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Chapter 1

Abstract

Given the urgency of achieving the forthcoming zero emission targets, the re-

search of green fuels and efficient catalysts able to easily convert them in other

valuable compounds is fundamental. The work presented in this thesis is focused

on the application of an innovative spectroscopic technique, the operando Soft

X-Rays NEXAFS spectroscopy, in order to investigate the surface reactivity of

heterogeneous catalysts. In fact, it is well known the importance that operando

characterizations have acquired in recent years, allowing to study a material at

its working conditions. Since the technique requires the use of Synchrotron Ra-

diation and a specific experimental setup, all the measurements reported in this

thesis have been performed exploiting a home made reaction cell developed at the

APE-HE beamline, at Elettra Synchrotron (Trieste). In this thesis work, we inves-

tigated the possibility of coupling the operando NEXAFS technique with other in

situ spectroscopies, together with standard ex situ characterizations and computa-

tional simulations. This multitechnique approach allowed to extract the maximum

potential of the technique, addressing its role as a key tool in the optic of speeding

up the design of efficient heterogeneous catalysts.

The catalytic reactions investigated in this thesis are focused on methanol val-

orization, given its great potential in numerous applications related to the energy
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transition. In detail, we focused our first investigation on methanol production

through the direct partial oxidation of methane, catalysed by a CeO2/CuO com-

posite synthesized using a scalable and green milling process. We exploited the

combination of in situ DRIFT and operando Soft X-Ray NEXAFS spectroscopies

to monitor at the same time the electronic structure modifications occurring at the

catalyst surface and the adsorbates evolution during the different reaction steps.

The operando analysis of the Cu L2,3 and Ce M4,5 edges during the catalyst ther-

mal activation allowed us to detect a charge transfer from Ce3+ surface sites to

Cu2+ atoms, resulting in the formation of reactive sites close to the CeO2/CuO

interface. When the sample was exposed to CH4 at 250°C and at a pressure of 1

bar, a Cu2+ → Cu+ reduction was observed, indicating that the catalyst is able

to activate the methane molecule. At the same time, DRIFT spectra shown the

formation of methoxy and formate species, that are products of methane activa-

tion on the surface. Adding an oxidizing agent (O2), Cu+ sites were re-oxidized to

Cu2+, together with the disappearing of the methoxy and formate related struc-

tures in the DRIFT spectra. The results indicated the reversibility of the chemical

modifications occurring at the catalyst surface. During the operando NEXAFS

experiment, the reaction products were monitored with an online micro-GC: the

main products observed during the reaction were CO2, H2O, CH2O and CH3OH,

indicating that total and partial oxidation of methane were occurring. As a com-

parison, an equivalent experiment has been conducted on a similar CeO2/CuO

catalyst synthetized with a conventional impregnation method. In this case, no

spectroscopic modification were observed with both NEXAFS and DRIFT tech-

niques, confirming that the synthetic method used is crucial in creating specific

active sites for methane activation and oxidation. The experimental results have

been validated through DFT calculations, which confirmed that when CuO and

CeO2 surfaces merge during the synthesis, a net charge transfer from Ce to Cu

atoms occurs in proximity of the CeO2 − CuO interface.

9



Another promising route to valorize methanol is represented by its catalytic

decomposition to syngas mixture (H2 + CO), whose reaction mechanism was in-

vestigated in the second part of the thesis. Indeed, one major challenge for this

reaction is related to the quest for stable, cost-effective, and selective catalysts op-

erating below 400 °C. In the present study, we illustrate a surface reactivity study

of a Ni3Sn4 catalyst working at 250 °C, by combining density functional theory

(DFT), operando NEXAFS at ambient pressure, in situ XPS and high-resolution

transmission electron microscopy (HR-TEM). For Ni3Sn4, we discovered that the

catalytic reaction is driven by surface tin-oxide phases, able to protect the un-

derlying Ni atoms from irreversible chemical modifications, increasing the catalyst

durability. Moreover, exploiting the online micro-GC connected to the operando

NEXAFS reaction cell and by comparing the results with a Ni3Sn2 compound,

we found that Sn content plays a key role in enhancing the H2 selectivity, with

respect to secondary products such as CO2. These findings open new perspectives

for the engineering of scalable and low-cost catalysts for hydrogen production.
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Chapter 2

Introduction

2.1 Overview

The fight against climate change is set to be one, if not the most, important chal-

lenge of this century for the global community. Since the famous Kyoto protocol of

1997, the continuous global temperature rise due to greenhouse gas emissions has

led to the definition, during the last Conference of the Parties (COP) held in Glas-

gow in 2022, of the commitment by the entire international community to maintain

the average temperature increase below 2°C (and possibly below 1.5◦C)1. In order

to achieve this goal, countries are committed to reach the net zero emissions target

by 2050 (i.e. producing less carbon than we take out of the atmosphere). Up to

now, around 70% of the world economy is covered by net zero targets. The Euro-

pean Union, with the Next Generation Eu Project2 has defined the goal of cutting

55% of greenhouse gas emissions by 2030. Among the strategies reported to achieve

this ambitious objective, in addition to the direct use of renewable energy and elec-

trification, there is also the need to resort to renewable hydrogen to replace fossil

fuels in some carbon-intensive industrial processes. As for transport, in 2015 only

6% of the cars were powered by renewable sources; the goal is to reach the 24% by

2030, through the further development and diffusion of electric vehicles, parallel to

the implementation of advanced biofuels and other renewable or low-C (or high-H)
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fuels. In this context, catalysis has acquired a fundamental importance, becoming

a key component for the pursuit of the aforementioned objectives. A catalytic

material is able to change the path of a chemical reaction without itself being

expended. In an ideal catalyst, a small amount of material can convert a large

quantity of reactants under milder conditions than would be required by the stoi-

chiometric reaction pathway. Moreover, a catalyst can drive the reaction path to

specific reaction products, the so-called selectivity3. The branch of heterogeneous

catalysis aims to develop efficient materials able to catalyse chemical reactions

occurring in a phase different from the one of the catalyst (for example a solid

state material catalysing a gas phase reaction). The major advantage of heteroge-

neous catalysis compared to homogeneous catalysis is the fact that the catalyst,

being in a phase different from that of the reactants, can be recovered and reused

much more easily4. At the moment, the way to establish an efficient protocol for

the design of functional, industrially scalable and cost-effective catalysts is still a

long and winding one5. The objective of this thesis work was, in generic terms,

devolved to the finalization of an efficient strategy that allows to identify promis-

ing catalysts not only on pure empirical bases (catalytic efficiency tests), but also

from the nanostructural and electronic structure point of view. In fact, we believe

that this approach, described in detail in the next sections, allows to speed up

and implement enormously the identification and design of new efficient catalysts,

since knowing the fundamental physical and chemical properties that underlie the

efficient functioning of a catalyst takes to the natural consequence of understand-

ing how to improve its performance. Up to date, one of the most advanced tool

to pursue this goal is to exploit one or more so-called operando techniques, which

aim to characterize a catalyst at its operating conditions, monitoring the reaction

products. The developement of operando techniques started in the early 2000s6,

following the development of the older in situ techniques. In the in situ character-

izations, the catalysts are studied under conditions similar to those of the reaction,

but without the detection of the reaction products. While technical considerations
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will be done in detail in the next chapters, Fig.2.1(a) allow to highlight the im-

portance that operando techniques are acquiring over time. The scientific articles

containing the keywords "operando" and "catalyst" have experienced a surge in

the last seven years. At the same time, articles referred to in situ characterization,

that started to grow much earlier, in recent years have slowed down, while main-

taining the lead in terms of absolute numbers. The observation of these trends

highlights two important factors: firstly, the impressive instrumental development

of the recent years due to the outstanding progress of information technologies,

but also in the field of materials engeneering. Secondly, the fact that the scientific

community have realized the importance and great potential that operando tech-

niques are bringing to catalysis. Moreover, looking at Fig.2.1(b), the weight that

X-Ray Absorption Spectroscopy (XAS) is acquiring in the context of the operando

techniques is undeniable; in 2022, the articles containing the keyword "XAS" and

"operando" has reached almost the 25% of the total operando studies 1.

(a) (b)

Figure 2.1: a) Growth over time of scientific articles containing the following keywords: "in

situ" and "catalyst" (black), "operando" and "catalyst" (blue), "operando" and "catalyst"

and "XAS" (red) . b) Growth over time of the % of articles with the keywords "operando"

and "catalyst" and "XAS" with respect to the total "operando" studies. The % indicates

the weight that operando XAS is acquiring over time. Source: Google Scholar7.

1It must be said that this calculation could be slightly overestimated, since it also takes into

account the articles where ex situ XAS spectroscopy is combined with other operando techniques.
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2.2 New challenges for heterogeneous catalysis:

knowledge-based approach based on operando

techniques

The advantages that heterogeneous catalysis has brought to the everyday life and

to industrial processes in the last 100 years is undeniable8,9; on the other hand,

given the complexity of the aspects ruling a catalytic process, the approach that

has been given to the study of catalytic and functional materials is most often

empirical. This means that a material is engineered, tested, and once its efficiency

and/or selectivity is ascertained, it is characterized in order to unveil its kinetic,

chemical and structural properties. This approach not only makes the development

of new catalysts very slow, but also leads to the impossibility of directing research

on catalysis towards a so-called knowledge-based method5. The first scientist who

tried to apply a "molecular oriented" approach by exploiting spectroscopic tech-

niques was the engineer Michel Boudart10–13. Unfortunately, until a few years ago

the technologies necessary to develop a similar strategy were not yet at the fore-

front or were very expensive, and for this reason the current chemical industry is

still largely dependent on the empiric approach. Given the global urgency men-

tioned in the overview and since nowadays state-of-the-art technologies allow it,

it becomes necessary to speed up the process of identifying the optimal structure

of efficient catalysts, modifying the aforementioned empirical approach. We are

nowadays at the beginning of this change of perspective, which probably needs

further technological development to be implemented efficiently, both experimen-

tally and theoretically.

One of the main problems facing the investigation of a catalyst and what makes

it much more complex to study than for example a semiconductor, is that the func-

tioning of the latter depends solely on the variation of its electronic structure, while
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the chemical and geometric structure remains mostly static. In the case of a cata-

lyst, the chemical, geometric and electronic structure of the system is affected at

each catalytic cycle. Most of the time, these modifications are reversible, and thus

very difficult to detect with standard characterization techniques. If the changes

were irreversible, the catalyst would be deactivated and therefore its functioning

would no longer be the same as in the previous cycle. These are some of the most

important aspects that led to the need to develop techniques where the catalyst

can be monitored in its working conditions (operando techniques). Such investi-

gations combine an analysis of geometric or electronic structure with the simul-

taneous proof of catalytic activity. Moreover, the combination of more operando

techniques would take to a stronger evidence for the correctness of the described

chemical reaction. The possibility of exploiting these techniques and combining

them together would make it possible to bridge the gap between the two schools of

thought described above, the "empirical" and the "knowledge-based"5,14,15. This

thesis works aims to show some applications in which a similar gap can be filled.

The adopted strategy is schematically represented in Fig.2.2.

