskite structure to stabilise the active cations is crucial for the thermal stability.

Effect of substitutions in A

The main substitutions in A position, which is most often held by lanthanum, are performed
using Sr’* and Ce*". The catalytic activity regarding HC oxidation can be increased by doping
with Sr2*.[85788] This effect is mainly attributed to the compensation of charge which leads to
partial B**-formation and oxygen vacancies, thereby creating defects in the crystal structure
and enhanced oxygen mobility. Nonetheless, Voorhoeve stated a decrease in catalytic activity
concerning CO oxidation for Sr-doped perovskites.[”3] The substitution with Ce on the other
hand promotes the CO oxidation even though it seems that a Ce content of more than 0.2
cannot be overcome because it cannot be stabilized in the structure and therefore leads to the
formation of a catalytically inactive CeO, phase.[®?] This phase is known on the other hand

to form one of the best oxygen storage systems used up to date because of the easy redox

process (Eq.|1.13|and [1.12) as already discussed earlier.[°C

Other mainly divalent substituting ions as Ca>* may also be used in order to form B ions
in an unusual oxidation state and/or oxygen vacancies. Pecchi et al. investigated the partial
substitution of La by Ca in LaFeO; for the methane combustion and found that the formation
of Fe** lead to enhanced catalytic activity.[?!] Barbero et al. found similar results for the same
system in propane oxidation.l2]

Different substitution patterns of La,CuO,4 were proposed to enhance its catalytic activity.
Zhu et al. explored the partial substitution by Sr for the NO + CO reaction.[®3l They found a
correlation between the Sr content, the molar ratio of Cu®*/Cu?* and the non-stoichiometric
oxygen. In this study, LaSrCuO, gave the best results in the catalytic reaction. The increase
in oxygen vacancies, later on written as V{j, seemingly enhances the NO adsorption and

dissociation ability of the oxide since they intervene in the assumed mechanism, as shown in
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the following equations (Eq. to|1.32).

M3t -V —M?* + NO = M>" —=NO 4, - M>" (1.30)
2M3T—NO 3 -~ M* = 2M3>" — 04, -M>" + N, (1.31)
M3 — 0,5, - M3* + CO =M>" -V, -M>" + CO, (1.32)

The same trend was confirmed for higher surface area oxides in CH, oxidation.[®8] The
authors could observe Cu" species by XPS.

Effect of substitutions in B

B-site substitution in perovskites by non-isovalent cations leads to the generation of oxygen
vacancies and B cations in unusual oxidation states. This kind of substitution can change the

redox behaviour and ion mobility compared to the parent perovskite.[2972]

The moderate catalytic activity of LaFeO; for different oxidation and reduction reactions
including the CO + NO reaction was shown to be considerably enhanced by partial Fe
substitution with Cu.[83 In this case, the formation of anion vacancies allowed for easier
adsorption of the reactants and dissociation of adsorbed NO. Oxygen mobility in the structure
was also increased which led to a faster regeneration of active sites. Furthermore, the N,
selectivity during NO reduction was higher for the Cu-substituted ferrite than for non-
substituted LaFeOs.

Even though Mn perovskites show high activity regarding oxidation, it can still be
increased via partial substitution. Mizuno et al. investigated the incorporation of copper
leading to remarkable results.[?4] Rate constants for CO oxidation and NO + CO reaction at
400 °C of LaMn;_,Cu, O3 (Mcytalyst = 10 to 50 mg, diluted with 250 mg SiC) were determined
at p = 8 kPa with CO to NO ratio of 1. Rate constants of LaMn, (Cu, 4O5 obtained in this way
were approximately 400 and 5000 times higher than for LaMnO3; and La,CuQy, respectively.
Moreover, a 100-fold higher rate constant than for Lag gSr,,CoO5; was observed. At the time
of publication, this solid was reported to yield comparable results as Pt/Al,O3. A synergistic
effect of copper facilitating the CO activation and Mn increasing the lattice oxygen reactivity

is claimed to be at its origin.

The doping by magnesium was studied by Saracco et al.[??! Compared to LaMnOj, for
0<x<0.2in LaMn;_ Mg, O3 a higher activity for methane combustion was observed. This
is not only but also due to the formation of MgO which helped in the formation of small

perovskite crystals and to prevent agglomeration.
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3-way catalysis

In the past, mainly cobaltites and manganites were investigated for dual-bed catalysis and
TWC.16197096] This is a consequence of the early reports on higher oxidation activities of
such ACoOjz and AMnOs; solids. As has been discussed above and emphasized by Teraoka et
al., however, well chosen substitutions may increase the catalytic activities of less active per-
ovskites to rival those of solids deemed more active.l?”l More recently, perovskites containing

other B-site cations such as Fe were studied for this application as well.[28:°%]
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Figure 1.10 — CHy, CO and NO conversions of YFeO; (YFO), LaFeO; (LFO), YMnO;
(YMO), LaMnOj; (LMO) (left) and the corresponding Pd-doped perovskites (2wt.%,
YFPO, LFPO, YMPO, LMPO respectively; right) compared to a conventional TWC cat-
alyst (Pd/ACZ; left) under TWC conditions. The conventional TWC was in powder-form
and composed of Pd, alumina and ceria-zirconia (Pd/(alumina + CeO,/ZrO,) = 1.6 wt.%)).
Catalytic evaluations of the powder catalysts (150-200 um, 100 mg, diluted with the same
volume of sieved sea sand) were performed after oxidative pre-treatment in 20 Vol.% O,/He
(50 mI min~!) at 700 °C for 2 h. Reactions were conducted in the temperature range of 25 °C
to 850 °C under synthetic gas flow containing 7000 ppm CO, 1300 ppm CHy, 1600 ppm NO,
and 5300 ppm O,, balanced by He (total flow rate of 100 ml min~'; GHSV = 60 000 h~!).[>l

Lu et al. investigated the catalytic performances of LaFeO3, LaMnO; and the correspond-
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ing yttrium ferrite and manganite prepared by flame spray pyrolysis under model 3-way
catalytic conditions.[??] Results are depicted in Fig. . The synthetic gas mixture was
composed of CO, methane, NO, and O, in He and thus did not contain any inhibitors or
other HC than CHy. Under these conditions, manganites yielded significantly better results
for CO oxidation and slightly better results for methane oxidation than the corresponding
ferrites. Regarding low temperature NO conversion, i. e. in the temperature range of 200 °C
to 500 °C, the same trend of manganites being more active than ferrites is observed. High
temperature NO reduction is significantly higher for the ferrites.

According to the authors, the higher CO oxidation activity of the manganites is caused by
their higher oxygen mobility. This argumentation was supported by OSC values which were
measured for the solids and yielded the following trend of decreasing values: YMO > LMO >
YFO > LFO in agreement with the CO oxidation performance trend.

PGM-doped perovskites The insertion of noble metals into perovskites was investigated
since the 1970s. The primarily pursued goal of PGM doping consists of enhancing catalytic
activity and preventing catalyst poisoning.[19:°°]

Coming back to the study on yttrium and lanthanum manganites and ferrites performed
by Lu et al. (results shown in Fig. ,[99] a clear enhancement of catalytic performances was
observed for samples containing 2 wt.% of Pd (Fig.[I.10]A). Again, yttrium-based perovskites
showed higher oxidation performances than their lanthanum counterparts. Regarding the
differences in catalytic performances observed between ferrites and manganites, a reversed
trend is observed for the La-based perovskites, i. e. Pd-doped lanthanum ferrites show higher
catalytic performances than Pd-doped lanthanum manganites for CO oxidation and NO
reduction (low and high temperature) and approximately the same performances regarding
methane oxidation. According to the authors, exposed Pd on the catalyst surface is the main
driver for CO oxidation activity, as for the methane conversion. The nature of the perovskite
strongly influences the interaction between the noble metal and the perovskite and the nature
of the Pd species on the surface, though.[19%101] Sypported PdO nanoparticles are assumed
to be the active species for methane oxidation. Concerning NO reduction, the Pd-doped
LaFeOj; sample shows the highest NO conversions, even higher than for the conventional
TWC. A high low temperature reduction performance is observed for this sample which
coincides with the CO light-off curve. This simultaneous conversion hints at an initial CO +
NO reaction. A similar observation was made for the Pd-doped YFeO5; sample. The Pd-doped
LaFeOj solid shows a wide activity window with conversions over 50 %. The manganites’ NO
reduction performance, on the other hand, is not as much enhanced by the Pd-doping below
700 °C. An activation of the perovskite samples for the catalytic activity for methane and NO
elimination under test conditions was observed. During the 2nd test methane conversion of
the Pd-doped YFeOj; solid yielded equal results as for the conventional TWC. No subsequent
deactivation was observed during a 3" conducted test. This activation is explained by the
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formation of (relatively large) Pd® particles (=20 nm) at the surface of the catalysts due to
the high maximum temperature of 850 °C.[>’]

Labhsetwar et al. focused on the interaction between a high surface area support and a
catalytically active perovskite. They reported on the application of a Laj ;Sry sMn ¢5Pt( 0505
perovskite supported on alumina in TWC.[®? In contrast to the above discussed example,
the authors studied the catalyst performance first in a model laboratory test, and then in
engine and chassis dynamometer tests. The authors stressed the importance of increasing the
specific surface area of perovskites for catalytic applications. Comparing the solid obtained
by co-precipitation method (s. Section with an alumina-supported sample — prepared by
in-situ synthesis on lanthanum oxide pre-coated alumina — laboratory evaluations revealed
significantly enhanced performances for the supported Lag ;Srj sMn 95Pt 503 perovskite.
Subsequently performed engine and chassis dynamometer tests confirmed the high activity
of the catalyst. According to the authors, the low Pt-content is not the sole responsible for
the high performances. Identical amounts of Pt dispersed on an alumina support yielded
lower performances. The thermal stability of the perovskite might, however, be improved by
the doping. Furthermore, adhesion of the perovskite to the monolith was improved by the
developed preparation route. Research on this subject is important and ongoing but exceeds
the scope of this study. A recent review which deals with this topic was written by Keav et
al.le]

Concerning the B-site substitution by PGM in La,CuOy,, Guilhaume et al. investigated the
use of La,Cu;_Pd, 0, (0 <x<0.2) in TWC.[1%2] Therein, a relatively small partial substitution
of Cu by Pd, x=0.1 yielded the best results consisting in comparable conversions for NO
reduction while at the same time CO and propylene oxidation performances appear to
be strongly enhanced and therefore higher than by a conventional reference catalyst, Pt-
Rh/CeO,-y-Al,O5 (containing 1.13wt.% Pt, 0.19 wt.% Rh and 19.3 wt.% Ce) under water-

free conditions.

Perovskite-PGM interactions In the last decade, the stabilisation of the noble metal na-
noparticle dispersion by the intrinsically catalytically active perovskite as first reported
by Tanaka et al. is a supplementary motive for noble metal insertion into the perovskite
structure.[®4°8] Indeed, the TWC support materials often consist of ceramic honeycomb
structures with an alumina washcoat which does not stabilise well the dispersion of the
PGM nanoparticles. As a result, agglomerates form during catalyst use limiting its life
span. Therefore, several groups investigated the incorporation of these noble metals in
perovskite-type oxides.[3%8] It has been shown that this incorporation of noble metals in the
perovskites’ B-site position prevents the noble metal’s agglomeration leading to increased
catalytic efficiency of these oxides and at the same time higher stability of the catalyst.[1031104]

Tanaka et al. found that Pd could reversibly segregate and be reincorporated in the B-site

position of the perovskite lattice of a ferrite.[8] This so-called “self-regenerative function”
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Figure 1.11 — Self-regenerative function of the intelligent catalyst.

of Pd in LaFe( ¢5Pd 505 prevents sintering of the Pd and thereby enhances the stability
of the catalyst. Catalytic activity after ageing was improved significantly compared to a
conventional TWC (Pd/Al,O3). Both supported catalysts contained the same amount of Pd
(3.24mgcm™3).

Pd particle
120 nm

Figure 1.12 — PGM segregation on ageing. Transmission electron micrographs of
LaFe( 5,Coq 33Pd( 0505 (a), LaFe 95Pd( o505 (b) and Pd/alumina (c), after engine ageing
at 900 °C for 100 h.

A stabilising effect of incorporating PGM into the perovskite lattice and thereby increased
durability of the catalyst was reported by Nishihata et al.[103] They investigated the particle
size of segregated Pd particles on different catalysts after engine ageing. As depicted in
Fig. the Pd-doped perovskites also showed segregation of PGM particles just as the
Pd/alumina sample. However, particle sizes on the perovskite were much lower than for
the alumina-supported Pd. The same group also reported the influence of ageing on the
catalytic activity as shown in Fig. The authors revealed that after 100 h of ageing
under exhaust gas at 900 °C, a decrease of 10 % in catalytic performance was observed for

the conventional Pd-catalyst, whereas the catalytic performance of the Pd-incorporated
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perovskite catalyst remained stable.
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Figure 1.13 — Ageing dependence of CO-NO, cross-over point conversion (1=1). De-
picted for the LaFe( 5,Co( 35Pd( 0503 perovskite catalyst and a y-Al,03-supported Pd cat-
alyst. Conversion efficiency was evaluated 3 times for each sample by a cycling test
(0.890 <A1 <1.096; fluctuation AA =+3.4% at 0.5 Hz at 400 °C; space velocity =35 000 h‘l).
The median of the CO-NO, cross-over point conversion (A1 =1) is plotted. Ageing was
performed under engine exhaust at 900 °C.[100]

Eyssler et al. investigated the Pd incorporation in LaCoOj3, LaMnO3, LaFeO3 and YFeOj;
by X-ray absorption spectroscopy (XAS), X-ray photo-electron spectroscopy (XPS), and
temperature-programmed reduction by hydrogen (H,-TPR).[10%101] They revealed that Pd
was incorporated into the perovskite structure of the cobaltite and the LaFeO; sample but that
this was not the case for the LaMnOj; perovskite. Incorporation of Pd into YFeO5; was found
to depend on the calcination temperature. During a first test, catalytic activity for methane
combustion of the LaFe( y5Pd o505 catalyst was found to equal the non-substituted LaFeO;
solid, unlike the Pd-impregnated LaFeO; sample which exhibited higher performances.[10%
This was attributed to the non-accessibility of the Pd inside the bulk structure. After attaining
900 °C, enhanced methane conversion and drastic changes in the structure were observed
and attributed to the self-regenerative function of the catalyst.

The interaction between Pt and LaFeOj has been investigated via ageing studies by
Dacquin et al.l19%108] The Pt-doped LaFeO; perovskite was compared to Pt dispersed on
alumina (both 4 wt.%) for the simultaneous reduction of NO and N,0. Lower sintering effects
of the Pt nanoparticles were observed for the Pt-doped perovskite. According to the authors,
this higher thermal stability can be explained by occurring strong metal/support interactions.
This hypothesis is backed up by high resolution transmission electron spectroscopy (HRTEM)
revealing the epitaxial growth of Pt(1 1 1) plans with the characteristic surface plans of the
orthorhombic structure of LaFeQ;.[107]

The perovskites’ catalytic activity is strongly dependent on the composition but also
on its textural properties.[2272109 The next Section therefore covers a choice of different

preparation methods which have been developed to synthesise perovskites.
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1.3 Synthesis methods for obtaining perovskites

Different synthesis methods were developed over the years to prepare perovskites. The main
motivation behind this research activity in the field of catalysis has been to improve the
textural properties of the solids, i. e. the increase in SSA and a control of their porosity to

render the catalytically active components more accessible.

A multitude of different perovskite preparation routes was proposed over the years
ranging from solid state reactions, over co-precipitation to reverse micelles microemulsion[®2]
and microwave assisted routes.[l19 This non-exhaustive study can address but a limited

overview. Additional details can be found in a recent review by Zhu et al.[1?’]

A non-exhaustive overview of the surface areas of LaFeOj; solids prepared by different
synthesis methods is given in Table[I.3]|in the Conclusion.

1.3.1 Solid state methods
Ceramic method

The oldest preparation route leading to perovskites is the conventional ceramic method by
direct annealing.["11112] Tt is based on the equimolar mechanical mixing of the single oxide,
hydroxides or carbonate precursors of the constituting metals. This precursor mix is then
calcined at very high temperatures up to 1550 °C.[113] This process has several inconveniences
such as the low homogeneity of the obtained solid with impurity phases as well as its low

SSA of less than 5m? g~! due to the high calcination temperature.[29'52]

Reactive grinding

A more recent mechano-synthesis route based on a solid state reaction is the reactive grinding
proposed by Kaliaguine et al.ll14#115] Tt consists of 3 steps. First, the oxide precursors are
ball milled under oxidising atmosphere to form the perovskite. This solid, however, does
not present a high SSA. Introducing a 2" ball milling step including an additive such as
Zn0,, which is later on eliminated by leaching during a post-treatment, leads to very high
SSA of up to 105m? g~1.[114] In contrast to the ceramic method, the reactive grinding relies
on mechanical not thermal energy to form the crystalline perovskite structure. Therefore,
calcination temperatures if conducted at all are well below 1000 °C. However, the right
equipment such as carbon tungsten balls and vial is necessary to prevent impurities as they
may occur using stainless steel materials. The Fe impurities may also enhance catalytic
activity as in the case of N,O decomposition, though.[l18] Other contamination may arise

from the employed additive.l117]
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1.3.2 Wet synthesis methods

In order to generate the perovskite structure at lower calcination temperatures, a better
mixing of the precursors is necessary thereby increasing the solid state diffusion. This can be
achieved by various wet synthesis techniques as the co-precipitation and especially sol-gel
methods. Additionally to the lowered calcination temperature and the more rapid reaction,
an improved homogeneity is inherent to solution-based preparation methods. All this leads

to smaller particle sizes and enhanced reactivity of the prepared perovskites.

Evaporation to dryness

The simplest wet synthesis route is the evaporation to dryness which consists of dissolving
metal precursor salts as nitrates or acetates in an appropriate solvent which is then evaporated
before calcination.[®2] Compared to the solid state reaction method the main advantage is a
slightly higher homogeneity of the precursor solid and therefore the resulting perovskite.
Since calcination temperatures are, nonetheless, very high (850 to 1250 °C), the SSA is not

increased compared to the ceramic method.

Spray or freeze drying

The freeze drying method[112118119] 3150 relies on the homogeneous solution of the metal
precursors in an appropriate solvent, generally water. However, instead of precipitating the
precursors and filtrate the solvent, a rapid freezing step leads to chemically homogeneous
droplets. In order to achieve a fast enough freezing, a vaporiser is generally used. The
thereby created small droplets are shot into a cooled non-solvent such as hexane or liquid N,.
Afterwards, the droplets are freeze-dried by sublimation under vacuum to give dehydrated
salts. Finally, these salts are decomposed under oxidising atmosphere to form the perovskite.

SSA are generally in the order of 2 to 12m? g~! [L18/119]

Co-precipitation

The co-precipitation method relies on the simultaneous precipitation of metal salts such as
hydroxides of the aqueous precursor metal salt solution. The precursors are often metal
nitrates, oxalates or carbonates.[1121201121] The precipitation is triggered changing the pH,
e.g. the addition of diluted ammonia for forming LaAlO3,121] or of a NaOH—Na,COj; buffer
solution in the case of (substituted) LaMnO5.[1221124] After washing the obtained precipitate
with water and ethanol (EtOH), the solid is dried and then calcined at elevated temperature.
In order to reduce carbon impurities, triethylamine can be used as precipitating agent in

conjunction with methanol as wash alcohol as was done in the case of CeMXOy.“zS]

This synthesis method allows to obtain solids with higher SSA of up to 47 m? g~!.[123]

However, it presents several inconveniences. The main one is that depending on the com-
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pound to be formed the precursors need to be well-chosen because they influence greatly
the synthesis conditions. Indeed, different precursor solubilities may make necessary to
change the synthesis parameters as the pH and in some cases may lead to the impossibility of

forming a desired mixed oxide.[>Z

Auto-combustion

The auto-combustion route is widely used to produce perovskites and other oxides.[120:127] 1¢
consists of the combustion of a precursor resin to a powder. This solid resin is formed by
heating an acidic solution containing the metal precursor salts and a combustible material
which is generally moreover a complexing agent. Depending on the compound and the
parameters, the ground combustion product may be directly the perovskitel!28] or may
need a further calcination step.['2] The latter is mainly performed to eliminate residual
carbon species and achieve a higher crystallinity of the perovskite. However, it can lead to a
decreased SSA as well.

Different (polymerisable) combustibles such as glycine,[124129130] saccharose,[128] urea, 131
glyceroll!32] and citric acid[!33] have been used. They allow to keep a homogeneous distri-
bution of the precursor cations in the solid matrix during and after the drying step, i.e.
in the foam.!134] The preparation route’s main advantage resides in its simplicity. Besides,
the precursor salts and the combustible are generally low cost. A rigorous control of the
combustible content needs to be observed, though, in order to control the exothermic and

potentially explosive reaction.

Flame spray pyrolysis

Another combustion method which becomes more popular recently is the flame spray
pyrolysis.[2%11357138] The perovskite is obtained by vaporising an aqueous solution containing
the complexed metal precursor ions, e.g. metal nitrates or acetates, via an atomiser into
a hydrogen/oxygen flame. The thereby crystallised solid is in powder form and needs to
be collected by electrostatic precipitation. As for the auto-combustion method, different
complexing agents such as citric acid can be used. The flame yields a very high temperature of
1600 to 1800 °C in its centre but each droplet passes by very quickly (residence time of about
3 to 10ms). This is why their SSA are high considering the elevated temperature. Likewise,
oxides prepared by this method are well crystallised. This preparation route further allows
for obtaining thermally stable perovskites. Some detectable crystalline impurities as La,03
may however be formed.[?”]

One major drawback of this preparation route is the highly specialised equipment, i. e.
the flame spray and the collecting apparatus. The need for the electrostatic precipitator has
been emphasized by Saracco et al. who prepared LaMnQj by this method.['3%] Different
parameters such as the flame temperature, the solution flow, the addition of an additive
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like citric acid or dimethylformamide may influence the physico-chemical properties of the
perovskites. The homogeneity of the solid is improved by adding a complexing additive
in agreement with its supposed effect, i.e. leading to stronger interactions between the

precursor ions while securing a randomised distribution. But SSA may decrease.[140]

Sol-gel based methods

The sol-gel method consists of the gel formation out of a metal alkoxide solution. This gel is
formed by hydrolysis and inorganic polycondensation. Inhomogeneity might occur if the
gel is formed too rapidly. Therefore, temperature and other kinetic factors need to be well
controlled. The obtained gel can then be calcined at lower temperatures thanks to the higher
interactions of the precursor ions. Via the kinetic control, this method allows to tailor the
solid’s particle sizes — which depends, nonetheless, on the calcination temperature as well.
The major drawback of this method is the high cost of metal alkoxides. Therefore, pseudo
sol-gel methods have been developed, hereafter denoted as sol-gel based methods.

Sol-gel based methods as the conventional citrate method (CCM)[1411142] 3nd the so-
called Pechini method[143] are generally based on the dissolution of the corresponding metal
precursor salts and a complexing agent, mainly organic acids as citric acid[P2141142i144]
other polyhydroxy alcohols.

For the Pechini method, ethylene glycol is added to the acidic precursor solution to yield
the gel by moderate heating.[143] The so-obtained gel is dried at temperatures up to 200 °C
and then calcined.

In the case of the conventional citrate method (CCM), the citrate-precursor complex
solution is left to form a gel under gentle evaporation. This gel slowly forms a xerogel in an
oven at 80 °C before the obtained solid precursor is ground. The amorphous solid thereby
obtained is then subjected to a heating treatment in a muffle oven at approximately 150
to 250 °C depending on the constituting ions. This step is generally denoted as the nitrate
decomposition step referring to the most common precursors, being metal nitrates. Their
decomposition is exothermic and often explosive and therefore separated from the main
calcination step. This also allows to grind and homogenise the solid once again in between
both steps. The final calcination can then be performed at relatively low temperatures of
550°C to 750 °C due to the ions close proximity and interactions in the complex.

Many synthesis parameters influence the properties of the obtained perovskite and have
been studied in literature.

Various complexing agents have been used over the time. Most of them are organic
polyhydroxy alcohols as citric, maleic or tartaric acid.[>?l Rare exceptions excluded, citric
acid was found to yield the most stable precursors. The CCM relies on the formation of a
complex first formed in solution by the different precursor cations and the polyanionic citrate

ions and retained during slow evaporation to a gel. This secures the chemical homogeneity
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of the different constituting cations in the following steps until calcination.

Likewise, different metal precursors can be employed.[>?l According to Schwickardi et
al., nitrates yield the best results however.['42] The same authors also emphasized the high
solubility of the metal nitrates. Furthermore, as ammonium salts, nitrates do not lead to any

residues in the final solid. All these reasons explain why nitrates are the precursors which
are used most often.[75124141}144/146;147]

Another important parameter is the ratio of metal ions to employed acid as was already
investigated by Courty et al.[>2l The authors found that the residual carbon content decreased
for higher citric acid amounts in the case of metal oxides containing metal cations considered
little or not active for oxidation reactions. They explained this finding with a lower density
and higher porosity due to the higher complexing agent amount facilitating the combustion
of residual carbon species. For Fe, Ni, Co, and Cu containing precursors, i.e. containing
cations which are active in oxidation catalysis, different, more complicated observations were
made. The authors attributed this different behaviour to higher decomposition temperatures

leading to particle sintering.

In addition, the solvent plays an important role in the initial dissolution and complexation
step. Depending on its boiling point, a different behaviour during the drying step may occur.
Krupicka et al. have studied the influence of using either water, ethanol or isopropanol
as solvent for the synthesis of LaMnOj;, LaCoOj,, LaNiO5 and LaFeO; nanoparticles.[144]
LaFeO; did not form nanoparticles under the investigated conditions and was therefore
excluded from further discussions. For LaMnOj3, LaCoQO3, and LaNiQO3, on the other hand,
the authors concluded that best results, i.e. highest SSA, were obtained using water as
solvent. They attributed this finding to the stabilisation of the complex in solution by strong

hydrogen-bonded networks.

As for all combustion methods relying on nitrate-organic complexing agent solutions, e. g.
sol-gel, auto-combustion, flame spray pyrolysis, the formation of CO, and NO, cannot be
prevented and constitutes the main drawback of these preparation methods. The organic
complexing agent can also be a source of carbon which is why carbonates are generally

formed at the surface of the perovskites prepared by such methods.

Zhang et al. have recently compared the properties and catalytic activity for toluene
oxidation of LaMnOj prepared by co-precipitation, auto-combustion and sol-gel citrate
method.[124] The sample prepared by sol-gel synthesis yielded the highest SSA (35m?g!)
as well as the highest catalytic performance. It also exceeded in stability and durability
throughout the catalytic tests, repeated 3 times for each sample. The authors attributed these
superior properties to the enhanced SSA, its increased low temperature reducibility as well

as a higher content of adsorbed oxygen species at the surface.
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1.3.3 Macro-structuring methods

Controlling the porosity of perovskites is difficult by the aforementioned synthesis routes.
Even though high SSA porous perovskites can be prepared, for example by auto-combustion
method,148] only randomly distributed pores can be achieved in this way. Instead, controlled
macro-structuration can be yielded by using structuring agents, i. e. templates.
Different templates are known which are generally classified as either hard or soft.[10%]
The most common hard structuring agent is silica.l1497152] The use of such a hard template has
one major drawback, its need to be removed in a separate step after the perovskite synthesis.
Polymers such as polystyrene (PS) or polymethylmethacrylate (PMMA) spheresl123154] and

carbon templates,[145'155] on the other hand, are denoted as soft templates.
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Figure 1.14 — Generic scheme of macro-structuring methods.

Fig. shows the classical steps followed by all macro-structuring methods based on the
sol-gel method. First, the homogeneous complex precursor solution is added to the template.

This dispersion left under stirring yields the impregnated structuring agent. This precursor
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solid is then calcined. In the case of the soft template, the macro-structured perovskite
is obtained directly by this calcination. In the case of the hard template, an additional
post-treatment is necessary to remove the structuring agent. This may include a second
calcination.

Both kinds of templates have advantages and inconveniences. The hard templates have
the advantage of being easily synthesized in the desired shapes and being stable throughout
the perovskite synthesis. However, the necessary post-treatment step is their major drawback
because it sometimes involves harsh conditions and impurities may prevail. Soft templates,
on the other hand, do not need to be removed after the synthesis since they are eliminated
during the calcination step. Retaining the shapes of soft templates and thereby of the solid
framework of the perovskite, especially during the calcination step, is a challenge, though.

Another way of classifying structuring methods is their division into endo-, exo-templating
and colloidal crystal templating (CCT) routes as proposed by Schiith, the CCT method being
a special case of an endo-templating route.[129 This classification relies on the difference
between independent template particles or blocks which are incorporated by the forming
solid during synthesis and on the other hand, the template being one single scaffold with
voids which are filled up by precursors in the course of the synthesis. The former being the
case for endo-, the latter for the exo-templating methods.

Active carbon?® and silica templates are most often used as exo-templates.[142/1514152{155]

Polymers, on the other hand, are generally used in the form of nano-scale spheres®,[12311541156]

The CCT has been used in several fields such as in physics for the preparation of photonic
crystals (inverse opals),[12815% or materials science for the preparation of electrocatalysts38l
or gas sensorsl42] as well as heterogeneous catalysts.[1231154] It relies on the concept depicted
in Fig. An ordered structures of particles is used as template. This structure is infiltrated
by a precursor solution forming a composite which incorporates the endo-template. After
removal of the template, either by calcination or by other processing steps, a macroporous
solid is obtained.

The CCT is named after a naturally occurring material, the colloidal crystals. The best
example is the opal which is formed of silica spheres which exhibit a high periodicity in all 3
dimensions. The silica spheres’ interstices are filled by solidified hydrated silica. Mimicking
syntheses rely on a highly ordered template to obtain the same periodicity for the final
solid. The solids obtained by CCT-based synthesis are often also called 3-dimensionally
ordered macroporous (3DOM) solids.[153:160161] Tg obtain the desired periodical order of the
resulting perovskite, the template has to be quasi monodisperse and packed most efficiently
(in analogy to atoms packed in a crystal). This compacting of the template spheres is generally
achieved by prior centrifugation.[10Y

Depending on the characteristics of the template (hard or soft), the materials prepared

Shigh SSA
4Other shapes may also be investigated but are not within the scope of this study.
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Figure 1.15 — Colloidal crystal templating (CCT) scheme. Steps and corresponding scan-
ning electron microscopy (SEM) are shown for a PS/silica system prepared with tetraethyl
orthosilicate.[157]

using templates are generally no exact inverse replicas of the structuring agent. Excep-
tions are, however, those solids obtained by nanocasting with hard templates by 3DOM. Soft

templates, however, tend to shrink and melt during calcination.

A critical parameter besides the template itself is the employed solvent. It is crucial in
connection with the choice of the precursors, i. e. their solubility, as well as for the impregna-
tion and drying steps. Indeed, if ethylene glycol is used, an evaporation becomes difficult
due to its high boiling point of 197.3 °C (atmospheric pressure). Therefore, the remaining
ethylene glycol solution after impregnation is generally vacuum filtrated.[153160161] Thyjs jg
the reason why relatively high precursor concentrations need to be used for these syntheses
and yields are generally low and most often not reported. Ethanolic and hydroalcoholic
solutions, as used in conjunction with silica templates by Valdés-Solis et al. and Wang et
al. respectively, on the other hand, present the advantage of being highly volatile.
This volatility of the solvent allows to use lower concentrations of precursor solids. The
whole amount of the employed precursors is retained throughout the synthesis and yields
are close to the theoretical ones. Ethanolic and hydroalcoholic solutions are strong polar
solvents, however. This polarity presents a challenge if polymer templates are employed.
In this case, interactions between solvent and the generally hydrophobic polymer spheres
are less strong, especially for polystyrene (PS). On the other hand, the high polarity of these
solvents improves the solubility of the precursor salts.
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Interactions between the solvent and the polymer template spheres can also be improved
by functionalising the polymer surface with less hydrophobic functions. The addition of
carboxy functions on the template spheres was already used to increase the glass temperature
(Ty) of the polymer as well.[122] This may be necessary to obtain the desired solid perovskite
framework. Indeed, the T, of commonly used PMMA is below 130 °C. This is close to or
lower than the nitrate decomposition temperature of most perovskite precursors and below
the solidification temperature of the solid framework.

The low heat resistance of the polymer spheres is the reason why calcinations are generally
performed in 2 successive parts.[L°2] The first part is conducted under inert atmosphere (Ar
or N, flow). After yielding a sufficient solidification of the metal oxide framework, the
atmosphere is switched to air flow. This second step allows for the elimination of residual
carbon species. In addition, calcination is conducted at a low heating rate and quartz sand or
quartz wool is employed to prevent hot spots.[162]

Regarding the specific surface areas, macroporous perovskites generally yield better
results (up to 130 m? g~! for LaFeO512]) than samples obtained by non-templated methods
as shown exemplarily for LaFeO; in Table Furthermore, LaFeO; prepared using hard
silica templates exhibit higher SSA than the solids obtained by using soft templates.

1.4 Conclusion

Nowadays TWC are already well developed and performing but present the major inconve-
nience of relying on some scarce and therefore expensive noble metals. The development of
a low(er)-cost alternative based on more available materials would be highly desirable.

Perovskites, especially those with the formula LaBO; (B being a 1° row transition metal),
have the potential to be interesting TWC based on the criteria developed above, i.e. they
show interesting catalytic activity in oxidation and in some cases also for reduction, they
present a high thermal stability and precursors are relatively low-cost. Furthermore, the
tolerance of the perovskite structure allows to tune the catalytic activity by changing the
composition of the perovskite for a wide range of metals.

Since the very potent catalyst poisons SO, (and Pb)> are banned from fuel nowadays,
perovskites can be tailored to be as stable as PGM or enhance the stability of noble metals
under TWC conditions. Out of the 15t row transition metals, Mn, Fe, Co and Cu seem to
present the most promising catalytic potential meriting a closer investigation. Keeping in
mind that doubts on the environmental and health effects have been expressed, however, Co
is excluded from this list for this study.

After choosing a starting LaBO3; system to be investigated, 2 major pathways can be

>Since Pb can be incorporated in the perovskite structure, it never was as deleterious for perovskite catalysts
as for Pt for example.l7%
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Table 1.3 — Comparison of SSA of LaFeO; perovskites obtained by different synthesis

methods.
synthesis method calcination T template SSA reference
(°C) (m?g™")
ceramic method 1200 - 1 [163]
reactive grinding 550 - 20 [164]
co-precipitation 600 - 30 [165]
co-precipitation 800 - 5 (166
auto-combustion 900 - 2 [167]
flame-spray pyrolysis 700 - 17 [99]
sol-gel based 700 - 7 (149]
sol-gel based 1000 - 1 [168]
sol-gel based 800 - 5 [168]
sol-gel based 700 - 10 [168]]
sol-gel based 600 - 15 [168]
sol-gel based 500 - 22 [168]]
sol-gel based (Pechini) 900 - 3 [167]
sol-gel based (Pechini) 800 - 6 [155]
sol-gel based (Pechini) 800 - 17 [166]
sol-gel based (Pechini) 600 - 21 [165]
sol-gel based (CCM) 600 - 22 [165]
exo-templated route 700 active carbon 49 [145]
exo-templated route 800 active carbon 49 [155]
exo-templated route 700 silica xerogel 110 [149]
exo-templated route 900 SBA-16 35 [151]]
exo-templated route 800 SBA-16 85 [151]
exo-templated route 700 SBA-16 101 [151]
exo-templated route 600 SBA-16 130 [151]]
exo-templated route 700 KIT-6 silica 110 [152]
endo-templated route (3DOM) 600 PS 45-49 [160]
endo-templated route (3DOM) 400 PS 29 (38]
endo-templated route (3DOM) 600 PMMA 26-30° [169]
endo-templated route (3DOM) 600 PMMA 25 [42]

% Depending on the polymer sphere diameter. Diameters ranged from 185nm to 415 nm.
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followed in order to exploit this TWC potential. As already laid out above, the choice will be
made in between Mn, Fe and Cu (La,CuQy in this case).

The first step will consist of studying the influence of the synthesis method. This should
include a study on the employed solvent and the use of a macro-structuring agent — the main
goal being to improve the textural properties of the solid for TWC application. Considering
the main advantages and inconveniences of the presented known synthesis methods, not
limited to but including the obtained specific surface areas (Table [I.3), the investigation
will be based on the sol-gel based conventional citrate method (CCM) which allows for
the formation of homogeneous perovskites with moderate SSA and generally available
equipment.

Concerning the investigation of the influence of using a macro-structured perovskite, the
study will be based on using soft polymer templates which do not require post-treatments
even though specific surface areas are generally lower than for carbon or silica-templated
perovskites. The transfer of the macro-structuring silica sol-gel route in hydroalcoholic
solvent to perovskites prepared with soft templates is envisaged.

In parallel, a study on the composition optimisation of the chosen LaBO3 system is
conducted. This includes the optimisation at the surface as well as the bulk composition
optimisation. Finally, after combining the most promising results, the addition of low

amounts of PGM by impregnation may be considered.
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Chapter 2

Experimental protocols and techniques

2.1 Synthesis protocols

All synthesis protocols are based on a citrate complexation route from nitrate precursors.
An overview of the different parameters adapted from the present method are depicted in
Fig. They differ in the use of polymer structuring agents, i. e. templates, the employed
solvent and finally the atmosphere under which the 1% part of the calcination was performed.
The 2"¢ part was always performed under air flow.

Concerning the calcination atmosphere, selected syntheses were conducted including
a calcination part under quasi semi-closed so-called stagnant atmosphere (Fig. in the
absence of an imposed gas flow.

All perovskites of structure ABOj3, 5 exhibit minor oxygen excess or deficiency, i.e. are
non-stoichiometric. For the sake of simplicity, the notation of ABO3; will be conventionally
used instead of ABO3_.

2.1.1 Conventional Citrate Method (CCM)

The conventional citrate method derived from Taguchi et al.l']l was used in order to obtain
reference solids for later comparison and for composition optimisation.

For each compound, the corresponding metal nitrates (La, Ca, Fe, Mn, Cu) and citric
acid (CA) (nca = Manitrate T "B-nitrate) Were first dissolved separately in minimum volumes
of deionised water under stirring for 30 min. After mixing, the resulting solution was kept
stirring for 10 min at room temperature (rt).

The solution was then transferred to a flask and evaporated at 60 °C at reduced pressure
(progressively lowering the pressure from initially 60 to 5 mbar) until a gel is formed. The
gel was poured in a Petri dish and dried in air at 80 °C for 48 h.

The obtained xerogel was ground in a mortar. The nitrates decomposition was carried
out in a muffle oven by increasing gradually the temperature according to the corresponding
thermal analyses, from room temperature (rt) up to generally 150 to 250 °C. After another
grinding step, the solid was calcined under air flow (0.21min™!) for 8 h at 600 °C (ramp:
2Kmin™!). The mixed oxide was ground again before characterisations and tests were
conducted.

Different (calcination) conditions were used to obtain the perovskite structure as described

in Section [2.1.4]
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Figure 2.1 — Overview of different synthesis methods. A 1° distinction corresponds to the
presence or absence of a template during synthesis. Secondly, different solvents, either water
(CCM) or a mixture of water in EtOH (hydroalcoholic method (HAM), macro-structuring
method (MSM)), were employed. Thirdly, methods are classified depending on the atmo-
sphere of the 1%t part of the calcination. The 2" part of the calcination was always conducted
under air flow.
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2.1.2 HydroAlcoholic Method (HAM)

The so-called hydroalcoholic method is derived from previous works conducted by Krupicka
et al.lZ and Wang et al.Bl

For each compound, the corresponding amounts of metal nitrates (La, Fe) and citric acid
(CA) (nca = Ma-nitrate + MB-nitrate) Were dissolved overnight in 15ml of EtOH and 5ml of
deionised water in a sealed 100 ml beaker under stirring.

After removing the sealing polyethylene/paraffin film, the resulting homogeneous solu-
tion containing the metal-nitrate-citrate-complex was placed in a drying chamber at 40 °C.
Some samples were placed in a climate chamber at 40 °C and 30 % relative humidity (r.h.)
instead of the regular drying chamber. After the drying period for at least 2 days, the solid
precursor was ground in a mortar.

No separate nitrate decomposition as for the CCM samples was performed. However, to
improve heat transfer and prevent hot spots during calcination, quartz sand (20 - 30 mesh)
was added to the sample (5nd/Msample = 5). Additionally, the calcination ramp was de-
creased to 1 Kmin~! instead of 2 Kmin~! for the CCM.

After calcination at 600 °C, the solid was sieved over 300 pm to separate the catalyst from
the quartz sand.

Different calcination procedures were investigated as described in Section

2.1.3 Macro-Structuring method (MSM)

The macro-structuring method was adapted from Wang et al.l Our goal was to obtain per-
ovskite catalysts with controlled porosity, morphology and higher specific surface areas. The
synthesis method was based on the HAM including a supplementary template impregnation
step.

Nearly monodisperse polymer spheres (Fig. were used as macro-templates. Polymer
spheres were spanning diameters between 80 nm and 400 nm (+ 20 nm).

Figure 2.2 — SEM of polymer spheres employed as structuring agent. Exemplarily shown
for polystyrene (PS) spheres with d =200 nm. 4

The impregnation took place after the complete dissolution of the metal nitrates and CA.
The chosen template was weighed in a 100 ml beaker and dried at 120 °C for 2 h beforehand.
The homogeneous solution was then poured over the template and left for impregnation
under stirring for 10 min (sealed by a polyethylene/paraffin film).
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The resulting solution containing the metal-nitrate-citrate-complex was placed in a
climate chamber at 40 °C with varying relative humidity (r. h.) for controlling the evaporation
of the supernatant solution. Experiments were conducted at r. h. of 30, 50, and 80 %. Out of
these conditions, 30 % r. h. were retained for the study.

The calcination procedure is described in Section [2.1.4] (Fig.|2.4) and analogous to the
one conducted for the HAM N, solid. The 1° part of the calcination was always performed
under N, flow, i. e. inert atmosphere, to prevent a too early deformation/decomposition of
the template spheres for which the T, is generally close to 300 °C.

2.1.4 Calcination procedures

All perovskites which were prepared by CCM were decomposed in a muffle oven prior to
calcination which was conducted at a heating rate of 2 Kmin~! up to 600 °C which were held
for 8 h before cooling down to rt.

Indeed, all perovskite calcinations were conducted at a maximum temperature of 600 °C.
If a gas flow was applied, its flow was regulated to 0.21min~".

All HAM-based syntheses and the CCM* synthesis were conducted with a heating ramp
of 1 Kmin~! to 600 °C and the total time at maximum temperature equalled 10 h.

In the framework of this study, 2 main types of calcination procedures were performed.
The continuous air flow calcination was employed to prepare the CCM and the HAM air
solids. All other solids were obtained after a calcination in 2 parts which were conducted
under 2 different atmospheres as shown exemplarily for the CCM* synthesis in Fig.|2.3|(blue),
for which the 274 part was always performed under air flow.

CCM

5h 5h
6001 com+ 1
g 2 % stagnant air
= {x atmosphere
20

0 2 4 6 8 10 12 14 16 18 20 22
t (h)

Figure 2.3 — Temperature profiles of the calcination procedures of the CCM and CCM*.
CCM was conducted under continuous air flow whereas this is only the case for the second
part of calcination for CCM*. Its first part was done under stagnant atmosphere.

The 1% part of the calcination consists of the heating ramp and the first 5h at maximum
temperature and was either conducted under inert gas flow, i.e. N, flow (HAM N,, all MSM),
diluted NO/He flow (HAM NO) or under so-called stagnant atmosphere (CCM*, HAM¥,
HAM* 50ling and MSM¥). Stagnant conditions are defined as an atmosphere which is not
exposed to any imposed gas flow — but no confined system either — as depicted in Fig.[A.T]in
Appendix [A] The initial atmosphere consisted of air. Regardless of the precursor, samples
calcined under stagnant conditions will be denoted with an asterisk *.
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Another variant of this 2-part calcination procedure consisted of observing an interme-
diate cooling before the gas switch was performed as shown in Fig. This procedure
was followed in order to prevent sintering of the solid due to an exothermic peak at the
final calcination temperature. Regardless of the atmosphere employed in the 1% step, these
samples will be denoted with the subscript cooling.

MSM with intermediate cooling
6001 5h 5h 5h i
% N, air
B~ 1 %
20 } } } } } }
0 5 10 15 20 25 30
t (h)

Figure 2.4 — Temperature profile of the calcination procedure of the MSM and MSM 4q]ing-
The procedure can be conducted with (blue) and without an intermediate cooling (black)
before the gas switch.

A summary of the different parameters and the corresponding notations is given in
Section [2.1.6l

2.1.5 Incipient Wet Impregnation (IWI) method for the doping of per-
ovskite catalysts with noble metals

Perovskites doped with low loadings of noble metals were prepared by using an incipient wet
impregnation technique. First, aqueous solutions of noble metal nitrates (Pd(NO3),-xH,O,
Rh(NO3;);, and Pt(NH;3)4(NO3),) were prepared.

The solid to be impregnated was then weighed in an evaporation flask. A precise amount
of the corresponding metal solution and deionised water was added (both volumes should
add up to a maximum of 10ml). The solution was then evaporated slowly in a rotative
evaporator at 100 mbar to 200 mbar until complete dryness (= 5h).

The obtained solid was calcined at 400 °C for 8 h (heating ramp: 2 Kmin™!) in a regular
oven for allowing the decomposition of the metallic precursor.

2.1.6 Summary of conducted syntheses by parameters

Table |2.1|summarises the conducted differently modified sol-gel based syntheses specifying
the employed parameters.
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Table 2.1 — Syntheses by parameters.

notation solvent calcination atmosphere cooling?” drying step?

1% part 27 part

CCM H,0 air flow - drying chamber (80 °C)
CCM* H,O0 stagnant air flow - drying chamber (80 °C)
HAM air EtOH/H,0 air flow - drying chamber (40 °C)
HAMN, EtOH/H,0 N, flow air flow - climate chamber?
MSM EtOH/H,0 N, flow air flow - climate chamber?
MSM (ooling EtOH/H,O N, flow air flow + climate chamber?
MSM* EtOH/H,0 stagnant air flow - climate chamber?
HAM* ooling EtOH/H,0O  stagnant air flow + drying chamber (40 °C)
HAM* EtOH/H,0 stagnant air flow - climate chamber?
HAM NO EtOH/H,0O NO flow* air flow - climate chamber?

# Intermediate cooling before calcination atmosphere switch.

b Drying step performed in regular drying or climate chamber.
¢5Vol.% NO/He.

140°C; 30 % 1. h.

2.2 Physico-chemical characterisation conditions

2.2.1 Elementary analysis

Elementary analyses were performed by the central analyses service of the CNRS (SCA, ISA-
CNRS) using inductively coupled plasma atomic emission spectroscopy (ICP) to determine
the bulk compositions of selected perovskites.

Results of all analysed solids are shown in Appendix B

2.2.2 Thermogravimetric and Differential Scanning Calorimetric analy-
sis (TGA/DSC)

thermogravimetric analysis (TGA)/differential scanning calorimetric analysis (DSC) measure-
ments were performed on a TA Instruments SDT-Q600 with an alumina reference. Up to 5 mg
of sample were exposed to either air flow, N, flow or stagnant conditions (air atmosphere but
without any gas flow) while being gradually heated from rt to 800 °C. These low amounts
were chosen due the highly exothermic decomposition of the nitrate-citrate-precursor com-
plexes.

2.2.3 Hydrogen Temperature-programmed Reduction (H,-TPR)

H,-TPR is used to investigate the reducibility of compounds. H,-TPR experiments were
undertaken on a Micromeritics AutoChemlI 2920. During the analysis, 50 mg of sample
were overflowed by a 25 or 50 mlmin~! flow of 5Vol.% H,/Ar. The H, consumption was
monitored during a heating ramp of 5 Kmin~! from room temperature to 1100 °C using a
thermal conductivity detector. Produced water was trapped in a cold trap before reaching
this detector.
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2.2.4 N, physisorption

Specific surface areas (SSA) were determined by N, physisorption at —196 °C on approxi-
mately 0.5 g of sample previously outgased at 200 °C under vacuum during 2 h using the
Micromeritics TriStarll. Single-point SSA were determined by measurements on a micromerit-
ics FlowSorblII. In both cases, Brunauer-Emmett-Teller theory (BET) was applied to calculate
the specific surface areas. Pore size distributions were obtained at the same time from the
isotherms based on the Barret-Joyner-Halenda theory (BJH) theory. Desorption branches
were used to determine SSA, pore size distributions, Ve and d_pore. All discussions on pores
(average diameters, cumulative volume, pore size distributions) are related to open pores
only, closed pores being non-accessible to this analysis method.

The discussion of the thereby determined pore distributions are based on the Interna-
tional Union of Pure and Applied Chemistry (IUPAC) recommendations on classification
of pores,>® i e. being defined by their respective diameters: micropores with d <2nm,
mesopores with 2 <d <50nm, and macropores with 4 > 50 nm.

2.2.5 X-ray diffraction XRD

X-ray diffraction (XRD) was used to determine the crystalline phases of the prepared solids.
Furthermore, unit cell parameters and the average crystallite size were estimated.

In this study XRD analyses were performed at room temperature with a Bruker AXS D8
Advance diffractometer in Bragg-Brentano geometry. Data was recorded in the 26 range of
10-80° with a 20 step of 0.02° and a Cu K,, source (A = 0.154nm).

3% H,/N, 3% H,0O/air dry air
600 N .

©) 5 ]

T
N

500

2h

T (°C)
©

Q) ®

20
time

Figure 2.5 — Temperature profile of the High Temperature XRD analysis. After a reduction
with 3 Vol.% H,/N, at 500 °C for 2 h, the sample is cooled down in N, atmosphere. Under
humid air (3 Vol.% H,O/air) flow, the sample is heated to 600°C and left under these
conditions for 10 h before it is cooled down to rt under dry air flow. A last scan is conducted
at rt.

Unit cell parameters (a, b, c) as well as apparent average crystallite sizes (d.rys) were
estimated by full pattern matching of the corresponding XRD structures using the Fullprof
Software Suite.l”"?) The Thompson-Cox-Hastings pseudo-Voigt function was chosen for
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peak profile estimation. Instrument resolution was evaluated by using LaBg as standard.
Standard deviations were obtained by the Fullprof software after multiplying with the Bérar
factor[L%1 Jikewise calculated by the Fullprof software.

All diffractograms displayed in this study were normalised.

In situ high temperature X-ray diffraction (HTXRD) experiments were performed to
investigate the phase transitions under reductive or humid atmosphere during temperature
ramps - if any. They were conducted according to the scheme shown in Fig. At first, the
temperature (T) was raised to 500 °C under reductive atmosphere (3 Vol.% H, in N,, step
1). This temperature was held for 2 h (step 2) before cooling down to rt in inert atmosphere
(step 3). Then, the sample was exposed to a humid air flow (3 Vol.% H,0O) while being heated
to 600 °C (step 4). After 10 h at this temperature (step 5), the sample was cooled down under
dry air flow (step 6).

2.2.6 Raman spectroscopy

Raman spectroscopy is a technique which allows to investigate molecular vibrations of a
compound. Thereby information on molecular unit structures but also on impurities can be
obtained.

The spectra of different grains of sample were recorded on a microdispersive Raman
spectrometer (HoriBa HR800 UV) using different excitation sources: a blue (e =488 nm,
Ar), or a red laser (A = 633 nm, He-Ne).

In the literature, 2 different symmetry notations are used for the orthorhombic LaFeOj;
structure.l'? In accordance with the XRD discussions, the orthorhombic LaFeO; perovskite
was discussed in Pbnm instead of Pnma symmetry. Therefore, all assigned modes which
were described as B3, (Pnma) in literature are hereafter written as the corresponding active

By, modes in Pbnm symmetry for the LaFeOj5 type structure.[l2]

8

2.2.7 Transmission electron microscopy TEM

The transmission electron microscopy (TEM) was conducted to analyse the surface morphol-
ogy of the perovskites at the nanometric scale.

Transmission electron micrographs were recorded on a JEOL-JEM 2010. Samples were
prepared by depositing a suspension of dispersed ground solid in EtOH (dispersion under
ultra-sound) on a carbon grid.

Energy dispersive X-ray spectroscopy (EDX) was conducted on selected samples to deter-
mine the nature of the elements. No (semi-)quantitative information could be obtained due
to the large area covered.

2.2.8 Scanning electron microscopy SEM

SEM analyses were performed to analyse the surface morphology of the perovskites at the
micrometre scale.

Scanning electron micrographs were recorded on either a Hitachi S-4700 or a Hitachi
SU70 SEM FEG. For the former, samples were prepared including carbon sputtering to
prevent/lighten charging phenomena, whereas for the latter samples were prepared by
depositing the calcined powder on a conductive double-faced adhesive tape. The scanning
electron microscope was operated at about 5kV and 10 pA.
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2.2.9 X-ray photo-electron spectroscopy XPS

X-ray photo-electron spectroscopy (XPS) measurements of the solids were conducted to
determine the surface composition of the perovskites, i.e. the relative abundance of the
elements. The thereby obtained data was furthermore exploited to specify the oxidation
states of the elements and their chemical environment. It has to be kept in mind, that the
elementary analysis of the surface is limited to a relative accuracy of about 20 %.

Samples were prepared by depositing the respective solid on an adhesive Cu tape. XPS
analyses were then carried out either on an AXIS Ultra DLD Kratos spectrometer equipped
with a monochromatised aluminium source (150 W) and charge compensation gun or on a
VG Scientific Escalab 220i-XL equipped with a non-monochromatised aluminium source
(300 W), the energy of the Al source being 1486.6eV. All binding energies were calibrated
with C 1s core level at 285 eV. Data exploitation was performed using the program CasaXPS.
Background corrections were conducted applying a procedure proposed by ShirleylL3 if
possible. In most cases, however, a linear background was subtracted before estimating the
peak areas.

Spectral decomposition of photopeaks was performed using position constraints as re-
ported in literature and area considerations in agreement with the occupancy of the orbitals.
The estimation of Cu* and Cu®* contributions to the Cu 2p3,, signal was conducted using
the method proposed by Biesinger et al. relying on the ratio of the intensities of main signal
and satellite.[1415]

Complete surface compositions obtained by XPS are reported in Appendix

2.3 Catalytic performance measurements

Catalytic performance tests were conducted in lab-scale condition experiments with feed
gas compositions representative of the exhaust gas. Temperature-programmed tests were
performed with different feed compositions corresponding to rich, lean and stoichiometric
conditions.

2.3.1 Feed stream composition

The chosen feed compositions contain major pollutants (NO, CO, and CHy, C3Hg, and C3Hg
representing HC pollutants) as well as inhibitors (CO, and H,0) and H, naturally present in
petrol engine exhaust gas. Indeed, independently of the A/F, the molar CO/H, ratio is close
to 3:1 in spark-ignition engine exhaust.[®] This ratio was observed in the present study. The
compositions and their corresponding stoichiometry factor, A, calculated according to Eq.
are presented in Table

3 2-[0,]+[NO] +[H,0] + 2 [CO,] +[CO]
"~ [H,]+2-[CO]+4-[CH,]+9-[C5H¢] +10- [C5Hg] + [H,O] + 2 - [CO,]

Based on the observation that most catalysts do not convert CH, under the stated “stoi-
chiometric” conditions, i. e. it acts as an inert gas, a modified stoichiometric feed was tested
for selected catalysts. It consists of the same composition as the stoichiometric one except for
the O, content which is reduced by the amount which would be necessary to fully oxidise
methane.

Conversions of the corresponding gas i, Xj, were generally calculated by comparing its
inlet ([i]g) and outlet concentrations ([i]) according to Eq. In the case of NO, conversion

A

(2.1)
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Table 2.2 — Feed compositions for catalytic tests. Compositions correspond to stoichiomet-
ric, lean or rich conditions. The modified stoichiometric composition is obtained by reducing
the oxygen content by the amount necessary to oxidise CHy.

