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General Introduction 
Air pollution presents a substantial challenge to public well-being, contributing to severe health 

issues. The world health organization (WHO) estimates the number of deaths due to pollution 

to be around 9 million per year, which corresponds to 20% of deaths worldwide. A significant 

source of this pollution is the transportation sector, primarily due to vehicle emissions. Among 

the various reactions occurring in exhaust emissions, the CO oxidation reaction has garnered 

considerable attention from researchers. Despite its apparent simplicity, the reaction 

mechanism has been the subject of extensive debate and discussion in the literature. While 

three-way catalysts have made significant strides in reducing emissions, the challenge of 

addressing cold start issues remains unresolved. Consequently, gaining a comprehensive 

understanding of the catalyst's behavior under reaction conditions at low temperatures is 

essential to improve catalyst formulations. At lower temperatures, the CO oxidation reaction 

on platinum group metal (PGM) catalysts exhibits distinct phenomena, including surface 

reconstruction and hysteresis. The hysteresis phenomenon, associated with activity variations 

within temperature cycles, is a subject of ongoing debate in the literature and various 

interpretations and explanations have been proposed over time to elucidate these intriguing 

phenomena. In-situ techniques provide valuable insights into the species formed on the 

catalyst's surface during a reaction. Among these techniques, the combination of SSITKA 

(Steady-State Isotopic Transient Kinetic Analysis) and IR (Infrared) spectroscopy emerges as 

the most suitable method for investigating reaction mechanism and identifying the diverse 

species formed on the catalyst surface. To our knowledge, there have been no prior studies that 

have employed the SSITKA-IR technique to investigate the mechanism of the CO oxidation 

reaction in the existing literature. 

This manuscript is structured into five chapters. The first chapter provides an overview of the 

existing literature concerning air pollution, governmental regulations, with a particular focus 

on the three-way catalyst system and the challenges posed by the cold start problem. 

Additionally, it offers insights into the CO oxidation reaction mechanism, specifically the 

formation of surface adsorbed species, and discusses surface phenomena such as hysteresis and 

surface reconstruction. Furthermore, within this opening chapter, a comprehensive introduction 

to the SSITKA technique is presented. This encompasses an exploration of its fundamental 

parameters and principles, mechanistic models, and a consideration of its limitations. 

Additionally, it highlights advancements in the technique, notably the coupling of SSITKA with 

IR spectroscopy with some examples. 
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The chapter 2 of this manuscript delves into the materials and methods utilized throughout this 

thesis work. It provides a comprehensive account of the experimental conditions employed for 

the characterization and synthesis of various materials. Furthermore, the configuration of the 

setup used for the experiments is detailed. Lastly, the chapter offers an overview of the 

experimental conditions followed for the different catalytic tests.  

Chapter three is dedicated to the application of the SSITKA-IR technique in the context of the 

CO oxidation reaction on Pt/Al2O3 and Pd/Al2O3 catalysts. The primary objective of this chapter 

is to identify the species generated during the reaction and to differentiate between active and 

inactive species. The findings reveal that linear and bridged carbonyls are active species in the 

CO oxidation reaction. Additionally, this chapter addresses the role of hydrogen-carbonate 

species, concluding that they do not actively participate in the reaction mechanism. Instead, 

they are formed through the interaction between the product CO2 and hydroxyl groups present 

on the Al2O3 support. 

The fourth chapter investigates the reactivity of the linear and bridged carbonyls that have 

been identified previously as active species in CO oxidation reaction. The research work 

explores the decomposition of the carbonyls IR signal into various bands, each with distinct site 

attributions and kinetic rate exchange characteristics. Furthermore, this chapter reveals an 

important insight—while certain bands within the linear and bridged carbonyl groups may 

exhibit fast exchange rates, not all of them play a role in product formation. In particular, some 

bands may have high reactivity but do not significantly influence the overall product formation 

process, adding depth to our understanding of the reaction mechanism. 

Finally, in the last chapter the hysteresis phenomenon observed on Pt/Al2O3 and Pd/Al2O3 

catalysts have been studied with the use of SSITKA-IR technique. This chapter focuses on 

unraveling the behavior of the linear and bridged bands during both light-off and light-out 

conditions, aiming to explain the observed differences in activity. It was shown that the 

hysteresis can be attributed to a substantial change in the kinetic behavior of the intermediate 

species, likely stemming from a reconstruction phenomenon occurring during the light-out 

phase. Furthermore, this chapter explores the effect of reductive pulses on the activity of the 

catalysts, revealing increases in activity, especially for Pd/Al2O3.  
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Résumé de thèse 

 

Le contrôle de pollution de l'air représente un défi considérable à la fois en termes de santé 

publique et pour le maintien environnemental. L'Organisation Mondiale de la Santé (OMS) 

estime que le nombre de décès dus à la pollution s'élève à environ 9 millions par an, soit 20% 

des décès dans le monde. Une source importante de cette pollution est le secteur des transports, 

principalement en raison des émissions des véhicules à moteur thermique. La solution utilisée 

pour limiter l’émission de polluant se trouve dans l’instauration d’un pot catalytique (catalyse 

3 voies et DeNOx) en sortie d’échappement. Diverses réactions d’oxydo-réduction se 

produisent ainsi dans la ligne d'échappement, et parmi-elles, la réaction d'oxydation du CO qui 

a suscité beaucoup d'attention de la part des chercheurs. Malgré sa simplicité apparente, le 

mécanisme de réaction a fait l'objet de nombreux débats et discussions dans la littérature. Bien 

que les catalyseurs trois voies aient fait d'importants progrès dans la réduction des émissions, 

la forte pollution observée lors des démarrages à froid, lorsque le catalyseur n’est pas encore 

actif, demeure un problème irrésolu. Par conséquent, acquérir une compréhension complète du 

comportement du catalyseur dans des conditions de réaction à basse température s’avère 

nécessaire pour résoudre ce défi. La réaction d'oxydation du CO réalisée sur des catalyseurs à 

base de métaux du groupe du platine (PGM) fait face à des comportements distincts, avec 

notamment l’apparition de phénomènes de reconstruction de surface et d'hystérésis. Le 

phénomène d'hystérésis, associé à des variations d'activité en montée et descente de 

température, fait l'objet de débats constants dans la littérature. Ainsi, plusieurs interprétations 

et explications ont été proposées au fil du temps pour élucider ce phénomène intrigant, mettant 

en avant l’utilisation de diverses techniques d’analyse.  

Les techniques d’analyse in situ fournissent des informations précieuses sur les espèces formées 

à la surface du catalyseur pendant une réaction. Parmi celles-ci, la combinaison de la technique 

SSITKA (Analyse cinétique de l’échange isotopique transitoire en régime stationnaire) et de la 

spectroscopie infrarouge (IR) émerge comme la méthode la plus adaptée pour étudier les 

mécanismes de réaction. À notre connaissance, aucune étude antérieure n'a employé le couplage 

SSITKA-IR pour enquêter sur le mécanisme de la réaction d'oxydation du CO sur PGM dans 

la littérature existante. 

L'objectif principal de ce travail de thèse a été de démêler les mécanismes sous-jacents de 

l'oxydation du CO sur les catalyseurs PGM déposé sur alumine (γ-Al2O3) à basse température, 
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avec pour but ultime d'améliorer la performance du catalyseur dans ces conditions difficiles. 

Pour atteindre cet objectif, notre principal axe de recherche s’est orienté vers l'investigation du 

phénomène d'hystérésis observé à basse température. Notre mission première a été d'éclaircir 

ce phénomène, non seulement pour le comprendre, mais aussi pour tirer parti de cette 

connaissance afin d'améliorer l'efficacité du catalyseur à basse température. Une approche en 

plusieurs étapes a été adoptée pour parvenir à une compréhension globale. La première étape a 

consisté à utiliser la technique SSITKA-IR afin de caractériser la surface du catalyseur et de 

distinguer les espèces actives et les espèces inactives lors de la réaction d’oxydation de CO. 

Le troisième chapitre de cette thèse se penche spécifiquement sur les différentes espèces 

formées à la surface des catalyseurs Pt et Pd supportés sur alumine et impliquées dans la 

réaction d'oxydation du CO. La technique IR a identifié la formation d’espèces carbonyles 

linéaires et pontés, ainsi que d'espèces hydrogénocarbonates à la surface des deux catalyseurs. 

Selon la technique SSITKA, les espèces subissant un échange isotopique rapide, en phase avec 

la cinétique de formation du produit CO2, sont considérées comme des contributeurs actifs au 

mécanisme de réaction. Dans ce contexte, les carbonyles linéaires et pontés ont été identifiés 

comme les principales espèces actives, tandis que les espèces hydrogénocarbonates se sont vues 

reléguées au rang d’espèces inactives. L'expérience impliquant l'échange direct 12CO2/
13CO2 

sur le support d'alumine nu a fourni des preuves claires que les espèces hydrogénocarbonates 

sont en réalité formées par l'interaction du produit CO2 avec un groupe hydroxyle de surface. 

Ce phénomène de ré-adsorption explique le décalage initial observé dans les profils de 

concentrations normalisées de 13CO et 13CO2 lors de l’expérience SSITKA. De plus, le 

comportement des espèces hydrogénocarbonates est remarquablement similaire sur les deux 

catalyseurs Pt/Al2O3 et Pd/Al2O3. Cette observation suggère que la ré-adsorption de CO2 se 

produit principalement sur le support d'alumine lui-même, plutôt que par une diffusion de 

surface (spillover) à partir des particules métalliques. La non-nullité des valeurs de NC 

(concentration d’espèces de surface contenant du carbone-13) obtenues sur les catalyseurs Pt et 

Pd, même après une pré-saturation en 12CO2, suggère soit une saturation partielle du support 

d'alumine par des carbonates, soit la présence d'autres espèces intermédiaires contenant du 

carbone dans le mécanisme d'oxydation du CO. Cela nous amène donc à conclure prudemment 

sur la signification de ces résultats. En effet, le réservoir (pool) correspondant à NC pourrait être 

divisé en deux catégories : 1/ les hydrogénocarbonates spectateurs et 2/ des espèces 

intermédiaires actives contenant du carbone, qui pourraient inclure par exemple des 

hydrogénocarbonates formés métalliques ou différents types d'espèces chimiques. En 
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conclusion il est également important de noter que, même si toutes les espèces supposées 

actives suivent un échange isotopique 12CO/13CO similaire, toutes ne participent pas 

nécessairement au mécanisme de réaction. En fait, l'une de ces espèces peut être spectatrice 

mais avec une conversion rapide en espèce réactive. Après avoir identifié les principaux 

intermédiaires actifs dans la réaction d'oxydation du CO sur Pt et Pd supportés sur alumine, 

notre attention s'est tournée vers la distinction de la réactivité de ces différentes espèces 

carbonyles au cours de la réaction.  

Dans le chapitre quatre, nous avons utilisé la modélisation cinétique pour approfondir la 

réactivité des espèces carbonyles de surface. Dans le cas de Pt/Al2O3, quatre types d’espèces 

carbonyles linéaires ont été identifiés suite à une déconvolution du signal IR, basée sur la 

littérature existante, en 4 bandes distinctes. Les cinétiques d’évolution de ces bandes au cours 

de l’échange isotopique 12CO/13CO ont été analysées donnant ainsi des informations sur leur 

comportement intrinsèque. Chaque bande présente des caractéristiques uniques de site 

d'adsorption et de constante cinétique d'échange. Les constantes les plus grandes ont été 

attribuées aux bandes associées à l'adsorption de carbonyles sur les sites de Pt terrasse (2080 

cm-1) et Pt marche (2059 cm-1). En revanche, notre étude a confirmé la nature non active des 

espèces carbonyles adsorbées sur des particules de plus petites taille (~ 1 nano et sub-

nanométrique), en accord avec leurs constantes cinétiques d'échange plus faibles. Grâce à une 

analyse encore plus poussée, nous avons pu identifier le CO linéaire adsorbé sur les sites de Pt 

marche (step) comme l'intermédiaire principal dans la formation de CO2, tandis que le CO 

linéaire adsorbé sur les sites de terrasse du Pt semble jouer un rôle plus mineur dans la formation 

du produit, malgré sa constante cinétique d'échange plus élevée. En utilisant la même méthode 

sur le cas de Pd/Al2O3, différents types de carbonyles linéaires et pontés ont été identifiés sur 

la surface du Pd avec l’aide de la littérature. 5 bandes distinctes ont cette fois-ci été 

déconvoluées pour évaluer leur comportement cinétique. L'analyse a mis en lumière les rôles 

de chaque espèce dans la réaction d'oxydation du CO. L'échange le plus rapide a été observé 

pour la bande à 1957 cm-1, associée à l'adsorption de carbonyles pontés sur Pd(100), ainsi que 

pour la bande à 2059 cm-1, liée à l'adsorption de carbonyles linéaires sur des sites faiblement 

coordonnés. Alors que les carbonyles pontés se sont révélés jouer un rôle majeur dans la 

production de CO2, les bandes L1 et L2, correspondant au CO adsorbé linéairement sur Pd ne 

semblent jouer, quant à eux, que des rôles mineurs. De même, le CO adsorbé sur les sites 

« bridge-bound » et « 3 fold hollow » semblent être des espèces inactives dans la réaction 

d'oxydation du CO, en accord avec leurs plus faibles constantes cinétiques d’échange 
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isotopique. Une des conclusions essentielles de cette étude est qu'une espèce peut s'échanger 

rapidement (constante cinétique élevée) sans affecter significativement la formation des 

produits, comme observé dans le cas des CO linéaires dans le système Pd/Al2O3. La 

signification de cette étude réside dans la révélation que les carbonyles linéaires et pontés, 

autrefois considérés comme des espèces actives, sont en réalité composés de plusieurs sous-

catégories d’espèces différenciées par leurs sites d’adsorption, dont toutes ne participent pas au 

mécanisme de réaction.  

Les informations obtenues dans les chapitres précédents ont servi de base à l'analyse et la 

compréhension du phénomène d'hystérésis dans le chapitre cinq. Dans le cas du Pt/Al2O3, une 

comparaison des constantes cinétiques dérivées du modèle cinétique précédemment décrit 

révèle une diminution des valeurs pendant la phase de descente en température, ce qui est en 

corrélation avec la diminution de l'activité catalytique. De plus, une réduction de l'intensité des 

bandes de CO linéaire est observée pendant la phase de descente en température, en accord avec 

les calculs SSITKA. Cependant, la comparaison de la distribution des espèces carbonyles 

présentes sur Pt dans les deux conditions (montée et descente en température) n'offre pas une 

explication satisfaisante de la différence observée en termes d’activité catalytique. Il est à noter 

que, étant donné les conditions non isothermes d’analyse pour les deux conditions, fournir une 

explication est difficile la température ayant un impact sur les paramètres cinétiques. Dans le 

cas de Pd/Al2O3, où la température a été maintenue constante dans les deux conditions, le 

phénomène d'hystérésis a pu être attribué à des variations dans le comportement cinétique des 

différentes bandes IR lors de l'échange isotopique. Notamment, une légère modification de 

l'ordre de réactivité des espèces a été observée, associée à une réduction significative des 

constantes cinétiques pendant la descente en température ainsi qu’à une diminution de la 

quantité d'intermédiaires actifs déterminée par SSITKA. De plus, le comportement de la 

principale espèce intermédiaire lors de l'échange isotopique diffère entre les deux conditions. 

Par conséquent, il est raisonnable d'attribuer le phénomène d'hystérésis à un changement 

substantiel dans le comportement cinétique des espèces intermédiaires, probablement dû à un 

phénomène de reconstruction de surface se produisant lors de la montée en température. Un 

autre aspect exploré dans ce travail de thèse concerne l'application de pulses réducteur d’H2 

pour étudier leur impact sur la performance catalytique. L’objectif ultime est ici de trouver un 

moyen de maintenir un niveau élevé d'activité du catalyseur à l’aide de conditions transitoires. 

L'effet de ces pulses sur l'activité des deux catalyseurs se traduit par une augmentation 

significative de la conversion de CO observée pour Pd/Al2O3, tandis que l'effet sur Pt/Al2O3 est 
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plus mineur. Plus précisément, pour Pd/Al2O3, une nette diminution de l'intensité des bandes 

de carbonyles pontés et des bandes d'hydrogénocarbonates est observée après les pulses d’H2. 

Il est important de noter que l'activité catalytique accrue n'est pas maintenue dans le temps. Par 

conséquent, il est crucial d'introduire les pulses d’H2 de manière transitoire pour maintenir une 

activité importante. Pour cela des pulses brefs (1 s) peuvent être suffisants pour obtenir une 

augmentation substantielle de la conversion. Cependant, pour atteindre la conversion maximale, 

une exposition plus longue à H2 est nécessaire. 
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1- Air pollution: Challenges and Solutions 

1.1- Air pollution  
 

Air pollution is one of the world’s largest health and environmental problems. Almost the entire 

world population (99%) breathes air that exceeds World Health Organization (WHO) air quality 

limits, and threatens their health [1]. The primary air pollutants are substances that are emitted 

directly into the environment mainly due to the combustion of biomass and fossil fuels. These 

pollutants include gases like sulfur dioxide (SO2), nitrogen dioxide (NO2), carbon monoxide 

(CO), Volatile Organic Compounds (VOCs), and particulate matter (PMs). Air quality 

monitoring carried out in more than 6000 cities across 117 countries shows, for example, that 

residents are still inhaling harmful levels of fine particulate matter and nitrogen dioxide. People 

residing in low and middle-income countries are particularly exposed to high levels of air 

pollution. The findings have led the WHO to highlight the significance of decreasing the use of 

fossil fuels and implementing other concrete measures to reduce air pollution. Meanwhile, more 

and more evidences are emerging regarding the negative impact of air pollution on human 

health, indicating that even small quantities of certain air pollutants can cause significant harm 

to the body. These health impacts have economic costs: they shorten lifespan, increase medical 

costs and reduce productivity through lost working days. In France, air quality has improved in 

the last two decades but there are still several regions where the limit values for pollutants are 

not being met. Atmospheric pollution is the number one issue of environmental concern for the 

French population today. Approximately 47 000 people die prematurely each year in France 

(~8% of total deaths) as result of fine particle and NO2 pollution according to a recent study of 

Santé Publique France [2].  Moreover, the annual direct and indirect economic costs associated 

to air pollution is estimated to €100 billion. 

The character of air pollution is undergoing a shift. Household air pollution has been decreasing 

globally since 1990 due to the replacement of biomass, such as wood and dung, with liquefied 

petroleum gas and renewable sources of energy for household heating and cooking [3]. 

However, the gains made in this area have been overpassed by the increase in ambient air 

pollution, propelled by the rapid expansion of megacities, industrial production globalization, 

the proliferation of toxic chemicals and pesticides, and the growing use of motor vehicles [4]. 

This increase is particularly significant in the most rapidly industrializing countries. While 

industrial pollution has decreased by 45 to 65 percent in 20 years, transportation pollution has 

increased by more than 30 percent due to the increase in car traffic. To solve this issue, the 
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passenger car market is undergoing a major transformation worldwide. For example, on June 

8, 2022, the European Parliament voted to end the sale of new thermal cars in 2035, a major 

step towards achieving carbon neutrality by 2050 [5]. Consequently, the French car fleet is 

entering a phase of massive electrification. While the electrification of the vehicle fleet is an 

essential lever, it is not enough for the transition to be fully effective from an environmental, 

social and economic point of view. The deployment of electric vehicles must also be accessible 

to all, beneficial to the climate by using decarbonized electricity, and limit its impact on the 

electricity grid and earth resources. These limitations slow down the transition so that thermal 

vehicles still represent more than 90% of the fleet today.  

Most engines use the combustion of fuels made from crude oil as a source of energy.  Even if 

many efforts have been made to find solutions to reduce the emissions of harmful exhaust gases, 

any improvement in technology to reduce pollution from mobile sources is always justified [6]. 

Combustion exhaust gas is mostly composed of carbon dioxide (CO2), water vapor (H2O), and 

nitrogen (N2). Despite the fact that carbon dioxide and water vapor are greenhouse gases 

contributing to global warming, they are not poisonous or harmful for Humans. Most 

importantly undesirable, noxious, or toxic substances such as carbon monoxide (CO), 

hydrocarbons (properly indicated as CxHy, but commonly shown simply as "HC"), nitrogen 

oxides (NOx) are also released from incomplete combustion, unburnt fuel and excessive 

combustion temperatures, respectively, as well as particulate matter. 

 

1.2- Regulations and current abatement technology 

1.2.1- History: Euro 1 to Euro 6d 

 

Recognizing the problem of atmospheric pollution has led to the introduction of regulations 

controlling and limiting harmful emissions from automobile exhaust. Since 1992, the Euro 

emission standards have been in place to control vehicle emissions in Europe for passenger cars 

(diesel and gasoline). The regulated pollutants CO, HC, NOx and particulate matter (PM) have 

all been targeted for significant reductions with the help of these successive standards (Euro 1 

to 6). Euro 6d, currently applicable, was introduced in 2020 to further reduce harmful emissions 

from cars and other vehicles (Table I-1). 
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Table I-1- European emissions regulations limits. 

Standard Date of 

application 

CO 

(mg/km) 

HC 

(mg/km) 

NOx 

(mg/km) 

PM 

(mg/km) 

NH3 

Euro 6d 2020 1000 100 60 5 - 

Euro 7 2025 500 100 60 4.5 20 

 

1.2.2- The upcoming Euro 7 

 

Euro 7 standards have been revealed recently and should be in place in 2025 (Table I-1). The 

proposal includes a number of changes, including updated limits for pollutant emissions, 

broadened boundary conditions for Real Driving Emission (RDE) testing, extended emission 

durability periods, as well as first-ever limits for particulate emissions from brakes. It will limit 

NOx emissions to 60 milligrams per kilometer for diesel engine (this is already the case for 

gasoline) [7]. The ultimate goal is to reduce nitrogen dioxide pollution from motor vehicles by 

35% by 2035 and carbon monoxide emission standards (500 mg/km). In addition to these 

pollutants, the proposal introduces limits for ammonia for cars and vans to not exceed 20 

mg/km. The proposal also lowers the cut point for PN measurement from the current 23 nm to 

10 nm (PN10) and regulates particles from brakes, as an upgrade for Euro 6 regulation. 

Moreover, until 2016, emissions have been measured in the laboratory using the Worldwide 

Harmonized Light Vehicles Test Cycles (WLTC) for Euro 6 certification and since 2017, the 

RDE tests have been applied to passenger cars that meet the Euro 6 emission norm [8]. 

In Euro 7, pollutant emissions will be assessed from the moment the engine is turned on, unlike 

the Euro 6d standard where emissions were measured after the coolant reached 70 °C [9]. 

Although the objectives of the future Euro 7 standard may seem unambitious due to the fact 

that the factual limits do not change much compared to Euro 6, the boundary conditions as seen 

in Figure I-1: emission measurements in real conditions and no longer in the laboratory, more 

representative driving scenarios, measurement during cold starts, hard accelerations or high 

altitudes, etc. 
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Figure I-1- Euro 7 prediction compared to Euro 6 regulation [10]. 

 

Thus, major developments in exhaust gas treatment will be necessary. One of the main 

challenges will be to accelerate the warming up of exhaust systems so that they reach their 

effective temperature as quickly as possible, with a focus on cold start, being the most critical 

phase in terms of pollutant gas emissions.  

1.2.3- Three-Way catalysis for gasoline engines 

 

Following these regulations, the automotive industry stepped up its efforts to develop 

technologies aimed at reducing pollutant emissions from diesel and gasoline engines. For diesel 

engines, selective catalytic reduction (SCR) systems such as DeNOx (or selective catalytic 

reduction of nitrogen oxide) have been widely adopted. Likewise, the Three-Way Catalysis 

(TWC) systems have been applied to gasoline engines in order to reduce harmful emissions. 

We will focus here on this new technology applied to gasoline engines, which will be discussed 

in the following section. 

Since 1982, the TWC has been extensively applied to the post-treatment of exhaust gas from 

gasoline engines [11]. The effective control of emissions is accomplished on an active catalyst 

by oxidizing CO and HCs simultaneously, forming CO2 and water, and reducing nitrogen 

oxides to nitrogen gas (N2) according to equations I-1 to I-3. Other reactions can also occur in 

addition of these, such as the water-gas shift reaction [12]. 
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2 CO + O2 → 2 CO2     (I-1) 

CxHy + O2 → CO2 + H2O     (I-2) 

2 NO → N2 + O2    (I-3) 

The design of active solid material placed in the exhaust pipe (Figure I-2) includes several 

components such as: a substrate, the washcoat, an active phase, and several promoter elements 

[13].  

 

Figure I-2- Schematic image of a three-way catalytic converter [14]. 

The substrate has a honeycomb structure and is typically made of cordierite, but metallic foil 

substrates have also been developed. The advantage of a metal monolith lies in their high 

conductivity and low heat capacity but ceramic monolith as cordierite (Al3Mg2AlSi5O18) has 

been widely applied in most catalyst converter because of their low cost, excellent resistance to 

thermal shock and low coefficient of thermal expansion [15]. 

The washcoat is a high surface area material containing a doped alumina-based material (Al2O3) 

which is chosen for its thermal stability and resistance to sintering [16]. To maintain the air-to-

fuel ratio close to the stoichiometry, the washcoat incorporates a component with a high oxygen 

storage capacity (OSC) such as CeO2. Indeed, an important parameter in TWC is to maintain 

an air-to-fuel ratio close to the stoichiometry (14.7:1) in order to effectively convert the three 

main pollutants simultaneously as shown in Figure I-3 [12, 17]. Cerium ions can easily switch 

between III+ and IV+ oxidation states by creating and regenerating oxygen vacancies [15]. This 
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feature allows the ceria-containing catalyst material to store oxygen from the exhaust stream 

when there is an excess of oxygen, thereby promoting to conversion of NOx. On the other hand, 

it releases oxygen to the exhaust stream when there is a deficiency, which promotes the 

conversion of CO and HCs to CO2. The addition of promoter elements, such as alkaline earth 

metals or trivalent rare earth metals (Y, La, Pr, Nd) is also crucial for TWC materials to achieve 

thermal stability [18]. In the exhaust pipe, the catalysts are often subjected to high temperatures 

for prolonged periods, reaching up to 800-1000 °C. At these temperatures, the support can 

experience severe sintering leading to several issues that can negatively impact the catalytic 

performance as a reduction in surface area, loss of available reactive oxygen within the ceria 

lattice and sintering of the active metal catalyst [15]. 

 

Figure I-3- Typical performance of a TWC as a function of A/F ratio [19]. 

Finally, the active phase is commonly made of elements from platinum group metals (PGMs) 

such as platinum, palladium and rhodium. Pt and Pd are used for the oxidative process of three-

way catalysis, while Rh is necessary for reducing NOx emissions. The use of precious metals 

in TWC poses several challenges due to their scarcity, high cost, and potential for deactivation 

(sintering or poisoning) [20]. As a result, the choice and loading of PGMs must balance the 

required efficiency of the converter with the market price of PGMs. Attempts to replace PGMs 

with more abundant base metal oxides such as Cr, Ni, Co, Cu and Mn were unsuccessful in 

meeting the requirements for catalytic converters in terms of activity and selectivity, despite 

efforts made by automobile and catalyst companies to find alternative options that could reduce 

costs [21]. The development of TWC performance has led to the introduction of a new system 

called Four-way conversion catalyst (FWC). This advanced system has the capacity to not only 
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remove the three primary pollutants (CO, HC, NO) from gasoline exhaust but also effectively 

tackle the issue of particulate matter. 

In summary, the ideal catalyst should possess several key characteristics, such as high activity 

and selectivity, rapid light-off, excellent thermal stability and a large capacity of oxygen 

storage. Despite their efficiency, a significant limitation for modern three-way catalyst design 

is in terms of cold-start performance, particularly during the first few minutes of a vehicle 

journey. Indeed, high temperatures (>250-300 °C) are required from engine exhaust to achieve 

effective conversion rates [15]. For this reason, it is crucial to give special attention to the cold 

start problem in order to thoroughly understand and effectively address this issue. 

 

1.3- Cold Start challenge  
 

For a modern gasoline engine, about 90% of pollutants will be released during the first minutes 

of operation after a cold start due to the incomplete combustion of fuel [22].  Various factors, 

such as the composition of the exhaust gas, the volume and composition of the catalyst, affect 

the catalyst’s performance during the cold-start period [23]. However, the main cold-start 

problem is caused by the fact that the temperature of the catalyst is the most crucial factor in 

achieving efficient conversion. During start-up, the engine exhaust is not hot enough to heat up 

the catalyst to the required threshold temperature, also known as the light-off temperature for 

the catalytic reactions to begin. The temperature ranges at which the light-off typically occurs 

is between 250 and 300 °C [24, 25]. Thus, the challenge is to get heat the catalyst as fast as 

possible to initiate the catalytic reaction. To address this challenge, researchers have been 

working on designing three-way catalyst with enhanced low-temperature catalytic performance 

and strategies to improve their light-off temperatures. 

Several initiatives have been taken to improve the efficiency of catalytic converters at low 

temperatures, like catalytic solutions or new system approaches. The effectiveness of any of 

these ideas is assessed based on several criteria, including their ability to reduce emissions and 

light-off temperature, their thermal stability over extended periods and mileage and the 

complexity, durability and cost of the system. An actual strategy for lowering light-off 

temperatures in catalytic converters is to increase the precious metal loading, particularly 

palladium [26, 27]. However, this approach is limited by the high cost of these metals. Some 

researchers have also shown that increasing the amount of Pd in the catalyst does not enhance 
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catalytic performance beyond a certain level [28], as excessive concentrations of these precious 

metals can lead to significant CO and Pd interactions making the desorption of CO from Pd a 

rate-limiting step [29]. Another strategy consists of using HC traps which have been applied 

successfully in diesel applications. During the cold start-period, HC can be captured and held 

in a trap until the catalyst is heated and becomes active. Then HC are released and subsequently 

oxidized in the conventional TWC [30]. The trap is typically made of hydrophobic zeolite-

based materials like ZSM-5, zeolite Y and zeolite beta [31]. One of the challenges associated 

with using a zeolite trap is that precious metal in the three-way catalyst can be poisoned by SiO2 

that migrates from the trap during hydrothermal aging at temperature above 750 °C. Moreover, 

zeolite materials have poor hydrothermal stability at temperatures above 850 °C [19]. Last 

approach was to use different methods to quickly heat the catalyst by minimizing the time after 

a cold-start for the catalyst to be sufficiently warm to enable high conversion of the harmful 

exhaust compounds [23]. This was achieved through the use of an electrically heated catalyst 

or close coupled catalyst. Typically, conventional three-way catalysts are installed in an 

underfloor position, which is quite far from the engine. However, close-coupled catalysts are 

situated much closer to the engine, often on the manifold [32, 33]. This position helps to 

minimize the duration required for the engine exhaust to heat up the catalyst. Successful 

experiments showed that the time needed to reach hydrocarbon light-off can be shortened to as 

little as 10 seconds [24, 34]. Using metal monolith with high thermal conductivity and low heat 

capacity is the preferred substrate for close-coupled catalysts allowing for rapid heating. Major 

challenges of using close-coupled catalysts is (i) to find materials that can resist deactivation 

after being exposed to high temperatures, typically around 1050 °C and (ii) the space 

requirements and heat management in under hood location [30]. Finally, another simple way to 

accelerate the heating of the catalyst was investigated by using electrically heated catalysts 

(EHC). The concept consists of electrically heating a pre-catalyst supported on a metal 

substrate, enabling it to rapidly reach the temperature required for efficient light-off [35]. The 

EHC technology uses sintered metals or metal foils to create a resistive element, which is coated 

with the catalyst material [23]. However, the use of EHC has been proven to be possible, but 

there are significant concerns about its long-term durability, power consumption and cost of the 

metal substrate and system [24]. 

As you have understood, the "cold start" issue remains relevant in catalysis, and studying 

catalytic mechanisms at low temperatures is important. This is precisely the objective of this 

thesis, which aims to investigate two specific aspects. Firstly, we will examine the CO oxidation 



23 

 

and its hysteresis phenomena, seeking to understand the factors that influence this process at 

lower temperatures. Secondly, we will use a particular technique called SSITKA-IR (Steady 

State Isotopic Transient Kinetic Analysis) coupled to InfraRed Spectroscopy to deepen our 

understanding of these low-temperature catalytic phenomena. Therefore, the following two 

paragraphs provide a comprehensive overview of the current state of research in these two 

specific areas. 

 

2-  CO oxidation reaction 

2.1- Introduction 
 

Carbon monoxide (CO) is a poisonous gas that is often referred to as the silent killer as it lacks 

any color, taste or smell. It is commonly produced due to incomplete combustion of fossil fuels 

and most of its emission occurs during the cold start of vehicles [25, 29]. Even a small exposure 

to CO can be fatal as it binds easily with hemoglobin in blood cells replacing by this way vital 

oxygen. In recent years, catalytic CO oxidation has gained significant attention due to its 

demand in various industrial processes, such as pollution reduction in industries, petrochemical 

waste abatement, fuel and hydrogen production for fuel cells [36, 37]. Furthermore, as seen 

previously, CO is a major source of air pollution from the automotive industry and its oxidation 

is a key reaction that takes place in the three-way catalytic converter [38].  

This reaction is catalyzed commonly by the use of transition metals to activate surface reactions. 

Among transition metals, PGMs such as platinum (Pt), palladium (Pd) and rhodium (Rh)- are 

known to have the highest activity because of their ability to dissociate molecular oxygen at 

low temperatures and form strong bonds with atomic oxygen and CO. Despite many attempts 

to enhance their efficacy in CO oxidation, such as incorporating promoters or using reducible 

oxides as supports, the use of PGM catalysts for CO oxidation at room temperature remains a 

challenge [39]. In recent studies, it has been found that gold (Au) is highly effective in 

catalyzing the oxidation of CO close to the ambient temperature [40]. Gold’s high activity is 

attributed to its selective binding to CO and non-selective loose binding to other reactants, 

resulting in sufficient concentration of CO on surfaces, thus lowering the activation energy to 

a negligible value making the reaction occur at room temperature. Despite the favorable 

characteristics of gold catalysts for CO oxidation at low temperatures, their limitations in terms 

of overall TWC performance and cost make Pt and Pd catalysts the preferred choices for 

addressing the multi-reaction requirements of TWC systems. 
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2.2- Mechanisms on PGMs 

2.2.1- The Langmuir-Hinshelwood mechanism  

 

Despite the simplicity of the CO oxidation reaction in the presence of O2, researchers have 

proposed more than 20 different steps that may occur during the process [41]. Among these, 

the Langumir-Hinshelwood (LH) dual-site mechanism is considered to be one of the most 

plausible mechanisms for low temperature CO oxidation on PGMs. It proceeds via the 

conventional three-steps scheme [42]: adsorption of the gaseous species (CO and O2), diffusion 

over the surface, then reaction between adsorbed species and production of gaseous carbon 

dioxide as illustrated in Figure I-4. 

 

Figure I-4- Schematic of Langmuir-Hinshelwood mechanism [43]. 

An important aspect to consider is the availability of sites that can accommodate both reactants 

in close proximity where they can tend to strongly bind to reactive surfaces. This will lead to 

the formation of islands with reactive interfaces and pores in between [44]. 

The O2 adsorption step in this mechanism is often considered to be the rate-limiting step [45]. 

Traditional PGM catalysts with inert supports such as SiO2, Al2O3 and zeolites are inefficient 

at low temperature because of the significant competition between CO and O2 adsorption and 

activation on the metal sites. CO is strongly adsorbed, which hinders O2 adsorption and 

activation. By consequence high working temperatures (>100 °C) are required to weaken CO 

adsorption and facilitate O2 adsorption [46, 47]. This makes CO oxidation less effective and is 

called CO poisoning.  

2.2.2. The carbonate and alternative mechanisms 

 

Particular attention has also been made on the adsorbed species formed on the catalyst surfaces 

during CO oxidation. Various adsorbed species, including linear and bridged carbonyls, as well 
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as carbonates, have been reported in the literature for PGMs based catalysts. However, the role 

and contribution of carbonates to the overall reaction mechanism are still subject of ongoing 

discussion and investigation.  

Ackermann et al. [48] identified the presence of two active surface oxides on Pt(110) in their 

study. The first oxide, known as the incommensurate oxide, forms a hexagonal PtO2 layer and 

has been observed during CO oxidation over Pt nanoparticles supported on Al2O3 [49]. The 

second reactive oxide, with a commensurate structure, has not yet been directly observed on 

high surface area nanosized catalysts. But the formation of this oxide requires the stabilization 

of an additional carbonate species according to their computational calculations. It is worth 

highlighting that this study marked the first instance where the presence of a carbonate species 

was specifically proposed as a potential reactive intermediate in the context of CO oxidation 

over platinum [50]. Later, Mose-Debusk et al. [51] proposed a catalytic cycle demonstrating 

the conversion of CO to CO2 solely through isolated platinum (Pt) centers supported on θ-Al2O3 

surfaces with participation of reactive carbonates formed at these atomically dispersed sites 

(Figure I-5). 

 

Figure I-5- Pathway for CO oxidation on single Pt Atoms supported on the (010) surface of θ-Al2O3 [51]. 

In Figure I-5, CO may add on the oxidized Pt atom supported on Al2O3 leading to the formation 

of an adsorbed bidentate carbonate. This carbonate species then undergoes decomposition, 

resulting in the release of CO2 to form a new adsorbed PtO site. This latter can further react 

with a second CO molecule, leading to the release of a second CO2 molecule and the 

regeneration of the initial atomic Pt species.  

Pt

C

O

Al
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In complete contrast, recent research by Ding et al. [52] revealed that isolated platinum atoms 

present in zeolitic (H-ZSM5) and Al-doped SiO2 supports acted as spectator sites in CO 

oxidation and water-gas shift catalysis at relatively low temperatures (373 K). Newton et al. 

have proposed in their study a room-temperature cyclic mechanism reaction, involving both 

carbonates and carbonyls (linear and bridged species) adsorbed on Pt for the CO oxidation 

(Figure I-6). 

 

Figure I-6- Mechanism route proposed for the CO oxidation reaction with the involvement of linear and 

bridged carbonyls as well as carbonates [53]. 

The successful execution of the catalytic cycle relying on these Pt carbonates necessitates the 

active yet indirect involvement of the Pt nanoparticles, which constitute the majority of the Pt 

in the catalyst (estimated to be around 80%) [53]. In an another study from the same authors, 

they demonstrate using combined Mass spectrometry (MS), Diffuse reflectance infrared Fourier 

transform spectroscopy (DRIFTS) and X-ray absorption fine structure (XAFS) that the most 

active element for CO2 production is a platinum carbonate characterized by a high wavenumber 

absorption band at 1690 cm-1 [50]. DRIFTS analysis confirmed the existence of Pt carbonates 

on Pt/Al2O3 catalysts with low loadings (0.18 and 1 wt%) but no specific investigations 

regarding the intrinsic activity of these Pt carbonates were conducted or discussed in the study. 
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Fottinger et al. have examined in their studies the formation mechanism of carbonates on Pd-

alumina and Pd-zirconia catalysts using labelled 13C18O as reactant [54, 55]. They proposed, by 

examining the vibrational frequencies of carbonates and the stretching range of surface 

hydroxyl (OH) groups that carbonates are formed through the reaction of carbon monoxide 

(CO), adsorbed on support oxygen vacancy site, with surface OH species (Figure I-7) followed 

by immediate reaction of CO2 with the oxide support.  

