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Abstract 

Natural gas (NG) is a suitable alternative to gasoline and diesel fuels to decrease the carbon footprint of the 

mobility and energy sectors. Although NG is considered a fossil fuel, methane (CH4), its main component, can 

be produced industrially from power-to-gas processes (syngas) and wet biomass (biogas). Hence, if in the 

future CH4 is predominantly produced via these routes, it will become a carbon-neutral fuel. Nonetheless, 

because CH4 is a severe greenhouse gas, its emissions will be continuously more stringently regulated by the 

European emission standards. Therefore, efficient catalytic exhaust after-treatment technologies need to be 

developed to prevent NG from being ignored in future energy scenarios. NG can be used for many applications, 

such as fuel for natural gas vehicles (NGVs), electricity generation, domestic heating, or even coupling to 

endothermic reactions. However, since the transportation sector contributes up to 20 % of the global air emis-

sions, this thesis focuses on the removal of CH4 from the exhaust of engines fuelled with NG and operated 

under lean-burn and stoichiometric conditions.  

Unburnt CH4 is typically removed from the exhaust gas using palladium-based catalysts, which suffer from 

thermal deactivation as well as water and sulphur poisoning. Catalyst deactivation can be countered either by 

improving the material formulation and properties or by tuning the operating conditions. In the latter case, 

evidence exists that periodic changes in the reaction conditions can mitigate the deactivation processes and 

even enhance CH4 oxidation, thus decreasing the emission levels. For NGV applications, this could be accom-

plished by periodic variations of the O2 concentration (lean/rich O2 pulses) in the reactive feed. This thesis 

work aims at demonstrating and proposing strategies for the improvement of CH4 abatement from lean-burn 

and stoichiometric NG engines through periodic operation while understanding at a fundamental level the 

behaviour of the active metals (oxidation state and surface structure) using spectroscopic tools.  

First, the beneficial effect and structural modifications induced by repeated short reducing pulses (SRP; O2 

cut-off for 3 s every 5 min) were studied on a Pd/Al2O3 catalyst for wet lean methane oxidation (cf. lean-burn 

NG engines; Chapter 3). Under these conditions, we were able to activate the catalyst and bring it to a highly 

active state compared to static reaction conditions. This strategy also allowed reversing the structural effects 
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induced by thermal and hydrothermal treatments and therefore recovering the degraded activity of these ma-

terials. Under isothermal conditions (435 °C), SRP suppressed the fast deactivation of Pd/Al2O3 (fresh and 

aged) observed under static conditions in the presence of water and allowed to maintain the catalyst active (> 

98% CH4 conversion) over long times. The combination of time-resolved operando X-ray absorption spectros-

copy (XAS) data and kinetic models of Pd oxidation showed that under static conditions only moderately 

active PdO species are present, while during SRP operation an amorphous PdOx shell around a metallic Pd 

core is formed repeatedly. We observed that as long as the Pd0 core is present, high activity could be achieved. 

However, once the Pd0 core is fully consumed, PdOx is believed to densify and crystallize causing a decrease 

in CH4 conversion. Such deactivation could be reversed as well by SRP. These findings allowed us to propose 

a practical range of Pd oxidation degrees (25-65%) to maintain high CH4 conversion under lean conditions. 

The same periodic operation was then applied to the exhaust feed of stoichiometric NG engines (Chapter 

4). Because the real exhaust gas composition is more complex (CO, NO, CH4, H2O, O2) than only CH4, H2O, 

and O2, a step-wise approach was used, wherein the complexity of the reactive mixture was increased progres-

sively starting from lean wet CH4 oxidation conditions. This allowed resolving the effect of each gas feed 

component on both the catalytic activity and the dynamics of Pd redox. We observed that CO accelerates Pd 

bulk oxidation at high O2 partial pressures while NO limits Pd bulk growth due to blockage of the Pd0 sites. 

We also showed that the O2 partial pressure controls the Pd redox properties and kinetics, while the partial 

pressure of the reactants influences the collision factor, thus modifying the optimal Pd window to achieve high 

CH4 oxidation rates. Finally, the occurrence of CH4 steam reforming (CH4-SR) was proven to be essential for 

the simultaneous removal of NO and CH4. Indeed, if the Pd species are fully reduced, NO reduction and CH4-

SR occur efficiently, whereas if the Pd species are even slightly oxidized, the system collapses wherein CH4 

oxidation by O2 takes over and only limited activity towards NO reduction is achieved.  

Even if short reducing pulses operation provides essential knowledge on the chemistry of CH4 oxidation 

from material and catalytic standpoints, these pulses are not optimal to achieve high conversions of the pollu-

tants over a wide range of conditions (i.e. temperature, O2 concentrations, gas feed composition), especially 

when considering the exhaust feed of stoichiometric NG engines. O2 pulses of smaller amplitudes and higher 
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frequencies (defined as O2-dithering) are more efficient to maximize pollutants conversions from the exhaust 

of stoichiometric NG engines. Nonetheless, it is not yet well understood how the dithering parameters (pulse 

amplitude and frequency) affect CH4 conversion, making it difficult to anticipate the impact of such pulses on 

the catalytic performance. In Chapter 5, we show that the effect of O2-dithering on the activity of Pd/Al2O3 

can be reliably assessed as a function of dithering parameters, temperature, and exhaust gas composition. Op-

erando XAS was used to support the conclusions based on considerations of the Pd oxidation state. The ap-

proach relies on explicit calculations of the O2 concentration present in the reactive feed, which is based on 

the amount of O2 pulsed to the system and the conversion level of the pollutants. Since NO contributes to the 

amount of oxygen available during the reaction, its concentration and conversion need to be correctly evalu-

ated. This study shows that the O2 pulses have a beneficial effect on the activity when CH4 steam reforming is 

promoted (O2-poor conditions, reduced Pd species), whereas an excess of O2 induces CH4 oxidation by O2 and 

leads to moderate CH4 conversion and low NO conversion.  

A major issue that arises when CH4-SR is promoted on Pd/Al2O3 is the production of NH3 which is regulated 

by the European emission standards. Because Rh is efficient for SR reactions and prevents NH3 formation 

from NO reduction by H2, bimetallic Pd-Rh/Al2O3 was studied under both static and O2-dithering conditions 

(Chapter 6). The results demonstrated that the presence of Rh modifies the redox behaviour of Pd. While the 

redox dynamics of Pd in Pd/Al2O3 are greatly affected by the O2 concentration present in the reactive environ-

ment, the impact is lower on Pd-Rh/Al2O3. In the latter case, the metals remain in their reduced state even if 

O2 is in excess. Hence, when performing repeated lean/rich O2 pulses on Pd/Al2O3, the activity strongly oscil-

lated with the O2 concentration, between low and high pollutant conversions, due to the constant oxidation/re-

duction of the Pd species. On the other hand, on Pd-Rh/Al2O3 the activity fluctuated less during the O2 oscil-

lations, and therefore high conversion levels were achieved over a broader range of dithering parameters (am-

plitudes and frequencies) compared to Pd/Al2O3. The results revealed that the presence of Rh promotes and 

maintains CH4-SR, while the resulting H2 formed from CH4-SR keeps the Pd species reduced up to higher O2 

concentrations than over Pd/Al2O3. Moreover, it is shown that the presence of Pd in the catalyst is crucial to 
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achieving acceptable conversion rates under oxidizing conditions, while Rh maintains the catalyst reduced and 

the activity high, under rich conditions.  

Finally, to gain insight into the reaction pathways and Pd surface species involved during the reaction, near 

ambient pressure X-ray photoemission spectroscopic (NAP-XPS) measurements were carried out. Because the 

exhaust gas composition of stoichiometric NG engines was too complex to draw any reliable conclusion, the 

gas composition was simplified and periodically switched between CO and O2 (every 5 min). Furthermore, the 

time resolution and signal-to-noise (S/N) ratio of synchrotron-based NAP-XPS measurements were too low to 

follow precisely the evolution of the Pd surface species. Hence, the work described in Chapter 7 focuses on 

improving the S/N ratio and time resolution of the NAP-XPS experiments on a powder Pd/Al2O3 catalyst. To 

do so two methods were combined, modulation excitation (ME) and phase-sensitive detection (PSD). The ME 

method allowed for improving the S/N ratio of a photoemission spectrum while restricting the time resolution 

of the measurement solely to the acquisition time of one spectrum. With PSD, seven Pd species were identified 

(bulk Pd0/PdO, surface Pd0/PdO (2-fold and 4-fold), adsorbed CO on Pd0 surface, and Pdn+ (n > 2)) and their 

dynamics (consumption/formation) were followed along the gas switches. The kinetic data retrieved from PSD 

revealed that Pdn+ and 2-fold surface PdO species were most active toward CO oxidation. Moreover, our results 

combined with an in-depth literature review, showed that PdO reduction and Pd oxidation followed a diffusion-

controlled reduction and a shrinking core model, respectively.  

 

Keywords 

Methane oxidation, Natural gas engines, Pd/Al2O3, Pd-Rh/Al2O3, Short reducing pulses, O2-dithering, X-

ray absorption spectroscopy, X-ray photoemission spectroscopy. 
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Résumé 

Le gaz naturel (GN) est une bonne alternative à l'essence et aux carburants diesel pour réduire l'empreinte 

carbone des secteurs de la mobilité et de l'énergie. Bien que le GN soit considéré comme un combustible 

fossile, le méthane (CH4), son principal composant, peut être produit industriellement à partir de procédés de 

conversion de l'énergie en gaz (gaz de synthèse) et de la biomasse humide (biogaz). Par conséquent, si à l'avenir 

le CH4 est principalement produit par ces voies, il deviendra un combustible neutre en carbone. Néanmoins, le 

CH4 étant un gaz à effet de serre important, ses émissions seront de plus en plus réglementées par les normes 

d'émission européennes. Par conséquent, des technologies efficaces de post-traitement catalytique des gaz 

d'échappement doivent être développées pour éviter que le GN ne soit pas pris en compte dans les scénarios 

énergétiques futurs. Le GN peut être utilisé pour de nombreuses applications, comme carburant pour les véhi-

cules au gaz naturel (GNV), pour la production d'électricité, pour le chauffage domestique ou même couplé à 

des réactions endothermiques. Cependant, étant donné que le secteur des transports contribue jusqu'à 20 % des 

émissions atmosphériques mondiales, cette thèse se concentre sur l'élimination du CH4 des moteurs alimentés 

au GN et fonctionnant dans des conditions de mélange pauvre et stœchiométrique.  

Le CH4 imbrûlé est généralement éliminé des gaz d'échappement à l'aide de catalyseurs à base de palladium, 

qui souffrent de désactivation thermique ainsi que d'empoisonnement par l'eau et le soufre. La désactivation 

des catalyseurs peut être combat freinée soit en améliorant la formulation et les propriétés des matériaux, soit 

en adaptant les conditions de fonctionnement. Dans ce dernier cas, il est prouvé que des modifications pério-

diques des conditions de réaction peuvent atténuer les processus de désactivation et même améliorer l'oxyda-

tion du CH4, réduisant ainsi les niveaux d'émission. Pour les applications GNV, ceci pourrait être accompli par 

des variations périodiques de la concentration en O2 (impulsions de O2 pauvre/riche) dans mélange réactif. Ce 

travail de thèse vise à démontrer et à proposer des stratégies pour l'amélioration de l'abattement du CH4 des 

moteurs à combustion pauvre et stœchiométrique au GN par des opérations périodiques tout en comprenant à 

un niveau fondamental le comportement des métaux actifs (état d'oxydation et structure de surface) en utilisant 

des outils spectroscopiques.  
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Tout d'abord, l'effet bénéfique et les modifications structurelles induites par de courtes impulsions réduc-

trices répétées (CIR ; coupure de l'O2 pendant 3 s toutes les 5 min) ont été étudiés sur un catalyseur Pd/Al2O3 

pour l'oxydation du méthane en milieu humide pauvre (cf. moteurs à GN à combustion pauvre ; chapitre 3). 

Dans ces conditions, nous avons pu activer le catalyseur et l'amener à un état hautement actif par rapport aux 

conditions de réaction statiques. Cette stratégie a également permis d'inverser les effets structuraux induits par 

les traitements thermiques et hydrothermaux et donc de récupérer l'activité dégradée de ces matériaux. Dans 

des conditions isothermes (435 °C), l'ICR a supprimé la désactivation rapide de Pd/Al2O3 (frais et vieilli) 

observée dans des conditions statiques en présence d'eau et a permis de maintenir le catalyseur actif (> 98% 

de conversion du CH4). La combinaison des données de la spectroscopie d'absorption des rayons X (XAS) 

operando résolue dans le temps et des modèles cinétiques de l'oxydation du Pd a montré que dans des condi-

tions statiques, seules des espèces PdO modérément actives sont présentes, tandis que pendant le fonctionne-

ment du ICP, une coquille amorphe de PdOx autour d'un noyau métallique de Pd est formé de manière répétée. 

Nous avons observé que tant que le noyau Pd0 est présent, une activité élevée peut être atteinte. Cependant, 

une fois que le noyau Pd0 est entièrement consommé, on pense que le PdOx se densifie et se cristallise, entraî-

nant une diminution de la conversion du CH4. Cette désactivation peut également être inversée par ICP. Ces 

résultats nous ont permis de proposer une gamme pratique de degrés d'oxydation du Pd (25-65%) pour main-

tenir une conversion élevée du CH4 dans des conditions pauvres. 

La même opération périodique a été appliquée à l'alimentation en gaz d'échappement de moteurs GN stœ-

chiométriques (chapitre 4). Comme la composition réelle des gaz d'échappement est plus complexe (CO, NO, 

CH4, H2O, O2) que seulement CH4, H2O et O2, une approche par étapes a été utilisée, dans laquelle la com-

plexité du mélange réactif a été augmentée progressivement en commençant par des conditions d'oxydation 

pauvres de CH4 humide. Ceci a permis de résoudre l'effet de chaque composant de l'alimentation en gaz sur 

l'activité catalytique et la dynamique du redox de Pd. Nous avons observé que le CO accélère l'oxydation du 

Pd à des pressions partielles d'O2 élevées tandis que le NO limite la croissance de PdO en raison du blocage 

des sites Pd0. Nous avons également montré que la pression partielle de O2 contrôle les propriétés redox et la 

cinétique du Pd, tandis que la pression partielle des réactifs influence le facteur de collision, modifiant ainsi la 
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fenêtre optimale de Pd pour atteindre des taux élevés d'oxydation du CH4. Enfin, l'occurrence du reformage à 

la vapeur du CH4 (CH4-SR) s'est avérée essentielle pour l'élimination simultanée du NO et du CH4. En effet, 

si les espèces de Pd sont complètement réduites, la réduction de NO et le CH4-SR se produisent efficacement, 

alors que si les espèces de Pd sont même légèrement oxydées, le système s'effondre, l'oxydation de CH4 par 

O2 prend le dessus et seule une activité limitée vers la réduction de NO est atteinte. 

Même si l'utilisation d'impulsions réductrices courtes permet d'acquérir des connaissances essentielles sur 

la chimie de l'oxydation du CH4 du point de vue des matériaux et de la catalyse, ces impulsions ne sont pas 

optimales pour obtenir des conversions élevées des polluants dans une large gamme de conditions (c'est-à-dire 

la température, les concentrations d'O2, la composition de l'alimentation en gaz), en particulier si l'on considère 

l'alimentation en gaz d'échappement des moteurs à GN stœchiométriques. Les impulsions d'O2 de plus petites 

amplitudes et de plus hautes fréquences (définies comme des fluctuations d'O2) sont plus efficaces pour maxi-

miser les conversions de polluants de l'échappement des moteurs à GN stœchiométriques. Néanmoins, on ne 

comprend pas encore bien comment les paramètres de fluctuation (amplitude et fréquence des impulsions) 

affectent la conversion du CH4, ce qui rend difficile l'anticipation de l'impact de ces impulsions sur les perfor-

mances catalytiques. Dans le chapitre 5, nous montrons que l'effet de la fluctuation l'oxygène sur l'activité de 

Pd/Al2O3 peut être évalué de manière fiable en fonction des paramètres de fluctuation, de la température et de 

la composition des gaz d'échappement. La spectroscopie d'absorption d'énergie XAS a été utilisée pour étayer 

les conclusions basées sur des considérations de l'état d'oxydation du Pd. L'approche repose sur des calculs 

explicites de la concentration de O2 présente dans l'alimentation réactive, qui est basée sur la quantité de O2 

pulsée vers le système et le niveau de conversion des polluants. Comme le NO contribue à la quantité d'oxy-

gène disponible pendant la réaction, sa concentration et sa conversion doivent être correctement évaluées. 

Cette étude montre que les impulsions d'O2 ont un effet bénéfique sur l'activité lorsque le reformage à la vapeur 

de CH4 est favorisé (conditions pauvres en O2, espèces Pd réduites), alors qu'un excès d'O2 induit l'oxydation 

de CH4 par O2 et conduit à une conversion modérée de CH4 et à une faible conversion de NO. 
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Un problème majeur qui se pose lorsque le CH4-SR est promu sur Pd/Al2O3 est la production de NH3 qui 

est réglementée par les normes d'émission européennes. Comme Rh est efficace pour les réactions SR et em-

pêche la formation de NH3 à partir de la réduction de NO par H2, le bimétallique Pd-Rh/Al2O3 a été étudié dans 

des conditions statiques et dans des conditions de fluctuation de l’O2 (chapitre 6). Les résultats ont démontré 

que la présence de Rh modifie le comportement redox de Pd. Alors que la dynamique redox du Pd dans 

Pd/Al2O3 est fortement affectée par la concentration en O2 présente dans l'environnement réactif, l'impact est 

moindre sur Pd-Rh/Al2O3. Dans ce dernier cas, les métaux restent dans leur état réduit même si l'O2 est en 

excès. Ainsi, lors de l'exécution d'impulsions répétées d'O2 pauvre/riche sur Pd/Al2O3, l'activité a fortement 

oscillé avec la concentration d'O2, entre des conversions de polluants faibles et élevées, en raison de l'oxyda-

tion/réduction constante des espèces de Pd. D'autre part, sur Pd-Rh/Al2O3, l'activité a moins fluctué pendant 

les oscillations de O2, et donc une activité élevée a été atteinte sur une gamme plus large de paramètres de 

fluctuation (amplitudes et fréquences) par rapport à Pd/Al2O3. Les résultats ont révélé que la présence de Rh 

favorise et maintient le CH4-SR, tandis que le H2 résultant formé à partir du CH4-SR maintient l'espèce Pd 

réduite jusqu'à des concentrations d'O2 plus élevées qu'avec Pd/Al2O3. Finalement, il est montré que la présence 

de Pd dans le catalyseur est cruciale pour atteindre des taux de conversion acceptables dans des conditions 

oxydantes, alors que Rh maintient le catalyseur réduit et l'activité élevée, dans des conditions riches. 

Enfin, pour mieux comprendre les voies de réaction et les espèces de surface Pd impliquées pendant la 

réaction, des mesures de spectroscopie de photoémission aux rayons X à pression quasi ambiante (NAP-XPS) 

ont été effectuées. La composition des gaz d'échappement des moteurs à GN stœchiométriques étant trop com-

plexe pour tirer une conclusion fiable, la composition des gaz a été simplifiée et commutée périodiquement 

entre CO et O2 (toutes les 5 minutes). En outre, la résolution temporelle et le rapport signal/bruit (S/N) des 

mesures NAP-XPS basées sur le synchrotron étaient également trop faibles pour suivre précisément l'évolution 

des espèces de surface Pd. Par conséquent, le travail décrit au chapitre 7 s'est concentré sur l'amélioration du 

rapport S/B et de la résolution temporelle des expériences NAP-XPS sur un catalyseur Pd/Al2O3 en poudre. 

Pour ce faire, deux méthodes ont été combinées, l'excitation par modulation (ME) et la détection sensible à la 
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phase (PSD). La méthode ME a permis d'améliorer le rapport S/N d'un spectre de photoémission tout en limi-

tant la résolution temporelle de la mesure au seul temps d'acquisition d'un spectre. Avec la PSD, sept espèces 

de Pd ont été identifiées (Pd0/PdO en vrac, Pd0/PdO en surface (double et quadruple), CO adsorbé sur la surface 

de Pd0, et Pdn+ (n > 2)) et leur dynamique (consommation/formation) a été suivie le long des interrupteurs de 

gaz. Les données cinétiques extraites du PSD ont révélé que les espèces Pdn+ et PdO double en surface étaient 

les plus actives pour l'oxydation du CO. De plus, nos résultats, combinés à une analyse approfondie de la 

littérature, ont montré que la réduction et l'oxydation du PdO suivaient respectivement un modèle de réduction 

contrôlée par diffusion et un modèle de noyau rétrécissant. 

 

Mots-clés 

Oxidation du méthane, Moteur au gaz naturel, Pd/Al2O3, Pd-Rh/Al2O3, O2 oscillations, Spectroscopie d’ab-

sorption des rayons X, Spectroscopie photoémission de rayon X 
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  Introduction  

1.1 Background 

Modern society is highly dependent on energy, and more specifically on fossil fuels (petroleum, coal, and 

natural gas). While the worldwide energy demand keeps increasing due to the growing population, world 

economy, and urbanization, fossil fuel resources are depleting, and greenhouse gas emissions are rising. There-

fore, the transition of the global energy sector from fossil-based to zero-carbon sources is fundamental to 

reducing energy-related CO2 emissions and limiting climate change. However, even if significant progress is 

being made toward the development and use of renewable energies, we will still be relying on fossil fuels in 

the near future.   

Among fossil fuels, natural gas (NG) emerges as a promising sustainable solution to reduce greenhouse gas 

emissions since it has the highest energy content (CH4: 55.7 kJ g-1; Coal: 39.3 kJ g-1; Petroleum: 43.6 kJ g-1) 

and lowest CO2 emissions (50 % less than coal and 30 % less than petroleum) of all hydrocarbons [1,2]. NG 

is formed from layers of organic matter (plants and animals) that decompose under anaerobic conditions (ab-

sence of O2) and are subjected to high temperatures and pressures over millions of years. The issue is that the 

NG reserves are not equally distributed, making their access dependent on geopolitical issues. Nonetheless, 

the increasing production of synthetic natural gas (SNG) from power-to-gas technologies and biomass makes 

CH4, the main component of NG, available at short distances, and regardless of geopolitical issues [3]. Indeed, 

solid biomass and coal can be converted to SNG using thermochemical processes (ca. 65 % chemical efficiency 

is achieved from wood) [4,5], while bio-methane can be produced from wet biomass (i.e. manure, crops, sew-

age sludge) by anaerobic digestion (overall chemical efficiency: 20 to 40 %) [6–8] or hydrothermal gasification 

processes (supercritical water, T > 375 °C and p > 220 bar) [9–11]. The hydrothermal gasification of wet 

biomass is currently being studied and developed in several research institutes such as the Paul Scherrer Institut 
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(Switzerland) [9–11] and the Forschungszentrum Karlsruhe (Germany) [12–14]. It should, however, be men-

tioned that biomass is limited and can only cover 10 to 20 % of the total energy demand. The gasification steps 

are followed by a catalysed methanation (CO2 to CH4) step and a cleaning step to remove water, and H2S.  

Hence, if in the future CH4 is predominantly produced from these alternative routes, it will be considered a 

carbon-neutral fuel, and therefore be a sustainable replacement for other fossil fuels.  

Natural gas can be used as a fuel for many applications such as for transportation [15–20], electricity gen-

eration using gas turbines or steam generators [21–26], solid oxide fuel cells [27], domestic heating [28–31], 

and coupling with endothermic reactions [32–37]. However, because CH4 is a severe greenhouse gas (global 

warming potential of 21 to 28 based on a 100-year period [38]), and the transportation sector is responsible for 

about 20 percent of global air emissions [39], special attention needs to be given to the removal of CH4 from 

the exhaust of all related applications.  

 

1.2 Emissions of internal combustion engines 

Internal combustion engines (ICE) produce significant amounts of pollutants that need to be abated. These 

include carbon monoxide (CO), unburnt hydrocarbons (UHC; including CH4), and nitrogen oxides (NOx; 

mainly NO and NO2). The emission of these pollutants depends on the air-to-fuel (A/F) ratio used in the ICE 

(Figure 1.1) [40–42]. The A/F ratio is the mass ratio of air to a solid, liquid, or gaseous fuel present in a 

combustion process (Equation 1.1). For example, the A/F ratio of methane is 17.19:1. The A/F ratio determines 

if the mixture is combustible and gives information on the amount of energy released, and emissions produced 

during the combustion. However, since the composition of fuels can vary, and many modern vehicles can 

handle different fuels, it is easier to consider the air-fuel equivalent ratio (λ, lambda), which is the ratio between 

the dosed A/F ratio and the stoichiometric A/F ratio. Hence, when exactly enough air is fed to the combustion 

chamber to completely burn all the fuel (i.e. 17.19 kg of air for 1 kg CH4), the λ ratio is defined as λ = 1. At λ 

below 1, the engine operates under rich conditions, leading to high CO and UHC emissions (Figure 1.1). NOx 
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emissions instead are higher under slightly lean conditions (λ > 1) due to higher engine temperatures but are 

significantly reduced when the engine operates under very lean conditions. At high λ, UHC emissions increase 

due to misfiring [43].  

Air-to-fuel ratio = A/F ratio = air mass for 1 kg of fuel      Equation 1.1 

 

Figure 1.1. Effect of the air-to-fuel ratio on (a) ICE operation (performance and fuel economy) and (b) ICE emissions.    

The type of internal combustion engine used depends on the physical and chemical properties of the fuel 

(flash point, ignition temperature, mixture preparation, etc.). Because the lowest liquid temperature at which 

diesel gives off vapours in quantities that can form an ignitable vapour/air mixture (cf. flash point) is higher 

than gasoline (> 52 °C, < - 43 °C, respectively), the ICE is different for diesel and gasoline fuels. In diesel 

engines (or compression-ignition engines), the ignition of the fuel is caused by mixing the fuel with compressed 

air of high temperature and pressure. Hence, diesel is injected into the combustion chamber toward the end of 

the compression stroke. Therefore, the fuel combusts immediately before it has time to spread throughout the 

available air. The issue is that if the fuel burns with insufficient oxygen, soot is formed during the combustion. 

Hence, diesel engines are run lean (excess of O2) to limit soot formation and to achieve high fuel efficiency. 

Spark ignition engines (or gasoline engines), on the other hand, rely on the low flash point of gasoline and 

methane, and the ignition is initiated by an electric spark. In gasoline engines, the fuel and air are mixed and 



Chapter 1 

   

 

  

30 

injected before it is ignited. Hence it has time to mix homogeneously. Spark ignition engines require to operate 

close to stoichiometric or even under slightly rich conditions.    

Lambda value definitions 

The lambda value can be used either to back-calculate the actual A/F ratio of the engine (A/F ratio = A/Fstoich 

x λ) or to evaluate emissions arising from the combustion process for domestic and international inspection 

and maintenance programs.  

In the former case, it can be determined using exhaust gas oxygen (EGO) sensors, also called lambda sen-

sors. These sensors are placed after the engine and measure the oxygen concentration present in the exhaust 

gas feed of the engine, and can be used in closed-loop as feedback sensors to help the engine control unit to 

adjust the air-fuel ratio accurately to achieve stoichiometry (in the case of gasoline engines).  

In the latter case, Brettschneider developed an equation to calculate the normalized air-fuel balance of the 

exhaust treatment systems reliably [44,45]. The method consists in comparing the ratio of oxygen molecules 

to carbon and hydrogen molecules in the exhaust (Equation 1.2).  

λ =

[CO2] + [
CO

2
]+[O2] +[

NO

2
] +((

HCV
4

 
3.5

3.5 + 
[CO]

[CO2]

)- 
OCV

2
) ([CO2] + [CO])

(1+ 
HCV

4
 - 

OCV
2

) ([CO2] + [CO] + (n[HC])
     Equation 1.2 

where HCV is the atomic ratio of hydrogen to carbon in the fuel, OCV is the atomic ratio of oxygen to car-

bon in the fuel, and n is the number of carbon atoms in a molecule of the selected hydrocarbon.  

The initial Brettschneider λ equation contains an empirical estimation for the O atoms in H2O. With the 

FTIR and mass spectrometer measurements available, the empirical H2O considerations can be replaced by 

the H2O concentration calculated from H2 and NH3 concentrations. The modified λ equation can be rewritten 

as shown in Equation 1.3. 
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λ =
[CO2] + [

CO

2
]+[O2] +[

NO

2
] +(HCV ([CO2] + [CO]) - 3[NH3] - 2H2)/4 

(1+ 
HCV

4
 - 

OCV
2

) ([CO2] + [CO] + (n[HC])
     Equation 1.3 

Hence, when discussing the lambda value of TWCs, the definition refers to the Brettschneider definition, 

whereas when discussing the lambda value of the ICEs, the definition relates to the A/F ratio.    

 

1.3 Emission control strategies  

It is only after the establishment of the US Clean Air Act in 1970 which established air quality standards 

for six major pollutants (hydrocarbons, carbon monoxide, nitrous oxides, particulate matter, sulphur oxides, 

and photochemical oxidants) [46,47], that measures to reduce emissions were taken. The first catalytic emis-

sion control technology was developed by Johnson Matthey in 1971 and consisted of a platinum-rhodium two-

way catalyst, which aimed at converting CO and UHC [46,48,49]. In the 1980s, the emission regulations were 

tightened, leading to further improvement of the catalytic after-treatment systems [40,46,50]. Two different 

technology paths were developed based on the air-to-fuel ratio used in the engines: stoichiometric or lean-burn 

conditions [19,51].  

For stoichiometric engines, a dual-layer three-way catalyst (TWC) technology consisting of precious metals 

deposited on ceria and alumina was exploited [40,52]. It comprised a first catalyst layer operated under slightly 

rich conditions to reduce the NOx emissions, followed by a second layer operated under slightly lean conditions 

to oxidize CO and UHC, by using secondary air injected between the beds. The development of precise oxygen 

sensors (EGO) [53,54], allowed the use of a single-bed TWC operated under stoichiometric conditions (λ = 

0.99 – 1.01) and enabled the simultaneous reduction of NOx and oxidation of CO and UHC [40,55]. However, 

since hydrocarbons and CO are oxidized mainly under lean conditions (λ > 1) and NOx reduces to N2 prefer-

entially under rich conditions (λ < 1), only a narrow operating window around stoichiometry allows for effi-

cient emission control (Figure 1.2a). Nowadays, single-bed TWC technologies are used in stoichiometric gas-

oline and compressed natural gas (CNG) engines. The commercial TWCs consist of noble metals supported 
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on alumina and/or ceria-based materials. However, because of the low reactivity of CH4 [56], the point of 

optimal CH4 conversion for the operation of the TWC does not stand at λ = 1 but needs to be slightly rich to 

achieve abatement of CH4, CO, and NO (Figure 1.2b) [57–59].  

 

Figure 1.2. Figure adapted from [59]. Concentrations of CO, NO, C3H6, CH4, and O2 after catalyst at 425 °C in a               

continuous feed of (a) 7000 ppm CO, 1600 ppm NO, 500 ppm C3H6, 5 vol% H2O and (b) 7000 ppm CO, 1600 ppm NO, 

1500 ppm CH4, 5 vol% H2O while decreasing the O2 concentration from 7000 to 0 ppm. The vertical dash lines mark the 

position for stoichiometry.  

Lean-burn engines allow to achieve higher fuel efficiency and lower UHC emissions compared to stoichi-

ometric engines (Figure 1.1) [20]. The issue is that NOx reduction is difficult when operating under lean con-

ditions [48]. Hence, a multiple-bed catalytic system is required to abate emissions from the lean-burn engine 

exhaust feed [20]. The technology comprises a methane oxidation catalyst (MOC) and a lean NOx abatement 

catalyst. MOCs consist of supported precious metals and operate at lower temperatures (up to 800 °C) than 

TWCs (up to 1000 °C) since the higher air-to-fuel ratio decreases the combustion temperature. Lean NOx 

abatement catalysts consist either of a lean NOx trap (LNT) or selective catalytic reduction (SCR) by ammonia 

(NH3-SCR) [52,60]. LNT catalysts store NOx on a barium-promoted precious metal catalyst, and the stored 
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NOx is then reduced either by a short switch of the engine to rich conditions or by direct fuel injection in the 

exhaust system [48]. The SCR systems are based on Cu and Fe exchanged zeolite catalysts (i.e. Fe-MFI, Cu-

BEA, and Cu-SSZ-13) [61,62] and convert NOx, using an external reductant (typically NH3). 

TWCs for NGVs applications 

The catalytic abatement of CH4 is more difficult than longer hydrocarbons [63] due to its intrinsic properties 

(strong hydrogen-carbon bonds, high molecule symmetry, weak adsorption strength [56,63]), the low exhaust 

temperatures (below 500°C in the case of lean burn engines) [64,65], and the complex reaction pool (Table 

1.1). Moreover, CH4 as well as the other components present in the exhaust feed of NG engines affect the 

activity toward CH4 oxidation. Indeed, the presence of CH4 and CO shifts the optimal lambda value for CH4 

oxidation to net reducing conditions, [15,66] due to the high stability of CH4 and the competitive oxidation 

between CO and CH4 for the same or similar reaction sites [66]. It was also observed that under dry conditions, 

CH4 conversion experienced a delay in the presence of CO as a result of the stronger interaction of CO with 

Pd nanoparticles compared to CH4, which dominates the surface chemistry [66,67]. The presence of NO was 

observed to inhibit both CO and CH4 oxidation under dry conditions due to site blocking effects  [67–71]. 

Finally, CH4 and NO conversions appear to be correlated under rich conditions [57,59,72], whereas they are 

not under lean and stoichiometric conditions [57,59], where NO and CO were reported to inhibit CH4 oxidation 

[59,66,67].  
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Table 1.1. Reactions involved during CH4 abatement from exhaust gas feed of natural gas vehicles  

Oxidation reactions Reforming reactions NOx related reactions 

CH4 + 2O2 → CO2 + 2H2O  

(Equation 1.4) 

CO + H2O → CO2 + H2  

(Equation 1.7) 

CO + NO → CO2 + 0.5N2  

(Equation 1.9) 

CO + 0.5O2 → CO2  

(Equation 1.5) 

CH4 + H2O → CO + 3H2 

 (Equation 1.8) 

CO + 2NO → CO2 + N2O  

(Equation 1.10) 

H2 + 0.5O2 → H2O  

(Equation 1.6)  

N2O → NO + 0.5N2  

(Equation 1.11) 

  

NO + 2.5H2 → NH3 + H2O  

(Equation 1.12) 

  

NO + H2 → H2O + 0.5N2  

(Equation 1.13) 

  

NH3 + 1.5NO → 2.5 N2 + 1.5 H2O 

(Equation 1.14) 

  

CH4 + 4NO → CO2 + 2N2 + 2H2O 

(Equation 1.15) 

 

1.3.1 Catalyst formulation and development 

Commercial TWCs consist of noble metals (i.e. Pd, Pt, Rh) supported on alumina and/or ceria-based mate-

rials which are deposited on a ceramic core substrate (usually cordierite monoliths with a honeycomb structure) 

to provide mechanical strength and increase the surface area and dispersion of the active material. Extensive 

work has been devoted to the development of non-noble metals TWCs due to the high costs and low availability 

of noble metals. However, non-noble metals are not efficient for CH4 abatement and are easily prone to chem-

ical and thermal deactivation.  

Among noble metals (platinum group metals, PGMs), ruthenium (Ru) and iridium (Ir) oxides were reported 

to be volatile at high temperatures, leading to extensive metal loss during operation [73–75]. Platinum (Pt), 

rhodium (Rh), and palladium (Pd) on the other hand stay in their metallic form in a wide range of operating 

conditions, and their oxide forms are far less volatile. Nowadays, commercial TWCs are mainly composed of 

Pd with small amounts of Rh and Pt. Even if both Pd and Pt efficiently oxidize H2, CH4, and CO, Pd possesses 
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higher hydrothermal resistance than Pt and exhibits higher activity toward CH4 oxidation while Pt is more 

resistant to sulphur and water poisoning. Rh, on the other hand, promotes NO reduction to N2 [76] and is more 

active than Pd for steam reforming (SR) [77,78].  

γ-Al2O3 is usually used as a support for noble metals due to its high SSA, thermal stability, low chemical 

activity, mechanical strength, and cost. Because the driving conditions (i.e. acceleration, deceleration, fuel cut, 

etc.) can lead to broad λ working windows even if lambda sensors are set upstream and downstream of the 

TWCs to ensure stoichiometric conditions, oxygen storage components (OSC) need to be added to the catalyst 

formulation to buffer the variations of oxygen concentration from the exhaust feed and therefore narrow the 

working λ window. Ceria-based materials usually act as OSC components due to the ability of Ceria to store 

and release oxygen is related to the facile and reversible conversion between Ce4+ and Ce3+ states and to the 

creation of replenishable oxygen vacancies (VO) [79,79–83].  

Catalyst deactivation  

TWCs are prone to thermal aging, water and/or chemical poisoning [84–87]. Chemical poisoning of the 

catalyst by sulphur will be disregarded in this thesis, since in the future if CH4 is produced only from syngas 

or biogas, the sulphur content in the fuel should be negligible.   

Thermal-induced deactivation of the catalyst is related to the loss of active surface from structural modifi-

cations of the catalyst. The alumina support experiences phase transformation at high temperatures from high 

surface area γ-Al2O3 to lower surface area δ-Al2O3 and even α-Al2O3 [88]. It is common to add additives such 

as La2O3, BaO, CeO2 SiO2, or ZrO2 to the alumina support to improve its thermal stability [89–91]. Moreover, 

the thermal stability of CeO2 is also low, leading to important sintering of the material and subsequent decrease 

of the OSC. The addition of Zr4+ to partly replace Ce4+ can improve both the OSC and the thermal stability of 

the material, but sintering and phase segregation can still occur when the catalyst is exposed to high tempera-

tures for long periods [92–110]. Furthermore, at high temperatures, the active metals are prone to sintering 
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which decreases the surface-to-volume ratio of the nanoparticles. High temperatures also induce PdO decom-

position to Pd0, which is recognized to be less active for direct CH4 oxidation by O2 [111–114] and also facil-

itates the diffusion of Rh in the Al2O3 support [115,116].  

The inhibitory effect of water, which is a product of CH4 combustion is caused by the formation of hydrox-

ylated surface species on the support as well as less active Pd(OH)2 [117–123]. Moreover, oxidation of Pd to 

PdO is reported to proceed via PdOx species, which tend to hydroxylate in the presence of water, resulting in 

improved stability of PdO [118], which has been demonstrated to be less active for high CH4 oxidation than 

PdOx [124–127]. The formation of Pd-OH species can be formed during the oxidation of CH4, as the mecha-

nism of CH4 oxidation on coordinatively unsaturated Pd was proposed to occur by adsorption of CH4 on Pd 

sites and C-H bond breaking on adjacent Pd-O sites with the formation of Pd-OH species [124]. Recombination 

of the OH groups is possible and leads to water formation and desorption. Furthermore, since the adsorption 

of water is disfavoured at high temperatures (> 450 °C) [84], the deactivation of the Pd-based catalysts by 

water is more pronounced at low temperatures. Finally, the presence of water is also known to inhibit the 

oxygen exchange between the Pd particles and the reducible supports (i.e. CeO2) [74,122,128].  

Catalyst development for reduced aging effects 

Over the years, many research groups have been working towards the development of deactivation-resistant 

catalysts.  

Geometrical barriers can be applied to limit the sintering of the support, and/or active metal. For example, 

Pd nanoparticles encapsulated in the support show remarkable activity and stability for CH4 oxidation due to 

higher metal dispersion provided by the shells [57,73–75]. However, the hierarchical Pd@CeO2/Si-Al2O3 cat-

alyst was shown to deactivate reversibly at low temperatures in the presence of water, while at high tempera-

tures (600 °C), irreversible deactivation of the core-shell structure was observed due to hydroxylation of the 

CeO2 shell, which hindered the accessibility to the active phase [74]. Hence, the results demonstrated that Pd 

encapsulation is not beneficial when reducible promoters are used [74]. On the other hand, Pd@ZrO2-based 

catalysts prepared with the same method showed improved resistance to water while preserving high thermal 
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stability [73]. This observation was ascribed to the lower affinity of ZrO2 to water compared to CeO2, confirm-

ing that reducible supports are not beneficial to mitigate the detrimental effect of water on the catalytic activity. 