A 1.02 1.00 0.98 modified
[Gas] (Vol.-%)  lean  stoichiometric  rich  stoichiometric
NO 0.1000 0.1000 0.1000 0.1000
CcO 0.5000 0.7000 0.9000 0.7000
CHy 0.0150 0.0225 0.0300 0.0225
C3Hg 0.0300 0.0450 0.0600 0.0450
CsHg 0.0150 0.0225 0.0300 0.0225
Co, 15 15 15 15
H, 0.1670 0.2330 0.3000 0.2330
O, 0.9350 0.7770 0.6090 0.7320
H,O 10 10 10 10
He balance balance balance balance

was also calculated according to Eq. based on the reduction products N, and N,O.
Differences between both values should then be attributable to additional NO conversion
products such as NH;.

(A
X, = (1 [i]o) (2.2)
[ 2[N,]+2[N,0]
Xyo (formula 2) _( 2[NO]0 2 ) (2.3)

On the same basis, i. e. assuming that all non-N, and non-N,O converted NO leads to
ammonia formation (Eq. ,1 the N, selectivity during NO reduction (Sy,), the Sy,o and the

Snm, were calculated according to Eq. and [2.7|respectively.

[NHs]estimated = [NOJo — ([NO] 1}2 -[Na]+2-[N,OJ) (2.4)
e NI IN,0) +1[352 T — 23
S50~ [T INOT 0 [N o (20l
NH;esti
P S e i e 27
Additionally, N, yield (Yy,), Yx,0 and Yygy, were calculated according to Eq.
Y, =X -S, (2.8)

1Normally, NO, formation should also be taken into account. Since it could not be quantified, however, it
was not considered. Since NO conversion mainly occurs under rich i. e. reductive conditions, under which NO,
formation is less probable, this is nonetheless a good enough approximation.
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2.3.2 Experimental setup for catalytic tests

Catalytic measurements were performed with a setup according to the scheme in Fig.
This setup was equipped with mass flow regulators connected to certified gas mixtures as
well as a steam generator combined with a liquid flow meter. This allowed to conduct the
tests with a space velocity (Eq. with Qo standing for the total flow rate, mcyta1ys; for the
mass of the catalyst) of 60000 mlh~! g~! in all conditions.

. , ml-h™!
space velocity = Qo [space velocity] = [ l (2.9)
Mcatalyst 8
evaporation
system ~ v .
Jv O - Ai— alr
' ‘ pre-treatment
+ ] vent H,
-H\‘{ 1 _ He
o | -
H,O \
reservoir  |oven| flow
meter
° 3
1T bypass T
=
He i
GC mixer
(uee) LF —y
4 Peltier ﬂ
|AnaNOX !
NO | O, | HC gasbottles
CO CO, H;
¥— He
O manometer P valve [] flow regulator
® pressure reducer @ 4-way valve o manual flow regulator HC = CHy, C3Hg, C3Hg

Figure 2.6 — Catalytic test setup scheme. “AnaNOx” designates the NO, analyser, “T” the
temperature display of the thermocouple.

The quartz fixed bed flow reactor (inner diameter (d) of 18 mm) was heated in an oven.
The catalytic bed filter had a porosity of 3.

An NO-NO,-NO, analyser (Thermo Scientific Mégatec Model 42i-HL) was used in con-
junction with a nGC (Agilent Technologies 490 Micro GC) to monitor the gas phase reactions.
All injected gases (H,, O,, CO, CH,, C3Hg, C5Hg, CO,, as well as NO and H,0?) were detected
and separated in the nGC. Additionally, NO conversion products, N, and N,O, were analysed
and quantified. He was used as balance gas in order to be able to analyse N,. NO was
quantified by the NO, analyser (relying on chemiluminescence). Normally, NO, should also

2NO and H,O could be observed but were not quantified by nGC.
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have been quantified by the same device but this was not working properly. However, if NO,
has been produced it is considered to happen only have happened under lean conditions.

2.3.3 Catalytic performance test protocols

NO, and reductants concentrations were measured in a fixed bed continuous flow reactor
during temperature-programmed reactions at a space velocity of 60000mlh~' ¢~! and a
total flow rate of 121h~! from 110 °C to 500 °C3.

I I A E—— 1 I T T T T T T T T T T T 1
air stoichiometric - lean : rich : stoichiometric
600 - ; 5 5 5 |
500 |- :
Py . 5 K . . .
OQ) min
~
110 i
20 [ I [ R I RN R B I [ | I L 1 1 1 1
0O 2 4 6 &8 10 12 14 16 18 20 22 24 26 28 30 32 34

t (h)

Figure 2.7 — Procedure A. Experimental protocol followed for the perovskite catalysts.

For each test, 200 mg of a given sample were sieved in the granulometry of 100-200 pm
and mixed with as much inert SiC (210 pm).

All perovskite catalysts were analysed according to the Procedure A as shown in Fig.
After thermal treatment under air and subsequent activation at 600 °C under reaction, i. e.
stoichiometric, conditions, the catalysts were successively exposed to stoichiometric (also
denoted as “stoicl”), lean, and rich conditions and finally to stoichiometric conditions at the
end of this sequence to verify the occurrence of deactivation phenomena. This last test run
will be denoted hereafter as return test (or “stoic2”).

In contrast to the perovskite catalysts, the commercial reference catalyst was studied
according to Procedure B. The only difference being the inversion of the lean and rich test
ramps as can be seen in Fig. Furthermore, no additional SiC was used in this case since
the commercial catalyst consists of a crushed washcoated monolith, i. e. incorporates already
enough inert material.

Furthermore, selected catalysts, namely some PGM-doped perovskites were additionally
tested according to Procedure C as depicted in Fig. This procedure includes a reductive
pretreatment during 5h at 300 °C instead of the thermal treatment under air followed by
an activation under stoichiometric feed at 600 °C. Procedure C also forms the basis of the
Procedure D which differs only in the use of the modified stoichiometric feed stream instead
of the generally employed stoichiometric one (Table [2.2).

3During the first tests, the rich composition was conducted at the maximum GHSV of 57 400h~1.
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)
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20 ] I ] ] ] 1| A

I | - 3 I | I I | I R | [ |
2 14 16 18 20 22 24 26 28 30 32 34
t (h)

[
0O 2 4 6 &8 10 1

Figure 2.8 — Procedure B. Experimental protocol followed for the commercial reference
catalyst.

2.3.4 Estimation of reaction rates and Arrhenius parameters of perovskites

In order to calculate the reaction rates and to determine Arrhenius parameters of perovskites,
rate constants (k) were calculated from Eq. with Qg standing for the total flow rate,
Mecatalyst fOr the mass of the catalyst and X; for the conversion of the gas of interest.

_ Qo 1
k(T)_ mcatalyst ln(l_Xi(T)) (2.10)

This equation is established for a plug flow reactor and assumed a 1% order kinetic
reaction as reported by Hueso et al. for LaCoO517] on the basis of kinetic works of Tascén et
al.l'8] or as reported by Parravano for La 55Sr( 35MnO5.[1%

The specific reaction rates (rspecific) were calculated according to Eq. where Fj et
stands for the molar flow rate of the gas i at the inlet of the reactor.

rspeciﬁc(T) =k(T)-

Fi, inlet (1 _Xi(T)) [rspeciﬁc] — [mOIl (2.11)

Qo s-g

Intrinsic reaction rates (rjinsic) Were calculated according to Eq. by dividing the
specific reaction rate by the specific surface area of the catalyst (SSA).

Tspecific ( T)

rintrinsic(T) = T Gor [rintrinsic] = [ (2' 1 2)

s-m?

mol
SSA

Arrhenius plots were then established from CO and C3Hg conversions respectively which
were obtained during temperature-programmed reactions as described earlier. These plots
were used to determine apparent activation energies (E, app) and pre-exponential factors (A)
by linear regression according to Eq.[2.13|and |2.14|respectively, with R being the ideal gas
constant.
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Figure 2.9 — Procedure C. Experimental protocol including a reductive pretreatment followed
for selected PGM-doped perovskite catalysts. While Procedure C was conducted with the
“normal” stoichiometric feed streams, Procedure D follows the same sequence but was
performed employing the modified stoichiometric composition.

k]
EA,app =—R. Slope [EA,app] = [_moll (2.13)
. 3
A — pintercept [A] = lsrn_g] (2.14)
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Chapter 3

Reference perovskite catalysts LaBO; (B =
Mn, Fe) and La,CuO, and commercial
reference 3-way catalyst

Reference catalysts were studied for later comparison. The choice of the starting perovskite
system is elucidated by comparing physico-chemical properties and catalytic activities
of cheaper transition metal based perovskites and the derived Ruddlesden-Popper phase
(LayCuOy).

Perovskites, LaBOj3, were already discussed as an alternative to conventional 3-way
catalysts in Section[I.2] Due to the tolerance of the structure to accommodate various cations,
different transition metals are possible candidates in the B position. Some catalytically
interesting candidates as Ni and Co were excluded due to the toxicity of the final solid or
their precursors.['2l Mn, Fe and Cu were selected. The ABOj; structure cannot be obtained
for Cu due to electroneutrality limitations previously discussed in Section Cu forming
generally mono- or divalent cations. Therefore, the derived Ruddlesden-Popper phase (RP)
with A,BOy structure was compared to LaMnO; and LaFeOs.

Furthermore, the catalytic performances of a commercial reference catalyst containing
platinum group metals (PGM) and promoters are shown and discussed to allow for compari-
son.

3.1 Bulk/Structural properties

3.1.1 Chemical composition in the bulk

The bulk composition was verified for the LaFeO5; sample only. Elementary analysis yielded
a bulk composition of La; ;;FeO3, s confirming the atomic ratio between La and Fe of the
nominal composition. It is assumed that the same holds true for the Mn- and Cu-containing
mixed oxides.

3.1.2 XRD

The crystalline structures of the calcined LaBO; (B =Fe, Mn) solids correspond to the or-
thorhombic and the rhombohedral perovskite structure (LaFeO3; and LaMnOj respectively),
as well as the one of the calcined La,CuO,4 sample to the orthorhombic RP structure as shown
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in Fig. LaMnOj; seems to be well-crystallized in spite of the relatively low calcination
temperature of 600 °C. Additional peaks with low intensity are only observed in the RP
diffractogram at 23°, 46°, and 69°. They cannot be attributed to lanthanum dioxycarbonate,
lanthanum carbonate hydroxide, LaOHj3, La,Cu,O5 nor the corresponding Cu or La single
oxides. The peak at 69° has been reported before but was not attributed either.[!

LaFeO3

intensity (a. u.)

LaFeO; (#37-1493)

— “\
= J‘\
& |LaMnO; ,‘ /\ A A I
B\ ’J"\w NN \W\,WM/ A A N N
R7
o
g
£ | LaMnOj; (#12-5560)
‘ | L L1 Ll L

T T T T T T T T T T T T T 71
5
=
>
-+
R
o
3
£ | La,CuOy (#80-0579)

‘ | 1“ ‘ 111‘ 1L . L1

1
T T T T T T T T T T T T T 1

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
20 (°)

Figure 3.1 — X-ray diffractograms of calcined LaBOj; (B =Fe, Mn; CCM) and La,CuOy,
(CCM).

Apparent crystallite sizes and unit cell parameters estimated by full pattern matching are
reported in Table Lowest crystallite sizes of 14 nm were obtained for LaMnO3; which is
in accordance with the highest specific surface area (Table [3.4).

The unit cell parameters of the calcined catalysts correspond to those of the references
for LaFeO3 and La,CuQy. Only very slight distortions are apparent for the La,CuO,4 sample
compared to the reference (#80-0579). However, the Mn-based perovskite solid seems to
present an oxygen excess. Its unit cell parameter a of 5.48 A is closer to the reference #78-
5235 (LaMnO; 5;, a=5.488 30 A) than to #12-5560 (LaMnO3, a=5.505 00 A). This oxygen
excess has to be compensated by a low fraction of Mn** to allow for charge neutrality. The
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Table 3.1 — Comparison of crystallite sizes, unit cell parameters and volumes derived
from full pattern matching of LaBO; (B = Fe, Mn) and La,CuQO,4 (CCM).

dcryst (nm) a (A) b (A) ¢ (A) Vinit cell (A?))

LaFeO; calcined 20.1 £0.1 5.561 7.858 5.558 242.85+0.17
LaMnOy; calcined 14.3+0.1 5.484 5.484 13.369 348.18+0.28
La,CuO4  calcined 22.1+0.1 5.376 5.379 13.161 380.63+0.18

References (PDF)

LaFeOs, (#37-1493) 5.567 7.855 5.553 242.75
LaMnO;  (#12-5560) 5.505 5.505 13.301 349.08
LaMnO; 5, (#78-5235) 5.488 5.488 13.311 347.23
La,CuO,  (#80-0579) 5359 5.363 13.127 377.27

presence of this tetravalent Mn species has been reported before for LaMnOs.[4

3.1.3 Raman spectroscopy

Raman spectroscopy was performed to confirm the purity of the LaFeO; perovskite solid since
this complementary technique allows to detect amorphous or finely dispersed compounds
which are not detectable by XRD.

intensity (a. u.)

200 500 800 1100 1400 1700

Raman shift (cm™!)

Figure 3.2 — Raman spectra of LaFeOj. The powder was excited with .. =488 nm (blue)
and 632 nm (red) respectively.

Fig. shows the Raman spectra of LaFeO; recorded on a microdispersive Raman
spectrometer using a blue (488 nm) and a red excitation laser (632 nm) respectively. The
strongest lines are observed at 173 cm~}, 431 ecm™!, 644cm™!, and 1313 cm™!. The first ones
can be assigned to an A-site A, mode, an oxygen bending Bi, mode, and an oxygen stretch
mode (Big) of the lanthanum ferrite respectively.[5‘9] The last (1313 cm™') was attributed
to either a 2-phonon scattering phenomenon or an oxygen stretching vibration before.>=
Furthermore, weak to medium lines were seen at 267 cm™}, 294 cm™! which were formerly
assigned to oxygen tilt B, and A, modes.

Additionally, a shoulder at 567 cm~! and a weak line at 1134 cm™! are observed. While the
latter is presumably a 2”4 harmonic of the former, the assignment of this one is not straight-
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forward. However, it does not correspond to any reported a-Fe,05 or Fe;0, lines. 1% Tt may
be assigned to lanthanum hydroxides for which a line at 582 cm™! was observed before.!12]

In conclusion, the characteristic LaFeO3 perovskite lines were observed and no significant
impurities were detected.

3.2 Thermal stability and reducibility

3.2.1 High Temperature XRD (HTXRD) analyses

In situ HTXRD analyses were performed on calcined LaFeO3; and La,CuQy catalysts pre-
pared by CCM to determine their stability under reductive atmosphere. The analyses were
performed in 6 consecutive steps corresponding to a reductive followed by a humid oxidative
thermal treatment (See steps in scheme in Fig.[2.5]).

As can be seen in Fig. and the LaFeOj structure is retained during the whole
procedure including the heating ramp under reductive atmosphere. Only slight shifts to
lower angles are observed which can be attributed to thermal dilatation.

The atomic compositions at the surface of the LaFeO; solid after HTXRD analysis were
determined by XPS. Results are discussed in Section The results of full pattern
matching performed on the last scan of the procedure are discussed together with the one of
the La,CuO4 sample.

In contrast to the stability of LaFeOj3, La,CuOy, starts to decompose between 250 and
300 °C under reductive atmosphere, see Fig. The reduction ultimately leads to the
formation of La,0,CO3 and metallic Cu particles via a 2-step process according to the

following sequence (Eq.[3.1]and Eq.[3.2).

L32CUO4 + HZ é‘ La203 + Hzo + Cuo (31)
La203 + C02 —_— L3202CO3

Low amounts of Cu® are detected at T > 250 °C. However, no crystalline CuO or Cu,O
phases as possible intermediate phases in the overall reduction process were detected.

The results of the second part of the HTXRD procedure are shown in Fig. A full
recovery of the RP is observed under humid air and heating up to 600 °C. At this temperature,
only dilatation effects cause deviations from the reference (as usual measured at rt) by shifts
to lower diffraction angles. This recovery of the La,CuOy, structure is in agreement with
literature according to which perovskites can be reversibly reduced and oxidised.['3] The
reconstruction of the La,CuO, phase can be achieved following consecutive steps. At first,
surface hydroxylation takes place leading to the formation of La(OH); (Eq.[3.3). Then a mix
of low amounts of different compounds including La,03 and La,0,CO3 is observed between
350°C and 500 °C. Finally from 550 °C onwards the RP is clearly discernible. One possible

pathway could be the combination of Eq. and

La,05 + 3H,0 —2— 2La(OH), (3.3)
2Cu’ + 0, — 2Cu0O
2La(OH); + CuO =2= La,CuO, + 3H,0 (3.5)
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Figure 3.3 — High Temperature X-ray diffractograms of LaFeO; prepared by the conven-
tional citrate method (CCM). Step 1 corresponds to a heating ramp under reductive atmo-
sphere (3 Vol.% H,/N,), Step 2 to the corresponding plateau and Step 3 to the subsequent
cooling under inert atmosphere. Scheme in Fig.
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Figure 3.4 — High Temperature X-ray diffractograms of LaFeO; prepared by the conven-
tional citrate method (CCM). Step 4 corresponds to a heating ramp under humid air flow
up to 600 °C, Step 5 to the corresponding plateau and Step 6 to the subsequent cooling under
dry air flow. Scheme in Fig.
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Figure 3.5 — High Temperature X-ray diffractograms of La,CuO4 (CCM). Step 1 corre-
sponds to a heating ramp under reductive atmosphere (3 Vol.% H,/N,), Step 2 to the corre-
sponding plateau and Step 3 to the subsequent cooling under inert atmosphere. Scheme in

Fig.
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Figure 3.6 — High Temperature X-ray diffractograms of La,CuO4 (CCM). Step 4 corre-
sponds to a heating ramp under humid air flow up to 600 °C, Step 5 to the corresponding
plateau and Step 6 to the subsequent cooling under dry air flow. Scheme in Fig.
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After attaining the maximum temperature of 600 °C, while the solid is held under the
same conditions for 10 h no major change occurs anymore apart from decreasing La,0,CO;3
content (visible by the decrease in intensity of the diffraction peak at approximately 23°).
The cooling under dry air does not lead to the detection of any additional crystalline phases
but to broader peaks especially at high 260, i. e. the formation of smaller crystallites.

As for the LaFeOj solid, atomic compositions at the surface of the La,CuO,4 sample after
HTXRD analysis were determined by XPS. Results are likewise discussed in Section [3.4.2]

Table 3.2 — Comparison of crystallite sizes, unit cell parameters and volumes derived
from full pattern matching of LaFeO; and La,CuO, (CCM).

dcryst (nm) a (A) b (A) ¢ (A) Vinit cell (A3)

LaFeO; calcined 20.1 £0.1 5.561 7.858 5.558 242.85+0.17
LaFeO3;  post-HTXRD 26.1 +£0.1 5.564 7.850 5.556 242.67 +0.14

La,CuOy calcined 221+0.1 5.376 5.379 13.161 380.63 +£0.18
La,CuOy4 post-HTXRD 43.1 +£0.1 5.359 5.398 13.155 380.54 +0.04

The last diffractograms recorded for LaFeO3 and La,CuQ, after the cooling of step 6 were
exploited by using full pattern matching. As shown in Table the unit cell parameters still
correspond to those obtained for the calcined samples emphasizing the bulk reconstruction
of the RP taking place on the in situ reduced sample during the thermal oxidation treatment
and the stability of the LaFeO5; sample. The crystallite sizes for the LaFeO; solid are only
slightly higher whereas they are much increased for the La,CuQO,4 sample.

3.2.2 H,-TPR

Full reduction of the B-site cations in the dominant valency of the bulk solid (trivalent Fe
and Mn, divalent Cu) is achieved according to the Eq. and for LaFeO3;, LaMnO5; and
La,CuQy respectively. Based on these equations, the theoretical maximum atomic H/M ratio
can be determined considering a complete reduction to the metallic state, equalling 3 for the
perovskites (for trivalent B cations) and 2 for the RP phase (Eq. and[3.9).

A

2LaB"O; + 3H, La,0; + 2B% + 3H,0 (3.6)
(H/M)paxy = (H/B)pax = (H/Fe)paxy = (H/Mn), = 3 (3.7)
La,Cu'O, + H, —2~ La,05 + Cu® + H,0 (3.8)
(H/M)paxy = (H/Cu)pay = 2 (3.9)

The experimental results of H,-TPR are shown in Fig. and Table

As was already reported in different studies, the Fe”" in the perovskite is nearly not
reducible at temperatures below 700 °C.[%1314] Above this temperature, a weak reduction
process with T, > 1000 °C is discernible. This stability toward reducing atmosphere is in
agreement with the HTXRD measurements discussed before.

For the The LaMnOj solid, the value of the total H/Mn ratio of 1.30 (Table , much
below the theoretical one of 3, is in agreement with an incomplete reduction not proceeding
further than Mn?*. This lowering of the oxidation state creates a reverse charge imbalance
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Figure 3.7 — H, absorption profiles of calcined LaFeO; (50mg, 50 ml min~!; CCM),
LaMnO; and La,CuO, (both 100 mg, 25 ml min~!; CCM).

compared to the oxygen excess in the starting material. However, the generation of oxygen
vacancies can compensate for the Mn?*. This compensation should allow a certain stability of
the structure while offering increased reducibility compared to LaFeO;. Furthermore, Mn in
the LaMnOj solid seems to be present in more than the trivalent form in agreement with the
results of XRD, i. e. the difference in unit cell parameters derived from full pattern matching
to the stoichiometric reference of the structure discussed earlier (Section [3.1). According
to Lisi et al.l1219] the reduction peaks at low temperature (350 to 420 °C) correspond to the
reduction of the Mn** fraction in the perovskites to Mn>*. The high temperature peak (801 °C)
on the other hand is attributed to the reduction of Mn>* to Mn?*. The H, consumption
corresponding to the 1%t and 2" peak (H/Mn =0.61) would correspond to about 60 at.%
Mn** of all Mn in the LaMnO5 sample. This would furthermore imply that 30 % of trivalent
Mn would remain at temperatures above 850 °C.

Table 3.3 — H,-TPR results of LaFeO; (50 mg, 50 ml min~1; CCM), LaMnO; and La,CuO,
(both 100 mg, 25 ml min~!; CCM).

nominal H, consumption® H/B Tnax

composition (mmolg™!) reduction peaks
total 1%t peak total? 1% peak (°C) (°C) (°C)

LaFeO; - - - - - - >1100

LaMnO; 2.69 1.26° 1.30 0.61° 351 420 801

La,CuOy, 2.51 1.81 2.03 1.46 300 525 667

“H, consumption was only integrated for entirely recorded peaks.
b 15t and 2™ peak were integrated together.

The in situ HTXRD analyses of La,CuO, and its high intensity reduction peak at low
temperature during H,-TPR confirm the expectation of a higher reducibility of the cuprate
compared to the LaMnO; and LaFeO; perovskites. As reported in Table the La,CuQOy,
sample presents a total H/Cu ratio of 2.03. This value is in agreement with a complete
reduction of the Cu®* cations. As shown before, the reduction peak at 300 °C can be attributed
to the decomposition of the RP via the reduction of Cu®* to Cu® accompanied by the formation
of mainly La,Oj (Eq. [3.1). The 1% reduction peak accounts for an H/Cu ratio of 1.46.
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According to Anderson et al.l!7] for bulk CuO, the Cu reduction in the temperature range
up to 350 °C takes place in 2 steps via the formation of Cu,0, and the reduction of Cu® is
delayed until all Cu®* is reduced to Cu*. The overlap of both reduction peaks may explain
the slight asymmetry and the broadness of the 1%t observed reduction peak. The 2 additional
peaks at higher temperatures should be attributed to the completion of the reduction of
remaining low amounts of perhaps less accessible Cu™ species.

3.3 Textural properties

As shown in Fig. the isotherms of all reference perovskites are composites of type
IT and type IV corresponding to macroporous solids with some mesoporous contribution.
However, the by far broadest hysteresis is seen for LaMnOj (Fig. [3.8A). This is confirmed
by the pore size distributions displayed in Fig. [3.8B. For LaMnOj a strong contribution
of low-sized mesopores is observed, whereas LaFeO; only shows a low one and none is
observed for La,CuO,. Concerning the macropores, La,CuO, shows a predominance of
higher diameter pores compared to LaFeO3 and LaMnOj;. The LaMnOj; solid generally
contains lower diameter pores than the other investigated samples.

)

ME - - - desorption |
i‘f I 20 adsorition A I 0.05 “‘ B
—8 ; —_ “

2 e |

Z = |

3 \
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Figure 3.8 — Isotherms (A) and pore size distributions (B) of calcined LaFeO3;, LaMnO;
and La,CuQO, prepared by CCM.

Furthermore, as can be seen in Table the specific surface area of 21.9m?g™! of
LaMnOj is significantly higher than for La,CuO,4 and LaFeO5 with 12 to 14m? g~!. The pore
volume is lower than 0.1 cm3 g~! for LaFeO5 and La,CuOy,, and little higher for LaMnOj.
These results are in agreement with earlier investigations of simple perovskites. 10481

Table 3.4 - Comparison of specific surface area (SSA) and cumulative pore volume (Vjor.)
of LaBOj; (B =Fe, Mn) and La,CuO, (CCM).

composition SSA (m*g!)  Vpere (cm’g)

LaFeO; 13.9 0.08
LaMnO; 21.9 0.11
La,CuQy 12.2 0.07
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Overall, the perovskite catalysts prepared by CCM present higher specific surface areas
than those obtained by solid state reaction even though considerably lower ones than alu-
mina which is generally used as support for TWC. The perovskites’ morphology consists of
aggregated particles. The porosity of the solids purely resides on the holes between loose
aggregates as can be seen by scanning electron microscopy (SEM) (Fig. [4.5]in Chapter [4).

3.4 Chemical composition at the surface

3.4.1 XPS analyses of the calcined samples

The chemical composition of the surface was investigated by XPS. Table|3.5|lists the binding
energy maxima of the photoelectron peaks. The corresponding XP spectra for as-synthesized
catalysts are shown in Fig.

The La 3d photopeak shows the characteristic multiplet splitting giving rise to 4 pho-
topeaks. However, differences are observed concerning the positions as well as the shape
of these multiplet components. For La,CuQy,, an additional shoulder appears in the lower
binding energy (B.E.) range.

Different shapes of the La 3d photopeak are caused by varying amounts of non-perovskite
La species at the surface of the solid. Indeed, lanthanum atoms in species such as La,O;
or lanthanum carbonates are in a different chemical environment. The presence of such
additional La species leads to a superposition of the photopeaks attributable to the perovskite
and other La species and thereby causes a varying multiplet splitting energy difference
(AEgp1it). This phenomenon can be exploited to determine the presence of different La

species.[zol In this respect, it can be shown that La,O5 is not a predominant species at the
catalysts’ surfaces. Its characteristic AEgyy;; is expected to be 4.6 eV, 20 whereas the values for
LaFeOj; and LaMnOj solids (AEg);; = 3.8 eV and 3.7 eV respectively) are close to the 3.9eV
observed for La(OH);. This contribution is nonetheless due to surface species only, i.e.
low amounts compared to the bulk perovskite, formed by exposure to ambient atmosphere
explaining why it is not observed by XRD (Fig. [3.1).

La,CuQy’s major splitting energy difference of the La 3d multiplet of 3.5eV is equal to the
carbonate’s (AEgp;(Lay(CO3)3) = 3.5eV). The fact that a higher intensity of the component at
higher binding energy (B. E.) of La 3d5/; is observed is in agreement with the presence of high
amounts of carbonate species. Furthermore, the shoulder discerned at lower B. E. of the La
3d photopeak of the La,CuOy solid (Fig. could be assigned to La,(COs); (834.8 eV).[20]

The presence of such hydroxides and carbonates on perovskites and cuprates has been
described before.[321] It can be explained by the high basicity of the compounds, e. g. strongly
adsorbing CO, forming carbonates with surface La cations on La,CuQ,.[17]

Table 3.5 - Photopeak maxima of calcined LaBO; (B = Fe, Mn; CCM) and La,CuQO, (CCM),
and corresponding post-HTXRD samples.

B.E. (eV) La3ds, Fe2ps, Mn2ps, Mn3s Cu2pz, Ols

LaFeO;3 834.3 710.8 - - - 529.5
LaMnO; 834.0 - 642.2 84.0 - 529.7
La,CuO,  834.9 - - - 933.0 531.6

LaFeO; shows the characteristic multiplet splitting and satellites for the Fe 2p photopeak.
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Figure 3.9 — La 3d, Fe 2p, Mn 2p, Cu 2p, O 1s and C 1s photopeaks of calcined LaFeO3,
LaMnOj; and La,CuOy solids (CCM). LaFeOj; (a), LaMnO; (b) and La,CuOy, (c). LaFeO;
photopeaks were recorded on a lower resolution and higher intensity XP spectrometer. Their
intensities have been divided by 4 (La 3d) or 2 (O 1s, C 1s) in images for better comparison.
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The positions of the photopeaks (710.8eV for Fe 2p3/, and 719V for its satellite) are
in agreement with trivalent Fe.[”20 Comparing LaFeO; and Fe,Os;, it was reported that
this shake-up photopeak is relatively broader and lower in intensity for LaFeOj; than for
Fe,0,.[72223] The O 15 spectrum shows 2 contributions at 529.5 eV (lattice oxygen, Opice)
and at 531.5eV attributed to adsorbed oxygen containing species (O, 4).[>2%24]

As for oxygen, the C 1s photopeak also gives evidence of the presence of impurities at
the surface of the Fe-based perovskite. The main contribution located at 289.0 eV is ascribed
to adventitious carbon contamination. A minor contribution at 289.6 eV corresponding to
13 at.% of the overall signal corresponds to metal carbonate species.[202>]

The LaMnOj; photoelectron spectrum of Mn 3s shows 2 multiplet split components.
This splitting is caused by the coupling of non-ionised 3s electrons with 3d valence band
electrons.[29 The splitting energy difference depends on the oxidation state of manganese,
i.e. AEgpi = 6.5€V is characteristic for Mn?*, >5.5eV for Mn®* and > 4.5 eV for Mn**.[2¢] In
the case of the studied LaMnOj3 sample, a AEg;; of 4.6 €V is obtained, i. e. surface manganese

is predominantly present as Mn** species. From Eq. a mean oxidation state of Mn can
be estimated.[?”] The calculation for the LaMnO; sample yields a value of 3.86 according to

Eq.[3.10}
7.88 — AEgpji¢ (Mn 3s)

0.85

This average oxidation state is in agreement with the Mn 2p photopeak characteristic
of Mn*" with a maximum at B.E.=642.2¢V (Fig. . Metal oxides with predominant
contribution of Mn>* species would exhibit a more symmetric Mn 2p3,, photopeak. For MnO
a distinct satellite should appear.[2%] The absence of this satellite confirms the predominance
of tetravalent Mn species.

mean oxidation degree of Mn = (3.10)

Table 3.6 — Relative abundance of surface species of calcined LaBO; (B =Fe, Mn) and
La,CuQ, (CCM) obtained by spectral decomposition of the corresponding photopeaks.

at.% Cu*/Clyprar Ouds®  Ceop’
LaFeOj; - 45 13
LaMnO; - 53 20
La,CuOy 15 75 33

Z Oads + Olattice = 1-
CCO32_ + Cadventitious = 1-

As for LaFeQj, lattice oxygen is not the only oxygen species observed at the surface of the
LaMnOj; sample. O,4, are present with slightly higher abundance (53 at.%). Furthermore
having a look at the C 1s spectrum, as for the LaFeO; solid the carbonate photopeak is
observed. Its relative intensity is higher than for LaFeOj3, too, as reported in Table

Whereas LaFeO3; and LaMnOj; show similar features with slight variations only, the
cuprate shows significant differences if compared to the former solids. The expected divalence
of Cu in La,CuQy, is confirmed by the position of the Cu 2p3,, maximum (933.1 eV) which
is close to the reported 933.3 eV for Cu?".[2%28] The presence of a strong Cu 2p3/, shake-up
satellite at ~ 943 eV due to an O—~Cu(3 d) charge transfer is in agreement with the presence
of Cu?".328-30] This satellite cannot be observed for Cu’ or Cu™ since their d-shells are
completely filled. Only a low contribution of Cu* (15at.%) was found by deconvolution.
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Furthermore, the principal Cu LMM peak (Auger) is observed at 918.0eV (kinetic energy
(K.E.)) which confirms the predominance of Cu?*.[20]

Concerning the O 1s photopeak, Fig. shows a more intense contribution of O,
(75at.%) than the one assigned to lattice oxygen as already observed by Zhang et al.l®!
Different authors associate these O,4, with the presence of oxygen vacancies.[>31832] The
presence of carbonate species is also confirmed in the C 1s spectrum by the contribution at
289.6 eV which accounts for 33 at.% of the total C 1s photopeak signal.

Table 3.7 — Atomic ratios xy,/xg in the bulk (ICP) and at the surface (XPS) and surface
compositions of calcined LaBO; (B =Fe, Mn) and La,CuO,4 (CCM).

nominal X1a/XB surface composition

composition ICP XPS based on B based on La

LaFeO; 1.01 213 Lay;3FeO463(Cs46) LaFe 470,17 (Cy72)
LaMnO; n.a. 1.91 La; giMnOjg5(Cy24) LaMng 550, 04 (Cy 1)

La,CuOy n.a. 2.98 Lapg3CuOg g9 (C739) LayCug 0452 (Cyo6)

The surface compositions as determined by X-ray photo-electron spectroscopy (XPS) are
different compared to the bulk and nominal composition (Table[3.7). An important excess
of lanthanum with respect to B-site cations is observed at the surface of all investigated
calcined solids. La enrichment at the surface was already observed before for different
perovskites.[243334] As reported earlier,*3] La enrichment at the surface can have a detrimen-
tal effect on the catalytic properties lowering the accessibility of the active B-site cation.

Concerning the perovskites investigated in this study, the LaFeO; perovskite exhibits the
highest La enrichment with x ,/xg = 2.13, followed by the LaMnOj3; and La,CuQO4 samples
(Table[3.7). Regarding the surface compositions obtained by XPS, carbon is detected and
quantified in addition to the elements which compose the perovskite structure. The presence
of (adventitious) carbon on solid surfaces is always evidenced and used as internal reference
to calibrate the binding energy (B.E.) values. The contribution of carbon species on the
Ruddlesden-Popper phase (RP) surface are relatively high, though, as confirmed by the
presence of higher amounts of non-adventitious carbon species such as carbonates.

3.4.2 Exsitu XPS analyses of post-HTXRD samples

The LaFeOj; solid obtained after the high temperature treatment procedure (labelled as post-
HTXRD) was analysed by ex situ XPS after having been exposed to air (Fig.[3.10). Reoxidation
processes occurring on the surface due to this exposure cannot be excluded. This analysis
revealed that the maximum positions of the photopeaks and the shapes of the La 3d and Fe
2p core levels remained approximately the same as for the calcined sample (Fig. and
Table 3.8).

Differences were observed for the O 1s and C 1s core levels. In the calcined LaFeOj; solid
both photopeaks could be decomposed into 2 components, namely lattice and adsorbed
oxygen species or adventitious carbon and carbonate species, respectively. As shown in
Fig. for the post-HTXRD sample a 3" component arises for the O 1s photopeak, i.e.
adsorbed water is detected at 533.7 eV (Ogqs 1,0 = 12 at.%, Table . For C 1s the C-O-C
component at 286.0eV — which can be classified as belonging to the adventitious carbon
group — becomes more prominent (31 at.% of the overall C 1s signal) after the HTXRD
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Figure 3.10 — La 3d, Fe 2p, O 1s and C 1s photopeaks of the calcined and post-HTXRD
LaFeO; samples (CCM). The post-HTXRD sample was analysed on a higher resolution XP
spectrometer and its intensities were therefore multiplied by 5 for better comparison.

procedure. This leads to a higher oxygen and carbon content in the post-HTXRD surface
compositions (Table , maybe related to the second heat treatment which is conducted
under humid atmosphere except for the cooling step under dry air.

Concerning the atomic La to Fe ratio at the surface, a decrease in La enrichment from
2.13 before HTXRD to 1.64 after this procedure is observed as shown in Table The heat
treatment therefore yields an LaFeOj3 solid with more accessible Fe cations apart for the
adsorbed carbon and oxygen species and does not have a negative impact on the perovskite
structure.

In contrast to the post-HTXRD LaFeO5; sample, XPS measurements on the La,CuOy4
sample after the HTXRD analysis show an increased La-content at the surface (Table ,
presumably due to the still high amorphous content of carbonates. As shown in Fig.
the relative intensity of the carbonates contribution to the carbon impurities on the surface
is still as high as for the as-synthesized solid (Table[3.8). The O 1s photopeak is similar in
shape, and equally in its intensity ratio between O,y4, and the lattice oxygen. The maximum
peak position of O 1s is only slightly shifted to lower B. E. The Cu* contribution of the Cu
2p3/; signal remains similar as for the calcined sample (16 at.%) after the HTXRD procedure.

Having a closer look on the corresponding cation XPS core levels (Fig.[3.11)), slight shifts
of the photopeaks are observed for the La,CuQy, solid after HTXRD. The shoulder at low
B.E. of the La photopeak, already seen for the calcined sample, is still clearly discernible for
the solid after the HTXRD procedure, consistent with a high carbonate contribution. Even
though the maximum of the Cu 2pj,, photopeak is shifted to lower binding energies, the
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Table 3.8 — Photopeak maxima and relative abundance of surface species on calcined
LaFeOj; and La,CuQ4 (CCM), and corresponding post-HTXRD samples.
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Figure 3.11 — La 3d, Cu 2p, O 1s and C 1s photopeaks of the calcined and post-HTXRD
La,CuQy, solids (CCM).
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predominance of Cu®" is emphasized by a strong satellite. Deconvolution results confirm this
with 84 at.% Cu®" in contrast to 16 at.% Cu™. The photopeak maximum (932.7 eV) is now
close to the one of bulk CuO (932.8 eV).[m However, if there might be some CuO extracted
at the solid’s surface it forms a very finely dispersed or a non-crystalline phase since it is not
observed by XRD.

Table 3.9 — Surface atomic ratios x;,/xg (XPS) and surface compositions of calcined
LaFeOj; and La,CuQ,4 (CCM), and the corresponding post-HTXRD samples.

nominal Xra/xg  surface composition
composition XPS based on B

LaFeO3 calcined 2.13 La2.13FeO4.63 (C3.66)
LaFeO3 pOSt—HTXRD 1.64 La1.64F605_20 (C9.36)
L32CUO4 calcined 2.98 La2_98Cll09.69 (C7_39)

L32CUO4 pOSt—HTXRD 4.75 La4.75Cu010.10 (C6.08)

3.5 Catalytic performance

3.5.1 Catalytic performance of the commercial reference catalyst

The catalytic performance of a conventional 3-way catalyst was studied for comparison under
the same test conditions as the investigated perovskites. The crushed wash-coated monolith
sample provided by Johnson Matthey contains an active phase with 0.55 wt.% of noble metals
with an atomic ratio of Pd:Rh of 5:1 as well as promoters.

The commercial reference catalyst was studied in 3-way catalysis conditions according to
Procedure B (see Section [2.3)). The corresponding conversions of all monitored pollutants
as well as H, and O, are shown in Fig. The temperatures at half conversion (T5() are

reported in Table

Table 3.10 — Temperatures corresponding to 50 % conversion of NO, CO, CH, C;Hg, C;Hsg,
H,, and O, of the commercial reference catalyst containing noble metals.

commercial reference catalyst T5, (°C)

stoichiometric (1% test ramp) 456 217 464 262 455 149 230
lean o198 b 213 466 146 231
rich 286 238 -P 336 440 153 215
stoichiometric (return test) 351 228 465 268 457 153 240

“ Based on the conversions calculated by Eq. 3.14l
b Conversion lower than 50 %.

Typically, conversion vs temperature profiles for the reducing agents and NO and related
changes in selectivity towards the production of N,, N,O and ammonia reflect the occur-
rence of parallel and sequential reaction pathways with the relative rates depending on the
operating conditions.
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Figure 3.12 — Conversions of NO, CO, HC, H, and O, of the commercial reference TWC
during the 1%t test ramp under stoichiometric conditions (stoic1) and return test = 4th
test ramp under stoichiometric conditions (stoic2), as well as rich and lean test ramps

(Procedure B). Xco (#), Xy, (1), Xo, (M), Xc n, (A), Xcgn, (%), Xen, (©), Xno = (1 - M) (*),

Xno = (2[
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In stoichiometric conditions, the examination of Fig. (1%t stoichiometric test ramp,
stoicl) shows that the conversion of H, occurs more readily than that of CO and propylene,
starting below 120 °C. Propane and methane are the most refractory reducing agents. In
these conditions oxidation reactions predominate corresponding to complete conversion of
oxygen above 250 °C according to the following sequence (Eq. to Eq.[3.13).

H, + $0, = H,0 (3.11)
CO + 30, = CO, (3.12)
C3Hg + 30, = 3CO, + 3H,0 (3.13)

The theoretical amount of oxygen converting inlet CO, H, and propylene can be estimated
according to the stoichiometry of reactions to Eq.

To determine the selectivities of the different NO conversion products, the yields of N,
and N,O were monitored. Therefore, results of 2 different formulas for determining the
Xno (Eq.[3.14] and [3.15) are plotted in Fig. Eq. is the based on the actual NO
concentrations at the outlet, [NO], compared to the inlet NO concentration, [NO],, whereas
Eq.[3.15|refers to the sum of N, and N,O yields.

B [NO]

Xno = (1 - [NO]O) (3.14)
_ 2[N,] + 2[N,O]

o _( [NOJo ) 315

The examination of the conversion of NO and selectivity curves vs temperature illustrates
different trends depending on the operating conditions (Fig.[3.13). As seen in Fig. (stoicl),
the occurrence of parallel and sequential reactions below 450 °C leads to the production
of N, and N,O. The fraction of CO, H, and propylene non-oxidised by oxygen can explain
a maximum conversion of NO which does not exceed 45 %. It is worth to note that the
formation of nitrous oxide predominates at low temperature. A rise in temperature induces
a significant drop in Sy o and correlatively an increase in Sy,. Such behaviour is basically
explained by a 2-step process with N,O as intermediate species. At low conversion, Rh sites
are quasi completely covered by chemisorbed NO molecules due to strong NO adsorption
preventing the readsorption of N,O once it is formed. A partial NO desorption at higher
temperatures in conjunction with a greater NO dissociation will increase the density of
available Rh sites for N,O readsorption and decomposition into N,.

The catalytic behaviour of the commercial reference 3-way catalyst at high temperatures
(T >450°C) comprises a sharp increase in NO conversion correlated to a predominant
production of ammonia. In this temperature range, the conversion of methane and propane
sharply increase which could a priori explain the catalytic features by the direct reduction
of NO by methane and propane. However, more complex processes are likely to take place
as suggested by a drop in H, conversion, i. e. the production of H,. This H, production is
probably at the origin of the increase in NO conversion observed above 450 °C. All these
trends can be explained by the involvement of additional reforming (Eq.[3.16]and and
water-gas shift reaction (WGS) (Eq.[3.17).
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Figure 3.13 — N,, N,O and NHj selectivities and yields of NO conversion of the com-
mercial TWC under stoichiometric, rich and lean conditions (Procedure B). Sy /Yy, (*),

Sn,0/YN,0 (©), Snry/ Y, (X)

CH4+HQO:CO+3H2 .
CO + Hzo = COZ + H2 (317)

Hence, the production of H, could explain the formation of ammonia through the direct
NO + H, reaction (Eq.|3.18).

2NO + 5H, = 2NHj; + 2H,0 (3.18)

After sequential test ramps, a final test under the same stoichiometric conditions (Fig.
stoic2) reveals the same observations which highlights the preservation of the surface proper-
ties of the catalyst.

When the catalyst operates under rich conditions, the trends previously described in
stoichiometric conditions become more accentuated (Fig. [3.12). It is noticeable that H,
conversion sharply drops above 380 °C! coinciding with a minimum in the conversion profile
of CO. All these observations suggest that propylene reforming and WGS reactions occur.
These processes coincide more readily with a significant production of ammonia taking place

!The drop continues to significantly negative values of Xp, above 420 °C. This drop is not shown to allow
for the same scales in the whole Fig.
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at lower temperature, above 300 °C instead of 400 °C under stoichiometric conditions.

Finally, regarding lean conditions in the presence of an excess of oxygen, it is quite sur-
prising to observe that the oxidative reactions are not significantly enhanced. The reverse
trend compared to stoichiometric conditions is observed with lower conversion of methane
and propane recorded at 500 °C, probably due to their conversion by reforming and not oxi-
dation under stoichiometric conditions. However, the most important information is related
to a strong detrimental effect on the rate of NO conversion with a maximum conversion
which does not exceed 20 % in the whole temperature range. Parallel to this observation, no
ammonia production is observed according to Eq.

3.5.2 Catalytic performance of the perovskite reference catalysts

The catalytic activities of the perovskite reference solids LaFeO;, LaMnOj; and the RP
La,CuQ,4 were investigated according to Procedure A as described in Section This
procedure equals Procedure B except for an inversion of the rich and lean test ramps.

Table 3.11 — Temperatures corresponding to 50 % conversion of NO, CO, CHy, C;Hg4, C;Hg,
H,, and O, of the reference perovskite catalysts LaFeO3;, LaMnQO3, and La,CuQO, prepared
by CCM compared to the commercial reference.

catalyst Tso (°C)
NO CO CH; C3Hy CsHg H, O,

stoichiometric (1% test ramp)

LaFeO; - 438 - 463 478 499 450
LaMnOg - 358 - 428 484 468 399
La,CuOy,“ - 300 - 415 - 293 330
commercial reference 456 217 464 262 455 149 230
lean

LaFeO; - 436 - 449 467 484 502
LaMnOj - 340 - 400 454 442 470
La,CuOy,“ - 292 - 404 - 293 437
commercial reference - 198 - 213 466 146 231
rich

LaFeO, o442 - - - - 434
LaMnO; o354 - - - - 360
La,CuOy,“ 479 305 - 419 - 312 307
commercial reference 286 238 - 336 440 153 215
stoichiometric (return test)

LaFeO; - 443 - 469 481 496 458
LaMnOg - 367 - 426 476 494 401
La,CuO, * b 283 - 315 - 286 298

commercial reference 351 228 465 268 457 153 240

 The La,CuQ, test was performed at a GHSV of 45000 mlh~! g~! instead of
60000mlh~! g1,
b Conversion lower than 50 %.

These tests were conducted at a space velocity of 60000 mlh~! g=! except for La,CuQO,
(45000mlh~!g1). The corresponding conversion (X) versus temperature profiles under
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Figure 3.14 — CO, C3H4 and NO conversion curves of LaBO; (B =Fe, Mn; CCM; space
velocity =60000mlh~! g~!) and La,CuO, (CCM; space velocity =45 000mlh~! g=1) dur-
ing Procedure A. LaFeO; (¢), LaMnOs (+), and La,CuOy4 (®) compared to the commercial
reference (¢); 1% test ramp under stoichiometric conditions (stoicl), return test (stoic2)
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stoichiometric (1% test ramp: stoicl, return test: stoic2), lean and rich conditions are shown
in Fig.[3.14]for CO, C3Hg, and NO and in Fig. for C3Hg, CHy, and H,. The temperatures
corresponding to 50 % conversions of NO, CO, CHy C3Hy, C3Hg, H,, and O, are listed in
Table[3.11]for all the successively conducted test ramps and for the commercial one containing
noble metals.

The examination of Fig. and Fig. shows that perovskite mixed oxides are
less active than noble metals as expected. This is true for both — oxidative and reductive —
reactions with light-off temperatures shifting to much higher values for CO, H, and propylene

(Table(3.11)).
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Figure 3.16 - N,, N,O and NH; selectivities and yields of NO conversion of the perovskite
reference catalysts under rich conditions (Procedure A). LaFeO; (¢), LaMnOj; (+), and
La,CuOy (W) compared to the commercial reference (¢); Sy,/Yy, (solid), Sy,0/Yn,0 (dashed),
Snn,/Ynu, (dashdotted, big mark)

Among the selected mixed oxides, LaFeO3 only displays a low but stable oxidative activity
with CO and HC conversions always lower than those for the other solids. However, compared
to LaMnOs it also shows a slightly higher reductive activity under rich conditions in line with
the oxygen excess in the LaMnOj structure as evidenced by H,-TPR and XPS. La,CuQO, seems
to be the most promising catalyst of the series, being the sole solid able to convert NO above
400 °C reaching a complete conversion at 480 °C under rich conditions. It is interesting to
compare this result with the conversion profiles observed for CO and H,. As exemplified, the
same trends described for the commercial reference catalyst occur underlining additional
processes of H, and CO production attributed to reforming and WGS reactions. In contrast
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to the commercial reference catalyst, however, the NO conversion observed under rich
conditions leads predominantly to nitrogen (Fig.[3.16)), the targeted product.

The conversion profiles recorded during the return test under stoichiometric conditions
(stoic2) after the successively performed test ramps under lean and rich conditions are shown
in Fig. and Fig. Contrarily to previous observations obtained on the commercial
TWC, significant modifications are observed for the La,CuQOy catalyst — mainly related to a
significant gain in propylene conversion with a T5 shift from 415 °C to 315 °C. Moreover, a
broader and weak conversion of NO is observed in the temperature range of 300 to 500 °C.
This NO conversion predominantly leads to nitrogen (up to Sy, =86 %), the remainder
being nitrous oxide. These observations show an enhancement in NO conversion but not
enough to compete with the commercial catalyst. A gain in activity is also observed for
the conversion of the reducing agent with changes in selectivity suggested by the more
pronounced drop in the H, conversion compared to the initial stoichiometric test (Fig.
implying an enhanced reforming and WGS reaction activity. All these modifications probably
reflect surface modifications as confirmed by XRD analysis of the spent catalyst (following
Section showing significant phase segregation.

3.5.3 Physico-chemical properties of the spent perovskite catalysts

Solids which have been subjected to one catalytic test cycle, henceforward denoted as spent
catalysts, were characterised by XRD.

The XRD patterns of the spent catalysts (Procedure A) are displayed in Fig. The
comparison of the calcined and spent catalysts did not show any significant evolution of
the perovskite structure for the LaFeO3; and LaMnOj; catalysts whereas the RP structure is
completely destroyed.

The rhombohedral manganite structure shows only slight changes. Most notably peaks
are shifted to lower angles after testing and 2 additional peaks are observed at ~35° and
37° which cannot be attributed to MnO, (#24-0735), MnO (#07-0230), Mn;O, (#24-0734),
Mn,0;5 (#41-1442), La,0,CO;5 (#48-1113), La,O5 (#05-0602) nor to LaOH; (#36-1481). The
shifts to lower diffraction angles observed for its peaks could be explained by the reduction
of the present Mn*" fraction during the test cycle and therefore reduced oxygen content in
the solid. The fact that Mn** presents a smaller ionic radius than Mn3*32] may contribute to
a slightly increased unit cell volume?, i. . shifts to lower diffraction angles.

Contrarily to the LaFeO5; and LaMnOj perovskites, the Ruddlesden-Popper phase (RP) is
not retained. After testing, the La,CuO, phase is nearly completely destroyed which is in
agreement with literature.l3¢) A mix of mainly La,0,CO; as well as La,05 and CuO is formed.
This phase destruction is in line with the results of the HTXRD measurements discussed
earlier (Section [3.2). The formation of the decomposition products may account for the
increasing reactivity of the solid in the course of the test cycle. Segregated and most probably
finely dispersed CuO which are reduced to Cu® under reductive atmosphere is known to
exhibit a high intrinsic catalytic activity.[36‘38] Likewise, it has been reported that La,0,CO;
may play an important role in oxidation reactions over perovskites.l34] Unfortunately, the
catalytic activity may, however, decrease rapidly due to sintering effects if the stabilising RP
phase is not reformed under reaction conditions as was reported by Peter et al. for the CO +
NO reaction.[20

2Assuming a simplified, purely steric model.
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Figure 3.17 — X-ray diffractograms of calcined and spent LaBO; (B =Fe, Mn; CCM) and

La,CuO,4 (CCM) solids.

3.6 Conclusion

A commercial reference catalyst (containing noble metals and promoters) and 3 perovskite

reference catalysts were studied

in 3-way catalytic conditions. First, the influence of the

B-site cation in perovskites was investigated for samples prepared by conventional citrate
method. The choice of the B-site metal was limited to B=Mn, Fe and Cu (Ruddlesden-Popper
phase) as a consequence of the toxicity of Co and Ni compounds. Secondly, the catalytic
performances were studied for all reference catalysts.

All perovskite solids showed the expected crystalline structure, no significant phase
segregation was observed. Whereas, LaFeO3 and La,CuO,4 present moderate surface areas,
LaMnO; yields the highest specific surface area. As revealed by XPS, a La enrichment at
the surface is observed for all investigated solids. While the LaFeO3 sample is stable below
700 °C in H, atmosphere and the LaMnQOj solid is only little more reducible, the La,CuQOy,

solid shows a high reducibility. T

his reduction leads to the destruction of the RP phase and

the formation of Cu® particles (easily oxidised to CuO) and La,0,COj5 as was confirmed by

the HTXRD analysis.
3-way catalytic tests were pe
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lean and rich conditions. In general, only low NO conversion was observed under lean
conditions which is mainly due to low N,O production at low temperatures. On the other
hand, the production of high amounts of ammonia at high temperature, especially under
rich conditions, was observed for all catalysts except the La,CuOy solid. This ammonia
production can be explained by an excess H, formation due to occurring reforming and
water-gas shift reaction.

Conventional catalysts containing noble metals and promoters are very active for ox-
idation and reduction in 3-way catalysis. This is in line with the known higher intrinsic
catalytic activities of noble metals compared to base transition metals. The observed NO
elimination is, however, achieved by the formation of mainly undesired reduction products
as the greenhouse gas N,O and toxic NHj. It is therefore desirable to develop catalysts which
reach similar conversions while improving N, selectivity of the NO reduction.

For the perovskite catalysts, concerning the ability to catalyse the simultaneous oxidation
of CO and HC as well as the reduction of NO, differences were observed which can be
attributed to the described differing surface composition, i. e. carbonate and other adsorbed
oxygen species content, and the overall reducibility of the solids. However, methane could
not be converted in the investigated temperature range for any of the perovskites and propane
remained difficult to activate.

Whereas the LaMnOj catalyst shows good performances to catalyse the oxidation reactions
of CO, propylene and propane, only a very slight reductive activity was observed, probably
due to the high oxygen excess in the structure. The Mn-based perovskite structure is retained
with only minor phase segregation being detected after one test cycle.

On the other hand, the La,CuQO,4 sample presented the most interesting catalytic activity.
The high performance on CO oxidation was accompanied by propylene reforming activity.
The NO reduction performance was higher than for the other perovskite solids and yielded
nearly exclusively N,, even under rich conditions. An activation is observed in the return
test which is attributed to phase segregation, i.e. the formation of highly dispersed CuO
particles on the surface of a La oxide/ La carbonate mixture mainly composed of La,0,CO;
and La,O3; — much more reducible — as evidenced by ex situ XRD measurements of the spent
catalyst. This phase segregation unfortunately leads to the instability of the structure under
testing conditions. In contrast to the in situ HTXRD analysis, XRD ex situ analysis after one
test cycle showed that the RP could not be reconstructed under the reaction conditions. The
observed phase segregation initially leads to higher catalytic performances. However, it can
be assumed that this high dispersion will not be maintained indefinitely. A high probability
exists that sintering will occur rapidly leading to decreasing catalytic activity.

This is why this study will focus on Fe-based perovskites. The LaFeOj solid proved to be
stable under the testing conditions with no detectable crystalline phase segregation nor any
sintering being observed after one test cycle. Its moderate activity for CO, propylene and
propane oxidation is accompanied by some low reduction performance under rich conditions.

