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Abstract 
 

Heterogeneous catalyst materials, in particular supported metal nanoparticles, are 

hugely important in industrial processes such as emissions control technology. In order 

to design new catalyst materials with improved catalytic performance, the catalytic 

properties and mechanistic pathways must be well understood. The work presented in 

this thesis makes advances to operando spectroscopy methods for the characterisation 

of industrial heterogeneous catalyst materials operating in realistic reaction conditions. 

A multi-technique approach, employing XAFS and DRIFTS simultaneously, has been 

used to probe the electronic and structural properties of metal nanoparticles as well as 

the molecular vibrations of reactants and intermediates at the catalyst surface. 

In this work, the preparation of supported metal nanoparticle catalysts have been 

investigated using time-resolved XAFS and DRIFTS spectroscopy approach. 

Structure-activity relationships of the supported Pd nanoparticle catalysts have been 

identified during their operation for an important reaction used in diesel after-treatment 

technology; the selective catalytic oxidation of NH3. The selectivity of the reaction 

towards the different reaction products (N2, N2O and NO), within the relevant 

temperature window for industrial application, has been linked to the different structural 

phases of Pd, including a previously unidentified PdNx species. 

The major challenges for operando measurements, concerning improved time 

resolution and spatial resolution, have been addressed with the development of a new 

reactor for combined XAFS and DRIFTS of a catalyst bed operating in plug-flow 

reaction conditions. The advantage of this reactor design for operando characterisation 

has been demonstrated in the investigation of a supported Pd nanoparticle catalyst 

(Pd/γ-Al2O3) during oscillating CO oxidation. This reactor improves on previous designs 

by allowing spectroscopic measurements to be performed with spatial resolution along 

the axial length of a catalyst bed. In this way, there is scope for elucidating the structure-

function relationships of many other heterogeneous catalysts.   

 
 
 
 
 
 
 
 
 
 
 
 
 



Impact Statement 
 

This work has made advances to the characterisation of heterogeneous catalysts for 

understanding the structure and function of industrial catalyst materials. By working 

closely with the Johnson Matthey Clean Air division, characterisation methods have 

been developed to aid the research of optimised catalytic materials for abatement of 

harmful gases in emissions control technology.  

A combination of spectroscopy techniques, employing synchrotron x-ray radiation and 

lab-based IR radiation, have been performed to study the formation and operation of 

industrial catalyst materials. In particular, a new and improved reactor has been 

designed for spatially resolved, operando x-ray absorption fine structure spectroscopy 

(XAFS) and diffuse reflectance infrared Fourier transformed spectroscopy (DRIFTS). 

These techniques can be performed simultaneously to study a catalyst contained in 

plug-flow configuration during a range of different reaction conditions.  By combining 

the two spectroscopic techniques, and correlating with end-pipe activity data from mass 

spectrometry, confident characterisation of the catalyst structure and functionality is 

achieved.  

The time-resolved XAFS/DRIFTS spectroscopy approach has been used to investigate 

the formation of supported metal nanoparticle catalysts from conventional industrial 

methods. The disadvantage of using certain metal salts for achieving high metal 

dispersion of the resulting catalyst is attributed to the decomposition mechanism of the 

molecular precursor which can promote or delay the formation of metal oxide 

nanoparticles. There is scope for this time-resolved, multi-technique approach to 

investigate the preparation of a number of other industrial metal nanoparticle catalysts. 

The selective catalytic oxidation of NH3 (NH3-SCO) over a Pd catalyst is an important 

reaction in diesel exhaust technology. NH3-derived chemicals - used in excess for the 

reduction of harmful NOx from diesel exhaust - must also be removed to avoid NH3 

emissions. The combined, time-resolved XAFS/DRIFTS spectroscopy approach has 

been used to elucidate the relationship between Pd nanoparticle structure, surface 

speciation and product selectivity during NH3-SCO, finding that high selectivity is due 

to a previously unidentified PdNx phase. This has great significance in the future design 

of Pd catalysts for improved selectivity in the abatement of NH3 and NOx gases.   

The improved time resolution and spatial resolution of the combined XAFS/DRIFTS 

method has allowed for the investigation of supported Pd nanoparticle catalysts during 

oscillating CO oxidation. CO oxidation is an extensively studied reaction, however, the 

explanation for oscillating reaction kinetics under certain reaction conditions has 

remained a topic of discussion. By investigating the extent of Pd oxidation and CO 



coverage at the nanoparticle surface at multiple positions of a catalyst bed, the 

oscillating behaviour is found to depend on the position within the reactor.  

The advanced characterisation methodology developed and demonstrated in this work 

presents opportunity to investigate not only the catalytic reactions in this study, but a 

number of other heterogeneous catalytic reactions that play a significant role in 

industrial processes for now and in the future. By understanding the chemical and 

physical properties of the catalyst during the most active and selective phase, new 

catalysts can be designed with desirable properties for improved catalytic performance.   
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Chapter One. Introduction 
 

Life in the developed world would not be as we know it without the scientific advances 

in catalysis, and the development of new catalytic processes hold great potential for 

future technology as we strive towards a sustainable future. In order to design new 

heterogeneous catalysts, we must have a thorough understanding of the material 

properties and functionality that govern their catalytic behaviour. To do this, a number 

of characterisation techniques must be employed to examine their chemical and 

physical properties, whilst operating under realistic reaction environments.  

1.1 Catalysis in Industry 

The phenomenon of catalysis has huge significance in industry to facilitate reactions 

that would otherwise be economically unfeasible, and allow the control of product 

selectivity. It is now widely acknowledged that over 90% of commercial chemicals and 

processed materials utilize a catalytic step at least once during their industrial 

production.2, 3 The current socio-economic climate presents an interesting period for 

the development of new catalytic technologies, as society recognises the negative 

impact of consumerism on both human health and the environment, and the need to 

strive towards a more sustainable future. The drive to devise cleaner chemical 

processes to improve air quality in cities, address diminishing fossil fuel resources, 

clean up plastic waste and hinder global warming requires research into new and 

improved catalytic materials. Global pollution, from chemical waste, plastic waste and 

gaseous emissions, is a pressing issue that has received increased attention over the 

last decade. In 2015 it was estimated that nine million premature deaths worldwide 

were caused by pollution and, despite the emissions control technologies in place, air 

pollution accounted for six million of those.4 It is currently estimated that 90% of the 

world’s population are living in areas that exceed the air pollution limits set by the World 

Health Organisation5 – with an alarming number of those located in cities in developed 

countries, such as London.6 The major pollutants concerning human health in cities are 

nitrogen oxides, NOx (NO and NO2), and particulate matter (PM), which are released 

from automotive vehicle exhaust and directly inhaled by nearby pedestrians. The 

monitoring of NO2 levels in one location in London found that the hourly 200 µg/m3 limit 

was breached 18 times in January 2018 alone, which was the total limit set for NO2 

levels for that entire year.7 In order to curb the dangerous incline in air pollution levels, 

the Euro emission standards that set out the legal limits of pollutants from automotive 

vehicles in Europe, are becoming increasingly stringent.8 Consequently, the world’s 

largest technology companies are competing to find solutions to lower emissions and 

capitalise on the ‘greener’ technology initiatives that will shape our future. There is no 

doubt that development of new technologies for abatement of pollutants from the 

atmosphere requires thorough understanding of heterogeneous catalysis. 
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1.2 Heterogeneous Catalysis 

A catalyst is a material that increases the kinetic rate of a chemical reaction by providing 

an alternative reaction pathway with a lower activation energy than that of the 

uncatalysed pathway. The reaction rate, Equation 1.1, is determined by the 

concentration of reactants, the order of reaction with respect to those reactants and the 

rate coefficient, k. The relationship between the rate coefficient, k, the activation 

energy, Ea, and the temperature, T, is given by the Arrhenius equation (Equation 1.2), 

where A is a constant and R is the gas constant.  

𝑟𝑎𝑡𝑒 = 𝑘[𝐴]𝑥[𝐵]𝑦 Equation 1.1 

  𝑘 = 𝐴exp(
−𝐸𝑎

𝑅𝑇
)   Equation 1.2 

The catalyst is not consumed in the process and so does not appear in the 

stoichiometric equation for the overall reaction, but will be involved in the reaction 

mechanism and thus the rate law of that particular reaction.  

A heterogeneous catalyst, as opposed to a homogeneous catalyst, is one that occupies 

a different phase from that of the reactants and products; often a solid catalyst in a 

liquid or gaseous reaction mixture. Heterogeneous catalysts are usually preferred in 

industrial processes as they are generally easier to separate from the reaction products 

and so can be reused many times.  

Heterogeneous catalysts generally operate by providing an active site at its surface for 

adsorption, reaction and desorption of at least one reagent in the reaction. There are 

two broad classes of adsorption which can subsequently lead to the catalysed reaction; 

physisorption and chemisorption. Physisorption involves the long-range, weak Van der 

Waals interactions between the molecule (the adsorbate) and the solid surface (the 

substrate). The low attraction energy means that the adsorbate can move around at 

the surface and has low desorption energy, but the molecule may be held in a preferred 

orientation for reaction. Alternatively, chemisorption involves a stronger interaction of 

the adsorbate with the surface by transfer of electrons between the gas-phase 

molecule and the solid surface. Dissociative chemisorption, whereby donation of 

electron density from the surface into an antibonding orbital of the adsorbing molecule 

weakens that molecular bond sufficiently to break it, resulting in reactive ‘activated’ 

adsorbates at the catalyst surface. For example dissociative H2 adsorption over 

Pd(111) catalyst surface,9 which is the elementary step for catalysed hydrogenation 

reactions.10, 11 After reaction at the surface, the products (or modified reaction products) 

desorb back into the gas phase. The ‘Sabatier Principle’, illustrated by the volcano plot 

in Figure 1.1, states that the interaction between a catalyst and substrate must be 

strong enough – such that adsorbed molecules can be immobilized on the surface for 
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reaction – but weak enough for neighbouring molecules to react and for fast desorption 

of products back into the gas phase.1, 3  

Generally accepted classes of mechanism for heterogeneous catalysis can be 

categorized into three types; Eley-Rideal mechanism,12 Langmuir-Hinshelwood 

mechanism13 and Mars-Van Krevelen mechanism14. The Eley-Rideal mechanism 

involves the adsorption of just one of the reactants to the catalyst surface, followed by 

reaction with a gas phase molecule and subsequent desorption of the products. The 

Langmuir-Hinshelwood mechanism involves the adsorption of more than one reactant 

to the catalyst surface, reaction between the neighbouring adsorbates and desorption 

of the products. The Mars-Van Krevelen mechanism involves reaction of an adsorbed 

reactant with an atom from the surface layer of the catalyst, subsequently leaving a 

vacancy in the surface when the products desorb. The surface vacancy is filled either 

with an atom from the catalyst bulk structure or from the gas phase to regenerate the 

catalytic surface.  

 

Figure 1.1. Schematic representation of the Sabatier volcano plot showing reaction kinetics as a 
function of adsorbate bond strength on a catalyst surface.1  
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Figure 1.2. Schematic drawing of the three generally accepted catalytic mechanisms; a) 
Eley-Rideal, b) Langmuir-Hinshelwood, and c) Mars-Van Krevelen. 
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1.3 Metal Nanoparticles for Catalysis 

A catalyst material must be carefully designed to achieve optimal performance for the 

desired reaction. The solid heterogeneous catalysts in this work have been studied for 

gas phase reactions, in an effort to address the abatement of harmful, pollutant gases 

from the atmosphere. Specific requirements for each catalyst depend upon their final 

application and operating conditions, but in any case they should achieve high activity 

and selectivity towards the desired products. Metal surfaces, in particular those of 

transition metals and precious metals, often provide desirable catalytic activity due to 

their electronic properties. The electronic structure of a bulk metal can be described by 

the band theory, by which bonds between metal atoms form a collection of molecular 

orbitals so close in energy that they form an almost continuous ‘band’ of energy levels 

then referred to states. The density of states (DOS) in a metal describes the number of 

states at each defined energy, and the Fermi level describes the occupancy of those 

states. The DOS is unique for different metals, with a general trend of narrowing d-

band in moving from left to right across the periodic table. At a metal surface, the 

surface atoms have fewer neighbours and have effectively ‘broken’ metal bonds with 

isolated surface orbitals, thus the band is narrowed but the Fermi level is still dictated 

by the bulk. Donation of electrons from the Fermi level of the metal are used to create 

chemisorption bonds by donation to the adsorbate.15  

The catalyst must possess the surface sites required for the adsorption of gaseous 

reactant(s), which may be the external surface of nanoparticle materials or the internal 

surface of a porous material. When a crystal is cleaved and a surface is created, the 

orientation of atomic orbitals depends on the crystal structure and the type of surface 

exposed. Even a polished surface or freshly cleaved crystal will not have a surface that 

is flat on the atomic scale and it is often the under coordinated defect sites – kinks, 

steps, adatoms – that provide the lowest energy adsorption sites. The use of metal 

nanoparticles for catalysis benefit from a large number of under coordinated surface 

defect sites, larger surface area per unit mass and high surface energy. The higher 

surface area to unit mass of metal nanoparticles has economic implications for 

industrial catalyst production, lowering the (often expensive) wt% metal loading 

required for the catalyst and thus keeping down the raw material costs. This is a notable 

consideration when using expensive precious metals, which also pose a concern of 

limited reserves and ethics of mining.   

Additionally, the catalyst material must have suitable stability under the operating 

reaction environment and resistance against deactivation mechanisms to allow a 

sufficient operating lifetime. There are different types of deactivation mechanisms that 

result in gradual decay of catalytic activity during time on stream, caused by thermal, 

chemical and mechanical factors. The most common deactivation mechanisms for 

metal nanoparticles are poisoning (adsorption of unreactive species that block the 
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active sites) and sintering (the agglomeration of nanoparticles to result in loss of 

surface area).16 The anchoring of metal nanoparticles to a high surface area metal 

oxide or carbon support helps to stabilize against sintering mechanisms and maintain 

high dispersion. The greater the strength of metal-support interactions, the lower the 

thermodynamic force for sintering and lower the sintering rate.17, 18 The support material 

must also have high thermal and mechanical resistance, and is usually considered inert 

(although some studies have shown that the support may play a role in the catalytic 

mechanism by charge transfer19). The preparation of supported metal nanoparticle 

catalysts can be achieved by different methods which can affect their physicochemical 

properties and catalytic activity. The route to prepare such nanoparticle materials with 

optimal catalytic properties should therefore be carefully designed.  

1.3.1 Examples of commercial precious metal nanoparticle catalysts 

The use of gold nanoparticles in catalysis has been widely researched for a number of 

different applications. Many early studies used gold nanoparticles for CO oxidation20-22, 

other oxidation reactions (eg. glycerol to glyceric acid)23-25 and hydrogenation 

reactions18,26,27. Hydrogen purification, for the removal of CO impurities from the H2 gas 

feed used for fuel cell operation, requires the use of a selective catalyst for the 

preferential oxidation of CO to CO2, without the oxidation of H2 to H2O. The commercial 

product AUROPureH2
TM, consists of an Au/TiO2 catalyst and operates at room 

temperature to selectively remove CO down to 1 ppm concentrations.28, 29  

The water gas shift (WGS) reaction is important for the industrial production of 

hydrogen, providing fuel for hydrogen fuel cells and a feedstock for many other 

chemical processes such as the Haber-Bosch production of ammonia. The WGS 

reaction to form H2 and CO2 from CO and H2O is exothermic and reversible, thus a 

catalyst is required to increase the reaction kinetics at low temperature. Multiple studies 

have reported the superior catalytic activity of Pt nanoparticle catalysts for low 

temperature WGS reaction when supported on CeO2
30, 31 and Ce-modified TiO2.32 

Similarly to other supported precious metal catalysts, these Pt/CeO2 catalysts benefit 

from a high dispersion of Pt over the support and resistance against sintering, with the 

CeO2 support thought to also assist in oxygen transfer and oxygen storage.33 Other 

applications for Pt nanoparticle catalysts include fuel cell electrocatalysts,34 hydrogen 

production by catalytic methane decomposition35 and glycerol oxidation.36 

Supported palladium nanoparticle catalysts also play a significant role in catalysing 

industrial chemical processes, particularly selective hydrogenation reactions of 

olefins37, 38, alkynes39, 40 and dienes41, 42. For example, the manufacture of nylon-6 from 

caprolactone, requires the selective hydrogenation of phenol to cyclohexanone over a 

Pd/TiN catalyst.43 The selective hydrogenation of furfural can be achieved with a Pd 

catalyst, for the production of the biomass derived fuel, furfuryl alcohol,44-46 and the 

synthesis of hydrogen peroxide involves the Pd catalysed hydrogenation of 2-ethyl-
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anthraquinone.47-49 As well as hydrogenation reactions, the ability of Pd nanoparticles 

to catalyse oxidation reactions is important for emissions control technology. In 1994, 

Ford motors reported the benefits of using Pd as the active component of their three-

way catalysts for abatement of hydrocarbons, CO and NO from gasoline engine 

exhaust.50 Due to the alternative fuels used today, the use of Pd catalysts for a range 

of other emissions control applications has been investigated; low temperature CH4 

oxidation (Chapter 3), selective NH3 oxidation (Chapter 4) and CO oxidation (Chapter 

5). Each of the above mentioned catalytic reactions require different electronic and 

physical properties of the active Pd nanoparticle catalyst to facilitate the different 

catalytic pathways. Further investigation is therefore required to understand the 

material properties that govern the catalytic activity so that new catalysts can be 

designed with optimal performance for the desired reactivity.  

1.4 Solid Material Characterisation 

In order to design new catalysts, it is important to understand the nature of the active 

phase and the chemistry facilitating the catalysed reaction pathway on the surface. 

There are a number of physical techniques that can be used to characterise the 

chemical and physical properties of solid materials, as well as their surface reactivity. 

Microscopy techniques such as (i) transmission electron microscopy (TEM), scanning 

electron microscope (SEM) and scanning tunnelling microscopy (STM) are used to 

obtain high resolution images of solid materials for information about particle size and 

morphology, (ii) diffraction techniques, such as X-ray diffraction (XRD), are able to 

identify atomic structure of crystalline materials which can then be combined with 

computed tomography (XRD-CT) for chemical imaging and phase identification, (iii) 

spectroscopy techniques use different frequencies of electromagnetic radiation to 

probe electronic, vibrational and rotational energy levels of the investigated material. 

Microwave radiation can be used to probe transitions between rotational energy levels. 

Infrared (IR) and Raman spectroscopy can be used to probe molecular and atomic 

vibrations. X-ray absorption spectroscopy (XAS) and X-ray photoelectron spectroscopy 

(XPS) can be used to probe the high energy electronic transitions from core atomic 

orbitals, and ultraviolet-visible spectroscopy (UV-Vis) is able to probe the lower energy 

electronic transitions from the valence band. X-ray absorption fine structure (XAFS) 

spectroscopy is able to give additional information for the local atomic structure and 

does not rely on long-range ordering of the material, meaning that XAFS is an ideal 

technique for studying the structure of supported metal nanoparticle catalysts. IR, 

Raman, UV-Vis and XPS spectroscopy are frequently used for catalyst characterisation 

due to the accessibility of these techniques in the lab, whereas the use of X-ray 

spectroscopy techniques are restricted by limited access to synchrotron radiation 

facilities.   
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1.4.1 In situ Spectroscopy 

The dynamic nature of catalyst materials is well-recognized and so it is important to 

consider the environment in which a catalyst is investigated, and how this may differ 

from its real operating reaction environment. Advances in spectroscopic methods over 

the last ~40 years have recognised the need to progress from ex situ characterisation 

towards in situ and operando characterisation in order to obtain information for the 

operating catalyst. Ex situ refers to methods in which the material is investigated in an 

ambient or static environment that is most suited to the spectroscopic technique, which 

is often very different to the environment in which the catalyst would be exposed in its 

application. The pre natal and post mortem analysis, whereby the catalyst is examined 

by ex situ methods before and after catalyst testing, often miss important changes to 

the catalyst that occur under reaction conditions.51-53 For example, the active phase 

may be formed after an initial induction period54, 55 and return to an inactive state upon 

removing from the high temperature and pressure of the reactor. It is also recognised 

that the investigation of model catalysts contained under high vacuum systems can 

give insightful information to the fundamental surface science but do not represent the 

real catalytic systems used in industry. This concept is often referred to as the materials 

and pressure gap, i.e. the difference between the single crystal surface studied in 

ambient conditions compared to the ‘real’ industrial catalyst in its operating 

environment.56, 57 In situ describes a characterisation technique whereby the ‘real’ 

catalyst is investigated under a controlled atmosphere, replicating the environment that 

would be seen by the catalyst during reaction. Some spectroscopy methods are more 

easily adapted to in situ studies, such as infrared, Raman, UV-Vis and X-ray 

spectroscopy, due to penetration of the spectroscopic probe through the reaction 

medium and development of a suitable spectroscopic cell (this will be discussed in 

more detail later). The use of synchrotron radiation is particularly useful for in situ 

measurements by providing a collimated beam and high flux of the incident radiation 

to penetrate the catalyst sample and reaction medium. The development of in situ 

methods for techniques usually conducted in high vacuum systems such as near 

ambient pressure-XPS (NAP-XPS) and electron microscopy have been more 

challenging but have undergone significant advances in recent years; the opening of a 

new near ambient pressure X-ray photoelectron spectroscopy (NAP-XPS) beamline, 

B07 at Diamond Light Source,58 and the development of an in situ TEM cell was used 

successfully at the electron Physical Sciences Imaging Centre (ePSIC) to study the 

formation of Pt nanocrystals in real time.59  

1.4.2 Operando Spectroscopy 

Although in situ spectroscopy has provided invaluable information about catalyst 

properties under controlled environments, the direct relationship between these 

structural changes and the catalytic activity can only be confidently assigned by 
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operando spectroscopy. Operando is used in this context to describe the time-resolved 

spectroscopic measurements of an operating catalyst that are coupled with 

simultaneous measurements of the reaction kinetics. In this way, the experimentalist 

can be certain that the structural properties investigated by the spectroscopic technique 

relate to the catalytic activity and selectivity observed by the product analysis. The term 

‘operando’ was introduced in 2002 by A. Bañares,60-62 but the pioneering work of others 

before this time must be recognised in their attempts to complement spectroscopic 

measurements with online product analysis. 

The use of operando IR spectroscopy is particularly useful to observe how reactant 

molecules interact with the catalyst surface and how they are transformed into the 

reaction product(s) during the catalytic mechanism. The earliest study of this kind was 

reported by J. Ward et al. in 1968 which describes ‘using an IR cell which could function 

as a flow reactor with effluent gas flow analysed by gas chromatography’ to study the 

role of zeolite acid sites in the catalytic alkylation of cumene.63 Although activity data 

was not reported, this is the first mention of such experimental setup with an intention 

to collect both spectroscopy and activity data sets simultaneously. Conclusions 

resulting from simultaneous IR and GC data collection were not reported until 1991 by 

J.F. Joly et al.64 who were able to elucidate active acid sites for dealuminated HY 

zeolites during cyclohexene conversion, then by P. Maetz et al.65 in 1994 for accessing 

the operation of Pt/SiO2 for butyne hydrogenation. In situ Raman spectroscopy was 

also established around this time, reported by Wachs et al. to study vanadium oxide 

catalysts for butane oxidation.66  

The early operando measurements of catalyst materials using X-ray techniques took 

advantage of the highly penetrating nature of the bright, tunable X-ray flux from a 

synchrotron source to probe the catalyst sample contained within a reaction chamber. 

In situ XRD measurements by Clausen et al. were able to follow the change in structural 

phases of Cu/Zn/Al catalysts during their operation for WGS and methanol synthesis 

reactions.67 By analysing the effluent gas from the XRD capillary with on-line gas 

chromatography, they were able to correlate the variation in WGS activity with changes 

in the formation and growth of a metallic Cu phase. Early in situ XANES measurements 

were also achieved by D. Liu et al. in 1993 to identify the role of Cu(I) species in a 

redox mechanism for catalysis of NO decomposition.68   

The advantage of Fourier transform spectroscopy for faster data acquisition,69 coupled 

with measurements of the diffusely reflected IR radiation gave rise to diffuse reflectance 

infrared Fourier transformed spectroscopy (DRIFTS) for time-resolved operando 

characterisation of heterogeneous catalysts.70 Reaction intermediates at the catalyst 

surface were probed in real time, using DRIFTS, in the form of ‘active reservoirs of 

COads and HCOO-
ads’ at the surface of a Ru/TiO2 catalyst during catalysed CO2 

methanation.71 Sampling aliquots from the reactor were continuously sent to an on-line 
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mass spectrometer for analysis. A. Banares et al. published work using DRIFTS in 

1995 with catalytic activity data, although these measurements were performed in 

different reactors.72 Weckhuysen et al. published early reports of simultaneous 

collection of diffuse reflectance spectroscopy (in the ultraviolet, visible and near-

infrared regions) and catalytic activity by on-line gas chromatography of the exhaust.73, 

74 Since these early experiments, there has been significant development of in situ 

spectroscopy methods for understanding structure-activity relationships of 

heterogeneous catalysts, and increasing recognition of the advantage of a combined, 

multi-technique approach.75   

1.4.3 Combined, operando spectroscopy 

The techniques discussed above are each able to provide different information about 

the catalyst material; electronic structure, atomic arrangement, surface reactivity, 

particle morphology, etc. There is not one technique that can yield all this information 

in a single shot; therefore the combination of multiple operando techniques applied 

simultaneously to the study of a single sample can provide a more detailed 

understanding of the material. The first time-resolved, multi-technique experiment used 

a combination of X-ray diffraction and X-ray absorption spectroscopy (XRD/XAFS) to 

follow the formation of a Cu/ZnO catalyst during the calcination of a layered mineral 

aurichalchite (Cu5-xZnx(OH)6(CO3)2) to 450°C. This was amongst some of the first 

studies to recognise the advantage of using a combination of X-ray techniques to study 

the structural and chemical changes of a material in real time.76 Other studies during 

the 1990s used the same time resolved XRD/XAFS approach to study the formation of 

catalyst materials and structural changes under controlled environments.76-79 Around 

the same time, the use of combined XRD/XAFS to study catalysts under simple 

reaction conditions, such as the oxidation of cyclohexane was reported.80 Due to the 

long-range atomic order required for XRD, this combination of techniques has been 

more useful for the study of larger crystallite materials (such as zeolites) rather than 

the supported metal nanoparticle catalysts. For the structural characterisation of metal 

nanoparticle catalysts XAFS is the preferred technique (rather than XRD), as long 

range order is not required and the high sensitivity of XAFS to the selected element is 

suitable for studying industrial catalysts which often contain a low wt% of the active 

metal component. Many successful experiments have used in situ XAFS in 

combination with other time-resolved spectroscopic techniques; UV-Vis (homogeneous 

catalysts81-85 and heterogeneous catalysts86, 87), FTIR (heterogeneous catalysts)88-93 

and Raman (heterogeneous catalysts)86, 94. For the characterisation of supported metal 

nanoparticles, the combination of XAFS with DRIFTS is desirable as it provides 

information of both the bulk nanoparticle structure (XAFS) and the surface reactivity 

(DRIFTS). XAFS and DRIFTS can be acquired on similar timescales and length scales 

for confident structure-function analysis of the catalyst. Improvements to the combined, 
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in situ XAFS/DRIFTS methodology for the advanced characterisation of heterogeneous 

catalysts will be investigated in this work.  

The collective goal for operando spectroscopy of heterogeneous catalysts is to gain a 

detailed insight into their operation, to obtain a specification for the design of new, 

improved catalyst materials. Some scientists have expressed the desire to obtain 

‘motion pictures’ of the operating catalyst in action,95 similarly to those obtained for the 

conformational changes of cells and proteins in biological pathways.96 The 

experimental tools required to achieve this detailed mechanistic understanding of 

heterogeneous catalysts are still far from well-established. The spectroscopic 

techniques and operando methods must achieve improved time resolution and spatial 

resolution in order to gain greater understanding of catalytic processes in real time.  

Improved time resolution is required to observe each mechanistic step in the catalytic 

pathway, ideally including the bond-breaking and bond-making at the catalyst surface. 

The remarkable development of spectroscopic instrumentation in the past 50 years for 

improved signal-to-noise, energy resolution and faster data acquisition has opened up 

the possibility for improved time resolution in operando spectroscopy methods. In 

particular, the advances to synchrotron radiation have seen vast improvements for 

time-resolved X-ray absorption spectroscopy. The commission of the quick scanning 

EXAFS (QEXAFS) technique in 1988 has allowed for fast scanning of the EXAFS 

spectrum by using a monochromator that is driven by a motor in continuous motion.97, 98 

The advantage of this high time-resolved technique for in situ studies of catalyst 

materials was demonstrated a few years later78, 99, and since then has been used 

extensively for catalyst characterisation at synchrotrons around the world.100-102 The 

possibility for the entire EXAFS spectrum to be collected in a ‘single shot’ measurement 

on the millisecond timescale was made available by the development of energy 

dispersive EXAFS (EDE) in 1983 (method discussed in detail in Chapter 2).103 Although 

this technique was developed around the same time period as QEXAFS, its use for in 

situ measurements of catalyst materials has been less extensive due to the difficulty in 

performing such experiments. The first reports of successful time resolved, in situ 

studies of catalyst materials using the EDE technique came during 1997 from P. Lee 

et al. for the characterisation of vanadium catalysts during n-butane oxidation,104 and 

also Ressler et al. for the characterisation of Pd nanoparticle catalysts during CO 

oxidation.105 Realistically, the process of making and breaking bonds occurs on the 

femtosecond timescale and is beyond the time resolution of most spectroscopic 

techniques. The recent development of the free electron laser (XFEL) does present an 

opportunity to observe bond making and breaking at the catalyst surface in real 

time,106, 107,108 however, these experiments present many challenges and remain out of 

reach to most experimentalists. More commonly, transient spectroscopic 

measurements performed on the millisecond timescale are used to monitor the change 
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in population of active states after initiating changes in the reaction conditions (change 

in temperature, gas concentrations etc.). 

Spatial resolution in spectroscopic measurements is particularly important when 

combining multiple techniques to obtain collective information of a catalyst sample. In 

order to relate the catalyst structure and function of a catalyst by performing 

simultaneous spectroscopic techniques of one single sample, the multiple techniques 

must be sure to probe exactly the same spatial position of the sample, or be confident 

in the homogeneity of the sample at the two positions. In this way, the two data sets 

and the information obtained by analysis of each technique can be confidently linked 

to give a holistic view of the catalytic properties responsible for the catalytic reactivity. 

Typically, heterogeneous catalysts for industrial catalytic reactions will be used in a 

plug-flow arrangement, whereby gases flow continuously through the catalyst bed from 

the reactor inlet towards the reactor outlet. Industrial catalysts, particularly for 

emissions control applications, are used under integral conditions whereby the high 

conversion of reactants to products results in a steep gradient in reactant and product 

concentrations from inlet to outlet, as illustrated in Figure 1.3.109 The reaction conditions 

are expected to have minimal variation across the radial cross section of the reactor, 

but vary with position along the axial length of the reactor. This has been evidenced by 

spatially resolved mass spectrometry measurements of a powdered catalyst bed, using 

a technique named the Spaci-FB.110 In this technique, a sampling capillary is drawn 

along the length of fixed catalyst bed during operation for the desired catalytic reaction, 

for example a Pd/Al2O3 catalyst during CO oxidation.111, 112 High catalytic activity and 

fast reaction kinetics were found at the front of the catalyst bed, nearest to the reactor 

inlet, where reactant concentration was at its greatest. With increasing distance 

downstream of the inlet, the reactant concentration decreased as did the reaction rate. 

Therefore spectroscopic techniques applied to study heterogeneous catalysts 

operating in plug-flow reaction conditions must be able to probe the catalyst at multiple 

spatial positions along the length of the reactor, with sufficient resolution to capture the 

changes in catalyst structure and function on a suitable length scale.   

 

Figure 1.3. Schematic illustration of a plug flow reactor, showing the reactant concentration 
as a function of spatial position along the length of the reactor. 
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The limitation for ideal operando measurements currently lies with the design of a 

suitable spectroscopic cell to contain the catalyst in its operating environment, whilst 

permitting time-resolved and spatially resolved spectroscopy. For true operando 

measurements, taking spectroscopic and activity measurements of the catalyst in its 

normal operating environment (eg. at the catalytic converter within the exhaust of a 

vehicle driving on the road) would ensure the catalyst is unaltered from its real working 

state. Clearly this arrangement is not possible, particularly when the spectroscopy 

instrument is not portable. Therefore a spectroscopic cell must be designed that is able 

to replicate the ‘real’ working conditions of the catalyst as closely as possible, without 

compromising the quality of the spectroscopic data.  

1.5 Aims and objectives 

The fundamental aim of this thesis is to provide a greater understanding of the 

structure-function properties of heterogeneous catalyst materials, in particular 

supported Pd nanoparticle catalysts for emissions control technology. In order to 

achieve this, combined XAFS and DRIFTS spectroscopy will be used, making 

improvements to the existing methodology for this combined spectroscopic approach 

by designing a new spectroscopic cell for improved time resolution and spatial 

resolution of operando measurements. The preparation of supported Pd nanoparticle 

catalysts will be investigated in Chapter 3, using combined, time-resolved spectroscopy 

to understand the formation of these nanoparticle catalysts from their molecular 

precursors. The operation of supported Pd nanoparticle catalysts for two important 

reactions used in emission control technology will be discussed; the selective catalytic 

oxidation of ammonia (Chapter 4) and carbon monoxide oxidation (Chapter 6). The 

structure-function relationships of the Pd nanoparticle catalyst operating under these 

different working conditions are investigated by probing the Pd nanoparticle structure, 

oxidation state and particle size with Pd K-edge XAFS and the surface reactivity by 

simultaneous DRIFTS. The theory and design for a new spectroscopic cell is detailed 

in Chapter 5, which allows for improved temporal resolution and spatial resolution of 

combined, operando XAFS and DRIFTS spectroscopy. The operation of this improved 

spectroscopic cell will be tested for a spatially resolved study of a Pd catalyst during 

kinetic oscillations of CO oxidation (Chapter 6). This work in aimed to provide greater 

insight into the operation of the Pd nanoparticle catalysts, providing new information 

for the spatial variance in structure-function relationships on a millimetre length-scale 

and millisecond time-scale.   
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Chapter Two. Methods 
 

2.1 Introduction 

This chapter will cover the experimental details and theoretical principles behind the 

characterisation methods used in this study. The two techniques that are predominantly 

used in this study are x-ray absorption fine structure (XAFS) and diffuse reflectance 

infrared Fourier transformed spectroscopy (DRIFTS). The development of synchrotron 

radiation, spectroscopic instrumentation and data analysis techniques that have 

facilitated the operando spectroscopy experiments performed in this study will be 

outlined. Additional lab-based characterisation techniques that have been used to 

complement the results in this study will also be detailed. 

2.2 Synchrotron Radiation 

Synchrotron radiation has developed rapidly in the last 50 years and opened the 

possibility for a huge range of characterisation methods and scientific investigations 

that were previously not possible, or gave far inferior data quality when using lab based 

radiation sources. The main advantage of radiation from a synchrotron source is the 

increased brightness which is a measure of photon flux in a certain small bandwidth 

per surface area, per solid angle and has the units (photons/sec/mm2/mrad2/0.1%BW). 

X-rays from 3rd generation synchrotron light sources are 1012 times brighter than from 

an x-ray tube,1 which means that more photons of a given wavelength and direction 

are focussed into the same position in a given unit of time. The synchrotron x-rays are 

well-collimated, polarized and can be tuned to a range of different wavelengths allowing 

a high degree of control in spectroscopy and diffraction measurements.  

A synchrotron consists of an electron gun, linear accelerator (LINAC), booster ring, 

storage ring, bending magnets, beamlines and end stations. The electron gun 

generates electrons from a high voltage cathode, which are then accelerated at the 

LINAC in ‘bunches’ for injection into the booster ring. The booster ring accelerates the 

electrons to ~ 3 x 108 m s-1, which are injected into the storage ring during a ‘top up’. 

The electrons travel in circular motion around the storage ring, under vacuum 

(~10-9 mbar) at near relativistic speeds. Electromagnetic radiation is emitted when 

these high speed electrons are deflected by a magnetic field. Insertion devices located 

around the storage ring maintain the electron beam on its circular path and generate 

radiation as multiple thin beams that make up each individual beamline. The 

characteristics of each beamline is dictated by the details of the insertion device, which 

may use either a bending magnet (Figure 2.1a) or an undulator (Figure 2.1b). An 

undulator consists of a stack of small magnets alternating in polarity, which cause the 

electron beam to be accelerated back and forth in an ‘undulating’ trajectory. Radiation 

emitted at each bend in the trajectory interfere with one another to generate a highly 
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focused radiation beam. A bending magnet deflects the electrons from their straight 

path, to turn a corner of the storage ring. A wide beam of radiation is emitted from the 

bending magnet - tangentially to the plane of the electron beam. Radiation from a 

bending magnet has a broader range of energies and poorer focus than the beam 

emitted from an insertion device. 

Typically a synchrotron beamline consists of an optics hutch, an experimental hutch 

and the control room. The radiation first reaches the optics hutch where it is filtered, 

focussed and tuned to the desired energy by a Si crystal monochromator. In this study, 

synchrotron radiation has been used as a source of tunable, collimated, high energy 

x-rays for XAFS spectroscopy of heterogeneous catalyst materials.  

2.3 X-ray Absorption Fine Structure 

2.3.1 Theory 

X-ray absorption fine structure (XAFS) refers to the information obtained by the 

absorption of photons with x-ray energies at or close to the core-electron binding 

energy of the element of interest, which results in the transition of a core-electron to 

vacant states. Each XAFS spectrum measures the absorption coefficient, µ, as a 

function of x-ray energy, E. The value of µ is calculated from the x-ray flux transmitted 

through the sample, It, relative to the incident x-ray flux, I0, and is defined by the Beer 

Lambert relationship given in Equation 2.1, whereby x is the path length of x-rays 

through the sample.  

𝐼 = 𝐼0𝑒−𝜇𝐸𝑥  Equation 2.1 

The attenuation of x-rays by an element depends on its atomic number Z, atomic mass 

A, and the incident x-ray energy, E, as Equation 2.2. Where ρ is the density of that 

element in the measured sample. The XAFS spectrum is an averaged signal combining 

information from all atoms of the selected element within the x-ray path length through 

the sample. 

µ =  
𝜌𝑍4

𝐴𝐸3
  Equation 2.2 

Figure 2.1. Schematic drawing of synchrotron insertion devices, showing path of accelerated 
electron beam (red) and emitted electromagnetic radiation (blue). a) bending magnet, b) 
undulator.  

a) b) 
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At most x-ray energies, µ is inversely proportional to the value of E, however, when E 

approaches the binding energy of a core-electron within the sample, there is a sharp 

increase in µ due to absorption of the x-ray photon by the core-electron. Absorption of 

the incident photon can result in transition of the core-electron to a vacant atomic or 

valence orbital, or emission of that electron from the absorbing atom into the continuum 

(Figure 2.2). This sharp increase in µ is referred to as the ‘edge’ energy, E0, which is 

characteristic of the element and electronic properties of the absorbing atom. The 

absorption edges are conventionally named according to the principle quantum 

number, n, of the energy level from which the core electron is excited, detailed in Table 

2.1.  

 

Figure 2.2. Energy level diagram showing the absorption of an x-ray photon at the K-edge to 
result in the excitation of a core electron to the continuum.  

The XAFS spectrum can be divided into two parts; the x-ray absorption near-edge 

spectrum (XANES) and the extended x-ray absorption fine structure (EXAFS). The 

region of the x-ray absorption spectrum from just before the edge to 50 eV past the 

edge is called the x-ray absorption near-edge spectrum (XANES). For example, the Pd 

K-edge XAFS of Pd foil is shown in Figure 2.3a which is annotated with the pre-edge 

region (A), the XANES region (B) and the EXAFS region (C). The value of E0 is taken 

as the maximum of the first derivative, E/E0, (Figure 2.3b).  