As shown in the figure, the process is iterative; the starting point is the synthesis

of a material, based on the desired catalytic reaction. Literature is fundamental

at this stage: in fact, the studies that have already been performed on similar

materials are an important guide for the definition of a target catalyst. Equally

important are the theoretical simulations carried out before synthesis, in such a way

as to be able to predict the type of structure to be obtained for a precise catalytic

reaction step. Once defined the material, it is necessary to operate on different

levels, which can also be performed in parallel to speed up the characterization. At

this stage the operando techniques proved to be fundamental, because they allow,

together with the classical characterization techniques (such as X-ray diffraction, or

electron microscopy) and computational simulations, to define a possible reaction

mechanism. The detection of reaction products in the operando experiments allows

to directly correlate the proposed reaction mechanism to the catalytic tests results
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Figure 2.2: Schematic representation of the knowledge-based iterative strategy used in this

thesis to investigate catalytic reactions. The scheme is inspired by Professor Schlogl’s re-

view5. The arrows show the iterative process that must be followed in order to fully optimize

a new catalyst. Blue boxes: Experimental and theoretical tools; Green boxes: information

obtained; Yellow boxes: First and last step of the optimization (being the process iterative,

their direct connection is crucial); Red box: The most important step in the optimization,

i.e. the definition of the catalytic reaction mechanism.
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that can be conducted in parallel with dedicated setups. At the end of the overall

characterization, the researcher will have a complete knowledge of the mechanisms

related to a specific activity and selectivity for the chosen catalytic reaction, for

a specific material; the knowledge-based study will allow to modify the starting

material taking into account all the important information obtained, synthesizing a

new material oriented towards a better performance of the catalyst. At this point,

the pattern repeats itself. It is important to underline that the more effective

the operando characterization is, the less times it will be necessary to repeat the

process. This thesis work, with the two studies that will be presented in the

results and discussion chapters, highlights the merits of this approach, but also

the issues that will have to be addressed in the future to improve it. In detail, in

both studies we managed to perform almost a complete iteration of the scheme

reported in Fig.2.2, by combining the use of the operando NEXAFS setup of APE-

HE beamline (described in section 3.2.1.3) with other in situ spectroscopies, DFT

calculations and standard characterization techniques. We elucidated in both cases

the catalytic reaction mechanism leading to the formation of a particular reaction

product, also obtaining fundamental information regarding the relation between

a specific material design and its catalytic activity and selectivity. Unfortunately,

it cannot be stated that the iteration entirely concluded because we managed to

obtain only semi-quantitative results, while quantitative catalytic tests have not

yet been performed. This aspect could be one of the possible future instrumental

developments of the operando NEXAFS setup of APE-HE beamline. Until this

milestone is achieved, separated catalytic tests can be conducted in order to obtain

quantitative information and complete an entire knowledge-based iteration.
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2.3 Methanol and its leading role for the future

The two studies presented in this thesis are focused on methanol valorization. This

section therefore gives an overview on the global importance that this compound

assumes today, dealing with its synthesis processes and its main uses at present

and for a possible future "methanol economy". A graphic representation of the

economic impact of methanol is shown in Fig.2.3. Asia Pacific region is the larger

consumer and producer, followed by North America; from 2018 to the projection

of 2026, the market is almost tripled globally.

Figure 2.3: Graph reporting historical data and forecast for the 2015-2026 global methanol

market16. CSA = Central and South America; MEA = Middle East and Africa.

Methanol is an alcohol liquid at ambient pressure and temperature. Since its

boiling point is at 65°C, it can be transported and distributed through pipelines. It

posesses an energy density of 22.7 MJ/kg17, making it convenient to use as energy

storage compound. To give a comparison, the Li-ion batteries have an energy den-

sity of 0.5–3.6 MJ/kg. Moreover, the growing demand for oil and gas in emerging

economies and the severe shortage in oil and gas supply at economically reasonable

prices is expected to affect the chemical industry in the next years. Therefore, it

is necessary to think about compounds that could easily substitute classic petro-

chemicals, minimizing the need to upset the existing infrastructures and systems.

These requirements are perfectly fullfilled by methanol. Fig.2.4 shows a scheme

representing how methanol can be exploited as a chemical raw materials for in-
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dustrial purposes. As it can be observed, the use of methanol as a raw chemical

material mainly starts from synthesis gas (also called syngas, i.e. CO/H2 mixture)

or from a CO2/H2 mixture. Syngas gas plays a fundamental role in the synthesis of

methanol, described in detail later in the discussion. Moreover, the double arrow

in the diagram between syngas and methanol highlights that it can also be useful

to convert methanol into syngas, that can be exploited for other purposes, such as

hydrogen production. Concerning the chemical products obtained directly from

methanol in Fig.2.4, the variety of possibilities that the compound offers is evident,

revealing how important petrochemical products can be substituted by C1-based

chemistry. Some of the processes reported have always been used in the chemi-

cal industry, while others are totally new. It is important to specify that all the

products shown in the diagram can be obtained from both methanol and crude oil.

Figure 2.4: Scheme illustrating the different methanol processing as a chemistry raw mate-

rial.

Despite the multiplicity of uses that we have just seen at an industrial level, the

versatility of methanol allows it to be used also as an energy feedstock. These two

important applications (chemical and fuel) open up the possibility of a "methanol

economy"18. Fig.2.5 shows its schematic representation: methanol can be exploited
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in both chemistry and energy sectors, implying that from a single source both

chemical feedstocks and combustibles for power generation can be produced at a

large scale.

Figure 2.5: Scheme representing the main routes of a possible methanol economy17.

At the date, the main building block for methanol production is syngas mixture,

as already mentioned. Synthesis gas can be produced from any carbon containing

source. Enzymatic routes for direct methanol production from biomass exist in

nature (route 1. in Fig.2.5): at the industrial level they are not employed be-

cause the mechanisms underlying the cataytic paths in the enzymes are still not

clearly understood; thus, efficient and selective catalysts do not exist at the mo-

ment for this reaction. The solution of this problem would fill the missing link to

realistically achieve a methanol-based economy. Another alternative would be the

methanol production starting from CO2 and H2, that would provide an unlimited

feedstock and at the same time would be useful for the CO2 emissions problem.

Unfortunately, this route would require an high hydrogen demand.

This section gave an overview on the importance of methanol in the actual and

future global economy. The next sections are devoted to explain in detail the two

catalytic reactions investigated in this thesis work, which are the direct methane

to methanol synthesis and the methanol decomposition to syngas. Indeed, the

research of materials able to efficiently catalyse these reactions, represented by
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routes 1. and 2. respectively in Fig.2.5, would allow to easily interplay between

the three main actors of the possible methanol economy (biomass, syngas and

methanol), greatly facilitating the possibility of its success in the near future.

2.3.1 Direct methane to methanol partial oxidation

To date, at the industrial level there are two processes exploited for the production

of liquid hydrocarbons starting from methane, namely the methane-to-gasoline and

the Fischer-Tropsch synthesis. They are both two-step reactions involving firstly

the production of syngas mixture, followed by its conversion to the desired product.

Steam reforming of methane to syngas is an endothermic process (eq.2.1):

CH4 +H2O CO + 3H2 ∆H0
298K = +206.2 kJmol−1. (2.1)

Usually, Ni/Al2O3 catalyst are industrially employed, working at elevated tem-

peratures (> 800°C). The unreacted syngas can be exploited to produce methanol:

CO + 2H2 CH3OH ∆H0
298K = −90.7 kJmol−1. (2.2)

This two step synthetic way to synthetize methanol starting from methane is

called indirect route, and as it can be seen from eq.2.1 is energetically demanding.

The so-called direct route imply the direct partial methane oxidation to methanol

(DMTM), an exothermic process:

CH4 + 1/2O2 CH3OH ∆H0
298K = −126.2 kJmol−1. (2.3)

The direct route is energetically convenient and it would allow to convert and

valorize a greenhouse gas in a "Waste to Wealth" process19. Practically, DMTM

is not exploited at the industrial level, since a material that is able to catalyze the

reaction efficiently has not yet been designed. This is due to two main encountered

issues: the first is the activation of methane molecule on the catalyst surface. This
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important step is often difficult to achieve because the C-H bond in methane is the

strongest in nature (440 kJ/mol), due to the perfect tetrahedral simmetry of the

molecule. The second issue is that when methane is oxidized to methanol, usually

the latter encounters a further oxidation to CO2 and H2O. This occurs because

the dissociation energy of the C-H bond in methanol is lower than in methane

(393 kJ/mol). A catalyst able to activate methane at the same time avoiding the

over-oxidation of methanol has not been designed yet, leading to the fact that cur-

rently the active catalysts for this reaction lead to low methane conversions and

selectivities.

2.3.1.1 Heterogeneous catalysts for DMTM reaction

At the state of the art, the most widely studied catalysts for the DMTM reac-

tion in heterogeneous catalysis are based on Mo, V, Fe and Cu. Molybdenum

catalysts20 were the first to be investigated, already in the 1980s. They were con-

sidered the most active catalysts for the partial oxidation of methane until the end

of the century, even if the reaction was carried out at high temperatures and pres-

sures21–24. The impossibility of using these catalysts at the industrial level lay in

the fact that at high temperatures (above 700°C) humidity promotes the volatility

of Mo atoms, undergoing the formation of hydroxylated species in gaseous phase25.

Vanadium based materials represented an alternative to Molybdenum catalysts26–28.

Their utilization can lead to maximum methanol selectivities of 57%, and their dif-

ference in catalytic properties with respect to Mo-based catalyst reside in the fact

that the methane total oxidation to CO2 passes through the production of an in-

termediate, the formaldehyde.

More recently, Fe and Cu have been extensively employed in the design of novel

catalysts for the DMTM reaction, in particular exploited in the form of oxides or

as dopants in porous materials, such as zeolites or Metal Organic Frameworks
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(MOFs). The idea behind the design of these materials is based on the attempt

to replicate the functioning of an enzyme called methane monooxygenase (MMO),

which is able to convert methane into methanol with very high selectivity and

conversions, at ambient temperature29. There are two types of MMO enzymes (Fig.

2.6), the sMMO (soluble, containing di-iron sites), and the pMMO (particulate,

containing oxo-dicopper sites).

Figure 2.6: Proposed structures of the active sites in a) sMMO and b) pMMO enzymes19.

For the sMMO, the active sites nature, the reaction mechanism and the enzyme

composition have already been elucidated30–32; concerning the pMMO, the nature

of the active sites is still debated, as for the mechanism concerning the methane

activation and conversion. Looking at the catalysts performances, both Cu and

Fe based zeolites are able to mimic the functioning of MMO enzymes, obtaining

very high selectivities for methanol (> 90%)33–36, but with methane conversions of

about 1%. A 10% methane conversion with high methanol selectivity was obtained

for Fe and Cu silicalites33: the major drawback in this case was the utilization of

H2O2, that is corrosive and more expensive than methanol.

Among the most innovative and recent approaches, we mention the work of Zuo

et al.37, which was the starting point of inspiration for one of the two topics that

will be treated in this thesis. In this study, a model system based on CeO2 islands

deposited on a metallic Cu(111) substrate by means of pulsed laser deposition

(PLD) technique has been synthesized. The obtained CeO2/Cu(111) material
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is a so-called inverse catalyst, because usually in heterogeneous catalysis metal

particles are supported by oxide substrates. Inverse catalysts are synthesized in

order to maximize the OMI (oxide-metal interactions)38. As a consequence of these

interactions, a Cu2O monolayer is formed at the interface between the oxide and

the metal. The Cu2O monolayer exposes reactive oxygen atoms able to activate the

methane molecule at low temperatures (170°C) and ambient pressures, as depicted

in Fig.2.7(a). Moreover, if water is predosed with a defined partial pressure, a

methanol selectivity of 70% is obtained39. Through a combined in situ XPS and

DFT calculation investigation, they proposed a mechanism model to explain the

role of water in promoting the methanol selectivity, which consists in the H2O

dissociation on the catalyst surface, forming surface hydroxyles able to activate

methane, and consequently desorbed as a CH3OH molecule (see Fig.2.7(b)).

(a) (b)

Figure 2.7: Methane activation over CeO2/Cu2O/Cu(111) inverse catalyst a) without and

b) in presence of water37,39.

As it can be seen from Fig.2.7(a), Cu+ atoms in the system have the important

role to be the responsible of the methane deprotonation. The investigation of the

role of Cu+ as active site, formed subsequently to an interaction with another

reducible oxide such as CeO2, is assuming an important relevance in heterogeneous

catalysis research40,41, and will be deeply analyzed in the discussion of the first

case study of this thesis work.
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2.3.2 Methanol decomposition to Syngas

Hydrogen production from direct methanol decomposition reaction (eq.2.4) is a

valuable alternative to the commonly industrially exploited steam reforming of

methane reaction (eq.2.1)42, which is strongly endothermic.

CH3OH 2H2 + CO ∆H0
298K = +90.36 kJmol−1. (2.4)

Industrially, the major advantage of the methanol decomposition reaction lies

in avoiding an external steam and heat source, thus reducing the operating and

infrastructure costs. Methanol decomposition reaction brings to the production

of the syngas (H2 + CO) with a 2:1 ratio. As already introduced in Fig.2.5, the

possibility to easily switch between syngas mixture and methanol would make

it possible to achieve great strides forward towards a methanol-based economy:

for example, it would drastically reduce the problems related to the transport of

hydrogen in H2-fuelled vehicles. Moreover, syngas can be used industrially for a

wide range of applications43, ranging from the synthesis of valuable chemicals to

energy applications, for example as a fuel in Solid Oxide Fuel Cells (SOFCs)44. H2

and CO can be separated in a controlled environment, in order to exploit them

individually45,46: the produced hydrogen is widely used for ammonia synthesis;

in the optic of the zero-emissions targets, hydrogen has unique applications as

electrical energy storage or as a fuel in vehicles, since the only product coming

from the hydrogen combustion is water47. Unfortunately, methanol decomposition

reaction can be accompanied by a series of parallel reactions, such as Boudouard

reaction (eq.2.5), methanation (eq.2.6) and reverse water-gas shift (eq.2.7). These

reactions take to secondary products, namely CO2, H2O and C.