 

Figure I-7- Proposed reaction pathway for carbonate formation on Pd/Al2O3 [55]. 

Murata et al. have demonstrated the strong correlation between the fraction of Pd0-COlinear 

species and CO oxidation activity. They have thus shown that Pd corners and Pd(111) are highly 

active sites for this reaction [56]. The fraction of Pd0-COlinear species was found to be influenced 

by the shape and surface structure of the Pd particles supported on Al2O3. No information was 

mentioned about the observation and the role of carbonates. 

Other pathways of carbonate formation were reported in literature. One mechanism involves 

the disproportionation of carbon monoxide (CO) on PGM noble metals leading to the formation 

of carbon dioxide (CO2) and elemental carbon (Equation I-4).  

2CO  CO2 + C (inverse Boudouard reaction)                                       (I-4) 

The produced CO2 can subsequently react with either O2- ions or OH groups present on the 

alumina support to form adsorbed carbonates (CO3
2-) or bicarbonates (HCO3-), respectively [57, 

58]. In the latter case, carbonates are not the source of CO2 formation, but rather its 

consequence. However, numerous experimental and theoretical studies have indicated that the 

dissociation of CO on Pd is unlikely, even for CO pressures of up to 1 bar and elevated 

temperatures of approximately 500 K [59, 60].  
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Despite extensive discussions and debates in the literature regarding the formation of carbonates 

on the surface PGM/Al2O3 catalysts during the CO oxidation reaction, there is still a lack of 

clear information regarding the role of these species in the CO2 formation. Are they a source 

of CO2 or the result of reabsorption? The question remains open. 

 

2.3- Hysteresis in CO oxidation reaction 
 

Another interesting phenomena observed in CO oxidation reaction on PGM catalysts is its 

hysteresis behavior making it a fascinating subject of investigation [61]. Most experimental 

data on hysteresis reported in literature are limited and scattered, with a narrow range of 

catalysts and reactions being studied. Only a few studies have specifically focused on hysteresis 

during CO oxidation, linking it to the catalyst's structure and characteristics. This section aims 

to summarize the plausible interpretations of the hysteresis behavior during CO oxidation.   

In heterogeneous catalysis, temperature hysteresis refers to a phenomenon where a reaction 

parameter, such as reaction rate or degree of conversion, does not match with increasing or 

decreasing temperature. This results in the creation of a hysteresis loop, where the ascending 

and descending branches of the conversion (%) vs. temperature plot do not align. In recent 

studies, a normal hysteresis behavior was observed during the heating-cooling cycles of CO 

oxidation reaction on Pt and Pd supported catalysts (Pt/Al2O3, Pd/Al2O3, Pt/CeO2, Pd/SiO2…) 

corresponding to higher conversions during extinction as illustrated in Figure I-8 [62–64]. 

Three distinct activity regions are reported during the hysteresis catalytic process: the first 

region exhibits low activity prior to the light-off temperature, characterized by CO adsorption 

on the catalyst surface. It’s followed by a region of high activity at higher temperatures after 

the light-off temperature. Finally, a region named as bi-stability is detected during the cooling 

phase before the light-out temperature. 
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Figure I-8- Typical hysteresis during ignition (light-off) and extinction (light-out) of exothermic CO 

oxidation reaction [41]. 

 

As discussed before, Hauptmann et al. [65] proposed that the low activity of the ignition process 

could be attributed to CO poisoning and thus the blockage of active sites for dissociative oxygen 

adsorption at low temperatures. In contrast, the high activity of the catalyst during extinction 

could be explained by several factors reported in Table I-2 and described hereafter.  

Table I-2- Origin of hysteresis hypotheses reported in literature. 

Origin of hysteresis References 

Presence of multiple steady states [66, 67] 

Slow surface transition [42] 

Interaction between kinetics and intrapellet diffusion resistance [68] 

Isothermal multiplicity [69–72] 

Formation of CO islands [73] 

Thermal effect [74, 75] 

 

In literature, several hypotheses were discussed to understand the origin of hysteresis. It can be 

for example attributed to the presence of multiple steady states in a catalytic system where, 

during a gradual temperature change, one steady state is replaced by another state with different 

kinetic features. This will cause the reaction to proceed at a different rate even at constant 

reactor temperatures [66, 67]. Carlsson et al. have linked the occurrence of the hysteresis loop 
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on Pt based catalysts with the slow transition from an oxygen-enriched surface and platinum 

oxide formation, which is present during extinction, to a CO-covered surface including Pt 

reduction [42]. Another explanation was proposed by Hegedus et al. [68] involving the 

interaction between CO oxidation kinetics and intrapellet diffusion resistance. They 

discovered a widening of the hysteresis loop upon catalyst aging. This impact was linked to 

morphological variations caused by Pt particles sintering, which leads to different oxidation 

and reduction rates [42]. Chakrabarty et al. provided an explanation for hysteresis based on the 

interference between surface reactions and sorption processes. They proposed that the 

sorption of reactants on the catalyst surface plays a significant role in generating hysteresis 

behavior, leading to isothermal multiplicity [69]. Similar observations of multiplicity have 

been explained by (i) the competition of reactant sorption on Pt catalyst [70, 71] , (ii) the 

switching of CO complexation types on the catalytic surface, as well as (iii) the interaction 

between O2 and chemisorbed CO [72]. The isothermal multiplicity can also be attributed to the 

alternation between active metallic Pt species and surface-oxidized Pt nanoparticles. Some 

authors have also suggested that the formation of hysteresis loops in CO oxidation can be 

attributed to the formation of CO islands on the catalyst surface [73]. More recently, Frank-

Kamenetskii introduced the concept of temperature hysteresis in heterogeneous catalysis based 

on the macro-kinetic transition from the kinetic mode to the diffusion mode during hysteresis 

[76]. Finally, thermal effects are often associated to the hysteresis phenomenon in CO 

oxidation due to the highly exothermic nature of the reaction and the thermal inertia of the 

catalyst [41]. Subbotin and colleagues proposed that when the reaction rate reaches a certain 

level, the heat generated at the active reaction sites becomes too significant to be effectively 

dissipated into the surrounding environment [74]. Several factors can exacerbate this behavior 

such as poor heat conductivity of porous oxide supports or ineffective heat dissipation by 

inactive catalytic mass. As a result, the actual temperature at the active centers becomes higher 

than the average temperature of the catalyst bed, leading to local overheating and a higher 

conversion rate than expected at the measured temperature. When the heat source is turned off 

the excessive heat takes a longer time to dissipate maintaining a higher temperature at the active 

sites compared to the temperature measured by a thermocouple and by consequence a higher 

catalytic activity at lower temperatures during extinction [75]. 

Two types of hysteresis can be observed (i) the normal hysteresis as described above where 

the extinction activity is higher compared to the light-off step and (ii) the inverse hysteresis 

where the catalytic activity during ignition exceeded the activity during extinction. The latter 
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was observed in the case of CO, NO and C3H6 gas mixtures oxidation reaction on Pt supported 

catalyst (Figure I-9).  

 

Figure I-9- CO conversion light-off and light-out cycles experiment in presence of NO gas mixture [77]. 

This inverse behavior was attributed to the high-temperature oxidation of Pt in the presence of 

NO or C3H6, leading to the formation of a less catalytically active oxide phase compared to 

metallic Pt. At low temperatures, the Pt oxide is then reduced back to metallic Pt [77]. In some 

cases, a switch from normal hysteresis to inverse hysteresis is even observed during the CO 

oxidation reaction, known as reverse hysteresis. Dubbe et al observed this trend using a 

CO/NO/O2 mixture on Pd/Al2O3 catalysts attributing this result to the reversible oxidation of 

the Pd surface (Figure I-10)  [78]. Other research has also reported reverse hysteresis of CO 

oxidation in case of unsupported catalysts, such as Pd/Ag alloys [79].  

 



32 

 

 

Figure I-10- Conversion curve in case of CO/NO/O2 mixture on Pd/Al2O3 [78]. 

The hysteresis profile seems also very sensitive to different parameters as particle size, reactant 

concentrations inlet gas composition, pretreatment or support used. For example, Casapu et al. 

[80] conducted a study on the effect of Pt particle size distribution on hysteresis in CO oxidation 

over Pt/Al2O3 catalyst. Their findings revealed that the type of hysteresis strongly depends on 

the Pt particle size. Inverse hysteresis was observed for catalysts with very small Pt 

nanoparticles (<2 nm), while normal hysteresis appears for catalysts with larger Pt nanoparticles 

as illustrated in Figure I-11. This difference in hysteresis behavior was attributed to various 

factors, including different strengths of CO adsorption at the surface and bulk of the catalyst, 

oxidation of Pt nanoparticles, regeneration of the catalyst's active sites and the exothermic 

nature of the CO oxidation reaction. 
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Figure I-11- Light-off and light-out temperatures vs. average Pt particle size during CO oxidation on 

Pt/Al2O3 catalysts [80]. 

The impact of the inlet gas stoichiometric ratio of CO and O2 on catalyst behavior has been 

studied and recent findings suggest that it can influence both the conversion profile and the 

dynamic behavior of the catalyst. Newton's work highlighted the dependence of the hysteresis 

effect on the O2/CO ratio during CO oxidation over Pt surfaces and supported catalysts like 

Pt/Al2O3. The optimal ratio was found to be between 1 and 5, indicating that hysteresis behavior 

is most pronounced within this range [50]. Other studies focused on investigating the influence 

of CO concentrations at various inlet temperatures on hysteresis behavior (see Figure I-12). It 

was found that higher CO concentrations resulted in wider hysteresis loops due to CO self-

inhibition [64, 81].  
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Figure I-12- Temperature-programmed CO oxidation with different concentration of CO [81]. 

In contrast, the width of hysteresis does not change upon varying the CO concentrations using 

Pt/CeO2 monolith catalysts suggesting the effect of support on hysteresis profile [62]. The 

porosity of the catalyst support seems to influence the temperature hysteresis. For example , no 

hysteresis was observed in case of Pt supported on a non-porous titania catalyst (Pt/TiO2) while 

Pt supported on porous silica (Pt/SiO2) exhibits a hysteresis behavior for CO oxidation [82]. 

The pretreatment of catalyst samples can also affect the hysteresis loop as shown by Schalow 

et al. who observed a slow hysteresis effect and reduced activity during CO oxidation on 

preoxidized Pd nanoparticles vs. metallic ones [83]. Finally, the hysteresis profile is highly 

sensitive to the ambient atmosphere composition since a transition between normal and inverse 

hysteresis can be observed in more complex gas mixtures. For example, adding H2O in a gas 

mixture containing CO increases the width of the typical hysteresis [64]. In contrast, when C3H6 

is present, the normal hysteresis observed for Pt/Al2O3 catalyst in CO/O2 mixture switches to 

inverse hysteresis. This behavior was attributed to the competition between the adsorption of 

C3H6 oxidation intermediates and CO on the active sites, particularly during the extinction 

phase of the reaction [81]. 

In conclusion, in the literature the phenomenon of hysteresis during CO oxidation has been the 

subject of a number of studies and different interpretations on its origin have been reported. 

Among possible explanations, some do not necessarily contradict each other but rather 

approach the problem from a macroscopic (e.g., mass and heat diffusion effects) or a 

microscopic (e.g., mechanistic and structural aspects) perspective. At this point it seems 

important to focus a little of our attention on PGM surface reconstruction phenomenon under 
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CO/O2 atmosphere, which has been widely reported in the literature, in order to fully understand 

the plausible causes of hysteresis. 

 

2.4- Surface reconstruction on PGM under CO/O2 atmosphere 

2.4.1- Reconstruction on Pt surface 

 

Under certain conditions, the active phase of the catalyst can form during the reaction as a result 

of exposure to one of the reactants. For example, in the presence of an excess of O2, a noble 

metal catalyst can form an oxide surface that can be consumed by CO to produce CO2 and 

create an oxygen vacancy, Ov. After that, the active surface is regenerated by filling Ov with O2 

gas. This process is known as the Mars-van Krevelen (MvK) mechanism [84]. Same type of 

behavior can occur with platinum single crystal under CO/O2 exposure in a different mechanism 

where volatile Pt(g) and CO2 are created by the reaction between PtO2 and CO. The oxide is 

restored by the reaction of Pt(g) with O2, forming PtO2(g) and then PtO2(s) [85]. This proposed 

mechanism can account for the loss of metal and a surface retexturing effect in a catalyst, 

although it occurs at a very slow rate. 

The different surfaces of Pt have been observed under CO/O2 reaction conditions showing 

different behaviors [86, 87]. Ackermann et al.[48] have determined the structure evolution of 

Pt (110) surface under CO oxidation conditions (up to 0.5 bar and 625 K) using X-Ray 

diffraction (XRD). They observed 3 well defined structures according to the CO/O2 ratios: (i) 

the bulk-terminated Pt(110) surface, (ii) the commensurate oxide, and (iii) the incommensurate 

oxide. According to their results, these two latter oxides, illustrated in Figure I-13 below, have 

much higher catalytic activity than the metallic surface. Interestingly, the commensurate oxide 

only appears at high temperature under CO/O2 mixture, stabilized by carbonate ions as 

suggested by density functional theory (DFT) calculations.   
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Figure I-13- Pt oxide structures formed under CO oxidation reaction condition from Pt (110) surface as 

observed by XRD [48]. 

Goodman et al. [88, 89] don’t agree with previous conclusion regarding the superior activity of 

Pt oxide compared to the reduced metal. At relatively high pressures (8 Torr of CO) and with 

stoichiometric or oxidizing CO/O2 conditions they evidenced 3 reaction regimes as represented 

in Figure I-14:  

(i) T<575 K: a CO-inhibited metallic regime displaying a low CO2 formation rate 

limited by CO desorption. 

(ii) 575-600 K: an oxygen-rich metallic regime with a high CO2 formation rate, 

(iii) T> 600 K, a high-temperature regime where the CO2 formation rate is either 

mass transfer limited (limitation of CO diffusion to the sample) on the metallic 

surface or limited by the reduced reactivity of the oxidized surface. To interrupt 

this regime and slow down the reaction rate, the sample must be cooled to 525 

K or less to allow CO to repopulate the surface.  
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Figure I-14- Gas-phase pressure change (black line) as a function of time and reaction temperature (red 

line) associated with corresponding TOF values over PGM single crystals (O2/CO=1/1 ; CO pressure =8 

Torr). Adapted from [88]. 

Concerning the activity of the oxidized Pt(111) surface towards CO oxidation, the literature 

presents also conflicting results. Weaver et al. [90] suggest that the oxidized Pt(111) surface 

exhibits lower activity compared to the metallic phase consistent with conclusions drawn by 

Goodman et al. for Pt(110) surface. In contrast, other authors suggest that Pt-oxide on Pt(111) 

constitutes a highly active phase in the CO oxidation contrary to a low–active  metallic phase 

[91, 92]. The authors argued that the low activity of the metallic phase is due to a partially CO-

poisoned surface with islands of adsorbed O. The low-activity regime transitioned abruptly to 

a higher activity regime, in which Infrared of Reflexion-Absorption Spectroscopy (IRRAS) 

revealed the absence of CO on the surface, leading the authors to conclude that the surface was 

fully covered with O [92]. In another study, the Pt (111)-rich film have been oxidized with O2 

forming PtO2 layer, where CO consumed immediately the oxide leaving the Pt surface in the 

metallic state. This experiment demonstrated that when most of the CO had reacted, the catalyst 

transitioned to a state of higher reactivity under more oxidizing conditions and simultaneously 

PtO2 was formed. This indicates that PtO2 is an active catalyst for the oxidation of CO [93]. 

The Pt(100) surface has not been extensively studied under realistic chemical conditions. In an 

operando scanning tunneling microscopy (STM) study, the surface was exposed to CO, O2 and 

mixtures of both at pressures of 100-125 kPa at 365-423 K [94]. When starting with a pure CO 

atmosphere, the reaction kinetics revealed a peak in CO2 production upon increasing the O2 

(i) (ii) (iii) 



38 

 

concentration. This was attributed to a surface transition from CO-poisoned to an optimally 

covered surface with a CO/O ratio. As the mixture became increasingly O2-rich, the reactivity 

declined due to insufficient CO reaching the O-covered surface. However, small increases in 

reactivity were observed, similar to Pt(111) and Pt(110) surfaces, attributed to an oxidation of 

the surface of unknown structure. These jumps in reactivity were not consistently observed and 

could be affected by the surface’s history, such as reaction-induced roughness or polishing-

induced roughness via the formation of platinum carbonyls [95]. The behavior of Pt(100) 

surface toward CO/O2 atmosphere appears complex but it is worth to note that it is also the 

most reactive surface for the Boudouard reaction (Equation I-4). 

Finally, supported Pt catalysts also revealed two activity regimes: (i) low-activity due to CO 

poisoning at low temperature and (ii) high activity at low CO concentration and high 

temperature. On the basis of in-situ X-ray absorption spectroscopy (XAS), the high activity 

phase was ascribed to a defect-rich platinum oxide [96]. The depletion of carbon monoxide at 

high activity allows oxygen to interact with the surface and enhances the catalytic activity by 

changing the rate-limiting step. 

In summary, both Pt(111) and Pt(110) surfaces switch to higher reactivity under O2-rich 

conditions and at the same time, a new structure is formed on both surfaces. PtO2 was also 

observed to form on both surfaces after depletion of CO but this oxide formation did not affect 

the reactivity which remained in the mass transport limitation regime. This suggests that PtO2 

could be active, either through defects in the oxide or at the boundary between the oxide and 

adsorbed CO islands on the reduced metallic Pt surface. Under reaction conditions, the behavior 

of the Pt(100) surface was found to be complex and dynamic patterns were observed. However, 

certain uncertainties still persist, such as the nature of the active phase under O2-rich conditions 

if it is chemisorbed O on a metallic surface or on a surface oxide. While the STM study 

suggested that it might be a surface oxide, the atomic structure of this oxide is entirely unknown.  

2.4.2- Reconstruction on Pd surface 

 

Compared to Pt, palladium (Pd) has a higher tendency to undergo oxidation. The resulting 

palladium oxides are more stable at and below room temperature. Majority of the investigations 

have centered on Pd(100) surface as a model catalyst using various techniques including X-ray 

Diffraction (XRD) [97, 98], STM [99], X-ray Photoelectron Spectroscopy (XPS) [100] and IR 

spectroscopy [101].  
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Blomberg et al. [100] have conducted in situ XPS experiments to study the CO oxidation 

reaction over Pd(100) surface. They concluded that the catalytic activity of Pd at near-

stoichiometric pressure ratios can be explained by the presence of two distinct states: (i) a CO-

poisoned inactive state at low temperatures and (ii) a highly active state with a high coverage 

of chemisorbed O above the activation temperature. This result was consistent with the finding 

of Frenken et al. [99, 102, 103] that the oxide phases are reactive for CO oxidation reaction 

over Pd(100) surface, which obeys the MvK mechanism. 

As for Pt, the IRRAS measurements made by Goodman et al. [89] provide the main foundation 

for the argument against the surface oxide as the active phase on the Pd(100) surface. Their 

measurements revealed the presence of three distinct phases. The first phase was characterized 

as a CO-poisoned surface with low reactivity at low temperatures. As the sample was heated a 

“hyperactive” transient phase appears, followed by a decrease in turnover frequency (TOF). In 

the third regime, the surface is thought to be deactivated due to the presence of an oxide. The 

“hyperactive” regime observed in the study was attributed to a metallic surface covered with 

adsorbed oxygen, although no specific evidence was provided to support this conclusion. 

Similar trends and behaviors were observed for the Pd(111) and Pd(110) surfaces in the study. 

Chen et al. [101] conducted further investigations using an IRRAS setup capable of reaching 

low wavenumbers, down to 450 cm-1, to investigate the presence of metal oxide bonds in PdO. 

In their experiment, started with a reduced surface, they didn’t observe the vibrational 

signatures of the oxide developing, even after the surface transitioned to a state of higher 

activity. These findings suggest that PdO may not be present on the active Pd(100) surface. 

The oxidation process of the Pd(111) surface is similar to that of the Pd(100) surface, albeit 

with the formation of a distinct surface oxide. Toyoshima et al. investigated the oxidation of 

Pd(111) and the oxidation of CO using near-ambient pressure XPS combined with differential-

pumping MS technique at three different temperatures [104]. Their results are resumed in 

Figure I-15 illustrating the formation of different species and their reactivity to form CO2. They 

found that at a relatively low temperature (200 °C), the metallic Pd surface is present but 

poisoned by CO molecules leading to a low reaction rate. In the same study at 300 °C, they 

observed a significant increase of the reaction rate with formation of a surface oxide probably 

in the form of Pd5O4. Two oxygen species with different coordination numbers (3 and 4) exist 

in this surface oxide but the authors found that only the 3-coordinated species was reactive. A 

formation of cluster oxide also takes place during the reaction, but it is not reactive and instead 
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hinders the reaction on the surface oxide. At higher temperatures (400 °C), a PdO bulk oxide is 

formed which is less reactive compared to the surface oxide.  

 

Figure I-15- Different species formed during CO oxidation on Pd(111) surface [104]. 

In contrast to the Pd(100) and Pd(111) surfaces, the Pd(110) surface has received far less 

interest. Berlowitz et al. performed a detailed kinetic analysis of CO oxidation on the Pd(110) 

surface in the pressure range of 0.1–800 hPa [105]. The comparison between the in situ 

deactivated samples and those deactivated by pre-oxidation led to the hypothesis that the 

formation of an oxide occurred, which blocked the active sites involved in the reaction. 

However, above 475 K, the oxide exhibited greater activity compared to the reduced surface 

covered with CO. Chen et al. have highlighted that the oxygen-covered (1 monolayer) Pd 

surface, called “hyperactive” surface, presents the highest activity in CO oxidation. In contrast, 

under stoichiometric CO/O2 conditions and similar temperatures and pressures, Pd surface 

filled with chemisorbed CO exhibits much lower activity [106]. Toyoshima et al. conducted an 

investigation of the catalytic CO oxidation reaction on a Pd(110) surface under sub-Torr steady-

state conditions using a near-ambient pressure XPS system and MS [107]. They found that 

below a critical temperature (<165 °C), the rate of CO2 formation was relatively low. XPS 

spectra indicated that the metallic Pd surface was predominantly covered with CO molecules, 

resulting in CO poisoning at lower temperatures. Above the critical temperature, CO molecules 

completely disappeared, and the surface was dominated by chemisorbed oxygen species. A 

small amount of PdO bulk oxide was also observed on the surface. As temperatures increased 

further, the quantity of chemisorbed oxygen decreased, and the rate of CO2 formation decreased 

as well. These findings suggest that the presence of chemisorbed oxygen is associated with the 

catalytic activity via a Langmuir-Hinshelwood mechanism. 
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The reactivity of PdO(101) toward CO oxidation was investigated by Zhang et al. through 

temperature-programmed reaction spectroscopy, IRRAS and DFT experiments [108]. 

Following CO(ads) saturation at 95 K, it was observed that 71% of the CO underwent a reaction 

when the temperature was increased to 650 K, resulting in the formation of CO2, while the 

remaining CO desorbed from the surface. The authors showed that CO molecules initially 

adsorb on coordinatively unsaturated (cus) Pd sites of PdO(101) located next to Ocus atoms 

leading to a IR peak at 2135 cm−1.  

Graham et al. studied the surface evolution of a polycrystalline Pd film using spectroscopic 

ellipsometry during the transient CO oxidation reaction [109]. They observed the formation of 

dense PdO layers when using lean conditions while a stable metal surface is observed under 

rich conditions (Figure I-16). Moreover, a large hysteresis in the conditions for PdO formation 

was observed as well as spontaneous oscillations in catalytic activity and surface composition. 

Their results suggest that the PdO-terminated surface can exhibit enhanced activity compared 

to metallic surface. After undergoing multiple oxidation-reduction cycles the oxidized surface 

is even more stable. An oscillating activity was also observed for the metallic surface, 

transitioning between a state predominantly covered with chemisorbed O(ads) (high activity) 

and another state predominantly covered with CO(ads) (low activity). 
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Figure I-16- Ellipsometric angles ∆ and ψ (in degrees) and corresponding CO conversion over Pd surface 

at 440 °C (1% CO/2.5% O2 in N2) [109]. 

Based on IRRAS measurements performed on a Pd foil, it was further confirmed that an active 

surface covered with chemisorbed O(ads) may be present. The experimental results obtained 

on the foil were similar to those observed on single crystals. Under CO-rich reaction conditions 

at 500 K, CO(ads) was initially detected and the formation of CO2 was limited. However, as 

the CO concentration decreased, the reactivity increased, and CO(ads) became undetectable. 

Interestingly, no vibrational signatures of Pd oxide were observed during this process [101]. 

These findings support the notion of an active surface primarily covered with O(ads). 

To summarize on the reconstruction surface on Pd, various types of oxides have been identified 

under reaction conditions in the case of the Pd(100) surface and similarly on the Pd(111) 

surface. The reactivity increases significantly with the formation of these Pd oxides. In contrast, 

it has been observed that no surface oxide forms on the Pd(110) surface. Instead, layer of surface 

adsorbed oxygen with a comparable O coverage develops. The oxidation of Pd surfaces can 

occur as consequence of the active catalyst consuming CO from the gas phase, leading to a 
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highly oxidizing local environment. Furthermore, surface oxidation contributes to enhanced 

reactivity by providing additional reactive oxygen atoms. The enhanced reactivity of the oxides 

may be explained by intrinsic or MvK reaction-induced flaws in the oxide, which can bind CO 

considerably more easily under reaction conditions. 

3- The SSITKA-IR technique to study CO oxidation 

mechanism 
 

3.1- Introduction  
 

Due to its critical significance in numerous catalytic processes and environmental applications, 

the CO oxidation reaction has been the focus of extensive debate and investigations. Many 

physical and/or chemical activities, such as diffusion, adsorption/desorption, surface 

reconstruction or hysteresis that take place at the interface between the catalyst surface and the 

reactants can have both positive and negative effects on the catalytic performance [110]. The 

origin of hysteresis remains a topic of great interest and contention in the literature, leading to 

diverse interpretations and theories regarding its underlying cause. Furthermore, the interplay 

of CO and O2 on the catalytic surface adds another layer of complexity. The presence of CO 

can induce surface reconstructions, influencing the catalytic activity and altering the reaction 

pathways. This has led to contrasting perspectives among researchers, with some attributing the 

highest activity for CO oxidation to the presence of an oxide phase of the catalyst, while others 

emphasize the role of the metallic phase. Thus, understanding the mechanism occurring on the 

catalyst surface and the various pathways in which it is involved become critical. This requires 

the use of in-situ techniques to determine site reactivity and to characterize the chemical 

composition and structure of both the catalytic active surface sites and the accommodated 

adsorbed reaction intermediate species [111]. 

In this section, we will explore the principle, limitations and examples of Steady-State Isotopic 

Transient Kinetic Analysis coupled to IR Spectroscopy (SSITKA-IR). This advanced in situ 

technique offers a powerful approach to investigate surface kinetics and gain valuable 

information about reaction mechanisms, the nature of surface-adsorbed reaction intermediates 

formed, and their evolvement in reaction mechanism. By elucidating the principles and 

outlining the limitations, we can appreciate the potential of SSITKA-IR and its significance in 

overcoming challenges related to understanding the CO oxidation mechanism. 
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3.2- Principles and parameters of SSITKA  
 

The Steady-State Isotopic Transient Kinetic Analysis (SSITKA) is one of the most powerful 

techniques to obtain valuable information on catalyzed heterogeneous reactions. This 

technique, firstly developed by Happel [112], Bennett [113], and Biloen [114], combines the 

advantages of both steady-state and transient techniques and has been applied in several 

research studies as a means of obtaining real-time information on both reaction mechanisms 

and the intermediate species involved in catalyst-surface reactions [115–118].  

The SSITKA method involves the abrupt substitution of a reactant (R) with its isotope (*R) in 

a way that has minimal impact on the overall system [119]. Throughout the process, the partial 

pressures of reactant components, the temperature, and the space velocity are maintained at 

constant levels [120, 121]. Consequently, the overall reaction remains unchanged, while the 

isotope component is transferred from the reactant molecule to the various reaction products 

(P*P) through multiple active reaction intermediates. Using stable isotopes in this process 

enables direct in situ evaluation of forward and reverse reaction rates of individual elementary 

reaction steps as well as the determination of surface concentrations of truly active reaction 

intermediates [122]. The reaction feed and the resulting products are usually analyzed and 

quantified by gas chromatography (GC) and mass spectrometry (MS).  

Based on the normalized gas-phase transient isotopic response curves (Z(t)) obtained from MS, 

as illustrated in Figure I-17, various intrinsic kinetic parameters can be determined and enable 

us to understand the reaction mechanism at a near to molecular level under realistic, steady-

state conditions.   
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Figure I-17- Representation of normalized transient response curves of unlabeled product P, labeled 

product *P and inert tracer I during R*R reactant isotopic switch à t=0. Adapted from ref[111]. 

If there are no disturbances in the reaction system, such as changes in flow rate, pressure or 

temperature, and no mass isotope effects, then the transient response curves of unlabeled 

product noted Zp(t) and of labeled product 𝑍𝑃
∗(t) functions will be symmetrical and intersect 

each other at Z=0.5 as shown in Figure I-17. The ZI (t) function reflects the transient response 

curve of an inert tracer introduced in the gas feed (e.g. He, Kr, Ar…). In SSITKA experiment, 

this inert tracer is introduced in a small amount to either of the isotopic-tracer feed streams 

during the step change allowing to estimate the gas-phase holdup in the reactor system [119]. 

The initiation of the inert-tracer transient response is typically considered as the start time of 

the transient experiment (t0).  

The SSITKA results allow precise quantification of the overall mean surface-residence time 

(τp) and the concentration (Np) of all the adsorbed intermediates that are found in the reaction 

path from the reactant to the given final product. An advantage of SSITKA is that the latter 

parameters are accurately obtained without the need to make assumptions regarding the 

underlying kinetics or mechanism, such as the order of the reaction, the irreversibility of the 

reaction, or the composition of the reaction pathway [123]. 

The mean-surface residence time τp of intermediates is equivalent to the area between the 

product Zp(t) and the tracer ZI(t) transient response curves expressed by the integral formula of 

equation (I-5): 

𝜏𝑃(𝑠) =  ∫ [𝑍𝐼 (𝑡)
𝑡𝑠.𝑠

0
− 𝑍𝑃(𝑡)] 𝑑𝑡                      (I-5) 

R→ R*
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This statement suggests that the estimation of τp is not dependent on the micro-kinetic model 

or reaction path. It is based on the measured Zp(t) time response curve, which reflects the 

prevailing microkinetic and reaction mechanism being studied [111].  

The concentration of all adsorbed reaction intermediates (Np), leading to the formation of 

product P, is estimated based on the integral between the experimental response curves of the 

product and inert gaz (Zp(t) and ZI(t)) and the material balance using equation (I-6): 

     𝑁𝑃(𝑚𝑜𝑙 𝑔𝑐𝑎𝑡
−1 ) =  

𝐹𝑇 𝑌𝑝
𝑓

 

𝑊
 ∫ [𝑍𝐼 (𝑡)

𝑡𝑠.𝑠

0
− 𝑍𝑃(𝑡)] 𝑑𝑡                     (I-6) 

Where 𝑌𝑝
𝑓
 is the steady-state concentration (mole fraction) of product P measured 

experimentally under the non-isotopic reaction feed, W is the amount of catalyst used (in g) and 

FT is the total molar flow rate (in mol s-1). Otherwise, Np can be expressed by equation (I-7) 

where rp represents the steady-state rate of formation of P (mol g-1 s-1). 

Np =  τp . rp                                                                                                      (I-7) 

The corresponding surface coverage of intermediates (θ) over the exposed active phase can 

further be determined according to the following relationship:  

θ =  Np / N𝑎𝑐𝑡𝑖𝑣𝑒 𝑠𝑖𝑡𝑒𝑠                                           (I-8) 

Finally, the SSITKA turn over frequency (TOFITK), which represents the number of product 

molecules produced per catalytic site per unit of time for a given temperature, can be 

determined. This TOFITK, also written k, has the particularity of being based on the number of 

true active sites determined by SSITKA according to equation (I-9), assuming a pseudo-first-

order of reaction [119, 124]. Conversely, the TOFchem calculation carried out on supported metal 

catalysts is typically based on a number of active sites (Nactive sites) equivalent to the metal 

dispersion obtained by separate chemisorption measurement [124, 125]. While TOFchem can 

provide valuable information about the catalytic activity of the metal, it may not accurately 

represent the true site activity.  

𝑇𝑂𝐹𝐼𝑇𝐾(𝑠−1) =  
𝑟𝑝

𝑁𝑝
=

1

𝜏𝑝
= 𝑘         vs.      𝑇𝑂𝐹𝑐ℎ𝑒𝑚(𝑠−1) =  

𝑟𝑝

𝑁𝑎𝑐𝑡𝑖𝑣𝑒 𝑠𝑖𝑡𝑒𝑠
=

1

𝜏𝑝
𝜃 = 𝑘𝜃         (I-9) 

It is worth noting that assumption is made which assumes that for each adsorbed reaction 

intermediate identified in the catalytic cycle, there is one corresponding active site [111]. 

However, this assumption does not discriminate between the different types of active sites, such 

as the number of surface metal atoms comprising the active site. 
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3.3- Mechanistic models of SSITKA 
 

In SSITKA, the catalyst surface is viewed as collection of interconnected compartments or 

pools, with each pool representing a uniform or well-mixed subsystem within the reaction 

pathway that corresponds to a distinct adsorbed active reaction intermediate species [126]. It is 

also assumed that there is no mixing time associated with each pool except for the main 

residence time of surface adsorbed intermediates. Figure I-18 illustrates this SSITKA model 

with n pools in series where R, *R, P, *P, A and *A stand for the reactant, product and 

intermediates species or their labelled counterparts, respectively [119]. As previously described 

above, 𝑁𝑖
𝐴 and 𝑁𝑖

∗𝐴 represent the concentration of unlabeled and labeled intermediates in each 

individual pool (i=1,2,…n), where the overbar “¯”, if present, indicates a steady-state condition. 

Before the SSITKA switch (Figure I-18a), 𝑟𝑎
𝑅

/𝑟𝑎−
𝑅

and 𝑟𝑑
𝑃

/𝑟𝑑−
𝑃

 are the respective steady-state 

rates of adsorption/desorption of reactants and desorption/re-adsorption of products while 

𝑟𝑖
𝐴

/𝑟𝑖−
𝐴

 are the steady-state transfer rates (“-” subscript indicates the reverse way) between pools 

of intermediate species. Then, in steady-state regime the following relationship holds:  

 𝑟𝑎
𝑅

− 𝑟𝑎−
𝑅

=  𝑟𝑖
𝐴

− 𝑟𝑖−
𝐴

= 𝑟𝑑
𝑃

− 𝑟𝑑−
𝑃

                              (I-10) 

Now considering at t=0 (Figure I-18b), the reactant R is suddenly replaced by its isotope *R. 

During the SSITKA switch, all intermediate A and product P species are progressively and 

ultimately totally replaced by their labelled counterpart *A and *P (Figure I-18c and Figure 

I-18d). During this process, the distribution of isotopes strictly depends on the intrinsic steady-

state transfer rates 𝑟𝑖
𝐴

 between pools and the intrinsic reactivity associated with each 

intermediate.  
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Figure I-18- SSITKA model of n pools in series showing the isotopic distribution of reactants R, 

intermediates A and products P: a) before and b-d) during R→*R switch [119]. 

As defined in previous section, the concentration NP and the mean surface residence time τp of 

the overall intermediate species are the 2 general parameters that can be determined using the 

SSITKA model without the need to make any assumption about the underlying kinetics or 

mechanisms. However, additional specific kinetic parameters can be calculated from different 

mechanistic models based on assumptions on the nature of the reaction (reversible or 

irreversible), the type of adsorption (reversible or irreversible) and type of pools system 

(single/multiple in series/multiple in parallel). The development of several models based on 

transient isotopic tracing has enabled the determination of crucial kinetic parameters in 

heterogeneous catalysis, which includes reversible reaction paths [127]. Table I-3 shows six 

“simple” mechanistic catalyst-surface models, together with the formulae for the associated 

transient response (F(t)) and kinetic parameters. 
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Table I-3- SSITKA mechanistic models with associated transient responses and kinetic parameters [119]. 

Briefly, the simplest and first model corresponds to an irreversible adsorption of the reactants 

occurring at a single type of catalytic site (single pool of adsorbed reaction intermediates). 

According to this model, the steady-state rate of reactant adsorption and product formation are 

equals: 𝑟
𝑅

=  𝑟
𝑃

such that the surface residence time of the intermediate species (𝜏
𝐴

) can be 

expressed as equation (I-11): 
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𝜏
𝐴

=  
𝑁

𝐴

𝑟
𝑅 =  

𝑁
𝐴

𝑟
𝑃                                                                                            (I-11) 

In model 4, an irreversible reaction proceeding by a single pool with reversible adsorption of 

the reactant is considered. In this case, the calculation of the steady-state reaction rate includes 

a term corresponding to the adsorption rate and the calculation of the surface residence time of 

the intermediates includes a term referred to the rate of desorption. Models 2 and 5 illustrate 

irreversible reactions that take place through multiple pools in series, where the output from the 

first intermediate pool serves as the input for the next one by taking into account reversible or 

irreversible adsorption of reactants, respectively. In such cases, the total surface residence time 

is determined by the summation of the residence time on each pool. Model 3 is relevant to 

catalytic surfaces that contain multiple sites with varying levels of activity, or multiple 

pathways leading to the same final product (multiple pools in parallel). Assuming all of these 

pathways are irreversible first-order reactions, the overall transient response is determined by 

the summation of an exponential function that is multiplied by the fractional number (xi) of 

intermediates (Ni) in the i-th pool at steady-state conditions. The overall surface residence time 

of the intermediates is calculated by summing up the residence time of each pool multiplied by 

the fractional number of intermediates present in that pool. Finally, model 6 represents the 

existence of two types of adsorption sites, one reactive and the other non-reactive, leading to 2 

expressions similar to those in model 1. 

By assuming that a reaction is pseudo-first order, the differences between the kinetic models 

can easily be distinguished by plotting the logarithmic behavior of the isotopic transient 

response of the product (Figure I-19).  

 

Figure I-19- Comparison of the transient response (a) and logarithmic transient response (b) of single 

pool, two pools in series and two pools in parallel models [110]. 