Finally, stabilization of the PdO particles against sintering and decomposition to Pd0 at high temperatures can 

be achieved by strengthening the interactions between the reducible support and the Pd active sites [129–132]. 

For example, CeO2 is known to be very effective for Pd reoxidation, due to the high oxygen mobility in the 

CeO2 [133]. 

The detrimental effect of water on the catalytic activity and stability can be mitigated by using hydrophobic 

materials such as zeolites with high silicon to aluminium (Si/Al) ratios (i.e. Pd/ZSM-5, Pd/beta) [134–136]. 

Nonetheless, the high acidity of zeolites enhances the mobility of palladium over the support under reaction 

conditions [86]. To overcome this issue and improve zeolite stability [86,137], the palladium nanoparticles 

were confined in the zeolite pores after the complete removal of the acid sites of the zeolites by post-exchange 

with sodium [138]. Nonetheless, the main limitation of zeolites is their insufficient thermal stability, which 

limits their applicability for stoichiometric NG vehicles, which operate at higher temperatures than lean-burn 

NG engines. Therefore, supports with even lower acidity, higher hydrophobicity, and higher hydrothermal 

stability than zeolites were also studied for the stabilization of palladium nanoparticles under reactive condi-

tions. Pd/SnO2, showed significantly less Pd(OH)2 formation compared to Pd/Al2O3, due to the higher water 

tolerance of SnO2 [139]. Indeed, it was demonstrated using simplified bulk thermodynamic analysis that SnO2 

can serve as a sink for hydroxyls extracted from Pd(OH)2, while Al(OH)3 can provide hydroxyls to Pd. Pd 

supported on an irreducible oxide support, MgAl2O4, leads to significant improvement of the activity and sta-

bility of the catalyst against both hydrothermal aging at elevated temperatures and long-term deactivation in 

the presence of water vapour [140]. Finally, water inhibition can also be alleviated by adding Pt to Pd-based 

materials [141–146]. 

 Optimization of the catalyst formulation to mitigate simultaneously thermal ageing and resistance to 

water poisoning is challenging, as each deactivation process requires different and sometimes contradictory 

strategies.   
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1.3.2 Periodic operation 

Besides material science developments aimed at optimizing deactivation-resistant catalysts [147–149], it is 

possible to improve the pollutant abatement rates as well as to mitigate the possible deactivation processes by 

moving away from static operation (steady-state supply of all the reactants) and working under periodic con-

ditions instead.  

What is a periodic operation? 

Periodic, cycling, transient operation, or even modulation excitation are similar terminologies that refer to 

an operation in which one or more of the inputs such as temperature, reactant concentration, and pressure, is 

periodically varied. In this thesis, we only performed intentional oscillations of the O2 concentration from the 

exhaust gas feed.  

It can be argued that the term periodic operation should only refer to working conditions that provide cata-

lytic performance that is either difficult or impossible to achieve under static operation [150]. However, we 

consider that periodic regeneration of the catalytic activity can also be considered a form of transient operation, 

provided that the pulsing period is not too long (below one day).  

Different types of oscillations can be performed depending on the aim of the study. The pulses can be 

symmetric and applied either at high frequencies to improve the catalytic activity (i.e. three-way catalyst ap-

plications [57,59,151]) or at low frequencies to carry out kinetic or mechanistic studies [67,152]. The pertur-

bations can also be asymmetric to periodically regenerate the catalyst [138,153]  or can consist of a single 

pulse, which is also defined as the relaxation time of the system and is usually performed to characterize a 

system [154,155]. In this thesis, we performed symmetric and asymmetric O2 oscillations, as well as symmetric 

modulations between CO and O2 (low frequency).  
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It is relevant to question the necessity and applicability of periodic operation as it is often more complicated 

and expensive to achieve than static operation. Therefore, even if working under transient conditions can im-

prove the catalytic activity, it might, in some cases, be cheaper to change the size of the reactor or the amount 

of catalyst used. Nonetheless, for catalytic exhaust after-treatment systems used to treat the exhaust of NGVs, 

the size of the catalytic systems cannot be increased due to space and weight limitations, while the catalyst is 

too expensive to increase its loading as it contains precious metals. Hence, the use of periodic operation to 

improve the catalytic activity and mitigate the deactivation processes is relevant for NG engine applications. 

Background on periodic operation for TWCs 

For automotive applications, the effect of periodic operation was first investigated at engine test rigs when 

trying to mimic the real conditions experienced by the catalyst while driving [156]. Indeed, to maintain the 

A/F ratio close to the stoichiometry, a sensing device measures the oxygen partial pressure in the exhaust feed 

and the signal is used to monitor the control unit which adapts the A/F ratio accordingly. Hence, the instanta-

neous A/F ratio varies periodically between lean and rich conditions [156]. Studies carried out using the ex-

haust feed composition of gasoline engines demonstrated that the pollutant conversions achieved during cyclic 

operation varied greatly with changes in A/F cycling frequency and that important pollutant slips were 

achieved when too rich conditions were reached (cf. high amplitudes or low frequencies) [157,158]. Therefore, 

it became clear that to minimize the emissions from TWCs, an in-depth understanding of the dynamic behav-

iour of the catalysts during the A/F fluctuations was required.   

In parallel, periodic operation was tested for CO oxidation on Pt/Al2O3 [158–160]. The studies showed that 

below the light-off temperature of CO oxidation, significant improvement of the catalytic activity was achieved 

compared to static operation [160], whereas above the light-off temperature of CO oxidation, static operation 

was preferred [158–160]. When working with more realistic engine exhaust feeds (NO, CO, HC), on Pt/Al2O3, 

similar observations as for CO oxidation were made [159]. It was also mentioned that under transient condi-

tions, the beneficial effect of the pulses was only noticeable at low frequencies (below 1 Hz). This effect was 

attributed to the fact that at high frequencies, the fluctuations applied in the engine exhaust composition are 



Chapter 1 

   

 

  

40 

diluted and therefore the operating conditions remain very close to the conditions obtained during static oper-

ation.  

Many studies were then carried out to investigate how modulation of the A/F ratio (amplitude and fre-

quency) affected the performance of TWCs used for gasoline engines  [83,161–165]. Schlatter et a1. [166] 

showed on a Pt-Rh TWC, that CO and NO conversions decreased compared to static operation when modula-

tion of the A/F ratio was performed around stoichiometry but increased when modulation was applied at 

slightly rich conditions. Moreover, the presence of CeO2 improved the activity under periodic operation, but 

not when the A/F ratio was maintained around stoichiometry [166]. Muraki et al. [83] found that periodic 

changes of the A/F ratio improved NO and HC conversions at frequencies between 0.5 and 0.3 Hz on a Pt-

TWC, 1 and 3 Hz on a Pd-TWC, and above 2 Hz on a Rh-TWC. They also stated that increasing the pulsing 

amplitude had a detrimental effect on the catalytic activity.  

1.3.2.1 Periodic lean/rich O2 pulses  

More recently, the beneficial effect of periodic lean/rich O2 pulses (O2-dithering) around stoichiometry was 

proven on commercial TWCs for stoichiometric NG engines [57,72,151,159,167–173]. The amplitude and 

frequency of the O2 pulses greatly affected the catalytic activity, as well as the by-product formation (i.e. H2, 

N2O, NH3) [167,174]. It was also shown that the amplitude of the O2 pulses was more crucial than their fre-

quency and that the lambda window was significantly broadened at high dithering amplitudes [57,169]. Gong 

et al. [6] used the O2 dosage as an effective descriptor of the TWC performance, demonstrating that high 

dithering amplitudes were required to obtain high CH4 and NO conversion. The positive effect of O2-dithering 

vanished when the O2 dosage was either too low to be compensated by the oxygen storage capacity (OSC) of 

the catalyst, inducing both CO slip and NH3 formation, or in excess, leading to NO and CH4 slips. The bene-

ficial effect of O2-dithering on CH4 conversion was also proven on an engine test rig, thus corroborating the 

value of this type of operation for improved control of emissions [167]. 
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Pd redox behaviour during periodic operation 

The recent studies mentioned above point toward the idea that the activity achieved under periodic opera-

tion is strongly related to the catalyst oxidation state. It is known that the activity for CH4 oxidation is closely 

related to the Pd oxidation state (Pd0, PdO, mixed Pd0/PdO) [167] as well as its surface structures (metallic Pd, 

chemisorbed O2 layer around Pd0, bulk PdO, etc.) [175,176]. Even though studies have shown that Pd0, PdO, 

and mixed Pd0/PdO (PdOx) species are active for CH4 oxidation [64,177–182], it is clear that not all species 

induce the same chemistry and activity. Chin. et al. [182] found that PdOx species exhibit the lowest activation 

energy for the C-H bond cleavage, and are therefore the most active species for direct CH4 oxidation by O2 

despite the strong dependence of the activity on the Pd0/PdO ratio. Recently, our group demonstrated a re-

markable improvement in the activity and long-term stability of a zeolite-supported Pd catalyst using repeated 

short O2 cut-offs for wet lean CH4 oxidation [183] which was related to the repetitive formation of highly 

active PdOx species consisting of an amorphous PdOx layer on small Pd particles. Similar pulses were per-

formed over Al2O3 and Ce1-xZrxO2 supported Pd-Pt catalysts for wet lean CH4 oxidation applications, which 

consisted of periodically adding H2 to the reaction mixture instead of removing the O2 present in the feed. 

Through this approach, the catalyst activity was maintained over long periods by the repeated reducing pulses 

[153]. However, despite the very similar approach, at first sight, the selected reduction environment influences 

the properties of metallic Pd. Reduction with H2 occurs at low temperatures and follows a shrinking core 

mechanism [175,176] resulting in fewer defective nanoparticle surfaces. On the contrary, reduction with CH4 

occurs at high temperatures while an induction period takes place before the full reduction of Pd. Previous 

studies show that during this induction period Pd particles segregate from the PdO surface [176] resulting in 

roughened surfaces [175]; hence, reduction with CH4 is expected to increase the surface area of the resulting 

PdO obtained upon re-oxidation.  

Hence, to optimize both the working conditions and the material formulation for improved CH4 oxidation, 

catalytic and spectroscopic studies need to be performed simultaneously to evaluate the effect of periodic op-

eration not only on the activity but also on the Pd redox behaviour. 
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1.3.2.2 Modulation excitation and phase-sensitive detection 

As mentioned previously, different types of pulses can be applied depending on the aim of the study. While 

pulses can be applied to improve the catalytic activity, it is also possible to carry out kinetic or mechanistic 

studies when working under periodic operation. Usually, these pulses do not represent realistic conditions and 

are of high amplitude and low frequency. 

Indeed, a common approach is the modulation excitation (ME) method which consists of applying an ex-

ternal perturbation to the system (i.e. optical, pressure, or chemical modification) to force it away from its 

equilibrium state. The perturbation is usually chosen such that the species of interest (i.e. catalytically active 

species) will respond selectively, if not exclusively to the perturbation. Once the perturbation is applied, the 

system can change either back to its previous equilibrium state (reversible process) or a new equilibrium (non-

reversible process). In the case of an irreversible system, the perturbation can be applied once and the response 

can be followed over time (relaxation technique [154,155]) while if the system is reversible, the stimulation 

can be performed repeatedly in a periodic manner (ME technique [184–187]). The dynamic changes during 

perturbation can be followed using any time-resolved technique (i.e. Infrared spectroscopy [187–191], X-ray 

diffraction spectroscopy [67], X-ray absorption spectroscopy [186,192–194], X-ray photoelectron spectros-

copy [195–201]).  

In the case of a reversible system, the perturbation can be applied repeatedly in a periodic manner, and the 

spectra can be averaged into one period (A(t)) [195]. Usually, the system evolves over the first cycles before 

reaching a so-called quasi steady-state, which requires the initial cycles to be discarded from the analysis. By 

averaging the data into one period, the size of the dataset decreases, and the S/N ratio is improved by the square 

root of the number of averaged cycles (√𝑁, Poisson statistics) [202]. 

The averaged spectra obtained from ME experiments are a result of the sum of three components, A(t) = 

B(t) + C(t) + D(t), where B(t) is the active species response, C(t) is the spectator species response (or back-

ground species), and D(t) is the noise. Since the spectral lines of all three components contribute to the time 

domain spectra, it is difficult to distinguish between the features arising from the active and spectator species. 
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Moreover, the spectral features arising from the active species are usually small and therefore difficult to dis-

tinguish. Hence, to improve the sensitivity toward the active species, a mathematical treatment can be applied 

to the averaged spectra (A(t)). This method is called phase-sensitive detection (PSD) or demodulation (Equa-

tion 1.16) [202,203]. 

PSD converts the time domain response A(t) to a phase domain response A(φPSD) wherein the signal from 

the active species affected by the perturbation remains, whereas the signal from the spectator species and the 

noise (unaffected by the perturbation) is suppressed. Hence, PSD allows for significant improvement of the 

S/N ratio of the active species response. Moreover, the dynamics (rate of consumption and formation) of the 

active species can be determined more accurately from the phase domain than from the time domain, therefore 

allowing to perform kinetic analysis of the system.  

Ak
ϕ

PSD

(e) = 
2

T
∫ A(e,t) sin(𝑘𝜔𝑡 + 𝜙𝑘

𝑃𝑆𝐷) dt
T

0
                Equation 1.16 

where Ak
ϕ

PSD

is the signal in the phase domain, 𝑇 is the modulation period, 𝑘 is the demodulation index, 𝜔 

is the stimulation frequency, and 𝜙𝑘
𝑃𝑆𝐷 is the phase angle. 

MES and PSD have already been used to gain knowledge on the chemistry of CH4 oxidation. The inhibition 

effect of CO on CH4 oxidation under dry conditions was demonstrated on a Pd/Al2O3 by performing operando 

time-resolved XRD, XAS, and IR [67], and was attributed to the strong interaction between the CO molecules 

and the Pd nanoparticles which block the surface Pd sites for CH4 oxidation to proceed. The experiments 

consisted of O2 pulses of 60 s added to a constant CH4 or CH4/CO feed. Hence, even if these periodic pulses 

do not reflect realistic working conditions, they revealed that Pd reoxidation upon O2 introduction in the feed 

occurred in two steps, formation of a fast amorphous Pd oxide phase on the surface, followed by slower reor-

dering of the PdO phase. On the other hand, Pd reduction was observed to be very fast but slower than the first 

reoxidation step. Moreover, the effect of the O2 concentration on CH4 oxidation was investigated by perform-

ing periodic lean/rich cycles of 360 s while measuring XAS spectra [114,204]. The experiments demonstrated 

that over a Pd/Al2O3, reduced Pd sites or mixed Pd/PdO sites display the highest activity for methane oxidation. 
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It was also shown that when the lean periods are operated close to stoichiometry, the reoxidation of the Pd 

species is limited due to the formation of a chemisorbed oxygen layer or surface oxides on the Pd surface, 

leading to lower CH4 conversion levels. When leaner conditions are applied, the Pd species oxidize to a higher 

extent leading to higher conversions. Over Pd/CeO2, the Pd species reoxidized faster after the rich periods 

allowing to mitigate the detrimental effect of the surface oxide species formed during reoxidation (10 min 

modulation cycles) [204].  

 

1.4 Scope of the thesis  

This thesis work aimed at gaining knowledge on the catalytic structure/activity relationship of Pd-based 

catalysts to enhance CH4 removal from the exhaust feed of natural gas engines.  

The catalytic removal of CH4 can be improved through material development and/or optimization of the 

operating conditions. Nonetheless, these two approaches are complementary since not all catalytic properties 

and requirements (i.e. redox behavior/dynamics, selectivity, reaction pathways, by-products, etc.) can be ful-

filled using only one of the two strategies.  

We decided to start by proposing an optimal pulsing protocol based on the operating conditions (i.e. tem-

perature, reactant concentration, lambda value, etc.), for a simple Pd/Al2O3 catalyst. The development of a 

reliable pulsing protocol can only be achieved through an in-depth understanding of the catalytic structure/ac-

tivity relationship. The results obtained then served to modify the catalyst formulation to improve specific 

properties that could not be modified through periodic O2 pulses.  

In order to fine-tune the operating conditions and the material composition, it is crucial to gain extensive 

knowledge of the Pd species responsible for improved catalytic activity and stability under relevant working 

conditions. This is achieved by performing operando spectroscopic measurements (i.e. X-ray absorption spec-

troscopy, X-ray photoemission spectroscopy, Infrared spectroscopy, etc.). However, these techniques need to 

have a high signal-to-noise (S/N) ratio and time resolution, to follow the evolution of the active species whose 

concentrations are often small and lifetime limited. Surface-sensitive techniques, such as ambient pressure X-
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ray photoemission spectroscopy (NAP-XPS), are essential in heterogeneous catalysis since the reactions take 

place at the interface between the gas phase and the surface of the nanoparticles. Nonetheless, the time resolu-

tion and S/N ratio of NAP-XPS measurements are low, especially when working under realistic conditions 

(i.e. low metal loading, diluted gas compositions, etc.). Hence, we aimed at mitigating both shortcomings by 

combining NAP-XPS measurements with modulation excitation and phase-sensitive detection methods.  
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 Experimental  
 

2.1 Catalyst synthesis 

Various catalysts were used in this project, which were either synthesized in the laboratory or commercial 

samples. Therefore, the synthesis methods as well as post-synthesis treatments are described in the correspond-

ing chapters.  

 

2.2 Catalytic tests 

The catalytic tests were performed in a quartz plug-flow reactor (ID = 6 mm) loaded with the sieved catalyst 

(50 mg; 150 - 200 µm) mixed with sieved cordierite (100 - 150 µm) in a 1:3 ratio. The sample temperature 

was measured by placing a thermocouple in the middle of the catalyst bed. Since the catalytic bed is small (1.5 

cm), we are measuring the actual temperature of the catalyst and the effect of the exothermic and endothermic 

reactions are already considered. The gas mixing setup was identical to that used for the operando XAS meas-

urements. The outlet stream composition was analysed using an FTIR spectrometer (Alpha II, Bruker) and a 

mass spectrometer (MS; InProcess GAM400). The time resolution of the MS and FTIR instruments were 0.5 

ms and 30 s, respectively.  

Prior to the catalytic tests, the catalyst was exposed to a flow of 1500 ppm CH4 and 3000 ppm O2 (balance 

Ar) at a weight hourly space velocity (WHSV) of 240 Lh-1g-1 to ensure comparable measurements with an 

identical initial state of the catalyst. The temperature was increased from 200 to 600 °C (10 °Cmin-1) and kept 

at this temperature for 30 min before cooling to the desired temperature and changing to the desired feed. This 

pre-treatment is referred to as oxidative pre-treatment in Chapter 6. If a reductive pre-treatment was applied, 

the flow was changed at 600 °C from 1500 ppm CH4 and 3000 ppm O2 (balance Ar, WHSV = 240 Lh-1g-1) to 



Chapter 2 

   

 

  

48 

2000 ppm H2 in Ar (WHSV = 240 Lh-1g-1) and maintained for 5 min before cooling to the desired temperature 

and changing the gas flow. The temperature ramps were recorded using a heating/cooling ramp of 5 °Cmin-1. 

The temperature ramps were recorded using a heating/cooling rate of 5 °Cmin-1. The short reducing pulses 

(SRP) experiments were performed by cutting off O2 for 3 s every 5 min, thus pulses occurred every ca. 25 °C 

during the temperature ramps (Figure 2.1). 

 

Figure 2.1. Pulse sequence conducted for operation under short reduction pulse (SRP) mode. 

 

 The oxygen balance of the reactive mixture was calculated using Equation 2.1, while the lambda value 

was calculated using the empirical definition which was modified to reflect the absence of H2 and NH3 in the 

feed [44] (Equation 2.2). 

oxygen balance = 0.5[CO] + 2[CH4] - 0.5[NO]           Equation 2.1 

λ = 
[O2air

]

2
·

4[CH4] + 3[CO] - 2[O2] - [NO]- 4

([CO]  - 2)[O2air
] + 2[O2] + [NO] - [CO] - 4[CH4] 

               Equation 2.2 
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O2-dithering  

The dithering efficiency (ηd, Equation 2.3), reflecting the actual amount of O2 pulsed during O2-dithering 

operation, was determined in the same quartz plug-flow reactor used for the catalytic tests but loaded with 

sieved cordierite (200 mg) under alternate pulses of O2 and Ar of the desired amplitude and frequency.  

dithering efficiency = η
d
 = 100 · 

 [O2]real

 [O2]expected

       Equation 2.3 

where [O2]expected is the desired O2 concentration dosed to the system in the O2 pulses and [O2]real is the cali-

brated O2 concentration determined by mass spectrometry at the reactor outlet when dosing [O2]expected.  

Additional O2 values are needed for the calculations used in Chapter 5. The O2 concentration dosed contin-

uously to the system is defined as [O2]initial under static operation and [O2]baseline under dithering operation. The 

[O2]baseline is defined as the lowest O2 concentration seen by the catalyst in the rich phase of the O2 pulses 

(Figure 2.2). [O2]th corresponds to the recalculated O2 concentration present in the reactive environment based 

on [O2]initial (Equation 2.4, static conditions) or [O2]baseline (Equation 2.5, dithering conditions), ηd as well as 

pollutants concentration and conversion. Under dithering conditions, [O2]th needs to be calculated separately 

for the rich and lean pulses as ηd is different. 

 

Figure 2.2. Scheme of the alternate symmetric pulses around stoichiometry at an amplitude of 3420 ppm O2, and a fre-

quency of 0.05 Hz. The horizontal black dashed line indicates the value of 5700 ppm O2, corresponding to λ = 1.000. 
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[O2]th = [O2]initial – 0.5[CO]i‧XCO – 2[CH4]i‧XCH4 + 0.5[NO]i‧XNO              Equation 2.4 

[O2]th = [O2]baseline + [O2]expected‧ηd – 0.5[CO]i‧XCO – 2[CH4]i‧XCH4 + 0.5[NO]i‧XNO        Equation 2.5 

Finally, the steps used for the calculations performed in Chapter 5 are as follow. First, static temperature 

ramps were performed under lean, stoichiometric, and rich conditions (including conditions wherein CH4 

steam reforming, CH4-SR, is the only possible reaction pathway for CH4 oxidation). This step allows obtaining 

knowledge on the catalytic system (kinetic regimes, reaction rates, and key O2 concentrations to consider) and 

information on the conversion values of CH4, CO, and NO as a function of temperature. The dithering effi-

ciency, ηd, also needs to be determined at the amplitudes and frequencies of interest. With all these inputs, the 

calculation of [O2]th for different dithering amplitudes and frequencies can be achieved using Equations 2.4 

and 2.5. Finally, by comparing [O2]th with the O2 concentration value known to induce high conversion (de-

fined from the static experiments), the calculations identify which dithering parameters will induce high con-

version under given conditions (temperature, exhaust gas composition). Therefore, the most challenging part 

is to correctly define the O2 concentration value where CH4-SR is promoted.  

 

2.3 Activation energy calculation 

Water decreases significantly the activity of palladium catalysts towards CH4 oxidation [65,84,121]. Hence, 

when considering the reaction rate, water has to be taken into account, as described by the methane oxidation 

kinetic rate (Equation 2.6). The rate of reaction is inversely proportional to the concentration of water, whether 

it is fed to the system or produced during the reaction [205–207]. 

r = k[CH4]0.7[O2]0.2[H2O]-0.9          Equation 2.6 

The apparent reaction rate constant was determined by deriving the reaction rate with respect to CH4 with 

n = 0.7 from the rate law: 
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 -
d[CH4]

dt
 = kapp[CH4]n              Equation 2.7 

kapp= (
1

[CH4]n-1 -
1

[CH4,0]n-1) / (n-1)∙t                Equation 2.8 

where, kapp= k∙[O2]0.2[H2O]0.9, n is the reaction order, [i] is the concentration of gas i, and t is the residence 

time in the reactor. 

Finally, the apparent activation energy was extracted from the slope of the linearized Arrhenius equation 

(Equation 2.10). In order to exclude the impact of mass transfer limitation and to ensure the kinetic regime 

data below 20 % conversion were utilized. Hence, in Chapter 3, the EA,app was evaluated between 300 and 395 

°C and between 300 and 350 °C under static and SRP conditions, respectively. Moreover, no external or inter-

nal mass transfer limitations are taking place within this evaluated conversion range. 

k = Ae
-EA,app

RT                      Equation 2.9 

ln k = ln(A) -
EA,app

RT
                    Equation 2.10 

 

2.4 Kinetic models 

Under isothermal conditions and reaction rates, the rate of a solid-state reaction can be defined as:  

dα

dt
=Ae

-(
EA,app

RT
)
f(α)                              Equation 2.11 

where A is the pre-exponential (frequency) factor, EA,app is the apparent activation energy, T is the absolute 

temperature, R is the gas constant, f(α) corresponds to the reaction model and α refers to the oxidation degree.  
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The integral reaction model g(α) is described, for isothermal rate laws, as:  

g(α)=Ae
-(

EA,app

RT
)
t                                                                       Equation 2.12 

Table 2.1. Solid state integral expressions of the different models [208,209] used in Chapter 3 (Figure 3.8 and Figure 

A21). 

Model 

 

Integral form 

g(α) = kt 

Power law α1/2 

Avrami-Erofeyev 

(A2) 
[-ln(1-α)]1/2 

Avrami-Erofeyev 

(A3) 
[-ln(1-α)]2/3 

Avrami-Erofeyev 

(A4) 
[-ln(1-α)]3/4 

1d diffusion α2 

3d diffusion ((1-α)ln(1-α)) + α 

Mott-Fehlner* (e(r0/αA)-1)/B 

Cabrera-Mott* e((A-1/(αr0)/B) 

Contracting volume 1-(1-α)1/3  

* r0 is the particle radius of reduced Pd (calculated from EXAFS at the end of a pulse) 

 

2.5 Characterization techniques 

2.5.1  Inductively coupled plasma optical emission spectrometry 

The elemental analysis was performed using inductively coupled plasma-optical emission spectroscopy 

(ICP-OES) after digestion with a solution of HNO3, HCl, HF, and H2SO4.  
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2.5.2  X-ray diffraction  

X-ray diffraction (XRD) was measured to characterize and analyse the structure of the crystalline materials. 

The diffraction patterns were collected using a D8 Advance Bruker instrument equipped with a 1D-LynxEye 

detector at a step size of 0.01° and an acquisition time of 2 s.  

In situ XRD diffractograms were collected using an XRK 900 chamber. The sieved samples (150 - 200 µm) 

were first exposed to 2000 ppm H2 in N2 (50 mLmin-1) from 60 to 600 °C (diffractograms were acquired at 60, 

170, 300, 450, and 600 °C), and the gas mixture was changed to 2000 ppm O2 in N2 (50 mLmin-1) at 600 °C 

(patterns were measured every 25 °C from 600-300 °C). The samples were left at the desired temperature for 

5 min before acquisition of the diffractogram was initiated. 

2.5.3  N2 physisorption 

The specific surface area of the samples (Brunauer-Emmet-Teller, BET) was measured by N2 physisorption 

at liquid nitrogen temperature (-196 °C) and p/p0 values in the 0.05 - 0.3 range using a Quantachrome Autosorb 

I instrument. Prior to analysis, the sample was outgassed at 250 °C for 6 h.   

2.5.4  H2 temperature programmed reduction 

H2 temperature-programmed reduction (H2-TPR) experiments were carried out in a TPDRO 1100, Ther-

moScientific equipped with a thermal conductivity detector to study the reducibility of the materials. H2-TPR 

profiles were collected in the temperature range of 30 to 800 °C at a heating rate of 5 °Cmin-1 in a gas flow of 

10 vol% H2 in Ar (20 mLmin-1). Before measurement, a pre-treatment from 50 to 350 °C in He (20 mLmin-1) 

was applied to desorb water and possible impurities. 



Chapter 2 

   

 

  

54 

2.5.5  Electron microscopy 

Transmission electron microscopy images were obtained using a JEOL 2010 microscope equipped with a 

LaB6 cathode and operated at 200 keV. The images were recorded using a slow-scan CCD camera (4008 x 

2672 pixels, Orius Gaten Inc.). A sufficient number of particles was counted to obtain the average particle size 

and the Pd dispersion [210]. 

Energy-dispersive X-ray (EDX) spectroscopy was measured at the Interdisciplinary Center for Electron 

Microscopy (CIME) at École Polytechnique Fédérale de Lausanne (EPFL). The measurements were performed 

with an FEI Titan Themis microscope operated at 200 kV for chemical characterization of the materials. It is 

equipped with a high-brightness field emission gun (X-FEG), a probe aberration corrector (CEOS D-COR), 

windowless silicon drift detectors with a large X-ray collection angle (Bruker Super-X), and a Fischione 

HAADF detector. EDX spectrum images were acquired using a multi-frame strategy with 100 µs dwell time, 

0.8 nA beam current, and 20 mrad convergence angle. The elemental net count maps were processed with 

Velox software. 

2.5.6 X-ray absorption spectroscopy 

The local geometry and electronic structure of the metals present in the materials used were evaluated by 

X-ray absorption spectroscopy (XAS). Operando Pd K-edge X-ray absorption near edge structure (XANES) 

spectra were measured at the SuperXAS beamline of the Swiss Light Source (SLS, Paul Scherrer Institute). 

The incident X-ray beam was collimated using a Pt coated mirror at 2.9 mrad prior to monochromatization 

using a channel cut Si(111) crystal. The monochromatic beam was then focused using a Pt coated toroidal 

mirror. The monochromator was oscillated at 5 Hz frequency yielding a time resolution of 0.2 s per spectrum. 

Energy calibration and linear combination fitting was performed with the ProXAS [211] software and cali-

brated by simultaneously measured Pd reference foil. Linear combination fitting of the XANES region was 

performed using reference states of the catalyst after in situ reduction and oxidation of the material. EXAFS 

fitting was conducted with FEFF included in the Artemis [212] software. Extraction of the Pd-metal particle 
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size was obtained by previously fitting the Pd-Pd scattering path of the Pd-foil and fixing the CN at 12 to 

calibrate the amplification factor for all fits. The Pd particle size was calculated according to Jentys [213] 

assuming spherical particles from the obtained coordination number of the samples. The oxidation degree 

obtained from LCF-analysis was used for fitting the different oxidation mechanisms by minimizing the square 

root of the error. The equation of the investigated oxidation models can be found elsewhere [208,209]. 

The sample (20 mg, 150-200 µm) was loaded in a quartz glass capillary (ID = 3 mm; Hilgenberg) between 

two quartz wool plugs. Heating was achieved using two infrared heaters (80 W, Elstein). The outlet of the 

capillary reactor was analysed using a mass spectrometer (MS; Pfeiffer Omnistar). The sample temperature 

was monitored using a thermocouple inserted in the middle of the catalyst bed. The capillary reactor was 

attached to a gas mixing setup composed of mass flowmeters and two solenoid valves (Series 9, Parker) ena-

bling fast changes in gas phase composition. The same experimental conditions of the catalytic tests described 

below were used for the XAS measurement. 
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  Effect of short reducing pulses on 

the dynamic structure, activity, and stability 

of Pd/Al2O3 for wet lean methane oxidation 
 

3.1 Introduction 

Pd-based materials, typically Pd supported on Al2O3, CeO2, and ZrO2 [124,214–216] are the most efficient 

catalysts for lean CH4 oxidation but suffer from deactivation induced by steam, SO2, and high temperatures 

[84,179]. These deactivation processes can be mitigated either by improving the material formulation and 

properties [147–149,217] or by modifying the working conditions [59,65,151,153,169,218].  

In this study, we decided to use a simple catalyst, Pd supported on Al2O3, while performing periodic short 

reducing pulses (SRP) consisting of cutting off the O2 from the reactive feed for 3 s every 5 min. This strategy 

allowed to suppress the inhibition effect of steam on the activity as well as to improve the long-term stability 

of the catalyst. The degraded activity of the thermally aged catalysts was also reverted by applying the SRP 

approach through structural changes of the catalyst. Furthermore, fit of time-resolved operando XAS data using 

kinetic models of oxidation revealed that only moderately active PdO exists under static operation, while dur-

ing SRP operation highly active PdOx species are formed and maintained by the presence of metallic Pd. Based 

on the combined spectroscopic and kinetic data, we propose a practical range of Pd oxidation degrees (25−65% 

Pd content) to preserve high CH4 conversion.   
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3.2 Materials and methods 

3.2.1  Material synthesis 

The 2 wt% Pd/Al2O3 catalyst was prepared by wet impregnation of aluminum oxide (γ-Al2O3, Puralox; 

Sasol) with a solution of palladium (II) nitrate (Alfa Aesar, 4 – 5 wt% solution) at 80 °C for 6 h, followed by 

drying at 120 °C for 24 h and by calcination in a muffle oven at 500 °C (ramping 5 °Cmin-1) for 2 h. The 

thermally aged sample was obtained by a second calcination at 800 °C (ramping 5 °Cmin-1) in air for 60 h. The 

hydrothermally aged sample was obtained by a second calcination at 600 °C for 24 h in an atmosphere of 10 

vol% H2O and 4 vol% O2 (balance Ar; 100 mLmin-1).  

3.2.2  Material characterization 

The structure of the samples was studied by scanning transmission electron microscopy (STEM) at the 

Scientific Center for Optical and Electron Microscopy (ScopeM) of ETH Zurich, on aberration-corrected HD-

2700CS (Hitachi; cold-field emitter), operated at an acceleration potential of 200 kV. A probe corrector 

(CEOS) was incorporated in the microscope column between the condenser system and the probe-forming 

objective lens providing high-resolution capability (beam diameter ca. 0.1 nm). Images (1024 x 1024 pixels) 

were recorded with a high-angle annular dark-field (HAADF) detector (frame times of ca 15 s) which provides 

atomic number (Z) contrast. 

 

3.3 Results and discussion 

3.3.1  Catalytic activity of calcined and aged Pd/Al2O3 

The favourable effect of short reducing pulses (SRP) on CH4 oxidation was proven on a calcined 2 wt% 

Pd/Al2O3 catalyst (Table A1) by assessing its catalytic activity in static (steady supply of all reactants) and 
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SRP mode (repeated O2 cut-off from the reaction feed for 3 s every 5 min – Figure 2.1) in the presence of 10 

vol% H2O (Figure 3.1a). To evaluate the water inhibition, the sample was also tested under static dry condi-

tions. The poisoning effect of water on this catalyst is demonstrated by the increase in the temperature at half 

CH4 conversion (T50% - Table 3.1) by ca. 85 °C in the heating segment under static conditions in wet feed 

compared to dry conditions (Figure 3.1a). Comparison between static and SRP operation of the calcined cata-

lyst under wet conditions shows that T50% shifted from 428 °C (static mode) to 370 °C (SRP mode 2nd cycle), 

while full conversion was reached at 480 °C and 420 °C, respectively (Figure 3.1a). This significant shift of 

T50% under wet conditions in SRP mode to close to the value obtained under dry static conditions demonstrates 

that SRP counteracts inhibition by water.  

 

Figure 3.1. CH4 conversion obtained from ascending linear temperature ramps under static and SRP wet lean conditions 

over 2 wt% Pd/Al2O3. (a) Calcined, (b) thermally aged, and (c) hydrothermally aged. The dashed lines represent T50% in 

static (black) and SRP (red) mode. The arrows (→) indicate the occurrence of a pulse. Dry conditions: 1 vol% CH4,             

4 vol% O2; wet conditions: 1 vol% CH4, 4 vol% O2, 10 vol% H2O; WHSV = 120 Lh-1g-1. Panel a. includes the data col-

lected under static dry conditions. 
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Closer inspection of Figure 3.1a reveals that catalyst activation by pulses occurs above 430 °C in the first 

heating ramp under SRP conditions. Indeed, while O2 cut-offs below 430 °C did not produce appreciable 

changes in CH4 conversion compared to the static mode, the pulse at ca. 430 °C triggered an increase in CH4 

conversion. Temperature programmed reduction with CH4 under similar conditions as during the CH4-pulses 

(CH4-TPR, Figure A1) shows that PdO reduction by CH4 took place above 300 °C in this material, suggesting 

that such reduction leads to catalyst activation during pulsing. Once the activation had been induced, the con-

version remained significantly higher throughout the subsequent cooling segment (Figure 3.1; Figure A2) 

compared to static operation and generated a wide hysteresis in CH4 conversion that was absent in the heat-

ing/cooling ramps under static feed. This hysteresis vanished in the following heating/cooling segments in 

SRP mode, showing that the catalyst had reached a new equilibrium. It should be noted that due to the O2 cut-

offs, CH4 slip occurred in each of the 3 s rich pulses due to O2 deficiency as indicated by the transient drop in 

CH4 conversion. Under SRP conditions the conversion was higher than in static mode below 475 °C, even in 

a reducing pulse (i.e. at 430 °C, conversion dropped to 79 % during a pulse in the 2nd heating ramp, while it 

reached 53 % under static conditions).  

While the O2 cut-off produced very narrow pulses below 525 °C, suggesting rapid regain of activity, above 

525 °C the recovery of CH4 conversion after each rich pulse was slower, implying increased CH4 slip. This 

effect vanished completely when the temperature was decreased again below 525 °C, demonstrating that a 

reversible process is at the origin of this behaviour (Figure 3.1). 

The same catalyst was thermally (800 °C, 60 h; Figure 3.1b) and hydrothermally aged (600 °C, 10 vol% 

H2O, 24 h; Figure 3.1c) before the measurement of CH4 conversion under identical conditions. These treat-

ments lead to slightly lower BET-specific surface areas and an increase in PdO particle size (Table A1) but 

did not modify the phase composition significantly (Figure A3). Transmission electron micrographs showed 

that the PdO particles of the calcined catalyst were round, while those of the aged samples exhibited on average 

more defined edges (Figure A4-6). Both aging treatments caused a further increase in T50% under wet static 

conditions compared to the situation obtained with the calcined catalyst (Table 3.1), suggesting a permanent 

deactivation. Conversely, under SRP conditions the T50% decreased to values comparable to calcined Pd/Al2O3 
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(ΔT50% = 5 °C) and was maintained in the next heating/cooling segments (Table 3.1). The deactivation induced 

by thermal and hydrothermal treatments was clearly suppressed by the SRP mode. Also, the increased CH4 

slip at high temperatures occurred to the same extent in the aged samples. 

Table 3.1. Apparent activation energy (EA,app) and first order rate constants (kapp) in static and SRP modes of                        

calcined, thermally, and hydrothermally aged 2 wt% Pd/Al2O3. Conditions: 1 vol% CH4, 4 vol% O2, ±10 vol% H2O; 

WHSV = 120 Lh-1g-1. 

 
 T50% [°C] 

EA,app 

[kJmol-1] 
kapp

 [10-5 s-1] 

Static mode 

(1st heating/cooling) 

Calcined (dry condi-

tions) 
342 29.3 ± 0.2 18.8 

Calcined 428 / 430 65.3 ± 0.7 2.44 

Thermally aged 455 / 470 77.8 ± 1.1 2.06 

Hydrothermally aged 461 / 473 75.7 ± 1.1 2.01 

SRP mode 

(1st heating) 

Calcined 436 61.2 ± 0.9 2.43 

Thermally aged 444 74.1 ± 1.2 2.07 

Hydrothermally aged 447 72.3 ± 1.4 2.04 

SRP mode 

(2nd heating) 

 

Calcined 370 45.8 ± 1.1 15.3 

Thermally aged 373 45.8 ± 1.4 15.1 

Hydrothermally aged 375 45.9 ± 0.6 15.0 

All catalysts exhibited comparable first-order apparent activation energy (EA,app) values between 65 and 78 

kJmol-1 under static feed (Table 3.1) consistent with previously reported values [182,207,219]. In the first 

heating segment, a comparable EA,app was obtained under SRP and static conditions. However, after activation 

above 430 °C under SRP conditions, EA,app decreased to ca. 46 kJmol-1, while the apparent rate constant in-

creased from 2∙10-5 s-1 to ca. 15∙10-5 s-1, regardless of thermal or hydrothermal treatments. The remarkable 

decrease of EA,app confirms that the severe deactivation observed under static conditions was suppressed by the 
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repeated O2 cut-offs. We consider that the very similar EA,app values obtained indicate that SRP induces struc-

tural changes, which lead to the same highly active state. 

 

Figure 3.2. CH4 conversion over Pd/Al2O3 under static (-□-) and SRP (-) lean conditions at 435 °C. (a) Calcined,                    

(b) thermally aged, and (c) hydrothermally aged Pd/Al2O3. Conditions: 1 vol % CH4, 4 vol % O2, 10 vol % H2O; 

WHSV = 120 Lh-1g-1. Panel a. includes data collected for the calcined sample in dry static conditions (black). 