2CO C + CO2 ∆H0
298K = +172 kJmol−1. (2.5)

CO + 3H2 CH4 +H2O ∆H0
298K = −206 kJmol−1. (2.6)
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CO2 +H2 CO +H2O ∆H0
298K = +42.1 kJmol−1. (2.7)

In particular, Boudouard reaction takes to the formation of C which can poison

the catalyst surface, deactivating it. Hence arises the research of stable and cost-

effective catalysts capable of: i) Decreasing the activation energy for the syngas

production; ii) selectively favour the syngas production, suppressing the occur-

rence of the secondary reactions mentioned above.

2.3.2.1 Heterogeneous catalysts for methanol decomposition reaction

State-of-the-art catalysts for methanol decomposition reaction are mainly based

on Cu, Pt, Pd, and Ni. In detail, Cu-based catalysts are unstable, owing to C

poisoning, with the consequent fast deactivation48,49. Moreover, Pt- and Pd-based

electrodes, though being stable, are expensive and they could be activated only

at temperatures above 400°C50,51. Concerning Ni-based catalysts, they potentially

can combine stability, efficient catalytic activity, and cheapness of raw materials,

thus representing good candidates for industrial scale-up52–55. Hence, one of the

major challenges regards the optimization of the catalytic activity and selectivity

of Ni-based materials. In this context, intermetallic compounds (IMCs)56–63 are

particularly relevant due to their peculiar electronic structure, originated from the

atomic arrangement in ordered structures, differently from ordinary closed-packed

metallic compounds. Precisely, IMCs are composed of different elements located

near the Zintl line (e.g., the line dividing metallic and non-metallic elements in the

periodic table), whose relative ratio can be used to tune their structural, electronic,

and physicochemical properties. Recently, high selectivity to H2 and CO has been

reported for IMCs with respect to the undesired secondary reactions reported in

eq.2.5, 2.6 and 2.764,65. Among the various Ni-based alloys, Ni-Sn compounds

deserve particular attention, considering that the incorporation of Sn atoms can

be beneficial for hydrogen selectivity64–66 and making CO adsorption energetically

unfavorable, thus preventing the methanation reaction64 and improving the cat-
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alyst durability. It must be specified that the studies reported in the literature

focus the catalytic tests at temperatures > 400°C. To our knowledge, the effect

produced by the addition of Sn at temperatures lower than 400°C has never been

investigated from the point of view of the catalytic mechanism, reaction paths and

thus selectivity to syngas. For this reason, this last point has been the object of

the second part of this thesis work.

2.4 Scope of this work

The main aim of this thesis project was to apply and show the potentialities of

the knowledge-based approach (described in detail in section 2.2) to investigate

two catalytic reactions related to methanol valorization, with the common denom-

inator residing in the use of the operando Soft X-ray absorption spectroscopy as

main investigation tool. Exploiting the experimental setup designed at the APE-

HE beamline of Elettra Synchrotron (Trieste), described in detail in section 2.2,

combined with other in situ and ex situ characterization techniques and with the

fundamental help of DFT calculations, we were able to obtain key information

regarding the catalytic reaction mechanisms under investigation; the possibility to

study the catalysts at their operating conditions allowed us to provide new tools to

improve their design of the catalysts, with the final aim to achieve better catalytic

performances.

We investigated the catalytic direct partial oxidation of methane to methanol

reaction on a CeO2/CuO powder composite, exploiting an innovative ball milling

synthesis, which is scalable and solvent free. The aim of the synthetic approach

was to reproduce a system similar to the one of Zuo et al. described in detail

in section 2.3.1.137,39, with the main difference residing in its potential scalabil-

ity at the industrial level. For the synthesis, we established a collaboration with

the University of Udine (prof. Alessandro Trovarelli’s group). The operando soft

X-ray NEXAFS analysis of the Cu L2,3 and Ce M4,5 edges allowed us firstly to
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understand the electronic structure modifications occurred during the ball milling

synthesis, and secondly to monitor the spectroscopic modifications occurring dur-

ing the catalyst exposure to CH4 and O2 reagents. The use of an online micro

gas chromatograph allowed to detect the reaction products, performing a complete

operando experiment. Under the same experimental conditions, we repeated the

experiment exploiting the in situ DRIFT technique, in order to obtain information

about the different intermediate species adsorbed on the catalyst surface during

the subsequent reaction steps. The DRIFT experiments have been performed at

the University of Udine (Prof. Alessandro Trovarelli’s group). The combination of

the operando soft X-ray NEXAFS and the in situ DRIFT results allowed to obtain

a clear view of the reaction mechanisms occurring on the catalyst surface during

the different reaction steps. Finally, we performed DFT calculations carried out in

collaboration with the group of Dr. Stefano Fabris (SISSA- CNR-IOM), in order

to validate the proposed mechanism model.

The catalytic methanol decomposition to syngas is the other reaction inves-

tigated in this thesis project. In detail, we aimed to elucidate the effect that

different Sn content has in Ni-Sn intermetallic compounds on the selectivity to H2

with respect to secondary undesired products. The samples (Ni3Sn4 and Ni3Sn2)

were synthetized using an innovative flux method, in collaboration with the group

of prof. Antonio Politano (University of L’Aquila). In this case, we combined

the in situ X-Ray Photoemission Spectroscopy (XPS) with operando soft X-ray

NEXAFS technique. XPS analysis allowed to investigate the surface composition

and reactivity of the Ni-Sn compounds, while the NEXAFS investigation, during

which the samples were exposed to methanol at ambient pressure and at different

temperatures, gave important elucidations on how methanol molecules interact

differently with Ni atoms by changing the Sn content, the reaction conditions and

the surface pretreatments. In this study, the online micro gas chromatograph data

were analyzed with the aim to obtain a semi-quantitative comparison about the

different catalysts selectivity to syngas, upon different Sn content and experimen-
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tal conditions. DFT calculations (carried out by Prof. D. W. Boukhvalov, Nanjing

Forestry University, College of Science) allowed to validate the data obtained ex-

perimentally and to propose a possible reaction mechanism model.
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Chapter 3

Methods

This chapter gives an overview of the main experimental techniques that have been

exploited in this thesis work. Large space has been given to the description of X-

ray absorption spectroscopy and to its use in operando conditions, since most of

the thesis project has been developed around its application in the field of hetero-

geneous catalysis. A detailed description is also given for the X-Ray Photoemission

Spectroscopy, since it gives complementary information to the XAS technique, and

being the pillar technique at the APE-HE beamline (where most of the thesis work

was conducted). Other characterization techniques exploited to give a clearer in-

terpretation of the results and a complete characterization of the studied catalysts

are mentioned in this chapter in order to report the technical specifics related to

the experiments described in the Results and Discussion chapter. The description

is limited to the techniques directly used by the thesis author.

3.1 Experimental Tecnhiques

3.1.1 X-Ray Absorption Spectroscopy (XAS)

The absorption of an electro-magnetic radiation is a phenomenon which can be

exploited in a wide variety of applications, providing a vast amount of information
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about the physical and chemical properties of a material. In the electro-magnetic

radiation spectrum, X-Rays fall between the UV and the γ-Rays frequencies. The

X-Rays region is further divided in the so-called soft X-Rays (100 eV- 3 keV range)

and hard X-Rays, with energies above 3 keV1. Clearly, absorption processes depend

on the photon energy of the incident radiation; X-Rays, in particular, are able to

interact with the most internal electrons of the material (i.e. the core electrons):

the absorption is the consequent electronic excitation of the core electron towards

an empty molecular orbital, leaving a core-hole (see Fig.3.1(a)). Thus, an X-Ray

absorption spectrum (i.e. a scan of the absorption intensity in a defined photon

energy range) acquired in promixity of a specific absorption edge gives a represen-

tation of the electronic structure of the empty states of the absorbing atom, related

to specific electronic transitions. This allows, for example, to obtain information

about the oxidation state of the absorbing atom.

Another fundamental advantage of XAS spectroscopy is the strong localization

of the core electron on the absorbing atom, which makes the absorption process

strongly dependent on its local surroundings. This makes core spectroscopies par-

ticularly informative, because they can provide detailed information about the

local chemical and geometrical environment of the atom in which the hole is cre-

ated. This feature allows to study also not ordered systems2.

Experimentally, X-Ray Absorption Spectroscopy (XAS) measures the absorp-

tion coefficient µ of a sample as a function of the incident radiation energy (I0),

that for a homogeneous isotropic material follows the Lambert-Beer equation:

I = I0e
−µD (3.1)

where D is the thickness of the sample and I is the transmitted beam intensity.

The coefficient µ, for a crystalline solid, is given by the sum of the absorption cross

section σi related to the n different chemical elements of the unit cell:
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µ =
1

V

n∑
i=1

σi (3.2)

where V is the volume of the unit cell. Experimentally, µ can be determined

as the ratio of the beam intensities with and without the sample.

In non resonant regions the absorption coefficient decreases with increasing

photon energy, but when the excitation energy is comparable to the binding en-

ergy of core electrons, there is a net absorption increase, which gives rise to the

absorption edges (Fig.3.1(b)).

(a) (b)

Figure 3.1: a) Schematic description of the absorption process. b) X-ray absorption spec-

trum of FeO with the NEXAFS and EXAFS regions3.

Thus, every core electron will generate a different absorption edge, depending

on its energetic starting point in the electronic structure. This fact takes to one

of the most important features of XAS: by tuning the incident photon energy

it is possible to select a single absorption edge. Since the absorption edges of

the elements are most of the time energetically separated, even having a sample

consisting of different chemical species it is possible to isolate the XAS spectrum of

a single element. Moreover, it is also possible to identify different absorption edges

for the same element depending on what is the initial core level of the excitation;
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Table 3.1: Absorption edges IUPAC nomenclature4.

Edge Electronic configuration Edge Electronic configuration Edge Electronic configuration

K 1s−1 N1 4s−1 O1 5s−1

L1 2s−1 N2 4p−1
1/2 O2 5p−1

1/2

L2 2p−1
1/2 N3 4p−1

3/2 O3 4p−1
3/2

L3 2p−1
3/2 N4 4d−1

3/2 O4 4d−1
3/2

M1 3s−1 N5 4d−1
5/2 O5 4d−1

5/2

M2 3p−1
1/2 N6 4f−1

5/2 O6 4f−1
5/2

M3 3p−1
3/2 N7 4f−1

7/2 O7 4f−1
7/2

M4 3d−1
3/2

M5 3d−1
5/2

in this sense IUPAC defined a specific nomenclature (see Tab.3.1): for example,

an electronic excitation starting from a 1s orbital will give rise to a K − edge.

According to X-Ray photon energy, XAS is divided in two regions: the Near

Edge X-Ray Absorption Fine Structure (NEXAFS or XANES), which covers the

energetic range starting from few eV before the absorption edge to 50 eV above

it, and the Extended X-Ray Absorption Fine Structure (EXAFS), which goes from

the upper limit of the NEXAFS region to few hundreds of eV above the absorption

edge (Fig.3.1(b)). The NEXAFS region is further divided in pre-edge, main-edge

and post-edge regions, each of them providing different information about the

electronic structure of the sample, as explained in detail in section 3.1.1.3.

3.1.1.1 Theoretical description of the X-Ray Absorption Process

Let’s consider the incoming radiation as a plane wave propagating in the x direc-

tion1: one can define the vector potential A, the electric field E and the magnetic

field B as follows:

A(r, t) = A0(ae
i(k · r−ωt) + a+e−i(k · r−ωt)ϵ∗) (3.3)
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E(r, t) = −iωA0(ae
i(k · r−ωt)ϵ− a+e−i(k · r−ωt)ϵ∗) (3.4)

B(r, t) = iA0(ae
i(k · r−ωt)k × ϵ− a+e−i(k · r−ωt)k × ϵ∗) (3.5)

where A0 is an amplitude related to the photon energy h̄ω, a and a+ are the

photon annihilation and creation operators, and ϵ and k are the photon polariza-

tion and wave vector.