51 

 

In contrast to the other two models, the series pool model does not show an immediate decrease 

after the isotopic switch at t=0. The variations between the multiple pools in parallel and single 

pool models are most easily observed in a logarithmic plot (Figure I-19b), where the single pool 

model is represented by a straight line, while the parallel pool model deviates from this line. 

This model derivation did not consider reversible reactions because interpretation of transient 

response became more challenging. In this case, numerical methods utilizing nonlinear least-

squares regression have been created to obtain kinetic parameters for these reactions [127]. 

Otherwise, different limitations observed in SSITKA should be taken into consideration to have 

a good interpretation of the results and will be discussed in the next section. 

 

3.4- Limitations and improvements 

3.4.1- Reactant adsorption and product readsorption 

 

Avoiding or interpreting the effects of re-adsorption in SSITKA can be challenging and 

problematic. Such effects can significantly impact the transient responses and interfere with 

determining the kinetics of the catalyst surface. When analyzing the composition change in the 

gas phase, it’s essential to consider the adsorption of reactants, which can occur not only on the 

catalyst surface reservoir but also through the entire plug-flow reactor system. This adsorption 

will result in a chromatographic effect where the reactant will appear in parallel to the inert 

tracer but with a time delay.  An alternative solution can help reduce this effect by increasing 

the space velocity of reactants but sometimes it cannot be completely avoided. The 

chromatographic effect can be considered negligible if the area between the response of the 

reactant and the inert is less than 20% of the area between the response of the product and inert 

[110]. In others cases, simplified corrections of chromatographic effect should be applied in the 

analysis of transient response [128].  

If product re-adsorption occurs at the reactive sites, this can lead to a reduction in activity and 

reaction rate. In contrary, if the adsorption occurs at non-reactive sites, the activity remains 

unaffected. However, the abundance of surface intermediates leading to product will be the sum 

of both reactive and non-reactive adsorption sites. As a result, the mean surface-residence time 

attributed to the reaction will be overestimated, and the reactivity will be undervalued. 

Reducing the length of the catalyst bed or increasing the weight hourly space velocity (WHSV) 

can help to mitigate the effects of interparticle re-adsorption within the catalyst bed. Another 

solution is to add into the feed stream the unlabeled product which will annihilate the re-
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adsorption sites for the labeled product formed during the reaction [119]. The latter approach 

has been applied by Goodwin and Ali who has introduced the unlabeled product into the 

methanol synthesis reaction feed on Pd/SiO2 showing a halving of the τ(MeOH) value 

compared with usual reaction [129]. In another study, Calla et al. have cofeeded CO2 in the CO 

oxidation reaction over Au based catalysts to introduce competitive adsorption and correct this 

effect [130].  

3.4.2- Diffusion effect 

 

Concentration gradients within the catalyst bed (interparticle) or within the catalyst particles 

(intra-particle) may arise due to diffusional effects, which can significantly impact the transient 

responses and cause interference with the determination of kinetic parameters associated with 

catalyst-surface reactions [119]. The presence of interparticle or external diffusional effects can 

be detected by varying the gas space velocity during experiment. However, intraparticle or pore 

diffusion can be more challenging to prevent. The latter is influenced by several factors such as 

gas diffusivity, reaction rate and stoichiometry, as well as catalyst properties like pore size, 

porosity and particle diameter. Small-sized catalyst particles or a nonporous support are 

preferred to eliminate intraparticle diffusional effect and obtain the true intrinsic reaction rate. 

3.4.3- Isotopic effect 

 

It is crucial to maintain steady-state conditions to obtain precise values of the kinetic 

parameters. Therefore, any isotopic effects on reaction conditions should be avoided. This is 

not the case for Hydrogen/Deuterium exchanges (H2/D2) due to the significant kinetic and 

thermodynamic differences resulting from the relatively large mass differences and bonding 

energies between hydrogen isotopes [119]. As a consequence, the kinetic rates and surface 

concentration may be significantly changed after this isotopic switch [131]. H2/D2 exchange 

can still be valuable for detecting bonds breakages within a particular molecular species during 

adsorption-desorption or reaction processes and gave better direct information about the 

number and activity of sites involved in the H2/D2 exchange process [132].  

The isotopic effect is minimal when using 12C/13C or 14N/15N isotope couples in SSITKA 

experiments. However, the use of oxygen isotopic exchange (16O/18O) to determine kinetic 

parameters can be challenging for oxide catalysts or catalysts with oxide supports. This is 

because oxygen exchange can occur between the gas phase, the catalyst surface, and the catalyst 

bulk, which may cause the 16O/18O transient to not relax back to zero after this step change 
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[110]. The bulk oxide in the catalyst can serve as an oxygen source for exchange, complicating 

the analysis. In order to minimize oxygen exchange with the bulk, low temperatures need to be 

maintained during the SSITKA measurement [132]. Despite this challenge, Peil and co-workers 

were able to demonstrate that lattice oxygen diffusivity and total oxygen uptake can be 

quantified using SSITKA [133]. 

 

3.5- Coupling SSITKA with vibrational spectroscopic technique to study 

CO oxidation  

3.5.1- Advantages of coupling SSITKA with Infrared spectroscopy 

 

One drawback of the SSITKA technique is its inability to identify the nature of intermediate 

species. Thus, coupling SSITKA with a vibrational spectroscopic technique means that we can 

benefit from the advantage of both techniques to obtain kinetic information and identifying the 

structural properties of the surface-adsorbed active or inactive species at molecular level under 

the realistic steady-state conditions of the reaction. Moreover, a comparison between the 

isotopic exchange rate of the surface species measured by operando IR and the exchange rate 

of species in the gas phase measured by MS helps to distinguish active and spectator species 

(Figure I-20). If the exchange rate of surface species is as fast as the exchange of products in 

the reactor outlet, then the surface species can contribute to the main reaction pathway (I*/I = 

intermediate species). On the contrary, slower isotopic exchange or no exchange would indicate 

the detection of a spectator species (S*/S) [134]. 
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Figure I-20- Schematic representation of a SSITKA-IR) coupling for operando investigation of catalytic 

reactions [134]. 

SSITKA combination with in situ/operando IR spectroscopic techniques was firstly introduced 

by Dalziel et al. in 1957 [135] and Tamaru et al. in the late 1960s [122, 136]. The main 

challenge in this combination is the construction of the reactor cell that requires a specific 

design to carry out both measurements, SSITKA and IR, under the desired reaction conditions. 

Chuang and coworkers were the first to develop their own IR transmission cell during the 1990s 

to couple both techniques in order to study hydroformylation (Ar/12CO/H2/C2H4 to 

13CO/H2/C2H4) on Rh-Ce/SiO2 catalyst [116, 118, 137].  

The coupling has also been extended to other IR spectroscopic techniques, such as DRIFTS 

(Diffuse Reflectance Infrared Fourier Transform Spectroscopy) which was been tested for the 

first time by Goguet and co-workers in 2004 to study reverse water-gas-shift (WGS) reaction 

mechanism on Pt/CeO2 material [138]. Since then, a flourishing number of SSITKA-DRIFTS 

studies on WGS and reverse WGS using Pt or Au-supported catalyst on oxide have appeared 

in the literature [117, 139–156]. For example, a lot of SSITKA-DRIFTS experiments were 

carried out on Pt/CeO2 catalyst to compare formate and carbonyls reactivity during WGS 

reaction. The conclusions showed that the reaction occurs mainly via a redox mechanism where 

CO adsorbed linearly on Pt is oxidized to produce CO2 using lattice oxygen from the CeO2 

support [144, 149]. 
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DRIFTS can be a precise quantitative tool for operando studies if the band intensities are well 

calibrated. However, the technique presents some limitations such as lower resolutions, due to 

the large dead volume of the commercial DRIFTS cells or the fact that only small portion of 

the sample is analyzed, and the possibility of concentration and temperature gradients within 

the sample due to nonzero conversion over the packed bed. Concerning transmission IR mode 

coupled with SSITKA, the thickness of the wafers used can sometimes cause mass transport 

limitations. However, it allows the entire sample volume to be probed during the IR analysis, 

with the exception of boundary regions of the wafer and/or regions hidden by the sample holder 

[134]. Finally, it is important to note that in both transmission and DRIFTS modes, temperature 

probe and control can also be challenging, especially at high reaction temperatures.  

3.5.2- CO oxidation evaluation using SSITKA and SSITKA-IR techniques 

 

Historically, research has primarily focused on reactions such as CO hydrogenation (Fischer-

Tropsch) [157–160], CH4 oxidation [121, 161–164], selective NO reduction [165–169]. 

However, there have been relatively few studies on CO oxidation illustrated Table I-4, and there 

are also few research groups specifically working on SSITKA-IR.  

Table I-4- Compilation of the studies carried out on the CO oxidation reaction using SSITKA technique. 

CO Oxidation reaction Reference 

Over commercial three-way catalyst [170] 

Over Supported gold catalysts [130, 171–174] 

Over Doped CeO2 catalytic material (M-Ce-O) [175] 

Over Pt/Al2O3 [176] 

 

Oulaci et al. [170] utilized the SSITKA technique to investigate the CO oxidation reaction over 

a three-way catalyst formulation. They observed a bimodal distribution of active sites 

responsible for the formation of CO2 (see Figure I-21).  
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Figure I-21- Steady-State CO oxidation at 95 °C: Activity distribution of the catalytic sites (k i= average 

site pool activity [s-1], Xi= fraction of sites activity ki) [170]. 

This bimodal activity distribution could not be solely attributed to the bimetallic nature of the 

three-way catalyst, as a similar bimodal activity distribution was also observed in mono-

metallic catalysts. While the presence of two types of active metal sites on both catalysts could 

not be excluded, the low activity "sites" (with longer lifetimes) might be attributed to reactions 

with the rare earth oxides on the support or to multiple adsorption-desorption processes on metal 

sites. 

Calla et al. conducted research on the CO oxidation reaction employing supported gold 

catalysts. In one study, they utilized the SSITKA technique to examine the impact of water 

presence on the reaction activity. Their findings from SSITKA revealed that the presence of 

water enhances both the intrinsic turnover frequency and the surface coverage of reactive 

intermediates [171]. In another study, they examined the influence of the support on the 

catalyst’s activity for the CO oxidation reaction using SSITKA [130]. They found that the 

coverage of active carbon-containing intermediates (θco) was higher over Au/TiO2 compared 

to Au/Al2O3. This elevated coverage of species-forming products on Au/TiO2 is attributed to 

the greater availability of active surface oxygen on the titania catalyst compared to the alumina 

catalyst. 

Polychronopoulou et al. conducted an investigation on the CO oxidation reaction over Cu-Ce-

O and Zn-Ce-O solids using SSITKA coupled with DRIFTS to gain insights into the reaction 

mechanism over these catalysts [175]. They conducted firstly 12CO/O2 → 13CO/O2 isotopic 

switch followed by 12CO2 to 13CO2 switch on these solids surface to examine the interaction of 

CO2 with the catalyst surface and determine the formation of adsorbed carbonates. Figure I-22 
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presents SSITKA-DRIFT spectra recorded during the gas switching process over the Cu-Ce-O 

catalyst during 12CO/13CO and 12CO2/
13CO2 switch.  

 

Figure I-22- SSITKA-DRIFTS spectra recorded in the 1700-1900 cm-1 IR region during the gas following 

switch (A) 12CO/O2 –> 13CO/O2 (B) 12CO2/O2 → 13CO2/O2 for the Cu-Ce-O solid [175]. 

Notably, they observed a red shift of the IR bands corresponding to the adsorbed carbonate 

species in both cases indicating that 12CO2 adsorption on the Cu-Ce-O catalyst is a reversible 

step, as it can be exchanged with gaseous 13CO2. In contrast, no isotopic shift was recorded on 

pure CeO2 and Zn-Ce-O in the case of the 12CO2 → 13CO2 switch step. They concluded that 

such carbonate-type species should be considered as spectator (inactive) species, likely 

contributing to the catalyst's deactivation. 

Pansare et al. [173] conducted an insightful study to investigate the deactivation of Au/Al2O3 

and Pt/Al2O3 catalysts in the CO oxidation reaction. They employed SSITKA to analyze the 

contributions to the overall activity from the intrinsic site activity (k, s−1) and the concentration 

of surface intermediates (NCO2) to gain a deeper understanding of the catalyst deactivation. 

They observed a significant reduction in k the intrinsic site activity for Au1 and Au2 catalysts, 

while the Pt catalyst showed a minimal decrease in k (see Figure I-23).  
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Figure I-23- Intrinsic SSITKA site activity variation with time-on-stream for Au1, Au2, Au(Mg) and Pt 

catalysts [173]. 

Concerning the concentration of surface intermediates, they observed a rapid decrease of these 

intermediates during the first 30 minutes of time of stream (see Figure I-24). 

 

Figure I-24- Concentrations of reactive intermediates as a function of time-on-stream for (a) Au1, Au2 

and Au(Mg) catalysts, (b) Pt catalyst [173]. 

However, the decrease in NCO2 for the Au catalysts (around 50%) was less significant compared 

to the Pt catalyst (around 90%). Based on the changes in k and NCO2, they concluded that the 

deactivation of the Pt catalyst was mainly attributed to a decreased concentration of reactive 

surface intermediates. On the other hand, for Au1 and Au2 catalysts, both NCO2 and k decreased, 

but the primary cause of deactivation was the decrease in k (around 70%). The decrease in NCO2 

in Au catalysts was likely due to carbon deposition from CO on the active sites, a phenomenon 

previously demonstrated for Pt [176]. This carbon deposition reduced the adsorption of 

reactants and subsequently increased the formation of reactive intermediates. 
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4- General Conclusion 
 

Air pollution poses a significant challenge to the well-being of the population, contributing to 

severe health issues. Governments are actively seeking solutions to reduce pollution through 

various approaches. The transport sector is a major contributor to air pollution, primarily due 

to the emissions from vehicles. The CO oxidation reaction, one of the three reactions in exhaust 

emissions, has garnered considerable interest from researchers due to its simplicity. However, 

despite its simplicity, the reaction mechanism has been the subject of numerous discussions and 

debates in literature. Although three-way catalysts have significantly reduced emissions, the 

issue of cold start remains unresolved. Furthermore, increasingly stringent regulations are 

pushing researchers and industries to explore different approaches to address the problem of 

cold start while adhering to emissions limits. Consequently, gaining a comprehensive 

understanding of the catalyst's surface under reaction conditions at low temperature appears to 

be an ideal approach to tackle this issue. 

At low temperatures, the CO oxidation reaction on PGM metals exhibits different phenomena, 

such as surface reconstruction and hysteresis. The reasons behind surface reconstruction have 

been contradictory, with some proposing that the transition from low to high activity is linked 

to the catalyst's transition from a metallic to an oxide phase, while others suggest the opposite. 

Similarly, the hysteresis phenomenon, which is related to variations in activity, has been a topic 

of debate in the literature concerning its origin. Over time, various interpretations and 

explanations have been proposed and discussed to shed light on these intriguing phenomena. 

The phenomena of reconstruction, changes in oxide vs. metallic phase, or changes in adsorbed 

species CO vs. O lead to remarkable oscillations in CO oxidation reactivity. The surface state 

of the catalyst strongly depends on the ambient conditions, whether they are rich or lean in 

oxygen, which can partially explain the hysteresis observed during the reaction. These surface 

changes play a crucial role in the dynamics of the CO reaction and are essential to understand 

in order to optimize catalytic performance and address issues related to cold start and emissions.   

In situ techniques offer valuable insights into the species formed on the catalyst surface during 

a reaction. Among these techniques, the SSITKA technique coupled with IR spectroscopy 

stands out as the most suitable method to investigate the reaction mechanism and identify the 

various species formed on the catalyst surface. Indeed, to date, there has been a notable lack of 

studies investigating the CO oxidation reaction on supported PGM catalysts using the SSITKA 

technique combined with IR spectroscopy. Employing this approach is of utmost importance 
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as it will enable us to unravel the underlying mechanisms governing the CO oxidation reaction 

at low temperatures. More importantly, it will allow us to discern the structure and nature of 

the adsorbed species on the catalyst surface and distinguish between active and inactive species. 

By understanding the role of these key intermediates, we aim to shed light on the intriguing 

hysteresis phenomena observed during the CO oxidation reaction at low temperatures. This 

comprehensive study will pave the way for a more profound understanding of the reaction 

kinetics and surface interactions, which are crucial for designing highly efficient catalysts for 

various applications, including air pollution control and emissions reduction. 
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1- Catalyst Synthesis 

1.1- Incipient wetness impregnation (IWI) 

1.1.1- Theory 

 

Incipient wetness impregnation or dry impregnation is the most commonly employed technique 

for the synthesis of heterogeneous catalysts [1]. This method is highly favored due to its 

simplicity, cost-effectiveness, and minimal waste generation. It consists on saturating a support 

material with a solution containing a precursor of the active component in catalyst synthesis 

[2]. The active metal precursor is dissolved in either an aqueous or organic solution, which is 

then added to the catalyst support with a volume equal to the pore volume. Through capillary 

action, the solution diffuses into the pores of the support material and the concentration profile 

of the impregnated compound is influenced by the mass transfer conditions within the pores 

during impregnation and drying processes. Furthermore, it can be influenced by the interaction 

between the precursor and the surface. It is also possible to introduce additional ions to adjust 

reactivity. 

1.1.2- Preparation of Pt/Al2O3 

 

The preparation of 1wt% of Pt/Al2O3 is made with Platinum (II) acetylacetonate precursor 

[Pt(acac)2, Fluka]. The precursor (0.066 g) is firstly dissolved in a solution of acetone (2.52 mL, 

VWR Chemicals) with a volume equal to the pore volume of the support based on the incipient 

wetness impregnation theory. After dissolution, the support γ-Al2O3 (2.97 g, supplied by the 

Centre de Recherches de Solaize Total Energies) is impregnated with the solution containing 

the active component. The sample was dried overnight at 85 °C, and calcined under air flow 

(250 mL/min) at 500 °C for 4 hours (ramp 5°C/min) in a quartz tube reactor to desorb the 

solvent and decompose the precursor residues (Figure II-1). After calcination, the sample is 

reduced under pure H2 flow (220 mL/min) at 400 °C for 2.5 hours (ramp 5°C/min) to reduce 

oxidic platinum species into metallic platinum particles (Figure II-1). 

1.2- Wet impregnation 

1.2.1- Theory 

 

Wet impregnation is another type of preparation method for the synthesis of heterogeneous 

catalyst. It consists to saturate the support material with a solution containing the active 
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component precursor, using an excess volume of solvent. This approach enables effective 

dispersion of the precursor of the active component throughout the catalyst and plays a crucial 

role in facilitating the impregnation process and promoting optimal contact between the support 

material and the active species. In this case, the mechanism of solution transport is altered from 

a capillary action process to a slower diffusion process. 

1.2.2- Preparation of Pd/Al2O3 

 

The preparation of 1wt% of Pd/Al2O3 is made with Palladium (II) acetylacetonate [Pd(acac)2, 

Fluka]. The precursor (0.143 g) is firstly dissolved in an excess solution of acetone (VWR 

Chemicals). After dissolution, the support γ-Al2O3 (4.96 g, supplied by the Centre de 

Recherches de Solaize Total Energies) is impregnated with the solution containing the active 

component under stirring. The sample was then dried overnight at 85 °C, calcined at 500 °C 

and finally reduced at 400 °C following the same procedure than for Pt catalyst (Figure II-1). 

 

Figure II-1- Sequence for the calcination and reduction for Pt/Al2O3 and Pd/Al2O3 thermal treatments. 
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2- Catalyst Characterizations 

2.1- Inductively coupled plasma-optical emission spectrometry (ICP-

OES) 

2.1.1- Theory 

 

Inductively coupled plasma-optical emission spectrometry is an analytical technique used to 

identify and quantify the elements present in a sample. This technique operates on the principle 

that atoms and ions can absorb energy, causing electrons to transition from their ground state 

to an excited state. During analysis, the source of that energy is heat from an argon plasma that 

is used to generate excited atoms and ions of the elements contained in the sample [3]. As the 

electron returns from a higher to a lower energy level, it emits characteristic radiation at specific 

wavelengths that is detected by an optical spectrometer. By analyzing the emitted radiation, the 

presence and concentration of the elements in the sample can be determined.  

2.1.2- Experimental Method 

 

ICP analysis was performed in the “Spectrométrie par torche à plasma” platform of the 

Research Federation Michel-Eugène Chevreul hosted by the LASIRE laboratory using ICP-

OES 5110 (Agilent Technologies). 50 mg of sample were dissolved into aqua regia and then 

heated to 110 °C. After that, the sample was diluted with ultra-pure water and pumped into a 

nebulizer before to be introduced to the plasma flame. Intensity of the characteristic’s 

wavelengths emitted by the Pt and Pd elements were measured by a photomultiplier and their 

concentrations were determined by comparing the intensities with that of reference samples as 

standards. 

2.2- Nitrogen Physisorption 

2.2.1- Theory 

 

Textural properties of catalytic materials are tested by nitrogen physisorption measurements at 

liquid nitrogen temperature. Before analysis, the samples undergo a vacuum degassing process 

to eliminate any impurities. Pore size distribution, which is a commonly used method to detect 

the surface properties of the target materials, is a crucial parameter for characterizing their 

porosity. According to the definition of International Union of Pure and Applied Chemistry 

(IUPAC) porous solid materials can be categorized into three types based on the pore diameter 

(d): microporous materials (d < 2 nm), mesoporous materials (2 nm < d < 50 nm), and 



80 

 

macroporous materials (d > 50 nm). The determination of pore size/volume distribution was 

calculated according to Barrett-Joyner-Halenda theory (BJH) [4] from the adsorption and 

desorption curves. The specific surface area can be estimated using the Brunauer-Emmett-

Teller (BET) model [5] that predicts the quantity of molecules required to form a monolayer 

from the nitrogen adsorption isotherm at 77 K. 

2.2.2- Experimental Method 

 

Nitrogen physisorption measurements were performed on a Micromeritics TriStar II instrument 

(UCCS-Lille). The experiments were conducted using 0.2 g of powder sample, previously 

outgazed at 150 °C under vacuum for 2 h to eliminate any impurities that may alter the 

experiment. After that, the tube is immersed in a Dewar filled with liquid nitrogen where the 

adsorption process occurs. The desorption occurs when the sample is returned to room 

temperature. The same procedure was realized to both catalyst Pt/Al2O3 and Pd/Al2O3. 

2.3- Hydrogen Chemisorption 

2.3.1- Theory 

 

Hydrogen chemisorption is a characterization technique that involves determining the amount 

of hydrogen chemisorbed to the surface of metal sites by dissociation of the H2 molecule. It 

enables to deduce the number of hydrogen atoms chemisorbed per metal site (H/M), but also to 

estimate the dispersion and particle size of the metal sites. Prior the adsorption, reduction 

pretreatment was carried out to reduce all the material's active metal sites and ensure 

dissociative adsorption of hydrogen. The chemisorption temperature was adapted to the nature 

of metal (Pt or Pd). The protocols are detailed in the next section.  

The mean particle size of metal (d) is calculated using the formula: 

 

𝑑 =  𝛼 
𝑀

𝜌 𝑁𝐴
 

1

𝐷 𝑎𝑚
 

 

where α is a geometrical parameter chosen equal to 6 supposing particles to be spherical, M is 

the atomic mass of the metal, ρ is the mass density (21.45 g/cm3 for Pt and 12.02 g/cm3 for Pd), 

NA is the Avogadro’s number (6.022 × 1023 mol-1), D is the dispersion of Pt and Pd assuming 
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that H/M =1 and am is the surface area occupied by an atom of hydrogen on polycrystalline 

surface (8.07 Å2) [6]. 

2.3.2- Experimental Method 

 

H2 chemisorption measurement was carried in a Micromeritics Autochem II instrument using a 

pulse technique (UCCS-Lille). In case of Pt/Al2O3, the catalyst (50 mg) was preheated in pure 

H2 at 400 °C and outgassed in flowing Argon at 400 °C before the adsorption. Then the 

temperature of the catalytic bed was reduced to 30 °C in order to perform the measurement in 

which H2 pulses (5 vol% H2 in Ar) were injected until saturation. 

For Pd/Al2O3, another protocol was applied because palladium reacts with H2 at ambient 

temperature to form palladium hydrides (PdHx) which decompose around 90 °C. Prior to the 

adsorption, the catalyst (50 mg) was pretreated under 5 vol% H2/Ar at 400 °C for 5 h. The 

temperature of the catalyst sample was then reduced to 0 °C under Ar gas atmosphere in order 

to perform the chemisorption measurements during which H2 pulses (5 vol% H2 in Ar) were 

injected until saturation. 

 

3- Catalytic Activity Measurements 

3.1- Experimental Setup 
 

The study of CO oxidation mechanism on Pt and Pd catalysts is carried out by coupling the 

SSITKA technique followed by mass spectrometry with transmission Fourier transform 

infrared (see Figure II-2). This technique is defined by an isotopic perturbation (transient 

regime) in a stationary medium, enabling crucial kinetic information (concentration, lifetime 

and coverage rate of intermediate species) to be obtained for understanding mechanistic steps, 

while simultaneously observing and discriminating active and spectator species adsorbed to the 

material surface. The equipment is controlled by an automated interface enabling rapid changes 

in gas flow, temperature control and repeatability of isotopic experiments. In addition, a specific 

cell reactor, optimized and modeled within the team, was used because it is capable of providing 

optimized times response for reliable quantification in time resolved experiments. 
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3.1.1. Gas distribution 
 

The gas distribution system is fully automated by a Beckhoff® controller. The automate also 

controls 3 pneumatic valves which select the flows that can enter the reactor (Figure II-2). 

 

 

 

Figure II-2- Scheme of gas distribution and of overall setup (with analyzers). 

The set-up contains 3 separate gas line (channels), each one with a specific use. The channel 3 

used to do the pretreatment of the catalyst before reaction under He or 5% H2/He (30 mL min-

1 at 300 °C or 400 °C). The two other channels (1 and 2) are used to send the reaction mixture 

to the reactor cell containing the catalyst. In the first channel, a reaction mixture containing 

unlabeled carbon monoxide 12CO, oxygen and helium was set. In the second channel, the 

reaction mixture containing the labeled carbon monoxide 13CO, oxygen, krypton and methane 
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diluted l in He was used. Gas concentrations, flows and bottle compositions are summarized in 

the Table II-1. 

Table II-1- Gas concentrations, flow and bottle compositions in channels 1 and 2. 

Channel 1 

Gas 
In the reaction mixture 

Bottle composition 
Concentration Flow (mL min-1) 

12CO 2000 ppm 0.48 5% 12CO in He 

O2 10% 1.2 100% O2 

He - 10.32 100% He 

 

Channel 2 

Gas 
In the reaction mixture 

Bottle composition 
Concentration Flow (mL min-1) 

13CO 2000 ppm 0.024 99% 13CO 

O2 10% 1.2 100% O2 

CH4 7960 ppm 4.776 2% CH4 in He 

Kr 5000 ppm 6 1% Kr in He 

 

It is worth to note that the total flow mixture is kept constant in both channels at 12 mL min-1 

as well as the concentrations of gas reactants (2000 ppm of CO and 10% O2) to ensure isobaric 

conditions during SSITKA experiment. A pressure sensor is present between channels 1 and 2 

to control the differential pressure. The gas flows of 12CO and 13CO are delivered by 2 

Bronkhorst® EL-FLOW prestige mass flow controllers (0.014-0.7 mL min-1 flow range) using 

the Bronkhorst® Flow Plot program installed on PC. For other gases, the gas flows are 

controlled by Brooks® mass flow controllers thanks to the automate. All mass flow controllers 

were calibrated before catalytic test. A statistical study has been done in order to verify the 

reproducibility of the SSITKA method. The result is presented in Annex, Figure SII-1. 

 

3.1.2. Reactor cell design 

The reactor cell used for catalytic test is a homemade transmission IR cell with an internal low 

dead volume inferior to 0.5 cm3
 (Figure II-3).  
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Figure II-3- Picture of IR transmission reactor cell (left) and of the sample holder (right) for the catalyst 

in square pellet form. 

The transmission IR cell (so-called sandwich cell) consists of a series of 6 KBr windows and a 

sample holder placed in the center of the reactor. The reactor cell is loaded with the catalyst in 

a square pellet form. To do this, the sample is finely crushed and pressed into a disk (<1000 

kg/cm2). The circular pellet is cut into a square of 11mm*11 mm. The square pellet is placed in 

the sample holder. The wafer is only pressed on the border (less than half mm) by the two 

stainless steel plates of the sample holder (Figure II-3). In our conditions we assume that the 

complete surface of the square pellet is in contact with the gas mixture. The wafer thickness is 

approximately 100 µm taking into account density of sample, weight and surface of the wafer. 

It should be mentioned that the sample holder is rather thin (total thickness of approx. 2 mm) 

leading to dead volume around the wafer of 1.1*1.1*0.2=0.242 mL. 

The oven covers a large part of the tube (approx. 6 cm) and both the temperature of the oven 

and of the sample are controlled and monitored using the Beckhoff® automate. Different 

programs of heating can be created with different ramp temperature. The oven can heat the 

catalyst up to 550 °C for thermal treatments as well as in situ/operando experiments. For that, 

a thermocouple is plugged directly in the sample holder (very close to the wafer). The KBr 

windows, with thermal conductivity slightly lower than stainless steel, are also heated by the 

oven. For these reasons we assume isothermal conditions in all directions. The calculation of 

concentration gradient between the feed and the external surface of particles shows that the 

gradient is negligible (below 1%). The cell was connected upstream to the system of gas 

delivery and downstream to the µ-gas chromatography and mass spectrometer analyzers. 
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3.1.3. Infrared Spectroscopy 
 

The advantage of IR spectroscopy technique is that it allows for non-destructive and fast 

analysis of the sample. 

The evolution of the adsorbed species on the catalytic material was analyzed by a Thermo 

Scientific Nicolet 6700 FTIR spectrometer equipped with a MCT detector. The IR spectra is 

collected in rapid-scan mode using 1 scan per spectra with a spectral resolution of 2 cm-1. The 

optical velocity is set to 6.329 cm/s with an aperture of 69. A background spectrum is collected 

before and after the pretreatment of the catalyst. During reaction, series of spectra is recorded 

during 30 min to follow the evolution of adsorbed species during the reactant isotopic switch 

(12CO13CO). The spectrum of the empty cell with KBr windows is used as background to 

reprocess single beam spectra.  

3.1.4. Micro Gas Chromatography 
 

Micro Gas Chromatography (µ-GC) is a common type of chromatography used in analytical 

chemistry to detect and quantify gases in a mixture. The gas mixtures are introduced through 

the µ-injector and transferred into the capillary column (stationary phase) carried along by a 

continuous flow of inert carrier gas, which is the mobile phase. The column, where the 

chromatographic separation takes place, is typically enclosed within a temperature-controlled 

oven. When the separated components of the sample exit the column, they enter a micro–

Thermal Conductivity Detector (µ-TCD), which detects and provides electronic signal 

proportional to the amount of the component present in the mixture. 

The gas flow composition from IR cell inlet/outlet was analyzed by a µ-GC Varian 490 

equipped with 2 columns and pure He as carrier gas. The calibrations were performed for all 

gases before the catalytic test. 

3.1.5. Mass Spectrometer 
 

Mass spectrometry is a valuable analytical tool used for determining the mass-to-charge ratio (m/z) 

of one or more molecules in a given sample. Generally, mass spectrometers serve a variety of 

purposes, including identifying unknown compounds through molecular weight determination, 

quantifying known compounds, and revealing the structural and chemical characteristics of 
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molecules. This apparatus is composed of three essential components: an ionization source, a mass 

analyzer, and ion detection system. 

The process involves converting molecules into gas-phase ions, enabling them to be manipulated 

through external electric fields. Following ionization, these ions are meticulously sorted and 

separated based on their mass-to-charge ratios. The isolated ions are subsequently quantified and 

relayed to a data system, where their m/z ratios are recorded alongside their respective abundances.  

The composition analysis of the gas entering and leaving the IR cell was performed using a 

quadrupole mass spectrometer (Pfeiffer QMS 200, 70 eV electronic impact, detection = electron 

multiplier). The mass-to-charge ratios of the different gases used in the catalytic tests were recorded 

every 20 ms on the Quadstar software. Each gas can be detected using different m/z ratios with 

different relative intensities. Mainly, the m/z with the highest intensity was chosen except for 

methane for which the m/z = 16 conflicts with 16O intensity. The m/z of each gas with their relative 

intensities are given in the Table II-2 (values in bold have been recorded). 
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Table II-2- m/z of the gas used during the SSITKA experiment with their relative intensities: values recorded are 

in bold (from the library of Quadstar software). 

Gas m/z ratios Relative i 

He 4 100 % 

CH4 

12 

13 

14 

15 

16 

17 

2.4 % 

7.7 % 

15.6 % 

85.8 % 

100 % 

1.2 % 

12CO 

12 

14 

16 

28 

29 

4.5 % 

6000 ppm 

9000 ppm 

100 % 

1.1 % 

13CO 

13 

16 

29 

4.5 % 

9000 ppm 

100 % 

O2 

16 

32 

33 

34 

11.4 % 

100 % 

1000 ppm 

4000 ppm 

12CO2 

12 

13 

16 

22 

28 

29 

44 

45 

46 

6 % 

1000 ppm 

8.5 % 

1.2 % 

11.4 % 

1000 ppm 

100 % 

1.3 % 

4000 ppm 

13CO2 

13 

16 

29 

45 

46 

47 

6 % 

8.5 % 

11.4 % 

100 % 

1000 ppm 

4000 ppm 

Kr 

42 

82 

83 

84 

86 

10 % 

20.32 % 

20.3 % 

100 % 

30.53 % 
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3.2- Catalytic test 

3.2.1- CO oxidation reaction in absence of CO2 

 

Around 2000 ppm CO/10% O2/He gas flow mixture was sent to Pt/Al2O3 at a total flow rate of 

12 mL min-1 (122 L h− 1 g− 1). The temperature was increased from 50 °C up to 131 °C 

(1 °C/min) corresponding to a CO conversion of 11%. After 30 min of isotherm equilibration, 

the SSITKA-IR experiment was performed by switching the reactant from 12CO to its labelled 

counterpart 13CO at the same concentration, pressure and temperature. This 12CO → 13CO gas 

switch step was repeated three times to record the concentration evolution of reversibly 

adsorbed CO and Cx intermediates but also to check reproducibility (true steady-state 

achieved). 5000 ppm of Kr and 7900 ppm of CH4 were used as inert gas for kinetic analysis. 

The SSITKA gas switching procedure can be summarized as: 

2000 ppm12CO/10%O2/He  2000 ppm13CO/10%O2/5000 ppmKr/7900 ppmCH4/He 

Finally, the catalyst was heated up to 300 °C (1 °C/min) and during cooling down, the SSITKA-

IR experiment was subsequently repeated at the same CO conversion (11% − 136 °C). 

The same procedure was realized for the Pd/Al2O3 catalyst. The SSITKA-IR experiment was 

realized at 116 °C with a conversion level around 8%. Then, the catalyst was heated up to 400 

°C (1° C/min). During the cooling down, the SSITKA-IR experiment was repeated at both the 

same CO conversion (8% − 124 °C) and at the same temperature (116 °C − 5%). 

3.2.2- CO oxidation reaction in presence of CO2 

 

Similar experiment procedure has been applied in presence of 12CO2 for both catalysts. The 

initial pretreatment was conserved for both catalysts. Around 2000 ppm CO2 was added to the 

gas flow mixture and sent to the catalyst at a total flow rate of 12 mL min-1. The temperature 

was increased from 50 °C up to the temperature corresponding to the same CO conversion level 

obtained in the experiment without CO2, i.e. 136 °C for Pt/Al2O3 and 116 °C for Pd/Al2O3. 

After 30 min of isotherm equilibration, the SSITKA-IR experiment was performed by 

switching the reactant from 12CO to its labelled counterpart 13CO at the same concentration, 

pressure and temperature. The new SSITKA gas switching procedure is: 

2000 ppm12CO/10%O2/2000 ppm12CO2/He 

  2000 ppm13CO/10%O2/2000 ppm12CO2/Kr/CH4/He 
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Finally, the catalyst was heated up to 300 °C (1 °C/min). During cooling down, the SSITKA-

IR experiment was repeated at the same CO conversion. 

3.2.3- CO2 exchange on alumina support 

 

The γ-Al2O3 support was finely crushed and pressed into square pellet before to be loaded in 

the reactor IR cell. Prior to the 12CO2/
13CO2 exchange, the support was activated at 400 °C/5 h 

under 5% H2/He (30 mL min−1). Around 2000 ppm of 12CO2/10% O2/He gas flow mixture was 

sent to the support pellet at a flow of 12 mL min-1. The temperature was increased from 50 °C 

to 116 °C then to 131 °C in order to realize the SSITKA-IR experiments. After 30 min of 

isotherm equilibration, the 12CO2 was switched to its labeled counterpart 13CO2 at the same 

concentration, pressure and temperature. This 12CO2 → 13CO2 gas switch step was repeated 

three times to check reproducibility. The SSITKA gas switching procedure is as follows:  

2000 ppm12CO2/10%O2/He  2000 ppm13CO2/10%O2/5000 ppmKr/7900 ppmCH4/He 

 

3.2.4- Pulses test 

 

For this test, the catalyst was heated to a temperature corresponding to a determined CO 

conversion under 12CO/O2 mixture. After 30 min of isotherm equilibration, a hydrogen pulse 

(1s) has been sent to the catalyst before performing the isotopic exchange step 12CO 13CO 

following the sequence below (Figure II-4). This sequence has been repeated several times to 

study the effect of H2 pulses on CO conversion. 

 

Figure II-4- Gas sequence used for pulses test. 

The tests were followed using µ-GC analysis, to record the evolution of CO concentration, and 

IR spectroscopy analysis to observe the formation and evolution of adsorbed species.  

 

12CO+O2
13CO+O2

5 min 3 min

pulse H2 1s 

12CO+O2
13CO+O2

5 min 3 min

pulse H2 1s 

etc.
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1- Introduction 
 

The CO oxidation reaction, one of the main reaction in three-way catalytic converter, is mainly 

catalyzed by supported Platinum Group Metals (PGMs) [1–4]. Despite the fact that CO 

oxidation appears to be a simple reaction commonly associated to the Langmuir-Hinshelwood 

mechanism [5, 6], the fundamental understanding of the process over supported PGM catalysts 

is still a matter of debate. During the last decade, many efforts have been made to acquire a 

comprehensive knowledge regarding the CO oxidation on Pd and Pt catalysts. Investigating the 

nature of active sites and the role of surface adsorbed species formed during the reaction, 

namely carbonyls, formates, carbonates, and hydrogen-carbonates is critical in order to better 

understand the mechanism at hand and increase the activity of the catalyst at low temperatures 

(T < 200 °C) in other hand.  