The XANES region gives information for the empty density of states of the absorbing 

atom within the measured sample – provided that the electronic transition is allowed 

by dipole selection rules. The dipole selection rules state that transitions of a core 

electron to a vacant state may only occur if Δl = ±1. Exceptions to this rule occur when 

there is significant orbital mixing or an allowed electric quadrupole transition.2 The 

EXAFS region gives information for the local atomic environment surrounding the 

absorbing atoms in the sample. At incident x-ray energies above the edge energy, 

Absorption 

edge 

Orbital  Quantum 

number 

K 1s n = 1, l = 0,  j = 1/2 

L1 2s n = 2, l = 0,  j = 1/2 

L2 2p1/2 n = 2, l = 1, j = 1/2 

L3 2p3/2 n = 2, l = 1, j = 3/2 

Table 2.1. Conventional names of x-ray absorption 
edges and the corresponding orbitals of the 
excited core electron.  
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hv > E0, the core-electron absorbs sufficient energy to be ejected from the absorbing 

atom with kinetic energy, Ekin, as defined by Equation 2.3.  

𝐸𝑘𝑖𝑛 = ℎ𝑣 − 𝐸0   Equation 2.3 

Where h is Planck’s constant and v is the frequency of the incident x-ray.  

The outgoing photoelectron is described as a spherical wave function, with wavelength 

λ= 2π/k, and wave vector, k, defined by:  

𝑘 =  √[(
8𝜋2𝑚𝑒

ℎ2 )(ℎ𝑣 − 𝐸0)] Equation 2.4 

Where me is the electron mass. 

The outgoing photoelectron wave can experience backscattering from electron density 

of surrounding neighbouring atoms, which gives rise to oscillations in the extended 

region of the EXAFS spectrum. The nature of these oscillations therefore depends on 

the number and type of neighbouring atoms surrounding the absorbing atoms. In order 

to interpret the EXAFS region to obtain information about the local atomic structure, 

the EXAFS fine structure function, χ(E), should be obtained by subtracting a smooth 

background function, µ0(E) which represents the absorption of the isolated atom. The 

normalised EXAFS are given by 

𝑋(𝐸) =
𝜇(𝐸)− 𝜇0(𝐸)

∆𝜇0(𝐸)
   Equation 2.5 

The normalised EXAFS, plotted as a function of k (Figure 2.3c) can then be interpreted 

by considering the amplitude and phase of the oscillations, as defined by the EXAFS 

equation 

𝑋(𝑘) =  ∑
𝑁𝑗𝑓𝑗(𝑘)𝑒

−2𝑘2𝜎𝑗
2

𝑘𝑅𝑗
2𝑗 sin[2𝑘𝑅𝑗 + 𝛿𝑗(𝑘)] Equation 2.6 

Which is a sum of all the neighbouring atoms, j, that contribute to the EXAFS 

oscillations. Where 
𝑁𝑗𝑓𝑗(𝑘)𝑒

−2𝑘2𝜎𝑗
2

𝑘𝑅𝑗
2  defines the amplitude, and [2𝑘𝑅𝑗 +  𝛿𝑗(𝑘)] defines the 

phase of the oscillations. fj(k) and δj(k) are scattering properties of the atomic 

neighbour, j. Nj is the number of neighbouring atoms found at the defined radial 

distance Rj from the absorbing atom. σ2
j is the EXAFS Debye-Waller factor which is a 

measure of disorder that accounts for the vibrational displacement of the neighbouring 

atoms. The scattering contribution from neighbouring atoms at greater radial distances 

can be emphasised by multiplying χ(E) by a factor of kn, where n is generally 1 to 3. By 

performing a Fourier transform of the EXAFS data, the backscattering from near atomic 

neighbours is displayed as a function of real space, R (Figure 2.3d).  
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An appropriate fitting model can be constructed by using a sum of multiple scattering 

components with scattering properties fj(k) and δj(k) to obtain values of Nj , Rj and 

hence interpret the average local atomic structure surrounding the absorbing atom. The 

example shown in Figure 2.4 is the Fourier transformed Pd K-edge EXAFS data of Pd 

foil, fitted with a sum of two scattering paths Pd-Pd1 and Pd-Pd2. The fitting parameters 

N and R for these scattering paths are set to the values known for metallic Pd fcc crystal 

structure. (Pd-Pd1 N = 12, R = 2.73 Å; Pd-Pd2 N = 6, R = 3.86 Å.) The imaginary part 

of the Fourier transformed EXAFS is often used in addition to the magnitude part, to 

help fit complex atomic structures.   

2.3.2 XAFS Data Acquisition 

The majority of the XAFS spectra acquired in this work were performed in transmission 

mode (beamline schematic shown in Figure 2.5), whereby the sample is placed in the 

x-ray path between two ion chambers. The ion chambers are filled with a gas (typically 

Ar, He or N2) that is ionised by incoming x-ray photons. The ionised gas molecules 

a) 
b) 

c) d) 

Figure 2.3. Pd K-edge XAFS data of Pd foil. a) µ(E) plotted as a function of energy, annotated to 
show the pre-edge region (A), the XANES region (B) and the EXAFS region (C). The pre-edge 
and post-edge lines used to subtract the background function µ(E0) are plotted in red dashed 
lines. b) First derivative of µ(E)/(E) plotted as a function of energy, annotated with an asterisk to 
show the position of E0. c) EXAFS fine structure with k-weighting of 2 plotted as a function of 
wavenumber, k. d) Fourier transformed EXAFS data plotted as a function of real space, R.  
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travel towards an electrode generating a current that is proportional to the intensity of 

incoming radiation. The ion chambers are positioned on the beamline to detect the 

intensity of x-rays before (I0) and after (It) transmission through the sample, for 

acquisition of the XAFS spectrum. The XAFS spectrum of a reference sample can be 

collected simultaneously by positioning a selected reference sample (eg. metal foil) 

between the second ion chamber (It) and a third ion chamber (Ir). The known edge 

jump, E0, of the reference XAFS spectrum can be used to calibrate the x-ray energies. 

The photon energy of the x-ray beam is controlled by using a double crystal 

monochromator. Diffraction of the x-ray beam from the Si crystal monochromator 

follows Bragg’s law (Equation 2.7). The wavelength of the diffracted x-ray beam, λ, 

therefore depends on the angle of the crystal with respect to the incident beam, θ, and 

the atomic spacing within the polished crystal, d. Depending on the energy range 

required, this is usually a Si(111) crystal (~ 2 – 20 KeV) or Si(311) crystal (~ 4 – 

35 KeV). The purpose of the monochromator is to scan through a range of wavelengths 

that make up the spectral range of the desired XAFS spectrum. 

𝑛𝜆 = 2𝑑 sin 𝜃   Equation 2.7 

The entrance and exit slits positioned before and after the monochromator control the 

size and shape of the resulting monochromatic beam. In a standard data acquisition 

mode, the angle of the crystal is increased in a step-by-step motion to scan through 

the required energy range of the XAFS spectrum.  

Figure 2.4. Magnitude and imaginary parts of Fourier transformed Pd K-edge EXAFS data of Pd 
foil, plotted as a function of R, showing scattering paths Pd-Pd1 and Pd-Pd2 due to neighbouring 
Pd atoms at 2.73 Å and 3.86 Å, respectively.   
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Figure 2.5. Schematic drawing of beamline set-up for XAFS data acquisition in transmission 
mode. Figure shows (1) the entrance slit, (2) the double crystal monochromator, (3) the exit slit, 
(4) the sample position, (5) the reference sample position and the ion chamber detectors I0, It 
and Ir.  

For dilute samples, or low edge energy measurements, where the XAFS signal is only 

a small fraction of the total x-ray absorption, the absorption coefficient, µ(E),  may be 

measured in fluorescence mode. X-ray fluorescence results from the relaxation of the 

excited state after an absorption event. A core hole, created by the excitation of the 

core electron during absorption, can be filled by decay of electrons from a higher core 

energy level. The core hole in the excited state exists only for a short time, typically a 

few femtoseconds, before the decay process. Relaxation of higher energy electrons 

into the core hole results in the emission of photons with well-defined energies, known 

as the fluorescence lines. The intensity of a selected fluorescence line, If, is measured 

by a detector positioned at a 90° trajectory from the incident beam at the sample, and 

can be used to plot the energy dependence of the absorption coefficient, µ(E).     

2.3.3 Quick-EXAFS (QEXAFS) 

The QEXAFS set-up allows for faster acquisition times of EXAFS spectra due to fast 

scanning of a continuously moving monochromator. The double crystal 

monochromator is mounted to a goniometer and driven by stepper motors to move the 

monochromator at a constant speed through the complete range of angles required to 

achieve the spectral range of x-ray energies.3, 4 The energy and time resolution of the 

XAFS spectra is defined by the detector read-out time, and the achievable angular 

velocity of the moving monochromator. QEXAFS spectra can be acquired during the 

forward and reverse motion of the monochromator, for quickly scanning multiple 

spectra with minimal downtime between scans, eg. QEXAFS acquisition at beamline 

X10DA (SuperXAS), Swiss Light Source at its highest speed achieves a frequency of 

50 Hz, meaning that 100 spectra (collected in both the forward and reverse direction) 

can be collected each second.5 The disadvantage of EXAFS data acquisition in the 

scanning mode, including QEXAFS, is that changes to the sample during the scan time 

will disproportionally affect the quality of the resulting spectrum. Additionally, small 

changes in the beam position during a scan are a problem for spatially resolved 

measurements.   
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2.3.4 Energy Dispersive X-ray Absorption Fine Structure (EDE-XAFS) 

The EDE-XAFS approach is different from the scanning XAFS experiments described 

above in that the entire energy range of the EXAFS spectrum is exposed to the sample 

in a single shot, rather than scanning through the individual energies in a stepwise 

manner. A curved crystal operating in the Bragg or Laue condition is used to spatially 

separate the energies of a polychromatic beam.6, 7 For the EDE measurements 

performed in this work at the dispersive beamline I20-EDE at Diamond light source, 

the polychromatic ‘pink’ x-ray beam at the Pd K-edge spectral energy range was 

achieved by diffraction from a curved Si(311) crystal cut, operating in the Bragg 

condition.8, 9 The beamline schematic for EDE-XAFS set-up in Figure 2.6 shows the 

path of the x-ray beam from the synchrotron source. The trajectory of the x-rays of each 

wavelength from the polychromator intersect at a single focal point, which is where the 

sample was positioned for measurements. The cross section of the spot size at the 

focal point is on the scale of micrometres, e.g. the minimum spot size achieved at I20-

EDE is 30 µm x 100 µm.9 A position sensitive detector located at the other side of the 

sample is used to detect the x-ray intensity of each wavelength of the transmitted 

polychromatic beam. Typically, the position sensitive detector at EDE beamlines uses 

a charge coupled device (CCD), which is able to measure the photon intensity at each 

pixel on the screen and translate the positional information into photon intensity as a 

function of energy.10 The acquisition time of the EDE-XAFS spectrum is then 

determined by the saturation time of each pixel in the CCD camera, the amount of 

spectra needed to generate acceptable signal-to-noise, and the read-out time of the 

detector, which can range from microseconds to seconds. 

 

Figure 2.6. Schematic drawing of the x-ray path at an EDE-EXAFS beamline, showing the 
dispersion from the polychromator, transmission through the sample to be measured and 
detection at the CCD camera.  
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There are experimental challenges associated with performing successful EDE-XAFS 

measurements. Firstly, the high photon flux of the polychromatic beam at the focal point 

on the sample means that the sample is more vulnerable to beam damage. The stability 

of the sample in the beam must be checked before time-resolved measurements. 

Secondly, the intensity of the beam before, I0, and after transmission through the 

sample, It, cannot be measured simultaneously in an EDE-XAFS setup. The value of I0 

must therefore be measured at a different time point, and is sensitive to beam 

instability. In order to reduce the effect of beam instabilities, an average value of I0 may 

be calculated from two I0 measurements collected before and after the time-resolved It 

measurements. For high data quality, the measurement environment for I0 should be 

as close as possible to the sample environment such that the x-ray absorption and 

scattering from materials other than the element of interest in the sample can be 

accounted for.   

2.3.5 XAFS Data Analysis 

Normalisation and processing of XAFS data was performed using the IFEFFIT software 

with the Horae package (Athena and Artemis).11 Raw XAFS spectra were opened in 

Athena, using measured values of E, It, Ir and I0. The value of E0 was set as the 

maximum in the plot of the first derivative (µ(E)/E). Values of E were calibrated by 

aligning the E0 of the reference spectrum, ln(It/Ir), to the known edge energy, and 

shifting all E values of the measured spectra by the same value. For ex situ 

measurements, or in situ measurements under static conditions, the multiple 

acquisitions of the same sample were merged to obtain an averaged spectrum with 

improved data quality. A smooth pre-edge function was subtracted from µ(E) to remove 

any instrumental background and a smooth post-edge background spline function was 

subtracted to remove absorption of the isolated atom, µ(E0). The EXAFS function was 

plotted, applying a k-weighting of 2 to obtain suitable emphasis of scattering 

contributions from atomic neighbours with both low and high masses.12 The EXAFS 

function was truncated at an appropriate range and the Fourier transform was 

performed across a defined k range.  

Artemis was used to make appropriate fitting models to the Fourier transformed EXAFS 

data. Artemis uses FEFF calculations to calculate the scattering amplitude and phase 

of different coordination shells of known compounds.13 These theoretical scattering 

components were used to construct a model to best fit the measured EXAFS data, 

obtaining values of N and R for different atomic neighbours.    

For the large volume of data collected during time-resolved EDE-XAFS measurements, 

the Data Analysis WorkbeNch (DAWN) was used to view and process a collection of 

data.14 Firstly, any glitches in the data were removed, then the spectra were cropped 
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to 24030 – 35380 eV, calibrated and normalised in a batch process, using the same 

parameters as described above. 

2.4 Infrared (IR) Spectroscopy 

Vibrations in molecules or in solid lattices can be excited by the absorption of photons 

with frequencies, v, in the mid-infrared range (400 – 4000 cm-1). The vibrations of atoms 

within a molecule can be approximated by the harmonic oscillator (Equation 2.8), in 

which V(r) is the potential, r is the distance between the vibrating atoms, req is the 

equilibrium distance between the atoms and k is the force constant of the vibrating 

bond.  

𝑉(𝑟) =  
1

2
𝑘(𝑟 − 𝑟𝑒𝑞)2   Equation 2.8 

The vibrational frequency is related to the force constant of the vibrating bond, k, and 

the reduced mass of the vibrating atoms, µ, by Equation 2.9.  

𝑣 =  
1

2𝜋
√

𝑘

𝜇
    Equation 2.9 

Thus, vibrational frequencies increase with increasing bond strength and decreasing 

mass of the vibrating atoms. Molecular vibrations may only be excited by the absorption 

of a photon if the resulting transition between vibrational levels obeys the selection 

rules. Allowed transitions are those for which the vibrational quantum number changes 

by ±1, and it is required that the dipole moment of the molecule must change during 

the vibration. The different types of vibrations of molecules are stretches, bending in 

one plane (rock, twist or wag), bending out of plane and torsion vibrations. The typical 

absorption bands in IR spectra of heterogeneous catalysts can be divided into three 

regions; the X-H region (4000 - 2500 cm-1), C≡O region (2500 – 2000 cm-1) and the 

fingerprint region (1500 – 500 cm-1). IR spectroscopy can be performed in different 

modes. In this work, the IR spectroscopy has been performed in transmission mode 

and diffuse reflectance mode.  

All IR spectra acquired in this work made use of Fourier transform spectroscopy which 

refers to the method of data collection using a Michelson interferometer.15 The 

Michelson interferometer, schematic shown in Figure 2.7, consists of a beamsplitter 

and two perpendicular mirrors; one mirror is stationary and the other is able to move in 

a smooth continuous motion. The beamsplitter splits the collimated IR beam into two 

paths which are directed towards the stationary and moving mirror, respectively. As the 

movable mirror moves back and forth, the path difference of the reflected beams - and 

thus the interference upon recombination - creates a sinusoidal signal called an 

interferogram. The interferogram contains information about the IR absorption 

intensities at each wavelength, which can be transformed into the IR absorption 

spectrum by Fourier transformation. The Fourier transform spectroscopy allows for 
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faster acquisition times on the millisecond timescale, which is essential for following 

time-resolved spectroscopy of dynamic catalytic processes, and for synchronising with 

time-resolved XAFS spectroscopy.  

2.4.1 Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) 

For measurements in the diffuse reflectance mode, strongly absorbing samples can be 

investigated as a powder as the diffusely scattered IR radiation from the sample surface 

is collected by an ellipsoidal mirror and focussed towards the detector. The Harrick 

‘praying mantis’ accessory (Figure 2.8) has been utilised in this work, for focussing the 

IR beam to the sample and the reflected beam from the sample to the detector.16 The 

praying mantis optics were installed inside the Agilent Carey 680 Fourier transform IR 

spectrometer, for DRIFTS measurements using a KBr beamsplitter and a mercury-

cadmium-telluride semiconducting material (MCT) as the detector.  

The sample environment for DRIFTS measurements used a Harrick high temperature 

reaction chamber. The Harrick reaction chamber contains the sample in a cup in the 

centre of a dome shaped reactor, with canted ZnSe windows to allow the entry and exit 

of IR radiation to and from the surface of the sample. The reactor is fitted with a heating 

rod beneath the sample cup, and a K-type thermocouple inside the sample cup to 

control the temperature of the sample up to temperatures of 900°C.17 Three stainless 

steel tube fittings soldered to the reaction chamber allow for evacuating the chamber 

and connecting to inlet and outlet gas lines. Two other inlet and outlet fittings are 

provided for a water cooling circulation that cools the exterior stainless steel frame of 

the reactor vessel.  

Source Collimator 

Stationary Mirror 

Moving 
Mirror 

Detector 

Sample 

Figure 2.7. Schematic drawing of the parts making up the Michelson interferometer for 

Fourier transform IR spectroscopy.  
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Figure 2.8. Schematic drawing of Harrick ‘praying mantis’ accessory for DRIFTS measurements. 
Image courtesy of Harrick Scientific.16 

2.4.2 Transmission FTIR  

For transmission IR, the sample (10 – 100 mg) was pressed into a thin, self-supporting 

disk (1.3 cm2). The mass of sample used to make the pellet was determined by the 

absorptivity of the sample, such that there was sufficient transmission of IR intensity 

through the sample to the detector. The sample pellet was mounted into the Harrick 

transmission accessory installed within the FTIR spectrometer. The Harrick 

transmission accessory uses two KBr windows either side of the sample to allow the 

entry and exit of the IR beam. A heating rod and K-type thermocouple inserted inside 

the chamber are used to control the sample temperature up to 350°C, and inlet and 

outlet gas lines allow introducing a controlled gas environment.  

2.5 Mass Spectrometry (MS) 

Mass spectrometry was used to analyse gas mixtures from the exhaust of the catalytic 

reactor, identifying the reactants and products of the catalytic reaction and quantifying 

the catalytic activity. The mass spectrometer used for the analysis in this thesis was a 

Hiden QGA mass spectrometer. A heated capillary was used to direct a small sample 

(~25 cm3 min-1) of the exhaust gas mixture from the reactor outlet to the mass 

spectrometer. Inside the mass spectrometer, the gas mixture entered a vacuum 

(~10-6 mbar) where it was ionised and then accelerated towards the mass analyser. 

The mass analyser used a quadrupole (Figure 2.9), which causes the ions to travel in 

sinusoidal pathways bringing them in and out of focus with the detector depending on 

their mass-to-charge (m/z) value. The mass spectrometer was used to continuously 

scan for a list of programmed m/z values, with a time resolution of ~2 seconds between 

each scan. The generated current at the detector was calibrated using controlled 

concentrations of known gas for quantitative analysis of the gas mixture.  
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Figure 2.9. Schematic drawing of the quadrupole mass analyser within the mass spectrometer. 
The sinusoidal pathway of an ion within the sample is shown by the black arrow.  

2.6 Combined XAFS/DRIFTS/MS Set-up 

In this study the combination of XAFS and DRIFTS spectroscopy has been applied to 

investigate heterogeneous catalytic systems. In order to couple both spectroscopic 

techniques at the same sample at the same time, careful experimental set-up was 

required to align both the x-ray and IR beams in the correct geometry for simultaneous 

XAFS and DRIFTS spectroscopy. Additionally, gas lines to and from the sample 

environment, a heater, thermocouple and mass spectrometer were required for in situ 

and operando measurements under controlled reaction environments. A schematic 

drawing of the experimental setup is shown in Figure 2.10. A portable gas trolley, able 

to safely secure gas cylinders, was fitted with Brookes mass flow controllers (MFCs) 

and a Valco 2-way switching valve. This set-up allowed for the controlled flow of 6 

different gases via the 6 MFCs to two separate mixing chambers (A and B). The mixing 

chambers were connected to the single switching valve (C) to allow for fast switching 

between two different gas mixtures. One gas line from the switching valve was used to 

send gases to the sample in the reaction chamber, and the second gas line from the 

switching valve was used as a bypass straight to vent. The gas lines used 1/8” stainless 

steel tubing, which could be heated up to 200°C using a flexible heating tape. The 

Harrick Da Vinci arm accessory with ‘praying mantis’ optics was used to redirect the IR 

beam from the IR spectrometer to the sample, which was positioned just outside the 

IR spectrometer in the x-ray beam. The entire optical path within the Da Vinci arm was 

purged with dry N2 to avoid absorption of IR by IR active gas molecules in the air. The 

sample was contained in a reaction chamber beneath the Da Vinci arm accessory, 

which allowed for focussing of the IR beam at the surface of the sample and 

transmission of the x-ray beam through the sample.  
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Figure 2.10. Schematic drawing of experimental set-up for in situ combined XAFS/DRIFTS/MS, 
showing gas lines linking the 6 MFCs, mixing chambers A and B, switching valve C, the sample 
environment and the mass spectrometer. Path of IR beam through the Da Vinci arm accessory 
D is shown by green arrows. Path of x-ray beam through the sample is shown by red arrows.  

The specific sample environments for the combined XAFS/DRIFTS measurements are 

detailed in Chapter 5. The combined XAFS/DRIFTS/MS experiments reported in 

Chapters 3 and 4 used the modified Harrick high temperature XAFS/DRIFTS reaction 

chamber, whereas the spatially resolved XAFS/DRIFTS/MS experiment reported in 

Chapter 6 used a new reactor design.  

2.7 Additional Characterisation Techniques 

In order to validate the results obtained by combined XAFS/DRIFTS measurements in 

this study, additional characterisation techniques were employed. These largely 

consisted of transmission electron microscopy (TEM) to obtain images of the supported 

nanoparticle catalysts, x-ray photoelectron spectroscopy (XPS) to confirm the chemical 

composition of the material, and x-ray diffraction (XRD) to uncover the bulk crystalline 

components of the supported catalyst.  

2.7.1 Transmission Electron Microscopy (TEM) 

TEM is used to obtain high resolution images of thin material samples, thus making it 

a useful tool to observe the particle size and morphology of supported metal 

nanoparticle catalyst materials. The TEM microscope operates upon the same basic 

principles as a classic optical microscope but using a beam of electrons instead of 

visible light. The resolution achieved by TEM is governed by the de Broglie wavelength 

of the accelerated electron beam, given by Equation 2.10, where me is the mass of the 

electron and v is the velocity of the accelerated electron beam. The wavelength of the 

electron beam, λe, is smaller than the wavelength of visible light and so is able to 

resolve atomic structures on the Å length scale.  

𝜆𝑒 =  
ℎ

𝑚𝑒𝑣
  Equation 2.10 
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The path of the electron beam through the TEM microscope is shown in Figure 2.11. 

An electron gun (hot filament) is used to emit a beam of high energy electrons into the 

TEM column. The speed of the emitted electron beam is controlled by the voltage 

applied to the filament (80 – 200 KeV), and the TEM column is maintained under 

vacuum (10-5 mbar) so that the electron beam is not slowed down by collision with gas 

molecules. The electron beam travels through the column, passing through a series of 

electromagnetic lenses which focus the beam onto the sample. The electron beam is 

transmitted through the sample, depending on the electron transparency and thickness 

of the material. The transmitted electron beam then passes through a projection lens 

which projects the beam onto a fluorescent screen to be viewed by the user. The 

projected image can alternatively be captured digitally by installing a CCD camera in 

place of the fluorescent screen. The TEM images in this work were performed using a 

JEOL JEM 2100 microscope located at the Research Complex at Harwell.  

 

Figure 2.11. Simple diagram showing the components of a TEM microscope contained within a 
vacuum column; electron gun, focussing lenses, fluorescent screen and CCD camera.    

The most common imaging mode is bright field (BF) imaging which uses the 

unscattered, transmitted electron beam through the sample to construct an inverted 2D 

image of the sample. The transmission of the electron beam through the sample 

depends on the absorption coefficient of the different components within the sample, 

so more absorbing components will appear as darker regions in the projected image 

and less absorbing components as brighter regions. In the dark field (DF) imaging 

mode, an image is constructed from the diffracted electron beam which is collected at 

the objective aperture and then magnified at the viewing screen. Images collected in 

the DF mode will show brighter regions corresponding to more crystalline components 

of the sample, which are contrasted against a dark background. The TEM images in 

this study were collected in the BF mode.  
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2.7.2 X-ray Photoelectron Spectroscopy (XPS) 

XPS is used to investigate the chemical composition of surfaces by measuring the 

kinetic energy of photoelectrons emitted as a result of the photoelectric effect. The 

photoelectric effect, as described by Equation 2.3, is the phenomenon by which 

electrons within a material absorb x-ray radiation with sufficient energy, hv, to 

overcome the electron binding energy, E0, and be ejected as a photoelectron with 

kinetic energy, Ekin. The electron binding energy is the difference in energy between 

the initial and final states after emission of the photoelectron. Each element has a 

characteristic set of binding energies, which may be shifted depending on its chemical 

environment within the sample. Hence the XPS spectrum gives information for the 

elemental composition and oxidation state of elements within the sample. 

Each XPS spectrum is obtained by irradiating the sample with a monochromatic x-ray 

beam and measuring the kinetic energy of the emitted photoelectrons. An additional 

term for the spectrometer work function, φsp, is often included in the calculation of 

binding energies from XPS measurements. This φsp  term accounts for the energy cost 

in travelling from the sample to the analyser of the spectrometer.  XPS spectra can be 

acquired using a lab-source spectrometer, which typically uses x-rays from a tube 

source of Mg Kα (1253.6 eV) or Al Kα (1486.6 eV). XPS spectra acquired at a 

synchrotron have the advantage of being able to rapidly switch between different 

monochromatic x-ray beams. Due to the poor penetrating power of the emitted 

photoelectrons, only photoelectrons from the surface (< 6 nm) will have sufficient 

kinetic energy to reach the detector, thus XPS is a surface sensitive technique.  

Each XPS spectrum will display a range of peaks for photoelectrons emitted from 

different atoms and different energy levels within each atom. As well as these emitted 

photoelectrons, relaxation of electrons from higher energy orbitals to fill the core hole 

of the excited ions results in the emission of Auger electrons (Figure 2.12). The emitted 

Auger electrons that have sufficient kinetic energy to reach the detector will also be 

observed as peaks in the XPS spectrum but with low kinetic energies, representing the 

difference in energy between the initial ion and the doubly charged final ion. 

The low penetrating power of emitted photoelectrons and Auger electrons means that 

the sample must be contained within ultra-high vacuum. The sample is prepared as a 

self-supported pellet or as a wash coat on a Si wafer, and mounted within the vacuum 

chamber of the XPS spectrometer. Positive charge can build up within electrically 

insulating samples due to continual loss of electrons from the sample, resulting in a 

shift of all measured peaks in the XPS spectrum by the same amount to higher binding 

energies.18 This can be corrected for by calibrating the entire spectrum to a known peak 

for a particular element within the sample. Electrically conductive samples do not suffer 
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the same charging effects as they are able to receive current through the sample holder 

which acts to neutralise the positive charge. 

2.7.3 X-ray Diffraction (XRD)  

XRD is able to give information about the crystalline structure of a material by studying 

the scattering of monochromatic x-ray waves incident at the sample. The periodically 

spaced atoms within a crystalline sample act as a 3D diffraction grating to the x-ray 

beam in accordance with Braggs law (Equation 2.7). When Bragg’s law is satisfied 

(Figure 2.13), the atomic spacing within the crystal lattice, d, causes constructive 

interference of the x-ray waves of wavelength, λ, to give rise to diffraction peaks at a 

defined diffraction angle, θ. The measured XRD diffraction pattern is a plot of the 

intensity of the diffracted beam at the detector as a function of incident angle, θ.  

 

Figure 2.13. Schematic diagram of x-ray beams that are diffracted by lattice planes of separation 
distance, d, within a crystalline material that satisfy the Bragg Law at an incident angle, θ.  

The crystalline phases present in a material can be identified by ‘fingerprint’ 

comparison of the measured XRD pattern with those of reference compounds. Often 

the measured sample will contain a mixture of multiple crystalline phases, and so 

comparison with many reference compounds is required. The precise atomic structure 

of a sample can be achieved by Rietfield refinement, which uses a least-squares 

refinement method to fit the position and intensity of all diffraction peaks within the 

pattern to a calculated model.19  

Figure 2.12. Energy level diagram showing the emission of an Auger electron following the 
relaxation of an electron from a higher energy orbital to fill the core-hole of the excited ion.  
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The Scherrer equation (Equation 2.11), describes the relationship between the 

broadening of XRD diffraction peaks and the crystallite size.20 The smaller the 

crystallite size, Dp, the increased broadening of the diffraction peaks, β. The constant 

of proportionality, k, depends on how the width is determined, the shape of the crystal 

and the size distribution.21 The value of k for full width half maximum (FWHM) of 

diffraction peaks from spherical crystals with cubic symmetry is 0.94. At crystallite sizes 

below a certain value, the diffraction peaks will be so broad that they cannot be 

determined. This makes XRD unsuitable for studying metal nanoparticle catalysts that 

have particles sizes below the detectable limit, or catalyst materials with largely 

amorphous character. Moreover, for supported metal nanoparticle catalysts, the largely 

crystalline component of the support material can dominate the XRD diffraction pattern, 

making it difficult to observe diffraction peaks of the active catalytic component.   

𝐷𝑝 =  
𝑘𝜆

𝛽 cos 𝜃
  Equation 2.11 

2.8 Catalyst Preparation 

The supported metal nanoparticle catalysts prepared in this work used an incipient 

wetness impregnation method, detailed and investigated in Chapter 3. The metal 

precursors and commercial metal oxide supports used to prepare the catalysts were 

supplied by Johnson Matthey Technology Centre, Sonning Common.  
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Chapter Three. Following the evolution of metal nanoparticles 

from their molecular precursors by in situ XAFS/DRIFTS 
 

3.1 Introduction  

3.1.1 Preparation of Supported Metal Nanoparticles 

The preparation of supported metal nanoparticle catalysts in industry requires a 

process that achieves the desired material with optimal catalytic performance, whilst 

operating in a cost effective manner in terms of the raw materials, energy and labour 

input. Improvements to the preparation route are constantly investigated in order to 

optimise both the efficiency of the process and also the resulting catalytic properties. 

Improvements to the catalytic properties of a material refer to increased catalytic 

activity, tailored selectivity towards the desired reaction products, and stability against 

poisoning mechanisms to increase the catalyst lifetime.1 

High dispersion of the metal nanoparticles over the metal oxide support is often an 

important criteria for increasing catalytic activity, as smaller nanoparticles have greater 

surface area of the active component per mass of catalyst. Moreover, the active metal 

component of the supported nanoparticle catalyst is often an expensive platinum group 

metal or rare transition metal, and so increasing the metal dispersion ensures that a 

greater proportion of the expensive active metal is positioned at the surface and is 

available for catalysis, rather than being hidden in the bulk. However, it is well known 

that small nanoparticles have a tendency to sinter, particularly at elevated 

temperatures, which reduces the active surface area and decreases catalytic 

activity.2, 3 Therefore, as well as high dispersion, the preparation route to small metal 

nanoparticles must ensure a strong interaction with the support to prevent nanoparticle 

migration and sintering. The key challenges faced by industries to optimise catalyst 

materials are to increase the metal dispersion, decrease nanoparticle size, lower 

precious metal content, and increase metal-support interfacial regions, without 

compromising the active catalytic sites. 

3.1.2 Conventional Preparation Routes 

The conventional preparation methods used in industry are precipitation and 

impregnation routes.4 Precipitation involves the nucleation and growth of metal 

nanoparticles from a precursor solution, induced by a change in the conditions 

(temperature or pH). In co-precipitation methods the active metal and metal oxide 

support are precipitated simultaneously from a solution containing both precursor salts. 

Co-precipitation results in metal nanoparticles < 50 nm in size, with strong metal-

support interactions. However, unlike the catalysts investigated in this study, co-

precipitation is often used to produce catalysts with high wt% loading of the active 

metal, such as the supported Ni catalyst, 30wt% Ni/Al2O3, with particle sizes between 
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12 – 20 nm used for steam reforming.5 One of the main drawbacks to the co-

precipitation method is the need for multiple washing steps to remove the precursor 

salt which produces large amounts of contaminated waste solvent.  

The conventional impregnation route involves wetting the preformed metal oxide 

support with a solution containing the active metal salt. The impregnation may be 

achieved with an excess volume of precursor solution, referred to as ‘wet 

impregnation’, or a calculated volume of precursor solution that does not completely 

saturate the pore volume of the support, referred to as ‘incipient wetness impregnation’. 

The latter method has the advantage of producing less waste as the entire precursor 

solution is contacted with the support. The metal oxide support material usually 

contains a number of hydroxyl groups at its surface which act as adsorption sites for 

interaction with the impregnated metal precursor. The point of zero charge (PZC) of a 

metal oxide support (eg. Al2O3) is the pH at which these hydroxyl groups have zero net 

charge. If the pH of the impregnated precursor solution is above the PZC of the support, 

there will be a large concentration of negative charge at the surface (eg. Al-O-), 

whereas if the pH is below PZC then there will be a large concentration of positive 

charge at the surface (eg. Al-OH+). This dictates the electrostatic interaction of the 

metal ion with the support via ion exchange or ligand substitution.6 The formation of the 

metal nanoparticles are achieved during the final heat treatment of the impregnated 

sample. The temperature, duration and gas environment of the heat treatment have a 

strong influence on the resulting nanoparticle size.7-10 It is usually preferred to perform 

a calcination treatment in oxidising atmospheres in order to remove nitrates, 

carbonates and other salts from the precursor solution and form metal oxide 

nanoparticles. If the catalyst is then required in the reduced form, a subsequent 

reduction step may be performed after the calcination. However, some studies have 

reported the advantage in treating the catalyst directly in a reducing atmosphere for 

maintaining small particle size.10  

There have been many studies in the past to investigate the effect of changing certain 

parameters in the impregnation methods on the resulting catalyst; change in the 

molecular precursor,11 change in concentration12, 13 or pH14 of the impregnating 

solution, and change in the calcination temperature or calcination environment.15 Many 

of these studies have used ex situ characterisation techniques to compare the different 

catalysts produced in each case. The use of time-resolved, in situ methods for studying 

the formation of catalyst materials has been limited to XRD or combined XRD/XAFS 

techniques to follow the formation of large crystalline microporous materials.16-19 To our 

knowledge, an in situ DRIFTS method has yet been applied to follow the decomposition 

mechanism of metal precursors during their calcination to metal nanoparticles. In this 

work, the role of the molecular precursor will be investigated for its influence on the 

resulting nanoparticle catalyst. Ex situ characterisation in the past has found that metal 
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nanoparticles prepared from chloride containing precursors often suffer from residual 

Cl- that block active sites at the resulting catalyst surface.20, 21 Whereas organic 

precursors such as acetate, acetylacetonate, ammonia containing salts and nitrate 

precursors have been found to yield greater dispersion of the active metal over the 

support.11, 20, 22 In this work, time-resolved in situ spectroscopy will be used to follow 

the preparation of Pd nanoparticle catalysts from a conventional Pd(NO3)2 precursor 

and an alternative Pd(NH3)4(OH)2 precursor.  

The supported Pd nanoparticle materials prepared in this chapter serve as catalysts 

for the low temperature CH4 oxidation reaction which are used in compressed natural 

gas engines (CNGs). CNGs have become a popular option for heavy duty vehicles, 

particularly in the USA, due to relatively high abundance of natural gas reserves 

compared to oil and reduced emission of nitrogen oxides, particulate matter and carbon 

dioxide emissions compared to diesel and gasoline engines.23 However, the main 

component of natural gas, CH4, has a high ignition temperature (600°C)24 and so a 

catalyst is required to promote CH4 oxidation during the cold start up period of operation 

to avoid slip of unburned CH4 from the vehicle exhaust. Highly dispersed PdO 

nanoparticles have repeatedly been found to achieve the greatest activity for CH4 

oxidation.25, 26 The correlation between catalytic activity and nanoparticle dispersion is 

rationalised by mechanistic studies proposing the oxidation of CH4 to occur at the PdO 

nanoparticle surface, close to the metal oxide support interface where oxygen migration 

from the support can assist in re-oxidation of the nanoparticle surface via a Mars-Van 

Krevelen mechanism.27, 28 Additionally, smaller particles possess a greater specific 

surface area meaning a greater number of active sites for higher turn-over frequencies, 

with a large number of under coordinated surface sites which permit lower activation 

energy for dissociative CH4 adsorption.29, 30   

In the present chapter the preparation of two supported 3wt% Pd catalysts (Pd/γ-Al2O3) 

from an impregnation method are investigated by combined in situ XAFS and DRIFTS 

spectroscopy. This work uses the time-resolved in situ spectroscopic techniques to 

follow the decomposition of the molecular precursor and formation of the PdO 

nanoparticles during the calcination treatment of the impregnated precursor. The 

differences in nanoparticle dispersion of the resulting PdO catalyst from the two 

different Pd precursors will be explained and the implication for their catalytic reactivity 

for methane oxidation.  

3.2 Methods  

3.2.1 Sample Preparation 

The preparation of 3wt% PdO nanoparticles supported on γ-Al2O3 was investigated 

from an incipient wetness impregnation method using two different Pd precursors. The 

route to supported PdO nanoparticle catalysts, (PdO/γ-Al2O3) by incipient wetness 
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impregnation of a Pd salt onto the γ-Al2O3 support (SASOL, specific surface area = 

140 m2 g-1), was investigated from two different precursor solutions. The first precursor 

used an acidified aqueous solution of palladium nitrate, (15.11 wt% Pd, Johnson 

Matthey) and a defined quantity of HNO3, corresponding to a molar ratio NO3/Pd = 3.8. 

The second precursor used an aqueous solution of tetraamminepalladium hydroxide 

(5.96 wt% Pd assay, Johnson Matthey), prepared from dissolution of 

tetraamminepalladium(II) hydrogen carbonate (JM, 99.99%) in aqueous NH4OH 

solution (28 wt%). Incipient wetness impregnations were performed at room 

temperature with calculated quantities of the Pd salt to achieve a catalyst loading of 

3wt% Pd. The volume of aqueous precursor solution used for the impregnation was 

calculated to be less than the total pore volume of the γ-Al2O3 support (0.5 cm3 g-1). 

The mixture of the γ-Al2O3 support and the impregnated precursor solution were dried 

in the oven (100°C) for 12 hours to obtain the samples Pd(NO3)2/γ-Al2O3 and 

Pd(NH3)4(OH)2/γ-Al2O3, respectively. For ex situ analysis, 10 g of the dried, 

impregnated precursor samples Pd(NO3)2/γ-Al2O3 and Pd(NH3)4(OH)2/γ-Al2O3 were 

calcined in a conventional furnace at 500°C in air for 2 hours to achieve the calcined 

PdO/γ-Al2O3 catalysts.      