Figure 3.2a shows that under isothermal conditions at 435 °C, CH4 oxidation decreased rapidly below 10 % 

in wet static feed (in the presence of 10 vol% H2O) over the calcined catalyst. Under dry feed conditions, the 

activity decreased to a lower extent (from 98 to 80 % within 16 h), attesting again the detrimental effect of 

water on lean CH4 oxidation under static operation. The average CH4 conversion under wet conditions was 

markedly enhanced by starting the SRP mode [138]. Upon changing to wet conditions, CH4 conversion 

dropped initially to 60 %, in agreement with the inhibition effect of water on catalytic activity (inset of Figure 

3.2a). However, the average conversion increased continuously from 60 to over 99 % within the first four 

pulses (ca. 25 min) and remained at this level for the next 15 h. Thermally (Figure 3.2b) and hydrothermally 
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aged (Figure 3.2c) samples exhibited the same extent of activation under SRP operation as well as high stability 

over time but required a higher number of reducing pulses to reach a similar conversion level of the calcined 

catalyst (inset of Figure 3.2). 

Experiments repeated at lower temperatures in order to reduce the conversion rate (Figure A7) confirmed 

that activation by CH4 through O2 cut-off does not take place below 420 °C, as noted above (Figure 3.1). At 

ca. 420 °C, the catalyst temperature raised to 435 °C in response to the repeated rich/lean pulses, most likely 

due to the exothermicity of the lean reaction (see Figure A7-8 where the temperature and thus the conversion 

decrease within a reducing pulse). Furthermore, the stepwise increase in space velocity from 120 to 360 Lh-1g-

1 (Figure A9) at 435 °C only slightly affected CH4 conversion, which remained at a high level of 93 %. Hence, 

these isothermal tests demonstrate that SRP not only activates but also maintains high activity as well as high 

water resistance of Pd/Al2O3. Characterization by powder X-ray diffraction (XRD) (Figure A10-12) showed 

that irrespective of the catalyst, the fraction of reduced Pd increased at the expense of PdO after the isothermal 

test under SRP mode. Scanning electron microscopy (STEM) images of the thermally treated catalyst indicated 

that the cuboid shape of the particles (Figure A4-6) changed to round particles after the pulsed operation (Fig-

ure A13-15). In contrast, XRD patterns after stability tests under static conditions show only the presence of 

PdO and resemble the ones of the unused catalysts (Figure A10-12). Hence, SRP reverses the structural effects 

of thermal and hydrothermal aging and transfers the catalysts into the same highly activated state regardless 

of thermal or hydrothermal treatment. 

3.3.2  Operando XAS 

The activation behaviour of calcined Pd/Al2O3 under SRP mode was observed in time-resolved operando 

XAS analysis in presence of 10 vol% H2O at 435 °C (Figure 3.3a). While the sample is not perfectly homoge-

neous it displays a narrow Pd particle size distribution (Figure A16-17) suggesting that all Pd particles respond 

to the gas changes in a similar manner and exhibit comparable oxidation and reduction kinetics. Linear com-

bination fit (LCF) analysis of the Pd K-edge X-ray absorption near edge (XANES) region reveals that the 
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catalyst was in a fully oxidized state after calcination and pre-treatment. Upon applying rich pulses by repeat-

edly cutting off O2 for 3 s, followed by wet lean CH4 oxidation for 5 min, CH4 conversion increased with each 

pulse incrementally from 10 to 80 %. At the beginning of the experiment the PdO content decreased in each 

consecutive pulse until it reached a level of quasi-equilibrium (ca. 80 %) while during each pulse, the PdO 

content dropped to 10 %. In the lean phases, reoxidation proceeded in two stages [175,176,220], a very fast 

process directly after the switch followed by a slower reoxidation. Fitting the extended X-ray absorption fine 

structure (EXAFS) spectra taken 3 min after each rich pulse (Figure 3.4a) revealed an increase in coordination 

number of the Pd-Pd first shell of metallic Pd that was mirrored by the simultaneous decrease of the first Pd-

O coordination shell in line with LCF analysis.  

 

Figure 3.3. CH4 conversion (blue) and Pd phase content (PdO (red) / Pd (black)) of calcined Pd/Al2O3 in (a-c) SRP and 

(d-f) static lean operation at 435 °C, 575 °C and a second time at 435 °C. Reactivation through SRP after deactivation in 

static mode is shown in (f) (> 33 min). Conditions: 1 vol% CH4, 4 vol% O2, 10 vol% H2O; WHSV = 360 Lh-1g-1. 

The EXAFS analysis of the data collected in the static lean period after SRP at 435 °C confirms that the 

activity decreased as soon as metallic Pd was consumed (Figure 3.4b; Figure 3.3d). During the first 10 min of 
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the experiment, signals from metallic Pd-Pd scattering at 2.43 Å can still be extracted and during this time, 

CH4 conversion is at 60 %. After 10 min, no Pd-Pd scattering path can be fitted and LCF revealed more than 

95 % PdO. Accordingly, CH4 conversion decreased from 60 to 15 % in the next 30 min concomitant with the 

intensity increase in the FT-EXAFS peak at 2.94 Å corresponding to the Pd(-O-)Pd scattering path (Figure 

A18). Such an increase suggests an increased order and hence crystallization of the oxide that limits CH4 

oxidation under static operation. 

 

Figure 3.4. CH4 conversion (blue) and Pd coordination number (Pd-O (red) / Pd-Pd (black)) of calcined Pd/Al2O3 in (a) 

SRP and (b) static lean operation at 435 °C. Conditions: 1 vol% CH4, 4 vol% O2, 10 vol% H2O; WHSV = 360 Lh-1g-1. 

Under pulsed conditions, (Figure 3.3a-c), CH4 conversion decreased by at least 20 % at 575 °C and returned 

to its initial value after cooling back to 435 °C. The same behaviour was observed in the laboratory experiments 

(Figure A8). The XANES spectra at 435 °C (Figure 3.5) reveal the presence of 90 % metallic Pd in the reduc-

tive pulses and 20 % in the lean phase, which is accompanied by fast reoxidation (inset Figure A8; Figure 

3.3a). However, at 575 °C, reoxidation of Pd was slower and the PdO formation within the lean phases after 

each pulse was ca. 27 %. CH4 conversion decreased accordingly to 62 % at 575 °C (Figure 3.3b). Since no 

thermodynamic limitation is expected, the data evidence that the presence of a higher fraction of reduced Pd 
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limits CH4 conversion. The subsequent pulsed operation at 435 °C leads to, on average, a higher fraction of 

PdO accompanied by higher CH4 conversion values (Figure 3.3c). 

After this sequence at 435 °C, SRP was switched off leaving the catalyst under static lean conditions (Figure 

3.3d-e). The PdO content increased to 99 % and concurrently CH4 conversion decreased over time. The tem-

perature increase to 575 °C under static operation induced the usual Arrhenius behaviour of higher conversion 

at elevated temperature up to 81 %; nonetheless, the conversion decreased gradually to 75 % in the next 50 

min. Cooling to 435 °C maintained Pd fully oxidized but decreased CH4 conversion. Hence, in marked contrast 

to SRP, only PdO is present under static lean operation at all temperatures and is less active than the surface 

species created by SRP (at 435 °C). However, a too high fraction of reduced Pd also limits the activity under 

SRP conditions. These results support the general agreement that highly deficient PdOx or Pd-PdO species are 

active for CH4 oxidation under lean conditions [151,221]. SRP mode allows to periodically replenish this 

highly active metastable transient PdOx species and thus maintains high activity over long periods of time.  

 

Figure 3.5. Transmission operando Pd K-edge XAS spectra of calcined Pd/Al2O3 recorded in the following sequence      

435 °C (black), 575 °C (red), and 435 °C (blue) under (- -) static operation, (―) 3 min after a pulse and (···) during a 

pulse. Conditions: 1 vol% CH4, 4 vol% O2, 10 vol% H2O; WHSV = 360 Lh-1g-1. 
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Conversely, switching SRP on after exposure to static lean conditions at 435 °C (40 % CH4 conversion) 

induced an increase in CH4 conversion as well as a decrease in the PdO content (Figure 3.3f). Catalyst reacti-

vation occurred in the first pulses and the catalyst behaved as in the initial activation (Figure 3.3a) causing an 

increase of CH4 conversion to 80 %. Hence, the observed continuous deactivation under static lean operation 

can be reversed by applying SRP as shown in Figure 3.2. 

The conversion values obtained in the operando XAS measurements correlated with the degree of Pd re-

duction from LCF analysis allowed the identification of an optimal window of reduced Pd content. Figure 3.6 

shows that an increased fraction of reduced Pd from 0 to 25 % enhances CH4 conversion, which remains above 

80 % up to 65% of reduced Pd. Higher Pd reduction degrees (up to 75 %) inhibit CH4 oxidation. This behaviour 

underlines the relevance of the presence of a Pd/PdO (PdOx) mixed phase to obtain high CH4 conversion levels. 

 

Figure 3.6. CH4 conversion of calcined Pd/Al2O3 as a function of the content of reduced Pd extracted from the operando 

XAS data collected in SRP mode. Conditions: 1 vol% CH4, 4 vol% O2, 10 vol% H2O; WHSV = 360 Lh-1g-1. 

Experiments performed with different partial pressures of water and at different temperatures demonstrate 

the importance of placing the degree of Pd oxidation in the optimal range. At 435 °C, the change at 26.5 min 
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from 10 to ca. 25 vol% H2O caused a decrease of CH4 conversion by 10 % but also increased instantaneously 

the PdO content from 60 to 80% (Figure 3.7a). This drop in conversion was fully reversible and the initial 

conversion was regained once the water concentration in the feed was decreased back to 10 vol%. Nonetheless, 

the elevated PdO content remained at 80 % when returning to lower water concentrations. As both values, 60 

and 80 % PdO, are within the optimal range for CH4 oxidation activity, the conversions obtained under differ-

ent H2O content at 435 °C can be explained in terms of water inhibition effects solely (i.e. reversible formation 

of hydroxylated surface species and blockage of active sites by adsorbed water) [65]. 

 

Figure 3.7. Effect of water concentration on CH4 conversion (blue), H2O content (green) and Pd phase                                  

(PdO (red) / Pd (black)) of calcined Pd/Al2O3 under lean SRP conditions at (a) 435 °C and (b) 575 °C. Conditions:                  

1 vol% CH4, 4 vol% O2, 10-25 vol% H2O; WHSV = 360 Lh-1g-1. 

At 575 °C, the effect of higher water partial pressure on CH4 conversion inverts (Figure 3.7b). The oxidation 

degree of Pd increased instantaneously from 25 to 32 % with the increase in water concentration at 11.5 min. 

Since the catalyst was in a highly reduced state, the water-assisted oxidation shifted the system towards the 

optimal Pd/PdO content (Figure 3.6), which increased the conversion by 5 %. Nevertheless, the higher water 



Chapter 3 

 

 

  

69 

concentration leads to the reversible inhibition by water as described above. In line, lowering the water con-

centration from 20 to 10 vol% increased the CH4 conversion even further by 8 % without affecting the oxida-

tion degree. Finally, over fully oxidized PdO, only CH4 concentration was affected as the water concentration 

was increased, this effect vanishing when the water content was restored to 10 vol% (Figure A19). 

3.3.3 Kinetics of Pd oxidation 

Kinetic analysis of the fast change of oxidation state obtained from LCF as well as the EXAFS data after a 

reductive CH4 pulse was conducted to understand the behaviour of the Pd/PdO pair under working conditions. 

The fit of the oxidation degree obtained experimentally from LCF with different solid-state kinetic oxidation 

models [208] showed that the Cabrera-Mott (CM) model [209] and the 3D diffusion model were able to ap-

proximate the experimental data (Figure A20, Figure 3.8). Although the 3D diffusion model displayed high 

correlation, it showed a systematic underestimation in the initial oxidation phase. On the contrary, the CM 

model exhibited a correlation above 98 % and thus describes better our experimental data over the fitted range. 

This model is valid only for the oxidation of small metal particles (below 10 nm) [222]. The average metal 

particle size derived from the first Pd-Pd coordination shell of the calcined Pd/Al2O3 sample is 9 nm (Table 

A1) after 3 s of reduction, confirming the applicability of the CM model to the operando XAS data. According 

to this model, a thin oxide film forms upon oxidation, across which electrons tunnel from the metallic core to 

ionize adsorbed oxygen. The resulting charge separation induces an electric field that is the driving force for 

ion transport and growth of the oxide layer. Electron tunnelling is reported to take place through an oxide layer 

as thick as 3 nm [209]. Beyond this critical layer thickness, the further slow oxide growth follows the 3D 

diffusion model. Oxidation of Pd according to the CM model was previously reported to take place in O2 [176] 

and we confirm that it also proceeds under lean CH4 oxidation conditions. According to both the CM model 

and the 3D diffusion model, the oxide layer formed around the metallic core is amorphous and highly defective 

due to ion diffusion from the core to the surface [209]. Therefore, the CM model suggests that PdO is present 

in a highly defective and amorphous phase when SRP operation is applied as long as metallic Pd is present. 

The presence of this amorphous PdOx phase explains the observed improved CH4 oxidation activity under SRP 
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mode. The CM model encourages to think that the Pd-PdO pair involved in the experiments shown above is a 

core-shell structure, of which however we have only sporadic hints from electron microscopy. 

It is widely accepted that coordinatively unsaturated Pd species in the form of PdOx or Pd-PdO are respon-

sible for high CH4 oxidation activity [124–127]. Oxidation of Pd to PdO is reported to proceed via PdOx spe-

cies. In the presence of water, PdOx is preferentially hydroxylated, which results in improved stability of PdO 

at high temperatures [118]. The mechanism of CH4 oxidation on coordinatively unsaturated Pd was proposed 

to occur by adsorption of CH4 on Pd sites and C-H bond breaking on adjacent Pd-O sites with the formation 

of Pd-OH species [124]. Combination of OH groups leads to water formation and desorption. 

 

Figure 3.8. Parity plots of the four most suited oxidation mechanisms of Pd to PdO proposed in literature [208,209]. 

Based on these observations, we propose a model that rationalizes the improvements obtained in SRP mode 

over the static lean operation (Scheme 3.1). For simplicity, we represent a core-shell structure for Pd and PdO 

phases, although other structural arrangements could be considered as well. Initially, crystalline PdO is the 

main species after calcination. By repeatedly applying CH4 pulses, PdO reduces partly. The increase in surface 

roughness induced by reduction of PdO by CH4 causes structural changes that facilitate the reducibility of the 
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reoxidized PdO [175]. The partial and proceeding reduction of PdO needs to overcome a temperature threshold 

dependent on the applied reaction conditions. During each rich pulse, up to 90 % of PdO is reduced to metallic 

Pd leading to an increase in CH4 conversion. During the lean phase, after each pulse, a thin layer of highly 

defective PdOx forms (as indicated by the CM model) whose thickness increases first very fast and then more 

slowly by diffusion of O atoms to the Pd core. The defective character of this PdOx layer is maintained by 

diffusion of Pd towards the surface according to the CM theory. Therefore, the presence of reduced Pd acts as 

a reservoir to maintain the highly active PdOx phase. Amorphous PdOx starts to densify and crystallizes as 

soon as the metallic core is consumed. Due to the very fast reduction of PdO to Pd, adoption of the SRP mode 

reverses the growth of the PdO layer and increases the metallic Pd core. Hence, on the time scale of the reduc-

ing pulses with CH4, the Pd core was never fully consumed in the subsequent lean operation periods. The 

presence of the highly active PdOx phase maintains and sustains the high isothermal activity and stability. If 

SRP mode is switched to static operation, the catalyst maintains high activity until the metallic core is fully 

consumed. The following densification and crystallization of amorphous PdOx to crystalline PdO leads to iso-

thermal deactivation and a significant decrease in CH4 conversion due to the loss of coordinatively unsaturated 

Pd species in PdOx, which is in line with the decreased performance of the hydrothermally and thermally aged 

catalysts. The formation of the crystalline and less active PdO state can be reversed by applying SRP with CH4 

at any state of deactivation leading to the recovery of performance. The creation and maintenance of transient 

states of reduction and oxidation in combination with the formation of the highly active PdOx phase during 

SRP operation justify that even hydrothermally and thermally deactivated catalysts of comparable particle size 

can be reactivated upon creation of the same active sites as evidenced by the similar apparent activation ener-

gies. 
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Scheme 3.1. Schematic representation of the elementary steps promoting isothermal stability under SRP mode or causing 

isothermal deactivation under static mode at T > 430 °C. 

 

3.4 Conclusions 

Water is known to severely but reversibly deactivate Pd/Al2O3 catalysts for CH4 oxidation under static 

reaction conditions. In this work, we show that short reductive pulses (SRP) activate a 2 wt% Pd/Al2O3 catalyst 

and maintain it in a highly active state under continuous feed of water. The structural changes induced by 

activation through repeated SRP overcome also the deactivating effects of thermal and hydrothermal aging at 

comparable Pd particle size. In-depth operando XAS analysis revealed that under static lean CH4 oxidation 

mode Pd is fully oxidized. In contrast, SRP preserves the catalyst in a partially reduced state. An optimal 

window of reduced Pd content between 25 and 65 % was determined from LCF analysis of the XANES data. 

Based on time-resolved LCF and EXAFS analysis as well as available kinetic models, we see that PdO reoxi-

dation after each reducing pulse under wet lean CH4 oxidation conditions follows the Cabrera-Mott mecha-

nism. The high CH4 oxidation activity and stability in SRP mode rely on creating and maintaining amorphous 

PdOx in contact or around metallic Pd. As long as metallic Pd is present, it acts as a reservoir for defects that 
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maintain the amorphous character of the PdOx phase. If it is fully consumed, PdOx densifies and crystallizes 

leading to the loss of activity in wet feed. Deactivation induced by crystallization and densification can be 

reversed by SRP. We believe that these findings bear practical relevance for the control of unburnt CH4 emis-

sions as SRP operation can be applied in modern gas engines by means of the engine control unit similar to 

the O2-dithering operation of three-way catalysts. 
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  CH4 steam reforming: efficient 

route for methane abatement over Pd/Al2O3 

using short reducing pulses 

 

4.1 Introduction  

The beneficial effect of short reducing pulses was established for wet lean CH4 oxidation conditions (Chap-

ter 3). By periodically regenerating the Pd active sites for CH4 oxidation (PdOx), high isothermal stability of 

the catalyst was achieved, while the detrimental effect of water and thermal ageing on the catalytic activity 

was suppressed. Pairing such periodic operation with operando X-ray absorption spectroscopic measurements 

provided significant knowledge on the chemistry of CH4 oxidation, and especially on the relation between Pd 

oxidation state and activity for CH4 oxidation.  

In this Chapter, the same material (Pd/Al2O3) and operating conditions (SRP; O2 cut-off for 3 s every 5 

min) were used while the complexity of the gas feed composition was increased step-wise from lean wet CH4 

oxidation to the exhaust feed of stoichiometric NG engines. This strategy allowed evaluation of the effect of 

each pollutant, as well as O2 concentration, and temperature on both, the catalytic activity and the Pd redox 

response to periodic operation. The results demonstrated that both, Pd0 and PdOx species are active for CH4 

oxidation but through different reaction routes. The presence of PdO species allows CH4 oxidation by O2 (but 

limited NO reduction), whereas the ubiquity of Pd0 species promotes CH4 steam reforming (CH4-SR) and thus 

simultaneous high conversion of all pollutants, including NO. The effect of each pollutant (CH4, CO, NO) on 

the Pd redox dynamics when performing short reducing pulses, was also reported in this Chapter. The presence 

of CO in the exhaust feed, under lean conditions, leads to the rapid release of vacant Pd sites for the dissociation 

of O2 which, in turn, allows for fast and complete reoxidation of the Pd nanoparticles. In contrast, the presence 
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of NO inhibits PdO growth due to the blockage/poisoning of the Pd0 surface sites, which consequently limits 

the O2 adsorption and dissociation on the Pd surface. Finally, the partial pressure of O2 and the pollutants were 

shown to significantly influence the catalyst redox properties as well as the collision factor. 

 

4.2 Materials and methods 

4.2.1 Material synthesis 

The catalyst, 1.6 wt% Pd/γ-Al2O3 doped with lanthanum (4 wt%), was kindly provided by Umicore in 

powder form. 

4.2.2 Catalytic study 

Tables 4.1 and 4.2 present the different gas mixtures and corresponding O2 concentrations used in this 

Chapter.    

Table 4.1. Reactant concentrations used in the different experiments. 

 
CH4 conc. 

[vol%] 

CO conc. 

[vol%] 

NO conc. 

[vol%] 

H2O conc. 

[vol%] 

Concen-

trated con-

ditions 

1 4.6 1 5 

Diluted 

conditions 
0.15 0.7 0.16 5 
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Table 4.2. O2 concentration used in the different experiments. 

  CH4 CH4 -CO CH4 - NO CH4 -CO - NO 

 

O2 conc. 

[vol%] 

 

 

Lean condi-

tions 

Concentrated 

conditions 
4 8.6 3 7.6 

Diluted      

conditions 
0.6 1.3 0.44 1.14 

Stoichiometric 

conditions 

  

Concentrated 

conditions 
2 4.3 1.5 3.6 

Diluted      

conditions 
0.3 0.65 0.22 0.57 

 

4.3 Results and discussion  

4.3.1  Lean CH4 oxidation 

Catalytic results  

The beneficial effect of short reducing pulses (SRP) for wet lean CH4 oxidation was confirmed over this 

1.6 wt% Pd/Al2O3 catalyst (154.3 m2g-1; Figure B1-2) in the presence of 5 vol% H2O (Figure 4.1a). It should 

be mentioned that lower H2O concentrations were used in this study, compared to Chapter 3 (5 vs 10 vol%). 

Indeed, this work aimed to progressively switch from lean wet CH4 oxidation conditions (1 vol% CH4, 4 vol% 

O2, 10 vol% H2O) to the exhaust feed composition of stoichiometric NG engines (0.15 vol% CH4, 0.16 vol% 

NO, 0.7 vol% CO, 0.57 vol% O2, 5 vol% H2O). Hence, the first step was to decrease the water concentration. 

As observed in Chapter 3, the temperature of 50 % CH4 conversion (T50%) shifted from 370 °C in static oper-

ation, to 347 °C under SRP operation (2nd heating ramp; Figure B3). Under SRP conditions, an activation pulse 

above 430 °C was necessary to raise CH4 conversion to higher levels compared to the static mode. H2 for-

mation, which was triggered concomitantly to this activation pulse (Figure B3) mirrored the start of catalyst 

reduction (thus activation) by CH4. CH4 conversion remained significantly higher throughout the subsequent 
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cooling segment compared to static operation and displayed a wide positive hysteresis (Figure 4.1a). The ac-

tivity remained high in the subsequent heating/cooling cycle as the catalyst had already been activated (Figure 

B3).   

 

Figure 4.1. (a) CH4 conversion, as well as H2 (red) and O2 (black) MS signals during heating (―) and cooling (---) ramps, 

under static (-o-) and SRP (―) wet lean concentrated conditions. (b) Inset between 420 and 500 °C. (c) Inset between 

520 and 600 °C. The first H2 appearance during the heating ramp is at 410 °C. The pink rectangles highlight the first H2 

appearance during the heating ramp.  Conditions: 1 vol% CH4, 4 vol% O2, 5 vol% H2O; WHSV = 240 Lh-1g-1.  

The response of CH4 oxidation upon a reducing pulse varied with temperature. To facilitate the interpreta-

tion, the temperature range was divided into three windows: 300 - 425 °C (regime I), 425-500 °C (regime II), 

and 500-600 °C (regime III). In the first two temperature regimes (Figure 4.1b), the decrease in conversion 

upon a reducing pulse was short, attesting for a rapid regain in activity, while the recovery after each reducing 

pulse was slower and incomplete in regime III (Figure 4.1c), causing overall lower activity levels. Towards 

the end of regime III (> 575 °C; Figure 4.1c), a sharp increase in CH4 conversion to ca. 95 % was induced for 
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ca. 20 s upon the O2 cut-off but was followed by a dip in conversion (51 %). This phenomenon was emphasized 

in the cooling ramp and maintained up to 480 °C.  

Closer inspection of the MS signals demonstrated that between 380 and 500 °C (temperature regimes I-II; 

Figure 4.2a) the CH4 signal increased during a reducing pulse, while those of CO2 and H2O decreased. This 

observation evidences that under these conditions CH4 oxidation by O2 was the prevailing reaction pathway. 

In temperature regime III (> 500 °C; Figure 4.2b), in a reducing pulse, the decrease in the CH4 signal was 

accompanied by an increase in both CO2 and CO signals and a decrease in the H2O signal. If direct CH4 

oxidation by O2 was taking place, the H2O production should have occurred, however, the decrease in the H2O 

signal is taken as evidence that the CH4 steam reforming (CH4-SR) and the water gas shift (WGS) reaction 

occurred at high temperatures during the O2 cut-offs.  

 

Figure 4.2. MS signals of H2, CH4, H2O, CO/N2, and CO2 in the first cooling ramp under SRP wet lean concentrated 

conditions in the presence of CH4/H2O, between (a) 380 and 460 °C, and (b) 510 and 590 °C. Conditions: 1 vol% CH4,  

4 vol% O2, 5 vol% H2O; WHSV = 240 Lh-1g-1.    
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Spectroscopic results 

The linear combination fit (LCF) analysis of the X-ray absorption near edge spectroscopic (XANES) region 

measured at the Pd K-edge at 435 °C (temperature regime II; Figure 4.3a-b), revealed that the PdO content 

reached very low values (2 %) in a reducing pulse and increased up to 80 % in the subsequent lean phase. 

Hence, decreasing the water concentration allowed accessing higher Pd0 contents (cf. Figure 3.3 in Chapter 3). 

Moreover, under these conditions, reoxidation occurred in two steps. First fast surface oxidation followed by 

a slower reoxidation of the Pd bulk [67,114]. The fits of the Fourier Transform extended X-ray fine structure 

(FT-EXAFS; Figure 4.4a) demonstrated that at 435 °C, the contribution from the Pd-O scattering path (2.018 

Å) in a reducing pulse was small but present. Despite the loss of conversion upon the O2 cut-off, the activity 

started to recover as soon as the PdO content was above 35 % (Figure 4.3a-b), in agreement with the optimal 

interval of PdO content for wet lean CH4 oxidation (35-75 %) (cf. Chapter 3). Furthermore, in the isothermal 

experiments at 575 °C (temperature regime III; Figure 4.3c-d), only Pd0 was present in the reducing pulse, 

which correlates with the increase in CH4 conversion (Figure 4.1a, c). Fitting of the EXAFS region confirmed 

that at 575 °C no contribution from the Pd-O scattering path was present (Figure 4.4a). In the lean phase of the 

pulses, reoxidation of the catalyst also took place in two steps, but the second oxidation step was slow and 

limited to a maximum PdO content of 15 % (Figure 4.3c-d). This behaviour was likely caused by the formation 

of strongly bonded oxygen atoms at the Pd0 surface, which greatly suppress nucleation and growth of the active 

species of bulk PdO [223,224]. The presence of such a strongly chemisorbed oxygen layer is typical when 

metal Pd particles are generated at high temperatures [223]. These surface oxide species were not formed at 

435 °C because of the easier reoxidation of small metallic Pd domains generated from incomplete reduction 

(Figure 4.3a-b) [223]. Furthermore, in the lean phase, CH4 conversion was higher at 435 °C (100 %) than at 

575 °C (85 %; Figure 4.3) because CH4 oxidation is more efficient when the Pd nanoparticles are bulk oxidized 

than when they are covered with chemisorbed oxygen. Indeed, when a dense chemisorbed oxygen layer sur-

rounds Pd0 clusters, there are no surface Pd0 sites for the concerted C-H bond activation by Pd0 and PdO which 

was proposed to produce a four-center transition state (H3C···Pdox···H···Oox)⧧ [182].   
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Figure 4.3. CH4 conversion, Pd phase content (PdO / Pd), and H2 MS signal at (a-b) 435 °C (c-d) 575 °C under SRP wet 

lean concentrated conditions, in the presence of CH4/H2O. Conditions: 1 vol% CH4, 4 vol% O2, 5 vol% H2O;               

WHSV = 240 Lh-1g-1.  

 

 Finally, the catalytic results from operando XAS measurements showed that at 575 °C, CH4-SR persisted for 

ca. 9 s (Figure 4.3c-d). The R-space plots obtained at different times after a reducing pulse (Figure 4.4b) 

demonstrated that the Pd-O scattering path was negligible up to 6 s after the O2 cut-off. However, after 9 s, 

when CH4-SR vanished, the Pd-O scattering intensity was comparable to that at 435 °C, at t = 0 s. These results 

show that as long as the Pd-O scattering path is present, only CH4 oxidation by O2 occurs (i.e. 435 °C; Table 

B1), whereas if only the Pd-Pd scattering path is present CH4-SR is promoted. Hence, it is clear that at 435 °C 

the Pd-O contribution in a reducing pulse was too high to induce CH4-SR, while the PdO content was too low 

(2 %) to achieve high CH4 conversion levels following oxidation by O2. The lack of fit of the LCF analysis is 

shown in Figure B4. 

The results show that both, Pd0 and mixed Pd0/PdO (PdOx) species are active toward CH4 oxidation but 
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25 % and is then maintained high up to 65 % (Figure 3.6). The results of this study show higher CH4 conver-

sions for the same Pd0 content due to the lower inhibition effect of H2O (lower H2O concentration compared 

to Chapter 3). However, because the H2O content was lower, higher Pd0 contents were reached compared to 

our previous work (Chapter 3). Hence, in this work, CH4 oxidation by O2 was seen to be inhibited when the 

Pd0 content is between 80 and 98 %, which we assign to the presence of a dense chemisorbed oxygen layer 

around the Pd0 core (Figure 4.5). It should be mentioned that this dense surface oxide layer, and therefore Pd0 

content between 80 and 98 %, is only formed if the Pd species are fully reduced before reoxidation of the 

catalyst. Finally, when the Pd species are fully reduced, CH4-SR is promoted, leading to high CH4 conversion 

levels (Figure 4.5). 

 

Figure 4.4. Pd K-edge FT-XAFS (not phase corrected) illustrating the change in intensities of Pd-Pd (from Pd) and Pd-O 

(from PdO) scattering paths (a) at 0 s and 294 s after a reducing pulse at 435 °C and 575 °C and (b) as a function of time 

at 575 °C as well as during a pulse at 435 °C under SRP wet lean concentrated conditions, in the presence of CH4/H2O. 

Conditions: 1 vol% CH4, 4 vol% O2, 5 vol% H2O; WHSV = 240 Lh-1g-1.  
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Figure 4.5. Updated version of Figure 3.6, based on the results achieved in this Chapter. 

4.3.2  Lean CH4 oxidation: effect of CO and NO  

Since SRP operation is beneficial for wet lean CH4 oxidation, the same approach was applied to the full 

exhaust gas composition (CH4, CO, NO, H2O) under lean conditions. For this purpose, the CO and NO con-

centrations were proportional to that of CH4 and thus much higher than required when working with simulated 

exhaust feed of stoichiometric NG engines (Table 4.1).  

Catalytic results 

When CO was co-fed to CH4 and H2O (Figure 4.6a), the T50% value for CH4 conversion was significantly 

lower under SRP conditions (317 °C) compared to static operation (407 °C). Similar behaviour was observed 

in the presence of all pollutants, wherein CH4 conversion reached 50 % at 321 and 368 °C in SRP and static 

operation, respectively (Figure 4.7a). Furthermore, unlike with CH4 only, in the presence of CO, the reducing 

pulses did not induce any significant increase in reaction rate in the temperature range evaluated (Figure 4.6a, 

and Figure 4.7a), suggesting that either no activation pulse was needed or the activation pulse occurred below 

300 °C. These results indicate that CO activates (and thus reduces) the catalyst at lower temperatures than CH4. 
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The partial reduction of the catalyst at 300 °C in the presence of CO, was inferred from the H2 spikes in the 

reducing pulses (Figure 4.6a, Figure 4.7a), contrary to the appearance of H2 only after the 5th pulse for CH4/H2O 

and CH4/NO/H2O (430 and 395 °C, respectively; Figure 4.1a, Figure 4.8a).   

 

Figure 4.6. (a) CH4 conversion, as well as H2 (red) and O2 (black) MS signals during heating (―) and cooling (---), under 

static (-o-) and SRP (―) wet lean concentrated conditions in the presence of CH4/CO/H2O. (b) Inset between 420 and 

500 °C. (c) Inset between 520 and 600 °C. The orange line in insets b and c represents CH4 conversion under lean con-

centrated conditions during the heating ramp in the presence of CH4/H2O. Conditions: 1 vol% CH4, 4.6 vol% CO,                

8.6 vol% O2, 5 vol% H2O; WHSV = 240 Lh-1g-1. 

In the temperature regime I and/or II and in the presence of all pollutants (Figure 4.7c), the recovery in 

activity after a reducing pulse was longer than with CH4 alone (Figure 4.1b). While in the presence of CO, CH4, 

and H2O, the reducing pulses were as narrow as with CH4 only (Figure 4.6b), in the presence of NO, CH4, and 

H2O, the recovery after each pulse was slow and the extent limited (Figure 4.8c). Hence, the presence of NO 

appears to inhibit the activity recovery after each O2 cut-off. In temperature regime III, the recovery after a 

reducing pulse was moderate for all the gas compositions evaluated (Figure 4.6c, Figure 4.7d, and Figure 4.8d). 
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Interestingly, for all gas mixtures, CH4 conversion increased shortly when the O2 was cut-off before dropping 

to ca. 50 % and recovering slowly in the lean phase.  

 

Figure 4.7. (a) CH4 and (b) NO conversions, as well as H2 (red) and O2 (black) MS signals during heating (―) and cooling 

(---), under static (-o-) and SRP (―) wet lean concentrated conditions in the presence of CH4/CO/NO/H2O. (c) Inset 

between 420 and 500 °C. (d) Inset between 520 and 600 °C. The orange line in insets c and d represents CH4 conversion 

under SRP lean concentrated conditions during the heating ramp in the presence of CH4/H2O. Conditions: 1 vol% CH4, 1 

vol% NO, 4.6 vol% CO, 7.6 vol% O2, 5 vol% H2O; WHSV = 240 Lh-1g-1. 

Furthermore, a positive hysteresis is visible in the cooling segment in the CO/CH4/H2O feed, wherein CH4 

conversion reached 82 % at 300 °C (40 % higher compared to the heating segment; Figure 4.6a). On the 

contrary, the presence of NO induced a negative hysteresis, during which the activity was never fully recovered 

(ca. 90 % maximum CH4 conversion; Figure 4.7a, Figure 4.8a), confirming the inhibiting effect of NO on CH4 
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Moreover, CO was always fully converted during the catalytic tests but CO slips were observed during the 

O2 cut-offs (Figure B5), which are due to either unreacted CO or partial CH4-SR. Interestingly, when CO was 

detected in the reducing pulses, CH4 conversion increased only after the disappearance of CO (insets of Figure 

B5), suggesting that CO inhibits CH4 oxidation.  

Finally, in the presence of NO, a sharp increase in NO conversion up to ca. 60-70 % was observed in the 

reducing pulses (Figure 4.7b, Figure 4.8b).  

 

Figure 4.8. (a) CH4 and (b) NO conversions, as well as H2 (red) and O2 (black) MS signals during heating (―) and cooling 

(---), under static (-o-) and SRP (―) wet lean concentrated conditions in the presence of CH4/CO/NO/H2O. (c) Inset 

between 420 and 500 °C. (d) Inset between 520 and 600 °C. The orange line in insets c and d represents CH4 conversion 

under lean concentrated conditions during the heating ramp. Conditions: 1 vol% CH4, 1 vol% NO, 3 vol% O2,                           

5 vol% H2O; WHSV = 240 Lh-1g-1. 
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Spectroscopy results 

Figure 4.9a-b shows the operando XAS results achieved at 435 °C in the different gas feeds. While Pd 

reduction and surface oxidation rates were not affected by the composition of the gas mixture, the bulk oxida-

tion rate was significantly influenced by it.  

The presence of CO considerably accelerates the rate of PdO bulk growth compared to the CH4 feed (Figure 

4.9a). We ascribe this observation to the fast CO oxidation rate over the Pd particles in lean conditions, leading 

to rapid CO desorption from the surface and thus to the rapid release of Pd sites for O2 dissociation and diffu-

sion into the bulk [225,226]. The Pd species were completely oxidized by the end of the lean phase in the 

presence of CO (Figure 4.9a). On the other hand, NO appears to inhibit Pd bulk reoxidation since the PdO 

content only reached 65 % by the end of the lean phase, in marked contrast with the values achieved in 

CH4/H2O (75 %) and CH4/CO/H2O (100 %) feeds (Figure 4.9a). This is believed to originate from the high 

surface coverage of NO over the Pd0 sites formed in the reducing pulses, whose desorption is inhibited by the 

presence of O2 and the subsequent formation of PdO (in the lean phases). Indeed, NO dissociation requires 

two adjacent Pd0 sites, therefore when O2 is reintroduced in the feed after a reducing pulse, the amount of 

neighbouring Pd0 sites decreases, and NO is blocked on the Pd surface sites [69–71]. The poisoning of the 

surface Pd sites by the NO molecules limits the number of available Pd sites for O2 to adsorb and dissociate 

on, which in turn slows down the PdO bulk growth. In the CH4 feed, Pd bulk oxidation was slower than in the 

presence of CO but faster than with NO. Hence, CH4 limits Pd bulk oxidation due to its slower reaction rate 

compared to CO. In CH4/CO/NO/H2O feed, the kinetics of bulk oxidation was predominantly ruled by the 

presence of CO, likely due to both, the high CO concentration compared to the other pollutants, the fast CO 

oxidation rate, and the possible release of NO on the Pd0 surface via reaction with CO [235-236]. Oxidation 

was however slower than in the CH4/CO/H2O feed due to the discussed inhibitory effect of NO.  

The conversions of CH4 achieved during the operando XAS measurements performed at 425 °C in the 

different gas feeds (Figure B6) show that the activity after a reducing pulse was fully recovered only once the 

PdO content was above 35 % which, according to the optimal window of Pd0 content presented in Figure 4.5, 
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corresponds to the minimum PdO content necessary to achieve high CH4 conversions. Because Pd bulk oxi-

dation was faster in the presence of CO, the optimal PdO content (> 35 %) was reached earlier than in the 

presence of NO, and therefore the recovery of activity after an O2 cut-off was faster.  

Finally, the catalyst remained reduced longer in NO/CH4/H2O compared to the other gas compositions 

(Figure 4.9b), demonstrating that the presence of NO maintains the Pd species in their reduced state longer. 

  

Figure 4.9. Pd0 content measured at (a-b) 435 °C and (c-d) 575 °C in the presence of (blue) CH4/H2O,                                 

(green) CH4/NO/H2O, (black) CH4/CO/H2O, and (red) CH4/NO/CO/H2O under SRP wet lean concentrated conditions         

(a) over three cycles, (b) inset of one cycle. Conditions: (blue) 1 vol% CH4, 4 vol% O2, 5 vol% H2O;                                     

(green) 1 vol% CH4, 1 vol% NO, 3 vol% O2, 5 vol% H2O; (black) 1 vol% CH4, 4.6 vol% CO, 8.6 vol% O2, 5 vol% H2O; 

(red) 1 vol% CH4, 1 vol% NO, 4.6 vol% CO, 7.6 vol% O2, 5 vol% H2O; WHSV = 240 Lh-1g-1. 

At 575 °C, the LCF analysis revealed that the kinetics of surface and bulk oxidation were similar for all gas 

feed compositions (Figure 4.9c-d). In the reducing pulse, only metallic Pd was present which promoted CH4-

SR and high conversion of all pollutants simultaneously (Figure 4.9c-d, Figure B7). In the lean phase, only 17 
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% PdO formed, suggesting that only the Pd surface species oxidized. The presence of a dense chemisorbed 

oxygen layer around the Pd0 core in the lean phase leads to limited activity recovery after a reducing pulse is 

applied (Figure B7). These results demonstrate that the limited reoxidation of the Pd species at high tempera-

tures is an intrinsic property of the material rather than related to the composition of the feed. Moreover, at 

this temperature, the inhibition effect of NO on the reoxidation of Pd0 was even more evident from the delayed 

reoxidation observed after a reducing pulse.  