Fe-based perovskites are going to be investigated as challenging but thermally stable,
cheap and promising alternatives to noble metal containing conventional 3-way catalysts.
The combination with substitution by Cu is taken into consideration to combine the high
stability of LaFeO3 with the higher reducibility of Cu as in La,CuQy,.
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Chapter I

Influence of synthesis parameters on the
physico-chemical properties and catalytic
performance of LaFeO;

All synthesis protocols herein discussed were previously described in Section They are
based on the concept of complexation of precursors (metal nitrates) with citric acid to obtain
a homogeneous mixed oxide after calcination. The effect of the solvent is first investigated,
comparing results obtained for LaFeO3 prepared by the conventional citrate method (CCM)
with those for the hydroalcoholic method (HAM). Hereafter, the addition of a macro template
(macro-structuring method (MSM)) and their influence on particle morphology and reactivity
is discussed. Finally, the influence of the calcination atmosphere is explored.

4.1 Solvent effect

This work is focused on the effect of the solvent, water compared to hydroalcoholic solution,
used for the citrate precursor preparation and how this solvent affects the morphology and
specific surface area (SSA) of the obtained LaFeOj; perovskite powders.

The CCM is based on a sol-gel synthesis route renowned for giving homogeneous mixed
oxides with moderate specific surface area (10m? g~! < SSA <30m? g~!). The main steps of
this method are (i) the dissolution of the metal nitrate precursors and the complexing agent,
citric acid, in aqueous medium leading to the formation of a La-Fe-citrate precursor solution
under stirring, (ii) the gel-formation by slow evaporation of water under reduced pressure in
a rotative evaporator, (iii) obtaining the xerogel by drying at 80 °C, (iv) the decomposition of
nitrates of the ground powder in a muffle oven, and (v) finally the calcination under air flow
at 600 °C.

The first steps, i. e. dissolution and complexation, are crucial for the homogeneity of the
solid after calcination. They allow for the metal cations to be mixed statistically and close to
each other in the precursor complex. The nitrates decomposition itself is done separately to
spare the tubular quartz reactor employed later. In fact, this decomposition is exothermic
and can proceed explosively due to the NO, generation at rather low temperature (120 to
250°C).

The HAM, as already stated, is also a citrate complexing method but the synthesis takes
place in hydroalcoholic medium, i. e. an EtOH-water mixture as solvent. During the synthesis
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step, a minor difference may be induced by the lower temperature of the drying step of the
hydroalcoholic solution to obtain the xerogel, i. e. 40 °C instead of 80 °C.

After the complete dissolution which takes a little longer than for the CCM due to the
lower solubility of the precursors in the hydroalcoholic solution, the drying step is performed
in an oven (T =40 °C) for 2 to 3 days. The following steps are the same as for the CCM.

4.1.1 Nitrate-citrate precursor decomposition

Fig.[4.T]illustrates the thermal analysis of the dried LaFeO; precursor under air flow obtained
by CCM and HAM methods.

Concerning the CCM precursor, 5 different zones of weight loss are observed, adding up
to 82 wt.%. This is in reasonable agreement with a theoretical weight loss of about 74 wt.%
for chemical transformations according to Eq. 1] taking into account the evaporation of
adsorbed water.

La(NO3)3' 6 Hzo + Fe(NO3)3' 9H20 + C6H807.H20
——~ LaFeO3 + 6CO, + 2N, + 2NO, + 20 H,0 (4.1)

As shown in Fig. after an initial weight loss of approximately 7% up to 120°C
due to evaporation (endothermic phenomenon, 1), a major sharp and exothermic peak
with a shoulder is observed in the range of 140 to 180 °C which can be attributed to the
decomposition of organic and inorganic compounds such as free citrates to CO and CO, and
nitrates to NO, (2).[12] This nearly vertical second weight loss step accounts for a about 60 %
of weight loss, while the sum of subsequent weight losses does not exceed 12 %. Then, two
broad exothermic peaks (3, 4) are distinguishable between 220 °C and 440 °C which can be
assigned to the decomposition of the La-Fe-citrate complex probably leading to intermediary
binary metal oxide and carbonate species such as La,05 and La,0,CO5.153] The first of these
weight losses (3) sets in at 220 °C and is finished at 350 °C. At higher temperature (360 °C
to 440 °C), the 4th weight loss is observed. Finally, in zone 5 burnout of any residual carbon
species takes place and complete decarbonation of La,0,COj3 is leading to the formation of
LaFeO;.[24] Krupicka et al. detected only low amounts of NO, formed during this whole
decomposition step, probably due to a preliminary release by nitrate decomposition during
the drying process.l?) In contrast to the single oxide and mixed oxides decomposition results
reported by Courty et al. which proceed in a continuous process,[®l a fast decomposition
of citrate and nitrate species, i. e. a highly exothermic and even explosive decomposition is
observed in our case.

Interestingly, weight loss profiles from thermal analysis of the dried HAM precursor
under air flow differ from those obtained for the CCM precursor. When decomposition
of the HAM precursor is occurring, the thermogram is clearly exhibiting more complex
features associated to the use of an EtOH-water mixture as solvent. In this case, a shift of
the weight losses to higher temperatures is observed, the elimination of residual carbon
species in the last step at 620 °C excepted. Thus, it is presumed that precursor complexes are
better stabilised in hydroalcoholic medium. This stabilisation may be induced by less strong
solvent-complex interactions (less hydrogen-bonding with EtOH) and therefore different
interactions may occur inside the complex itself. The overall weight loss is lower than in the
case of the CCM precursor and amounts to 72 wt.% which is slightly below the theoretical
value mentioned above. Nonetheless, an initial solvent weight loss of the same magnitude as
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Figure 4.1 - TGA/DSC of CCM and HAM precursors of LaFeOj3. Please note the different
scales for dm/dT and heat flow.
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for the CCM precursor is observed. Thus, it is assumed, that a higher contribution of nitrates
is decomposed during the drying step than for the CCM precursor. This prior decomposition
of oxidising species may play an additional role in the less exothermic decomposition process
as observed.

As can be seen from Fig. the main weight loss zones are retained. They are, however,
split up in more complex features. This can be well observed for zone 2 which is related
to a highly exothermic and abrupt weight loss step for the CCM precursor. For the HAM
precursor solid, a similar decomposition of organic compounds and nitrates takes place in
a very attenuated form - attenuated regarding the weight loss and the exothermic reaction.
In the CCM case the 2-step behaviour is barely visible as a shoulder (see zoom Fig. [4.1)),
whereas it is clearly observable for the HAM precursor. Furthermore, the temperature of
decomposition of these species shifts from 140 °C and 150°C to 170 °C and 210 °C. This is
attributed to a higher stability of the complex. The processes taking place in the temperature
range denoted as zone 3 and 4 for the CCM precursor previously exhibit an even higher
complexity. Again temperature shifts are observed compared to the CCM precursor but they
are less marked (for the first corresponding peak respectively).

Whereas the CCM nitrate/free citrate decomposition step is highly exothermic, as can be
seen by the intense heat flow peak, the 15! part of the decomposition is only slightly, the 2"d
part just little more exothermic in the case of the HAM precursor. The same trend of LaFeO;
formation from a CCM precursor being more exothermic than from an HAM one is observed
for the following calcination steps. Surprisingly, the exothermic behaviour in the course of
the nitrate/free citrate decomposition is even shifted to slightly higher temperatures than
the observed weight loss. This phenomenon may contribute to the more resolved superposed
weight loss steps in zone 2 since no “chain reaction” is started by the first exothermic weight
loss step.

The chosen calcination temperature in both syntheses of 600 °C is below the last weight
loss step. It is generally accepted that lower calcination temperatures (and partial crys-
tallisation) allows for lower crystallite sizes and higher specific surface areas and thereby
improves the catalytic activity of the solid.l®] Furthermore, the solids prepared by HAM
are not subjected to the additional decomposition step in a muffle oven before calcination
contrarily to the CCM sample since their decomposition is less explosive.

4.1.2 Structural properties

XRD measurements show that both solids are well crystallised and present the expected
orthorhombic structure of LaFeOj3 (Fig.[4.2). No crystalline phase segregation is observed
and relative intensities correspond to those of the reference (#37-1493). For both preparation
routes, no deviation is observed despite the lower calcination temperature compared to the
one indicated by the TGA/DSC analysis.

Table 4.1 — Comparison of crystallite sizes and unit cell parameters derived from full
pattern matching of calcined LaFeO; prepared by CCM and HAM air.

synthesis method = dc;ys (nm) a (A) bA) c(A)  Viitcen (A%

CCM 20.1 £0.1 5.561 7.858 5.558 242.85+0.17
HAM air 20.2+0.1 5.553 7.863 5.555 242.58 +0.33
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Figure 4.2 — X-ray diffractograms of calcined LaFeO; prepared by CCM and HAM air.

In agreement with the similar broadness of the diffraction peaks, crystallite sizes (d) of
approximately 20 nm are obtained in both cases as can be seen in Table [4.I|which lists the
results of full pattern matching. As expected, LaFeO3 samples prepared by CCM and HAM
air present similar unit cell parameters and unit cell volume.

4.1.3 Textural properties

Nitrogen physisorption isotherms and pore size distributions are depicted in Fig. As
illustrated, the textural properties of LaFeO5 samples differ if prepared in different solvents.
Whereas both solids display isotherms which show contributions of macroporous solids (type
IT) with mesopore influence (type IV), the sample prepared by CCM presents an isotherm
which is mainly of type II. On the other hand, the HAM air sample shows mainly type IV

behaviour. The hysteresis of the CCM solid is significantly narrower than the one of the HAM
air perovskite.
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Figure 4.3 — Isotherms (A) and BJH pore size distributions from the desorption branch
of the isotherm (B) of calcined LaFeOj; prepared by CCM or HAM air.

Differences are also observed for the pore size distributions. Indeed, the CCM catalyst
shows a very broad distribution in the macropore range with only a very low amount of
mesopores being detected whereas the HAM air sample is characterised by a high mesopore
contribution with a maximum at d4re # 10 nm.
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Table 4.2 — Comparison of specific surface areas, cumulative pore volume and average
pore diameter of LaFeO; prepared by CCM and HAM air.

synthesis method SSA (m?g!) Vpore (cm®g™!) d_pore (nm)

CCM 13.9 0.08 20.4
HAM air 14.0 0.06 7.5

Overall, SSA and cumulative pore volumes are similar for both synthesis methods. How-
ever, as already observed for the pore size distribution, a significantly lower cl_l[,ore is observed
in the case of the sample obtained by HAM air.

SEM (Fig. reveals differences in the morphology at the micrometre level. As shown in
Fig.[4.5[C, the solid prepared by CCM represents a network of aggregates with macropores
being mainly due to holes in this matrix. On the other hand, in agreement with the pore size
distribution, the sample obtained by HAM air (Fig.[4.5D) does not show such macropores.
Instead of aggregates (Fig. [4.5]A) dense block-like morphologies are observed (Fig. [4.5B)
which resemble the compact LaFeO5; morphology reported by Krupicka et al.Bl At a higher
magnification (Fig. (CCM) and Fig. (HAM air)), differences are less marked. The
presence of lower diameter mesopores for the latter solid is, however, confirmed.

Figure 4.4 — Transmission electron micrographs of LaFeO; synthesized via CCM (left)
and HAM air (right).

Concerning the nanometric scale, TEM analyses as displayed in Fig. show that the
structures are formed by small particles in both cases. However, the average particle size of
the CCM perovskite is bigger than that obtained by HAM air. This may be caused by the very
exothermic decomposition reaction leading to the sintering of different nuclei. Moreover, in
the case of the HAM air solid an amorphous film is observed on the surface throughout the
whole sample. This film consists of silicon oxide as evidenced by EDX. The source of this
contamination remains unclear but seems to be due to the preparation of the sample before
microscopy because no Si was observed by XPS.! This is highly unlikely to be observed if the
contamination was present in the whole sample.

The loose aggregation in the case of the CCM solid compared to the dense packing of the
other may be explained by the high explosiveness of the decomposition as already discussed

IAn exclusion is impossible if solely based on the Si 2p region since it overlaps with the one of La 4d.
However, no adequate photopeak was detected in the range being generally attributed to Si 2s.
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Figure 4.5 — Scanning electron micrographs of LaFeOj; synthesized via CCM (left) and
HAM air (right).
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in Section This leads to the high contribution of macropores and is in contrast to the
slower weight loss process observed for the HAM air sample. Moreover, the smaller particles
formed during HAM air are more suitable for dense packing leading to the predominance of
mesopores.

4.1.4 Chemical composition at the surface

As already stated in Chapter |3} the elementary analysis confirms the nominal composition
of the perovskite prepared by CCM. The chemical composition at the surface of the LaFeOj;
perovskite samples was analysed by X-ray photo-electron spectroscopy (XPS).

HAM air

intensity (a. u.)

870 860 850 840 830 740 730 720 710 700
binding energy (eV) binding energy (eV)

intensity (a. u.)

HAM air
L L L L 1 L L L L I | \C\C\M\ I
535 530 525 295 285 275 265
binding energy (eV) binding energy (eV)

Figure 4.6 — La 3d, Fe 2p, O 1s and C 1s photopeaks of calcined LaFeO; prepared by CCM
and HAM air.

The corresponding XPS spectra for as-synthesized catalysts are shown in Fig. The
La 3d photopeaks do not show any remarkable change in shape depending on the synthesis
method. The multiplet structure is well defined for both solids. A shift of the B. E. values
is discernible for the Fe 2p photopeak for the perovskite obtained by HAM air (Table [4.3).
Regardless of the employed solvent, the Fe 2p photopeak envelopes of both LaFeO; samples
show the characteristic Fe®* satellite at 719 eV.

Concerning the oxygen species at the surface of the perovskite solids studied at the
O 1s core level, 2 components are detected. In both cases the major contribution can be
attributed to lattice oxygen (Oj,ce), Whereas adsorbed oxygen species (O,q,), i. e. surface
04", 05, hydroxyl and carbonate species, present a lower amount. C 1s photopeaks also
reveal the presence of 2 distinct components. The carbon at the surface of the solids can be
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mainly classified as adventitious carbon species as they are always found. A non-negligible
contribution of carbonate species is detected in addition.

Table 4.3 — Comparison of surface compositions and photopeak maxima (XPS) of calcined
LaFeO; prepared by CCM or HAM air.

synthesis  xp,/Xpe B.E. (eV) at.%

method ICP XPS La3dsp Fe2psp, Ols  Opyice® Ceop”
CCM 1.01 2.13 834.3 710.8  529.5 55 13
HAMair n.a. 2.23 834.1 710.1 529.2 65 20

Zolattice + Oads =1
CCO32_ + Cadventitious = 1-

Spectral decomposition results for O 1s and C 1s core levels are reported in Table
While higher amounts of adsorbed oxygen species (O,4,) are detected for the LaFeO5 sample
prepared by CCM, it seems to present a lower contribution of carbonate species.

Moreover, the XPS measurements revealed a surface La enrichment (compared to Fe) for
both LaFeO; samples as shown in Table

4.1.5 Conclusion

The influence of the solvent used to dissolve the precursors and to allow for complexation
during sol-gel synthesis, i.e. water or a hydroalcoholic solution of EtOH and water, on
the physico-chemical properties of the LaFeO3; was investigated. After calcination in air
flow at 600 °C, no detectable crystalline phase segregation was observed by XRD beside the
orthorhombic LaFeOj; structure for any of the LaFeO3 samples. Furthermore, the surface
composition of the perovskite is mainly unchanged as evidenced by XPS measurements.

On the other hand, marked differences were observed concerning the textural properties.
While both solids present similar specific surface areas and cumulative pore volumes, their
isotherms and the respective pore size distributions differ significantly. While the CCM
solid is mainly a macroporous solid with only low amounts of mesopores, the perovskite
obtained by hydroalcoholic method presents a broad hysteresis due to a high contribution of
mesopores in the structure. These findings were confirmed by electron microscopy.

The CCM sample is composed of in average bigger particles which form loose aggregates.
This leads to the formation of the observed macropore predominance. The sample obtained
by HAM air consists of lower-sized particles which are more densely packed forming compact
blocks with lower-sized mesopores all over the solid.

These differences can be explained by the different behaviour during the decomposition
and calcination. As evidenced by TGA/DSC measurements, the decomposition of the CCM
precursor proceeds much faster with a strong exothermic reaction compared to the HAM
air precursor. This could explain the formation of aggregates of bigger particles which form
holes in the scale of macropores between each other. In contrast to the CCM solid, the HAM
air perovskite is composed of small particles which form dense blocks with mesopores due to
a slower and more controlled decomposition/calcination step.

The attenuation of the decomposition process of the perovskite precursor in the case of
the HAM air synthesis is assigned to the formation of a more stable precursor complex in
hydroalcoholic medium.
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4.2 Influence of the template

In order to obtain perovskite catalysts with a controlled porosity and possibly higher specific
surface area, a synthesis method using macro-structuring agents (MSM) was explored with
quasi monodisperse polymer spheres as templates. On the one hand, they were carried out
using polystyrene spheres (PS, d = 400 nm, 200 nm and 130 nm), on the other with smaller
polymethylmethacrylate spheres (PMMA, d = 80 nm) (2 examples shown in Fig. .2

PS6 5.0kV 10.0mm x20.0k SE(U) 2.00um

Figure 4.7 — Scanning electron micrographs of PS and PMMA spheres as used for MSM
syntheses. Exemplarily shown for PS (d =200 nm, a) and PMMA spheres (d = 65 nm, b)/7!

This macro-structuring method (MSM) is based on the HAM synthesis route but includes
a supplementary step of impregnation of dried polymer spheres before slow evaporation in a
climate chamber at fixed temperature (40 °C) and relative humidity (r.h. =30 %) (s. scheme
in Appendix, Fig.[A.2and protocol in Section[2.1.3).

Calcination was performed in 2 parts, the first under inert atmosphere, the second under
air flow. The reasons will be explained in the following. For further comparison, an HAM
sample was prepared without using a template but under otherwise the same conditions.
This sample has been labelled HAM N,.

Moreover, one sample, labelled MSM y1ing, Was prepared introducing an intermediate
cooling before the atmosphere switch to investigate the influence of preventing an exothermic
reaction due to the switch to air flow, i. e. oxidising conditions, at high temperature.

4.2.1 Thermal analysis of the template

After the template has been impregnated by the metal-nitrate-citrate precursors, a hybrid
organic-inorganic precursor is formed and needs to be transformed into a homogeneous
solid-phase material. Hence, a thermal treatment is required, leading to the removal of the
organic porogens and the generation of a macroporous skeleton generated by the polymer
spheres’ imprinting. This means that the inorganic network has to be sufficiently rigid
before the decomposition of the organic template occurs to prevent it from collapsing. The
polymer spheres were therefore characterised by TGA/DSC in order to determine an optimal
calcination procedure to obtain the perovskite solids with controlled porosity.

2The polymer spheres were not synthesized in the framework of this PhD but provided by the UCCS
laboratory (Abdelali Zaki). See [7] for synthesis details.
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Figure 4.8 — TGA/DSC of PS spheres (d =200nm) recorded under air and N, flow. A
problem with the highly exothermic reaction caused the last “weight loss” in the machine
under air flow.

The thermograms presented in Fig. [4.8 were recorded during the decomposition of PS
spheres with d =200 nm under air and N, flow. As expected, the choice of the calcination
atmosphere has an influence on the polymer decomposition mechanism. Whereas the
decomposition of the spheres is taking place in a single step under inert atmosphere (N,
flow) between 300 °C and 440 °C, several weight losses assigned to the decomposition of
organic compounds were identified under oxidising atmosphere (air flow; 200 °C to 380 °C
and 400 °C to 460 °C).l"]

The observed differences in the decomposition temperature confirm the presence of
2 distinct mechanisms. Under N, atmosphere, the absence of oxygen does not allow the
oxidation of carbon and hydrogen into CO, and H,O. As a result, the polymer decomposition
starts at higher temperature with the production of light hydrocarbons and carbon as reported
before.l®] On the contrary, in the presence of oxygen this step is strongly attenuated. The
polymeric chains are oxidised in CO, and H,O at much lower temperature. Sulfate groups
(coming from the initiating agent K,5,04) will generate the formation of carbonaceous
subproducts that will be fully decomposed during the highest temperature oxidation step.

This is the reason why, we performed the first calcination step under N, flow to hold off
the polymer’s decomposition as long as possible until formation of a solid framework. A
slow heating ramp (1 Kmin~!) then allows for a gentle oxide formation. 5h after reaching
the final calcination temperature, the gas is switched to air resulting in the decomposition of
the residual carbonaceous species and a final perovskite phase formation.

Fig. shows the results of the thermal analysis under air or N, flow (corresponding to
the HAM air or 1% part of HAM N, calcination procedure respectively) of the dried precursor
of the LaFeO5 perovskite prepared by HAM synthesis.>

3Corresponding TGA/DSC analyses on a MSM precursor were not performed. The non-negligible influence
of the exothermic perovskite precursor decomposition on the polymer decomposition — even under inert
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Figure 4.9 — TGA/DSC of HAM precursors of LaFeO; under air or N, flow. Please note
different heat flow scales.

TGA/DSC analyses under N, flow reveal overall a similar weight loss behaviour as under
air flow. However, weight losses are less pronounced for each step due to the attenuated
decomposition under inert atmosphere. This leads to an overall 5 % lower weight loss under
nitrogen flow compared to the analysis conducted under air flow.

More marked differences are observed at high temperatures. For the sample subjected to
N, flow, the delayed decomposition caused by the inert instead of oxidising atmosphere of
N, comes mainly into play at higher temperature. Compounds which decompose at lower
temperature under air flow will do so at a higher one under N, flow. This is why less peaks
are observed under N, flow below 650 °C. Moreover, the weight losses are decreased in the
same temperature range and heat flow measurements indicate less exothermic reactions.
Additional peaks are observed above 650°C under N, flow. They are correlated to an
additional weight loss step (5 %) which is not observed in the case of the sample subjected to
air flow. These phenomena are attributed to the delayed combustion of residual carbonaceous
species.

In order to eliminate these residual carbon species without having to increase the final
calcination temperature, and thereby preventing a decrease in specific surface area, a switch
to air flow was implemented as discussed above in the calcination procedure for all MSM
samples as well as the HAM N, solid.

To improve textural properties of the perovskite materials, smaller polymer spheres
(<100nm, PMMA) were investigated for the use in the macro-structuring method. Neverthe-
less, it is challenging to decrease the polymer size below 70 nm. In this case the decomposition
of the inorganic salts and free citrate species in the precursor falls in the same temperature
range as the decomposition of the polymer spheres, leading to a possible collapse of the
inorganic network.

atmosphere — has, however, been considered. The use of a precursor having been prepared in hydroalcoholic
medium (HAM and MSM) is, nonetheless, assumed to have less deleterious effects for the polymer stability
than in the case of using a CCM precursor due to the less exothermic decomposition process (Section |4.1.1).
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Figure 4.10 - TGA/DSC of PMMA spheres (d =50 and 70 nm) under N, flow.

As illustrated in Fig. the decomposition step tends to begin at lower temperature for
smaller-sized spheres.

It is interesting to note that PMMA is more polar than PS. Thus, though it is easier
to handle (less static), it presents the disadvantage of a lower glass temperature (T,) and

Tgecomposition €- g- 290 °C for the latter in the case of 300 nm spheres (determined under air

flow).[210]

In fact, as shown in Fig. PMMA spheres of 70 nm diameter are fully decomposed in
a single step in a lower temperature domain (200 °C to 400 °C) than PS, in air (not shown)
and in nitrogen atmosphere alike. Therefore, the solidification temperature of the inorganic
precursor wall is more difficult using such small-sized polymers, because the decomposition
of the nitrates interferes and partly hinders a gentle heating.

In conclusion, thermal analyses confirmed that, as already observed for the HAM air
sample (Section[4.1.1), solids prepared by HAM-based syntheses exhibit a by far less explosive
and less exothermic decomposition process than the CCM sample. In addition, MSM samples
are prepared with temperature sensible templates. Therefore, they were not subjected to a
preliminary decomposition step in a muffle oven before calcination.

Based on these results, it was furthermore decided to perform the calcination procedure in
2 parts up to a temperature of 600 °C as for the CCM and HAM air solids. The first part of the
calcination is conducted under inert atmosphere (N, flow), the second under air flow. This
second part is implemented in order to eliminate residual carbon species after the perovskite
phase generation without having to increase the maximum calcination temperature from
600 °C. Additionally to the decreased heating ramp of 1 Kmin~!, quartz sand is added to the
precursor solid to further attenuate the decomposition processes by impeding the generation
of hot spots. The influence of preventing an exothermic reaction due to the switch to air flow
at high temperature is studied by performing an intermediate cooling before the atmosphere
switch for the MSM ()ing sample.
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4.2.2 Bulk/Structural properties
Chemical composition of the bulk

The bulk chemical compositions of calcined macro-structured perovskites were exemplarily
assessed by inductively coupled plasma atomic emission spectroscopy (ICP) for the LaFeO;
sample prepared by MSM PS 200 nm. With La; (,FeOs,s, it complies with the nominal
composition as expected.

XRD

The orthorhombic LaFeO; perovskite phase is obtained for all investigated solids as can
be seen by their X-ray diffractograms shown in Fig. and the corresponding unit cell
parameters determined by full pattern matching (Table [4.4). Thus, the template addition
does not prevent the perovskite phase generation.
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Figure 4.11 — X-ray diffractograms of calcined LaFeO; prepared by MSM compared to
HAM N,.

However, XRD reveals 2 additional peaks at 260 = 33.2° and 35.7° for the MSM samples
using PS spheres of 200 nm and 400 nm diameter (regardless of performing an intermediate
cooling or not). A much lower intensity feature at the same diffraction angle of 33.2° is
observed for the HAM N, solid. These peaks can be attributed to a phase segregation in the
form of hematite, a-Fe,O5 (#73-2234).
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An additional La,0,CO5 impurity (#48-1113) was detected on the MSM PS 400 nm solid,
evidenced by the diffraction peaks at 29.5° and 13.1°.
No effect on the structure was observed as a consequence of an intermediate cooling.

Table 4.4 — Comparison of crystallite sizes and unit cell parameters derived from full
pattern matching of calcined LaFeO; prepared by MSM compared to HAM N,.

dcryst (nm) a (A) b (A) ¢ (A) Vinit cell (A?})

HAM N, - 124+ 0.1 5.562 7.858 5.558 242.88+0.27
MSM PMMA 80nm 10.3+0.1 5.570 7.850 5.564 243.28 +0.31
MSM PS 130 nm 12.5+0.1 5.562 7.856 5.558 242.86+0.18
MSM PS 200 nm 10.2+ 0.1 5.561 7.853 5.557 242.71 +0.38
MSM PS 400 nm 99+0.1 5.575 7.826 5.555 242.37+0.27

MSM cooling PS 400 nm 8.8+0.1 5.567 7.820 5.554 241.79+0.26

Table also lists the crystallite sizes obtained by full pattern matching of LaFeOj;
samples prepared by MSM and HAM N,. No significant differences are observed between the
investigated solids. Slightly lower-sized crystallites are obtained using PS template spheres
with an average diameter of 400 nm.

4.2.3 Reducibility

The reducibility of the LaFeO5; samples prepared by MSM (PS 200 nm) and the HAM N, solid
were investigated by H,-TPR. Both reduction profiles are depicted in Fig.
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Figure 4.12 — H,-TPR profiles of calcined LaFeO; prepared by HAM N, and MSM
PS 200nm (both 50mg, 50mlmin~!) compared to commercial a-Fe,O; (10mg,
50mlmin~!).

The H,-TPR profiles reveal a weak bulk reducibility of the LaFeO; solids. A low intensity
signal in the range of 300 to 600 °C is discernible for the HAM N, sample which intensifies
for the solid prepared by MSM PS 200 nm and is tentatively ascribed to a-Fe,O3 with respect
to the H,-TPR measurement of a commercial hematite reference. This confirms the findings
of XRD discussed above that an additional hematite phase is formed even for the HAM N,
sample for which the XRD signal was less marked.
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Table 4.5 — Comparison of H/Fe of calcined LaFeOj; prepared by HAM N, and MSM PS
200nm (both 50mg, 50 ml min~!) and commercial a-Fe,0; (10 mg, 50 ml min1).

solid H, H/Fe* a-Fe,O3 Tiax

(synthesis consumption? total content’ reduction peaks
method) (mmol g~!) (wt.%) (°C) (°C)
LaFeO3; (HAM N,) 0.32 0.16 1.7 442  >1100
LaFeO3 (MSM PS 200 nm) 0.79 0.39 4.3 466  >1100
a-Fe,O3 (commercial) 18.52 2.96 100 382 512

%H, consumption was integrated over the temperature range of 200 °C to 700 °C.
b Assuming that the H, is totally consumed by a hematite phase.

Table lists the total H, consumption below 700 °C. An estimation of the hematite
content in both samples is conducted by referring to the H/Fe ratios assuming that H, is
completely consumed by the commercial hematite phase. This allows to roughly quantify
the phase segregation. In both solids, only low amounts of this single oxide are detected
with a maximum concentration of 4.3 wt.% of a-Fe,O3 for the MSM PS 200 nm compared to
1.7 wt.% for the HAM N, sample.

It therefore appears that the calcination procedure including a part under N, flow favours
phase segregation in the form of hematite since neither the CCM nor the HAM air solid
showed such segregation. This phenomenon seems to be enhanced by the use of polymer
templates.

4.2.4 Textural properties

The textural properties of the templated perovskites and the HAM N, solid were investigated
by N, physisorption and electron microscopy. Results of the physisorption analyses are
shown in Fig.[4.13]and Table

The reference material obtained without template (HAM N,) is characterised by the
presence of mesopores of uniform size, as indicated by the type IV adsorption isotherm
accompanied by a type H1 hysteresis loop (Fig.[4.13]A). No perturbation of the isotherm at
high relative partial pressure is observed, suggesting that there is no textural porosity coming
from particle assembly compared to the CCM sample (Fig. [4.3).

For all templated perovskite materials (MSM PS 130, 200, 400 nm and PMMA 80 nm),
a combination of type IV and type II isotherms, indicating the presence of mesoporous
and macroporous domains, are observed. The contribution of the type IV isotherm in-

creases with lower macro-template size. As a consequence, the H1 hysteresis loop shape
at 0.75< ZNZ <0.95, assigned to the uniformly-sized mesopores of the LaFeO; perovskite
prepared by HAM N,, is deformed when a structurlng agent is added during the synthesis.

Moreover, in the high partial pressure domain ( p02 > 0.95), regardless of the polymer

sphere size, adsorption isotherms are perturbed and reveal the intrinsic macroporosity of the
MSM materials (Fig.[4.13]A). As confirmed by SEM (Fig.[4.14), these macropores originate
from the polymer sphere imprinting.

In the case of the MSM PS 130nm sample, the hysteresis tends to a type H3 loop
(Fig. -A which characterises solids with narrow slit-like pores [11] Thls may be due
to a combination of the low pore sizes of approximately 65 nm (Fig.[4.13]
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Figure 4.13 — Isotherms (A) and BJH pore size distributions from the desorption branch
of the isotherm (B) of calcined LaFeO; prepared by MSM compared to HAM N,. HAM
N, (a); MSM PMMA 80 nm (b); MSM PS 130 nm (c); MSM PS 200 nm (d); MSM PS 400 nm (e);
and MSM ling PS 400 nm (f)

The corresponding pore size distributions are shown in Fig.[4.13]B. Compared to the HAM
N, sample, different features are observed for all MSM solids. Except for the solid obtained
by MSM (qoling (PS 400 nm), which exhibits a pure type Il isotherm (Fig. ), bimodal pore
size distributions are observed. The 2"¢ maximum is observed in the higher pore size range:
MSM PS 400 nm (dpore, local maximum =~ 20 nm), MSM PMMA 80 nm (dpore, local maximum ~43nm)
and falling in the macropore range for MSM PS 130 nm (dpore, 1ocal maximum ~61 nm).

The main maximum of the pore size distribution for all MSM solids calcined without
intermediate cooling is in the range of 6.6 nm to 8.7 nm.

Shoulders in the low-sized mesopore range were observed at dyore shoulder &3 nm for the
PMMA 80nm, the PS 200 nm, and PS 400 nm (both calcination procedures) samples. For the
LaFeOj3 obtained by MSM (qoling, this shoulder nearly coincides with the (global) maximum
of its pore size distribution.

Comparing both LaFeO3 samples obtained using PS 400 nm templates, the solid prepared
including the cooling step before the atmosphere switch presents a kind of narrowing of
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the pore size distribution in the mesopore range. This narrowing is, nonetheless, difficult to
interpret due to the low overall pore volume (0.03 cm?® g~!) of the MSM cooling sample. This is
also in agreement with its very low specific surface area of 7.1 m? g~! as reported in Table

Table 4.6 — Comparison of specific surface areas, cumulative pore volume and average
pore diameter of LaFeO; prepared by MSM compared to HAM N,.

synthesis method template SSA (m?g™')  Vpore (cm®g™!)  dpore (nm)

HAM air - 14.0 0.06 7.5
HAM N, - 23.8 0.11 13.2
MSM PMMA 80nm 34.4 0.11 8.5
MSM PS 130 nm 20.3 0.10 14.2
MSM PS 200 nm 28.8 0.09 9.0
MSM PS 400 nm 19.1 0.07 10.7
MSM ¢ooling PS 400 nm 7.1 0.03 10.4

Regarding the cumulative pore volume (Table[4.6), a slight increase is observed for the
MSM samples compared to the HAM air perovskite which is more marked for solids obtained
using lower-sized templates. The only solid with lower cumulative pore volume is the
MSM (ooling Sample. The mesopores seem to account for the main contribution to the total
pore volume. These mesopores are synonymous for interparticulate, i. e. textural, porosity.

Except for the MSM (oling Sample, specific surface areas are generally moderate to high
(19 to 34m?g~!) compared to the HAM N, sample (Table |4.6). They are not as high as
initially intended if compared to the previously obtained results for LaFeO3 with PS spheres
(160 nm) by Sadakane et al. (45 to 49 m? g‘l).m] On the other hand, the MSM PMMA 80 nm
and PS 200 nm samples show SSA in the range reported by Sadakane et al. and Qin et al. (25
to 30 m? g~!) obtained with PMMA spheres of 185nm to 415nm diameter[!314] and calcined
at the same temperature of 600 °C. The not as high SSA are suspected to be the consequence
of the relatively big template spheres. The thereby created macropores do not yield the
same increase in specific surface area as the same equivalent amount of additional smaller
mesopores would provide.

Using a template during synthesis leads to structured solids but not to direct replicas
of the template as already discussed by Stein et al.l!>l Using a polymer template leads to
smaller pore size diameters than the initial size of the structuring agents due to the shrinkage
and deformation of the polymer spheres along with inorganic wall contraction during the
calcination.

For the MSM solids obtained with polymer spheres of smaller diameter, i. e. PMMA 80 nm
and PS 130 nm, the second (local) maximum of the pore size distribution coincides with
approximately half the diameter of the template, 43 nm and 61 nm respectively. Indeed, the
shrinkage of the template during the calcination process yields pores which are about half
as large as the initial polymer sphere diameter in agreement with reports in literature on
PMMA spheres.[1%] This template shrinkage explains why no local maximum is observed for
the MSM PS 200 nm sample since 100 nm-sized pores are out of range to be determined by
N, physisorption. The same consideration holds true for the solids obtained using PS 400 nm
templates.

By analogy, the additional pore size distribution maximum at ~20 nm observed for the PS
400 nm sample obtained without intermediate cooling during calcination (Fig.[4.13]B) cannot
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Figure 4.14 — SEM of LaFeOj; synthesized by MSM with PS spheres: 400nm (A, B) and
200 nm (C-F).
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be explained by the diameter of the template. These pores may be so-called windows between
adjacent macropores created by the close contact of neighbouring template spheres due to
the compacting of the polymer spheres during the impregnated template sedimentation and
drying process, followed by the shrinkage during calcination.* It is, however, more probable
that they are generated by partial deformation of the porous structure leading to less and
especially lower-sized pores.

Complementary SEM analyses were performed for the MSM samples prepared with PS
spheres of 200 and 400 nm diameter Fig. Both solids clearly show the impact of the use
of template spheres. The enhanced and more homogeneous porosity of the perovskites is
evident. The MSM PS 200 nm sample presents a porous sponge-like network (Fig.|4.14). Even
though no intermediate cooling step was performed a homogeneous network is obtained.
The pore diameters correspond to approximately diemplate/ 2 in agreement with the results of
N, physisorption for the solids obtained with smaller template spheres. This phenomenon is
due the progressive deformation and shrinkage of the polymer spheres during the calcination
as discussed above. The MSM PS 400 nm LaFeOj; solid shows a less homogeneous porous
network. A partial collapse of the porous structure leads to strong inhomogeneities. The
presence of windows is difficult to confirm. The additional maximum in the pore size
distribution of the solid at 20 nm (Fig.[4.13B) could be related to a strong alteration of the
macropores.

s 71

AS017 7.0kV 7.1mm x10.0k SE(V)
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Figure 4.15 — SEM of LaFeOj synthesized by MSM ,qling (PS 400 nm).

Based on these results, the influence of performing an intermediate cooling during the
calcination procedure on the textural properties is dramatic (Fig.[4.13)). However, instead
of increasing the total (open) pore volume, it leads to its decrease as can be seen by the
low quantity of adsorbed N, (Fig. A and Table [4.6). Comparing both samples by SEM
(Fig.[4.15/compared to Fig.[4.14A and [4.14B), it is clear that the sample obtained respecting the
supplementary cooling step (MSM cyoling) yields a more homogeneous porosity throughout
the sample whereas partial supplemental alteration seems to have taken place in the solid
obtained without this cooling step (MSM). Only small areas show the characteristic spherical
pores. In the case of the MSM (y1ing sample, it is clear that pore sizes are approximately
200 nm, i. e. half the diameter of the template spheres, in line with the earlier observations
on pore size distributions.

In conclusion, the formation of macroporous perovskite networks was evidenced. The gain
in SSA was lower than intended which was ascribed to too big template sizes. However, lower-

4A scheme depicting the different pore sizes as created by the templating method can be found in .
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sized templates are prone to decompose at too low temperatures to allow for a preliminary
solidification of the inorganic framework. Therefore, other templates need to be used for this,
either non-organic ones as mesoporous silica as used by different groups,[1771% which has,
however, as already discussed in Section the disadvantage of requiring a post-treatment
of the calcined catalyst to eliminate the template, or functionalised polymers so as to elevate
their decomposition temperature as exemplified by Sadakane et al.l'2] Probably, adhering to
an intermediate cooling might improve the textural properties but does not lead to enhanced
surface areas as can be seen by the MSM ¢,ling PS 400 nm LaFeO3; sample which presents a
surprisingly low SSA of 7m? g~!. It should therefore be combined with lower sized templates.
A possible collapsing of the inorganic framework cannot, however, be prevented by the
intermediate cooling since it is likely to occur before the final calcination temperature is
reached, thus before the atmosphere switch.

4.2.5 Chemical composition

The chemical composition of the surface of the HAM N, and the MSM samples was assessed

by XPS. Fig. depicts the results for the La 3d, Fe 2p, O 1s and C 1s core levels of selected
samples.
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Figure 4.16 — La 3d and Fe 2p photopeaks of calcined LaFeO; prepared by MSM compared
to HAM N,. HAM N, (a); MSM PMMA 80nm (b); MSM PS 200nm (c) and MSM cyoling

PS 400nm (d). La 3ds,, was used as reference at 833.7 eV (B.E.).[2Y Since the PMMA
photospectra were recorded on a higher resolution XP spectrometer, i.e. present lower
intensities, their intensities have been multiplied by 2.

La 3d photopeaks of all analysed perovskite samples show the characteristic multiplet
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splitting. Differences in intensity are caused by the use of different XP spectrometers with
different resolutions.

Similar spectral features are observed for the Fe 2p photopeaks associated to the charac-
teristic Fe>* satellite at 719 eV.

The O 1s photopeaks, as shown in Fig. reveal again 2 components corresponding to
lattice oxygen and adsorbed oxygen species. Compared to the MSM samples, a higher contri-
bution of adsorbed species was observed for the HAM N, solid (Table [4.7). Lowest amounts
of O,4, were detected for the perovskite prepared using PMMA spheres as structuring agent
(45 at.%).

The B. E]of the C 1s core level are also slightly shifted. A rather asymmetric adventitious
carbon component photopeak is observed for the MSM PS 200 nm sample, probably caused
by the presence of other than carbonate carbon species on the surface. Spectral decomposition
of the C 1s core level yields slightly increased carbonate contributions to the C 1s signal for
the HAM N, as well as the PMMA-templated perovskite compared to the other solids.

Table 4.7 — Comparison of bulk and surface compositions and photopeak maxima (XPS)
of calcined LaFeOj; prepared by HAM N, and MSM. La 3d;,, was used as reference at
833.7¢eV (B.E.).[2%

synthesis template XLa/XFe B.E. (eV) at.%

method ICP XPS Fe2ps, O1l1ls Cls Ojgice” Ccof*b
HAM N, - n.a. 1.17 709.7 529.0 284.6 47 18
MSM PMMA 80nm n.a. 1.41 710.0 528.7 284.3 65 18
MSM PS 200 nm 1.02 1.23 710.3 529.1 284.8 54 13
MSM cooling PS 400 nm n.a. 1.82 709.7 528.8 284.1 56 13

* Olattice T Oads = 1.
CCO32‘ + Cadventitious = 1-

As shown in Table in contrast to the bulk composition, an enrichment of La at
the surface is observed for all solids obtained after partial calcination under N, flow (all
MSM samples and the HAM N, solid). This La excess at the surface of the perovskites is,
nonetheless, much less marked than for LaFeO; samples prepared by CCM or HAM air
(xLa/xge > 2). The lowest La enrichment is observed at the surface of the HAM N, LaFeO;
solid.

This lowered surface La enrichment in the case of the HAM N, and the MSM samples
may be linked to the phase segregation of (finely dispersed) hematite as evidenced by XRD
for all MSM solids except those with lowest template diameters and confirmed by H,-TPR
analyses for the MSM PS 200 nm and HAM N, samples. However, the non-detection by XRD
of low amounts of a segregated hematite phase does not rule out its presence since it is barely
visible for the HAM N, solid by this technique but was nonetheless detected by H,-TPR.

4.2.6 Catalytic activity

The catalytic activity of LaFeO3 samples prepared by HAM N, and MSM was tested according
to Procedure A (Section [2.3). The corresponding light-off curves are shown in Fig.
compared to the commercial reference TWC for CO and C3H¢ under stoichiometric and for
NO under rich conditions.
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Figure 4.17 — CO, C3H4 and NO conversions of LaFeOj; catalysts prepared by MSM us-
ing different templates compared to HAM N, under stoichiometric and rich conditions
respectively. HAM N, (l); MSM PS 400 nm (¢); MSM PS 200 nm (x); MSM PMMA 80 nm
(L1); compared to the commercial reference (°).

Catalysts prepared by hydro-alcoholic method but using a template (MSM), showed
higher catalytic performances for CO oxidation than the corresponding sample prepared
without a template (HAM N,). The conversions are not, however, improved if compared to
the CCM sample except for the MSM PS 200 nm catalyst (Table [4.8).

Table 4.8 — Temperatures corresponding to 50 % conversion of CO, C;Hg, C3Hg, and H,
(stoichiometric) and NO (rich composition) of LaFeO; catalysts prepared by MSM com-
pared to HAM N, and selectivities of NO reduction products. CCM results are given for

comparison.
condition stoichiometric rich
Tso (°C) CO C3Hy C3Hg H, NO
CCM - 438 463 478 501 -4
HAM N, - 476 474 489 480" -
MSM PMMA 80nm 458 480 4620 447° -
MSM PS 200 nm 399 461 497 467 518
MSM PS400nm 455 493 513" 496" -
4 Conversion lower than 50 %.

b1,

Regarding the hydrocarbons’ conversion, differences arise according to the nature of
the HC. While CH, was not activated for any of the investigated solids in the monitored
temperature range as already observed before and propane oxidation performance was
decreased compared to the CCM and the HAM N, catalysts, propylene oxidation performance
was enhanced for the same solid which also showed CO conversions at lower temperature,
i.e. the MSM PS 200 nm catalyst (Table [4.8).

Likewise, no NO reduction is observed for any of the MSM samples (just as for the HAM
N, catalyst) except for the aforementioned one prepared with PS spheres of 200 nm. At
490 °C, this solid yields a higher N, selectivity of 17 % than for the CCM solid. The rest of
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the eliminated NO was converted to NHj as for the CCM solid and the commercial reference
catalyst.

The best catalytic performances were achieved by the MSM PS 200 nm catalyst in agree-
ment with the fact that it presents the best textural properties compared to the other MSM
solids. This perovskite presents the highest homogeneity of the porous network and lowest
pore diameters which lead to a non-collapsed, non-sintered framework. Enhanced reducibil-
ity as induced by the hematite phase segregation might play a role as well but cannot be
the decisive reason since other solids prepared by MSM also show such an additional phase
but not the same enhancement in catalytic performance. Different dispersions of this single
oxide may, nonetheless, occur and play a role.

Generally, the catalytic performances do not seem to be much affected by the PS 400 nm
and the PMMA 80 nm template. In the former case, this may be due to the non-homogeneity
of the porous network as observed by SEM (Section in combination with the high
diameters of the pores leading to only small gains in specific surface area. The latter case
is more surprising to understand since a relatively high SSA of 34 m? g~! combined with a
relatively low surface La enrichment was observed. On the other hand, N,-physisorption
results hint at a partial collapse of the porous network regarding the relatively low amount
of macropores compared to the mesopore contribution (Fig.[4.13).

4.,2.7 Conclusion

The use of polymer spheres as macro-structuring agents for the LaFeOj3 perovskite synthesis
was studied using polystyrene and polymethylmethacrylate beads of diameters in the range
of 80 nm (PMMA) to 400 nm (PS) in a hydroalcoholic medium and calcination up to 600 °C
in 2 parts, switching between N, flow in the first and air flow in the second part, i. e. under
MSM conditions. An additional sample was investigated for which the gas switch during
calcination was performed after an intermediate cooling (MSM cyoling)- The obtained solids
were compared to a sample obtained under the same conditions but without template, HAM
N,.

For all these samples, no change to the perovskite structure itself is observed by XRD and
only minor deviations of the crystallite sizes are observed. However, nearly all solids show
a hematite phase segregation as evidenced by XRD and confirmed by H,-TPR for selected
samples.

While all the MSM solids and the HAM N, sample analysed by XPS exhibit a surface La
excess if compared to Fe, they interestingly, all show a lower La-content at the surface than
was detected for the CCM and HAM air solids. This lower surface La enrichment is probably
caused by the minor hematite phase segregation as evidenced by XRD (and confirmed by
H,-TPR for MSM PS 200 nm).

Concerning their textural properties, a combination of strong contributions of both macro-
and mesopores is evidenced by N,-physisorption as well as electron microscopy for MSM
perovskites. Indeed, apart from the interparticulate mesopores, pores with diameters of
approximately diemplate/ 2 are evidenced by N, physisorption and SEM for solids obtained
with smaller-sized and bigger templates respectively. Bimodal pore size distributions are
observed for all except the MSM PS 200 nm and the MSM ,1ing sample PS 400 nm. This can
be explained by their higher template diameters. Likewise, the 2" maximum in the pore
size distribution observed for the MSM PS 400 nm sample cannot be assigned to the original
imprints left after template decomposition but may be caused by partial sintering effects
probably in consequence of the exothermic reaction after the gas switch at 600 °C during
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calcination. Additionally, all samples obtained by MSM except the one prepared with PS
spheres of 130 nm diameter present a shoulder to their main mesopore peak at approximately
3nm. The contribution of mesopores is increased and shifted to lower diameters by the use
of structuring agents. This is attributed to increased strain on the perovskite phase leading
to smaller particles and therefore smaller-sized interparticulate voids, i. e. mesopores.

Regarding the morphology of the samples at the micrometre scale, electron microscopy
revealed that homogeneous porous networks were obtained for the MSM PS 200 nm and
the MSM 401ing Sample PS 400 nm. Sintering of the network was observed for the MSM PS
400 nm solid which underlines the beneficial influence of performing an intermediate cooling
before switching the calcination atmosphere on the porous network. Surprisingly, while the
MSM PS 200 nm perovskite shows an enhanced SSA of 28.8 m? g7!, the specific surface area
of the MSM (ooling sample PS 400 nm is clearly decreased (7.1 m? g~1), even if compared to
the corresponding solid obtained without intermediate cooling (19.1 m? g~!). This cannot be
explained by the surface compositions, i. e. a higher content of high surface area lanthana
at the surface, since all the MSM samples present a relatively low surface La enrichment.
The use of smaller-sized templates supposedly leads to the (partial) collapse of the porous
inorganic network. This may explain the low catalytic performance of the solid obtained
using PMMA spheres (80 nm) despite its high specific surface area.

In general, solids calcined partly under inert gas flow (HAM N, and MSM) yielded poor
catalytic results under TWC conditions except for the MSM PS 200 nm catalyst. The macro-
structured samples yield slightly better catalytic results than the HAM N, solid, though.

Best catalytic performances were obtained by the MSM PS 200 nm catalyst. CO oxidation
performance was most enhanced for this LaFeO3 sample. NO reduction performance was
also slightly increased as was N, selectivity compared to the CCM catalyst.

4.3 Effect of the calcination atmosphere

Another important aspect of the synthesis method is the calcination procedure including
the employed atmosphere. Recent studies made by de Jong’s group on the incipient wet im-
pregnation method (IWI) have revealed much insight in complex phenomena like migration
and sintering of particles which occur during the individual thermal steps of preparation of
monometallic Ni/SiO, or Co/Si0,.[21723] For example, using model supports of mesoporous
silica SBA-15-type, Sietsma et al.[24720] concluded that calcination in air is detrimental to
obtain a high dispersion of NiO nanoparticles, when the impregnated materials are dried
at 120°C. During subsequent calcination, sintering and migration of precursor species
take place, which also results in migration of NiO outside the pores and location on the
external surface. The authors associated the degree of migration of oxide particles with the
concentration of gaseous products (i.e. H,O, NO, and O,) evolved during the decomposi-
tion of Niz(NO3),(OH), to NiO. Interestingly, as NO, and O, display an inhibiting effect
by promoting sintering and migration of NiO leading to pore blocage, H,O vapours have
the opposite effect inhibiting sintering and migration.[?4] Hence, to reach high dispersion
of Ni nanoparticles throughout the support, a careful control of each thermal step (solvent
impregnation, solvent evaporation, temperature of drying, calcination temperature) but also
of the treatment atmosphere is needed to ensure adequate final homogeneous dispersion.
In this Section, the influence of calcining the dried precursors under so-called stagnant
atmosphere during the first part of the calcination procedure, i. e. without flow in a pseudo
semi-closed system (s. Section for details), on the morphology of LaFeO; perovskites
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was investigated first. An investigation was then launched to reach a better understanding of
the implications of the stagnant atmosphere calcination. This study involved the preparation
and characterisation of LaFeO; solids which were calcined under stagnant atmosphere and
diluted NO flow during the first part of the calcination. They were compared to the HAM N,
perovskite.

4.3.1 Effect of calcination under stagnant atmosphere

The aim of this investigation is to study the influence of calcining dried precursors obtained
under varying conditions (CCM-, HAM- and MSM-based syntheses) under so-called stagnant
atmosphere on the morphology and catalytic activity of LaFeOj; perovskites. The methods
will be distinguished by the employed solvent and the use of a template as before and marked
by an asterisk * to designate the calcination under stagnant atmosphere, i.e. CCM* (water)
and HAM* and MSM* (hydroalcoholic solvent, without and using a PS template (400 nm)
respectively).> These solids are compared to the corresponding samples calcined under
standard conditions, i. e. air flow calcination for CCM and HAM air and N, flow followed by
air flow for the MSM perovskite.

Nitrate-citrate precursor decomposition

Fig. (top) shows the results of the thermal analysis under stagnant atmosphere (corre-
sponding to the 1% part of CCM* calcination procedure), compared to those under air flow
of nitrate/citrate precursor of LaFeO; after the drying to a xerogel according to the CCM
synthesis.

For both atmospheres, the same weight loss steps as described before (Section are
observed. However, contrarily to the results obtained under air flow, the decomposition
of the precursor solid under stagnant atmosphere occurs less abruptly in more resolved
steps corresponding to different relative weight losses. After the 1%t weight loss attributed
to the endothermic water evaporation, under air flow a 2"¢ weight loss of approximately
60 % occurs corresponding to an exothermic process. A lower weight loss of 35 % is recorded
under stagnant air atmosphere. A 3™ weight loss appears (=20 %) which corresponds to a
more exothermic process than the one observed under air flow. Less differences are observed
for the final decarbonation step, i. e. the elimination of carbonates and other carbonaceous
species above 600 °C.

Similar experiments were conducted for the HAM precursor of LaFeO;. Fig. (bottom)
shows the results of the thermal analyses under stagnant air atmosphere® or air flow. Results
from thermal analysis of the nitrate/citrate HAM precursor subjected to air flow differ very
much from the CCM results as was already discussed in Section The comparison between
the TGA/DSC analyses of the LaFeO; HAM precursor under air flow or stagnant atmosphere
do not reveal significant changes compared to previous observations on the CCM precursor.

As could be shown, regardless of the presence or not of a gas flow during calcination,
the solids prepared in hydroalcoholic medium, i.e. by HAM, present a by far less explosive

>The perovskite prepared by HAM* was additionally subjected to an intermediate cooling before the
atmosphere switch during the calcination (subscript cooling). In the following it is therefore denoted as
HAM*cooling-

61t has, however, to be kept in mind that (slightly) different conditions reign in the calcination reactor under

stagnant atmosphere than in the TGA/DSC analyser since the analyser cannot be operated in quasi semi-closed
configuration as shown in Fig.

© 2015 Tous droits réservés. lilliad.univ-lille.fr



Thése de Anke Schon, Lille 1, 2015

4.3. Effect of the calcination atmosphere 121
L | T T T T L | T T T T
L air flow 750 1 stagnant air
= I (CCM) = I (CCM¥) 25
20 =
£ 08¢F £ 08
= i =
&) | 25 &)
£ ® & c
< <
s 0.6 Z 3 06 =
z z
S S
= =
;O 0.4 § ;O 0.4 §
~ = ~ =
X X
& 0.2 & 0.2
N T
£~ g
el el
0 1 1 1 1 1 O 1 1 1 1 1
20 150 300 450 600 750 20 150 300 450 600 750
T (°C) T (°C)
T T T T T T T T T L]
- L air flow | 20 - stagnant air
ED (HAM air) F‘éo (HAMY) 10
£ 08 1o £ 0.8
[ [
2 — 2 —
k L s ®
S = g 06 =
z z
S S
— = =
o 2 O 0.4 =
2 22 -
= =
T < 0.2
~ ~
S g
o o
1 1 1 1 1 0 1 1 1 1 1
20 150 300 450 600 750 20 150 300 450 600 750
T (°C) T (°C)

Figure 4.18 - TGA/DSC of CCM and HAM precursors of LaFeO; under air flow or stagnant
atmosphere. Please note the different scales for dm/dT and heat flow.
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and less exothermic decomposition process than the precursors obtained according to CCM
synthesis (Section [4.1.1) under air flow. Therefore, they are not subjected to the additional
decomposition step in a muffle oven before calcination. The same holds true for the CCM*
sample.

Bulk/Structural properties

Chemical composition of the bulk The bulk chemical compositions was analysed by ICP
for the LaFeOj3 sample prepared by MSM* PS 400 nm, i. e. the macro-structured perovskite
calcined partly under stagnant atmosphere. As expected it is in agreement with the nominal
composition (Laj g3FeOs, ).

XRD XRD measurements show that all calcined catalysts present the expected orthorhom-
bic structure of the LaFeO; perovskite (Fig.[4.19). Relative intensities are in line with the
reference (#37-1493) and no shifts of the diffraction peaks are observed.

MSM¥, PS 400 nm L

MSM, PS 400 nm

‘ \
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Figure 4.19 — X-ray diffractograms of calcined LaFeOj; prepared by CCM, CCM*, HAM
air, HAM* 45ling; MSM, and MSM*. Both samples prepared by MSM-based methods are
synthesised using PS spheres of 400 nm diameter.