In this thesis work, we focused on the role of carbonates and hydrogen carbonates in the CO 

oxidation. Indeed, their involvement in the reaction mechanism has not been explicitly 

demonstrated in the literature. Some authors have suggested that carbonates are active species 

[7, 8] while others have not provided explicit information regarding their role [9, 10]. In order 

to settle this debate, we choose in this chapter to perform SSITKA-transmission IR experiments 

during the oxidation of CO on Pt/Al2O3 and Pd/Al2O3 at low temperature. The powerful 

combination of SSITKA and IR has enabled us to identify the nature of surface adsorbed species 

and determine their kinetic parameters. Additionally, it has allowed for discrimination between 

active and inactive species in the reaction mechanism by highlighting the phenomenon of 

product re-adsorption.  

 

2- Initial Catalyst Characterization 
 

As described in the experimental section, the catalysts were prepared using impregnation 

method and characterized using various techniques after calcination. A summary of the 

characterization results can be found in Table III-1. 

ICP-OES analysis was firstly performed to determine the final mass loading of metal. The 

loading of Pt supported on Al2O3 was estimated to 0.82 wt%, while the Pd/Al2O3 catalyst 

showed a Pd loading of around 0.87 wt%. 
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Textural properties such as specific surface area (SSA) and pore volume were also determined 

for both catalysts and the support material. IUPAC type IV isotherms were found for all 

alumina-based materials as expected in case of mesoporous materials (Figure III-1). 

 

Figure III-1- N2 isotherms for Al2O3, Pt/Al2O3 and Pd/Al2O3. 

The bare support γ-Al2O3 has a SSA of around 225 m2 g-1 and a pore volume of 0.76 cm3 g-1, 

both values within the expected range for this type of material. A slight increase is observed for 

metal supported catalysts with SSA and pore volume of 232 m2 g-1 and 0.8 cm3 g-1 for Pt/Al2O3, 

and 235 m2 g-1 and 0.79 cm3 g-1 for Pd/Al2O3.  

Additionally, H2 chemisorption pulse experiments were conducted to assess the dispersion level 

and average particle size of each catalyst. A dispersion of 68 % was found for Pt/Al2O3 

corresponding to a mean particle size of 1.65 nm. Similarly, Pd/Al2O3 shows a dispersion of 

71% corresponding to a mean particle size of 1.54 nm.  

Table III-1- Textural properties, metal loading, dispersion and particle size determined on γ-Al2O3, 

Pt/Al2O3 and Pd/Al2O3 materials. 

 Metal loading 

(%) 

SSA 

(m² g-1) 

Pore Volume 

(cm3 g-1) 

Dispersion 

(%) 

Mean Particle Size 

(nm) 

γ-Al2O3 - 225 0.76 - - 

Pt/Al2O3 0.82 232 0.80 68 1.65 

Pd/Al2O3 0.87 235 0.79 71 1.54 
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3- SSITKA-IR studies on CO oxidation reaction 

 3.1- CO oxidation on Pt/Al2O3 

 

For the catalytic test, 5.9 mg of Pt/Al2O3 was loaded into the IR reactor cell in the shape of a 

square wafer and pretreated during 5 h under He at 300 °C. The initial investigation has focused 

on the typical CO oxidation reaction introducing only CO and O2 in the reactor. Subsequently, 

tests were conducted by adding 12CO2 into the reaction mixture in order to check product re-

adsorption effect. 

3.1.1- CO oxidation without CO2 in the reaction mixture 

 

Firstly, a SSITKA-IR experiment during the CO oxidation on Pt/Al2O3 was realized at isobar 

and isotherm conditions following the sequence below:  

2000 ppm12CO/10%O2/He → 2000 ppm13CO/10%O2/Kr/CH4/He 

The normalized MS signals of 12CO, 13CO, 12CO2, 
13CO2 and CH4 are presented in Figure III-2 

as a function of time after applying the reactant isotopic switching from 12CO to 13CO at low 

conversion (χCO = 11% at 131 °C) to maintain the chemical regime of the reaction. It should 

also be mentioned that the CO conversion is equal to the CO2 yield, suggesting the absence of 

significant coke formation. 

 

Figure III-2- Normalized concentration (Z) transient response curves of CH4, 12CO, 13CO, 12CO2 and 
13CO2 obtained during the SSITKA transient (12CO/O2/He → 13CO/O2/Kr/CH4/He) on Pt/Al2O3 at 131 °C 

(χCO = 11%). 
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As required by the SSITKA theory [11], the sum of 12CO and 13CO normalized concentrations 

as well as 12CO2 and 13CO2 concentrations is equal to 1 throughout experimental time. Figure 

III-2 shows that both the transient response curves of 12CO, 13CO and 12CO2, 
13CO2 cross each 

other at 0.5. We should mention here that the two curves of normalized concentrations of Kr 

and CH4 overlap perfectly validating the use of CH4 as a tracer in the current SSITKA test as 

illustrated in Figure III-3. It is worthy to note also that CH4 doesn’t react on Pt/Al2O3 at the 

investigated temperature (131 °C) while allowing for a time correlation (exact time of the 

reactant switch) with IR experiment. Indeed, the advantage of using CH4 is that it vibrates under 

IR excitation showing a relatively intense IR band at 3017 cm-1 while of course, Kr is IR 

invisible. 

 

Figure III-3- Comparison between the normalized concentrations of CH4 and Kr obtained during the 

SSITKA transient experiment (12CO/O2/He→13CO/O2/Kr/CH4/He) on Pt/Al2O3 at 131 °C.  

As seen in Figure III-2, the 13CO transient response curve lags behind that of the tracer (CH4) 

due to the formation of reversibly adsorbed CO during oxidation reaction. Similarly, the 13CO2 

transient response curve lags behind that of 13CO indicating that, in theory, the formation of 

13CO2 passes through one or more adsorbed reaction intermediates after 13CO adsorption. Based 

on the SSITKA theory (eqs. I-5 and I-6, Chapter I section 3.2), the time integrations of observed 

delays between the response curves of CH4 and 13CO, then 13CO and 13CO2 provide the mean 

surface residence times τ of reversibly adsorbed CO (τCO = 5.2 s) and intermediates (τC = 29.9 

s), respectively. The latter values allow calculating the surface concentrations and coverages of 

each species. A concentration of 13.4 µmol g-1 of CO surface-adsorbed species (NCO) per gram 

of catalyst is reached corresponding to a Pt surface coverage of about 47% based on Pt amount 
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and dispersion (θCO = 0.47). This value can be compared to the expected CO surface coverage 

based on a heat of CO adsorption of 110 kJ mol-1 reported by Bourane et al. [12]. The theoretical 

CO surface coverage was estimated to be ~ 80% at 131 °C on Pt/Al2O3 catalyst. The lower 

value of θCO found here could be most likely explained by the competitive adsorption of oxygen, 

introduced in large amount, on the Pt surface sites. 

In addition, a concentration of 9.8 µmol g-1 of Cx-adsorbed intermediate is determined. These 

values are summarized later in Table III-3. 

The nature of the adsorbed species during the transient CO oxidation experiment on Pt/Al2O3 

was simultaneously followed by operando transmission IR spectroscopy. Two spectra are 

presented in Figure III-4 corresponding to the 12CO+O2 and 13CO+O2 stages at the steady state 

(1 min after isotopic reactant switching in case of 13CO) and 131 °C. These spectra were 

obtained after background treatment and subtraction of empty cell spectra. 

 

 

 

 

 

 

 

 

Figure III-4- IR spectra recorded on Pt/Al2O3 during CO oxidation at 131 °C in the presence of 
12CO/O2/He (black) and 13CO/O2/Kr/CH4 /He (red) reaction mixtures: (a) carbonyl region and (b) 

carbonate region. 

The black line in Figure III-4a, corresponding to the spectrum recorded in presence of 12CO and 

O2 in the carbonyl wavenumber region (2200 − 1700 cm− 1), shows a strong IR band at 

2058 cm− 1. This band corresponds to the stretching C ≡ O vibration of the 12CO species linearly 

adsorbed on metallic Pt atom [12, 13]. A red shift of this band upon 13CO exchange is observed, 

giving rise to a band at 2010 cm− 1 (red line) corresponding to the 13 C-labelled linear carbonyls 

adsorbed on Pt0. Carbonyls adsorbed on oxidized Ptδ+ are also observed on both spectra in 

Figure III-4a as a smaller IR bands around 2102 cm− 1
 [14]. No isotopic shift was observed in 
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that case. The presence of bridged 12CO carbonyl species adsorbed on two metallic platina was 

also observed at 1837 cm− 1 along with an isotopic 13CO shift after the transient reactant 

exchange towards a wavenumber at 1797 cm− 1. 

The carbonate region represented in Figure III-4b (1800 − 1300 cm− 1) can be decomposed with 

the bands at 1434 and 1657 cm− 1 corresponding to the hydrogen-carbonate species ν(OCO) 

symmetric and ν(OCO) asymmetric stretching vibrations, respectively [15]. A band near 

1215 cm− 1 corresponding to the bending δ(OH) vibrations as well as the stretching ν(OH) band 

at higher wavenumber would be expected for hydrogen-carbonates species. However, due to 

the low energy in these ranges, we were not able to distinguish them (Figure SIII-1). As for 

linear carbonyl species, a red isotopic shift is clearly spotted over the hydrogen-carbonates 

O = C = O bands. Upon exchange with 13CO, the bands at 1434 and 1657 cm− 1 shift towards 

the bands at 1395 and 1613 cm− 1, respectively. Band assignments are summarized in Table 

III-2. A correlation is observed between experimental (iexp =   ν12CO/ ν13CO) and theoretical 

(itheo =√𝜇13𝐶𝑂 𝜇12𝐶𝑂⁄  = 1.022) calculation of isotopic ratios. 

Table III-2- Assignment of observed IR band during SSITKA 12CO/13CO oxidation experiment on 

Pt/Al2O3 and isotopic ratios. 

Species Vibration 

Wavenumber 

(cm-1) 
12CO 

Wavenumber 

(cm-1) 
13CO 

iexp =  

ν12CO/ ν13CO 

Linear carbonyls 

on Pt0 
Stretching ν(CO) 2058 2010 1.024 

Linear carbonyls 

on Ptδ+ 
Stretching  ν(CO) 2102 x x 

Bridged carbonyls 

on Pt0 
Stretching  ν(CO) 1837 1797 1.022 

Hydrogen-carbonates 

on alumina 

Stretching ν(OCO) 

symmetric 
1434 1395 1.028 

Stretching ν(OCO) 

asymmetric 
1657 1613 1.027 

Bending δ(OH) 1215 x x 

 

The comparison of infrared spectroscopic data and kinetic measurements can grant us the ability 

to link a particular surface intermediate to a given reaction product [16]. The normalized 

concentration of CH4, 
13CO, 13CO2 obtained from MS and the IR band intensity evolution of 

asymmetric hydrogen carbonate at 1613 cm-1 are presented in Figure III-5 as a function of time. 

Please note that the IR signal at 1613 cm-1 was normalized taking into account the experimental 
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percentage of exchange at 300 s (area ratio between 12C and 13C bands from spectra in, i.e. 

93%). 

  

Figure III-5- Comparison of the relative rates of exchange between MS signals (13CO, 13CO2) and the IR 

band intensity evolution of hydrogen-carbonate (1613 cm-1) species during SSITKA exchange on Pt/Al2O3 

at 131 °C. The CH4, inert gas, was used to match the zero time of both MS and IR signals. 

 

The result indicates that the hydrogen carbonate exhibits a similar behavior, i.e., comparable 

formation rates, to that of 13CO2 product. This suggests that hydrogen carbonates could be active 

intermediates in the formation of CO2. However, a slight lag of the hydrogen carbonate band 

intensity curve behind the 13CO2 transient response curve raises a doubt in determining clearly 

whether the hydrogen-carbonate species are formed simultaneously with CO2 or after its 

formation. Further investigation and analysis are required to draw definitive conclusions 

regarding the role of hydrogen carbonate in CO2 formation. 

Indeed, as indicated in chapter 1, re-adsorption/desorption of product on inactive sites can occur 

during the reaction. This effect is difficult to avoid or interpret because, in that case, the 

experimental surface concentration of intermediates, obtained with SSITKA analysis, would be 

overestimated while the reactivity will be underestimated [11]. Shannon and Goodwin have 

proposed several experimental solutions to detect this problem of re-adsorption [17]. Among 

them, the addition of unlabeled product to the reactive feed stream able to block re-adsorption 

sites and compete with labeled product formed during the reaction. The overestimation of 

SSITKA C-pool due to CO2 re-adsorption effect was previously reported by Efstathiou [18] in 
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the case of the water-gas shift reaction at high temperature and Calla et al. [19] for CO oxidation 

over Au particles. Further experiments were conducted following this idea.  

3.1.2- CO oxidation in presence of CO2 in the gas mixture 

 

The same experiment of CO oxidation with O2 on Pt/Al2O3 catalyst has been repeated by 

adding, in that case a significant amount of 12CO2 in both SSITKA feeds resulting in the 

sequence below:  

12CO/O2/2000 ppm12CO2/He → 13CO/O2/2000 ppm12CO2
/ Kr/CH4/He 

The normalized IR signals of 13CO, 13CO2 and CH4 are represented as a function of time in 

Figure III-6 after applying the reactant isotopic switch at low conversion (χCO = 11% at 136 °C). 

It is important to mention here that the increase of temperature from 131 °C to 136 °C (to 

achieve the iso-conversion) will influence the calculated kinetic parameters, as the rate constant 

also rises. This apparent inhibitory effect of CO2, in addition to potential experimental errors, 

is intriguing and may be linked to a slight decrease in the proportion of carbonyl species present 

at the Pt surface. This change could possibly be attributed to hysteresis-like phenomena  [20]. 

 

Figure III-6- Normalized concentrations of CH4, 12CO, 13CO and 13CO2 obtained after the SSITKA 

transient in the presence of CO2 in the feed (12CO/O2/12CO2/He→13CO/O2/12CO2/Kr/CH4/He) on Pt/Al2O3 

at 136 °C (χCO = 11%). 

In the presence of CO2, the mean surface residence times of reversibly adsorbed CO (τCO) and 

active intermediates (τC) appear to be equal to 5.2 s and 3.6 s, respectively. While no significant 

effect of CO2 is observed on τCO, the area between the 13CO and 13CO2 curves vanished quasi-
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completely leading to a drastic decrease of the τC value (Table III-3). Consequently, new 

calculations of the surface concentration and coverage of CO on catalytic surface from MS 

signals appear to be quite similar to the value determined without the presence of CO2, i.e. 

NCO = 12.8 µmol g− 1 and θCO = 0.45, unlike those obtained for Cx-adsorbed intermediate with 

NC dropping from 9.8 µmol g− 1 to 1.4 µmol g− 1 in the presence of CO2. However, it is worth 

remembering that the total number of adsorbed species at the surface doesn’t change, with the 

exception of any variations due to the temperature change. It is likely that the pool of C-

containing intermediates was simultaneously filled by the 12CO2 co-feeding, part that is not 

taken into account in this case. 

 

Table III-3- Mean residence time τ, concentration N, surface coverage θ, and TOFITK of adsorbed CO and 

intermediates during SSITKA CO oxidation experiments on Pt/Al2O3 with and without the presence of 

CO2 in the gas feed. 

 
T 

(°C) 

τCO 

(s) 

NCO 

(µmol g-1) 

θCO 

(on Pt) 

τC 

(s) 

NC 

(µmol g-1) 

TOFITK 

(×10-2 s-1) 

Without CO2 131 5.2 13.4 0.47 29.9 9.8 1.4 

With CO2 136 5.2 12.8 0.45 3.6 1.4 2.7 

 

The TOFITK were also calculated based on the concentration of all the active species that truly 

participate in the formation of the reaction product (NCO+NC). The value increases from 0.014 

to 0.027 s-1 in the presence of CO2. It is worth noting that this calculation takes into account the 

active sites defined by SSITKA measurements concentration and not the amount of Pt exposed 

surface sites determined by H2-chemisorption as conventionally adopted for TOFchem 

determination [21]. For comparison the TOFchem was evaluated to 0.01 s-1 in both cases, giving 

us an underestimated value of the true site activity.  

IR spectra analysis has also been performed to observe the evolution of adsorbed species on the 

catalytic surface after reactant exchange to 13CO in the presence of CO2.  

Figure III-7 shows the IR spectra recorded during the 12CO+O2+
12CO2 and 13CO+O2+

12CO2 

flow stages at the steady state (1 min after isotopic reactant switching in case of 13CO) at 136 

°C in both carbonyl (2200-1700 cm-1) and carbonate region (1800-1300 cm-1). These spectra 

were obtained after background treatment and subtraction of water and empty cell spectra. 
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Figure III-7- IR spectra recorded during CO oxidation on Pt/Al2O3 at 136 °C in the presence of 
12CO/O2/12CO2/He (black) and 13CO/O2/12CO2/Kr/CH4/He (red) reaction mixture: (a) carbonyl region and 

(b) carbonate region. 

 

As seen previously, a shift of the 12CO linear species adsorbed on metallic Pt band initially at 

2058 cm− 1 towards the band of its labelled counterpart 13CO adsorbed linear species at 

2010 cm− 1 was observed. Once again, CO-Ptδ+ carbonyls are observed at 2102 cm− 1 in both 

feeds without any isotopic effect while bridged carbonyls (Pt2CO) are shifted from 

1837 cm− 1 to 1797 cm− 1 regarding to 12CO→13CO reactant switch. Interestingly, in the 

presence of CO2, the bands at 1434 cm− 1 and 1657 cm− 1 observed in the carbonate region and 

attributed to O = C = O symmetric and asymmetric stretching vibrations of hydrogen-carbonate 

species respectively, are not shifted after reactant exchange to 13CO. Other low-intensity non-

shifted bands appear at 1594 cm− 1, 1395 cm− 1 and 1372 cm− 1 which can be assigned to OCO 

asymmetric stretching, C–H bending and OCO symmetric stretching vibrations of formate 

species formed on alumina surface, respectively [22, 23].  

The experiments were repeated in both the presence and absence of CO2 to validate the 

reproducibility of our findings using a different wafer of Pt/Al2O3 (m= 7.3 mg). An increase of 

the surface residence time values (τCO and τc) is to note compared to the previous results 

(Figures SIII-2 and SIII-3). These variations can be attributed to the different experimental 

conditions in terms of mass and temperature between the two experiments. However, the results 

are consistent with our earlier observations that the presence of CO2 has no significant effect 

on τco and leads to a large decrease in the area between 13CO and 13CO2 (see table SIII-1). 

Likewise, similar observations were made for the IR spectra in both the presence and absence 

of CO2 (Figures SIII-4 and SIII-5). The linear and bridged carbonyls exhibited a shift toward 
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lower wavenumbers during the 12CO→13CO exchange in both conditions, while the hydrogen-

carbonate species did not show any significant shift in the presence of CO2. 

3.1.3- Discussion on Pt/Al2O3  

 

The CO adsorption on Pt/Al2O3 mainly forms linear carbonyl type species adsorbed on metallic 

Pt0 as observed at 2058 cm− 1 (12CO) and 2010 cm− 1 (13CO) with operando IR spectroscopy 

and, in lower extent, bridged carbonyl species on metallic Pt0 at 1837 cm− 1 (12CO) and 

1797 cm− 1 (13CO) (Figure III-4). Moreover, after 1 min of the isotopic exchange, a complete 

vanish of the bands at 2058 cm− 1 and 1837 cm− 1 is observed which can be related to a high 

exchange rate and so high reactivity of CO adsorbed on Pt0 during the experiment. This result 

is furthermore coherent with the gas phase evolution of 13CO observed by mass spectrometry 

(Figure III-2) that reaches its maximum at around 60 s. In the meantime, no isotopic exchange 

during the 12CO→13CO SSITKA experiment was observed for carbonyls adsorbed on 

Ptδ+ suggesting a low reactivity and so their spectator nature in CO oxidation reaction at low 

temperature. 

An important lag was observed initially between the normalized 13CO and 13CO2 concentration 

curves indicating in theory the formation and participation of C-adsorbed intermediates in the 

CO2 production. According to the IR results (Figure III-4) hydrogen-carbonate species seems 

to be the most serious contender to play the role of active intermediates in the CO oxidation 

reaction due to a high 12C→13C exchange rate at 131 °C comparable to the rate of CO2 product 

formation (Figure III-5). The SSITKA-IR experiment in the presence of CO2 in the feed was 

performed to obtain additional information concerning the re-adsorption effect and the role of 

hydrogen-carbonate during CO oxidation. As a matter of fact, the simultaneous saturation of 

the catalyst surface with adsorbed 12CO2 reduces drastically the amount of C-containing 

intermediate species (NC) at the same CO conversion and reaction temperature. This result 

proves that the lag firstly observed between 13CO and 13CO2 MS curves during the SSITKA 

experiment without CO2 is due in reality to the re-adsorption of the CO2, produced by the CO 

oxidation, on the surface of the catalyst support rather than to intermediate formation or 

reactivity to form CO2. IR spectra recorded in the presence of 12CO2 in the reactant feed also 

confirm this trend in which IR bands of hydrogen-carbonate species don’t show any 12C→13C 

isotopic shift anymore. This observation clearly indicates that their formation is induced in that 

case by the adsorption of 12CO2 already present in the gas feed rather than the conjugation of 

the reactants 13CO+O2 with surface hydroxyls from alumina. 
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3.2- CO oxidation on Pd/Al2O3 

 

Similarly to Pt/Al2O3, the catalytic reaction of CO oxidation over Pd/Al2O3 was performed. A 

wafer of 7.5 mg of Pd/Al2O3 was loaded into the IR reactor cell and reduced at 400 °C for 5 h 

under 5% H2/He prior to the reaction test. The reaction was initially investigated in absence of 

CO2 in the reaction mixture, then CO2 was co-feeded to highlight the re-adsorption effect. 

3.2.1- CO oxidation in absence of CO2 in gas mixture 

 

In a first approach, the SSITKA CO oxidation reaction was performed without the presence of 

CO2 in the gas mixture. The following isotopic switch was performed at 116 °C in steady state 

conditions:  

2000 ppm12CO/10%O2/He → 2000 ppm13CO/10%O2/Kr/CH4/He 

  Figure III-8 shows the isotopic transient response curves of 12CO,13CO, 12CO2, 
13CO2 and CH4 

right after the isotopic switch. As expected, isotopic peers cross each other at the normalized 

value of 0.5 ensuring the right condition of the exchange. The CO conversion is here limited to 

8.5% to maintain the chemical regime of the reaction, and it should be noted that no coke 

formation was detected.  

 

Figure III-8- Normalized concentration (Z) transient response curves of CH4, 12CO, 13CO, 12CO2 and 
13CO2 obtained during the SSITKA transient (12CO/O2/He→13CO/O2/Kr/CH4/He) on Pd/Al2O3 at 116 °C 

(χCO = 8.5%). 
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The 13CO transient response curve lags behind that of CH4 due to a detectable concentration of 

reversibly adsorbed carbonyls on Pd during the reaction. In the same manner, the transient 

response curve of 13CO2 lags behind the 13CO response curve and this is attributed to the 

formation of one or several intermediates from the reactants, before they lead to the formation 

of the product of the reaction, CO2. 

The area integrations between the response of CH4 tracer and 13CO, and that between the 13CO 

and 13CO2 lead to the mean surface residence time τ of reversibly adsorbed CO (τCO = 8.6 s) 

and C-containing intermediates (τC = 55.5 s). The surface concentrations and surface coverages 

of these adsorbed species are reported in Table III-5. A concentration NCO of adsorbed 

carbonyls of around 17.4 µmol per gram of catalyst was obtained, corresponding to a surface 

coverage θCO on Pd (based on Pd amount and dispersion) of 30%. This value can be compared 

to the expected CO surface coverage based on a heat of CO adsorption of 29 kcal/mol reported 

by Szanyi et al. [24]. The theoretical CO surface coverage was estimated to be ~ 95% at 116 

°C on a bare Pd (100) surface. The lower value of θCO found here could be partly explained by 

the competitive adsorption of oxygen, introduced in large amount, on the Pd surface sites. In 

addition, the concentration of C-containing intermediates, NC was estimated to 10.4 µmol per 

gram of catalyst. 

IR transmission spectra were recorded before and after the reactant gas switch to determine the 

chemical nature of adsorbed species during the CO oxidation reaction on Pd/Al2O3. Figure III-9 

presents two spectra showing the composition of adsorbed phase on the surface of Pd/Al2O3 at 

116 °C under the reaction mixtures of 12CO + O2 (in black) and 13CO + O2 (in red) at the steady 

state reaction conditions. These spectra were obtained after background treatment and 

subtraction of empty cell spectra. 
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Figure III-9- IR spectra recorded on Pd/Al2O3 during CO oxidation at 116 °C in the presence of 
12CO/O2/He (black) and 13CO/O2/Kr/CH4/He (red) reaction mixture: (a) carbonyl region and (b) 

carbonate region. 

In the carbonyl region (2200-1700 cm-1) shown in Figure III-9a, the IR band observed at 2088 

cm-1 (black signal) before the isotopic switch is attributed to linear 12CO adsorbed on Pd. 

According to the literature, linear CO are more likely to be adsorbed on metallic Pd0 particle 

corner sites or (111) facets [25, 26]. The larger IR signal observed between 2000 and 1800 cm-

1 can be decomposed into several overlapping infrared bands corresponding to bridged and 

multi-bonded 12CO adsorbed on palladium [27, 28]. After applying the isotopic exchange 

(Figure III-9a, red curve), a complete red shift of the linear and bridged/multi-bonded CO bands 

adsorbed on Pd was observed, giving rise to new 13CO IR bands at 2039 and 1950-1750 cm-1, 

respectively. 

The formation of hydrogen-carbonate species on the alumina support was detected in the 

carbonate region (1700-1200 cm-1) shown in Figure III-9b. The IR bands at 1657 cm-1 and 1439 

cm-1 appearing under 12CO conditions were attributed to the asymmetric and symmetric 

stretching ν(O12CO) vibrations of hydrogen-carbonate species, respectively [15, 29, 30]. The 

latter are accompanied by a small band near 1231 cm-1 corresponding to the bending δ(OH) 

vibration. Unfortunately, due to the low extinction coefficient in the stretching OH region, the 

expected ν(OH) band of these species was not clearly observed, as well as the negative OH 

band due to the consumption of a surface hydroxyl group present on the γ-alumina surface. 

Upon exchange with 13CO, the hydrogen-carbonate bands recorded at 1231, 1439 and 1657 cm-

1 are, in large part (≈75 %), red-shifted providing new IR bands centered at 1224, 1400 and 

1613 cm-1, respectively. Another IR band was detected at 1384 cm-1 in both spectra as shown 

in Figure III-9b, which does not appear to be impacted by the isotopic 12CO → 13CO exchange, 

evidencing its spectator nature. In addition, gaseous methane was also detected after the 
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transient exchange with 13CO (red spectrum) by the appearance of an extremely weak 

absorbance at 1305 cm-1. Band assignments are summarized in Table III-4. A correlation is 

clearly observed between experimental (iexp =   ν12CO/ ν13CO) and theoretical (itheo = 1.022) 

calculation of isotopic ratios. 

 

Table III-4- Assignment of observed IR band during SSITKA 12CO/13CO oxidation experiment on 

Pd/Al2O3 and isotopic ratios. 

Species Vibration 

Wavenumber 

(cm-1) 
12CO 

Wavenumber 

(cm-1) 
13CO 

iexp = 

ν12CO/ 

ν13CO 

Linear carbonyls 

on Pd 
Stretching ν(CO) 2088 2039 1.024 

Bridged carbonyls 

on Pd0 
Stretching ν(CO) 2000-1800 1950-1750 x 

Hydrogen carbonates 

on Alumina 

Stretching ν(OCO) 

asymmetric 
1657 1613 1.027 

Stretching ν(OCO) 

symmetric 
1439 1400 1.027 

Bending δ(OH) 1231 1224 1.005 

 

The normalized concentration of CH4, 
13CO, 13CO2 obtained from MS and the IR band intensity 

evolution of linear 13CO (2039 cm-1) and hydrogen carbonate (1613 cm-1) are presented in 

Figure III-10 as a function of time. Please note that the IR signal at 1613 cm-1 was normalized 

taking into account the real percentage of exchange at 300 s (area ratio between 12C and 13C 

bands from spectra in Figure III-9b, i.e. 75 %).  
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Figure III-10- Comparison of the relative rates of exchange between MS signals (13CO, 13CO2) and the IR 

band intensity evolutions of linear 13CO (2039 cm-1) and hydrogen-carbonate (1613 cm-1) species during 

SSITKA exchange on Pd/Al2O3 at 116 °C. The CH4, inert gas, was used to match the zero time of both MS 

and IR signals. 

The comparison of signals reveals that the linear 13CO adsorbed IR band at 2039 cm-1 follows 

the same pathway as the response of 13CO in MS. This clearly supports the idea that linear 

carbonyls adsorbed on metallic Pd play the role of active species in CO oxidation reaction. In 

contrary, the IR band at 1613 cm-1 corresponding to asymmetric ν(OCO) vibration of hydrogen-

carbonate species do not follow the same pathway than the normalized concentration evolution 

of the product 13CO2. This latter band is lagged after the 13CO2 transient response curve. That 

behavior tends to confirm the spectator role of hydrogen-carbonate species in reaction 

mechanism. In order to confirm this latter result, the experiment was repeated introducing 

unlabeled product to the reactive feed stream and thus demonstrate the re-adsorption process. 

 

3.2.2- CO oxidation in presence of CO2 in the gas mixture 

 

After adding 2000 ppm of 12CO2 in both reaction feeds, the following SSITKA switch was 

performed on Pd/Al2O3: 

12CO/O2/2000 ppm12CO2/He → 13CO/O2/2000 ppm12CO2/Kr/CH4/He 

The normalized transient response curves of CH4, 
13CO and 13CO2 following the reactant 

isotopic switch are plotted as a function of time in Figure III-11. 
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Figure III-11- Normalized concentration evolution response curves of CH4, 12CO, 13CO and 13CO2 

obtained following the SSITKA switch in the presence of 12CO2 in the feed (12CO/O2/12CO2/He → 
13CO/O2/12CO2/Kr/CH4/He) on Pd/Al2O3 at 131 °C (χCO = 8.8%). 

A similar CO conversion as in the previous experiment was maintained (χCO = 8.8%) by 

increasing the temperature to 131 °C. Once again, this increase in temperature and apparent 

inhibitor effect of CO2 might be related to a change in the proportion of carbonyl species at the 

Pd surface leading to hysteresis-like phenomena [20].  

As a direct effect of adding CO2 in the feed gas stream, the area between the two 13CO and 

13CO2 response curves decreased significantly, corresponding to a mean residence time (τC) of 

18.6 s, three times lower than the value obtained without CO2 co-addition in the reaction feed 

gas mixture. The concentration of 13C-containing intermediates (NC) has decreased to the same 

extent, ca. 3.7 µmol per gram of catalyst. The different kinetic parameters obtained in the 

presence and absence of CO2 are summarized in Table III-5. 

Table III-5- Mean residence time τ, concentration N, surface coverage θ and TOFITK of adsorbed CO and 

C-containing intermediates calculated from the SSITKA CO oxidation experiments on Pd/Al2O3 with and 

without the presence of CO2 in the gas feed. 

 
T 

(°C) 

τCO 

(s) 

NCO 

(µmol g-1) 

θCO 

(on Pd) 

τC 

(s) 

NC 

(µmol g-1) 

TOFITK 

(×10-3 s-1) 

Without CO2 116 8.6 17.4 0.30 55.5 10.4 6.7 

With CO2 131 8.2 16.5 0.28 18.6 3.7 9.7 
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On the contrary, the presence of CO2 did not have a significant impact on the mean surface 

residence time and the concentration of reversibly adsorbed carbonyls. Only a small decrease 

of τCO= 8.2 s and NCO= 16.5 µmol g-1 was observed in the presence of CO2 due to the slight 

increase in temperature (change in reaction rate constant, k) and CO conversion (mainly effect 

of partial pressure of CO). The TOFITK were also calculated based on the concentration of all 

the active species that truly participate in the formation of CO2 (NCO+NC). The value increases 

from 0.0067 to 0.0097 s-1 with CO2 co-feeding. For comparison the TOFchem, calculated from 

Pd amount and dispersion, was evaluated to 0.003 s-1 in both cases. Once again, TOFchem seems 

to underestimate the actual activity of Pd sites (TOFITK) since the value takes into account non-

active Pd sites. 

The evolution of adsorbed species on the catalytic surface has been followed by transmission 

IR spectroscopy during the isotopic exchange in order to observe the effect of the presence of 

CO2 in the reactant mixture. The IR spectra recorded at 131 °C in both 12CO+O2+
12CO2 and 

13CO+O2+
12CO2 steady states are presented in Figure III-12. These spectra were obtained after 

background treatment and subtraction of the background treatment and subtraction of water and 

empty cell spectra. 

 

Figure III-12- IR spectra recorded on Pd/Al2O3 during CO oxidation at 131 °C in the presence of 
12CO/O2/12CO2/He (black) and 13CO/O2/12CO2/Kr/CH4/He (red) reaction mixture: (a) carbonyl region and 

(b) carbonate region. 

Figure III-12a shows the red isotopic shift of the IR bands corresponding to linear, bridged and 

multi-bonded carbonyls on Pd from 2088 cm-1 and 2000-1800 cm-1 to 2039 cm-1 and 1950-1750 

cm-1 range, respectively. In contrast, IR bands at 1657, 1439 and 1231 cm-1 in the carbonate 

region (Figure III-12) previously assigned to hydrogen-carbonates species, were only 12C → 
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13C shifted to a very small extent (< 1.5 %) in the presence of CO2 in the feed. Again, no shift 

was observed for the small IR band appeared at 1384 cm-1. 

 

3.2.3- Discussion on Pd/Al2O3 

 

Mainly linear, bridged, and multi-bonded carbonyl-type species were formed during the CO 

adsorption on metallic Pd0 at low temperature. The corresponding ν(12C≡O) IR bands observed 

at 2088 cm-1 and in the 2000-1800 cm-1 range (Figure III-9a) under 12CO reactant feed 

disappeared completely 2 min after the isotopic transient switch towards 13CO, giving rise to 

the formation of new ν(13C≡O) bands at 2039 cm-1 and 1950-1750 cm-1. This trend is consistent 

with the gas phase evolution of 13CO observed by mass spectrometry (Figure III-8), where it 

reached its maximum concentration after 150 s. The fast 12C → 13C isotopic exchange of 

carbonyls observed in SSITKA-IR demonstrates the high exchange of molecularly adsorbed 

12CO with gaseous 13CO and their reactivity towards subsequent reaction intermediates formed 

in the mechanism of CO oxidation on Pd/Al2O3. 

Initially, the normalized concentration of 13CO and 13CO2 response curves showed a significant 

time lag (Figure III-8), indicating that in theory the formation of CO2 product passes through 

various active intermediates after CO adsorption on Pd. The operando IR results (Figure III-9b) 

reveal that hydrogen-carbonate species are formed on the alumina surface and follow a 12C → 

13C isotopic red-shift exchange during the experiment. Other weak absorption bands were also 

observed by IR on the catalyst surface in the carbonate region, but these were clearly identified 

as spectator species in the CO oxidation at low temperatures due to their inability to follow the 

isotopic exchange. It is worth to note that the 12C → 13C exchange of the hydrogen-carbonate 

species observed by IR on alumina is very slow compared to surface carbonyl exchange, and 

even incomplete after 5 min of reaction (Figure III-10– 1613 cm-1 curve). Moreover, this trend 

is not consistent with the transient response curve recorded for 13CO2 product formation by 

mass spectrometry. 

The addition of 2000 ppm of CO2 in the feed gas stream proved unequivocally against the 

previous SSITKA-IR conclusion about the active role of hydrogen-carbonate species in CO 

oxidation reaction on Pd/Al2O3. Indeed, the presence of CO2 has led to a drastic reduction (three 

times) of the amount of 13C-containing intermediate species (NC) compared to the experiment 

performed without CO2 at similar CO conversion. Also, the IR spectra recorded in the presence 
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of CO2 in the carbonate region (Figure III-12b) show negligible 12C → 13C isotopic shift of the 

IR bands attributed to hydrogen-carbonates. This result confirms clearly that the hydrogen-

carbonate species formed during CO oxidation reaction is only a spectator species and does not 

participate in the reaction mechanism of CO2 formation. This conclusion is also supported by 

the lag observed in between the relative rate of exchange of 13CO2-MS signal and the 1613 cm-

1 IR band intensity evolution curve of hydrogen-carbonate species (Figure III-10). Therefore, 

most of the significant time lag firstly observed between 13CO-MS and 13CO2-MS signals 

during the SSITKA experiment without CO2 in the feed could be attributed to the re-adsorption 

of CO2, produced by the CO oxidation, on the surface of the alumina support rather than to the 

formation of some active intermediate species towards CO2 formation.  

 

3.3- CO2 exchange on Al2O3 support 
 

As suggested by SSITKA-IR experiment on CO oxidation in presence of CO2, the hydrogen-

carbonate formation will be more likely due to the re-adsorption of the CO2 product on alumina 

by combination with a surface hydroxyl group. In order to confirm this hypothesis, a 

12CO2/
13CO2 SSITKA-IR exchange was performed directly on the bare alumina support, after 

reduction under H2 at 400°C, applying the following step-gas switch at 116 and 131 °C:  

2000 ppm 12CO2/10% O2/He → 2000 ppm 13CO2/10% O2/Kr/ CH4/He 

 The objective of this experience is to confirm the formation route of hydrogen-carbonate 

species on the support without contribution of the metal. The transient normalized concentration 

response curves of CH4 and 13CO2 obtained on the alumina following the 12CO2 →
13CO2 switch 

at 116 and 131 °C are presented in Figure III-13. 
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Figure III-13- Normalized concentration transient response curves of CH4 (green) and 13CO2 (blue) 

obtained after the 12CO2/O2/He→13CO2/O2/Kr/CH4/He SSITKA switch on Al2O3 (a) at 116 °C and (b) at 

131 °C. 

The surface residence time (τCO2) corresponding to the area between the transient curves of CH4 

and 13CO2 is estimated about 26.3 s at 116 °C and 28.8 s at 131 °C. A surface concentration of 

CO2 (NCO2) adsorbed on the bare support were also estimated to 58 µmol/g at 116 °C and 63 

µmol/g at 131 °C. 

131 °C. These values were compared with previous results of the CO oxidation on Pd/Al2O3 in 

the presence of CO2 (Figure III-11) as shown in Figure III-14. 