3.2.2 In situ XAFS/DRIFTS/MS  

Combined, in situ XAFS and DRIFTS measurements of the dried, impregnated 

precursor samples were collected during a calcination treatment at beamline B18, 

Diamond Light Source using a previously reported Harrick XAFS/DRIFTS cell 

integrated with an Agilent Carey 680 FTIR spectrometer.31 A DaVinci arm accessory 

fitted with praying mantis optics was used to refocus the IR beam outside the FTIR 

spectrometer for positioning of the Harrick XAFS/DRIFTS cell in the X-ray beam. The 

dried, impregnated precursor (~20 mg) was loaded as a powder into the sample cup of 

the Harrick XAFS/DRIFTS cell. The experiment used a controlled flow of compressed 

air (30 cm3 min-1) into the reaction chamber at atmospheric pressure using Brooks 

mass flow controllers, and the temperature of the sample was controlled and monitored 

by a thermocouple positioned inside the sample bed. XAFS measurements were 

performed at the Pd K-edge in transmission mode using QEXAFS setup with a fast 

scanning Si(311) double crystal monochromator. The acquisition time of each XAFS 

spectrum was 21 seconds spectrum-1, collecting to a k range of 15.9 Å-1. All XAFS 

spectra were acquired with a Pd foil placed between It and Iref. DRIFTS spectra were 

collected taking 64 scans with a resolution of 4 cm-1 using the liquid nitrogen cooled 

MCT detector, at a rate of 30 seconds per spectrum (400 – 4000 cm-1). The effluent 

gas flow from the reactor was continuously monitored by online mass spectrometry 

using a Hiden QGA spectrometer to detect m/z 4, m/z 17, m/z 18, m/z 28, m/z 30, 

m/z 44 and m/z 46. The sample was heated from room temperature to 500°C at a ramp 

rate of 10°C min-1, then maintained at 500°C for a dwell period of 2 hours before cooling 
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to room temperature. Combined XAFS and DRIFTS spectra were collected 

continuously throughout the ramp, dwell and cooling period, and the effluent gas 

monitored continuously by mass spectrometry.  

3.2.3 EXAFS analysis 

Processing EXAFS data was performed using IFEFFIT with the Horae package 

(Athena and Artemis). Athena was used to calibrate, align and normalise the spectra 

with respect to the Pd foil, for which E0 was set at 24358 eV. EXAFS data processing 

used a k weighting of 2 and an appropriate k range for the data. Analysis of the Fourier 

transformed data was performed by using fitting paths generated from crystallographic 

data of Pd metal,32 PdO33 and Pd(NO3)2
34. The amplitude reduction factor, S0

2, was 

derived from fitting the Pd foil to a single scattering path of known coordination number 

of 12 to give a S0
2 value of 0.8.  

In order to obtain quantification of Pd coordination numbers from the EXAFS data 

collected during the calcination ramp period, the Fourier transformed EXAFS data was 

fitted to models using three scattering paths; Pd-O at a distance 2.03 Å, Pd-Pd(1) at a 

distance 3.06 Å and Pd-Pd(2) at a distance 3.46 Å. These are the scattering paths used 

to fit reference bulk PdO.33 The linear dependence of σ2 with temperature was found 

by fitting the Fourier transformed Pd K-edge data of the calcined PdO/γ-Al2O3 sample 

during the cooling period from 500°C to 20°C. The Fourier transformed EXAFS data of 

the calcined PdO/γ-Al2O3 (prepared from Pd(NO3)2) show the increase in amplitude of 

EXAFS scattering features upon cooling the sample (Figure 3.1), which is due to a 

decrease in thermal motion and mean squared disorder, σ2.35 The sample is assumed 

to remain as PdO nanoparticles upon cooling, with no change in Pd coordination 

numbers or distances, and so the EXAFS data were fitted with the same three 

scattering paths of PdO; Pd-O, Pd-Pd(1) and Pd-Pd(2). All parameters were fixed, 

allowing only the value of σ2 to be varied for each scattering path, which are detailed in 

Table 3.1. The linear dependence of σ2 with temperature is shown in Figure 3.2, the 

values of which were used to make appropriate fits to the EXAFS data collected during 

the calcination ramp period. 
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Table 3.1 Dependence of σ2 with temperature, found by fitting Fourier transformed EXAFS data 
of calcined PdO/γ-Al2O3 catalyst during cooling from 500°C to room temperature. Fitting model 
used scattering paths of Pd-O and Pd-Pd with fixed coordination numbers and coordination 
distances; Pd-O coordination number 4, coordination distance 2.03 Å. Pd-Pd(1) coordination 
number 5.5, coordination distance 3.06 Å. Pd-Pd(2) coordination number 4.5, coordination 
distance 3.46 Å.  

  σ2 / Å2 

Temperature / °C Pd-O Pd-Pd(1) Pd-Pd(2) 

48 0.0030(6) 0.011(1) 0.010(2) 

100 0.0031(6) 0.012(2) 0.011(2) 

145 0.0036(7) 0.014(2) 0.012(2) 

195 0.0039(7) 0.015(2) 0.012(3) 

225 0.0040(7) 0.016(2) 0.013(3) 

245 0.0042(7) 0.017(2) 0.012(2) 

295 0.0045(7) 0.017(3) 0.014(3) 

345 0.0050(8) 0.018(3) 0.014(3) 

395 0.0054(8) 0.020(3) 0.015(3) 

445 0.0056(8) 0.021(4) 0.016(4) 

Note: Fit range 3.1 < k / Å-1 < 13.4, 1.15 < R / Å < 3.5. 

 

 

 

Figure 3.1. Fourier transformed Pd K-edge EXAFS of PdO/γ-Al2O3 during cooling period 
of calcination in air flow from 500°C to room temperature.  
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3.2.4 Ex situ Characterisation 

TEM images of the samples were obtained using a JEOL JEM 2100 transmission 

electron microscope. Samples were prepared for TEM analysis by dispersing the 

catalyst powder in high-purity ethanol using ultrasonication. 1 µL of the sonicated 

suspension was pipetted onto a holey carbon supported Cu grid and the solvent was 

evaporated.  

Ex situ Pd K-edge XAFS spectra of the calcined catalyst samples after reducing in H2 

were taken in transmission mode on B18 at Diamond light source, using QEXAFS 

setup with fast scanning Si(311) double crystal monochromator and with a Pd foil 

placed between It and Iref.  

CO chemisorption of the calcined catalyst samples were investigated by FTIR 

spectroscopy in transmission mode. Samples (20 mg) were pressed into self-

supporting wafers (1.35 cm2), mounted in the transmission FTIR cell and dried at 100°C 

under constant flow of He. The sample cell was cooled to room temperature before 

introducing several pulses of CO (5% CO/He) into the cell until the catalyst surface 

became saturated (i.e. additional pulses of CO did not further increase the intensity of 

COads absorption bands). The CO adsorption FTIR spectra were recorded (400 – 

4500 cm-1, 4 cm-1 resolution) after purging the cell will He (15 minutes).  

Figure 3.2. Linear dependence of EXAFS Debye Waller factor, σ2, with temperature. Values 
obtained by fitting the Fourier transformed EXAFS data PdO/γ-Al2O3 during cooling period 
of calcination treatment. 
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XRD diffraction patterns were collected using Rigaku Miniflex diffractometer (ISIS 

Characterisation Lab) with Cu tube source 600 mW of 45 kV and 15 mA and a 1D Si 

strip detector.  

3.2.5 Catalytic Testing 

The catalytic testing was conducted at Johnson Matthey Technology centre, Sonning 

Common. The temperature of the reactor used 0.2 g of catalyst, which was sieved to a 

controlled pellet fraction (425 – 250 µm). The reactor was increased to 150°C before 

introducing the synthetic natural gas mixture (0.5% CH4, 10% O2, 0.01% C2H6, 0.01% 

C3H8, 0.01% NO, 10% CO2, and 10% H2O) at a total flow rate of 2000 cm3 min-1. The 

reactor temperature was increased linearly at a rate of 15 °C min−1, and the catalyst 

temperature recorded using an internal thermocouple positioned at the inlet of the 

catalyst bed. The exhaust gases were analysed by a MKS 2000 multi-gas FTIR 

analyser, and conversion values calculated relative to the inlet CH4 signal.  

 

3.3 Results  

3.3.1 In Situ XAFS 

Pd K-edge XANES of the dried, impregnated precursors (before calcination treatment) 

are plotted in Figure 3.3 together with the Pd K-edge XANES of their corresponding 

unsupported precursor salt. The XANES spectrum of Pd(NH3)4(OH)2/γ-Al2O3 matches 

closely with that of the aqueous [Pd(NH3)4][(OH)2] solution, showing that the Pd species 

of impregnated Pd(NH3)4(OH)2/γ-Al2O3 exist in +2 oxidation state with the same 

coordination geometry as the unsupported precursor. Similarly, the XANES spectrum 

of Pd(NO3)2/γ-Al2O3 was compared with that of the crystalline Pd nitrate hydrate,  

showing that there was no change to the Pd oxidation state or coordination geometry 

Figure 3.3. Pd K-edge XANES of impregnated precursor samples with the corresponding 
unsupported precursor salt. a) Pd(NH3)4(OH)2/γ-Al2O3 (black) and aqueous [Pd(NH3)4][(OH)2] 
solution (blue), b) Pd(NO3)2/γ-Al2O3 (black) and Pd(NO3)2 (blue). 

b) a) 
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upon impregnation. The structure is assumed to be a trans-[Pd(NO3)2(H2O)2] complex, 

where the square planar environment of Pd is coordinated to 4 oxygen atoms (two 

belonging to H2O and two belonging to (NO3)).36   

The Fourier transformed Pd K-edge EXAFS data of the two dried, impregnated 

precursors are shown in Figures 3.4a and 3.4b together with those of the unsupported 

precursors. The Pd K-edge EXAFS data gives information for the local coordination 

environment of Pd species in each sample upon initial impregnation onto the γ-Al2O3 

support. The EXAFS spectrum of Pd(NH3)4(OH)2/γ-Al2O3 matches closely with that of 

the unsupported aqueous precursor solution [Pd(NH3)4][(OH)2] (Figure 3.4a). However, 

the EXAFS spectrum of Pd(NO3)2/γ-Al2O3, shows an additional scattering feature at 

9.2 Å-1 (annotated with an asterisk in Figure 3.4b) that is absent from the corresponding 

EXAFS spectrum of the unsupported Pd(NO3)2 precursor salt. A simple model - 

constructed from one scattering path for Pd coordinated to 4 light atomic neighbours at 

an average radial distance of 2.04 Å - was able to fit the Fourier transformed EXAFS 

data of the impregnated Pd(NH3)4(OH)2/γ-Al2O3 (data and fit plotted in Figure 3.4c and 

fitting parameters detailed in Table 3.2). This data shows that the Pd species of 

Pd(NH3)4(OH)2/γ-Al2O3 remain as well-isolated, 4-coordinate Pd2+ complexes upon 

impregnation onto the γ-Al2O3 support. This simple fitting model was not sufficient to fit 

the Fourier transformed EXAFS data of Pd(NO3)2/γ-Al2O3. In order to make a suitable 

fit to this data, additional scattering paths were required (data and fitting model plotted 

in Figure 3.4d, and fitting parameters detailed in Table 3.1). An additional three 

scattering paths to light neighbouring atoms at radial distances of 2.005 Å, 2.92 Å and 

3.17 Å, can be attributed to O and N atoms of nitrate ligands, and an additional 

scattering path to a heavier neighbouring atom at a radial distance of 3.43 Å, which can 

be attributed to Pd atoms of neighbouring molecular complexes. This data shows that 

the molecular Pd complexes of the impregnated Pd(NO3)2/γ-Al2O3 must experience 

intermolecular interactions that position Pd centres at a separation of 3.43 Å.  

Changes to the local coordination environment of Pd species during the calcination 

ramping period were followed by plotting the Fourier transformed Pd K-edge EXAFS 

data collected at increasing temperatures (Figure 3.5). For the Pd(NO3)2/γ-Al2O3 

sample, Figure 3.5a shows that the scattering feature at 3.0 Å, previously identified as 

scattering from a heavy atomic neighbour, increases in amplitude with increasing 

temperature from 203°C to 255°C. This means that despite increase in σ2 with 

temperature, there must have been considerable increase in coordination to 

neighbouring Pd atoms at that defined distance to cause such an increase in amplitude.  
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Table 3.2. Fitting parameters for Fourier transformed Pd K-edge EXAFS of impregnated 
precursors before calcination treatment.  

 Scattering 

Path 

N R / Å σ2 / Å2 E0 / eV Rfactor 

Pd(NH3)4(OH)2 

/γ-Al2O3 
a 

Pd-N 3.9(2) 2.037(4) 0.0020(8) -1.4(5) 0.02 

Pd(NO3)2 

/γ-Al2O3 
b 

Pd-O 4 (set) 2.005(3) 0.0015(4) 1.4 0.02 

Pd-N 2.7(9) 2.92(2) 0.002 (set)   

Pd-O 2(1) 3.17(3) 0.002 (set)   

Pd-Pd 1.1(7) 3.43(2) 0.003(3)   

Note: a S0
2 = 0.8. Fit range 3.1 < k / Å -1 < 13.4, 1.15 < R / Å < 2.5, number of 

independent points 10. b S0
2 = 0.8. Fit range 3.1 < k / Å -1 < 13.4, 1.15 < R / Å < 3.5, 

number of independent points 15. 

 

 

Figure 3.4. Pd K-edge EXAFS data of impregnated precursors, plotted together with the 
corresponding reference spectrum a) Pd(NH3)4(OH)2/γ-Al2O3 (black) and [Pd(NH3)4][(OH)2] (blue) 
and b) Pd(NO3)2/γ-Al2O3 (black) and Pd(NO3)2 (blue). Corresponding Fourier transformed EXAFS 
data of impregnated precursors c) Pd(NH3)4(OH)2/γ-Al2O3 and d) Pd(NO3)2/γ-Al2O3, plotted 
together with the corresponding reference spectrum and the fitting model detailed in Table 3.2. 

b) 

a) 
c) 

d) 
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By fitting the Fourier transformed EXAFS data to scattering paths of bulk PdO (fitting 

parameters given in Table 3.3), and by comparison with the Fourier transformed Pd 

K-edge EXAFS of the PdO reference sample (Figure 3.5), it can be shown that the 

increase in amplitude of this EXAFS feature can be attributed to an increasing number 

of Pd atoms positioned at 3.43 Å from the absorbing Pd atom. Considering the 

tetragonal crystal structure of bulk PdO, shown by the unit cell diagram in Figure 3.6, 

formation of PdO would expect each Pd atom to be coordinated to four oxygen atoms 

in a square planar orientation, and two Pd-Pd distances of 3.07 Å and 3.43 Å with 

corresponding coordination values of 4 and 8, respectively.33, 37 For Pd atoms within 

nanocrystalline PdO particles, a large number of under-coordinated atoms means that 

the expected Pd-Pd coordination numbers will be much lower than the reference values 

of bulk crystalline PdO. Therefore, increase in Pd-Pd coordination at a radial distance 

of 3.43 Å is indicative of the nucleation and growth of PdO nanoparticle structure, which 

occurs for the sample prepared from Pd(NO3)2/γ-Al2O3 between 203°C and 255°C of 

the calcination ramp period. 

The Fourier transformed EXAFS data of the impregnated Pd(NH3)4(OH)2/γ-Al2O3 

sample at increasing temperatures of the calcination ramp period are shown in Figure 

3.5b. The scattering feature at 3.0 Å in the Fourier transformed EXAFS data of 

Pd(NH3)4(OH)2/γ-Al2O3 was not observed until 393°C, suggesting that the location of 

Pd neighbours at a coordination distance of 3.43 Å for the formation of PdO structure 

did not occur until higher calcination temperature than was observed for 

Pd(NO3)2/γ-Al2O3. 

The corresponding fitting models are plotted with the Fourier transformed EXAFS data 

of the impregnated precursors Pd(NO3)2/γ-Al2O3 and Pd(NH3)4(OH)2/γ-Al2O3 in Figures 

3.7 and 3.8, respectively, and the fitting parameters are detailed in Table 3.3 and Table 

Figure 3.5. Non-phase corrected Fourier transformed EXAFS data of impregnated Pd 
precursors a) Pd(NO3)2/γ-Al2O3 and b) Pd(NH3)4(OH)2/γ-Al2O3 at increasing temperatures 
during calcination ramping period. 

a) b) 
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3.4, respectively. The EXAFS data was fitted using the same three scattering paths of 

PdO; Pd-O, Pd-Pd(1) and Pd-Pd(2), at the defined distances (2.01 Å, 3.07 Å and 

3.42 Å, respectively). The value of σ2 was adjusted accordingly for each temperature, 

so that the coordination numbers could be found. The Pd-Pd(2) coordination number 

is plotted as a function of temperature in Figure 3.9, showing the difference in PdO 

formation from the two different precursors. The impregnated Pd(NO3)2/γ-Al2O3 

precursor has intermolecular interactions at low temperatures of the calcination 

ramping period (<150°C) which facilitate the positioning of Pd centres at a neighbouring 

distance of 3.43 Å, for the early formation of PdO structure between 200-250°C. 

Conversely the Pd centres of Pd(NH3)4(OH)2/γ-Al2O3 remain well isolated until ~400°C  

and the growth of PdO nanoparticles was to a lesser extent.  

The EXAFS data collected during the first 5 minutes of the dwell period at 500°C match 

closely to the EXAFS data collected after two hours of the dwell period at 500°C, as 

shown in Figure 3.10. This data shows that there was no change to the Pd coordination 

environment throughout the duration of the calcination dwell period, and so the 

resulting spectra of both samples could be identified as PdO nanoparticles. It is also 

shown that the PdO nanoparticles prepared from Pd(NH3)4(OH)2/γ-Al2O3 maintained 

smaller particle size throughout the duration of the calcination dwell period, due to the 

lower amplitude of EXAFS scattering features compared to Pd(NO3)2/γ-Al2O3. By 

following the increase in amplitude of the scattering feature at 3.0 Å of the Fourier 

transformed EXAFS data, we have been able to identify the temperature for nucleation 

and growth of PdO nanoparticles from the two different precursors during the 

calcination treatment.  

 

 

 

 

 

Figure 3.6. Unit cell diagram of tetragonal palladium oxide, not drawn to scale, showing 
the palladium atoms coordinated to four oxygen atoms in a square planar orientation. 
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Table 3.3. Coordination numbers of Pd to neighbouring O and Pd atoms found by fitting the 
Fourier transformed EXAFS data of Pd(NO3)2/γ-Al2O3 collected during the calcination ramp 
period to scattering paths Pd-O and Pd-Pd, using fixed values of S0

2, R and σ.  

  Coordination Number  Rfactor 

Temperature / °C Pd-O (2.01 Å) Pd-Pd (3.07 Å) Pd-Pd (3.42 Å)  

144 4.0(2) - 2(1) 0.03 

203 4 (set) - 2.1(9) 0.03 

213 4 (set) 2.6(8) 4.1(9) 0.02 

223 4 (set) 2.9(8) 5(1) 0.02 

233 4 (set) 3.0(8) 4.8(9) 0.02 

243 4 (set) 3.0(8) 4.8(9) 0.02 

253 4 (set) 3.4(9) 6(1) 0.02 

304 4 (set) 4(1) 6(1) 0.02 

345 4 (set) 4(1) 6(1) 0.02 

405 4 (set) 4(1) 5(1) 0.02 

425 4 (set) 4(1) 5(1) 0.02 

473 4 (set) 4(1) 5(1) 0.02 

Note: S0
2 = 0.8. Fit range 3.1 < k / Å -1 < 13.4, 1.15 < R / Å  < 3.5, number of independent 

points 15. E0 = -3.1 eV 

 

 

Table 3.4. Coordination numbers of Pd to neighbouring O and Pd atoms found by fitting the 
Fourier transformed EXAFS data of Pd(NH3)4(OH)2/γ-Al2O3 collected during the calcination ramp 
period to scattering paths Pd-O and Pd-Pd, using fixed values of S0

2, R and σ.  

  Coordination Number  Rfactor 

Temperature / °C Pd-O (2.01 Å) Pd-Pd (3.17 Å) Pd-Pd (3.43 Å)  

361 3.6(1) - - 0.02 

371 3.6(1) - - 0.04 

381 3.6(1) - 0.9(8) 0.03 

393 3.6(1) 1(1) 2(1) 0.03 

403 3.6(1) 1.5(9) 2.2(9) 0.02 

413 3.6(1) 0.5(9) 2.1(8) 0.02 

423 3.6(1) 1.4(8) 2.1(7) 0.01 

433 3.6(1) 1.8(8) 2.5(8) 0.02 

443 3.6(1) 1.8(9) 2.2(8) 0.02 

453 3.6(1) 1.5(8) 2.1(8) 0.02 

463 3.6(1) 1.4(1) 2.4.(1) 0.02 

Note: S0
2 = 0.8. Fit range 3.1 < k / Å -1 < 12, 1.15 < R / Å  < 3.5, number of independent 

points 15. E0 = -3.6 eV 
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Figure 1.7. Fourier transformed EXAFS data of impregnated precursor Pd(NO3)2/γ-Al2O3 at increasing 
temperatures during the calcination ramp period, plotted together with the corresponding fitting models 
constructed using scattering paths Pd-O and Pd-Pd of PdO.  
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Figure 3.8. Fourier transformed EXAFS data of impregnated precursor Pd(NH3)4(OH)2/γ-Al2O3 at 
increasing temperatures during the calcination ramp period, plotted together with the corresponding 
fitting models constructed using scattering paths Pd-O and Pd-Pd of PdO. 
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Figure 3.10. Non-phase corrected Fourier transformed EXAFS data of impregnated Pd 
precursors Pd(NH3)4(OH)2/γ-Al2O3 (blue) and Pd(NO3)2/γ-Al2O3 (red) at increasing 
temperatures during calcination ramping period.  

Figure 3.9. Coordination numbers for Pd coordination to neighbouring Pd (at radial distance 
3.43 Å) calculated from fitting Pd-Pd scattering path of PdO to the Fourier transformed EXAFS 
data of impregnated precursors, Pd(NH3)4(OH)2/γ-Al2O3 and Pd(NO3)2/γ-Al2O3 at increasing 
temperatures during calcination ramping period. 



54 
 

3.3.2 In Situ DRIFTS and MS 

The DRIFTS spectra of the impregnated precursor samples before calcination, 

Pd(NH3)4(OH)2/γ-Al2O3 and Pd(NO3)2/γ-Al2O3, show the characteristic vibrational 

absorption bands for the molecular ligands surrounding each metal complex (Figure 

3.11). The broad absorption band centred at 3500 cm-1, present in the initial DRIFTS 

spectra of both impregnated samples, can be assigned to symmetric and antisymmetric 

O-H stretching vibrations of lattice water. The more intense stretching band observed 

between 3000 cm-1 and 3400 cm-1 from the Pd(NH3)4(OH)2/γ-Al2O3 sample can be 

attributed to N-H stretching of NH3 species, and the sharp band at 1420 cm-1 is 

assigned to carbonate ions on the oxide support of both samples.38 Loss of these 

absorption bands upon heating the samples to 200°C indicates removal of H2O and 

CO3
2- groups from the surface and pores of the support. The negative absorption band 

at 2350 cm-1 is due to a decrease in gas phase CO2 during the in situ measurement 

conditions compared to the ambient background measurement. The nitrate species of 

sample Pd(NO3)2/γ-Al2O3 can be identified by two molecular vibrational bands for N=O 

stretching between 1650 cm-1 and 1500 cm-1, and O-N-O asymmetrical stretching 

between 1350 cm-1 and 1200 cm-1.39, 40 The H-N-H vibrational modes of ammonia 

ligands of Pd(NH3)4(OH)2/γ-Al2O3 can be identified by absorption bands at 1490 cm-1 

and 1345 cm-1.41-44
 The evolution of the molecular precursors can be followed by the 

DRIFTS spectra collected at increasing temperatures during the calcination ramp.  

The change in intensity of absorption bands from DRIFTS spectra of 

Pd(NH3)4(OH)2/γ-Al2O3 collected during the calcination ramp are shown by the colour 

map in Figure 3.12. The NH3 absorption bands, located in DRIFTS spectra of 

Pd(NH3)4(OH)2/γ-Al2O3 at 1490 cm-1 and 1345 cm-1
,
 decrease in intensity upon 

increasing the temperature above 100°C and are completely removed by 225°C. The 

online mass spectrometry analysis of the effluent gas flow from the reactor during this 

Figure 3.11. DRIFTS spectra of the impregnated precursors Pd(NH3)4(OH)2/γ-Al2O3 (black) 
and Pd(NO3)2/γ-Al2O3 (red) before calcination treatment.  
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time (Figure 3.13) shows the presence of N2O gas (measured by m/z 44) which 

suggests that the NH3 molecules are oxidised before leaving the reactor. The ability of 

Pd to catalyse the oxidation of NH3 to N2O is well known45-47 and so it is likely that the 

oxidation of NH3 was facilitated by coordination to Pd centres. Following the removal 

of these NH3 bands, the presence of two weak intensity absorption bands at 1510 cm-1 

and 1556 cm-1 are revealed (circled in red in Figure 3.12), which can be attributed to 

N=O stretching vibrations of surface nitrosyl species (NO-
ads).48, 49 The formation of 

nitrosyl species can result from the oxidative decomposition of NH3 ligands, which are 

known to form strong interactions with the γ-Al2O3 surface.50 The N=O stretching bands 

exist in the DRIFTS spectra of Pd(NH3)4(OH)2/γ-Al2O3 up to 400°C, at which 

temperature they are desorbed from the sample surface and detected as NO gas in 

the exhaust by online mass spectrometry measurements (m/z 30). It is important to 

note the significance in the temperature for removal of the NO-
ads from the γ-Al2O3 

surface, which coincided with the temperature for PdO formation that was observed by 

the in situ EXAFS data of this sample. It is suggested that the NO-
ads species at the 

surface of the γ-Al2O3 support could prevent the movement of Pd species across the 

support which is required for nucleation and growth of PdO nanoparticles.  

 

 

 

Figure 3.12. Colour map showing intensity of absorption bands of DRIFTS spectra collected 
from Pd(NH3)4(OH)2/γ-Al2O3 at increasing temperatures (25°C - 500°C) during the calcination 
ramp period. 
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The change in intensity of absorption bands from DRIFTS spectra of Pd(NO3)2/γ-Al2O3 

collected during the calcination ramp are shown by the colour map in Figure 3.14. The 

O-N-O and N=O stretching bands of nitrate groups from Pd(NO3)2/γ-Al2O3 are initially 

shown to have vibrational frequencies of 1320 cm-1 and 1510 cm-1, respectively. Upon 

increasing the temperature of the sample beyond 100°C, these nitrate bands started to 

shift in frequency. At 200°C the band initially centred at 1320 cm-1 shifted to 1270 cm-1, 

and the band initially centred at 1510 cm-1 shifted to 1570 cm-1. The shift in nitrate 

bands to greater separation is consistent with increased bidentate nitrate coordination 

to a metal centre.51 This evidence for bidentate coordination of nitrate ligands at such 

low temperatures of the calcination treatment provides an explanation for the early 

neighbouring of Pd species that was identified by analysis of the Pd EXAFS data. The 

bidentate coordination of nitrate ligands to form bridging interactions between 

neighbouring Pd complexes is able to position Pd centres at a bridging separation 

distance of 3.4 Å, which was the coordination distance reported by the EXAFS analysis. 

This is significant for the early formation of PdO structure, which is found to be 

facilitated by the early association of Pd centres. The temperature that NO and N2O 

gases reached the mass spectrometer (Figure 3.15) coincided with the temperature for 

slow decomposition and removal of nitrates from the DRIFTS spectra. There was no 

evidence for the presence of trapped NO-
ads at the γ-Al2O3 surface of this sample, which 

suggests that nitrosyl species were not formed from the decomposition of nitrate 

ligands in the oxidising atmosphere.  

Figure 3.13. Mass spectrometry signals for N2O, NO and H2O gases at the exhaust from the 
XAFS/DRIFTS reactor during calcination ramp.   
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Figure 3.14. Colour map showing intensity of absorption bands of DRIFTS spectra collected 
from Pd(NO3)2/γ-Al2O3 at increasing temperatures (25°C - 500°C) during the calcination ramp 
period 

Figure 3.15. Mass spectrometry signals for N2O, NO and H2O gases at the exhaust from the 
XAFS/DRIFTS reactor during calcination ramp.   
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3.3.3 Ex situ Characterisation  

The resulting, calcined catalyst samples were investigated by various ex situ 

characterisation techniques to confirm the difference in material properties between the 

two supported Pd catalysts that were prepared from the precursors Pd(NO3)2 and 

Pd(NH3)4(OH)2, respectively.  

3.3.3.1 TEM Analysis 

The TEM images of the calcined catalysts (Figure 3.16) show the size and shape of 

dark PdO nanoparticles contrasting against the γ-Al2O3 support. Particle size analysis 

was conducted over a sample of 100 particles from the TEM images of each sample, 

giving the particle size distributions plotted in Figure 3.17. It is apparent from the 

images and the particle size distribution that the catalyst prepared from Pd(NO3)2 

resulted in presence of few large particles measuring > 15 nm in diameter. The 

presence of these large particles were not observed from images of the catalyst 

Figure 3.16. TEM images of calcined catalysts Pd/Al2O3 prepared by incipient wetness 
impregnation from a) Pd(NO3)2 (left) and b) Pd(NH3)4(OH)2 (right).  

a) b) 

a) b) 

Figure 3.17. Histograms of particle size distribution of calcined PdO/Al2O3 catalysts prepared by 
incipient wetness impregnation from a) Pd(NO3)2 (left) and b) Pd(NH3)4(OH)2 (right), conducted 
from a sample of 100 particles measured from the corresponding TEM images.  
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prepared from Pd(NH3)4(OH)2, which appeared to have a narrower particle size 

distribution and smaller average particle size.  

3.3.3.2 XRD 

X-ray diffraction patterns of both calcined catalyst samples are shown in a stacked plot 

in Figure 3.18, together with the diffraction lines of cubic γ-Al2O3
52 and tetragonal 

PdO37. Both catalysts show diffraction peaks assigned to γ-Al2O3 which are annotated 

with arrows in Figure 3.18. The broad, low intensity diffraction peaks located at 2θ 

angles of 42.6, 55.6, and 72,7° can be attributed to small, crystalline domains of 

tetragonal PdO. The relative crystallite size of these PdO domains can be inferred from 

the full width half-maximum (FWHM) of these peaks, as defined by the Sherrer 

equation.53 The diffraction peak at 2θ angle of 55.6° was used to calculate the PdO 

crystallite size as this peak experienced the least interference from close diffraction 

lines of γ-Al2O3. The FWHM was measured to be 1.3° and 2.4°, for the catalysts 

prepared from Pd(NO3)2 and Pd(NH3)4(OH)2, respectively. These values corresponded 

to calculated PdO crystallite sizes of 11.4 nm and 6.0 nm, respectively (detailed in 

Table 3.5). For these samples there were a considerable number of particles observed 

by TEM to be less than 5 nm in diameter which may be insufficient in size to contribute 

to the XRD diffraction pattern of PdO crystal structure.54 It is therefore likely that the 

PdO crystallite size calculated from the Sherrer equation may not represent the 

average particle size of all Pd nanoparticles in these samples. 

Figure 3.18. XRD patterns of PdO/γ-Al2O3 catalysts prepared by incipient wetness 
impregnation from Pd(NO3)2 (red) and Pd(NH3)4(OH)2 (black), and calcination. The XRD 
patterns of cubic γ-Al2O3 and tetragonal PdO are shown in the top panel.  
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Table 3.5. Average PdO crystallite size calculations from XRD diffraction peak (at 2θ of 55°) of 
calcined catalysts PdO/γ-Al2O3 prepared by incipient wetness impregnation from Pd(NO3)2 and 
Pd(NH3)4(OH)2 precursors. Calculations performed using the Scherrer equation.     

Catalyst 
precursor 

λ / nm 2Ө / 
deg 

FWHM / deg Crystallite 
Size / nm 

Pd(NO3)2 0.154 55.1 1.27 11.4 

Pd(NH3)4(OH)2 0.154 54.6 2.37 6.0 

 

3.3.3.3 Ex Situ XAFS 

Pd K-edge XAFS spectra of the resulting calcined catalyst samples were collected in 

transmission mode by pressing the samples into homogeneous pellets. The XANES 

region (Figure 3.19) shows that the Pd species of each sample exist in the same 

oxidation state and with the same coordination geometry as the bulk PdO reference. 

The Fourier transformed Pd K-edge EXAFS data (Figures 3.20a and 3.20b) can be 

fitted using a model constructed of Pd-O and Pd-Pd scattering paths for tetragonal PdO 

structure. The relatively low coordination numbers, compared to bulk PdO, are a result 

of a significant number of under coordinated Pd atoms at the surface of the small 

nanoparticles. The decreased amplitude of EXAFS scattering features for the catalyst 

prepared from Pd(NH3)4(OH)2 is indicative of smaller PdO nanoparticle size and thus 

larger specific surface area. The Pd-Pd coordination numbers obtained by fitting the 

Fourier transformed EXAFS data of the ex situ, calcined catalyst samples in Figure 

3.20 differ from those obtained by fitting that of the in situ EXAFS data. This can be 

explained by the correlation between multiple unknown parameters; the coordination 

number, CN, and mean square disorder parameter, σ2. The higher than expected 

coordination number for the closest Pd neighbours (at 3.07 Å from the absorbing Pd 

Figure 3.19. Pd K-edge XANES spectra of calcined PdO/γ-Al2O3 catalysts prepared by incipient 
wetness impregnation from Pd(NO3)2 (red) and Pd(NH3)4(OH)2 (black), plotted together with Pd 
K-edge XANES of a bulk PdO reference sample.  
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atoms) can result from the high mean square disorder value, which were both 

calculated from the amplitude of the EXAFS scattering features. In this case, the fitting 

parameters obtained from the in situ EXAFS data may provide a more accurate 

description of the atomic structure, as the mean square disorder parameter was set at 

incremental values in line with the change in temperature.  

Pd K-edge EXAFS of the calcined catalyst samples were collected in the absence of 

oxygen after a reduction treatment in H2 (200°C), in order to directly the compare the 

particle size from Pd-Pd coordination numbers. The coordination environment of the 

Pd nanoparticles can be compared more easily in their reduced metallic state because 

the Pd K-edge EXAFS scattering only results from Pd atoms in the nanoparticle (rather 

than scattering from Pd and O atoms for PdO nanoparticles). The reduced Pd/γ-Al2O3 

catalysts were investigated in the absence of oxygen to prevent the formation of a 

surface oxide layer, known to form in ambient conditions.55  

Table 3.6 Fitting parameters for the Pd K-edge EXAFS of calcined catalysts PdO/γ-Al2O3 
prepared by incipient wetness impregnation from Pd(NO3)2 and Pd(NH3)4(OH)2. 

Sample Catalyst 

precursor 

Scattering 

path 

CN R / Å σ2 / Å2 R 

factor 

PdO/  

γ-Al2O3 

Pd(NO3)2 Pd-O 4.2(1) 2.031(2) 0.0021(3) 0.01 

Pd-Pd 5.9(3) 3.066(3) 0.0061(3)  

Pd-Pd 5.0(3) 3.453(3) 0.0041(3)  

PdO/  

γ-Al2O3 

Pd(NH3)4(OH)2 Pd-O 3.92(9) 2.021(2) 0.0019(3) 0.1 

Pd-Pd 2.9(2) 3.050(5) 0.0058(5)  

Pd-Pd 3.2(3) 3.438(5) 0.0055(5)  

Note: Fitted from three scattering paths of the absorbing Pd atom to the nearest 
neighbour O and Pd atoms, using S0

2 = 0.8 as determined by the use of a Pd foil 
standard; Fit range 3 < k / Å-2 < 18.7, 1 < R / Å < 3.5; number of independent points = 
25.   

Figure 3.20. Fourier transformed Pd K-edge EXAFS of PdO/γ-Al2O3 catalysts prepared from 
incipient wetness impregnation of a) Pd(NO3)2 (left) and b) Pd(NH3)4(OH)2 (right), after 
calcination treatment. Plotted as a stacked plot showing magnitude (top) and (imaginary) parts 
of the data (black) and the corresponding fitting model (red, dashed).  

a) b) 
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The Fourier transformed Pd K-edge EXAFS of the reduced Pd/γ-Al2O3 catalysts are 

shown in Figure 3.21, plotted together with that of the Pd foil. By fitting the EXAFS data 

to a model using a single scattering path to neighbouring Pd atoms at a distance of 

2.74 Å, the Pd-Pd coordination distance can be compared with that of Pd foil, which is 

known to be a value of 12. The fitting parameters, detailed in Table 3.7, show that the 

Pd nanoparticles prepared from Pd(NO3)2 and Pd(NH3)4(OH)2 are found to have 

coordination numbers of 10.3 ± 4 and 7.5 ± 2, respectively. These coordination 

numbers were used to calculate the average particle size of the Pd nanoparticles which 

gave values of 2.7 ± 6 and 1.1 ± 1 nm, respectively, using an exponential Hill 

calculation with parameters defined previously.56 The model assumes perfectly 

spherical nanoparticles with cubic fcc crystal structure and that the size of these 

nanoparticles are within the tolerable limit (structures comprising less than 200 atoms).  

 

Table 3.7. Fitting parameters for the Pd K-edge EXAFS of catalysts Pd/γ-Al2O3 prepared by 
incipient wetness impregnation from Pd(NO3)2 and Pd(NH3)4(OH)2, then calcination (air, 500°C) 
and subsequent reduction in (H2, 200°C).  

Note: Fitted from one scattering path of the absorbing Pd atom to the nearest neighbour 
Pd atoms, using S0

2 = 0.8 as determined by the use of a Pd foil standard; Fit range 3 < 
k / Å-2 < 14.5, 2 < R / Å < 3; number of independent points = 7.  

Sample Catalyst 

precursor 

Scattering 

path 

CN R / Å σ2 / Å2 R 

factor 

Pd/ 

γ-Al2O3 

Pd(NO3)2 Pd-Pd 10.3(4) 2.7412(8) 0.0065(3) 0.001 

Pd/  

γ-Al2O3 

Pd(NH3)4(OH)2 Pd-Pd 7.5(2) 2.7435(7) 0.0065(3) 0.004 

Figure 3.21. Fourier transformed Pd K-edge EXAFS of Pd/γ-Al2O3 catalysts prepared from 
incipient wetness impregnation of a) Pd(NO3)2 (left) and b) Pd(NH3)4(OH)2 (right) after calcination 
treatment and subsequent reduction in H2.  

b) a) 
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3.3.3.4 FTIR CO adsorption 

The available surface area of the two PdO/γ-Al2O3 catalysts were investigated by using 

CO as a probe molecule and FTIR spectroscopy to examine the available catalytic 

adsorption sites. The FTIR spectra of both catalysts were performed in transmission 

mode, after saturating with CO adsorption (Figure 3.22). The FTIR spectra of both 

catalysts show the presence of CO adsorbed linearly atop of the Pd metal surface as 

a sharp peak at 2071 cm-1.57-60 Bridged and multi-coordinate CO adsorption is also 

evidenced at the surface of both Pd catalysts by the broad FTIR absorption band 

between 1969 cm-1 and 1830 cm-1.57-60 The FTIR spectra in Figure 3.22 were 

normalised with respect to the mass of catalyst, therefore the relative intensity of CO 

adsorption bands corresponds to the number of CO molecules at the Pd surface. It is 

clear from the difference in intensity of the CO absorption bands from each catalyst 

that the PdO nanoparticles prepared from Pd(NH3)4(OH)2 were able to accommodate 

a larger number of CO molecules at both the linear and bridge bonded adsorption sites, 

and thus this catalyst must have a larger surface area to mass ratio. Furthermore, the 

ratio between the integrated area of the linearly bonded CO adsorption band (at 

2071 cm-1) compared to that of the bridge bonded CO adsorption band (1969 cm-1), is 

thought to give indication for the type of sites dominating the nanoparticle surface. The 

linear to bridged ratio of CO absorption bands was found to be greater for the catalyst 

prepared from Pd(NH3)4(OH)2 at a value of 0.27, compared to 0.14 for the catalyst 

prepared from Pd(NO3)2. It is known that the fraction of linearly bonded CO increases 

with decreasing particle size, indicating that the Pd nanoparticles prepared from the 

Pd(NH3)4(OH)2 catalyst have a surface with a greater number of edge and step sites.61 

This is most likely a result of the improved metal dispersion and smaller average 

Figure 3.22. FTIR spectra of PdO/γ-Al2O3 catalysts prepared by incipient wetness 
impregnation from Pd(NO3)2 (red) and Pd(NH3)4(OH)2 (black) and calcination, then saturation 
of the surface sites with CO.  
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nanoparticle size – concluded from analysis of TEM images and Pd K-edge EXAFS - 

which means that a greater fraction of the Pd atoms in this catalyst are located at a 

nanoparticle surface which is composed of a greater number of step and edge sites 

rather than smooth terraces which would be found at the surface of larger particles.59, 62  

3.3.4 Catalytic Testing 

The two calcined PdO/γ-Al2O3 catalysts were tested for their catalytic activity in the low 

temperature methane oxidation. The light off tests, plotted in Figure 3.23, were 

conducted by measuring the CH4 conversion as a function of temperature during a 

controlled temperature ramp experiment in a flow of synthetic natural gas feed, using 

a ‘lean’ fuel to oxygen ratio to replicate the conditions found with the CNG engine.63 

The light off curves suggest that the PdO/γ-Al2O3 catalyst prepared from 

Pd(NH3)4(OH)2 was able to achieve CH4 oxidation at lower temperatures (50% CH4 

conversion at 385°C) than the PdO/γ-Al2O3 catalyst that was prepared from Pd(NO3)2 

(50% CH4 conversion at 394°C). Considering the fast ramp rate of these light off tests 

(10°C min-1), a difference in light off temperature of 9°C may be close to the 

experimental error, and so further tests are required to confidently assess the 

difference in catalytic activity for CH4 oxidation between the two supported Pd/γ-Al2O3 

catalysts. 