The Hamiltonian related to the interaction of atomic electrons bound by a

potential V (r) with the X-Rays can be defined as:

H = Hrad +Hatom +Hint (3.6)

Hrad and Hatom are the non-interacting part, while Hint is related to the inter-

action between the electro-magnetic field and the electron charge −e:

Hint =
e

m
p ·A+

e

m
S ·B +

e2

2m
A2 (3.7)

In this equation the first term takes into account the interaction between the

electron momentum operator p and the vector potential, while the second is re-

ferred to the interaction between the electron spin (S) and the magnetic field.

The third is related to the Thomson scattering, which will not be treated in this

discussion. From eq.3.7 we can define a transition operator:

T =
e

m
(p ·A+ S ·B) (3.8)

In the absorption process, in first approximation we can use the one-particle

model, i.e. we assume that the core excitation and the consequent core hole for-

mation do not modify the remaining electronic structure of the system. In other

words, we do not consider the electronic correlation and the relaxation effects. In

this way, we can easily define the |i⟩ and |f⟩ states:
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|i⟩ = |ϕi; ϵ,k⟩ where ϕi = one particle core electron state

|ϵ,k⟩ = incoming photon

Ei = ϵi + h̄ω

|f⟩ = |ϕf ; 0⟩ where ϕi = one particle photoelectron state

Ef = ϵf

(3.9)

This description allows to define the well-known Fermi Golden Rule, which

gives the absorption rate (in s−1):

Rfi =
2π

h̄
| ⟨f |T |i⟩ |2δ(ϵf − ϵi − h̄ω) (3.10)

For a plane wave, Rfi can be related to the cross-section:

σfi =
h̄ω

I
Rfi (3.11)

The radiation intensity I is defined as:

I =
cϵ0n

2
|E|2 (3.12)

where ϵ0 is the permittivity. From equations 3.10, 3.11 and 3.12, we can rewrite

the absorption cross section σfi as:

σfi =
2ϕα

ωm2
| ⟨ϕf |Ô|ϕi⟩ |2δ(ϵf − ϵi − h̄ω) (3.13)

where

α =
e2

2hcϵ0
(3.14)

In this equation, σfi depends only on the electron states and no more on the

incident photons. In eq.3.13 also the new operator Ô is defined:

Ô = (ϵ ·p+ iS · (k × ϵ))eik · r (3.15)
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Applying Ô to |ϕi⟩ and |ϕf⟩, one can define the matrix element:

⟨ϕf |Ô|ϕi⟩ = i
m

h̄
(ϵf − ϵi) ⟨ϕf |ô|ϕi⟩ (3.16)

where ô is expanded as the sum:

ô = ôE1 + ôE2 + ôE3 + ôM1 + ... (3.17)

E1, E2 and E3 represent respectively the dipole, quadrupole and octupole elec-

tric transition channels, while M1 is related to the dipole magnetic transition

channel. For photon energies up to 4500 eV, E1 is the dominant term, while above

that energy also E2 term has to be taken into account; E2 can be relevant also for

the L2,3 edges, because for this channel the selection rules are different, as we will

see more in detail later. From eq.3.13 and 3.16 we can obtain the final formulation

for the cross section:

σfi = 4π2αh̄ω| ⟨ϕf |ô|ϕi⟩ |2δ(ϵf − ϵi − h̄ω) (3.18)

The dipole approximation and selection rules The expansion terms of eq.

3.17, can also be defined as follows:

ôE1 = ϵ · r

ôE2 =
i

2
(ϵ · r)(k · r)

ôE3 = −1

6
(ϵ · r)(k · r)2

ôM1 = Cm(k × ϵ) · (L+ 2S)

(3.19)

where Cm = h̄
2m(ϵf−ϵi)

. As it can be seen, ôE2 contains the k · r factor. For

X-Rays photon energies below a few tens of keV the latter is on the magnitude

order of ≃ 10−2, so when it is squared to calculate the transition probability

(| ⟨ϕf |Ô|ϕi⟩ |2) it can be neglected. When, as in this case, only the E1 term is

taken into account to evaluate the cross section, it falls within the so-called dipole
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approximation, valid mainly for the K edges of the low Z elements. For the L2,3

and M4,5 edges, when they fall in the soft X-Rays (200 eV- few keV) the dipole

component E1 is still prevailing, but also quadrupole transitions can be observed.

The next step of the discussion arises the question of how to calculate the

integral ⟨ϕf |ô|ϕi⟩ , that we defined in eq.3.16. Firstly, we have to consider the

bahaviour resulting from the different absorption edges; in the case of the K edge,

the excited core electron is highly localized, thus the integral can be approximated

to a small sphere inside the absorbing atom. On the contrary, when we consider

excitations starting from less localized orbitals (for example related to the L2,3

or M4,5 edges) the above mentioned approximation loses its validity, because the

spin-orbit coupling has to be taken into account. So, the general formulation of

the wave functions which comprise also the spin-orbit coupling can be expressed

using an expansion in complex spherical waves:

ϕ =
∑
lms

al,m+ 1
2
−s,s

∑
σ

bl,m+ 1
2
−σ,s,σ(r)Y

m+ 1
2
−σ

l χσ (3.20)

where l, m, and s are the usual quantum numbers, σ = ±1
2

is the spin and χσ

are the spin states. Without the spin-orbit coupling (K edge), s = σ and eq. 3.20

becomes:

ϕ =
∑
lmσ

al,m,σbl,σ(r)Y
m
l χσ (3.21)

Now that we defined the wave functions ϕ, we have to consider the ô operator.

The latter can be also expanded in spherical harmonics:

ô =
∑
l0,m0

cl0,m0(ik)
l0−1rl0Y m0

l0
(Ω) (3.22)

where cl0,m0 are coefficients depending on l0 and m0, and l0 = 1 for E1, l0 = 2

for E2 and l0 = 3 for E3. Now we have all the elements to calculate the ⟨ϕf |ô|ϕi⟩

integral, combining eq.3.20 and 3.22:
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⟨ϕf |ô|ϕi⟩σ =
∑
L0

(ik)l0−1cL0

∑
LLi

ΓLL0Li

∑
ssi

RLL0Lissiσa
f∗
l,m+σ−s,sa

i
li,mi+σ−si,si

(3.23)

where L = (l,m), o and i are the index for respectively the operator and the

initial state. What is important to underline in this long and complex expression

is the angular integral:

ΓLL0Li
=

∫
sphere

Y m∗

l (Ω)Y m0
l0

(Ω)Y mi
li

(Ω)dΩ (3.24)

because it will define the absorption selection rules, fundamental to understand

the XAS spectra. Indeed, the integral of eq.3.24 is ̸= 0 only if:

• l has the same parity as li + l0;

• |li − l0| ≤ l ≤ |li + l0| ;

• m = m0 +mi

These conditions are satisfied if the difference between the initial and the final

state is ∆l = ±1 for E1 and ∆l = ±2 for E2. This conclusion is crucial becauses

it poses one of the basis of XAS spectroscopy: in the dipole approximation, the

allowed transitions will be the one with ∆l = ±1, thus for the K edge only the

s → p. In this way, looking at the K edge spectra of an element, the absorption

intensity will reflect the p component of the final orbitals involved in the excitation.

Similarly, the L2,3 and M4,5 edges will probe the d and f components.

3.1.1.2 Experimental description of XAS

Experimentally, the sample is irradiated with monochromatic X-Rays, whose en-

ergy is scanned in a range of few eV around the absorption edge of an element.

The best X-Ray source to perform such experiments is the Synchrotron radiation,

because of the wide energy tunability and the unique features of the Synchrotron
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sources (high brilliance, collimation, high level of polarization). As already men-

tioned in the previous chapter, when the beam hits the sample a core-excitation to

empty virtual orbitals occurs, leaving a core-hole and creating a "particle" state.

The excited state is characterized by a short lifetime, so the destiny of the core-hole

is its refilling, which can happen through two different processes: the fluorescence

emission (radiative process process) and the Auger electron emission (non radiative

process).

Figure 3.2: Photoabsorption process and the following core hole filling in XAS spectroscopy

through radiative decay (fluorescence emission) or non radiative (Auger electron emission).

As it can be seen in Fig.3.2, the fluorescence is the process through which an

electron located in an external shell fills the core-hole emitting a photon with a

defined energy. The Auger effect, instead, involves two electrons: the first one

decays refilling the core-hole, but its energy is transferred to another electron (the

Auger electron), which is then emitted in the continuum. Indeed, the Auger tran-

sitions are labelled with three letters: for example, a KLL transition involves an

excitation from a 1s electron, which is refilled by another electron located in a L

shell, causing the emission of another L shell electron.

The most direct and classical way to measure XAS spectra is the transmission

mode (Fig.3.3), where the absorption coefficient µ is measured by determining the

beam intensity before and after the sample, and applying the Lambert Beer equa-

tion (3.1). The experimental detection of I and I0 in this case is made through
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Figure 3.3: Possible measurements modes for a XAS experiment. Left: Transmission mode;

center: Fluorescence Yield mode; right: Electron Yield mode.5

ionization chambers, positioned before and after the sample chamber. Usually, the

transmission mode is used with hard X-Rays sources, because for the soft X-Rays

the high cross-section would require very thin samples. Moreover, this technique is

not surface sensitive, so it is not the most suitable for catalysis or surface physics

studies6. The fluorescence yield(FY) mode consists in the detection of the emitted

fluorescence photons. To a limited extent FY is proportional to the absorption

cross-section (for diluted and thin samples). Experimentally, the fluorescence pho-

tons are collected by a photodiode. The third detection method is the Electron

yield (EY), where the emitted electrons are collected. This technique is further

split up in the partial electron yield (PEY), where the electrons are detected only

in a selected energy window, and the total electron yield (TEY), which consists

in the collection of the primary, Auger and secondary electrons (deriving from in-

elastic electron-electron scattering of the Auger photoelectrons). The latter can be

exploited to obtain a larger signal7. As mentioned above, fluorescence and Auger

decays are competitive processes: the latter is predominant for the core levels

with binding energies below 1 keV. Moreover, considering the huge difference of

the mean free paths of electrons and Soft X-Ray photons in solids, EY is much

more surface sensitive than FY. The sampling depth d depends on different factors

(for example the incident photon energy and the material composition) but usually

it is < 7 nm for the EY mode, while it falls around 100 nm for the FY. For this

reason, TEY is a effective detection mode to investigate catalytic reactions, that
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occurr on the sample surface.

In the present thesis, all the NEXAFS spectra presented have been collected with

TEY mode and by using a Synchrotron radiation as X-Ray source: the detailed

experimental setup will be explained in detail in chapter 3.2.

3.1.1.3 NEXAFS Spectroscopy

This spectroscopic technique was developed in the 1980s, and initially was used

to resolve the structure of molecules bonded to surfaces, while nowadays NEX-

AFS experiments are exploited to investigate the properties of a wide range of

molecules and materials, ranging from solids to molecules in gas phase8. A NEX-

AFS spectrum originates from the absorption of an electro-magnetic radiation, and

comprehends the energy range around an absorption edge. The intensity of the

features appearing in a spectrum reflects the dependence of the photoabsorption

cross-section on the photon energy, already described in detail in the previous sec-

tion. The fine spectral features originate because around the ionization potential

(IP), resonant transitions are superimposed on the step-like shape of the absorp-

tion edge; these transitions come from all the excitations towards the unoccupied

molecular orbitals (MOs) of the investigated chemical species. According to their

simmetry, the virtual MOs are labeled as π or σ orbitals. The NEXAFS region is

further divided into three regions: the pre-edge, that falls at photon energy lower

than the ionization potential (IP) of the core-electrons, the region around it(main

edge) and the multiple scattering region, located above the IP, where multiple scat-

tering phenomena dominate the signal.

To illustrate what are the most common features of a NEXAFS spectrum, a

clarifying scheme is reported in Fig.3.4, where in the top panel the K edge spectrum

of a diatomic molecule, such as CO, is reported.