 

Figure III-14- Comparison of normalized concentration evolution response curves of CH4 (black), 13CO 

(red) and 13CO2 (orange) obtained after the 12CO/O2/12CO2/He → 13CO/O2/12CO2/Kr/CH4/He SSITKA 

switch on Pd/Al2O3 at 131 °C and CH4 (green) and 13CO2 (blue) obtained after the 12CO2/O2/He → 
13CO2/O2/Kr/CH4/He SSITKA switch on bare Al2O3 at 131 °C. 
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A clear match between both 13CO2 profiles (blue and orange curves) was observed, concomitant 

with the overlapping methane profiles (black and green curves). Similar surface residence times 

between CH4 and 13CO2 were estimated in both cases: τCO2 = 28.8 s on Al2O3 and τCO2 = 26.7 s 

on Pd/Al2O3. This result confirms the idea that CO2 curve lag on Pd/Al2O3 is only due to CO2 

re-adsorption on the support after its formation in the oxidation process.  Regarding the 

Pt/Al2O3, it is important to note that the results are not directly comparable, primarily due to 

differences in temperature and pretreatment conditions (τCO2 = 8.8 s on Pt/Al2O3). 

The evolution of surface adsorbed species has also been followed on bare Al2O3 by transmission 

IR spectroscopy during the 12CO2/
13CO2 isotopic exchange. The IR spectra recorded in the 

1700-1200 cm-1 range in both 12CO2/O2 and 13CO2/O2 steady states at 116 and 131 °C are 

presented in Figure III-15. These spectra were obtained after background treatment and 

subtraction of the background collected during pretreatment at 200 °C. 12C-containing 

hydrogen-carbonate species formation was detected around 1655, 1442 and 1233 cm-1 (black 

spectra), bands attributed to the ν(OCO)asym, ν(OCO)sym and δ(OH) vibrations respectively. 

Hydrogen-carbonates (HCO3(ads)) are formed following the equation (III-1) where an OH 

surface group on the alumina surface interacts with CO2 [29]. 

CO2(g) + OH(surf) ↔ HCO3(ads)     (III-1) 

 

 

Figure III-15- IR spectra recorded on bare Al2O3 in the carbonate region during 12CO2/13CO2 switch in the 

presence of 12CO2/O2/He (black) and 13CO2/O2/Kr/CH4/He (red) feeds at (a) 116 °C and (b) 131 °C. 

Upon exchange with 13CO2, the latter bands were red-shifted towards the bands at around 1610, 

1402 and 1224 cm-1 (red spectra), respectively, corresponding to 13C-containing hydrogen-

carbonate species. Difference spectrum was produced at 116 and 131 °C and shown in Figure 
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III-16, which clearly showed the partial disappearance of 12C-containing hydrogen-carbonate 

vibrations (negative bands) towards the appearance of their 13C counterpart. Another IR band 

appearing at 1474 cm-1 in both spectra was attributed to unidentate carbonate species. Its 

intensity decreases after the 13CO2 switch but this band doesn’t seem to be isotopically shifted 

toward lower wavenumbers (Figure III-15). According to experimental isotopic ratio observed 

in this experiment (i≈1.028), a new band would be expected at 1434 cm-1 in that case.  

 

Figure III-16- Difference between 13CO2 and 12CO2 IR spectra on Al2O3 in the carbonate 1700-1200 cm-1 

range at (a) 116 °C and (b) 131 °C. 

This experiment has confirmed the formation pathway of hydrogen carbonate species on the 

alumina support. It has been demonstrated that these hydrogen carbonate species originate from 

the reaction of the CO2 product with surface hydroxyl groups (OH) on the alumina support, 

independent of the presence of the metal.  

4- Conclusion and perspective 
 

A full understanding of CO oxidation mechanism on PGM supported catalysts at low 

temperature (< 200 °C) is of great importance in order to improve catalyst efficiency and 

decrease atmospheric pollution levels. The interest for SSITKA-IR methodology is illustrated 

in this chapter for the discrimination of active and spectator species in a catalytic reaction. This 

combines both the observation of adsorbed species and the kinetic measurements during CO 

oxidation reaction at low conversion level (i.e. in chemical regime). In this chapter, the SSITKA 

technique was successfully coupled to transmission IR spectroscopy in order to elucidate the 

role of adsorbed species formed on Pt/Al2O3 and Pd/Al2O3 during the CO oxidation reaction. 
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The measurement of kinetic parameters, such as the mean residence times and concentrations 

of surface adsorbed species on Pt/Al2O3 and Pd/Al2O3 have been combined with the 

determination of their nature. 

Linear carbonyls were predominant on the Pt surface in contrast to Pd, where bridged carbonyls 

were mainly observed. The dynamic exchange between 12CO + O2 and 13CO + O2 in the 

presence and absence of CO2 in the reaction gas mixture revealed a fast isotopic shift of the IR 

band signals related to various types of carbonyl species adsorbed on metallic Pt and Pd (linear 

and bridged carbonyls), suggesting their active contribution to the CO oxidation reaction 

mechanism.  

Contrastingly, hydrogen carbonate species were observed to act as spectator species, as 

negligible isotopic exchange of the corresponding IR absorption bands was noticed in the 

presence of CO2 in the feed gas stream. The lag observed between 13CO and 13CO2 on SSITKA 

normalized concentration curves (without CO2 added in the feed) was attributed to the re-

adsorption of CO2 product on the bare alumina support, interacting with a surface hydroxyl 

group. The direct 12CO2/
13CO2 exchange observed on alumina provided strong evidence to 

support this conclusion, indicating that the metal particles are not involved in the formation of 

hydrogen carbonate species. Interestingly, the behavior of hydrogen-carbonate species was 

similar on both Pt/Al2O3 and Pd/Al2O3 catalysts, suggesting that CO2 re-adsorption occurs 

primarily on the alumina support rather than being a direct spillover from the metal particles.  

It is also important to note that the value of NC calculated on both Pt and Pd supported on Al2O3 

did not drop to 0 with the pre-saturation of the surface by CO2 (NC = 1.4 and 3.7 µmol g
-1 on Pt 

and Pd catalysts, respectively). This observation means either a partial saturation of alumina 

with carbonate species by the use of 2000 ppm of 12CO2 which would be complemented by the 

formation and re-adsorption of 13CO2 during the experiment, or that other C-containing 

intermediate species could be involved in the CO oxidation mechanism. In the second case, NC 

must then be carefully described as consisting of two pools, namely: (i) spectator hydrogen-

carbonates, and (ii) active C-containing intermediate species. The latter may be either hydrogen 

carbonates in a spatial environment close to the metal particle or species of a different nature 

[31]. A way of invalidating this hypothesis would be to use a support unlikely to form hydrogen 

carbonates such as SiO2. However, achieving good PGM dispersion on this support could be 

challenging. Figure III-17 presents a schematic illustration of this chapter conclusion. 
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Figure III-17- Contribution of different species in the formation of CO2 product in CO oxidation over 

PGM/Al2O3 catalysts. 

Based on our findings, we can conclude that in the CO oxidation reaction over PGM/Al2O3, 

carbonyls are likely the main active reaction intermediates identified through SSITKA-IR 

analysis. Our work has identified various types of carbonyls, including linear and bridged 

carbonyls. Even if all species follow a similar 12CO/13CO isotopic exchange, they are not 

necessarily actively involved in the reaction pathway. Indeed, one of them can be a spectator 

with a fast conversion into the reactive species. This work paves the way for further analysis to 

discriminate the individual roles of each carbonyl species according to their adsorption sites 

during the CO oxidation reaction. This will be the primary focus of the next chapter, as we seek 

to gain a deeper understanding of the specific contributions of these carbonyl species to the 

overall reaction mechanism. 
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1- Introduction 
 

Pt and Pd-based systems have been extensively used as highly effective catalysts in CO 

oxidation reactions leading research to focus on the interaction of CO with platinum and 

palladium surfaces considering numerous techniques [1–7]. In the previous chapter, we have 

utilized the SSITKA coupled with IR spectroscopy to investigate the CO oxidation reaction on 

Pt/Al2O3 and Pd/Al2O3 in order to understand the true role of species formed during the reaction. 

It was revealed that hydrogen-carbonate species primarily act as spectator species while 

carbonyls are mainly the active species for this reaction. Several types of linear and bridged 

carbonyls have been detected on Pt and Pd surfaces (in Figure IV-1) in presence of 12CO and 

O2 in different proportions. In the case of Pt: linear CO species were notably dominant, 

characterized by a strong IR band at 2058 cm− 1 [8, 9] while a very small intensity is observed 

at 1837 cm-1 for bridged carbonyls adsorbed on two metallic platinum sites. In addition, a small 

IR band was observed at 2102 cm-1 corresponding to carbonyls adsorbed on oxidized Ptδ+ [10]. 

As for Pd, the larger IR signal observed between 2000 and 1800 cm−1 can be decomposed into 

several overlapping infrared bands corresponding to bridged and multi-bonded 12CO adsorbed 

on palladium [11, 12]. The smaller IR band observed at 2088 cm−1 is attributed to linear 12CO 

adsorbed on Pd. According to the literature [13, 14], linear CO are more likely to be adsorbed 

on metallic Pd0 particle corner sites or (111) facets. 

 

 

Figure IV-1- IR spectra recorded on Pt/Al2O3 (131 °C) and Pd/Al2O3 (116 °C) during CO oxidation 

(12CO/O2/He). 

Even if carbonyls appeared to be the main pool of reactive species, the question of individual 

reactivity of these species remains. As a result, our attention in this chapter will be directed 

towards husking the reactivity of each linear and bridged carbonyls in relation to the CO 
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oxidation reaction mechanism. To achieve this, we will investigate the kinetic of isotopic 

exchange based on deconvolution method of infrared carbonyl bands, along with their 

overlapping regions, during the SSITKA process.  

 

2- Fitting methodology 
 

The kinetic analysis of the isotopic exchange rate constant of each individual bands of linear 

and bridged carbonyls was attempted based on the deconvoluted IR spectra recorded during 

isotopic exchange at different instants t. Each IR band was fitted using a sum of Gaussian model 

fit equation: 

𝑓(𝑥) = ∑ 𝐴𝑖  𝑒
−(𝑥−𝑥𝑖)2

(2𝑠𝑖
2)𝑛

𝑖=1  (IV-1) 

where Ai, xi and si are coefficients corresponding to the height (maximum), the position and the 

full width at half maximum (FWHM) of the band, respectively. 

The fitting procedure was realized using the free version of Igor pro 9.02 software and involved 

several steps:  

• 1st STEP: Fit of IR signals under 12CO at 0 s 

The number n of bands to fit was chosen according to the literature review such as n=5 for CO 

adsorbed on Pt and Pd particles. Initial guessed A, xi and si coefficients were provided to the 

software in order to fit the IR signal curve under 12CO conditions at 0 s between 2200 and 1900 

cm-1 or 2200 and 1700 cm-1 for Pt or Pd, respectively. A linear baseline (y = Ba*x+Bb) was 

imposed on the system between the two wavenumber limits. The Igor calculator was then left 

free to optimize the fit giving us the new calculated positions (xi), heights (Ai) and FWHM (si) 

of the different bands at t=0s (Annexes SIV-1 and SIV-2). It worth to note that at t=0 s, no 13C-

containing IR band is observed while 12CO signals are at their maximum height. 

 

• 2nd STEP: Fit of IR signals under 13CO at 60 s (after SSITKA switch) 

The same process was repeated for the IR signal 13CO adsorbed on Pt and Pd at 60 s (i.e. 1 min 

after the 12CO13CO SSITKA switch). Here, the first guesses on the band positions were 

calculated manually, when a band shifting was observed, by considering an isotopic exchange 

difference Δi of 48 cm-1 (position of the band at 60 s = position of the band at 0 seconds - Δi). 

The FWHM determined for 12CO bands were also chosen as first guessed for 13CO. Once again, 

after applying a linear baseline, Igor software was left free to optimize the fit giving us the new 

calculated positions (xi), heights (Ai) and FWHM (si) of the different bands at t=60 s (Annexes 
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SIV-1 and SIV-2). We admitted that at t=60 s, the 12C bands vanish completely (Ai=0, except 

for CO adsorbed on oxidized Pt), while the 13C bands have reached their maximum height. 

 

• 3rd STEP: Fit of IR signals during the 12CO13CO isotopic exchange  

For other time intervals between 0 and 60 seconds, we assumed that both the 12CO and 13CO 

adsorbed bands coexist, following the hypothesis that the intensity of the 12CO bands should 

only decrease while the intensity of the 13CO bands should increase over time. In these cases, 

we applied several constraints to our IR signal fitting: 

(i) The band wavenumber (positions xi) and FWHM (si) values obtained at 0 and 

60 s are considered unchanged overall time. We used the sum of 9 Gaussian fits 

in total for CO adsorbed on Pt/Al2O3 (4 bands switching from 12CO to 13CO + 

12CO on Ptδ+) and 10 Gaussian fits on Pd/Al2O3 (5 bands switching from 12CO 

to 13CO). 

(ii) Beside applying a height maximum limit based on the respective maximum 

height for each band determined at 0 and 60 s, band’s height coefficients were 

left free for further calculation and optimization of the fits by the Igor 

application. In certain instances, the software may yield a negative value for the 

band height. In such cases, we assume that the bands have completely vanished 

(Ai = 0) and we fix the height at 0 for all subsequent time intervals. 

(iii) As previously a linear baseline was set for each IR spectra. 

 

3- Results and discussions 

3.1- Reactivity of carbonyls on Pt/Al2O3  
 

The evolution of linear and bridged carbonyl bands recorded at different instant t during 

12CO13CO isotopic exchange on Pt/Al2O3 at 131 °C (χCO = 11%, θCO = 0.47) is presented in 

Figure IV-2. 
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Figure IV-2- Evolution of linear and bridged carbonyl bands during 12CO13CO isotopic exchange on 

Pt/Al2O3 (131 °C, χCO = 11%, θCO = 0.47), at different instant t. 

The intensity of the band centered at 2058 cm-1, attributed to linear carbonyls adsorbed on Pt, 

gradually decreases during the isotopic switch, transitioning to a lower band at 2010 cm-1. This 

latter is increasing progressively, reaching its maximum after 60 seconds. The same observation 

can be made for the low band corresponding to bridged carbonyls which follow an isotopic shift 

from 1837 cm-1 to 1797 cm-1 upon exchange. On the contrary, the band at 2102 cm-1 

corresponding to carbonyl species adsorbed on oxidized Pt, do not exhibit a shift during the 

isotopic exchange. We suppose that the wavenumber of each carbonyl band in isothermal 

conditions is independent of surface carbonyl coverage, especially during the isotopic 

exchange. 

Looking at the isotopic exchange of carbonyls, we can observe that no single isosbestic point 

was formed around 2030 cm-1, clearly meaning that several bands, and so type of carbonyls, 

are present under the carbonyl IR signal with different exchange kinetics. According to the 

literature, the band assigned to linear carbonyls can be decomposed into four bands at 2090, 

2065, 2050 and 2020 cm-1 [15]. Prior works identified 2020 cm-1 band as linear carbonyls 

adsorption on Pt sub-nanometer particles, 2065 cm-1 band as linear carbonyls adsorption on Pt 

steps and 2090 cm-1 as linear adsorption of carbonyls on Pt terraces [16]. The band at 2050 cm-

1 was not clearly identified in the literature. A tentative is made in this thesis to assign it to CO 

adsorbed on Pt particles of intermediate size (few nano to sub-nano limit). These previous 

results were used as first guesses in our IR signal fitting process as described in previous section 
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(2. Fitting method). It is worth to note that due to the low intensity of the bridged carbonyl band, 

no deconvolution analysis was attempted. 

The fitting was realized only on linear carbonyl bands representing the main IR signal. The 

results obtained at 0 and 60 s are presented in Figure IV-3a and b respectively. These figures 

illustrate the original non-smoothed IR spectra (in red), the global fitting function curve (in 

black), and the 5 adsorbed linear 12CO or 13CO on Pt bands fitted after deconvolution. As 

previously mentioned, the band at 2098 cm-1, corresponding to carbonyl adsorbed on oxidized 

Pt, was kept constant during the fitting process (no isotopic shift). The fitting results for all 

spectra at various time points are provided in the annex SIV-1. 

 

 Figure IV-3- Individual adsorption bands of the 5 adsorbed CO species obtained after the deconvolution 

of the recorded spectrum on Pt/Al2O3: a) at 0s and b) 60s. The non-smoothed raw IR signal is represented 

in red, the result of deconvolution (5 Gaussian sum) by the black line and the baseline by the dashed black 

line. 

 

Parameters resulting from deconvolution at 0 and 60 s, including the band positions and FWHM 

are summarized in Table IV-1. These values were then used as constants to fit all the further 

spectra. The assignment and the name given (L1 to L4) to each band are also reported in Table 

IV-1. 
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Table IV-1- Adsorbed CO on Pt band positions and FWHM resulted from spectra deconvolution at 0 and 

60 s. These coefficients were then used as constants for further fittings. 

  12CO bands 

from spectrum at 0 s 

13CO bands 

from spectrum at 60 s 

Assignment [15, 16] Position  

(cm-1) 

FWHM 

(cm-1) 

Position 

(cm-1) 

FWHM 

(cm-1) 

CO on Ptδ+ - 2098 27.2 2098 (12CO) 27.2 

CO on Pt terraces L1 2080 15.7 2027 15.7 

CO on Pt steps L2 2059 6.5 2012 6.3 

 (CO on Pt particles 

of intermediate size)  
L3 2049 11.1 2003 10.2 

CO on Pt sub-

nanometer particles 
L4 2031 22.9 1985 16.3 

 

The evolution in the heights of these 8 bands (hence, not considering CO on Ptδ+) have been 

summarized in the Table IV-2 below. 

 

Table IV-2- Evolution of band heights for 12CO and 13CO linear species at different times of the isotopic 

exchange. 

 12CO bands 13CO bands 

Bands 

(cm-1) 

 

Time 

2080 

L1 

2059 

L2 

2049 

L3 

2031 

L4 

2027 

L1 

2012 

L2 

2003 

L3 

1985 

L4 

0 s 0.0140 0.0762 0.0447 0.0344 0 0 0 0 

1.6 s 0.0135 0.0729 0.0459 0.0344 0 0 0.0003 0 

3.2 s 0.008 0.0343 0.05 0.037 0 0 0.0003 0.005 

5 s 0.0034 0 0.0467 0.0365 0.01 0 0.0015 0.0116 

10 s 0.0002 0 0.0156 0.035 0.0121 0.0012 0.0146 0.0164 

15 s 0 0 0.0034 0.0213 0.0198 0.0152 0.0267 0.0205 

20 s 0 0 0 0.0109 0.0205 0.032 0.0351 0.0226 

30 s 0 0 0 0.0034 0.0201 0.0459 0.0399 0.0239 

60 s 0 0 0 0 0.0178 0.0564 0.0427 0.0249 
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Kinetic analysis of the band’s evolution was then performed. The area under each 4 bands was 

integrated, using Igor’s areaXY function, at the different time intervals. Area’s evolutions were 

normalized between 0 and 1 and plotted as 12CO/13CO pairs for comparison (colored 

dotted/solid lines respectively), as a function of time of isotopic exchange in Figure IV-4. 

  

Figure IV-4- Evolution of normalized area for adsorbed 12CO and corresponding adsorbed 13CO: L1 

(cyan), L2 (red), L3 (green) and L4 (blue) bands during isotopic exchange. 

Figure IV-4 illustrates the asymmetric exchange of all adsorbed 12CO species with their 

corresponding 13CO counterparts during the isotopic exchange. Indeed, it is obvious that the 

12CO and 13CO band area evolutions do not intersect each other at the normalized value of 0.5. 

In the SSITKA theory, the simultaneous exchange of 12C carbonyl species by 13C carbonyl 

species leads to a symmetric evolution of normalized concentration curves. Both normalized 

concentration curves should cross at 0.5 in this case. On the other hand, the superimposition of 

a slower exchange of 13CO than for 12CO and a faster consumption of 12C carbonyl species for 

CO2 product compared to the one of 13CO can lead to a temporary change of the sum of 

normalized band areas. It is then expected that both normalized concentration curves should not 

cross at 0.5 during the isotopic exchange. 

Different behaviors are observed for the decrease of 12CO species band areas: The bands L1 

and L2, i.e. at 2080 and 2059 cm-1, experience a significant decrease in areas right from the 

outset of the isotopic exchange, reaching values close to 0 in just 10 and 5 seconds, respectively. 

In contrast, the 2049 cm-1 band area (L3) remains relatively stable for 5 seconds before to 
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gradually decrease to 0 after 20 s of exchange. Similarly, the area of L4 species band centered 

at 2031 cm-1 remains relatively constant for the first 10 s and then starts to decrease 

progressively to reach 0 at the end of the exchange (~60 s). Concerning the appearance of 

adsorbed 13CO species, on one hand, the areas of bands L2 and L3 at 2012 and 2003 cm-1 display 

an upward trend after 5 seconds, gradually increasing to their maximum values at 60 s. On the 

other hand, the area of the L4 bands at 1985 cm-1 initiates its ascent sooner (1.6 s) reaching 

almost its maximum after 30 s of exchange. In contrast, the band L1 centered at 2027 cm-1 

shows a different pattern, while its area starts to rise after 3 seconds, it exhibits the faster 

increase to its maximum reached around 15 s approximately. 

In conclusion, it becomes clear that each species exhibits a unique behavior in terms of its 

isotopic exchange rate. The transient kinetic exchange rate constants (k') for each 12CO bands 

were determined using a kinetic model, as described in the literature [17], according to the 

provided equation: 

ln α = - k’t  ; with α= 
𝐴𝑖 (𝑡)

𝐴0(𝑡=0𝑠)
                           (IV-2) 

 

In equation IV-2, α corresponds to the ratio of the IR band area for each individual deconvoluted 

linear-type adsorbed CO species on Pt at a given time, t, to the IR band area obtained at t=0 s 

for each respective band. Figure IV-5 presents linear plots of ln α versus time for the 4 linear 

adsorbed 12CO species. Based on equation IV-2, the absolute slope value provides the apparent 

exchange rate constant (k’12CO) of each carbonyls species. The values are summarized in Table 

IV-3.  
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Figure IV-5- Plot of ln α vs. time (s) for the 4 linear CO species (L1 to L4) adsorbed on Pt during 
12CO13CO SSITKA experiment at 131 °C. 

The results suggest distinct reactivity patterns towards CO oxidation among these four carbonyl 

species. The bands L1 and L2 at 2080 and 2059 cm-1 display nearly identical k’ values 

(k’L1=0.51 s-1 and k’L2=0.47 s-1) and so reactivity. It is worth to note that the error on k’L2 might 

be important as only 2 data points can be exploited.  Nevertheless, the latter species undergo 

isotopic exchange at a notably faster rate than L3 and L4 species at 2049 and 2031 cm-1 showing 

k’L3=0.23 s-1 and k’L4=0.12 s-1. For comparison, the exchange rate constant corresponding to 

the bridged carbonyls adsorbed on Pt at 1837 cm-1 (not shown in Figure IV-5) was also 

estimated to 0.32 s-1.  

As shown in Figure IV-4, the 12C/13C exchange of CO adsorbed species is not symmetric. 

Similarly, the rate constants for the appearance of 13CO species on the Pt surface were evaluated 

using the following equation IV-3.  

 ln α = k’t       ; with 𝛼 =
𝐴𝑖(𝑡)

𝐴60(𝑡=60𝑠)
     (IV-3) 

In that case, α corresponds to the ratio of the IR band area for each individual deconvoluted 

linear-type adsorbed CO species on Pt at a given time, t, to the IR band area obtained at t=60 s 

for each respective band. The calculated apparent exchange rate constant (k’13CO) of each 

carbonyls species are given in Table IV-3.  
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Table IV-3- Exchange kinetic rate constant for the four linear adsorbed CO disappearing (k’12CO) and 

appearing (k’13CO) on Pt during 12CO13CO SSITKA experiment at 131 °C. 

131 °C L1 L2 L3 L4 

k’ (12CO) s-1 0.51 0.47 0.23 0.12 

k’ (13CO) s-1 0.05 0.33 0.48 0.15 

 

The table shows that the exchange kinetic rate constant (k’13CO = 0.15 s-1) of L4 band is similar 

to the exchange kinetic rate of its disappearance (k’12CO = 0.12 s-1). In contrast, L2 and L3 

exhibit different values for k’13CO compared to k’12CO; higher (x2) for L3 and lower (-30%) 

for L2. However, there's a notable disparity in the k' values of L1 due certainly to the rapid 

evolution in area, increasing abruptly from 0 to 50% (Figure IV-4), that makes it challenging 

to accurately assess the k'13CO value, which then appears lower than expected (k'13CO (L1) = 

0.05 s-1). Overall, it's difficult to draw any direct conclusions based on the comparison of the 

12CO and 13CO kinetic values, especially as a time lag (3-5 s) is observed, particularly for L1, 

L2 and L3 bands before the appearance of 13CO species on Pt surface.   

However, the separate evolution analysis of band areas led us to think that L1 and L2 species, 

corresponding to CO adsorbed on Pt terraces and steps, might be the main active intermediates 

in the CO oxidation reaction on Pt/Al2O3. In order to get a better idea on the overall surface 

coverage of the catalyst during the 12CO13CO SSITKA process we decided to plot the sum of 

the 12CO and 13CO band areas as a function of time.  
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Figure IV-6- Evolution of sum of the areas of 12CO and 13CO bands during 12CO13CO isotopic exchange 

on Pt/Al2O3. 

The result, as presented in Figure IV-6, illustrates the behaviors of the different bands, namely 

L1, L2, L3, and L4, in term of Pt surface coverage evolution during the isotopic exchange. 

However, as observed at t = 0 s and 60 s, the areas of the 12CO and 13CO bands do not align at 

their respective maximum values. To address this, correction factors have been applied on the 

values of 13CO band areas. Our assumption here is that the surface coverage at the beginning 

(t=0 s) and the end (t=60 s) of the exchange should be exactly the same as steady-state 

conditions are kept during the overall SSITKA process. A correction factor f was determined 

for each species (L1 to L4) using the Equation IV-4, calculating the area ratios between the 

12CO bands at 0 second and the 13CO bands at 60 seconds. The values are given in Table IV-4.  

Subsequently, the 13CO bands areas (of all time intervals) will be adjusted by dividing them by 

the corresponding correction factor (Equation IV-5).  

 

f = A0(
12CO)/A60(

13CO)      (IV-4)  

A*t(
13CO) = At(

13CO) × f     (IV-5) 
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Table IV-4- Calculated correction factors for each CO adsorbed IR bands on Pt. 

 L1 L2 L3 L4 

f 1.27 0.71 0.87 0.51 

 

The new sums of the band areas were then plotted as a function of time in Figure IV-7 using 

the corrected values for 13CO bands (A*t). 

 

Figure IV-7- Evolution of the sum of adsorbed L1 to L4 12CO and corrected 13CO band areas during 

isotopic exchange on Pt/Al2O3. 

The cumulated 12CO+13CO L1 band, associated with carbonyls adsorbed on Pt terraces, exhibits 

initially a fast decrease in intensity (-43% at 3.2 s) before returning to its initial value after 15 

seconds. In contrast, the evolution of L3 band sum displays an initial increase (+13% at 3.2 s) 

followed by a significant decrease (-31%) after 10 seconds. Remarkably, the sum of L2 bands, 

corresponding to carbonyls adsorbed on Pt steps, remains stable at the first instant of the 

exchange to vanish rapidly and completely at 5 seconds, before beginning a progressive gradual 

increase to its maximum value (60 s). The opposite is clearly observed for the sum of L4 band 

areas which seems to compensate for the decreases observed in other bands, especially L2. As 

evident, L4 sum increases progressively, reaching its maximum value (+67% at 10 s) when 

other sums are minimal before decreasing to its initial value as the isotopic exchange 

progresses. 
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The increase in L4 area sums illustrates an accumulation of adsorbed 12CO and 13CO on the 

associated Pt surface site, which would be consistent with a non-active behavior. Similar 

conclusion can be drawn for L3 species for which cumulative effect is also observed at the 

beginning of the exchange (to a lesser extent). These results are in line with their lower kinetic 

rate constants. On the contrary, the reactivity of L2 species appears to be much faster than the 

isotopic exchange process on Pt step sites since the L2 bands are no longer observable for a 

short period. This result tends to seriously designate the L2 species as the main intermediate in 

the CO2 formation while L1 species could have a more minor role to play in the reaction despite 

its higher k’12CO value calculated previously. Indeed, only a small decrease in the quantity of 

CO adsorbed on Pt terrace is observed in the first 10 seconds of the exchange. It is worth to 

note also that the sums of all bands slightly deviate from the maximum value (~4.9) during the 

SSITKA switch. The missing part is highlighted using black stripes, named diff, in Figure IV-7. 

This difference is maximum at 10 seconds, representing almost 9% of the initial/final sum of 

IR areas. Several possible hypotheses could explain this phenomenon, such as a higher CO2 

production (higher conversion) leading to a decrease in CO surface coverage. However, the 

respect of steady-state conditions during SSITKA tends to invalidate this idea. As mentioned 

in chapter 3, a competition exists for the coverage of the Pt surface between O and CO during 

the reaction. In consequence, a different sharing of surface adsorption sites or the presence of a 

greater number of vacant sites could be responsible for the decrease in total CO coverage. 

In conclusion, this work has enabled the differentiation of L2 from the rest of the linear bands, 

suggesting its involvement in product formation and identifying it as the main active species in 

the CO oxidation reaction on Pt/Al2O3. The next challenge will be to repeat this analysis on Pd 

surface and discriminate the carbonyls adsorbed reactive species in the CO oxidation reaction. 

 

3.2- Reactivity of carbonyls on Pd/Al2O3 

 

In the case of Pd/Al2O3 catalyst, it has been previously noted that during CO oxidation, the IR 

spectra primarily exhibit intense bridged carbonyl signal between 2000 and 1750 cm-1 versus 

linear carbonyl intensity (2100-2000 cm-1). The evolution of all carbonyl bands recorded at 

different instant of the 12CO13CO isotopic exchange on Pd/Al2O3 at 116 °C (χCO = 8.5%, θCO 

= 0.30) is presented in Figure IV-8. 
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Figure IV-8- Evolution of linear and bridged carbonyl bands during isotopic exchange at different instant 

t. 

Figure IV-8 illustrates the gradual decrease of the linear carbonyl band at 2088 cm-1 during the 

isotopic exchange, vanishing entirely after 10 seconds. This disappearance give rise to the 

emergence of the corresponding 13C linear carbonyl counterpart at 2039 cm-1 increasing 

progressively and reaching its maximum after 60 seconds.  A broad band was observed for the 

bridged carbonyl between 2000 and 1750 cm-1 with a higher intensity than carbonyls. This 

signal display distinct complexity, consisting of multiple overlapping bands that shift to lower 

wavenumbers (Δi ≈ 48 cm-1) after isotopic exchange.  

According to the literature, the linear carbonyl band observed on Pd can be decomposed into 2 

overlapped bands at 2088 cm-1 and 2059 cm-1 [18]. The first is assigned to linearly adsorbed 

CO on terrace sites [19] while the band at 2059 cm-1 accounts for linearly adsorbed CO on low-

coordinated adsorption sites (corners or edges) [20]. In that case, an isosbestic point is observed 

at 2060 cm-1 during the exchange of linear carbonyls, probably indicating a similar exchange 

kinetics for the two types of species. Concerning the bridged carbonyl, prior studies show that 

the signal can be decomposed into three types of overlapped bands at 1957, 1908 and 1848 cm-

1. The band at 1957 cm-1 is attributed to bridged carbonyl on Pd(100) [21], 1908 cm-1 to bridge-

bound CO on Pd(100) [22] and the band at 1848 cm-1 to adsorbed CO on 3-fold hollow sites 

[23]. In the case of bridged carbonyls exchange on Pd, an intersection of the IR signals is 

observed around 1860 cm-1 but a clear isosbestic point is difficult to identify. The different 

carbonyls species adsorbed on Pd are illustrated in Figure SIV-3 (Annex). 
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The literature assignments were firstly chosen as guessed to perform the IR signal Gaussian 

deconvolution using the fitting model previously applied to Pt/Al2O3.  

Figure IV-9 illustrates the original non smoothed IR spectra curve (in red), the global fitting 

function curve (in black), and the 2 linear CO and 3 bridged CO bands fitted after deconvolution 

for the spectra at 0 s (12CO - Figure V-9a) and 60 s (13CO - Figure V-9b). The fitted signals of 

spectra obtained at various time points of the exchange process are provided in the annex SIV-

2. 

 

 

Figure IV-9- Individual adsorption bands of the 5 adsorbed CO species obtained after the deconvolution 

of the recorded spectrum on Pd/Al2O3: a) at 0s and b) 60s. The non-smoothed raw IR signal is represented 

in red and the result of deconvolution (5 Gaussian sum) by the black line. 

The optimized fitting parameters (band positions and FWHM) given by the Igor software for 

12CO bands (0s) and their corresponding counterparts 13CO bands after isotopic exchange (60s) 

are listed in the Table IV-5 below. 
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Table IV-5- Adsorbed CO on Pd band positions and FWHM resulted from spectra deconvolution at 0 and 

60 s. These coefficients were then used as constants for further fittings. 

  12CO bands 

from spectrum at 0 s 

13CO bands 

from spectrum at 60 s 

Assignment [19–23] Position  

(cm-1) 

FWHM 

(cm-1) 

Position 

(cm-1) 

FWHM 

(cm-1) 

Linearly adsorbed CO on 

terraces sites 
L1 2087 12.9 2041 12.3 

Linearly adsorbed CO on 

low-coordinated 

adsorption sites (corners 

or edges) 

L2 2059 25.4 2016 27.5 

Bridged carbonyl on 

Pd(100) 
L3 1957 18.1 1910 20.7 

Bridge-bound CO on 

Pd(100) 
L4 1908 36.9 1857 36 

Adsorbed CO on 3-fold 

Hollow sites 
L5 1848 46.9 1804 42.1 

These positions and FWHM were then set as constants to fit the other spectra. A label (L1 to 

L5) was also given to each band in for further reference along with their corresponding 

assignment. The evolution in the heights of these 10 bands have been summarized in the Table 

IV-6. 

Table IV-6- Evolution of band heights for 12CO and 13CO linear and bridged species on Pd at different 

times of the isotopic exchange. 

 12CO bands  13CO bands 

   Bands                 

       (cm-1) 

Time     

2087 

L1 

2059 

L2 

1957 

L3 

1908 

L4 

1848 

L5 

2041 

L1 

2016 

L2 

1910 

L3 

1857 

L4 

1804 

L5 

0s 0.006 0.004 0.008 0.014 0.011 0 0 0 0 0 

1.2s 0.005 0.003 0.008 0.013 0.011 0 0 0.0009 0.0007 0.00001 

2.5s 0.0041 0.0031 0.0054 0.0119 0.0108 0.0008 0.0006 0.0009 0.0009 0.0009 

5s 0.002 0.001 0.001 0.008 0.0097 0.0028 0.0006 0.0019 0.0028 0.0009 

10s 0.0008 0 0 0.0034 0.0091 0.0042 0.0016 0.0048 0.0043 0.0015 

15s 0.0002 0 0 0.0008 0.0091 0.0044 0.0017 0.0069 0.0059 0.002 

20s 0.0002 0 0 0.0007 0.0044 0.0045 0.0028 0.0078 0.0099 0.0046 

30s 0.0002 0 0 0 0.0025 0.0048 0.0028 0.0078 0.0113 0.0048 

60s 0 0 0 0 0 0.0049 0.0035 0.0091 0.0138 0.0072 
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Likewise, the areas of individual 12CO and 13CO bands were computed and plotted after 

normalization as a function of time of isotopic exchange in Figure IV-10 and Figure IV-11. 

Normalized evolutions of 12CO and 13CO conjugate band areas are represented by colored 

dotted and solid lines, respectively.  

 

Figure IV-10- Evolution of normalized area for adsorbed linear 12CO and corresponding linear 13CO L1 

(red) and L2 (dark brown) bands during isotopic exchange. 

Figure IV-10 illustrates the evolution of normalized areas of both CO linearly adsorbed species 

(L1 and L2) on Pd. It's worth noting that these two bands do not exhibit identical behavior 

throughout the isotopic shift. The band L1(12CO) at 2087 cm-1 exchanges symmetrically with 

the band L1(13CO) at 2041 cm-1, intersecting at ~0.5 at 5 seconds. In that case around 90% of 

12CO13CO exchange is observed at the Pd surface in the first 15 seconds. Otherwise, the 

behavior of the L2 (13CO) bands at 2016 cm-1 does not mirror the pattern of its homologue 12CO 

band at 2059 cm-1, since a slower increase in area is observed as a function of time. Indeed, the 

band at 2059 cm-1 vanishes completely after 10 seconds when only 45% of its 13CO counterpart 

(2016 cm-1) has reappeared on the Pd surface. The latter 13CO band increases gradually until 60 

seconds but does not reach a clear asymptote. 
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Figure IV-11- Evolution of normalized area for adsorbed bridged 12CO and corresponding bridged 13CO 

L3 (green), L4 (blue) and L5 (purple) bands during isotopic exchange. 

 

Figure IV-11 depicts the evolution of normalized areas of the 3 types of bridged carbonyl (L3, 

L4 and L5) adsorbed on Pd during isotopic exchange. Once again, these bands exhibit diverse 

behaviors. Firstly, the L5(12CO) band at 1848 cm-1 exchanges symmetrically with its 

corresponding L5(13CO) band at 1804 cm-1. However, their exchange process is relatively long 

since the two curves are crossing each other at ~0.5 just before 20 seconds. On the contrary, the 

other two types of bridged carbonyls do not show mirror pattern. The band L3(12CO) at 1957 

cm-1 experiences a significant decrease initially, disappearing after 10 seconds while its 

counterpart L3(13CO) band at 1910 cm-1 gradually increases, reaching only 50% of its 

maximum area at 10 seconds. The band L4(12CO) at 1908 cm-1 steadily decreases, disappearing 

at 30 seconds, while its homologue L4(13CO) band at 1857 cm-1 increases progressively until 

60 seconds. It is worth to note that in the case of CO isotopic exchange on Pd almost no time 

lag was observed, 13CO species appearing quasi-immediately on the surface after the reactant 

switch. 
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As in the case of Pt, each carbonyl adsorbed on Pd exhibit a unique behavior during the 12CO 

13CO isotopic exchange. In order to continue our analysis, the transient kinetic exchange rate 

constants (k’) for each 12CO bands were estimated using the previously described kinetic model 

(Equation IV-2). Figure IV-12 displays linear plots of ln α as a function of time of exchange for 

the five linearly and bridged adsorbed 12CO species bands. According to Equation IV-2, the 

absolute slope value yields the apparent exchange rate constant (k'12CO) of each species. The 

k’ values are given in Table IV-7. 

 

Figure IV-12- Plot of ln α vs. time (s) for the 5 types of adsorbed CO species (L1 to L5) adsorbed on Pd 

during the 12CO13CO SSITKA experiment at 116 °C. 