3.4 Discussion 

The temperature range for PdO nanoparticle formation during the calcination treatment 

from two different impregnated Pd salts on γ-Al2O3 has been identified by Pd K-edge 

EXAFS. The Pd(NO3)2 precursor was found to form PdO nanoparticles at lower 

Figure 3.23. Percentage of CH4 conversion over the PdO/γ-Al2O3 catalysts during a temperature 
ramp with synthetic natural gas feed (0.5% CH4, 10% O2, 10% CO2, 10% H2O, 0.01% C2H6, 
0.01% C3H8, 0.01% NO), measured by FTIR analysis of CH4 concentration at the outlet compare 
to that at the inlet.  
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temperature (203°C - 250°C) and with larger average particle size whereas the Pd 

species from the Pd(NH3)4(OH)2 precursor remained well isolated up to high 

temperatures of the calcination treatment (400°C) and formed PdO nanoparticles with 

smaller average diameter. Pd(NO3)2/γ-Al2O3 showed significant intermolecular 

interaction before heat treatment, whereas Pd(NH3)4(OH)2/γ-Al2O3 showed isolation of 

Pd centres. This is thought to be due to strong initial interactions of [Pd(NH3)4]2+ cations 

with negatively charged Al−O− surface sites (as surface Al-OH groups are deprotonated 

by OH− ions during incipient wetness impregnation), similarly to that reported for ion 

exchange of Pt(NH3)4(OH)2 onto a SiO2 surface.64 The evidence for bidentate nitrate 

coordination to two Pd centres from the DRIFTS spectra of Pd(NO3)2/γ-Al2O3 shows 

that the nitrate ligands of the Pd(NO3)2 precursor have the ability to create bridging 

interactions between neighbouring Pd complexes at low temperatures of the 

calcination treatment (< 200°C). The separation distance of Pd centres of these 

bridging complexes was found to be ~3.43 Å which is the known separation distance 

of neighbouring Pd atoms in the crystal structure of PdO. Therefore, the early 

association of Pd centres from bridging nitrate interactions are thought to create an 

arrangement of Pd atoms that is favourable for the early formation of PdO nanoparticle 

structure. The formation of PdO from the Pd(NH3)4(OH)2 precursor occured 

simultaneously to the desorption of surface nitrosyl species from the γ-Al2O3 surface, 

which are formed by decomposition of NH3 ligands and have been suggested to 

prevent the migration of Pd across the support. The stabilizing effect of NO-
(ads) species 

has been previously postulated in multiple studies by Sietsma et al., whereby 

introducing NO gas into the calcination atmosphere was shown to suppress 

nanoparticle agglomeration over metal oxide support.65, 66 Therefore a combination of 

both high initial Pd dispersion and NO−
(ads) stabilization contributed to the later formation 

and suppressed growth of PdO nanoparticles from the Pd(NH3)4(OH)2 precursor. The 

resulting supported Pd nanoparticle catalysts were found to show different 

characteristics in terms of their particle size and surface area. The PdO/γ-Al2O3 catalyst 

prepared from Pd(NH3)4(OH)2 had a smaller average particle size, a larger specific 

surface area and a larger number of surface adsorption sites for CO adsorption. 

Consequently, the PdO/γ-Al2O3 catalyst prepared from Pd(NH3)4(OH)2 is expected to 

have higher catalytic activity for CH4 oxidation compared to the PdO/γ-Al2O3 catalyst 

prepared from Pd(NO3)2, which is indicated by the preliminary CH4 oxidation light off 

tests.  

3.5 Conclusions 

A combined, in situ XAFS/DRIFTS method has been able to follow the formation of 

supported nanoparticle catalysts from oxidative decomposition of an impregnated 

molecular precursor. In this study two PdO/γ-Al2O3 catalysts were prepared from 

incipient wetness impregnation of two different precursors that resulted in catalysts with 
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different properties. The catalyst prepared from Pd(NH3)4(OH)2 benefited from smaller 

Pd particle size and improved dispersion over the support, which in turn favoured a 

lower light off temperature for CH4 oxidation compared to the PdO catalyst prepared 

from Pd(NO3)2. By investigating the temperature of nucleation for nanoparticle 

formation and the decomposition pathways of the molecular precursor during the 

calcination process, it was possible to identify intermolecular reactions and stabilising 

mechanisms that dictated the dispersion of the resulting nanoparticle catalyst. The 

nucleation and growth of PdO nanoparticles during calcination was identified from the 

Pd K-edge EXAFS data by an increase in the scattering contribution from Pd 

neighbours located at a coordination distance (3.43 Å), consistent with the Pd−Pd 

distance of crystalline PdO. For Pd(NO3)2/γ-Al2O3, early association of Pd neighbours 

was observed in the EXAFS data of the sample before heat treatment; attributed to the 

bridging nature of nitrate ligands, evidenced by bidentate N=O and O−N−O nitrate 

stretching frequencies in DRIFTS spectra. For Pd(NO3)2/γ-Al2O3, there was significant 

PdO nanoparticle growth between 200°C − 250°C, whereas Pd(NH3)4(OH)2/γ-Al2O3 

remained well isolated on the support until 400°C. Although NH3 ligands were shown 

to decompose from the impregnated sample below 200°C, NH3 was partially oxidized 

and small amounts of NO− were captured by the γ-Al2O3 surface. This was evidenced 

by N=O stretching vibrations (1510 cm-1 and 1556 cm−1) in DRIFTS spectra and 

evolution of m/z 30 in online mass spectrometry of the effluent gas upon their 

desorption. Strong ionic interaction of [Pd(NH3)2]2+ with the support and the role of 

adsorbed NO− resulted in stabilization of isolated Pd species on γ-Al2O3, such that PdO 

nanoparticle formation was suppressed until higher temperatures. 

In this way, a combined XAFS and DRIFTS methodology has been used to study the 

formation of metal oxide nanoparticles from two different molecular precursors. There 

is scope for this method to be applied to study the formation of many other metal oxide 

nanoparticle catalysts. The method can be applied to study catalyst preparation routes 

from other metal precursors, provided that the molecular precursor has IR active bands 

that can be observed by DRIFTS, and the edge energy of the metal of interest is within 

the energy range of the beamline employed for XAFS measurements. Another aspect 

to consider is the path length through the sample within the XAFS/DRIFTS reactor used 

in this chapter. Modification of the sample chamber for the XAFS/DRIFTS 

measurements may allow an increased range of metals to be investigated.  
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Chapter Four. Identifying structure-function relationships of Pd 

catalysts for NH3-SCO using an operando XAFS/DRIFTS/MS 

approach 

 

4.1 Introduction  

The selective catalytic oxidation of NH3 (NH3-SCO) is a viable solution for abatement 

of NH3 slip from diesel exhaust. It relies on the performance of an efficient, selective 

catalyst material that is able to operate at low temperatures (< 500°C), with high 

conversion of ppm concentrations of NH3. Currently the supported Pd nanoparticle 

catalysts possess the most promising catalytic performance in terms of high activity at 

low temperature with improved selectivity to N2. However, the catalytic properties and 

reaction pathway over these materials is not well understood and so a combined, 

operando XAFS, DRIFTS and MS technique has been employed to identify structure-

function relationships of the Pd nanoparticle catalyst during NH3-SCO.  

4.1.1 Diesel Exhaust After-treatment 

Harmful emissions from the untreated exhaust of a diesel engine typically consist of 

gaseous hydrocarbons (HCs), carbon monoxide, nitrogen oxides (NOx) and unburnt 

carbon particulates. A diesel oxidation catalyst (DOC) is able to remove HCs and CO, 

and a particulate filter removes the unburnt particulate matter however removal of NOx 

is more challenging.  

The abatement of NOx from diesel exhaust has received much attention recently, as 

the Euro 6 emission legislation (Regulation (EC) No 715/2007)1 implemented a 56% 

reduction of NOx emissions (0.08 g km-1) permitted from diesel vehicles compared to 

Euro 5 legislations (0.18 g km-1).2 NOx refers collectively to nitric oxide and nitrogen 

dioxide gases, which cause respiratory problems upon inhalation and formation of acid 

rain. Vehicle manufacturers struggling to meet the Euro 6 legislation have been 

accused of cheating emission tests, reporting lower NOx emissions from their testing 

vehicles than those driven on the roads3 and in June 2018 a young girl fell victim to 

NOx pollution, reported as the first case of mortality directly linked to air pollution in the 

UK.4 This has put increased pressure on the performance of emissions control 

technology to improve the efficient removal of NOx from both vehicle exhaust and 

industrial flue gases.  

One of the current leading solutions for deNOx technology is the reduction of NOx using 

NH3 (ammonia selective catalytic reduction, NH3-SCR). The commercialised diesel 

exhaust fluid (DEF), AdBlue®5, is an NH3-derived chemical that decomposes to NH3 

upon injection into the vehicle exhaust. NH3 reacts with NO and NO2 (Equations 4.1-

4.3) to yield the benign products N2 and H2O. Improved efficiency of NOx conversion 
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may be achieved by using a greater stoichiometry of NH3, however, this results in a 

greater amount of NH3 slip from the exhaust. NH3 has now been added as an additional 

provision to the Euro 6 emission legislation, restricting NH3 concentration from diesel 

exhaust to 10 ppm.2 

4𝑁𝐻3 + 4𝑁𝑂 + 𝑂2 → 4𝑁2 + 6𝐻2𝑂 Equation 4.1 

4𝑁𝐻3 + 2𝑁𝑂2 + 𝑂2 → 3𝑁2 + 6𝐻2𝑂 Equation 4.2 

2𝑁𝐻3 + 𝑁𝑂 + 𝑁𝑂2 → 2𝑁2 + 3𝐻2𝑂 Equation 4.3 

An estimated 44 million tons of gaseous NH3 are emitted globally each year.6 There 

are various methods for the removal of unreacted NH3 leaving exhaust systems; 

absorption to the liquid phase with dilute acid solution,7 adsorption to the surface of 

highly porous materials,8 low temperature and high pressure liquefaction,9 

biofiltration,10 thermal oxidation11 and selective catalytic oxidation.12 Selective catalytic 

oxidation of NH3 (NH3-SCO) poses a promising solution for efficient elimination of small 

concentrations of gaseous NH3, that can be implemented downstream of the NH3-SCR 

converter of stationary or mobile exhaust systems. Oxidation of NH3 in air would lead 

to the unwanted NOx products, via Equations 4.4 and 4.5, therefore research into a 

high performance catalyst for the selective reaction pathway, Equation 4.6, is required 

to achieve high conversion of NH3 to N2 and H2O.   

4𝑁𝐻3 + 5𝑂2 → 4𝑁𝑂 + 6𝐻2𝑂 Equation 4.4 

2𝑁𝐻3 + 2𝑂2 → 𝑁2𝑂 + 3𝐻2𝑂 Equation 4.5 

4𝑁𝐻3 + 3𝑂2 → 2𝑁2 + 6𝐻2𝑂 Equation 4.6 

The catalyst must operate with high selectivity to N2 in a relatively low temperature (150 

- 400°C) range due to significant cooling of the exhaust gas downstream of the engine. 

The catalyst must be resistant to additional gases found in diesel exhaust such as H2O, 

CO2 and SO2, and be able to tolerate fluctuating NH3 concentrations and temperatures 

as the exhaust changes with different drive cycles of the engine. 

4.1.2 Noble metal catalysts for NH3-SCO  

There has been little research into heterogeneous catalysts for NH3-SCO in the gas 

phase until 2010s, with most literature before then focused on the catalytic oxidation in 

wet conditions.13 Noble metals supported on metal oxide have repeatedly been used 

to catalyse oxidation reactions at relatively low temperatures, and promising activity for 

NH3 oxidation has been reported with Pt, Pd, Ag, Rh, Ir and Ru catalysts.108-113 The 

catalytic activity for NH3 conversion and selectivity towards N2 are given in Table 4.1, 

for a variety of supported noble metal catalysts. Direct comparison between these 

catalysts is difficult due to the different reactant concentrations, flow rate and quantity 

of catalyst used in each case. The greatest activity was reported for the 1%Pt/γ-Al2O3 
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and 1.2% Rh/γ-Al2O3 reduced catalysts, which achieved complete NH3 conversion at 

200°C, although only 75% selectivity to N2.14 Improved N2 selectivity was achieved on 

the Pd/γ-Al2O3, Rh/γ-Al2O3 and Pd/zeolite-Y catalysts, with the best combination of 

activity and selectivity achieved with 1.5% Pd/zeolite-Y. Jablońska et al. have 

investigated the effect in catalytic performance of different Pd loading on the zeolite-Y 

(0.05% - 2.5%), and found that 1.5wt% Pd achieved the greatest activity without 

compromising selectivity.15  

Table 4.1. Comparison of NH3 conversion and N2 selectivity of a selection of supported noble 
metal catalysts reported in the literature. 

Catalyst NH3 

Conversion 

/ %  

N2 

selectivity 

/ % 

Reaction Conditions Ref. 

1%  

Pt/γ-Al2O3 

34 48 220°C, 500 ppm NH3, 10% O2,  

200 cm3 min-1, 0.2 g catalyst 

16 

1.2%  

Pt/γ-Al2O3 

reduced 

100 75 200°C, 1.14% NH3, 8.21% O2,  

74.7 cm3 min-1, 0.2 g catalyst 

14 

1.5%  

Pt/ZSM-5 

98 41 250°C, 1000 ppm NH3, 2% O2,  

500 cm3 min-1, 0.06 g catalyst 

16 

4.2%  

Pd/γ-Al2O3 

84 97 250°C, 1000 ppm NH3, 4% O2,  

100 cm3 min-1, 0.1 g catalyst 

17 

1.2%  

Pd/γ-Al2O3 

reduced 

60 97 250°C, 1.14% NH3, 8.21% O2,  

74.7 cm3 min-1, 0.2 g catalyst 

14 

4.1%  

Pd/ ZSM-5 

94 75 250°C, 1000 ppm NH3, 4% O2,  

100 cm3 min-1, 0.1 g catalyst 

17 

1%  

Pd/zeolite-Y 

87 97 250°C, 0.5% NH3, 2.5% O2,  

40 cm3 min-1, 0.1 g catalyst 

12 

2.7%  

Rh/γ-Al2O3 

84 97 250°C, 1000 ppm NH3, 4% O2,  

100 cm3 min-1, 0.1 g catalyst 

17 

1.2%  

Rh/γ-Al2O3 

reduced 

100 75 200°C, 1.14% NH3, 8.21% O2,  

74.7 cm3 min-1, 0.2 g catalyst 

14 

2.7%  

Rh/ZSM-5 

9 95 250°C, 1000 ppm NH3, 4% O2,  

100 cm3 min-1, 0.1 g catalyst 

17 
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Although high NH3 conversion may have been achieved with these catalyst materials, 

the major drawback is the lack of selectivity to N2 which is an essential criteria for these 

catalysts to avoid the reformation of harmful NOx. The catalyst selectivity is a crucial 

requirement of these NH3-SCO catalysts that must be considered before efforts to 

optimise for long term stability against H2O, CO2 and SOx in the exhaust, and lowering 

their production cost. 

4.1.3 Alternative non-noble metal catalysts for NH3-SCO 

The most promising reported zeolite based catalysts – apart from those impregnated 

with precious metals – are Cu-exchanged and Fe-exchanged zeolites. Gang et al. 

found that zeolite-Y exchanged with 8.4wt% Cu was able to achieve 88% NH3 

conversion and 98% selectivity to N2 at 300°C.18 Comparably a study by Long et al. 

found the Fe-ZSM-5 catalyst to be highly selective, able to achieve 99% selectivity to 

N2 at 500°C.19 Of the tested transition metal oxide catalysts, the most promising was 

the CuO/Al2O3, deposited as 10wt% Cu, which was reported to achieve 90% NH3 

conversion and 97% N2 selectivity at 300°C.14, 18 The active component of the Cu/Al2O3 

catalyst has repeatedly been attributed to the formation of a CuAl2O4 spinel phase. 

12,15,20  

Of course moving away from the use of precious metals in new technologies is always 

desirable, due to the finite reserve of noble metals and the expense associated with 

extracting them. For some industrial processes, the exchange of conventional precious 

metal catalysts for alternative materials has not only reduced the cost of the process 

but has been able to achieve improved reaction kinetics and efficiency.21, 22 The main 

drawback to these transition metal ion exchanged zeolite catalysts is the poor activity 

in the low temperature range < 400°C, compared to precious metal analogues. 

Therefore, supported precious metal catalysts are still regarded as the most promising 

materials for the NH3-SCO reaction.  

4.1.4 In situ studies of NH3-SCO catalysts 

According to DFT studies, the catalytic mechanism for NH3-SCO has been proposed 

to proceed by two different reaction mechanisms; the first is an indirect pathway 

suggested to prevail under oxygen abundant conditions (Equation 4.7), and the second 

is a direct pathway suggested to occur under anaerobic conditions (Equation 4.8). The 

indirect route involves first the oxidation of NH3 to NO, which is subsequently reduced 

by reaction with another NH3. The indirect route is expected to proceed through the 

formation of a nitrosyl intermediate [NH3O2
+

(ads)], whereas the direct route is expected 

to involve nitrogen coupling to hydrazine species [N2H2(ads)].23 In situ FTIR studies have 

been able to evidence both of these species on metal oxide surfaces, so the residing 

mechanism has remained unclear.24, 25 
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𝑁𝐻3 (𝑎𝑑𝑠)
+ + 𝑂2 (𝑔) → 𝑁𝐻3𝑂2 (𝑎𝑑𝑠)

+  →  𝑁𝑂(𝑎𝑑𝑠)
𝑖𝑆𝐶𝑅
→  𝑁2 (𝑔) Equation 4.7 

𝑁𝐻3 (𝑎𝑑𝑠)
+ → 𝑁2𝐻 6 (𝑎𝑑𝑠)

+  →  𝑁2𝐻4 (𝑎𝑑𝑠) → 𝑁2 (𝑔)  Equation 4.8 

The above mentioned studies for NH3-SCO catalysts have used conventional ex situ 

characterisation techniques such as XRD,26-28 XPS27 and XAFS20 in the material 

characterisation. NH3-TPD has been used frequently to look at the adsorption 

properties of the catalyst28-30 and few studies have been able to draw conclusions for 

the catalyst function by using in situ DRIFTS31, in situ FTIR 32, 33 and DFT methods31. 

However, the lack of combined spectroscopic techniques – or operando spectroscopy 

– means that there is a lack of understanding for the catalyst structure-function 

relationships, particularly for the highly selective Pd-based catalysts.  

4.2 Methods 

4.2.1 Sample Preparation  

Supported 1.5wt% Pd catalysts were prepared by incipient wetness impregnation of an 

acidified aqueous solution of palladium nitrate (15.11 wt% Pd, Johnson Matthey) onto 

the commercial support; γ-Al2O3 (SASOL) and zeolite–Y (Zeolyst, CBV600, H-form, 

SiO2/Al2O3 molar ratio of 5.2). Incipient wetness impregnation was carried out at room 

temperature. The impregnated supports were subsequently dried at 100°C, then 

calcined in air at 500°C for 2 hours. 

4.2.2 Ex situ Characterisation  

TEM images of the samples were obtained using a JEOL JEM 2100 transmission 

electron microscope. Samples were prepared for TEM analysis by dispersing the 

catalyst powder in high-purity ethanol using ultrasonication. 1 µL of the sonicated 

suspension were pipetted onto a holey carbon supporting Cu grid, and the solvent 

evaporated.  

4.2.3 Catalytic Testing  

The catalytic testing was conducted at Johnson Matthey Technology Centre, Sonning 

Common. The reactor used 0.4 g catalyst as pressed pellets (425 – 250 µm), loaded 

into a cylindrical fixed bed with a diameter of 11.3 mm and height of 15 mm. The activity 

test involved increasing the temperature of the reactor to 100°C before introducing the 

reactant gas feed (0.5% NH3, 2.5% O2, 97% N2) at a total flow rate 1800 cm3 min-1. The 

reactor temperature was increased at a constant rate of 5°C min-1 and the catalyst 

temperature was recorded using an internal thermocouple positioned at the inlet of the 

fixed catalyst bed. The exhaust gases were sent to an FTIR analyser (recording the IR 

active gaseous products NO, H2O, NO2 and NH3) and conversion values calculated 

relative to the inlet NH3 signal. The N2 formation was calculated by considering the 

nitrogen mass balance.  
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4.2.4 In situ Pd L3-edge XANES  

In situ Pd L3-edge XANES (3175 eV) were collected in fluorescence mode at the XMaS 

beamline of the ESRF. The catalyst sample (125-250 µm pellet fraction) was contained 

between two Kapton windows as a packed bed within a 100 µm trench of a flow reactor, 

reported elsewhere.34 The reactor was mounted within a He chamber and connected 

to gas lines for flow of reactant gases to the sample. The effluent flow from the reactor 

was sent to a Hiden QGA mass spectrometer. The temperature was controlled by a 

thermocouple inserted close to the catalyst bed. The energy range (3150 – 3220 eV) 

was selected using a double crystal Si(III) monochromator and spectra were collected 

using a fluorescence detector at 90°C to the x-ray beam and with the sample orientated 

45° to the incoming beam. The detector was tuned to measure the intensity of the Pd 

Lα1 (2838 eV) fluorescence line. Each scan measured 265 points with a counting time 

of 5 seconds per point, taking a total time of 22 minutes per spectrum. The experimental 

procedure consisted of online pre-treatment at 200°C in a reducing (5% H2/He) 

atmosphere. The reactant gas mixture was introduced (0.5% NH3, 2.5% O2, 97% He) 

at 100°C with a total flow of 40 cm3 min-1, before ramping 2.5°C min-1 to 200°C. The 

experimental procedure was repeated with a fresh sample, performing the same 

pre-treatment but then introducing an NH3 only gas mixture (0.5% NH3, 99.5% He) to 

characterise the sample in the absence of oxygen. The Pd hydride reference sample 

was formed in situ by cooling the sample to room temperature in 10% H2/He.  

4.2.5 XPS 

4.2.5.1 In situ XPS  

The in situ XPS measurements were conducted at beamline B07 Diamond Light 

Source, using an in situ sample chamber with mbar gas pressure. The catalyst powder 

(100 mg) was pressed to an 8 mm diameter pellet and held in place on the sample 

holder with tungsten foil, shown in Figure 4.1. The sample holder was positioned in the 

measurement chamber at 10-9 bar, and heated to 200°C. After cooling to 100°C, 

0.5 mbar Ar atmosphere was introduced and XPS spectra of Pd 3d, Al 2p and N1s 

were collected using incident photon energy 900 eV, pass energy 50 eV and exposure 

0.5 seconds. The sample was treated in situ with 49.5 mbar NH3/0.5 mbar Ar 

atmosphere at 100°C for 15 mins, before measuring XPS spectra of Pd 3d, Al 2p and 

N 1s in 1 mbar NH3 at 100°C using the same acquisition method. 
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4.2.5.2 Ex situ XPS  

Ex situ XPS analysis was performed with a Kratos AXIS Ultra DLD apparatus, equipped 

with monochromated Al Kα radiation x-ray source, a charge neutralizer and a 

hemispherical electron energy analyser. During data acquisition, the chamber pressure 

was kept below 10 mbar. The spectra were analysed using the CasaXPS software 

package and binding energies calibrated by using the C 1s binding energy peak as the 

reference at 284.8 eV. 

4.2.6 Combined, operando Pd K-edge XAFS/DRIFTS/MS  

Operando XAFS and DRIFTS measurements were conducted at SuperXAS X10DA, 

Swiss Light Source, Paul Scherrer Institute, using a previously reported Harrick 

DRIFTS cell35, 36 integrated with an Agilent Carey 680 FTIR spectrometer. A DaVinci 

arm accessory fitted with praying mantis optics was used to refocus the IR beam 

outside the FTIR spectrometer for positioning of the Harrick DRIFTS cell in the x-ray 

path. The Harrick DRIFTS cell has an x-ray path length of 3.17 mm through the sample 

positioned 1.04 mm below the surface of the catalyst bed. The experiment used a 

controlled flow of mixed gases into the reaction chamber under atmospheric pressure 

using Brooks mass flow controllers, and the temperature of the catalyst was controlled 

and monitored by a thermocouple positioned inside the catalyst bed. Each run used 

~10 mg of pelletized (125 - 250 µm) catalyst. XAFS measurements were performed at 

the Pd K-edge (24358 eV) in transmission mode using QEXAFS setup with an 

oscillating Si(311) double crystal monochromator operating at 1 Hz. All XAFS spectra 

were acquired with a Pd foil placed between It and Ir, and the time resolution was 

0.5 seconds per spectrum (kmax = 16.2 Å-1). DRIFTS spectra were collected taking 64 

scans with a resolution of 4 cm-1 using the liquid nitrogen cooled MCT detector. The 

time resolution of DRIFTS were 30 seconds per spectrum (400 – 4000 cm-1). At the 

Figure 4.1. Supported Pd catalyst pressed into an 8 mm diameter pellet and mounted onto 
the mounting post of the tea cup reaction chamber for in situ XPS using Tungsten wire. 
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same time, the composition of effluent gas was measured using a mass spectrometer 

(Hiden QGA) for H2 (m/z = 2), He (m/z = 4), NH3  (m/z = 17), H2O  (m/z = 18), N2  

(m/z = 28), NO (m/z = 30), O2 (m/z = 32), N2O (m/z = 44) and NO2 (m/z = 46). The 

experimental procedure consisted of online pre-treatment at 400°C in a reducing 

(5% H2/He) atmosphere, then cooling to 100°C in He. The reactant gas mixture was 

introduced (0.5% NH3, 2.5% O2, 97% He) at 100°C with a total flow of 50 cm3 min-1, 

before ramping at a rate of 2.5°C min-1 to 400°C. Background DRIFTS spectra were 

recorded during a flow of He at 100°C and subtracted from the sample spectrum for 

each measurement.  

The ex situ Pd K-edge XAFS spectrum of a reference PdO sample was measured at 

ambient conditions on B18, Diamond Light Source. The XAFS spectrum was acquired 

in transmission mode using QEXAFS setup with a fast scanning Si(311) double crystal 

monochromator. Calibration was achieved using a Pd foil placed between It and Iref. 

The acquisition time was 21 seconds, collecting to a k range of 14.7 Å-1. 

4.2.7 DFT + D3 Calculations.   

All computational work in this chapter was carried out by Dr Arunabhiram Chutia and 

Dr Constantinos Yeinalipour-Yazdi. All the spin polarized periodic density functional 

theory based calculations were performed using Vienna Ab Initio Simulation Package 

(VASP).37-39 The projector augmented wave (PAW) method was used and the cut-off 

energy for the expansion of the plane-wave basis sets was set to 550 eV, which gave 

bulk energies converged to within 10-5 eV.40 A convergence criterion of 0.01 eV Å-1 

was chosen for structural optimizations and a k-point grid of 3×3×1 was employed for 

all slab calculations. Benchmark calculations were used to check the results obtained 

with Monkhorst-Pack k-point grids of different grid densities which gave negligible 

differences in adsorption energies. A smearing value of 1 was used, which is 

recommended in the VASP manual to be appropriate for metals,41 and a partial 

occupancy value of 0.2. Benchmark calculations were used to check the influence of 

the partial occupancy value on the calculated adsorption energies. The Perdew-Burke-

Ernzerhof (PBE) version of generalized gradient approximation (GGA) was used to 

carry out geometry optimizations and the total energy calculations.42 The ideal Pd(111) 

surfaces were modelled by a 2×2 cell with seven atomic layers. For calculations 

involving the adsorption of NH3, of the seven atomic layers the bottom four layers were 

fixed to mimic the bulk of the material. The slabs were cut from bulk Pd with a calculated 

energy minimized lattice constant of 3.904 Å (which compares well with the 

experimental value of 3.891 Å) while in the direction perpendicular to the surface, a 

vacuum gap of ~15 Å was used. To check the increase in the Pd–Pd distances due to 

the presence of interstitial N-atoms series of calculations were performed by 

systematically increasing the number of N-atoms at the interstitial positions. For all 

these calculations, N-atoms were placed close to both the exposed surfaces and 
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relaxed the atomic coordinates within a fixed cell. This study was extended to clarify 

the influence of the interstitial N-atoms on the adsorption properties of NH3 molecule 

on the Pd(111) surface. The adsorption of the NH3 molecule was allowed on only one 

of the two exposed surfaces. The dipole moment, due to the adsorbed species, was 

taken into account by using the methods implemented in VASP according to the 

procedures of Markov et al. and Neugebauer et al.43, 44 In this study, Grimme’s 

dispersion correction (DFT+D3) were employed as dispersive effects might be 

significant for such systems.45 The climbing-image nudged elastic band (CI-NEB) 

method was employed to determine the minimum energy path for evaluating the 

activation energy barrier for the diffusion of interstitial N-atom.46  

4.3 Results  

4.3.1 Ex situ characterisation 

Two supported 1.5wt% Pd catalysts were prepared by incipient wetness impregnation 

to yield PdO/γ-Al2O3 and PdO/zeolite-Y. The Pd K-edge XANES of the supported PdO 

catalysts after impregnation and calcination (Figure 4.2) can be matched with that of 

the PdO reference sample, showing that the Pd species exist as PdO. 

TEM images of the supported PdO catalysts, shown in Figure 4.3, show the contrast 

of dark PdO nanoparticles imaged against the less absorbing support material. The 

images show that the particles are fairly uniform in size and shape and are well 

dispersed over the support, in each case. By measuring the diameter of 100 particles, 

the average particle sizes of PdO/γ-Al2O3 and PdO/zeolite-Y were found to be 4.1 nm 

and 5.7 nm, respectively. The histogram of particle size distribution in Figure 4.3 shows 

that PdO/γ-Al2O3 has a narrow particle size distribution compared to Pd/zeolite-Y which 

has a number of particles > 8 nm. 

Figure 4.2. Normalised Pd K-edge XANES of PdO/γ-Al2O3 and PdO/zeolite-Y after calcination 
treatment in air, plotted together with that of a reference PdO sample.  
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After treating the catalyst samples in 5%H2/He, the measured Pd K-edge XANES could 

be matched to that of Pd foil (shown in Figure 4.4), with small differences attributed to 

particle size and temperature effects.47 The reduction treatment in H2/He was 

performed at elevated temperature (200°C) and the gas flow switched to inert (He) 

before cooling to avoid formation of Pd hydride species. The XANES spectra in Figure 

4.4 therefore confirm that the PdO nanoparticles, PdO/γ-Al2O3 and PdO/zeolite-Y, were 

reduced to metallic Pd nanoparticles, Pd/γ-Al2O3 and Pd/zeolite-Y, respectively. The 

Fourier transformed Pd K-edge EXAFS spectra of the reduced Pd catalysts (Figure 

4.4b) were fitted with a model constructed from a single scattering path of Pd-Pd at a 

coordination distance of 2.734 Å. The amplitude reduction factor, S0
2, was found to be 

0.8 by fitting the model first to the Pd K-edge EXAFS of Pd foil, and setting the 

coordination number of the single Pd-Pd scattering path to 12. Pd K-edge EXAFS of 

Pd/γ-Al2O3 and Pd/zeolite-Y could be fitted with a Pd-Pd coordination number of 9.7 

and 11.3, respectively, using a value of 0.8 for S0
2
. The average particle diameters of 

the reduced Pd nanoparticles were calculated from these Pd-Pd coordination numbers 

using the exponential Hill function, (a method reported by Beale et al.48), which gave 

average particle diameters of 2.1 nm and 5.2 nm for Pd/γ-Al2O3 and Pd/zeolite, 

respectively. These values are in agreement with the average particle size calculated 

a) PdO/γ-Al2O3 

b) PdO/zeolite-Y 

Figure 4.3. TEM images and corresponding histogram of particle size distribution of calcined 
catalysts a) PdO/γ-Al2O3 (top) and b) PdO/zeolite-Y (bottom). 
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from TEM images, considering EXAFS is able to account for the isolated Pd atoms that 

are not observed by TEM and thus always give a slightly smaller average particle size.  

4.3.2 Catalytic Testing 

The calcined PdO catalysts were tested for catalytic NH3 oxidation using a reactant gas 

feed of 0.5% NH3, 2.5% O2 and 97% N2, at increasing temperatures from 100°C - 500°C. 

Figures 4.5a and 4.5b show the NH3 conversion and product distribution from NH3 

oxidation over catalysts PdO/γ-Al2O3 and PdO/zeolite-Y, respectively. Both catalysts 

show similar reactivity with a sharp increase of NH3 consumption beyond 215°C, 50% 

NH3 conversion achieved by 250°C, and 100% conversion achieved by 285°C. This is 

in line with previous literature for high activity of Pd catalysts for NH3-SCO,12 in 

particular 1.5wt% Pd supported on zeolite-Y.15 The product distribution from these 

catalysts changes upon increasing the temperature. In the low temperature region 

T1 < 250°C, there was high selectivity to N2. In the mid-temperature region there was 

significant formation of nitrous oxide (N2O), a decrease in N2 formation and onset of 

Figure 4.4. a) Pd K-edge XANES of Pd/γ-Al2O3 and Pd/zeolite-Y after reduction treatment in H2, 
plotted with Pd K-edge XANES of Pd foil reference. b)  Fourier transformed Pd K-edge EXAFS 
of Pd/γ-Al2O3 and Pd/zeolite-Y after reduction treatment in H2, plotted with Pd foil reference, 
annotated with coordination numbers found by fitting to a model constructed from a single 
scattering path Pd-Pd.  

a) 

b) 
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nitric oxide (NO). In the high temperature region > 300°C, there was further decrease 

in the formation of N2, decrease in N2O formation but a large increase in formation of 

NO. These tests show that the different support material does not have a significant 

effect on the catalytic activity or selectivity of NH3 oxidation. The Pd nanoparticles 

achieved high activity and selectivity at low temperature, with unfavourable formation 

of nitrogen oxides at high temperatures > 250°C.  

  

Figure 4.5. NH3 conversion and product distribution of NH3-SCO over supported Pd 
catalysts a) PdO/γ-Al2O3 (top) and b) PdO/zeolite-Y (bottom), during temperature ramp with 
0.5% NH3, 2.5% O2, 97% N2 reactant gas feed. At a total flow rate of 1800 cm3 min-1. Gases 
(NH3, NO, N2O and NO2) detected by FTIR, N2 formation calculated by mass balance.  

b) 
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4.3.3 In situ Pd L3-edge XANES 

Both supported Pd catalysts were investigated during the low temperature reaction 

conditions for NH3-SCO by Pd L3-edge XANES. The Pd L3-edge involves absorption of 

x-rays by electrons in the Pd 2p orbitals, allowing transition into vacant d orbitals, 

therefore probing the empty d density of states. This can provide useful information for 

the oxidation state of the Pd atoms and any molecular bonding. The catalyst was 

loaded into a bespoke in situ cell – used for XANES measurements of a sample under 

gas flow at relatively low x-ray energies. The sample was heated to 100°C and treated 

with different gas environments. The Pd L3-edge XANES of the calcined catalyst, 

PdO/γ-Al2O3, and the catalyst after a reduction pre-treatment (in 5% H2 at 200°C), 

Pd/γ-Al2O3, are shown in Figure 4.6 against the Pd L3-edge XANES spectrum of Pd foil. 

The strong, sharp and symmetric white line for the spectrum of PdO/γ-Al2O3 is 

characteristic of Pd2+ species of PdO, due to transition of 2p electron to the partially 

occupied Pd 4d band.49 Whereas the Pd L3-edge XANES of Pd/γ-Al2O3 displays low 

intensity absorption at 3175.5 eV, matching closely to that of Pd foil, due to transition 

of the 2p electron into the conduction band above the Fermi level.49 This shows that 

the Pd catalyst after the reduction treatment existed in the metallic state.  

The Pd L3-edge XANES in Figure 4.7a show the reduced, Pd/γ-Al2O3 catalyst 

measured in an inert atmosphere (He), after switching to the reactant  gas feed 

(NH3/O2), and after cooling to room temperature in 5% H2/He. The formation of 

palladium hydride upon cooling the sample to room temperature in H2 is observed by 

the distinct absorption feature at 3182 eV in Figure 4.7a which is due to excitation of 

2p electrons to the Pd-H antibonding state.50-52 After switching to the reactant gas feed 

(NH3/O2/He), the Pd L3-edge XANES showed increased intensity and broadening of 

the white line (Figure 4.7a) but without the characteristic absorption feature at 3182 eV 

for palladium hydride. This suggests increased vacancies in the d band, usually 

associated with oxidation of the Pd species. However, upon repeating this experiment 

Figure 4.6. Pd L3-edge XANES of supported Pd catalyst after calcination treatment 
(PdO/γ-Al2O3) and after a reduction treatment (Pd/γ-Al2O3). Plotted together with Pd L3-edge 
XANES of Pd foil.  
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but switching from an inert (He) gas feed to the NH3/He only gas feed at 100°C (Figure 

4.7b), it is shown that the same result is obtained in the absence of oxygen. This points 

towards the oxidation of Pd due to electron donation to another heteroatom – such as 

nitrogen. The in situ formation of palladium carbide has previously been reported by 

Tew et al. during the hydrogenation of pent-1-yne, and is similarly characterised by 

increased intensity and broadening of the white line in its Pd L3-edge XANES 

spectrum.53, 54 Therefore the formation of an interstitial compound akin to palladium 

carbide is suggested to form in the presence of NH3 and the NH3/O2 reaction mixture, 

however the absence of carbon during this experiment leads us to infer the formation 

of a palladium nitride species (PdNx).  

 

4.3.4 XPS  

3.3.4.1 In situ XPS 

XPS was used as an additional characterisation technique to understand the electronic 

properties of the nitrogen species, as well as the Pd species of the supported Pd 

catalysts in an NH3 atmosphere at elevated temperatures. Unlike XAFS, the XPS 

Figure 4.7. Pd L3-edge XANES of supported Pd catalyst, Pd/γ-Al2O3, after a reduction pre-
treatment in H2, then exposure to a) inert He at 100°C (black), 5 % H2 at room temperature 
(magenta) and  0.5%NH3/2.5%O2/He at 100°C (green) and b) 0.5% NH3/He (green) at 100°C. 

a) 

b) 
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spectra can obtain electronic information from multiple elements within the surface of 

the sample. The in situ measurements were collected at beamline B07 Diamond Light 

Source. The PdO/γ-Al2O3 sample was reduced (in 5% H2/He, 200°C) prior to loading 

into the reaction chamber so that the nanoparticles were investigated in their metallic 

state. The catalyst was heated to 200°C in vacuum before exposing to mbar pressures 

of Ar and NH3 gases. The N 1s spectra of the Pd/γ-Al2O3 catalyst before and after 

introducing the NH3 atmosphere are shown in Figure 4.8a. The first spectrum collected 

under inert (0.5 mbar Ar) atmosphere shows one small symmetric peak at a binding 

energy of 399 eV which can be attributed to nitrogen-containing contaminants at the 

catalyst surface. The N 1s spectrum collected in NH3 atmosphere (1 mbar NH3) can be 

deconvoluted into two peaks for presence of nitrogen in two different environments. 