Before the IP, at the lowest photon energies arise the transitions toward the

lowest unoccupied molecular orbitals (LUMO), which in this case is a MO with
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Figure 3.4: Schematic molecular potential and the corresponding K edge NEXAFS spectrum

of a diatomic unsaturated molecule. At the bottom, empty and filled bound states are

represented, while at the top are showed the different spectra features produced by the core

electron excitation toward empty states.

π∗ character. These resonances are located below the IP because of the electron-

hole Coulomb interaction. These features can be observed only in presence of π

orbitals, so they are intense and sharp for molecules with double and triple bonds

or in aromatic systems. At higher photon energies, but below the IP, usually fall

the so-called Rydberg resonances, which are related to toward more diffuse MOs.

These resonances are often weak and sharp. In solids, they can be quenched be-

cause the relative MOs are delocalized. At higher photon energies (usually above

the IP) we can find the σ∗, which are related to transitions towards MOs with

a prevalent σ character. So, the energetic position of a resonance in a NEXAFS

spectrum is crucial in order to understand the electronic structure of the absorbing

atom. The second important feature from which we can obtain useful information

is the relative intensity of the resonances, that as we already saw is determined

by the dipole selection rules, allowing to understand the atomic composition of

the virtual MOs. The third aspect to consider is the width of a resonance, which
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depends on three main factors: the resolution of the instrument, the core-hole life-

times (which for NEXAFS is normally ≈ 10−15 − 10−16s9 and the vibronic effects

(which often result in asymmetrical peak broadening). This explains why usually

the π∗ resonances are very sharp, indeed the relative lifetime is determined only

by the decay of the core-hole. For transitions towards σ∗ orbitals, since they are

overlapped with continuum states, the decay probability of the electron to the

continuum is increased. So, the more the resonances are close to the continuum

the more they are broadened.

Another important feature of NEXAFS is its sensitivity to the polarization of

the incident radiation; this allows to exploit NEXAFS to determine the orienta-

tion of a molecule when it is adsorbed on a surface. Indeed, the intensity of the

resonances shows a significant angular dependence on σ∗ and π∗ orbitals of ori-

ented molecules, i.e. dichroism. Assuming E as the electric field of the linearly

polarized radiation, its relative orientation with respect to the adsorbed molecule

causes modifications in the resonances intensities. Recalling eq.3.18 for the ab-

sorption cross-section, and applying the dipole approximation, we can rewrite it

as follows:

σx ∝ | ⟨ϕf |e · r|ϕi⟩ |2ρf (E), (3.25)

where e is the unit electronic field vector, r is the dipole transition operator

and ρf (E) is the density of final states. When linearly polarized light is used,

e can be removed from the matrix element. For a transition starting from a 1s

orbital towards a directional final state O, the transition intensity is defined as:

I ∝ |e ⟨ϕf |r|ϕi⟩ |2ρf (E) ∝ |e ·O|2 ∝ cos2 δ, (3.26)

where δ is the angle between E and O (see Fig.3.5). Thus, the more E overlaps

with O, the more the resonance will be intense. Since O vectors for pure σ∗ and

π∗ orbitals are perpendicular, according to the horizontal or vertical polarization
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of the incident light one can enhance the different nature of the virtual orbitals,

thus understanding how the molecule is oriented on the surface.

Figure 3.5: Schematic representation of the angular dependence of σ∗ and π∗ resonances in

NEXAFS spectroscopy for an adsorbed diatomic molecule.
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3.1.1.4 Operando NEXAFS and its applications in heterogeneous catal-

ysis

Nowadays heterogeneous catalysis is acquiring a crucial role for the world economy

and for the energy transition objectives that the European Union has set on its

agenda, largely accelerated given the recent energetic crisis. One of the main aims

is to develop and optimize materials able to exploit renewable sources to produce

energy, or to convert waste gases coming from the combustion of fossil fuels to less

harmful products (or even better to re-usable green fuels), perhaps exploiting the

process to produce green energy. Moreover, more than 85% of all the fuels and

chemicals are industrially produced through catalytic processes9. Even if catalytic

reactions are so exploited in industrial processes, the understanding of the mech-

anisms which take to a given product selectivity and reagents conversion is still

most of the time unclear. An overall comprehension of how catalytic reactions on

a surface take place would lead to important steps forward for the development

of more performing catalysts, with a great economic and environmental profit.

Traditional characterization techniques such as microscopies, X-Ray Diffraction,

Infrared, Raman, UV-Vis spectroscopies, X-Ray Photoemission Spectroscopy, can

give important information about some catalysts properties, but with great limi-

tations. Among them, the fact that usually the catalyst is measured not at its real

operating conditions prevents to obtain information about the catalytic mecha-

nism. If the design of a catalyst starts from a model systems that is initially

studied in ultra high vacuum conditions, one has then to take into account three

fundamental problems: the real materials (which often are very defected, and this

can considerably influence the catalyst behaviour), the real pressure and the sys-

tem complexity under operating conditions. Only considering these three aspects

the obtained results can be exploited in order to develop large scale industrial cat-

alysts. As an example, a comparison of a surface IR-Vis sum frequency generation

study of Rh and Pt catalysts study under UHV conditions and at ambient pressure

(AP) conditions revealed clearly that at ambient pressure the surface goes through
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reconstruction10. Another fundamental aspect to be taken into account is that in

UHV conditions it is not possible to observe surface reaction intermediates. In

other words, some crucial modifications of the sample are totally invisible. Thus,

operando measurements are necessary to detect these transient modifications, in

order to correlate them with the catalytic activity and selectivity.

The term "operando" has been introduced into catalysis literature in 200211

and refers to a measurement process that combine a simultaneous in situ spec-

troscopy and kinetic study on the same sample. Actually, operando studies have

already been performed before 2002 (the first in 197712). In this thesis, we ex-

ploited the operando NEXAFS spectroscopy in the soft X-Rays. As already seen

in the previous chapter, NEXAFS is a powerful tool to investigate the local envi-

ronment of the different chemical species in a material, highlighting that, among

the various possible detection methods, the EY is the more surface sensitive. Thus,

coupling NEXAFS spectroscopy in EY mode, with an experimental setup able to

measure an absorption spectrum while a catalytic reaction is occurring and at

ambient pressure, allows to directly observe how the interactions between the re-

actants and the surface are changing in time by looking at the variations of the

NEXAFS spectra, and as a consequence to follow the different steps of reaction

mechanism. Moreover, the implementation of an online instrument able to detect

the reaction products, such as a mass spectrometer or a gas chromatograph, al-

lows to obtain further information about the occurring catalysis, by detecting the

reaction products.

The first operando NEXAFS setups were built to perform experiments with

hard X-Rays, because of their hard penetration, even if for catalysis studies the

use of the soft X-Rays is more suitable, since for example the L2,3 edge of transition

metals probe mainly the d empty orbitals, which usually are the responsible of the

bonds with the reactants at the catalysts surface, and are the most sensitive to
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the crystal field of the metal centers in solid crystals. Moreover, also the K edges

of the light Z elements (such as C, O, N, of which most of the reagents are made)

fall in the soft X-Rays range. On the other hand, the design of an experimental

setup where electrons have to travel through air until they are detected is diffi-

cult, given their short mean free path. Nevertheless, the first setup dedicated to

the near ambient pressure Soft X-Ray NEXAFS was designed by Krop-Gericke in

the late ’90s13. A few years passed to reach the real ambient pressure NEXAFS

setups, helped also by the commercial availability of very thin Si3N4 windows,

which are able to withstand the huge differential pressure existing between the

AP-NEXAFS reaction chamber and the rest of the beamline, and at the same

time being transparent to the soft X-Rays. Currently, only few beamlines world-

wide are equipped with an experimental setup suitable to perform measurements

in the soft X-Rays14–21. Among these, APE-HE beamline at Elettra Synchrotron in

Trieste19 is capable of carrying out the measurements routinely with a dedicated

chamber. All the operando NEXAFS spectra reported in this thesis work have

been acquired on APE-HE beamline. The design of the reaction cell of APE-HE

will be described in detail in chapter 3.2.1.3.

The most important aspects that must be considered when designing a reaction

cell for operando NEXAFS experiments are the following:

• The pressure inside the cell must reach 1 bar in order to acquire the spectra

during the catalytic reactions; the cell must simultaneously be connected to

the UHV of the beamline in order to make the X-Rays radiation hit the

sample (for example by using a Si3N4 window);

• The acquisition time of the XAS spectra must be as fast as possible, in order

to detect all the variations occurring during the reaction, so a fast energy

scan and acquisition mode is needed.

As an example of how operando XAS can be useful in order to investigate

56



catalytic reactions, in Fig.3.6 a series of NEXAFS spectra recorded at APE-HE

beamline is reported22. In this experiment, the authors studied the evolution

of the O K edge and the Sn M4,5 edges of a powder SnO2 catalyst, when it is

exposed to gaseous H2 at increasing temperatures. As it can be seen from the

figure, from the Sn spectra it is possible to detect the reduction of the catalysts

over time (from Sn4+ to Sn2+). At the same time, by looking at the O K edge

one can observe that the typical NEXAFS peaks of gaseous water are forming,

meaning that the experimental system is able to detect not only the changing of

the electronic structure of Sn atoms in the catalyst surface, but also the formation

of the gaseous reaction product (in this case water). Thus, through these spectra

one can correlate the modifications of the active sites of the catalysts with the

products formation, obtaining also information on the activation temperature of

the catalysts.

Figure 3.6: operando NEXAFS spectra collected at the APE-HE beamline. Left: Evolution

of the O K edge spectra of the SnO2 nanoparticles in flowing H2, as a function of temper-

ature. Right: Sn M4,5 edges of the SnO2 nanoparticles at different temperatures and in

different conditions. The spectrum of standard SnO is shown for reference.
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In situ vs operando spectroscopy For a better understanding of this thesis

work, it is important to highlight the difference between in situ and operando spec-

troscopies. The two terms come from the field of heterogeneous catalysis, but the

precise meaning of the two concepts is still under debate. In this thesis, a spectro-

scopic tecnhique is defined as in situ when it has the aim to characterize a sample

"under reaction conditions ... or conditions relevant to reaction conditions"2324.

In general, in situ is a term used when the conditions of pressure, atmosphere

and temperature are controlled during acquisition, or the sample is not exposed to

ambient conditions after specific treatments. The term operando was introduced

more recently and describes techniques that are able to characterize a catalyst in

its working conditions, correlating its structural modifications with changes in the

activity/selectivity. This is done by combining the in situ spectroscopy with a

simultaneous monitoring of how the reagents and the products are evolving, i.e.

how the catalytic reaction is proceeding. Thus, an operando experiment is actually

in situ, with the plus of measuring also the catalytic performance in the same ex-

periment and with the same sample. In Fig.3.7 a schematic representation of the

difference between in-situ and operando techniques is reported, for the particular

case of the gas sensing23.

Figure 3.7: Differences between in-situ and operando methods23.
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As it can be seen in the figure, when using an in situ spectroscopy the activity

of the material in tested separately at its real working conditions, while the spec-

troscopic measurement is conducted on the sample at similar reaction conditions.

The combination of the two experiments can give information about the reaction

mechanism. On the other hand, the operando measurement is done monitoring at

the same time the operation of the device (through an online instrument able to

detect the reaction activity) and the spectroscopic modifications occurring during

its use, in the same experiment. This approach allows to directly being able to

correlate the activity with the spectroscopic modifications observed.

3.1.2 X-Ray Photoemission Spectroscopy (XPS)

Since the interest in the chemical composition of surfaces has become central for

materials science, there was a need of suitable characterization techniques able to

provide information at the atomic layer scale. The first technique developed for the

surface analysis of solids was the Auger electron spectroscopy (AES), followed by

the X-Ray photoemission spectroscopy (XPS). Nowadays, AES and XPS represent

the basic characterization techniques of most of the surface science studies, since

as we will see later they can provide fundamental information about the elemental

identification, chemical bonds, and many other surface properties. The success of

XPS led to a widespread diffusion of the experimental setups dedicated to this

spectroscopic technique. This thesis project involved the acquisition and analysis

of photoemission spectra acquired at the APE-HE beamline, where there is the

possibility to perform XPS experiments using both conventional and synchrotron

based X-Rays source (the experimental setups of the beamline will be described

in detail in chapter 3.2.1.2). Since this spectroscopy is now well-known, only the

most important features of the technique will be reported, underlying what are

the key properties which make this tool so useful for surface analysis.