In summary, CO appeared to considerably improve CH4 abatement in SRP mode since it allowed activating 

the catalyst at a lower temperature than CH4. Therefore, high CH4 conversion levels were obtained already at 

300 °C. The operando XAS results showed that the fast CO reaction rate over Pd induced the formation of 

vacant Pd sites for dissociative O2 adsorption, leading to rapid and complete reoxidation of the Pd particles 

within the 5 min lean phase of SRP. The presence of NO, however, limited the PdO growth due to blockage 

of the Pd0 sites by the NO adsorbed on the surface in the rich pulses. At high temperatures (> 550°C), the 

catalytic behaviour and the Pd redox dynamics under SRP operation were similar for all gas feed compositions. 

In a reducing pulse, full reduction to Pd0 promoted both, CH4-SR and NO reduction, whereas in the lean phase 

a surface oxide layer systematically formed around the Pd0 particles, thus inhibiting both Pd bulk oxidation 

and CH4 oxidation by O2. 

4.3.3 Effect of oxygen and pollutants partial pressures  

4.3.3.1 O2 partial pressure 

The effect of the oxygen partial pressure on CH4 abatement was evaluated under stoichiometric conditions 

(λ = 1) at the same pollutant concentrations used above (Table 4.1 and 4.2). 

Figure B8a, c show that under static conditions an important negative hysteresis was observed with all gas 

feeds. In CH4/H2O and CH4/CO/H2O feeds, the activity dropped abruptly as soon as the temperature was de-

creased, and was followed by partial activity recovery below ca. 500 °C. This behaviour is typically associated 
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with the decomposition of PdO species at high temperatures  [64,224,227,228], which leads to the fast for-

mation of a stable but less active saturated layer of chemisorbed oxygen around a Pd0 core when the tempera-

ture is decreased [224]. Under such conditions, further oxidation of the Pd particles occurs only at lower tem-

peratures (T = 500 °C in this case), where PdO is thermodynamically favoured over Pd0 at this O2 partial 

pressure [224,229]. As a result, CH4 conversion increases. Such phenomenon was not observed under lean 

conditions because the temperature at which PdO decomposes depends on the O2 partial pressure and requires 

higher temperatures than 600 °C [227]. In presence of NO (Figure B8b, d) CH4 conversion decreased monot-

onously with decreasing temperature in line with the above results, implying that Pd0 does not oxidize at low 

temperature with NO and that NO inhibits bulk oxidation of Pd.   

 

Figure 4.10. (a) CH4 and (b) NO conversions, as well as H2 (red) and O2 (black) MS signals during heating (―) and 

cooling (- - -) ramps, under SRP wet stoichiometric concentrated conditions, in the presence of CH4 /NO/CO/H2O/O2.    

(c) Inset between 420 and 500 °C. (d) Inset between 520 and 600 °C. The orange line in insets c and d represents CH4 

conversion under lean concentrated conditions during the heating ramp. Conditions: 1 vol% CH4, 1 vol% NO,                      

4.6 vol% CO, 3.8 vol% O2, 5 vol% H2O; WHSV = 240 Lh-1g-1.  
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Under SRP conditions in the full gas feed (Figure 4.10), CH4 conversion reached 20 % at 300 °C, which 

from the discussion above and Figure B9 was attributed to the presence of CO. On the other hand, long and 

limited activity recovery was observed after each reducing pulse for all gas mixtures compared to lean condi-

tions (Figure B9-10), regardless of the temperature. The phenomenon was exacerbated in the presence of NO. 

Hence, it can be concluded that under stoichiometric conditions, the slow activity recovery after each O2 cut-

off was related to the low O2 partial pressure, while the presence of NO further inhibited the activity recovery 

process (cf. Pd oxidation). Due to the lower O2 concentration flown to the system, the Pd species reduced at 

lower temperatures compared to lean conditions, as confirmed by XAS measured at 435 °C (Figure 4.11a vs 

Figure 4.9) as well as by the breakthrough of H2 at ca 338 °C (Figure 4.10a). In turn, this promoted spikes in 

conversions of both, CH4 and NO as the pulses were performed. However, when complete Pd reduction is 

achieved, only limited PdO bulk growth was obtained in the lean phases, which consequently led to a rapid 

decrease in CH4 conversion (Figure 4.11). Hence, under these conditions, because Pd reduction is induced at 

ca 338 °C, moderate CH4 oxidation by O2 is observed in the lean phase above this temperature.   

In the full gas feed, the Pd0 content only reached 70 % by the end of the lean phase at 435 °C compared to 

full re-oxidation under lean conditions. This suggests that under stoichiometric conditions the presence of CO 

did not increase the rate of bulk oxidation of Pd (Figure 4.11a). According to Engel et al. [225] when the 

CO:O2 ratio is higher than 0.33, each oxygen ad-atom immediately reacts making the oxygen adsorption rate 

limiting. On the contrary, when the CO:O2 ratio is lower than 0.33, the oxygen coverage increases and the 

reaction rate becomes independent of the O2 partial pressure. Under the present conditions, CO:O2 > 0.33 (3.8 

vol% O2, 4.6 vol% CO) which therefore supports the results reported by Engel et al. [225]. On the other hand, 

it appears that Pd bulk oxidation was faster in the CH4 feed than in CH4/CO/H2O (Figure B11) most probably 

due to the slower reaction rate of CH4 oxidation compared to CO oxidation leading to longer O2 residence time 

on the catalyst surface, and a thus higher probability for O2 to diffuse into the particle.   

At high temperatures (> 550 °C), the overall conversion increased with temperature and both, CH4 and NO 

conversions reached almost 100 % at 600 °C (Figure 4.10). However, the high activity vanished as soon as the 
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temperature was decreased, and remained low in the lean phases during the entire cooling segment. Nonethe-

less, NO reduction still increased in each pulse and remained high for longer as long as the catalyst was in its 

reduced state.  

 

Figure 4.11. CH4 and NO conversions, Pd phase content (PdO / Pd), and H2 MS signals at (a) 435 °C (b) 575 °C under 

SRP wet stoichiometric concentrated conditions in the presence of CH4/CO/NO/H2O. Conditions: 1vol% CH4,                        

1 vol% NO, 4.6 vol% CO, 3.8 vol% O2, 5 vol% H2O; WHSV = 240 Lh-1g-1.  

These findings show that under such stoichiometric conditions, complete Pd reduction can be triggered at 

lower temperatures than under lean concentrated conditions. As a consequence, high NO and CH4 conversions 

could be achieved at lower temperatures as NO reduction and CH4-SR are efficient over Pd0 species. However, 

this also inevitably leads to limited abatement rates in the lean phase due to the formation of Pd surface oxide 

species (see comparative graph in Figure B10). Overall, under stoichiometric conditions, SRP operation has a 

detrimental effect on the activity.   
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4.3.3.2 Reactant partial pressure 

A lower O2 partial pressure was further evaluated under lean conditions (λ = 2) by decreasing the pollutants 

concentrations (diluted conditions; see Table 4.1-2).  

Under SRP operation (Figure 4.12), CH4-SR was promoted in the reducing pulses already in the tempera-

ture regime I leading to improved conversion rates, but limited activity in the lean phases. Hence, despite the 

lean conditions, full catalyst reduction was achieved already at low temperatures and maintained for long times 

as confirmed by the operando XAS experiments at 435 °C (Figure 4.13). Hence, under these conditions, the 

catalytic behaviour seemed to be guided by the low O2 partial pressure rather than the lean conditions (Figure 

4.12; Figure B12).  

 

Figure 4.12. (a) CH4 and (b) NO conversions as well as H2 (red) and O2 (black) MS signals under SRP wet lean diluted 

conditions in the presence of CH4/CO/NO/H2O. Conditions: 0.15 vol% CH4, 0.16 vol% NO, 0.7 vol% CO, 1.14 vol% O2, 

5 vol% H2O; WHSV = 240 Lh-1g-1.  
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 The LCF analysis of the experiment performed at 435 °C demonstrated that the catalyst fully reduced in a 

reducing pulse and remained in this state longer than under lean concentrated conditions but shorter than under 

stoichiometric concentrated conditions (Figure B13). In the lean phase, Pd oxidation occurred faster and to a 

higher extent compared to stoichiometric concentrated conditions (Figure B13). CH4 conversion achieved un-

der lean diluted conditions and stoichiometric concentrated conditions were similar (ca. 80 %) though the Pd 

species were more oxidized in the former case. These results show that Pd reoxidation was influenced by the 

relative O2 concentration (cf. λ value), whereas the activity was ruled by the total O2 partial pressure. It is also 

clear that when working with diluted concentrations the optimal PdO window to achieve high CH4 activity is 

shifted towards higher PdO content. This is especially apparent when overlapping the Pd content, and CH4 

conversion obtained when feeding only CH4, under the different conditions evaluated (Figure B14). The Pd 

reoxidation kinetics under stoichiometric concentrated and lean diluted conditions were similar but the con-

version values under lean diluted conditions were always 20 % lower. Moreover, in the presence of all pollu-

tants, when the PdO content was around 45 %, conversion reached 70 % under lean diluted conditions, 80 % 

under stoichiometric concentrated conditions, and 95 % under lean concentrated conditions.  

Calculations of the apparent activation energy (EA,app) and the collision factor (A) were performed using 

the results obtained in SRP conditions with only CH4 (Table 4.3) while EA, app increased with decreasing pol-

lutant partial pressures. The frequency factor decreased considerably with the partial pressure of O2 and pol-

lutants due to the likeliness for collisions to occur. Hence, as the activity is strongly dependent on the frequency 

factor, which in turn depends on the reactants' partial pressures the efficiency of CH4 oxidation by O2 will 

decrease as the concentration of the reactant in the feed decreases.   

Table 4.3. Apparent Activation Energy (EA,app) and collision factor (A) under SRP mode calculated from the 1st heating 

ramp in the presence of CH4/ H2O. Conditions: see Table 4.1-2, WHSV = 240 Lh-1g-1.  

 

  

  

Concentrated conditions Diluted conditions 

Lean cond. Stoich. cond. Lean cond. Stoich. cond. 

EA,app [kJ mol-1] SRP op. 70 ± 4.0 108.8 ± 6.1 117.3 ± 0.9 125.2 ± 1.0 

A [-] SRP op. 1018 ± 0.01 0.01 ± 0.01 0.003 ± 0.02 0.0005 ± 0.02 



Chapter 4 

 

 

  

95 

Finally, a comparison of the temperatures at which CH4-SR started over metallic Pd species under SRP 

operation (Table 4.4), reveals that CH4-SR occurred at lower temperatures under lean diluted conditions, in 

the presence of CH4/H2O than under stoichiometric concentrated conditions since the O2 partial pressure was 

lower despite the excess O2, and the pollutants concentrations were lower. Therefore, the temperature at which 

Pd reduces was strictly related to the O2 partial pressure rather than the lambda value considered.  

 

Figure 4.13. CH4 and NO conversions, Pd phase content (PdO / Pd), and H2 MS signals at (a) 435 °C (b) 575 °C under 

SRP wet lean diluted conditions in the presence of CH4/CO/NO/H2O. Conditions: 0.15 vol% CH4, 0.16 vol% NO,              

0.7 vol% CO, 1.14 vol% O2, 5 vol% H2O; WHSV = 240 Lh-1g-1.  

These results demonstrate the importance of considering the effect of the partial pressure of the reactants 

(including O2) and not only the lambda values when discussing the Pd species in action for CH4 abatement. 

Indeed, while the lambda value and O2 partial pressure affect the extent of Pd oxidation, the partial pressure of 

the reactants (excluding O2) influences the collision factor, and thus modifies the optimal Pd window to achieve 

high CH4 oxidation rates by O2. Therefore, new optimal Pd windows need to be established when the CH4 

concentration is modified.   
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Table 4.4. Temperature at which CH4-SR is promoted by a reducing pulse under SRP wet conditions in the presence of 

CH4/H2O and CH4/CO/NO/H2O. Conditions: see Table 4.1-2, WHSV = 240 Lh-1g-1.  

 

Start of CH4-SR [°C] 

CH4/H2O CH4/CO/NO/H2O 

Lean concentrated cond. 557 560 

Stoichiometric concentrated cond. 501 442 

Lean diluted cond. 380 325 

Stoichiometric diluted cond. 327 325 

   

4.3.4 Simulated exhaust feed of NG engines operated under stoi-

chiometric conditions  

Finally, SRP operation was applied to the exhaust feed of stoichiometric NG engines (diluted concentra-

tions and λ = 1; Figure 4.14). The activity was similar to that achieved under lean diluted and stoichiometric 

concentrated conditions up to 475 °C but when a reducing pulse was performed, the conversions remained 

high longer. Above 475 °C, CH4 and NO conversions remained high and did not oscillate as a result of the O2 

cut-offs. The constant H2 formation proved that CH4-SR occurred in this conversion regime. LCF analysis 

obtained from operando XAS experiments at 435 °C, showed that the catalyst was fully reduced by a rich 

pulse, and re-oxidation reached only 20 % PdO by the end of the lean phase (Figure B15a). At 575 °C the 

catalyst was fully reduced over the entire O2 cut-off cycle (Figure B15b). This behaviour was common to all 

gas compositions evaluated in this work (Figure B16-17). 
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Figure 4.14. (a) CH4 and (b) NO conversions, as well as H2 (a; red) and O2 (a; black) MS signals during heating (―) 

and cooling (- - -) ramps, under SRP wet stoichiometric diluted conditions, in the presence of CH4/CO/NO/H2O.            

Conditions: 0.15 vol% CH4, 0.16 vol% NO, 0.7 vol% CO, 0.57 vol% O2, 5 vol% H2O; WHSV = 240 Lh-1g-1.  

 

4.4 Conclusion 

In this work, repeated short reducing pulses (SRP; O2 cut-off 3 s every 5 min) were performed on a Pd/Al2O3 

catalyst, to gain insight into the effect of each pollutant present in the exhaust feed of stoichiometric NG en-

gines, on CH4 oxidation and the Pd redox dynamics. We demonstrated, that both Pd0 and PdOx species are 

active for CH4 oxidation but through different oxidation pathways. While a PdO content between 0 and 80 % 

allows for CH4 oxidation by O2 to take place (but with limited NO reduction), the ubiquity of Pd0 promotes 

CH4 steam reforming as well as complete NO reduction. However, when the catalyst undergoes full reduction, 

a dense oxide layer forms around the Pd0 core corresponding to a Pd0 content between 80 and 98 % that greatly 

inhibits both, CH4 oxidation by O2 and Pd bulk reoxidation. The extent of Pd reoxidation depends on both, the 
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lambda value and the O2 partial pressure while the rate of Pd oxidation is only affected by the O2 partial pres-

sure. On the other hand, the partial pressure of the pollutants influences the collision factor, and thus modifies 

the optimal Pd window to achieve high CH4 oxidation rates by O2. The optimal Pd content shifts to increased 

PdO content with decreasing pollutants partial pressures regardless of the lambda ratio used.  

The presence of CO in the reactive mixture, under lean conditions, permits rapid release of vacant Pd sites 

for O2 to dissociatively adsorb on, leading to fast and complete reoxidation of the Pd particles within the lean 

phase. Nonetheless, since the O2 partial pressure plays a crucial role in the Pd reoxidation kinetics if it is lower 

than that of CO (i.e. stoichiometric conditions), the reoxidation of Pd is limited when O2 is re-introduced in 

the feed. On the other hand, NO inhibits PdO growth due to site blockage of the Pd0 surface species generated 

during the O2 cut-offs, which consequently inhibits O2 adsorption and dissociation on Pd.  

SRP operation was only beneficial for lean CH4 oxidation at temperatures below 525 °C. When the O2 

partial pressure in the reactive feed was decreased compared to lean CH4 oxidation conditions (cf. 4 vol%), 

the overall activity achieved in SRP mode decreased. Indeed, lower O2 concentrations induce full reduction of 

the Pd species in the O2 cut-offs, which promotes high conversion levels but leads to low activity as soon as 

the O2 is replenished in the lean phases of the pulses, due to the formation of a dense chemisorbed oxygen 

layer around the Pd0 core. Since the lean phases of the pulses are significantly longer than the O2 cut-offs (5 

min compared to 3 s), the overall catalytic activity achieved is low when the O2 partial pressure in the feed is 

decreased to reach stoichiometric conditions. 

Therefore, the results demonstrate the importance of designing pulsing protocols that are adapted to the 

working conditions (i.e. temperature, O2 concentrations, pollutant concentrations, catalysts) as well as to the 

intended effect of the pulses. In the case of stoichiometric NG engines, the aim would be to apply pulsing 

conditions that can maintain the presence of Pd0 while limiting the formation of less active PdO surface species. 

For that shorter lean/rich O2 pulses of smaller amplitudes and higher frequencies are necessary. 
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  Assessing the effect of O2-dithering 

on CH4 oxidation on Pd/Al2O3 

 

5.1 Introduction 

The results obtained up to now provided important information on the chemistry of CH4 removal from 

material and catalytic standpoints, but the pulses applied (short reducing pulses) were not optimal to achieve 

high pollutant conversions over a broad range of conditions (i.e. temperature, gas feed composition, λ value). 

Periodic lean/rich O2 pulses of smaller amplitude and higher frequency (also referred to as O2-dithering) are 

more suited to optimize the activity of Pd-based TWCs for CH4 oxidation [57,59,72,151,162,168]. 

In this Chapter, we show that we can estimate and anticipate the effect of O2-dithering on CH4 oxidation 

pathways (by O2 or by H2O) as well as the overall catalytic activity on an OSC-free TWC, Pd/Al2O3, by taking 

into account the O2 concentration present in the reactive environment at a given point in time (i.e. exhaust gas 

composition, temperature, dithering amplitude, and frequency). This is crucial to realize a close-loop control 

strategy for emission control [230,231]. The O2 concentration was calculated based on the conversion levels 

of CO, NO, and CH4, which were related to the temperature, as well as to the real O2 concentration present in 

the lean and rich phases of the pulses. In turn, the real O2 concentration in the pulses depends on the setup 

geometry and the dithering parameters (amplitude and frequency), which need to be evaluated beforehand. 

Our calculations were assessed and validated under various feed conditions and were proven to be reliable and 

applicable to a broad range of working conditions. The novelty of this work lies in the proof that an OSC-free 

TWC as simple as Pd/Al2O3 can be efficient towards CH4 abatement under appropriate O2-dithering conditions 

and that the resulting catalytic activity can be readily understood and anticipated.  
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5.2 Materials  

The catalyst, 1.6 wt% Pd/γ-Al2O3 doped with lanthanum (4 wt%), was kindly provided by Umicore in 

powder form.  

The amount of O2 provided by the Pd redox for the 50 mg of sample loaded in the reactor, is 2 umolO2 (600 

ppm) at 450 °C, hence the contribution of O2 from the Pd0/PdO redox is neglected in this work, and the catalyst 

is considered as OSC-free material. 

 

5.3 Results and discussion  

5.3.1 Static operation 

 

Figure 5.1. (a) Powder X-ray diffraction of calcined Pd/Al2O3 and γ-Al2O3. (b) Dark-field HAADF-STEM image and 

particle size distribution of Pd/Al2O3. 

The Pd/Al2O3 catalyst consisted of PdO nanoparticles with a diameter of ca. 2.7 nm (d = 41 %) dispersed 

on γ-Al2O3 and exhibited a specific surface area of 150 m2g-1 (Figure 5.1). After exposure to 1500 ppm CH4 
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and 3000 ppm O2 at 600 °C for 30 min and cooling to the desired temperature, the linear combination fit of 

the XANES spectra indicated that the catalyst was fully oxidized (Figure C1). When exposed to the stoichio-

metric feed, 60-70 % of the catalyst was reduced to metallic Pd.  

Static experiments performed under slightly lean conditions (5980 ppm O2, λ = 1.001) induced full CH4 

conversion at 600 °C (Figure 5.2a). CH4 conversion increased at a rate of 10.2 umolCH4
/molPd/s  up to 465 °C, 

followed by 1.9 umolCH4
/molPd/s until 600 °C. The change in reaction rate at 465 °C coincided with the full 

consumption of O2 (Figure 5.2b). Under these conditions, the feed contained enough O2 to allow for full CO 

and 82 % CH4 conversion at 465 °C. Above this point, the remaining CH4 needed to be oxidized by the oxygen 

carried by NO. The linear combination fit (LCF) analysis of the operando Pd K-edge XAS measurements 

showed that under these conditions NO conversion began only when the catalyst started reducing to a higher 

extent than its initial state (Figure 5.3a-b). From the lab-scale catalytic activity results, this situation corre-

sponded to nearly full consumption of O2 fed to the catalyst (450 °C, Figure 5.2b). Finally, NO conversion 

reached a maximum of 84 % at 600 °C (Figure 5.2b). CO was never detected while the CO2 concentration 

increased with increasing CH4 conversion (Figure C2). 

Under stoichiometric conditions (5700 ppm O2, λ = 1.000), three different conversion regimes were ob-

served (Figure 5.2). The first two conversion regimes (referred to as low conversion regimes) were related to 

CH4 oxidation by O2, wherein the reaction rate was 10.2 umolCH4
/molPd/s  up to 446 °C and 1.9 

umolCH4
/molPd/s until 500 °C due to O2 depletion from the reactive environment. The amount of O2 in the feed 

allowed converting 73 % CH4, which was consistent with the decrease in reaction rate (446 °C). The third 

conversion regime (> 475 °C; high conversion regime) was characterized by rapid and complete NO and CH4 

conversion as well as by H2 formation, attesting to the occurrence of methane steam reforming (CH4-SR) and 

water gas shift (WGS). CO formation was not observed even in this third conversion regime (Figure C3). This 

regime coincided with the fast and complete reduction of the Pd species, as confirmed by the operando XAS 

measurements performed under slightly rich conditions (5415 ppm O2, λ = 0.998; Figure 5.3c-d). After a slow 

increase of the fraction of PdO, the third kinetic regime started at ca. 375 °C and was accompanied by the rapid 
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complete reduction of the catalyst (Figure 5.3c-d) [59]. In coincidence to the start of the third conversion 

regime, the rate of CH4 conversion (Figure 5.3d) and the rate of PdO reduction (Figure 5.3c) were 32.48 and 

32.82 %/min between 370 and 383 °C, respectively, demonstrating the close relationship between the two 

processes. In these experiments, CH4 conversion also displayed a very similar kinetic behaviour to that ob-

served in the catalytic reactor (Figure 5.2), even though, the temperatures at which the different regimes occur 

differ because the reactor configuration, catalyst mass, gas flow, heaters, and temperature controllers were 

different. 

 

Figure 5.2. (a) CH4 and (b) NO conversion as well as MS signals of (a) H2 and (b) O2 during heating ramps under 

static lean (5980 ppm O2; λ = 1.001), stoichiometric (5700 ppm O2; λ = 1.0), rich_1 (4845 ppm O2; λ = 0.996) and rich_2 

(4275 ppm O2; λ = 0.993) conditions. Conditions: 1500 ppm CH4, 1600 ppm NO, 7000 ppm CO, variable O2,                            

5 vol% H2O; WHSV = 240 Lh-1g-1. 

The same kinetic behaviours were observed when the O2 concentration was further decreased (Rich_1, 

Rich_2; Figure 5.2). However, the richer the conditions, the more the kinetic regimes shifted to low tempera-

tures. This behaviour was emphasized by shifting the conversion curves of CH4, and thus NO, to approximately 
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the same light-off temperature (Figure C4). The result shows that the profiles perfectly overlap in the low 

conversion regime and the changes in the kinetic regimes occurred at different temperatures depending on the 

O2 concentration in the feed. This demonstrates that the system is predictable. Under rich conditions, CO 

breakthrough (up to 250 ppm at 600 °C) occurred concurrently with the decrease in CO2. The CO slip arises 

from either, incomplete CH4-SR, lower efficiency of the water gas shift, or oxidation reactions [57,151,169]. 

If NO conversion is plotted as in Figure 5.2b but against the actual O2 concentration present in the feed 

([O2]real, Figure C5a), it becomes clear that NO reduction starts at the same O2 level (184 ppm) irrespective of 

the initial O2 concentration ([O2]initial). The theoretical O2 concentration present in the feed ([O2]th), calculated 

from [O2]initial as well as the pollutants concentrations and conversions (Equation 2.4) and plotted together with 

NO conversion (Figure C5b), demonstrates that CH4-SR started always at the same O2 level (84 ppm). 

 

Figure 5.3. Temporal evolution of (a, c) Pd phase content (PdO / Pd) and temperature as well as (b, d) CH4 and NO 

conversion under (a-b) static lean conditions (5980 ppm O2; λ = 1.001) and (c-d) static rich conditions (5415 ppm O2,      

λ = 0.998). The MS signal of H2 is shown in (b) and (d). Conditions: 1500 ppm CH4, 1600 ppm NO, 7000 ppm CO,             

5 vol% H2O; λ = 1 ± 0.018; WHSV = 240 Lh-1g-1. 
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  [O2]th provides additional information about the ongoing chemistry compared to [O2]real measured at the 

outlet of the reactor. For example, under slightly lean conditions, [O2]th was always higher than necessary to 

achieve high CH4 conversion (> 84 ppm, Figure C5b), justifying the low NO conversion measured at 600 °C. 

In contrast, [O2]real only showed that the O2 was fully consumed above 465 °C (Figure C5a). Furthermore, the 

constant level of [O2]th. observed for all conditions once all [O2]initial was consumed (Figure C5b) indicates that 

despite the increase in CH4 and NO conversion with increasing temperature, the amount of O2 involved in the 

process is constant. Therefore, as soon as an oxygen atom is released by NO, it is consumed by CH4, demon-

strating that once all the O2 initially present was consumed, CH4 relied on NO to convert. This result proves 

that CH4 and NO conversions are correlated, once [O2]initial is fully consumed [57,59,72], and that from this 

moment on, NO reduction is the limiting step for CH4 oxidation. This is emphasized by flowing various gas 

compositions over the catalyst, with and without NO, under stoichiometric conditions (Figure C6). Indeed, 

CH4 oxidation by O2 was only slowed down in the presence of NO, as soon as O2 was depleted. Furthermore, 

the transition from PdO to Pd0 was shown to be smoother in the presence of NO, indicating that NO slows 

down the transition from the first/second, and third kinetic regime [59]. 

5.3.2  O2-dithering operation 

Since the catalytic behaviour of Pd/Al2O3 towards CH4 oxidation appears to be predictable, the knowledge 

gained from static conditions was applied to the O2-dithering operation. In this study, symmetric O2 pulses 

were performed around stoichiometry using different pulsing amplitudes and frequencies. 

The amplitude changes were performed by adding a precise amount of O2 ([O2]pulsed) periodically to a con-

stant O2 feed ([O2]baseline; Figure 5.4a) to reach an average concentration of 5700 ppm O2, corresponding to λ = 

1.000. Therefore, higher amplitude resulted in a lower [O2]baseline (Figure 5.4b). The rich phase of the pulses 

refers to the phase where only the [O2]baseline is seen by the catalyst, whereas the lean phases consist of the 

combination of both [O2]baseline and [O2]pulsed to reach an average of 5700 ppm O2 (Figure 5.4). Figure 5.5, 

depicts the O2 concentration expected in the rich phases ([O2]baseline) and in the lean phases ([O2]baseline + 

[O2]pulsed) of the pulses. It is clear that as the pulsing amplitude increases, the O2 concentration decreases in the 
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rich phases of the pulses and increases in the lean phases of the pulses. Nonetheless, the average O2 concen-

tration remains the same regardless of the pulsing amplitude used. Moreover, the dithering frequency defines 

the length of the O2 pulses but not the amount of O2 available in the rich and lean phases of the pulses. There-

fore, the O2 concentration available in the system should be independent of the frequency used.   

 

Figure 5.4. Scheme of the alternate symmetric pulses taking as example various amplitudes around stoichiometry at a 

frequency of 0.05 Hz. The horizontal black dashed line indicates the value of 5700 ppm O2, corresponding to λ = 1.000. 

 

Figure 5.5. O2 concentration expected in the rich and lean phases of the pulses, as well as on average. 
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If the pulses were fully efficient (i.e. 100 % of the desired O2 is pulsed in the lean phase and 0 % in the rich 

phase), the average O2 concentration throughout the pulsing sequence would be the same for all dithering 

parameters (amplitude and frequency; 5700 ppm O2; Figure 5.5). In reality, this is never the case, as the am-

plitude and frequency do affect the O2 concentration pulsed to the system due to the setup geometry. Blank 

experiments were performed at room temperature in the reactor filled with cordierite to evaluate the real O2 

concentration experienced by the catalyst, and thus the dithering efficiency, ηd (Equation 2.3). The results 

(Table C1, Figure 5.6) show that ηd was always less than 100 % in the lean phases and more than 0 % in the 

rich phases, proving that the pulses were not fully efficient. The ηd decreased with decreasing amplitude due 

to decreasing O2 concentration pulsed and with increasing frequency due to the increasingly shorter opening 

time of the pulsing valves. It can be further explained by the fact that the pulse sequences appear as half-

sinusoidal waves rather than ideal square waves because of the setup geometry (Figure 5.6). Hence, [O2]real 

was lower than the aimed concentration ([O2]expected) in the lean phases and higher in the rich phases (Figure 

5.7; Table C2). As our calculations rely on the O2 concentration present in the feed, it is crucial to precisely 

evaluate the amount of O2 present in the lean and rich pulses, to implement the correct ηd value (Equation 2.5). 

An example is given in Figure 5.7. The results are shown for two frequencies, 0.05 and 0.1 Hz, and various 

amplitudes, 5130, 4560, 3990, 2850, and 1710 ppm O2. It is seen that the [O2]expected,  was always lower than [O2]real 

in the lean phases of the pulses and higher than [O2]real in the rich phases of the pulses. Moreover, the average 

[O2]real was systematically lower than the average [O2]expected (5700 ppm). These observations are emphasized 

with increasing frequency.  
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Figure 5.6. Dithering efficiency, ηd, obtained when pulsing 1000 ppm O2/Ar in Ar (WHSV = 240 Lh-1g-1) at room            

temperature at different amplitudes and frequencies. The pulsing flows correspond to the flows needed to reach ampli-

tudes of (a) + 5130, (b) + 4560, (c) + 3990, (d) + 2850, and (e) + 1710 ppm O2 around stoichiometry (1500 ppm CH4, 

1600 ppm NO, 7000 ppm CO, 5 vol% H2O). For each amplitude, frequencies of 0.025, 0.033, 0.05, 0.1, 0.2 and 0.5 Hz 

were used.   
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Figure 5.7. [O2]expected and [O2]real present in the rich (red), lean (blue) phases of the pulses, as well as on average (yel-

low), as function of the pulsing amplitude for frequencies of (a) 0.05 Hz, and (b) 0.1 Hz.  

 

5.3.2.1 Effect of temperature 

Symmetric pulses were applied at dithering conditions of 3990 + 3420 ppm O2 (λ = 1 ± 0.018) and 0.05 

Hz, while the temperature was increased from 400 to 440 °C in 5 °C steps. As CH4 and NO conversions 

contribute to [O2]th (Equation 2.5), it is important to be aware of the catalytic activity of these pollutants at 

each temperature. Therefore, CH4 (12 %) and NO (10.5 %) conversions were retrieved from a static isothermal 

experiment performed at 400 °C. Then, CH4 conversion was recalculated as a function of temperature by ap-

plying the reaction rate determined from the stoichiometric temperature ramp (10.2 umolCH4
/molPd/s; Figure 

5.2a, Table 5.1), which as mentioned above is valid up to 465 °C when working under stoichiometric condi-

tions. Since NO conversion remained at ca. 10.5 % until all the O2 was consumed, this conversion value was 

kept constant throughout the calculations for all temperatures considered.  
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Table 5.1. CH4 and NO conversions in the low conversion regime (oxidation by O2) and corresponding theoretical O2 

concentration in the rich and lean pulses, and the average of both, when performing O2-dithering (3990 + 3420 ppm O2 

and 0.05 Hz). The initial CH4 and NO conversion values were retrieved from the static isothermal experiment at 400 °C; 

then CH4 conversion was calculated based on the reaction rate (10.2 umolCH4
/molPd/s). Conditions: 1500 ppm CH4,          

1600 ppm NO, 7000 ppm CO, 5 vol% H2O; λ = 1 ± 0.018; WHSV = 240 Lh-1g-1. The start of the high NO reduction is 

indicated in bold ([O2]th < 184 ppm) while the high conversion regime is shown in red ([O2]th < 84 ppm). 

Temperature 

[°C] 

CH4 conver-

sion [%] 

NO conver-

sion [%] 

[O2]th_lean
 a,b 

[ppm] 

[O2]th_rich
 a,b 

[ppm] 

[O2]th_average
a,b 

[ppm] 

400 12 10.5 1467 560 1014 

405 15.95 10.5 1349 442 895 

410 19.9 10.5 1112 323 718 

415 23.85 10.5 1112 205 658 

420 27.8 10.5 993 86 540 

425 31.75 10.5 875 -32 421 

430 35.7 10.5 756 -151 303 

435 39.65 10.5 638 -269 184 

440 43.6 10.5 519 -388 66 

a Considering NO conversion. 

b Adapting the O2 concentration seen by the catalyst based on the ηd (Table C1). 

 

 Before describing the results, the procedure used in this part of the work should be explained. First, 

the [O2] available in the system ([O2]real) in the rich and lean phases of the pulses, as well as on average was 

calculated (Figure 5.8a). The [O2]expected  (○, in Figure 5.8a) was calculated according to Equation 5.1 while 

[O2]real (□, in Figure 5.8a) was calculated according to Equation 5.2. Equations 5.1 and 5.2 can be derived for 

the lean and rich phases of the pulses.  

[O2]real_lean/rich  = [O2]baseline + [O2]expected        Equation 5.1 

[O2]real_lean/rich  = [O2]baseline + [O2]expected‧ηd_lean/rich       Equation 5.2 
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Since the same dithering conditions (3990 + 3420 ppm O2; and 0.05 Hz) were used for all temperatures, 

the [O2]real was the same throughout the experiment (Figure 5.8a; shown only for 400, 410, 420, 430, and 440 

°C). Then, the amount of O2 consumed by CO and CH4 oxidation and given by NO reduction was calculated 

by considering the pollutants conversions at the different temperatures evaluated (using Table 5.1; Figure 

5.8b). In this case, the amount of O2 consumed was dependent on the temperature (Arrhenius law). It should 

be mentioned that in Figure 5.8b the [O2] consumed and released by the reactants only depend on the temper-

ature and not on the [O2] present in the feed. Therefore, the values obtained for the rich and lean phases of the 

pulses (and on average) overlap as the same amount of O2 is consumed and released. Then, the amount of O2 

consumed and released by the reactants was substracted to the [O2]real for each temperature (Equation 5.3; 

Figure 5.8c). The O2 concentration calculated at this step corresponds in this study to the theoretical O2 con-

centration ([O2]th.). Finally, the [O2]th. values at which NO reduction and CH4-SR start were determined from 

the static temperature ramp experiments described in section 5.3.1 (184 and 84 ppm, respectively; green and 

blue horizontal lines).    

[O2]th_lean/rich = [O2]baseline + [O2]expected‧ηd_lean/rich – 0.5[CO]i‧XCO – 2[CH4]i‧XCH4 + 0.5[NO]i‧XNO Equation 5.3 

 

Figure 5.8. (a) [O2]expected (○) and [O2]real (□), (b) [O2] consumed and released by the pollutants, (c) [O2]th., in 

the rich (red), lean (blue) phases of the pulses, as well as on average (yellow), as a function of the temperature. 
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The green and blue horizontal lines represent the start of NO reduction and CH4-SR, respectively. Conditions: 

1500 ppm CH4, 1600 ppm NO, 7000 ppm CO, 5 vol% H2O; λ = 1 ± 0.018; WHSV = 240 Lh-1g-1.  

 Figure 5.9a shows that up to 415 °C, CH4 and NO conversions did not deviate significantly from the 

static values suggesting that the pulses did not affect the activity. Until this temperature, the O2 concentration 

calculated ([O2]th) from CH4 and NO conversions at the different temperatures (Figure 5.9c) was always 

higher than the value necessary to trigger NO conversion (184 ppm, Table 5.1), in both the lean and rich 

phases of the pulses. At 420 °C, the [O2]baseline in the rich phases was low enough to initiate NO reduction 

([O2]th_rich < 184 ppm; Table 5.1; Figure 5.9). Hence, high oscillations of NO conversion were induced be-

tween the rich and the lean phases (± 80 %; Figure 5.9). However, [O2]th_rich was too high to induce CH4-SR 

([O2]th_rich > 84 ppm). At 425 °C and up to 435 °C, the appearance of H2 revealed that CH4-SR occurred in the 

rich phases, which was also expected from the [O2]th_rich value ([O2]th_rich < 84 ppm in the rich pulses; Table 

5.1). However, the average O2 concentration over the rich and lean pulses, [O2]th_average, was much above 84 

ppm, justifying the absence of CH4-SR throughout the entire dithering cycle (Table 5.1). At 440 °C, the 

pulses caused full NO reduction and ca. 90 % CH4 conversion. At this temperature, [O2]th_average (66 ppm) was 

low enough to maintain CH4-SR over the entire dithering cycle despite the high O2 concentration in the lean 

periods ([O2]th_lean = 519 ppm; Table 5.1, Figure 5.9). 

It is important to mention that when CH4-SR was active in the high conversion regime, NO was fully re-

duced and thus released more oxygen on the catalyst surface than in the low conversion regime (100 % vs 10.5 

% conversion, respectively). This can alter our calculations and their robustness because they rely on the 

amount of available oxygen. For this reason, it is important to determine the theoretical O2 concentration also 

when NO conversion is 100 % instead of 10.5 %. Nonetheless, complete NO reduction implies that CH4-SR 

takes place as observed from the static experiments performed under various O2 concentrations (Figure 5.2). 

While the reaction sequence and detailed mechanisms are still unclear, it is accepted that when O2 is depleted 

in the reactive feed, CH4 and NO conversions are correlated [57,59,72]. Static experiments performed under 

stoichiometric conditions ([O2]initial = 5700 ppm) and under conditions that force CH4-SR to be the only reaction 

pathway for CH4 oxidation ([O2]initial = 2700 ppm, O2 fed only for CO oxidation while considering the presence 
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of NO) demonstrated, that CH4 conversion differs at low temperatures if CH4 is oxidized by O2 or by H2O 

(Figure C7). Hence, CH4 conversion needs to be adapted accordingly in the calculations for the high conversion 

regime (Table C3). The same approach as for CH4 oxidation by O2 was applied, but the main difference is that 

the input NO conversion for the calculations was 100 %, while the initial CH4 conversion at 400 °C (37.6 %) 

and the reaction rate (12 umolCH4
/molPd/s) were different. The results were similar to the calculations per-

formed in the low conversion regime (Table 5.1 and Table C3). Since under these conditions 100 % NO con-

version is considered, the [O2]th needed to activate CH4-SR is 0 ppm.  

 

Figure 5.9. (a) CH4 (blue) and NO (green) conversion, MS signals of H2 (red) and O2 (black), and concentration of            

N2O (orange; □) and NH3 (light blue; ○) at different temperatures (dashed grey) under O2-dithering conditions                     

(3990 + 3420 ppm O2 and 0.05 Hz). (b) Magnification of (a) to help visualize the O2 pulses. (c) [O2]th calculated from the 

low conversion regime, in the lean and rich phases of the pulses, and the average between the lean and rich phases.             

The black horizontal line represents the 84 ppm [O2]th. Conditions: 1500 ppm CH4, 1600 ppm NO, 7000 ppm CO,                      

5 vol% H2O; λ = 1 ± 0.018; WHSV = 240 Lh-1g-1. 
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The LCF of the operando XAS spectra obtained under the same dithering conditions while increasing the 

temperature showed that the high conversion achieved in each rich phase of the pulses (Figure 5.10b-b’) coin-

cided with a full reduction of the catalyst (Pd0/(Pd0+Pd2+) = 1; Figure 5.10a-a’) and with H2 evolution. How-

ever, partial Pd reoxidation in the lean phase of the pulses was concomitant to a drop in CH4-SR activity, 

monitored by the H2 signal (Figure 5.10b-b’). These results confirm that reduced Pd was involved in the high 

conversion regime ([O2]th < 84 ppm), whereas as soon as the Pd species reoxidized, even partially, lower con-

version was achieved. It is however difficult to comment further on the link between CH4-SR, Pd oxidation 

state, and surface composition with the data set we have. 