The results in Figure IV-12 illustrate through the determination of the exchange rate, the 

varying reactivity toward CO oxidation of each adsorbed carbonyl species. The bands L1 and 

L2, corresponding to linear carbonyls at 2087 and 2059 cm-1 respectively, display similar 

reactivity as evidenced by close k’ values (k’L1=0.28 s-1 and k’L2=0.33 s-1). This result is 

consistent with the observation of an isosbestic point on Figure IV-8 during the isotopic 

exchange of linear carbonyls. Otherwise, the bridged carbonyls exhibit different reactivity. The 

faster kinetic rate constant k’L3=0.45 s-1, even higher than that of linear carbonyls, is observed 

for the band L3 at 1957 cm-1 attributed to bridged carbonyl adsorbed on Pd(100). Conversely 

the L4 and L5 bands, centered at 1908 cm-1 and 1848 cm-1 respectively, show much lower 

kinetic rate constants, i.e. k’L4=0.16 s-1 and k’L5=0.01 s-1. 
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For the sake of comparison, the rate constants corresponding to the formation of 13-carbonyls 

species (k’13CO) on the Pd surface were also calculated according to Equation IV-3 and the 

values are given in Table IV-7 below.  

Table IV-7- Exchange kinetic rate constant for the five linear and bridged adsorbed CO disappearing 

(k’12CO) and appearing (k’13CO) on Pd during 12CO13CO SSITKA experiment at 116 °C. 

116 °C L1 L2 L3 L4 L5 

k’ (12CO) s-1 0.28 0.33 0.45 0.16 0.01 

k’ (13CO) s-1 0.20 0.18 0.21 0.21 0.06 

 

The table shows that the exchange kinetic rate constant (k’13CO) of all 5 bands band are quite 

different in comparison to the exchange kinetic rate of its disappearance (k’12CO). For example, 

L1, L2, L3 exhibit a higher kinetic rate constant k’12CO compared to k’13CO; higher (x1.5) for 

L1 and higher (x2) for L2 and L3 respectively. In contrast, L4 and L5 present a lower kinetic 

rate constant k’12CO compared to k’13CO; lower (-25%) for L4 and lower (x6) for L5. Overall, 

it's difficult to draw any direct conclusions based on the comparison of the 12CO and 13CO 

kinetic values, especially as a time lag (2 s) is observed, particularly for L1, L2 and L5 bands 

before the appearance of 13CO species on Pd surface.   

In a first attempt, the analysis of the separate area’s evolution brings us to the conclusion that 

linear carbonyls (L1 and L2) and bridged carbonyls adsorbed on Pd (100) (L3 species) could 

be the best candidates to play an active role in the CO oxidation reaction while L4 and L5 would 

play a minor role. In order to verify this idea, the total surface coverage evolution of Pd during 

the 12CO13CO SSITKA process was examined by plotting the sum of the 12CO and 13CO band 

areas as a function of time in Figure IV-13. 
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Figure IV-13- Evolution of sum of the areas of 12CO and 13CO bands during isotopic exchange on 

Pd/Al2O3. 

Just like in the case of Pt, the maximum area values of the 12CO and 13CO bands at 0 and 60 s, 

respectively, do not correspond to each other due to the difference of extinction coefficient 

values for 12C and 13C carbonyls. Therefore, correction factors have also been utilized here to 

correct each individual L1 to L5 13CO areas and normalize their combinations according to the 

approach described previously in Equations IV-4 and IV-5. The values of the 5 correction 

factors are given in Table IV-8 and the new combinations of band areas are plotted as a function 

of time in Figure IV-14.   

Table IV-8- Calculated correction factors for each CO adsorbed IR bands on Pd. 

 L1 L2 L3 L4 L5 

f 0.83 1.07 1.33 0.95 0.57 
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Figure IV-14- Evolution of the sum of adsorbed L1 to L5 12CO and corrected 13CO band areas during 

isotopic exchange on Pd/Al2O3. 

Figure IV-14 illustrates that the area of cumulated L1 bands, representing the linear carbonyl 

species adsorbed on Pd terraces, remains relatively stable during the isotopic exchange. 

Similarly, the L5 bands do not show any area trend, only experiencing random variations (0.76 

± 0.08). Conversely, the sum of 12CO+13CO L2 band areas, corresponding to the linear 

carbonyls adsorbed on low coordinated sites, initially maintains a stable value before decreasing 

significantly at 5 seconds (-51%), then returning to its initial surface after 20 seconds. As the 

latter, the L3 bands experiences a sharp decline in area starting at 2.5 seconds (-60% at 5 s) 

followed by a gradual increase from 10 seconds up to its maximum value. Finally the L4 bands, 

assigned to bridge-bound CO on Pd(100) and contributing initially for almost 40% of the 

surface coverage, undergo a slow decrease up to 15 seconds (-52%), then increase to return 

progressively to their initial level. As previously, we can observe that the sums of all bands 

deviate from the maximum value (~2) during the isotopic exchange process. The difference 

(diff), highlighted by black stripes in Figure IV-14, represents more than 20% of missing CO 

adsorbed at 10 seconds compared to the initial coverage. Once again, this effect could certainly 

be attributed to the competitive adsorption of CO and O existing on Pd surface during the 

oxidation reaction. It should be noted that a much higher diff percentage is obtained for Pd 

compared with Pt catalyst (~9%) perhaps because of the greater affinity of Pd particles for 

oxidation [24].The results provide better insight into the contribution of each species in CO 

oxidation. Notably, the bridge-bound carbonyls (L3 bands), which showed previously the 

higher kinetic rate constant (k’12CO), definitely play a substantial role in driving CO2 
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production. Both L2 and L4 species, despite their varying reactivity (with L2 exchanging more 

rapidly than L4), also seem to contribute to the formation of CO2. Conversely, it clearly appears 

that the last two carbonyl species, L1 and L5, would have a minor role or would not even 

participate in the CO2 formation. Especially, the adsorbed CO on 3-fold hollow sites (L5), 

which has a very slow kinetic rate constant (k’12CO = 0.01 s-1) and fluctuating band areas, 

illustrates a spectator behavior.  

In conclusion, the kinetic study realized on Pd/Al2O3 do not allow a clear discrimination of a 

unique active species as for the case of Pt. However, the crucial role L3 bridged carbonyls in 

CO2 formation was identified while a CO adsorbed on a 3-fold hollow site seems useless. 

Moreover, it is interesting to see that a relatively high kinetic rate constant, such as the case of 

L1 species (CO on Pd terrace; k’12CO = 0.28 s-1), is not synonymous with major involvement 

in product formation.  

 

4- Conclusion 
 

This chapter has illuminated the reactivity of linear and bridged carbonyl bands on both Pt and 

Pd supported on Al2O3. In the context of Pt/Al2O3, the prevalence of linear bands was evident, 

with four distinct types of these bands identified through deconvolution based on existing 

literature. Each peak exhibited distinct adsorption site characteristics and kinetic rate constants 

for exchange. The rapid exchange rates were attributed to bands linked to carbonyl adsorption 

on terrace sites (2080 cm-1) and carbonyl adsorption on subnanometer particles (2059 cm-1), 

both demonstrating the highest kinetic rate constants. The analysis of the overall surface 

coverage area of the catalyst during isotopic exchange has confirmed the non-active behavior 

of L3 and L4 species, consistent with their lower kinetic rate constant. Furthermore, this 

investigation has identified that the linear CO adsorbed on Pt steps specie is the main 

intermediate in the CO2 formation while the linear CO adsorbed on Pt terraces specie might 

play a minor role in product formation despite having a higher kinetic rate constant. 

Similarly, in the case of Pd/Al2O3, a predominance of linear and bridged carbonyl bands was 

observed. These were further deconvoluted into five distinct types of bands and subjected to 

fitting to explore their reactivity and role in CO2 formation. Just as like in the Pt/Al2O3 case, 

each peak exhibited its own unique kinetic rate constant. The most rapid exchange occurred in 

the band at 1957 cm-1, associated with bridged carbonyl adsorbed on Pd(100), as well as the 
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band at 2059 cm-1, linked to linear carbonyl adsorbed on low-coordinated sites. The analysis of 

the overall surface coverage area has provided insights into the roles of each species in the CO 

oxidation reaction. It reveals that the bridge-bound carbonyls (L3 bands) play a major role in 

CO2 production, while L2 and L4 play a minor role. In contrast, the adsorbed CO on 3-fold 

hollow sites (L5) appears to be an inactive species in the CO oxidation reaction, consistent with 

its lower kinetic exchange. Another important conclusion from this study is that a band with a 

high kinetic rate constant might exchange rapidly to its counterpart without significantly 

affecting product formation as the case of L1 band in the case of Pd/Al2O3. This study's 

significance is highlighted by its revelation that the linear and bridged carbonyls, previously 

assumed to be active species, are actually composed of multiples bands, not all of which 

participate in the reaction mechanism. This newfound understanding will provide a profound 

insight into the distinct roles played by each species formed. Consequently, it will facilitate a 

more comprehensive grasp of which specific bands contribute to the catalytic activity's high 

performance.  
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Chapter V- Hysteresis in CO oxidation 

reaction: A kinetic study using 

SSITKA-IR technique. 
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1- Introduction 
The catalytic oxidation of CO has gained significant interest within studies on catalytic reaction 

dynamics. This is primarily attributed to its intricate and dynamic behavior, characterized by 

phenomena like hysteresis at low temperature [1]. Hysteresis behavior involves the detection 

of multiple stable states across a diverse array of experimental conditions. Typically, this is 

evident at lower temperatures, where the catalyst's activity (such as reaction rate or degree of 

conversion) does not align during light-off and light-out phases [2]. This mismatch is reflected 

in the conversion vs. temperature plot, resulting in the creation of a hysteresis loop.  

The origin of hysteresis remains a topic of ongoing discussion within the literature, giving rise 

to various explanations. Most of the authors propose that hysteresis arises from the replacement 

of one steady state with another during gradual temperature shifts. This transition leads to a 

distinct reaction rate for a consistent temperature, resulting in the observed hysteresis 

phenomenon [3–5]. But alternative explanations for hysteresis have been put forward, including  

the concept of a macro-kinetic transition from kinetic to diffusion mode [6], the interaction 

between diffusion and reaction processes [7, 8], the occurrence of phase transition within 

catalysts [2] and the possibility of local overheating at active sites [9, 10]. Indeed, understanding 

the origin behind this phenomenon holds significant promise. Such comprehension can be 

essential to manipulate catalyst activity and ensuring its sustained high performance at low 

temperatures. Moreover, it provides valuable insights into instances of reduced activity, aiding 

in the identification of the root causes behind the decline in catalytic efficiency. This knowledge 

serves as a foundation for optimizing catalytic processes and designing catalysts that maintain 

their effectiveness under a wide range of operating conditions.  

The use of in situ techniques becomes crucial in order to deeply examine the catalyst's surface 

and identifying the species and intermediates that form during the hysteresis phenomena. The 

SSITKA-IR technique proves particularly useful for this task. It provides insights into various 

kinetic parameters, like the concentration of active intermediates and turnover frequencies 

(TOFs) and allows us to visualize the surface species. The SSITKA-IR technique has already 

proved its effectiveness in previous chapters enabling us to differentiate between active and 

inactive species in CO oxidation over PGM/Al2O3. Firstly, linear and bridged carbonyls were 

distinguished from the hydrogen-carbonate species, the latter being inactive in the product 

formation. In the chapter 4, we delved into the individual reactivity of linear and bridged 

carbonyls, investigating their behavior during isotopic exchange following the deconvolution 

of overlapping bands. This exploration unveiled variations in the kinetic rate of each species 
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during the SSITKA exchange which allowed us to conclude on their true reactivity toward CO 

oxidation process.  

In this chapter, a similar SSITKA-IR approach will be employed comparing the light-off and 

light-out phases during CO oxidation on Pt/Al2O3 and Pd/Al2O3 to assess whether the main 

active carbonyls species exhibit different behaviors. Thus, a better grasp of the hysteresis 

phenomenon and the observed activity discrepancies is expected. Furthermore, special attention 

will be given to study the impact of reductive H2 pulses on the catalytic activity of both catalysts 

based on our understanding of the hysteresis. The ultimate goal is to gain insights into how 

these pulses enhance the catalyst's performance and find ways to sustain this heightened level 

of catalytic activity at low temperature, potentially uncovering strategies for catalyst 

optimization and stability in CO oxidation reaction.  

 

2- Study of CO oxidation hysteresis 

2.1- Hysteresis kinetics investigation on Pt/Al2O3 

 

The CO oxidation reaction was performed using a catalyst pellet (5.9 mg) containing 0.82 wt% 

Pt supported on Al2O3 following the pretreatment steps explained in chapter 2. A feed mixture 

consisting of 2000 ppm of CO and 10% of O2 in He was introduced into the reactor cell and a 

full cycle of temperature (increase and decrease) from 50 to 300 °C was applied with a ramp of 

1 °C/min. The reaction progress was monitored by gas chromatography (GC) to track the 

conversion of CO reactant. Figure V-1 shows the CO conversion evolution below 30 % during 

both the light-off and light-out phases. The full evolution is plotted in Annex Figure SV-1. 
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Figure V-1- Evolution of CO conversion below 30% vs. temperature during light-off and light-out of CO 

oxidation on Pt/Al2O3. 

It appears clearly that, at low temperature (125-145 °C), the activity of the catalyst during light-

off and light-out do not match. The lower activity observed during the light-out step compared 

to light-off is indicative of an inverse hysteresis phenomenon. The maximum temperature 

difference for the same conversion level (15%) is approximately 13 °C. It's worth noting that 

this inverse hysteresis transitions to a normal hysteresis (activity higher in light-out) at higher 

conversions, with a temperature difference of about 8 °C at 90% of CO conversion level (Figure 

SV1 in Annex). Activation energies were estimated for both light-off and light-out conditions, 

revealing a notable distinction. An activation energy of 110 kJ mol-1 is obtained during the 

increase in temperature, i.e. approximately twice as high as that observed during light-out 

(Ea(out) = 68 kJ mol-1).  

In order to get more insights about the causes of the hysteresis observed, SSITKA-IR 

experiments were conducted during both light-off and light-out at the same conversion level 

(χCO = 11%) on the Pt catalyst. The latter conversion was reached at 131.0 °C and 135.8 °C 

during the increase and decrease in temperature, respectively. The normalized MS signals of 

13CO, 13CO2 and CH4 (inert) obtained after the isotopic 12CO13CO switch performed during 

the light-out phase at 135.8 °C are depicted in Figure V-2Figure V-2. The results obtained for 

the light-off SSITKA experiment at 131 °C were presented in chapter 3, Figure III-2.  
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Figure V-2- Normalized concentrations of CH4, 13CO and 13CO2 obtained during the light-out SSITKA 

experiment (12CO/O2/He→ 13CO/O2/Kr/CH4/He) on Pt/Al2O3 at 135.8  C (χCO = 11%). 

As seen in Figure V-2, the 13CO transient response curve lags behind that of the tracer (CH4) 

due to the formation of reversibly adsorbed CO on Pt surface during oxidation reaction. 

Similarly, the 13CO2 transient response curve lags behind that of 13CO indicating that, in theory, 

the formation of 13CO2 product passes through one or more adsorbed reaction intermediates 

after 13CO adsorption. The mean surface residence times (τ), the concentrations N and surface 

coverages (θ) of reversibly adsorbed CO and C-contained species were estimated according to 

SSITKA theory. The results are compared with the values obtained during the light-off SSITKA 

experiment (Chap 3) in Table V-1. 

Table V-1- Mean residence times τ, concentrations N, surface coverages θ of adsorbed CO and C-

containing species calculated from the light-off and light-out SSITKA experiments on Pt/Al2O3 (χCO = 

11%). 

 
T 

(°C) 

τCO 

(s) 

NCO 

(µmol g-1) 
θCO 

rCO 

(µmol g-1 s-1) 

τC 

(s) 

NC 

(µmol g-1) 

Light-Off 131.0 5.2 13.4 0.47 2.58 29.9 9.8 

Light-Out 135.8 4.5 11.8 0.41 2.62 29.5 9.3 

 

The comparison indicates that the quantity of reversibly adsorbed CO during light-off (13.4 

µmol g-1) exceeds that during light-out (11.8 µmol g-1) leading also to a decrease of about 13% 

in Pt surface coverage. However, these results lead to an increase in the rate of CO formation 
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which is consistent with the increase in temperature according to Arrhenius law. In conclusion, 

it appears that the comparison of SSITKA kinetic parameters at two different temperature 

prohibits us from drawing any clear correlation between the quantity of NCO and the catalyst's 

activity. It is worth to note that the τC and NC are relatively similar in light-off and light-out, 

decreasing only slightly as a result of the temperature difference. As previously discussed in 

chapter 3, these values are linked to the re-adsorption of CO2 product to form hydrogen-

carbonate species on the inactive alumina support which certainly explains why they are not 

affected in the hysteresis process.   

Figure V-3 displays a comparison of the spectra recorded at t=0 s (12CO) during both light-off 

and light-out steps. We focused here on linear carbonyls, which have been proposed to play the 

main active role in product formation. 

 

Figure V-3- Comparison of CO linear IR bands at t=0s during light-off (131 °C) and light-out (135.8 °C) 

SSITKA experiments on Pt/Al2O3 (χCO = 11%). 

The intensity of the main 12CO linear bands around 2058 cm-1 is lower during light-out 

compared to light-off, accounting for approximately 5% of loss in intensity. This variation 

could be linked to the decrease of the quantity of reversibly adsorbed CO (-13%), calculated 

previously between SSITKA experiment. It’s also worth noting that a subtle but signifucant 2 

cm-1 shift of the adsorbed CO linear band is observed towards higher wavenumbers. However, 

this blue shift is not consistent with the lower CO surface coverage observed on Pt that should 

in the contrary increase the possibility of back donation from the metal, due to lesser lateral 

interactions, and so decrease the wavenumber position of the band (surface coverage  = ν(CO) 
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) [11]. Thus, this shift could be indicative of structural, oxidation or interaction changes 

occurring at the catalyst's surface during the light-out phase, which may be contributing to the 

observed differences in catalytic behavior. 

In this context, a comprehensive analysis of the overlapped linear carbonyl bands has been 

conducted using the same kinetic model and methodology as in Chapter 4. The goal was to 

compare and identify any differences that may exist in terms of species distribution and/or 

exchange kinetics. The positions of L1 to L4 bands (12CO and 13CO) and their respective 

FWHM, identified previously in light-off analysis (Table IV-1 in Chap 4), were used as such 

to fit the IR signal obtained during the light-out SSITKA-IR experiment. The results of the 

fitting at t=0 s and t=60 s are presented in Figure V-4, respectively. 

 

Figure V-4- Individual adsorption bands of the 5 adsorbed CO species obtained after the deconvolution of 

the recorded spectrum on Pt/Al2O3: a) at 0 s and b) 60 s during the light-out SSITKA-IR experiment. The 

non-smoothed raw IR signal is represented in red and the result of deconvolution (5 Gaussian sum) by the 

black line. 

Figure V-4 presents the original non smoothed IR spectra (in red), the global fitting function 

curve (in black), and the 5 individuals linearly adsorbed 12CO and 13CO bands fitted after 

deconvolution of the spectra at 0 s and 60 s obtained during the light-out SSITKA-IR 

experiment. As mentioned in chapter 4, the band at 2098 cm-1, corresponding to carbonyl 

adsorbed on oxidized Pt, remained unchanged throughout the fitting process, not showing 

isotopic shift. The fitting results for all spectra recorded during the light-out SSITKA-IR 

experiment at various time points are provided in the annex SV-2. The normalized area 

evolutions of 12CO and 13CO L1 to L4 bands have also been plotted in annex Figure SV-3. As 

seen previously, the area curves of L2 and L4 exhibited an asymmetric isotopic exchange, not 

crossing each other at 0.5. In contrast, the area curves of L1 and L3 cross each other at 0.5, 

indicating a symmetric isotopic exchange, which is distinct from what was observed during 

light-off. 
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The kinetic exchange rate constants k’ of each individual 12CO carbonyls bands were 

determined using the same kinetic model used for the light-off experiment. The results of ln α 

versus time, α corresponding to the area ratio At/A0 for each individual band, are presented in 

Figure V-5 where the absolute slope value provides k’12CO of each carbonyls species. 

 

Figure V-5- Plot of ln α vs. time (s) for the 4 linear CO species (L1 to L4) adsorbed on Pt during SSITKA 

light-out experiment at 135.8 °C. 

The graph illustrates that the linear CO species with the bands located at 2080 cm-1, 2059 cm-1, 

and 2049 cm-1 exhibit the highest kinetic exchange rate constants (approximately 0.2 s-1). In 

contrast, the band L4 at 2031 cm-1 is characterized by a notably slower rate constant of around 

0.08 s-1. A comparison with k’12CO obtained during light-off SSITKA-IR experiment in chapter 

4 is summarized in Table V-2.  

Table V-2- Comparison between exchange kinetic rate constants for adsorbed 12CO species on Pt during 

light-off and light-out SSITKA-IR experiments. 

k’12CO (s-1) 
T 

(°C) 

2080 cm-1 

L1 

2059 cm-1 

L2 

2049 cm-1 

L3 

2031 cm-1 

L4 

Light-Off 131.0 0.51 0.47 0.23 0.12 

Light-Out 135.8 0.17 0.20 0.17 0.08 

 

The data clearly show that the L4 band at 2031 cm-1 exhibits the lowest kinetic rate constant 

compared to the other bands, both in light-off and light-out conditions, with an even lower rate 

in light-out. The bands L1 and L2, centered at 2080 and 2059 cm-1, characterized initially as 
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the most reactive species (highest k’12CO of the light-off experiment), experience a significant 

decrease (~60%) in their exchange rate constants during light-out. Similarly, the kinetic rate 

constant of L3 12CO species obtained during light-out decreases of about 25% compared to its 

initial light-off value. These results suggest that the reactivity of carbonyl species decreased 

overall after a high temperature cycle while maintaining the relative order of reactivity between 

each species. However, once again, because we are not operating SSITKA-IR experiments at 

the same temperature during light-off and light-out, a correlation between the variation of 

kinetic rate constants with hysteresis activity phenomenon would be precipitous.  

As deduced using SSITKA analysis, the overall concentration of reversibly adsorbed CO (NCO) 

on Pt was lower during the light-out phase. In order to get a more details on the species 

distribution at the Pt surface during the light-out SSITKA process and examine whether there 

are any changes compared to the light-off results, we decided to plot the sum of the 12CO and 

13CO band areas as a function of time. 

 

Figure V-6- Evolution of sum of the areas of adsorbed L1 to L4 12CO + 13CO bands during 12CO13CO 

light-out isotopic exchange on Pt/Al2O3 at 135.8 °C. 

 

The result, presented in Figure V-6, illustrates the behaviors of the different bands, namely L1, 

L2, L3, and L4, in term of Pt surface coverage evolution during the light-out isotopic exchange. 

Correction factors, reported in annex Table SV-1, have been applied on the values of 13CO band 

areas to align the area maximum values at t = 0 s and 60 s (method detailed in chapter 4). After 
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correction, the new areas sums were compared in Figure V-7 to the corrected sums obtained 

during the light-off process (Figure IV-7) for chosen time.  

 

 

Figure V-7- Comparison of the corrected sum of adsorbed L1 to L4 12CO + 13CO band areas during light-

off and light-out SSITKA-IR experiment on Pt/Al2O3 at 0, 5 and 10 s. 

 

Figure V-7 shows that initially (t=0 s), L3 species is more abundant on the Pt in the light-off 

phase while other bands, L1, L2, and L4, exhibit much comparable distribution in both 

conditions. However, the main difference is observed at 5 seconds where the L2 species, which 

we recognized as the main active intermediate in product formation during the light-off activity, 

has completely disappear from the surface in contrast with the light-out L2 area decreasing 

more slowly to its minimum level at 10 seconds (-96%). This discrepancy is consistent with the 

reduced rate constant k’12CO observed for L2 species during the light-out phase. At 10 seconds, 

while L1 and L3 species concentrations have slightly decreased during the light-off, 

accumulations of L1 (+27%), L3 (+18%) and L4 (+44%) signals were now observed at the Pt 

surface (light-out). The same behavior was already shown for L3 and L4 species during the 
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light-off reflecting, in line with low kinetic rate constants, their inactive role in the CO 

oxidation.  

In conclusion, no significant differences are observed in the behavior of the L3 and L4 during 

isotopic exchange between the light-off and light-out conditions, excepted for the lowest 

quantity of L3 species initially present on the Pt surface. Concerning L2, assigned to CO 

adsorbed on Pt step, the much lower exchange kinetic rate constant k’12CO observed during 

light-out experiment is also reflected into the difference in time required to reach its minimum 

coverage. Nevertheless, L2 still appears to be the main reactive species in the CO oxidation 

process while the role of L1 species (CO adsorbed on Pt terrace) seems more limited.  However, 

with a difference of 5 °C between both conditions, any tentative to explain the hysteresis with 

the kinetic results obtained would be inaccurate. In order to get valuable insights into the 

underlying factors contributing to the hysteresis phenomenon, an investigation at iso-

temperature (but different conversion) should be performed. Unfortunately, the latter was not 

conducted in this thesis work for Pt catalyst.  

2.2- Hysteresis kinetics investigation on Pd/Al2O3 
 

The CO oxidation reaction has been carried out on the pre-treated 0.87 wt% Pd/Al2O3 catalyst 

(7.5 mg). A feed mixture consisting of 2000 ppm of CO and 10% of O2 in He was introduced 

into the IR reactor cell. The experimental procedure involved a full cycle of temperature 

(increase and decrease 1 °C/min) up to 400 °C. The reaction progress was monitored by gas 

chromatography (GC) to track the conversion of reactants. Figure V-9 shows the evolution of 

CO conversion below 30 % during both the light-off and light-out phases. The full evolution is 

plotted in Annex SV-4. 
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Figure V-8- Evolution of CO conversion below 30% vs temperature during light-off and light-out of CO 

oxidation on Pd/Al2O3. 

Figure V-8 illustrates a notable difference between the activity observed during temperature 

cycle on Pd/Al2O3 reflecting an inverse hysteresis behavior, wherein the catalyst's activity 

during light-off exceeds that of the light-out phase. A constant ~10 °C hysteresis was observed 

here at low temperatures and a larger inverse hysteresis is still observed at higher temperature 

(ΔT90% = 20 °C, Figure SV-4). Activation energies were determined for both the light-off and 

light-out conditions. The results revealed a notable difference, with an activation energy during 

light-off of 42 kJ mol-1, being only half the value of that calculated for light-out (79 kJ mol-1). 

Aiming to elucidate the underlying cause of the observed activity difference, SSITKA-IR was 

conducted during the light-off CO oxidation phase on Pd/Al2O3 at a temperature of 116 °C with 

a CO conversion level of 8%. Subsequently, during the light-out phase, isotopic exchange was 

performed at the same conversion level (8%) but at a slightly higher temperature of 124 °C 

(inverse hysteresis). Additionally, another isotopic exchange was conducted during light-out, 

maintaining the same temperature as during light-off (116°C), but with a reduced conversion 

level of around 5%. The results of transient normalized MS responses curves of CH4, 
13CO and 

13CO2 obtained after the isotopic 12CO13CO switch performed during the light-out phase at 

8% (124 °C) of CO conversion and at the 116 °C (χCO = 5%) are presented in Figure V-9 (The 

results of light-off have already been presented in chapter 3, Figure III-8). 
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Figure V-9- Normalized concentrations of CH4, 13CO and 13CO2 obtained during the light-out SSITKA 

transient (12CO/O2/He→ 13CO/O2/Kr/CH4/He) on Pd/Al2O3 (a) at 124  C (χCO = 8%) and (b) at 116  C 

(χCO = 5%). 

The results show that in both cases the 13CO transient response curves lag behind that of 

CH4 due to the CO converted but also to a detectable concentration of reversibly adsorbed 

carbonyls (CO) formed on Pd surface during the reaction. In the same manner, the transient 

response curves of 13CO2 lag behind that of 13CO response curves. But this evolution was 

mainly attributed in chapter 3 to the phenomenon of CO2 product re-adsorption, forming 

hydrogen-carbonate species on Al2O3, during the reaction.  

According to SSITKA theory, the mean surface residence times (τ), concentration (N) and 

surface coverage (θ) of reversibly adsorbed carbonyls and other C-containing species have been 

determined during the light-out phase (at iso-conversion and iso-temperature). The results are 

presented in Table V-3 and compared with the values obtained during the light-off SSITKA 

experiment (Chap 3, Table III-5). 

 

Table V-3- Mean residence times τ, concentrations N, surface coverages θ, of adsorbed CO and C-

containing species calculated from the light-off and light-out SSITKA experiments on Pd/Al2O3. 

 
T 

(°C) 

χCO 

(%) 

τCO 

(s) 

NCO 

 (µmol g-1) 
θCO 

rCO 

(µmol g-1s-1) 
τC 

(s) 

NC  

(µmol g-1) 

Light-Off 116 8 8.6 17.4 0.30 2.02 55.5 10.4 

Light-Out 
124 8 6.8 13.7 0.24 2.01 45.8 8.3 

116 5 8.0 16.7 0.29 2.09 53.5 5.8 

 

The results highlight that during light-off, the surface residence time of reversibly adsorbed 

carbonyls, along with their concentration, are notably higher when compared to the light-out 
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phase, in both conditions. Specifically, at isoconversion, the amount NCO decreases by 

approximately 21% (13.7 µmol g-1), whereas at isotemperature, the decrease was much lower, 

at around 4% (16.7 µmol g-1) leading to a slight reduction of Pd surface coverage from 30% to 

24 and 29%, respectively. Concerning the rate of CO formation calculated from SSITKA 

formula, it is not impacted by the increase in temperature at 124 °C while its values increase 

for the light-out isotemperature condition (χCO=5%, 116 °C). At 116 °C, any temperature effect 

is excluded and the observed decrease in the amount of reversibly adsorbed carbonyls on Pd 

can be directly correlated with a reduction in the activity of the catalyst compared to light-off 

activity.  

It is worth to note that in the case of Pd, the values τC and NC have changed significantly 

between light-off and light-out, decreasing from 10.4 µmol g-1 to 8.3 µmol g-1 at isoconversion 

then to 5.8 µmol g-1 at 116 °C during light-out. As previously discussed, these values are linked 

to the re-adsorption of CO2 product to form hydrogen-carbonate species on the inactive alumina 

support. Thus, a change in alumina surface during the experiment would ultimately be reflected 

by a difference in NC values. This observation leads us to believe that the surface of the 

Pd/Al2O3 catalyst has undergone various modifications during the hysteresis loop. 

Figure V-10 displays the spectra of linear and bridged carbonyls recorded before the isotopic 

switch (t=0 s, under 12CO+O2) performed in light-off and light-out conditions.  

 

Figure V-10- Comparison of the spectra of linear and bridged carbonyls recorded at t=0 s during light-off 

(116 °C, red) and light-out at isoconversion (124 °C, light blue) and isotemperature (116 °C, dark blue). 

Comparing the spectra obtained during light-off and light-out reveals that the intensity of the 

CO linear bands at 2088 cm-1 is greater during light-off than during light-out. However, when 

it comes to the bridged bands, conducting a precise comparison becomes more challenging due 
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to the multiple overlapping bands. A comparison of the evolution of the areas of linear and 

bridged bands in all conditions has been conducted. The results reveal that, during light-out, the 

area of the linear bands decreased by approximately 47% at isoconversion and 42% at 

isothermal conditions. As for the bridged bands, their area decreased by about 25% during light-

out at isoconversion and 18% at isothermal conditions. Moreover, in a first raw observation of 

the spectra, we can see that a significant change occurs in the distribution of bridged carbonyls 

bands between the light-off (in red) and the light-out experiments (in blue), both latter looking 

more or less similar in species distribution. These findings underscore the significant changes 

occurring on the Pd surface.  

In this context, an investigation of the kinetic exchange of each linear and bridged band has 

been performed and their reactivities have been compared during both the light-off and 

isotemperature light-out phases. At this stage, the isoconversion results have been abandoned 

to avoid any temperature effect and facilitate further interpretations. The methodology 

explained in chapter 4 for the light-off experiment was used to fit the different CO adsorbed 

bands obtained during the light-out SSITKA-IR experiment at 116 °C. The positions of L1 to 

L5 bands (12CO and 13CO) and their respective FWHM, identified previously (Table IV-5 in 

Chap 4), were used as such to fit the IR signal. The fitting results at t=0 s and t=60 s after the 

SSITKA 12CO13CO switch at 116°C are presented in the Figure V-11a and Figure V-11b, 

respectively. 

 

 

Figure V-11- Individual adsorption bands of the adsorbed CO species obtained after the deconvolution of 

the recorded IR spectrum on Pd/Al2O3: a) at 0 s and b) at 60 s during the isotemperature light-out 

SSITKA-IR experiment. The non-smoothed raw IR signal is represented in red and the result of 

deconvolution (6 Gaussian sum) by the black line. 
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Figure V-11 shows the results of the global fitting in black and the initial non-smoothed IR 

spectra in red. The individual bands are clearly indicated in the figure by their respective 

wavenumbers and named (L1 to L5). As mentioned before, the linear CO bands have been 

deconvoluted into 2 bands, one centered at 2087 cm-1 or 2041 cm-1 and the other at 2059 cm-1 

or 2016 cm-1 for adsorbed 12CO or 13CO, respectively. Concerning the bridged carbonyls, they 

will be decomposed into 3 separate bands, located at the beginning (t= 0s) at 1957, 1908 and 

1848 cm-1 then shifted, under 13CO exchange, at 1910, 1857 and 1804 cm-1 respectively. A sixth 

bands was considered in the fitting at 2140 cm-1 attributed to carbonyls adsorbed on oxidized 

Pd site. However, this small band doesn’t shift upon isotopic exchange. The fitting results for 

all spectra recorded during the isotemperature light-out SSITKA-IR experiment at various time 

points are provided in the annex SV-5. The normalized area evolutions of 12CO and 13CO L1 to 

L5 bands have also been plotted in annex figure SV-6. This evolution reflected unique behavior 

through isotopic exchange for each 12CO/13CO band pairs. Only L5 band show almost 

symmetrical exchange, intersecting at around 0.5 while other bands show asymmetrical 

12CO/13CO evolution.  

Consequently, we determined the kinetic exchange rate constants k’ of each individual 12CO 

carbonyls bands using the model previously detailed for the light-off experiment. The plots of 

ln α versus time of exchange, with α corresponding to the area ratio At/A0 for each individual 

band, are given in Figure V-12. The absolute slope values are directly equal to the k’12CO of 

each carbonyls species. 
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Figure V-12- Plot of ln α vs. time (s) for the 5 types (L1 to L5) of adsorbed CO species on Pd during light-

out SSITKA-IR experiment performed at isotemperature (116  C, χCO=5%). 

Figure V-12 shows that the bridged carbonyls L3 species at 1957 cm-1 exhibit the highest kinetic 

rate constants (k’12CO = 0.20 s-1) while the linear L1 and L2 carbonyls as well as the bridged 

L4 CO are characterized by slightly lower constants between 0.10 and 0.14 s-1. In contrast, the 

band L5 at 1804 cm-1 presents a very slow rate constant of 0.003 s-1. A comparison with the 

k’12CO values obtained at the same temperature during light-off SSITKA-IR experiment in 

chapter 4 is summarized in Table V-4. This comparison provides an efficient means to observe 

the kinetic changes in linear and bridged carbonyls during exchange.  

 

Table V-4- Comparison between exchange kinetic rate constants for adsorbed 12CO species on Pd during 

light-off and light-out SSITKA-IR experiments at isotemperature (116 °C). 

k’12CO (s-1) 
χCO 

% 

2087 cm-1 

L1 

2059 cm-1 

L2 

1957 cm-1 

L3 

1908 cm-1 

L4 

1848 cm-1 

L5 

Light-Off 8 0.22 0.33 0.45 0.16 0.01 

Light-Out  5 0.14 0.10 0.20 0.11 0.003 

 

Table V-4 provides clear evidence that the kinetic rate constants during the light-out phase are 

lower than those during the light-off phase for both linear and bridged carbonyl bands even if 

the temperature is maintained at the same level. During the light-off phase, the bands L3 and 

L2, centered at 1957 and 2059 cm-1 respectively, exhibited the highest kinetic rate constants, 
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indicating they are the fastest to undergo exchange. However, during the light-out, these species 

experience a significant decrease (more than twice) in their rate constant values. As a result, the 

band L1 at 2087 cm-1 demonstrates a higher kinetic rate constant (k’12CO=0.14 s-1) compared 

to the L2 band at 2059 cm-1 (k’12CO=0.10 s-1) during light-out SSITKA experiment, making 

now the bands L1 and L3 the most reactive species toward isotopic exchange. On another hand, 

the band L5 at 1848 cm-1, retains its very slow kinetics during both exchange processes. In 

conclusion, a slight alteration in the reactivity order of the carbonyls species was observed, 

accompanied by a significant reduction in their exchange kinetic rate constants during light-

out.  

In order to get more details on the species distribution on Pd surface during the light-out 

SSITKA experiment at 116 °C and examine whether there are any changes compared to the 

light-off results, we plotted the sum of the 12CO and 13CO band areas as a function of time in 

Figure V-13. 

 

 

Figure V-13- Evolution of sum of the areas of adsorbed L1 to L5 12CO + 13CO bands during 12CO13CO 

light-out isotopic exchange on Pd/Al2O3 at 116 °C. 

The results illustrate the behaviors of the different bands, namely L1 to L5, in term of Pd surface 

coverage evolution during the light-out isotopic exchange. On first sight, it seems that the 

distribution of the different carbonyl species on the Pd surface stays relatively constant. Before 

0

0,5

1

1,5

2

0 1,2 2,5 5 10 15 20 30 60

Su
m

 o
f 

1
2
C

O
+

1
3
C

O
ad

s 
b

a
n

d
 a

re
as

 (
a

.u
.)

Time (s)

L1

L2

L3

L4

L5

Correction factor



168 

 

to perform more analysis, the correction factors, reported in Table SV-2, have been applied on 

the values of 13CO band areas to align both maximum values at t=0 s and 60 s (method detailed 

in chapter 4). Then, the new results were compared to the sums obtained during the light-off 

process (Figure IV-14) for 3 chosen times in Figure V-14. 

 

Figure V-14- Comparison of the corrected 12CO+13CO sum of adsorbed L1 to L5 band areas during light-

off and light-out SSITKA-IR experiment (116 °C) on Pd/Al2O3 at 0, 5 and 10 s. 

Figure V-14 shows that initially (t=0 s), L1 and L5 species are more abundant on the Pd in the 

light-off phase than light-out while other bands, L2, L3 and L4 exhibit much comparable 

distribution on both conditions. However, the main difference is observed at 5 seconds where 

the L3 species, which we recognized as it plays a crucial role in product formation during the 

light-off activity, has decreased significantly (-60%) in contrast with the light-out L3 area 

decreasing in a much lesser extent (-16%) at 5 seconds. This discrepancy is consistent with the 

reduced rate constant k’12CO observed for L3 species during the light-out phase. At 10 seconds, 

while L2 and L4 species concentrations have slightly decreased during the light-off, 

accumulations of L1 (+22%) and L2 (+19%) signals were now observed at the Pd surface (light-

out) compared to initially (t=0 s). It is also worth to note that the quantities of L4 and L5 species 

stay relatively constants during this 10 first seconds of isotopic exchange in light-out.  