Apart from the already discussed additional hematite peaks in the case of the MSM
sample, no phase segregation is observed. Apparently, the calcination under N, flow is at the
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origin of the hematite phase segregation of a-Fe,O3 in MSM samples as it was also observed
for the HAM N, solid but is not detected for any of the solids obtained by partially calcining
under stagnant atmosphere, even the templated sample.

Table 4.9 — Comparison of crystallite sizes and unit cell parameters derived from full
pattern matching of calcined LaFeOj; prepared by CCM, CCM*, HAM air, HAM* ;oling,
MSM, and MSM* (both PS 400 nm).

template (d) dcryst (nm) a (A) b (A) c (A) Vunit cell (A?’)

CCM - 20.1+0.1 5561 7.858 5.558 242.85+0.17
CCM* - 20.3+0.1 5562 7.860 5.558 243.00 +0.20
HAM air - 20.2+0.1 5.553 7.863 5.555 242.58 +0.33
HAM* cooling - 17.1+0.1 5.561 7.850 5.560 242.72+0.16
MSM PS400nm  9.9+0.1 5575 7.825 5.554 242.29 +0.27
MSM* PS400nm  15.8+0.1 5.563 7.861 5.562 243.24+0.20

Table lists the results of full pattern matching of LaFeO5; samples prepared by the
different CCM, HAM and MSM variants calcined partly under stagnant atmosphere or
completely under air flow. No significant deviations concerning the unit cell parameters
or the corresponding unit cell volumes are observed for the samples calcined under stag-
nant atmosphere. While average crystallite sizes of solids obtained by CCM, CCM* and
HAM air are similar (d¢ys; = 20 nm), they are slightly decreased for the HAM*o1ing Sample
(deryst = 17 nm). On the other hand, higher crystallite sizes are obtained by following the
MSM* than for the templated solid calcined under non-stagnant conditions (MSM).

Raman spectroscopy XRD analysis of the MSM* solid did not reveal phase segregation in
the form of hematite. However, the presence of an amorphous or finely dispersed hematite
phase undetectable by the XRD technique cannot be ruled out.

| B —

intensity (a. u.)

500 800 1100 1400

Raman shift (cm™!)

200
Figure 4.20 — Raman spectra of LaFeO; prepared by MSM* excited with 1., =488 nm and
632 nm.

Therefore, Raman spectroscopy was performed on the MSM* solid (Fig. [4.20) in order
to detect trace amounts of hematite in analogy with the MSM samples which were calcined
under inert atmosphere during the first part of the calcination (Section [4.2.2).
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Fig. shows 2 Raman spectra recorded after excitation of the MSM* sample with a
blue (Aexc =488 nm) or a red (632 nm) laser respectively. Comparing the recorded spectra to
the LaFeOj; ones already discussed in Section 3.1} only few additional lines to the perovskite’s
are observed. No hematite lines — which would be expected at 225 cm™1, 291 ecm™!, 407 cm™!
and weaker lines at 498 cm™! and 612 cm™[27] _ are evidenced. However, a line at 497 cm™!
and its 2"4 harmonic at approximately 1150 cm™! are detected which could not be assigned
to any Fe single oxide.[28]

Furthermore, at 770 cm~! and only for an excitation with a blue laser (¢ =488 nm) a
line of minor intensity is observed. Bands in this region are generally attributed to metal-O
stretch modes of perovskites.[2?] The same is true for the broader line at 981 cm~! which is
recorded for both excitation lasers.

In conclusion, XRD results on the absence of a segregated hematite phase were confirmed
for the MSM* sample, further affirming the hypothesis that N, calcination has a bigger
influence on phase segregation than the use of a template.

Reducibility

The reducibility of the solid prepared by HAM* y,1ing was investigated by H,-TPR, another
means of estimating a hematite phase segregation as shown in Section |4.2.3| Fig.|4.21|reveals
2 very slight reduction peaks below 700 °C. Above 700 °C, the typical LaFeO5; reduction
occurs as already described in Section The reduction peaks below 700 °C are very
low in intensity and therefore do not enhance reducibility of the solid by much (total H,
consumption = 0.13mmol g~!). The overall H/Fe ratio below 700 °C does not exceed 0.05.

HAM*

cooling /

H, consumption (a. u.)

200 400 600 800 1000
T (°C)

Figure 4.21 — H, absorption curves of calcined LaFeO; prepared by HAM* o}ing compared

to the CCM sample (both 50 mg, 50 ml min~!). The results of the CCM sample are given
for comparison of magnitude.

The very low intensity peaks cannot be attributed to hematite which is in agreement with
the XRD results. At higher temperature, the typical reduction phenomenon of the LaFeO;
perovskite is observed.

The H,-TPR results of the HAM* o,ling sample furthermore show that calcination under
stagnant atmosphere does not significantly enhance the redox properties of the LaFeO;
perovskite.
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Textural properties

As shown in Fig. LaFeO5; samples present different textural properties if prepared
in different solvents and calcined under flow or stagnant conditions. Whereas the solids
prepared by CCM and CCM* display mainly type II isotherms (Fig. [4.22]A), the HAM air and
HAM* o0ling Samples show predominantly type IV behaviour (Fig.[4.22C), especially for the
perovskite prepared by HAM* oling- The hysteresis is broadest in the case of the HAM air

solid.
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Figure 4.22 — Isotherms (A, C, E) and BJH pore size distributions from the desorption

branch of the isotherm (B, D, F) of calcined LaFeOj; prepared by CCM, CCM*, HAM air,
HAM* oolings MSM, and MSM* (both PS 400 nm).

Differences are also observed for the pore size distributions. On the one hand, the CCM
catalyst shows a very broad distribution (Fig.[4.22B). It is slightly narrowed for the CCM*
perovskite. At the same time a higher total (open) pore volume is expected. This is confirmed
by N, physisorption measurements listed in Table While the specific surface area
increases slightly, the average pore diameters are bigger for the solid obtained by CCM*.

On the other hand, both solids obtained by HAM-based synthesis show narrower pore
size distributions (Fig.[4.22]D). The predominance of mesopores is evidenced for the HAM air
and HAMX oling perovskites. The HAM* synthesis method seems to favour the formation of
mesopores. In fact, as already apparent from the corresponding isotherms, the HAM* o1ing
sample shows no macropore contribution at all. In this case, the intermediate cooling before
the atmosphere switch during the calcination may also contribute to the narrowing down
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Table 4.10 — Comparison of specific surface areas, cumulative pore volume and average
pore diameter of LaFeO; prepared by CCM, HAM air, HAM* o51ing, MSM, and MSM*
(both PS 400 nm).

synthesis method SSA (m*g™!)  Vyore (cm g™!)  dppore (nm)

CCM 13.9 0.08 20.4
CCM* 16.4 0.13 26.1
HAM air 14.0 0.06 7.5
HAM* cooling 29.6 0.15 16.0
MSM PS 400 nm 19.1 0.07 10.7
MSM* PS 400 nm 27.3 0.10 11.1

of the distribution due to the prevention of an exothermic reaction at high temperature in
response to the suddenly increased oxygen content via the air flow. Stagnant atmosphere,
again induces an increase in cumulative pore volume (Vpgre ~ 0.15 cm? g1, Table [4.10).

Concerning their textural properties, the solid prepared by MSM* shows intermediary
behaviour between the perovskites prepared by CCM* and HAM*. As discussed in Sec-
tion the MSM sample shows contributions of meso- and macropores due to the use
of the polymer macro-structuring agent. Regarding the perovskite prepared by partially
calcining its precursor under stagnant atmosphere (MSM*), the macropore contribution is
decreased as can be seen from the nearly horizontal plateau of its isotherm at high relative
pressure (Fig.[4.22E) and the corresponding pore size distribution (Fig. [4.22F). Instead of
these macropores, a high amount of mesopores is formed. In contrast to the MSM solids
no shoulder at the lower edge of the mesopore range is observed. The disappearance of the
macropores seems to indicate the collapse of the template imprinted macroporous network.
This may also explain why the SSA and V... are not higher than for the HAM* ;ing sample
(Table whereas the MSM results are higher than those of the HAM air solid.

The SSA values of all investigated solids are listed in Table They depend strongly on
the synthesis method. The samples obtained by calcining partly under stagnant atmosphere
exhibit higher SSA than the corresponding samples calcined exclusively under air flow or
partially under N, flow. This effect is more marked in the case of the HAM* o}ing sSample
for which the highest SSA is obtained. A similar observation was made regarding the Ve
The lower impact of the calcination procedure on the specific surface area of the CCM*
solid, in comparison to the HAM synthesis, may be explained by a still strong exothermic
decomposition step (compared to the HAM decomposition regardless of the atmosphere) and
the thereby created macropores which were tentatively evidenced by N,-physisorption. The
MSM* sample exhibits a slightly lower SSA than the HAM* ;1ing as already discussed above.

The smallest average pore diameters (d_pore) are obtained for the HAM air solid (d ~ 8 nm)
(Table . The largest is observed for the CCM* sample (d ~ 26 nm). The HAM* oling
and MSM* solids present intermediary average pore diameters lower than the one of the
CCM sample but higher than for the HAM air solid. In general, samples obtained by partial
calcination under stagnant atmosphere exhibit higher average pore diameters compared to
their corresponding reference solids except for the MSM* solid for which the average pore
diameter is sensibly the same. This finding is biased, though, since several distinct maxima
in the pore size distribution are observed for the MSM solid as shown in Fig. [4.22F.

The increase in mesopores for the solids obtained by HAM-based syntheses is also evi-
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[ 1.0KV/34mm x20.0K SE(U) p - PR . Tl 1oV 3.2mm x20.0k SE(U)

1.0kV 3.4mm x70.0k SE(U)

Figure 4.23 — Scanning (A-D, top, middle) and transmission electron micrographs (E, E,
bottom) of LaFeO; synthesized via HAM air (left) and HAM* .o4)ing (right). Please refer
to Section for a detailed discussion of the textural properties of the HAM air solid,
especially the amorphous layer observed in TEM.
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denced by scanning electron microscopy (SEM). As shown in Fig. both solids obtained
by HAM-based synthesis are dense and compact structures strewn with mesopores. The
HAM air solid forms little islands on its surface, whereas smaller porous blocks are observed
at the surface of the HAM*o,ling sample. A very high density of mesopores at its surface is
observed which explains its very high SSA of 29.6 m? g~

Transmission electron micrographs comparing the HAM air and the HAM* oq)ing s0lids
are also shown in Fig.[4.23] Even though crystallite sizes as estimated by XRD are similar
for both solids (Section [4.3.1)), bigger particles which are readily distinguishable seem to
be formed under stagnant atmosphere (HAM* ooling) compared to the HAM air sample.
The lower sintering effect observed for the HAM* o,ling particles may be induced by the
intermediate cooling during the calcination.

- 'SI

LRPS06-F1 7.0kV 8.7mm x10.0k SE(M)

% : = i
AS015 5.0kV 8.3mm x10.0k SE(M) 5 pm

Figure 4.24 — SEM of LaFeO; synthesized by MSM (top) and MSM* (bottom) (both PS
400nm).

The morphology of the MSM* solid at the micrometre scale, as revealed by scanning
electron microscopy (Fig.[4.24), closely resembles the one of the MSM sample prepared with
the same template. However, even fewer domains with truly spherical pores are encountered.
Moreover, distances between the agglomerated particle strings are lower than for the MSM
sample. This further sintering is probably due to limited mass and heat diffusion due to
the missing gas flow creating hot spots. These hot spots lead to enhanced decomposition
of the template and thereby to the (partial) collapse of the inorganic framework before its
consolidation despite the use of quartz sand and the low heating ramp.
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Chemical composition in the bulk and at the surface

Fig. presents the results obtained by XPS for the samples calcined under stagnant
atmosphere compared to the corresponding solids calcined under flow. In all cases, similar
results are evidenced. Multiplet splitting and satellites are observed as expected for the La
3d and Fe 2p photopeaks. The trivalency of the Fe cation is again confirmed by the Fe 2p;,,
satellite at 719 V.

Regarding O 1s and C 1s photopeaks, as before both can be decomposed in 2 components,
i.e. Opuice and O, 45 species and adventitious carbon and carbonate species respectively
(Fig.[4.25). Concerning the oxygen contributions, lattice oxygen is the predominant species at
the surface of all the perovskites. Nonetheless, differences in the relative abundance of O,y
species are observed. As listed in Table amounts of Oy ;e Vary from 55 at.% in the case
of the CCM to 67 at.% for the CCM* solid. Apart for the CCM and CCM?* solids, differences
in the amounts of different oxygen species are less pronounced or non-existant between the
solid pairs prepared under stagnant atmosphere or flow. The carbonate contribution to the C
1s signal of 20 at.% is the same for all solids obtained by stagnant atmosphere calcination
(Table [4.11). This value is increased compared to the CCM and MSM samples.

Table 4.11 — Comparison of surface and bulk compositions, photopeak maxima and abun-
dance of oxygen and cabon surface species (XPS) of calcined LaFeO; prepared by CCM,
CCM*, HAM air, HAM* cgolings MSM (ooling and MSM* (both PS 400 nm).

synthesis XLa/XFe B.E. (eV) at.%

method (ICP) (XPS) La3dsp, Fe2psp Ols Opyice® Ceop”
CCM 1.01 2.13 834.3 710.8 529.5 55 13
CCM* n.a. 2.30 834.4 710.6 529.4 67 20
HAM air n.a. 2.23 834.1 710.1 529.2 65 20
HAM (oling n.a. 223 8341 7101 5292 65 20
MSM cooling PS 400nm  n.a. 1.82 8346  710.6 5297 56 13
MSM* PS 400 nm 1.03 2.18 834.1 710.2  529.3 62 19

“ Olattice + Oads = 1.
CCO32_ + Cadventitious = 1-

Table [4.11]lists the binding energies of the photopeak maxima, the spectral decomposition
results of the O 1s and C 1s core levels as well as the atomic La/Fe ratios at the surface as
obtained by XPS compared to the one in the bulk for the perovskite solids prepared by CCM,
CCM*, HAM air, HAM* yolings MSM cooling and MSM* (both PS 400 nm). Concerning the
surface composition, all samples present the already observed La excess. In contrast to the
partial calcination under N, flow (MSM and HAM N,), stagnant atmosphere calcination
seems not to induce any change in the La/Fe ratio.

Catalytic reactivity

The catalytic performance of LaFeOj catalysts prepared by CCM, CCM*, HAM* o4ling, MSM
and MSM* was tested according to Procedure A (Section[2.3)). The corresponding X-T profiles
are shown in Fig.[4.26]for CO and C3H4 under stoichiometric and NO under all test conditions.
Additionally, temperatures corresponding to 50 % conversion of CO, C3H,, C3Hg, and H,
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Figure 4.25 — La 3d, Fe 2p, O 1s and C 1s photopeaks of calcined LaFeO; prepared by
prepared by CCM, CCM*, HAM air, HAM*,ojing and MSM* (both PS 400nm). CCM,
CCM*, HAM air (a), HAM* .ooling (b), and MSM* (c)
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under stoichiometric conditions and NO under rich condition as well as the corresponding
selectivities of NO reduction products are reported in Table

For all investigated LaFeOj perovskites the aforementioned activation of CO at lower
temperature than H, is again observed as shown in Table Likewise, as before, no CHy
activation is observed for any of the investigated solids in any feed composition under the
described testing conditions.

Table 4.12 — Temperatures corresponding to 50 % conversion of CO, C;H, C3;Hg, and
H, (stoichiometric) and NO (rich composition) of LaFeOj; catalysts prepared by CCM,
CCM*, HAM* ¢oglings MSM and MSM* (last both PS 400 nm)and selectivities of NO reduc-

tion products.

condition stoichiometric rich

Tso (°C) selectivities at Tg
CCM 438 463 478 501 -a 0.05 0.95 0 507
CCM* 429 463 476 485 -a 0.07 0.93 0 507
HAM*COOling 412 446 462 466 503 0.11 0.89 0 507
MSM 455 493  513Y 496 - - - - -
MSM* 405 465 497 488 460" 0.40 0.57 0.03 493
2 Conversion lower than 50 %.
bT,e.

LaFeOj catalysts prepared by CCM or CCM* behave similarly for CO, propylene, and
propane oxidation with CCM* being slightly more active in the case of CO. As can be
seen in Fig. for NO reduction, the sample calcined entirely under air flow presents a
slightly higher performance compared to the CCM* one. However, a similarly high NH;
selectivity during NO reduction (Syy,) is observed in both cases (Fig. . Despite the very
different calcination process leading to a slightly higher specific surface area and cumulative
pore volume accompanied by a changed surface composition, no major change in catalytic
performance is observed.

This is in contrast to the catalytic performances observed for the HAM* }ing and the
MSM* catalysts. Both solids show higher CO oxidation activity than the CCM and the MSM
samples. In the case of the HAM* 1ing catalyst, propylene and propane oxidation reactivity
is also enhanced compared to both reference solids, whereas in the case of the MSM* solid
this enhancement is only observed compared to the corresponding MSM solid.

The main difference observed for the solids prepared by HAM* 1ing and MSM* LaFeO;
catalysts lies, however, in their markedly enhanced NO reduction. As can be seen in Fig.
NO reduction under rich conditions reaches up to 50 % and over 60 % for the MSM* and the
HAM* ooling s0lids respectively. Furthermore, a non-negligible NO conversion is detected
under stoichiometric and lean conditions for both solids.

Concerning the NO reduction products, N,, N,O and NH; production are observed for
the HAM* ;01ing and MSMX* perovskite catalysts. N, is the main product except under rich
conditions under which NHj generation prevails at high temperature as already observed for
the commercial TWC (Section [3.5.1). A limited formation of nitrous oxide is observed under
all conditions for both catalysts in a limited temperature range. Its maximum concentration
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Figure 4.26 — CO, C3;Hgz and NO conversions of LaFeO; catalysts prepared by CCM,
HAM* 40ling MSM and MSM* (both PS 400 nm) under stoichiometric and all conditions
respectively. CCM (¢); CCM* (M); and HAM* y5jing (-)); MSM PS 400 nm (¢) and MSM* PS
400 nm (A) compared to the commercial reference (*)
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Figure 4.27 — N,, N,O and NHj; selectivities and yields of NO conversion of LaFeO; cat-
alysts prepared by HAM*41ing and MSM* (PS 400nm) under stoichiometric, lean and
rich conditions. HAM* jing () and MSM* PS 400nm (A) compared to the commercial
reference (¢); Sy,/Yy, (solid), Sn,0/Yx,0 (dashed) and Syy,/ Yyu, (dashdotted, big mark)
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does not, however, exceed 12 ppm (MSM?*, stoichiometric conditions at 464 °C) or 10 ppm
(HAM* c0ling, rich conditions at 425 °C) respectively. It is difficult to determine if the NO
conversion’s set-off is more related to those of hydrogen and oxygen or to the one of propylene
since the conversion of all these gases sets in at similar temperatures.

Fig. depicts the N, yield (Yy,), N,O yield (Yy,0) and NHj yield (Yyy,) of the
HAM* ;50ling and MSM* samples compared to the commercial TWC. In contrast to the latter,
regarding solely the N, and N,O generation, N, is predominantly produced under all condi-
tions for the perovskites. Fig. furthermore reveals that N, and N,O production set in
at approximately the same temperature for the HAM* ,jing and MSM* perovskites and this
under all conditions. A single exception is observed for the MSM* solid under rich conditions
for which N, formation starts 40 K lower than N,O production. For both catalysts, an initially
higher Sy o is observed under stoichiometric conditions which quickly decreases below the
one of Sy, and drops progressively to (nearly) zero. This peak is also observed under lean and
rich conditions but only initially exceeds the Sy, value in case of the HAM* ing catalyst.
This behaviour of (initially) higher N,O production at lower temperature being succeeded by
the predominant conversion to N, at higher temperatures is known for the NO conversion
under 3-way catalytic conditions as already discussed in Section

Comparing the HAM* ,oling and MSM* perovskite catalysts calcined under stagnant
conditions, it becomes clear that higher NO conversions as observed for the MSM* catalyst
(Fig. 4.26) — compared to those of the HAM* o1ing perovskite — are not detrimental to the
S, (Fig. M\E While the HAM*01ing perovskite showed higher NO conversion under rich
conditions, the MSM* solid exhibited clearly higher NO conversions under stoichiometric
and lean conditions.

In conclusion, a highly enhanced catalytic performance regarding oxidation and reduction
is observed for LaFeOj; perovskites prepared by an HAM-based synthesis and calcined partly
under stagnant atmosphere (HAM* ;,o1ing and MSM*) while the same phenomenon was not
observed for the corresponding solid prepared by a CCM-based synthesis. The former
solids showed promising NO reduction performances even under stoichiometric and lean
conditions with relatively high Sy,. The templated solid presents higher NO reduction
activity under non-rich conditions, while the non-templated one which was also subjected to
an intermediate cooling during calcination exhibits increased oxidation performances and
higher NO conversion under rich conditions.

Conclusion

The physico-chemical properties and TWC performances of LaFeO; perovskites which were
prepared by partly calcining under so-called stagnant atmosphere were investigated. 3
different samples were studied, distinguished by the employed solvent and the insertion of a
macro-structuring agent in the synthesis or not.

The bulk perovskite structure is retained for all solids and no phase segregation in the
form of hematite was detected either by XRD, Raman spectroscopy or H,-TPR. Additional
lines to the perovskite’s were evidenced by Raman spectroscopy for the MSM* sample but
cannot be attributed to any Fe or La single oxide. The H,-TPR analysis of the HAM* .1ing
perovskite showed a negligible increase in reducibility compared to the CCM solid.

Concerning the surface composition, no change is observed between the samples calcined
entirely under flow and those subjected to a partial calcination under stagnant atmosphere.
La is still in excess compared to Fe at the surface of all investigated LaFeO; perovskites, even
for the MSM* solid, in contrast to results obtained for the MSM perovskites (Section [4.2.5).
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The calcination under stagnant atmosphere has a high impact on the textural properties
of the solids. In all cases higher SSA and cumulative pore volumes are obtained and a
narrowing of the pore size distributions is observed. In the case of the CCM* solid, the higher
cumulative pore volume is mainly obtained by a higher amount of macropores probably due
to the highly exothermic decomposition as in the case of the HAM precursors. On the other
hand, for the HAM* ;,01ing and MSM* solids mesopore formation is favoured to the detriment
of macropores as could also be confirmed by SEM. Their average pore diameter is higher
than for the corresponding solids obtained after calcination under flow and lies above 10 nm.
For the MSM* solid, increased sintering of the perovskite network is observed compared to
the MSM reference perovskite. Indeed, hot spots may occur during calcination due to the
lowered heat diffusion in the absence of gas flow.

Regarding the catalytic performances, the calcination under stagnant atmosphere yielded
a surprisingly beneficial effect except for the CCM* catalyst. The HAM-based syntheses
modified by the stanant atmosphere calcination (HAM* or HAM* .oling) yielded promising
oxidation and especially NO reduction results.

The very minor differences between CCM and CCM* and the high deviations between the
activity of MSM and MSM* or HAM* ing are in stark contrast to the results of the corre-
sponding TGA/DSC analyses which gave rise to very different decomposition/calcination
processes in the former and by comparison nearly superposable ones in the case of HAM,
HAM N, and HAM?* conditions.

Best catalytic performances were obtained by the HAM* and MSM* PS 400 nm catalysts.
Oxidation performance was more enhanced for the former, whereas the templated solid
calcined under stagnant atmosphere was clearly more performing for NO reduction under
non-rich conditions.

Based on these results, a study on the effect of different kinds of calcination atmospheres
was launched as discussed in the next Subsection.

4.3.2 Effect of different calcination atmospheres on LaFeOj; perovskites
prepared by HAM

The important synthesis parameter of the calcination procedure including the employed
atmosphere will be further investigated in this Subsection. In the framework of this study,
4 different procedures with varying atmospheres were explored. The calcination under
air (Section samples are denoted as CCM or HAM air) and the calcination procedure
during which a switch from N, flow (HAM N, and MSM) or stagnant atmosphere to air flow
is performed (Section CCM*, HAM* o5ling and MSM~) have already been discussed.
It has been shown that the hydroalcoholic method yields highly mesoporous solids. This
mesoporosity is even enhanced if calcination is performed including a stagnant atmosphere
step. Moreover, especially the MSM* LaFeOj; perovskite showed interesting NO reduction
performances under non-rich conditions; under stoichiometric ones NO conversions of up to
about 25 % are yielded.

In this study, an attempt is made at understanding this phenomenon. The approach
fixes all synthesis parameters but the atmosphere in the 1% part of the calcination process to
those used for the MSM* solid, i. e. the drying step is performed under the more controlled
conditions of the climate chamber at fixed temperature and humidity (40 °C) and r. h. (30 %)
and quartz sand is added during calcination, during which no cooling is conducted before
the atmosphere switch. The same conditions were already adhered to for the HAM N, solid.
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2 additional LaFeO3 samples were prepared according to this protocol denoted as HAM*
and HAM NO. The 1% part of the calcination procedure was conducted under stagnant
atmosphere or diluted NO flow respectively.”

The use of diluted NO flow was chosen to mimic one parameter of the supposed “stagnant
atmosphere. Indeed, while the initial condition is air atmosphere, an increasing concentration
of decomposition products will reign once the calcination is started. This atmosphere will
therefore contain high amounts of nitric oxides, CO,, vapour and a decreasing content of

oxygen.

”

Nitrate-citrate precursor decomposition

Fig.[4.28resumes the TGA/DSC profiles recorded under stagnant air atmosphere, air and N,
flow of the ground xerogel precursor of LaFeO; prepared by HAM synthesis. Results from
thermal analysis of the nitrate/citrate HAM precursor exposed to air flow differ very much
from the CCM results as was already discussed in Section as do those of HAM* from
CCM and CCM*, whereas the differences between TGA/DSC analyses of the LaFeO; HAM
precursor under air flow and stagnant atmosphere are negligible (Section [4.3.1). TGA/DSC
analyses of HAM-based precursors under air and N, flow reveal overall the same behaviour
except at high temperatures due to the delayed decomposition of organic and inorganic
compounds such as citrate and nitrate species (Section [4.2.1].

1 — stagnant 720 1

= --- air flow =

20 ’ 20

2 08 2 08

5] [

2 — B —

E ® g ®

v 0.6 =z @ 06 =
2 2
o o

— = =

%) 0.4 H %_) 0.4 b=

: 2 3 -

e

< 0.2 .HU 0.2

~ ~

g g

< | <

0 [ I N N [ NI Y N S | 0 T I I Y I Y N A A | _60
20 150 300 450 600 750 20 150 300 450 600 750
T (°C) T (°C)

Figure 4.28 — TGA/DSC of HAM precursors of LaFeO; under stagnant atmosphere (no
flow), air or N, flow.

TGA/DSC under NO atmosphere could not be performed due to the toxicity and corro-
siveness of this gas. However, regardless of the investigated atmosphere, the solids prepared
by HAM present a by far less explosive and less exothermic decomposition process than the

CCM sample (Section |4.1.1).

’For comparison, the results of the HAM* c0ling sample will be shown in case that no analysis results for the
HAM?* solid are available.
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Structural properties

XRD XRD measurements show that all calcined catalysts present the expected orthorhom-
bic structure of LaFeOj3 (Fig.[4.29). XRD patterns are in line with the reference (#37-1493).
Apart from hematite (a-Fe,O3), no crystalline impurities are detected. The formation of this
single oxide is evidenced only for the HAM N, solid corresponding to ~ 1.7 wt.% a-Fe,O;
estimated by H,-TPR analysis (Section [4.2.3).
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Figure 4.29 — X-ray diffractograms of calcined LaFeOj; prepared by HAM N,, HAM NO
and HAM*.

Table lists the results of full pattern matching of LaFeO3 samples prepared by HAM-
based syntheses using different calcination atmospheres. No significant deviations for the
unit cell parameters are observed.

Table 4.13 — Comparison of crystallite sizes and unit cell parameters derived from full
pattern matching of calcined LaFeO; prepared by HAM N,, HAM NO and HAM*.

dcryst (nm) a (A) b (A) ¢ (A) Vinit cell (A?’)

HAMN, 124+0.1 5.562 7.858 5.558 242.88 +0.27
HAMNO 16.3+0.1 5.568 7.833 5.553 242.19+0.18
HAM* 15.5+0.1 5.562 7.867 5.561 243.35+0.21

The estimated crystallite sizes are in the range of 12 to 16 nm for the HAM N,, HAM NO
and HAM* samples, the lowest value being observed for the HAM N, solid. All values are
below those obtained for flow-calcined solids except the templated ones.

Raman spectroscopy The structural properties of the solids obtained by HAM NO as well
as HAM* were also studied by Raman spectroscopy (Fig.|4.30|and [4.31|respectively). The
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spectra were recorded after excitation with a blue (488 nm) and a red laser (632 nm). For
both, no phase segregation was evidenced by XRD.
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Figure 4.30 — Raman spectra of LaFeO; prepared by HAM NO excited with A¢,. =488 nm
and 632 nm.

As for the CCM and the MSM* sample (Sections [3.1|and [4.2.2), lines generally attributed
to the orthorhombic LaFeOj structure are detected for both samples.[22733] Apart from the

strongest lines which are detected at ~ 180 cm™!, (A-site Ay mode), 433 cm™! (oxygen bending
By, mode), 640 to 650 cm™! (B4 oxygen stretch mode), and 1315 cm~! (2-phonon scattering

phenomenon or an oxygen stretching vibration), less intense peaks are observed at ~ 270 cm ™!,
295 cm~! which were assigned to oxygen tilt B4 and Ay modes in literature.[22-33]
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intensity (a. u.)
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Figure 4.31 — Raman spectra of LaFeO; prepared by HAM* excited with 1., =488 nm and
632nm. The spectra at the left were measured for zone A while the spectrum at the right
was measured for another grain of the sample, called zone B.

Similar to the CCM sample, an additional shoulder at 567 cm™! and a weak line at
1153 cm™~! appear. As discussed before, they may be assigned to lanthanum hydroxides for
which a line at 582 cm™! was observed beforel34] and its 2"4 harmonic.

In agreement with the XRD measurement, the sample prepared by HAM NO consists of

an LaFeOj perovskite and does not show any significant impurities, especially no additional
hematite phase.
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Regarding the HAM* sample (Fig.[4.31), 2 different grains of this solid were analysed.
While zone A seemingly only contains the perovskite phase as discussed above, zone B shows
additional typical hematite modes, partly superposed with those of LaFeOj;. The presence
of an a-Fe,0; phase is characterised by Raman lines at 225 cm™! (A1g mode), 291 cm™! (Eq
mode), 407 cm™! (Eg mode) and weaker ones at 498 cm~! and 612cm™! (both assigned to the
E, mode).[27]

This finding confirms that hematite impurities may also be present if not detected by

XRD. This may be due to the low concentration in the bulk solid or a high dispersion of the
single oxide.

Textural properties

Fig. depicts the results of N,-physisorption analyses of LaFeO3 samples calcined under
different atmospheres. The samples obtained by HAM N, and HAM* show mainly type IV
behaviour. Intermediate isotherm behaviour between type II and type IV is observed for the

HAM NO sample.
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Figure 4.32 — Isotherms (A) and BJH pore size distributions from the desorption branch
of the isotherm (B) of calcined LaFeO; prepared by HAM N,, HAM NO and HAM*.

The difference in terms of isotherms between the HAM N, and the HAM?* solids is less
marked than expected. This resemblance may be attributed to a partly similar situation
during the calcination due to the decrease in oxygen content over the time. On the other

hand, NO, which are supposed to be generated during the decomposition process are highly
oxidising gases.

Table 4.14 — Comparison of specific surface areas, cumulative pore volume and average
pore diameter of LaFeO; prepared by HAM N,, HAM NO and HAM*.

synthesis method SSA (m*g™")  Vpgre (cm®g™!)  dpgre (nm)

HAM N, 23.8 0.11 13.2
HAM NO 25.6 0.08 8.3
HAM* 33.0 0.16 14.1

In contrast to the MSM samples discussed in Section a clear predominance of
mesopores is observed in the case of HAM NO, HAM N, and HAM* perovskites (Fig. [4.32B).
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The HAM NO perovskite presents a significant contribution of very low-sized mesopores
which is in agreement with its low d_pore (Table . The smallest average pore diameters are
indeed obtained for the HAM NO solid (d ~ 8 nm), whereas the HAM N, and HAM* solids
show slightly higher ones of about 13 to 14 nm.

The HAM N, and the HAM* synthesis methods seem to favour the formation of mesopores.
In fact, as already apparent from the corresponding isotherms, these samples show no
macropore contribution at all.

1.0kV 3.2mm x20.0k SE(U) 1,0kV 3.2mm x70.0k-SE(U)

Figure 4.33 — Scanning electron micrographs of LaFeO; synthesized via HAM NO.

On the other hand, the HAM NO solid shows a relatively broad pore size distribution with
a trailer in the macropore range and a high contribution of very small mesopores (Fig.|4.32B).
This is confirmed by SEM analyses of the sample (Fig. showing a compact structure with
clearly distinguishable mesopores comparable to the HAM air solid. In addition, its whole
surface is covered by smaller, non-porous blocks which was not observed for the HAM air
solid. Occasional cracks are evidenced in the otherwise dense structure which may account
for the macropore contribution as estimated by physisorption.

Figure 4.34 — Transmission electron micrographs of LaFeO; synthesized via HAM NO.

All SSA values are listed in Table They depend strongly on the synthesis method.
All HAM-based synthesis methods lead to solids with significantly higher specific surface
areas than the one determined for HAM air (14m? g~!). Highest SSA are observed for the
solid calcined under stagnant atmosphere during the first part of the calcination procedure,
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followed by the HAM NO solid. A similar trend is observed regarding the Ve, the HAM
NO sample excepted.

Transmission electron micrographs of the HAM NO solid are shown in Fig. The
presence of interparticulate pores is evident. Individual particles seem, however, to have
sintered to a complex network and are difficult to distinguish. This may also explain the low
cumulative pore volume since the probability of forming closed pores is increased.

Chemical composition at the surface

The photopeaks obtained by XPS for the HAM N, and the HAM NO solids are shown in
Fig.[4.35|for La 3d, Fe 2p, O 1s and C 1s. Regarding the position of the La 3ds,, and the Fe
2ps/; energy levels, the HAM NO exhibits a shift to higher B. E. However, both solids show
the characteristic multiplets and the Fe 2p3,, satellite attributed to trivalent Fe.

La 3d Fe 2p

HAM N,

intensity (a. u.)

870 860 850 840 830 740 730 720 710 700

O 1s Cl1s

s :
S |
2 3
£ |
2 ‘
g ‘
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535 530 525 295 285 275 265
binding energy (eV) binding energy (eV)

Figure 4.35 — La 3d, Fe 2p, O 1s and C 1s photopeaks of calcined LaFeO; prepared by
prepared by HAM N,, HAM NO and HAM*. HAM N, (a), HAM NO (b)

The O 1s signal reveals a high contribution of non-lattice oxygen species for the HAM N,
perovskite of 53 at.%, whereas lower amounts of such adsorbed species were observed for
the HAM NO sample (Table [4.15).

In the HAM series, for which the precursors were not subjected to a preliminary decompo-
sition before calcination, lowest amounts of O, 4, were detected for those solids calcined under
(stagnant) air atmosphere (HAM air, HAM* ;ling), and similar amounts being observed for
HAM NO, the rear being brought up by the HAM N, perovskite.

In agreement with the results obtained from O 1s spectral decomposition, a high carbonate
contribution is evidenced for the HAM N, perovskite (Table[4.15). Slightly lower amounts of
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carbonate species were detected for the solid obtained by HAM NO.

Table 4.15 — Comparison of surface compositions and photopeak maxima (XPS) of cal-
cined LaFeOj; prepared by HAM N,, HAM NO and HAM* o4ling-

synthesis Xpa/Xpe B.E. (eV) at.%

method (XPS) La3ds, Fe2pss Ols Opyice’ Ceop”’
HAM N, 1.17 834.1 710.1 529.4 47 18
HAM NO 1.40 834.6 710.8  529.5 60 15
HAM* oling  2.23 8341 7101 5292 65 20

: Olattice T Oads = 1-
CCO32_ + Cadventitious = 1-

Table lists the surface properties as obtained by XPS for the different solids prepared
by hydroalcoholic method (HAM)-based syntheses calcined under NO or N, flow®. Concern-
ing the surface composition, all samples present the already observed La excess. However,
the discrepancy is less important for the solids obtained by HAM NO and especially HAM
N, with x,/xpe =1.40 and 1.17 respectively compared to 2.23 that was obtained for the
HAM* ;50ling Sample previously.

Catalytic reactivity

The catalytic performance of LaFeOj catalysts prepared by HAM under different calcination
atmospheres was tested according to Procedure A (Section [2.3). The corresponding light-off
curves are shown in Fig. for CO, C3Hy and NO under all test conditions, including the
return test (stoic2). The temperatures corresponding to 50 % conversion of CO, C3H, C3Hg,
and H, under stoichiometric conditions and rich condition for NO, as well as the selectivities
are reported in Table Light-off curves of C3Hg, O, and H, of the HAM* and HAM NO
solids are reported in Appendix D] (Fig. [D.1).

As shown in Table the conversion of CO on LaFeOjs still occurs at lower temperature
than H,. Likewise, as already discussed before, no CH, activation is achieved for any of the
investigated solids in any feed composition under the described testing conditions.

The HAM N, solid exhibits a low activity towards oxidation reactions and no reduction
of NO is observed in the whole temperature range. As already stated in Section the
HAM N, perovskite is less active than the CCM one even though differences in propylene
and propane oxidation are less marked than for CO between the catalysts prepared by CCM
and HAM N,.

Under stoichiometric conditions, no NO conversion is observed for the HAM NO solid.
The HAM* catalyst, on the other hand, converts NO above 300 °C with a maximum conversion
of 23 % at 440 °C. 3 different reaction products, N,, N,O and NHj, are formed (Fig. .
Interestingly, the 1% part of the NO reduction (up to 320 °C) leads selectively to N, formation.
The production of N,O is delayed exhibiting a typical volcano-type curve reflecting a 2-step
process (Eq.[4.3|and Eq. as usually described over noble metals. Indeed, especially on Rh,
N,O readsorption is generally inhibited on Rh by a strong NO adsorption. In the case of the
HAM* sample, N,O production only sets in at 320 °C and then follows the generally observed
behaviour to increase to a maximum (Sy,0 =58 % at 350 °C) before gradually decreasing

8The values of HAM* ooling are given for comparison with a solid calcined under stagnant atmosphere.
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Figure 4.36 — CO, C3H4 and NO conversions of LaFeO; catalysts prepared by HAM N,,
HAMNO and HAM*. HAM N, (), HAM NO (*), and HAM* (%) compared to the commercial

reference (*)
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Table 4.16 — Temperatures corresponding to 50 % conversion of CO, C;H,, C;Hg, and H,
(stoichiometric) and NO (rich composition) of LaFeO; catalysts prepared by HAM N,,
HAM NO, HAM* and HAM* ;41ing and selectivities of NO reduction products.

condition stoichiometric rich

T50 (°C) selectivities at Tg

CO CsHg CsHg H, NO Sy, Sy, Sno Ts(°C)
CCM 438 463 478 501 -4 0.05 0.95 0 507

HAM N, 476 474 489 480° - - - - -
HAMNO 427 475 501 482 516’ 030 070 0 493
HAM* 402 456 487 474 490 0.32 0.68 0 491
HAM*ooling 412 446 462 466 503 0.11 0.89 0 507

% Conversion lower than 50 %.
bT,e.

to nearly zero selectivity again. This decrease in Sy o is accompanied by an increase in
NHj selectivity during NO reduction (Syy,) — for which production sets in at 350 °C - and
an increase in N, formation. This selectivity behaviour reflects a faster NO dissociation.
Chemisorbed N atoms can then be hydrogenated or recombine to produce NH; and N,
respectively. Contrarily to the commercial reference catalyst, Sy, remains higher than Sy,
regardless of the temperature. After reaching a maximum of 40 % at 480 °C, NH; production
decreases. At 350 °C only 24 % of H, are estimated to be consumed for the reduction of NO
according to the reactions shown in Eq.[4.2} Eq.[4.3|and |4.5| This contribution increases to
up to 51 % at 467 °C before decreasing again at higher temperatures.

2NO + 2H, =N, + 2H,0
2NO + H, =N,0 + H,O
N,O + H, =N, + H,O

2NO + 5H, =2NH; + 2H,0

Concerning CO oxidation under stoichiometric conditions, the typical S-shaped light-off
curves are observed (Fig.[4.36). While the HAM* solid yields nearly complete CO conversion
below 500 °C, the HAM NO and the HAM N solids yield maximum conversions of 92 % and
70 % respectively. Propylene and propane conversions under stoichiometric conditions are
similar (Fig. and Table except that slightly higher performances are observed for
the HAMX catalyst. No reforming activity could be evidenced but H, and O, conversions are
incomplete (Fig.[D.1).

Under lean conditions, only minor NO reduction is observed for the perovskite catalysts
(Fig.[4.36). In the case of the HAM* solid, maximum conversion is yielded at 420 °C. This
reduction in the range of 320 to 470 °C results in the formation of N,O and N, (Fig. [4.37).
The oxidation behaviour is similar to the one observed under stoichiometric conditions.

Under rich conditions, NO reduction is observed for the HAM NO and the HAM* catalysts
(Fig.[4.36). While the HAM NO sample yields a maximum conversion of 28 % above 500 °C,
the HAM* solid reaches 78 % at the same temperature. Again, a reduction route following the
same behaviour as under stoichiometric conditions is observed, i. e. N, represents the primary
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Figure 4.37 — N, N,O and NHj selectivities and yields of NO conversion of LaFeOj; cata-
lyst prepared by HAM* compared to the solid obtained by MSM* PS 400 nm under stoi-
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reduction product and NH; production is observed above 370 °C. At this temperature 34 %
of the fed hydrogen are converted by NO reduction (Eq.[4.2]to[4.5). In contrast to the results
obtained under stoichiometric conditions, higher Sy, of up to 90 % are observed at high
temperatures under rich conditions, though. The high conversion can be correlated to a
higher contribution of hydrogen to the reduction, i.e. up to 69 %. Concerning oxidation
activity, slightly lower CO conversions are observed than under stoichiometric conditions. As
under stoichiometric conditions, no reforming processes can be evidenced and incomplete
H, conversion is observed. Propylene conversion remains below 50 % for all investigated
samples and propane conversion below 20 % except for the HAM N, sample.

Regarding the return test under stoichiometric conditions, stable results are obtained. NO
reduction is even slightly enhanced for the HAM* solid yielding up to 30 % conversion. The
observed trends in NO reduction product selectivities remain unchanged (s. Appendix D}
Fig. and [D.3). However, overall N, selectivity and yield increase.

The NO reduction under stoichiometric and lean conditions of the HAM* sample closely
resembles the one already discussed of the MSM* perovskite. While the overall NO con-
versions are nearly superposable under lean and stoichiometric conditions — except for
temperatures close to 500 °C for which the MSM* sample shows higher performances — a
maximum NO conversion of about 80 % is yielded for the HAM* solid under rich conditions,
probably due to the higher recorded maximum temperature. Concerning the selectivities
(Fig.[4.37), only minor differences are observed between the HAM* and the MSM* catalysts
under stoichiometric conditions. The order of formation of N, and N,0O is unchanged as is
the observation that N, is predominantly formed with respect to N,O. However, NH; remains
the main product under rich conditions. Selectivities differ mainly under lean conditions for
which higher Sy, are observed above 400 °C for the HAM* catalyst.

Conclusion

The impact of the calcination step under different atmospheres during the first part of the
calcination procedure was investigated using diluted NO flow (HAM NO) and stagnant
atmosphere (HAM?*) in comparison to the already discussed influence of N, flow (HAM N,).

Different calcination atmospheres do not prevent the generation of the perovskite struc-
ture as evidenced by ex situ XRD. Minor phase segregation, 2 wt.% in the case of HAM N,,
in the form of hematite (a-Fe,Oj3) is observed for the HAM N, and the HAM* samples. The
hematite formation minimises the usual surface La enrichment in the case of the HAM N,
sample but not for the HAM* solid. For the HAM NO sample, the absence of hematite as
revealed by XRD was confirmed by Raman spectroscopy despite the observation that this
sample also presents a lowered surface La enrichment.

Varying the calcination atmospheres leads to the formation of solids with different textural
properties. The solids obtained under N, flow and under stagnant atmosphere present a
relatively broad mesopore size distribution but no macropores. On the other hand, the HAM
NO sample exhibits a broad distribution which reaches into the macropore range with a
distinct non-centered maximum at very low mesopore diameters, lower than 5nm, leading
to a much decreased average pore diameter. SEM confirmed the presence of such mesopores
which are densely distributed over the whole solid. The overall morphology for the HAM NO
solid resembles closely the one of the HAM* o1ing sSample. However, a main difference is the
formation of smaller, non-porous blocks on the compact solid surface. Furthermore, cracks
in this surface are evidenced by SEM which might account for the macropore contribution as
found by N,-physisorption. Further studies need to be done to understand this behaviour.
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An increase in specific surface area is observed for all investigated solids. The HAM* sample
exhibits the highest SSA of 33 m? g~1.

Concerning the catalytic performances of these solids, the beneficial effect of calcination
under stagnant atmosphere is confirmed. Surprisingly, the HAM* LaFeOj; solid generally out-
performs the HAM* .o1ing perovskite which was subjected to an intermediate cooling before
the switch to air during calcination. The HAM?* catalyst even reaches comparable results as
the MSM* solid for NO reduction (Xp,,x = 23 % (stoichiometric) and 80 % (rich)) while at the
same time exceeding its oxidative activity reaching nearly complete CO conversion under
stoichiometric conditions. The use of a template, therefore, appears to be unnecessary for the
reproduction of the phenomenon which excludes the influence of decomposition residues of
polymer synthesis initiators and the template itself as key parameters for the surprisingly
high NO reduction performance.

The sample calcined partly under diluted NO flow, does show higher catalytic perfor-
mances than the HAM N, (and CCM) solid but does not exhibit a similar reduction behaviour
as the solids calcined under stagnant atmosphere. It is therefore concluded that NO atmo-
sphere cannot be the decisive or at least not the sole parameter leading to the high catalytic
performances as observed the HAM* solid. Likewise, an at best limited effect of the revealed
hematite segregation can be presumed due to its absence in the MSM* sample which showed
similar NO reduction activity.

4.3.3 Conclusion

The influence of varying calcination procedures and atmospheres, namely air, N, or diluted
NO flow or stagnant atmosphere, on the physico-chemical properties and catalytic activities
of LaFeOj; perovskites was studied in this Section.

The investigation of the effect of calcination under stagnant atmosphere for differently
prepared precursors (CCM-, HAM- and MSM-based syntheses) lead to the result that so-
calcined solids obtained following an HAM* or MSM* synthesis route yielded high specific
surface areas and pore volumes and gave interesting catalytic results, especially concerning
NO reduction under rich feed but also under stoichiometric and lean conditions in the
case of the MSM* and the HAM* catalysts. Interestingly, only minor enhancement of the
catalytic performance of the CCM catalyst was observed for the solid obtained by CCM*.
This is in contrast to the results of the corresponding TGA/DSC analyses which gave rise to
very different decomposition/calcination processes in the case of the CCM precursor and by
comparison nearly superposable ones in the case of the HAM precursor.

To further understand the origin of the high NO reduction performance of LaFeO;
perovskites calcined under stagnant atmosphere, the properties and catalytic performances
of perovskites calcined under NO or N, instead of the stagnant atmosphere were studied and
compared to a HAM?* catalyst.

Modifying the calcination procedure of LaFeO; catalysts lead to significant changes of
the surface composition and the textural properties of some solids.

N, atmosphere does not lead to enhanced catalytic activities, neither for oxidation nor
reduction, which is not surprising since stagnant atmosphere is not an inert atmosphere due
to the initial oxygen content but also as a consequence of the presence of decomposition
products of the precursor solid.

Indeed, NO atmosphere (HAM NO) leads to a solid with a broad pore size distribution.
However, the HAM NO sample shows a distinct maximum for low-sized mesopores explain-
ing the observation of the lowest average pore diameter of 8 nm of all studied solids. Its
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morphology at the micrometre scale resembles the one of the HAM air solid, i.e. a dense
structure permeated by many fine mesopores. Additionally, however, approximately 100 nm-
sized, non-porous blocks are sprinkled all over the surface of the bigger blocks. At the
nanometre scale, an intense sintering of the particles is observed which is not the case for
the HAM* ,oling sample. This sintering may be the reason for the altogether low catalytic
performance comparable to the CCM* solid.

Comparing the HAM* o1ing, the HAM* and the MSM* LaFeOj catalysts, the overall en-
hanced catalytic activity for oxidation is highest for the HAM* solid, which was not subjected
to a cooling during the calcination procedure, and which therefore presents a slightly broader
pore size distribution than the HAM* o,)ing sSample. On the other hand, NO reduction per-
formance is most enhanced for the MSM* and the HAM* LaFeO; perovskites. The most
important feature of these catalysts is the observed NO reduction under stoichiometric and
lean conditions. At the same time, the N, selectivity of both solids is generally higher than
the one of the commercial reference TWC in the same temperature range.

It is assumed that the presence of high amounts of evenly distributed mesopores of about
10nm to 25 nm diameter is beneficial for the NO reduction since these are observed for all
solids prepared under stagnant atmosphere. Other samples generally presented either low
mesopore contributions or in other size ranges, especially in the one below 10 nm.

4.4 Conclusion

Influence of the solvent A sample of LaFeO; perovskite was prepared by HAM air to
investigate the influence of the solvent on the solid’s properties. Apart from the textural
properties, no significant variations were observed. Neither structural properties nor the
surface composition are affected by using an EtOH/water mixture instead of water as the
solvent during synthesis.

However, since the solvent seems to change significantly the interactions in the precursor
complex, the decomposition of nitrates and organic compounds during the preliminary
decomposition step and the calcination process is strongly influenced. The hydroalcoholic
medium leads to improved textural properties after calcination of the precursor. This is
probably due to the attenuated exothermic process recognised as detrimental in the case of
CCM.

Therefore, differences arise concerning its morphology at the micrometre scale. As
evidenced by N,-physisorption and electron microscopy, the solid prepared by CCM is
mainly macroporous due to the fast, highly exothermic and explosive decomposition. The
perovskite obtained by HAM air, on the other hand, is formed via a slower and less exothermic
decomposition. It therefore consists of compact blocks which are densely scattered by low-
sized mesopores. Surprisingly, this does not affect the overall specific surface area and the
cumulative pore volume, which are similar for both cases.

Template-assisted synthesis To further control the porosity of the perovskite, the use of
polymer templates of different sizes was investigated. PS spheres of 130, 200 and 400 nm as
well as PMMA spheres of 80 nm diameter were used. The employed synthesis method, MSM,
was based on the hydroalcoholic method to prevent the premature decomposition of the
template and thereby the collapse of the inorganic framework. Due to the same consideration,
calcination was conducted in 2 parts. The first part was performed under N, flow, the second
under air flow.
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N, flow seems to favour low phase segregation in the perovskite, observed for nearly all
investigated solids. This segregation seems to occur in slightly higher amounts for the MSM
samples than for HAM N, as can be deduced from XRD and H,-TPR analyses. At the same
time, a lower La enrichment is observed at the surface of these solids which is in agreement
with the hypothesis of a correlation between the lower surface La enrichment and hematite
segregation.

It was shown that MSM leads to LaFeO5 perovskites with bimodal pore size distributions.
The main maximum falls in the mesopore-size range, whereas the 2°¢ maximum corresponds
to macropores. The latter are induced directly by the imprint of the template spheres. The
macroporous network is formed with pore diameters which measure approximately half the
diameter of the employed template spheres as evidenced by N, physisorption and SEM due
to the shrinking/deformation process of the polymer spheres during heat treatment.

The formation of the regular porous network does not forcibly lead to an increased specific
surface area as was shown by the example of the MSM ing perovskite (PS 400 nm) with
the lowest observed SSA of 7m? g~!. On the other hand, the MSM sample prepared with PS
200 nm showed an increased SSA of 29 m? g~!.

A partial collapse of the inorganic network was observed for the solid obtained with small
PMMA spheres (80 nm) which may explain its low catalytic performance.

Furthermore, it was proven that an intermediate cooling during the calcination helps to
prevent sintering of the particles in the network.

Overall, the solid with the most regular porous network (MSM PS 200 nm) also showed the
most promising catalytic performances of the MSM perovskites even though NO reduction
leads mainly to ammonia. Hematite segregation was evidenced for this sample but does not
seem to be at the origin of the enhanced catalytic performances since other solids with lower
catalytic performances also presented phase segregation in the form of a-Fe,O3.

Influence of the calcination procedure The influence of the calcination procedure on the
perovskite’s properties was investigated for precursors obtained by CCM, HAM and MSM.
For this study, all perovskites which were not exclusively calcined under air flow, were
subjected to a calcination in 2 parts as already described for the MSM solids. The difference
between the compared procedures consisted in the employed atmosphere during the 1% part
of this calcination procedure. The investigated atmospheres consisted of N, flow (HAM N,),
NO flow (HAM NO) and no flow (stagnant atmosphere, HAM*, HAM* y5]ing, CCM*, MSM).
Results thereof were compared to those obtained under continuous flow (HAM air, CCM and
MSM (same template) respectively).

Minor phase segregation of a-Fe,Oj3 is observed (by XRD or Raman spectroscopy) for
HAM N, and HAM?* solids. A correlation to the observed decrease in surface La enrichment
was observed for some solids but cannot be generalised.

Interestingly, using stagnant atmosphere during calcination of HAM- or MSM-precursors
gives rise to LaFeO; perovskites with very enhanced NO reduction performance under rich,
stoichiometric and lean conditions and likewise enhanced CO oxidation compared to the
other LaFeO;3 perovskite samples presented in this Chapter. This is not the case for the CCM*
perovskite which shows only slightly enhanced catalytic performances compared to the CCM
perovskite.

The phenomenon that NO reduction is observed over non-substituted, non-doped LaFeOj;
perovskites is not yet completely understood. While the increase in oxidation and reduction
performance might be due to the increase in specific surface area, it seems unlikely that it is
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at the source of the reduction activity in non-rich conditions.

First steps were ventured to narrow down the possibly intervening parameters leading
to this extraordinary reduction behaviour. First of all, the higher SSA are observed for all
perovskites calcined under stagnant atmosphere is outruled in comparison to the catalytic
activity of the MSM sample templated by 80 nm PMMA spheres which also yielded SSA
above 30 m? g~! but showed but poor catalytic activity. Secondly, the contribution of non-
perovskite phases to the NO reduction performances under non-rich conditions was excluded
since only 1 of the catalysts in question shows a hematite phase segregation while many
other solids likewise present such a hematite phase — especially the MSM ones even in higher
amounts. Moreover, lower La surface enrichment is not at the origin of this increase in
catalytic reduction activity. In addition, it could be shown that the HAM* and MSM* catalysts
show comparable NO reduction behaviour under stoichiometric and lean conditions, thereby
outruling the possibility that residues of the polymer synthesis initiator containing K may be
at the origin. Thirdly, the use of the template itself could be excluded as a key parameter for
the same reason. Fourthly, and in analogy to the idea just pointed out, it could be shown that
perovskites obtained from CCM precursors subjected to the same calcination procedure do
not yield the same catalytic activity as such which are prepared in hydroalcoholic medium, i. e.
that the employed solvent plays a key role in this respect in contrast to the results obtained
for continuous air flow calcination. Fifthly, inert flow calcination leads to perovskites with
poor catalytic performances. Finally, tests on the HAM NO solid could demonstrate that the
phenomenon of enhanced NO reduction is not (exclusively) based on the long-term presence
of NO, during the whole temperature ramp of calcination.

In conclusion, precursors prepared in hydroalcoholic medium, i. e. forming more stable
complexes and which are therefore decomposing in a more controlled way, are suitable to
generate LaFeOj3 perovskites which show outstanding reduction performances under 3-way
catalytic conditions if calcined under conditions of a non-air, non-inert, non-(solely)-NO flow
resembling stagnant air atmosphere conditions. This may be explained in part by the high
amount of well-distributed and therefore more easily accessible > 10 nm- and < 30 nm-sized
mesopores.