 

Figure 5.10. Temporal evolution of (a) Pd phase content (PdO / Pd) and temperature (grey) as well as (b) CH4 (blue) and 

NO (green) conversion under O2-dithering conditions (3990 + 3420 ppm O2 and 0.05 Hz). (c, d) Magnification of (a, b) 

to help visualize the pulses. The MS signal of H2 is shown in (b) and (d). Conditions: 1500 ppm CH4, 1600 ppm NO, 

7000 ppm CO, 5 vol% H2O; λ = 1 ± 0.018; WHSV = 240 Lh-1g-1. 
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conditions in which H2 formed and was detected by MS, N2O was replaced by NH3 arising from the reaction 

between NO and H2 [59,233]. When CH4-SR was promoted only in the rich phase of the pulses, both N2O and 

NH3 were observed, because of the low time resolution of the FTIR measurement (30 s/spectrum), which did 

not allow to follow the concentration of the two products in a full rich or lean pulse. We thus conclude that for 

this situation N2O was formed in the lean phases and NH3 in the rich phases [174]. Furthermore, CO slips were 

observed from 430 °C in the rich phases of the O2 pulses and at 440 °C ca. 270 ppm CO were detected over 

the full O2 dithering cycle (Figure C8). Hence, our results demonstrate that high conversion of both CH4 and 

NO occurs simultaneously to full Pd reduction, but at the expense of NH3 and CO slips. On the contrary, the 

loss of conversion in a lean environment is accompanied by a selectivity in favour of N2O and complete CO 

oxidation. 

5.3.2.2 Effect of amplitude and frequency at different temperatures 

O2-dithering was then performed at different pulse amplitudes and frequencies at 410 and 435 °C. It is 

important to recall that if ηd was 100 % in the lean pulses and 0 % in the rich pulses, the results would be the 

same for all amplitudes and frequencies. Since this is not the case (Figure 5.6), the effect of the pulses varied 

with the dithering parameters used but in a predictable way. 

At 410 °C, CH4 and NO conversions used for the calculations were 19.9 and 10.5 % in the low conversion 

regime (Table 5.1), and 46.5 and 100 % in the high conversion regime (Table C3). Figure 5.11a shows that the 

pulses did not affect appreciably CH4 or NO conversion at an amplitude of 4725 + 2850 ppm O2. The beneficial 

effect of the pulses on the activity appeared and increased with increasing amplitude since the overall O2 con-

centration ([O2]real) experienced by the catalyst decreased with increasing amplitudes (Table C2, Figure 5.11). 

Hence, with increasing amplitude, the pulses were more efficient to trigger CH4-SR. At an amplitude of 3990 

+ 3420 ppm O2, high conversion was maintained during the full dithering cycle at frequencies of 0.5 and 0.2 

Hz (Figure 5.11b). At amplitudes of 3420 + 4560 ppm O2 and 3135 + 5130 ppm O2, this was also achieved at 

0.1 Hz (Figure 5.11c-d). At these amplitudes, CH4-SR occurred only in the rich pulses at frequencies of 0.025, 

0.033, and 0.05 Hz (Figure 5.11c-d and Figure C9a-b). These results show that ηd induced different catalytic 
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responses for the same amplitude. All the results presented in Figure 5.11 were fully predicted by our calcula-

tions (Table C4 and C5) based on the definitions of [O2]real, [O2]baseline, and [O2]th.  

It is important to mention that if ηd was not considered in the calculations, the calculations would have been 

erroneous. For example, if the efficiency of the pulse was considered to be 100 % in the lean pulses and 0 % 

in the rich pulses, CH4-SR would not have been predicted to be maintained throughout the entire dithering 

cycle at any amplitude or frequency and the effect of the O2 pulses would be expected to be the same at each 

amplitude regardless of the frequency used (Table C6).  

 

Figure 5.11. (a - d) CH4 (blue) and NO (green) conversion, MS signals of H2 (red) and O2 (black) and concentration of 

N2O (orange; □) and NH3 (light blue; ○) under O2-dithering conditions at 410 °C at 0.025, 0.033, 0.05, 0.1, 0.2 and           

0.5 Hz and given amplitude of (a, 1) 4275 + 2850 ppm O2, (b, 2) 3990 + 3420 ppm O2, (c, 3) 3420 + 4560 ppm O2,            

(d, 4) 3135 + 5130 ppm O2. [O2]th calculated from the low conversion regime in the lean and rich phases of the pulses and 

the average between the lean and rich phases are shown on top of each panel (1-4). The black horizontal line represents 
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the 84 ppm [O2]th. Conditions: 1500 ppm CH4, 1600 ppm NO, 7000 ppm CO, 5 vol% H2O; (a) λ = 1 ± 0.015,                           

(b) λ = 1 ± 0.018, (c) λ = 1 ± 0.024 and (d) λ = 1 ± 0.027; WHSV = 240 Lh-1g-1. 

Figure 5.12 shows that the effect of the pulses was slightly different at 435 °C because of the higher CH4 

conversion (39.65 and 68.75 % when oxidized by O2 and H2O, respectively). Hence, high conversion was 

already achieved at the amplitude 4725 + 2850 ppm O2 due to earlier O2 depletion (Figure 5.12b). Thus, a 

lower amplitude was tested at this temperature (4845 + 1710 ppm O2, Figure 5.12a). The experimental results 

and our calculations (Table C7) showed that at this amplitude the average CH4 conversion did not change as a 

result of changes in frequency. As the amplitude was increased (Figure 5.12b-e), CH4-SR was promoted and 

maintained over the entire dithering cycle (4275 + 2850, 3990 + 3420, 3420 + 4560, and 3135 + 5130 ppm 

O2) at 0.5, 0.2, and 0.1 Hz because the overall O2 concentration ([O2]th) was always below 84 ppm (Table C7). 

The calculations were also able to estimate the effect in the rich phase of a pulse, anticipating the occurrence 

of CH4-SR at all frequencies for amplitudes above 3420 ppm O2 (Table C7; Figure 5.12b-e, Figure C10). 

Finally, at amplitude 3135 + 5130 ppm O2, high conversion was also promoted over the entire dithering cycle 

at a frequency of 0.05 Hz (Figure 5.12e). The calculations were as accurate when considering CH4 oxidation 

either by O2 (low conversion regime, Table C7) or H2O (high conversion regime, Table C8). 
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Figure 5.12. (a - e) CH4 (blue) and NO (green) conversion as well as H2 (red) and O2 (black) and concentration of N2O 

(orange; □) and NH3 (light blue; ○) under O2-dithering conditions at 435 °C at 0.025, 0.033, 0.05, 0.1, 0.2 and 0.5 Hz and 

given amplitude of (a, 1) 4845 + 1710 ppm O2, (b, 2) 4275 + 2850 ppm O2, (c, 3) 3990 + 3420 ppm O2, (d, 4) 3420 + 

4560 ppm O2, (e, 5) 3135 + 5130 ppm O2. [O2]th calculated from the low conversion regime in the lean and rich phases 

of the pulses and the average between the lean and rich phases are shown on top of each panel (1-5). The black horizontal 

line represents the 84 ppm [O2]th. Conditions: 1500 ppm CH4, 1600 ppm NO, 7000 ppm CO, 5 vol% H2O; (a) λ = 1 ± 

0.009, (b) λ = 1 ± 0.015, (c) λ = 1 ± 0.018, (d) λ = 1 ± 0.024 and (e) λ = 1 ± 0.027; WHSV = 240 Lh-1g-1. 

5.3.2.3 Effect of exhaust composition 

The gas composition is an important factor to consider in real engine exhaust because it can vary rapidly 

with driving conditions. Hence, the effect of pollutants concentration in the feed was tested under O2-dithering 

conditions (3990 + 3420 ppm O2 and 0.05 Hz) at 435 °C. 
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Figure 5.13. CH4 (blue) and NO (green) conversion, MS signals of H2 (red) and O2 (black), and concentration of N2O 

(orange; □) and NH3 (light blue; ○) at 435 °C under O2-dithering conditions (3990 + 3420 ppm O2 and 0.05 Hz) while 

varying [CH4] from 0 to 1800 ppm. [O2]th in the lean and rich phases of the pulses and the average between the lean and 

rich phases are shown on top of each panel. LCR, low conversion regime; HCR, high conversion regime. The black 

horizontal line represents the 84 ppm [O2]th. Conditions: variable CH4, 1600 ppm NO, 7000 ppm CO, 5 vol% H2O;                

λ = 1 ± 0.018; WHSV = 240 Lh-1g-1. 

CH4 concentration was varied from 0 to 1800 ppm at constant NO (1600 ppm) and CO (7000 ppm) con-

centrations and the results are displayed in Figure 5.13. As indicated above (Table 5.1), ca. 595 ppm of the 

initial 1500 ppm CH4 reacted at 435 °C in static conditions (ca. 40 % conversion). Therefore, CH4 conversion 

needed to be adapted based on this value. When less than 595 ppm CH4 was used, 100 % conversion was 

considered in the calculations, while the conversion was decreased accordingly above this concentration (Table 

C9). The calculations predicted that CH4-SR could be maintained over the entire dithering cycle from 0 ppm 

up to 1400 ppm CH4 irrespective of the conversion regime considered (Table C9). Above this concentration, 

CH4 and NO conversions were expected to decrease in the lean phase of the pulses because the calculated O2 

value over the full pulsing cycle was higher than 84 ppm, but CH4-SR could still be promoted in the rich phases 
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up to 1700 ppm CH4. Finally, for 1800 ppm CH4, low conversion was expected over the entire dithering se-

quence. All the calculations were verified and confirmed experimentally (Figure 5.134), demonstrating the 

need to use a variable value of CH4 conversion rather than the constant value obtained under static conditions. 

This is emphasized for 1800 ppm CH4, where if CH4 conversion was kept at 40 % (static conditions) rather 

than 33 %, a high conversion would have been expected in the rich phases (Figure 5.13, Table C10). Further-

more, CO slips were detected in the rich phases of the pulses, and increased with CH4 concentration, as long 

as the high conversion regime was promoted (Figure C11a). 

NO concentration was varied from 0 to 4400 ppm at constant CH4 (1500 ppm) and CO (7000 ppm) con-

centration, as depicted in Figure 5.14. From the low conversion regime (40 % CH4 conversion and 10.5 % NO 

conversion), our calculations pointed to high conversion in the rich phases of the pulses for NO concentration 

above 400 ppm (Table C11). Moreover, CH4-SR should be maintained during the entire dithering cycle for 

more than 1600 ppm NO. However, the experimental results of Figure 5.14 show that CH4-SR was promoted 

in the rich phases already in the absence of NO, while CH4-SR was never maintained during the entire cycle. 

This mismatch between the experiment and the calculations is due to the fact that much more oxygen was 

available to the catalyst in the rich phases at full NO conversion than considered in the calculations (10.5 % 

NO conversion). This was especially true for high NO concentrations of 4400 ppm that can release a corre-

spondingly higher amount of oxygen on the catalyst surface. Therefore, it is important to consider also the 

calculations obtained in the high conversion regime (68.65 % CH4, 100 % NO). These calculations indicated 

that CH4-SR was never expected over the entire dithering cycle but was active only in the rich phases of the 

pulses (Table C11). Hence, under these conditions, the control calculations between low and high conversion 

regimes were essential to compensate for the fraction of oxygen released by NO and exploited to react CH4. 

Moreover, unreacted CO was present in the rich phases of the pulses, but its concentration was not affected by 

the NO concentration used in the feed (Figure C11b). 
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Figure 5.14. CH4 (blue) and NO (green) conversions, MS signals of H2 (red) and O2 (black), and concentration of N2O 

(orange; □) and NH3 (light blue; ○) at 435 °C under O2-dithering conditions (3990 + 3420 ppm O2 and 0.05 Hz) while 

varying [NO] from 0 to 4400 ppm. [O2]th in the lean and rich phases of the pulses and the average between the lean and 

rich phases are shown on top of each panel. LCR, low conversion regime; HCR, high conversion regime. The black 

horizontal line represents the 84 ppm [O2]th. Conditions: 1500 ppm CH4, variable NO, 7000 ppm CO, 5 vol% H2O;                 

λ = 1 ± 0.018; WHSV = 240 Lh-1g-1. 

In the case of the variation of CO concentration from 0 to 11000 ppm at constant CH4 (1500 ppm) and NO 

(1600 ppm), the experimental data were always correctly predicted by the calculations (Figure 5.15, Table 

C12). For this set of experiments since NO concentration was constant, both calculations from CH4 oxidation 

by O2 and by H2O provided the same result. The model estimated that CH4-SR would never be triggered up to 

5000 ppm of CO in the feed; above this concentration, it would be promoted in the rich pulses. Under these 

conditions, the CO slips, observed in the high conversion regime increased with the CO concentration used 

(Figure C11c). 
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Figure 5.15. CH4 (blue) and NO (green) conversion as well as MS signals of H2 (red) and O2 (black) and concentration 

of N2O (orange; □) and NH3 (light blue; ○) at 435 °C during O2-dithering (3990 + 3420 ppm O2 and 0.05 Hz) while 

varying CO from 0 to 11000 ppm. The top part of each panel shows the [O2]th in the lean and rich phases of the pulses, 

and the average between the lean and rich phases, LCR, low conversion regime; HCR, high conversion regime. The black 

horizontal line represents the 84 ppm [O2]th. Conditions: 1500 ppm CH4, 1600 ppm NO, variable CO, 5 vol% H2O;                 

λ = 1 ± 0.018; WHSV = 240 Lh-1g-1. 

 

5.4 Conclusions 

In this study, we demonstrated on a model Pd/Al2O3 three-way catalyst without oxygen storage component 

that CH4 conversion is fully predictable under both static and O2-dithering operation. Catalytic activity and 

CH4 oxidation pathways (oxidation by O2 and by H2O) are correlated to the O2 concentration present in the 

reactive feed. The O2 concentration is the main parameter influencing the Pd oxidation state, which in turn 

controls CH4 oxidation pathways. Therefore, by precisely knowing the amount of O2 available at any point in 
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time, it is possible to anticipate the effect of the O2 pulses on the activity. Hence, we have used explicit calcu-

lations that determine the O2 concentration present in the feed at all times. The calculations consider the tem-

perature, pollutants concentrations, conversions, and the dithering efficiency, which is affected by the dithering 

conditions used (amplitude and frequency). While in theory, the average O2 concentration fed to the catalyst 

is the same for all dithering conditions used, in reality, it decreases with increasing amplitude and decreasing 

frequency. It is, therefore, crucial to evaluate the dithering efficiency as a function of the pulsing conditions to 

precisely determine the O2 concentration delivered to the catalyst in the lean and rich phases of the O2 pulses. 

The predictions were evaluated at different temperatures, dithering conditions, and pollutant concentrations 

and consistently agreed with the experimental results. 

 Overall, the results show that the O2 pulses had a beneficial effect on the activity when CH4 steam reform-

ing was promoted (O2-poor conditions, reduced Pd species), whereas an excess of O2 induced CH4 oxidation 

by O2 and led to moderate CH4 conversion and low NO conversion. Because of the evident benefits of O2-

dithering found here for Pd/Al2O3, we believe that the addition of an OSC component will result in a similar 

behaviour but not necessarily under identical conditions that are optimal for Pd/Al2O3. 
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  Effect of Rh on Pd/Al2O3 in ex-

haust natural gas vehicles conditions under 

static and O2-dithering operation 

 

6.1 Introduction 

Repeated lean/rich O2 pulses can significantly improve pollutant removal if the pulsing parameters (ampli-

tude and frequency) applied are chosen correctly according to the conditions (i.e. temperature, gas feed com-

position, λ value, etc.). It was shown that when simultaneous high removal of all pollutants is achieved, CH4 

steam reforming is involved. Nonetheless, the hydrogen formed from SR reactions can react with NO to form 

NH3, which emissions are strongly regulated by the European emissions standards. Therefore, the material 

formulation should be tailored with the aim of enhancing SR and minimizing NH3 emissions during periodic 

operation.  

The combination of two or more metals to form alloys, core-shell or complex heterometallic structures has 

gained interest over the past decades. Many bimetallic systems exhibit superior properties than their monome-

tallic counterparts [234–236] since they present the properties of each metal as well as new properties that 

result from the synergy between the two metals. This synergy can arise from electronic coupling effects (also 

defined as ligand effect) between the two metals (i.e. changes in the Fermi level, or work functions), unique 

structural/geometric arrangements of atoms (ensemble effect) or/and complementary contributions from each 

metal that improve the overall material properties (bifunctional effect) [237–240,240,241]. Hence, the chemi-

cal and physical properties of the catalysts can be tuned by varying the composition, atomic ordering as well 

as size of the bimetallic particles.  

While many combinations of metals have been investigated for TWC applications [242–250], Rh is the 

most interesting metal to alloy with Pd, as it is efficient for NOx reduction and SR reactions [99,251,252], and 
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significantly reduces the NH3 emissions [248]. Indeed, Maillet et al. examined the role of Rh in C3H8 oxidation 

and SR reactions over a Pd-Rh/Al2O3 catalyst and found that the improved SR activity was mainly attributed 

to the presence of Rh while C3H8 oxidation was not affected by the increase of the Rh loading due to the high 

oxidation activity of Pd compared to Rh [253]. The poor activity of Rh toward oxidation reactions is ascribed 

to the formation of well-ordered surface rhodium oxide [116] and the fast diffusion of Rh3+ into the support, 

where these ions initiate compaction or even phase transformations of the latter [116,254,255].  

In this Chapter, Pd/Al2O3, Rh/Al2O3, and Pd-Rh/Al2O3 were synthesized to investigate the effect of Rh on 

the catalytic properties of a Pd-based catalyst under both static and periodic operation. Under static operation 

and oxidative conditions, the presence of PdO/PdOx species appeared essential for CH4 oxidation by O2 (but 

limited NO reduction) whereas the presence of (oxidized) Rh did not improve the catalytic activity. Once all 

the O2 present in the reactive environment had been consumed for CH4 oxidation, the metals reduced, and 

CH4-SR was promoted while complete NO reduction was achieved. From Chapter 5, it is clear that the Pd 

oxidation state (cf. redox dynamics) is greatly affected by the O2 concentration present in the reactive environ-

ment, and controls the pollutant removal efficiency: low activity in the presence of oxidic Pd and high activity 

when Pd is reduced. Hence, when performing repeated lean/rich O2 pulses on Pd/Al2O3, the activity oscillated 

with the O2 concentration between low and high conversion rates due to the constant oxidation/reduction of 

the catalyst. On the other hand, the redox dynamics of Rh are significantly less affected by the O2 concentra-

tion, and once reduced, the Rh species remain predominantly in that state. Moreover, when Pd and Rh are in 

close contact (Pd-Rh/Al2O3) the ability of Rh to remain in its reduced state over a broad range of O2 concen-

trations is transferred to the Pd species. Hence, when O2-dithering is performed on the Rh-based samples, high 

activity was achieved over a much broader range of dithering parameters (amplitudes and frequencies) than 

Pd/Al2O3. This work reveals that Pd is crucial to achieving acceptable conversion rates under oxidizing condi-

tions, while Rh maintains the catalyst reduced and the activity high under rich conditions. Hence, when Pd and 

Rh are in close contact, the lean/rich O2 pulses can be applied over a wide range of dithering parameters.   
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6.2 Materials and methods 

6.2.1 Material synthesis 

A commercial aluminum oxide (γ-Al2O3, Puralox; Sasol) was used as support. Pd and/or Rh were added by 

incipient wetness impregnation of palladium (II) nitrate (Alfa Aesar, 4-5 wt% solution) and rhodium (III) 

nitrate (Alfa Aesar, 32 % Rh assay) solutions. The bimetallic sample was prepared using a mixed solution of 

the two metal precursors and stirred at room temperature for 2 h. Then, the powders were dried at 120 °C for 

12 h and calcined in air at 550 °C for 3 h (5 °Cmin-1). The total metal content was kept to ca. 1.6 wt% in Pd-

Rh/Al2O3 and a Pd:Rh ratio equal to 3:2 was used, as it is reported to be the most active Pd:Rh ratio for TWC 

application [256]. The Rh content in Rh/Al2O3 was aimed to be equal to the one in Pd-Rh/Al2O3. 

6.2.2 X-ray absorption spectroscopy  

Table 6.1. Summary of the samples measured by ex situ X-ray absorption spectroscopy 

Material Name Pre-treatment 
Quenched in temp. ramp 

at 425 °C 

Pd/Al2O3 

Pd/Al2O3 - aft. calcination - - 

Pd/Al2O3 - aft. H2 PT Reductive - 

Pd/Al2O3 - act. aft. H2 PT Reductive Yes 

Pd/Al2O3 - act. aft. O2 PT Oxidative Yes 

Rh/Al2O3 

Rh/Al2O3 - aft. calcination - - 

Rh/Al2O3 - aft. O2 PT Oxidative - 

Rh/Al2O3 - aft. H2 PT Reductive - 

Rh/Al2O3 – act. aft. O2 PT Oxidative Yes 

Rh/Al2O3 – act. aft. H2 PT Reductive Yes 

Pd-Rh/Al2O3 

Pd-Rh/Al2O3 - aft. calcination - - 

Pd-Rh/Al2O3 - aft. H2 PT Reductive - 

Pd-Rh/Al2O3 – act. aft. O2 PT Oxidative Yes 

Pd-Rh/Al2O3 – act. aft. H2 PT Reductive Yes 
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The ex situ X-ray absorption spectroscopic spectra of the pelletized samples were acquired for 5 min. The 

samples were either measured in their fresh state (after calcination in air), after an oxidative or reductive pre-

treatment, or retrieved during the temperature ramp measurements. In the latter case, the calcined samples 

were pre-treated (oxidative or reductive pre-treatment) before performing a temperature ramp. The samples 

were then quenched in argon at 425 °C in the descending ramp and cooled down to room temperature in argon 

to ensure that the catalysts retained their oxidation state.  

 

6.3 Results and discussion 

6.3.1 Material characterization 

The Pd and Rh concentrations in the sample were obtained by ICP-OES and the specific surface area was 

calculated using the BET method (Table 6.2).  

Table 6.2. ICP-OES of the samples. 

 Pd/Al2O3 Rh/Al2O3 
Pd-

Rh/Al2O3 

Pd [wt %] 1.64 - 1.05 

Rh [wt%] - 0.71 0.82 

Specific surface area 

[m2g-1] 
147.2 150.6 147 

 

The XRD patterns of the samples confirmed that impregnation and calcination of the material did not affect 

the alumina phase (Figure 6.1a). The Pd-based samples only displayed reflections of PdO. Rh, however, was 

not detected in the Rh-containing samples since it was present in low amounts and was highly dispersed on 

and in the Al2O3 support after calcination in air at 500 °C for 3 h [116,255,257].  The XANES spectra and FT-

XAFS confirmed that all three samples were fully oxidized after calcination (Figure 6.2). 
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Figure 6.1. (a) X-ray diffraction patterns of γ-Al2O3, Rh/Al2O3, Pd/Al2O3, and Pd-Rh/Al2O3 after calcination in air and 

(b) H2-TPR of Pd/Al2O3, RhAl2O3 and Pd-Rh/Al2O3. 

TEM imaging evidenced that all three samples consist of small Pd and/or Rh particles of about 6.6 nm 

width and narrow size distribution (FWHM of the distribution is about 4.9 nm; Figure D1). EDX maps of Pd-

Rh/Al2O3 after calcination (Figure 6.3a) show that Pd and Rh agglomerate in the same particles, supporting 

that the two metals are in close contact (atomic ratio Pd/Rh in the particles below 0.4). After reductive pre-

treatment, three types of particles are observed: enriched Pd particles (atomic Pd/Rh ratio above 1), enriched 

Rh particles, and particles wherein Pd and Rh are in close contact (Figure 6.3b). Moreover, according to the 

surface energy of Pd and Rh (reduced and oxidized state), the two metals are not miscible, and can therefore 

not be alloyed [250,258–261]. Hence, our bimetallic system forms a core-shell and/or complex heterometallic 

structure.   

The H2-TPR profiles of Pd/Al2O3 and Pd-Rh/Al2O3 present a negative peak arising from PdHx decomposi-

tion at 70 and 63 °C, respectively (Figure 6.1c-d) [262,263]. The peak is shifted to lower temperatures in Pd-

Rh/Al2O3, suggesting that when Pd and Rh are in close enough contact, the presence of Rh alters the reactivity 

of Pd. Moreover, the results show that Rh3+ reduction occurs at higher temperatures (52 °C) than PdO reduction 

(< 25 °C) [264,265].  
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Figure 6.2. Ex-situ XAS of Pd/Al2O3, Pd-Rh/Al2O3, and Rh/Al2O3 were acquired at the (a-b) Pd K-edge and                           

(c-d) Rh K-edge after calcination. (a, c) Spectra of the XANES region, and (b, d) FT-XAFS (not phase corrected).   

In situ XRD measurements were carried out on Pd/Al2O3 and Pd-Rh/Al2O3, and consisted in heating the 

samples from 60 to 600 °C in H2, and then cooling them to 60 °C in O2 (Figure 6.4). The diffractograms were 

acquired at 60, 170, 300, 450, and 600 °C during heating and every 25 °C from 600 to 300 °C during cooling 

(more details in section 2.6.2). The results demonstrated that under reducing conditions, Pd-Rh/Al2O3 reduced 

below 60 °C (absence of the PdO reflection, and presence of Pd0 peak) while Pd/Al2O3 reduction occurred 

between 60 and 170 °C (Figure 6.4), which is consistent with the H2-TPR data. Therefore the Pd species reduce 

at lower temperatures in H2 when in close contact with Rh. Then, when switching to an oxidative environment 

at 600 °C, the Pd species reoxidized at 500 and 475 °C in Pd-Rh/Al2O3 and Pd/Al2O3, respectively. The results 

demonstrate that the redox properties of Pd are affected by the presence of Rh.  
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Figure 6.3. High-angle annular dark-field STEM image of Pd-Rh/Al2O3 and EDX net count maps from 3 different Pd-Rh 

particles of the STEM image (squared in red, blue, and green) after (a) calcination and (b) reducing pre-treatment. Quan-

tification of the atomic Pd/Rh ratio in the six different maps of particles (a, red) 0.35, (a, blue) 0.17, (a, green) 0.30, (b, 

red) 1.51, (b, blue) 1.07 and (b, green) 57.8.

 

a 

b 
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Figure 6.4. In situ XRD patterns of (a-b) Pd/Al2O3 and (c-d) Pd-Rh/Al2O3 measured (a, c) in 2000 ppm H2 (50 mLmin-1; 

rest N2) from 60 to 600 °C, and (b, d) in 2000 ppm O2 (50 mLmin-1; rest N2) from 600 to 60 °C.  

 

6.3.2 Catalytic study 

Static operation  

The catalytic activity of Pd/Al2O3 was evaluated first under static stoichiometric conditions after an oxida-

tive pre-treatment (Figure 6.5a-b). Two conversion regimes were observed. First, CH4 oxidation by O2 pro-

ceeded up to 438 °C, together with limited NO conversion (5 % at 420 °C; low conversion regime). Above 

438 °C, rapid and complete NO and CH4 conversions were obtained and were accompanied by H2 formation, 

attesting to the occurrence of methane steam reforming (high conversion regime). The high conversion regime 

occurred only once all the O2 fed to the catalyst was consumed (Figure D2). In Chapters 3 to 5, we showed 

that when only CH4 oxidation by O2 occurs, the Pd species are oxidized (fully or partially), whereas if CH4-
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SR is promoted, the Pd species are fully reduced (cf. Chapter 4-5). Therefore, we consider that the Pd species 

are partially oxidized up to 438 °C and fully reduced above this temperature. Furthermore, upon cooling, CH4 

and NO conversions dropped abruptly to 20 % at 480 °C, resulting in a negative hysteresis between the heating 

and cooling segment. This is due to the formation of a dense chemisorbed oxygen layer around the Pd0 particles 

as the oxidation process of Pd0 follows a shrinking core mechanism [223,224], which is considerably less 

active toward CH4 oxidation than bulk PdO, PdOx, and Pd0. Ex-situ XAS measured at the Pd K-edge on the 

sample retrieved in the cooling segment, at 425 °C, after the loss of activity (Pd/Al2O3 - act. aft. O2 PT; Table 

6.1), confirmed that the Pd species were partially oxidized when the activity dropped in the descending ramp. 

Indeed, the XANES spectra (Figure 6.6a) showed that the Pd species were less oxidized than after calcination 

(Pd/Al2O3 - aft. calcination) and less reduced than after an H2 pre-treatment (Pd/Al2O3 - aft. H2 PT), while the 

FT-XAFS (Figure 6.6b) displayed features of both PdO and Pd0. Moreover, at low temperatures, NO reduction 

showed about 50 % selectivity towards N2O (Figure 6.5b), which forms under oxidizing conditions from the 

reaction between NO and CO, through surface isocyanate intermediates [232,233]. The N2O concentration 

increased with temperature, reaching a maximum of ca. 141 ppm at 438 °C before dropping to zero when CH4 

oxidation started, suggesting a displacement of the intermediate isocyanate species. On the other hand, in the 

high conversion regime, only NH3 was formed (and N2; Figure 6.5b) from the reaction between NO and the 

H2 formed from CH4-SR [59,233].  

Lambda sweep experiments were performed at 420 °C (Figure 6.7a-b) from lean (6840 ppm O2; λ = 1.006) 

to rich conditions (0 ppm O2; λ = 0.971) and back to lean conditions. Under lean conditions, CH4 and NO 

concentrations were constant (1020 ppm and 1560 ppm, respectively; Figure 6.7a). Below stoichiometry (5415 

ppm O2, λ = 0.998), NO concentration decreased to ca. 1380 ppm, accompanied by N2O formation (ca. 90 

ppm). The NO−CH4 crossover point was reached at 5130 ppm O2 (λ = 0.997), resulting in complete NO re-

duction and higher CH4 conversion (+ 44 %). This point coincided with the start of H2 formation due to the 

promotion of CH4-SR and therefore resulted in NH3 production (ca. 270 ppm). The NH3 concentration in-

creased with decreasing O2 concentration, reaching 1350 ppm in an O2-free environment. When proceeding to 

rich conditions, significant amounts of CO were observed, up to ca. 3030 ppm (7000 ppm CO were fed) at λ 
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= 0.971, while CH4 concentration reached 1445 ppm (4 % conversion). In the absence of O2, H2 was still 

detected, and CO was partly converted, indicating that the water gas shift reaction (WGS) was occurring. In 

the rich-to-lean sweep (Figure 6.7b), the opposite trend was observed. However, the NO−CH4 crossover point 

occurred at richer conditions (4560 ppm O2, λ = 0.994) compared to the lean-to-rich sweep. This negative 

hysteresis observed between the lean-to-rich and rich-to-lean sweeps indicates that Pd reoxidation is very sen-

sitive to the O2 concentration present in the feed, and the surface oxide layer species form at lower O2 concen-

trations than required to reduce the oxidic Pd species.     

 

Figure 6.5. CH4 (a, c, e) and NO (b, d, f) conversion as well as H2 (red; a, c, e) MS signal and N2O (orange; b, d, f) and 

NH3 (pink; b, d, f) concentrations during heating (⸺) and cooling (---) segments performed under static stoichiometric 

(5700 ppm O2; λ = 1.0) conditions over (a-b) Pd/Al2O3, (c-d) Rh/Al2O3 and (e-f) Pd-Rh/Al2O3. CH4 and NO conversions 

are shown for two consecutive cycles. The catalytic measurements were performed after an oxidative pre-treatment.    

Conditions: 1500 ppm CH4, 1600 ppm NO, 7000 ppm CO, 5700 ppm O2, 5 vol% H2O; WHSV = 240 Lh-1g-1.  
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Figure 6.6. Ex-situ XAS acquired at the Pd K-edge of Pd/Al2O3 after calcination and retrieved in the cooling performed 

O2 PT, as well as the Pd foil. (a) Spectra of the XANES region, and (b) FT-XAFS (not phase corrected).   

For Rh/Al2O3, only CH4 oxidation by O2 was observed (low conversion regime) in the static stoichiometric 

temperature ramp experiments (Figure 6.5c-d). The activity for CH4 oxidation was limited: the temperature at 

half CH4 conversion (T50%) shifted by 130 °C to higher temperature compared to Pd/Al2O3 and the maximum 

conversion (65 %) was only reached at 600 °C (Figure 6.5c). NO conversion was also low and led to significant 

amounts of N2O, which followed the trend of NO conversion. NH3 was not observed because H2 was not 

formed. The low activity achieved in the temperature ramps is attributed to the presence of highly stable and 

inactive Rh3+ species formed during the calcination step which was followed by an oxidative pre-treatment 

(Figure 6.2) [97,116,255,266–271]. Indeed, Burch et al. [267] showed that when Rh/Al2O3 is heated above 500 

°C under an oxidizing atmosphere, Rh coordinates to Al (Rh–O–Al), evidencing that Rh3+ incorporates into 

the surface layer of the Al2O3 support. The formation of highly stable and inactive Rh3+ species in the Al2O3 

support inhibits the reduction of Rh oxide to active Rh0 [97,255,266–272]. The λ sweep experiments (Figure 

6.7c-d) revealed that in the lean-to-rich sweep, a richer environment (3420 ppm O2, λ = 0.988) was necessary 

to reach the NO−CH4 crossover point compared to Pd/Al2O3 (Figure 6.7c), demonstrating that the Rh oxide 

species formed were more difficult to reduce than Pd in the exhaust feed of stoichiometric NG engines. Indeed, 
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the reduction of Rh oxides requires harsh conditions, as shown by Machida et al. [266] on Rh/Al2O3, wherein 

temperatures above 1100 °C (in a feed of 20 % H2/He) were necessary to reduce and disperse the Rh nanopar-

ticles. Furthermore, above 3420 ppm O2, CH4 conversion was low while NO conversion increased gradually 

as the feed became richer. Below 3420 ppm O2, NO was fully converted and CH4 concentration increased with 

decreasing O2 concentration. In an O2-free environment (λ = 0.971), CH4 and CO concentrations were lower 

for Rh/Al2O3 compared to Pd/Al2O3, demonstrating that reduced Rh species are more efficient towards CH4-

SR and WGS than Pd [253]. In rich-to-lean sweeps (Figure 6.7d), the NO−CH4 crossover point was shifted to 

5415 ppm O2 (λ = 0.998), indicative of a positive hysteresis between the two λ sweep directions. Hence, once 

reduced in the lean-to-rich sweep, Rh remained active and reduced up to higher O2 concentrations when sweep-

ing back from rich to lean conditions.  

 

Figure 6.7. Lambda sweep experiments at 420 °C for (a-b) Pd/Al2O3, (c-d) Rh/Al2O3 and (e-f) Pd-Rh/Al2O3. Lean-to-rich 

λ sweep (a, c, e) and rich-to-lean λ sweep (b, d, f). The measurements were performed after an oxidative pre-treatment. 

Conditions: 1500 ppm CH4, 1600 ppm NO, 7000 ppm CO, varied O2, 5 vol% H2O; WHSV = 240 Lh-1g-1. 
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For Pd-Rh/Al2O3, the CH4 and NO conversion profiles obtained from the static stoichiometric temperature 

ramps were similar to Pd/Al2O3 (Figure 6.5e-f). First CH4 oxidation by O2 proceeded (up to 510 °C), followed 

by oxidation by H2O, leading to complete CH4 and NO removal. The main difference with Pd/Al2O3 was the 

shift of the conversion curves to higher temperatures (ΔT = 72 °C, 2nd temperature cycle). Ex situ XAS meas-

urements demonstrated that the active metals (Pd and Rh) were fully oxidized after calcination (Figure 6.2), 

and most probably after the oxidative pre-treatment as well. Hence, these results suggest that in the low tem-

perature regime, the PdO species were the main responsible for the activity as Rh oxide is not very active for 

CH4/CO oxidation (Figure 6.5 c-d) [97,116,255,266–271]. Therefore, the shift of the conversion curves to 

higher temperatures in Pd-Rh/Al2O3 compared to Pd/Al2O3 was attributed to the lower Pd content. Above 510 

°C (Figure 6.5e-f), the occurrence of the high conversion regime led to the reduction of both metals, as seen 

from the ex situ XAS results acquired at the Pd and Rh K-edge (Figure 6.8). Indeed, in the FT-XAFS (Figure 

6.8b) features from metallic Pd-Pd and Rh-Rh scattering paths at 2.43 and 2.78 Å, respectively, were present 

in the sample retrieved in the cooling segment, at 425 °C, in the high conversion regime (Pd-Rh/Al2O3 - act. 

aft. O2 PT; Table 6.1). Comparison of the XANES spectra between the foils, catalyst after calcination (Pd-

Rh/Al2O3 - aft. calcination), and Pd-Rh/Al2O3 - act. aft. O2 PT (Figure 6.8a), reveals that the Pd species in the 

hysteresis loop are fully reduced, while only partial reduction of the Rh species is achieved. Furthermore, 

unlike for Pd/Al2O3, a positive hysteresis between the heating and cooling segment was observed, indicating 

that the catalyst remained active towards SR until lower temperatures in the presence of Rh. Indeed, since Rh0 

is more effective for SR reactions than Pd [77,78], once Rh is reduced (even partially) by the H2 formed from 

CH4-SR, it can sustain the high conversion regime longer than Pd/Al2O3. This, in turn, prolongs the presence 

of H2 in the feed, which keeps the catalyst in its reduced state. This statement was also confirmed with the λ 

sweep experiments performed on Pd-Rh/Al2O3 (Figure 6.7e-f). Indeed, the NO−CH4 crossover point was ob-

served at 4275 ppm O2 (λ = 0.993) in the lean-to-rich sweep but was shifted to 5130 ppm O2 (λ = 0.997) on 

the rich-to-lean sweep. This positive hysteresis confirms that the presence of Rh delays the switch between the 

high and low conversion regimes, and therefore affects the redox behaviour of the catalyst.  
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Figure 6.8. Ex-situ XAS acquired at the (a-b) Pd K-edge, and (c-d) Rh K-edge, of Pd/Al2O3 after calcination, and retrieved 

in the cooling ramp performed after an O2 PT, as well as the Pd and Rh foils. (a, c) Spectra of the XANES region, and   

(b, d) FT-XAFS (not phase corrected).   

The results show that after calcination in air and an oxidative pre-treatment, both Pd and Rh are oxidized. 

While oxidized Pd is active for CH4 oxidation by O2, oxidized Rh is only moderately active. However, if CH4 

oxidation by O2 does not proceed to completion (full consumption of the O2 fed), the second conversion regime 

(complete NO reduction and CH4-SR) cannot take place. In this case, the metals remain oxidized, leading to 

low abatement rates as observed over Rh/Al2O3. Thus, in the temperature range evaluated, if an oxidative pre-

treatment is applied after calcination in air, the high conversion regime can only be promoted in the presence 

of Pd. Under oxidizing conditions, the activity is therefore proportional to the Pd content. Since, up to this 

point, the Pd species are the main species involved in the reaction scheme, they reduce before Rh, due to the 

promotion of CH4-SR. The H2 evolution in the reactive environment, produced from CH4-SR promotes the 

(partial) reduction of Rh. The presence of reduced Rh can then maintain CH4-SR longer than Pd/Al2O3 since 

Rh is more active for SR reactions. Therefore, H2 evolution is preserved, which delays the reoxidation of the 

catalyst. Furthermore, the in situ XRD experiments (section 6.3.1; Figure 6.3) showed that Pd-Rh/Al2O3 re-

duces before Pd/Al2O3, in the presence of H2, indicating that reduction of Pd-Rh/Al2O3 is more easily achieved 
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and maintained than with Pd/Al2O3. This explains why under reactive conditions Pd-Rh/Al2O3 remains reduced 

until higher λ values in the rich-to-lean sweeps and lower temperatures in the static ramps compared to 

Pd/Al2O3.  

Reductive pre-treatment  

The beneficial effect of Rh on Pd/Al2O3 was observed only once Rh had been reduced. Therefore, a reduc-

tive pre-treatment was applied to emphasize the effect of Rh from the beginning of the activity tests. Ex-situ 

XAS of the samples after the reductive pre-treatment confirmed that Pd and Rh were reduced during this 

procedure (Figure 6.9). However, Rh was only partially reduced, due to the formation of Rh3+ coordinated with 

Al during the calcination step, whose reduction requires harsher conditions (i.e. high temperatures and dwell 

times [97,255,266–272]). The activities of all three samples remained similar over several consecutive reaction 

cycles, indicating that the effects discussed are intrinsic to the materials and not just temporary.  