The high intensity peak at 401 eV, can be attributed to a large amount of nitrogen in 

NH3 molecules adsorbed at the catalyst surface. The second broader peak with lower 

intensity is centred at 394 eV which is consistent with nitrogen found in metal 

nitrides.55, 56 Similarly, the Pd 3d binding energy spectra of the Pd/γ-Al2O3 catalyst 

before and after introducing the NH3 atmosphere are shown in Figure 4.8b. The Pd 3d 

spectrum collected before NH3 treatment shows two peaks due to the separated spin 

orbit components of the 3d orbitals (3d5/2 and 3d3/2) at 331 and 336 eV, which are 

consistent with the 3d binding energies for reduced Pd species.56 After treatment in 

NH3, these peaks shifted by ~4 eV to higher binding energies suggesting oxidation of 

Pd species, which can be explained by electron donation from Pd to N in the formation 

of the proposed PdNx species. There was difficultly in collecting these XPS spectra due 

to electronic charging effects caused by the insulating properties of the Al2O3 support. 

During XPS measurements, emission of electrons from the sample caused 

accumulation of positive charge at the sample surface which could not be neutralised 

easily. Electronic charging resulted in shifting of XPS peaks to higher binding energies, 

making it difficult to follow real changes in the measured electronic binding energies. 

Figure 4.8. In situ XPS spectra of the supported Pd catalyst, Pd/γ-Al2O3, after reduction pre-
treatment in H2, then exposure to inert (0.5 mbar Ar) and NH3 (1 mbar) atmospheres at 100°C, 
collected with incident photon energy of 900 eV. Plots show the raw data, baseline and the 
deconvoluted fitting components at a) N1s binding energy, and b) Pd3d binding energy.  
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In order to correct for the charging effects, the Al 2p spectrum was used as a reference 

peak, known to have a consistent binding energy of 74.6 eV for Al2O3,57 which was 

measured before and after the collection of N 1s and Pd 3d spectra. With increasing 

time in the beam, the sample underwent increasing charging. This made it increasingly 

difficult to align the measured spectra, and so these results may not provide conclusive 

evidence for the PdNx species.    

3.3.4.2 Ex situ XPS  

Additional ex situ XPS measurements were performed of the supported Pd catalyst, 

Pd/zeolite-Y, before and after exposure to NH3 atmosphere at 100°C. Although these 

measurements were collected under ultra-high vacuum at room temperature, the 

samples were treated at the appropriate conditions then transferred to the vacuum 

chamber within 1 hour with minimal exposure to air. The N 1s spectra of the catalyst 

before and after NH3 treatment (Figure 4.9a) show similar features to the in situ spectra 

described earlier; a small peak before NH3 treatment due to nitrogen-containing 

contaminants and a peak after NH3 treatment that can be deconvoluted into two 

different nitrogen environments. The high intensity peak for nitrogen species of 

adsorbed NH3 molecules gives rise to the N1s binding energy peak centred at 402 eV, 

whereas the small shoulder at 398 eV is again consistent with the formation of a 

reduced nitrogen as found in metal nitrides.55, 56 The ex situ Pd 3d binding energy 

spectra of the Pd catalyst after (i) a reduction treatment (H2 200°C), (ii) a calcination 

treatment (O2, 500°C) and (iii) NH3 treatment (NH3, 100°C) are plotted together in 

Figure 4.9b. The shift in the Pd 3d binding energies of the same sample after different 

gas treatments shows that the calcination treatment achieved the greatest oxidation of 

the catalyst, shifting the Pd 3d5/2 peak to the highest binding energy of 337 eV, 

consistent with the binding energy of PdO.56 The reduction treatment shows that the 

Pd 3d binding energy is consistent with that of Pd metal at 335.3 eV and the binding 

energy of the sample after NH3 treatment is between the two. This shows that the 

electron donation from the Pd to the N in the formation of the PdNx species is to a 

lesser extent than the donation of electron density from Pd to O in the formation of 

PdO. The binding energies of the N 1s and Pd 3d peaks from these ex situ 

measurements shown in Figure 4.9 are at slightly different values to those presented 

in Figure 4.8 from in situ measurements. This reinforces the problem with sample 

charging during in situ measurements with the synchrotron x-ray source, which did not 

allow for accurate determination of binding energies.  
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4.3.5 Operando XAFS/DRIFTS/MS 

4.3.5.1 On-line catalytic Activity 

The NH3 conversion and product distribution of the supported Pd catalyst during NH3-

SCO was monitored online by mass spectrometry of the exhaust from the 

XAFS/DRIFTS reactor during an operando XAFS/DRIFTS experiment. The NH3 

conversion and product distribution from both supported catalysts, Pd/γ-Al2O3 and 

Pd/zeolite-Y are shown in Figure 4.10a and 4.10b, respectively, during a temperature 

ramp from 100°C to 500°C, with reactant gas feed 0.5% NH3, 2.5% O2 and 97% He. 

The mass spectrometry signal is plotted as a function of time, with the internal 

temperature plotted on a second y-axis. This is to avoid complication that arises in 

Figure 4.10a due to a 10 minute period at reaction time 6620 seconds when the 

reaction temperature was held at 340°C because the x-ray beam was lost. The gas 

concentration and temperature range investigated during the operando XAFS/DRIFTS 

measurements were kept consistent with the catalytic activity test reported in section 

3.2 of this chapter, and a lower total flow rate of 50 cm3 min-1 was used to achieve 

similar space velocity with respect to the mass of catalyst used. Figures 4.10a and 

4.10b show that both supported Pd catalysts, Pd/γ-Al2O3 and Pd/zeolite-Y, display 

similar catalytic activity for NH3-SCO, with a sharp onset of NH3 conversion at 180°C 

and change in the product distribution with increasing temperature. The different 

regions of product distribution have been divided into three distinguishable regimes 

and are annotated in Figure 4.10. The low temperature region, T1, occurs in the 

temperature range 100°C < T1 < 240°C, where the reaction proceeds with high 

selectivity to N2. The mid-temperature region, T2, occurs in the temperature range 

240°C < T2 < 300°C, where there is a plateau in N2 formation and increase in the 

formation of nitrous oxide (N2O). The high temperature region, T3, occurs in the 

temperature range T3 > 300°C, and sees the onset of increasing formation of nitric 

oxide (NO). This catalytic activity data measured from the exhaust of the XAFS/DRIFTS 

Figure 4.9. Ex situ XPS spectra of the supported Pd catalyst, Pd/zeolite-Y, collected using Al K α 
x-ray source (1486.6 eV) after reduction treatment (H2, 200°C), calcination treatment (O2, 500°C) 
and after treatment in NH3 atmosphere (0.5% NH3, 100°C). a) N 1s binding energy showing raw 
data, deconvoluted fitting components and baseline. b) Pd 3d binding energy showing raw data 

only.   
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reaction chamber confirms that the catalyst is operating in a comparable manner to the 

initial catalytic activity test in section 3.2 of this chapter, and thus justifies the operando 

nature of the spectroscopic measurements.  

4.3.5.2 Operando Pd K-edge XAFS 

The change in the Pd K-edge XANES features upon initial introduction of the supported 

Pd catalyst to the reactant gas feed (NH3/O2/He) at 100°C confirms a change in the Pd 

electronic structure under the reaction environment. Figure 4.11a shows the Pd K-edge 

XANES spectra of Pd/γ-Al2O3 under the initial inert gas environment at 100°C, then 

upon switching to the reactant gas feed, and then after increasing the temperature to 

200°C. Upon introducing the reactant gas feed, the near edge feature at 24355 eV 

remains in the same position with a small increase in intensity, but the absorption 

Figure 4.10. On-line catalytic activity measured by mass spectrometry of the exhaust gas (NH3, 
N2, N2O and NO) from the XAFS/DRIFTS reaction chamber during NH3-SCO at increasing 
temperatures over the supported Pd catalysts a) Pd/γ-Al2O3 and b) Pd/zeolite-Y.  

T1 T2 T3 b) 

T1 T2 T3 a) 
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features at 24393 eV and 24432 eV are shifted by ~4 eV to lower energies. These 

observations were consistent with all measurements collected between 100°C and 

200°C in the reactant gas environment, and were repeated by exposing the 

Pd/zeolite-Y catalyst to the same conditions (Figure 4.11b). In order to eliminate any 

oxidation from the oxygen in the reactant gas feed, the measurements were repeated 

again but exposing the catalyst to an atmosphere of NH3/He (Figure 4.12a and 4.12b). 

This means that the oxygen was not required to cause these changes to the palladium 

electronic structure. The observation of a shift in the metal Pd absorption features at 

24393 eV and 24432 eV have previously been reported for the formation of a Pd 

carbide phase, whereby carbon atoms are inserted into the metal fcc framework of Pd 

nanoparticles.50, 54 The combination of these observations from the Pd K-edge XANES 

together with the changes observed at the Pd L3-edge and XPS spectra, strongly 

indicate the formation of a Pd nitride phase during the low temperature regime for 

NH3-SCO, whereby nitrogen is inserted into the metal Pd fcc framework of the 

nanoparticle structure.  

The Pd K-edge EXAFS give information for the average local atomic environment of 

the absorbing Pd atoms in the sample. The k2 weighted Pd K-edge EXAFS spectra of 

the supported Pd catalysts are shown in Figures 4.13a and 4.13b respectively, before 

and after introducing the reactant gas feed. Both catalysts show that there is major 

disruption to the local atomic arrangement of the metallic Pd nanoparticles upon 

introducing the reactant (NH3/O2) gas feed by the decrease in amplitude and phase 

shift of the EXAFS oscillations. The same EXAFS spectrum is also obtained by 

introducing the Pd catalyst to an NH3/He gas feed, showing that the disruption to the 

Pd metal nanoparticle structure is also observed in the absence of oxygen. When the 

photoelectron is scattered by surrounding atomic neighbours that are in a regular 

arrangement, the constructive (and deconstructive) interference of the outgoing 

photoelectron waves from Pd atoms in the same environment gives rise to the large 

amplitude of scattering features in the recorded EXAFS spectrum. However, as is 

observed in these results, disruption to the Pd metal structure causes dampening of 

the EXAFS oscillations. This means that there must be substantial heteroatom insertion 

to the Pd nanoparticle, which not only causes expansion to the fcc lattice but to cause 

significant disruption of the local atomic ordering within the Pd nanoparticle structure.  
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Figure 4.11. Pd K-edge XANES spectra of supported Pd catalysts a) Pd/γ-Al2O3 and b) 
Pd/zeolite-Y in He at 100°C, NH3/O2/He at 100°C and NH3/O2/He at 200°C.  

a) b) 

Figure 4.12. Pd K-edge XANES spectra of supported Pd catalysts a) Pd/γ-Al2O3 and b) 
Pd/zeolite-Y in He at 100°C and NH3/He at 100°C 

a) b) 

Figure 4.13. Pd K-edge EXAFS of supported catalysts a) Pd/γ-Al2O3 and b) Pd/zeolite-Y in He 
at 100°C, NH3/O2/He at 100°C and NH3/He at 100°C 

a) b) 
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The Fourier transformed Pd K-edge EXAFS spectrum of both supported catalysts 

during low temperature NH3-SCO (NH3, O2, 100°C) are shown in Figure 4.14, together 

with a fitting model using first shell coordination to nitrogen (RPd-N = 2.0 Å) and a second 

shell coordination to palladium (RPd-Pd = 2.8 Å), with coordination numbers of 1 and 9, 

respectively (Table 4.2). 

 

Table 4.2. Fitting parameters of the model used to fit Fourier transformed EXAFS data of 
supported Pd catalysts in reaction conditions for NH3 oxidation (NH3/O2 gas feed at 100°C). 

Note: Fitting parameters S0
2 = 0.8; Fit range 3 < k / Å-2 < 10.6, 1 < R / Å < 3; Number 

of independent points = 9. 

The Pd K-edge XANES spectra collected during the mid-temperature NH3-SCO regime 

(240°C ≤ T2 < 300°C) are plotted in Figure 4.15. The spectrum collected at 240°C 

shows that the XANES features at 24393 eV and 24432 eV - which had shifted to lower 

energies in the formation of the interstitial PdNx species - return to energies that 

resemble the initial metal Pd(0) spectrum collected initially under inert atmosphere. The 

difference between the XANES spectrum collected initially under inert atmosphere (He, 

100°C) and that collected at 240°C under reactant (NH3/O2) gas feed is a small 

increase in the near edge feature at 24370 eV and dampening of the metallic feature 

at 24393 eV. This flattening of the metallic feature and increase in near-edge 

absorption intensity can result in part from temperature differences, but predominantly 

due to partial oxidation of Pd(0) to Pd2+ at the nanoparticle surface.  

Catalyst Abs - Scat N R / Å σ2 / Å2 E0 / eV R factor 

Pd/γ-Al2O3 Pd-N 1.0(2) 2.00(1) 0.003(2) -5.7(4) 0.02 

 Pd-Pd 9.9(1) 2.810(5) 0.0161(8)     

Pd/zeolite-Y Pd-N 0.9(9) 1.94(4) 0.01(1) (-)6.4(8) 0.01 

 Pd-Pd 9(1) 2.758(9) 0.013(5)   

Figure 4.14. Non-phase corrected Fourier transformed EXAFS data of supported Pd catalysts 
a) Pd/γ-Al2O3 and b) Pd/zeolite-Y, under reactant (NH3/O2) gas feed at 100°C plotted together 
with a model fitted using scattering paths Pd-N and Pd-Pd.  

b) a) 
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Linear combination fitting (plotted in Figure 4.16) describes the Pd K-edge XANES 

collected at 240°C as an approximate summation of ~40% Pd(0) and ~60% Pd2+ 

species. This fitting used the Pd K-edge XANES spectra collected at 100°C in He and 

at 300°C in NH3/O2 to represent Pd(0) and Pd2+ species of this particle size, respectively. 

The ratio of 40% Pd(0) and 60% Pd2+ is previously reported for a thin oxidic surface 

layer surrounding bulk metal Pd nanoparticles of 2 nm average particle diameter.58 It 

is viable that a surface oxide layer has formed by 240°C at the surface of the bulk metal 

Pd nanoparticles in the reactant (NH3/O2) gas feed, which gives rise to the observed 

XANES spectrum. As the temperature is increased further, there is a further increase 

in oxide character of the XANES spectrum and a decrease in the metallic features. This 

Figure 4.15. Pd K-edge XANES of supported Pd catalyst, Pd/γ-Al2O3, under reactant gas feed 
(NH3/O2) at increasing temperatures.  

Figure 4.16. Pd K-edge XANES of supported Pd catalyst, Pd/γ-Al2O3 at 240°C in reactant gas 
mixture (NH3/O2), and a fit using a linear combination of two components: 60 % Pd(0) and 40% 
Pd2+. Component 1: Pd/γ-Al2O3 at 100°C in He. Component 2: PdO/γ-Al2O3 at 300°C in 
NH3/O2/He. Fit range 24333 ≤ E / eV ≤ 24403; Number of data points = 65. Weights forced to 
sum to 1. 
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infers the gradual oxidation of the Pd nanoparticles, starting from the formation of an 

oxide surface layer that penetrates to the core of the particle.  

The extent of the Pd nanoparticle oxidation can be observed from the Fourier 

transformed EXAFS data shown in Figure 4.17. The Fourier transformed EXAFS at 

240°C, show the small amplitude of a scattering feature at 1.5 Å due to Pd-O 

coordination at the surface of the particles, the Pd-Pd coordination distance at this 

temperature however remains consistent with that of Pd foil (2.81 Å). As the 

temperature is increased there is increase in amplitude of the Pd-O scattering feature 

(at non-phase corrected distance of 1.52 Å) and the Pd-Pd radial distance increases to 

resemble that of bulk PdO (3.01 Å). The Fourier transformed EXAFS data collected at 

340°C can be fitted to a model using three scattering paths Pd-O (2.01 Å), Pd-Pd(1) 

(3.01 Å) and Pd-Pd(2) (3.455 Å) of bulk PdO (detailed in Table 4.4 and plotted in Figure 

4.18) and thus it can be shown that the Pd nanoparticles achieve complete oxidation 

during the high temperature regime (>300 °C) for NH3-SCO. 

Table 4.3. Fitting parameters used to fit the Fourier transformed EXAFS data of Pd/γ-Al2O3 
measured under reaction conditions (NH3/O2) at 340°C, using scattering paths Pd-O, Pd-Pd(1) 
and Pd-Pd(2) of PdO.  

Note: Fitting parameters S0
2 = 0.8; Fit range 3 < k / Å-2 < 10.6, 1 < R / Å < 3; Number 

of independent points = 14. 

 

Abs - Scat N R / Å σ2 / Å2 E0 / eV R factor 

Pd-O 3.7(3) 2.01(1) 0.004(1) 6(1) 0.005 

Pd-Pd(1) 1.0(9) 3.01(1) 0.003(1)     

Pd-Pd(2) 2(2) 3.455(5) 0.004(8)   

Figure 4.17. Stacked plot of non-phase corrected Fourier transformed EXAFS data of supported 
Pd catalyst, Pd/γ-Al2O3, at increasing temperatures during NH3-SCO. Plotted together with that of 
a reference PdO sample.   
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The change in Pd nanoparticle structure during the three temperature regimes for 

NH3-SCO have therefore been identified. During the low temperature regime, 

100°C < T1 < 240°C, there is insertion of nitrogen into the Pd metal framework to form 

an interstitial PdNx nanoparticle structure. During the mid-temperature regime, 

240°C < T2 < 300°C, the Pd nanoparticles return to the metal fcc structure but with 

increasing formation of Pd oxide at the nanoparticle surface with increasing 

temperature. During the high temperature regime, T3 > 300°C, oxidation at the Pd 

nanoparticle surface penetrates to the core achieving bulk PdO nanoparticle structure 

by 340°C.  

4.3.5.3 Operando DRIFTS 

Operando DRIFTS spectra of the supported Pd catalyst were collected simultaneously 

to the Pd K-edge XAFS measurements during NH3-SCO to investigate the molecular 

species at the catalyst surface. The difference DRIFTS spectrum collected after 

switching from inert (He) atmosphere at 100°C to the reactant (NH3/O2) gas feed are 

shown in Figure 4.19 for both supported Pd catalysts, Pd/γ-Al2O3 (Figure 4.19a) and 

Pd/zeolite-Y (Figure 4.19b). The sharp bands between 1250 and 1600 cm-1 are typical 

of NH3 adsorbed to surface acid sites. The bands at 1596 cm-1 and 1256 cm-1 are 

assigned to asymmetric and symmetric deformation of coordinated NH3, 

respectively.12, 31, 59, 60 The band at 1450 cm-1 can be assigned to asymmetric 

deformation of NH4
+ adsorbed on Brønsted sites of the support,15, 17, 59, 61 and the 

shoulder at 1490 cm-1 to NH3 coordinated to Pd.18 Low intensity combination bands of 

NH3 and NH3 dimers may give rise to the broad band around 2470 cm-1.62 Absorption 

bands between 3080 and 3480 cm-1 are typical of symmetric and asymmetric N-H 

stretching of coordinated NH3.63, 64 Negative bands above 3500 cm-1 show the absence 

of O-H stretches due to NH4
+ occupying surface hydroxyl Brønsted acid sites. The 

Figure 4.18 Non-phase corrected Fourier transformed EXAFS of supported Pd catalyst, 

Pd/γ-Al2O3, during NH3-SCO at 340°C, plotted together with the fitting model constructed 

from Pd-O, Pd-Pd(1) and Pd-Pd(2) scattering  paths of bulk PdO. Fitting parameters 

detailed in Table 4.4. 
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dissociative adsorption of NH3 on the Pd nanoparticle surface is shown by a weak band 

at 1377 cm-1 which is attributed to the –NH2 wagging frequency,24, 65 usually coupled 

with the band at 1596 cm-1. The broad, low intensity band at 1850 cm-1 is attributed to 

small amounts of neutral and positively charged nitrosyl (NO+) species adsorbed on 

Pd(0).66 The broad band of small intensity at 2170 cm-1 is present in the DRIFTS 

spectrum of both catalysts after switching to the NH3/O2 reactant gas feed at 100°C, 

and when switching to an NH3/He atmosphere (Figures 4.20a and 4.20b). Absorption 

bands at this wavenumber have previously been associated with the vibrational 

frequency of an asymmetric N-N bond of bridging N2 in multinuclear metal-dinitrogen 

complexes.53 The observation of vibrational bands near 2200 cm-1 during NH3 oxidation 

conditions are sometimes attributed to the N-N stretch of adsorbed N2O species.67, 68 

However, the absence of a corresponding N-O stretch for N2O (expected at 1262 cm-1 

– 1220 cm-1) and absence of N2O detected in mass spectrometry signals at 100°C 

means that the band at 2170 cm-1 cannot be assigned to N2O species at this 

temperature. Similar vibrational bands at 2170 cm-1 are reported for NH3 adsorption 

over a supported Ag catalyst, Ag/Al2O3, between 160 - 220°C, which also cannot be 

Figure 4.19. Difference DRIFTS spectra of supported Pd catalysts, a) Pd/γ-Al2O3 and b) 
Pd/zeolite-Y after switching from inert (He) atmosphere to the reactant (NH3/O2) gas feed at 
100°C. 

a) b) 

Figure 4.20. Difference DRIFTS spectra of supported Pd catalysts, a) Pd/γ-Al2O3 and b) 
Pd/zeolite-Y after switching from inert (He) atmosphere to NH3/He gas feed at 100°C. 

b) a) 
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attributed to N-N stretching of N2O.64 Here it is proposed that this low intensity 

absorption band results from an asymmetric stretch of N2 species at the catalyst 

surface, following the dissociative adsorption of NH3 molecules.  

The nitrate region of the DRIFTS spectra collected from catalyst Pd/γ-Al2O3 between 

200°C and 300°C are shown in Figure 4.21. An absorption band at 1455 cm-1 due 

to -NH wagging at the sample surface decreases in intensity from 200°C to 220°C 

followed by formation of small intensity bands at 2240, 2210, 1418, 1302 and 1548 cm-1 

due to the formation of adsorbed NOx species.64, 69-71 The bands at 2240, 2210 and 

1418 cm-1 appear synchronously, reach maximum intensity at 240°C and are attributed 

to the asymmetric N-N and N-O stretching modes of N2O,64 this can be verified by 

observation of N2O gas reaching the mass spectrometer at that temperature. The band 

at 1302 cm-1 reached maximum intensity at 280°C and is attributed to the O-N-O 

asymmetrical stretching of adsorbed bidentate nitrate species.72, 73 The intensity of the 

band at 1548 cm-1 increased sharply from 280°C to 300°C, and is attributed to the N=O 

stretching of adsorbed nitrates and nitrosyl (NO) species.74 The increase in intensity of 

the N=O stretching band corresponds to the temperature for onset of NO gas detected 

at the mass spectrometer. The operando DRIFTS therefore show change in the 

molecular speciation at the catalyst surface during increasing operating temperatures 

for the NH3-SCO which related to the gases observed by mass spectrometry of the 

exhaust. Dinitrogen coupling was identified by the weak band at 2170 cm -1 during the 

low temperature regime (100°C < T1 < 200°C), asymmetrical N-O stretches at 

1302 cm-1 were identified in the mid-temperature region 220°C < T2 < 280°C and N=O 

stretches at 1548 cm-1 in the high temperature region T3 < 280°C.  

 

 

 

 

Figure 4.21. Nitrate region of DRIFTS spectra of supported catalyst Pd/γ-Al2O3 at increasing 
temperatures during NH3-SCO.  
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4.3.8 DFT + D3 

To gain an improved understanding of the proposed interstitial PdNx species, reported 

from XAFS and XPS measurements in this study, as the active catalytic species for 

NH3-SCO during the low temperature regime (< 240°C), DFT + D3 calculations were 

performed by Dr Arunabhiram Chutia and Dr Constantinos Yeinalipour-Yazdi. The 

calculations were aimed to clarify how the presence of interstitial N-atoms influence the 

Pd-Pd bond distances of metal Pd nanoparticles. The DFT + D3 calculations were done 

in a Pd(111) system with 0.12 wt%, 0.23 wt%, 0.47 wt%, 0.70 wt%, and 1.39 wt% of 

interstitial N-atoms. The optimised Pd structures obtained with these values of 

interstitial N-atom insertion are shown in Figure 4.22. The average Pd–Pd distances in 

the vicinity of these interstitial N-atoms are ~2.83 Å. This is consistent with the lattice 

expansion observed by Pd K-edge EXAFS during N-atom insertion under NH3/O2 

reaction conditions, reported herein. The lateral and vertical Pd-Pd distances were 

found to be in the range of 2.83 - 2.85 Å and 2.80 - 2.83 Å, respectively, irrespective of 

the concentration of N-atom insertion. The Pd-N distances were in the range 1.91 – 

1.99 Å, which is in agreement with the distances found from the Pd K-edge EXAFS 

data. Before relaxation, distances between the interstitial N-atoms in all the above 

models were in the range of 2.39 – 2.47 Å and after relaxation these moved by a 

distance approximately in the range of 3.03 – 3.34 Å, with some of the N-atoms moving 

closer to the surface. The diffusion barrier for an interstitial N-atom to move from an 

octahedral interstitial site to a surface 3-fold hollow was low (0.25 eV), suggesting that 

interstitial N-atoms are able to diffuse to the surface to participate in the catalytic 

mechanism.    

The adsorption properties of NH3 on Pd(111) surface were considered with and without 

the presence of interstitial N-atoms. The adsorption energies of the most favourable 

configurations for an NH3 molecule at a pristine Pd (111) surface, at a Pd (111) surface 

close to an interstitial N-atom and at a Pd(111) surface away from an interstitial N atom 

are shown in Table 4.5. The NH3 adsorption energy is most negative when located at 

a surface position close to an interstitial N atom compared to away from it in the same 

system, and is ~0.156 eV lower in energy compared to adsorption at the pristine 

Pd(111) surface. This is due to the interaction of N p and Pd d molecular orbitals in the 

Figure 4.22. Optimised structures for the Pd(111) system with 0.12 wt%, 0.23 wt%, 0.47 wt%, 
0.70 wt%, and 1.39 wt% of interstitial N-atoms, which correspond to the number of interstitial 
N-atoms used being 1, 2, 4, 6, and 12, respectively. 

0.12 wt% 0.23 wt% 0.47 wt% 0.70 wt% 1.39 wt% 
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bonding region. For pristine Pd(111) surface the Pd 𝑑𝑧2 orbital interacts with the N p 

orbitals whereas in the case of a Pd(111) surface with an interstitial N-atom the Pd  𝑑𝑧2 

and dyz interact with the N p orbital leading to a stronger bonding interaction between 

Pd atoms with NH3 molecules. In the latter case there is also trace contribution from 

other d orbitals. From this analysis we can conclude that the Pd(111) surface with 

interstitial N-atoms would have greater coverage of adsorbed NH3 as compared to the 

pristine Pd(111) surface. 

Table 4.4. Calculated adsorption energies of an NH3 molecule adsorbed in the lowest energy 
configuration on pristine Pd(111) surface, on Pd(111) close to an interstitial N-atom and on 
Pd(111) away from an interstitial N-atom site, showing initial configuration, relaxed 
configuration and the associated adsorption energy (Ead). 

Initial configuration Relaxed Configuration Eads / 
eV Top View Side View 

(NH3)top (Ntop- 
HHCP) 
Adsorption of 
NH3 at the 
surface of 
pristine Pd(111)   

 -1.033 

(NH3)hcp (Conf2) 
Adsorption of 
NH3 at the 
surface close to 
an interstitial N  

   

-1.189 

(NH3)bdg (Conf2) 
Adsorption of 
NH3 at the 
surface away 
from an 
interstitial N    

-1.034 

 

4.4 Discussion 

Three distinct regions of catalytic activity are identified for NH3 oxidation over supported 

Pd nanoparticle catalysts when tested in both the Johnson Matthey test rig and the 

XAFS/DRIFTS reaction chamber. By collecting together the operando XAFS and 

DRIFTS spectroscopy data, a direct link has been made between the changes in Pd 

nanoparticle structure, surface speciation and the observed catalytic activity. These 

observations are verified by in situ Pd L3-edge XAFS, XPS spectroscopy and DFT+D3 

calculations. In the low temperature region (100°C ≤ T1 ≤ 200°C), the Pd K-edge and 

Pd L3-edge XANES show that the Pd nanoparticle structure experiences lattice 

expansion with insertion of atomic N into the metallic Pd nanoparticle structure, which 

is confirmed by our DFT+D3 calculations. The XPS spectra show that there is electron 

donation from the palladium to the nitrogen species in the form of a Pd nitride phase. 

Although Pd XAFS and XPS spectroscopy have pointed towards the formation of a Pd 
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nitride phase, there is opportunity for further characterisation to obtain evidence of the 

detailed structural properties and quantity of nitrogen contained within this unusual 

PdNx compound.  

At the surface of the supported Pd catalysts during low temperature NH3 oxidation, the 

dissociation of NH3 is shown by DRIFTS absorption bands for –NH2 scissoring (at 

1377 cm-1), –NH wagging (1455 cm-1) and a low intensity vibrational band at 2170 cm-1 

for N-N stretching. These observations indicate dinitrogen coupling for the direct 

oxidation pathway of NH3 to N2 (Equation 4.6). The greater stability of NH3 adsorption 

on the Pd nitride nanoparticle surface is calculated from molecular models and infers 

a high NH3 surface coverage for dinitrogen coupling during the low temperature regime. 

Additionally, the low energy barrier for diffusion of interstitial N to the Pd nanoparticle 

surface indicates the ability for interstitial N to participate in the reaction mechanism by 

coupling with adsorbed NH3 at the Pd nitride surface in a Mars-Van Krevelen type 

mechanism. The average coordination distance of Pd atoms to neighbouring Pd atoms 

in the Pd nanoparticles have been found by fitting the Fourier transformed Pd K-edge 

EXAFS data, which give an indication for the extent of N insertion into the Pd structure. 

The removal of N from the Pd lattice is therefore shown in Figure 4.23 by the contraction 

of Pd-Pd distances from 180°C to 240°C. Figure 4.22 also shows the simultaneous m/z 

28 signal for N2 reaching the mass spectrometer, and the intensity of the N-N 

asymmetric stretching band of dinitrogen species at the catalyst surface. The surface 

N-N stretch is only observed in DRIFTS spectra below 160°C when there is substantial 

N insertion in the Pd lattice. Desorption of these surface N-N stretching species 

coincides with the onset of N2 gas reaching the mass spectrometer. Following this, the 

contraction of the Pd-Pd distance – indicating the removal of interstitial N from the Pd 

lattice – is found to occur when N2 formation exceeds 50%, with respect to the inlet 

Figure 4.23. Overlay plot of Pd-Pd distance calculated from fitting models to Pd K-edge 
EXAFS data, N2 signal from on-line mass spectrometry and intensity of asymmetric N-N 
stretching frequency from 1270 cm-1 DRIFTS absorption band plotted as a function of 
temperature 
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NH3 signal. This suggests that the interstitial N atoms play a role in the direct oxidation 

of NH3 to N2 at the catalyst surface and are depleted from the Pd nanoparticle structure 

when the rate of desorption of N2 exceeds the rate of adsorption of NH3.  

The active PdNx nanoparticle structure is observed by operando Pd K-edge and Pd 

L3-edge XANES up to 200°C. At temperatures beyond 200°C, the interstitial N are 

removed from the Pd lattice and the Pd K-edge XANES show that the structure of the 

Pd nanoparticles return to predominantly a metallic oxidation state, with a small oxidic 

surface layer. During this reaction period DRIFTS spectra show the presence of 

absorption bands at 1418 cm-1
, 2240 cm-1 and 2210 cm-1 for molecular vibrations of 

N2O at temperatures and there is an increase in N2O gas reaching the mass 

spectrometer. Therefore an increasing number of nitrogen containing molecular 

species at the catalyst surface are combining with adsorbed oxygen to form N2O.  

The presence of N=O and O-N-O stretching bands of surface nitrates are first observed 

in the DRIFTS spectra at 240°C but increase significantly in intensity at 300°C which 

correlates with the temperature for bulk PdO formation. The oxidation of Pd 

nanoparticles and the increasing quantity of adsorbed nitrates at the catalyst surface 

is matched to the temperature for onset of NO gas reaching the mass spectrometer. 

The complete oxidation of the Pd nanoparticles is confirmed by fitting the Pd K-edge 

EXAFS data collected at 340°C to Pd-O and Pd-Pd paths of PdO. The over oxidation 

of NH3 to NO, by Equation 4.4, has previously been attributed to high oxygen coverage 

at the precious metal surface which prevents N coupling,75 but this study indicates that 

the bulk oxide nanoparticles are the active catalytic species for NH3 oxidation to NO 

above 280°C. 

4.5 Conclusions 

The combination of operando DRIFTS and XAFS spectroscopy, together with 

verification from in situ Pd L3-edge, XPS and DFT + D3 calculations, have been able 

to identify the changes to the Pd nanoparticle structure and the molecular speciation at 

the catalyst surface to provide an explanation for the change in product selectivity from 

the NH3-SCO reaction at increasing temperatures. XAFS at the Pd K-edge and Pd L3-

edge have been able to identify PdNx nanoparticle structure during the low temperature 

regime for NH3-SCO (100°C < T1 < 240°C), which is responsible for the high selectivity 

to N2. At 240°C the catalyst exists as metallic Pd nanoparticles with a surface oxide 

layer that permits the formation of N2O. The surface oxide layer is found to penetrate 

the bulk of the nanoparticle structure such that complete oxidation to PdO is achieved 

in the high temperature regime T3 > 300°C which is responsible for the over oxidation 

of NH3 to NO. The Pd nanoparticle structure is therefore found to dictate the product 

selectivity for NH3-SCO. The favourable selectivity to N2 achieved over the supported 

Pd catalyst at low temperature, T1, is attributed to a newly identified PdNx structure 
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which is able to increase surface coverage of adsorbed NH3 and promote the dinitrogen 

coupling. Whereas the unfavourable over-oxidation of NH3 to NO is found to occur at 

the surface of bulk PdO nanoparticles.  
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Chapter Five. Cell design for combined, operando XAFS and 
DRIFTS 
 

5.1 Introduction 

Ever since spectroscopic techniques were first employed for catalyst characterisation, 

there has been the need for a spectroscopic cell to contain the catalyst sample in a 

suitable geometry with respect to the incident and measured radiation. The increasing 

desire to perform in situ and operando spectroscopy makes the design of a 

spectroscopic cell an engineering challenge, as it must meet the specification to 

perform high quality spectroscopic measurements as well as serving as catalytic 

reactor. Moreover, the need to perform multiple techniques for confident structure-

function analysis, creates the added complexity for the cell design. In this Chapter, the 

specification for a combined, operando XAFS and DRIFTS reactor will be outlined. The 

design and development of the new reactor will be described, building upon on the 

design of previous in situ and operando spectroscopic cell designs that have come 

before it.  

5.2 Requirements of a spectroscopic cell 

5.2.1 X-rays 

For XAFS measurements in transmission mode, the sample must be positioned in the 

X-ray beam between the two ion chambers, I0 and It, for measurement of the absorption 

coefficient, µ(E), as defined by the Beer Lambert law in Equation 5.1. The attenuation 

of X-rays through the sample depends on the incident X-ray energy, the elemental 

composition of the sample, the density of the sample and the path length through the 

sample. The sample environment must allow X-rays to penetrate a suitable path length 

through a uniform cross section of the sample such that a fraction of the X-ray beam is 

absorbed by the sample and the remaining fraction is transmitted to It for detection. 

Usually ~10% of I0 is required to reach It, with adequate number of photons absorbed 

by the element of interest for sufficient signal-to-noise and an edge jump Δµ(E) ≈ 1. 

The attenuation length through the sample is defined as the depth into the material 

where the intensity of the X-ray has decreased to less than e-1 (~37%) of the incident 

beam, I0. The attenuation length through a sample can be calculated provided its 

elemental composition and density are known. Each element within the sample will 

possess a different attenuation coefficient at the incident X-ray energy, with heavier 

elements being more absorbing than lighter elements. The total attenuation coefficient 

of the sample is a weighted sum of the individual attenuation coefficients of each 

element making up the sample. For example, the total attenuation coefficient of a 3wt% 

Pd/γ-Al2O3 catalyst is calculated in Table 5.1, by summing the individual attenuation 

coefficients of Pd, O and Al in the sample. This value can then be used to calculate the 
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attenuation length through the sample, provided that the density of the sample is 

known. Assuming that this catalyst has a density close to that of bare γ-Al2O3 (3.95 g 

cm-3),1 then the attenuation distance of an X-ray beam at the Pd K-edge (24350 eV) 

through this sample is 0.3 mm. 

Table 5.1. Calculation for the total attenuation coefficient of a 3wt% Pd/γ-Al2O3 catalyst from 
the sum of individual attenuation coefficients of each elemental component.  

Sample Composition Elemental µ(E)  
(at E = 24350 eV) / cm2 g-1   

Weighted µ(E) 
(at E = 24350 eV) / cm2 g-1 Element wt% 

Pd 3 60.4 1.81 

Al 52 1.89 0.98 

O 45 0.54 0.24 

Total   3.04 
Note: Elemental µ(E) values calculated based on data from Lawrence Livermore 

National Laboratory Report UCRL-50174.2 

The absorption of X-rays through the sample is then given by the Beer Lambert law: 

𝑙𝑜𝑔 =  𝜇(𝐸) (𝑐𝑚 𝑔 ) ∗  𝜌 (𝑔 𝑐𝑚 ) ∗ 𝑙 (𝑐𝑚)  Equation 5.1 

Where µ(E) is the calculated absorption coefficient of the sample, ρ is the mass density 

of the sample and l is the path length through the sample. The attenuation of X-rays 

through the gas phase and the walls or windows of the reactor must also be considered, 

as these will also act to reduce the intensity of the X-ray beam reaching the detector 

(It). The attenuation of the beam from these sources can be reduced by using low 

absorbing window material, and maintaining the beam under vacuum up to the 

experimental stage. For the high energy X-rays used at the Pd K-edge (24350 eV), the 

attenuation of X-rays by air is not significant, however a suitable X-ray window material 

must be considered.  

For XAFS measurements in transmission mode the spectroscopic cell must consist of 

more than one X-ray window for the entrance of the incident X-ray beam and exit of 

the transmitted X-ray beam. The X-ray windows must use a material with a low 

absorption coefficient and must not contain any crystalline components that would 

cause diffraction of the X-ray beam. Any diffraction or unwanted dispersion of the X-ray 

beam by the window material will reduce the intensity of the X-rays reaching the 

detector and has been found to result in broadening of the measured XANES features.3 

Therefore low absorbing, amorphous materials such as polyimide film, pyrolytic carbon, 

graphite, beryllium, quartz or boron nitride are preferred. The X-ray attenuation values 

of these popular X-ray window materials are detailed in Table 5.2. DuPontTM Kapton® 

is a polyimide film, synthesised from an aromatic dianhydride and an aromatic diamine, 

containing only low absorbing elements for a low absorption coefficient.4 Kapton® can 

be supplied as a film of different thicknesses (7.5 µm – 125 µm), which has chemical 

resistance and thermal resistance (25 - 200°C) that makes it suitable for use in low 
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temperature operando spectroscopic cells. The microstructure of hot pressed boron 

nitride windows has been found to cause unwanted dispersion of the X-ray beam, 

resulting in broadening of the measured XANES spectra.5 

Table 5.2. X-ray attenuation length of X-ray window materials, taken from B. L. Henke, Atomic 
Data and Nuclear Data Tables, 54 (1993) 181-342.6  

Material Density / g cm-3 X-ray attenuation length 
at 24350 eV / mm 

Kapton® C22H10N2O5 1.4 2.21 

Boron Nitride BN 2.3 15.7 

Silicon Nitride Si3N4 3.4 1.90 

Pyrolytic 
Carbon 

C 2.2 17.0 

Graphite C 2.3 16.3 

Berylium Be 1.9 31.4 

Quartz SiO2 2.7 2.82 

Aluminium Al 2.7 2.07 

 

The above attenuation lengths and absorption coefficients (Table 5.2) have been 

reported for an X-ray beam at the Pd K-edge, which are the XAFS spectra used to 

study Pd nanoparticle catalysts in this work. However, in order to study the many other 

metal nanoparticle catalyst materials or other absorption edges, the absorption 

coefficients and attenuations lengths at those energies must also be considered.  