In conclusion, concerning L3, assigned to bridged carbonyls on Pd (100), the much lower 

exchange kinetic rate constant k’12CO observed during light-out experiment is also associated 
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with an important difference in term of proportion of species exchange at their respective 

minimum level. Nevertheless, L3 still appears to be the main reactive species in the CO 

oxidation process while the role of L1, L2 and L4 species seems to be more minor. Conversely, 

it clearly appears that the last carbonyl species, L5, would not even participate in the CO2 

formation, showing also a very low kinetic rate constant. 

In summary, the observed difference in activity at the same temperature during both light-off 

and light-out phases is closely related to a kinetic change. This change is due to not only a 

decrease in the quantity of reversibly adsorbed CO, as determined by SSITKA, but also to a 

reduction in the kinetic rate constant of various linear and bridged carbonyl bands during light-

out. Furthermore, the behavior of these bands during isotopic exchange differs between the two 

conditions. Particularly noteworthy is the observation that L3, which has been suggested to play 

a significant role in CO2 product formation along with L2 and L4, is not consumed as 

extensively in light-out than during light-off experiment, resulting in lower activity during light-

out.  

3- Transient conditions during CO oxidation: a solution for 

higher catalyst activity? 
  

Further experiments were conducted on Pt/Al2O3 and Pd/Al2O3 catalyst by sending reductive 

pulses of H2 in isotherm conditions to study the impact on the catalytic surface and correlated 

activity in CO oxidation. For Pt/Al2O3, new catalyst pellet of 5.9 mg was firstly preheated (1 

°C/min) to 128 °C, resulting in a CO conversion of 17.5%. For Pd/Al2O3, new catalyst pellet of 

7.5 mg was preheated (1 °C/min) to 131 °C, achieving a CO conversion of around 11%. The 

reaction was maintained at an isothermal condition for 30 minutes to ensure a stable conversion 

rate before initiating 12CO13CO isotopic reactant switch. After 5 min, the 12CO reactant was 

again admitted in the reactor and a pulse of 5% H2/He, lasting for 1 second, was introduced into 

the reaction mixture. After each pulse, an isotopic 12CO13CO switch was carried out before 

returning to the 12CO reactant. This sequence was repeated five times.  

3.1- Effect of H2 pulses on Pt/Al2O3 activity 
 

A comparison of the kinetic calculations (τCO, NCO, θCO, rCO, TOFCO,ITK and TOFCO,chem) 

obtained from SSITKA analysis on Pt/Al2O3, before the H2 pulses and after each five pulses, is 

presented in the Table V-5 below.  
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Table V-5- Comparison of SSITKA kinetic parameters (τCO, NCOo, θCO, rCO, TOFCO) obtained before and 

after H2 pulses on Pt/Al2O3 at 128 °C. 

128 °C 
τCO 

 (s
-1) 

NCO  

(µmol g-1) 

θCO rCO  

(µmol g-1s-1) 

TOFCO,ITK 

(s-1) 

TOFCO,chem 

 (s
-1) 

Before Pulse-

X0=17.5% 
9.74 18.0 0.63 1.85 0.103 0.065 

Pulse 1-

X1=21.8% 
8.03 14.1 0.49 1.76 0.124 0.061 

Pulse 2-

X2=22.1% 
7.77 13.6 0.48 1.75 0.129 0.061 

Pulse 3-

X3=21.9% 
7.33 12.8 0.45 1.75 0.136 0.061 

Pulse 4-

X4=22.1% 
8.18 14.3 0.50 1.75 0.122 0.061 

Pulse 5-

X5=22% 
8.07 14.1 0.49 1.75 0.124 0.061 

 

Following the first injection of H2 pulse, the conversion level increases to reach around 22% of 

CO converted then stabilizes to this value for subsequent pulses. The concentration of reversibly 

adsorbed CO before H2 pulse was approximately 18 µmol g-1 corresponding to a surface 

coverage of Pt around 63%. After H2 pulses, these parameters decrease and fluctuate around 14 

µmol g-1 and 50% for NCO and surface coverage, respectively. This decrease is also 

accompanied by a slight reduction in the rate of CO formation as calculated by SSITKA 

formulae rCO = NCO/τCO. This evolution is surprising as the rate of CO conversion is expected 

to increase when the conversion increase at the same temperature according to Arrhenius law. 

In consequence, the TOFITK estimated by SSITKA also increases (+20%) after the H2 pulses, 

in contrast to the TOFchem which slightly decreases after the pulses. 

Furthermore, a comparison of IR signals obtained before and right after each H2 pulse is 

presented in Figure V-15. 
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Figure V-15- Comparison of IR signals recorded before and after each pulse H2 pulse on Pt/Al2O3 at 128 

°C. Zoom inset on carbonyl and carbonates bands. 

Figure V-15 clearly shows that the intensities of both linear and bridged carbonyl bands did not 

change after H2 pulse. However, a slight shift toward lower wavenumber is observed for the 

band at 2059 cm-1, consistent with a lower oxidation state of Pt under H2. Similarly, no 

significant change was observed in the carbonate region except a small decrease around 1435 

cm-1 that could correspond to a reduction of hydrogen-carbonate species. Finally, it appears that 

the impact of H2 pulses on catalytic activity is relatively minor, as it only results in a slight 

increase in CO conversion and no significant changes are detected on catalytic surface. 

3.2- Effect of H2 pulses on Pd/Al2O3 activity 
 

Similarly, a comparison of the kinetic calculations (τCO, NCO, θCO, rCO, TOFCO,ITK and 

TOFCO,chem) obtained from SSITKA analysis on Pd/Al2O3, before the H2 pulses and after each 

five pulses, is presented in the Table V-6 below.  
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Table V-6- Comparison of SSITKA kinetic parameters (τCO, Nco, θco, Rco, TOFco) obtained before and 

after H2 pulses on Pd/Al2O3 at 131 °C. 

131 °C 
τCO 

 (s
-1) 

NCO  

(µmol g-1) 

θCO rCO  

(µmol g-1s-1) 

TOFCO,ITK  

(s-1) 

TOFCO,chem 

 (s
-1) 

Before 

Pulse-

X0=11.1% 

5.4 10.7 0.18 1.96 0.184 0.034 

Pulse 1-

X1=25% 
6.3 10.3 0.18 1.65 0.160 0.028 

Pulse 2-

X2=30% 
5.5 8.5 0.15 1.54 0.181 0.027 

Pulse 3-

X3=29.9% 
5.6 8.6 0.15 1.55 0.180 0.027 

Pulse 4-

X4=29.3% 
5.5 8.6 0.15 1.56 0.180 0.027 

Pulse 5-

X5=29.1% 
5.5 8.5 0.15 1.56 0.183 0.027 

 

The initial conversion level of Pd/Al2O3 was estimated to be approximately 11% at a 

temperature of 131 °C before the introduction of H2 pulses. Following the injection of the first 

H2 pulse, the conversion level increases significantly to reach around 25%. Subsequently, the 

conversion level increases and remains stable around 30%. Table V-6 shows that the 

concentration of reversibly adsorbed CO (initially estimated about 10.7 µmol g-1) experiences 

a slight decrease after the first pulse to 10.3 µmol g-1. Its value decreases further after the second 

pulse, stabilizing at approximately 8.6 µmol g-1 for the subsequent pulses. Simultaneously, the 

surface coverage, initially estimated at 18%, decreases to 15% after the second pulse and 

remains constant for the subsequent pulses. Concerning the rate of CO formation, a noticeable 

decrease is observed after the first H2 pulse accompanied by a decrease in the TOFchem and 

TOFITK. While TOFchem remains then constant at 0.027 s-1, the TOFITK increase back to its initial 

value at around 0.18 s-1. 

As a direct consequence of the H2 pulses, there is a consistent decrease in all kinetic parameters 

observed by SSITKA. This decrease is accompanied by a significant increase in the conversion 

level and catalytic activity. This intriguing observation suggests that the H2 pulses induce 

changes in the catalyst's behavior, resulting in enhanced overall catalytic performance. A 

surface analysis of the catalyst is essential to detect any changes or modifications that may 

occur following the H2 pulses. Furthermore, a comparison of the IR signals recorded in the 

region of carbonyls and carbonates before and after each pulse is presented in the Figure V-16. 
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Figure V-16- Comparison of IR signals recorded before and after H2 pulses on Pd/Al2O3 at 131 °C: a) 

carbonyl region, b) carbonate region. 

Figure V-16 reveals that in the carbonyl region, the intensity of linear carbonyl bands did not 

change after H2 pulses. However, in contrast, the bridged carbonyl bands exhibit a slight 

decrease in intensity after the first pulse, that remains constant for the subsequent pulses. 

Regarding the carbonate region, there is a significant decrease in the intensity of the hydrogen-

carbonate bands at 1657 and 1439 cm-1 and their corresponding OH vibration band at 1231 cm-

1 after the first pulse. Intensity level is then maintained constants for the subsequent pulses. 

These observations suggest that the H2 pulses may selectively and moderately impact the 

bridged carbonyl species while significantly affecting the hydrogen-carbonate species on the 

alumina surface. In contrast, the linear carbonyls appear to remain relatively unaffected by the 

H2 pulses. 

An additional test has been performed on the Pd/Al2O3 catalyst to investigate the impact of a 

single pulse on its activity. The experiment involves exposing the catalyst’s surface to H2 for 

varying durations (1 s, 1 min and 5 min) and subsequently introducing the reaction mixture to 

observe the catalyst's activity over time. The results of this experiment are presented in the 

Figure V-18 below, providing insights into how the catalyst's performance is affected by 

different exposure times to H2. Furthermore, it illustrates how the activity of the catalyst evolves 

over time after the pulse, shedding light on the dynamics of catalyst behavior in response to 

these different exposure durations to H2. 
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Figure V-17- Evolution of CO conversion as a function of time after different exposure time to H2. 

Figure V-17 illustrates a significant impact of H2 exposure time on the conversion level, which 

was initially estimated at around 9% before exposure to H2 in this experiment. After 5 minutes 

and 1 minute of exposure to H2, the conversion level sharply increases to reach 100% directly 

after this exposure. However, this high conversion level gradually decreases over time, 

ultimately returning to its initial value after 30 minutes. In contrast, for the 1 second H2 

exposure, the CO conversion increases, but in a much lower extent, reaching around 20%. It 

then starts to decrease progressively, returning to its initial value very quickly (<10 minutes). 

These findings suggest that the duration of exposure to H2 has a significant impact on the 

catalyst's conversion rate. Interestingly, it seems that a 100% CO conversion is possible on Pd 

catalyst at low temperature if expose to reductive environment. However further experiment 

would be needed to determine if CO oxidation to form CO2 was the only reaction responsible 

for CO conversion after H2 pulses. SSITKA-IR experiment could also be performed to look at 

the kinetics and distribution of intermediate species.  

 

4- Conclusion 
 

The hysteresis phenomenon observed in the low-temperature CO oxidation reaction has been 

investigated for both Pd/Al2O3 and Pt/Al2O3 catalysts, with a more significant effect observed 
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on the Pd catalyst. To understand the underlying causes of this phenomenon, SSITKA-IR 

techniques were employed.  

For Pt/Al2O3, a comparison of the kinetic rate constants obtained through the previously 

described kinetic model reveals a decrease in this value during the light-out phase, which is 

accompanied by a decrease in catalytic activity. Additionally, a decrease in the intensity of the 

linear CO bands is observed during the light-out phase in coherence with SSITKA calculations. 

However, comparing the distribution of carbonyls species present on Pt during both conditions 

does not provide a satisfactory explanation for the observed difference in catalytic activity. It's 

important to note that, since we were not operating under isothermal conditions, it was 

challenging to provide an explanation due to the temperature's effect on the kinetic parameters.  

In the case of Pd/Al2O3, for which the same temperature was maintained in both conditions, the 

hysteresis phenomenon can be attributed to differences in the kinetic behavior of the different 

IR bands during isotopic exchange. Notably, there is a slight alteration in the reactivity order 

of the species, accompanied by a significant reduction in the kinetic rate constants during the 

light-out phase and a decrease in the amount of active intermediates determined by SSITKA. 

Additionally, the behavior of the main intermediate IR band during isotopic exchange differs 

between the two conditions. Consequently, the hysteresis phenomenon can be reasonably 

attributed to a substantial change in the kinetic behavior of the intermediate species, likely 

stemming from a reconstruction phenomenon occurring during the end of light-off phase at 

high temperature.  

The effect of reductive H2 pulses on the activity of both catalysts is noteworthy, with a 

significant conversion enhancement observed for Pd/Al2O3 and a relatively smaller effect on 

Pt/Al2O3. Specifically, for Pd/Al2O3, a decrease in the intensity of bridged carbonyl bands and 

hydrogen carbonate bands was clearly observed after the H2 pulses. However, it's essential to 

note that the enhanced catalytic activity is not maintained overtime. Therefore, it's crucial to 

introduce H2 pulses in a transient manner to sustain this heightened activity. Interestingly, a 

brief pulse of 1 second can be sufficient to achieve a substantial conversion increase. Still, to 

reach the maximum conversion, a longer exposure to H2 (1 min) is necessary. This indicates 

that the duration and timing of H2 pulses play a critical role in optimizing and maintaining the 

catalyst's enhanced activity. 
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General Conclusion 

 

The primary aim of this thesis work was to unravel the mechanism underlying CO oxidation on 

PGM catalysts at low temperatures, with the ultimate objective of enhancing the catalyst's 

performance under these challenging conditions. To accomplish this, our focus was directed 

towards investigating the hysteresis phenomenon observed at low temperature. The origins of 

this phenomenon have been the subject of ongoing debate in the scientific literature. Our 

mission was to shed light on this phenomenon, not only to understand it but also to leverage 

this knowledge to improve the catalyst's efficacy at low temperatures. A multi-step approach 

was adopted to achieve that goal. Our initial step involved the use of the SSITKA technique 

coupled with IR spectroscopy in order to characterize the catalyst's surface and distinguish 

between active and inactive species. The third chapter of this thesis specifically delves into the 

various species formed on the surfaces of Pt and Pd catalysts supported on alumina during the 

CO oxidation reaction. The SSITKA-IR technique has identified the presence of adsorbed linear 

and bridged carbonyls, as well as hydrogen carbonate species in the carbonate region, for both 

catalysts. According to SSITKA theory, species undergoing rapid isotopic exchange are 

considered active contributors to the reaction mechanism. In this context, linear and bridged 

carbonyls emerged as the primary active species, while hydrogen carbonate species were 

identified as inactive species. The experiment involving the direct 12CO2/
13CO2 exchange on 

the bare alumina support has provided clear evidence that hydrogen carbonate species are 

formed by the interaction of the CO2 product with a surface hydroxyl group. This phenomenon 

accounts for the initial delay observed in the normalized concentration profiles of 13CO and 

13CO2. Furthermore, the behavior of hydrogen carbonate species exhibited remarkable 

similarity on both Pt/Al2O3 and Pd/Al2O3 catalysts. This observation suggests that the re-

adsorption of CO2 primarily occurs on the alumina support itself, rather than being a spillover 

from the metal particles. The non-zero of NC values obtained on both Pt and Pd catalysts, even 

after CO2 pre-saturation, point to either a partial saturation of the alumina support with 

carbonates or the presence of other carbon-containing intermediate species in the CO oxidation 

mechanism. This suggests that the pool of NC should be divided into two categories: 1/spectator 

hydrogen carbonates and 2/active carbon-containing intermediate species, which could include 

hydrogen carbonates near the metal particles or different types of chemical species. Another 

noteworthy finding is that, even if all species follow a similar 12CO/13CO isotopic exchange, 

not all of them are necessarily actively participating in the reaction pathway. In fact, one of 
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these species can be a spectator with a fast conversion into the reactive species. After identifying 

the carbonyls as primary active intermediates in the CO oxidation reaction over Pt and Pd 

supported on alumina, our focus has shifted towards distinguishing their reactivity during the 

reaction.  

In Chapter four, we employed kinetic modeling to delve into the reactivity of these species. In 

the case of Pt/Al2O3, we identified four distinct types of linear bands, according to the existing 

literature, which we subsequently deconvoluted to analyze their kinetic behavior. Each band 

exhibited unique adsorption site characteristics and kinetic rate constants for exchange. The 

most rapid exchange rates were attributed to the bands associated with carbonyl adsorption on 

Pt terrace sites (2080 cm-1) and Pt step sites (2059 cm-1). Our investigation into the overall 

surface coverage area of the catalyst during isotopic exchange confirmed the non-active nature 

of carbonyls adsorbed on smaller particles (~ 1 nm to subnanometer), aligning with their lower 

kinetic rate constants. Moreover, our research pinpointed linear CO adsorbed on Pt step sites as 

the primary intermediate in CO2 formation, while linear CO adsorbed on Pt terrace sites 

appeared to play a minor role in product formation, despite its higher kinetic rate constant. 

Similarly, in the case of Pd/Al2O3, we identified different types of linear and bridged carbonyls 

as documented in the literature, which we deconvoluted to assess their kinetic behavior. Each 

band exhibited its distinct kinetic rate constant. Analyzing the overall surface coverage area 

shed light on the roles of each species in the CO oxidation reaction. The most rapid exchange 

was observed for the band at 1957 cm-1, associated with bridged carbonyl adsorbed on Pd(100), 

as well as the band at 2059 cm-1, linked to linear carbonyl adsorbed on low-coordinated sites. 

While the bridged carbonyls were shown to play a major role in CO2 production, the L1 and L2 

bands, corresponding to CO adsorbed linearly on Pd, appear to play only minor roles. Similarly, 

CO adsorbed on the "bridge-bound" and "3 fold hollow" sites appear to be inactive species in 

the CO oxidation reaction, in line with their lower isotope exchange kinetic constants. An 

essential conclusion drawn from this study is that a band with a high kinetic rate constant may 

exchange rapidly to its counterpart without significantly affecting product formation, as 

observed in the case of the linear carbonyls adsorbed on Pd/Al2O3 system. This study's 

significance lies in revealing that linear and bridged carbonyls, previously assumed to be active 

species, are actually composed of multiple bands, not all of which participate in the reaction 

mechanism. The information obtained in the previous chapters have served as the foundation 

for analyzing the hysteresis phenomenon in chapter five, seeking a plausible understanding of 

its origin. In the case of Pt/Al2O3, a comparison of the kinetic rate constants reveals a decrease 
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in these values during the light-out phase, which correlates with a decrease in catalytic activity. 

Furthermore, a reduction in the intensity of linear CO bands is observed during the light-out 

phase, in line with SSITKA calculations. However, when we compare the distribution of 

carbonyl species present on Pt under both conditions, it doesn't offer a satisfactory explanation 

for the observed difference in catalytic activity. It's worth noting that, given the non-isothermal 

conditions during the experiments, providing an explanation is challenging due to the 

temperature's impact on the kinetic parameters. In the case of Pd/Al2O3, where the temperature 

was kept constant in both conditions, the hysteresis phenomenon can be attributed to variations 

in the kinetic behavior of different IR bands during isotopic exchange. Notably, there is a slight 

alteration in the reactivity order of the species, coupled with a significant reduction in the kinetic 

rate constants during the light-out phase, and a decrease in the quantity of active intermediates 

determined by SSITKA. Additionally, the behavior of the main intermediate IR band during 

isotopic exchange differs between the two conditions. Consequently, it is reasonable to attribute 

the hysteresis phenomenon to a substantial change in the kinetic behavior of the intermediate 

species, likely resulting from a reconstruction phenomenon occurring during the light-off phase 

at high temperatures.  

Another aspect explored in this thesis involves the application of reductive H2 pulses to 

investigate their impact on catalytic performance, with the ultimate goal of preserving a high 

level of catalyst activity through the use of H2 pulses. The application of these reductive H2 

pulses results in a significant increase in conversion observed for Pd/Al2O3, while the effect on 

Pt/Al2O3 is comparatively minor. Specifically, for Pd/Al2O3, a clear decrease in the intensity of 

bridged carbonyl bands and hydrogen carbonate bands is observed after the H2 pulses. It's 

important to highlight that the heightened catalytic activity is not sustained over time. 

Therefore, it is crucial to introduce H2 pulses in a transient manner to maintain this enhanced 

activity. Interestingly, even a brief pulse of just one second can be sufficient to achieve a 

substantial increase in conversion. However, to reach the maximum conversion, a longer 

exposure to H2 is required. Finally, this thesis work raises the important challenge of designing 

a catalyst with a maximum abundance of active sites capable of forming reactive carbonyl 

species at low temperatures in order to achieve increased activity in CO oxidation. 
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Chapter II 

 

A statistical study has been done in order to verify the reproducibility of the SSITKA method. 

For this, a rise in temperature have been carried out to reach 12% of conversion. After a 3h of 

steady state at this conversion, a series of 10 SSITKA switches have been performed in order 

to obtain the evolution of τco and calculate the standard deviation associated. The results are 

showed in the figure SII-1. 

 

Figure SII-1- Evolution of τco during several repetitions of the isotopic 12CO/13CO switch. 

A strong variation of the τco was observed during the first 5 switches that tends to stabilize for 

the 5 last switches. The standard deviation calculation for these 10 switches showed a value of 

0.304 representing 8.1 % of the mean value while a value of 0.205 representing 5.5 % is 

obtained if we considered the last 5 switches. These deviations have to be considered for the 

exploitation of SSITKA results. Increasing the number of switches of the time of steady state 

stabilization could be suitable to reduce the error and avoid misinterpretation. 
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Chapter III 

 

 

Figure SIII-1- IR spectra recorded on Pt/Al2O3 during CO oxidation at 129 °C in the presence of 
12CO/O2/He (black) and 13CO/O2/Kr/CH4 /He (red) reaction mixtures in the region 1200 – 4000 cm-1. 
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Figure SIII-2- Normalized concentration (Z) transient response curves of CH4, 12CO, 13CO, 12CO2 and 
13CO2 obtained during the SSITKA transient (12CO/O2/He → 13CO/O2/Kr/CH4/He) on Pt/Al2O3 at 129 °C 

(χCO = 11%). 

 

 

Figure SIII-3- Normalized concentrations of CH4, 12CO, 13CO and 13CO2 obtained after the SSITKA 

transient in the presence of CO2 in the feed (12CO/O2/12CO2/He→13CO/O2/12CO2/Kr/CH4/He) on Pt/Al2O3 

at 122 °C (χCO = 11%). 
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Table SIII-1- Mean residence time τ, concentration N, surface coverage θ, and TOFITK of adsorbed CO 

and intermediates during SSITKA CO oxidation experiments on Pt/Al2O3 with and without the presence 

of CO2 in the gas feed. 

 
T 

(°C) 

τCO 

(s) 

NCO 

(µmol g-1) 

θCO 

(on Pt) 

τC 

(s) 

NC 

(µmol g-1) 

TOFITK 

(s-1) 

Without CO2 129 8.9 18.5 0.65 45.6 11.7 0.008 

With CO2 122 8.9 18.3 0.64 7.9 2.1 0.013 

 

 

 

Figure SIII-4- IR spectra recorded on Pt/Al2O3 during CO oxidation at 129 °C in the presence of 
12CO/O2/He (black) and 13CO/O2/Kr/CH4 /He (red) reaction mixtures: (a) carbonyl region and (b) 

carbonate region. 
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Figure SIII-5- IR spectra recorded during CO oxidation on Pt/Al2O3 at 122 °C in the presence of 
12CO/O2/12CO2/He (black) and 13CO/O2/12CO2/Kr/CH4/He (red) reaction mixture: (a) carbonyl region and 

(b) carbonate region. 
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Chapter IV 

SIV-1- CO adsorbed on Pt/Al2O3 

Ai= Height of the peak 

xi= Peak position 

si= Full Width at Half Maximum 

Ba and Bb= Baseline slope and intercept 

 

Pt/Al2O3 t= 0 s 

               A1 = 0.034418 ± 0.00792 

   A2 = 0.044705 ± 0.0215 

   A3 = 0.076184 ± 0.0194 

   A4 = 0.014024 ± 0.0042 

   A5 = 0.016505 ± 0 

   x1 = 2031 ± 8.81 

   x2 = 2048.8 ± 4.3 

   x3 = 2059.7 ± 0.18 

   x4 = 2079.7 ± 2.35 

   x5 = 2098.5 ± 0 

   s1 = 22.993 ± 3.53 

   s2 = 11.149 ± 2.91 

   s3 = 6.541 ± 0.495 

   s4 = 15.705 ± 0 

   s5 = 27.15 ± 0 

   Ba = 0.00013413 ± 1.43e-06 

      Bb        = -1.1477 ± 0.00295 

 

  

a) b)

2098 cm-1

2080 cm-1

2059 cm-1

2049 cm-1

2031 cm-1 1985 cm-1

2027 cm-1

2003 cm-1

2012 cm-1

2098 cm-1
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Pt/Al2O3 t= 1.6 s 

            A1 = 0 ± 0 

    A2 = 0.00031057 ± 0.000617 

    A3 = 0 ± 0 

    A4 = 0 ± 0 

    A5 = 0.034366 ± 0.000586 

    A6 = 0.04586 ± 0.000882 

    A7 = 0.072939 ± 0.000841 

    A8 = 0.013456 ± 0.000451 

    A9 = 0.016505 ± 0 

    x1 = 1985.2 ± 0 

    x2 = 2002.8 ± 0 

    x3 = 2011.7 ± 0 

    x4 = 2027 ± 0 

    x5 = 2031 ± 0 

    x6 = 2048.8 ± 0 

    x7 = 2059.7 ± 0 

    x8 = 2079.7 ± 0 

    x9 = 2098.5 ± 0 

    s1 = 16.321 ± 0 

    s2 = 10.16 ± 0 

    s3 = 6.2794 ± 0 

    s4 = 15.705 ± 0 

    s5 = 22.993 ± 0 

    s6 = 11.149 ± 0 

    s7 = 6.541 ± 0 

    s8 = 15.705 ± 0 

    s9 = 27.15 ± 0 

    Ba = 0.00013401 ± 1.3e-06 

       Bb        = -1.1473 ± 0.00268 

 

  

2098 cm-1

2080 cm-1

2059 cm-1

2049 cm-1

2031 cm-1
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Pt/Al2O3 t= 3.2 s 

                A1 = 0.0050012 ± 0.000541 

    A2 = 0.00033721 ± 0.000668 

    A3 = 0 ± 0 

    A4 = 0 ± 0 

    A5 = 0.037019 ± 0.000423 

    A6 = 0.05 ± 0 

    A7 = 0.034267 ± 0.000689 

    A8 = 0.0080356 ± 0.00046 

    A9 = 0.016505 ± 0 

    x1 = 1985.2 ± 0 

    x2 = 2002.8 ± 0 

    x3 = 2011.7 ± 0 

    x4 = 2027 ± 0 

    x5 = 2031 ± 0 

    x6 = 2048.8 ± 0 

    x7 = 2059.7 ± 0 

    x8 = 2079.7 ± 0 

    x9 = 2098.5 ± 0 

    s1 = 16.321 ± 0 

    s2 = 10.16 ± 0 

    s3 = 6.2794 ± 0 

    s4 = 15.705 ± 0 

    s5 = 22.993 ± 0 

    s6 = 11.149 ± 0 

    s7 = 6.541 ± 0 

    s8 = 15.705 ± 0 

    s9 = 27.15 ± 0 

    Ba = 0.0001264 ± 1.4e-06 

       Bb       = -1.1306 ± 0.0029 

 

 

  

2098 cm-1

2080 cm-1

2059 cm-1

2049 cm-1

2031 cm-1

1985 cm-1
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Pt/Al2O3 t= 5 s 

               A1 = 0.011608 ± 0 

   A2 = 0.0015 ± 0 

   A3 = 0 ± 0 

   A4 = 0.01 ± 0 

   A5 = 0.036525 ± 0.000333 

   A6 = 0.0467 ± 0.000486 

   A7 = 0 ± 0 

   A8 = 0.0033977 ± 0.000301 

   A9 = 0.016505 ± 0 

   x1 = 1985.2 ± 0 

   x2 = 2002.8 ± 0 

   x3 = 2011.7 ± 0 

   x4 = 2027 ± 0 

   x5 = 2031 ± 0 

   x6 = 2048.8 ± 0 

   x7 = 2059.7 ± 0 

   x8 = 2079.7 ± 0 

   x9 = 2098.5 ± 0 

   s1 = 16.321 ± 0 

   s2 = 10.16 ± 0 

   s3 = 6.2794 ± 0 

   s4 = 15.705 ± 0 

   s5 = 22.993 ± 0 

   s6 = 11.149 ± 0 

   s7 = 6.541 ± 0 

   s8 = 15.705 ± 0 

   s9 = 27.15 ± 0 

   Ba = 0.00011909 ± 0 

      Bb       = -1.1146 ± 0 

 

 

  

2098 cm-1

2080 cm-1

2049 cm-1

2031 cm-1

1985 cm-1

2027 cm-1
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Pt/Al2O3 t= 10 s 

               A1 = 0.016374 ± 0.000344 

   A2 = 0.014617 ± 0.000531 

   A3 = 0.0011844 ± 0.000618 

   A4 = 0.012079 ± 0.000353 

   A5 = 0.035 ± 0 

   A6 = 0.015635 ± 0.000354 

   A7 = 0 ± 0 

   A8 = 0.00019973 ± 0.000265 

   A9 = 0.016505 ± 0 

   x1 = 1985.2 ± 0 

   x2 = 2002.8 ± 0 

   x3 = 2011.7 ± 0 

   x4 = 2027 ± 0 

   x5 = 2031 ± 0 

   x6 = 2048.8 ± 0 

   x7 = 2059.7 ± 0 

   x8 = 2079.7 ± 0 

   x9 = 2098.5 ± 0 

   s1 = 16.321 ± 0 

   s2 = 10.16 ± 0 

   s3 = 6.2794 ± 0 

   s4 = 15.705 ± 0 

   s5 = 22.993 ± 0 

   s6 = 11.149 ± 0 

   s7 = 6.541 ± 0 

   s8 = 15.705 ± 0 

   s9 = 27.15 ± 0 

   Ba = 0.00011498 ± 8.28e-07 

      Bb        = -1.1055 ± 0.00172 

 

  

2098 cm-1 2049 cm-1

2031 cm-1

1985 cm-1

2027 cm-1

2003 cm-1

2012 cm-1
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Pt/Al2O3 t= 15 s 

 

               A1 = 0.020496 ± 0.000338 

   A2 = 0.026724 ± 0.000602 

   A3 = 0.015197 ± 0.000594 

   A4 = 0.0198 ± 0.00168 

   A5 = 0.021265 ± 0.00189 

   A6 = 0.0034055 ± 0.00091 

   A7 = 0 ± 0 

   A8 = 0 ± 0 

   A9 = 0.016505 ± 0 

   x1 = 1985.2 ± 0 

   x2 = 2002.8 ± 0 

   x3 = 2011.7 ± 0 

   x4 = 2027 ± 0 

   x5 = 2031 ± 0 

   x6 = 2048.8 ± 0 

   x7 = 2059.7 ± 0 

   x8 = 2079.7 ± 0 

   x9 = 2098.5 ± 0 

   s1 = 16.321 ± 0 

   s2 = 10.16 ± 0 

   s3 = 6.2794 ± 0 

   s4 = 15.705 ± 0 

   s5 = 22.993 ± 0 

   s6 = 11.149 ± 0 

   s7 = 6.541 ± 0 

   s8 = 15.705 ± 0 

   s9 = 27.15 ± 0 

   Ba = 0.00011211 ± 7.93e-07 

      Bb       = -1.0992 ± 0.00164 

 

  

2098 cm-1

2049 cm-1

2031 cm-1

1985 cm-1

2027 cm-1

2003 cm-1
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Pt/Al2O3 t= 20s 

               A1 = 0.02264 ± 0.000341 

   A2 = 0.035072 ± 0.00055 

   A3 = 0.032019 ± 0.000615 

   A4 = 0.020539 ± 0.00086 

   A5 = 0.010921 ± 0.000728 

   A6 = 0 ± 0 

   A7 = 0 ± 0 

   A8 = 0 ± 0 

   A9 = 0.016505 ± 0 

   x1 = 1985.2 ± 0 

   x2 = 2002.8 ± 0 

   x3 = 2011.7 ± 0 

   x4 = 2027 ± 0 

   x5 = 2031 ± 0 

   x6 = 2048.8 ± 0 

   x7 = 2059.7 ± 0 

   x8 = 2079.7 ± 0 

   x9 = 2098.5 ± 0 

   s1 = 16.321 ± 0 

   s2 = 10.16 ± 0 

   s3 = 6.2794 ± 0 

   s4 = 15.705 ± 0 

   s5 = 22.993 ± 0 

   s6 = 11.149 ± 0 

   s7 = 6.541 ± 0 

   s8 = 15.705 ± 0 

   s9 = 27.15 ± 0 

   Ba = 0.00011003 ± 8.32e-07 

      Bb       = -1.095 ± 0.00172 

 

  

2098 cm-1

2031 cm-1
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Pt/Al2O3 t= 30 s 

               A1 = 0.023955 ± 0.000297 

   A2 = 0.039975 ± 0.000479 

   A3 = 0.045987 ± 0.000536 

   A4 = 0.020087 ± 0.000749 

   A5 = 0.0034418 ± 0.000634 

   A6 = 0 ± 0 

   A7 = 0 ± 0 

   A8 = 0 ± 0 

   A9 = 0.016505 ± 0 

   x1 = 1985.2 ± 0 

   x2 = 2002.8 ± 0 

   x3 = 2011.7 ± 0 

   x4 = 2027 ± 0 

   x5 = 2031 ± 0 

   x6 = 2048.8 ± 0 

   x7 = 2059.7 ± 0 

   x8 = 2079.7 ± 0 

   x9 = 2098.5 ± 0 

   s1 = 16.321 ± 0 

   s2 = 10.16 ± 0 

   s3 = 6.2794 ± 0 

   s4 = 15.705 ± 0 

   s5 = 22.993 ± 0 

   s6 = 11.149 ± 0 

   s7 = 6.541 ± 0 

   s8 = 15.705 ± 0 

   s9 = 27.15 ± 0 

   Ba = 0.00010857 ± 7.25e-07 

      Bb        = -1.0926 ± 0.0015 

 

  

2098 cm-1

2031 cm-1 1985 cm-1

2027 cm-1

2003 cm-1

2012 cm-1
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Pt/Al2O3 t= 60s 

               A1 = 0.024936 ± 0.00539 

   A2 = 0.042735 ± 0.0212 

   A3 = 0.056402 ± 0.0178 

   A4 = 0.017773 ± 0.00365 

   A5 = 0.016505 ± 0.000203 

   x1 = 1985.2 ± 5.35 

   x2 = 2002.8 ± 4.01 

   x3 = 2011.7 ± 0.175 

   x4 = 2027 ± 5.64 

   x5 = 2098.5 ± 0 

   s1 = 16.321 ± 2.05 

   s2 = 10.16 ± 2.24 

   s3 = 6.2794 ± 0.473 

   s4 = 15.705 ± 2.4 

   s5 = 27.15 ± 0.549 

   Ba = 0.00010878 ± 8.53e-07 

      Bb       = -1.0921 ± 0.00175 
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SIV-2-CO adsorbed on Pd/Al2O3 

Fitting parameters: 

Ai= Height of the peak 

xi= Peak position 

si= Full Width at Half Maximum 

Ba and Bb= Baseline slope and intercept 

 

Pd/Al2O3  t= 0 s 

                A1 = 0.0056232 ± 0.000215 

   A2 = 0.0034815 ± 0.000151 

   A3 = 0.0078605 ± 0.000477 

   A4 = 0.014225 ± 0.000154 

   A5 = 0.011346 ± 0.000388 

   x1 = 2087 ± 0 

   x2 = 2059 ± 0 

   x3 = 1957 ± 0 

   x4 = 1908 ± 0 

   x5 = 1848 ± 0 

   s1 = 12.876 ± 0.546 

   s2 = 25.366 ± 1.34 

   s3 = 18.042 ± 0.612 

   s4 = 36.865 ± 1.42 

   s5 = 46.952 ± 0.943 

   Ba = 1.1098e-05 ± 0 

      Bb        = 0.23311 ± 0 

 

  

a) b)

2087 cm-1

2059 cm-1

1957 cm-1

1908 cm-1

1848 cm-1

2041 cm-1

2016 cm-1

1910 cm-1

1857 cm-1

1804 cm-1
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Pd/Al2O3 t= 1.2 s 

                A1  = 0.0053332 ± 0.000147 

    A2  = 0.0034 ± 0 

    A3  = 0.0078 ± 0 

    A4  = 0.013268 ± 0.000342 

    A5  = 0.010824 ± 0.0018 

    A6  = 0 ± 0 

    A7  = 0 ± 0 

    A8  = 0.00095178 ± 0.000365 

    A9  = 0.00065707 ± 0.00148 

    A10 = 1.262e-05 ± 0.000613 

    x1  = 2087 ± 0 

    x2  = 2059 ± 0 

    x3  = 1957 ± 0 

    x4  = 1908 ± 0 

    x5  = 1848 ± 0 

    x6  = 2041 ± 0 

    x7  = 2016 ± 0 

    x8  = 1910 ± 0 

    x9  = 1857 ± 0 

    x10 = 1804 ± 0 

    s1  = 12.876 ± 0 

    s2  = 25.366 ± 0 

    s3  = 18.042 ± 0 

    s4  = 36.865 ± 0 

    s5  = 46.952 ± 0 

    s6  = 12.261 ± 0 

    s7  = 27.46 ± 0 

    s8  = 20.739 ± 0 

    s9  = 36 ± 0 

    s10 = 42.096 ± 0 

    Ba  = 1.0701e-05 ± 0 

       Bb        = 0.23364 ± 0 

  

  

2087 cm-1

2059 cm-1

1957 cm-1

1908 cm-1

1848 cm-1

1910 cm-1

1857 cm-1

1.2 s
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Pd/Al2O3 t= 2.5 s 

                  A1  = 0.0041469 ± 0.000227 

    A2  = 0.0030668 ± 0.000235 

    A3  = 0.0054076 ± 0.000335 

    A4  = 0.011941 ± 0.000726 

    A5  = 0.010824 ± 0.00213 

    A6  = 0.00080044 ± 0.00029 

    A7  = 0.00064206 ± 0.000132 

    A8  = 0.00095178 ± 0.000825 

    A9  = 0.00098684 ± 0.00192 

    A10 = 0.00097659 ± 0.000682 

    x1  = 2087 ± 0 

    x2  = 2059 ± 0 

    x3  = 1957 ± 0 

    x4  = 1908 ± 0 

    x5  = 1848 ± 0 

    x6  = 2041 ± 0 

    x7  = 2016 ± 0 

    x8  = 1910 ± 0 

    x9  = 1857 ± 0 

    x10 = 1804 ± 0 

    s1  = 12.876 ± 0 

    s2  = 25.366 ± 0 

    s3  = 18.042 ± 0 

    s4  = 36.865 ± 0 

    s5  = 46.952 ± 0 

    s6  = 12.261 ± 0 

    s7  = 27.46 ± 0 

    s8  = 20.739 ± 0 

    s9  = 36 ± 0 

    s10 = 42.096 ± 0 

    Ba  = 9.6235e-06 ± 0 

       Bb        = 0.236 ± 0 

 