59



XPS was developed in the middle of 1960s by Kai Seigbahn25, who originally

called the technique ESCA (Electron Spectroscopy for Chemical Analysis). In a

typical experiment the surface of a sample is irradiated by X-Rays with defined en-

ergy, which interact with the core electrons, causing their photoemission (Fig.3.8),

through the well known photoelectric effect.

Figure 3.8: Schematic description of the photoemission process.

As a result, ionized states are created, and the emitted photoelectron will have

a kinetic energy which can be calculated as the difference between the photon

energy and the binding energy of the photoexcited core electron (i.e. the energy

needed to excite the electron to the continuum), subtracting also the work function

(which depend on the analyzed material). In a solid, the photoemission can be

described in a simple way with the so-called three step model (see Fig.3.9):

1. Generation of photoelectrons and Auger electrons induced by the interaction

with the X-Rays radiation;

2. These electrons move until they reach the solid surface, going through scat-

tering processes;

3. The photoelectrons escape from surface to the vacuum.
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Figure 3.9: Scheme of the three step model for the description of the photoemission process.

For a core electron with binding energy Eb, its kinetic energy in vacuum will

be defined as follows:

Ek = hν − Eb − ϕs, (3.27)

where hν is the energy of the incident photons and ϕs is the work function of

the sample. When conventional sources are used, the incident photon energy is

fixed (the most used anodes are made of Al (Kα emission energy at 1486.6 eV) and

Mg (1253.6 eV)), while with synchrotrons sources it is possible to choose the most

suitable photon energy according to the experiment. If ϕA is the work function of

the analyzer, the kinetic energy measured by the latter will be:

Ek = hν − Eb − ϕs − (ϕA − ϕs) = hν − Eb − ϕA. (3.28)

To better visualize the process, a schematic explanation is given in Fig.3.1026.

The relation Ek = hν −Eb − ϕA is the fundamental equation of XPS, because

since ϕs is canceled in eq.3.28 and ϕA and hν are known, there is a one-to-one

correspondence between Ek (which is measured) and Eb. Usually, ϕA is around
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Figure 3.10: Schematic explanation of relevant energy terms in XPS of solid surfaces. The

incoming photons (hν) create a core hole state and a photoelectron with binding energy

Eb. The work function of the sample (ϕs) has to be overcome by the photoelectron, and

the energy measured by the analyzer (with reference to the Fermi Energy EF ) is equal to

the emitted energy diminished by the difference between the analyzer work function ϕA and

ϕs
26.

4-5 eV. Eq.3.28 is valid only for conductive samples, where the Fermi energy is

the same for the sample and the analyzer. For insulators or when charging effects

are present, the Fermi energy is not defined and there may be energy shifts. The

three step model is applicable considering the one-particle model. Actually the

investigated materials are many-body systems, which are involved as a whole in

the emission process. However, since the system is not too influenced by electronic

correlation effects the one-particle model represents a good approximation.

The theoretical description of the photoemission spectra is based (as for XAS

spectroscopy) on the Fermi ’s Golden Rule, as a result of perturbation theory at the

first order27, where the current of emitted photoelectrons J is proportional to the

transition probability from the Ground State |Ψi⟩ to a final state |Ψf⟩ = |Ψk,s⟩.

The transition results in a photoelectron with momentum k and the remaining

(N − 1) system:
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Jk(hν) =
2π

h̄

∑
s

| ⟨Ψk,s|HPE|Ψi⟩ |2δ(ϵk − ϵs − hν), (3.29)

where s comprehends the usual set of quantum numbers containing all the pos-

sible excitations to the final state. HPE is the perturbation operator, having the

same role of Hint introduced in chapter 3.1.1.1, describing the interaction between

the core electrons and the electromagnetic field.

An XPS spectrum correlates the binding energies found with eq.3.28 with the

relative photoelectrons counts per seconds (the intensity). Since each atom in-

volved in the photoemission leads to a variety of possible final states, there are

just as many kinetic energies where a XPS peak can be found; any different exci-

tation has a cross-section defined by the Fermi Golden Rule (eq.3.29). Therefore,

each element generates a different XPS spectrum: for example we reported the

one of iron in Fig.3.11(a)25.

(a) (b)

Figure 3.11: a) XPS spectrum of iron, recorded by using a conventional monochromated Al

source. The inset shows the LMM Auger peak of iron in the 675-800 eV range of binding

energy. b) Table reporting the chemical shifts related to the different oxidation states and

local chemical environment for Fe atoms.

What is the main information one can obtain from an XPS spectrum? Sub-

stantially, starting from the maximum value of the binding energy, any structure

corresponds to a photoexcitation from a different initial orbital, thus it is possible
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to visualize from the energetical point of view how the electronic structure of the

occupied states in the sample is made. For this reason XAS technique is classified

as complementary to the XPS, as it probes the virtual unoccupied states of the

electronic structure of a system.

Since any element has a unique set of binding energies, an XPS spectrum is element

selective, and represents a fingerprint of the elements constituting the sample. As

an exemplification, Fig.3.11 shows the typical XPS spectrum of metallic Fe, ac-

quired using a monochromated Al Kα source. This type of visualization, where

all the possible binding energies are probed, is called survey scan. The spectrum

shows a set of different structures, related to the different orbitals in which the

electronic excitation occurs and having a binding energy lower than the photon

energy of the X-Ray source (in this case 1486 eV). Looking more carefully at the

spectrum, one can identify the most intense structures, related to the 2p levels.

The fact that 2p excitations give rise to two distinct peaks is due to the "spin-orbit

coupling", i.e. an energetic splitting caused by the coupling between the electron

spin and the angular momentum vector of the orbital, which can either be parallel

or anti-parallel. The anti-parallel alignment results in a level with lower energy,

therefore appearing at higher binding energies in the photoemission spectrum.

The energetic difference between the spin orbit peaks is directly proportional to

the atomic number, while their relative intensities are given by the ratio of their

degeneracy (2J + 1), where J is the total angular momentum quantum number.

The structure shown in the inset of Fig.3.11 is referred to photoemission processes

related to Auger electrons (the process is described in detail in section 3.1.1.2).

Since these structures derive from Auger processes, their position in kinetic energy

does not depend on the energy of the used X-Ray source.

Besides the elemental identification, XPS is very powerful in detecting any

change in the bonding state of an atom, because it reflects in modifications of

the spectral features: binding energy variations, peak widths and shapes, bonding
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satellites or valence band changes. The so-called chemical shift is the binding

energy modification compared to the case of the pure element. Chemical shifts

can originate for several reasons: the most important are the effective charge

potential acting on an atom, screening effects and relaxation effects (described

in detail in ref.28–32). These effects lead to the possibility of identifying different

oxidation states of an element, which is one of the main characteristics that make

this spectroscopic technique so powerful. For the case of iron, Fig.3.11(b) shows

that the chemical shift between two atoms with different chemical environments

can reach 5 eV. The consequence of the chemical shifts is that peaks related to

specific photoemission events (for example a 2p core level excitation) can appear as

a complex structure given by the convolution of more components originating from

the different chemical environments of the excited atom. The relative intensities of

the XPS peaks can be compared in order to obtain quantitative information about

the surface composition of the analyzed material, carefully taking into account

several aspects33:

• The different ionization cross sections, for a given atomic orbital, a given

element and at a given photon energy, that can be calculated or obtained

empirically; several tables and databases are available25,34.

• The angular distribution of the photoelectrons, because they are not emitted

isotropically; the cross sections dependance on the angle between the direc-

tion of the incident photons and the photoelectrons has been calculated and

tabulated, even if it is valid only within the dipole approximation34.

• The variation of the electrons mean free path according to their energy

(Fig.3.12), that causes different probing depths at different electron ener-

gies. Moreover, the probing depth is proportional to sinα, where α is the

take-off angle (i.e. the angle between the sample surface and the analyzer

direction).

65



Figure 3.12: Comparison of mean free paths for electrons and X-rays in Al33.

3.1.3 Other characterization techniques

3.1.3.1 In Situ Diffuse Reflectance Infrared Fourier Transform Spec-

troscopy (DRIFTS)

DRIFT spectroscopy is a powerful technique used to investigate the vibrational

modes of the surface of powders and polymers. When used in in situ conditions,

it can be exploited to monitor the vibrational modes of molecules interacting with

the sample surface35. The in situ DRIFT spectra reported in this thesis work

have been acquired at the laboratories of Catalysis for Energy and Environment

of the department of Engeneering and Architecture of University of Udine. The

instrument used for the measurements is a Thermo Fisher Nicolet is-50 FTIR spec-

trometer equipped with a specific module to perform diffuse reflectance infrared

measurements. The setup consists in a complex scheme of mirrors (shown in Fig.

3.13 on the left) that allows to acquire the spectra in reflectance mode.

Moreover, a specific cell has been mounted in order to perform the in situ mea-

surements (Pike™cell). The cell, shown in the right panel of Fig.3.13, is equipped

with a KBr window, transparent to the IR radiation, and with inlet and outlet
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Figure 3.13: Upper panel: Optical scheme of the Diffuse IR module inserted in the spec-

trometer. Lower panel: Pike™cell used to perform the in situ experiment.

connections in order to expose the sample to different gas mixtures. Moreover, the

cell can be haeated up to 500°C.

3.1.3.2 Scanning Electron Microscopy (SEM) and Energy Dispersive

X-Ray Spectrscopy (EDX)

In a Scanning Electron Microscope (SEM), a focalized electron beam is scanned

over the sample surface while a signal coming from secondary electrons (SE) or

Back-scattered electrons (BSE) is recorded by specific electron detectors. The

electron beam, which typically has an energy ranging from a few hundred eV up

to 40 keV, is focused to a spot of about 0.4 nm to 5 nm in diameter.

The Scanning Electron Microscopy images have been acquired at the NFFA Trieste

Laboratories of CNR-IOM (Trieste, Italy). The instrument is a ZEISS SUPRA™40

microscope equipped with three different detectors, one for the backscattered elec-

trons and two for the secondary electrons. The first one is used to identify atoms
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with different atomic number (Z) by looking at the different contrast between the

particles. The secondary electrons detector is used to investigate the topography

of the sample. The resolution of the instrument, with an optimal beam alignment

and working distance, can reach 1.3 nm using an electron energy of 15 kV. The

instrument is equipped with a EDX detector, allowing an elemental identification

of the sample constituents.

3.2 Experimental Setup

3.2.1 The NFFA Trieste facility

3.2.1.1 APE beamline at Elettra Synchrotron facility

The acronym APE stands for Advanced Photoelectric Effect36. The photons com-

ing from the section number 9 of the storage ring at Elettra Synchrotron are

emitted simultaneously by two non-collinear insertion devices and then are deliv-

ered to two distinct branches, High Energy (HE) and Low Energy (LE), able to

work independently. The variable polarization undulators are arranged in a zig-

zag configuration such as the two beams are separated by a 2 mrad angle in the

horizontal plane. The undulator related to the APE-HE branch is an APPLE-II

type, made of 36 periods of 2.16 cm each. It is able to polarize the photon flux

linearly (both horizontally and vertically), and circularly, by tuning the vertical

gap (g) and the longitudinal phase (Zs) betweeen the top and the bottom of the

magnetic arrays. APE-LE end station is dedicated to the high resolution pho-

toelectron spectroscopy and works at low energies (10-100 eV). APE-HE exploits

photons with higher energies (140-1500 eV), and it is devoted to core-level spectro-

scopies, such as XAS, XPS and XMCD. All the XPS and XAS spectra discussed

in this thesis have been acquired at APE-HE branch. A graphical scheme of the

two end stations is depicted in Fig.3.14.
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Figure 3.14: Graphical representation of HE and LE branches of APE beamline (Elettra

experimental hall).

As it can be seen from Fig.3.14, the beams coming from the two undulators

firstly reach a spherical mirror which deviates them in the respective HE and LE

branches. The monochromators for both APE-HE and APE-LE are Plane Grating

Monochromators (PGM) consisting in two chambers, one for gratings and one for

spherical refocusing mirrors. The monochromator spherical mirror focuses the

light on water cooled exit slits in the vertical plane; then the beam passes though

refocusing stage before hitting the sample. In the refocus part LE branch uses a

single toroidal mirror while HE has two of them, which can be moved independently

in order to obtain different focusing options. At the APE-HE branch, a resolution

power of E
∆E

> 8000 at hν ≃ 400eV and of E
∆E

> 3000 at hν > 900eV has been

found, with a photon flux of > 5x10−10 photons/s at best resolution in the range

of 200 < hν < 450eV .