Concerning the non-templated synthesis route, an intensified investigation into the rea-
sons for the high catalytic performances of the perovskites obtained after (partial) calcination
under stagnant atmosphere is necessary. Since NO atmosphere was outruled as being the key
parameter, the next step should be the investigation of a calcination under humid and/or
CO, atmosphere and once the key parameter is found an optimisation of the synthesis. Then,
depending on the key parameter, a transfer to other perovskite or non-perovskite systems
should be envisaged.

In the framework of this study, the enhancement of the Fe-based perovskite’s catalytic
performance is further studied by making use of its high tolerance regarding the incorpora-
tion of different metal cations into the structure (bulk composition) and by investigating the
influence of the surface composition. For these composition optimisations the CCM method
was chosen as synthesis mode to allow for comparability.
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Chapter

Enhancement of catalytic activity by
composition optimisation of Fe-based
perovskites

As described before many investigations pointed out the high variability of the perovskite
properties with various possible substitutions in the A- and B-sites by which catalytic activity
and stability can be modulated (Section[1.2). As described in Chapter [3} the redox properties
of the B sites strongly influence the level of conversion of NO,. La,CuO, was found to be
more active compared to LaFeO; but its high reducibility destabilises the structure leading
to extensive segregation. In contrast, LaFeO3; was found to be more stable but exhibiting a
very low activity in NO conversion. Based on this, a combined approach can be envisaged
consisting in partial substitution of Fe by Cu. Optimisation of the LaFeO; surface was also
investigated by purposely lowering the La-content of perovskite samples.

5.1 Surface composition optimisation

As evidenced by XPS experiments in Chapter 3] (Section [3.4), the surface of LaFeO; usually
presents La enrichment which may hinder the accessibility to the suggested Fe®' active
sites. To increase the density of Fe species at the surface, a series of perovskite catalysts was
prepared by purposely reducing the lanthanum content, Lal_yFeO3 (y=0,0.1,0.2,0.33). The
solids were all synthesized by CCM. The employed nomenclature is based on the nominal
composition, i. e. the La/Fe atomic ratio of the precursors used during synthesis.

A commercial hematite (a-Fe,O3) sample (Merck (p. A.)) was used for comparison. Fur-
thermore, a mechanic mixture of hematite (12.4 wt.%) and LaFeO; (87.6 wt.%) was tested for
comparison of catalytic performance with a so-called La, ;FeO;! solid.

5.1.1 Chemical composition in the bulk and at the surface

Elementary analysis (ICP) was performed first in order to check the nominal composition of
calcined LaFeO3 and La;_,FeOj solids. As expected, the atomic La/Fe ratio is confirming the
nominal composition for the LaFeO3 and La,, ;;FeOj; solids (Table|5.1).

!The notation of La;_ FeOj; is used for the sake of simplicity and based on the nominal composition of the
employed precursor amounts — not the postulation of a structure with as many cationic defects.
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Table 5.1 — Bulk and surface atomic ratios xy,/xg. and photopeak maxima of La;_ FeO;
(y: 0, 0.1, 0.2, 0.33; CCM).

nominal XLa/XFe B.E. (eV)
composition ICP XPS La3ds, Fe2ps, Ols
LaFeO; 1.01 2.13 834.3 710.8  529.5

Laj gFeOg n.a. 1.64 834.3 710.5 5295
Laj gFeOs n.a. 1.31 834.3 7104  529.7
Lag¢,FeO;  0.66 0.88  834.3 710.6  529.6

Next, surface atomic compositions were investigated by X-ray photo-electron spectroscopy
(XPS) on the La;_ FeOj series (Table . All samples exhibit an excess of La at the surface.

This non-stoichiometric behaviour at the surface of LaFeO5 was already reported before.[17]
In the investigated series, the extent of La excess at the surface decreases with the purposely
decreased La-content.

As shown in Fig. the atomic surface La to Fe ratio varies linearly with the nominal
composition. In fact, the decreasing La-content in the bulk correlatively leads to a similarly
decreasing surface La concentration. The intended impact of La-deficient synthesis to control
surface composition was confirmed.

&\ T T T
o o 2000 T |
€< 150 R .
3= I
1.00 | e
0 0.1 02 03

Figure 5.1 — Evolution of surface atomic ratio La/Fe (XPS) on the calcined La,_ FeO3 (y=0,
0.1, 0.2, 0.33) series.

Fig. shows the La 3d, Fe 2p, O 1s, and C 1s XPS spectra of the series of lanthanum
orthoferrites. The binding energies (B. E.) of the La 3d peaks remain constant whatever the
La-content (Table . For all perovskites prepared with decreased La-content, La;_,FeOj,
the characteristic multiplet splitting and satellites for Fe 2p are observed (Fig.[5.2). The
overall positions of the photopeaks (~ 710.7 eV for Fe 2p3,, and = 719 eV for its satellite)
are in agreement with trivalent Fe.[*5] This is in accordance with the supposed co-existence
of LaFeO; and a-Fe,0;. As reported before, [0 the shake-up photopeak of the LaFeO,
perovskite is relatively broader and less intense than for the Fe,Oj solid. The satellite’s
intensity increases slightly with decreasing La-content in the bulk which may indicate the
presence of Fe,Oj in the samples prepared with lower La-content. However, it is very
difficult to differentiate between Fe>" in LaFeO5 and hematite, a-Fe,Os, because the chemical
environment is very similar, i. e. Fe>* octahedrally coordinated by oxygen anions.

Differences between the LaFeOj5 solid and the samples obtained by synthesis with lower
La-content are mainly observed for the C 1s and O 1s photopeaks (Fig.[5.2). C 1s photo-
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Figure 5.2 — La 3d, Fe 2p, O 1s and C 1s photopeaks of calcined La;_,FeO; (y=0, 0.1, 0.2,

0.33; CCM).

peaks reveal the presence of adventitious carbon (285.0eV) and adsorbed carbonate species
(289.9eV). The relative intensity of carbonates decreases for the catalysts presenting lower
La-content. This is also the case for non-lattice oxygen species (= 531.5eV) which can be

associated to hydroxyls or carbonates.

5.1.2 Structural properties

X-ray diffraction analyses

Table 5.2 — Comparison of crystallite sizes and unit cell parameters derived from full
pattern matching of calcined La;_,FeO; (y =0, 0.1, 0.2, 0.33; CCM).

dcryst (nm) a (A)

b (A) C (A) Vunit cell (A3)

LaFeO, 20.1+0.1 5.561
LayoFeO; 16.4+0.1 5.558
LaygFeO; 18.2+0.1 5.558
Lag¢,FeO; 12.6+£0.1 5.556

7.858 5.558 242.85+0.17
7.861 5.560 24291 +0.25
7.863 5.558 242.88 +0.23
7.851 5.558 242.43 +0.27

The orthorhombic perovskite structure of LaFeOj3 is obtained for all solids of the La;_,FeO;

series (Fig.[5.3). Only minor phase segregation of hematite, a-Fe,O3, is observed in the diffrac-
togram for solids with lower La-content. A higher extent of phase segregation than estimated
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from the diffractograms is to be expected for the solids which show the characteristic diffrac-
tion peak at 26 =33.2°.

y=0.33

a-Fe, O3 (#73-2234) ‘ ‘
| ! l . [

intensity (a.u.)
<
Il

LaFeO; (#37-1493) ‘
| L ‘ L - | L 1

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 30 34 38
26 (°) 20 (°)

Figure 5.3 — X-ray diffraction patterns of calcined La;_yFeOj; (y =0, 0.1, 0.2, 0.33; CCM).

Relative intensities of the diffraction peaks are in agreement with the perovskite reference
(#37-1493), i. e. no preferential growth of the crystallites is observed. Furthermore, as can be
seen in Table[5.2]listing the unit cell parameters obtained by the full pattern matching method
of the calcined La;_ FeOj3 catalysts, samples with lower La-content show no significant
deviation from the parameters of LaFeO;. This is in agreement with the relative intensities
which remained constant in the series of La;_,FeOj solids. This means that the perovskite
structure is nearly unaffected by decreased La-content. The thereby created Fe excess in the
bulk seems to be consumed by the separate phase of a-Fe,O;.

In the series of La;_ FeO3, except for the Laj gFeO3 sample, the crystallite sizes of the
perovskite phase, as reported in Table[5.2]and seen by the broadening of the diffraction peaks
in Fig. decrease for lower La-content.

Raman spectroscopy

Fig. shows the Raman spectra of 2 different zones of the La; c,FeO; solid. In zone A
characteristic perovskite lines are observed at 175 cm~! (assigned to the A-site Ag mode),

at 267 and 291 cm™! oxygen tilt B, and A, modes’ lines overlap, and at 430 cm™! (oxygen
bending By, mode).[#7H10] Fyrthermore, the characteristic intense oxygen stretch mode at
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641 cm™! (B14 mode) is present, as well as a broad line at 1320 cm™! generally attributed to
either a 2-phonon scattering phenomenon or an oxygen stretching vibration.[#7-19]

T
16

intensity (a. u.)
intensity (a. u.)

1 L L L L L L L T 1 L L L L L L L T
200 500 800 1100 1400 1700 200 500 800 1100 1400 1700

Raman shift (cm™!) Raman shift (cm™!)

Figure 5.4 — Raman spectra of La,4,FeO; excited with A, =488 nm and 632nm. The
spectra at the left were measured for zone A while the spectrum at the right was measured
for another grain of the sample, called zone B.

In zone B, typical hematite modes additionally occur, even though with low intensity, and
are partly superposed with those of the perovskite. Hematite lines are observed at 216 cm™!
(A1g mode), 412cm™! (E; mode) and with less intensity at 498 cm~! and 613cm™! (both

assigned to the E, mode).[1] The line at 280 cm™! may be attributed to either the perovskite
(B1g mode)Z?] or the hematite (Eq mode).l'Y) Equally the line at 1310 cm™! may be assigned

to the 2-magnon or the 2-phonon scattering of the hematite or the perovskite.[211]
The presence of modes of both oxides comforts the assumption that excess Fe is con-

sumed by phase segregation into a-Fe,O3. This is in agreement with the findings previously
discussed for XRD.

5.1.3 Thermal stability and reducibility
High temperature XRD

As for the sample prepared with stoichiometric amounts of La and Fe precursors (Section|[3.2),
high temperature X-ray diffraction (HTXRD) analyses were performed on calcined La 4gFeO5
to determine its stability under reductive atmosphere and humid air. The procedure has
been presented in Section |2.2.5|(Fig. [2.5). It follows 6 consecutive steps corresponding to a
reductive followed by a humid oxidative thermal treatment.

Regarding the stability of the La, ¢gFeOj3 solid under H, atmosphere (Fig.[5.5/and [5.6)),
the perovskite structure is retained during the whole procedure including the heating ramp
(step 1), the plateau (step 2) and the cooling under N, (step 3). Slight shifts of the diffraction
peaks to lower angles attributed to thermal expansion of the unit cell during the analysis are
observed. The same trends were observed under humid atmosphere.

As shown in Table no deviation of the photopeak maxima of the La, 4gFeO3 sample
before and after completion of the whole HTXRD procedure, labelled post-HTXRD, are
observed. Changes of the surface composition of the La, (3FeO5; sample are observed after
HTXRD analysis compared to the calcined solid. Apparently successive reductive and
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Step 1 LaFeOj; (#37-1493)
3% H,/N, a-Fe,0; (#73-2234)
500°C

400°C

W
W
W

intensity (a.u.)

100°C

20°C | ‘ P
f | | | | | | | | | | | "

Step 2 ‘
3% H,/N,, 500 °C l
5

120 min ‘.
,\
90 min

intensity (a.u.)

60 min

30min‘
T T T T N T T T T m “ 2

Step 3

20°C l!

i

100°C
200°C

intensity (a. u.)

300°C
400°C | et b

I 1 | L ‘ I |
10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
26 (°)

Figure 5.5 — High Temperature X-ray diffractograms of La; (3FeO; prepared by CCM. Step
1 corresponds to a heating ramp under reductive atmosphere (3 Vol.% H,/N,), Step 2 to the
corresponding plateau and Step 3 to the subsequent cooling under inert atmosphere. Scheme

in Section Fig.
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Figure 5.6 — High Temperature X-ray diffractograms of La, (3FeO; prepared by CCM. Step
4 corresponds to a heating ramp under humid air flow up to 600 °C, Step 5 to the correspond-
ing plateau and Step 6 to the subsequent cooling under dry air flow. Scheme in Section

Fig.
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Table 5.3 — Comparison of photopeak maxima and surface compositions of calcined
La;_ FeO; (y =0, 0.32; CCM), and the corresponding post-HTXRD samples. Post-HTXRD

samples were analysed after step 6 after exposition to air.

nominal B.E. (eV) surface composition
composition La 3ds;, Fe2ps;, O1s basedon Fe

LaFeO3 Calcined 834.3 710.8 529.5 La2.13FeO4.63 (C3 66)
LaFeO3 pOSt-HTXRD 834.4 710.4 529.6 La1.64FeOS.20 (Cg 36)
Lao_68F603 calcined 834.6 710.6 529.7 La0.68FeOZ.98 (C3 19)
La0‘68FeO3 pOSt—HTXRD 834.1 710.8 529.6 Lal.ozFeO3.42 (C3 02)

oxidative thermal treatments do not accentuate the lower La content at the surface. On the
contrary, the surface compositions seem to converge towards an equilibrated composition.

H,-TPR

The results of H,-TPR on La-deficient samples are shown in Fig. compared to those
of LaFeO3 and the hematite sample. The reduction of LaFeOj; starts only above 700 °C
suggesting that LaFeOj5 is not reducible in the temperature range studied for the catalytic test.
a-Fe,03, on the other hand, is reduced at lower temperatures (<600 °C). The H/Fe value
of 2.96 (H/Fe,,x = 3) indicates a complete reduction of Fe>* to metallic Fe. As reported b

Zielinski et al.,[12] the overall reduction process involves successive steps as shown in Eq.

and

3FezO3 + H2 - 2FC304 + Hzo (51)
2x (Fe;04 + 4H, — 3Fe’ + 4H,0)

Herein, the reduction corresponding to Eq. can occur split in two reduction steps
passing by the intermediate of wustite, FeO, in certain cases as for example high water
content in the system.[12]

For samples with purposely decreased La-content, H,-TPR curves reveal H, consumption
in the same temperature range than that observed for a-Fe,O3; with 2 apparent maxima
which could be explained by a reduction following the steps|5.1|and At the same time,
the H, uptake increases. Both findings are in agreement with an increasing hematite phase
segregation. It is noticeable that the temperature of the apparent maximum shifts to higher
values converging to that recorded for a-Fe,Oj3. This trend is particularly accentuated for
Lag ¢;FeO3 for which a greater extraction of Fe takes place. This could be indicative of the
extent of dispersion and interaction of hematite on perovskites with lower La-content. In
the case of the Laj gFeO; solid an additional peak is observed, which can be attributed to the
reduction of magnetite, Fe;O4, to wiistite, FeO, as an intermediate step for the reduction to
Fel.[12]

As stated above, the total H,-consumption at temperatures below 700 °C is increased with
the decreasing La-content in the solid. An estimation of the hematite content was conducted
on the basis of the H, consumption in this temperature range. The results are shown in
Table Thereby a maximum content of 9.9 wt.% of hematite was found for La ¢,FeOs;,
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Figure 5.7 — H,-TPR of calcined Lal_yFeO3 (y=0, 0.1, 0.2, 0.33; 50 mg, 50 ml min~!) com-
pared to commercial a-Fe,0; (10 mg, 50 ml min~!).

slightly lower compared to the theoretical value of 13.9 wt.% assuming a complete uptake in
the solid of excess Fe in the form of hematite. A better agreement is observed for La, gFeO;
and La; gFeOj accounting for the margin of error.

Table 5.4 — Comparison of H,-TPR results of Lal_yFeO3 (y=0, 0.1, 0.2, 0.33; 50mg,
50 ml min~!) and commercial a-Fe,0; (10 mg, 50 ml min~1!).

nominal H, Fe,Oj5 content T, reduction peaks
composition consumption® exp. theo.b

(mmolg™!)  (wt.%) (wt.%) (°C) (°C) (°C) (°C)
LaFeO, - - - - - - >1100
Laj gFeO; 0.49 2.6 3.6 328 - 504 1075
Laj gFeO; 1.39 7.5 7.6 327 457 521 1065
Lag ¢,FeOs 1.83 9.9 139 354 - 527 1090
a-Fe,O3 18.52 100 100 382 - 512 -

% H, consumption was integrated over the temperature range of 200 °C to 700 °C.

b Assuming that all excess Fe in the perovskite (based on the La-content) is consumed by a
hematite phase (with H/Fe =2.96).

5.1.4 Textural properties

The textural properties of the solids with decreased La-content are differing from LaFeOs.
In both cases, isotherms are a composite of type II, indicating a low affinity toward the
adsorbate such as in macroporous solids, and type IV, indicating the additional presence of
mesoporosity. This latter trend is favoured for lower La-content as highlighted by the broad
opening of the hysteresis compared to the LaFeO3 sample (Fig.[5.8). Hence, the broadest
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hysteresis showing mesoporosity has been observed for the sample prepared with the lowest
La-content.
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Figure 5.8 — Isotherms (A) and BJH pore size distributions from the desorption branch
of the isotherm (B) of calcined La;_,FeO; (y=0,0.1, 0.2, 0.33; CCM).

Cumulative pore volumes are very slightly increased for the samples with lower La-
content (Table[5.5). The pore size distributions show an increased share of very low diameter
mesopores (dpore < 5nm) for decreasing La-content, confirming the growing contribution
of type IV in the isotherms. This happens at the expense of the macropores (d,ore > 50 nm).
However, the microstructure morphology does not seem to evolve among all investigated
samples as can be observed by scanning electron microscopy (SEM). Fig.[5.9shows the SE
micrographs of calcined LaFeO3; and La; ¢,FeO;3. In both cases porosity is only based on
texture, pores are formed as holes between perovskite particles, typical for CCM solids as
already discussed in Section However, it can be seen that the macropores observed are
slightly smaller for La c;FeOj3. This is in agreement with the evolution previously underlined
for the pore size distributions (Fig.[5.8B).

Table 5.5 - Comparison of textural properties and crystallite sizes of La;_,FeO;3 (y =0, 0.1,
0.2, 0.33; CCM). Crystallite sizes (dryst) were estimated from XRD analyses (Section|5.1.2).

composition SSA (m*g™!)  Vpore (cm®g™!)  dipyg (nm)
LaFeO;3 13.9 0.08 20.1
LaO.gFeO3 22.0 0.11 16.4
La, gFeO; 17.6 0.08 18.2
La0'67FeO3 23.8 0.10 12.6

The data in Table[5.5|reveals that the specific surface areas are higher for all solids with
decreased La-content compared to the LaFeO5; sample. This increase was already observed
before for Fe- and Mn-based perovskites.[1314] However, no clear correlation appears by
comparing changes in the specific surface area and the extent of hematite segregation. Even
though, in general, crystallite sizes are different from particle sizes, there seems to be a
relation between the crystallite sizes of the perovskites and their specific surface area, the
lower the former, the higher the latter. This has also been reported by Delmastro et al.l!3l
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Figure 5.9 — Scanning electron micrographs of La,_,FeO; (y =0, 0.33; CCM).

5.1.5 Catalytic activity

The catalytic activity of the La;_ FeO3; samples was tested according to Procedure A by
successive temperature-programmed reactions under stoichiometric (stoicl), lean and rich
conditions, concluded by a return test under stoichiometric conditions (stoic2) performed
after an activation under stoichiometric conditions at 600 °C (Section . CO, propylene,
NO, propane, oxygen and hydrogen conversions during the test ramps are presented in
Fig.[5.10]and [5.11]for the series of Fe-based perovskite catalysts. Additionally, temperatures
corresponding to 50 % conversion (Tsg) of CO, C3Hy and C3Hg under stoichiometric (1% run)
and NO under rich conditions are reported in Table additional ones in Appendix D]
(Table D.1).

The reference catalyst LaFeOj exhibited poor catalytic performances. By contrast, a
significant enhancement of CO, propylene and NO conversion is observed for the samples
containing less La, especially for La 4,FeOs.

For the whole perovskite series, H, is activated at temperatures above 300 °C (Fig.[5.11),
higher than those corresponding to CO (Fig. in agreement with the results obtained
for the aforementioned LaFeOj; solids prepared by different synthesis methods (Chapter |4).
NO conversion is more closely linked to the residual O, concentration. Due to the high
concentration of reductants (CO, hydrocarbons, and H,), complete O, consumption is only
reached at high temperatures under rich conditions. In all the other conditions, it is not
achieved in the investigated temperature range. However, NO conversion only sets in after
all O, is consumed, suggesting the low selectivity of H,, CO and propylene towards NO
reduction.

Concerning the reductants, the enhancement of propylene conversion seems to be directly
related to the degree of La-deficiency of the catalyst. This is not the case for the CO oxidation
for which La, gFeOj is nearly as performing as Lag 4;FeO3. This may be due to the similar
specific surface areas of the solids, and following the trend already seen for the crystallite
sizes. Since differences in specific surface area are not very high, they should not be the
decisive reason for the enhancement of catalytic performance. As stated earlier, propane
conversion sets off at relatively high temperatures compared to CO and propylene. Propane’s
conversion is enhanced for a low La-decrease in the bulk (La, gFeO3) compared to LaFeO;
but decreased for samples with higher La-deficiency imposed during synthesis. On the other
hand, NO reduction is significantly enhanced. While the stoichiometric LaFeO5; sample does
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Figure 5.10 — CO, C3H¢ and NO conversions of Fe-based perovskite catalysts (Procedure
A). LaFeOj; (¢), Lay gFeOs (©), Laj gFeO3 (), and La ;,FeO3 () compared to the commercial
reference TWC (°)
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Figure 5.11 — C3Hg, O, and H, conversions of Fe-based perovskite catalysts (Procedure

A).LaFeOj; (*), Lay gFeOs (©), Laj gFeO3 (), and La ,FeO3 () compared to the commercial
reference TWC (°)
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not even reach 50 % conversion below 510 °C, lower La-content clearly leads to activation at
lower temperatures. Overall best results for all pollutants are obtained by La c,FeO3. The
main product, however, remains ammonia as already observed for the LaFeO; solid.

Table 5.6 — Temperatures corresponding to 50 % conversion of CO, C;Hg, C3Hg, and H,
(stoichiometric) and NO (rich composition) of La;_,FeO; catalysts (y=0, 0.1, 0.2, 0.33;

CCM) compared to hematite and a mechanic mixture of LaFeO; and Fe,O3.

condition stoichiometric rich
T50 (°C) CO CsHy CsHg H, NO
LaFeO; 438 463 478 501 -4

Lay oFeOs5 386 443 467 439 510
Lag gFeOs5 398 431 499 433 488
Lag 4,FeO; 384 420 497 471 479
Fe, O3 459 490 -a 493 -4

Fezo3 + LaFeO3 436 465 486 482 -a

2 Conversion lower than 50 %.

The solids prove stable under the test conditions as suggested by the similar conversion
profiles obtained during the return tests (Fig.|5.10|and [5.11} stoic2). Interestingly, a much
enhanced H, activation is observed for the Laj oFeOj; solid, and to a lesser extent for the
La, gFeOj; sample.

Table 5.7 — Comparison of specific reaction rates rpecific at 350 °C, apparent activation
energies Ej ,pp, and pre-exponential factors A of CO and C;H oxidation for La;_,FeO;
catalysts (y=0, 0.1, 0.2, 0.33; CCM) under stoichiometric conditions (1% test ramp). Ar-
rhenius parameters were determined by Arrhenius plots (Fig. .

SSA rspeciﬁca EA, app A
(m?2g!) (mols~!g™!) (kJmol™!)  (103m3s71g™)
CcO C;H, CO CsH, CO C;Hg
LaFeO, 13.9 0.8-1077 2.5-1072 142 128 4244 15.2

La, oFeO5 220  4.4-107 4.1-107° 119 127 40.1  20.4
La, gFeO; 17.6  44-1077 10.4-107 101 111 1.2 2.5
Lag¢,FeO; 215  5.2-107 123-107° 81 119 0.03 127

# Specific reaction rates were calculated from conversions at 350 °C.

Interestingly, some differences arise in the kinetic behaviour of La;_ FeO; (y=0, 0.1,
0.2, 0.33) for CO and propylene oxidation by oxygen. This can be seen by comparing the
values of the pre-exponential factor and the apparent activation energy. As illustrated in
Table the numerical values for A obtained for propylene oxidation are of the same order
of magnitude with no significant variation. The gradual increase of the specific activity can
be simply explained by slight changes observed on the activation barriers. On the other
hand, a sharp decrease on A values is recorded on La-deficient perovskites for CO oxidation
and an apparent compensation effect is also noticeable with a parallel sharp decrease in
the apparent activation energy values. These comparisons would suggest that propylene
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oxidation would be much less sensitive to surface modifications than CO oxidation. In this
case, activity changes might be partly related to a partial segregation of Fe>" in the form of
hematite. Hence, the intrinsic activity related to changes of the apparent activation energy
would be likely explained by the segregation of Fe,Oj3 intrinsically more active than LaFeOj;
(commercial hematite sample: 1.8 m? g~!). On the other hand, the discontinuity observed
on the specific activities from LaFeOj; to La, gFeO3 with no variation recorded for lower y
composition suggests that the degree of clustering is an outstanding parameter. An optimal
value would be obtained for y = 0.9 while below 0.9 aggregation of Fe,O3 clusters would
lower the density of active sites compensated by the decrease observed on the activation
barriers. This explanation seems to be in agreement with the shift observed of the H,-TPR
curves showing that the reducibility of the hematite phase may be related to the extent of
dispersion.

A comparative test was conducted on a-Fe,Os3. It is clearly less performing than the
perovskites, even the stoichiometric LaFeOj solid (Table [5.6). The mechanical mixture of
Fe,O; + LaFeO3- containing the same atomic distribution of Fe in perovskite and simple oxide
as assumed for La, ,FeOj; — yields similar results concerning temperatures corresponding to
50 % conversion to the ones of the stoichiometric LaFeOj3 perovskite sample. Temperatures
corresponding to 50 % conversion are listed in Table They are similar to those of LaFeO;
or higher except for hydrogen. Therefore, the increase in activity of the perovskites with
lower La-content cannot be directly attributed to increasing amounts of hematite in itself,
but may be due to a stronger interaction of hematite and perovskite phases in the solids.

The enhancement of catalytic performance is related to the higher Fe surface concentration
previously evidenced by XPS measurements, the B cation being considered as the catalytically
active one in the perovskite structure.['>] Higher specific surface areas of the solids prepared
with decreased La-content as well as lower crystallite sizes leading to enhanced exposure of
active sites further intensify the impact on the pollutants’ conversions. Nonetheless, from
the estimations of the specific surface rates and Arrhenius parameters it is evident that not
only the increased specific surface area but the quality of the surface, i. e. the active sites,
enhances catalytic activity for Fe-based perovskites with lowered La-content.

5.1.6 Conclusion

The catalytic activity of a series of perovskite-based La;_ FeO3 was investigated for applica-
tion in 3-way catalysis. The decrease of La involved in the synthesis was successfully used to
reduce the initial La enrichment at the surface. The increase of specific surface area with a
corresponding decrease of crystallite size was accompanied by the development of mesopores
with a typical diameter range of 3 to 5nm. The co-existence of hematite in strong interaction
with the orthorhombic LaFeOj perovskite structure was evidenced by H,-TPR and Raman
spectroscopy on solids with lower La-content. Comparing the respective XRD and H,-TPR
results, the dispersion of the hematite phase on La;_ FeOj3 solids appears to be higher than
on the LaFeO; perovskites prepared by MSM.

Surface composition optimisation strongly enhances the catalytic activity of the perovskite
by increasing the accessibility of the active Fe>* sites. This increase in performance is not
only due to higher specific surface areas as could be shown by estimations of the specific
reaction rates and the Arrhenius parameters. It was found that CO and propylene oxidation
proceed on different sites. Furthermore, the increase in performance cannot be explained
by the hematite itself but may be due to the stronger interaction of low concentrations of
dispersed hematite with the perovskite phase due to the in situ synthesis.

© 2015 Tous droits réservés. lilliad.univ-lille.fr



Thése de Anke Schon, Lille 1, 2015

168 CHAPTER 5. Composition optimisation of Fe-based perovskite catalysts

Fe-based perovskites with controlled surface composition are a good basis in order to
partly replace noble metals in conventional 3-way catalysts. This further step could be
achieved by combining this approach with partial substitution by a divalent cation in A or
by more reducible cations in B.

5.2 Influence of substitution in A-site

Herein, the partial A-site substitution in order to optimise the bulk composition of the
perovskites has been investigated. Substituting LaFeO; in the A-site by divalent cations
such as Ca”* can be relevant because to fulfil the electronic neutrality B-site cations can be
stabilised in unusual oxidation states or anionic vacancies can be created. These processes
must be controlled in order to prevent a destabilisation of the structure. In order to study
this effect, a series of La;_,Ca,FeO;5 (x=0, 0.1, 0.2) prepared by CCM was investigated.

5.2.1 Structural properties

Fig. displays the XRD patterns of the La;_ Ca,FeOj; series. The substituted catalysts
retain the orthorhombic LaFeOj perovskite structure. Slight shifts to higher angles are
discernible but no crystalline phase segregation is observed.

\ N\ I\
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Figure 5.12 — X-ray diffractograms of calcined La,_,Ca,FeO; (x=0, 0.1, 0.2; CCM).

Such shifts to higher angles originate from the contraction of the perovskite lattice,
confirmed by the evolution of unit cell volume which decreases nearly linearly with the
Ca-content as illustrated in Fig.

Assuming the behaviour of a simple steric model, such decrease in lattice parameters
(listed in Table cannot arise from the difference of the ionic radii of La3* and Ca**, being
nearly equal in a 12-coordinate environment (rq,2- = 1.34 A, r 3+ = 1.36 A)2.[18] The partial
oxidation of Fe3" to Fe*" can be assumed to account for part of the decreasing unit cell
volume induced by the substitution of La by Ca as reported by Ciambelli et al. and Pecchi et
al.[l718] The difference in effective ionic radii in 6-coordinate environment (rp.3- = 0.645 A,
rret+ = 0.585 A)l19 could indeed be partly at the origin of the shrinkage of the unit cell.
Ciambelli et al. did extensive studies on this subject for La;_,Ca,FeO5 (x=0, 0.1, 0.2, 0.3, 0.4,
0.5; CCM,; calcined at 800 °C) including Fe** titration and thereby confirmed the presence of
low amounts of this Fe species.[l”] However, they also reported that the ratio of Fe*"/Ca?"

Zeffective ionic radii
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Figure 5.13 — Evolution of the unit cell volume of calcined La,_,Ca,FeO; (x=0, 0.1, 0.2;
CCM).

was always lower than 1[17] — the value which would be necessary to reach electroneutrality
—1.e. it has to be supposed that oxygen vacancies are present as well. Since oxygen anions
with an effective radius of ry2- =1.40 AlL6l are even larger than Ca?* and La3", their influence
on the unit cell parameters can be assumed to be stronger than the partial oxidation of the
B-site cation.

Table 5.8 — Comparison of crystallite sizes and unit cell parameters derived from full
pattern matching of calcined La;_,Ca,FeO; (x=0, 0.1, 0.2; CCM).

dcryst (nm) a (A) b (A) ¢ (A) Vinit cell (A?))

LaFeOs, 20.1 £0.1 5561 7.858 5.558 242.85+0.17
Lay4Cay FeO; 17.6+0.1 5556 7.825 5.543 241.02+0.16
Lay¢Cay,FeO; 159 +0.1 5.550 7.806 5.539 239.98 +0.16

Table also reports apparent crystallite sizes of the La;_,Ca,FeO5; (x=0, 0.1, 0.2)
samples. A decrease in crystallite size is observed for samples with higher Ca-content.

5.2.2 Reducibility

The reducibility of the solids was studied by H,-TPR analyses. As illustrated in Fig.
the differences between LaFeO3; and the Ca-substituted samples are of a minor extent. The
LaFeOj bulk reduction starts above 700°C. 3 additional reduction peaks with very low
intensity are observed for the Ca-substituted solids in the temperature range below 700 °C
(Table[5.9).

In the low temperature domain, 2 hydrogen consumption ranges (200°C < T < 340°C,
340°C < T <400°C) have been reported before for La; ,Ca,FeO; (x=0.1, 0.2).l181% Ag
reported by Pecchi et al., the 1% peak can be attributed to the reduction of Fe*" species while
the 2" peak and 3" peak (just below 700 °C) have also been observed before, however, no
clear evidence as to the origin was found.[18]

The Fe*" content of the La; ,Ca,FeO; samples was estimated assuming the complete
reduction of this species to Fe>* in the temperature range corresponding to the 1t reduction
peak.[1819] As shown in Table the Fe*"/Fe,,, ratio increases proportionally to the Ca-
content. Nonetheless, the atomic ratio of Fe*t/Ca?* diverge from the theoretical value of 1
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Figure 5.14 — H, uptake curves recorded during H,-TPR of calcined La,_,Ca,FeO; (x=0,
0.1, 0.2; CCM, 50 ml min~1).

assuming that electroneutrality is achieved exclusively by the variation of the oxidation state
of Fe. This suggests the generation of anionic vacancies.

Table 5.9 — Comparison of H,-TPR results of La; ,Ca,FeO; (x=0, 0.1, 0.2; CCM; 50 mg,
50mlmin~1).

nominal H, consumption Fe**/Fey,’¢ Fe*t/Ca®* T, reduction peaks
composition total®  Fett?

(mmol g~!) (at.%) (at.%) (°C) (°C) (°C) (°C)
LaFeOg - - - - - - - >1100
LayoCag,FeO; 0.17  0.07 3.2 032 261 349 600 1075
LagsCag,FeO; 0.18  0.15 6.6 0.33 290 370 642 1084

%H, consumption was integrated over the temperature range of 200 °C to 700 °C.
b H, consumption of 1%t peak was attributed to the reduction of Fe**.
¢ Assuming that Fe*" is completely reduced to Fe3* (H/Fe =1).

Overall, these additional reduction phenomena lead to only slightly more reducible solids
with respect to LaFeOs.

5.2.3 Textural properties

The textural properties of the Ca-substituted solids were studied by N,-physisorption. As
shown in Fig.[5.15A, all La;_ Ca,FeOj3 solids (x=0, 0.1, 0.2) present similar textural prop-
erties of perovskites with respect to LaFeOj3, exhibiting a combination between a dominant
type II (weakly porous or macroporous) and type IV (mesoporous) isotherm.

Textural porosity of the solids is confirmed by the broad pore size distributions ranging
from 5 to more than 100 nm (Fig.[5.15B). Similar pore size distribution profiles are observed
for all materials and higher specific surface area and cumulative pore volume are obtained
on La;_,Ca,FeOj solids with respect to LaFeOj3 (Table [5.10).
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Figure 5.15 — N, adsorption and desorption isotherms and pore size distributions of cal-
cined La,;_,Ca,FeO; (x=0, 0.1, 0.2; CCM).

Table 5.10 — Comparison of specific surface areas and cumulative pore volume of
La,_,Ca,FeO; (x=0, 0.1, 0.2; CCM).

composition  SSA (m*g7!)  Vpore (cm’g7h)

LaFeOs 13.9 0.08
La0.9Ca0.1FeO3 20.8 0.11
Lao'8cao'2FeO3 23.4 0.13

5.2.4 Chemical composition at the surface

The chemical composition at the surface of the solids was studied by XPS. Photopeak maxima
of the La 3d5,, core level (Table are shifted to slightly lower B. E. This is also observed
for the Fe 2p3/, maxima. Furthermore, the La 3d and Fe 2p photopeaks (Fig. of the
whole La;_,Ca,FeO; series show the typical multiplet splitting and satellite positions of La’"
and Fe®*. The Fe 2p photopeaks show broad but low intensity Fe 2p satellites at ~719 eV
characteristic of Fe>*. Low amounts of Fe*" species may be generated to yield electroneutrality
as a consequence of the destabilisation of the structure by the introduction of the divalent
A-site cation. Fe*" cations would be expected at 711.6 eV.[20 However, since Fe3" and Fe**
are so close in B. E. no meaningful spectral decomposition can be performed by using only
these 2 components. Another way to achieve electroneutrality in the perovskite structure is
the generation of oxygen vacancies whose presence, however, cannot be confirmed or denied
by XPS.

The maximum positions of Ca 2ps,, are close but a slightly higher value is observed
for the sample with higher Ca-content. Ca 2p photopeaks (Fig. of the substituted
samples show the characteristic multiplet splitting and very low intensity satellite features at
B.E.>353eV.

O 1s and C 1s photopeaks of the La;_,Ca,FeOj; series are also shown in Fig. Pho-
topeak maxima of O 1s are shifted to lower B.E. for the substituted samples. Spectral
decomposition of the O 1s photopeaks confirmed a high contribution of non-lattice oxygen
species (about 44 at.%) as already observed for the non-substituted perovskite (46 at.%). The
relative intensity of carbonates is increased (17 to 21 at.%) compared to the non-substituted
perovskite sample (13 at.%). This is in agreement with the potential formation and stabilisa-
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Figure 5.16 — La 3d, Fe 2p, Ca 2p, O 1s and C 1s photopeaks of calcined La;_,Ca,FeO;
(x=0,0.1, 0.2; CCM).

tion of calcium carbonate on the surface.

As expected the atomic La/Fe ratio decreases with increasing La substitution by Ca (Ta-
ble . However, the A3/Fe ratios of Ca-substituted perovskites remain close to that of the
LaFeOj; solid suggesting that A-site enrichment on the La;_,Ca,FeOj; surface is maintained.

3A=La+Ca
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Table 5.11 — Surface atomic ratios xp ,/xg. and xc,/x1,, photopeak maxima and abundance
of selected surface species of calcined La;_,Ca,FeO; (x=0, 0.1, 0.2; CCM). Atomic abun-
dances of Oj,yiice and Cepp- were obtained by spectral decomposition of O 1s and C 1s

photopeaks. Complete surface compositions are reported in Table in the Appendix.

XPS at.%
X Xpa/Xpe XA/Xpe Ca2py, Fe2psn Ols Opgice” Ceop’
0 2.13 2.13 - 710.8 529.5 55 13
0.1 1.77 1.94 346.1 709.9 529.0 57 17
0.2 1.71 2.08 346.6 710.3 529.0 56 21

* Olattice T Oads = 1

CCO32_ + Cadventitious =
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5.2.5 Catalytic performance

The catalytic activity of the Ca-substituted samples was tested according to Procedure A (Sec-
tion[2.3). CO, propylene and NO conversions during temperature-programmed reactions are
presented in Fig. Additionally, Ts, values are reported in Table and in Appendix[D]
(Table [D.2).

Oxidation reactions of CO, propylene and propane are enhanced for a Ca-substitution
degree of x =0.1. This is most notable for the CO conversion which is complete under lean
and stoichiometric conditions and above 90 % under rich conditions. Propylene and propane
yield up to 10 % higher maximum conversions for this sample compared to LaFeO; (CCM)
under stoichiometric and lean conditions. On the other hand, a higher Ca-substitution
degree seems to lead to an inverse trend. In the context of the complexity of the involved
reaction pathways in the employed gas feed, this may be due to either the slightly enhanced
reducibility due to an increased substitution degree leading to higher amounts of Fe*" species
or the higher amount of oxygen vacancies. On the other hand, a higher A-site cation excess
and a higher surface carbonate contribution blocking the catalytically active Fe cation is
observed for higher Ca-content.

Table 5.12 — Temperatures corresponding to 50 % conversion of CO, C;H,, C3;Hg, and
H, (stoichiometric) and NO (rich composition) of La;_,Ca,FeOj; catalysts (x=0, 0.1, 0.2;
CCM) and selectivities of NO reduction products at Tg.

condition stoichiometric rich

Tso (°C) selectivities at Tg

CO CsHg CsHg H, NO Sy, Swgy, Sno Ts(°C)
LaFeOg 438 463 478 501 -4 0.05 0.95 0 507

LayoCay FeO; 414 446 461 463 499® 0.86 0 0.14 498
LaygCag,FeO; 449 482 499 482 510® 100 0 0 500

% Conversion lower than 50 %.
bT,..

As was already discussed for other CCM solids before, NO reduction only occurs at very
high temperatures under rich conditions. Even though the reduction performance is slightly
enhanced by the Ca-substitution of La (even for x =0.2), it is still very low. It is clearly lower
than for the samples prepared with lower La-content. The main advantage of substitution in
this respect is a higher N, selectivity. Whereas only 5% of NO are converted to N, for the
non-substituted LaFeOj;, the rest leading to NH; production, the Laj 3Ca, ,FeOj5 solid yields
an N, selectivity of 25 %.

The return test yields similar results for the La;_,Ca,FeO3 samples suggesting stability
under test conditions.

In conclusion, LaFe( ¢Ca, 103 showed similar or better results than LaFeO5; under all
conditions (Table[D.2), whereas the sample with higher Ca-content yielded generally lower
conversions of the pollutants compared to both solids. This is in agreement with results on
methane combustion reported by Ciambelli et al. who found that a higher Fe** concentration
does not enhance catalytic activity for methane oxidation.['”] While NO conversion remains
low, a higher Sy is observed. However, no correlation between the Fe" or oxygen vacancy
amount and the catalytic performance can be established.
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Figure 5.17 — CO, C3H4 and NO conversions of La; ,Ca,FeOj; catalysts (Procedure A).
LaFeOj (¢), LaCa ;Fey 9O5 ([J), and LaCag ,Fe; O3 (L]) compared to the commercial reference

TWC (+)
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Figure 5.18 — C3Hg, O, and H, conversions of La;_,Ca,FeO; catalysts (Procedure A).
LaFeOj; (¢), LaCagFe( 905 (LJ), and LaCa,Fe( gO3 (L]) compared to the commercial ref-
erence TWC (¢)
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5.2.6 Conclusion

The influence of Ca-substitution in A of Fe-based perovskites on the catalytic activity in
3-way catalytic conditions was investigated comparing La;_,Ca,FeO; catalysts (x=0, 0.1, 0.2)
prepared by CCM. In this substitution degree range a solid solution within the perovskite
structure is obtained without any detectable crystalline segregation. XRD analyses evidenced
that the insertion of the divalent cation causes a contraction of the unit cell due to the
generation of low amounts of Fe*" species and higher contributions of anionic defects as
confirmed by H,-TPR analyses. The absolute amounts of Fe** species as oxygen vacancies
increase for higher substitution degrees.

Textural properties of the La;_,Ca,FeO; solids (x=0.1, 0.2) are similar to those of the
LaFeO; sample prepared by CCM. A slight narrowing of the pore size distribution accompa-
nied by a higher specific surface area is observed.

Concerning the surface of the Ca-substituted solids, an A-site cation enrichment of similar
magnitude as for the non-substituted LaFeO; sample was revealed. This is attributed to a
Ca enrichment at the surface in analogy to the already known La enrichment. Furthermore,
due to the high basicity of Ca?" a higher contribution of carbonate species is detected on the
surface of the La;_,Ca,FeOj; solids (x=0.1, 0.2).

The insertion of low amounts of Ca (x =0.1) into the LaFeO5 perovskite structure yields
moderate catalytic performance enhancements especially concerning oxidation of CO and
HC. While NO reduction improvement is lower than for the La;_ FeOj solids, a higher N,
selectivity than for the non-substituted orthoferrites is observed. Increasing the substitution
degree in Ca to 0.2 leads to decreased catalytic performances compared to the LaFeO3 and
LaFe, oCa,,0j catalysts. It is therefore concluded, that increasing amounts of Fe*" species
do not improve the catalytic performances of Fe-based perovskites.

5.3 Influence of substitution in B-site

As illustrated in the previous section, the partial substitution in the A-site by Ca has no
significant effect on the catalytic properties. This is consistent with previous statements
demonstrating that catalytic properties of perovskites are mainly influenced by the nature of
the B-site cation.[!2] Therefore, the influence of substitution of Fe by a more reductive and
therefore more active metal was investigated. Cu was chosen as substituting cation due to its
high reducibility and reactivity in the RP structure (Chapter[3). The goal of its incorporation
in the perovskite structure was to profit from its catalytic properties while stabilising it inside
the LaFeOj; lattice. As discussed for the Ca substitution before, the incorporation of this
generally divalent cation destabilises the electroneutrality of the structure and thereby should
lead to the formation of Fe** species and/or oxygen vacancies.[2!] The latter are generally
accepted to play an important role in the process of NO adsorption and desorption.[222]
Therefore, an enhanced reduction performance is expected. The investigation was performed
on a series of LaFe;_,Cu,O5 (x=0, 0.05, 0.1, 0.2) catalysts prepared by CCM.

5.3.1 Bulk/Structural properties
Chemical composition of the bulk

The atomic ratios of the metal cations in the bulk of the LaFe(, 3Cu,,FeO;5 catalyst was
determined exemplarily for the whole series by ICP. As reported in Table the elementary
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analysis confirms the nominal composition for the bulk of this Cu-substituted perovskite
sample.

Table 5.13 — Bulk atomic ratios xj,/xg and xc,/xge of calcined LaFe; ,Cu,O; (x=0, 0.2;

CCM).
nominal composition Xp,/Xpe Xpa/XB  Xcu/XFe
LaFeO; 1.01 1.01 -
LaFeO.Scuo_zFeOf} 1.26 1.03 0.23
XRD

The structural properties of all LaFe;_,Cu,O5; (x=0, 0.05, 0.1, 0.2) materials have been
assessed by XRD. As shown in Fig. the orthorhombic LaFeOj structure is obtained for
all materials and no crystalline phase segregation is evidenced. In addition, the relative
intensities of the diffraction peaks are unchanged compared to the reference (#37-1493),
indicating that no preferential growth of the crystallites is observed.

intensity (a. u.)

LaFeO; (#37-1493)

[ l ‘ L ‘ | ‘ !

Snees

T T T T T T T T T T T T gl gl
10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 30 32 34
26 (°) 20 (°)
Figure 5.19 — X-ray diffractograms of calcined LaFe;_,Cu,O; (x=0, 0.05, 0.1, 0.2; CCM).

Previous studies investigating the structural modifications due to Cu-substitution in the
B-site of LaFeO3 concluded that a solid solution is formed for Cu substitution degrees up
to x = 0.2.[22] Based on this statement, the evolution of the unit cell parameters reported in
Table [5.14 with the Cu-substitution degree x can be studied. It is worthwhile to note that the
volume of the unit cell decreases linearly for increasing Cu-content (Fig.[5.20). Assuming a
simple steric model, the observed unit cell contraction cannot be explained by comparing
the ionic radii of Cu®" and Fe®* of 0.73 AlL®l and 0.645A (high—spin)[16] in 6-coordinate
environment respectively. In this case, a unit cell expansion would have to be expected. Such
an apparent discrepancy emphasises that charge compensation has to be accounted for —
associated with the generation of anionic vacancies and the stabilisation of Fe in the unusual
tetravalent oxidation state. The difference in ionic radii between Cu®* and Fe®* of 0.085 A is
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Figure 5.20 — Evolution of the unit cell volume of calcined LaFe,_,Cu,O; (x=0, 0.05, 0.1,
0.2; CCM).

not counterbalanced by the difference in radii between Fe3* and Fe** (0.06 A). This suggests
that a large amount of defects in the form of anionic vacancies is required to ensure the
electroneutrality of this system.

Similar results have been reported in literature backing up a negligible amount of Fe**
species by titration.[22] The less marked unit cell contraction compared to the La;_ Ca,FeO;
samples can be explained by the interference of the generated anion defects and the substi-
tution of Fe>* by Cu®*, creating on the one hand a considerable unit cell contraction and
leading on the other hand to a unit cell expansion respectively.

Table 5.14 — Comparison of crystallite sizes and unit cell parameters derived from full
pattern matching of calcined LaFe;_,Cu,O; (x=0, 0.05, 0.1, 0.2; CCM).

dcryst (nm) a (A) b (A) ¢ (A) Vaunit cell (A3)

LaFeO, 20.1+0.1 5.561 7.858 5.558 242.85+0.17
LaFe;¢5Cug 0503 15.7+0.1 5.557 7.861 5.556 242.70 +0.21
LaFey4Cuy,0;  1530.1 5560 7.842 5.552 242.07 +0.20
LaFe;4Cug,0; 135201 5559 7.829 5548 241.46+0.22

Crystallite sizes (Table [5.14) are slightly lower for the Cu-substituted samples compared
to LaFeOs.

Raman spectroscopy

Fig.[5.21]shows the Raman spectra of LaFe( gCu, ,0O3. Characteristic perovskite lines assigned
to the A-site A, mode (150 cm™!), to the overlapping oxygen tilt B4 and A, modes (285 cm™l),
and to the oxygen bending B, mode (422-428 cm™!) are observed though decreased in
relative intensity.[#7119 Furthermore, the line at 1310 cm™! already observed before and
generally attributed to a 2-phonon scattering phenomenon or an oxygen stretching vibration
is discernible.[#7H10]

Generally, only slight downshifts of the LaFe( 3Cu ,03 solid’s Raman shifts are observed
compared to those of LaFeOj3;. Only the characteristic and normally very intense oxygen
stretch mode at 640 cm™! (B1g mode) is considerably downshifted to 612 cm~! for the Cu-
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Figure 5.21 — Raman spectra of LaFe; 3Cu,,0; compared to those of LaFeO; (CCM) ex-
cited with 1., =488 nm and 632 nm.

substituted sample compared to 640 cm~! for LaFeO;. This behaviour may be due to the
assumed high abundance of anionic defects impacting on oxygen modes. Likewise, relative
line intensities differ from the LaFeOj; solid. Additionally, an intense shoulder to this line is
discernible at 577 cm~! which may correspond to a mode of lanthanum hydroxide normally
observed at about 582 cm™!.[23] This shoulder was already observed for the non-substituted
LaFeOj; sample (Section [3.1). However, the intensity is increased in the case of the Cu-
substituted solid. This is in agreement with the higher amount of adsorbed oxygen species
found by XPS (Section [5.2.4).

5.3.2 Thermal stability and reducibility
High temperature XRD analyses (HTXRD)

As for LaFeOj and La,CuQOy the thermal stability under reductive atmosphere of the solids
was investigated by HTXRD (procedure scheme in Section Fig.[2.5). All solids of the
LaFe;_,Cu,Oj; series (x =0, 0.05, 0.1, 0.2) show the same behaviour. Therefore, only the
HTXRD diffractograms recorded for LaFe( gCu, ,0; are reported in Fig.|5.22|and |5.23|and
discussed, whereas those of LaFe;_,Cu,O5; (x=0.05, 0.1) are depicted in Appendix

Returning to LaFe gCu, ,03, no change in the diffractograms is observed for any of the
imposed conditions either under reductive atmosphere (Fig. or humid air (Fig.
apart from thermal dilatation effects. This is in agreement with findings reported by Zhang
et al. who investigated the stability of LaFe, Cu, ,O5 prepared by reactive grinding under
reducing atmosphere up to 900 °C.[24] The authors did not observe crystalline phase segrega-
tion. The examination of Fig. shows the same trend for the calcined sample compared to
the solid obtained after exposure to successive reductive and oxidative thermal treatment
(Fig.|5.22|and [5.23)). The most significant observation is related to the increased unit cell
parameters after HTXRD analysis, especially for the LaFe, sCu,,03 solid. According to
previous observations, a greater amount of anionic vacancies during reductive thermal treat-
ment locally destabilises the structure inducing partial extraction of Cu stabilised in B-sites.
These Cu species would not diffuse back into the perovskite lattice during the oxidative step
remaining segregated at the surface.

The atomic compositions at the surface of the LaFe;_,Cu, O3 (x=0, 0.05, 0.1, 0.2) catalysts
after HTXRD analysis were determined by XPS. Results are discussed in Section [5.3.4]
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Figure 5.22 — High Temperature X-ray diffractograms of LaFe, gCu,,0; prepared by CCM.
Step 1 corresponds to a heating ramp under reductive atmosphere (3 Vol.% H,/N,), Step 2 to
the corresponding plateau and Step 3 to the subsequent cooling under inert atmosphere.
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Figure 5.23 — High Temperature X-ray diffractograms of LaFe; gCu,,0; prepared by CCM.
Step 4 corresponds to a heating ramp under humid air flow up to 600 °C, Step 5 to the
corresponding plateau and Step 6 to the subsequent cooling under dry air flow.
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Figure 5.24 — Evolution of unit cell volumes of calcined and post-HTXRD LaFe;_,Cu,O;
samples (x=0, 0.05, 0.1, 0.2; CCM).

H,-TPR

To further investigate the reducibility of the Cu-substituted perovskites H,-TPR analyses
were performed. The profiles are shown in Fig. Contrarily to the LaFeOj; solid, which
is only reducible at temperatures above 700 °C (Section , the Cu-substituted samples
clearly show an additional low temperature reduction peak with its maximum at = 240 °C in
accordance with literature.2l] As expected, the H, consumption increases with increasing
Cu-content. This peak consists of 2 overlapping peaks, the 1% forming a shoulder of the
second which is more intense. The sample with the lowest substitution degree, contrarily to
the other Cu-substituted samples, also shows a weak 3™ reduction peak at 390 °C which was
not possible to assign.
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Figure 5.25 — H, absorption curves of calcined LaFe; ,Cu,O; (x=0, 0.05, 0.1, 0.2; CCM;
50 mg, 50 ml min~!) compared to La,CuO, (CCM; 100 mg, 25 ml min~!).

A comparison with the H,-TPR profile of La,CuQOy is also shown in Fig. It confirms
that the additional peaks observed for LaFe; ,Cu, O3 (x=0.05, 0.1, 0.2) can be attributed
to the Cu®* reduction in the perovskite structure. For all Cu-substituted perovskites, Cu’*
reduction is stopped in a lower temperature range (up to 280 °C) compared to the Ruddlesden-
Popper phase (up to 350 °C). Clearly, the reduction peaks can unlikely be attributed to Fe*"
species since their maximum temperatures are lower than the 15t reduction peak of the
La;_,Ca,FeO; samples regardless of the substitution degree. This is in agreement with
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literaturel2Zl and confirms as previously discussed (Subsection [5.3.1) that anion defects
contribute to compensate for the lower oxidation state of the substituting Cu cation in the
perovskite lattice.

Table 5.15 — Comparison of H,-TPR results of LaFe;_,Cu,O; (x =0, 0.05, 0.1, 0.2; CCM).

nominal H, consumption” total® extracted Cu’? T, reduction peaks
composition (mmol g!) H/Cu (Wt.%) (°C) (°C) (°C)
LaFeO; - - - - - >1100
LaFeO.95CU0.0503 0.24 1.07 1.1 237 (368) >1100
LaFeO_9Cuo.1O3 0.29 1.40 1.8 245 - 1084
LaFeO_SCu0_203 0.67 1.64 4.3 241 - 1080
La,CuQOy, 2.51 2.03 15.7 300 525 667

%H, consumption was integrated over the temperature range of 150 °C to 400 °C.
b After H,-TPR analysis, estimated according to 100 wt.% Cu® corresponding to H/Cu = 2 for T < 280 °C.

According to Eq. the complete reduction of the divalent Cu cations proceeds with a
maximum H/Cu ratio of 2. At temperatures below 700 °C the maximum H/Cu ratio should
equal this theoretical H/Cu ratio, since only Cu is reduced in this temperature range.

cu* 3 ¢y (E) _2 (5.3)
Cu /max

As shown in Table the total H/Cu ratio increases with higher Cu concentration in
the sample. Cu®* is only partially reduced in the substituted Fe-based perovskites whereas
complete reduction occurred for La,CuO,. While the reduction of Cu®* to Cu* is completed
for all solids, the reduction to metallic Cu only partially proceeds. This is in agreement
with the enhanced stability of the structure. Nevertheless, the higher the Cu-content in the
perovskite the higher the fraction of formed Cu’. The highest amount of segregated Cu® of
4.3 wt.% is obtained for the LaFe( gCug ,0O5 solid. This value is expectedly lower compared to

the La,CuQOy4 sample (16 wt.%) due to the lower Cu-content in the sample itself.