2087 cm-1

2059 cm-1
1957 cm-1

1908 cm-1

1848 cm-1

1910 cm-1

1857 cm-1
2041 cm-1

2016 cm-1 1804 cm-1

2.5 s
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Pd/Al2O3 t= 5 s 

                A1  = 0.0018986 ± 0.000251 

    A2  = 0.0010457 ± 0.00026 

    A3  = 0.0014841 ± 0.00037 

    A4  = 0.0080255 ± 0.000803 

    A5  = 0.0097122 ± 0.00235 

    A6  = 0.0027802 ± 0.000321 

   A7  = 0.00064206 ± 0.000146 

    A8  = 0.0019104 ± 0.000913 

    A9  = 0.00278 ± 0.00212 

    A10 = 0.00097654 ± 0.000754 

    x1  = 2087 ± 0 

    x2  = 2059 ± 0 

    x3  = 1957 ± 0 

    x4  = 1908 ± 0 

    x5  = 1848 ± 0 

    x6  = 2041 ± 0 

    x7  = 2016 ± 0 

    x8  = 1910 ± 0 

    x9  = 1857 ± 0 

    x10 = 1804 ± 0 

    s1  = 12.876 ± 0 

    s2  = 25.366 ± 0 

    s3  = 18.042 ± 0 

    s4  = 36.865 ± 0 

    s5  = 46.952 ± 0 

    s6  = 12.261 ± 0 

    s7  = 27.46 ± 0 

    s8  = 20.739 ± 0 

    s9  = 36 ± 0 

    s10 = 42.096 ± 0 

    Ba  = 7.0233e-06 ± 0 

       Bb        = 0.24155 ± 0 

 

2087 cm-1

2059 cm-1

1957 cm-1

1908 cm-1

1848 cm-1

1910 cm-1

1857 cm-1
2041 cm-1

2016 cm-1 1804 cm-1

5 s
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Pd/Al2O3 t= 10 s 

        A1  = 0.00088606 ± 0.000214 

    A2  = 8.9904e-19 ± 0.000222 

    A3  = -2.9265e-09 ± 0.000317 

    A4  = 0.003416 ± 0.000686 

    A5  = 0.0097123 ± 0.00201 

    A6  = 0.0041749 ± 0.000274 

    A7  = 0.0015612 ± 0.000125 

    A8  = 0.004793 ± 0.000781 

    A9  = 0.0043491 ± 0.00181 

    A10 = 0.0014796 ± 0.000645 

    x1  = 2087 ± 0 

    x2  = 2059 ± 0 

    x3  = 1957 ± 0 

    x4  = 1908 ± 0 

    x5  = 1848 ± 0 

    x6  = 2041 ± 0 

    x7  = 2016 ± 0 

    x8  = 1910 ± 0 

    x9  = 1857 ± 0 

    x10 = 1804 ± 0 

    s1  = 12.876 ± 0 

    s2  = 25.366 ± 0 

    s3  = 18.042 ± 0 

    s4  = 36.865 ± 0 

    s5  = 46.952 ± 0 

    s6  = 12.261 ± 0 

    s7  = 27.46 ± 0 

    s8  = 20.739 ± 0 

    s9  = 36 ± 0 

    s10 = 42.096 ± 0 

    Ba  = 5.297e-06 ± 0 

       Bb        = 0.24489 ± 0 

 

2087 cm-1

1908 cm-1

1848 cm-1

1910 cm-1

1857 cm-1

2041 cm-1

2016 cm-1 1804 cm-1

10 s
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Pd/Al2O3 t= 15 s 

               A1  = 0.00022218 ± 0.000143 

   A2  = 0 ± 0 

   A3  = 0 ± 0 

   A4  = 0.00076906 ± 0.000341 

   A5  = 0.009122 ± 0.00176 

   A6  = 0.0043986 ± 0.000187 

   A7  = 0.0017442 ± 0.000128 

   A8  = 0.0069216 ± 0.000366 

   A9  = 0.0058738 ± 0.00145 

   A10 = 0.0020319 ± 0.000598 

   x1  = 2087 ± 0 

   x2  = 2059 ± 0 

   x3  = 1957 ± 0 

   x4  = 1908 ± 0 

   x5  = 1848 ± 0 

   x6  = 2041 ± 0 

   x7  = 2016 ± 0 

   x8  = 1910 ± 0 

   x9  = 1857 ± 0 

   x10 = 1804 ± 0 

   s1  = 12.876 ± 0 

   s2  = 25.366 ± 0 

   s3  = 18.042 ± 0 

   s4  = 36.865 ± 0 

   s5  = 46.952 ± 0 

   s6  = 12.261 ± 0 

   s7  = 27.46 ± 0 

   s8  = 20.739 ± 0 

   s9  = 36 ± 0 

   s10 = 42.096 ± 0 

   Ba  = 6.2554e-06 ± 0 

      Bb        = 0.24293 ± 0 

 

1908 cm-1

1848 cm-1

1910 cm-1 1857 cm-1

2041 cm-1

2016 cm-1 1804 cm-1

15 s
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Pd/Al2O3 t= 20 s 

        A1  = 0.00022218 ± 0.000142 

   A2  = 0 ± 0 

   A3  = 0 ± 0 

   A4  = 0.00071768 ± 0.000337 

   A5  = 0.0044264 ± 0.00174 

   A6  = 0.0045131 ± 0.000185 

   A7  = 0.0027961 ± 0.000126 

   A8  = 0.0077523 ± 0.000361 

   A9  = 0.0099585 ± 0.00143 

   A10 = 0.0045719 ± 0.000591 

   x1  = 2087 ± 0 

   x2  = 2059 ± 0 

   x3  = 1957 ± 0 

   x4  = 1908 ± 0 

   x5  = 1848 ± 0 

   x6  = 2041 ± 0 

   x7  = 2016 ± 0 

   x8  = 1910 ± 0 

   x9  = 1857 ± 0 

   x10 = 1804 ± 0 

   s1  = 12.876 ± 0 

   s2  = 25.366 ± 0 

   s3  = 18.042 ± 0 

   s4  = 36.865 ± 0 

   s5  = 46.952 ± 0 

   s6  = 12.261 ± 0 

   s7  = 27.46 ± 0 

   s8  = 20.739 ± 0 

   s9  = 36 ± 0 

   s10 = 42.096 ± 0 

   Ba  = 6.4722e-06 ± 0 

      Bb        = 0.2427 ± 0 

 

20 s

1908 cm-1

1848 cm-11910 cm-1

1857 cm-1

2041 cm-1

2016 cm-1

1804 cm-1
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Pd/Al2O3 t= 30 s 

        A1  = 0.00022218 ± 0.000171 

   A2  = 0 ± 0 

   A3  = 0 ± 0 

   A4  = -5.1779e-07 ± 0.000451 

   A5  = 0.0025336 ± 0.00233 

   A6  = 0.0047776 ± 0.000248 

   A7  = 0.0027961 ± 0.000169 

   A8  = 0.0077521 ± 0.000484 

   A9  = 0.011389 ± 0.00192 

   A10 = 0.0048448 ± 0.000792 

   x1  = 2087 ± 0 

   x2  = 2059 ± 0 

   x3  = 1957 ± 0 

   x4  = 1908 ± 0 

   x5  = 1848 ± 0 

   x6  = 2041 ± 0 

   x7  = 2016 ± 0 

   x8  = 1910 ± 0 

   x9  = 1857 ± 0 

   x10 = 1804 ± 0 

   s1  = 12.876 ± 0 

   s2  = 25.366 ± 0 

   s3  = 18.042 ± 0 

   s4  = 36.865 ± 0 

   s5  = 46.952 ± 0 

   s6  = 12.261 ± 0 

   s7  = 27.46 ± 0 

   s8  = 20.739 ± 0 

   s9  = 36 ± 0 

   s10 = 42.096 ± 0 

   Ba  = 5.5361e-06 ± 0 

      Bb  = 0.246 ± 0 

 

1848 cm-1

1910 cm-1

1857 cm-1

2041 cm-1

2016 cm-1
1804 cm-1

30 s
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Pd/Al2O3 t= 60 s 

               A1 = 0.0049059 ± 0.000207 

   A2 = 0.0034504 ± 0.000154 

   A3 = 0.0091115 ± 0.000147 

   A4 = 0.013807 ± 0.000155 

   A5 = 0.007248 ± 0.000119 

   x1 = 2041 ± 0 

   x2 = 2016 ± 0 

   x3 = 1910 ± 0 

   x4 = 1857 ± 0 

   x5 = 1804 ± 0 

   s1 = 12.261 ± 0.62 

   s2 = 27.46 ± 1.25 

   s3 = 20.739 ± 0.45 

   s4 = 36 ± 0 

   s5 = 42.096 ± 0.823 

   Ba = 7.1415e-06 ± 0 

      Bb       = 0.24103 ± 0 

 

 

 

 

 

 

 

 

  

a) b)

2087 cm-1

2059 cm-1

1957 cm-1
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1804 cm-1
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SIV-3- Illustration of different types of linear and bridged palladium carbonyls 

 

                         

Linear CO on terrace sites                         Linear CO on low-coordinated adsorption sites 

                                                                                          (corners or edges)  

 

                                        

Bridged CO on the step                                               Bridge-bounded CO on Pd (100) 

 

                                             

                           Adsorbed CO on 3-fold hollow sites 
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Chapter V 

 

 
Figure SV-1- Evolution of CO conversion vs. Temperature during light-off and light-out of CO oxidation 

on Pt/Al2O3. 
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Figures SV-2- CO adsorbed on Pt/Al2O3 

 

 

Ai= Height of the peak 

xi= Peak position 

si= Full Width at Half Maximum 

Ba and Bb= Baseline slope and intercept 

 

Pt/Al2O3 t= 0 s 

                A1 = 0.034227 ± 0.000565 

    A2 = 0.030811 ± 0.000895 

    A3 = 0.080383 ± 0.000961 

    A4 = 0.016431 ± 0.000746 

    A5 = 0.010341 ± 0.000633 

    x1 = 2031 ± 0 

    x2 = 2048.8 ± 0 

    x3 = 2059.7 ± 0 

    x4 = 2079.7 ± 0 

    x5 = 2098.5 ± 0 

    s1 = 22.993 ± 0 

    s2 = 11.149 ± 0 

    s3 = 6.541 ± 0 

    s4 = 15.705 ± 0 

    s5 = 27.15 ± 0 

     Ba = 3.9676e-06 ± 1.64e-06 

       Bb       = 0.00092637 ± 0.00333 

 

2098 cm-1

2080 cm-1

2059 cm-1

2049 cm-1

12CO

2031 cm-1

L1

L2

L3

L4

A= 0.02
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Pt/Al2O3 t= 1.2 s 

                A1 = 0.0069942 ± 0.0003 

   A2 = 0 ± 0 

   A3 = 0 ± 0 

   A4 = 0 ± 0 

   A5 = 0.034227 ± 0.000341 

   A6 = 0.030811 ± 0.000557 

   A7 = 0.080383 ± 0.000579 

   A8 = 0.016431 ± 0.000315 

   A9 = 0.010341 ± 0 

   x1 = 1985.2 ± 0 

   x2 = 2002.8 ± 0 

   x3 = 2011.7 ± 0 

   x4 = 2027 ± 0 

   x5 = 2031 ± 0 

   x6 = 2048.8 ± 0 

   x7 = 2059.7 ± 0 

   x8 = 2079.7 ± 0 

   x9 = 2098.5 ± 0 

   s1 = 16.321 ± 0 

   s2 = 10.16 ± 0 

   s3 = 6.2794 ± 0 

   s4 = 15.705 ± 0 

   s5 = 22.993 ± 0 

   s6 = 11.149 ± 0 

   s7 = 6.541 ± 0 

   s8 = 15.705 ± 0 

   s9 = 27.15 ± 0 

   Ba = 1.2508e-05 ± 0 

      Bb        = -0.017408 ± 0.00011 

 

 

1985 cm-1

2031 cm-1

2049 cm-1

2059 cm-1

2080 cm-1

2098 cm-1

1.2 s
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Pt/Al2O3 t= 2.5 s 

 A1 = 0.008156 ± 0.000529 

   A2 = 0 ± 0 

   A3 = 0 ± 0 

   A4 = 0.0012928 ± 0.00288 

   A5 = 0.034227 ± 0.00288 

   A6 = 0.030811 ± 0.00102 

   A7 = 0.073138 ± 0.000782 

   A8 = 0.015358 ± 0.000438 

   A9 = 0.010341 ± 0 

   x1 = 1985.2 ± 0 

   x2 = 2002.8 ± 0 

   x3 = 2011.7 ± 0 

   x4 = 2027 ± 0 

   x5 = 2031 ± 0 

   x6 = 2048.8 ± 0 

   x7 = 2059.7 ± 0 

   x8 = 2079.7 ± 0 

   x9 = 2098.5 ± 0 

   s1 = 16.321 ± 0 

   s2 = 10.16 ± 0 

   s3 = 6.2794 ± 0 

   s4 = 15.705 ± 0 

   s5 = 22.993 ± 0 

   s6 = 11.149 ± 0 

   s7 = 6.541 ± 0 

   s8 = 15.705 ± 0 

   s9 = 27.15 ± 0 

   Ba = 9.5523e-06 ± 1.09e-06 

      Bb       = -0.011114 ± 0.00226 

 

1985 cm-1

2031 cm-1

2049 cm-1

2059 cm-1

2080 cm-1

2098 cm-1

2.5 s



210 

 

Pt/Al2O3 t= 5 s 

               A1 = 0.012989 ± 0.000992 

    A2 = 0 ± 0 

   A3 = 0 ± 0 

   A4 = 0.0060707 ± 0.00541 

   A5 = 0.034227 ± 0.00541 

   A6 = 0.030811 ± 0.00191 

   A7 = 0.04112 ± 0.00147 

   A8 = 0.0095613 ± 0.000822 

   A9 = 0.010341 ± 0 

   x1 = 1985.2 ± 0 

   x2 = 2002.8 ± 0 

   x3 = 2011.7 ± 0 

   x4 = 2027 ± 0 

   x5 = 2031 ± 0 

   x6 = 2048.8 ± 0 

   x7 = 2059.7 ± 0 

   x8 = 2079.7 ± 0 

   x9 = 2098.5 ± 0 

   s1 = 16.321 ± 0 

   s2 = 10.16 ± 0 

   s3 = 6.2794 ± 0 

   s4 = 15.705 ± 0 

   s5 = 22.993 ± 0 

   s6 = 11.149 ± 0 

   s7 = 6.541 ± 0 

   s8 = 15.705 ± 0 

   s9 = 27.15 ± 0 

   Ba = 3.2735e-06 ± 2.04e-06 

               Bb = 0.0027934 ± 0.00423 

 

1985 cm-1

2031 cm-1

2049 cm-1

2059 cm-1

2080 cm-1

2098 cm-1

2027 cm-1

5 s
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Pt/Al2O3 t= 10 s 

   A1 = 0.023201 ± 0.000716 

   A2 = 0.011349 ± 0.00149 

   A3 = 0.0016312 ± 0.000929 

   A4 = 0.021646 ± 0.00716 

   A5 = 0.022412 ± 0.00767 

   A6 = 0.025564 ± 0.00275 

   A7 = 0.0010678 ± 0.0012 

   A8 = 0.0043958 ± 0.000809 

   A9 = 0.010341 ± 0 

   x1 = 1985.2 ± 0 

   x2 = 2002.8 ± 0 

   x3 = 2011.7 ± 0 

   x4 = 2027 ± 0 

   x5 = 2031 ± 0 

   x6 = 2048.8 ± 0 

   x7 = 2059.7 ± 0 

   x8 = 2079.7 ± 0 

   x9 = 2098.5 ± 0 

   s1 = 16.321 ± 0 

   s2 = 10.16 ± 0 

   s3 = 6.2794 ± 0 

   s4 = 15.705 ± 0 

   s5 = 22.993 ± 0 

   s6 = 11.149 ± 0 

   s7 = 6.541 ± 0 

   s8 = 15.705 ± 0 

   s9 = 27.15 ± 0 

   Ba = -3.8039e-06 ± 1.27e-06 

               Bb = 0.017951 ± 0.00264 

 

10 s

1985 cm-1

2031 cm-1

2049 cm-1

2011 cm-12080 cm-1

2098 cm-1

2027 cm-1

2059 cm-1

2002 cm-1
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Pt/Al2O3 t= 15 s 

   A1 = 0.027565 ± 0.000587 

   A2 = 0.027837 ± 0.000909 

   A3 = 0.033484 ± 0.00106 

   A4 = 0.021646 ± 0 

   A5 = 0.01287 ± 0.000689 

   A6 = -1.5626e-19 ± 0.000981 

   A7 = 0.001028 ± 0.000872 

   A8 = 0.0016192 ± 0.00047 

   A9 = 0.010341 ± 0 

   x1 = 1985.2 ± 0 

   x2 = 2002.8 ± 0 

   x3 = 2011.7 ± 0 

   x4 = 2027 ± 0 

   x5 = 2031 ± 0 

   x6 = 2048.8 ± 0 

   x7 = 2059.7 ± 0 

   x8 = 2079.7 ± 0 

   x9 = 2098.5 ± 0 

   s1 = 16.321 ± 0 

   s2 = 10.16 ± 0 

   s3 = 6.2794 ± 0 

   s4 = 15.705 ± 0 

   s5 = 22.993 ± 0 

   s6 = 11.149 ± 0 

   s7 = 6.541 ± 0 

   s8 = 15.705 ± 0 

   s9 = 27.15 ± 0 

   Ba = -9.1581e-06 ± 1.46e-06 

      Bb       = 0.029485 ± 0.00303 

 

1985 cm-1
2031 cm-1

2049 cm-1

2002 cm-1

2080 cm-1

2098 cm-1

2027 cm-1

2011 cm-1

15 s
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Pt/Al2O3 t= 20 s 

   A1 = 0.027565 ± 0.000583 

   A2 = 0.027837 ± 0.000903 

   A3 = 0.033484 ± 0.00098 

   A4 = 0.021646 ± 0 

   A5 = 0.01287 ± 0.000444 

   A6 = 0 ± 0 

   A7 = 0.001028 ± 0.000698 

   A8 = 0.0016192 ± 0.000465 

   A9 = 0.010341 ± 0 

   x1 = 1985.2 ± 0 

   x2 = 2002.8 ± 0 

   x3 = 2011.7 ± 0 

   x4 = 2027 ± 0 

   x5 = 2031 ± 0 

   x6 = 2048.8 ± 0 

   x7 = 2059.7 ± 0 

   x8 = 2079.7 ± 0 

   x9 = 2098.5 ± 0 

   s1 = 16.321 ± 0 

   s2 = 10.16 ± 0 

   s3 = 6.2794 ± 0 

   s4 = 15.705 ± 0 

   s5 = 22.993 ± 0 

   s6 = 11.149 ± 0 

   s7 = 6.541 ± 0 

   s8 = 15.705 ± 0 

   s9 = 27.15 ± 0 

   Ba = -9.1581e-06 ± 1.46e-06 

   Bb = 0.029485 ± 0.00303 

 

1985 cm-1

2031 cm-1

2002 cm-1

2080 cm-1

2098 cm-1

2027 cm-1

2011 cm-1

20 s
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Pt/Al2O3 t= 30 s 

   A1 = 0.029025 ± 0.000584 

   A2 = 0.031168 ± 0.000904 

   A3 = 0.050358 ± 0.000981 

   A4 = 0.021646 ± 0 

   A5 = 0.0049645 ± 0.000445 

   A6 = 0 ± 0 

   A7 = 0.00050535 ± 0.000699 

   A8 = 0.0016192 ± 0.000465 

   A9 = 0.010341 ± 0 

   x1 = 1985.2 ± 0 

   x2 = 2002.8 ± 0 

   x3 = 2011.7 ± 0 

   x4 = 2027 ± 0 

   x5 = 2031 ± 0 

   x6 = 2048.8 ± 0 

   x7 = 2059.7 ± 0 

   x8 = 2079.7 ± 0 

   x9 = 2098.5 ± 0 

   s1 = 16.321 ± 0 

   s2 = 10.16 ± 0 

   s3 = 6.2794 ± 0 

   s4 = 15.705 ± 0 

   s5 = 22.993 ± 0 

   s6 = 11.149 ± 0 

   s7 = 6.541 ± 0 

   s8 = 15.705 ± 0 

   s9 = 27.15 ± 0 

   Ba = -9.7735e-06 ± 1.46e-06 

      Bb       = 0.03099 ± 0.00303 

 

30 s

1985 cm-1

2031 cm-1

2002 cm-1

2080 cm-1

2098 cm-1

2027 cm-1

2011 cm-1
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Pt/Al2O3 t= 60 s 

        A1 = 0.029727 ± 0.000586 

   A2 = 0.032789 ± 0.000911 

   A3 = 0.062375 ± 0.00102 

   A4 = 0.021646 ± 0.000502 

   A5 = 0.010341 ± 0 

   x1 = 1985.2 ± 0 

   x2 = 2002.8 ± 0 

   x3 = 2011.7 ± 0 

   x4 = 2027 ± 0 

   x5 = 2098.5 ± 0 

   s1 = 16.321 ± 0 

   s2 = 10.16 ± 0 

   s3 = 6.2794 ± 0 

   s4 = 15.705 ± 0 

   s5 = 27.15 ± 0 

   Ba = -9.6332e-06 ± 1.48e-06 

      Bb       = 0.031254 ± 0.00306 

 

 

 

 

 

 

 

 

13CO

2098 cm-1

2027 cm-1

2011 cm-1

2002 cm-1

1985 cm-1

L1

L2

L3

L4

A= 0.02
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Figure SV-3- Evolution of normalized area for adsorbed 12CO and corresponding adsorbed 13CO: L1 

(cyan), L2 (red), L3 (green) and L4 (blue) bands during isotopic exchange during light-out. 

 

Table SV-1- Calculated correction factors for each CO adsorbed IR bands on Pt. 

 L1 L2 L3 L4 

f 1.32 0.74 0.97 0.62 
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Figure SV-4- Evolution of CO conversion vs. temperature during light-off and light-out of CO oxidation 

on Pd/Al2O3. 
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Figures SV-5- CO adsorbed on Pd/Al2O3 

 

Ai= Height of the peak 

xi= Peak position 

si= Full Width at Half Maximum 

Ba and Bb= Baseline slope and intercept 

 

Pd/Al2O3 t= 0 s 

   A1 = 0.0030022 ± 0.000269 

   A2 = 0.0033172 ± 0.000217 

   A3 = 0.0094171 ± 0.00023 

   A4 = 0.01377 ± 0.000186 

   A5 = 0.0058576 ± 0.000192 

   x1 = 2087 ± 0 

   x2 = 2059 ± 0 

   x3 = 1957 ± 0 

   x4 = 1908 ± 0 

   x5 = 1848 ± 0 

   s1 = 12.876 ± 0 

   s2 = 25.366 ± 0 

   s3 = 18.042 ± 0 

   s4 = 36.865 ± 0 

   s5 = 46.952 ± 0 

   A6 = 0.00096378 ± 0.000291 

   x6 = 2130.1 ± 3.65 

   s6 = 10 ± 0 

   Ba = -1.9405e-06 ± 4.17e-07 

      Bb       = 0.27268 ± 0.0008161.2 s 

 

2140 cm-1

2087 cm-1 2059 cm-1

1957 cm-1

1908 cm-1

1848 cm-1

12CO

A= 0.005
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Pd/Al2O3 t= 1.2 s 

   A1  = 0.0030022 ± 0.000281 

   A2  = 0.003134 ± 0.000227 

   A3  = 0.0094171 ± 0.000416 

   A4  = 0.012121 ± 0.00104 

   A5  = 0.0030688 ± 0.000788 

   A6  = 0 ± 0 

   A7  = 0.00044752 ± 0.000203 

   A8  = 0.0017387 ± 0.00104 

   A9  = 0.0033852 ± 0.00103 

   A10 = 0 ± 0 

   x1  = 2087 ± 0 

   x2  = 2059 ± 0 

   x3  = 1957 ± 0 

   x4  = 1908 ± 0 

   x5  = 1848 ± 0 

   x6  = 2036.2 ± 0 

   x7  = 2016 ± 0 

   x8  = 1910.9 ± 0 

   x9  = 1857 ± 0 

   x10 = 1804 ± 0 

   s1  = 12.876 ± 0 

   s2  = 25.366 ± 0 

   s3  = 18.042 ± 0 

   s4  = 36.865 ± 0 

   s5  = 46.952 ± 0 

   s6  = 12.261 ± 0 

   s7  = 27.46 ± 0 

   s8  = 20.799 ± 0 

   s9  = 36 ± 0 

   s10 = 42.096 ± 0 

   A11 = 0.0011236 ± 0.000285 

   x11 = 2130.1 ± 0 

   s11 = 10 ± 0 

   Ba  = -3.162e-06 ± 4.39e-07 

      Bb        = 0.27521 ± 0.000873 

 

2087 cm-1 2059 cm-1

1957 cm-1

1908 cm-1

1857 cm-1

1848 cm-1

2130 cm-1
2016 cm-1

1910 cm-1

1.2 s
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Pd/Al2O3 t= 2.5 s 

   A1  = 0.0026175 ± 0.000314 

   A2  = 0.002674 ± 0.000287 

   A3  = 0.0078906 ± 0.000508 

   A4  = 0.0082849 ± 0.00106 

   A5  = 0.0030688 ± 0.00427 

   A6  = 0.00051679 ± 0.000379 

   A7  = 0.00080843 ± 0.000245 

   A8  = 0.0045577 ± 0.00126 

   A9  = 0.0050509 ± 0.00374 

   A10 = 0.00029395 ± 0.00157 

   x1  = 2087 ± 0 

   x2  = 2059 ± 0 

   x3  = 1957 ± 0 

   x4  = 1908 ± 0 

   x5  = 1848 ± 0 

   x6  = 2036.2 ± 0 

   x7  = 2016 ± 0 

   x8  = 1910.9 ± 0 

   x9  = 1857 ± 0 

   x10 = 1804 ± 0 

   s1  = 12.876 ± 0 

   s2  = 25.366 ± 0 

   s3  = 18.042 ± 0 

   s4  = 36.865 ± 0 

   s5  = 46.952 ± 0 

   s6  = 12.261 ± 0 

   s7  = 27.46 ± 0 

   s8  = 20.799 ± 0 

   s9  = 36 ± 0 

   s10 = 42.096 ± 0 

   A11 = 0.0015394 ± 0.000292 

   x11 = 2130.1 ± 0 

   s11 = 10 ± 0 

   Ba  = -4.0251e-06 ± 5.99e-07 

      Bb         = 0.27692 ± 0.00124 

 

2087 cm-1

2059 cm-1

1957 cm-1 1908 cm-1

1857 cm-1

1848 cm-1

2130 cm-1

2016 cm-1

1910 cm-1

2036 cm-1

1804 cm-1

2.5 s
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Pd/Al2O3 t= 5 s 

   A1  = 0.0017594 ± 0.000307 

   A2  = 0.0019753 ± 0.00028 

   A3  = 0.003569 ± 0.000493 

   A4  = 0.0072275 ± 0.00103 

   A5  = 0.0030688 ± 0.00415 

   A6  = 0.0012793 ± 0.000368 

   A7  = 0.0014582 ± 0.000239 

   A8  = 0.0045577 ± 0.00122 

   A9  = 0.0058221 ± 0.00363 

   A10 = 0.00088157 ± 0.00153 

   x1  = 2087 ± 0 

   x2  = 2059 ± 0 

   x3  = 1957 ± 0 

   x4  = 1908 ± 0 

   x5  = 1848 ± 0 

   x6  = 2036.2 ± 0 

   x7  = 2016 ± 0 

   x8  = 1910.9 ± 0 

   x9  = 1857 ± 0 

   x10 = 1804 ± 0 

   s1  = 12.876 ± 0 

   s2  = 25.366 ± 0 

   s3  = 18.042 ± 0 

   s4  = 36.865 ± 0 

   s5  = 46.952 ± 0 

   s6  = 12.261 ± 0 

   s7  = 27.46 ± 0 

   s8  = 20.799 ± 0 

   s9  = 36 ± 0 

   s10 = 42.096 ± 0 

   A11 = 0.001606 ± 0.00029 

   x11 = 2140 ± 0 

   s11 = 10 ± 0 

   Ba  = -5.2764e-06 ± 5.88e-07 

      Bb        = 0.27984 ± 0.00122 

 

2087 cm-1

2059 cm-1

1957 cm-1
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2036 cm-1

1804 cm-1
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Pd/Al2O3 t= 10 s 

   A1  = 0.0017043 ± 0.000295 

   A2  = 0.0012586 ± 0.000269 

   A3  = 0.0016441 ± 0.000475 

   A4  = 0.0041122 ± 0.000994 

   A5  = 0.0030688 ± 0.00399 

   A6  = 0.0017811 ± 0.000354 

   A7  = 0.0019907 ± 0.000229 

   A8  = 0.0067455 ± 0.00118 

   A9  = 0.0073239 ± 0.00349 

   A10 = 0.00094269 ± 0.00147 

   x1  = 2087 ± 0 

   x2  = 2059 ± 0 

   x3  = 1957 ± 0 

   x4  = 1908 ± 0 

   x5  = 1848 ± 0 

   x6  = 2036.2 ± 0 

   x7  = 2016 ± 0 

   x8  = 1910.9 ± 0 

   x9  = 1857 ± 0 

   x10 = 1804 ± 0 

   s1  = 12.876 ± 0 

   s2  = 25.366 ± 0 

   s3  = 18.042 ± 0 

   s4  = 36.865 ± 0 

   s5  = 46.952 ± 0 

   s6  = 12.261 ± 0 

   s7  = 27.46 ± 0 

   s8  = 20.799 ± 0 

   s9  = 36 ± 0 

   s10 = 42.096 ± 0 

   A11 = 0.0017968 ± 0.000279 

   x11 = 2140 ± 0 

   s11 = 10 ± 0 

   Ba  = -5.8955e-06 ± 5.65e-07 

      Bb        = 0.28094 ± 0.00117 
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Pd/Al2O3 t= 15 s 

   A1  = 0.0012066 ± 0.000293 

   A2  = 0.0010002 ± 0.000267 

   A3  = 0.00047815 ± 0.000472 

   A4  = 0.0025466 ± 0.000987 

   A5  = 0.0030688 ± 0.00397 

   A6  = 0.0017811 ± 0.000352 

   A7  = 0.0023096 ± 0.000228 

   A8  = 0.0076875 ± 0.00117 

   A9  = 0.0080565 ± 0.00347 

   A10 = 0.0010758 ± 0.00146 

   x1  = 2087 ± 0 

   x2  = 2059 ± 0 

   x3  = 1957 ± 0 

   x4  = 1908 ± 0 

   x5  = 1848 ± 0 

   x6  = 2036.2 ± 0 

   x7  = 2016 ± 0 

   x8  = 1910.9 ± 0 

   x9  = 1857 ± 0 

   x10 = 1804 ± 0 

   s1  = 12.876 ± 0 

   s2  = 25.366 ± 0 

   s3  = 18.042 ± 0 

   s4  = 36.865 ± 0 

   s5  = 46.952 ± 0 

   s6  = 12.261 ± 0 

   s7  = 27.46 ± 0 

   s8  = 20.799 ± 0 

   s9  = 36 ± 0 

   s10 = 42.096 ± 0 

   A11 = 0.0014912 ± 0.000277 

   x11 = 2140 ± 0 

   s11 = 10 ± 0 

   Ba  = -6.3561e-06 ± 5.62e-07 

      Bb         = 0.28222 ± 0.00116 
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Pd/Al2O3 t= 20 s 

   A1  = 0.0011415 ± 0.000292 

   A2  = 0.00083722 ± 0.000266 

   A3  = 0.00024213 ± 0.00047 

   A4  = 0.0013255 ± 0.000984 

   A5  = 0.0030688 ± 0.00396 

   A6  = 0.0019893 ± 0.00035 

   A7  = 0.0024509 ± 0.000227 

   A8  = 0.0087998 ± 0.00116 

   A9  = 0.008616 ± 0.00346 

   A10 = 0.0012139 ± 0.00145 

   x1  = 2087 ± 0 

   x2  = 2059 ± 0 

   x3  = 1957 ± 0 

   x4  = 1908 ± 0 

   x5  = 1848 ± 0 

   x6  = 2036.2 ± 0 

   x7  = 2016 ± 0 

   x8  = 1910.9 ± 0 

   x9  = 1857 ± 0 

   x10 = 1804 ± 0 

   s1  = 12.876 ± 0 

   s2  = 25.366 ± 0 

   s3  = 18.042 ± 0 

   s4  = 36.865 ± 0 

   s5  = 46.952 ± 0 

   s6  = 12.261 ± 0 

   s7  = 27.46 ± 0 

   s8  = 20.799 ± 0 

   s9  = 36 ± 0 

   s10 = 42.096 ± 0 

   A11 = 0.0014585 ± 0.000276 

   x11 = 2140 ± 0 

   s11 = 10 ± 0 

   Ba  = -6.3212e-06 ± 5.6e-07 

      Bb        = 0.28163 ± 0.00116 

 

2087 cm-1

2059 cm-1

1908 cm-1

1857 cm-1

1848 cm-1

2130 cm-1
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2036 cm-1

1804 cm-1

20 s
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Pd/Al2O3 t= 30 s 

   A1  = 0.0011121 ± 0.000287 

   A2  = 0.00083722 ± 0.000265 

   A3  = 0 ± 0 

   A4  = 0.0011828 ± 0.000633 

   A5  = 0.0027643 ± 0.00301 

   A6  = 0.0022253 ± 0.000311 

   A7  = 0.0024509 ± 0 

   A8  = 0.0087998 ± 0.000524 

   A9  = 0.0090075 ± 0.00243 

   A10 = 0.0012139 ± 0.00116 

   x1  = 2087 ± 0 

   x2  = 2059 ± 0 

   x3  = 1957 ± 0 

   x4  = 1908 ± 0 

   x5  = 1848 ± 0 

   x6  = 2036.2 ± 0 

   x7  = 2016 ± 0 

   x8  = 1910.9 ± 0 

   x9  = 1857 ± 0 

   x10 = 1804 ± 0 

   s1  = 12.876 ± 0 

   s2  = 25.366 ± 0 

   s3  = 18.042 ± 0 

   s4  = 36.865 ± 0 

   s5  = 46.952 ± 0 

   s6  = 12.261 ± 0 

   s7  = 27.46 ± 0 

   s8  = 20.799 ± 0 

   s9  = 36 ± 0 

   s10 = 42.096 ± 0 

   A11 = 0.001687 ± 0.000268 

   x11 = 2140 ± 0 

   s11 = 10 ± 0 

   Ba  = -7.0964e-06 ± 5.38e-07 

      Bb        = 0.28284 ± 0.0011 

 

30 s
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Pd/Al2O3 t= 60 s 

    A1 = 0.0027663 ± 0.000296 

   A2 = 0.0024427 ± 0.000225 

   A3 = 0.010103 ± 0.000215 

   A4 = 0.011924 ± 0.000182 

   A5 = 0.0021152 ± 0.000227 

   x1 = 2036.2 ± 0 

   x2 = 2016 ± 0 

   x3 = 1910.9 ± 0 

   x4 = 1857 ± 0 

   x5 = 1804 ± 0 

   s1 = 12.261 ± 0 

   s2 = 27.46 ± 0 

   s3 = 20.799 ± 0 

   s4 = 36 ± 0 

   s5 = 42.096 ± 0 

   A6 = 0.0013081 ± 0.000259 

   x6 = 2082.1 ± 2.57 

   s6 = 10 ± 0 

   Ba = -5.7091e-06 ± 4.35e-07 

   Bb = 0.28027 ± 0.000885 
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Figure SV-6- Evolution of normalized area for adsorbed linear 12CO and corresponding linear 13CO L1 

(red) and L2 (dark brown), L3 (green), L4 (cyan) and L5 (purple) bands during isotopic exchange. 

 

Table SV-2- Calculated correction factors for each CO adsorbed IR bands on Pd. 

 L1 L2 L3 L4 L5 

f 0.86 0.80 1.23 0.84 0.31 
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Abstract 

The aim of this thesis is to improve our understanding of hysteresis phenomena on noble metals 

in order to increase catalyst activity at low temperatures. The CO oxidation mechanism was 

investigated by steady-state isotopic transient kinetic analysis (SSITKA) coupled with Infrared 

(IR) spectroscopy on Pt- and Pd-based catalysts supported on alumina. This methodology 

enabled us to discriminate between intermediate and spectator species during the reaction. 

Firstly, hydrogen carbonates were found to be spectator species, not directly involved in the 

formation of CO2 during the reaction. Linear and bridged carbonyl species were therefore 

identified as potential intermediates. Deconvolution of the different types of carbonyls, 

followed by kinetic analysis, enabled us to distinguish their reactivity during isotope exchange. 

In addition, a comparative study of the behavior of adsorbed reactive species during CO 

oxidation has been carried out to better characterize the hysteresis phenomena on Pt/Al2O3 and 

Pd/Al2O3 in order to clarify their origin and better understand their impact on catalytic activity. 

Keywords: SSITKA-IR/CO oxidation/Reaction mechanism/Hysteresis 

Résumé 

L'objectif de cette thèse est d’améliorer la compréhension des phénomènes d’hystérésis sur les 

métaux nobles afin de pouvoir augmenter l’activité des catalyseurs à basse température. Le 

mécanisme d'oxydation du CO a été étudié par des analyses cinétiques en régime stationnaire 

d’un échange isotopique transitoire (SSITKA) couplée à la spectroscopie Infrarouge (IR) sur 

des catalyseurs à base de Pt et de Pd supportés sur de l'alumine. Cette méthodologie a permis 

de discriminer les espèces intermédiaires et les espèces spectatrices au cours de la réaction. 

Tout d’abord, les hydrogénocarbonates se sont révélées être des espèces spectatrices, ne 

participant pas directement à la formation de CO2 lors de la réaction. Les espèces carbonyles 

linéaires et pontées ont donc été identifiées comme des espèces intermédiaires potentielles. Un 

travail de déconvolution des différents types de carbonyles suivie d’une analyse cinétique ont 

permis de distinguer leur réactivité lors de l’échange isotopique. De plus, une étude comparative 

du comportement des espèces réactives adsorbées lors de l’oxydation de CO a été menée lors 

de la montée et de la descente en température afin de mieux caractériser les phénomènes 

d’hystérésis sur Pt/Al2O3 et Pd/Al2O3 pour en préciser l’origine et mieux comprendre l’impact 

sur l'activité catalytique. 

Mots clés : SSITKA-IR/Oxydation de CO/Carbonyles/Hydrogénocarbonates/Hystérésis 