For spatial resolution of the XAFS measurements, the X-ray beam should be focussed 

to a small spot size and the X-ray window must extend along the length of the reactor 

such that the X-ray beam can penetrate different spatial positions of the sample. 

Typically, the X-ray beam at the end station of a bending magnet is focussed to a spot 

size of on the order of 200 µm eg. B18 beam size at sample is 200 µm horizontally and 

250 µm vertically.7   

The nature of the polychromatic X-ray beam used in EDE measurements means that 

the sample must be located at the focal point of the X-ray beam. Moreover, the 

diverging X-ray beam before and after the focal point must be considered when 

designing the shape of the X-ray window, making sure not to cut off the beam at either 

end of the spectrum. The spot size at the focal point is also able to perform spatially 

resolved measurements, eg. I20-EDE spot size at the focal point is a minimum of 30 µm 

x 100 µm.8 

5.2.2 Infrared  

For successful DRIFTS spectroscopy, the incident IR radiation beam must approach 

the ‘flat’ surface of the sample at a grazing angle of 45°C, and the diffusely reflected IR 

beam must be able to travel from the surface of the sample back to the MCT detector 

within the IR spectrometer. The IR beam will also be attenuated by IR active molecules 
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in the gas phase and so efforts should be made to eliminate those gases (i.e. H2O and 

CO2) from the path of the IR beam. A suitable IR window material must be used to 

permit the transmission of IR photons to and from the sample surface, within the reactor 

cell. For the collection of operando DRIFTS spectra, the window material must retain 

these optical properties at a range of temperatures and atmospheres that the 

spectroscopic cell will be used for. A list of the commonly used IR window materials 

are presented in Table 5.3, together with their transmission range. The spectral range 

of DRIFTS spectra typically used for study of heterogeneous catalysis ranges from 

4000 – 400 cm-1. The high stretching frequency of O-H of water molecules, alcohol and 

Brønsted acid sites at zeolite surfaces9 absorb at the high wavenumber end of the 

spectrum and framework Al-O and Si-O bonds10 of the catalyst support will absorb at 

the low wavenumber region. The use of Al2O3, SiO2 and MgF2 are inappropriate for the 

spectral range required in this application. The majority of other optical materials listed 

in Table 5.3 are ionic crystals with high melting points, however, their optical properties 

are found to change at elevated temperature. ZnSe is known to oxidise in air and lose 

its transmission range at temperatures above 250°C, so the use of ZnSe for high 

temperature or oxidation reactions is not suitable, unless the windows of the cell can 

be cooled.11 Germanium is also unsuitable at high temperatures, as thermal electrons 

flood the band gap above 100°C,12 and KBr windows are unsuitable for any reaction 

whereby water vapour is present either in the reactant gas feed or as a reaction product 

because KBr has high solubility in water.13 According to previous investigations in the 

optical properties of IR window materials, Si and GaAs do not experience a decrease 

in the overall transmission until temperatures in excess of 500°C.12 This leaves BaF2 – 

an expensive synthetic crystal – and CaF2, as potential IR window materials for the 

spectroscopic reactor.  
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Table 5.3. Optical properties of IR window materials, taken from E. Palik, Handbook of Optical 
Constants14 

IR Window 
Material 

Transmission 
Range (µm) 

Transmission 
Range (cm-1) 

Additional properties 

BaF2 0.15 - 12 850 – 66, 500  

CaF2 0.13 - 10 1000 – 76, 900  

GaAs 0.9 - 16 625 – 11, 100  

Ge 1.8 - 23 435 – 5, 560 Ge becomes opaque at >100°C, 
as the band gap becomes 
flooded with thermal electrons 

MgF2 0.12 - 7 1, 430 – 83, 300  

KBr 0.23 - 25 400 – 43, 000 Soluble in H2O.  

SiO2 0.18 - 3.5 and 
40 - 100 

2860 – 55, 500  
and 100 - 250 

Crystalline quartz transforms to 
glass at >490°C 

Al2O3 0.17 – 5.5 1820 – 58, 800   

Si 1.2 – 15  
and 30 - 100 

650 – 8, 300  
and 100 - 300 

Si containing O will have an 
absorption band at 1100 cm-1 

ZnSe 0.6 - 21 500 – 16, 500 Oxidises in air at >250°C 

 

5.2.3 Reactor considerations 

Minimal dead volume inside the reactor is required to observe the fast response of the 

catalyst to fast switching of the gas feed in a time-resolved manner. The conventional 

dome shaped reaction vessel of DRIFTS reactors creates a dead volume relating to 

the relatively large volume of the empty space within the dome compared to the small 

volume of the sample that occupies the cup within. Additionally, the flow of reactants 

through the catalyst must be considered. Ideally, to mimic the conditions of the catalyst 

in its ‘real’ operating environment, the reactor configuration should allow gas to flow 

continually through the length of the catalyst bed. The catalyst bed must allow the 

diffusion of gases through the reactor, as a blockage can cause overpressure in the 

reactor which would change the reaction conditions under investigation and create a 

potential safety hazard.  

Most heterogeneous catalytic processes in industrial applications occur in a plug flow 

reactor.15, 16 The nature of a plug flow reactor is that reactants are consumed as they 

flow through the reactor, resulting in an axial concentration gradient from inlet to 

outlet.17 This is the basis of the necessity for spatial resolution in operando 

measurements of heterogeneous catalysts operating in plug flow configuration, 

whereby reaction conditions, and therefore catalyst reactivity, changes with axial 

position along the length of the plug flow reactor.    

The spectroscopic reaction chamber must be able to be heated in a controlled manner 

with homogeneous heat distribution across the catalyst bed. It is inevitable that 
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exothermic (or endothermic) reactions during the operation of the catalyst will act to 

create temperature gradients within the bed, but for the isothermal measurements 

under steady state conditions, a homogeneous sample temperature should be 

achieved. In order to complement the spectroscopic measurements with 

measurements of the sample temperature in real time, a thermocouple must be 

inserted into the catalyst bed in a position as close as possible to the region measured 

by the spectroscopic technique, without interfering with the gas flow or spectroscopy.    

The radiation probe for the spectroscopic technique must not perturb the sample or the 

catalytic reaction. It is known that high flux of high energy electrons can cause 

photoreduction of vulnerable metals, oxides or cations in solution. Preliminary tests 

should be conducted to check the stability of the sample, reaction environment and 

spectroscopic cell in the X-ray and IR beams.  

Using a combined multi-technique approach requires that the XAFS and DRIFTS are 

able to probe the same region of the sample. This is particularly important for operando 

measurements of a catalyst in plug-flow configuration where the catalyst is exposed to 

different reaction environments at different positions. For DRIFTS spectroscopy the IR 

beam penetrates a depth of 100 – 300 µm from the sample surface (depending on the 

material),18 whereas the XAFS spectrum is acquired from transmission of X-rays 

through the entire path length through the sample, making it impossible to probe exactly 

the same portion of the catalyst with each technique. The IR beam and X-ray beam 

should be carefully aligned such that the surface and bulk measurements, respectively, 

examine the same axial position of the catalyst within the plug-flow configuration. In 

this way, one can assume that the reaction conditions and catalytic reactivity are 

consistent.  

5.3 Literature Review: Design of the spectroscopic cell 

The early reports of a spectroscopic cell used to contain a catalyst in its reaction 

environment for in situ spectroscopy were those based on FTIR spectroscopy 

measurements made in the transmission mode. In one particular example, the in situ 

IR spectroscopic cell was used to examine HY zeolite catalysts during the activation of 

cyclohexene at 370°C.19 The cell was constructed from stainless steel tubing with two 

CaF2 windows installed on opposing sides of the cell for the transmission of IR radiation 

through the cell. The catalyst sample was pressed into a self-supporting wafer and 

positioned in a stainless steel holder within the cell, between the two IR windows, in 

the path of the IR radiation. The reactant gases were introduced into the cell via a 

stainless steel tube on one side of the pellet and were allowed to flow through the 

catalyst then leave the reactor from the tubing at the other side. The dead volume 

between the windows and the sample were filled with KBr rods, such that the gas flow 

was forced to flow through the catalyst pellet. Heating of the sample was achieved by 

a heater inserted close to the sample, and monitored by a thermocouple inserted into 
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the cell. This was one of the first reports of IR spectroscopy conducted of a catalyst in 

conditions similar to the ‘real’ operating reaction conditions. Despite being one of the 

first reported experimental set-ups for in situ spectroscopy, it was considerably 

advanced in being able to investigate a real catalyst material under controlled reaction 

environments, at elevated temperatures in a cell with limited dead-volume.  

Transmission FTIR measurements of more recent studies still require the catalyst to 

be pressed into a self-supporting wafer. One reason for this is the absorption of IR 

radiation by the sample that would prevent the transmission of IR radiation through a 

fixed bed (self-supported pellets typically contain <50 mgcatalyst cm-2). Additionally, there 

is a problem in finding a suitable IR transparent window material to contain the sample 

in harsh reaction environments. The major problem of conducting operando 

measurements with this type of experimental set-up whereby gases are forced to flow 

through the pressed catalyst pellet, is the poor diffusion of gas through the sample. 

This can cause build-up of high pressure of gas in front of the catalyst pellet or 

bypassing of the gas flow around the catalyst pellet rather than through it, resulting in 

poor conversion rates compared to the real operation of the catalyst.20 

 

Figure 5.1. Design of an early in situ spectroscopic cell for infrared measurements in 
transmission mode, showing (A) KBr rods, (B) self-supported wafer of pressed catalyst sample, 
(C) Swagelok gas lines, and the incident (i0) and transmitted (it) IR beam. Reconstructed from J. 
F. Joly, Catal. Today 9 (1991) 31-38.19  

The challenges associated with poor diffusion and poor transmission of IR radiation 

through catalyst pellets can be overcome by collecting IR spectra in the diffuse 

reflection mode. The development of in situ reaction chambers for DRIFTS 

spectroscopy of heterogeneous catalyst materials have permitted a large number of in 

situ and operando experiments.18, 21-27 In situ DRIFTS measurements date back to 

1986, and must acknowledge the significance of Harrick Scientific in developing the 

DRIFTS reaction chamber and ‘praying mantis’ mirror assembly to facilitate these 

experiments.28 The early design of the Harrick DRIFTS reaction chamber (DRA-2CN), 

shown in Figure 5.2, allowed the catalyst sample to be examined by DRIFTS at variable 

temperatures and pressures. The spectroscopic cell was built around a central post (1) 
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which contained a heater and a thermocouple, and hosted the sample as a powder in 

a cup at the top of the post. The sample was enclosed by a cover (2) that was fitted 

with two KBr (or NaCl) windows (3a and 3b) for the entry and exit of the IR beam to 

and from the sample surface. The cover was fixed to the base of the cell with an o-ring 

to create a gas-tight seal, and an inlet and outlet for fixing gas lines or vacuum lines 

were provided. This setup was used repeatedly for these early in situ DRIFTS studies 

of catalyst materials during thermal decomposition and oxidation reaction conditions.23, 

29-32 

 

Figure 5.2. Harrick 'praying mantis' mirror (or arrangement for DRIFTS and in situ spectroscopic 
cell. Image reproduced from Leyden et. al. (1986).28  

Later variations of the DRIFTS reaction chamber have been devised by Harrick 

Scientific (Figure 5.3a)33 and Spectra-tech34 (Figure 5.3b). Both these variations of the 

DRIFTS reaction chamber are constructed from stainless steel, comprising a cylindrical 

sample cup which sits in the centre of the reactor. Both reactors make use of two 

interchangeable, canted IR windows for the transmission of the incident IR beam to the 

sample surface, and transmission of the reflected IR beam from the sample to the 

detector. The Harrick model fixes IR windows to a stainless steel hemispherical dome, 

which is sealed against the main vessel of the reactor with a gas tight Kalrez o-ring and 

secured with a gasket and screws. Rather than using a hemispherical dome, the 

Spectra-tech model has two IR windows fixed directed to the canted surfaces of the 

main reaction chamber. Both reaction chambers use a heating cartridge positioned 

directly beneath the sample cup and a K-type thermocouple inserted near to the 

catalyst sample for controlling the sample temperature. Both models make use of a 

cooling jacket that allows the exterior stainless steel casing of the reactor to be 

maintained at a lower temperature than the sample cup. This permits heating the 

sample to high temperatures (up to 500°C) without causing thermal damage to the 

optical windows located in the cooled exterior casing. The main difference between the 

Harrick and Spectra-tech models are the dead volume in each case. The dead volume 

of the commercial Harrick DRIFTS cell is 14 cm3 compared to a sample volume of 

0.027 cm3, which results in a delay of approximately 8 seconds for an experiment using 

a total flow rate of 100 ml min-1. The dead volume of the Spectra-Tech model is 
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improved to 3 cm3, for a delay of only 2 seconds with gas flow rate of 100 ml min-1. The 

significance of these in situ DRIFTS cells in providing a way to conduct in situ 

spectroscopy of heterogeneous catalysts in controlled reaction environments has been 

paramount to our understanding of catalytic surface reactivity. However, there are 

limitations with these cell designs in terms of the requirements for advanced operando 

spectroscopy. The sample inhomogeneity due to temperature gradients within the 

reactor becomes a problem when the surface of the sample probed by the IR radiation 

is at a cooler temperature than the catalyst at the bottom of the sample cup that is 

closest to the heater. The temperature gradient becomes steeper as the power to the 

heater is increased, as the temperature at the bottom of the catalyst bed increases but 

the surface of the catalyst bed continues to be cooled by the cold inlet gas feed. 

Moreover, the flow of gases through the catalyst bed can establish plug-flow reaction 

conditions and therefore change in gas concentrations as a function of position in the 

catalyst bed. The catalytic activity measured by end-pipe analysis of the exhaust gas 

is therefore not a direct measurement of the catalytic activity of the catalyst investigated 

at the top of the bed with DRIFTS spectroscopy. An improved design of the in situ 

DRIFTS reaction chamber by Specac Ltd. has attempted to reduce the dead cell 

volume and temperature gradients by using just one IR window positioned on top of 

the surface of the sample bed.35 This model still makes use of a water cooling system 

to maintain low temperature of the window material and so a temperature gradient – 

and concentration gradients – are still an apparent problem.  

The development of in situ cells for techniques using high energy X-rays, such as in 

situ XRD and XAFS, have the advantage that high penetrating power of the X-ray 

radiation allows for low absorbing materials to be used to contain the sample. Early 

designs for in situ XAFS and in situ XRD experiments used an external furnace, with 

the catalyst mounted inside as a pressed pellet. In 1993, Liu et al. reported the use of 

a furnace-type spectroscopic cell for in situ XANES to study a Cu catalyst in reaction 

conditions for the catalytic reduction of NO. In this arrangement, the catalyst sample 

was pressed into a self-supporting wafer and mounted within a furnace in such a way 

that the gases were forced to flow through the permeable catalyst wafer.36, 37 However, 

Figure 5.3. Images of commercial DRIFTS reaction chambers. a) Harrick DRIFTS reaction 
chamber, b) Spectra-tech DRIFTS reaction chamber. Photo Courtesy of Thermo Fisher 
Scientific.35  

b) a) 
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these types of spectroscopic cells often suffered a large amount of heat loss and so 

were unable to achieve temperatures greater than 500°C. Some other groups reported 

in situ XRD and in situ XAFS measurements around this time, although the 

experimental reaction chamber were not disclosed.38-41  

To overcome the problem of heat loss and to achieve higher temperatures, a new 

experimental setup was devised by Dent et al. in 1995 which contained the sample 

within a tube furnace and allowed the sample to be heated in air up to 1200°C.42, 43 In 

this tube furnace design, the sample was pressed into a self-supporting disk and 

mounted onto a sample holder. The sample holder was inserted into the furnace which 

comprised of a heated wire frame constructed from thermally resistant pyrophyllite and 

alumina. The wire frame was encased within an insulating heat shield fitted with 

Kapton® windows for transmission of X-rays to and from the sample. The wire frame 

and casing were then contained within an outer jacket which had two end caps cooled 

by an external water jacket, and the space between the heat shield and outer jacket 

was filled with mineral wool for further insulation. The incorporation of an insulated heat 

shield meant that the sample was able to be heated in a controlled way to much higher 

temperatures (1200°C) than previously possible. A thermocouple fixed to the sample 

holder and in direct contact with the sample allowed for accurate temperature 

monitoring during the in situ measurements. The same problem of poor gas diffusion 

through the pressed catalyst pellets in these set-ups, as experienced by the 

transmission IR measurements, meant that the measured catalyst was not exposed to 

the desired reaction conditions, and so a different approach would be needed for in situ 

measurements. 

The quartz capillary sample containers used for ex situ XRD and XAFS were easily 

transformed into flow reactors, by connecting inlet and outlet gas lines via leak tight 

stainless steel tube fittings at either end. This created a smooth transition from ex situ 

to in situ measurements, whereby gases were allowed to flow through the sample in a 

plug flow arrangement.44 These simple quartz tube reactors can be heated to 

temperatures up to 500°C using a hot air blower from beneath the reactor, as imaged 

in Figure 5.4.45  To reduce the problem of temperature inhomogeneity within the quartz 

capillary, an X-ray transparent hood constructed from Kapton® foil or aluminium was 

positioned around the sample capillary to reduce heat loss to the surroundings. This 

experimental set-up is still used at present for in situ XAFS or in situ XRD experiments 

of catalysts under plug-flow reaction conditions. The photograph in Figure 5.4 shows 

the quartz capillary reactor used in the investigation of MoOx/Fe2O3 catalysts for the 

selective oxidation of methanol on beamline B18 at Diamond Light Source.46  
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Considering the specific requirements for spectroscopic reactors to conduct operando 

XAFS and DRIFTS independently, the challenge to perform both techniques 

simultaneously in a single reactor with the appropriate time resolution and spatial 

resolution requires careful design of a new spectroscopic reactor. There have been 

many attempts to conduct combined, operando XAFS and DRIFTS spectroscopy of 

heterogeneous catalysts using different spectroscopic cells,5, 47, 48 all presenting scope 

for improvement to the method.  

The first report of a new reactor for a combined, simultaneous XAFS and DRIFTS 

method was published by McDougall in 1999,25 and used successfully in 2004.49 This 

cell was much like the stainless steel reaction chamber of the Spectra-Tech DRIFTS 

cell but with a flat top hosting just one IR window that sits level against the catalyst 

surface (Figure 5.5). Apertures were machined into the walls of the stainless steel 

chamber and fitted with X-ray windows of Kapton® material (or hot pressed BN) using 

high temperature epoxy. The IR window at the surface used a CaF2 crystal, which has 

improved temperature resistance and chemical resistance compared to ZnSe – an 

important consideration when the window was in close proximity to the catalyst bed. A 

thermocouple inside the cell was positioned with its tip inside the catalyst bed to directly 

probe the sample temperature, and the gases were allowed to flow over the catalyst 

bed.25, 50 The main advantage of this cell design was the reduced dead volume 

compared to the dome shaped reaction vessel of the conventional Harrick DRIFTS cell 

or the canted roof of the Spectra-Tech analogue. This allowed for faster time-resolved 

studies of gas switching experiments, demonstrated by the combined EDE-XAFS and 

DRIFTS experiment at beamline ID24, ESRF whereby both datasets were collected 

with a time resolution of 64 ms per spectrum.50 The limitations associated with this cell 

design were firstly the maximum operating temperature of the reactor which was limited 

to 400°C due to the proximity of the CaF2 window to the sample. Operating the cell to 

temperatures higher than this would have caused the CaF2 to degrade. Secondly, the 

Figure 5.4. Quartz capillary microreactor used for in situ XAFS measurements of a catalyst 
under reaction conditions. (A) Hot air blower, (B) incident X-ray direction (C) transmitted X-ray 
(D) Fluorescence detector. Reprinted from C Brookes et al., Cat. Sci. Tech., 2016, 6, 722-
730.46  
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small aperture for X-ray transmission through the catalyst sample did not allow for any 

spatial resolution in the measurements, and the fixed X-ray path length through the 

sample limits the range of XAFS edge energies and sample materials that could be 

studied. Most significantly, the problem with conducting operando spectroscopy in this 

reactor is that the gas flow passes over the catalyst bed, rather than passing through 

it. This means that the observed catalytic activity would be lower than expected as 

much of the catalyst would not be contacted by the reactant feedstock and a plug-flow 

configuration could not achieved. Despite the limitations, this cell design was used 

successfully to obtain information for nanoparticle catalyst structure, function and 

reactivity in differing reaction conditions.5, 49-52  

 

Figure 5.5. Drawing of the modified Spectra-Tech spectroscopic cell designed by McDougall et 
al.25 for combined XAFS/DRIFTS spectroscopy. Drawing shows a cross-sectional plan with (1) 
CaF2 IR window, (2) BN X-ray windows, (3) path of incident and diffusely reflected IR beam, (4) 
BN sample cup, (5) heating cartridge, (6) inlet/outlet gas lines, (7) stainless steel reactor body, 
(8) bolts, (9) ceramic insulation, (10) Kalrez o-ring and (11) water cooling circulation path. Image 
taken from Newton et al. Catalysis Today 126 (2007) 64.50 

An alternative approach for combined, in situ XAFS and IR spectroscopy was in the 

use of a cross-shaped cell (schematic drawing shown in Figure 5.6) designed by Bando 

et al. in 2009, which is able to perform both techniques in transmission mode.53 For 

these combined XAFS and IR measurements, the catalyst sample was mounted as a 

pressed pellet in the centre of the cell. The X-ray and IR beams were oriented 

perpendicular to each other, and intersected at the sample in the centre. The X-ray and 

IR beams were allowed to enter and leave the cell via two pairs of windows; the X-ray 

windows were constructed from polyimide films (125 µm thick), and the IR windows 

used KBr crystals (3 mm thick). To reduce the dead volume within the cell, and reduce 

the IR absorption from gas phase molecules, CaF2 crystal rods were sandwiched 

between the sample and IR windows. Gases were forced to flow through the cell via 

two sets of inlet and outlet valves located at each end of the arms of the cell. Although 

the limitations of the spectroscopic cell were not outlined by the experimental reports,53, 

54 there are obvious problems with this cell design that relate to the large dead volume 

of the reactor, the ability for gases to by-pass the catalyst and the usual problems 
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associated with gas diffusion and poor IR transmission through pelletized catalyst 

samples. 

 

Figure 5.6. Schematic drawing of the cross-shaped in situ spectroscopic cell designed by Bando 
et al. for performing combined XAFS and IR in transmission mode. Figure shows the position of 
the sample mounted as a pellet at the centre of the reactor, the path of the IR beam (blue) and 
path of the X-ray beam (red). Figure taken from K. K. Bando et al., J. Phys.: Conference Series 
190 (2009) 012158.53 

The Harrick DRIFTS cell was modified for combined, in situ XAFS and DRIFTS 

spectroscopy at beamline X18A of the National Synchrotron Light Source in 2011.55 

The major advantage of this experimental set-up was the facilitated alignment of both 

X-ray and IR beams with respect to the sample, owing to the assembly of the motorised 

‘DaVinci arm’ accessory and compatible reaction chamber. The Harrick DRIFTS cell 

reported in this work used two KBr windows fixed to the hemispherical dome of the 

reaction chamber (Figure 5.7). The X-ray beam passed through the reactor to the 

sample via two holes (1.7 mm in diameter), that were sealed at each end with glassy 

carbon windows. The sample cup containing the catalyst had an inner diameter of 3.17 

mm, and allowed the transmission of the X-ray beam via two apertures located 1.04 

mm from the surface of the sample cup. Akin to the conventional DRIFTS cell, there 

were connections for the inlet and outlet gas lines, and two additional connections for 

the inlet and outlet of a circulating water cooling system. The limitations of this cell 

design reflect the aforementioned dead cell volume associated with the dome shape of 

the Harrick design, which limits the time resolution of in situ measurements. The Harrick 

cell is also known to suffer from sample inhomogeneity when operated at high 

temperatures, however, for the maximum operating temperature in this work (200°C) 

this was not considered a significant problem. Akin to the McDougal cell design, the 

small window dimeter for the X-ray beam eliminates the possibility for any spatial 

resolution in XAFS measurements, and the fixed path length through the sample 

prohibits the use of softer X-ray energies and absorbing materials. The distance of the 

X-ray beam fixed 1.04 mm from the sample surface means that XAFS and DRIFTS 

spectroscopy probe different portions of the sample, which limits the interpretation of 
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the combined techniques due to temperature and compositional gradients within the 

catalyst bed. This modified Harrick DRIFTS cell has been used by Gibson et al. to study 

the structural rearrangement of AuPd nanoparticle catalysts during reaction conditions 

for CO oxidation, and in Chapters 3 and 4 of this thesis.56 These studies demonstrate 

the facilitated experimental setup and sample alignment at beamlines B18, Diamond 

Light Source and SuperXAS at the Swiss Light Source. 

 

Figure 5.7. Photographs of a) modified Harrick XAFS/DRIFTS reaction chamber and b) Harrick 
DaVinci arm installed on FTIR spectrometer. (1) ZnSe IR windows, (2) Vitreous carbon X-ray 
windows, (3) DaVinci arm accessory (4) Gas tubing connected to XAFS/DRIFTS reaction 
chamber. 

The commercial Harrick cell was modified again by Argonne National Laboratory in 

2013, this time allowing for combined XAFS and DRIFTS as well as X-ray Pair 

Distribution Function (PDF) measurements.3 This was achieved by drilling through the 

Harrick DRIFTS reactor and installing two new X-ray windows (Figure 5.8). The first X-

ray window, constructed from polyimide material, was fitted into a small aperture (3 mm 

diameter) on one side of the reactor for entrance of the incident X-ray beam into the 

reaction chamber. The second X-ray window, also constructed from polyimide material, 

was fitted into a larger aperture (12 mm diameter) on the opposing side of the reaction 

chamber, with its centre slightly offset from the position of the X-ray beam such that it 

allowed exit of the additional scattered X-ray radiation, as well as the transmitted beam, 

at angles up to 45° from the sample. Polyimide window materials were chosen for this 

cell design because they were found to interfere least with the low intensity scattered 

X-rays. By using larger X-ray windows than other XAFS/DRIFTS reaction chambers, 

there was the possibility to probe different spatial positions of the catalyst bed (within 

a 1.5 mm vertical slot of the sample cup) by vertically translating the spectroscopic cell 

with respect to the X-ray beam. Indeed, variations in the state of reaction were reported 

when probing different positions from the top to the bottom of the catalyst bed.  
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Figure 5.8. Sketch of the modified dome of the combined XAFS/DRIFTS reaction chamber 
designed by Beyer et al. showing the path of the incident, transmitted and scattered X-ray beams 
(blue), and the incident and diffusely reflected IR beams (red). Image taken from KA Beyer, et 
al., J. Appl. Crystallogr., 2014, 47, 95-101.3    

Newton et al. in 2013 report the combined XAFS/DRIFTS method implemented at 

beamline ID24 of the European Synchrotron Radiation Facility (ESRF), using a cell 

design modified from the commercial Spectra-Tech DRIFTS cell.51 As with the in situ 

Spectra-Tech DRIFTS reaction chamber mentioned previously, the dead volume is 

smaller than that of the Harrick analogue due to the alternative shape of the reaction 

vessel. This group reported two main advantages of this cell, which are in line with 

those of the Harrick and Spectra-Tech designs; (i) gas flows through the catalyst (rather 

than over it) to achieve plug-flow configuration, and (ii) high maximum operating 

temperature of 800°C due to a water cooling exterior that maintains a cooler 

temperature of the IR windows. This again leads to the recognised problem of 

temperature and gas concentration gradients within the catalyst bed that are not 

considered by the fixed spatial position of spectroscopic techniques. Similarly to the 

Harrick cell design, this becomes a greater problem when the sample is heated to 

higher temperatures from beneath but continuously cooled at the surface by the cold 

incoming gas feed. The surface of the catalyst sample probed by DRIFTS spectroscopy 

would therefore be operating at lower temperature than the catalyst at a position >1 

mm beneath the surface that is probed by XAFS, meaning that there is difficult 

correlation between the two spectroscopic techniques.    

The cell design reported by D. Ferri et al. in 2014 was the first to move away from the 

commercial DRIFTS style reaction chamber.57 In this work, a spectroscopic cell was 

designed to contain the catalyst sample in a capillary shaped reaction vessel, with 

continuous gas flow through the length of the reactor in order to comply with plug-flow 

conditions. In this ambitious design, it was attempted to pass both the IR and X-ray 

radiation beams through the same window that lay on the top face of the reactor in 

direct contact with the sample (Figure 5.9).57 Due to the conflicting material properties 

required for transparency in IR and X-ray radiation, it was not possible to find a suitable 
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material to serve as both an IR and X-ray window, and so the final cell design used a 

CaF2 IR window with a 500 µm carbon filled aperture at its centre to accommodate 

transmission of the X-ray beam. The main body of the cell was constructed from a 

stainless steel block, with a 5 mm x 10 mm trench extruded from the middle to contain 

the catalyst sample. Two stainless steel 1/16" tubes were connected to both ends of 

the sample trench to allow the gas to flow from one end to the other. A K-type 

thermocouple (0.5 mm diameter) was inserted through one of the gas tubes such that 

the tip was positioned in direct contact with the sample within the catalyst bed. Heating 

cartridges positioned in the stainless steel block either side of the sample, allowed 

homogeneous heating of the sample up to 500°C. The sample trench was enclosed 

above and below by the window material, and sealed with graphite gaskets. The 

sample was sandwiched between quartz wool to avoid movement in the gas flow, and 

additional quartz wool was used as an insulating layer across the top of the cell. The 

high time resolution afforded by this cell design was demonstrated for XAFS 

measurements at the SuperXAS beamline of the Swiss Light Source, achieving XAFS 

data acquisition with a 1 second time resolution and complete exchange of gas through 

the reactor within 5 seconds (when operating at a total gas flow rate of 100 ml min-1). 

This allowed for the modulated excitation approach whereby continuous perturbation 

and response measurements were processed to enhance the sensitivity of weak 

spectral features in EXAFS spectra. Although this cell design achieved high resolution 

IR, IR 

I0, X-ray 

I0, IR 
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windows 
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Figure 5.9. Cell design for capillary shaped XAFS/DRIFTS reaction vessel reported by Chiarello 
et al., a) exploded view of the different parts making up the cell and b) a simplified illustration of 
the cell design showing the path of the transmitted X-ray beam (blue) and the path of the diffusely 
reflected IR beam (red). Images modified from GL Chiarello et al., Rev. Sci. Instrum., 2014, 85, 
074102.57  

sample 
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in both XAFS and DRIFTS spectroscopy, it was still not possible to perform both 

techniques simultaneously and with any spatial resolution.   

The most recent report of a new cell design for combined XAFS/DRIFTS spectroscopy 

has built on the original cell design by McDougall et al.,25 making changes to ensure 

the gas flow does not bypass the sample and to allow higher operating temperatures.58 

This was achieved by constructing the cell in two parts; the cell body which contained 

the sample holder, thermocouple and gas system, and the cell dome which was fitted 

with two X-ray windows and one IR window (Figure 5.10). A Cu metal O-ring (CF16) 

was clamped between the dome and body to create a gas tight seal between the two 

parts, and the three windows were sealed to the dome using silicon glue (LOCTITE SI 

5399). The main body of the cell was constructed from Inconel alloy, the X-ray windows 

used glassy carbon (200 µm) and the IR window used CaF2 (2 mm thick). The dead 

volume of this cell is 0.5 cm3 due to the 1 mm gap between the sample surface and IR 

window. To improve sample homogeneity compared to previous designs, and reduce 

the possibility for liquid condensation, there is the possibility for inlet and outlet gas 

lines to be heated to 150°C. This XAFS/DRIFTS cell design affords improvements to 

the investigation of a catalyst operating in plug flow configuration, with high time 

resolution and improved sample homogeneity. However, the operating temperature of 

the reactor was still limited due to the use of a silicon glue (resisting temperatures up 

to 350°C) and the small X-ray windows prevent the possibility of spatially resolved 

measurements beyond the front of the catalyst bed. 

 

Figure 5.10. Concept design of XAFS/DRIFTS reaction chamber by Agostini et al. showing the 
IR window, X-ray windows, heated gas tubes and sample cup. Image modified from Agostini et 
al. Journal of Synchrotron Radiation 25 (2018) 1745.58 

Despite some constraints and measurement limitations, the above mentioned 

spectroscopic cells have permitted a number of in situ and operando studies to allow 
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new insights to the structure-function relationships of heterogeneous catalysts, and 

have demonstrated the worth of this combined multi-technique approach.58 The 

previous articles reporting combined, operando XAFS/DRIFTS spectroscopy have 

demonstrated the difficulty in designing such experiments, and outlined the major 

challenges for future attempts. The main problems that need to be considered to 

improve future designs are reduced dead volume, plug-flow configuration and spatial 

resolution.  

5.4 Cell Design Iterations 

In order to achieve the final successful cell deign for spatially resolved, combined, 

operando XAFS/DRIFTS spectroscopy in this project, multiple reaction cells were 

designed and constructed, each iteration building upon the problems identified with the 

previous design.  

The fundamental concept was to construct a reactor that was based upon the capillary 

microreactor design used for operando XAFS reactors.45, 46 In this ideal reactor, the 

catalyst would be contained as a fixed bed inside the capillary and the gas would be 

forced to flow continuously through the length of the reactor achieving plug flow 

configuration. Ideally, the entire reactor would have been constructed from a single 

material in order to eliminate the problem of needing to join and seal two materials, and 

achieve uniform heating from an external source. The single chosen material would 

therefore need to permit transmission of both X-ray and IR radiation, whilst being 

resistant to the harsh reaction conditions inside the cell.  

Realistically, as recognised in the ambitious work by Chiarello et al.,57 finding a suitable 

material to serve as the main reactor body, IR window and X-ray window is not possible. 

Therefore, the design for the new XAFS/DRIFTS cell would require the use of more 

than one material that were joined by a gas tight seal. The first iteration of the proposed 

cell design used a single material to act as the main reactor body and the X-ray window, 

with a hole extruded in the top face of the capillary for installing an IR window. In order 

to perform DRIFTS measurements at the sample surface, the cylindrical shape of the 

conventional capillary shaped reactor would have to be modified to allow for a flat 

sample surface and a flat IR window.    

5.4.1 3D Printed Plastic Model 

A plastic prototype of the cell design was printed using HP DesignJet 3D printer with 

acrylonitrile butadiene styrene (ABS). The 3D drawing was made using the 3D CAD 

design software SOLIDWORKS, with carefully calculated dimensions such that the 

plastic prototype resembled the exact size and shape of the ‘real’ cell. This meant that 

the model prototype could be used to design the inlet and outlet gas connections, 

heating block, thermocouple and mounting posts for alignment to the ‘Praying Mantis’ 

IR optics. The dimensions of the cell were calculated according to the required X-ray 
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path length through the breadth of the catalyst bed, at the energies for the required 

XAFS acquisition. In the case of this cell design, the catalyst sample was 3wt% 

Pd/Al2O3 for Pd K-edge XAFS (24350 eV). The length of the reactor was then decided 

by considering the length/breadth aspect ratio of the plug flow reactors used in 

conventional lab based catalyst testing rigs to achieve similar space velocities. The 3D 

printed model and the 3D drawing of the first cell design are shown in Figures 5.11a 

and 5.11b. The main body of the reactor was a cuboid block with a hollow rectangular 

cross section (5 mm x 7 mm) and the two ends of the reactor were cylindrical (outer 

diameter mm, inner diameter mm) to allow for the connection of inlet and outlet gas 

tubing. A rectangular hole for the IR window (50 mm x 5 mm) was extruded from the 

top face of the reactor, with a 1 mm ledge to act as the window frame. A metal frame 

(Figure 5.11c), clamped together by 6 bolted rods (2 mm diameter), was designed to 

mount eight heating rods (3 mm diameter, 16 mm length) positioned at equal intervals 

along the length of the reactor and to secure the IR window. The frame was constructed 

Figure 5.11. a) Photograph of 3D printed plastic prototype of new XAFS/DRIFTS cell design. 
b) Graphic representation of new XAFS/DRIFTS cell design showing the direction of gas flow, 
path of transmitted X-ray beam and path of reflected IR beam. c) Photograph of metal frame 
used to clamp the IR window and heating plate to the XAFS/DRIFTS cell. (1) bolted rods, (2) 
IR window frame (3) cavities to hold heating cartridges.  
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from stainless steel to aid thermal conduction for improved heat distribution around the 

cell.   

5.4.2 Boron nitride cell  

The first model of the new XAFS/DRIFTS reactor was constructed from a boron nitride 

material (AX05 grade) supplied from Saint Gobain. Boron nitride was chosen for its 

chemical inertness, resistance to high temperatures and low X-ray attenuation. The 

boron nitride material was supplied as a rod (20 mm diameter and 120 mm length) and 

machined to the desired shape. The walls of the rectangular part of the reactor were 

machined to a thickness of 2 mm, which allowed for 77.5% X-ray transmission (at 

24350 eV) through both boron nitride walls (4 mm total). The advantage of constructing 

the entire cell from boron nitride means that X-rays cans be transmitted through the 

sample compartment at any position along its length and its height, for spatial resolution 

in XAFS measurements.  

The IR window was constructed from GaAs (52 mm x 7 mm x 2 mm), which has suitable 

thermal resistance but is known to suffer from oxidation and corrosion under reactive 

environments. Therefore a protective coating, akin to the diamond like carbon (DLC) 

films used for IR optics in meteorological applications,59 was required to prevent contact 

of the GaAs window with the reaction environment whilst maintaining optical properties. 

Adapting a patent for durable anti-reflection coatings of infrared windows, a protective 

layer of Si (100 nm thick) was deposited onto the GaAs window surface using a 

chemical vapour deposition (CVD method), carried out at Queen’s University Belfast 

Chemical Engineering workshop. The Si coated GaAs window (GaAs-Si) was then 

calcined at 600°C, before testing for IR transparency. The DRIFTS spectra of a 

supported Pd catalyst are shown in Figure 5.12, collected with the conventional canted 

ZnSe windows, then with the addition of the GaAs-Si window positioned between the 

sample surface and the ZnSe windows. In the acquisition of these DRIFTS spectra at 

sample temperatures of 100°C and 500°C, the ZnSe windows were continuously 

cooled by the water cooling of the Harrick dome, but the GaAs-Si window was allowed 

to reach the same temperature as the sample. There is reduced intensity of the 

absorption features in the spectral region <1500 cm-1, particularly at higher 

temperatures, but the spectral information is not lost and there are no additional 

absorption bands for Si-O of the Si window surface. The transmission of IR radiation 

through the GaAs-Si is therefore suitable for DRIFTS acquisition up to 500°C. The 

advantage of using a rectangular IR window that extends the length of the sample 

compartment means that the DRIFTS measurements can be collected with spatial 
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resolution along the length of the reactor, complementing the spatially resolved XAFS 

measurements. 

 

The gas connections for the BN reactor used Swagelok stainless steel VCO fittings 

with a Teflon o-ring which were inserted into the cylindrical ends of the reactor and 

secured in place a ceramic adhesive (Aremco ceramabond 552). The photograph in 

Figure 5.13 shows the BN cell with the rectangular GaAs-Si window, connected to gas 

lines for testing gas flow through the reactor. The unforeseen problem with this initial 

cell design was the porosity of the BN material, which meant that the reactor was not 

gas tight. This made it unsuitable for testing catalytic reactions involving the use of 

harmful gases, and so a new cell design was required. Furthermore, the GaAs-Si 

window material was brittle and shattered easily – particularly when applying pressure 

in clamping down the window with the metal frame.  

 

Figure 5.13. Photograph of the first iteration of the XAFS/DRIFTS reactor, showing (1) cell body 
constructed from BN, (2) GaAs-Si IR window, (3) square cross section capillary for containing 
the catalyst bed and (4) Swagelok VCO gas fittings.  

Figure 5.12. DRIFTS spectra of a supported Pd nanoparticle catalyst (Pd/zeolite-Y) contained 
within the Harrick DRIFTS cell with and without an additional GaAs-Si window at a) 100°C and 
b) 500°C. 
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5.4.3 Aluminium Cell 

The second iteration of the new XAFS/DRIFTS reactor was constructed from 

aluminium, and the shape of the reactor body was modified to improve the integral 

strength (Figure 5.14). The overall dimensions of the cell were maintained (120 mm x 

13 mm x 15 mm) but the entire cell was cut to a cuboidal shape. Circular holes for the 

inlet and outlet VCO gas connections extended a depth of 30 mm at each end of the 

reactor, where they met the square cross section channel which joined the two ends.  