 

Figure 6.9. Ex-situ XAS acquired at the (a-b) Pd K-edge, and (c-d) Rh K-edge, of Pd/Al2O3, Pd-Rh/Al2O3, and Rh/Al2O3 

after calcination, and after a reductive pre-treatment, as well as the Pd and Rh foils. (a, c) Spectra of the XANES region, 

and (b, d) FT-XAFS (not phase corrected).   
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First, the T50% values observed when raising the temperature increased with decreasing Pd content from 

Pd/Al2O3 (397 °C) to Pd-Rh/Al2O3 (446 °C) and Rh/Al2O3 (519 °C; Figure 6.10). This indicates that regardless 

of the pre-treatment, the presence of Pd is essential in the low conversion regime. The reductive pre-treatment 

was beneficial to Rh/Al2O3 as full conversion of CH4 and NO was observed at 568 °C, demonstrating that pre-

reduced Rh can promote higher conversions. Furthermore, while a negative hysteresis was still observed for 

Pd/Al2O3, a wide positive hysteresis was found for both Rh-based catalysts. In the case of Pd-Rh/Al2O3, the 

width of the hysteresis loop increased from 50°C to 90 °C compared to when an oxidative pre-treatment was 

applied (compared with Figure 6.5).  

 

Figure 6.10. CH4 (a, c, e) and NO (b, d, f) conversion as well as H2 (red; a, c, e) MS signal and N2O (orange; b, d, f) and 

NH3 (pink; b, d, f) concentrations during heating (⸺) and cooling (---) during heating (⸺) and cooling (---) segments 

performed under static stoichiometric (5700 ppm O2; λ = 1.0) conditions over (a-b) Pd/Al2O3, (c-d) Rh/Al2O3 and                

(e-f) Pd-Rh/Al2O3. CH4 and NO conversions are shown for two consecutive cycles. The catalytic measurements were 

performed after a reductive pre-treatment. Conditions: 1500 ppm CH4, 1600 ppm NO, 7000 ppm CO, 5700 ppm O2,            

5 vol% H2O; WHSV = 240 Lh-1g-1.  
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Ex-situ XAS spectra of Pd-Rh/Al2O3 retrieved at 425 °C in the descending ramp, performed after either an 

oxidative or reductive pre-treatment (Pd-Rh/Al2O3 - act. aft. O2 PT, and Pd-Rh/Al2O3 - act. aft. H2 PT) are 

shown in Figure 6.11. At this temperature, both samples were taken in the hysteresis loop, when high conver-

sions of CH4 and NO were achieved. The results show that for both samples, the Pd species were fully reduced, 

while the Rh species were reduced to a higher extent after a reductive pre-treatment compared to an oxidative 

pre-treatment. Hence, the width of the positive hysteresis loop, during the temperature ramps, appears to be 

related to the extent of Rh reduction. Finally, only 100 ppm NH3 were detected between 450 and 600 °C on 

Pd-Rh/Al2O3 (Figure 6.10), whereas 570 ppm NH3 slipped when only Pd was present in the catalyst. Hence, 

the presence of Rh also significantly mitigates the NH3 emissions, which is essential.  

 

Figure 6.11. Ex-situ XAS acquired at the (a-b) Pd K-edge, and (c-d) Rh K-edge 2O3, of Pd-Rh/Al2O3 after calcination, 

and retrieved in the descending ramp in the hysteresis loop after oxidative and reductive pre-treatment, as well as the Pd 

and Rh foils. (a, c) Spectra of the XANES region, and (b, d) FT-XAFS (not phase corrected).   
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6.3.3 O2-dithering operation  

Isothermal conditions 

The activity of Pd-based catalysts improves significantly by continuously alternating between lean/rich O2 

pulses (O2-dithering) compared to static operation (cf. Chapter 5) [57,59,151,153]. Under such conditions, the 

activity is directly affected by the redox properties and oxidation state of the catalyst [57,72,169]. This aspect 

is particularly interesting to study with catalysts possessing different redox dynamics such as the ones de-

scribed in this Chapter.  

The catalytic performance of the three catalysts was evaluated at 420 °C by applying symmetric O2 pulses 

around stoichiometry (λ = 1) while using different dithering parameters (frequency and amplitude). The O2 

pulse sequences were performed successively and were started at the lowest amplitude. At each amplitude, 

different dithering frequencies were applied as shown in Figure D3. It should be recalled that the O2 concen-

tration experienced by the catalyst during the lean/rich pulses was always lower than 100 % of the O2 pulsed 

in the lean phases and more than 0 % in the rich phases (cf. Chapter 5).  

From the λ sweeps experiments performed at the same temperature as the O2-dithering tests (section 

6.3.2.1), high activity is expected to take place below λ = 1 (5700 ppm O2) once all the O2 present in the feed 

is consumed. The exact O2 concentration leading to high conversions at 420 °C was calculated for each catalyst 

from the results of the λ sweeps measurements (Figure 6.7), using Equation 6.1, which defines the amount of 

O2 consumed at λ = 1. Hence, at 420 °C, Pd/Al2O3, Rh/Al2O3, and Pd-Rh/Al2O3 were active toward CH4-SR 

when the O2 concentration was below 4540, 3705, and 4350 ppm O2, respectively.  

[O2]high act. = 5700 – 2([CH4]i - [CH4]λ = 1) – 0.5([CO]i – [CO]λ = 1) + 0.5([NO]i – [NO]λ = 1)    Equation 6.1 
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Figure 6.12. CH4 (blue) and NO (green) conversions as well as H2 (red) and O2 (black) MS signal and N2O (orange; ○) 

and NH3 (light blue; ○) concentrations under O2-dithering conditions at 420 °C over Pd/Al2O3 at 0.025, 0.033, 0.05, 0.1, 

0.2 and 0.5 Hz and amplitude of (a) 5700 ± 855 ppm O2, (b) 5700 ± 1140 ppm O2, (c) 5700 ± 1425 ppm O2,                             

(d) 5700 ± 1710 ppm O2, (e) 5700 ± 1995 ppm O2, (f) 5700 ± 2280 ppm O2, (g) 5700 ± 2565 ppm O2, and                                  

(h) 5700 ± 2850 ppm O2. Conditions: 1500 ppm CH4, 1600 ppm NO, 7000 ppm CO, 5 vol% H2O; (a) λ = 1 ± 0.004,        

(b) λ = 1 ± 0.006, (c) λ = 1 ± 0.007, (d) λ = 1 ± 0.009 and (e) λ = 1 ± 0.01, (f) λ = 1 ± 0.012, (g) λ = 1 ± 0.013 and               

(h) λ = 1 ± 0.015; WHSV = 240 Lh-1g-1. 

For Pd/Al2O3 (Figure 6.12), at an amplitude of 5700 ± 855 ppm O2, CH4, and NO conversions were not 

altered by the pulses because the O2 concentration in the lean and the rich phases of the pulses were above 

4540 ppm regardless of the frequency applied (Table D1). At an amplitude of 5700 ± 1140 ppm O2, full NO 

conversion and an increase in CH4 conversion by ca. 21 % were achieved at frequencies 0.2 and 0.5 Hz, even 

though the O2 concentration was above 4540 ppm O2. According to the results of Chapter 5, high NO conver-

sion and a moderate increase in CH4 conversion should be observed below 4640 ppm O2, as this value lies 100 

ppm O2 above the O2 value required for CH4-SR to occur (4540 ppm O2). At 5700 ± 1425 ppm O2, the average 
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O2 concentration during a full lean/rich cycle was always below 4540 ppm O2 at frequencies 0.5, 0.2, and 0.1 

Hz, justifying the high conversions maintained throughout the entire dithering cycle. However, at frequencies 

of 0.033 and 0.05 Hz, the O2 concentration in the rich and lean phases of the pulses was too high to induce 

CH4-SR. In the rich phases, the O2 concentration was below 4640 ppm O2 and therefore caused high NO 

conversion but no CH4-SR (absence of H2). At higher amplitudes, the average O2 concentration was always 

below 4540 ppm O2 at frequencies of 0.1, 0.2, and 0.5 Hz, which generated high conversions. At lower fre-

quencies (0.033 and 0.05 Hz) high activity was achieved in the rich phases of the pulses but dropped in the 

lean phases.  

The fast changes in the conversion values during the lean/rich O2 pulses demonstrate that the activity of 

Pd/Al2O3 was very responsive to the O2 concentration present in the feed, which also significantly affects the 

oxidation state of the Pd species. Indeed, if the O2 concentration is too high, rapid formation of a dense chem-

isorbed O2 layer around the Pd0 core occurs which induces a collapse of the activity. However, since the re-

duction of oxidic Pd is fast, the high activity is restored as soon as the O2 concentration is low enough 

[114,224,273]. The results show that O2-dithering improved conversion only under very specific dithering 

conditions.    

For Rh/Al2O3 (Figure 6.13), the O2 concentration was above 3702 ppm at amplitudes below 5700 ± 1995 

ppm O2 (all frequencies; Table D1), thus the pulses had no significant effect on the activity. It is clear that in 

the absence of Pd, higher amplitudes (cf. richer conditions) were necessary to obtain good performance due to 

the lower reducibility of the oxidic Rh species formed after calcination in air. At amplitude 5700 ± 1995 ppm 

O2, the average O2 concentration was below 3702 ppm O2 at 0.5 Hz, leading to full CH4 and NO conversions 

over the entire dithering period (Table D1). At higher amplitudes, high conversions were always induced at 

frequencies of 0.2 and 0.5 Hz. At amplitudes equal to or higher than 5700 ± 2280 ppm O2, high conversions 

were promoted during the entire dithering cycle at a frequency of 0.1 Hz. Since the pulses were performed 

consecutively (Figure D3), and unlike Pd0, Rh0 oxidation is only mildly affected by the O2 concentration pre-

sent in the feed, once reduced at 5700 ± 1995 ppm O2 and 0.5 Hz, the catalyst remained in that state during the 

following pulsing conditions applied. Hence, high conversions were maintained, even if the O2 concentration 
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was higher than 3702 ppm (i.e. 5700 ± 2280 ppm O2, 0.1 Hz). Nonetheless, the activity still dropped in the 

lean phases especially when the O2 concentration was high and the frequency was low (i.e. 3420 ± 4560 ppm 

O2, at 0.033 Hz). However, because the presence of Rh tends to retain the catalyst in its reduced form, the 

decrease in conversion in the lean phases of the pulses is delayed, and therefore the pollutants slips are mini-

mized compared to Pd/Al2O3.  

 

Figure 6.13. CH4 (blue) and NO (green) conversions as well as H2 (red) and O2 (black) MS signal and N2O (orange; ○) 

and NH3 (light blue; ○) concentrations under O2-dithering conditions at 420 °C over Rh/Al2O3 at 0.025, 0.033, 0.05, 0.1, 

0.2 and 0.5 Hz and amplitude of (a) 5700 ± 855 ppm O2, (b) 5700 ± 1140 ppm O2, (c) 5700 ± 1425 ppm O2,                               

(d) 5700 ± 1710 ppm O2, (e) 5700 ± 1995 ppm O2, (f) 5700 ± 2280 ppm O2, (g) 5700 ± 2565 ppm O2, and                                  

(h) 5700 ± 2850 ppm O2. Conditions: 1500 ppm CH4, 1600 ppm NO, 7000 ppm CO, 5 vol% H2O; (a) λ = 1 ± 0.004,           

(b) λ = 1 ± 0.006, (c) λ = 1 ± 0.007, (d) λ = 1 ± 0.009 and (e) λ = 1 ± 0.01, (f) λ = 1 ± 0.012, (g) λ = 1 ± 0.013 and               

(h) λ = 1 ± 0.015; WHSV = 240 Lh-1g-1. 

For Pd-Rh/Al2O3 (Figure 6.14), the O2 concentration was always higher than 4350 ppm in the lean and rich 

phases of the pulses, at amplitudes of 5700 ± 855 and 5700 ± 1140 ppm O2 (all frequencies; Table D1). At 
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5700 ± 1425 ppm O2, the average O2 concentration was below 4350 ppm at 0.5 and 0.2 Hz, leading to full CH4 

and NO conversions. At higher amplitudes, high activity was achieved at all frequencies even though the O2 

concentration was above the defined O2 value needed to induce CH4-SR. Hence, the presence of Rh allowed 

the catalyst to remain reduced up to a higher O2 concentration than needed for the reduction of the catalyst, 

and therefore to maintain high activity over a broader range of dithering conditions than Pd/Al2O3. As for 

Rh/Al2O3, the conversion dropped in the lean phases of the pulses only under a few conditions (i.e. 5700 ± 

2280 ppm O2, 0.03 Hz), and the pollutants slips were relatively narrow.  

 

Figure 6.14. CH4 (blue) and NO (green) conversions as well as H2 (red) and O2 (black) MS signal and N2O (orange; ○) 

and NH3 (light blue; ○) concentrations under O2-dithering conditions at 420 °C over Pd-Rh/Al2O3 at 0.025, 0.033, 0.05, 

0.1, 0.2 and 0.5 Hz and amplitude of (a) 5700 ± 855 ppm O2, (b) 5700 ± 1140 ppm O2, (c) 5700 ± 1425 ppm O2,                      

(d) 5700 ± 1710 ppm O2, (e) 5700 ± 1995 ppm O2, (f) 5700 ± 2280 ppm O2, (g) 5700 ± 2565 ppm O2, and                                  

(h) 5700 ± 2850 ppm O2. Conditions: 1500 ppm CH4, 1600 ppm NO, 7000 ppm CO, 5 vol% H2O; (a) λ = 1 ± 0.004,           

(b) λ = 1 ± 0.006, (c) λ = 1 ± 0.007, (d) λ = 1 ± 0.009 and (e) λ = 1 ± 0.01, (f) λ = 1 ± 0.012, (g) λ = 1 ± 0.013 and                

(h) λ = 1 ± 0.015; WHSV = 240 Lh-1g-1. 
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In summary, O2-dithering has a beneficial effect on the activity only once the available O2 concentration is 

low enough to induce the reduction of the catalyst and thus high conversions. Since Pd is more efficient for 

CH4 oxidation by O2 than Rh, the O2 amplitude needed to induce high pollutants conversions decreased with 

increasing Pd content. Indeed, the average O2 concentration available in the lean/rich O2 pulses, decreases with 

increasing amplitude (for a given frequency), while under oxidizing conditions, the O2 consumption increases 

with the Pd content (due to better conversion of CH4). Furthermore, because the Pd redox dynamics are dictated 

by the O2 concentration present in the reactive environment, important oscillations in conversions, over 

Pd/Al2O3, can be observed between the lean and rich phases of the O2 pulses, which follow the changes in the 

Pd oxidation state. In the presence of oxidic Pd, low activity is achieved, and when Pd is reduced, high activity 

is obtained. On the other hand, the redox dynamics of Rh are less affected by the O2 concentration present in 

the feed, and once reduced, the Rh species tend to remain in that highly active state for SR reactions. Hence 

once Rh0 is formed, high activity is achieved over a wide range of dithering conditions, and in turn, the Pd 

species are kept reduced by the H2 formed from the promotion of CH4-SR.   

Temperature ramps 

Temperature ramps were also performed under O2-dithering conditions (Figure 6.15). The dithering condi-

tions were chosen from the results obtained in the experiments described above, in order to maximize CH4 and 

NO conversions while minimizing the amounts of NH3 and N2O produced. The dithering parameters were 

5700 ± 1425 ppm O2 at 0.2 Hz for Pd/Al2O3 (Figure D4), 5700 ± 2280 ppm O2 at 0.05 Hz for Rh/Al2O3 (Figure 

D5), and 5700 ± 1425 ppm O2 at 0.2 Hz for Pd-Rh/Al2O3 (Figure D6).  

Figure 6.15 shows that high conversion was achieved at the same temperature, for all three samples (420 

°C). This temperature corresponds to the temperature from which the optimal dithering parameters were se-

lected. Interestingly, at 420 °C, complete CH4 and NO conversions were achieved over the Rh-based catalysts, 

whereas, over Pd/Al2O3, the conversion reached ca. 80 %. This observation demonstrates that Rh0 is more 

active toward SR reactions. Furthermore, a positive hysteresis was observed for all samples, demonstrating 

that the redox dynamics of Pd can be modified by working under lean/rich O2 conditions. The most notable 
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improvements were observed for Rh/Al2O3. Its activity resembled that of the two Pd-based catalysts, and under 

these conditions, Rh reduction was induced without the need for a reductive pre-treatment (as indicated by the 

promotion of CH4-SR). Finally, over Pd/Al2O3 the NH3 formation was significant (1100 ppm at 600 °C), 

whereas, for the Rh-based samples, the amount of NH3 detected was much smaller and decreased with tem-

perature, being negligible above 600 °C (Figure 6.15e).  

 

Figure 6.15. (a) CH4, (c) NO conversions, and (b) H2 MS signal as well as (d) N2O and (e) NH3 concentrations during 

heating (⸺) and cooling (---) ramps under O2-dithering conditions over (blue) Pd/Al2O3, (green) Rh/Al2O3 and (red) Pd-

Rh/Al2O3. The catalytic measurements were performed after an oxidative pre-treatment. The dithering conditions were 

5700 ± 1425 ppm O2, and 0.2 Hz for Pd/Al2O3, 5700 ± 2280 ppm O2, 0.05 Hz for Rh/Al2O3, and 5700 ± 1425 ppm O2, 

0.2 Hz for Pd-Rh/Al2O3. Conditions: 1500 ppm CH4, 1600 ppm NO, 7000 ppm CO, 5700 ppm O2 (average), 5 vol% H2O; 

WHSV = 240 Lh-1g-1. 

Hence, under O2-dithering conditions, the activity of all catalysts was significantly improved compared to 

static operation, and interestingly, all catalysts performed similarly. However, even if a high activity was ob-

tained over Pd/Al2O3 it came with the drawback of high NH3 production that was strongly suppressed in Rh-
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containing catalysts. Therefore, Rh appears to be essential not only to improve the reducibility of Pd, which 

allows working under a wider range of dithering conditions but also to mitigate the NH3 emissions during 

periodic operation.  

6.4 Conclusion   

In this Chapter, we shed light on the effect of Rh on the redox properties of Pd by studying three catalysts: 

Pd/Al2O3, Rh/Al2O3, and Pd-Rh/Al2O3. Two main conversion regimes occur when working under simulated 

stoichiometric NG engine exhaust conditions: CH4 oxidation by O2 leading to limited NO conversions due to 

the presence of unreacted O2 in the reactive environment (low conversion regime) and CH4 oxidation by H2O 

(CH4-SR) which takes place once all the O2 has reacted, and induces full NO reduction and H2 formation (high 

conversion regime). In the low conversion regime, Pd and Rh are predominantly in the oxidized form, whereas 

they are in the reduced state in the high conversion regime. However, all the O2 present in the reactive envi-

ronment needs to be fully consumed by the oxidation reactions (of CO and CH4) for the high conversion regime 

to proceed.  

While Pd oxide is efficient for CH4 oxidation by O2, Rh oxide is only moderately active. Hence, under 

oxidizing conditions, the activity is proportional to the Pd content. The transition between the low and high 

conversion regime requires the catalyst to reduce. While Pd reduction is easy to achieve under stoichiometric 

conditions, Rh reduction requires either richer conditions or a harsh reducing pre-treatment. Nonetheless, once 

reduced, the Rh species are very active toward SR, and while being only mildly affected by the O2 concentra-

tion present in the feed, unlike Pd/Al2O3 which re-oxidizes more easily. Hence, when the high conversion 

regime is promoted over Rh-based catalysts, the activity remains high until lower temperatures (in temperature 

ramp experiments) and higher O2 concentrations (λ sweep experiments) than Pd/Al2O3.  

 Therefore, since Pd redox dynamics are strongly affected by the variation of O2 concentration in the feed 

important oscillations of the activity between the low and high conversion regimes are observed in the lean/rich 

O2 pulses on Pd/Al2O3, which narrows the number of optimal operating conditions (cf. pulsing conditions). On 
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the other hand, once reduced, the Rh-based samples can maintain high activity over a broad range of dithering 

conditions. Since the presence of metallic Rh maintains CH4-SR, the hydrogen produced from this reaction 

can maintain the Pd species reduced.  

This work reveals that Pd is crucial to achieving acceptable conversion values under oxidizing conditions, 

while Rh maintains the catalyst reduced and the activity high, under rich conditions. Hence, the addition of Rh 

to a Pd/Al2O3 catalyst modifies the redox behaviour of Pd during periodic operation and therefore widens the 

range of dithering parameters that can be exploited to enhance pollutants removal from the exhaust of stoichi-

ometric NG engines. .
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  Phase-sensitive detection applied 

to near ambient pressure X-ray photoelec-

tron spectroscopy of powder catalysts: 

methodology and proof of concept 
 

 

7.1 Introduction  

X-ray photoemission spectroscopy (XPS) is a core-level, surface-sensitive spectroscopic technique 

[274,275]. Due to the localization of the core level, this technique is element-specific and therefore well suited 

for studying chemical composition, and local bonding. The method can be applied to follow structures and 

site-specific dynamics in solid, liquid, and gas phases as well as the interfaces formed between them [276–

278]. Until recently, the main drawback of X-ray photoemission spectroscopy was the necessity to work in 

high vacuum due to the low kinetic energy of the photoelectrons emitted from the first layers of the condensed 

material which can easily be inelastically scattered in the gas phase. Significant scientific and technological 

improvements have been made in the past decades to bridge the gap between atmospheric pressure and ultra-

high vacuum conditions, which is an essential step toward the study of realistic catalysts (i.e. materials such 

as supported nanoparticles, low metal loadings) [279–283]. Efforts are still needed to further improve near 

ambient pressure X-ray photoelectron spectroscopy (NAP-XPS), among which are: increasing the signal-to-

noise (S/N) ratio of a photoemission spectrum collected on real catalysts and improving the time resolution of 

photoemission measurements [278]. In the former case, the S/N ratio of the collected spectra can be improved 

by increasing the metal loadings used or by averaging the signal over long acquisition times [278]. However, 

high metal loadings may not represent realistic conditions and by averaging the spectra, the time resolution of 

the measurement is considerably decreased. Yet, improving the time resolution becomes especially important 

when the purpose is to detect active sites whose concentrations are small and lifetime limited. Indeed, the 

elemental steps of a catalytic process occur within the picosecond range while milliseconds to seconds are 
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needed to follow structural surface changes of the catalyst (i.e. phase transitions, surface roughening, segrega-

tion) [284].  

The data quality of any spectroscopic measurement can be improved by employing the modulation excita-

tion spectroscopy (MES) method (c.f. section 1.3.2.2). By averaging the data into one period, the size of the 

dataset decreases, the S/N ratio is improved by the square root of the number of averaged cycles (√𝑁, Poisson 

statistics) [202], and the time resolution is only restricted by the acquisition time of one spectrum. For accurate 

data alignment and averaging, this method requires performing fast and reproducible perturbations without 

delay between the perturbation event and the time at which the sample experiences it. Knudsen et al. [195] 

carried out repeated gas switches over a Pd(100) crystal while measuring in situ NAP-XPS and were able to 

achieve a time resolution of 60 ms. However, due to the delay between the gas switch and the substitution of 

the gas composition in the experimental cell as well as pulse irregularities, they were not able to align the 

cycles based on the time of the perturbation. Hence, they identified a lock-in signal within the data that would 

indicate a structural change caused by the gas switches and used it to average the data. Such an approach 

requires a sufficient initial S/N ratio to find a lock-in signal with the image recognition algorithm, as well as a 

fully reversible process, which are both difficult to achieve with real materials. Then, phase-sensitive detection 

(PSD) or demodulation (Equation 1.13) [203], in order to enhance the signal from the active species affected 

by the perturbation, and supress the signal from the spectator species and the noise (unaffected by the pertur-

bation).  

In this Chapter, in situ near ambient pressure X-ray photoemission measurements were performed on a 5 

wt% Pd/Al2O3 catalyst. The photoemission signal of Pd 3d was followed while switching between oxidative 

(O2) and reducing (CO) environments every 5 min over a period of 6 h. By averaging all the cycles into one 

period, the S/N ratio of a spectrum was significantly improved (c.f. modulation excitation method). The cycle 

averaging was done based on the gas switching event since the exchange of the gas composition in the exper-

imental cell was fast compared to the acquisition time of a spectrum. Then, phase-sensitive detection was 

performed to discriminate the active species affected by the change in gas composition from the noise and 

spectator species. The improved signal and time resolution allowed identifying seven Pd species and their 
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dynamics. The species consist of three reduced Pd species (bulk and surface Pd0, and adsorbed CO on surface 

Pd0), and four oxidized species (bulk and surface PdO (2 and 4-fold surface), as well as Pdn+ (n > 2). The highly 

oxidized and 2-fold surface oxide Pd species were the most active toward CO oxidation. We also demonstrated 

that PdO reduction and Pd0 oxidation followed a diffusion-controlled reduction model and a shrinking core 

oxidation model, respectively. 

It should be mentioned that in this Chapter the reactive conditions were simplified compared to the com-

position of the exhaust feed from stoichiometric NG engines since the system would have been too complex, 

making the interpretation of the results unreliable. Indeed, the more gas components are fed to the system, the 

more surface species are generated, which are then difficult to assign in a trustworthy manner.  

 

7.2 Materials and methods 

7.2.1 Material  

The 5 wt% Pd/γ-Al2O3 catalyst was purchased in powder and reduced form from Johnson Matthey. The 

presence of Pd0 species was observed at a 2 theta angle of 40.1 ° in the X-ray diffraction pattern (Figure 7.1a). 

The catalyst displayed a narrow particle size distribution (4.4 ± 1.1 nm; Figure 7.1b-c).  

7.2.2 X-ray photoelectron spectroscopy study  

The experiments were carried out at the In Situ Spectroscopy beamline (X07DB) at the Swiss Light Source 

synchrotron. The solid-gas interface endstation was connected to a differentially pumped Scienta R4000 HiPP-

2 electron analyser to allow the manipulation of solid samples while dosing a gas mixture in the mbar range 

[285]. The small volume of the XPS cell (ca. 150 mL) allows performing transient experiments with fast gas 

switches, while the evolution of a spectral line can be followed either in a swept or fixed (snapshot) mode 

(time resolution down to the second range) [57,278]. In this work, the signals of Pd 3d and Al 2p were acquired 
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with an excitation energy of 660 eV, to generate Pd 3d photoelectrons having a kinetic energy of 300 eV. A 

20 eV kinetic energy window including the Pd 3d signal was acquired in fast scan (swept) mode in approxi-

mately 6 s. Linearly polarized light was used throughout the experiments. The spectra were processed and 

fitted using the IgorPro and XPSPeak41 software. The catalyst pellet was prepared by pressing 5 mg of powder 

on a tantalum mesh to decrease the surface charging, then fixed to the sample holder using metal clips. The 

temperature was monitored with a Pt 100 sensor, and the sample was heated using a tunable power IR laser 

(976 nm, maximum power 25 W) projected on the backside of the sample holder. In the geometry adopted 

during the experiments, photoelectrons were detected at an angle of 30° with respect to the direction of the 

surface normal.  

The gas mixing setup was composed of two mass flow controllers, each connected to a solenoid valve 

(Series 9, Parker) enabling fast changes in gas phase composition. The valves were situated directly at the end 

of the gas line, right before the experimental cell. The experiment was performed at 300 °C. Periodic switches 

between pure O2 and pure CO occurred at 300 °C every 5 min over a period of 6 h while acquiring the Pd 3d 

core level, and for 1 h while acquiring the Al 2p core level. The pelletized catalyst was heated in oxygen (1 

mbar) to 300 °C before starting the experiment, to remove surface carbon contaminations and avoid any struc-

tural changes during measurement. In total 36 full cycles were performed. The gas composition in the cell was 

followed using a quadrupole mass spectrometer located in the second differential pumping stage of the ana-

lyser.  
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7.3 Results and discussion  

 

Figure 7.1. (a) Powder X-ray diffraction and (b-c) dark-field HAADF-STEM image and particle size distribution of pre-

reduced 5 wt% Pd/Al2O3 catalyst. 

The electron count of an X-ray photoemission spectrum of a real catalyst (supported nanoparticles) is con-

siderably lower when measurements are carried out at near ambient pressure compared to high vacuum due to 

the presence of gases in the experimental chamber. As a consequence, the quality (signal-to-noise (S/N) ratio) 

of a single Pd 3d core level spectrum of the 5 wt% Pd/Al2O3 catalyst is low as shown in Figure 7.2a. To 

distinguish the main features of the Pd 3d core level, thus getting meaningful fittings of the raw data, 5 to 10 

spectra have to be averaged, while 15 averaged spectra are required to achieve an acceptable S/N ratio (Figure 

7.2). Because the acquisition time of a single spectrum with an energy window of 20 eV was ca. 6.20 s, it took 

ca. 93 s to measure 15 spectra, which exceeds the time required to follow surface processes occurring in the 

second/sub-second range. The acquisition time can be decreased either by narrowing the energy window and 

focusing for example, on the Pd 3d5/2 core level only or by using materials with higher Pd loading. Nonetheless, 

narrow energy windows would not allow for cross-checking the fitting with the spin-orbit-satellite signal. 
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Moreover, increasing the Pd loading implies working with rather unrealistic materials for industrial applica-

tions.  

 

Figure 7.2. X-ray photoelectron acquisition at the Pd 3d core level with a 300 eV kinetic energy over 5 wt% Pd/Al2O3, of 

(a) one spectrum, (b) 2 averaged spectra, (c) 3 averaged spectra, (d) 5 averaged spectra, (e) 10 averaged spectra, (f) 15 

averaged spectra, (g) 20 averaged spectra, (h) 25 averaged spectra, and (i) 30 averaged spectra. 

7.3.1 Modulation excitation spectroscopy 

In order to simultaneously improve the S/N ratio and the time resolution of the NAP-XPS experiment, the 

modulation excitation spectroscopy method was applied [202]. In this work, the perturbation consisting in 

changing the gas composition between pure O2 and pure CO every 5 min over a period of 6 h while measuring 

at the Pd core level, induced a temporary pressure increase in the experimental cell from 1 up to 1.8 mbar 

(Figure 7.3). This pressure change translated into a shift of the peak position of ca. 4 eV, as shown at the Al 

2p core level (Figure E1). The position of the Al 2p peak only stabilized once the pressure in the cell went 
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back to ca. 1 mbar. The change in pressure also led to a change in the gas concentration and resulted in a spike 

in O2 and CO signals (Figure 7.3, Figure E2a). When the same pulses were performed in a quartz plug-flow 

reactor, using the catalyst in its powder form, the shape of the pulses did not display any spikes upon the gas 

switches (Figure E2b). Thus the change in pressure in the experimental cell is due to the XPS chamber geom-

etry and/or to the intrinsic properties of the gases rather than the operation mode of the sinusoidal valves. If 

the change in pressure was only caused by the chamber geometry, the shape and intensity of the increase in 

pressure upon the gas switch would be the same for both CO and O2. However, the shift was stronger and 

longer when switching from O2 to CO since CO sticks more to the vacuum system composed of metallic parts 

and to the root pump situated downstream, whose efficiency varies with the gas composition. Furthermore, the 

electronic properties of O2 and CO affect differently the charging of the sample, since gases in the mbar range 

help to compensate for surface charging by transferring electrons to holes in the solid [286]. Indeed, once the 

pressure in the cell was stabilized around ca. 1 mbar, there was a 0.25 eV shift in the energy between the cycles 

measured in O2 and CO (Figure E1).  

 

Figure 7.3. CO and O2 MS signal (⸺), pressure in the experimental cell (⸺) as well as pulsing time (---) as a function of 

time.   
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In order to correct the shift caused by both, the change of pressure and the charging of the sample, it appears 

crucial to use a reference signal, whose electronic state is not affected by the reactive environment. Ideally, the 

reference element is present in the material investigated to avoid any possible errors arising from the change 

of sample, mounting, etc. In this study, we used the Al 2p core level as an internal reference, since Al is readily 

available in the catalyst support (Figure 7.4). The first step of the data treatment consisted of aligning each Al 

2p spectrum obtained during the experiment (Figure 7.4d-e). This defined the alignment that needed to be 

applied to Pd at each point in time of the pulsing period. For the connection from the Al data to the Pd data, 

the acquisition time (time resolution) of the Al and Pd spectrum needs to be the same and the start of the pulses 

needs to be correctly coordinated with the spectra.  

 

Figure 7.4. X-ray photoelectron spectra of 5 wt% Pd/Al2O3 at (a-b, d-e) the Al 2p core level with a 660 eV kinetic energy 

and (c, f) the Pd 3d core level with a 300 eV kinetic energy. (a-c) non-aligned spectra, (d-f) aligned spectra. (b, e) Heat 

map of all spectra acquired during the 6 h measurement.    
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The second step of the data treatment consisted of applying the shifts evaluated for each Al spectrum to the 

Pd spectrum making sure that the time and the half-period considered are the same. When comparing the data 

measured at the Pd 3d core level, before and after alignment (Figure 7.4), while it is difficult to observe the 

effect of alignment in the heat maps (Figure E3), the difference is mainly observed in the averaged spectra 

over a half cycle during O2 or CO pulse (Figure 7.4c, f). Indeed, when not aligned, the difference in binding 

energy between the two half-cycles is larger (i.e. ΔB.E = 1.75 before alignment and 1.5 after alignment), and 

the results would be erroneous.    

Furthermore, the cycle averaging has to be performed based on a defined event that corresponds either to 

the gas switching event, or structural modifications of the catalyst surface. We used the gas switching event 

since our gas switches were well defined, and the delay between the switching time of the valves and the 

change in gas composition in the experimental cell was short (observed from the MS; Figure 7.3). The delay 

between the switching time and the time for the gas composition to be exchanged by more than 95 % was ca. 

4 s (50 % of gas exchange in ca. 1s) which is a single spectrum acquisition time (6.20 s). The gas switches 

were fast due to the cell volume (ca. 150 mL), the flow configuration of the cell (described in section 7.2.2), 

and the short distance between the valves and the cell. The change in gas composition can be further improved 

by increasing the gas flow used, as the gas exchange speed is dependent on the flow. The pressure measured 

by the baratron, however, was delayed by ca. 12 s compared to the gas switching event due to the configuration 

of the analysis cell. The baratron is located on top of the cell whereas, the MS is situated in the second differ-

ential pumping stage of the electron analyser [278,285]. Hence, when a gas switch was performed, it took a 

few seconds for the gases to diffuse to the top of the cell and reach the baratron. Since the inlet gas feed and 

MS are close to the sample, we assume that the gas composition above the sample is exchanged almost imme-

diately in correspondence with a gas switch. Therefore, with our setup configuration, it is only necessary to 

synchronize the acquisition of the first spectrum used for the data processing with the time at which the first 

pulse occurs. 
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Figure 7.5. Average X-ray photoelectron spectra of 5 wt% Pd/Al2O3 acquired at the Pd 3d core level with a 300 eV kinetic 

energy, in the reducing and oxidizing pulses at 150 s of the pulses. 

Finally, the response of the active species to a periodic stimulation needed several cycles to reach an equi-

libration around which it oscillated reversibly at the same frequency as that of the stimulation (Figure E4). 

Thus, it is clear that the first 10 cycles were discarded when applying phase domain detection calculations. 

Figure 7.5 shows the Pd 3d core level spectra obtained summing 26 iterations, corresponding to the middle of 

the CO and O2 half-cycles (A(t = 150 s)). Under reducing conditions, the Pd 3d core level signal shifted to 

lower energies (Figure 7.5) and showed a narrower line shape compared to the spectrum obtained in oxidizing 

conditions (Figure 7.5), demonstrating that the oxidation state of palladium changed upon the periodic modi-

fication of the reaction environment.   

7.3.2 Phase-sensitive detection 

Figure 7.6 depicts the spectra obtained after phase-sensitive detection was applied to the averaged aligned 

data collected during the modulation experiment. The resulting features appear to be relatively sudden from 
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lating-like features. In addition, one could speculate that the abrupt features are the result of the remaining 
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noise that was not fully removed after 6 h of modulation. To check if the phase domain spectra obtained still 

contained high levels of noise, the aligned data were smoothed before performing PSD (binomial smoothing 

of degrees 1, 2, and 3; Figure E5). The resulting PSD spectra displayed similar intensities and dynamics as the 

PSD performed on the aligned data, suggesting that the possible remaining noise and the low spectral resolu-

tion do not affect the dynamics observed in the phase domain data. However, smoothing the data is not rec-

ommended, since it can blur the features of the demodulated data and in turn affect the fitting, especially if the 

smoothing applied is too relevant (i.e. binomial smoothing 3 in Figure E5).  

 

 

Figure 7.6. Phase domain performed on aligned X-ray photoelectron spectra of 5 wt% Pd/Al2O3 at the Pd 3d core level 

with a 300 eV kinetic energy obtained when switching between CO and O2 every 5 min.  
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Fitting of the time and phase domain data 

When fitting the time domain spectra it is difficult to evaluate how many Pd species contribute to the signal 

and it is not trivial to follow their dynamic evolution. By pairing the results of the time and phase domain, it 

is possible to accurately determine the number of Pd species affected by the perturbation as well as their dy-

namic evolution. Indeed, our results clearly show that some features were more pronounced in the phase do-

main while others were more visible in the time domain. The methodology applied in this study consisted of 

meticulously evaluating and comparing the fits done in the phase and time domain in order to manually cross-

adjust each fit in an iterative manner, as shown in Figure 7.7. The spectral range was focused on the main peak, 

i.e. the Pd 3d5/2. In this approach, the fitting was performed on the phase domain spectra of the aligned and 

smoothed (binomial 1) data at selected phase angles (0, 20, and 40 °), using two peaks (Figure 7.7a). The phase 

angles between 180 and 360 ° are a mirror of the results achieved between 0 and 180 °. The angles between 

50 to 130 ° are difficult to fit since the features are not very distinguishable (see Figure E6). Hence, only the 

angles 0, 20, and 40 ° were considered. Then, the peak features obtained from the phase domain fit (peak 

position, full width at half maximum) were transferred to fit the time domain spectra. Fitting the time domain 

with the parameters from the phase domain helps to visualize where a peak might be missing in the initial 

phase spectra fit. This information was used to iterate the fit in the phase domain spectra including the extra 

features missing from the time domain. The iterative fit between the phase and time domain started with two 

peaks (Figure 7.7), and in the end, seven peaks were identified (Figure 7.8, Table 7.1). It should be mentioned 

that to cross-check the fits, the opposite strategy was also carried out (fitting the time domain and transferring 

it to the phase domain). 

First, the bulk Pd0 and the surface Pd0 component were detected at 334.9 eV, and 334.1 eV, respectively 

[287–289]. The third Pd species centered at 335.6 eV is attributed to CO adsorbed on Pd0. The CO molecules 

can adsorb at the hollow, bridge, and on-top sites of the surface Pd0 but their very close binding energy values 

(within a 0.7 eV range) do not allow to separate them [287,288,290]. However, under our experimental con-

ditions (1 mbar, 300 °C), we expect CO to adsorb almost quantitatively on bridge sites [289]. The shift of + 

0.7 eV compared to Pd0 is in good agreement with such an adsorption configuration [290].  
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Table 7.1. Peak features and peak assignment.   