3.2.1.2 Experimental setup for UHV measurements at APE-HE beam-

line

APE-HE end station is provided of UHV chamber, equipped with a 4 axis ma-

nipulator and an hemispherical electron energy analyzer. This chamber is used to

perform NEXAFS/X-Ray Magnetic Circular Dichroism (XMCD)/XPS measure-

ments in UHV conditions. It is built as a vibration-free sample chamber with
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mu-metal shielding for reducing the background H-field. The sample manipulator

allows X-Y scanning on the surface with 1 µm precision and is therefore suit-

able to perform experiments on microstructures. It is possible to tune the sample

temperature thanks to a He-flow cryostat and to a heating stage; moreover, it is

possible to apply a magnetic field on the sample (up to 0.1 T) to perform XMCD

measurements, and an electric field up to 500 V between contacted surfaces and

substrate. For the NEXAFS and XMCD masuremenrs, The total electron yield

(TEY) detection is achieved by measuring the drain current with a high sensitivity

electrometer through shielded connections, or with an in vacuum electron multi-

plier. The total fluorescent yield (TFY) detection is achieved by an in-vacuum

photodiode. The monochromator can be moved to performs photon energies scans

(for NEXAFS and MXCD measurements). The movement can be done in two dif-

ferent modes, namely step-mode (the monochromator is moved at defined steps,

and the spectrum is acquired at any step) or fast scan mode (the monochromator

is moved continuously, allowing a faster spectra acquisition). Two independent

electrical connections on the measuring position of the sample allow applying elec-

tric bias during or in-between the measurement. The possibility of combining

electric and magnetic fields allows studying the chemical and magnetic behaviour

of multiferroic materials and heterostructures.

For XPS measurements, a Scienta Omicron R3000 electron analyzer is mounted

on the UHV chamber. The sample is usually measured in normal emission configu-

ration, but the manipulator can be rotated in order to perform XPS measurements

at different emission angles. The detector is made of a 2D delay line with a spatial

resolution of 30 x 30 µm. The energy resolution that can be achieved using a pass

energy of 50 eV is 50 meV.

3.2.1.3 Reaction cell for Operando NEXAFS at APE-HE beamline

The first prototype of the cell was developed in 2018, within the PRIN (Progetti

Di Rilevante Interesse Nazionale) project MOSCATo19. It was designed to be
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inserted in the UHV end station of APE-HE beamline. The prototype was able

to perform operando NEXAFS experiments, but it showed important limitations

for the achievement of the real operating conditions of the catalysts inside the

cell reactor. Since then, substantial modifications have been made, taking to

a huge improvement of the instrument, which now is able to operate efficiently

to perform experiments of great interest for the community working in the field

of heterogeneous catalysis. A new dedicated chamber for the operando ambient

pressure NEXAFS experiments has been built in 2021, shown in the right panel

of Fig.3.15. The left panel of the figure shows the actual reaction cell.

Figure 3.15: Left: reaction cell designed at the APE-HE beamline. Right: Picture of the

new dedicated chamber for the operando ambient pressure NEXAFS experiments, on the

APE-HE beamline.

The cell is introduced coaxially with the X-Ray beam and it can be moved in

the xy plane perpendicular to it in order to center the sample (with a vectorial

precision of 5µm). The beam spot size can be mantained to less than 100µm of

diameter, thanks to a double slit system placed at the beginning of the end station.

Before the chamber there are two UHV valves devoted to separate the vacuum of

the experimental chamber from the UHV of the beamline. The one closer to the

experimental chamber is a gate valve used to preserve the UHV of the beamline

while the chamber is vented; the one closer to the X-Ray source instead contains
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an X-Ray window, made of an array of 4x4 Si3N4 membranes (1mm x 1mm size,

50 nm thick), inserted in a supporting frame (10x10 mm size, 200 µm thick). The

Si3N4 membranes are used because of their good soft X-Rays transmission19 and

to separate the vacuum between the experimental chamber (≃ 1x10−5 mbar) and

the UHV of the beamline. The main disadvantage of these membranes is that by

using them the K absorption edge of nitrogen can not be acquired, being covered

by the Si3N4 window absorption. This problem can be solved by substituting

the Si3N4 membranes array with SiC ones, which also have a good soft X-Rays

transmission. Thus, closing the first valve allows to vent the chamber during the

insertion of the reaction cell, while during the measurement it remains open and

second one is closed. This configuration allows a fast replacing of the samples

in the reaction cell; moreover, the Si3N4 window containing valve acts also as a

"safety" valve in the case of any leak in the reaction cell, protecting the UHV of

the beamline. In Fig.3.16 is depicted the new design of the top part of the reaction

cell, which is the most important because it contains the reactor itself.

Figure 3.16: 3D model of the reaction cell. (left) front view, (Right) Vertical section.

The right panel shows the vertical section of the main body of the cell: the

bottom part, made in Titanium, contains the sample holder and it is connected

to the gas inlet and outlet conducts. The top part of the cell (visible in the

left panel of Fig.3.16) is made of SHAPAL™, a chemically inert ceramic material,

excellent electric insulator and compatible with UHV conditions. In the center of

the top SHAPAL case, a Si3N4 membrane (500 µm x 500 µm size and 100 nm
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thickness supported by a frame of 10x10 mm size and 200 µm thickness) is glued

with a silver conductive paste, which ensured the electrical conduction and a fast

removal when the membranes are replaced. Concerning the Si3N4 membrane, the

X-Ray transmission ranges between 40% to 80% in the soft X-Rays. Moreover,

its resistance to 1 bar of differential pressure has been verified under under beam

exposure and for several measuring cycles. With the above described configuration,

a small volume is created between the top and the bottom part (of about 500 µm),

which will be the proper reactor for the catalytic reactions, staying at ambient

pressure (1 bar). Indeed, the reactant gases enter through the gas inlet and after

reacting with the sample the products exit through the other gas conduct. In the

meantime, the X-Ray beam passes through the Si3N4 membrane and the gas layer

and hits the sample surface, which absorbs the radiation subsequently emitting

photoelectrons. Fig.3.17 allows to visualize better the electrical scheme of the

reaction cell.

Figure 3.17: Scheme of the electrical circuits of the reaction cell.

The absorption intensity is measured by acquiring the TEY signal through two

electrical contacts, represented by paths 1 and 2 in the scheme of Fig.3.17. The

first one is connected to the Si3N4 membrane, while the second one is placed on the

sample, allowing to apply a voltage bias between the sample and the membrane.
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The two electrical contacts allow to polarize the sample negatively in order to

accelerate the emitted electrons. The incoming of the X-Rays, and the consequent

absorption processes occurring on the sample, give rise to a current of the order

of pA going from the sample to the membrane; the membrane drain current is

measured by a Keithley 6514 picoammeter37. When measuring the drain current,

one has to take into account that, being in a reactor at 1 bar of pressure, there

are also other sources of electrons. As depicted in Fig.3.18, firstly electrons are

emitted when the beam hits the Si3N4 membrane, both when it passes through

the vacuum/membrane and membrane/reactor interfaces. These photoelectrons

can collide with the gas molecules present in the cell and also with the sample

surface. Thus, the effective measured drain current can be evaluated as:

IDRAINSample = ITEY,Sample − ITEY,membrane − Ielectronfromgas + Iionsfromgas, (3.30)

Figure 3.18: Scheme of all the secondary processes originated by the X-Ray beam interacting

with the membrane (1), the gas (2), and the sample (3).

that is the sum of the TEY current from the sample (ITEY,Sample) and of the

various interference phenomena that we just mentioned. Since the absorption

edges of the elements present in the membrane and in the gas in principle do not

interfere with the edges of the chemical species of the sample and have constant

cross sections, they should not modify the measured NEXAFS spectra and thus

can be considered as constant in eq.3.30. Another phenomenon occurring during

the absorption process is the avalanche of low energy electrons created by the col-

lision of the photoemitted electrons with the reactant gases. This effect depends
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on the ionization energy of the gases, the gas pressure, and on the energy of the

photoemitted electrons38. All this above-mentioned secondary effects contribute to

possible high background levels in the NEXAFS spectra, with non-linear shapes,

which can lead to difficulties in the data analysis. To this aim, in the context of

the PRIN project a dedicated data analysis software called THORONDOR has

been developed39. This software allows a quick treatment and analysis for the

soft X-Rays NEXAFS data. The last problem that can arise from the TEY mode

configuration of the reaction cell is related to the interference of the photoelectron

current coming from fluorescence processes occurring at the membrane or at the

gas molecules, but we verified that these contributions at the soft X-Rays energies

can be neglected19.

The temperature of the sample can be increased from room temperature up to

400◦C, thanks to a flat ceramic heater placed just below the sample. The heater is

3mm thick and 8x8 mm large, with a maximum power of 150 W and it is electrically

insulated from the main body of the cell (circuit 3 in Fig.3.17). The temperature

is read by a K-type thermocouple in contact with the sample holder. Despite the

electrical insulation, the heater sometimes can disturb the TEY signal when the

drain current is measured by the Keithley attached to the sample: for this reason

the signal is acquired from the electrical contact placed on the membrane.

Concerning the gas circuit (see Fig.3.19 in which is depicted the gas line con-

figuration), there are three gas branches, each one equipped with a flow meter

that serves to regulate different gas flows (two of them are general MF1, the third

is suitable also for corrosive gases). After the flow meters the gases are mixed

together to converge into a single conduit inside the cell.

One of these branches is used for the carrier gas flow (usually an inert gas with

an high ionization potential, such as He), while the other two can be connected

to small 1L bottles of the reactant gases40. Once they have entered the cell, the
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Figure 3.19: Scheme of the gas circuit at the APE-HE beamline for the operando NEXAFS

measurements.

gases reach the reactor containing the sample. There, the catalytic reaction takes

place and the gaseous products flow through an outlet gas line, which is directly

connected to a micro gas cromatograph (Micro GC 490 Agilent). In this way,

the outlet gases (and so the products of a possible catalytic reaction) are detected.

The Micro-GC is equipped with two chromatographic column, one Molecular Sieve

(used to detect light molecules such as H2 and He), and one Volamine™(exploited

to detect carbonaceous products such as methane, methanol or formaldheide).

Each chromatographic column is equipped with a Thermal Conductivity Detector

(TCD). The exhaust coming from the micro-GC is connected to the gas recuper-

ation unit of Elettra experimental hall. The gas circuit is also connected to a

membrane pump, for two main purposes: to measure XAS spectra in moderate

vacuum conditions (≃ 1x10−3) and to purge the gas line when the experiment is

finished. Finally, a liquid nitrogen trap has been mounted to the gas path line,

allowing to remove water contaminations from reactant gases.
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As already mentioned before, at the APE-HE beamline it is possible to use two

different energy scan modes in order to acquire the NEXAFS spectra (both in UHV

and operando conditions). The first one is the "step mode": the monochromator

is moved with discrete steps, and at each of them the TEY intensity is acquired,

repeating this operation for all the energy range to scan. This mode requires

several minutes to acquire a good spectrum, and in order to follow the kinetics

of a reaction it is too slow, thus for the operando XAS measurements the use of

the "fast scan" mode is preferred. This acquisition mode consists of a continuous

recording, reducing the acquisition time of more than one order of magnitude. The

monochromator position is read by an optical encoder whose signal is synchronized

with the measured one of the Keithley 6514 picoammeter.

Lastly, in order to be able to align the different absorption spectra that are

acquired over time and can undergo rigid shifts in energy due to small drifts of

the synchrotron photons energy, recently we coated a slit plate with a powder

containing a mix of oxides. The plate is positioned in the X-Ray tube before

the reaction cell, so as to be hit by the beam. The slit is connected to another

picoammeter in order to collect at the same time a reference spectrum of the

element of interest with the NEXAFS spectrum of the sample. In Fig.3.20 the

available absorption edges references are reported.