A trench was extruded (50 mm x 5 mm) along the length of the two reactor walls either 

side of the catalyst bed, in order to thin the width of the aluminium walls for improved 

transmission of X-rays. The width of the walls after extruding the trench were 200 µm, 

which allowed for 82.4% transmission of X-rays (at 24350 eV) through both walls (total 

400 µm). The new IR window was constructed from CaF2 and used the same 

dimensions as the previous design (52 mm x 7 mm x 2 mm). The CaF2 window and 

Swagelok gas fittings were fixed to the Al reactor using MINKON FortaFix Autostic 

ceramic adhesive sealant. This commercial sealant was understood to have high 

temperature resistance (1000°C), high resistance to oxidising and acidic environments 

and a low thermal expansion (18 x 10-6 C-1).60  

A new mounting piece was designed and constructed by I20-EDE at Diamond Light 

Source, to secure the reactor in a fixed position on the motorised stage of the beamline. 

This mounting piece, shown in Figure 5.15, was machined from aluminium, using two 

screws at each end to clamp the XAFS/DRIFTS reactor in place with the heating plate 

sandwiched beneath the reactor. This arrangement eliminates the requirement for the 

metal frame and bolted rods (of the previous deign) that were obstructing the X-ray 

window and exerting pressure on the fragile IR window. A K-type thermocouple 

Figure 5.14. a) Graphic representation of the second iteration of the new XAFS/DRIFTS 
reactor showing direction of gas flow, path of transmitted X-ray beam and path of reflected IR 
beam. b) Photograph of the second iteration of the new XAFS/DRIFTS reactor showing (1) 
cell body constructed from Al, (2) CaF2 IR window and (3) Swagelok VCO gas fittings. 
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(0.75 mm diameter) was inserted through the gas line at the inlet of the reactor and 

sealed with a Swagelok fitting (1/16” tube fitting). The heating plate used the same 

dimensions as the previous design, to accommodate eight heating rods, and a smaller 

hole (1.1 mm diameter) was drilled into the heating plate to accommodate a second K-

type thermocouple (1 mm diameter).  

XAFS can be collected in transmission mode at any position along the length of the 50 

mm trench, which means that XAFS measurements can be collected with a degree of 

spatial resolution. Both quick scanning and energy dispersive XAFS can be used in 

transmission mode to acquire EXAFS on the millisecond timescale. Similarly, DRIFTS 

spectra can be collected on the millisecond timescale at any position along the 50 mm 

length of the CaF2 window, thus the spatial resolution and time resolution of DRIFTS 

measurements can match those of the XAFS measurements. This makes 

improvements on previous cell designs which have only allowed for XAFS and DRIFTS 

measurements at a single position of the catalyst bed. 

The transfer of heat from the heating plate to the catalyst bed has been tested by 

performing a temperature ramp from room temperature up to 200°C. The reactor was 

positioned in the mount with the heating plate beneath the catalyst bed. Two 

thermocouples were monitored throughout the temperature ramp, the first 

thermocouple (T1) was located in the centre of the catalyst bed (3wt% Pd/γ-Al2O3), and 

the second thermocouple (T2) was located in the heating plate. The heater was 

programmed to maintain a temperature ramp rate of 2°C min-1, using the readout of T2 

to automatically adjust the power output supplied to the heating cartridges accordingly. 

The difference between T1 and T2 are plotted in Figure 5.16 for increasing set point 

Figure 5.15. Photograph of new aluminium 
XAFS/DRIFTS reactor position on beamline I20-
EDE at Diamond Light Source. The reactor is fixed 
in place by the aluminium mounting piece (1) with 
two screws (2) and (3), with the heating plate (4) 
positioned beneath the reactor. 

Figure 5.16. Measured temperature of catalyst 
bed and heating plate plotted as a function of set 
point during a temperature ramp experiment 
from room temperature to 200° C at 2.5°C min-1.  
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temperatures, showing that the temperature measured at the catalyst sample was ~ 

25% lower than that measured at the heating plate.  

 The capability of this new reactor to collect combined XAFS and DRIFTS 

measurements of a catalyst operating under plug flow conditions is demonstrated by 

the experiment detailed in Chapter 6. The new XAFS/DRIFTS reactor affords high time 

resolution due to the minimal dead volume within the reactor. When the catalyst sample 

is packed into the reactor, it is contained between the 3 Al walls, pressed up against 

the CaF2 window and held in place between quartz wool so that there are no gaps for 

bypass of the gas flow. The gas is therefore forced to flow through the catalyst sample 

in a plug flow configuration. The catalyst sample can be sieved to a controlled sieve 

fraction to improve the diffusion of gas through the sample but must be small enough 

not to compromise the signal-to-noise ratio of acquired DRIFTS spectra. The DRIFTS 

spectra acquired with different sieve fractions of the same Pd/zeolite-Y catalyst are 

shown in Figure 5.17, which highlight the improved signal-to-noise achieved with sieve 

fractions smaller than that 425-250 µm. 

 

5.5 Improvements for Future Models 

For improved cell designs in the future, the following problems should be addressed. 

An alternative method to seal the IR window to the aluminium reactor should be 

considered that is more forgiving of the movement caused by thermal expansion of the 

different parts. Ideally, an alternative seal would allow the window to be exchanged 

easily to assist in sample changes and cleaning of the reactor. Another challenge to 

consider is the temperature inhomogeneity within the sample bed. The new cell design 

uses a heating plate located beneath the cell, which allows for equal heat distribution 

along the length of the reactor but significant heat loss from the surface of the sample 

in contact with the IR window creates a temperature gradient in the vertical direction.  

Figure 5.17. DRIFTS spectra of a supported Pd nanoparticle catalyst (Pd/zeolite-Y) contained 
within the Harrick DRIFTS cell, using samples prepared with different sieve fractions.  
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Additionally, the requirement for operando spectroscopy to be coupled with 

measurements of the catalytic activity means that it is necessary to conduct 

measurements of the catalytic activity with the same temporal resolution and spatial 

resolution as the spectroscopic measurements. The catalytic activity measurements 

used to complement operando spectroscopy in the past have most often used mass 

spectrometry or gas chromatography analysis of the reactor exhaust. In this way, only 

end-pipe analysis is obtained to give information for the activity of the catalyst bed as 

a whole. However, due to the variance in reaction kinetics along the length of a catalyst 

bed operating in plug flow configuration, the end pipe analysis may give misleading 

interpretation of structure-reactivity relationships of the catalyst. To overcome this 

problem it would be desirable to integrate this XAFS/DRIFTS reactor with an instrument 

capable of collecting spatially resolved catalytic activity measurements of a fixed 

catalyst bed, such as the Spaci-FB.61 The Spaci-FB utilises a sampling capillary (240 

µm outer diameter, 150 µm inner diameter) that is inserted into the fixed catalyst bed 

to sample the local gas concentration and temperature at different spatial positions 

within the reactor. In future work there is the possibility to mount the XAFS/DRIFTS 

reactor to the movable stage of the Spaci-FB set-up, and insert a sampling capillary 

into the fixed catalyst bed via the gas tube opening at one end of the reactor. By moving 

the motorised stage in an axial direction with respect to the X-ray beam, IR beam and 

sampling capillary, there is the possibility for the catalyst bed to be examined by all 

three techniques, with spatial resolution achieved in each case.  

5.6 Conclusions 

A new, significantly improved spectroscopic cell has been designed that builds upon 

previous designs. The new reactor takes a different approach to the common dome-

shaped reactor and affords combined XAFS and DRIFTS spectroscopy of a catalyst 

that is contained as a fixed catalyst bed operating in a plug-flow configuration. For the 

first time, simultaneous XAFS and DRIFTS measurements can be collected with spatial 

resolution along the length of a catalyst bed. The reactor has been tested up to 

temperatures of 200°C, but is expected to withstand temperatures in excess of this in 

a range of chemical environments. The limitations of the cell which must be considered 

for future designs are the method of sealing the parts of the reactor, the temperature 

gradient from top to bottom of the reactor and the need to integrate with the Spaci-FB 

instrumentation for spatially resolved MS measurements.  
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Chapter Six. Kinetic Oscillations of Pd nanoparticle catalysts for 

CO oxidation; spatially resolved operando EDE/DRIFTS/MS  

 

6.1 Introduction  

Although a relatively simple reaction, the oxidation of CO to CO2 is of great importance 

in emissions control technology to abate poisonous CO from the exhaust of internal 

combustion engines.1 While CO oxidation can be catalysed at low temperature in 

aerobic conditions over a precious metal surface,2 the onset of self-sustained kinetic 

oscillations is found to occur under certain reaction conditions.3-5 These kinetic 

oscillations are puzzling and have been the focus of many studies in the past.6-10 Many 

of these studies have used ultra-high vacuum (UHV) techniques with model single 

crystal surfaces to draw speculative conclusions for the catalytic mechanism, rather 

than studying the real catalytic material itself. In this work, the development of a 

spatially resolved, operando method has focussed on studying the behaviour and 

possible structural changes of a supported nanoparticle catalyst operating in plug-flow 

conditions during kinetic oscillations of the CO oxidation reaction.  

6.1.1 CO oxidation at a metal surface 

The oxidation of CO by O2 to CO2 (Equation 6.1) is one of the most widely investigated 

catalytic reactions. From a practical perspective, CO is a highly toxic chemical which is 

formed from incomplete combustion of hydrocarbon fuels and must be removed from 

the exhaust of combustion engines.11 This can be achieved by using a high 

performance catalyst, which promotes the oxidation of CO by O2 to CO2, which can 

then be released to the atmosphere. Increasingly stringent emissions legislations mean 

that more effective catalysts are required for the efficient clean-up of CO at low 

temperatures.12 The catalysed CO oxidation at a metal surface has been extensively 

studied, and was often used as a classic example of the Langmuir Hinshelwood 

reaction mechanism13; the two reactants from the gas phase compete for free 

adsorption sites on the metal surface, CO is adsorbed to one empty adsorption site 

(Equation 6.2) and O2 undergoes dissociative adsorption to two empty adsorption sites 

(Equation 6.3), then the formation of CO2 results from reaction of the adsorbed 

intermediates on the surface, COads and Oads, (Equation 6.4).14, 15 The Langmuir 

Hinshelwood mechanism was originally proposed to explain CO oxidation over single 

crystal metal surfaces at UHV pressures.16, 17 By studying the adsorption energies and 

the reaction rates at different partial pressures of CO and O2, it was found that the 

activation energy for reaction on Pt, Pd or Rh surfaces (~110 kJ mol-1) was close to the 

corresponding desorption energy of COads from those metals,18
 meaning that 

desorption of some COads was required before the dissociative adsorption of oxygen to 

occur, and for the reaction to proceed.17, 18 The strong adsorption of CO to metal 
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surfaces is well known, and makes CO a poison for other catalytic processes eg. CO 

impurities found in H2 poison the electrode surface of proton-exchange membrane fuel 

cells (PEMFCs).19 

2𝐶𝑂 + 𝑂2 → 2𝐶𝑂2  Equation 6.1 

𝐶𝑂 + ∗ ⇌  𝐶𝑂𝑎𝑑𝑠   Equation 6.2 

𝑂2 +  2 ∗ ⇌  2𝑂𝑎𝑑𝑠  Equation 6.3 

𝑂𝑎𝑑𝑠 + 𝐶𝑂𝑎𝑑𝑠 → 𝐶𝑂2 + 2 ∗ Equation 6.4 

6.1.2 Kinetic Oscillations 

The oscillating behaviour of catalysed CO oxidation was first reported by Beusch et al. 

in 1972, using a supported Pt/Al2O3 catalyst at atmospheric pressure.20 Since then, 

self-sustained oscillations in the CO oxidation reaction kinetics have been observed 

with polycrystalline wires,8, 21 single crystal surfaces and supported Pd, Pt, Ir or Rh 

catalysts.22-26 The onset of self-sustained kinetic oscillations without external 

perturbation is puzzling and so many computational and experimental studies have 

attempted to analyse the dynamic reaction profile and physico-chemical properties of 

the catalyst. Despite many postulated theories, there is still a lack of clear 

understanding of the driving mechanism behind the oscillating behaviour, particularly 

in the real operating reaction conditions. 

Early studies using photoemission electron microscopy (PEEM) were able to correlate 

the oscillating CO2 production with patterns of adsorbed reactants, which were found 

to propagate in a wave-like notion over a Pt(100) surface.7, 14, 27 These were the first 

reports of such spatial separation and self-organisation of the adsorbed reactant 

molecules over the catalyst surface, however there was lack of convincing evidence 

for these adsorbate concentrations to lead to a postulated phase change and reactivity 

cycle of the catalyst.  

Some studies have attributed the kinetic oscillations to build-up and subsequent ignition 

of carbon species, formed from the dissociation of CO on the catalyst surface.28-31 

Despite clear evidence for the adsorption of CO at the metal, there is however no 

evidence for atomic carbon occupying active sites at the catalyst surface. Others have 

attributed the kinetic oscillations to heat and mass transfer effects, using spatially 

resolved FTIR measurements to relate the period of the kinetic oscillations to 

fluctuations in CO coverage and local temperature at the catalyst surface.32, 33 The 

advances in characterisation techniques, particularly time-resolved x-ray techniques 

have provided convincing evidence that the oscillations cannot result from heat and 

mass transfer effects alone, and that physico-chemical changes to the catalyst must 

play a significant role.34 More specifically, the reduction and oxidation bistabilities within 
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the reaction conditions for CO oxidation are suggested to be responsible for oscillating 

and non-linear reaction kinetics.  

The oxidation-reduction mechanism was first proposed by Sales, Turner and Maple in 

the 1980s to explain oscillations in CO oxidation over a Pt catalyst.8-10 It was realised 

that the two reactants for CO oxidation, CO and O2, may also act as reducing and 

oxidising agents, respectively, for the reduction and oxidation of the Pt catalyst surface. 

The oxidation and reduction of Pt with these agents were found to occur on the same 

timescale as the observed oscillations in CO oxidation reaction rate, and thus it was 

concluded that CO oxidation must proceed via two different kinetic pathways on the 

reduced and oxidised surfaces. Furthermore, the first step of the Langmuir 

Hinshelwood mechanism for CO oxidation involves the chemisorption of CO and 

dissociative chemisorption of oxygen, which are also the first steps, in the respective 

reduction and oxidation mechanisms of the metal surface. These theories were 

supported, at the time, with experimental evidence of phase transformations at the 

single crystal surface using Auger electron spectroscopy (AES)35 and low energy 

electron diffraction (LEED).36-38 The first evidence of bulk oxidation and reduction of 

supported nanoparticle catalysts during CO oxidation was observed by in situ XRD 

experiments,23 which further fuelled the theory for oxidation/reduction cycles to be 

responsible for the oscillating CO oxidation reaction kinetics, and demonstrated the 

advantage in using powerful X-ray techniques for time-resolved studies of real catalytic 

systems at atmospheric pressure.  

Further characterisation of the supported nanoparticle catalysts (Pt, Pd, Rh) during the 

two kinetic regimes for CO oxidation have made use of XAFS in combination with IR, 

mass spectrometry and kinetic modelling calculations to reach the following 

conclusions; during the low activity regime, the catalyst exists as metallic nanoparticles 

with its surface blocked by adsorbed CO, as evidenced by FTIR22, 24, 25, 39-43 and high 

energy resolution XAFS44, which inhibits the dissociative adsorption of O2. Regardless 

of the particle size,45 or the concentration of O2 in the gas phase,22, 24 CO covered 

metallic nanoparticles are found to be the active surface species during this low activity 

regime. The desorption of COads from the surface is therefore the rate determining step 

during this low temperature regime,40 which is consistent with the original Langmuir 

Hinshelwood mechanism.16, 17 During the high temperature regime, the metal 

nanoparticle is found to exist in a partially oxidised state, with no evidence for adsorbed 

CO at the surface.24, 25, 40, 44-46 The reaction mechanism during this high activity regime 

is still of considerable debate, with some studies suggesting the formation of a surface 

oxide layer that participates in the oxidation of CO via a Mars-Van Krevelen 

mechanism,47-50 whereas others suggest the partial oxidation is due to a high surface 

coverage of atomic oxygen which permits the Langmuir Hinshelwood mechanism to 

proceed at a faster rate on the metal surface.22, 41, 51-53 Time-resolved measurements 
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that have followed the transition of the catalyst structure from the low activity phase to 

the high activity phase have reported a sharp change from the metal to a partially 

oxidised state46, however, in some instances the extent of oxidation is found to exhibit 

oscillatory behaviour which results in the oscillating reaction kinetics.47 In order to make 

direct links between the metal oxidation state and the surface reactivity, and to 

understand the conditions under which oscillating behaviour is observed, a 

combination of bulk and surface spectroscopic techniques must be used with sufficient 

time- and spatial- resolution to capture the dynamic changes.  

For heterogeneous catalysts operating in plug-flow reactions conditions, concentration 

gradients and temperature gradients across the fixed catalyst bed mean that spatial 

resolution in spectroscopic techniques are essential to make meaningful conclusions 

for the catalyst structure-performance relationships.54, 55 Spatially resolved XAFS 

measurements were reported by van Bokhoven et al. in 2010, in the investigation of a 

Pt/Al2O3 catalyst during oscillating CO oxidation, which identified variation of Pt 

structure as a function of time and position within the catalytic reactor.47 This work 

demonstrated the importance of using spatially resolved techniques for understanding 

the dynamic structure of the catalyst, showing that oscillating CO oxidation at the front 

of the bed had no consequence for structural transformations of the catalyst located at 

positions further downstream of the reactor. However, IR measurements that have 

been used to find the relationship between catalyst structure and surface reactivity, 

have investigated the catalyst as a self-supported pellet in a different reaction 

environment, meaning for a degree of uncertainty in structure-performance 

correlations. The spatial variation in local temperature, CO, O2 and CO2 gas 

concentrations across the length of a fixed catalyst bed of a Pd/Al2O3 catalyst during 

operation for CO oxidation have also been reported by Goguet et al. using the Spaci-

FB instrumentation.34 As expected, the change in reaction conditions at different spatial 

positions within the reactor were found to influence the structural properties of the Pd 

catalyst, measured by spatially resolved XAFS, and its reactivity. This study was the 

first to directly correlate the catalyst structure with the local gas concentration at each 

spatial position within a fixed-bed reactor, however, did not report the occurrence of 

any oscillating behaviour. Another spatially resolved study of a Pt/Al2O3 catalyst during 

CO oxidation was reported by Ganzler et al., using XAFS spectroscopy to follow the Pt 

oxidation state at multiple positions along the length of a fixed-bed reactor, and used 

spatially resolved IR thermography to follow the evolution of the reaction exotherm.56 

In their work, the spectroscopic techniques were performed independently, with the 

catalyst contained in different reactors with different flow rates in each case, and so 

structure-activity correlations were again made with a degree of uncertainty. That said, 

the time and spatial resolution of the operando IR thermography measurements were 

successful in capturing the location of the CO oxidation hot spot within the fixed-bed 

reactor, and its change of location in relation to the applied temperature and integral 
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CO conversion; ignition of CO was found to occur initially at a position nearest to the 

reactor outlet, then propagate upstream with increasing temperature and CO 

conversion. The above mentioned spatially resolved studies confirmed the 

inhomogeneity of the supported Pt or Pd nanoparticle catalyst at different positions 

within the fixed catalyst bed, however, there is still lack of certainty in the relationship 

between catalyst structure and function at those positions that results in the oscillating 

behaviour. The correlation of XAFS and FTIR spectroscopy can provide information for 

structure-function relationships of the catalyst during oscillating CO oxidation, however, 

there is the need to perform both techniques simultaneously, with suitable spatial 

resolution, as well as time resolution, in order to characterise the catalyst and its 

dynamic properties during this process.   

In this work, EDE and DRIFTS spectroscopy are performed simultaneously by using 

the new XAFS/DRIFTS reactor that has been reported in Chapter 5. The combination 

of EDE and DRIFTS performed at multiple positions along the axial length of a Pd/γ-

Al2O3 catalyst bed during oscillating CO oxidation are able to follow the change in Pd 

nanoparticle structure and surface adsorption, simultaneously. The evolution of the 

reaction front is also examined by using IR thermography imaging, and the integral 

catalytic activity measured by end-pipe mass spectrometry analysis. In this way, this 

work attempts to provide a more complete understanding of the operation of Pd/γ-Al2O3 

catalyst during oscillating CO oxidation by examining the entire catalyst bed and 

making links between nanoparticle structure, surface reactivity and catalytic 

performance.  

6.2 Methods 

6.2.1 Sample Preparation  

The supported 3wt% Pd catalyst was prepared by incipient wetness impregnation of 

an acidified aqueous solution of tetraamminepalladium hydroxide (5.96 wt% Pd assay, 

Johnson Matthey) onto the commercial support, γ-Al2O3 (SASOL). Incipient wetness 

impregnation was carried out at room temperature. The impregnated support was 

subsequently dried at 100°C, then calcined in air at 500°C for 2 hours. Characterisation 

of the resulting PdO/γ-Al2O3 catalyst is detailed in Chapter 2, with average particle size 

1.1 nm (calculated from EXAFS Pd-Pd coordination number, using a method reported 

previously57). The calcined catalyst was pelletized and sieved to a fraction 250 – 

355 µm.  

6.2.2 Spatially resolved, operando EDE/DRIFTS   

Experiments were carried out on the I20-EDE, energy dispersive beamline, I20-EDE of 

Diamond Light Source. The experimental set-up and apparatus at the beamline are 

shown in Figure 6.1. Dispersive XAFS at the Pd K-edge (24358 eV) were collected in 

transmission mode using a Si(311) polychromator and a FReLoN CCD camera as the 
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x-ray detector. The reaction cell used for synchronous, spatially resolved EDE and 

DRIFTS measurements was reported in Chapter 5. The reaction cell was constructed 

from pure grade aluminium with a square cross sectional channel (5 mm x 5 mm) to 

contain the catalyst, thinned walls (250 µm) along the length of the reactor to allow the 

transmission of x-rays through the sample, and a rectangular CaF2 window fitted on 

the top face of the reactor to allow IR transmission to and from the catalyst surface. 

Gas lines were fitted to both ends of the cell using Swagelok VCO fittings and a t-piece 

fitting was used at one end to accommodate a K-type Inconel thermocouple (1 mm 

diameter) that was inserted into the catalyst bed and sealed using a 1/16” Swagelok 

fitting. A heating plate was positioned beneath the reactor, and controlled by an 

external thermocouple. An Agilent Carey 680 FTIR Spectrometer was positioned in the 

experimental hutch and used a DaVinci arm accessory fitted with praying mantis optics 

to refocus the IR beam to the catalyst surface within the EDE/DRIFTS reactor. The 

outlet gas line from the reactor was connected directly to a Hiden QGA mass 

spectrometer for online end-pipe analysis.    

 

The experiment used a controlled flow of mixed gases into the reaction chamber at 

atmospheric pressure using Brooks mass flow controllers. 400 mg of the Pd/γ-Al2O3 

catalyst and 200 mg of the bare γ-Al2O3 support material were sieved to a pellet fraction 

of 250-355 µm and loaded sequentially into the reactor so that the γ-Al2O3 portion of 

the bed sat upstream of the catalyst portion of the bed. The Pd/γ-Al2O3 and γ-Al2O3 

fixed bed was contained between two quartz wool plugs. The bare γ-Al2O3 portion of 

the bed was used as a reference material to perform background measurements for 

DRIFTS spectra and I0 measurements of the XAFS spectra, taking into account the 

absorption and scattering of the support material and reaction environment in each 

FTIR 

MS 

N
2
 

generator 

Gas 
trolley  
MFCs 

Eurotherm 

FReLoN 
detector 

X-ray 
beam 

Figure 6.1. Annotated photograph of the experimental set-up at beamline I20-EDE, Diamond 
Light Source, showing the gas trolley with mass flow controllers, nitrogen generator, mass 
spectrometer, FTIR spectrometer, Eurotherm heater, X-ray detector and direction of the 
dispersive X-ray beam.   
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case. The Pd/γ-Al2O3 catalyst bed extended a length of 18 mm, and EDE/DRIFTS 

measurements were collected at 8 different spatial positions along its length; +0.4 mm, 

+1.8 mm, +5.2 mm, +7.1 mm, +8.7 mm, +10.4 mm, +12.5 mm and +14.6 mm from the 

front of the catalyst bed. The reactor was fixed via a bespoke mounting piece to a 

motorised stage which could be controlled remotely to move in the x and y directions 

with respect to the incident x-ray beam and IR beam. The catalyst was treated in 10% 

O2/Ar at 135°C to clean the catalyst surface of adsorbates, then followed by treatment 

in 4%H2/Ar at 135°C to return the catalyst the initial reduced state. The catalyst and 

reactor were then cooled to room temperature in Ar before repeating the experimental 

temperature ramp with reactant gases (CO and O2) collecting EDE and DRIFTS 

measurements at the different spatial positions. The reactant gas feed used 1% CO, 

3% O2 and 96% Ar, at a total flow rate of 50 cm3 min-1. The reactant feed was introduced 

to the sample at room temperature and allowed to reach steady state before ramping 

the temperature at a rate of 2°C min-1 to 135°C, collecting EDE, DRIFTS and MS 

measurements continuously.  

Each EDE spectrum was acquired in 4.8 ms (k range of 12 Å-1) and 200 accumulations 

(~1 second) were used for EXAFS analysis. The EDE spectra were collected 

continuously throughout the duration of the ramp period, with I0 measured from the 

bare γ-Al2O3 portion of the catalyst bed before and after each run. An averaged signal 

of the initial and final I0 values were used to construct the resulting time-resolved EDE 

spectra during that period. The dispersive x-ray beam was focussed at the sample to 

a spot size of 0.5 mm horizontally and 0.15 mm vertically. The beam intensity was 

reduced by a factor of 5 by opening the wiggler gap to prevent radiation damage to the 

sample. To check that the X-rays were not causing photoreduction of the sample, EDE 

spectra were collected continuously at multiple positions under different gas 

environments. The EDE-XANES spectra in Figure 6.2 show that there were no 

observable changes in the Pd electronic structure after 500 seconds of beam exposure 

in the reactant gas environment (1% CO, 3% O2, 96% Ar, 100°C), at three different 

spatial positions. DRIFTS spectra were collected taking 64 scans with a resolution of 

4 cm-1 (400 – 4000 cm-1), at a time resolution of 25 seconds per spectrum. The 

background spectrum was collected from the bare γ-Al2O3 portion of the fixed bed in 

the reactant (CO/O2/Ar) gas feed, which was subtracted from all acquired DRIFTS 

spectra of the catalyst. The composition of the effluent gas flow from the reactor was 

continuously measured by monitoring the m/z values by mass spectrometry; H2 

(m/z = 2), OH (m/z = 17), H2O (m/z = 18), CO (m/z = 28), O2 (m/z = 32), Ar (m/z = 40) 

and CO2 (m/z = 44). The mass spectrometry signal was normalised relative to the Ar 

signal (m/z = 40) to account for any variation in the detector. The CO signal (m/z = 28) 

was corrected for contributions from CO2 fragmentation in the MS by subtracting 10% 

of the value of m/z = 44.  
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6.2.3 EDE Data Processing   

The time-resolved EDE data was processed using the DAWN software package for 

interpretation of XAFS spectra. A consistent method for energy calibration, cropping 

and normalisation was applied to all measured data: The x-ray energy for EDE spectra 

was calibrated using a Pd foil, and the edge energy was aligned as the maximum of 

the first derivative, E0, to the known value of 24358 eV. The upper and lower limits of 

the EDE spectra were cropped to an energy range of 24060 – 25365 eV (kmax = 12 Å-1), 

to discard the poor data quality at the upper and lower wavenumbers of polychromatic 

beam. The spectra were then normalised by performing a pre-edge and post-edge 

subtraction. The calibrated and normalised spectra were then analysed using the linear 

profile function, which was able to plot the XAFS intensity as a function of temperature 

and time. For further analysis, selected EDE spectra were exported to Athena and 

Artemis (the Horae package). Athena was used to obtain difference XANES spectra, 

and Fourier transformed EXAFS spectra by using an appropriate k-range (3 - 11.3 Å-1) 

Figure 6.2. Pd K-edge XANES of calcined PdO/γ-Al2O3 catalyst contained in operando 
XAFS/DRIFTS reactor under reactant (1%CO/3%O2/Ar) gas feed at 100°C during exposure to 
reduced EDE beam intensity (reduced by a factor of 5) as a test for photoreduction, showing 
initial (0 secs, black dashed) and 500th (500 secs, red solid) accumulation at three different 
spatial positions.  
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with k-weighting of 2.58 The k-weighting of 2 was chosen for balanced scattering 

contribution from atomic neighbours with contrasting Z values (O and Pd). Athena was 

also used to perform linear combination fitting of the XANES region (-20 < E0 / eV < 50), 

using two reference spectra for Pd(0) and Pd(II) i.e. the reduced Pd/γ-Al2O3 catalyst and 

oxidised PdO/γ-Al2O3 catalyst, respectively.   

The Fourier transformed EXAFS data was fitted using Artemis. Fitting models used a 

single scattering path Pd-Pd (2.734 Å) of Pd foil, and Pd-O (2.018 Å) and Pd-Pd 

(3.030 Å) scattering paths of PdO. The amplitude reduction factor, S0
2, was derived by 

fitting the Pd K-edge EXAFS of the Pd foil (Figure 6.3) using a fixed Pd-Pd (2.734 Å) 

scattering path with a coordination number of 12 to give a value of 0.81. 

 

Figure 6.3. Magnitude and imaginary parts of Fourier transformed EXAFS data of Pd foil 
reference plotted with a fitting model constructed from a single Pd-Pd scattering path 
(coordination distance 2.734 Å; coordination number 12; σ2 0.0053 ± 0.0004 Å2; E0 -7.2 ± 4 eV; 
S0

2 0.81 ± 0.05). 3 < k / Å-1 < 11.3. 

6.2.4 IR Thermography Imaging 

400 mg of the Pd/γ-Al2O3 catalyst and 200 mg of the bare γ-Al2O3 support material 

were sieved to a pellet fraction of 250-355 µm and loaded sequentially into the 

XAFS/DRIFTS reactor in the same way as for the operando XAFS/DRIFTS 

measurements described above. The Pd/γ-Al2O3 and γ-Al2O3 fixed bed was examined 

using an Optris PI 160 thermal imaging camera during the temperature ramping period 

for CO oxidation. The catalyst was cleaned and reduced with treatment in 4%H2/Ar at 

135°C and cooled to room temperature in Ar before repeating the experimental run with 

reactant gas feed (1% CO, 3% O2 and 96% Ar,) at a total flow rate of 50 cm3 min-1. The 

reactant feed was introduced to the sample at room temperature and allowed to reach 

steady state before ramping the temperature at a rate of 2°C min-1 to 135°C. The IR 

camera was positioned 10 cm above the CaF2 window of the reactor and was used to 

capture 2D colour maps showing the IR emission reaching the camera from the catalyst 

bed during the reaction period.   
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6.3 Results  

6.3.1 Spatially resolved, operando EDE/DRIFTS   

6.3.1.1 End-pipe Catalytic Activity  

The concentration of reactant and product gases from the reactor exhaust during the 

operando EDE/DRIFTS temperature ramp experiments are shown in Figure 6.4. The 

same reaction profile was obtained upon repeating the experiment eight times with the 

same reaction conditions (gas feed; 1% CO, 3% O2, ramp rate; 2°C min-1), and using 

the same catalyst bed, showing that the catalytic reactivity was reproducible each time. 

The mass spectrometry measurements showed that upon increasing the temperature 

linearly from 100°C, there was an exponential increase in CO consumption and CO2 

formation until a critical temperature (114°C), at a reaction time of 500 seconds, when 

the CO signal dropped to zero indicating 100% CO conversion. This critical 

temperature will be referred to herein as the light-off point. At the light-off point, a large 

increase in CO2 formation and O2 consumption was observed. The normalised mass 

spectrometry signal for CO2 formation in the period immediately after the light-off point 

reached a maximum value of 1.4, exceeding the value expected from the stoichiometry 

of the reaction with respect to the quantity of CO consumed i.e. 1 mole CO2 formed for 

every 1 mole CO consumed. The normalised mass spectrometry signal for O2 

consumption was also greater than the value expected from the stoichiometry of the 

reaction. This period of high activity lasted for a duration of ~250 seconds, with the CO2 

formation and O2 consumption decreasing logarithmically towards the stoichiometric 

values expected for 100% CO conversion to CO2 (normalised value of 1 for CO2 

formation and normalised value of 0.8 for O2 consumption). The excess of CO2 

formation and O2 consumption in this period can be explained by ignition of additional 

CO molecules that were stored as COads on the catalyst surface at low temperatures, 

as reported previously for a supported Pt catalyst.47 At a reaction time of 750 seconds, 

when the global temperature of the reactor was increased ~20°C beyond the light-off 

point, the CO conversion remained at 100% but the O2 consumption and CO2 formation 

started to oscillate with a time period of ~50 seconds. During each oscillation there was 

a period of steady CO2 formation and O2 consumption at the stoichiometric values for 

100% CO conversion, followed by a sharp increase in CO2 formation to a normalised 

value >1, then followed by a decrease to return to the initial value. This was mirrored 

by the equivalent changes in O2 consumption, however, the value for CO conversion 

showed no change during the oscillations. As the temperature was increased further, 

the amplitude of these oscillations decreased until the CO2 formation and O2 

consumption plateaued at reaction time of 1000 seconds (reactor temperature 127°C), 

with normalised concentration of 1 and ~0.8 for CO2 and O2, respectively.  
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Figure 6.4. Mass spectrometry analysis of exhaust gas from plug-flow reactor during eight 
repeated CO oxidation temperature ramp experiments  with 1%CO/3%O2/Ar over the Pd/γ-Al2O3 
catalyst, showing CO consumption (black), O2 consumption (red) and CO2 formation (blue) 
calculated relative to the inlet CO signal, and the measured internal catalyst temperature (orange, 
dashed).   
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The sample temperature, measured by an internal thermocouple inserted into the end 

of the catalyst bed, is plotted alongside the mass spectrometry data in Figure 6.4. The 

temperature is shown to increase linearly as a function of time due to the temperature 

ramp rate of the heating plate beneath the reactor, however, a higher temperature was 

measured at a reaction time of 500 seconds in each experimental run. This increase in 

temperature must be a result of the heat released during the exothermic CO oxidation 

at the light-off point. The thermocouple was positioned at the same location in the 

catalyst bed in each experimental run, and so displayed the same temperature profile 

in each case, showing that the catalytic activity was reproducible.     

6.3.1.3 Position 8 – End of the catalyst bed (+ 14.6 mm) 

The Pd K-edge XANES spectra of the Pd/γ-Al2O3 catalyst in the reactant gas feed 

(CO/O2/Ar) were collected throughout the temperature ramp (80 - 135°C) at eight 

different spatial positions along the length of the 18 mm catalyst bed. The data collected 

from the end of the bed, nearest to the reactor outlet (+ 14.6 mm from the front of the 

catalyst bed) is discussed first.  

The XANES spectrum of the Pd/γ-Al2O3 catalyst collected in the reactant gas 

environment (CO/O2) before and after the light-off point are plotted together in Figure 

6.5(a). XANES spectra of the Pd/γ-Al2O3 catalyst collected under a reducing (4% H2, 

100°C) and oxidising (10% O2, 100°C) environment are also shown for reference. The 

XANES spectrum of the Pd/γ-Al2O3 catalyst under reaction conditions before light-off 

matched that of the reference spectrum collected under the reducing (H2) environment, 

showing that the Pd species initially exist in the metallic Pd(0) oxidation state. After the 

light-off point, an increase in intensity of the main edge transition at 24370 eV was 

observed, due to increased electronic vacancies of Pd species in a higher oxidation 

state. The difference in Pd K-edge XANES features of the catalyst before and after 

light-off is made clearer by plotting the relevant difference spectrum, shown in Figure 

6.5(b). The XANES spectrum of the catalyst collected after light-off could not be 

matched entirely to that of the reference spectrum that was collected in an oxygen only 

environment (O2/Ar) or reducing (H2/Ar) environment, but appeared to be a combination 

of both, which highlighted that only partial oxidation had occurred.  

Performing a linear combination analysis of the XANES spectra collected over the light-

off period showed that the final catalyst could be interpreted by a summation of Pd(0) 

and Pd(II) components, using reference XANES spectra of the reduced (Pd/γ-Al2O3) 

and oxidised (PdO/γ-Al2O3) catalyst, respectively. The Pd(II) component increased from 

a fraction of 0.05 before light-off to 0.2 after light-off, and the Pd(0) component 

decreased from a fraction of 0.95 before light-off to 0.8 after light-off, consistent with 

partial oxidation of the Pd nanoparticles. The change in Pd XANES from the metallic to 

partially oxidised state occurred rapidly at 114°C, consistent with the light-off 
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temperature reported from the mass spectrometry signals. The extent of Pd oxidation 

was also followed by the intensity of the XANES feature at 24370 eV, which showed 

the same sharp transition from the metallic to partially oxidised state (Figure 6.6). 

 

 

The extent of Pd nanoparticle oxidation could be understood further by examining the 

Fourier transformed EXAFS data collected of the catalyst before and after the light-off 

point. The Fourier transformed EXAFS data of the Pd/γ-Al2O3 catalyst in the reducing 

(H2) environment, and in the reactant gas environment before light-off (reaction time 

433 seconds) are plotted in Figures 6.7(a) and 6.7(b), respectively. Both figures show 

similar EXAFS scattering features, which can be fitted using a model constructed from 

a single Pd-Pd scattering path of Pd foil (fitting parameters shown in Table 6.1). The 

Pd/γ-Al2O3 catalyst before light-off is therefore found to have a Pd-Pd bond distance 

consistent with fcc Pd metal structure (2.732 Å) and a coordination number, 7.8.  

 

 

Figure 6.5. a) Pd K-edge XANES spectra of Pd/γ-Al2O3 catalyst at position 8 (14.6 mm) in a 
plug-flow reactor under reactant (1% CO/3% O2/Ar) gas feed, before (green) and after (black) 
ignition for CO oxidation. Plotted together with ex situ measurements of Pd/γ-Al2O3 catalyst after 
reduction treatment in 4% H2 at 100°C (red) and then exposure to 10% O2 at 100°C (blue) and 
b) difference spectrum of Pd K-edge XANES before and after ignition for CO oxidation. 
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The Fourier transformed EXAFS data of the Pd/γ-Al2O3 catalyst during the light-off 

period (at reaction times 433 – 460 seconds) are shown in Figure 6.8(a). There is 

decrease in amplitude of the scattering feature at 2.5 Å, and change in the definition of 

the scatting features at low R (~1.8 Å). By fitting the Fourier transformed EXAFS data 

to a model using the Pd-Pd scattering path (2.734 Å) of Pd foil, and an additional Pd-

O scattering path (1.98 Å) for coordination to oxygen atoms, the changes in EXAFS 

features during this period can be attributed to a decrease in Pd-Pd coordination and 

increasing coordination of Pd to oxygen atoms (fitting parameters shown in Table 6.1). 

The scattering features at higher R values remained consistent during this period, 

showing that there was no change to the bulk Pd nanoparticle structure at larger 

distances. Figure 6.8(b) shows that the Pd/γ-Al2O3 catalyst after light-off (reaction time 

460 seconds) did not have the same local coordination environment as the catalyst in 

an oxygen only (O2/Ar) environment. 