5.3.3 Textural properties

Table 5.16 — Comparison of specific surface areas and cumulative pore volume of
LaFe,_,Cu,0O; (x=0, 0.05, 0.1, 0.2; CCM).

composition SSA (m?g™')  Vpore (cm®g7!)
LaFeO; 13.9 0.08
LaFeO.95CU0.0SO3 15.0 0.09
LaFeO_9Cuo.1O3 18.4 0.09
LaFeo_SCHOQO?) 13.8 0.07

The textural properties of the Cu-substituted perovskites, studied by N,-physisorption,
are typical of CCM solids. As can be seen in Fig. A, all solids of the LaFe;_,Cu,Oj series
(x=0,0.05, 0.1, 0.2; CCM) present isotherms which are partly indicative of macroporous or
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Figure 5.26 — N, adsorption and desorption isotherms and pore size distributions of cal-
cined LaFe;_,Cu,O; (x=0, 0.05, 0.1, 0.2; CCM).

weakly porous solids (type II) with a low additional contribution of mesopores (type IV). No
significant changes in hysteresis are observed.

The pore size distributions, as plotted in Fig. [5.26B, are very broad. They show an
unchanging high contribution of high diameter mesopores and macropores regardless of the
substitution degree. This is attributed to the fact that porosity is mainly due to holes formed
by perovskite particles during crystallisation. This is known for solids obtained by CCM as
discussed in Chapter |4|(Section and no change is observed due to Cu substitution.

Table shows the specific surface areas and the cumulative pore volumes of the Cu-
substituted perovskites. As expected from the isotherms and the corresponding pore size
distributions, both properties are very similar to those of the LaFeOj3 solid. Only slight
increases in specific surface area are observed for LaFe( 95Cu, o503 and LaFe; ¢Cug 1O3.

5.3.4 Chemical composition at the surface

XPS analyses were conducted on the LaFe;_,Cu,O; series. Results are shown in Fig.
and Table The photopeaks of La 3d, Fe 2p and Cu 2p energy levels are illustrated in
Fig. All spectra exhibit the characteristic multiplet splitting and satellites of trivalent
La and Fe and divalent Cu cations. In the case of Fe, this is confirmed by the positions of
the satellite (=~ 719 eV as for the non-substituted perovskite). The presence of Cu’" cations is
confirmed by the positions of the photopeaks at approximately 933.1 eV and the presence of
the characteristic satellites. For all samples the area of the Cu 2p3,, satellite is approximately
equal to half the area of the main peak which confirms that contributions of Cu species other
than Cu®" are negligible. Indeed only 0 to 8 at.% of Cu" species were estimated by spectral
decomposition of the Cu 2pj3/, core level. No clear trend with the substitution degree is
observed (Table [5.17).

The examination of the O 1s photopeak (Fig. reveals 2 contributions at 531.5eV
and 529.5eV previously ascribed to adsorbed oxygen-containing species and lattice oxygen
species (O?7) respectively. As shown in Table the high relative intensity of the higher
B. E. contribution increases correlated to the development of the 289.9 eV contribution of
the C 1s core level attributed to carbonate species. Compared to the La,CuO,4 sample, lower
amounts of adsorbed oxygen (La,CuQOy,: 75 at.%) and carbonate species (La,CuQOy: 33 at.%)
are observed on the surface of the LaFe; ,Cu,O3 samples (x=0.05, 0.1, 0.2).
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Figure 5.27 — La 3d, Fe 2p, Ca 2p, O 1s and C 1s photopeaks of calcined LaFe; ,Cu,O;
(x=0, 0.05, 0.1, 0.2; CCM).

Table 5.17 — Comparison of photopeak maxima and spectral decomposition results of
calcined LaFe;_,Cu,0; (x=0, 0.05, 0.1, 0.2; CCM) compared to La,CuQO, (CCM).

B.E. (eV) at.%

La3ds, Fe2ps, Cu2pss Ols Opyice” Ceoop? Cu'e
LaFeO; 834.3 710.8 - 529.5 55 13 -
LaFeyosCug 505  833.9  710.1  933.0 5291 52 15 5
LaFe,osCupOs  833.9 7103  933.0 5289 51 23 0
LaFe,Cuy,O;  833.9  710.1  933.2 5289 47 23 8
La,CuOy4 835.2 - 933.1 531.7 25 25 15

! Olattice T Oads = 1-

CCO32_ + Cadventitious = 1-
‘Cu* + Cu** =1.
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Table 5.18 — Surface atomic ratios xy ,/xg and xc,/xge of calcined LaFe;_,Cu,O; (x=0, 0.05,
0.1, 0.2; CCM) and La,CuO,4 (CCM). Results of the La,CuO,4 sample are given for compari-

son.
nominal Xra/XPe (Cu) XLa/XB Xcu/Xpe surface composition
composition based on nominal Fe (Cu) content
LaFeO3 2.13 2.13 - L32.13PeO4.63 (C3.66)
LaFe 95Cug,0503 2.08 1.94  0.08  LajggFeq95Cu 070557 (Cq.26)
LaFe( 9Cu 105 2.36 208  0.14  Lajp,Feq99Cug.130539 (Cog1)
LaFe( sCu ,FeO; 2.52 1.82  0.39  Lajg)Feg9Cug240453 (Co1)
La,CuOy (2.98) 2.98 - (Lag 75CuO1.10 (Ce.08))
Table 5.19 — Surface compositions and spectral decomposition results (XPS) of

LaFe;_,Cu,O; (x=0, 0.05, 0.1, 0.2; CCM) perovskites, before (calcined) and after (post-
HTXRD) the HTXRD procedure.

nominal surface composition at.%
composition based on nominal Fe content = Oj,ice” Ccof*b
LaFeO; calcined La, 13FeOy463 (C346) 55 13
LaFeOg post-HTXRD Laj ¢4FeOs5 5 (Cq 36) 34 11
LaFe( 95Cug 1503 calcined La; ggFe) 95Cug.0705 57 (Cy.26) 52 15
LaFe( 95Cug 1503 post-HTXRD  La, 59Feq 95Cug 1304 25 (C3.60) 50 18
LaFe( ¢Cu( 05  calcined La; 1,Feq.99Cuq 130539 (Cy 1) 51 23
LaFe( oCu( 03  post-HTXRD La; goFe( 99Cug 130411 (C3.45) 47 21
LaFe( gCu(,0;5  calcined La; goFe) 80Cup.2404.53 (Co61) 47 23
LaFe( gCu(,03  post-HTXRD Laj 4;Feq g9Cug 330499 (Cy67) 42 25

“Oads + Olattice = 1. For LaFeO3 post-HTXRD: O, g5 + Olattice + Oads H,0 = 1+ (Oads 1,0 = 12at.%)
b CCO32— + Cadventitious = 1-
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The atomic ratios of the metal cations at the surface of the LaFe,;_,Cu,O5 (x=0, 0.05,
0.1, 0.2) catalysts were also determined by XPS. Results are shown in Table A surface
La enrichment is observed compared to the B-site cations for all samples in the series
LaFe;_,Cu,O3 (x=0, 0.05, 0.1, 0.2). This La excess is only slightly attenuated by the Cu
substitution. Comparing the atomic Cu/Fe ratios for the Cu-substituted samples to the
theoretical ones, a slight Cu enrichment at the surface is observed.

Ex situ XPS measurements were also performed on the samples previously exposed to
the HTXRD procedure. The quantification results are reported in Table The solids
show a slight decrease in the La excess at the surface. Slight Cu extraction towards the
surface is detected in agreement with the discussed unit cell expansion observed after the
heat treatments. However, no major photopeak shifts were observed (Table[B.4). At the same
time, the contribution of non-lattice oxygen species is increased after the HTXRD procedure.
The same is true for the carbonate contribution as was already observed for the LaFeOj; solid

(Section [3.2).

5.3.5 Catalytic activity

The catalytic performance reacts sensibly with the Cu substitution degree. Especially the
CO oxidation and to a lesser extent the NO reduction performance are enhanced by higher
Cu-content in the perovskites. However, LaFe;_,Cu, O3 samples present similar HC oxidation
performance as the non-substituted LaFeO; catalyst up to temperatures of 420 °C and lower
ones at higher temperatures in the case of x=0.05 and 0.2. No indications for propylene
reforming reactions are observed in contrast to the La,CuQy catalyst (Section 3.5.2).

The catalytic performances of the Cu-substituted samples were tested as before in 3-way
catalytic conditions according to Procedure A (Section[2.3). CO, propylene, NO, propane,
oxygen and hydrogen conversions during temperature-programmed reactions are presented
in Fig.[5.28]and [5.29] Additionally, T5, values are reported in Table and in Appendix|D|

(Table [D.3).

Table 5.20 — Temperatures corresponding to 50 % conversion of CO, C;H¢, C;Hg, and H,
(stoichiometric) and NO (rich composition) of LaFe; ,Cu,O; catalysts (x=0, 0.05, 0.1,
0.2; CCM) and selectivities of NO reduction products.

condition stoichiometric rich”

Tso (°C) selectivities at Tg

CO C3Hg C3Hg H, NO Sy, Snay, Sno Ts (°C)
LaFeO, 438 463 478 501 - 0.05 095 0 507

LaFe,oCug Os 305 469 467° 444 489 0.51 0.43 0.07 493
LaFe4Cup,O; 294 497 505 421 501° 094 0 0.06 513

“ Space velocity (LaFeg ¢5Cug 503, rich) =59 400mlh~! g~}
b Conversion lower than 50 %.
¢ T25-

As shown in Fig. and Table best CO oxidation results are obtained by the sample
with the highest Cu-substitution degree, LaFe 3Cu, ,03, which is also the most reducible
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Figure 5.28 — CO, C3H4 and NO conversions of LaFe;_,Cu,Oj; catalysts under stoichiomet-
ric and rich conditions respectively. LaFeOj; (¢), LaFe( 95Cug (505 (A), LaFey 9Cug ;05 (A),

and LaFe( gCu(,03 (A) compared to the commercial reference TWC (*)
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solid and which contains the highest amounts of anionic defects of the LaFe;_ Cu, O3 per-
ovskite series as evidenced by H,-TPR and XRD. Its performance even exceeds the one of
La,CuQ, (Ts (CO, stoicl)=300°C*). The CO oxidation performance enhancement follows
the trend of increasing substitution degree.

For NO reduction under rich conditions, all samples show enhanced performance. The
enhancement is most marked for LaFe( 95Cug (505 and LaFe, ¢Cug 03, in contrast to the
results obtained for CO oxidation. The samples substituted with lower amounts of Cu
show similar performances. Concerning the reduction products differences are observed as
shown in Fig. While all samples show low N,O production in the temperature range
of 440 to about 500 °C, differences in the N, and NHj selectivity are detected. Contrarily
to LaFeO3, the main product of reduction catalysed by Cu-substituted perovskites is Nj.
No NHj; production and an N, selectivity close to 1 are observed for LaFe( 3Cu, ,03 around
500 °C. The catalyst with lowest Cu substitution degree shows a minor contribution of NH;
production of 11 %, a high N, selectivity of 85 % and the lowest amount of produced N,O
of the substituted solids at this temperature. The LaFe ¢Cu, ;O3 solid, on the other hand,
shows a significant NH; contribution (43 %). The high N, selectivity of the Cu-substituted
orthoferrites and the high catalytic activity of the LaFe( gCu, ,O5 catalyst are in agreement
with previous reports on the catalytic reduction of NO by propylene over LaFe, sCu,05 in
the presence of O, by Zhang et al.[2°]

Whereas no NO conversion was observed for La;_,FeO3 and La,_,Ca,FeOj3 solids un-
der other than rich conditions, low amounts of reduction products are detected for the
LaFe;_,Cu,Oj5 catalysts under stoichiometric and lean conditions. However, the conversion is
marginal accounting for a maximum of 5% at temperatures above 430 °C under lean and
in the temperature range of 360 to 380 °C under stoichiometric conditions. Up to 10 % of
NO conversion were obtained for LaFe 95Cu o503 during the return test with an Sy, of 70 %
vs. 30 % of Sy o. Generally, the sole reduction product observed under lean conditions is N,
whereas nitrous oxide is formed as a side product under stoichiometric conditions.

Different mechanisms for NO reduction were proposed for the LaFe, Cu, ,05 catalyst
depending on the reductive agent. According to Zhang et al., nitrosyl (NO~) species are
the main adsorbed reactants during NO reduction by CO2 whereas the NO reduction
by propylene in the presence of oxygen involved the formation of nitrates (NOjy) at the
perovskite surface.[22l The key role of the presence and fast regeneration of oxygen vacancies
for NO reduction was emphasized. Studies under more complex feed gas mixtures such as
the combination of CO, propylene and NO have not been conducted, however. Regarding the
light-off curves depicted in Fig. it appears unlikely that CO + NO reaction occurs under
3-way catalytic conditions. The NO reduction by propylene or hydrogen is more probable in
this case.

All LaFe;_,Cu,Oj catalysts (x =0.05, 0.1, 0.2; CCM) show higher specific reaction rates for
CO and C3Hg oxidation under stoichiometric conditions than LaFeO3 as shown in Table
The increase in rgpecific for the latter is slight and the catalytic activity does not change for
different substitution degrees as can also be seen for the Arrhenius parameters in Table
(estimated by linear regression as shown in Fig.[D.5). On the other hand, catalytic perfor-
mance of CO oxidation is markedly increased for Cu-substituted samples. In agreement
with this trend, the specific reaction rates at 250 °C increase with increasing Cu-content. The
catalytic activity is enhanced for the samples with the lowest and the highest Cu-content
respectively as reflected by the estimated Arrhenius parameters. However, a marked decrease

“4Space velocity (La,CuO,) = 45000mlh~! g~! instead of 60 000mlh~! g~!
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Figure 5.30 — N,, N,O and NHj selectivities and yields of NO conversion of LaFe;_,Cu,O;
catalysts (x,=0.05, 0.1, 0.2; CCM) under rich conditions. LaFe;¢5Cu; 505 (A),
LaFe; 9Cuy 03 (A), and LaFe( gCu;,05 (A) compared to the commercial reference TWC
(*); Sx,/ Y, (solid), Sx,0/ Yn,0 (dashed), Syp,/ Ynu, (dashdotted, big mark)

in activity is observed for the LaFe; ¢Cu, ;O3 solid as can be seen by its high pre-exponential
factor.

In conclusion, LaFe;_,Cu,Oj3 catalysts (x =0.05, 0.1, 0.2) present interesting catalytic
properties mainly with respect to CO oxidation, NO reduction in rich conditions and N,
selectivities. Except in the case of LaFe( Cug O3, the Cu-substitution leads not only to lower
Tso values but also enhanced activity for CO oxidation. This can be attributed to the higher
reducibility of the solid as evidenced earlier by H,-TPR and the high amount of oxygen
vacancies as confirmed by XRD results in agreement with earlier reports on the catalytic
performance of LaFe, 3Cu, ,0;.12122] Catalytic activity toward propylene oxidation is also
slightly enhanced. This is, however, not reflected by the performances. The higher NO
reduction activity is in agreement with the intended influence of introducing Cu into the
perovskite structure. While NO reduction performance is less marked than for La,CuQOy,
it is in the range of La;_ FeOj3 catalysts with the clear advantage of leading to N, as the
major reduction product. Interestingly, a higher amount of Cu did not lead to increased
NO reduction performances, whereas this was observed for CO oxidation. This affirms the
already discussed hypothesis that CO and propylene oxidation are catalysed on different
active sites of the (substituted) orthoferrites.
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Table 5.21 — Comparison of specific reaction rates rypccific, apparent activation energies
Ea,app and pre-exponential factors A of CO and C;H¢ oxidation for LaFe; ,Cu,Oj; cata-
lysts (x=0, 0.05, 0.1, 0.2) under stoichiometric conditions (1% test ramp). Arrhenius
parameters were determined by Arrhenius plots (Fig.

SSA rspeciﬁca EA, app A
(m?2g!) (mols~!g™!) (kJmol™!)  (103m3s7tg™!)
CcO CsHy CO Cj3Hg CcO C;Hq
LaFeO, 13.9 ~0 2.5-107 142 128 424.4 15.2
LaFe; 95Cu 9505 15.0 1.1-1078 n.a. 107 n.a. 33.9 n.a.
LaFe, ¢Cuy 05 18.4 8.4-10% 3.7.107° 171 100 55351179 0.112
LaFe, 4Cu, ,0; 13.8 225-107% 3.7.-107° 112 103 216.8  0.130

“ Specific reaction rates were calculated from conversions at 250 °C for CO and 350 °C for C3H.

5.3.6 Conclusion

A series of Cu-substituted orthoferrites was prepared by CCM. While LaFe;_,Cu,O5 catalysts
(x=0.05, 0.1, 0.2) present similar textural properties as the LaFeOj; solid, their unit cells are
slightly decreased as evidenced by XRD in agreement with the formation of a solid solution
by incorporation of the Cu ions into the perovskite lattice. The insertion of divalent Cu in
the B-site is mainly compensated by the generation of anionic defects.

The thermal stability of the LaFe;_,Cu,O; catalysts (x =0.05, 0.1, 0.2) was preliminarily
tested by HTXRD analyses. The in situ measurements as well as analyses performed after the
heat treatments confirmed the stability of the structure. No crystalline phase segregation was
detected and only slight Cu extraction at the surface of the samples after the HTXRD analysis
may be deduced from XRD and ex situ XPS results. Nonetheless, all Cu-substituted solids
show enhanced reducibility as evidenced by H,-TPR. The solid’s reducibility increases for
higher substitution degree and so does the reducibility of the Cu cations inside the structure.

The higher reducibility and the abundance of oxygen vacancies accompanied by the ease
of their regeneration is assumed to be at the origin of the enhanced catalytic performances
and activities of the Cu-substituted orthoferrites. XPS revealed higher amounts of adsorbed
oxygen and carbonate species on the surface of the Cu-substituted perovskites, similar to the
observations with respect to the La,CuQOy solid — even though in a lower proportion.

The coupling of high CO oxidation and high NO reduction performances with high N,
selectivities of the Cu-substituted orthoferrites constitutes a potential to be further explored.
Substitution degrees in the Fe-based perovskite of 0.05 and 0.1 lead to similar T5, for NO
reduction, even though Sy, was higher for the perovskite with lower Cu-content. However,
LaFe( ¢Cug 103 yielded more interesting results concerning HC and CO oxidation while
highest catalytic activity for CO oxidation was observed for LaFe, gCu ,03. Therefore, the
substitution degrees of x =0.1 and 0.2 were retained for the following study combining A-
and B-site substitution.

5.4 Influence of substitution in A- and B-site

Taking into account the positive results of catalytic performances of La;_,Ca,FeO; and
LaFe;_,Cu,Oj3 (Sections and [5.3)), an investigation of the substitution in A- and B-site
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of Fe-based perovskites was performed by studying a series of La;_,Ca,Fe;_ Cu,O5 (x=0,
0.1, 0.2) solids. This series was prepared by CCM. The conjunction of positive effects due
to individual substitution or detrimental effects due to higher charge imbalances leading to
phase segregation was studied.

5.4.1 Bulk/Structural properties
Chemical composition of the bulk

As shown in Table elementary analyses of La;_,Ca,Fe;_,Cu,O3 solids (x=0, 0.1, 0.2) are
in agreement with the theoretical compositions.

Table 5.22 — Bulk atomic ratios x,/xg, Xcu/Xpe and xc,/xy, of calcined La;_,Ca,Fe;_,Cu,O;
(x=0, 0.1, 0.2; CCM).

nominal composition  xp,/Xpe Xa/Xp Xcu/Xpe XCa/XLa

LaFeOs, .01 1.01 : i
La0.9Ca0.1Feo.9Cu0.1O3 1.00 1.01 0.10 0.11
Lao'gcao'zFeO.gcuO'zo?’ 1.00 1.02 0.23 0.25
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Figure 5.31 — X-ray diffractograms of calcined La;_,Ca,Fe;_,Cu,O; (x=0, 0.1, 0.2; CCM).

All La;_,Ca,Fe;_,Cu, O3 (x=0, 0.1, 0.2) samples are characterised by an orthorhombic
perovskite structure as evidenced by XRD patterns (Fig.[5.31). Significant shifts of 26 values
depending on the Ca and Cu substitution degree were observed but no additional X-ray
peaks suggesting phase segregation are evidenced. Relative intensities remain unchanged
compared to the reference. Thus, the simultaneous substitution by divalent cations in A-
and B-sites does not prevent the generation of the orthorhombic perovskite phase. However,
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diffraction peaks are significantly less intense and broadened with increasing substitution in
the LaFeOj; structure. Likewise, increased distortion of the structure is observed.

243

242

241

Vunit cell (A3)

240

1 1 1
0 0.1 0.2
X

Figure 5.32 — Evolution of the unit cell volume of calcined La;_,Ca,Fe;_,Cu,O; (x=0, 0.1,
0.2; CCM).

By plotting the unit cell volume evolution, as depicted in Fig. a nearly continuous
decrease is observed with increasing substitution degree in A- and B-sites. A similar trend was
observed and explained earlier for La;_ Ca,FeOj; solids (Section[5.2.1). This is in agreement
with the lower impact of Cu substitution on the unit cell parameters already seen for the
LaFe,_,Cu,Oj5 solids (Section|[5.3.1).

However, as discussed before (Sections [5.2.1| and [5.3.1)), the decrease of the unit cell
volume cannot be easily explained by neither the size of the Ca>" nor the one of the Cu?"
cation. Hence, additional charge compensation is necessary for La;_,Ca,Fe;_,Cu,O5 solids
compared to the parent substituted samples in A- or B-site since both substituting cations
are divalent creating an even stronger charge imbalance in the perovskite structure. Even
though this destabilising effect does not lead to the destruction of the orthoferrite structure, it
nonetheless should generate a high amount of defects. As discussed earlier, these defects may
consist of the partial oxidation of Fe*' to Fe*" species and the creation of oxygen vacancies,
leading to a unit cell contraction.

Apparent crystallite sizes and unit cell parameters as obtained by full pattern matching
are reported in Table Crystallite sizes of the doubly substituted series are significantly
lower with respect to the LaFeO; solid. This is already apparent from the significant peak
broadening observed in the diffractogram (Fig.[5.31). Among all materials already prepared
by CCM, crystallites’ sizes seem to generally follow the trend LaFeO5; > La;_,Ca,FeO3 >
LaFe;_,Cu,O3 > La;_,Ca,Fe;_,Cu,O3. This decrease is more marked and following the same
order when x is increased.

Table 5.23 — Comparison of crystallite sizes and unit cell parameters derived from full
pattern matching of calcined La;_,Ca,Fe;_,Cu,O; (x=0, 0.1, 0.2; CCM).

dcryst (nm) a (A) b (A) ¢ (A) Vanit cell (A3)

LaFeO; 20.1 £ 0.1 5561 7.858 5.558 242.85+0.17
La0_9Ca0_1FeO.9Cu0_1O3 13.3+£0.1 5.551 7.845 5.546 241.51 +£0.26
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5.4.2 Reducibility

The reducibility of the La;_,Ca,Fe;_,Cu,Oj5 solids was investigated by H,-TPR. The profiles
are displayed in Fig. For all samples, the growing H, consumption above 700 °C is
attributed to the progressive bulk reduction of LaFeO;. Remarkable differences compared to
LaFeOj are observed at lower temperatures (150 °C < T <300 °C). An additional asymmetric
reduction peak is observed for the substituted solids at 223 °C and 247 °C for x=0.1 and
x = 0.2 respectively as observed earlier for LaFe;_ Cu,O3 (Section|5.3.2).

—Lag gCag Feq sCup,0;
—Lag 9Cag 1 Feq oCug ;035
--- LaFeO3

H, consumption (a. u.)

H, consumption (a. u.)

100 300 500 700 900 1100 100 300 500 700 900 1100
T (°C) T (°C)

Figure 5.33 — H, absorption curves of calcined La;_,Ca,Fe; ,Cu,O; (x=0.1, 0.2; CCM;
50 mg, 25 ml min~!) compared to LaFeO; (CCM; 50 mg, 50 ml min~!) and La,CuO, (CCM;
100 mg, 25 ml min~1).

By analogy with the LaFe,_,Cu,Oj solids (Subsection [5.3.2), the 15t peak must of course
be mainly attributed to Cu®*. A significant increase in the normalised H, uptake is noticeable
which could be ascribed to a greater extraction of Cu®* and/or the stabilisation of Fe** species
as discussed for the La;_ Ca,FeO3 samples (Section [5.2.2).

Table 5.24 — Comparison of H,-TPR results of La;_,Ca,Fe; ,Cu,O; (x=0.1, 0.2; CCM;
50 mg, 25 ml min~!) compared to LaFeO; (CCM; 50 mg, 50 ml min~!).

H, consumption H/B H/Cu® extracted T, reduction peaks
total® low T’ total low T? Cu4
X (mmol g~1) (wt.%) (°C) (°C) (°C) (°C)
0 - - - - - - - - - >1100
0.1 0.49 0.45 0.22 0.20 1.00 2.8 223 386 544 >1100
0.2 1.03 0.98 0.44 0.44 2.19 6.2 247 401 536 >1100

#H, consumption was integrated over the temperature range of 150 °C to 700 °C.
b Temperature domain up to 300 °C.

¢ Assuming that H, consumption of the 1%t peak could be fully attributed to the reduction of Cu’".
4 After H,-TPR analysis, estimated by H, consumption in temperature range up to 300 °C.

Calculating the ratio of H/Cu from the H, consumption assigned to the 1% peak a value
of H/Cu > 2 has been obtained for the Laj gCag ,Fe, gCug ,05 sample. It can be deduced that
at least as much Fe*" as can be calculated by the excess, i.e. 0.173 mmol, has to be present.
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This represents 4.8 at.% of the Fe in the perovskite structure, slightly less than what was
estimated for La;_,Ca,FeO3; (x=0.2).

The behaviour of the Laj ¢Ca ;Fej ¢Cu ;O3 solid differs from the above mentioned ex-
planation since the reduction of Cu?" is incomplete. In this case the H/Cu ratio of 1 under-
lines that Cu™ species are not further reduced in agreement with the H,-TPR results of the
LaFe;_,Cu,O3 solids, i.e. increasing reducibility of the Cu cations inside the structure is
observed for higher substitution degree.

5.4.3 Textural properties

N, physisorption isotherms (Fig. A) present the typical CCM feature of type II and type
IV isotherms. However, a broadening of the hysteresis towards low relative pressure domains
is occurring for substituted samples and is increased with the substitution degree.
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Figure 5.34 — N, adsorption and desorption isotherms and pore size distributions of cal-
cined La;_,Ca,Fe;_,Cu,O; (x=0, 0.1, 0.2; CCM).

The corresponding pore diameter distributions are shown in Fig.[5.34B. While the LaFeO;
solid presents a broad distribution of mainly large macropores the La;_,Ca,Fe;_,Cu,O5 solids

(x=0.1, 0.2) show narrower pore size distributions, the maximum being shifted to lower pore
sizes.

Table 5.25 — Comparison of specific surface areas and cumulative pore volume of
La,_,Ca,Fe;_,Cu,0O;(x=0, 0.1, 0.2; CCM).

composition SSA (m?g~1) Voore (cm3g1)
LaFeO; 13.9 0.08
LaO.9C30.1Fe0.9CUO_IO3 21.4 0.10
LaO.8C30.2FCO.8cu0_203 24.0 0.10

Regarding their specific surface area, the doubly substituted catalysts present significantly
higher values than the non-substituted LaFeO; or the corresponding individually substituted
samples. A bigger difference is observed compared to the Cu-substituted samples than for
the Ca-substituted ones. Cumulative pore volumes are again slightly increased by a constant
amount regardless of the substitution degree. Overall, the insertion of Ca and Cu in the
perovskite structure is leading to higher specific surface area and slightly more porous solids.
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5.4.4 Chemical composition at the surface

XPS analyses were performed to investigate the surface composition. Fig. shows the
La 3d and Fe 2p photopeaks of La;_,Ca,Fe;_,Cu,Oj. As for the other orthoferrites, they

show the characteristic spectral features of trivalent La and Fe, including the broad and low
intensity Fe 2p satellite at 719eV.
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Figure 5.35 — La 3d, Fe 2p, Ca 2p, Cu 2p, O 1s and C 1s photopeaks of calcined
La,_,Ca,Fe;_,Cu,0;(x=0, 0.1, 0.2; CCM).

The photopeaks of the substituting cations are also shown in Fig. The weakly intense
Ca 2p satellites at B.E. > 353 eV are slightly discernible as for La;_,Ca,FeO3. Therefore, the
presence of high amounts of CaCOj is improbable.l?! Spectral decomposition of the Cu 2ps/,
core level shows once again the predominance of Cu®* species yielding a contribution of
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only 3 at.% of Cu” for the La; 3Ca, ,Fe; gCu(,03 and none for the less substituted solid in
agreement with the observed intense satellite.

Table 5.26 — Comparison of photopeak maxima of calcined La;_,Ca,Fe; ,Cu,0; (x=0, 0.1,
0.2; CCM).

B.E. (eV) at.%
x La3ds, Ca2ps, Fe2ps, Cu2psn Ols Opyice” Ceop”
0 834.3 - 710.8 - 529.5 55 13
0.1 834.1 347.2 710.2 932.9 529.2 50 14
0.2 833.6 346.8 710.2 933.1 528.8 48 14

* Olattice T Oads = 1.
CCO32_ + Cadventitious = 1-

Most distinct differences between LaFeOj and substituted solids are observed for the
O 1s photopeaks (Fig. [5.35). An increase of adsorbed oxygen species is occurring with
increasing substitution degree. This phenomenon can be attributed to the Cu-content, similar
observations having been made for the photopeaks of LaFe;_,Cu,O;.

C 1s photopeaks show again a main peak at 285 eV assigned to adventitious carbon species
and a weaker contribution at 289.9 eV attributed to carbonates. The carbonate contribution
seems to be independent of the substitution degree for all studied La;_,Ca,Fe;_,Cu,O5 solids
which is in contrast to the observations made for solids individually substituted in A- or
B-site.

Concerning La 3d and O 1s photopeaks (Fig.[5.35), gradual decreases in binding energies
of the apparent maxima are observed, as can be seen in Table The positions of the
Ca 2p3/; photopeak are slightly higher for La;_,Ca,Fe;_,Cu,O3 compared to La;_,Ca,FeO;
samples, whereas Cu 2p;/, photopeak maxima of La;_,Ca,Fe;_,Cu,Oj3 solids do not show
significant shifts. As for the solids obtained by substitution in A- or B-site only, Fe 2p;/,
maxima are shifted to constantly lower B. E. No clear explanation can be given regarding the
origins of this phenomenon.

XPS measurements also revealed surface enrichment of A-site cations to the detriment of
especially Fe in all solids (Table[5.27). However, this surface enhancement is attenuated with
increasing Ca- and Cu-content. As can be seen from comparing the atomic ratios of Cu/Fe
and Ca/La at the surface to the bulk values obtained by elementary analysis confirming the
nominal values (Section , an enrichment of the substituting cations at the surface is
observed for both sites.

Table 5.27 - Surface atomic ratios xa/Xg, Xcu/Xpe and xc,/x;, of calcined
La;_,Ca,Fe;_,Cu,O; (x=0, 0.1, 0.2; CCM).

nominal XA/Xp  Xcu/Xpe Xca/Xpa surface composition
composition based on the nominal Fe content
LaFeO; 2.13 - - La, 13FeOy 63 (C3.66)

Lay¢Cag FepoCup 05 1.74 0.26 0.21  Lay 3Cag 34Fe( 99Cu 230491 (Cyg2)
Lag gCag ,Fep gCup,05 1.65 0.34 0.34  Lay 3,Cag 45Fe( 59Cug 270462 (Cy6)
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5.4.5 Catalytic activity

The catalytic activity of the Ca- and Cu-substituted samples was tested according to Procedure
A (Section [2.3). CO, propylene, NO, propane, oxygen and hydrogen conversions during
temperature-programmed reactions are presented in Fig.|5.36/and |5.37| Additionally, T5,
values are reported in Table and in Appendix [D|(Table[D.4).

Conversion profiles vs temperature reproduce the same trends as described earlier for
LaFe;_,Cu,O3. Again, the catalytic activity can be ascribed to the presence of Cu ions in
the B-site compared to the lower activity recorded for La;_,Ca,FeO;. The most prominent
observations are related to CO oxidation to CO, and NO reduction which is only observed
in rich conditions and usually accompanied by a predominant production of ammonia
(Fig.[5.38). Such an ammonia production — also observed over noble metals — has been
previously explained by a production of excess H, coming from reforming or WGS reactions.
The same behaviour is observed for La;_,Ca,Fe;_,Cu, O3 as exemplified in Fig.[5.36/and |5.37|
However, a significant Sy, enhancement is observable compared to the LaFeOj catalyst.

Regarding CO conversion, it is obvious that Ca and Cu insertion lead to significant activity
enhancement. The comparison of the temperature at half conversion (Table shows the
lowest value of 279 °C for the Laj gCa ,Fe; sCu( ,05 perovskite compared to those recorded
on Laj gCa(,FeO3 (449 °C) and LaFe( gCu( ,03 (294 °C). The same observation can be made
regarding NO.

Table 5.28 — Temperatures corresponding to 50 % conversion of CO, C;H¢, C;Hg, and H,
(stoichiometric) and NO (rich composition) of La;_,Ca,Fe;_,Cu,O; catalysts (x=0, 0.1,
0.2; CCM) and selectivities of NO reduction products at Tg. Values of the La;_,Ca,FeO,
and LaFe;_,Cu,Oj; series are given for comparison.

condition stoichiometric rich

Ts0 (°C) selectivities at Tg

CO C3Hg CsHg H, NO Sy, Swu, Sno Ts(°C)
LaFeO; 438 463 478 501 - 0.05 095 O 507

La0'9Ca0.lPeo.9Cu0.1O3 288 456 488 437 478 0.45 0.54 0.01 504
Lay gCag,FeqsCug,Os 279 449 487 399 469 036 0.64 0 506

Lajy ¢gCaj 1FeOgy 414 446 461 463 499" 0.86 0 0.14 498
Laj gCag ,FeO; 449 482 499 482 510 1.00 0 0 500
LaFe; gCug 105 305 469 467 444 489 0.51 0.43 0.07 493
LaFe; gCug ,05 294 497 505 421 501% 0.94 0 0.06 513
% Conversion lower than 50 %.

b Tys.

As shown in Table both La;_,Ca,Fe; ,Cu,O; catalysts (x=0.1, 0.2) show higher
specific reaction rates for CO and C3;H¢ oxidation than LaFeO;. CO oxidation activity is
markedly increased for doubly substituted perovskite samples. In agreement with the trend
observed for the performances and the LaFe;_,Cu, O3 samples, the specific reaction rates at
200 °C increase with higher Ca- and Cu-content. The increase in specific reaction rates for the
C3Hg oxidation is less marked and only slight changes are observed for different substitution
degrees. On the other hand, regarding the Arrhenius parameters shown in Table (derived
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Figure 5.36 — CO, C;Hy; and NO conversions of La;_,Ca,Fe; ,Cu,O; catalysts (x=0,
0.1, 0.2; CCM) under stoichiometric and rich conditions respectively. LaFeO; (),
Lay ¢Cag 1Fep oCuy 105 (#), and Laj gCag ,Fey sCuq ,05 (#) compared to the commercial refer-
ence TWC (°)

© 2015 Tous droits réservés. lilliad.univ-lille.fr



Thése de Anke Schon, Lille 1, 2015

202 CHAPTER 5. Composition optimisation of Fe-based perovskite catalysts

Py o900 0 0 0000
@00 T80 1900 &

1 T T \|\\\\|.7\.+v\=(

o- 00 -0
C;Hg ,' /

stoicl stoicl

conversion

conversion

conversion

0.8 -
0.6

0.4

conversion

0.2

0

C;3Hg

stoic2

0.8

0.6

0.4

0.2

200

300

400

T (°C)

500

200

300

400

T (°C)

500

200

300

400

T (°C)

500

Figure 5.37 — C3Hg, O, and H, conversions of La;_,Ca,Fe; ,Cu,O; catalysts (x=0,
0.1, 0.2; CCM) under stoichiometric and rich conditions respectively. LaFeO; (),
Lay ¢Cag 1Fep oCuy 105 (#), and Laj gCag ,Fey sCuq ,05 (#) compared to the commercial refer-

ence TWC (°)
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Figure 5.38 - N,, N,O and NH; selectivities and yields of NO conversion
of La; ,Ca,Fe; ,Cu,O; catalysts (x,=0.1, 0.2; CCM) under rich conditions.
Lay9Cag1FegoCug 105 (#), and LajygCag,FeysCuy,05 () compared to the commer-
cial reference TWC (¢); Sy,/Yy, (solid), Sn,0/Yn,0 (dashed), Syu,/Ynn, (dashdotted, big
mark). Please note different T scales compared to the conversion profiles.

from linear regression of straight lines in Fig.D.6)), catalytic activity for C3H, oxidation is
enhanced with increasing substitution degree, i.e. apparent activation energies and pre-
exponential factors decrease. Regarding the CO oxidation, no such significant decreases in A
are observed. Whereas both doubly substituted solids present lower Ej .5, than LaFeOj3, the
numerical values of A differ. While similar ones are observed for the Lajy yCag 1Fey oCug 103
and LaFeOj samples, a higher value (with the same order of magnitude) is obtained for the
Laj gCa ,Fe sCug ,0;3 catalyst. Propylene oxidation seems to be less affected by the increase
of reducibility and/or anionic defects in the structure. This leads once again to the conclusion
that CO and propylene oxidation proceed on different active sites.

Comparing the results of the La;_,Ca,Fe; ,Cu,Oj5 catalysts (x=0.1, 0.2) to those of the
La;_,FeOj solids (x=0.1, 0.2, 0.33) propylene oxidation was further enhanced by the solids
obtained by purposely decreasing the La-content. However, higher performances with
respect to CO and propane oxidation as well as NO reduction were achieved by the Cu- and
Ca-substituted Fe-based perovskites.

Moreover, the stability of the doubly substituted solids was confirmed by unchanged
conversion profiles comparing the initial with the return test under stoichiometric conditions.
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Table 5.29 — Comparison of specific reaction rates 7yecific; apparent activation energies
Ea,app and pre-exponential factors A of CO and C;H, oxidation for La;_,Ca,Fe;_,Cu,O;
catalysts (x=0, 0.1, 0.2) under stoichiometric conditions (1 test ramp). Arrhenius pa-
rameters were determined by Arrhenius plots (Fig.[D.6). Values of the La;_ Ca,FeO3 and
LaFe;_,Cu,Oj series are given for comparison.

SSA rspeciﬁca EA, app A
(m?2g=!) (mols~!g™!) (kJmol™!)  (10°m3s7'g™!)
CO CsHg CO Cj3Hg¢ CO C3Hg
LaFeO; 13.9 =0 25-107° 142 128 424.4 15.2

Lay oCay FeyoCuy 05 21.4 2.7-10% 5.0-107° 113 116 364.2 2.9
Laj gCay,FeygCug,05 24.0 3.6-10% 55.107° 115 107 895.6  0.690

La ¢Ca,FeO5 20.8 ~0 3.7-107° 144 148 1064 1004
La, ¢Ca ,FeO, 23.4 ~0 3.9-107% 273 145 6.1-10'2 132
LaFe; oCug ;05 18.4 ~0 3.7-107° 171 100 55351179 0.112
LaFe; 4Cu,03 13.8 54-10% 3.7.-107° 112 103 216.8  0.130

# Specific reaction rates were calculated from conversions at 200 °C for CO and 350 °C for C3Hs.

5.4.6 Conclusion

The investigation of the simultaneous substitution in the A- and B-site of the LaFeOj; per-
ovskite was conducted by preparing a series of La;_,Ca,Fe;_,Cu, O3 solids (x=0, 0.1, 0.2) by
CCM. Modifications in the textural properties are moderate, i. e. a shift to slightly lower-sized
pores combined with a narrowing of the pore size distribution and increased specific surface
areas are observed.

Likewise, the orthorhombic LaFeOj; structure is retained — even though distorted — de-
spite the high charge imbalance caused by the substitution with aliovalent cations. The
compensation of this charge balance is mainly achieved by the generation of anionic defects
as for the individually substituted solids. The existence of low amounts of Fe*" species could
be tentatively deduced from H,-TPR analyses results.

In addition, doubly substituted orthoferrites present a high reducibility due to the pres-
ence of Cu®* and probably to a lesser extent of Fe*". Moreover, a slightly less stable structure
is assumed due to the high lattice distortions.

Finally, enhancements were observed for catalytic performances regarding CO oxidation
as well as NO reduction and catalytic activities for CO oxidation. The combination of Ca- and
Cu-substitution lead to markedly lower light-off temperatures and increased conversions,
especially of CO and NO. The N, selectivities of NO reduction were observed to be lower than
for the LaFe;_ Cu, O3 samples but are still significantly improved compared to the LaFeOj;
solid and the commercial reference catalyst.

5.5 Combining surface and bulk composition optimisation
approaches

Since bulk and surface composition optimisation of Fe-based perovskites independently
yielded enhanced catalytic activity, a combination of these approaches was studied. Hence, a
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solid with lowered La-content and partial substitution in A- and B-sites was prepared by CCM
with the following nominal composition: Lag 4Cag ,Feq gCug ,03. Since the lattice is assumed
to be already rather distorted due to the high substitution degree of Ca and Cu, only a
lower decrease in La-content was investigated than the one which gave highest performances
(Lag ¢7FeOj3). On the other hand, a solid was prepared which was only substituted in the
B-site combined with a lower La-content, its nominal composition: Lag ¢,Fe( g3Cug ;1705.
Since the insertion of Cu into the perovskite lattice induced less distortion, an attempt at
combining high Cu-substitution (x =0.2) and the lowest investigated La-content (y =0.33)
was studied.

5.5.1 Bulk/Structural properties
Chemical composition of the bulk

The bulk chemical composition of the La¢,Fe( g3Cug 17,03 solid obtained by combining
surface and bulk composition optimisation approaches was studied by ICP. Elementary
analysis confirms the nominal composition of the La ¢,Fe( g3Cuq 1705 sample. The obtained
value for the bulk La to B ratio complies as well for the La, ¢,Fe, g3Cu 1705 sample as shown

in Table[5.30

Table 5.30 — Bulk atomic ratios x,/xp and xcy/xg of calcined La;_,Fe; ,Cu,0; (x=0, 0.17,
0.2;y =0, 0.33; CCM).

nominal composition xp,/Xpe XaA/Xp  XCu/XFe

LaFeO.SCU.O.203 1.26 1.03 0.23
Lag ¢;FeO5 0.66 0.66 -
LaO.67F30.83CUO.1703 0.82 0.68 0.19

XRD

Fig. shows the X-ray diffractograms of the La;_,_,Ca,Fe; ,Cu,O;3 (x=0, 0.2; y=0, 0.2)
and La;_ Fe, ,Cu,0O3 (x=0,0.17,0.2; y =0, 0.33) solids. The derived La (Ca ,Feq gCug 03
and La( ¢,Fe( g3Cuy 1705 catalysts retain the orthorhombic perovskite structure and the
relative intensities of the diffraction peaks as for LaFeO5;. While the La, (Ca, ,Fe, gCu 2,03
sample shows slight shifts to higher 26 values, none are observed for the La ¢,Fe( 33Cug 1705
sample. Minor crystalline phase segregation in the form of hematite is observed for both
solids in agreement with the results discussed in Section

In Fig. the unit cell volumes (V,p;; cel1) Of the derived substituted and La-deficient
solid series are compared to LaFeO;. Since the lowering of the La-content in LaFeO3 does
not have an impact on the perovskite structure itself (Section , the unit cell volumes
of La;_ FeOj3 are not displayed and those of the optimised solids would depend only on
the substitution degree in A- and B-site. Regarding the evolution of the unit cell volume
of La;_,Ca,FeO3, La;_,Ca,Fe; ,Cu,O5; and LaFe;_,Cu,Oj; solids with respect to LaFeO3;, a
slight decrease in unit cell is obtained for the B-site substitution by Cu, whereas a marked
decrease is noticed for the samples substituted with Ca. This behaviour is retained for the
optimised solids. The La 4,Fe g3Cug 1703 sample shows a similar unit cell volume to the one

5B=Fe + Cu
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Figure 5.39 — X-ray diffractograms of calcined La,_,_,Ca,Fe;_,Cu,O
CCM) and La;_ Fe; ,Cu,O; (x=0,0.17,0.2; y=0, 0.33; CCM).

3(x=0,0.2;y=0,0.2;

of the LaFeOj and LaFe;_,Cu, O3 (x =0.05) solids. In contrast, the La, (Ca, ,Fe( gCu ,05 solid
clearly shows a significant supplementary decrease in unit cell volume compared to LaFeO;
and even the La; gCa ,Fe, sCu;,03 sample. One has to keep in mind that the substitution
degree x in the nominal formula is probably different from the actual substitution degree
inside the perovskite structure. This difference is a consequence of the purposely lowered
La-content. The employed notation for these samples does not reflect the real composition
of the perovskite since phase segregation in form of hematite occurs, as was seen in the
diffractograms (Fig.[5.39). Therefore, the presence of higher amounts of Ca and Cu in the

perovskite are probable. This should therefore, as already discussed i

n Sections

and lead to a higher amount of created (anionic) defects to allow for electroneutrality
throughout the perovskite structure. This is of course also true for La 4,Fe 33Cuq 1705.
However, in this case the effect is partly compensated by the sole substitution by the bigger

Cu?* cation.®

Unit cell parameters and volume as well as apparent crystallite

sizes are reported in

Table Interestingly, even if the Laj (Ca,Fe,sCuj,05 catalyst presents a smaller
unit cell volume and lattice parameters, the average crystallite size is higher than for the

Laj gCag ,Feq sCu( ,05 solid. The B-site substituted solid seem to b
lowered La-content, the average crystallite diameter remaining simila

%The same simplified assumption of a purely steric model applies as for the dis

F3Tand A
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Figure 5.40 — Evolution of the unit cell volumes of calcined perovskites prepared by CCM.
x corresponds to the nominal substitution degree.

Table 5.31 — Comparison of crystallite sizes, unit cell parameters and volume derived
from full pattern matching of calcined La,_,_,Ca,Fe;_,Cu,O3 (x=0,0.2;,y=0, 0.2; CCM)
and La,_yFe;_,Cu,0;3 (x=0, 0.17, 0.2; y = 0, 0.33; CCM).

nominal composition  dgyg (nm) a (A) bA) c(A)  Vypitcen (A%

LaFeO, 20.1£0.1 5561 7.858 5.558 242.85+0.17
La, gFeO; 18.2+£0.1 5.558 7.863 5.558 242.88 +0.23
La, 4Cag ,Fey gCup,0; 10.4+0.1 5552 7.801 5.532 239.62+0.23
Lay (Ca, ,Fey gCup,0; 15.6+0.1 5537 7.782 5518 237.73+0.19

Lag ¢,FeO, 12.6+0.1 5.556 7.851 5.558 242.43+0.27
LaFe, sCug .05 13.5+0.1 5.559 7.829 5.548 241.46+0.22
La0_67Feo.83Cu0.17O3 13.3+0.1 5.564 7.833 5.558 242.25+0.26

5.5.2 Reducibility

The reducibility of the La ¢7Fe 33Cuq 1705 and La ¢Cag ,Fe( gCug ,0O5 solids has been inves-
tigated by H,-TPR experiments. The H, consumption profiles are reported in Fig. The
main observations are related to 2 different temperature domains: The 1%, below 280 °C,
is ascribed to the reduction of Cu®* species, in the 2"4 above 280 °C a 2-step reduction of
hematite, a-Fe,0O3, is assumed to occur.

As observed, the high temperature H, uptake occurs only for the La-deficient solids. In
that case, excess Fe is partially extracted and aggregates. 2 observations are, however, made
for the Lag ¢Cag,Fe gCu,03 (Fig. [5.41d) and Lag ¢;Feq g3Cu 1703 (Fig. [5.41p) catalysts.
First, for the La; (Cag ,Fe; sCuq ,O3 solid the reduction peak attributed to hematite presents
but a negligible intensity. In addition, both optimised solids show 2 distinct reduction
peaks below 280 °C corresponding to an overestimated H/Cu ratio (Table assuming a
complete reduction of Cu®* to metallic Cu® species. This phenomenon is most marked for
the Lag ¢47Fe g3Cu 1705 solid. IR analysis of the outlet gas did not reveal the presence of
decomposition products of the reduction of carbonate species.

Concerning the first observation, on La, ¢;Fe( g3Cu 17,03 only the 1% peak of hematite
reduction (300°C < T <450°C) is observed and this with a lower intensity than for the
corresponding non-substituted sample. According to this peak only 4.1 wt.% of the sample
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Figure 5.41 - H, absorption curves of calcined La;_, ,Ca,Fe;_ ,Cu,O; (x=0, 0.2; y=0,
0.2; CCM) and La,_yFe; ,Cu,O; (x=0, 0.17, 0.2; y = 0, 0.33; CCM). LaFeO; (a), La, gFeO3
(b), Lag gCay ,Feq gCuq 203 (), Lag Cag oFey Cug ,05 (d), Lag ¢7FeO5 (e), LaFeq gCuy ;05 (f),
Lag ¢7Feq 53Cug 1703 (g) (50 mg, 50 ml min~").

are estimated to correspond to a-Fe,O3 (Table[5.32). This value is far below the one which
would be expected if all excess Fe in the solid was consumed by a hematite phase but higher
than for the La (Ca ,Fe; gCug ,03 solid (0.4 wt.%). Such low amounts of hematite suggest
that Cu is preferentially extracted from the perovskite lattice compared to Fe by lowering the
La-content, thereby attenuating the La-deficiency. This phenomenon seems to be amplified
for the Ca-substituted solid.

Regarding the appearance of a 2" reduction peak below 300 °C for both optimised solids,
it has to be noticed that this behaviour was already observed for the corresponding Cu-
containing samples — however only as a shoulder to the main peak (Fig. and [5.41f).
2 possible hypotheses can be suggested to explain this pronounced phenomenon on the
optimised solids. On the one hand, a splitting in the reduction process from Cu** over Cu*
to metallic Cu® as reported by Anderson et al. for CuO[2%! may be induced by the lowered
La-content. On the other hand, the appearance of a more reducible Cu?" species, i. e. residing
in a different chemical environment, can be envisaged. Such a Cu" species may be segregated
CuO in which Cu?* is less stabilised than in the perovskite lattice. Due to the lowered La-
content such a Cu segregation is probable. This may also explain the absence of the typical
hematite reduction peak(s) in the case of the La, (Ca, ,Fe, gCu ,03 solid which presents a
lower La-deficiency. As stated before, this deficiency may be compensated by Cu segregation
instead of the formation of a separate hematite phase. Assuming H/Cu =2 to correspond to
100 wt.% of Cu® formed during H,-TPR analysis, an only slightly higher metallic Cu-content
(+ =~ 1wt.%) after reduction is present for both optimised solids compared to the parent
Cu-substituted samples. Depending on the real oxygen content, the Cu contribution may,
however, be higher than expected from the nominal composition in line with the higher
H/Cu values based on the nominal composition.

As shown in Table the overall H, consumption (integrated up to 700 °C) of the
La, ¢Cag ,Fej sCup ,0; solid is lower than the La, ¢,Fe( g3Cu, ;705 catalyst’s 1.76 mmol g
which is lower than for the Lag 4,FeOj3 solid. This is in agreement with the lower hematite
content already discussed since the Cu contribution is high in both cases.

Regarding, the H, consumption up to 700 °C, the solids obtained by combining surface
and bulk composition optimisation approaches show higher reducibility, especially at tem-
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Table 5.32 — Comparison of H,-TPR results of La;_,_,Ca,Fe;_,Cu,03 (x=0, 0.2; y =0, 0.2;
CCM) and La,;_,Fe; ,Cu,O; (x=0, 0.17, 0.2; y = 0, 0.33; CCM). (50 mg, 50 ml min~")

nominal low T H, uptake” high T H, uptake®
composition Trnax H/Cu¢ Cu? T, H/Fe® Fezng
(°C) (°C) wt% (°C) (°C) (°C) wt.%
LaFeOs, - i - i i
Lay ¢FeOs - ; ~ 327 457 521 0.60 7.5
La0.8Cao.2FeO'8Cu0.ZO3 g 228 2.00 5.5 - - 525 0.01 -
La0.6Ca0.2FeO'8CuO.203 214 230 2.48 6.5 - 425 (750) 0.03 0.4
La0_67FeO3 - - - - 354 - 527 0.72 9.9
LaFeO.8Cuo_2O3 g 241 1.64 4.3 - - - - -
La0.67Feo.83Cu0.17O3 182 227 2.33 5.4 422 - - 0.36 4.1
?150°C to 280 °C.
b250°C to 650 °C.

¢ H/Cupay = 2 according to CuO + H, = Cu® + H,0.

4 Extracted Cu® after H,-TPR analysis, estimated according to 100 wt.% Cu® corresponding to H/Cu = 2 for
T <280°C.

¢ H/Fey,x = 3 according to process described in Section

f Fe,05 content assuming Fe>* (hematite phase) reduction with H/Fe = 2.96.

& Unresolved shoulder of the 2"d peak.

peratures below 300 °C. As can be seen by the H/Cu values > 2 for these peaks, they cannot
be solely attributed to the Cu?" reduction to Cu®. Therefore, non-Cu contributions like Fe**
may be assumed.

5.5.3 Textural properties

The results of N,-physisorption of the La, 4Cag ,Fe( gCu,05 and Lag 47Fe( g3Cuy 1705 solids
compared to the corresponding samples with either lowered La-content or containing the
same substitution are displayed in Fig. As for the other CCM solids, all isotherms
present a combination of type Il and type IV behaviour (Fig. and [5.42C). The solids
combining surface and bulk composition optimisation show isotherms which represent
textural properties which lie in between those of the samples for which surface or bulk
compositions were “individually” optimised, i. e. a broader hysteresis is observed than for
the samples with Cu or Ca and Cu substitution. However, the hysteresis are less broad than
for the samples obtained by purposely lowering the La-content.

This intermediate behaviour is confirmed by their pore size distributions (Fig.
and[5.42D). As for the samples which were prepared lowering the La-content, an increased
contribution of low-sized mesopores is observed. However, this trend is far more distinct
for the La 4,Fe( g3Cu( 1705 than for the La, (Ca ,Fe, sCuj ,05 solid. However, the pore size
distribution maxima are clearly shifted to lower diameters for both solids.

The catalysts combining surface and bulk optimisation approaches present the highest
surface area with respect to all perovskites derived from LaFeO;. Both solids yield specific
surface areas of about 26 m? g~! (Table accompanied by slightly increased cumulative
pore volumes.
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Figure 5.42 — N, adsorption and desorption isotherms and pore size distributions
of calcined La;_, ,Ca,Fe; ,Cu,O; (x=0, 0.2; y=0, 0.2; CCM) and La;_,Fe; ,Cu,O;
(x=0, 0.17, 0.2; y=0, 0.33; CCM). LaFeO; (a), La,y gFeO; (b), Lay gCag ,FeygCuq,05 (),
Lag ¢CagoFeq gCug 03 (d), Lag 6;FeO; (e), LaFeq sCug 205 (£), Lag 67Feq 53Cug,1703 ()

Table 5.33 — Comparison of specific surface areas and cumulative pore volume of

La,_, ,Ca,Fe;_,Cu,0O3 (x=0, 0.2; y=0, 0.2; CCM) and La,_,Fe;_,Cu,O;3 (x=0, 0.17, 0.2;
y =0, 0.33; CCM).

composition SSA (m?g™)  Vpore (cm®g™!)
LaFeO; 13.9 0.08
LaO'SPeO?’ 17.6 0.08
Lao_Scao_zFeO.gcuOQOg} 24.0 0.10
La0.6Ca0.2Feo.8Cu0_ZO3 26.4 0.12
Lao_67FeO3 23.8 0.10
LaFeo.8Cu0.2O3 13.8 0.07
La0.67Feo.83Cu0.17O3 26.5 0.11
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5.5.4 Chemical composition at the surface

Regarding the photopeaks obtained by XPS of La 3d and Fe 2p for all the samples (Fig.[5.43),
the characteristic multiplets are observed. Fe 2p photopeaks also show the already discussed
broad and not very intense satellite at 719eV. Trivalent La and Fe are therefore again
evidenced. Photopeak maxima, reported in Table show slight shifts to higher B. E. of
La 3ds/;, for Laj (Ca, ,Fe( gCu( ,03 compared to La, (Cag ,Fe sCup ,03. With 833.9eV, the
La 3ds/, position of the solid obtained combining the approach of lower La-content and
double substitution (in A and B) is situated between the samples prepared according to the
individual approaches. This is not the case for Fe 2p;,, for which the maximum of 710.1 eV
is even slightly lower than for La, gCa ,Fe( sCu ,0s.