 

 

Binding energy [eV] 
Full width at half 

maximum [eV] 
Peak assignment 

Peak 1 334.1 0.4 Surface Pd0 [287–289] 

Peak 2 334.9 0.9 Bulk Pd0 [287–289] 

Peak 3 335.6 0.9 Adsorbed CO [287–289] 

Peak 4 336.55 1 Surface PdO (2-fold) [288,290–297]  

Peak 5 337.0 0.9 Surface PdO (4-fold) [288,290–297] 

Peak 6 337.6 1 Bulk PdO [287,288] 

Peak 7 338.6 0.8 Pdn+ (n > 2+) [298–310]  

 

Regarding the cationic Pd species, bulk PdO is found at 337.60 eV [287,290]. In this work, we identified 

two different Pd oxide species at 336.55 and 337.0 eV, corresponding to a 2-fold Pd and 4-fold surface oxide 

Pd arising from the two-dimensional Pd5O4 surface oxide phase [288,290,291]. In the literature, such species 

were mainly detected on Pd(111) single crystals [292–294] but were also found on a Pd/Al2O3 powder catalyst 

[295]. These Pd species are defined as sub-stoichiometric PdOx<1 which is regarded as an intermediate state 

between chemisorbed oxygen on Pd metal and PdO bulk [292–295]. The 2-fold Pd surface oxide species are 

assigned to chemisorbed O species of Pd5O4, while the 4-fold Pd surface oxide species are considered to be 

the subsurface oxide of Pd5O4 is regarded as a precursor to the PdO bulk [296,297]. Finally, the assignment of 

the last component located at high binding energy (338.6 eV) is more complex. Even though palladium species 

displaying high binding energies have already been observed, their assignment is still unclear 

[298,299,301,303]. It can be related to cationic Pd species that are: 1) in an oxidation state higher than 2+ 

[302,304,305], and/or 2) in strong interaction with the alumina support [306–310], and/or 3) diffusing into the 

metal oxide lattice depending on the support [298,300,301].  
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Finally, the fit of the averaged photoemission spectrum obtained at 150 s in the O2 cycle, shows that the 

main peaks are those assigned to cationic Pd species, while the intensity of Pd0 and adsorbed CO are low and 

no contributions from surface Pd0 is detected (Figure 7.8a; Table 7.2). The fraction of adsorbed CO on Pd0 is, 

however, not negligible: 0.11 (Table 7.2), which is thought to be the result of Pd surface poisoning by CO, 

since the CO-Pd bond is relatively strong. This is further confirmed by the MS data (Figure E2) which clearly 

shows that CO2 is formed over the entire O2 half cycle. Furthermore, the fact that the Pd0 bulk fraction is higher 

than the Pd0 surface under oxidizing conditions suggests that the thickness of the oxide layer formed is smaller 

than the mean escape depth. This confirms that there is a thin skin of oxide grown on metallic Pd. Under 

reducing conditions, the fit of the averaged spectrum at 150 s (Figure 7.8b; Table 7.2) shows predominantly 

the peaks corresponding to metallic Pd species as well as adsorbed CO on surface Pd0, together with attenuated 

contributions from cationic Pd and no Pdn+-related component. The contribution from the Pd0 surface is low: 

0.04, which confirms the fact that the Pd surface is mainly covered with adsorbed CO species. The results 

demonstrate that PSD is very sensitive to the dynamic evolution of the species affected by the perturbations, 

and allows the detection of small surface changes.  
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Figure 7.7. Fitting strategy to determine the peak features. (a-b) Phase domain spectra at 0, 20, and 40 °, of (a) raw and 

(b) smoothed (binomial 1) data. (c-d) time domain spectra, under (c) oxidative and (d) reductive conditions.  
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Figure 7.8. Fit of the (a) phase (0 °) and (b-c) time domain X-ray photoelectron spectra of 5 wt% Pd/Al2O3 acquired at 

the Pd 3d core level with a 300 eV kinetic energy. (b) Average of the spectra in oxidative conditions, (c) average of the 

spectra in reductive conditions. Peaks are defined in Table 7.1. 

Dynamics and mechanism 

PSD allowed following the dynamics of the species affected by the perturbation with greater details than 

in the time domain. In the time domain, no differences in the dynamics of the reduced and oxidized species 

could be distinguished, because the changes took place quickly (Figure 7.9a-b). In contrast, important infor-

mation was retrieved from the phase domain data.  

The features of reduced and oxidized Pd species exhibited by the phase domain spectra, for the aligned 

data, are presented in Figure 7.9c and Figure 7.9d, respectively. In the phase domain, a shift to higher angles 

implies an earlier consumption or reduction of the active specie. Moreover, the kinetic results obtained corre-

spond to the reactivity of the Pd species over the full CO/O2 modulation.  
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Table 7.2. Peak component fraction of the fit of the averaged time domain X-ray photoelectron spectra of 5 wt% Pd/Al2O3 

acquired under oxidizing and reducing conditions. Fits are shown in Figure 7.8. 

 Binding energy [eV] Oxidizing cond. Reducing cond. 

Surface Pd0 [%] 334.1 0.01 0.04 

Bulk Pd0 [%] 334.9 0.07 0.32 

Adsorbed CO [%] 335.6 0.11 0.36 

Surface PdO (2-fold) [%]  336.35 0.27 0.20 

Surface PdO (4-fold) [%] 337.1 0.14 0.04 

Bulk PdO [%] 337.6 0.22 0.04 

Pdn+ (n > 2+) [%] 338.6 0.19 0 

 

The results obtained from the analysis of the phase domain of the aligned data suggest that bulk Pd0 reacts 

before surface Pd0 and CO adsorption on Pd0 surfaces (Figure 7.9c). The results achieved from the smoothed 

(binomial 1) data, displayed in Figure 7.9c, suggest that all three reduced components evolve at the same time. 

The discrepancy in the phase evolution between the aligned and smoothed data shows that the results achieved 

when smoothing the data need to be evaluated with caution. In contrast to the reduced species, significant 

differences are visible in the behaviour of the oxidized Pd species. The Pd species represented by the binding 

energy at 338.6 eV respond faster than the others to the O2/CO modulation. The second species to react is the 

2-fold surface PdO species, followed by the 4-fold surface PdO and the bulk PdO species.  

From literature, it is found that PdO reduction by CO proceeds through oxygen diffusion from the bulk to 

the surface, following the diffusion-controlled reduction model [311,312]. The PSD results suggest that upon 

reduction bulk Pd0 grows first and is followed by the formation of surface Pd0 and surface coverage by ad-

sorbed CO molecules which occur simultaneously. Furthermore, literature states that the reactivity of the Pdn+ 
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species towards CO oxidation is 10 times higher than PdO nanoparticles at room temperature [302], explaining 

their earlier consumption. The second species to be consumed is supposedly the 2-fold surface PdO species, 

followed by the 4-fold surface PdO and, the bulk PdO species, in agreement with the observation that the 2-

fold coordinated Pd species were more reactive towards CO oxidation than the bulk PdO and 4-fold coordi-

nated Pd species [290,291,296], due to the direct accessibility of the CO binding sites by the surface oxides 

sites [291,296,297,313].  

 

Figure 7.9. (a-b) Normalized time domain and (c-d) normalized phase domain of the (a, c) reduced Pd species, and (b, d) 

oxidized Pd species from the aligned data set.  

On the other hand, Pd oxidation follows the Cabrera-Mott (CM) model [209] until the surface oxide layer 

reaches 3 nm, and then follows the 3D diffusion model [208]. According to the CM model, a thin oxide film 

forms upon oxidation, across which electrons tunnel from the metallic core to ionize adsorbed oxygen. The 

resulting charge separation induces an electric field that is the driving force for ion transport and the growth 

of the oxide layer. Hence, it is coherent that the Pd surface species (Pdn+ and 2-fold surface PdO) are formed 

0 40 80 120 160 200 240 280 320 360
0.00

0.25

0.50

0.75

1.00

 Surface Pd0

 Bulk Pd0

 Adsorbed CO

N
o
m

a
liz

e
d
 i
n
te

n
s
it
y
 [
-]

Phase degree [°]

c d

0 30 60 90 120 150
0.00

0.25

0.50

0.75

1.00

Spectra number [-]

N
o
m

a
liz

e
d
 i
n
te

n
s
it
y
 [
-] a b

0 40 80 120 160 200 240 280 320 360
0.00

0.25

0.50

0.75

1.00

 Surface PdO (2-fold)

 Surface PdO (4-fold)

 Bulk PdO

 Pdn+ (n > 2)

Phase degree [°]

0 30 60 90 120 150
0.00

0.25

0.50

0.75

1.00

Spectra number [-]

O2
CO O2

CO



Chapter 7 

 

 

  

167 

first. Then, the 4-fold surface PdO species are formed before bulk PdO. Indeed, these the 4-fold surface PdO 

species are known to have a faster initial oxidation rate than bulk PdO, which supports the hypothesis of being 

the precursors to bulk PdO [296,297,311,314].   

Finally, the dynamics of the background/noise were followed to verify that it is not affected by the pulses 

(Figure E8). The binding energies chosen were 330.5 and 333 eV. The intensity of that spectral line is not 

affected by the gas switches.  

The results shown in this paragraph demonstrate that PSD offers the unique possibility to extrapolate the 

kinetics of species formation/consumption from in situ time-resolved photoelectron spectroscopy acquired on 

an actual catalyst. 

 

7.4 Conclusion 

Time-resolved in situ X-ray photoelectron measurements were performed on a powder Pd/Al2O3 catalyst, 

while repeatedly switching between oxidative (O2) and reducing (CO) environment, following the ME ap-

proach. All the suitable modulation periods were averaged into one period based on the gas switching events 

since the setup used allowed for rapid gas switches without significant delays between the pulsing event and 

the change in gas composition in the experimental cell. By averaging the ME cycles both, the signal-to-noise 

ratio of a photoemission spectrum and the time resolution of the measurement, which was now only limited to 

the acquisition time of one spectrum, were improved. By comparative fitting of phase and time domain spectra, 

a total of seven Pd species were detected to evolve during the gas switches: three reduced Pd species (bulk and 

surface Pd0, and adsorbed CO on Pd0), and four oxidized species (bulk and surface PdO (2- and 4-fold), as 

well as Pdn+ species). The phase domain data obtained from the PSD algorithm allowed following the dynamic 

evolution of these species in great detail. It was found that the most active species towards CO oxidation were 

the Pdn+ species and the 2-fold surface PdO species. The work presented here paves the way for important 

advances in the field of time-resolved near ambient pressure X-ray photoemission spectroscopy applied on 
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powder catalysts with low metal loadings, especially since the method proposed is fairly simple and can be 

used to process data acquired at different facilities. However, for the study of more complex or new systems, 

it is crucial to acquire the XPS spectra with a higher spectral resolution and to perform more sets of ME 

experiments. 
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  Conclusions and outlooks 
 

 

8.1 Conclusions 

The work presented in this thesis contributes to advancing the knowledge of enhanced methane removal 

from the exhaust of natural gas engines operated under periodic conditions.  

This thesis work aimed at combining catalytic and spectroscopic measurements to gain knowledge on the 

catalytic structure/activity relationship of Pd-based catalysts which can then be used to enhance CH4 removal 

from the exhaust feed of natural gas engines. In general, the catalytic abatement of CH4 can be improved either 

by optimization of the operating conditions or by modifying the material formulation. These two strategies are 

complementary since not all the catalytic properties (i.e. redox properties, selectivity, reaction pathways, etc.) 

can be improved using only one of the two approaches. We decided to start by studying the effect of repeated 

O2 pulses on a simple Pd/Al2O3 catalyst, and then increase the material complexity based on the knowledge 

acquired, and the remaining requirements that need to be fulfilled.  

In this work, we demonstrated that repeated O2 pulses enhanced the catalytic activity and stability toward 

CH4 oxidation, due to the periodic formation and regeneration of the relevant Pd species. Indeed, under wet 

lean CH4 oxidation conditions (1 vol% CH4, 4 vol% O2, 10 vol% H2O), the presence of highly active PdOx 

species formed upon repeated O2 cut-offs, maintains and sustains high isothermal activity and stability, while 

isothermal deactivation of the catalyst is observed under static conditions due to the presence of less active 

PdO species. Under stoichiometric natural gas engine conditions (1500 ppm CH4, 1600 ppm NO, 7000 ppm 

CO, 5700 ppm O2, 5 vol% H2O) simultaneous high conversion of all pollutants was only achieved over fully 

reduced Pd species. CH4 steam reforming reaction appeared as a valuable indication for enhanced pollutant 

removal since this reaction pathway was only induced when the Pd species were fully reduced. Under these 

conditions, NO conversion dropped as soon as the catalyst was oxidized, and  CH4 oxidation was limited when 
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the Pd nanoparticles were only surface oxidized. To maintain the catalyst in a highly reduced state, O2 pulses 

of small amplitude and high frequency were required. Such valuable knowledge on the catalytic structure/ac-

tivity relationship of Pd/Al2O3 allowed anticipating the effect of periodic O2 oscillations on the activity and 

reaction pathways involved during CH4 oxidation from the exhaust feed of stoichiometric natural gas engines. 

The Pd redox properties in Pd/Al2O3 were seen to be strongly affected by the O2 concentration present in 

the exhaust feed, which led to important oscillations of the activity between the rich and lean phases of the O2 

pulses. As a consequence, only a narrow number of optimal operating conditions (cf. pulsing amplitude and 

frequency) induced high conversions over the entire pulsing sequence. Hence, modification of the material 

formulation (i.e. bimetallic systems) was required to control and improve the catalyst redox properties. Rh was 

added to the Pd/Al2O3 catalyst (Pd-Rh/Al2O3). It was observed that once reduced, the Rh species were only 

mildly affected by the O2 concentration present in the feed, and were very active toward the steam reforming 

reaction. Moreover, since the presence of metallic Rh maintained CH4-SR, the hydrogen produced from this 

reaction sustained the metallic Pd species. Hence, the presence of Rh maintained the catalyst in a reduced state 

(c.f. high conversion of all pollutants) over a broad range of O2 concentration and therefore allowed maintain-

ing high activity over a broader range of dithering conditions compared to Pd/Al2O3.  

Because it is essential to follow the catalyst redox behaviour during periodic operation, spectroscopic tech-

niques need to meet the requirements that arise from measuring in transient mode. The time resolution of a 

spectrum needs to be within the second to sub-second range, while the signal intensity and spectral resolution 

have to be high enough to distinguish between the spectral features originating from the active species, the 

spectator species, and the noise. Depending on the technique, noise can be high because only small spectral 

variations are expected from short pulses. Moreover, the equipment needs to match the experimental condi-

tions. For example, cells with small dead volumes and withstanding high temperatures need to be used. In this 

work, synchrotron-based X-ray absorption spectroscopy (XAS) was the technique of choice to follow the Pd 

oxidation state under realistic working conditions and periodic operation. Nonetheless, XAS provides infor-

mation on the bulk, while it would also be insightful to study the response of the surface Pd species which are 
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in direct contact with the gas molecules. This can be is achieved with near ambient pressure X-ray photoemis-

sion spectroscopy (NAP-XPS). However, NAPS-XPS measurements have low time resolution and signal-to-

noise ratio, which limits the applicability of this method for realistic working conditions (i.e. low metal loading, 

diluted gas compositions, etc.). Hence, in this work, we demonstrate that the time resolution and signal-to-

noise ratio of NAP-XPS measurements can be significantly improved by combining the modulation excitation 

method with phase-sensitive detection. 

 

8.2 Outlook 

Outlook for periodic operation  

In this thesis work, it was shown that in order to maximize the effect of the O2 pulses on the activity and to 

propose optimal pulsing protocols it is important to inspect, for each material, how the relevant parameters 

affect the catalyst redox properties and catalytic activity. However, since catalysts used in NGVs are expected 

to operate for extended mileage, the catalyst state will evolve with time (i.e. sintering, phase segregation, 

poisoning, etc.), and the optimal pulsing conditions will most certainly differ with the mileage. Hence, pulsing 

studies on used catalysts will allow proposing pulsing protocols that can be adapted as a function of aging/poi-

soning.  

Improving the material formulation is essential to further enhance the beneficial effect of periodic opera-

tion. Two main approaches can be applied: refining the composition of Pd-based catalysts used specifically 

for periodic operation or exploring new catalysts that were previously discarded because of inefficient perfor-

mance under static conditions but that may exhibit satisfactory activity under transient operation. In the latter 

case, catalysts based on transition elements could play an important role. Either way, when considering cata-

lysts used for periodic operation, special attention should be placed on mitigating the formation of undesired 

by-products (i.e. NH3, N2O) as well as on refining the redox behaviour of the active species. Indeed, this thesis 
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work demonstrated that when high conversion levels were achieved upon periodic operation, it came together 

with important NH3 slips, which emissions are stringently regulated by the European emissions standards. 

Also, tuning the redox properties of the active metals to answer specific requirements will allow broadening 

the range of applicability of the O2 pulses. For example, for stoichiometric NG engine applications, the most 

relevant species for achieving high conversion levels are Pd0, hence, adding Rh to a Pd/Al2O3 catalyst could 

maintain the catalyst in its reduced state over a wider range of pulsing conditions (amplitude and frequency). 

In view of these results and considering the high price of Rh, future studies should focus on evaluating the 

optimal Pd:Rh ratio under pulsing conditions that allows minimizing the amount of precious metal while pre-

serving the beneficial effects of Rh during periodic operation. Moreover, the support can also be modified. 

Oxygen storage components such as CeO2 are typically present in industrial catalysts and can be of interest as 

they modify the Pd redox behaviour and, can actively participate in SR and water gas shift reactions. Irreduc-

ible supports can be valuable for NG lean-burn applications since these materials are less affected by the pres-

ence of water than reducible supports. Finally, it would be very interesting to dedicate efforts to searching for 

new materials (i.e. transition metals). Indeed, there is plenty of room for discovery since not much research 

has been devoted to the assessment of the catalytic activity of new materials for CH4 and NO removal from 

the exhaust of NGVs, under periodic operation. Among the few studies reported, NO reduction was shown to 

be enhanced only under transient conditions on a Cu-based perovskite-type TWC (CuO/La0.5Sr0.5CoO3) as 

reduction of La0.5Sr0.5CoO3 and CuO to more active brownmillerite and metallic Cu was not possible under 

static operation [315]. Furthermore, improved NO reduction was also achieved on a Cu/CeO2 catalyst when 

operated under periodic conditions due to the emergence of a synergistic redox effect between Cu and Ce 

[316]. 

Outlook for operando spectroscopy research methodology 

 Finally, in this thesis work, we demonstrated the importance of following the redox response of the catalyst 

during periodic operation, since the catalyst oxidation state defines the catalytic activity. Hence, the operando 

spectroscopic techniques used need to have sub-second time resolution and high signal-to-noise ratio, to pre-
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cisely follow the dynamic working structure of the catalyst during transient operation. To fulfil these require-

ments, synchrotron-based spectroscopic measurements are usually necessary when working with realistic gas 

compositions (cf. diluted conditions), materials (cf. low active metals loadings), and conditions (cf. high fre-

quencies, low amplitudes).  

In this thesis, the method of choice was synchrotron-based X-ray absorption spectroscopy since it provides 

qualitative and quantitative information on the oxidation state and local environment of a specific element of 

the catalyst. This is especially relevant when working with complex material compositions. Nonetheless, not 

all synchrotron-based spectroscopy methods allow working under realistic conditions and follow fast dynamics 

taking place within the sub-second range. For example, near ambient pressure X-ray photoemission spectros-

copy requires working with pure gas mixtures to avoid expanding the pressure gap, while the low signal-to-

noise ratio of a spectrum necessitates long acquisition times. Moreover, synchrotron-based techniques are not 

easily accessible, are difficult to set up and the data processing is usually challenging.   

Hence, it would be very valuable to spread the use of lab-scale operando spectroscopic measurements in 

order to follow the redox dynamics of systems such as supported noble metals under periodic operation. In-

deed, taking IR and UV-vis spectroscopies as an example, these methods have good time resolution, high 

signal-to-noise ratio, are easily accessible (lab scale instrument), and have simple data processing, which 

makes these techniques appealing alternatives to synchrotron measurements for operando studies. Nonetheless, 

one of the main drawbacks is that the signal acquired by IR and UV-vis is usually measured in diffuse reflec-

tance mode (DRIFT, DRUV) and therefore the spectra acquired are the result of overlapping effects (i.e. plas-

monic effect, reflectivity, scattering, etc.) making the interpretation of the results difficult. Therefore, future 

development of experimental cells and protocols are needed to allow dissociation of the various concurrent 

effects taking place. This is especially important when conducting operando spectroscopic measurements. An-

other difficulty that arises with these two techniques, is that the changes in the oxidation state of supported Pd 

nanoparticles result in the variation of the overall spectra intensity (cf. broad features) rather than the change 

of a specific peak position, width, or intensity, which complicates the results reading. Hence, even if these 
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methods can provide qualitative information on the reduction/oxidation state of the material, they are not ele-

ment specific. Nonetheless, breaking down the complexity of the materials (i.e. Pd/Al2O3) will help gain in-

formation on the redox dynamics of the individual components, and bring essential knowledge to understand 

and optimize the system. Therefore, protocols explaining how to deconvolute the contribution of the different 

components of the materials are needed and would be essential.  
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Appendices 

Appendix A (Chapter 3) 

Experimental section 

Results 

Material properties 

Table A1. Physico-chemical properties of the Pd/Al2O3 catalyst calcined, hydrothermally aged (HT), and thermally aged 

(T). 

Sample 

SBET  

[m2g-1] 

dparticle (TEM)   

[nm] 

dparticle (EXAFS)  

[nm] 

Pd/Al2O3 (calcined) 

128 7.6 ± 1.9 9.6 

Pd/Al2O3 (HT) 

124 10.0 ± 2.9 n.a. 

Pd/Al2O3 (T) 

112 9.2 ± 2.4 n.a. 
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Temperature programmed reduction of calcined Pd/Al2O3 

Temperature programmed reduction with CH4 (CH4-TPR) was conducted in the same reactor as the catalytic tests. In 

brief, 50 mg of catalysts (sieve fraction 150 - 200 µm) mixed with 150 mg of cordierite (sieve fraction 100 - 150 µm) 

were placed in the reactor. CH4-TPR was performed in a flow of 1 vol% CH4 and 10 vol% H2O (balance Ar) at a total 

WHSV of 120 L∙h-1∙g-1. The temperature was raised by 5 °Cmin-1 while analysing the effluent gases using a mass spec-

trometer. 

 

 

Figure A1. MS data of signals (m/z= 2: H2, 15: CH4, 28: CO, 44: CO2) obtained during temperature-programmed                

reduction of calcined Pd/Al2O3 with 1 vol% CH4 in the presence of 10 vol% H2O; balance, Ar; WHSV = 120 Lh-1g-1,    

ΔT = 5 °Cmin-1. 
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Catalytic activity evaluation 

 

Figure A2. CH4 conversion obtained from ascending (―) and descending (- -) linear temperature ramps under static         

and SRP wet lean conditions over 2 wt% Pd/Al2O3. a. Calcined, b. thermally aged, and c. hydrothermally aged.                  

The dashed lines represent T50% in static (black) and SRP (red) mode. Conditions: 1 vol% CH4, 4 vol% O2, 10 vol% H2O; 

WHSV = 120 Lh-1g-1.  
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XRD of Pd/Al2O3 samples 

 

Figure A3. Powder X-ray diffraction of unused Pd/Al2O3 calcined, hydrothermally aged, and thermally aged, as well as 

the support, γ-Al2O3, before impregnation. Pd and PdO reflections are shown in green and orange respectively. 
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HAADF-STEM of all unused samples  

      

    

Figure A4. Calcined 2 wt% Pd/Al2O3 unused. 
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Figure A5. Hydrothermally treated 2 wt% Pd/Al2O3 unused. 
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Figure A6. Thermally treated 2 wt% Pd/Al2O3, unused. 
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Effect of temperature on SRP 

 

Figure A7. Temperature increase (black) to obtain activation by SRP observed from CH4 conversion (red) on calcined 

Pd/Al2O3. Conditions: 1 vol% CH4, 4 vol% O2, 10 vol% H2O; WHSV = 120 Lh-1g-1. 
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Effect of SRP at different temperatures 

 

Figure A8. Methane conversion over calcined Pd/Al2O3 in SRP lean operation. Conditions: 1 vol% CH4, 4 vol% O2,          

10 vol% H2O; WHSV = 360 Lh-1g-1. 
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Effect of space velocity 

 

Figure A9. CH4 conversion obtained at increasing WHSV: 120, 240, and 360 Lh-1g-1 at 435 C over calcined Pd/Al2O3 in 

SRP mode. Conditions: 1 vol% CH4, 4 vol% O2, 10 vol% H2O. 
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XRD of all samples  

XRD of calcined Pd/Al2O3 

 

 

Figure A10. Powder X-ray diffraction of calcined Pd/Al2O3 unused and after use for 16 h at 435 C under static and SRP 

mode, as well as the support, γ-Al2O3, before impregnation. Pd and PdO reflections are shown in green and orange re-

spectively. Reaction conditions: 1 vol% CH4, 4 vol% O2, 10 vol% H2O; WHSV = 120 Lh-1g-1.  
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XRD of hydrothermally aged Pd/Al2O3 

 

 

Figure A11. Powder X-ray diffraction of hydrothermally aged Pd/Al2O3 unused and after use for 16 h at 435 C under 

static and SRP mode, as well as the support, γ-Al2O3, before impregnation. Pd and PdO reflections are shown in green 

and orange respectively. Reaction conditions: 1 vol% CH4, 4 vol% O2, 10 vol% H2O; WHSV = 120 Lh-1g-1.  
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XRD of thermally aged Pd/Al2O3 

 

 

Figure A12. Powder X-ray diffraction of thermally aged Pd/Al2O3 unused and after use for 16 h at 435 C under static and 

SRP mode, as well as the support, γ-Al2O3, before impregnation. Pd and PdO reflections are shown in green and orange 

respectively. Reaction conditions: 1 vol% CH4, 4 vol% O2, 10 vol% H2O; WHSV = 120 Lh-1g-1. 
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HAADF-STEM of all samples after SRP operation 

      

   

Figure A13. Calcined 2 wt% Pd/Al2O3 after SRP operation. 
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Figure A14. Hydrothermally treated 2 wt% Pd/Al2O3 after SRP operation. 
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Figure A15. Thermally treated 2 wt% Pd/Al2O3 after SRP operation. 
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Particle size distribution of all samples after calcination 

 

Figure A16. Particle size distribution of all samples after calcination.  
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Particle size distribution of all samples after SRP operation 

 

Figure A17. Particle size distribution of all samples after SRP operation.  
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FT-EXAFS 

 

Figure A18. Pd K-edge FT-XAFS (not phase corrected) for calcined Pd/Al2O3 illustrating the change of intensities of Pd-

Pd and Pd-O scattering path in PdO over time at static reaction conditions at 435°C as a qualitative measure for increasing 

crystallinity. 
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Effect of water on activity and Pd oxidation state 

 

Figure A19. Effect of water concentration on CH4 conversion (blue) and Pd phase content (PdO (red) / Pd (black))                

of calcined Pd/Al2O3 under lean static conditions at 435 °C. Conditions: 1 vol% CH4, 4 vol% O2, 10 vol% H2O;           

WHSV = 360 Lh-1g-1. 
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Fitting of the different kinetic models  

 

Figure A20. Fitting of the different oxidation mechanisms with the raw data of oxidation degree directly after the SRP 

obtained from LCF-analysis of the Pd K-edge XAS spectra. 
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EXAFS fitting 

Table A2. Results of Pd K-edge EXAFS fitting of the Pd-Reference foil for determination of the amplitude reduction 

factor (amp). 

Reference 
Phase Path R-factor CN Amp E0 [eV] r [Å] σ2  

Pd-foil 
Pd Pd-Pd 0.008 12 0.78 -6.06 2.74 0.005 
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Figure A21. Pd K-edge EXAFS fit of the Pd foil utilized for the determination of the amplitude reduction factor. 
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Table A3. Pd K-edge EXAFS fitting results of commonly fitted factors in multiple data fitting. The data correspond to 

those shown in Figure 3.4 of the main text. For each spectrum, individually fitted coordination numbers of the pulsed and 

static experiments are given in Table C3 and A4 respectively. A k-range of 3-12 Å-1 was used in all fits. 

Operation mode 
T 

[°C] 
Phase R-factor Path Amp E0 [eV] r [Å] σ2 

Pulsed 

(Figure 3.4a) 

 

435 

PdO 

0.03 

Pd-O 

0.78 -2.56 

2.017 
 

0.004 

Pd-Pd(1) 3.05 

 

0.007 

Pd-Pd(2) 3.45 

 

0.011 

Pd(-O-)Pd(1) 3.55 

 

0.016 

Pd(-O-)Pd(2) 3.75 

 

0.019 

Pd Pd-Pd 2.82 

 

0.018 

Static 

(Figure 3.4b) 

435 

PdO 

0.03 

Pd-O 

0.78 -2.87 

2.02 
 

0.004 

Pd-Pd(1) 3.06 

 

0.006 

Pd-Pd(2) 3.44 

 

0.008 

Pd(-O-)Pd(1) 3.56 

 

0.014 

Pd Pd-Pd 2.83 

 

0.019 
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Table A4. Pd K-edge EXAFS fitting results of individually fitted factors in multiple data fitting of the first pulsed activa-

tion experiment at 435 °C corresponding to the data of Figure 3.4a of the main text. 

Operation Mode T [°C] Phase Path Cycle CN ΔCN 

Pulsed 
435 

PdO Pd-O 

1 4.40 0.31 

2 
4.41 0.27 

3 
4.40 0.28 

4 
4.35 0.28 

5 
4.19 0.28 

6 
4.33 0.29 

7 
4.01 0.23 

8 
3.87 0.31 

9 
3.54 0.23 

10 
3.60 0.22 

11 
3.52 0.22 

12 
3.32 0.27 

Pd 
Pd-Pd 

1 0.39 1.11 

2 
0.35 0.67 

3 
0.30 1.14 

4 
0.44 1.40 

5 
0.67 1.38 

6 
1.25 1.46 

7 
2.22 1.32 

8 
1.03 1.57 

9 
2.84 1.37 

10 
2.49 1.26 

11 
3.04 1.36 

12 
4.05 1.81 
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Figure A22. R and k plots for the fit of pulsing cycles 1 to 4 at 435°C, 3 min after the SRP and obtained under lean CH4 

oxidation conditions. The data correspond to those shown in Figure 3.4a of the main text. 
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Figure A23. R and k plots for the fit of pulsing cycles 5 to 8 at 435°C, 3 min after the SRP, and obtained under lean CH4 

oxidation conditions. The data correspond to those shown in Figure 3.4a of the main text. 
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Figure A24. R and k plots for the fit of pulsing cycles 9 to 12 at 435°C, 3 min after the SRP, and obtained under lean CH4 

oxidation conditions. The data correspond to those shown in Figure 3.4a of the main text. 
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Table A5. Pd K-edge EXAFS fitting results of individually fitted factors in multiple data fitting of the static experiment 

at 435°C. The data correspond to those shown in Figure 3.4b of the main text. A k-range of 3-12 Å-1 was used in all fits. 

Operation Mode T [°C] Phase Path 
Time 

[min] 
CN ΔCN 

Static 
435 

PdO Pd-O 

0 4.08 0.30 

1 
3.92 0.33 

5 
4.08 0.28 

10 
4.08 0.28 

15 
4.15 0.21 

20 
4.08 0.26 

25 
3.94 0.27 

30 
4.27 0.28 

40 
4.36 0.26 

50 
4.31 0.26 

Pd 
Pd-Pd 

0 0.83 1.46 

1 
0.94 1.64 

5 
0.47 1.30 

10 

Including this 

path in the fit 

leads to negative 

σ2-values 

15 

20 

25 

30 

40 
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Figure A25. R plots for the fit of the time-resolved data collected under static conditions at 435 °C under lean CH4 

oxidation at 0, 1, 5, 10, and 15 min. The data correspond to those shown in Figure 3.4b of the main text. 
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Figure A26. R plots for the fit of the time-resolved data collected under static conditions at 435 °C under lean CH4 

oxidation at 20, 25, 30, 40, and 50 min. The data correspond to those shown in Figure 3.4b of the main text. 
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Appendix B (Chapter 4)  

 

Figure B1. Powder X-ray diffraction of unused Pd/Al2O3 as well as the support, γ-Al2O3, before impregnation. 
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Figure B2. Dark-field STEM images and particle size distribution of catalyst (Pd/Al2O3).   
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Figure B3.CH4 conversion over two consecutive cycles during heating (―) and cooling (---), under SRP wet lean con-

centrated conditions in the presence of CH4/H2O. The pink and blue rectangles highlight the first H2 appearance during 

the heating ramp of the 1st and 2nd cycle, respectively. Conditions: 1 vol% CH4, 4 vol% O2, 5 vol% H2O;                         

WHSV = 240 Lh-1g-1.  
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Table B1. Pd K-edge FT-XAFS (not phase corrected) illustrating the change in intensities of Pd-Pd and Pd-O scattering 

path during and 294 s after a pulse at 435 °C and 575 °C under SRP wet lean methane oxidation (concentrated conditions). 

Conditions: 1 vol% CH4, 4 vol% O2, 5 vol% H2O; WHSV = 240 Lh-1g-1. 

   CN R σ2 

435 °C 

During a pulse 

Pd-Pd 9.67 ± 0.95 2.72 ± 0.0076 0.013 ± 0.001 

Pd-O 0.93 ± 1.01 2.02 ± 0.15 0.0058 (set) 

294 s after a pulse 

Pd-Pd 3.35 ± 0.84 2.73 ± 0.023 0.011 ±0.0024 

Pd-O 2.88 ± 0.46 1.99 ± 0.0022 0.006 ± 0.0022 

575 °C 

During a pulse 

Pd-Pd 10.73 ± 1.2 2.71 ± 0.011 0.016 ± 0.0016 

Pd-O - - - 

294 s after a pulse 

Pd-Pd 10.64 ± 1.32 2.71 ± 0.014 0.018 ± 0.0019 

Pd-O 0.25 ± 0.17 1.97 ± 0.052 0.0012 (set) 
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Figure B4. Lack of fit of the LCF analysis performed from the XANES region of the XAS spectra measured at the Pd K-

edge, under SRP wet lean concentrated conditions in the presence of CH4/H2O, at (a) 435 °C and (b) 575 °C. Conditions: 

1 vol% CH4, 4 vol% O2, 5 vol% H2O; WHSV = 240 Lh-1g-1. 
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Figure B5. MS signals of CH4, CO/N2, CO2, and NO during heating ramps under SRP wet lean concentrated conditions 

in the presence of (a) CH4/H2O, (b) CH4/NO/H2O, (c) CH4/CO/H2O and, (d) CH4/NO/CO/H2O. Conditions:                           

(a) 1 vol% CH4, 4 vol% O2, 5 vol% H2O; (b) 1 vol% CH4, 1 vol% NO, 3 vol% O2, 5 vol% H2O; (c) 1 vol% CH4,                    

4.6 vol% CO, 8.6 vol% O2, 5 vol% H2O; (d) 1 vol% CH4, 1 vol% NO, 4.6 vol% CO, 7.6 vol% O2, 5 vol% H2O;            

WHSV = 240 Lh-1g-1. 
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Figure B6. CH4 and NO conversions, Pd phase content (PdO / Pd), and H2 MS signals at 435 °C, under SRP wet lean 

concentrated conditions in the presence of CH4/H2O, CH4/NO/H2O, CH4/CO/H2O, CH4/CO/NO/H2O. Conditions:       

(blue) 1 vol% CH4, 4 vol% O2, 5 vol% H2O; (green) 1 vol% CH4, 1 vol% NO, 3 vol% O2, 5 vol% H2O;                              

(black) 1 vol% CH4, 4.6 vol% CO, 8.6 vol% O2, 5 vol% H2O; (red) 1 vol% CH4, 1 vol% NO, 4.6 vol% CO, 7.6 vol% O2, 

5 vol% H2O; WHSV = 240 Lh-1g-1. 
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Figure B7. CH4 and NO conversions, Pd phase content (PdO / Pd), and H2 MS signals at 575 °C, under SRP wet lean 

concentrated conditions in the presence of CH4/H2O, CH4/NO/H2O, CH4/CO/H2O, CH4/CO/NO/H2O. Conditions:       

(blue) 1 vol% CH4, 4 vol% O2, 5 vol% H2O; (green) 1 vol% CH4, 1 vol% NO, 3 vol% O2, 5 vol% H2O;                              

(black) 1 vol% CH4, 4.6 vol% CO, 8.6 vol% O2, 5 vol% H2O; (red) 1 vol% CH4, 1 vol% NO, 4.6 vol% CO, 7.6 vol% O2, 

5 vol% H2O; WHSV = 240 Lh-1g-1. 
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Figure B8. CH4 and NO conversions and H2 (red) and O2 (black) MS signals under static wet stoichiometric concentrated 

conditions in the presence of (a) CH4//H2O, (b) CH4/NO/H2O, (c) CH4/CO/H2O, and (d) CH4/CO/NO/H2O. Conditions: 

(a) 1 vol% CH4, 2 vol% O2, 5 vol% H2O; (b) 1 vol% CH4, 1 vol% NO, 1.5 vol% O2, 5 vol% H2O; (c) 1 vol% CH4,                    

4.6 vol% CO, 4.3 vol% O2, 5 vol% H2O; (d) 1 vol% CH4, 1 vol% NO, 4.6 vol% CO, 3.8 vol% O2, 5 vol% H2O;            

WHSV = 240 Lh-1g-1.  
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Figure B9. CH4 (blue) and NO (green) conversion, as well as H2 (red) and O2 (black) MS signals during heating (―) and 

cooling (- - -) ramps, under SRP wet stoichiometric concentrated conditions, in the presence of (a) CH4/H2O,                         

(b) CH4/CO/H2O and (c’-c’’) CH4/NO/H2O. Conditions: (a) 1 vol% CH4, 2 vol% O2, 5 vol% H2O; (b) 1 vol% CH4,                    

4.6 vol% CO, 4.3 vol% O2, 5 vol% H2O; (c’-c’’) 1 vol% CH4, 1 vol% NO, 1.5 vol% O2, 5 vol% H2O;                                 

WHSV = 240 Lh-1g-1.  
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Figure B10 CH4 conversion during heating ramp under SRP wet lean and stoichiometric concentrated conditions, in the 

presence of (a) CH4/H2O, (b) CH4/NO/H2O, (c) CH4/CO/H2O, and (d) CH4/CO/NO/H2O.   
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Figure B11. Pd0 content under SRP wet stoichiometric concentrated conditions in the presence of (blue) CH4/H2O,      

(black) CH4/CO/H2O, and (red) CH4/CO/NO/H2O. Conditions: (blue) 1 vol% CH4, 2 vol% O2, 5 vol% H2O;                       

(black) 1 vol% CH4, 4.6 vol% CO, 4.3 vol% O2, 5 vol% H2O; (red) 1 vol% CH4, 4.6 vol% CO, 1 vol% NO, 3.8 vol% O2, 

5 vol% H2O; WHSV = 240 Lh-1g-1.  
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Figure B12. CH4 and NO conversions as well as H2 (red) and O2 (black) MS signals under SRP wet lean diluted conditions 

in the presence of (a) CH4/H2O, (b) CH4/CO/H2O, and (c’-c’’) CH4/NO/H2O. Conditions: (a) 0.15 vol% CH4,                       

0.6 vol% O2, 5 vol% H2O, (b) 0.15 vol% CH4, 0.7 vol% CO, 1.3 vol% O2, 5 vol% H2O; (c’-c’’) 0.15 vol% CH4,                 

0.16 vol% NO, 0.44 vol% O2, 5 vol% H2O; WHSV = 240 Lh-1g-1.   
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Figure B13. Pd content (⸺) and CH4 conversion (---) in the presence of CH4/CO/NO/H2O under SRP (black) lean con-

centrated, (red) stoichiometric concentrated, and (blue) lean diluted conditions over (a) three pulses and (b) one pulse. 

Conditions: (black) 1 vol% CH4, 1 vol% NO, 4.6 vol% CO, 7.6 vol% O2, 5 vol% H2O; (red) 0.15 vol% CH4, 0.16 vol% 

NO, 0.7 vol% CO, 1.14 vol% O2, 5 vol% H2O; (blue) 1 vol% CH4, 1 vol% NO, 4.6 vol% CO, 3.8 vol% O2, 5 vol% H2O; 

WHSV = 240 Lh-1g-1.  
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Figure B14. Pd content (⸺) and CH4 conversion (---) in the presence of CH4/H2O under SRP (black) lean concentrated, 

(red) stoichiometric concentrated, and (blue) lean diluted conditions. Conditions: (black) 1 vol% CH4, 4 vol% O2,                 

5 vol% H2O; (red) 1 vol% CH4, 2 vol% O2, 5 vol% H2O; (blue) 0.15 vol% CH4, 0.6 vol% O2, 5 vol% H2O;                            

WHSV = 240 Lh-1g-1. 
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Figure B15. CH4 (blue) and NO (green) conversions, Pd phase content (PdO (red) / Pd (black)) and H2 (orange) MS 

signals at (a) 435 °C (b) 575 °C under SRP wet stoichiometric diluted conditions in the presence of CH4/NO/CO/H2O/O2. 