Figure 6.6. Linear combination analysis of Pd K-edge XANES spectra of Pdγ-Al2O3 catalyst at 
the end of the catalyst bed (+14.6 mm), collected at multiple time points during the temperature 
ramp experiment for CO oxidation (1% CO, 3% O2). Linear combination used two reference 
XANES spectra of the oxidised PdO/γ-Al2O3 and reduced Pd/γ-Al2O3 catalyst to represent Pd(II) 
and Pd(0), respectively. µ(E) intensity of XANES feature at 24370 eV plotted in bottom panel 
(green).  
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The Fourier transformed EXAFS data of the Pd/γ-Al2O3 catalyst in an O2/Ar 

environment, and in the reactant gas environment after light-off are plotted with the 

corresponding fitting models in Figures 6.9(a) and 6.9(b), respectively. The fitting 

models were constructed from two scattering paths for Pd coordination to neighbouring 

oxygen and palladium atoms, Pd-O and Pd-Pd respectively. For the Pd/γ-Al2O3 catalyst 

in O2/Ar environment, the Pd-Pd distance remained at the value expected for Pd fcc 

crystal structure (2.73 Å) but with an additional path for high coordination of Pd to near 

neighbour oxygen atoms (coordination number, 1.9 ± 0.5), at a distance of 1.98 Å. A 

similar model was used to fit the EXAFS data of the Pd/γ-Al2O3 catalyst after light-off 

for CO oxidation (at reaction time 460 seconds) but was found to have lower 

coordination to near neighbour oxygen atoms (coordination number, 0.9 ± 0.1). The 

Pd-Pd distance at 2.73 Å is consistent with metallic Pd fcc crystal structure, and the 

absence of a Pd-Pd scattering path at ~3.0 Å for bulk PdO structure means that, even 

Figure 6.7. Non-phase corrected Fourier transformed Pd K-edge EXAFS data of Pd/γ-Al2O3 
catalyst, showing magnitude (top) and imaginary (bottom) a) in a reducing (10%H2/Ar) 
environment at 100°C, and b) at position 8 (near reactor outlet) in reactant (1%CO/3%O2/Ar) 
gas feed at 114°C before light-off for CO oxidation, plotted with a fitting model constructed from 
a single Pd-Pd scattering path. 

b) a) 

Figure 6.8. Non-phase corrected Fourier transformed EXAFS of Pd/γ-Al2O3 catalyst at position 8 
(end of catalyst bed) a) during temperature ramp experiment in reactant gas feed (1% CO, 3% 
O2) at reaction times 433, 439 and 460 seconds, b) during temperature ramp experiment in 
reactant gas feed (1% CO, 3% O2) at reaction time 460 seconds (after light-off) and in O2/Ar 
environment at 100°C (red, dashed).  

a) b) 
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in oxygen (O2/Ar) environment, there was no evidence for the formation of a bulk oxide 

structure at that temperature. The formation of Pd-O coordination at the nanoparticle 

surface is known to be the first step in the formation of PdO nanoparticles, however the 

reaction temperature (115°C) was below the temperature at which the formation of bulk 

PdO is expected to occur (>200°C).59 Thus partial oxidation, inferred from Pd K-edge 

XANES and EXAFS analysis, is suggested to be limited to the Pd nanoparticle surface, 

as reported previously for similar Pd K-edge EXAFS analysis of supported Pd 

nanoparticle catalysts in air.60 The smaller Pd-O coordination number of 0.9 ± 0.1 found 

for the catalyst performing CO oxidation compared to 1.9 ± 0.5 for the same catalyst in 

O2/Ar atmosphere shows that the Pd at the oxidised nanoparticle surface after light-off 

were not saturated with chemisorbed oxygen atoms. These results are consistent with 

Pd coordination numbers of previous operando EXAFS measurements of a Pd 

nanoparticle catalyst during CO oxidation.34 In this previous work, the high activity 

regime of the CO oxidation reaction was suggested to proceed via a Langmuir 

Hinshelwood mechanism over a partially oxidised Pd surface dominated by 

chemisorbed oxygen.34 However, the unsaturated coordination sites of a PdO surface 

have previously been attributed to the operation of a Mars Van-Krevelen reaction 

mechanism, whereby lattice oxygen at the surface participates in the reaction 

mechanism to leave a defect site at the surface,61 similarly to that reported for a Pt 

nanoparticle catalyst investigated during the high activity regime of CO oxidation.47  The 

absence of any bulk PdO structural features in the EXAFS spectra of the Pd/γ-Al2O3 

catalyst in this work indicates that Pd oxidation is limited only to the Pd atoms at the 

nanoparticle surface, and that there is no PdO lattice formation for the Mars Van 

Krevelen mechanism to occur, thus the former theory for a Langmuir Hinshelwood 

reaction mechanism is suggested to occur in this case. 
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 Table 6.1. Pd K-edge EXAFS fitting parameters for Pd/γ-Al2O3 catalyst at position 8 (end of 
catalyst bed) under different reaction environments. Fitting model used scattering paths Pd-Pd 
and Pd-O of Pd metal and PdO, respectively. 

 Note: Fit range 3 < k / Å-1  < 11.3, 1 < R / Å < 3; number of independent points 10. 

 

 

 

 

 

 

Gas 
Environment 

Sample 
Temperature  
(Reaction Time) 

Scattering 
Path 

N R / Å σ2 / Å2 
 

E0 / eV S0
2 Rfactor 

10% H2,  100°C Pd-Pd 7.4(7) 2.735(3) 0.0069(7) (-)3.3 0.81 (set) 0.01 

10% O2,  100°C Pd-Pd 4.2(8) 2.717(7) 0.008(2) (-)3.1(5) 0.81 (set) 0.03 

Pd-O 1.9(5) 1.98(1) 0.004(4) (-)3.1(5) 0.81 (set) 0.03 

1% CO/3% O2 114°C 
(433 secs) 

Pd-Pd 7.8(6) 2.732(3) 0.0067(6) (-)3.3(2) 0.81 (set) 0.009 

1% CO/3% O2 115°C 
(439 secs) 

Pd-Pd 6.8(2) 2.725(2) 0.0075(2) (-)3.3(2) 0.81 (set) 0.004 

Pd-O 0.9(1) 1.98(1) 0.007(2) (-)3.3(2) 0.81 (set) 0.004 

1% CO/3% O2 115°C 
(441 secs) 

Pd-Pd 6.7(2) 2.725(2) 0.0076(2) (-)3.3(2) 0.81 (set) 0.005 

Pd-O 0.9(1) 1.99(1) 0.006(2) (-)3.3(2) 0.81 (set) 0.005 

1% CO/3% O2 115°C 
(460 secs) 

Pd-Pd 6.5(2) 2.725(2) 0.0076(2) (-)3.3(2) 0.81 (set) 0.005 

Pd-O 0.9(1) 1.99(1) 0.005(2) (-)3.3(2) 0.81 (set) 0.005 

Figure 6.9. Non-phase corrected Fourier transformed Pd K-edge EXAFS data of Pd/γ-Al2O3 
catalyst, showing magnitude (top) and imaginary (bottom) a) in an oxidising (10% O2/Ar) 
environment at 100°C, and b) at position 8 (near reactor outlet) in reactant (1%CO/3%O2/Ar) gas 
feed at 114°C after light-off for CO oxidation, plotted with a fitting model constructed from Pd-Pd 
and Pd-O scattering paths. 

a) b) 
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The DRIFTS spectra of the Pd/γ-Al2O3 catalyst collected under reactant (CO/O2) gas 

feed before, during and after light-off for CO oxidation are reported in Figure 6.10(a). 

The spectrum collected before light-off shows two characteristic absorption bands for 

CO adsorbed on a metallic Pd surface (COads). The sharp band centred at 2064 cm-1 

is attributed to linear adsorption of CO, and the broad, asymmetric band with maximum 

at 1972 cm-1 and a shoulder at 1928 cm-1 is attributed to bridge-bonded and multi-

coordinated CO adsorption at the Pd nanoparticle surface.62-66 Both linear and multi-

coordinate CO adsorption bands were observed with high intensity in the DRIFTS 

spectrum before the light-off point for CO oxidation. This is in agreement with 

characterisation of the catalyst during the low activity regime to experience poisoning 

by COads at the catalyst surface.22, 24, 43, 45 The DRIFTS spectrum collected at 114.7°C 

shows decreased intensity of all CO absorption bands, which were lost completely from 

the DRIFTS spectrum collected at 115.4°C meaning that the concentration of COads at 

the catalyst surface after the light-off point was below the DRIFTS detection limit. The 

absorption bands at 1580 cm-1 and 1458 cm-1 can be attributed to carbonate species 

at the catalyst surface which were not removed after the light-off point.67, 68 These 

carbonate species may be strongly adsorbed to the γ-Al2O3 surface and, most likely, 

do not participate in catalysis at the Pd nanoparticle surface.69 There was no evidence 

from these DRIFTS spectra for the adsorption of CO on Pd(II) sites, nor evidence of 

dipole coupling that has previously been reported to shift the CO stretching frequency 

as a function of COads coverage.45, 70 It is likely that the timescale for removal of COads 

from the catalyst surface during the light-off period was too fast to induce any significant 

dipole moments for detection by DRIFTS. Time-resolved analysis of the DRIFTS 

spectra involved following the intensity of the CO absorption bands (1976 - 1940 cm-1) 

as a function of reaction time. The intensity of the CO absorption bands are plotted in 

Figure 6.10(b), showing a sharp decrease in intensity at the light-off point. The intensity 

Figure 6.10. a) Operando DRIFTS spectra of Pd/γ-Al2O3 in plug-flow reactor at position 8 
(nearest the end of the catalyst bed) during CO oxidation (1%CO/3%O2/Ar) at increasing 
temperatures. b) Intensity of DRIFTS CO absorption bands (1940 - 1976 cm-1) as a function 
of time during temperature ramp experiment in reactant gas feed (1%CO/3%O2/Ar).  

a) 
b) 
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of all CO bands decrease simultaneously to zero, showing that COads is lost from linear 

and bridged adsorption sites at the same time.   

The extent of Pd oxidation could be followed directly by the intensity of the main edge 

transition of the XANES spectra at 24370 eV, and the extent of COads coverage 

followed by the intensity of the DRIFTS CO adsorption band at 1940 cm -1. By plotting 

the time-resolved DRIFTS and XANES data on the same time scale (Figure 6.11), it is 

found that the sharp oxidation of Pd at the nanoparticle surface coincided with the sharp 

decrease in CO coverage at that particular spatial position in the catalyst bed. This 

observation is consistent with the widely accepted model which assumes that, beyond 

the light-off point, the catalyst surface is dominated by atomic oxygen and the reaction 

kinetics for combination of COads with surface oxygen are so fast that the carbonyl 

surface concentration is too low to be detected by DRIFTS spectroscopy.24, 40, 71 The 

top panel of Figure 6.11 shows the normalised mass spectrometry signal from online 

end-pipe analysis of the reactor exhaust plotted on the same timescale as the time-

resolved XANES and DRIFTS data. The decrease in CO coverage and oxidation of Pd 

species occur approximately 50 seconds before the sharp increase in mass 

spectrometry signal for CO2 formation. The delay can be attributed to the residence 

time of CO2 reaching the detector of the mass spectrometer from the reactor. (Time 

taken for gas flow of 50 cm3 min-1 to travel ~80 cm length of a 1/16” tube.) Hence it can 

be found that the sharp increase in CO2 formation can be attributed to ignition of COads 

stored on the catalyst surface, which is mirrored by the simultaneous increase in 

consumption of O2 which is both adsorbed to the Pd nanoparticle surface and used in 

the oxidation of COads to CO2. However, it must be noted that the end-pipe mass 

spectrometry signal provides information for the catalytic activity across the entire 

length of the catalyst bed, and so EDE and DRIFTS data at other spatial positions must 

be considered before interpreting the end-pipe catalytic activity, as discussed later.       
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Figure 6.11. Bottom panel shows the Pd K-edge absorption intensity at 24370 eV (green), 
DRIFTS CO absorption intensity (purple) of the Pd/γ-Al2O3 catalyst at the end of the catalyst bed 
(nearest the reactor outlet) and the internal reactor temperature (orange, dashed). Top panel 
shows the normalised end-pipe mass spectrometry signals for O2 (red), CO (black) and CO2 
(blue) concentrations of the exhaust gas from the reactor.   

6.3.1.4 Position 1 – Front of the catalyst bed (+ 0.4 mm) 

The Pd K-edge XANES spectra of the Pd/γ-Al2O3 catalyst measured at the axial 

position +0.4 mm from the front of the catalyst bed are shown in Figure 6.12. The 

XANES spectrum of the Pd/γ-Al2O3 catalyst in reactant gas feed (CO/O2) before light-

off (reaction time of 600 seconds) was consistent with the XANES of Pd/γ-Al2O3 in 

reducing atmosphere (H2, 100°C). Similarly to the sample measured at the end of the 

catalyst bed, the XANES spectrum of the catalyst after light-off (reaction time of 1080 

seconds) showed increased in absorption intensity of the main edge transition due to 

partial oxidation at the nanoparticle surface. The difference XANES spectra plotted in 

Figure 6.12b for the catalyst measured at the front and at the end of the catalyst bed 

show the similar extent of Pd oxidation before and after light-off.  

The linear combination analysis of XANES spectra collected during the light-off period 

at the front of the bed are shown in Figure 6.13, plotted together with the XANES 

absorption intensity at 24370 eV.  Similarly to the catalyst at the end of the bed, the 

fraction of Pd(II) component increased from a near zero value before light-off to a final 

value of 0.2. However, during the light-off period at the front of the bed the 

transformation from the initial state of bulk metal nanoparticles to the final, partially 

oxidised state exhibited oscillating behaviour rather than a sharp, direct transition.  
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which was reached after extinction of the oscillating behaviour. The onset of Pd 

oxidation at position 1 was found to occur at a later reaction time (620 seconds) than 

that at position 8, which corresponds to a higher light-off temperature of 117.5°C. The 

first ‘oscillation’ can be described as a rapid increase in the fraction of Pd(II) species 

from the initial value of 0.06 to a value of 0.14, before decreasing slowly to 0.10. During 

the second ‘oscillation’ the fraction of Pd(II) species increased sharply to a maximum of 

0.16 before decreasing slowly. The final state of each oscillation was more oxidised 

than the last, until the fraction of Pd(II) and Pd(0) components reached the same values 

(0.2 and 0.8, respectively) as those obtained for the final state of the catalyst at position 

8. This final state of partial oxidation and extinction of oscillations was achieved at a 

reaction time of 1000 seconds, corresponding to the reactor temperature of 127°C.   

By plotting the absorption intensity of the XANES feature together with the absorption 

intensity of the CO stretching band (1940 cm-1) of the time-resolved DRIFTS spectra 

(Figure 6.14), it is possible to observe that oscillations in the CO surface coverage 

occur as well as the surface oxide coverage. The top panel of Figure 6.14 shows the 

normalised mass spectrometry signal of the exhaust gases plotted on the same 

timescale as the DRIFTS CO intensity and XANES Pd oxidation intensity. It was found 

that the oscillations in Pd surface oxidation and CO surface coverage also coincided 

with the oscillations in the end pipe O2 signal and CO2 formation during the reaction 

Figure 6.12. a) Pd K-edge XANES spectra of Pd/γ-Al2O3 catalyst at position 1 (0.4 mm) in a 
plug-flow reactor under reactant (1% CO/3% O2/Ar) gas feed, before (green) and after (black) 
ignition for CO oxidation. Plotted together with ex situ measurements of Pd/γ-Al2O3 catalyst after 
reduction treatment in 4% H2 at 100°C (red) and then exposure to 10% O2 at 100°C (blue) and 
b) difference spectrum of Pd K-edge XANES before and after ignition for CO oxidation. 
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period between 650 seconds and 1000 seconds. The onset of oscillations in the mass 

spectrometry signals (reaction time of 748 seconds) were delayed by ~128 seconds 

after the onset of Pd oxidation. This can again be attributed to the residence time of 

CO2 reaching the detector of the mass spectrometer from that position at the front of 

the catalyst bed.  

During these oscillations a rise in CO2 formation coincided with a decrease in CO 

surface coverage, which was followed immediately by a sharp increase in the extent of 

Pd oxidation. Following the sharp Pd oxidation there was a period of lower CO2 

formation and increase in surface CO coverage. With each cycle, the XANES 

absorption intensity reached a greater value (i.e. the Pd nanoparticle surface became 

increasingly oxidised) and the CO coverage decreased to a lower value until the 

catalyst eventually reached the final state of apparent zero CO coverage and partial 

Pd oxidation similar to that at the position at the end of the bed. Consequently, the 

overall behaviour in terms of temperature dependence of the CO conversion, Pd 

oxidation state and carbonyl coverage is similar to that observed at the position near 

the reactor outlet with the notable exception of the oscillating behaviour observed 

during the transition from initial to final states.    

Figure 6.13. Linear combination analysis of Pd K-edge XANES spectra of Pdγ-Al2O3 catalyst at 
the front of the catalyst bed (+0.4 mm), collected at multiple time points during the temperature 
ramp experiment for CO oxidation (1% CO, 3% O2). Linear combination used two reference 
XANES spectra of the oxidised PdO/γ-Al2O3 and reduced Pd/γ-Al2O3 catalyst to represent Pd(II) 
and Pd(0), respectively. µ(E) intensity of XANES feature at 24370 eV plotted in bottom panel 
(green). 
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Figure 6.14. Bottom panel shows the Pd K-edge absorption intensity at 24370 eV (green), 
DRIFTS CO absorption intensity (purple) of the Pd/γ-Al2O3 catalyst at the front of the catalyst 
bed (nearest the reactor inlet) and the internal reactor temperature (orange, dashed). Top panel 
shows the normalised end-pipe mass spectrometry signals for O2 (red), CO (black) and CO2 
(blue) concentrations of the exhaust gas from the reactor.   

6.3.1.4 Spatio-temporal analysis  

In order to further examine the catalyst structure and surface reactivity across the entire 

catalyst bed, time-resolved EDE and DRIFTS data collected from eight different spatial 

positions along the length of the catalyst bed were compared. Figure 6.15 shows the 

extent of Pd oxidation (from normalised XANES absorption intensity at 24370 eV) and 

the extent of CO coverage (from DRIFTS absorption intensity at 1940 cm-1) at multiple 

positions of the reactor during the temperature ramp experiment (100 - 135°C, 

2°C min-1) in reactant gas flow (CO/O2). The top panel in Figure 6.15 refers to the 

position measured nearest to the reactor inlet (+0.4 mm from the front of the bed), and 

the positions measured at increasing distance from the reactor inlet are plotted in order 

vertically down the figure, with the position measured nearest to the reactor outlet 

(+14.6 mm from the front of the bed) shown in the bottom panel. The sharp increase in 

XANES absorption intensity corresponding to partial Pd oxidation is observed for all 

spatial positions downstream of position 2. The sharp transition in Pd oxidation 

occurred at the earliest reaction time (and thus lowest temperature) of 440 seconds 

(114°C) at position 8 – nearest to the reactor outlet. This was followed soon after by 

the sharp transition in Pd oxidation at positions 7 and 6 at 460 seconds (115°C), and 

then subsequently at positions 5 to 3 between reaction times of 500 to 530 seconds. 
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The CO coverage was found to sharply decrease in intensity at the same time as Pd 

oxidation at each position, which can be explained by the ignition of COads to CO2 which 

released free adsorption sites for dissociative adsorption of oxygen at the surface.  

The onset of Pd oxidation at position 2 (+1.8 mm from the front of the catalyst bed) 

occurred at a similar reaction time as position 1 (620 seconds), after the oxidation of 

the catalyst at all other positions further downstream of the reactor. The XANES 

absorption intensity increased to a value close to that of the final partially oxidised state 

(as reached at positions 3 - 8), but then showed a small decrease before increasing 

again to reach the final partially oxidised state. The extent of CO coverage also showed 

a similar oscillating behaviour, in the same time frame, where the intensity of the CO 

adsorption band (at 1940 cm-1) decreased by ~40%, then increased slightly before 

decreasing to a near-zero value, then increased slightly once more before falling to 

zero. This behaviour can be described as short-lived oscillations that occurred at the 

same time as the first three oscillations in Pd oxidation and CO coverage that were 

observed at position 1. Although the onset of oscillations at positions 1 and 2 occurred 

simultaneously, the amplitude and frequency of these oscillations did not match, as the 

oscillations at position 1 displayed a higher frequency, greater amplitude and longer 

duration than those at position 2.  

The end-pipe mass spectrometry signal can be explained by collecting together 

information for the surface reactivity at multiple positions across the entire length of the 

catalyst bed. The reaction front was initiated at the end of the catalyst bed (nearest to 

the reactor outlet), which was evidenced by the earliest transition in Pd oxidation and 

loss of adsorbed CO from the catalyst surface at position 8. After the reaction front was 

initiated at the end of the catalyst bed (at the reaction time of 440 seconds), it 

propagated upstream consuming a large amount of oxygen for the ignition of stored 

COads and adsorption of oxygen to the Pd surface. The large consumption of O2 at the 

end and middle of the catalyst bed during this period of ignition (reaction period 

between 440 – 590 seconds) was observed in the normalised O2 mass spectrometry 

signal and was mirrored by a large excess of CO2 formation. After the ignition of the 

stored COads from the end and middle of the catalyst bed (positions 3 – 8), the CO2 

formation and O2 consumption fell towards the expected stoichiometric values for 100% 

CO conversion. The high CO conversion at that time period was achieved by catalysis 

at the middle and end of the catalyst bed where the Pd nanoparticles existed with a 

partially oxidised surface, while the front of the catalyst bed remained relatively inactive 

– where the Pd nanoparticles existed in metallic state with high concentration of COads 

at the surface. The oscillations in O2 consumption and CO2 formation were observed 

by end-pipe analysis in the reaction period between 700 – 1000 seconds, which can 

be explained by the gradual ignition of COads from positions 1 and 2 (within +1.8 mm 

from the front of the catalyst bed), at which time oscillations in CO coverage and Pd 
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oxidation were observed. At reaction times beyond 1000 seconds, the oscillations in 

CO2 formation, O2 consumption, CO coverage and Pd oxidation ceased, and 100% CO 

conversion to form CO2 was maintained. 

Figure 6.15. End-pipe mass spectrometry O2 concentration (red), DRIFTS CO adsorption 
intensity (blue) and EDE Pd K-edge white line intensity (black) at multiple spatial positions in the 
Pd/γ-Al2O3 fixed catalyst bed from the front/inlet (top panel) to the end/outlet (bottom panel) 
during each temperature ramp experiment (100°C - 135°C) during flow of reactant gas feed (1% 
CO/3% O2/Ar).  
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6.3.2. Thermographic imaging    

The oxidation of CO is an exothermic reaction (ΔH = -282 KJ mol-1)15 and so the 

reaction front – the spatial position within the reactor that exhibits the highest reaction 

rate – generates a temperature hotspot that can be observed with an infrared camera. 

An infrared camera positioned above the EDE/DRIFTS reactor was able to follow the 

position of the reaction front in the Pd/γ-Al2O3 catalyst bed during the CO oxidation 

reaction at increasing reactor temperatures. Figure 6.16 reports the thermographic IR 

images of the reactor, each panel showing a time slice of the catalyst bed at increasing 

reaction times during the temperature ramp experiment from a reaction time of 

528 seconds (top panel) to 924 seconds (bottom panel). The first image, collected 

when the internal thermocouple measured 114°C, shows a moderate hotspot at an 

approximate distance +18 mm from the front of the catalyst bed. The position of this 

hotspot confirms that the CO is first ignited from a position nearest to the outlet of the 

reactor, in line with the spatially resolved measurements of CO coverage and Pd 

oxidation. As the reaction rate increased with increasing temperature, the temperature 

hotspot moved upstream, showing that the reaction front propagated towards to the 

reactor inlet. These observations are again in line with the spatially resolved EDE and 

DRIFTS measurements which showed that the oxidation of Pd and ignition of CO 

moved upstream with increasing temperature. The hot spot eventually moved towards 

the front of the catalyst bed at a reaction time of ~700 seconds, which is the reaction 

time when oscillations were observed in the end-pipe O2 consumption, CO2 formation, 

and in the Pd oxidation and CO coverage at that position. 
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6.4 Discussion  

The results obtained therefore confirm that the ignition of CO occurs initially at the end 

of the catalyst bed, nearest to the reactor outlet. This was confirmed with the location 

of the hotspot in IR thermography images both of the Pd/γ-Al2O3 catalyst in this study, 

and the Pt/γ-Al2O3 catalyst in a previously reported study.56  

Before ignition, the catalyst exists in its initial state as metallic Pd nanoparticles with a 

surface poisoned by a high concentration of COads on linear, bridging and multi-

coordinate adsorption sites, evidenced by DRIFTS measurements of the catalyst at all 

positions in the reactor at low temperatures (<114°C). This is in line with many previous 

studies, agreeing that a high concentration of poisoning COads prevents the dissociative 

adsorption of oxygen.22, 24, 40, 43 This confirms that the Langmuir Hinshelwood 

mechanism operates during this low activity regime, with desorption of COads being the 

rate limiting step.40, 72  

Figure 6.16. Thermographic IR images of reactor during CO oxidation (1%CO/3%O2/Ar) at 
increasing temperatures (115°C - 124°C). Gas flow from inlet (left) to the outlet (right), annotated 
with the temperature read from the internal thermocouple positioned in the catalyst bed. The 
location of the catalyst bed within the reactor is outlined by a white box. 
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The ignition of CO oxidation at the end position of the catalyst bed was characterised 

by a sharp transition to the highly active state, where the catalyst was found to exist as 

metallic Pd nanoparticles with partial oxidation of Pd due to high Pd-O coordination at 

the surface. Unlike the Pt/γ-Al2O3 catalyst in other investigations, there was no 

evidence for formation of an oxide structure,73 and the surface was found not to have 

complete Pd-O coverage.47 The fast reaction kinetics of CO oxidation over the partially 

oxidised Pd surface are therefore assumed to continue to operate via a Langmuir 

Hinshelwood mechanism; however the rapid combination of COads and Oads means that 

COads are short lived and not present on the surface at concentrations enough to be 

observed by DRIFTS measurements.     

The ignition of CO oxidation occurred initially at the end of the catalyst bed at a reactor 

temperature of 114°C. At this temperature there was low conversion of CO since the 

entire catalyst bed was operating in the low activity regime, creating a gradient in CO 

concentration across the bed. The lowest concentration of gas phase CO was therefore 

assumed to be at the end of the catalyst bed, as observed by previous spatially 

resolved measurements,34 and heat released by the exothermic CO oxidation reaction 

thought to be carried downstream by the gas flow. It follows that the lowest CO 

concentration and highest local temperatures exist at the end of the catalyst bed during 

the low activity regime. This causes a greater rate of COads desorption and thus 

releases more adsorption sites for the dissociative adsorption of oxygen at the end of 

the catalyst bed – facilitating the ignition of CO. The greater surface coverage of 

chemisorbed oxygen, resulted in greater conversion of CO, thus releasing even more 

adsorption sites in an autocatalytic process. This activity explains the sharp transition 

from the metallic state to the final partially oxidised state for the position at the end of 

the catalyst bed.  

The ignition of CO oxidation at the end of the catalyst bed was shortly followed by 

propagation of the reaction front upstream. This was observed by the IR thermography 

images, EDE and DRIFTS measurements. The CO2 formation measured at the reactor 

outlet during the light-off period of the end and middle of the catalyst bed was greater 

than the stoichiometric value for 100% CO conversion due to oxidation of stored COads.  

The catalyst located within the first +1.8 mm of the catalyst bed did not undergo a sharp 

transition from the low activity to high activity state, but displayed oscillations in Pd 

oxidation and CO coverage before eventually reaching that same final state as the 

catalyst downstream. Similarly to studies with a Pt/γ-Al2O3 catalyst, the oscillations in 

Pd oxidation and CO coverage occurred after the end-pipe catalytic activity had 

displayed 100% CO conversion.47 The end-pipe mass spectrometry signal showed 

variation in CO2 and O2 concentrations during the oscillating behaviour but not in CO 

concentration. From the EDE/DRIFTS measurements it is clear that oscillations in CO 

oxidation reaction kinetics occurred only at the front of the catalyst bed where the 
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catalyst exhibited oscillating Pd oxidation and CO coverage. Within each oscillation, 

the CO coverage dropped and CO2 formation increased to a value greater than the 

stoichiometric value for 100% CO conversion, due to conversion of stored COads to 

CO2. This was followed by a sharp increase in Pd oxidation and decrease in CO2 

formation. Oscillations in catalytic CO oxidation can therefore be attributed to 

competition of CO adsorption and dissociative oxygen adsorption at the Pd surface 

following the release of surface adsorption sites. The low activity period is 

characterised by a high CO coverage, which prevents the dissociation adsorption of 

O2. The high activity period is characterised by dissociative adsorption of oxygen and 

ignition of the stored COads. At the front of the catalyst bed, where the temperature is 

lowest and the concentration of CO in the gas phase is highest, the release of 

adsorption sites following the oxidation of stored COads is followed by competitive 

adsorption of either CO or O2 from the gas phase. The oscillations decrease in 

amplitude as the reactor temperature is increased because the higher temperature 

promotes the dissociative adsorption of oxygen rather than the adsorption of CO, and 

so the extent of Pd oxidation increases with each oscillation. It has been reported that 

Pd catalysts may, under certain isothermal reaction conditions, exhibit self-sustained 

kinetic oscillations for CO oxidation.25 The isothermal conditions for self-sustained 

oscillations must therefore be at CO concentrations and catalyst temperatures that 

permit this competitive adsorption of CO and O2. Due to the different adsorption 

properties of metal surfaces with varying ratios of edge and terrace sites, the reaction 

conditions for self-sustained oscillating behaviour are likely to vary depending on the 

size and shape of the nanoparticle catalyst, as was observed for supported Pt catalysts 

of different particle size.45  

Although this experimental set-up for combined EDE and DRIFTS spectroscopies was 

able to make significant advances on previous combined, operando spectroscopic 

experiments, the limitations to this method must be mentioned. The different spatial 

positions were measured at different times, by cleaning the catalyst and repeating the 

reaction conditions. We have made the assumption in this work, from the consistent 

end-pipe mass spectrometry signal, that the catalytic activity was repeatable each time 

and the changes in catalyst structure were reversed in each cleaning cycle. The 

reduced time resolution of the DRIFTS data acquisition compared to the EDE technique 

meant that the CO coverage could not be followed on the same time scale as the Pd 

surface oxidation. The FTIR spectrometer used for this experiment was capable of 

achieving spectra with faster acquisition times, which should be considered in future 

experiments. Moreover the lack of spatial resolution in the mass spectrometry data 

means that only the integral, end-pipe catalytic activity could be assessed. For spatially 

resolved information of gas concentrations and temperature profiles within the catalyst 

bed, the XAFS/DRIFTS reactor should be coupled with a spatially resolved gas 

sampling technique such as the Spaci-FB.   
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6.5 Conclusions 

The spatially resolved measurements of the metal oxidation state, from Pd K-edge EDE 

measurements, and surface speciation, from DRIFTS measurements, have been able 

to provide new insights for the operation of a Pd/γ-Al2O3 catalyst bed during oscillating 

CO oxidation. The catalyst structure and surface properties have been linked to the 

catalytic activity at different spatial positions within a plug-flow reactor by using a newly 

designed XAFS/DRIFTS reactor for combined, operando EDE and DRIFTS 

spectroscopy.  

The kinetic oscillations of CO oxidation over a supported Pd/Al2O3 catalyst are found 

to occur only within the front 1.8 mm of the catalyst bed. The rest of the catalyst bed 

shows a sharp transition from the low activity to high activity regime, due to an 

autocatalytic transition of surface speciation at the Pd nanoparticle surface. In the low 

kinetic regime, DRIFTS spectra show that the catalyst is characterized by a high 

coverage of adsorbed CO which prevents the dissociative adsorption of oxygen. In the 

high kinetic regime, Pd K-edge EXAFS show that the catalyst is characterized by a high 

surface coverage of atomic oxygen but no evidence of Pd oxide structure. The catalyst 

is therefore shown to continue to proceed via a Langmuir Hinshelwood reaction 

mechanism during the high activity regime, with a high surface coverage of atomic 

oxygen which facilitates faster CO oxidation reaction rate upon adsorption of CO to the 

metal surface.  

The sharp transition of the catalyst from the low activity to high activity regime occurs 

initially at the end of the catalyst bed where there is the lowest concentration of CO and 

highest local catalyst temperature. The reaction front then propagates upstream and 

an excess of CO2 formation is measured at the outlet due to conversion of the stored 

COads to CO2. The oxidation of COads from the catalyst surface releases adsorption 

sites for the dissociative adsorption of oxygen, resulting in the sharp transition to the 

high activity state. However, at the front of the catalyst bed, higher concentrations of 

CO in the gas phase mean that the release of adsorption sites in the oxidation of COads 

is followed by competitive adsorption of CO and O2. For lower temperatures and high 

CO concentration, adsorption of CO is preferred, there is reformation of the low activity 

state, and kinetic oscillations are observed in the formation of CO2.  

Despite the lack of spatial resolution in the mass spectrometry methods, the correlation 

of the spatially resolved data with IR thermography images have meant that the integral 

catalytic activity could be related to the structure and function of the catalyst at different 

positions within the reactor. The successful collection of spatially resolved and 

time-resolved, simultaneous EDE and DRIFTS spectroscopy collected in this study 
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have therefore been able to provide a complete analysis of the change in nanoparticle 

structure and surface speciation during reaction conditions for CO oxidation.  
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Chapter Seven. Summary and Conclusions 
 

7.1 Summary and Future Outlooks 

There is no doubt that heterogeneous catalysis plays a significant role in industrial 

processes, and will continue to do so in the future. For the rational design of new 

heterogeneous catalyst materials, it is crucial to understand the nature of the active 

species and how they facilitate the catalytic pathway. In order to do this, this work has 

focussed on making improvements to advanced characterisation methods, using 

multiple techniques to simultaneously collect information about the catalyst properties 

in an operando approach. Due to the advances in synchrotron radiation techniques and 

beamline capabilities, XAFS measurements can be performed with high time resolution 

on the millisecond timescale (QEXAFS and EDE) and high spatial resolution on the 

micrometre length scale. The limitation in performing these measurements of a catalyst 

in operando is owed to the design of a suitable sample environment and experimental 

method – which is addressed in this work. The powerful combination of XAFS and 

DRIFTS has been particularly useful for studying supported metal nanoparticle 

catalysts – in understanding their formation from molecular precursors and their 

reactivity during catalytic operation.  

By using a combined XAFS and DRIFTS approach, a thorough understanding of the 

preparation route to supported metal nanoparticle catalysts has been obtained. Time-

resolved XAFS and DRIFTS spectroscopy, have been able to make links between the 

decomposition pathway of the molecular precursor (DRIFTS) and the nucleation and 

growth mechanism of the metal nanoparticle (XAFS).  Although the results in Chapter 

3 were reported only for the formation of PdO nanoparticles form two specific 

precursors, Pd(NO3)2 and Pd(NH3)4(OH)2, there is scope to investigate the formation 

of a range of other supported metal nanoparticle catalysts from different impregnating 

precursor solutions. The constraints in this approach for studying metal nanoparticle 

formation are related to the X-ray absorption edge energy of the metal in question, and 

the provision for the metal precursor to contain at least one IR active molecular 

component (eg. NO3, NH3, CO3, SO4). The method could also be extended to 

investigate the role of promoter species in the preparation route, or for the investigation 

of bimetallic nanoparticle catalysts. The role of the Pd precursor in achieving the 

resulting PdO nanoparticle properties in Chapter 3 has implications for the preparation 

of supported metal nanoparticles catalysts in the future, such that the metal precursor 

can be chosen with intelligent reasoning. It would be interesting to investigate, using 

this combined XAFS and DRIFTS approach, whether the phenomena observed with 

the Pd precursors and γ-Al2O3 support in this study are consistent in the preparation of 

other supported metal nanoparticle catalysts. There is question as to whether other 

bidentate ligands would cause early nanoparticle formation, and whether other NH3 
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containing salts, or NO gas, would create a similar stabilising environment for the 

suppression of nanoparticle growth. The modified Harrick XAFS/DRIFTS cell was able 

to provide a suitable sample environment for replicating the calcination treatment in the 

catalyst preparation route, as there was no requirement for plug-flow configuration and 

the changes in XAFS and DRIFTS spectral features occurred slowly enough to be 

captured with the spectral time resolution employed (2 spectra min-1). The combined 

XAFS/DRIFTS approach was therefore found to be a useful method for understanding 

the preparation of supported metal nanoparticle catalysts, and has scope to be 

extended to investigate the formation of a number of other such catalysts.  

Combined, operando XAFS/DRIFTS spectroscopy has been applied to understand the 

structure-function properties of Pd nanoparticle catalysts for selective ammonia 

oxidation (NH3-SCO) in Chapter 4. The selectivity of NH3-SCO to form N2, rather than 

N2O or NO, is crucial for its industrial application in diesel after-treatment systems and 

has been found to be attributed to a previously unidentified structural phase of the Pd 

nanoparticle catalyst, PdNx. The PdNx phase was only present under a defined set of 

reaction conditions, and so in situ techniques were essential for its characterisation; Pd 

K-edge XAFS, Pd L3-edge XANES and XPS. In order to relate the change in Pd 

nanoparticle structure to change in the reactivity, time-resolved Pd K-edge XAFS and 

DRIFTS spectra were correlated with the end-pipe mass spectrometry analysis. 

Despite the limitations of the operando measurements performed with the Harrick 

XAFS/DRIFTS cell, the changes to Pd nanoparticle structure, surface speciation and 

end-pipe reactivity were observed with sufficient time resolution to be confidently 

correlated for an understanding of the catalyst structure-function relationships.  

The limitations of previous combined XAFS/DRIFTS reaction cells for the operando 

spectroscopy have been outlined in Chapter 5; large dead volume, lack of spatial 

resolution in both spectroscopic measurements, ambiguous correlation between 

spectral information collected from the two techniques preformed at different positions 

of the catalyst bed. The problems have been addressed by the design of a new, 

improved reactor affording spatially resolved XAFS and DRIFTS measurements of a 

catalyst contained as a fixed bed under plug-flow configuration. The reactor design 

resembles the configuration of a flow reactor and eliminates the problem for gas bypass 

and dead volume. The X-ray window and IR window extend the entire axial length of 

the catalyst bed meaning for an infinite number of measurements in the axial direction, 

depending on the spot size of the spectroscopy beam. The advantage of high spatial 

resolution and high time resolution achieved with this cell have been demonstrated by 

the investigation of a Pd/γ-Al2O3 catalyst during CO oxidation, reported in Chapter 6. 

The nanoparticle structure and surface coverage were followed by EDE and DRIFTS 

spectroscopy performed at multiple positions of the catalyst bed during kinetic 

oscillations of CO oxidation. The behaviour of the catalyst was found to depend on its 
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position within the reactor, which resulted in a propagating reaction front which could 

also be observed by IR thermography images. The end-pipe mass spectrometry signal 

could be interpreted by combining the information collected at multiple spatial positions. 

However, in order to improve the operando spectroscopy performed with this new 

reactor in future work, there is the potential to incorporate a spatially resolved mass 

spectrometry technique – such as the Spaci-FB instrumentation – which would 

complement the spatially resolved spectroscopic measurements with measurements 

of the local gas environment and temperature.   

The improved cell design for combined, operando XAFS and DRIFTS spectroscopy 

has proved to be successful in achieving improved understanding of structure-function 

relationships of supported metal nanoparticle catalysts. The new XAFS/DRIFTS cell 

has so far only been used for the investigation of a Pd catalyst during CO oxidation, 

but there is scope for investigating a number of different catalysts operating for different 

catalytic reactions, eg. selective reduction of NOx, CH4 oxidation and selective NH3 

oxidation. Modifications to the reported cell design may need to be considered for future 

investigations of other catalytic systems that require higher reaction temperatures and 

pressures. The major advantage of the new XAFS/DRIFTS cell reported in this work is 

the opportunity to investigate catalytic reactions that are suspected to experience 

spatial variations, whereby different catalyst structures and reaction pathways exist at 

different positions of the catalyst bed.  

7.2 Final Remarks 

This work has shown that spatial resolution in spectroscopic measurements of 

heterogeneous catalyst materials is crucial when investigating a catalyst bed operating 

in plug-flow configuration. In order to truly understand the structure-function 

relationship of the catalyst, multiple spectroscopic techniques can be performed 

simultaneously, and on the same time- and length-scale such that the multiple datasets 

can be confidently correlated. Here, simultaneous XAFS and DRIFTS spectroscopy 

were combined for structure-function analysis of supported metal nanoparticle 

catalysts, but there is opportunity for other operando techniques to be performed with 

adequate time and spatial resolution, in the study of other industrial heterogeneous 

catalysts.   
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