Lag ¢7Fe(53Cug 1705 also shows a shift to higher B.E. as observed for the Lag 4;FeO;
sample concerning the photopeak maximum of La 3ds/,. Contrarily to the observation of
Laj ¢Cag ,Feq gCug ,03, the Fe 2p3/, maximum is shifted in the same way to 710.9eV.

Table 5.34 — Comparison of photopeak maxima of calcined La,_,_,Ca,Fe; ,Cu,O3 (x=0,0.2;
y=0, 0.2; CCM) and La;_,Fe;_,Cu,03 (x=0, 0.17, 0.2; y = 0, 0.33; CCM).

nominal B.E. (eV) at.%
composition La3ds, Ca2ps;n Felpspn Culpspn Ols Opice”  Ceo, b
LaFeO; 834.3 - 710.8 - 529.5 55 13
Laj gFeO; 834.3 - 710.4 - 529.7 67 14
La0.8Ca0.2F60.8Cu0.2O3 833.6 346.8 710.2 933.1 528.8 48 14
Lag ¢Caj,Fep gCup,05  833.9 346.0 710.1 933.4 529.2 56 27
Lag ¢7FeO5 834.3 - 710.6 - 529.6 34 14
LaFe, gCug,03 833.9 - 710.1 933.2  528.9 47 20
La0.67Peo.83Cu0.17O3 834.5 - 710.9 933.1 530.0 65 17

* Olattice + Oads = 1-
CCO32* + Cadventitious = 1-

Comparing the Ca 2ps,, photopeak maxima of Laj¢Ca,Fe;sCu(,03 and the corre-
sponding sample prepared with stoichiometric La amount, a shift to lower B. E. is observed
(Fig. Table[5.34). Apart from the mentioned shift, no significant differences due to the
lowered La-content are observed.

The photopeak maxima of Cu 2pj/, of all the studied perovskites are similar (933.1
to 933.4eV). However, concerning their photopeaks (Fig.[5.44), significant differences are
observed. Whereas La, (Ca, ,Fe, sCu, ,03 shows the intense characteristic satellites of Cu’*
just as Lag gCa ,Feq gCu( ,05 and LaFe, sCu ,03, Lag ¢7Feq g3Cuq 1705 only shows satellites
in very low intensity. Therefore, even though the predominance of Cu’* species already
observed for the other samples is confirmed for this solid by spectral decomposition, a signif-
icant contribution of Cu™ species of 39 at.% at the surface is estimated. This phenomenon
may be explained by a partial reduction under irradiation of a segregated CuO phase as
suggested by H,-TPR results (Section [5.5.2). Assuming that the contribution of Cu species
at the surface corresponded to the bulk contribution of a segregated CuO phase, an estimate
of 2.7wt.% CuO would be present in the La 4,Fe( 33Cug 1705 sample. On the other hand,
a distinct satellite is observed for the Laj (Ca ,Fe( gCu ,05 solid for which only 1 at.% of
the total Cu 2p3/, signal can be attributed to Cu™ based on spectral decomposition of the Cu
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Figure 5.43 — La 3d, Fe 2p, O 1s and C 1s photopeaks of calcined La;_, ,Ca,Fe;_,Cu,O;
(x=0,0.2;y=0, 0.2; CCM) and La;  Fe; ,Cu,O; (x=0,0.17,0.2; y =0, 0.33; CCM). LaFeO;
(a), LaggFeO; (b), LaggCag,FeqsCug,03 (), Lag¢CagrFeqsCug 05 (d), Lage;FeOs (e),
LaFe( gCuy ;03 (f), Lag 67Feq 33Cu,1705 (g)
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2p3/, photopeak in line with the less pronounced changes compared to Lag ¢7Fe( g3Cug 1703
with respect to their H,-TPR profiles.
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Figure 5.44 — Ca 2p and Cu 2p photopeaks of calcined La;_,_,Ca,Fe;_,Cu,O3 (x=0.2;y =0,
0.2; CCM) and Lal_yFel_xCuxO3 (X = 0, 0.17, 0.2; Y= 0, 0.33; CCM). La0.8Ca0.2Feo_8Cuo_2O3
(c), Lag 6Cag 2Feg §Cug ,03 (d), LaFeq gCuy ;05 (f), Lag g7Feq 83Cu0 1703 (8)

The apparent maxima of the O 1s photopeaks, as reported in Table generally
slightly increase in B. E. for samples with purposely lowered La-content and are significantly
decreased for the substituted samples compared to LaFeO;. As can be seen from Fig.
a decrease in the contribution of adsorbed oxygen species (O,q4,: 44 at.%) is detected for
Lag ¢Ca,Fe( gCug ,03 compared to the corresponding “stoichiometric” sample (Table [5.34).
Similar results are obtained for the La ¢;Fe( g3Cuq 1705 solid (O,q4s: 35at.%). Especially,
compared to LaFe;gCu,,03 the tendency observed that more O,y  is found for higher
Cu substitution is clearly reversed by the lower La-content. Equally, a lower carbonate
contribution to C 1s is observed contrarily to the Laj (Cag ,Fe( gCu ,05 solid as can be seen
in Fig. The latter shows a considerably higher carbonate contribution of 27 at.%.

The lower contributions of adsorbed surface species are in agreement with the relatively
low amounts of oxygen and carbon as seen in the surface compositions (Table|5.35).

Table 5.35 - Surface atomic ratios xa/xg, Xcu/Xpe and xc,/xp, of calcined
La,_, ,Ca,Fe; ,Cu,O3 (x=0, 0.2; y=0, 0.2; CCM) and La;_,Fe; ,Cu,O; (x=0, 0.17,
0.2;y=0, 0.33; CCM).

nominal XA/Xp  Xcu/Xpe Xca/Xp, surface composition

composition based on nominal Fe content
LaFeO3 213 - - L32.13FCO4.63 (C3.66)

Laj ¢Ca,Fe( gCu(,03 1.65 0.34 0.34  Lay 3,Ca 45Feq 59Cug 270462 (Cy6)
Laj gFeO3 1.31 - - La; 51FeO, 7 (Cy 45)
Lay¢Cag Fep gCuy,05 1.27 0.35 0.33  Lag,Cag0Feq73Cu1707 95 (Cp g6)
LaFe( gCug ,FeO; 1.82 0.39 - Lay 5Fe( 50Cu.240453 (Co61)

Lag ¢7FeO3 0.38 - - Laj ggFeO3 o5 (C; g4)

Lag ¢7Fe(.g3Cug 1703 1.03 0.22 - La; gsFep g3Cuq 1807 42 (Cy 50)

As can be seen from Table the Laj (Ca ,Fey gCug ,0O5 solid shows a clearly decreased
A-site excess at the surface compared to the sample prepared without lower La-content.
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However, the atomic A to B ratio is still beyond a surface stoichiometry between A- and
B-site cations. Ca enrichment with respect to La is only observed for the “stoichiomet-
ric” Laj gCag ,Fe( gCug,05 sample, whereas the value obtained for Laj (Cag ,Fe( gCu(,05
complies with the theoretical one of 0.33.

On the other hand, the La ¢,Fe 53Cu 1703 sample presents a marked decrease of A-site
excess — to the point that surface stoichiometry between La and B-site cations is achieved at
the surface. This is assumed to be due to the even lower La-content of the solid. Surprisingly,
a lower Cu enrichment at the surface is observed for the La ¢,Fe( g3Cug 17,05 solid comparing
the obtained value of the atomic Cu/Fe ratio of 0.22 to the theoretical one of 0.20. Surface
Cu enrichment therefore seems to be attenuated by the lowered La-content compared to the
LaFe( gCu, ,FeO5 sample for which x¢,/xg. = 0.39 instead of 0.25.

5.5.5 Catalytic activity

The catalytic activity was evaluated according to Procedure A (Section [2.3). Conversion

profiles are reported in Fig. and complementary results in Table and in
Appendix D] (Table D.5).

Table 5.36 — Temperatures corresponding to 50 % conversion of CO, C;H,, C;Hg, and H,
(stoichiometric) and NO (rich composition) of La;_,_,Ca,Fe;_,Cu,O3 (x=0,0.2;y =0, 0.2;
CCM) and La;_,Fe;_,Cu,O; (x=0, 0.17, 0.2; y =0, 0.33; CCM) catalysts and selectivities
of NO reduction products at Tg.

condition stoichiometric rich

Ts0 (°C) selectivities at Tg

CO C3Hg CsHg H, NO Sy, Swa, Sno Ts(°C)
LaFeO; 438 463 478 501 -4 0.05 095 O 507
Laj gFeOj3 398 431 499 433 488 0.02 098 0 501

Lao_gcao_ZFe().gCllo_zo?, 279 449 487 399 469 0.36 0.64 0 506
La0.6Ca0.2FeO’8Cu0.ZO3 311 444 465 407 477 0.54 0.45 0.01 487

La, ¢, FeO; 384 420 497 471 479 0.03 0.97 0 506
LaFe, ¢Cu,,0; 294 497 505Y 421 501® 094 0 0.06 513
LaO.67F60.83CU.0.1703 232 386 458b 344 438 0.32 0.68 0 491

% Conversion lower than 50 %.
bT,s.

The comparison between La ¢,Fe( g3Cug 1705 and the reference noble metal-based cata-
lyst shows for the first time comparable performances for CO conversion and even better ones
under rich conditions with a complete conversion of CO above 350 °C whereas the maximum
observed on the commercial TWC is below 85 %. Based on the temperature at half-conversion
the following classification can be established: La ¢,Fe( g3Cuq 1703 > Lag gCag ,Feq gCuq 2,05
> Lag ¢Cag ,Feq gCuy,03 > LaFej gCuy,03 > Lag 4;FeO3 =~ La; gFeO3. This comparison re-
veals that Ca addition can have a promoting effect on the catalytic activity in CO oxidation.
However, it is also worth to note that the most active catalyst does not contain Ca. Clearly,
non-stoichiometry can also be considered as an important factor inducing a beneficial effect
on the catalytic activity. However, the most prominent observation is likely related to the rate
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Figure 5.45 - CO, C3Hg and NO conversions of La;_,_,Ca,Fe; ,Cu,O; (x=0, 0.2; y=0,
0.2; CCM) and La;_,Fe; ,Cu,0; (x=0, 0.17, 0.2; y=0, 0.33; CCM) catalysts (Proce-
dure A). La gFeOj3 (°), and Lag ¢;FeO3 (o), LaFe gCu ;03 (&), Lag gCag  Feq gCug,03 (¢),
Lay ¢Cag,Fe(sCuy,05 (<€), and Lag 47Feq 33Cug 1705 (A) compared to the commercial refer-
ence TWC (°)
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Figure 5.46 — CO, C3Hg and NO conversions of La;_,_,Ca,Fe; ,Cu,O; (x=0, 0.2; y=0,
0.2; CCM) and La;_,Fe; ,Cu,0; (x=0, 0.17, 0.2; y=0, 0.33; CCM) catalysts (Proce-
dure A). La gFeOj3 (°), and Lag ¢;FeO3 (o), LaFe gCu ;03 (&), Lag gCag  Feq gCug,03 (¢),
Lay ¢Cag,Fe(sCuy,05 (<€), and Lag 47Feq 33Cug 1705 (A) compared to the commercial refer-
ence TWC (°)
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enhancement in CO conversion induced by Cu addition in conjunction with La-deficiency
in the solid. A different behaviour from the commercial reference catalyst’s under rich
conditions for CO conversion is observed for most of the perovskite-based catalysts. The
observation of two ranges of CO conversion on PGM previously explained by the occurrence
of light hydrocarbon reforming and water-gas shift reaction (WGS) is generally not observed.
The involvement of both reactions can easily explain the sharp drop in H, conversion on the
noble metal containing commercial reference (Fig.[5.46). The absence of similar observations
on perovskite-based catalysts suggests that the relative rates of these reactions under rich
conditions are much slower than that of the oxidation of CO to CO,. This may reflect the
presence of a more active segregated phase formed during the activation of the catalyst, espe-
cially on the La-deficient Lag 4,Fe 35Cu, ;705 sample, as well as an improvement in the OSC
properties due to improved redox properties. As a general trend, further addition of Ca and
Cu enhances the oxidative properties of the perovskite solids. As seen, propane conversion
occurs slightly more readily on Ca- and Cu-modified samples than on the commercial refer-
ence. This is also true for the reductive properties but only under rich conditions with a shift
of the light-off curves for NO conversion to lower temperatures. Unfortunately, ammonia
remains the main conversion product except on the stoichiometric Laj gCag ,Fe( gCu( ,05
sample (Fig.[5.47). Likewise, no significant conversion of NO is detected under lean and
stoichiometric conditions compared to the commercial reference containing PGM. Again the
examination of the selectivity at 100 % NO conversion on Lag 4;Fe( g3Cu 1705 highlights the
best compromise with selectivities towards N, and NH; of respectively 0.32 and 0.68.

Kinetic data obtained from the exploitation of conversion profiles is reported in Table[5.37]
Particular attention was paid to the oxidation of CO and propylene into CO, and H,O. Rate
values were roughly estimated for low conversions. Pre-exponential and apparent activation
energy values were estimated by linear regression from the Arrhenius plot Ink vs. 1/T.
The same observations as those previously discussed are observed regarding the beneficial
effect of Cu and Ca on the rate of CO conversion. Indeed, the parent stoichiometric and
non-stoichiometric LaFeO3-based samples are inactive at 200 °C compared to the Ca- and
Cu-modified samples. The specific rate calculated on La 4;Fe( 33Cug 1705 is one order of
magnitude higher than the estimates obtained on the other samples emphasising the remark-
able effect of non-stoichiometry combined with Cu addition. Fe is inactive for the CO/O,
reaction at the selected temperature of 200 °C. As a general trend, such an improvement in
activity can be correlated to a significant lowering of the apparent activation energy.

Regarding the catalytic properties towards propylene conversion, it is obvious that the
rate of propylene oxidation does not seem sensitive to Ca- and Cu-substitution. There is
no clear correlation neither on the specific rates nor on the apparent activation energies.
Moreover, contrarily to the CO/O, reaction, Fe is active for propylene conversion. An
additional important information is associated to the role played by La-deficient catalysts
with the highest activity recorded on Laj gFeO3, Laj 4;FeO3 and La ,Fe g3Cug 1703. Finally,
it is obvious that no significant correlation can be established with changes in specific
surface areas for both reactions emphasising the fact that the catalytic activity is mostly
governed by the surface composition with the possible formation of defective sites or Cu or
Fe segregation under reaction conditions, especially under rich conditions as suggested by
H,-TPR experiments and catalytic tests.

Table also reports kinetic data estimated after successive ramps under lean and rich
conditions (stoic2). As exemplified in this Table, significant changes are discernible which
can be induced by surface changes taking place during the temperature cycle under rich
conditions. The following tendencies appear: (i) a stable activity in stoichiometric condi-
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Figure 5.47 - N,, N,O and NH; selectivities and yields of NO conversion of
La,_,Ca,Fe;_,Cu,O; catalysts (x,=0.1, 0.2; CCM) under rich conditions. La;gsFeOj; (©),
and Lag 4;FeO; (0), LaFeq Cug 03 (A), Lag gCagFeq sCug,05 (#), Lag ¢Cag rFeq sCug,05
(©), and Lag 67Fe( g3Cu 1703 (A) compared to the commercial reference TWC (¢); Sy,/Yy,
(solid), Sy,0/Yn,o (dashed), Syu,/Ynu, (dashdotted, big mark)
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Table 5.37 — Comparison of specific reaction rates rgpecific, apparent activation energies
Ep,app and pre-exponential factors A of CO and C3H, oxidation for La,_,_,Ca,Fe;_,Cu,O3
(x=0, 0.2; y=0, 0.2; CCM) and La;_,Fe; ,Cu,O; (x=0, 0.17, 0.2; y=0, 0.33; CCM) cata-
lysts (x=0, 0.1, 0.2). Arrhenius parameters were determined by Arrhenius plots (Fig.[D.7).

SSA rspeciﬁca EA, app A
(m?2g!) (mols~!g™!) (kJmol™!)  (10°m3s71g™)
CcO C;3Hg CO CszHg CO C;Hg
stoichiometric - initial test (stoicl)
LaFeO; 13.9 =0 25-107° 142 128 424 15.2
Lay ¢FeO; 17.6 ~0 10.4-10° 101 111 1.2 2.5

LajgCag,FeygCuy,05 240 04-107 55-107° 115 107 896 0.7
La0.6Ca0_2Feo_8Cu0.2O3 26.4 0.5- 10_7 1.7 - 10_9 100 172 11.5 56395

La, ¢;FeO5 21.5 ~0 123-107° 81 119 0.03 127
LaFe, ¢Cuy ,0; 138 05-1077 37-107° 112 103 217 0.1

Lag ¢;Fe( 53Cug 1705 265 5.4-107 31.5-107°" 59 142 11.6 5925
stoichiometric - return test (stoic2)

LaFeO, 13.9 ~0 ~0 129 136 348  62.8
La, gFeO5 17.6 ~0 1.5-10° 118 115 31.9 3.4

Lao_scao_zFGO.gcuO.zo3 24.0 0.4- 10_7 3.9. 10_9 103 107 42.5 0.9
Lag (Cag,FeosCup,03 264 1.3-107 12.6-10° 80 65 0.5  0.0008

La, ¢,FeO; 21.5 ~0 1.4-10° 93 105 0.3 0.9
LaFe( 3Cu,0; 13.8 0.4-1077 7.3-107° 106 83 40.9 0.01
La0'67F60.83Cu0.17O3 26.5 3.5 10_7 18.0 - 10_9 82 67 1.4 0.003

? Unless specified otherwise rgpecific were calculated from conversions at 200 °C (CO) and for C3Hg at 350 °C
(1% test run) and 300 °C (return test).

b At 300 °C the corresponding 7pecific equals 8.2 10 mols~! g1

tions and a loss of activity on La-deficient samples in the CO/O, reaction correlated to an
increase in Ep ,pp and (ii) a loss of conversion in propylene oxidation on all samples except
for Lay (Cag ,Fe( gCug ,O5. Again, this observation seems mainly related to changes in the ap-
parent activation energy shifting from 172 k] mol~! to 65kJ mol™! on La, (Ca, ,Fe, ¢Cug ,0s.
Anywayj, it is obvious that iron exhibits an intrinsic activity for propylene conversion. How-
ever, the coexistence of defective sites can probably explain the improvement observed on
the rate values. However, one cannot rule out that an extensive formation of defective sites
locally destabilises the surface structure inducing migration and aggregation of inactive Fe
species as previously shown. Regarding this latter point, Ca incorporation seems to play
the role of a stabiliser because no significant hematite segregation was observed for the
Lay ¢Cag,FeqsCug,0;3 solid by H,-TPR. At the same time the comparison of the specific
reaction rate and Ejp ., values does not reveal significant changes between the initial (stoic1)
and the return test (stoic2).
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5.5.6 Conclusion

This Section was dedicated to the influence of combined approaches consisting in substituting
the A- and B- sites of a parent LaFeOj; structure and optimising the extent of La-deficiency
in the solid. Previous results reported in this Chapter showed a rate enhancement through
an increase in the density of Fe sites at the surface. It was found that the substitution in
the B-site is essential for developing the catalytic performance rather than substitution in
the A-site since Ca incorporation has quasi no effect on the rate of oxidative and reductive
reactions. On the other hand, Cu incorporation promotes both the activity and the selectivity
of NO conversion towards nitrogen as well as CO oxidation. Based on this, significant
improvements can still be obtained by optimising both factors. This is particularly true for
the Lag 47Fe g5Cug 1705 solid. Again, it is interesting to note that this catalyst is the most
active towards CO, propylene and NO conversion especially under rich conditions but not the
most stable. As a matter of fact, the stoichiometric Laj gCa ,Fe sCuy,03 sample seems to be
the most stable with regard to only slight changes observed on the kinetic parameters between
the initial and the return catalytic test ramps and it can be speculated that it would likely
have a longer lifetime than La 4,Fe( 35Cug 1705. At that time, however, we have no isotherm
measurements during a significant period of time which could confirm this statement. On the
other hand, physico-chemical characterisation clearly evidenced that La-deficient samples
are unstable at rather low temperature under reductive atmosphere as shown during H,-TPR
experiments. By way of illustration, partial extraction of isolated oxidic Fe species from
the perovskite structure, segregating into more reducible a-Fe,O; aggregates was observed
on La;_ FeO; (y=0.1, 0.2, 0.33). It is noticeable that this process is strongly attenuated in
the Ca-substituted sample, i. e. the La-deficient La, (Cag ,Fe sCug ,05 solid. On the other
hand, the H,-TPR profile recorded on La ¢,Fe( g3Cuq 1703 reveals significant segregation
processes. Indeed, a high temperature H, uptake was ascribed to the reduction of a-Fe,O;
and a lower temperature one to the reduction of Cu species. However, the 2 reduction peaks
located at 182 °C and 227 °C observed for Lag ¢,Fe g3Cuy 1703 cannot be simply related to a
2-step reduction process of single isolated Cu®" species inside the perovskite structure but
may reflect the presence of more reducible oxidic Cu species extracted from the perovskite
structure and segregating into CuO clusters according to the same process as described for a-
Fe,O3. XPS analysis results seem consistent with this latter assumption with the observation
of a strong attenuation of the satellite shake-up structure characteristic of Cu?*. Hence,
under irradiation segregated CuO could be partially reduced to Cu* or metallic Cu species.
All these observations — even if they have been obtained in different atmospheres than
those corresponding to rich conditions during catalytic testing — may have to be considered,
especially to explain the highest activity observed in CO oxidation and also in NO reduction
for Lag ¢7Fe( g3Cu 1703. These surface modifications, especially the possible stabilisation
of metallic species, can also influence the NO conversion selectivity as suggested by the
comparison between La ¢,Fe, 53Cug 1703 and Laj (Ca ,Fe sCug ,03, the latter developing a
higher selectivity towards the production of nitrogen.

5.6 Conclusion

In this Chapter, 2 different composition optimisation approaches for Fe-based perovskites
were investigated. The first approach followed aimed at increasing the Fe accessibility on
the surface of the solid. The high surface La excess was successfully reduced by decreasing
the La-content during synthesis. The increased accessibility of the active Fe>" sites of
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the perovskite as a consequence of surface composition optimisation (La;_,FeO3) leads to
markedly enhanced catalytic activities and performances. Estimations of the specific reaction
rates and the Arrhenius parameters confirmed that the increased performance is not caused
by the higher specific surface areas. They also revealed that CO and propylene oxidation
proceed on different sites. A well dispersed hematite phase with strong interactions with the
perovskite, as formed by this in situ synthesis, is assumed to play a key role for the enhanced
catalytic activity.

The second approach consisted in the gentle destabilisation of the perovskite structure
promoting defects such as anionic vacancies but retaining the stability of the catalysts. Partial
substitution of LaFeO; perovskites was investigated substituting in the A-site by Ca, in the B-
site by Cu and combining both substitution approaches. All substituted perovskites retained
the orthorhombic LaFeOj; structure without any detectable crystalline phase segregation.
However, all solids show a unit cell contraction as a consequence of charge destabilisation
leading to the generation of oxygen vacancies and to a lesser extent the partial oxidation of
trivalent Fe. The reducibility of the perovskite was increased by substitution, especially for
the Cu-substituted samples.

All these physicochemical properties lead to generally increased catalytic activity. Ca-
substitution showed a lower impact than Cu-substitution but proved promoting in the
combination with Cu-substitution. As for the surface composition optimisation, CO oxida-
tion seems to profit most of the bulk composition optimisation approach. NO reduction
performance was mainly increased by the incorporation of Cu into the perovskite structure.
In parallel, Sy, was increased to yield N, as the main reduction product. Combining Ca- and
Cu-substitution lead to a further increase in NO conversion, unfortunately linked to slightly
lower N, selectivity.

Finally, the combination of both approaches lead to preliminarily optimised catalyst
compositions. Both solids, Laj ¢Cag ,Fe( gCu(,05 and Lag ¢,Fe( g3Cuy 17,03, retained the
orthorhombic LaFeO; perovskite structure as evidenced by XRD. Their specific surface
areas of 26 m? g~! correspond to the highest of all substituted samples. XPS measurements
confirmed the lowered A-site excess at the surface for both solids, even reaching A- to
B-site stoichiometry for the Lag ¢7Fe, g3Cu( 1705 solid. H,-TPR measurements revealed a
lower hematite segregation than expected for both solids. This is most marked for the
La, ¢Ca, ,Fe, sCu ,05 solid. At the same time, the presence of Cu®" species outside the
perovskite lattice was suggested by a distinct additional reduction peak at lower temperature.
XPS affirmed this hypothesis for the La ¢,Fe( 33Cu ;705 solid showing a marked decrease
in intensity for the Cu 2p satellite which is ascribed to the presence of highly reducible
Cu?* species on the surface of the perovskite, reducible by the irradiation. It was therefore
concluded that Cu segregation is favoured compared to Fe for La-deficient solids, especially
in the presence of Ca.

Combining the aforementioned composition optimisation approaches lead to significantly
enhanced catalytic activities. The increase in NO conversion lead to a reduced N, selectivity
for the La ¢;Fe 33Cu 1705 catalyst (main product: NHj3), whereas it is increased for the
Laj ¢Cag ,Feq gCuq ,05 solid (main product: N,) compared to the corresponding substituted
solids in agreement with the predominant segregated phases. Again, catalytic activities of CO
and propylene oxidation were found not to follow the same trends, which is in concert with
their supposed proceeding on different sites. CO oxidation activity seems to be more affected
by the combined composition optimisation whereas Fe shows a high intrinsic activity towards
propylene conversion which is not much affected by composition optimisation. Furthermore,
deactivation phenomena were observed for the Lag 4,Fe( 33Cu 1705 solid. However, even
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after one test cycle it remained the most performing catalyst. On the other hand, the activity
of the La; (Ca, ,Fe( gCug ,O; catalyst increased during the test cycle, making it closely follow
the lead of the Lag 47Fe( 33Cug 1703 sample in the return test.
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Chapter 6

Fe-based perovskites doped with low
loadings of Platinum Group Metals (PGM)

Partial substitution and surface composition optimisation strategies were implemented in
Chapter [5| Best catalytic performances were obtained for the La, gCa ,Fe, sCu;,03 and
Laj ¢;Fe( g3Cuy 17,05 catalysts respectively. These promising perovskite solids were impreg-
nated with low loadings of platinum group metals (PGM). The influence on the reducibility
and the catalytic performance of the nature of the noble metal (Pd, Pt or Rh) was investigated
using a loading of 0.1 wt.%. Furthermore, the influence of a reductive pretreatment instead of
an activation under air and stoichiometric feed on the catalytic performance was investigated.
Finally, the Rh-doped La 4,Fe g3Cug 1705 catalyst was tested under modified stoichiometric
conditions accounting for the generally low methane conversion and therefore adjusting the
oxygen content accordingly.

6.1 Influence of the nature of the doping noble metal on
Lay sCagrFeq sCuy 03

It is known that different precious metals behave differently in 3-way catalytic reactions
(Section [1.1.1). Therefore, the influence of the nature of doping noble metal in interaction
with one of the most promising perovskites was investigated. The loading with commonly
used 3-way catalyst metals Pd, Pt, Rh will be compared. To do so, 0.1 wt.% of the correspond-
ing PGM was loaded on La, gCag ,Fe( sCug ,O5 using an incipient wet impregnation method
(IWI) technique as described in Section

6.1.1 Physico-chemical properties
Bulk/Structural properties

Elementary analysis by inductively coupled plasma atomic emission spectroscopy (ICP) was
performed for the Pd-doped Laj gCag ,Fe( 3Cuj,05 revealing a slightly lower Pd loading
of 0.08 wt.% compared to the theoretical value. The bulk composition of the perovskite is
confirmed to be in agreement with the nominal composition.

Likewise, XRD revealed no changes to the crystalline orthorhombic perovskite structure
after impregnation with the PGM including a calcination at 400 °C. No additional diffraction
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peaks attributable to the corresponding PGM or its oxides were observed by XRD. This is
easily explained with the very low loadings.

Reducibility

The influence of the PGM-doping on the overall reducibility of the solid was investigated by
H,-TPR in comparison to the non-doped La, gCa ,Fe( sCu, ,03 sample (Fig.[6.1)). Pt-, Rh-
and Pd-doped La, gCa ,Fe, sCug ,O5 perovskites showed a different behaviour.
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Figure 6.1 - H, absorption curves of calcined non-doped and PGM-doped
LaO.Scao_zFeO.Scuo_zos (0.1 wt.% Pd, Pt or Rh; CCM).

All samples show the typical perovskite Fe** (> 700°C) and the Cu®' reduction (at
approximately 250 °C) as already discussed earlier (Chapter ).

The sample loaded with Pd shows an additional very slight reduction phenomenon at
lower temperature (79°C), a differently shaped Cu?" reduction peak and an additional
peak at about 600 °C. According to literature,[14] Pd generally is reduced at near ambient
temperature, i.e. below 100 °C. The H, uptake in the temperature range of the reduction
peak at 79 °C peak corresponds to a H/Pd of 0.66. Therefore, the rest of the presumed PdO
has to be reduced at lower temperature or in the same temperature range as the Cu’". The
low amount of Pd explains the low increase in overall H, consumption of 1.16 mmol g!
integrated over the temperature range of 70°C to 700 °C (Table [6.1). The corresponding
H/M! value of 2.57 is remarkably higher than expected keeping in mind the low Pd loading
and that the maximum H/Cu is 2. Having a look at the H/M value of the overlapping peaks
in the temperature range of 150 °C to 300 °C of 2.12 (H/Cu = 2.14), it is clear that Cu?" is
fully reduced to Cu® in this temperature domain. Therefore, the additionally observed peak
at 597 °C has to be attributed to an impurity, possibly in the form of carbonates.

Regarding the reduction phenomenon below 300 °C, an overlap of 2 different peaks is
seen for the Pd-doped solid. For bulk CuO, the Cu reduction in the temperature range up to

M = Cu + PGM, i.e. Cu + Pd.
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350 °C takes place in 2 steps via the formation of Cu,0, and the reduction of Cu* is delayed
until all Cu®" is reduced to Cu™.[l In the case of the Pd-doped perovskite, it seems that the
presence of Pd mainly induces a shift of the Cu?* to Cu* reduction to lower temperature,
thereby splitting the contributions of both reduction phenomena leading to the broadening
of the observed peak. The Cu* to Cu® reduction seemingly remains unaffected since the
maximum temperature is unchanged. Such a peak shift was already observed for other
materials such as Pd-doped LaMnO;, LaFeO3 and LaCoOj; perovskites and was attributed
to so-called H, spillover effects.[1l] This effect relies on the adsorption of H, on reduced Pd
which then allows for the reduction of the support at lower temperature.

Table 6.1 — Comparison of H,-TPR results of calcined non-doped and PGM-doped
La, gCag,Fe, sCuy,05. 0.1 wt.% Pd, Pt or Rh; CCM; all 50 mg, 25 ml min~!

loading H, consumption® H/M? Timax reduction peaks
(mmol g~1) total* low T¢ (°C) (°C) (°C) (°C)
non-doped 1.03 230 219 247 401 536 >1100
+ Pd 1.16 2.57 2.12 251 - 597 >1100
+ Pt 1.22 2.72 2.26 234 - 586 >1100
+Rh 1.80 399 2,04 236 broad 543 >1100

% H, consumption was integrated over the temperature range of 70 °C to 700 °C.
"M = Cu + PGM (Pd, Pt or Rh respectively).
¢ Temperature range of 150 °C to 300 °C.

This splitting of the low temperature reduction peaks below 300 °C of the Cu-containing
perovskite is observed for all doped solids (Fig.[6.1). The Pt-impregnated sample shows a still
discernible shoulder. This shoulder appears just below 200 °C in agreement with previous
findings in literature attributing a reduction peak at 197 °C to PtO, species (H/Pt =4).l”]
Compared to the Pd-doped solid, the H, spillover effect also seems to affect the Cu* to
Cu’ reduction step leading to the lowest maximum temperature observed for all doped
solids. Concerning the overall H, uptake, the Pt-doped perovskite shows a slight increase
compared to the non-doped La; gCa ,Fe( gCug ,O5 perovskite (Table for the 1%t reduction
peaks (H/(Pt+Cu) = 2.26) affirming an overlap of the Pt reduction peak with those of the Cu
reduction. Again, the high temperature peak is ascribed to a contamination since Cu and Pt
reductions are completed below 300 °C.

In the case of the Rh-impregnated perovskite, the Cu reduction peaks overlap to a
broad but asymmetric peak between 150 °C and 270°C. An attribution of a possible Rh
contribution and the assignment to a specific Rh species is difficult. If Rh>* reduction occurs
in this temperature range, it is incomplete as can be concluded from the H/M value of
2.04 of these peaks (H/Cu =2.06). Moreover, an additional broad reduction phenomenon is
observed between 300 and 500 °C which may be ascribable partly to Rh reduction. However,
the corresponding H, uptake is too high for Rh>" reduction only (H/Rh =28). The high
temperature reduction peak at 543 °C, on the other hand, may be attributed to a similar
contamination as for the other doped solids since the temperature domain is similar and
H, uptake too high for the low PGM loadings. The Rh-impregnated sample shows a highly
increased overall H, consumption of 1.80 mmol g~! corresponding to an H/M value of 3.99.
Even its lower molar mass compared to Pt and the probably higher oxidation state compared
to Pd cannot explain this high value affirming the already mentioned hypothesis of a surface
contamination in form of carbonates.
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A similar reduction behaviour in the temperature range of 380°C to 580°C - even
though more intense in its H, uptake — was observed for Pt-containing perovskites, i.e.
LaFe( 95Pt( 503, prepared by sol-gel technique by Dacquin et al. In this case, however, no
such reduction behaviour was evidenced for the corresponding impregnated perovskites.[7:]

Textural properties

No major deviations from the textural properties of the non-doped La, gCa, ,Fe( gCu ,05
perovskite, neither for the isotherms nor the pore size distributions, are observed. Compared
to the Pd-doped sample which surprisingly shows a slightly higher SSA of 28.7 m? g1, the
Rh- and Pt-doped samples show similar ones as the non-doped solid of about 24m? g~1.

Chemical composition

Table [6.2]lists the photopeak maxima of La 3d, Ca 2p, Fe 2p, Cu 2p, O 1s as well as the corre-
sponding PGM. The positions of the perovskite peaks remain mainly unchanged compared
to the non-doped solid. The B.E. correspond to La3*, Ca®", Fe3* and Cu?* as described in
Chapter 5| Similar contributions of lattice oxygen as for the non-doped sample are detected.
The carbonate content, however, is significantly increased for all doped solids (about 31 at.%
compared to 14 at.% in the case of the non-doped sample) regardless of the dopant nature.
This is surprising keeping in mind that the A-site cations are less abundant at the surface
than in the non-doped solid. On the other hand, this may explain the high temperature
reduction peak evidenced for all doped perovskites by H,-TPR.

Table 6.2 - Comparison of photopeak maxima of calcined PGM-doped
La0.8caO.2Fe0'8cuO_203 (0.1 wt.% Pd, Pt or Rh; CCM).
B.E. (eV) at.%
La3ds, Ca2ps, Fel2pss Culps; Ols PGMS Opgice’ Ceoz”
non-doped  833.6 346.8 710.2 933.1 528.8 - 48 14
+ Pd 833.7 347.2 710.2 933.9 529.0 337.1 50 31
+ Pt 833.6 346.7 710.3 933.6 529.1 n.a.? 49 30
+ Rh 833.5 346.8 709.8 933.1 528.8 309.2 51 31

* Olattice T Oads = 1-

b Ccosz— + Cadventitious = 1-
¢Pd 3ds/,, Pt 4f and Rh 3ds/, respectively.
4 The Pt 4f signal overlaps with the Cu 3p region.

Fig. shows the spectra of the Pd 3d, Pt 4f and Rh 3d photopeaks. The Pd 3ds,,
photopeak maximum of 337.1 eV (Table is in agreement with the presence of PdO.[62-11]
The full width at half maximum (FWHM) of the Pd 3ds,, core level was determined. With
1.5eV for Pd, this FWHM below 2.5 eV confirms that Pd is present as a single species only at
the surface of the doped perovskite. The Rh 3d photopeak is noisy due to the low loading
and corresponds to the expected multiplet for Rh,03 with the Rh 3ds5,, photopeak maximum
at 309.2 eV.[21213] The FWHM of 2.1 eV for Rh is again below 2.5 eV confirming that Rh is
present as a single species only as well. The Pt 4f region, on the other hand, does not show the
characteristic multiplet. Since the energy region of Pt 4f overlaps with the Cu 3p core level.
The low sensibility obtained for Pt is also related to its higher molar mass of 195 gmol~!
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compared to Rh (102.9 gmol~!) and Pd (106.4 gmol™!). It is assumed that Pt is present in
one of its oxidic forms, probably PtO,, as the other precious metals.

Pd 3d Pt 4f Rh 3d

intensity (a.u.)
intensity (a. u.)
intensity (a. u.)

345 340 335 330 85 75 320 310 300
binding energy (eV) binding energy (eV)  binding energy (eV)

Figure 6.2 — Pd 3d, Pt 4f and Rh 3d photopeaks of PGM-doped La,3Ca,Fe, sCu;,0;
(0.1 wt.% Pd, Pt or Rh; CCM).

Concerning the loadings evidenced at the surface of the catalysts, the atomic La to PGM
ratios were determined for the Pd- and Rh-doped solids by XPS (Table[6.2). Comparing the
values of the Pd- and the Rh-doped perovskite, the Pd-loading at the atomic scale is double
as high than for the Rh-doped solid. Moreover, both values are significantly higher than the
theoretical value of about 0.002. This finding suggests a good dispersion of the doping metal
on the surface of the solids, and a higher accessibility of the Pd than the Rh.

Table 6.3 — Surface ratios of the La, gCa, ,Fe, gCu,,0; perovskite catalysts (CCM), doped
with 0.1 wt.% of Pd, Rh, or Pt as determined by XPS analyses.

PGM loading XA/XB xCu/xFe xCa/xLa de/xLa
(wt.%) (at.%)

theoretical values 1 0.25 0.25 0.002
non-doped 1.65 0.34 0.34 -

+ 0.1 Pd 1.36 0.13 0.13 0.017
+ 0.1 Pt 1.38 0.12 0.15 n.a.
+ 0.1 Rh 1.36 0.12 0.13 0.008

XPS analysis again puts into evidence a deviation between bulk and surface composition
of the doped perovskites. As previously discussed, the surface atomic ratio A/B is higher than
1 in line with surface enrichment in La and Ca. A decrease of the A-site cation enrichment
at the surface of the PGM-doped samples is observed after addition of PGM (Table [6.3).
Another aspect which stands out is that the surface atomic ratios of the substituting, Ca
and Cu, to the substituted cations in both sites, La and Fe respectively, are lower than the
nominal values for all doped solids, whereas the bulk ratios comply with the nominal ones as
shown by elementary analysis for the La, gCa ,Fe( gCuy ,O3 samples doped with 0.1 wt.% Pd

compared to the non-doped perovskite. The impact seems to be independent of the nature of
the PGM, however.
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6.1.2 Catalytic performance
Catalytic performance tested according to Procedure A

The catalytic performances of the 0.1 wt.% Pd-, Pt- and Rh-doped Laj 3Ca ,Fey sCug,03
perovskites were tested according to Procedure A (Section[2.3)). Selected test results are listed
in Table [6.4] and depicted in Fig. [6.3]and [6.4] for CO, propylene, NO, propane, O, and H,
conversion and are compared to the commercial reference TWC and La, gCa ,Fe; sCug 205
catalyst.

The influence of PGM addition on Laj gCag ,Fe( gCu, ,05 can be observed only for the
oxidation of C3Hg and H, in stoichiometric conditions (stoicl). On the other hand, CO,
propane, methane and NO conversions are not significantly modified after Pt, Pd or Rh
impregnation. Best performances for propylene and H, oxidation are obtained by the Pd-
doped sample whereas Pt- and Pd-doped samples showed similar propylene conversion
curves. It should be mentioned that H, is activated at higher temperature than CO on Pt-
and Rh-doped catalysts as previously observed on the bare La, 3Ca ,Fe; sCug ,O5 support.
Another remark concerns the absence of propylene reforming in this series of PGM-doped
perovskites during the 1% stoichiometric test ramp after activation according to Procedure A
(stabilisation in stoichiometric conditions at 600 °C during 2 h).

Similar trends were obtained during the 2™ test ramp in lean conditions. Pd- and Pt-
doped solids exhibited almost the same catalytic performances except for H, oxidation.
Surprisingly, results of the Rh-doped catalyst cannot be distinguished from those of the bare
Lag ¢7Feq.g3Cu.1705 support.

Table 6.4 — Temperatures corresponding to 50 % conversion of CO, C3H¢, C3Hg, and
H, (stoichiometric) and NO (rich composition) of PGM-doped La;3Ca,,Fe,3Cu;,03
(0.1 wt.% Pd, Pt or Rh; CCM) and selectivities of NO reduction products at Tg.

condition stoichiometric rich

Tso (°C) selectivities at Tg
CO CsHg CsHg H, NO Sy, Swuy Sno Ts (°C)

non-doped 279 449 487 399 469 0.36 0.64 O 506
+0.1wt.%Pd 287 377 495 287 430 0.38 0.62 0 493
+0.1wt.%Pt 279 381 504 329 473 040 060 O 509
+0.1wt.% Rh 289 460 485 484 423 0.39 0.61 0 504

Concerning the catalytic performances under rich conditions, 2 deviations stand out. On
the one hand, the Pd-impregnated solid clearly presents an enhancement of NO reduction
activity towards lower temperature compared to the other solids. The main NO reduction
product at approximately 500 °C is NHj for all doped samples (Table[6.4). The N, selectivity
(Sx,) values at 500 °C are, however, slightly higher for the Pd-doped La gCa ,Fe( gCug 203
compared to the non-doped perovskite. Higher activity is also observed for H, oxidation
for Pd/La gCa ,Fe; gCu;,03. On the other hand, the Rh-doped solid shows the highest
maximum conversion of propylene at 500 °C, even though conversions over the Pd-doped
perovskite are higher in the temperature range of 300 °C to 470 °C.

The most interesting changes are observed during the return tests under stoichiometric
conditions (stoic2) after the rich test ramp. A significant improvement of catalytic perfor-
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Figure 6.3 — CO, C3;H4 and NO conversions of PGM-doped Lag gCa,,FeygCuy,05 (0,
0.1wt.% Pd, Pt or Rh; CCM) catalysts during Procedure A. La; 3Ca,,Fe;3Cu;,05 (4),
doped with 0.1 wt.% Pd (%), Pt (A), or Rh (A) compared to the commercial reference TWC ()
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Figure 6.4 — C3Hg, O, and H, conversions of PGM-doped La3Ca,,Fe;3Cu;,05 (0,
0.1 wt.% Pd, Pt or Rh; CCM) catalysts during catalytic performance test procedure A con-
ducted for perovskites, s. Fig. (Procedure A). La; ¢Cag ,Fe; 3Cu;,05 (#), doped with
0.1wt.% Pd (%), Pt (A), or Rh (2)
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mances is observed, mainly for NO reduction and H,, C;Hy and CO oxidation reactions on
PGM-doped Lag 3Cag ,Feq sCuq ,0O3 solids compared to the initial catalytic measurements
(stoicl). This is most remarkable for the Rh-impregnated sample which shows 50 % con-
version of NO. The main product of NO reduction during the return test for the Rh-doped
perovskite as well as other PGM-doped solids is nitrous oxide. At 285°C, Sy o of the Rh-
impregnated sample yields 80 %. N,O selectivity decreases to 43 % at 355°C due to the
successive reduction of N,O to N,. Only few NH; is formed during the whole temperature
ramp. The conversion-temperature-profile of NO does not follow the typical S-shape but
conversion declines gradually after reaching its maximum at about 300 °C. This phenomenon
is well known for Rh catalysts and explained by a CO + NO reaction which stops due to
increased competition of oxygen suppliers such as O, and N,O at temperatures where NO
desorption is facilitated.l'¥ The CO + NO reaction in the low temperature range favours
N,O production as already discussed in Section The reduction of NO on the Rh-doped
catalyst started at approximately 200 °C which is close to the temperatures of CO, C3Hy and
H, activation. Therefore, a significant enhancement of CO, C3H¢ and H, oxidation reactions
with ATsp of 52K, 140K and = 100 K respectively is observed compared to the initial stoichio-
metric test. This enhancement on Rh/Laj gCag ,Fe( sCuj ,05 should be related to a change
of active site nature due to the previous exposure to rich conditions which precede the last
stoichiometric test. It should be underlined that this catalyst exhibits a similar activity for
CO oxidation compared to the commercial reference. Minor NO reduction is observed for
the Pt- and the Pd-doped perovskites. The Pd-impregnated sample also shows a marked
propylene performance enhancement.

The Pt-impregnated sample shows the lowest differences between both tests in stoichio-
metric conditions. The Rh-impregnated catalyst seems to be activated by the test ramp
undergone under rich, i. e. reductive, conditions. The difference between both stoichiometric
tests is in agreement with the presence of the PGM in their oxide forms in the initial solids as
evidenced (Pd, Rh) or assumed (Pt) by XPS and H,-TPR results.

Influence of a reductive pretreatment (Procedure C) on the catalytic performance

Results of the previous section suggest that PGM-doped perovskites became more active after
contact with a reducing mixture. Based on these results, a reductive pretreatment (Procedure
C) was introduced in the procedure for the PGM-doped solids as alternative to the activation
with stoichiometric feed at 600 °C as conducted in Procedure A. The reduction step was
performed at 300 °C. At this temperature, as suggested by H,-TPR, all Cu species should be
reduced as well as the impregnated PGM oxides, i. e. PdO, PtO, and Rh,0s.

Results of the corresponding catalytic tests are shown in Fig.[6.5]and [6.6]and Table [6.5|for
the 0.1 wt.% PGM-doped solids.

The reductive pretreatment leads to significantly enhanced catalytic performances during
the 1% stoichiometric test ramp for all PGM-doped solids as well as for all investigated pollu-
tants except methane. In stoichiometric conditions, different behaviour is observed for oxida-
tions reactions and NO reduction depending on the nature of the PGM. The conversion curves
for CO and C3Hg oxidation are shifted to lower temperature over Pt/La, gCa ,Fe; sCug 2,05
compared to the commercial TWC reference despite the lower PGM loading (0.1 wt.% Pt vs
0.55wt.% PGM). This underlines the beneficial interaction of Pt on the perovskite. Pd- and
Rh-doped perovskites exhibited lower activity than Pt/La, gCa ,Fey sCug ,0O5 for oxidative
reactions.

It should be mentioned that perovskite-based catalysts are less selective than the commer-
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Figure 6.5 — CO, C3Hy and NO conversions of PGM-doped La, gCag ,Fe,gCu,y,0; (0,
0.1wt.% Pd, Pt or Rh; CCM) catalysts after a reductive pretreatment (Procedure C).
Lay gCag,FeqsCuy,05 doped with 0.1 wt.% Pd (%), Pt (), or Rh (A) compared to the com-
mercial reference TWC (¢, Procedure B)
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Table 6.5 — Temperatures corresponding to 50 % conversion of CO, C;H¢;, C3Hg, and
H, (stoichiometric) and NO (rich composition) of PGM-doped La,4Ca,,Fe,3Cu;,0;
(0.1 wt.% Pd, Pt or Rh; CCM) and selectivities of NO reduction products at Ty after a
reductive pretreatment (Procedure C).

condition stoichiometric rich

Tso (°C) selectivities at Tg
CO CsHg CsHg H, NO Sy, Swuy Sno Ts (°C)
+0.1wt.% Pd 228 283 457 169 390 0.43 0.57 0 500

+0.1wt.% Pt 175 245 473 198 441 0.49 0.51 0 507
+0.1wt.% Rh 215 321 463 266 370 0.28 0.72 0 474

cial reference catalyst for H, oxidation compared to CO oxidation as previously evidenced for
LaBOj catalysts (Chapter [3). On the other hand, Rh/Lag gCa ,Fe( gCu, ,03 is able to convert
NO between 200 °C and 500 °C with a maximum conversion of about 50 %. This is in line
with previous results observed after one test cycle (return test of Procedure A, Fig. stoic2).
Subsequent enhancement of NO reduction on Rh/La, gCag ,Feq sCug ,05 is observed at high
temperature above 400 °C. This phenomenon may be explained by the stepwise reduction as
discussed in Section as induced by the Rh content.

As shown in Fig. under stoichiometric conditions, a high Sy ¢ is observed for all
PGM-doped solids, including the commercial reference TWC. Nitrous oxide is produced
at low temperature for the doped perovskite whereas at higher temperatures (> 400 °C),
only the Rh-doped perovskite shows NO conversion with high N, selectivity and only little
ammonia formation compared to the commercial reference catalyst.

Propylene conversion on the Pt-doped sample is enhanced by pre-reduction (ATsy (C3Hy)
= 136 K). The Rh-doped solid for which ATs, (C3Hg) is equal to 139K presents a 2-step
conversion profile hinting at 2 different elimination mechanisms at different temperatures.
The process at higher temperature may be caused by propylene reforming even though CO
and H, conversion remain complete in the corresponding temperature range.

Under lean conditions, conversion curves are less influenced by the reductive pretreat-
ment. A very slight enhancement for NO conversion is observed between 400 °C and 500 °C
compared to the non pre-reduced solids.

Regarding the results of the test ramp being conducted under rich conditions, an enhance-
ment of NO reduction is observed. All PGM-doped perovskites show enhanced performances
by pre-reduction, ATsy (NO) ranging from 32K for the Pt- over 40K for the Pd- to 53K
for the Rh-impregnated catalyst. The latter also shows the highest overall NO reduction
performance. The Rh-doped perovskite yields the highest Sy, at 500 °C ( Table! 6.5). High
amounts of N, and to a lesser extent of N,O (only in the temperature range of 280 °C to
440 °C) are produced below 500 °C (Fig.[6.7). The drop in N, production above 420 °C is most
likely correlated to the in situ H, formation, explaining the suddenly high NH; selectivity of
NO reduction. This behaviour is comparable to the one of the commercial reference catalyst
as discussed in Section Similar observations are also made for the Pd- and Pt-doped
solids although at higher temperature leading to a lower Syy,. The N selectivity at high
temperature remains, nonetheless, higher than for the commercial reference catalyst over a
wide temperature range. Furthermore, H, production due to HC reforming is observed at
temperatures above 420 °C leading to a H, conversion drop for all pre-reduced solids. The
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Figure 6.6 — C3Hg, CH, and H, conversions of PGM-doped La,gCag,Fe,gCu,y,03 (0,
0.1wt.% Pd, Pt or Rh; CCM) catalysts after a reductive pretreatment (Procedure C).
Lay gCag,FeqsCuy,05 doped with 0.1 wt.% Pd (%), Pt (), or Rh (A) compared to the com-
mercial reference TWC (¢, Procedure B)
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Figure 6.7 — N, N,O and NHj selectivities and yields of NO conversion of PGM-doped
Laj gCa,Fe; 3Cu;,0;5 (0.1 wt.% Pd, Pt or Rh; CCM) after a reductive pretreatment (Pro-
cedure C) under stoichiometric and rich conditions. La,¢Ca,Fe; 3Cu;,03 doped with
0.1 wt.% Pd (%), Pt (A), or Rh (A) compared to the commercial reference TWC (¢, Procedure
B); Sy, /Yy, (solid), Sn,0/Yn,0 (dashed), Syy,/Ynn, (dashdotted, big mark)
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drop in H, conversion is observed at the same temperature as the drop in CO conversion and
the enhanced propylene oxidation pointing to a C3Hg reforming process.

Comparing the return test to the 1% stoichiometric ramp, the Rh/La, 3Ca, ,Fe, sCu; ,05
catalyst shows stable catalytic performances after one test cycle. The Pd-impregnated per-
ovskite shows similar conversions while the Pt-doped catalyst presents a decrease in perfor-
mance during the return test. The main product of NO reduction over the Rh-doped catalyst
up to 400 °C is nitrous oxide, completed by N,. No significant NH; production is observed.
While NO reduction over the Pd-doped catalyst leads to equal amounts of nitrous oxide and
N,, the NO reduction observed for the Pt-doped solid is mainly due to nitrous oxide.

6.2 Rh-doped La0.67Fe0.83Cu0.1703

The results of the combination of partial substitution and surface composition optimisation
highlighted the catalytic performances of the La-deficient Lag 4,Fe( 33Cuq 17,03 solid (Chap-
ter [5). Among the pre-reduced doped catalysts investigated in the previous section, the Pt-
and Rh-doped Lag §Ca ,Fej sCug ,03 solids yielded the most interesting results. Since the
performance of the Rh-doped perovskite was more stable during the test, Rh was chosen as
the dopant for tests on the La ¢,Fe, g3Cu, ;7,05 catalyst. Moreover, the Rh-doped catalyst
was revealed to be more active especially for NO reduction. Based on these results, a sample
of the most promising perovskite containing no noble metals, La ¢,Fe 53Cu 1703, was im-
pregnated with 0.1 wt.% Rh by incipient wet impregnation method (IWI) to be tested under
3-way catalytic conditions.

6.2.1 Physico-chemical properties
Structural properties

As already seen for the PGM-doped La gCa, ,Fe, gCu, ,05 solids, the Rh/Lag ¢, Feq 53Cu 1705
solid shows no additional crystalline phases compared to the orthorhombic corresponding
non-doped perovskite due to the very low amount of Rh. No deviations from the parent
perovskite crystalline structure were detected.

Reducibility

The reducibility of the solid was investigated by H,-TPR as for the corresponding non-doped
perovskite. Results are shown in Fig.[6.8|and Table

Comparing the H,-TPR profiles of the non-doped with the Rh-doped La 4,Fe( g3Cug 1703
sample (Fig.[6.8), the same behaviour is observed for temperatures above 250°C, i.e. the
hematite contribution remains unchanged. The doping with Rh mainly affects the low
temperature reduction domain. In comparison with the Rh-doped La, 3Ca ,Fe( gCug,05
solid, no additional reduction peaks or intensity increases are observed at temperatures
> 300°C. On the other hand, as for the Laj3Cag,Fe;3Cuy,05 solid, the Rh reduction
influences the Cu®* to Cu® reduction leading to one unresolved peak with a maximum at
about 180 °C. This may either be due to an overlap with the Rh®" reduction, a H, spillover
effect or indicative of the disappearance of the Cu segregation phenomenon observed for the
non-doped solid (Section[5.5.2). As shown in Table the reducibility of the solid, i. e. its
overall H, consumption, is similar for the Rh- and non-doped solids. The hematite phase
segregation seems to be unaffected by the Rh-impregnation.
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Figure 6.8 — H, absorption curves of the calcined non-doped and Rh-doped
La, ¢,Fe( g3Cug 17,05 samples (0.1 wt.% Rh; CCM; 50 mg, 50 ml min~1).

Table 6.6 - Comparison of H,-TPR results of non-doped and Rh-doped
Lay ¢,Fe( 53Cug 17,05 (0.1 wt.% Rh; CCM; both 50 mg, 50 ml min~1).

nominal H, H/Mb H/Fe T,y reduction peaks (°C)

composition consumption? low T¢ high T4

(mmol g~!)

La0.67Feo.83Cu0.17O3 1.76 2.33 0.36 182 227 422 1080

+ 0.1 wt.% Rh 1.79 2.28 0.38 196 417 1097

“H, consumption was integrated over the T range of 100 °C to 700 °C.