Conditions: 0.15 vol% CH4, 0.16 vol% NO, 0.7 vol% CO, 0.57 vol% O2, 5 vol% H2O; WHSV = 240 Lh-1g-1.  
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Figure B16. CH4 (blue) and NO (green) conversion, as well as H2 (red) and O2 (black) MS signals during heating (―) 

and cooling (- - -) ramps, under SRP wet stoichiometric diluted conditions, in the presence of (a) CH4/H2O, (b) 

CH4/CO/H2O, (c’-c’’) CH4/NO/H2O. Conditions: (a) 0.15 vol% CH4, 0.3 vol% O2, 5 vol% H2O; (b) 0.15 vol% CH4,        

0.7 vol% CO, 0.65 vol% O2, 5 vol% H2O; (c’-c’’) 0.15 vol% CH4, 0.16 vol% NO, 0.22 vol% O2, 5 vol% H2O;              

WHSV = 240 Lh-1g-1.  
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Figure B17. CH4 and NO conversions, Pd phase content (PdO / Pd), and H2 MS signals at (a-c) 435 °C (d-h) 575 °C under 

SRP wet stoichiometric diluted conditions in the presence (a) CH4/H2O, (b) CH4/CO/H2O and (c) CH4/NO/H2O.              

Conditions: (a) 0.15 vol% CH4, 0.3 vol% O2, 5 vol% H2O; (b) 0.15 vol% CH4, 0.7 vol% CO, 0.65 vol% O2, 5 vol% H2O; 

(c) 0.15 vol% CH4, 0.16 vol% NO, 0.22 vol% O2, 5 vol% H2O; WHSV = 240 Lh-1g-1.  
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Appendix C (Chapter 5) 

 

Figure C1. Operando XAS measured at the Pd K-edge, during pre-treatment in CH4/O2, under stoichiometric static con-

ditions, during (a) ramp up and (b) ramp down. Conditions: 1500 ppm CH4, 3000 ppm O2; WHSV = 240 Lh-1g-1. 
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Figure C2. (a) CO2 and (b) CO concentrations under static lean (5980 ppm O2; λ = 1.001) conditions. Conditions:            

1500 ppm CH4, 1600 ppm NO, 7000 ppm CO, 5980 ppm O2, 5 vol% H2O; WHSV = 240 Lh-1g-1. 
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Figure C3. (a) CO2 and (b) CO concentrations under static stoichiometric (5700 ppm O2; λ = 1.000) conditions.                

Conditions: 1500 ppm CH4, 1600 ppm NO, 7000 ppm CO, 5700 ppm O2, 5 vol% H2O; WHSV = 240 Lh-1g-1. 
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Figure C4. (a) CH4 and (b) NO conversions under static lean (5980 ppm O2; λ = 1.001), stoichiometric (5700 ppm O2;      

λ = 1.0), rich_1 (4845 ppm O2; λ = 0.996) and rich_2 (4275 ppm O2; λ = 0.993) conditions shifted in order to overlap in 

the low temperature range. The numerical values indicate the extent of the shift applied. Conditions: 1500 ppm CH4,  

1600 ppm NO, 7000 ppm CO, 5 vol% H2O; WHSV = 240 Lh-1g-1. 
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Figure C5. NO conversion under static lean (5980 ppm O2; λ = 1.001), stoichiometric (5700 ppm O2; λ = 1.0), rich_1 

(4845 ppm O2; λ = 0.996) and rich_2 (4275 ppm O2; λ = 0.993) conditions as well as (a) the real O2 concentration in the 

reactive feed (dashed) and (b) the theoretical O2 concentration (dashed). Conditions: 1500 ppm CH4, 1600 ppm NO,     

7000 ppm CO, 5 vol% H2O; WHSV = 240 Lh-1g-1.  
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Figure C6. CH4 conversion (⸺) as well as MS signal of O2 (---) under static stoichiometric conditions in CH4/O2/H2O, 

CH4/CO/O2/H2O, CH4/NO/O2/H2O and CH4/NO/CO/O2/H2O feeds. The numerical values indicate the extent of the shift 

applied. The black line indicates the reaction rate of CH4 oxidation at low temperatures. The pink line indicates the       

moment at which the reaction rate of CH4 oxidation deviates in the presence of NO, which also corresponds to the point 

of full consumption of O2. Conditions: (blue) 1500 ppm CH4, 3000 ppm O2, 5 vol% H2O, (red) 1500 ppm CH4,                    

1600 ppm NO, 2200 ppm O2, 5 vol% H2O, (green) 1500 ppm CH4, 7000 ppm CO, 6500 ppm O2, 5 vol% H2O,            

(brown) 1500 ppm CH4, 1600 ppm NO, 7000 ppm CO, 5700 ppm O2, 5 vol% H2O; WHSV = 240 Lh-1g-1. 
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Table C1. Dithering efficiency, ηd, obtained when pulsing 1000 ppm O2/Ar in Ar (WHSV = 240 Lh-1g-1) at room temper-

ature at different amplitudes (A) and frequencies (F). The pulsing flows correspond to the flows needed to reach ampli-

tudes of + 5130, + 4560 + 3990, + 2850, and + 1710 ppm O2 around stoichiometry (1500 ppm CH4, 1600 ppm NO,        

7000 ppm CO, 5 vol% H2O). 

A [ppm] + 5130 + 4560 + 3990 + 2850 + 1710 

 ηd [%] ηd [%] ηd [%] ηd [%] ηd [%] 

F [Hz] Lean Rich Lean Rich Lean Rich Lean Rich Lean Rich 

0.025 95.07 14.87 73.65 9.50 66.49 9.05 66.39 10.57 42.90 8.57 

0.033 77.00 14.34 59.49 10.21 53.40 10.30 52.77 11.11 34.55 8.93 

0.05 53.49 14.15 41.93 9.46 36.60 9.50 36.11 10.3 21.47 7.60 

0.1 24.19 11.02 16.67 8.15 14.69 6.30 13.60 5.37 10.60 2.80 

0.2 3.76 3.76 2.77 2.77 2.23 2.23 2.40 2.40 1.90 1.90 

0.5 0 0 0 0 0 0 0 0 0 0 
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Table C2. Real oxygen concentration obtained when pulsing 1000 ppm O2/Ar in Ar (WHSV = 240 Lh-1g-1) at room 

temperature at different amplitudes (A) and frequencies (F). The pulsing flows correspond to the flows needed to reach 

amplitudes of + 5130, + 4560 + 3990, + 2850, and + 1710 ppm O2 around stoichiometry (1500 ppm CH4, 1600 ppm NO, 

7000 ppm CO, 5 vol% H2O). 

A [ppm] + 5130 + 4560 + 3420 + 2850 + 1710 

 
[O2]expected 

[ppm] 

[O2]expected 

[ppm] 

[O2]expected 

[ppm] 

[O2]expected 

[ppm] 

[O2]expected 

[ppm] 

Baseline 3135 3420 3990 4275 4845 

Pulsed 5130 4560 3420 2850 1710 

Baseline 

+  

Pulsed 

8265 7980 7410 7125 6555 

Average  5700 5700 5700 5700 5700 

F [Hz] 
[O2]real 

[ppm] 

[O2]real 

[ppm] 

[O2]real 

[ppm] 

[O2]real 

[ppm] 

[O2]real 

[ppm] 

 
Lean Rich Lean Rich Lean Rich Lean Rich Lean Rich 

Average Average Average Average Average 

0.025  
7910 3780 6890 3960 6250 4320 6170 4580 5510 4920 

5850 5430 5290 5380  5210 

0.033  
6980 3760 6240 4000 5810 4360 5780 4590 5360 4920 

5370 5120 5090 5190 5140 

0.05  
5740 3750 5440 3960 5240 4340 5310 4570 5140 4900 

4750 4700 4790 4940 5020 

0.1  
4260 3590 4290 3900 4510 4230 4660 4430 4950 4820 

3920 4100 4370 4550 4890 

0.2  
3210 3210 3660 3660 4090 4090 4340 4340 4800 4800 

3210 3660 4090 4340 4800 

0.5  
3020 3020 3530 3530 4020 4020 4280 4280 4770 4770 

3020 3530 4020 4280 4770 
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Figure C7. CH4 and NO conversion as well as MS signal of H2 under static stoichiometric (5700 ppm O2; λ = 1.0) and 

rich_3 (2700 ppm O2; λ = 0.984) conditions. Conditions: 1500 ppm CH4, 1600 ppm NO, 7000 ppm CO, 5 vol% H2O; 

WHSV = 240 Lh-1g-1. 
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Table C3. CH4 and NO conversion in the high conversion regime (oxidation by H2O) and the corresponding theoretical 

O2 concentration in the rich and lean pulses, and the average of both, when performing O2 dithering (3990 + 3420 ppm 

O2 and 0.05 Hz). The initial CH4 conversion value was taken from the temperature ramp performed in 2700 ppm O2            

(λ = 0.984) at 400 °C; then, CH4 conversion was calculated based on the reaction rate increase of 12 umolCH4
/molPd/s. 

Conditions: 1500 ppm CH4, 1600 ppm NO, 7000 ppm CO, 5 vol% H2O; λ = 1 ± 0.018; WHSV = 240 Lh-1g-1. The error 

in the prediction is given in blue. The start of the high conversion regime is indicated in red ([O2]th < 84 ppm). The blue 

number indicates a calculated value not matching the experimental result. 

Temperature 

[°C] 

CH4 conver-

sion [%] 

NO conversion 

[%] 

[O2]th_lean
 

[ppm]a,b 

[O2]th_rich
 

[ppm]a,b 

[O2]th_average
a,b 

[ppm] 

400 37.6 100 1415 508 962 

405 42.05 100 1282 375 828 

410 46.5 100 1015 241 628 

415 50.95 100 1015 108 561 

420 55.4 100 881 -26 428 

425 59.85 100 748 -159 294 

430 64.3 100 614 -293 161 

435 68.75 100 481 -426 27 

440 73.2 100 347 -560 -106 

a Considering NO conversion. 

b Adapting the O2 concentration seen by the catalyst based on the ηd (Table C1). 
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Figure C8. CO concentration at different temperatures (dashed grey) under O2-dithering conditions (3990 + 3420 ppm O2 

and 0.05 Hz). Conditions: 1500 ppm CH4, 1600 ppm NO, 7000 ppm CO, 5 vol% H2O; λ = 1 ± 0.018;                                    

WHSV = 240 Lh-1g-1. 
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Figure C9. CH4 (blue) and NO (green) conversion as well as MS signals of H2 (red) and O2 (black) under O2-dithering at 

410 °C at frequencies of 0.1, 0.2 and 0.5 Hz and amplitude of (a) 3420 + 4560 ppm O2, (b) 3135 + 5130 ppm O2.              

Conditions: 1500 ppm CH4, 1600 ppm NO, 7000 ppm CO, 5 vol% H2O; (a) λ = 1 ± 0.024 and (b) λ = 1 ± 0.027;               

WHSV = 240 Lh-1g-1. 

 

  



Appendices 

 

 

  

252 

Table C4. O2 concentration calculated in the low conversion regime (oxidation by O2) for amplitudes (A) of 3135 + 5130, 

3420 + 4560, 3990 + 3420 and 4275 + 2850 ppm O2 and frequencies (F) of 0.025, 0.033, 0.05, 0.1, 0.2 and 0.5 Hz at 410 

°C. The concentrations were calculated based on the initial O2 concentrations, the dithering efficiency (Table C1), and 

CH4 and NO conversion at 410 °C (retrieved Table 5.1). Conditions: 1500 ppm CH4, 1600 ppm NO, 7000 ppm CO,             

5 vol% H2O; λ = 1 ± 0.027, λ = 1 ± 0.024, λ = 1 ± 0.018, and λ = 1 ± 0.015; WHSV = 240 Lh-1g-1. The start of the high 

conversion regime is indicated in red ([O2]th < 84 ppm). 

A [ppm] + 5130  + 4560  + 3420  + 2850 

 
[O2]expected 

[ppm] 

[O2]expected 

[ppm] 

[O2]expected 

[ppm] 

[O2]expected 

[ppm] 

Baseline 3135 3420 3990 4275 

Pulsed 5130 4560 3420 2850 

Baseline 

+  

Pulsed 

8265 7980 7410 7125 

F [Hz] 
[O2]th

a 

[ppm] 

[O2]th
a 

[ppm] 

[O2]th
a 

[ppm] 

[O2]th
a 

[ppm] 

 
Lean Rich Lean Rich Lean Rich Lean Rich 

Average Average Average Average 

0.025  
3894 -229 2875 -50 2238 308 2161 564 

1832 1413 1273 1362 

0.033  
2965 -256 2230 -17 1798 350 1771 580 

1354 1106 1074 1175 

0.05  
1628 -304 1429 -52 1230 323 1295 557 

662 689 776  925 

0.1  
250 -427 277 -111 498 216 651 416 

-88 83 356 533 

0.2  
-800 -800 -357 -357 79 79 331 331 

-800 -357 79 330 

0.5  
-993 -993 -483 -483 4 4 262 262 

-993 -483 4 262 

a Considering 19.9 % CH4 conversion and 10.5 % NO conversion (Table 5.1) and ηd (Table C1). 
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Table C5. O2 concentration calculated in the high conversion regime (oxidation by H2O) for amplitudes (A) of 3135 + 

5130, 3420 + 4560, 3990 + 3420 and 4275 + 2850 ppm O2 and frequencies (F) of 0.025, 0.033, 0.05, 0.1, 0.2 and 0.5 Hz 

at 410 °C. The concentrations were calculated based on the O2 concentrations initially fed, the dithering efficiency (Table 

C1), and CH4 and NO conversion at 410 °C (retrieved from Table C3). Conditions: 1500 ppm CH4, 1600 ppm NO,          

7000 ppm CO, 5 vol% H2O; λ = 1 ± 0.027, λ = 1 ± 0.024, λ = 1 ± 0.018, and λ = 1 ± 0.015; WHSV = 240 Lh-1g-1. The 

start of the high conversion regime is indicated in red ([O2]th < 84 ppm). 

A [ppm] + 5130 + 4560 + 3420 + 2850 

 
[O2]expected 

[ppm] 

[O2]expected 

[ppm] 

[O2]expected 

[ppm] 

[O2]expected 

[ppm] 

Baseline 3135 3420 3990 4275 

Pulsed 5130 4560 3420 2850 

Baseline 

+  

Pulsed 

8265 7980 7410 7125 

F [Hz] 
[O2]th

a 

[ppm] 

[O2]th
a 

[ppm] 

[O2]th
a 

[ppm] 

[O2]th
a 

[ppm] 

 
Lean Rich Lean Rich Lean Rich Lean Rich 

Average Average Average Average 

0.025  
3812 -311 2793 -132 2156 226 2079 482 

1750 1331 1191 1281 

0.033  
2883 -338 2148 -99 1716 268 1689 498 

1272 1024 992 1093 

0.05  
1546 -386 1347 -134 1148 241 1213 475 

580 607 695 844 

0.1  
168 -509 195 -193 416 134 569 334 

-170 1 275 451 

0.2  
-882 -882 -439 -439 -3 -3 249 249 

-882 -439 -3 249 

0.5  
-1075 -1075 -565 -565 -78 -78 180 180 

-1075 -565 -78 180 

a Considering 49.35 % CH4 conversion and 100 % NO conversion (Table C3) and ηd (Table C1). 
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Table C6. O2 concentration calculated in the low conversion regime (oxidation by O2) for amplitudes (A) of 3135 + 5130, 

3420 + 4560, 3990 + 3420 and 4275 + 2850 ppm O2 and frequencies (F) of 0.025, 0.033, 0.05, 0.1, 0.2 and 0.5 Hz at 410 

°C. The concentrations were calculated only based on the O2 concentrations initially fed and CH4 and NO conversions at 

410 °C (retrieved from Table 5.1). Conditions: 1500 ppm CH4, 1600 ppm NO, 7000 ppm CO, 5 vol% H2O; λ = 1 ± 0.027, 

λ = 1 ± 0.024, λ = 1 ± 0.018, and λ = 1 ± 0.015; WHSV = 240 Lh-1g-1. The start of the high conversion regime is indicated 

in red ([O2]th < 84 ppm). 

A [ppm] + 5130 + 4560 + 3420 + 2850 

 
[O2]expected 

[ppm] 

[O2]expected 

[ppm] 

[O2]expected 

[ppm] 

[O2]expected 

[ppm] 

Baseline 3135 3420 3990 4275 

Pulsed 5130 4560 3420 2850 

Baseline 

+  

Pulsed 

8265 7980 7410 7125 

F [Hz] 
[O2]th

a 

[ppm] 

[O2]th
a 

[ppm] 

[O2]th
a 

[ppm] 

[O2]th
a 

[ppm] 

 
Lean Rich Lean Rich Lean Rich Lean Rich 

Average Average Average Average 

0.025  
4336 -794 4051 -509 3481 -61 3196 346 

1771 1771 1771 1771 

0.033  
4336 -794 4051 -509 3481 -61 3196 346 

1771 1771 1771 1771 

0.05  
4336 -794 4051 -509 3481 -61 3196 346 

1771 1771 1771 1771 

0.1   
4336 -794 3481 -509 3481 -61 3196 346 

1771 1771 1771 1771 

0.2 
4336 -794 4051 -509 3481 -61 3196 346 

1771 1771 1771 1771 

0.5 
4336 -794 4051 -509 3481 -61 3196 346 

1771 1771 1771 1771 

a Considering 19.9 % CH4 conversion and 10.5 % NO conversion (Table 5.1).  
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Table C7. O2 concentration calculated in the low conversion regime (oxidation by O2) for amplitudes (A) of 3135 + 5130, 

3420 + 4560, 3990 + 3420, 4275 + 2850, and 4845 + 1710 ppm O2 and frequencies (F) of 0.025, 0.033, 0.05, 0.1, 0.2 and 

0.5 Hz at 435 °C. The concentrations were calculated based on the O2 concentrations initially fed, the dithering efficiency 

(Table C1), and CH4 and NO conversion at 435 °C, retrieved from Table 5.1). Conditions: 1500 ppm CH4, 1600 ppm NO, 

7000 ppm CO, 5 vol% H2O; λ = 1 ± 0.027, λ = 1 ± 0.024, λ = 1 ± 0.018, λ = 1 ± 0.015, and λ = 1 ± 0.009;                             

WHSV = 240 Lh-1g-1. The error in the prediction is given in blue. The start of the high conversion regime is indicated in 

red ([O2]th < 84 ppm). The blue number indicates a calculated value not matching the experimental result. 

A [ppm] + 5130  + 4560  + 3420  + 2850  + 1710 

 
[O2]expected 

[ppm] 

[O2]expected 

[ppm] 

[O2]expected 

[ppm] 

[O2]expected 

[ppm] 

[O2]expected 

[ppm] 

Baseline 3135 3420 3990 4275 4845 

Pulsed 5130 4560 3420 2850 1710 

Baseline 

+  

Pulsed 

8265 7980 7410 7125 6555 

F [Hz] 
[O2]th

a 

[ppm] 

[O2]th
a 

[ppm] 

[O2]th
a 

[ppm] 

[O2]th
a 

[ppm] 

[O2]th
a 

[ppm] 

 
Lean Rich Lean Rich Lean Rich Lean Rich Lean Rich 

Average Average Average Average Average 

0.025  
3301 -821 2283 -642 1645 -284 1568 -28 902 312 

1 240 820 681 770 607 

0.033  
2372 -849 1637 -610 1206 -242 1179 -13 759 318 

762 514 482 582 538 

0.05  
1036 -897 837 -644 638 -269 702 -36 534 295 

70 96 184 333 414 

0.1   
-342 -1019 -315 -704 -95 -377 58 -177 347 213 

-681 -510 -236 -59 279 

0.2 
-1392 -1392 -949 -949 -514 -514 -262 -262 197 197 

-1392 -949 -514 -261 197 

0.5 
-1586 -1586 -1076 -1076 -589 -589 -331 -331 165 165 

-1586 -1076 -589 -331 165 

a Considering 39.65 % CH4 conversion and 10.5 % NO conversion (Table 5.1) and ηd (Table C1). 
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Figure C10. CH4 (blue) and NO (green) conversions as well as MS signals of H2 (red) and O2 (black) under O2-dithering 

at 435 °C at frequencies of 0.1, 0.2 and 0.5 Hz and amplitude of (a) 4275 + 2850 ppm O2, (b) 3990 + 3420 ppm O2,          

(c) 3420 + 4560 ppm O2, (d) 3135 + 5130 ppm O2. Conditions: 1500 ppm CH4, 1600 ppm NO, 7000 ppm CO,                            

5 vol% H2O; (a) λ = 1 ± 0.015, (b) λ = 1 ± 0.018, (c) λ = 1 ± 0.024 and (d) λ = 1 ± 0.027; WHSV = 240 Lh-1g-1. 
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Table C8. O2 concentration calculated for amplitudes (A) of 3135 + 5130, 3420 + 4560, 3990 + 3420, 4275 + 2850, and 

4845 + 1710 ppm O2 and frequencies (F) of 0.025, 0.033, 0.05, 0.1, 0.2 and 0.5 Hz at 435 °C, in the high conversion 

regime (oxidation by H2O). The concentrations were calculated based on the O2 concentrations initially fed, the dithering 

efficiency (Table C1), and CH4 and NO conversions at 435 °C, retrieved from Table C3. Conditions: CH4: 1500 ppm, 

NO: 1600 ppm, CO: 7000 ppm, H2O: 5 vol%; λ = 1 ± 0.027, λ = 1 ± 0.024, λ = 1 ± 0.018, λ = 1 ± 0.015, and                                   

λ = 1 ± 0.009; WHSV = 240 Lh-1g-1. The start of the high conversion regime is indicated in red ([O2]th < 84 ppm). 

A [ppm] + 5130  + 4560  + 3420  + 2850  + 1710 

 
[O2]expected 

[ppm] 

[O2]expected 

[ppm] 

[O2]expected 

[ppm] 

[O2]expected 

[ppm] 

[O2]expected 

[ppm] 

Baseline 3135 3420 3990 4275 4845 

Pulsed 5130 4560 3420 2850 1710 

Baseline 

+  

Pulsed 

8265 7980 7410 7125 6555 

F [Hz] 
[O2]th

a 

[ppm] 

[O2]th
a 

[ppm] 

[O2]th
a 

[ppm] 

[O2]th
a 

[ppm] 

[O2]th
a 

[ppm] 

  Lean Rich Lean Rich Lean Rich Lean Rich Lean Rich 

 Average Average Average Average Average 

0.025  
3144 -978 2126 -799 1488 -441 1411 -185 745 155 

1083 663 524 613 450 

0.033  
2215 -1006 1480 -767 1049 -399 1022 -170 602 161 

605 357 325 426 381 

0.05  
879 -1054 680 -801 481 -426 545 -193 377 138 

-87 -61 27 176 258 

0.1  
-499 -1176 -472 -861 -252 -534 -99 -334 190 56 

-838 -667 -393 -216 1123 

0.2 
-1549 -1549 -1106 -1106 -671 -671 -419 -419 40 40 

-1549 - 1106 -671 -419 40 

0.5 
-1743 -1743 -1233 -1233 -746 -746 -488 -488 7 7 

-1743 -1233 -746 -488 7 

a Considering 68.75 % CH4 conversion and 10.5 % NO conversion (Table C3) and ηd (Table C1).  
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Table C9. O2 concentration calculated for dithering conditions: 3990 + 3420 ppm O2 and 0.05 Hz at 435 °C, in the low 

and high conversion regimes, for different CH4 concentrations. The O2 concentrations were calculated based on the O2 

concentrations initially fed, the dithering efficiency (Table C1), and CH4 and NO conversions at 435 °C where CH4 

conversion was recalculated as a function of the concentration. Conditions: variable CH4, 1600 ppm NO, 7000 ppm CO, 

5 vol% H2O; λ = 1 ± 0.018; WHSV = 240 Lh-1g-1. The start of the high conversion regime is indicated in red                      

([O2]th < 84 ppm). 

 [O2]expected [ppm] 
[O2]th at 10.5 % NO 

conv. [ppm]a,c 

[O2]th at 100 % NO 

conv. [ppm]b,c 

CH4 

conc. 

[ppm] 

CH4 conv. [%] 

Baseline Pulsed 

Baseline 

+  

Pulsed 

Lean Rich Lean Rich 
10.5 % 

NO 

100 % 

NO 

Average Average 

0 - - 
2000 

 

1585 

 

3585 

 

-1080 -1300 -360 
 

-580 
 

-1 190 -470 

200 
 

100 

 

100 
2260 1840 4100 

-1161 -1416 -441 -696 

-1289 -569 

400 100 100 2510 2090 4600 
-1261 -1651 -541 -931 

-1456 -736 

600 
 

99.1 
100 2760 2350 5110 

-1001 -1607 -291 -898 

-1304 -595 

800 74.3 100 3020 2600 5620 
-651 -1322 -341 -1 012 

-986 -677 

1000 59.5 100 3260 2186 6120 
-317 -1055 -405 -1143 

-686 -774 

1200 49.6 85.9 3510 3110 6620 
24 -779 -129 -932 

-378 -531 

1400 42.5 73.7 3770 3370 7140 
391 -519 238 -672 

-64 -217 

1500 39.6 68.75 4010 3360 7370 
627 -280 474 -433 

173 20 

1600 37.2 64.5 4270 3490 7760 
934 -8 781 -161 

463 310 

1700 35.0 60.7 4270 3620 7890 
982 -4 829 -149 

493 340 

1800 33.0 57.3 4510 3750 8260 
1269 257 1116 104 

763 610 

a Considering CH4 and NO conversion from Table 5.1 

b Considering CH4 and NO conversion from Table C3 

c Considering ηd (Table C1). 
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Table C10. O2 concentration calculated for dithering conditions: 3990 + 3420 ppm O2 and 0.05 Hz at 435 °C, in the low 

and high conversion regimes, at different CH4 concentrations. The O2 concentrations were calculated based on the O2 

concentrations initially fed, the dithering efficiency (Table C1), and CH4 and NO conversions at 435 °C retrieved from 

Table 5.1 and Table C4. Conditions: variable CH4, 1600 ppm NO, 7000 ppm CO, 5 vol% H2O; λ = 1 ± 0.018;                      

WHSV = 240 Lh-1g-1. The start of the high conversion regime is indicated in red ([O2]th < 84 ppm). 

 [O2]expected [ppm] 
[O2]th at 10.5 % NO 

conv. [ppm]a,c 

[O2]th at 100 % NO 

conv. [ppm]b,c 

CH4 

conc. 

[ppm] 

CH4 conv. [%] 

Baseline Pulsed 

Baseline 

+  

Pulsed 

Lean Rich Lean Rich 
10.5 % 

NO 

100 % 

NO 

Average Average 

0 - - 
2000 

 

1585 

 

3585 

 

-1080 -1300 -360 
 

-580 
 

-1190 -470 

200 39.65 68.75 2260 1840 4100 
-924 -1179 -320 -575 

-1051 -448 

400 39.65 68.75 2510 2090 4600 
-778 -1169 -291 -681 

-974 -486 

600 39.65 68.75 2760 2350 5110 
-287 -894 84 -523 

-590 -220 

800 39.65 68.75 3020 2600 5620 
-96 -767 159 -512 

-431 -177 

1000 39.65 68.75 3260 2186 6120 
81 -658 219 -519 

-289 -150 

1200 39.65 68.75 3510 3110 6620 
261 -541 283 -520 

-140 -118 

1400 39.65 68.75 3770 3370 7140 
470 -440 375 -535 

15 -80 

1500 39.65 68.75 4010 3360 7370 
626 -281 473 -435 

172 19 

1600 39.65 68.75 4270 3490 7760 
855 -87 644 -299 

384 173 

1700 39.65 68.75 4270 3620 7890 
823 -154 554 -424 

334 65 

1800 39.65 68.75 4510 3750 8260 
1031 19 704 -309 

525 197 

a Considering CH4 and NO conversion Table 5.1 

b Considering CH4 and NO conversion from Table C3 

c Considering ηd (Table C1).  
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Figure C11. CO concentration at 435 °C under O2-dithering conditions: 3990 + 3420 ppm O2 and 0.05 Hz at 435 °C, while 

varying (a) CH4 concentration from 0 to 1800 ppm, (b) NO concentration from 0 to 4000 ppm and (c) CO concentration 

from 0 to 11000 ppm. Conditions: 1500 ppm CH4, 1600 ppm NO, 7000 ppm CO, 5 vol% H2O; λ = 1 ± 0.018; WHSV 

= 240 Lh-1g-1. 
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Table C11. O2 concentration calculated for dithering conditions: 3990 + 3420 ppm O2 and 0.05 Hz at 435 °C, in the low 

and high conversion regime, at different NO concentrations. The O2 concentrations were calculated based on the O2 

concentrations initially fed, the dithering efficiency (Table C1), and CH4 and NO conversions at 435 °C, retrieved Table 

5.1 and Table C4. Conditions: 1500 ppm CH4, variable NO, 7000 ppm CO, 5 vol% H2O; λ = 1 ± 0.018;                                 

WHSV = 240 Lh-1g-1. The start of the high conversion regime is indicated in red ([O2]th < 84 ppm). 

 [O2]expected [ppm] 
[O2]th at 10.5 % NO 

conv. [ppm]a,c 

[O2]th at 100 % NO 

conv. [ppm]b,c 

NO conc. 

[ppm] 

CH4 conv. [%] 

Baseline Pulsed 

Baseline 

+  

Pulsed 

Lean  Rich  Lean  Rich  
10.5 

% NO 

100 % 

NO 

Average Average 

0 39.65 68.75 4550 3900 8450 
1284 230 534 -519 

757 75 

400 39.65 68.75 
4520 

 

3870 

 

8390 

 

1263 
 

218 
 

570 
 

-475 
 

740          47 
 

800 39.65 68.75 4270 3620 7890 
941 -36 429 -361 

453 -60 

1200 39.65 68.75 4270 3490 7760 
914 -28 581 -396 

443 110 

1600 39.65 68.75 4020 3360 7380 
637 -270 484 -461 

183 143 

2000 39.65 68.75 3790 3380 7160 
432 -480 459 -453 

-24 3 

2400 39.65 68.75 3790 3120 6900 
368 -482 575 -574 

-57 0.4 

2800 39.65 68.75 3520 3110 6630 
105 -734 492 -350 

-314 73 

3200 39.65 68.75 3520 2990 6510 
70 -701 637 -134 

-316 251 

3600 39.65 68.75 3270 2860 6130 
-207 -945 540 -198 

-575 171 

4000 39.65 68.75 3270 2860 6130 
-187 -924 740 0 

-556 370 

4400 39.65 68.75 3020 2600 5620 
-511 -1182 596 -75 

-846 260 

a Considering CH4 and NO conversion Table 5.1 

b Considering CH4 and NO conversion from Table C3 

c Considering ηd (Table C1). 
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 Table C12. O2 concentration calculated in the low and high conversion regimes for dithering conditions (3990 + 3420 

ppm O2 and 0.05 Hz) at 435 °C at different CO concentrations. The O2 concentrations were calculated based on the O2 

concentrations initially fed, the dithering efficiency (Table C1), and CH4 and NO conversion at 435 °C, retrieved from 

stoichiometric temperature ramp. Conditions: 1500 ppm CH4, 1600 ppm NO, variable CO, 5 vol% H2O; λ = 1 ± 0.018; 

WHSV = 240 Lh-1g-1. The start of the high conversion regime is indicated in red ([O2]th < 84 ppm). 

 [O2]expected [ppm] 
[O2]th at 10.5 % NO 

conv. [ppm]a,c 

[O2]th at 100 % NO 

conv. [ppm]b,c 

CO conc. 

[ppm] 

CH4 conv. [%] 

Baseline Pulsed 

Baseline 

+  

Pulsed 

Lean Rich Lean Rich 
10 % 

NO 

100 % 

NO 

Average Average 

0 
 

39.65 

 

68.75 
1510 

 

1330 
 

2840 
 

686 
 

501 
 

533 
 

348 
 

594 441 

1000 
 

39.65 

 

68.75 
2010 1580 3590 

739 520 586 367 

630 477 

2000 
 

 

 

 
2260 1970 4230 

573 300 420 147 

437 284 

3000 
39.65 

 

68.75 

 
2520 2220 4720 

387 79 354 46 

233 200 

4000 
39.65 

 

68.75 

 
3020 2470 5490 

802 165 650 12 

483 330 

5000 
39.65 

 

68.75 

 
3270 2860 6130 

693 -45 540 -198 

324 171 

6000 
39.65 

 

68.75 

 
3770 3110 6880 

795 -44 642 -172 

375 235 

7000 
39.65 

 

68.75 

 
4020 3360 7380 

637 -270 484 -396 

183 43 

8000 
39.65 

 

68.75 

 
4280 3750 8030 

539 -473 386 -596 

33 -105 

9000 39.65 68.75 4770 4000 8770 
837 -461 684 -614 

188 35 

11000 39.65 68.75 5330 4640 10170 
866 -640 2743 -1513 

113 614 

a Considering CH4 and NO conversion Table 5.1 

b Considering CH4 and NO conversion from Table C3 

c Considering ηd (Table C1). 
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Appendix D (Chapter 6) 

  

Figure D1. Dark-field TEM images (a-c) and particles size distribution (d-f) of (a, d) Pd/Al2O3 (b, e) Rh/Al2O3 and (c, f) 

Pd-Rh/Al2O3 after calcination.  
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Figure D2. CH4 and NO conversion as well as O2 and H2 MS signal during heating (⸺) and cooling (---) segments 

performed under static stoichiometric (5700 ppm O2; λ = 1.0) conditions over Pd/Al2O3 (2nd cycle). The catalytic meas-

urements were performed after an oxidative pre-treatment. Conditions: 1500 ppm CH4, 1600 ppm NO, 7000 ppm CO, 

5700 ppm O2, 5 vol% H2O; WHSV = 240 Lh-1g-1. 
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Figure D3. Scheme of the isothermal O2 pulses experiment. 
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Table D1. O2 concentration present in the lean and rich phases of the pulses as well as the average concentration over the 

full dithering period, at the different amplitudes (A) and frequencies (F) evaluated. The results are analysed for Pd/Al2O3. 

In red are the values below 4540 ppm O2, wherein high conversions of CH4 and NO are induced. In blue are the values 

between 4640 and 4540 ppm O2, at which high NO conversions are promoted. In purple is the mismatch between calcu-

lations and experimental results. 

F [Hz] 0.033 0.05 0.1 0.2 0.5 

 [O2] [ppm] [O2] [ppm] [O2] [ppm] [O2] [ppm] [O2] [ppm] 

A [ppm] 
Lean Rich Lean Rich Lean Rich Lean Rich Lean Rich 

Average Average Average Average Average 

5700 ± 

855 

4998 5436 4975 5212 4893 5026 4877 4877 4845 4845 

5217 5094 4960 4877 4845 

5700 ± 

1140 

4788 5555 4764 5216 4653 4836 4609 4609 4560 4560 

5172 4990 4745 4609 4560 

5700 ± 

1425 

4592 5779 4569 5304 4428 4663 4343 4343 4275 4275 

5185 4936 4545 4343 4275 

5700 ± 

1710 

4356 5806 4329 5233 4190 4474 4069 4069 3990 3990 

5081 4781 4332 4069 3990 

5700 ± 

1995 

4116 5836 4084 5165 3956 4291 3794 3794 3705 3705 

4976 4625 4124 3794 3705 

5700 ± 

2280 

3886 6133 3851 5332 3792 4180 3546 3546 3420 3420 

5009 4592 3986 3546 3420 

5700 ± 

2565 

3871 7085 3861 5879 3700 4376 3328 3328 3135 3135 

5478 4870 4038 3328 3135 

5700 ± 

2850 

3667 7239 3657 5899 3478 4229 3064 3064 2850 2850 

5453 4778 3853 3064 2850 
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Figure D4. (a) CH4 and (b) NO conversions as well as (c) N2O and (d) NH3 concentration under O2-dithering conditions 

at 420 °C over Pd/Al2O3 performed at 0.025, 0.033, 0.05, 0.1, 0.2 and 0.5 Hz and amplitude of 5700 ± 855, 5700 ± 1140, 

5700 ± 1425, 5700 ± 1710, 5700 ± 1995, 5700 ± 2280, 5700 ± 2565 and 5700 ± 2850 ppm O2. Conditions:                                  

1500 ppm CH4, 1600 ppm NO, 7000 ppm CO, 5 vol% H2O; WHSV = 240 Lh-1g-1. 
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Figure D5. (a) CH4 and (b) NO conversions as well as (c) N2O and (d) NH3 concentration under O2-dithering conditions 

at 420 °C over Rh/Al2O3 performed at 0.025, 0.033, 0.05, 0.1, 0.2 and 0.5 Hz and amplitude of 5700 ± 855, 5700 ± 1140, 

5700 ± 1425, 5700 ± 1710, 5700 ± 1995, 5700 ± 2280, 5700 ± 2565 and 5700 ± 2850 ppm O2. Conditions:                           

1500 ppm CH4, 1600 ppm NO, 7000 ppm CO, 5 vol% H2O; WHSV = 240 Lh-1g-1. 
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Figure D6. (a) CH4 and (b) NO conversions as well as (c) N2O and (d) NH3 concentration under O2-dithering conditions 

at 420 °C over Pd-Rh/Al2O3 performed at 0.025, 0.033, 0.05, 0.1, 0.2 and 0.5 Hz and amplitude of 5700 ± 855, 5700 ± 

1140, 5700 ± 1425, 5700 ± 1710, 5700 ± 1995, 5700 ± 2280, 5700 ± 2565 and 5700 ± 2850 ppm O2. Conditions:                          

1500 ppm CH4, 1600 ppm NO, 7000 ppm CO, 5 vol% H2O; WHSV = 240 Lh-1g-1. 
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Appendix E (Chapter 7)  

 

Figure E1. X-ray photoelectron of 5 wt% Pd/Al2O3 at the Al 2p core level acquired with a 660 eV photon energy, measured 

while pulsing CO and O2.  

  

66 68 70 72 74 76 78

25

50

75

100

125

150

B.E [eV]

S
p
e
c
tr

a
 n

u
m

b
e
r 

[-
]

200.0

3388

6575

9763

1.295E+4

1.614E+4

1.933E+4

2.251E+4

2.570E+4

C
O

O
2



Appendices 

 

 

  

271 

 

          

 

Figure E2. O2, CO, and CO2 mass spectrometer signals measured during (a) X-ray photoelectron spectroscopy measure-

ments, and (b) in a quartz plug-flow reactor in the laboratory when performing the O2 and CO switches every 5 min.  
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Figure E3. X-ray photoelectron spectra of 5 wt% Pd/Al2O3 at the Pd 3d core level with a 300 eV kinetic energy. (a-b) 

non-aligned spectra, (c-d) aligned spectra. (a, c) Heat map of all spectra acquired during the 6 h measurement. (b, d) Heat 

maps of the spectra averaged over each half cycle performed during the 6 h measurement.  

1000

2000

3000

4000

5000

0.000

2930

5860

8790

1.172E+4

1.465E+4
a

10

20

30

40

50

60

70

A
v
. 

s
p

e
c
. 

h
a

lf
 c

y
c
le

s
 [

-]

b

330 335 340 345

1000

2000

3000

4000

5000

#
 o

f 
s
p
e

c
tr

a
  
[-

]

B.E [eV]

c

330 335 340 345

10

20

30

40

50

60

70

B.E [eV]

d



Appendices 

 

 

  

273 

 

Figure E4. X-ray photoelectron of 5 wt% Pd/Al2O3 at the Pd 3d core level with a 300 eV kinetic energy, of the spectra 

averaged over each half cycle performed during the 6 h measurement, after alignment. (a) Oxidizing conditions. (b) re-

ductive conditions.  
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Figure E5. Phase domain performed on (a) binomial smoothed 1, (b) binomial smoothed 2, (c) binomial smoothed 3, X-

ray photoelectron spectra acquired at the Pd 3d core level with a 300 eV kinetic energy over 5 wt% Pd/Al2O3 obtained 

when switching between CO and O2 every 5 min.   
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Figure E6. Phase angles 50 to 130 ° of the phase domain results obtained from the raw data set. X-ray photoelectron 

spectra acquired at the Pd 3d core level with a 300 eV kinetic energy over 5 wt% Pd/Al2O3 obtained when switching 

between CO and O2 every 5 min.  
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Figure E7. (a-b) Normalized time domain and (c-d) normalized phase domain of the (a, c) reduced Pd species, and (b, d) 

oxidized Pd species from the aligned and smoothed (binomial 1) data set. 
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Figure E8. Normalized time domain obtained from the raw data. The X-ray photoelectron spectra was acquired at the Pd 

3d core level with a 300 eV kinetic energy over 5 wt% Pd/Al2O3 obtained when switching between CO and O2 every 5 

min. 
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