"M=Cu +Rh.

€100°C <T <290°C.
€290°C <T <550°C.

Reduction of Cu®* species and Rh,0j is confirmed to take place below 300 °C validating
the temperature of 300 °C for the reductive pre-treatment conducted in Procedure C.

Textural properties

The textural properties of the non-doped and the Rh-doped La 4,Fe( 33Cu, ;7,03 are similar.
Neither the isotherms nor the pore size distributions differ. Likewise, the SSA of both
perovskite samples are about 27 m? g~

Chemical composition

The surface composition of the 0.1 wt.% Rh-doped La 4,Fe( g3Cu, ;705 was investigated by
XPS. The results are shown in Table

Regarding the positions of the photopeaks (Table|6.7), La®* and Fe3" are again obtained.
Concerning the Cu 2p core level, an intense satellite is observed in contrast to the bare
support (not shown) suggesting that either less segregated CuO is present on the surface or
that it is less easily reduced to Cu™ due to the irradiation. The Rh 3d signal being too weak, it
is lost in the noise. Therefore, it can only be assumed that it is present in its trivalent oxide
form (Rh,03).
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Table 6.7 — Comparison of binding energies of calcined non-doped and Rh-doped
La0.67Fe0.83cu0.1703 (0.1 wt.% Rh; CCM).

B.E. (eV) at.%

La3ds, Fe2ps; Culps, Ols Rh3dsp Opgice® Ceop’
LaO.67Feo_83CU.O.1703 834.5 710.9 933.1 530.0 - 65 17
+ 0.1 wt.% Rh 834.1 710.4 932.7 529.3 n.a.© 43 20

“ Olattice T Oads = 1.
CCQ32— + Cadventitious = 1-
¢ The Rh 3d signal is lost in the noise due to its low loading.

In contrast to the PGM-doped La, gCa ,Fe, sCug ,03 solids, the carbonate content remains
about the same as for the non-doped La ¢, Fe( g3Cu ;703. On the other hand, the contribution
of non-lattice oxygen species (O,q4,) is increased after the impregnation with Rh.

Table 6.8 — Surface compositions of the Laj 4,Fe( g3Cu 17,03 perovskite catalyst doped
with 0.1 wt.% Rh compared to the non-doped sample.

nominal Xra/Xg  Xcu/Xpe S.S.A.
composition (m?2g1)
La0.67Feo_83Cu0'17O3 1.03 0.22 26.5
+ 0.1 wt.% Rh 1.00 0.12 27.5

The ratio of La to B-site cations remains constant compared to the bare support. On
the other hand, the Cu to Fe ratio is reduced as was already observed for the PGM-doped
Lag Cag ,Fe gCuyg ,05.

6.2.2 Catalytic performance

The catalytic performance of the Rh-impregnated La ¢,Fe, 33Cu, 1705 catalyst was first
tested according to different procedures (Section in order to investigate the influence of
the oxidation states of the Rh and Cu (Procedure A and Procedure C). Alternatively, another
gas mixture was finally studied in which the oxygen content during stoichiometric test runs
was reduced by 450 ppm (Procedure D).

Catalytic performance tested according to Procedure A

The Rh/Lag 47Fe 33Cu 1703 solid was tested after activation at 600 °C under stoichiometric
conditions. XPS analysis previously suggested the presence of an oxidic form for Rh (Rh,05;)
on perovskites. Fig. and present the comparison of catalytic performances of
Laj ¢7Feq g3Cu 1705, Rh/Lag 4,Fe( g3Cu 1705 and the commercial reference TWC.

The conversion curves are almost similar for the 1% stoichiometric test and the Rh addition
does not lead to the expected enhancement of catalytic performances. This behaviour is
mainly due to the presence of Rh in its oxidic form as previously observed in the case of
Rh/La, gCag rFeq gCug ,03.

Similar observations are made for the lean run concerning CO, propylene and propane
oxidation and NO reduction (Sy, =100 %) with no clear additional effect of the Rh-doping.
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reference TWC (°)

© 2015 Tous droits réservés. lilliad.univ-lille.fr



Thése de Anke Schon, Lille 1, 2015

242 CHAPTER 6. Fe-based perovskites doped with low loadings of PGM
]_ T T T T T T T T T T T T T T T \uf ]_ L L L S L LA |
’ C;H Sl CH ]
0.8 38 © 0.8 ¢ * 0.
¢ - stoicl L - stoicl Co
o [ \‘ 7
2 i o]
7 ]
) . b
> ‘
g - “1 4
O L /’ -
TR N I | T [ R S | TN T Y Y OV B \ |
]_ L L L L L L B | ]_ L L L S L LA |
0.8 CsHs [Ho.8 F CH, 0.
< i lean ol [ lean |
=
=
w»
3]
>
o
Q
O]
T TR TR I R R I AR | TN T T T T T T Y T M N |
]_ LN BN L B B BRI ]_ L L L S L LA |
0.8 CsHy < 0.8} CHy Ho.
< i rich F rich |
g O.6j /# i0'6j t .
» I
S 0.4 L H04f ™.
g | Co ! O
S 0.2} ¢ H02F "o
- 1 4 - ‘ 4
0 [paous sttt actydonto-gas'a st
TN S Y O S S |
1 L e B B B B B B B 2 1 L L L S L LA | 1
i C;H o CH ]
0.8 38 - 0.8 F * 108
5 3 stoic?2 | 3 stoic2 b
= £ 40.6 - 0.6
= I L
7 I
) 10.4 - 04
: | ]
© 10.2 - . 10.2
1 0 prasagugbanassafert ()
I T Y T N S S | TN S Y O S S | il SN 4 Y Y S |

100 200 300 400 500 100 200 300 400 500 100 200 300 400 500
T (°C) T (°C) T (°C)
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In rich conditions, the catalytic performances of Rh/La 4,Fe 33Cu, ;705 are very similar
to the bare support. However, the behaviour of the Rh-doped solid is modified at high
temperatures. H, and CO conversion decrease above 440 °C, whereas propylene conversion
is enhanced. This enhancement may be due to propylene reforming leading to CO and H,
production. Furthermore, a slightly enhanced NO reduction performance (T59=423°C) is
observed. Due to the high amounts of H,, a high NHj selectivity of 83 % is observed at 512 °C
(as shown in Table[6.9).

Major differences occur if comparing the return tests in stoichiometric conditions. As
in the case of the Rh/Lag gCa ,Fe, sCu, ,05 catalyst, CO, propylene, propane and NO con-
versions increase after the rich test ramp for the Rh/Lag 4,Fe 55Cu 1705 perovskite. An
activation of H, at lower temperature is also observed. Especially the NO reduction per-
formance is enhanced. The light-off curve presents the same shape as already observed for
the Rh-doped La gCa, ,Fe, sCu ,05 perovskite. A higher maximum conversion of 62 % is
yielded, however, and the conversion only drops down to about 12 % above 500 °C. The NO
products are mainly nitrous oxide (Sy,o (260 °C) =84 %) and N, (Fig. and D.9). While
both are formed at lower temperature, the N,O production yields its maximum at 285 °C
and then drops to nearly zero at about 500 °C. Indeed, N, presents the major NO reduction
product above 360 °C.

Table 6.9 - Temperatures corresponding to 50% conversion of CO, C3H¢, C;3Hg,
and H, (stoichiometric) and NO (rich composition) of non- or 0.1wt.% Rh-doped
La, ¢,Fe( g3Cuy 1705 (CCM) and selectivities of NO reduction products at Tg; (Procedure
A, Procedure C and Procedure D). Tests were conducted according to Procedure A or after
a reductive pretreatment including stoichiometric (Procedure C) or modified stoichiometric
conditions (Procedure D) in the following sections.

Test condition stoichiometric? rich
proce- Tso (°C) selectivities at Tg
dure

CO CsHy GC3Hg H, NO Sy, S, Swo T (°C)

non-doped 232 386 458 (T,s) 344 438 032 0.68 0 491
Rh-doped 247 397 493 355 423 0.17 083 0 512
Rh-doped 218 305 458 276 392 0.48 052 0 508
Rh-doped 219 287 464 262 389 031 069 0 514

15t stoichiometric test ramp (stoicl), in the case of Procedure D modified stoichiometric conditions.

ga» >

S

Due to the activation of the catalyst observed after the rich test ramp, the influence
of a reducing thermal pretreatment of the Rh-doped La ¢,Fe( g3Cuq 1703 on its catalytic
performances was investigated next.

Influence of a reductive pretreatment (Procedure C) on the catalytic performance

The Rh/Lay ¢7Fe g3Cu 1705 catalyst was activated in 5% H,/He flow at 300 °C during 5h
(Procedure C) in order to study the catalytic performances after reduction. H,-TPR suggested
that both Rh and Cu are reduced after reduction at 300 °C.

As shown in the Fig.[6.11{and |6.12] the test of the Rh-impregnated Lag 4;Fe g3Cug 1703
(CCM) according to Procedure C leads to an improved catalytic performance during the 1%
stoichiometric test ramp. In parallel to an activation of H, at lower temperature, especially
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propylene and NO conversions were enhanced. Propane and CO oxidation performances
were also increased, even though to a lesser extent. Concerning the NO reduction, contrarily
to the Rh-doped La, 3Ca ,Fe, sCuy,03 sample, a significant increase in conversion above
420°C is observed. This performance increase is mainly selective towards N, (Sy, =75 % at
495 °C) contrarily to the 1%t domain of NO conversion (200 to 400 °C) which is accompanied
by the production of nitrous oxide (Sy,0, max =76 % at 275 °C, Fig. and . In both
domains, only low amounts of NH; are formed. Propylene shows a stepwise conversion
profile pointing at the succession of 2 different processes. The process at temperatures
above 300 °C might include C3H¢ reforming even though no CO nor H, conversion drops
are observed. Surprisingly, Rh/Lag 4,Fe(53Cug 1705 seems incapable to catalyse NO + H,
reaction between 100 and 200 °C as observed in the case of the commercial TWC reference.
The presence of (higher loadings of) Pd on the commercial reference catalyst may explain the
promotion of NO + H, reaction which was not even observed on Pd/La, gCa, ,Fe( gCug ,03.

During the lean test ramp, propylene and CO performances of the pre-reduced (Procedure
C) and the non-reduced solid (Procedure A) are similar. A minor enhancement of propane
and methane oxidation and NO reduction is observed as well as a slightly lower activation
temperature of H,.

NO reduction and propylene oxidation were also slightly improved under rich conditions,
whereas the conversions of all other pollutants remained similar to those of the test performed
without reductive pre-reduction. Whereas only low amounts of nitrous oxide were formed
in both tests, N, is the predominant product formed without pre-reduction (Sy, =82 % at
490 °C, Procedure A).

Finally, the catalytic activity of pre-reduced Rh/Lag 4,Fe( 35Cu 1705 is stable after a
complete test cycle leading to similar performances compared to non-reduced Rh-doped
Lag 7Feq.53Cu.170s.

Influence of the oxygen content under stoichiometric conditions (Procedure D) on the
catalytic performance

From the results discussed above, it is evident that methane is not converted in the in-
vestigated temperature range under stoichiometric testing conditions. It can therefore be
assumed, that the so-called “stoichiometric” runs were more likely being conducted under
lean conditions because the O, concentration for “stoichiometry” was adjusted to allow for
the CH,4 oxidation. But this part of the O, (450 ppm) was not consumed.

In order to verify this assumption a test was conducted under modified stoichiometric
conditions (Section[2.3| Table [2.2), subtracting the part of O, concentration which had been
included to allow for the methane oxidation. This test run was conducted in a full test
cycle as part of Procedure D. This means that all stoichiometric runs were performed under
hereafter denoted “modified stoichiometric” conditions.

Resulting performances are depicted in Fig. and in comparison to the results
obtained according to Procedure A and Procedure C. Selected T5, values and NO reduction
selectivities are reported in Table

For the 1%t test ramp, i. e. under stoichiometric (Procedure A, Procedure C) or modified
stoichiometric conditions (Procedure D), a clearly enhanced performance of the pre-reduced
Rh-doped Lag 47Fe( g3Cug 1705 catalyst is observed. An additional enhancement is seen for
the sample if the test is conducted under modified stoichiometric conditions. While H, and
CO conversions are similar, propylene oxidation and especially NO reduction performances
are enhanced. The C3Hy and NO conversion light-off curves follow the same behaviour as
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Figure 6.11 — CO, C3H4z and NO conversions of 0.1 wt.% Rh-doped La 4,Fe( 53Cug 1705
(CCM) catalysts tested according to Procedure A or after a reductive pretreatment (Pro-
cedure C or Procedure D). La 4;Fe( 33Cug ;703 doped with 0.1 wt.% Rh tested by Procedure
A (A) or pre-reduced including tests under “stoichiometric” (Procedure C, ) or “modified
stoichiometric” conditions (Procedure D, M) compared to the commercial reference TWC (e,
Procedure B)
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Figure 6.12 — C3Hg, CH, and H, conversion conversions of 0.1wt.% Rh-doped
La ¢,Fe(33Cug 1703 (CCM) tested according to Procedure A or after a reductive pretreat-
ment (Procedure C or Procedure D). La ¢,Fe 45Cug 1705 doped with 0.1 wt.% Rh tested by
Procedure A (A) or pre-reduced including tests under “stoichiometric” (Procedure C, ) or
“modified stoichiometric” conditions (Procedure D, M) compared to the commercial reference

TWC (
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already seen for Procedure C. However, both show an enhanced performance with respect to
this test. NO reduction proceeds via 2 different processes between 180 °C —420 °C and 420 °C
—520°C respectively (Fig. and [D.9). The 1% domain corresponds to the production of
N,O (Sn,0 up to 77 % and Sy, = 23 % at 245 °C) while during the 2"d domain mainly N, and
to a lesser extent NH3 (Sy, up to 69 % and Sy, =31 % at 512 °C) are formed.

Interestingly, the conversions of propylene and NO are enhanced for the test performed
according to Procedure D compared to Procedure C under lean and rich conditions even
though the gas feed was the same. This behaviour could be ascribed to the less oxidising
atmosphere during the initial stoichiometric test ramp, i.e. the prevention of too intense
oxidation of the perovskite and/or the segregated phases, especially Cu.

In the Procedure D, the NO reduction under lean conditions takes place in 2 temperature
domains as already seen for the commercial reference catalyst (Chapter [3). The lowest
temperature domain below 270 °C attributed to the presence of Pd in the commercial ref-
erence TWC is not observed. In the 1% domain for which reduction is observed for the
Rh/Lag ¢;7Fe( g3Cug 1703, only nitrous oxide and N, are detected with Sy o up to 80 % and

Sn, =20 % at 280 °C. This ratio is reversed for the 2"d domain leading to a Sy, of 75 % and
a Sn,0 up to 7% at 477 °C. Moreover, up to 20 % NO conversion are achieved over the
Rh/La ¢7Fe( g3Cuy 1705 catalyst at 480 °C.

Under rich conditions, nitrous oxide is only formed in a limited temperature range of
300°C to 420°C. While up to 390°C N, is the main reduction product (Sx, =76 %), it is
superseded by ammonia at higher temperature. This NH; formation is again promoted
by extra H, production due to propylene reforming activity which occurs at 390 °C during
Procedure D instead of 440 °C (Procedure C).

The return test shows similar results as the 1° test ramp under modified stoichiometric
conditions. The performance enhancements if compared to results of Procedure C for
propylene and NO are maintained and even improved in the case of the maximum NO
conversion. However, the high temperature reduction close to 500 °C is slightly decreased.
This behaviour is combined with a less marked stepwise conversion. Having a look at the
corresponding NO conversion products, both steps are still distinguishable, though. During
the 1%t temperature domain (200 to 350 °C), nitrous oxide represents the main product (Sn,0

up to 82% and Sy, =18 % at 240 °C). On the other hand, the 27 step is governed by the
production of N, (Sy, of 69 %, Sy,0 =6 % and Syy, =24 % at 503 °C). Overall, the domain
of NO reduction activity is observed in a wider temperature range from 200 °C to 520 °C
combined with high conversions of up to 70 %.

6.3 Conclusion

The monometallic Pt-, Pd- and Rh-impregnated La, 3Ca ,Fe( sCu, ,05 perovskites and Rh-
doped Lag 47Fe( g3Cug 1705 were compared to the bare supports and to the commercial TWC
reference. Investigations on PGM-doped perovskites generally showed that the orthorhombic
perovskite structure as well as the textural properties of the corresponding non-doped
perovskites were maintained after PGM impregnation. The doping with PGM on these 2
types of solids leads to remarkable changes in the catalytic performances despite the low
loadings (0.1 wt.%). The influence of introducing a reductive thermal pretreatment was
also investigated for the PGM-doped solids. The reducibility results obtained by H,-TPR
suggested a complete reduction of Cu as well as Pd, Pt and Rh after a reductive pretreatment
at 300 °C. On the other hand, XPS put into evidence the stabilisation of oxidic Pd and Rh as
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PdO and Rh,0j; respectively, Pt being presumably in PtO, form. The reactivity of the doped
perovskite in absence of a reductive pretreatment was investigated first for both series of
catalysts.

The doping with the highly reducible Pd on La; 3Ca,Fej gCuy,05 leads to the most
interesting catalytic performances, especially concerning CO, propylene and NO conversion.
Interestingly an enhancement of catalytic performance was observed during the stoichiomet-
ric test performed after the rich test ramp suggesting a reduction of PGM at the surface of the
perovskite. The Rh/La gCa ,Fe sCu ,05 catalyst exhibited NO reduction between 200 °C
and 500 °C in stoichiometric conditions with approximately 50 % conversion at 300 °C. It
should be mentioned that hydrocarbon reforming as well as WGS reactions were not clearly
observed while PGM prevailed in their oxidic forms. The reductive thermal pretreatment
induced a significant enhancement of catalytic performances compared to an activation
under stoichiometric feed at 600 °C for 2 h (Procedure A).

The pre-reduced Pt-impregnated catalyst shows a much more enhanced catalytic per-
formance (ATs9 (CO) = 104K, ATsy (C3Hg) = 136K for the stoichiometric test run). It
is decreasing over the test cycle but still higher during the return test than for the sto-
ichiometric feed-activated solid. The NO light-off temperature under rich conditions is
also decreased (ATs5y (NO) = 32K) and higher N, selectivity is observed. Furthermore,
this is the only perovskite-based catalyst to clearly show CH, conversion except for the
Laj ¢Cag ,Fe sCu,05 sample discussed in Section (lean conditions at high temperature).

Pre-reduced Rh-impregnated La, 3Cag ,Fe; sCuy,05 equally shows interesting results
with ATsy (CO) = 74K and ATsy (C3Hg) = 139K under stoichiometric conditions. The
results are stable over the test cycle or improve. Its NO reduction performance surpasses
the one of all other doped perovskites, under rich (AT5y (NO) = 114K) and especially
under stoichiometric conditions. One drawback seems to be that NO conversion under
stoichiometric conditions is decreasing gradually again at temperatures over 340 °C.

Similar investigations were conducted on the 0.1 wt.% Rh/La ¢;Fe g3Cu 1705 catalyst.
Even though mainly similar or slightly lower conversions are observed during the initial
test ramps in stoichiometric conditions, promising results were obtained during the return
test. A marked enhancement in conversions — as a consequence of the exposure to reductive
conditions of the rich test ramp — is observed as in the case of Rh/La; ¢Cag ,Fe( gCu ,05.
Propylene oxidation and NO reduction performances are most enhanced.

In analogy to the Laj gCa ,Fey sCu( ,05 catalysts doped with PGM, the Rh-impregnated
Laj ¢7Fe33Cug 1705 perovskite was exposed to a catalytic test including a pre-reduction step.
As a result, enhanced CO, propylene, propane and NO conversions were observed under
stoichiometric and to a lesser extent under lean and rich conditions. In contrast to the Rh-
doped Laj gCa ,Fe sCug ,03 perovskite, the NO conversion under stoichiometric conditions
remains > 20 % even above 420 °C. During the return test, NO conversion increases up to
70 %. Moreover, the stability of the catalyst is confirmed by comparing return tests according
to Procedure A and Procedure C.

Due to the non-conversion of methane under stoichiometric conditions for all investigated
perovskites, another catalytic test including the reductive pretreatment was conducted. The
feed stream composition was modified during the stoichiometric test ramps subtracting the
O, amount corresponding to the intended full combustion of methane. This lowered O,
content did lead to similar CO conversions. Furthermore, the propylene oxidation and as
expected the NO reduction performances were enhanced. The return test mainly confirmed
the stability of Rh/Lag 47Fe( g3Cuy 1705 after one test cycle.

Comparing the Rh/La, gCag ,Fe( sCuy,03 and the Rh/La 4,Fe( 35Cu, 17,05 catalysts, the
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latter is clearly more active in its unreduced form. After reductive pretreatment, differences
in performances are less pronounced but the Rh/La 4,Fe( 33Cuq 1703 still yields higher N,
selectivities.

On pre-reduced doped perovskites, similar or even better CO oxidation performances (Pt-
doped La, gCag ,Fe( sCu ,05) as for the commercial reference TWC were obtained. Likewise
propane and propylene conversion results are close to the reference despite the significantly
lower PGM content. Among the 0.1 wt.% PGM-doped perovskites, the Rh-doped catalysts
(especially after pre-reduction) show the most promising results. This is particularly true for
the NO reduction under rich and stoichiometric conditions. Concerning the NO conversion
products, even though ammonia presents still the main product at high temperatures under
rich conditions, a significantly higher N, selectivity is observed in the case of the doped
Cu-substituted perovskites than for the commercial reference. The formation of nitrous
oxide is also detected in a limited temperature range but drops to zero at temperatures below
500 °C.
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Conclusion and Prospects

The objective of this study was the development of alternative perovskite catalysts for the
exhaust gas treatment of petrol fuelled automotive vehicles. These catalysts were supposed
to meet the criteria of 3-way catalysis (TWC), in particular

* high performances on CO, hydrocarbons and NO, removal according to the Euro 6
regulation for petrol fuelled engines

* simultaneous conversions of all 3 kinds of pollutants at conditions close to the stoi-
chiometry

* high selectivities of non-noxious NO conversion products (N,)

* high thermal stability

and additionally, of being constituted of available, non-toxic and low-cost materials. The
partial replacement of noble metals in 3-way catalysis by optimised Fe-based perovskites
was the intention of this study.

The investigation of a commercial TWC and Mn-, Cu- and Fe-based perovskite reference
catalysts confirmed the significantly higher intrinsic activity of noble metals emphasizing
the challenge of finding a suitable alternative. Among the perovskite catalysts, best catalytic
performances were observed for the La,CuO, solid due to its high reducibility leading to Cu
segregation. This lead to the promotion of specifically metal-like reactions such as propylene
reforming which was not clearly observed for LaFeO; and LaMnOj solids. Furthermore high
NO reduction performances were achieved which lead quasi entirely to nitrogen production.
However, this catalyst proved unstable under test conditions due to too pronounced phase
segregation. LaFeO3-based perovskites were therefore retained for this study because of their
high thermal stability under reducing atmosphere as well as their potential for oxidation
and reduction catalytic activity. As a consequence of the very interesting catalytic results of
La,CuQy, the partial substitution of Fe by Cu was investigated later on.

Two main strategies were followed during this study to improve the catalytic performances
of Fe-based perovskites, namely the control of the textural properties by investigating the
influence of synthesis parameters and the optimisation of the catalysts composition.

Concerning the first approach, it could be shown that the choice of the solvent during
sol-gel synthesis has a dramatic impact on the textural properties of the LaFeO3 perovskite.
It was revealed that the use of a hydroalcoholic solution (HAM) instead of water (CCM) has a
beneficial impact on the control of the porosity of the resulting perovskite. The attenuated
decomposition step ascribed to stronger interactions in the precursor complex lead to more
compact samples with a high density of mesopores instead of the broad distribution of
macropore sizes observed for the solid prepared in aqueous medium.

A second aspect of this approach consisted in studying the impact of the use of polymer
spheres of different sizes (80 nm to 400 nm) during synthesis. The use of soft templates
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yielded the intended control of morphology, leading to perovskites with homogeneous macro-
porous networks with macropores of approximately half the size of the employed template
spheres. Merely the use of template spheres lower than 100 nm lead to the partial collapse
of the created network during the calcination step attributed to a too low decomposition
temperature of the polymer spheres. Occasionally, sintering effects were observed. A remedy
for such phenomena was proposed in the form of observing an intermediate cooling. Con-
cerning the 3-way catalytic performances, best results were obtained for the solid with the
most regular macroporous network. The good performances, especially for CO oxidation,
could not be attributed to the presence of a segregated hematite phase.

Finally, the influence of the calcination procedure and especially the calcination atmo-
sphere was investigated. For all HAM-based solids calcined under stagnant atmosphere
surprisingly high NO reduction performances under rich and non-rich conditions (HAM*,
MSM¥*) were revealed. In this study, a narrowing down of the crucial parameters was at-
tempted to understand the origins of this catalytic performance enhancement. It could be
shown that neither the obtained higher specific surface area, nor any segregated phase or
additive coming from the polymer template synthesis could be at the source of this increase in
reduction performance under non-rich conditions. Furthermore, only solids prepared from
HAM-based precursors — not CCM-based ones — yielded the observed enhanced reduction
behaviour confirming the importance of the employed solvent. Finally, the comparison with
other calcination atmospheres such as inert gas flow (N,) and diluted NO flow revealed a
detrimental effect on catalytic performances by calcining under inert gas flow, while the solid
calcined under NO flow did not yield the same reduction behaviour as the ones calcined un-
der stagnant conditions. Therefore, it was concluded that HAM-based precursors are leading
to LaFeOj3 perovskites with extraordinary NO reduction performances under stoichiometric
conditions if calcined under conditions of stagnant air atmosphere, probably due to the high
humidity. A correlation with the presence of high amounts of better accessible medium-sized
mesopores (10nm < d < 30nm) is assumed.

On the other hand, composition optimisation of the Fe-based perovskites was conducted.
Three main approaches were investigated: the composition optimisation of the perovskite
surface, partial substitution of the perovskite cations (bulk composition optimisation) and
the impregnation with low loadings of noble metals.

Surface composition optimisation, i. e. the lowering of the nominal La-content in LaFeOj,
yielded the intended higher accessibility of catalytically active Fe>" sites on the surface of
the perovskites. Low amounts of a probably finely dispersed hematite phase were detected.
The co-existence of both phases in strong interaction is supposed to be at the origin of the
enhanced catalytic activity of the La;_,FeOj3 solids.

Partial substitution was investigated for A- and B-site cations. The insertion of Ca and Cu
cations lead to perovskites which exhibited unit cell contractions attributed mainly to the
generation of anionic defects in line with the formation of solid solutions. As expected, the
A-site substitution by Ca lead to only minor enhancement of catalytic oxidation performances.
On the other hand, B-site substitution by Cu lead to much enhanced oxidation and reduction
performances and especially high N, selectivities. The high catalytic performances of the
Cu-substituted samples was attributed to a higher amount of oxygen vacancies and the higher
reducibility of the Cu-substituted perovskites. Despite the high reducibility, the stabilisation
of the Cu in the perovskite lattice leading to a good thermal stability of the Cu-containing
perovskites was confirmed. The combination of A- and B-site substitution by Ca and Cu
showed especially promising results. The bulk composition optimisation approach mainly
lead to higher CO oxidation activity. However, NO conversion was also influenced positively,
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especially by substitution with Cu — with respect to performance and N, selectivity.

The combination of both composition optimisation approaches lead to much enhanced
catalytic activities, close to those of the commercial reference for CO oxidation. This was
attributed to the simultaneous phase segregation of hematite and copper oxide due to the
lowered La-content. Best results were obtained for the La 4,Fe, s3Cug 1705 solid. Perfor-
mances were higher than for any other CCM perovskite prepared in the framework of this
study. Under rich conditions, N, selectivity was much higher than for the LaFeO; and the
commercial TWC. Whereas the La, (Ca, ,Fe( sCu ,05 catalyst showed a remarkable activa-
tion over the test cycle leading to performances close to those of the Lag 47Fe( g3Cu 1705 solid
in the return test, slight deactivation was observed for the Lag 4,Fe( g3Cu 1705 catalyst which
remained, nonetheless, the most catalytically active. In general, CO and C;H4 oxidation
processes appear to proceed on different sites since the corresponding catalytic activities
were found to follow different trends regardless of the followed optimisation approach.

The most promising catalysts obtained by the composition optimisation approaches
were finally impregnated with low loadings of noble metals. It was shown that a reduc-
tive pretreatment lead to enhanced performances since the noble metals were present in
their oxidic forms. Thanks to the high reducibility of the doped solid, the high intrinsic
activity of the noble metals and a possibly segregated CuO phase as well as the benefi-
cial interactions with the perovskite support, marked increases in catalytic activity were
obtained, especially for Rh/La, gCa ,Fe; sCu( ,03 and Rh/La ¢,Fe( 35Cuy 1705 yielding gen-
erally high CO and propylene conversions but also high NO reduction performances under
rich and stoichiometric conditions. Finally, a test with modified stoichiometric conditions
accounting for the residual oxygen due to difficult methane activation was performed for the
Rh/Lag ¢7Fe( 33Cup 1703. NO reduction performance increased and occurred over a wide tem-
perature range from 300 °C up to 520 °C - even under stoichiometric conditions, conversions
of up to 70 % were achieved under these conditions. Interestingly, even propylene conversion
was enhanced and CO oxidation performance remained constantly high. Moreover, the
stability of the catalyst was confirmed by return tests for the Rh-doped solids.

Concluding, the high potential of Fe-based perovskites for use in 3-way catalysis could
be ascertained using complex feed compositions. While NO and hydrocarbon conversions
still need boosting by low amounts of PGM to meet regulations in effect, optimisation of
the composition lead to CO conversions in the range of those observed for the commercial
reference catalyst. Doping with a low amount of 0.1 wt.% of Rh lead to comparable propylene
and propane results as well. Indeed, NO and propylene conversions could also be dramat-
ically improved by combining surface and bulk optimisation approaches for the Fe-based
perovskites. Even though NO conversion remains a major challenge under 3-way catalytic
conditions, it could be shown that perovskites, especially Cu-substituted ones, are capable of
increasing the desired N, selectivity.

Prospects This study opens new perspectives for the continuation on many different aspects.
Concerning the synthesis parameters, the optimisation of the drying conditions as well as
the calcination parameters should be pursued. Understanding the underlying conditions
which reign under stagnant atmosphere is the key for understanding the high catalytic
activity towards NO reduction of the LaFeO3 sample. A first step would be to investigate the
calcination under humid and/or CO,-containing flow conditions. After comprehension is
reached, this method should also be extended to other compositions and solids. This transfer
would allow to further understand whether the process is the same for different compounds.
The final goal would be to establish a more easily up-scalable method.
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Improving results by the MSM approach could be achieved by conducting the described
intermediate cooling step during calcination. Furthermore, the prevention of the collapse
of smaller-sized template spheres is important to descend in pore diameter of the final
solid. This may be achieved by using functionalised polymer spheres with higher glass and
decomposition temperatures. Macroporous perovskites prepared by MSM may be more
suited for soot oxidation than for TWC. A combination of this synthesis method with more
promising perovskite compositions such as La ¢,Fe g3Cu 1705 could be interesting for the
upcoming particulate matter regulations for spark-ignition engines.

In general, a promising prospect would be to further combine different approaches such
as the hydroalcoholic method (HAM) and the composition optimisation approach. A more
detailed study on different compositions developed from the surface and bulk optimisation
approaches would also be helpful to better discern the influence of different parameters on
the final composition.

Ageing studies need to be performed in order to confirm the assumption of thermal sta-
bility of Fe-based perovskites which was only preliminarily tested by return tests. A critical
point to address is the drop in NO conversion at high temperatures under stoichiometric
conditions. As shown, this drop could be dampened by a more realistic (modified) stoichio-
metric feed stream. However, a study on a (low loading) bi-metallic impregnation might help
to overcome this problem. Additionally, the influence of adding promoters to the catalytic
system should be examined, as should be the influence of the dispersion on a monolith on the
catalytic behaviour. Investigating the resistance to sulphur poisoning may also be of interest
for the Cu-substituted solids. Finally, before considering the commercialisation of such a
system, an up-scaling study would have to be performed.
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Synthesis schemes

Concerning the calcination atmosphere, selected syntheses were conducted including a
calcination part under so-called stagnant atmosphere (Fig. [A.1). This describes a system
which is not confined, i. e. pressure compensation is possible, but for which no gas inlet and
henceforth no gas flow is imposed.

gas inlet L
closed

tubular
calcination
oven

Figure A.1 — Stagnant conditions scheme. During calcination under stagnant conditions, no
gas inlet exists but pressure compensation is possible via the gas wash bottle.

The basic synthesis steps of the conventional citrate method (CCM), the hydroalcoholic
method (HAM) and the macro-structuring method (MSM) are shown in Fig.
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CCM

dissolution
of metal nitrates
and citric acid
in water

'

homogenisation
and complexation
of the metal nitrates
and citric acid solutions

¢

gelification by drying
in the rotative evaporator

¢

drying to a xerogel
in an oven
(48 h at 80 °C)

¢

nitrate decomposition
of the ground xerogel
in a muffle oven

¢

calcination
in a tubular oven
of the ground
decomposed precursor
(2 K/min up to 600 °C)

HAM

dissolution
of metal nitrates
and citric acid
in an EtOH/water mixture

'

homogenisation
and complexation
of the metal nitrates
and citric acid solutions

'

drying to a xerogel
in an oven
(4 dat40 °C)

'

calcination
(including
nitrate decomposition)
in a tubular oven
of the ground xerogel
diluted in sand
(up to 600 °C)

MSM

drying of the
polymer spheres
(2 hat 120 °C)

dissolution
of metal nitrates
and citric acid
in an EtOH/water mixture

'

homogenisation
and complexation
of the metal nitrates
and citric acid solutions

¢

impregnation
of the polymer spheres

by the nitrate-citrate solution

'

sedimentation and
drying to a xerogel
in a climate chamber
(4 d at 30 % r.h. at 40 °C)

'

calcination

(including nitrate decomposition)

in a tubular oven
of the ground xerogel

diluted in sand (up to 600 °C)

Figure A.2 — The conventional citrate method (CCM), hydroalcoholic method (HAM) and
macro-structuring method (MSM).

© 2015 Tous droits réservés.

lilliad.univ-lille.fr



Appendix B

ICP and XPS results

Table B.1 — Bulk and surface atomic ratios x,/xg of calcined perovskite catalysts.
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synthesis XA/XB

method ICP XPS
LaFeOj; CCM 1.01 2.13
LaFeO; CCM* n.a. 2.30
LaFeOj; HAM air n.a. 2.23
LaFeOg HAM N, n.a. 1.17
LaFeO; HAM NO n.a. 1.40
LaFeOg HAM* n.a. n.a.
LaFeO; HAM* ooling n.a. 2.23
LaFeO; MSM PMMA 80 nm n.a. 1.41
LaFeOg MSM PS 200 nm 1.02 1.23
LaFeO; MSM cooling PS 400nm  n.a. 1.82
LaFeO; MSM* PS 400 nm n.a. 2.18
LaMnOg CCM n.a. 1.91
La,CuOy, CCM n.a. 2.98
Laj ¢,FeO; CCM 0.66 0.88
LaFe; 95Cu 9505 CCM n.a. 1.94
LaFe; gCug 105 CCM n.a. 2.08
LaFe( sCug ,FeO; CCM 1.03 1.82
Laj gCag FeO; CCM n.a. 1.94
Lay gCa ,FeO; CCM n.a. 2.08
Lay 9Cag 1Fey 9Cug 105 CCM 1.01 1.74
Laj gCag ,Fe( gCug ,05 CCM 1.02 1.65
Lay ¢Cag ,Fe( gCug,05 CCM n.a. 1.27
Lag ¢7Feq g3Cu 17,03 CCM 0.68 1.03
Laj gCag ,Fej gCu;,03 + 0.1 wt.% Pd CCM 1.01 1.36

259

lilliad.univ-lille.fr



260

Thése de Anke Schon, Lille 1, 2015

APPENDIX B. ICP and XPS results

Table B.2 — Comparison of surface compositions derived from XPS of perovskite catalysts

prepared by CCM, and post-HTXRD samples.

nominal surface composition

composition based on nominal Fe content
LaFeO; calcined La, 13FeOy465 (Cs46)

LaFeO; post-HTXRD La; ¢4FeOs5 50 (Cg 34)

LaMnO; calcined La; 9;MnO; g5 (C5 54)

La,CuOy, calcined La, 9gCuQg 49 (C7 39)

La,CuOy, post-HTXRD Lay 75CuQOyg 10 (Cg.03)

Laj gFeOj3 calcined La; ¢4FeO3 45 (C5 37)

Lay gFeOs3 calcined La; 5;FeO, 7 (Cy 43)

Laj 67FeO3 calcined Lag ggFeOs o5 (C.84)

LaFe( 95Cug 1503 calcined Laj ggFe 95Cu0,0705.57 (Cy.26)
LaFe( 95Cug 1503 post-HTXRD  La, 59Fe 95Cu.1306.25 (C3.60)
LaFe( ¢Cug 03 calcined Laj 15Feq.99Cuyg.1305 39 (C251)
LaFe( 9Cug ;03 post-HTXRD  La; g9Feq 99Cug 1306.11 (C3.45)
LaFe( sCug ;03 calcined La; goFeq 80Cug.240455 (Co.61)
LaFe( 3Cuy 203 post-HTXRD  La; 4,Feq g0Cu 330499 (Cy.67)

Lay 9Cag 1FeO; calcined La; 77Cag.17Fe;.0004.04 (Cr.69)

La gCag ,FeOs; calcined La; 71Cag37Fe; 0004.10 (C2.38)

Lag 9Cag 1Fey 9Cug ;05 calcined Lay 63Cag 34Fe(.90Cu0.2304.91 (Cy2)
Lag gCag oFeq gCug,03 calcined Laj 35Cag 45Feq 80Cug.2704.62 (Cy.06)
Lag ¢Cag rFey sCug 03  calcined Lag 62Cag 20Feq 73Cu0.1701.92 (Co s6)
Lag 67Feq §3Cu.1703 calcined La; o5Feq.83Cu0.1802.42 (C1.50)

Table B.3 - Comparison of surface compositions derived from XPS of LaFeOj; catalysts.
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MSM PMMA 80 nm
MSM PS 200 nm

MSM ¢ooling PS 400 nm
MSM* PS 400 nm

synthesis surface composition
method based on Fe
CCM La; 13FeOy 63 (C3.66)
CCM* La; 30FeOy 06 (Ci 80)
HAM air La, ,3Fe03 91 (Cy g3)
HAMN;, Laj 17FeOy4 1, (Cy08)
HAM NO La; 40FeO511 (Cq 50)
HAM* c0ling La; 53FeOy 04 (C1.90)
(C1.09)
(Ci.93)
(C3.17)
(C1.02)
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Table B.4 — Comparison of photopeak maxima of perovskites prepared by CCM.
B.E. (eV) La 3d5/2 Ca 2p3/2 Fe 2p3/2 Cu 2p3/2 O 1s
LaFeO3 calcined 834.3 - 710.8 - 529.5
LaFeO; post-HTXRD  834.4 - 710.4 - 529.6
La,CuOy calcined 835.2 - - 933.1  531.7
La,CuOy, post-HTXRD  837.7 - - 932.7 531.3
Lag oFeOgy calcined 834.3 - 710.5 - 529.5
Lag gFeOs5 calcined 834.3 - 710.4 - 529.7
Lag ¢,FeO; calcined 834.3 - 710.6 - 529.6
LaFe( 95Cug 1503 calcined 833.9 - 710.1 933.0 529.1
LaFe( ¢95Cu( 1503 post-HTXRD  834.2 - 710.3 932.9  529.0
LaFe( ¢Cuy 103 calcined 833.9 - 710.3 933.0 528.9
LaFe, ¢Cuy ;05 postHTXRD  834.2 - 710.2 9329  529.2
LaFe( gCuy ,03 calcined 833.9 - 710.1 933.2  528.9
LaFe( ¢Cu(,03 post-HTXRD  833.9 - 709.7 933.5 528.8
Lag oCa ;FeO; calcined 833.7 346.1 709.9 - 529.0
LaygCa( ,FeO; calcined 833.9 346.6 710.3 - 529.0
Lay 9Cag FepoCuy 103 calcined 834.1 347.2 710.2 932.9  529.2
La; gCa,Fe( gCu,03 calcined 833.6 346.8 710.2 933.1  528.8
Lag ¢7Feq g3Cuq 1703 calcined 834.5 - 710.9 933.1  530.0
Lag ¢Ca ,Feq gCu(,05 calcined 833.9 346.0 710.1 933.4  529.2

Table B.5 — Comparison of photopeak maxima of calcined LaFeO; catalysts prepared by
different synthesis methods.
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B.E. (eV) La 3d5/2 Fe 2p3/2 O 1s Cls
CCM 834.3 710.8  529.5 285.0
CCM* 834.4 710.6  529.4 285.0
HAM air 834.1 710.1  529.2 285.0
HAM N, 834.1 710.1 529.4 285.0
HAM NO 834.6 710.8  529.5 285.0
HAM* o5ling 834.1  710.1 529.2 285.0
MSM PMMA 80 nm 833.7 710.0 528.7 284.3
MSM PS 200 nm 833.7 710.3  529.1 284.8
MSM cooling PS 400nm  833.7 709.7 528.8 284.1
MSM* PS 400 nm 834.1 710.2  529.3 285.0
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HTXRD results LaFe;_,Cu,O; (x = 0.05, 0.1)
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Figure C.1 — High Temperature X-ray diffractograms of LaFe 95Cu,,0; (CCM). Step 1
corresponds to a heating ramp under reductive atmosphere (3 Vol.% H,/N,), Step 2 to the
corresponding plateau and Step 3 to the subsequent cooling under inert atmosphere. Scheme

in Fig.[2.5]
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Figure C.2 — High Temperature X-ray diffractograms of LaFe ¢5Cu,,0; (CCM). Step 4
corresponds to a heating ramp under humid air flow up to 600 °C, Step 5 to the corresponding
plateau and Step 6 to the subsequent cooling under dry air flow. Scheme in Fig.
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intensity (a.u.)

Step 1
3% H,/N,

500
400°
300°
200°

00°C

LaFeO; (#37-1493)
a-Fe,0; (#73-2234)

intensity (a.u.)

Step 2
3% H,/N,, 500 °C

120 min

intensity (a. u.)

Step 3
N3

20°C
100°C
200°C
300°C
400°C |

Il

L 1

10 15 20 2

5 30 35 4

0 45 50 55 60 65 70 75 80

Figure C.3 — High Temperature X-ray diffractograms of LaFe;¢Cu,;0; (CCM). Step 1
corresponds to a heating ramp under reductive atmosphere (3 Vol.% H,/N,), Step 2 to
the corresponding plateau and Step 3 to the subsequent cooling under inert atmosphere.

Scheme in Fig.
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Figure C.4 — High Temperature X-ray diffractograms of LaFe;¢Cu,;0; (CCM). Step 4
corresponds to a heating ramp under humid air flow up to 600 °C, Step 5 to the corresponding
plateau and Step 6 to the subsequent cooling under dry air flow. Scheme in Fig.
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Appendix D

Additional catalytic activity test results

D.1 Influence of synthesis parameters on properties of LaFeO;

C3Hg, O, and H, conversions of LaFeOj; catalysts prepared by HAM NO and HAM?* are

reported in Fig.
N,, N,O and NHj selectivities and yields of LaFeOj; catalyst prepared by HAM* and

MSM* (PS 400 nm) compared to the commercial reference catalyst are depicted in Fig.
and [D.3]
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Figure D.1 — C3Hg, O, and H, conversions of LaFeOj; catalysts prepared by HAM NO and
HAM*. HAM NO (¢), and HAM* (%) compared to the commercial reference (*)
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Figure D.2 — N,, N,O and NHj selectivities of NO conversion of LaFeOj; catalyst prepared
by HAM* compared to the solid obtained by MSM* (PS 400nm). HAM* (%) compared
to MSM* PS 400nm (2) and the commercial reference (¢); Sy, (solid), Sy,o (dashed), Syp,
(dashdotted, big mark)
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D.2 Composition optimisation

Temperatures corresponding to 50 % conversions of NO, CO, CHy, C3Hg, C3Hg, H,, and O,
for all the successively conducted test conditions — stoichiometric, lean, and rich concluded

by a return test under stoichiometric conditions — for

* La;_ FeOj; prepared by CCM are listed in Table The Arrhenius plots corresponding
to the initial stoichiometric test ramps are depicted in Fig.

* La;_,Ca,FeO; prepared by CCM are listed in Table

» LaFe;_,Cu,O; prepared by CCM are listed in Table The Arrhenius plots corre-
sponding to the initial stoichiometric test ramps are depicted in Fig.

* La,_,Ca,Fe,_,Cu,O; prepared by CCM are listed in Table The Arrhenius plots
corresponding to the initial stoichiometric test ramps are depicted in Fig.

» for La¢,Feq g3Cuy 1705 and Lag ¢Ca ,Feq sCuy,03 prepared by CCM are listed in
Table The Arrhenius plots corresponding to the stoichiometric test ramps are

depicted in Fig.
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Figure D.4 — Arrhenius plots of CO and C;H4 conversion under stoichiometric conditions
for LaFeOj; (¢), Lay gFeO; (©), Lay gFeO; (©), and Lay ¢,FeO; (©).
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Table D.1 — Temperatures corresponding to 50 % conversion of NO, CO, CH,, C;Hg, C3Hg,
H,, and O; of La;_,FeOj catalysts (y =0, 0.1, 0.2, 0.33) compared to hematite and a me-

chanical mixture of LaFeO; and Fe,O3;.

© 2015 Tous droits réservés.

solid Tso (°C)

NO CO CH, C3Hy CsHgy H, O,
stoichiometric 1%t run
LaFeO; - 438 463 478 499 450
Lag oFeOs5 - 386 443 467 439 423
Lay gFeOs5 - 414 431 499 433 424
Laj ¢7FeO5; - 384 420 497 471 413
Fe,O4 - 460 490 - 493 483
mixture? - 436 465 482 486 454
lean
LaFeO; - 436 449 467 484 502
Lag oFeOgy - 389 430 446 424 479
Lay gFeO5 - 392 423 474 426 471
Laj 4;FeO5; - 386 408 465 441 461
Fe,O3 - 462 485 - 511 -
mixture® - 432 454 471 485 495
rich
LaFeO; 442 - - - 434
LagoFeO; 512 389 - - 474 397
LajggFeO; 488 398 434 328 - 391
Lag 47FeO5; 479 387 420 - 497 383
Fe,0, b 463 492 - - 452
mixture® b 443 - - 512 438
stoichiometric return test
LaFeO; - 443 469 481 496 458
Laj gFeOs - 375 433 461 375 409
Laj gFeO3 - 392 435 493 462 414
Laj ¢;FeO5; - 384 421 484 457 411
Fe,O4 - 405 486 - 484 485
mixture? - 439 470 488 497 458

? Mechanical mixture of LaFeO5 and Fe,O3.

b Conversion lower than 50 %.
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Table D.2 — Temperatures corresponding to 50 % conversion of NO, CO, CH,4, C;Hg, C;Hsg,
H,, and O, of La;_,Ca,FeQ; catalysts (x=0, 0.1, 0.2).

© 2015 Tous droits réservés.

solid Ts0 (°C)

NO CO CH; CsHy CsHg H, O,
stoichiometric 1%t run
LaFeO; - 438 - 463 478 499 450
Lag oCa FeO; - 414 - 446 461 463 430
Lay gCaj ,FeO; - 449 - 482 499 482 466
lean
LaFeO; - 436 - 449 467 484 502
Lag oCaj FeO; - 411 - 441 455 462 478
Lay gCaj ,FeO; - 430 - 484 494 485 @ -
rich
LaFeO; -4 442 - - - - 434
LagqCag FeO; 499% 416 - - - 500 413
Lay4Cay,FeO; 510% 440 - - - 510 446
stoichiometric return test
LaFeO; - 443 - 469 481 496 458
Lag oCa ;FeO; - 413 - 453 470 484 436
Laj gCag ,FeO; - 439 - 493 510 494 474

% Conversion lower than 50 %.
bT,e.
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Table D.3 — Temperatures corresponding to 50 % conversion of NO, CO, CH,4, C;Hg, C;Hg,
H,, and O, of LaFe;_,Cu,O; catalysts (x=0, 0.1, 0.2).

solid Tso (°C)

NO CO CHy CsHy C3Hg H, O,
stoichiometric 1%t run
LaFeO; - 438 - 463 478 499 450
LaFe( 95Cu( 9503 328 - 510 n.a. 440 398
LaFe, oCug ;05 - 305 - 469 467Y 444 384
LaFe, ¢Cu,,0; - 294 - 497 505% 421 377
lean
LaFeO; - 436 - 449 467 484 502
LaFe( 95Cug 9503 - 327 - 461 484 430 477
LaFe; ¢Cug 103 - 308 - 461 482 444 479
LaFe( sCug,03 - 296 - 490 512 436 472
rich
LaFeOj, -4 442 - - - - 434
LaFe;9sCugsO; 485 328 - 484% - 447 344
LaFe; ¢Cug 103 489 306 - 5107 - 446 319
LaFe( sCug,03 5017 296 - 459b - 449 318
stoichiometric return test
LaFeO; - 443 - 469 481 496 458
LaFe( 95Cug 0503 - 321 - 466 501 421 371
LaFe; ¢Cug 103 - 324 - 472 513 443 385
LaFe( sCug,03 - 306 - 455 487% 388 342

4 Conversion lower than 50 %.

b Ty,

© 2015 Tous droits réservés.
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Table D.4 — Temperatures corresponding to 50 % conversion of NO, CO, CH,, C;Hg, C3Hg,

H,, and O, of La;_,Ca,Fe;_,Cu,O; catalysts (x=0, 0.1, 0.2).

solid T50 (°C)

NO CO CH; C3Hy CsHg H, O,
stoichiometric 1%t run
LaFeO; - 438 - 463 478 499 450
Lag oCay FeyoCuy 05 - 288 - 456 488 437 369
Lag gCaj FepgCup,05 - 279 - 449 487 399 326
lean
LaFeO; - 436 - 449 467 484 502
Lajy 9Cag Feg9Cug05 - 285 - 437 461 404 465
Lay 3Cay,FeqgsCup,05 - 280 - 432 458 402 436
rich
LaFeOj; -4 442 - - - - 434
Lag oCay FeyoCuy 05 478 288 - - - 423 301
Laj gCag,FeygCug,05 469 284 - - - 429 291
stoichiometric return test
LaFeO; - 443 - 469 481 496 458
Lag oCag FeyoCup ;05 - 291 - 450 491 435 359
Lag gCaj,FeygCup,05 - 284 - 443 489 398 319

% Conversion lower than 50 %.

Table D.5 — Temperatures corresponding to 50 % conversion of NO, CO, CH,, C;Hg, C3Hg,

H,, and O, of La,;_,Ca,Fe;_,Cu,O; catalysts (x=0, 0.1, 0.2).

© 2015 Tous droits réservés.

solid T50 (°C)

NO CO CH; C3Hy CsHg H, O,
stoichiometric 1%t run
LaFeO; - 438 - 463 478 499 450
Lajy¢Cag,FeygCup,0; - 311 - 444 465 407 370
Lag ¢7Feq g3Cuq 1703 - 232 - 386 458" 344 293
lean
LaFeO; - 436 - 449 467 484 502
Lag ¢Cag,Fep gCup,05 - 298 - 417 441 382 432
Laj ¢,Feq 33Cuq 1703 - 235 - 374 450 346 354
rich
LaFeOj; -4 442 - - - - 434
Laj ¢Cag,Fey gCug,05 477 302 - 484 - 394 314
Lag ¢7Feq g3Cug 1703 438 235 - 446 - 341 254
stoichiometric return test
LaFeO; - 443 - 469 481 496 458
Lag ¢Cag,Fep gCup,05 - 274 - 419 462 345 311
Lag ¢7Feq g3Cuq 1703 - 255 - 390 449Y 341 293
% Conversion lower than 50 %.
bT,..
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Figure D.7 — Arrhenius plots of CO and C;Hg conversion under stoichiometric conditions
for La;_, ,Ca,Fe; ,Cu,O; (x=0, 0.2; y=0, 0.2; CCM) and La;_jFe;_,Cu,03 (x=0, 0.17,
0.2; y=0, 0.33; CCM). LaFeO; (), La, gFeO; (©), and La 4;FeO5 (°), LaFe, 3Cu;,05 (A),
Lag gCag yFeq sCug 05 (#), Lag Cag ,Feq §Cug ,05 (<), and Lag 67Feq 53Cug 1705 (4)
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D.3 PGM-doped perovskites prepared by CCM

Temperatures corresponding to 50 % conversions of CO, C3Hg, C3Hg, H, under stoichiometric
(stoicl) and NO under rich conditions, evaluated during Procedure A, Procedure C and
Procedure D, for PGM-doped La gCa, ,Fe( gCu( ,05 and La ¢;Fe( g3Cuq 17,05 catalysts are

listed in Table

Table D.6 — Temperatures corresponding to 50 % conversion of CO, C;Hg,, C;Hg, and H,
(stoichiometric) and NO (rich composition) of PGM-doped perovskite catalysts (CCM)
and selectivities of NO reduction products at Tg, compared to the commercial reference
catalyst. Tests were conducted according to Procedure A, Procedure C and Procedure D.

Test condition stoichiometric (stoicl) rich
proce- Tso (°C) selectivities at Tg
dure

CO C3H6 C3H8 H2 NO SN2 SNH3 SNZO TS (OC)
Lay gCag ,Feq sCup ,03
A + 0.1 wt.% Pd 287 377 495 287 430 0.38 0.62 0 493
C + 0.1 wt.% Pd 228 283 457 169 390 0.43 0.57 0 500
A + 0.1 wt.% Pt 279 381 504 329 473 0.40 0.60 0 509
C + 0.1 wt.% Pt 175 245 473 198 441 0.49 0.51 0 507
A + 0.1 wt.% Rh 289 460 485 484 423 0.39 0.61 0 504
C + 0.1 wt.% Rh 215 321 463 266 370 0.28 0.72 0 474
Lag ¢7Fe.g3Cug 1703
A + 0.1 wt.% Rh 247 397 493 355 423 0.17 0.83 0 512
C + 0.1 wt.% Rh 218 305 458 276 392 0.48 0.52 0 508
D + 0.1 wt.% Rh 219 287 464 262 389 0.31 0.69 0 514
commercial reference
B 0.55wt.% PGM 217 262 455 149 286 0.06 0.94 0 504

The selectivities and yields of NO conversion products of the Rh-doped Lag 47Fe( g3Cug 1703
solid are depicted in Fig. and for all investigated test procedures (Procedure A, Pro-

cedure C and Procedure D).

© 2015 Tous droits réservés.
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Figure D.8 — N,, N,O and NH; selectivities of NO conversion of 0.1 wt.% Rh-doped
La ¢;Fe( 33Cug 17035 (CCM) catalysts tested according to Procedure A or after a reductive
pretreatment (Procedure C or Procedure D). La, 4,Fe( g3Cu 1705 doped with 0.1 wt.% Rh
tested by Procedure A (A) or pre-reduced including tests under “stoichiometric” (Procedure
C, #) or “modified stoichiometric” conditions (Procedure D, M) compared to the commercial
reference TWC (¢, Procedure B); Sy, (solid), Sy, (dashed), Syy, (dashdotted, big mark)
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Figure D.9 - N,, N,O and NH; yields of NO conversion of 0.1wt.% Rh-doped
La ¢;Fe( 33Cug 17035 (CCM) catalysts tested according to Procedure A or after a reductive
pretreatment (Procedure C or Procedure D). La, 4,Fe( g3Cu 1705 doped with 0.1 wt.% Rh
tested by Procedure A (A) or pre-reduced including tests under “stoichiometric” (Procedure
C, #) or “modified stoichiometric” conditions (Procedure D, M) compared to the commercial
reference TWC (¢, Procedure B); Yy, (solid), Yy,o (dashed), Yyu, (dashdotted, big mark)
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