Figure 3.20: Absorption K, L2,3 and M4,5 edges spectra of the reference metal powders

located on the slit in the X-ray tube of APE-HE end station.
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Chapter 4

Inverse ball milled CeO2 − CuO

catalyst for partial oxidation of

methane: a combined in situ

DRIFT/operando NEXAFS

investigation

4.1 Introduction

The direct catalytic partial oxidation of methane to methanol, discussed in detail

in section 2.3.1.1, is considered nowadays as a "dream reaction". Indeed, currently

no scalable catalyst is able to efficiently promote the reaction at low temperatures,

because of the high energy required to activate CH4 and of the difficulty to ob-

tain selectively the production of methanol avoiding the over oxidation of CH4 to

CO2 and H2O. The possibility to produce methanol from CH4 through a direct

route, without going through the production of syngas, would be extremely con-

venient from an energetic point of view, simultaneously contributing to eliminate
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a greenhouse gas. Even if at the state-of-the-art no efficient scalable catalyst has

yet been discovered, in literature there are some promising studies on model sys-

tems; in particular, one of these works has been chosen as a starting point for the

present study, a recent article by Zuo et al.1, already described in detail in section

2.3.1.1. In the study, a CeO2 film deposited on a Cu(111) substrate was grown

through Pulsed Laser Deposition; as a consequence, a reactive Cu2O monolayer

formed at the interface between CeO2 the Cu substrate. The resulting model sys-

tem is called "Inverse" catalyst, because the oxide active phase is supported by a

metal substrate, while the standard catalysts are usually designed at the opposite

(oxide-supported metal nanoparticles). The material shown outstanding catalytic

properties, being able to activate CH4 at 170°C and in presence of an oxidizing

agent obtaining high selectivity for the production of CH3OH. The choice of

using CeO2 and Cu was made for specific reasons, elucidated hereafter. Cerium

oxide (CeO2) is a widely exploited material, due to its abundance in nature and to

its outstanding oxygen storage capacity (OSC). The latter is caused by the easy

tuning of the equilibrium of eq.4.1:

CeO2 CeO2−x + 1/2O2, (4.1)

by modifying the external partial pressure of oxygen. The crystallographic

structure of CeO2 is crucial in defining its ionic mobility. Its unit cell is of the

fluorite type, i.e. face-centered (fcc), with Ce cations bonded to eight nearest equiv-

alent oxygen atoms, while O anions are tetrahedrally bonded to four Ce nearest

neighbors (Fig.4.1 a)). This crystal structure can be seen also as a primitive cubic

array of oxygen ions with alternated Ce cations in the centre, with an octahedral

coordination (see Fig.4.1 b)). The empty octahedral sites are one of the main

causes of the high mobility of oxygen ions through the defect structure2.

In CeO2, Ce cations possess a +4 oxidation state. The reduction from CeO2

(Ce4+) to Ce2O3 (Ce3+), induced by the progressive shift to the right side of the

equilibrium of eq.4.1, is accompanied by the formation of oxygen vacancies, pre-
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Figure 4.1: a) CeO2 crystallographic unit cell; b) Same structure redrawn as a primitive

cubic array of oxygen atoms.

serving the fluorite-type crystal structure3. A commonly used strategy to obtain

a high number of oxygen vacancies and therefore of Ce3+ defective sites is to max-

imize the surface area, reducing the size of the crystallites4–6. The large diffusion

capacity and the ability to supply oxygen atoms has made CeO2 a material widely

used as a support for metal particles2,7, 8, enhancing the so called Strong Metal-

Support Interactions (SMSI). Indeed, It is well established that the SMSI at the

interface between metal particles supported on oxides can improve the catalytic

performance of a system9, making metal supported oxides widely investigated ma-

terials in heterogeneous catalysis10–13. In order to further enhance the interfacial

interactions between metal and oxides phases, efficient inverse catalysts can be

synthesized14,15.

Cu incorporation in CeO2, and more in general the synergy between Cu and

Ce atoms, has received considerable attention in catalysis16, for a wide range of

reactions, such as preferential CO oxidation (CO-PROX)17–21, water-gas shift reac-

tion22–24, CO2 hydrogenation to methanol25,26, NOx reduction27,28. The efficient

catalytic performances of CuOx − CeO2 based catalysts are thought to be due

to the synergistic effect linked to strong Copper–Ceria interactions. At the in-
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terface between CuOx and CeO2 surfaces, several phenomena can occur, with the

consequence of modifying the overall catalytic activity. In detail, the binding inter-

actions between Cu and Ce nanoparticles can result in surface chemistry modifica-

tions and/or perturbations of the electronic structure in proximity of the interface

between the two oxides. For example, the increased charge mobility consequent

to the interfacing of the two surfaces can induce the formation of Ce3+ − Ce4+

/ Cu2+ − Cu+ redox couples. These electronic structure modifications can re-

sult in a facilitated formation of defects such as oxygen vacancies, and therefore

a facilitated reducibility. Moreover, the charge transfer phenomena consequent to

the interfacing can take to the formation of reactive sites resulting in enhanced

catalytic activity. Depending on the systems, all these effects can cohexist. In the

case of the model system synthetized by Zuo et al.1, the deposition of CeO2 islands

on a Cu(111) surface results in the formation of a monolayer of Cu2O, where the

interfacial Cu+ sites possess an enhanced reactivity towards the methane.

Having made these premises, it is therefore fundamental in order to be able

to understand the catalyst surface behaviour from the reaction mechanism point

of view, the use of operando spectroscopies coupled with classical characterization

techniques, in order to investigate the structural/chemical/electronic modifica-

tions occurring at the real working conditions of the catalyst. The tuning of the

morphological characteristic of the two oxides can significantly modify the kind

of metal-support interactions: in this direction the employment of new synthetic

routes could trigger unique opportunities towards the development of specific ar-

chitecture catalysts possessing the desired properties. In this work, we tried to

reproduce a CeO2/CuO inverse catalyst with the characteristics of the model sys-

tem synthetized by Zuo et al.1, exploiting a ball milling process. The process is

potentially scalable at the industrial level, moreover it is solvent free and thus it

is in agreement with the principles of the green chemistry. The mechanochemical

approach is extensively used to synthesize mixed oxides and alloys29–32 and it al-
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ready revealed to be successful for the synthesis of heterogeneous catalysts with

improved catalytic efficiency with respect to the conventionally prepared metar-

ials33–36. In this case, the idea behind the synthetic approach is to promote a

Cu2+ → Cu+/Ce3+ → Ce4+ redox reaction induced during the milling process

by the mechanochemical energy. In this way, we tried to reproduce the active

interfacial Cu+ sites formed of the model system synthetized by Zuo et al.1. In

order to achieve this goal, a commercial high surface area CeO2 powder has been

employed as a precursor, because of its increased Ce3+ surface sites content. In

order to monitor the electronic structure modifications and the Cu-Ce synergistic

effects occurred during the synthesis, Soft X-Ray NEXAFS spectroscopy has been

exploited. Moreover, the catalyst morphology and structure have been charac-

terized with X-Ray Diffraction (XRD) and Scanning Electron Microscopy (SEM).

The combined spectroscopic investigation was performed in order to investigate at

the same time:

• The electronic structure modifications of the catalyst surface during the reac-

tion, by means of operando NEXAFS spectroscopy. The micro-GC directly

connected to the operando NEXAFS reaction cell allowed to identify the

different reaction products.

• The presence of adsorbates and their evolution in time when the catalyst is

exposed to methane and oxygen, by means of in situ DRIFT spectroscopy;

In this way, we were able to directly observe the mechanism of methane activa-

tion and conversion to methanol on the surface of the ball milled CeO2/CuO in-

verse catalyst. In order to be able to correlate the spectroscopic modifications and

the catalytic behaviour to the specific mechanochemical process, we also tested a

similar CeO2/CuO catalyst synthesized with a conventional impregnation method.

The spectroscopic results shown that the ball milled CeO2/CuO, through the for-

mation of peculiar active sites subsequent to the interfacing of HSA CeO2 and

CuO, is able to activate CH4 and to promote its partial oxidation to methanol,
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detected by the online micro-GC. On the opposite, the impregnated CeO2/CuO

catalyst resulted to be totally inert to CH4. These findings would not have been

possible without the use of operando/in situ techniques, because all the catalyst

modifications occurring during the reaction are completely reversible, and after

every catalytic cycle the initial configuration of the material surface is restored.

This last property is fundamental for an optimal functioning of an heterogeneous

catalyst. Our results, supported by DFT calculations, allowed us to propose a

mechanism model for the catalytic reaction and to lay the foundations for a design

improvement of these promising catalysts.

4.2 Experimental

4.2.1 Catalysts synthesis

The synthesis of the inverse CeO2/CuO catalysts studied in this thesis have been

performed at the laboratories of Catalysis for Energy and Environment of the

department of Engineering and Architecture of University of Udine.

4.2.1.1 Ball Milled CeO2/CuO catalyst

The two precursors used for the ball milling synthesis are commercial CuO and

CeO2 powders, with a w/w ratio of 80:20 respectively. In particular, the CeO2

employed is provided by Umicore® and has a surface area of 120 m2/g. The CuO

and CeO2 precursors were pre-calcined at 600°C and 500°C respectively. Then the

powders were homogenized and trasferred in a 15 mL jar containing one zirconia

ball with a weight of 10 g and a diameter of 15 mm. The powders were milled for

10 minutes and with a shaking frequency of 15 Hz. The use of one single zirconia

ball and a different shaking movement during the milling process differentiates

this synthesis from the more common High Energy Ball Milling technique: Fig.4.2

graphically illustrates the main differences between the two techniques.
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Figure 4.2: Left: graphic representation of the High Energy Ball Milling process; Right:

graphic representation of the Mild Energy Ball milling process.

The soft shear-like stress generated by exploiting the mild energy ball milling

process give rise to specific morphological features of the resulting composite mate-

rial37; they will be deeply analyzed in the next sections for the CeO2/CuO catalyst,

which from now on in the text will be labeled as MCeO2/CuO.

4.2.1.2 Impregnated CeO2/CuO catalyst

A reference impregnated catalysts (labeled as ICeO2/CuO) with the same weight

percentages of the MCeO2/CuO was synthesized via impregnation technique. A

proper amount of Cerium nitrate (Ce(NO3)3 · 6H2O) was dissolved in 45 mL of

ethanol, in a 50 mL Becher. 750 mg of CuO where dispersed in the solution.

Then, the solvent was evaporated by heating the resulting sospension at 60°C.

The resulting black powder was dried at 100°C for 12 hours and then calcined at

400°C for 1 hour.

4.2.2 Experimental procedure for the in situ/operando char-

acterization

The experimental procedure followed for the in situ DRIFT and operando NEX-

AFS characterization is schematically reported in Fig.4.3.

In detail, the experimental steps have been the following:
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Figure 4.3: Experimental procedure scheme.

1. The catalyst was heated from room temperature to 300 °C in an inert atmo-

sphere (100% of Helium);

2. After reaching 300°C, the sample was cooled down to 250°C, temperature to

which it was maintained during all the successive steps;

3. The catalyst was exposed to a mixture of CH4 (8%) and He (92%) for one

hour;

4. CH4 was removed, keeping only the He flux for 10 minutes;

5. The catalyst was exposed to a mixture of O2 (4%) and He (96%) for 10

minutes.

After step 5, the process was restarted from step 3 to 6, repeating this cy-

cle several times, in order to evaluate the reversibility of the observed spectral

modifications, and thus the regeneration capacity of the catalyst surface. This

procedure has been followed for the impregnated ICeO2/CuO and the ball milled

MCeO2/CuO catalysts. During the entire experiment, the DRIFT and NEXAFS
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spectra have been acquired continuously. In detail, we acquired the CuL2,3 and

CeM4,5 edges NEXAFS spectra, while detecting the reaction products with the

online micro-GC (the experimental setup is described in detail in section 3.2.1.3),

For the In situ DRIFT, the range of probed wave numbers was set from 500 to

4000 cm−1.

Concerning the sample mounting, for both the operando NEXAFS and in situ

DRIFT experiments, few milligrams of the CeO2/CuO powders were manually

pressed into a round sized sample holder, creating a pellet-like sample. The sample

area exposed to the gas reactants were 11.94 mm2 and 17.34 mm2 for NEXAFS

and DRIFT respectively.

4.3 Results and discussion

4.3.1 Morphological and structural characterization of CeO2/CuO

systems

4.3.1.1 X-Ray Diffraction (XRD) and Brunauer–Emmett–Teller (BET)

analysis

An XRD analysis was performed for the ICeO2/CuO and MCeO2/CuO catalysts,

together with the starting precursors used for the ball milled composite, i.e. the

HSA CeO2 and the CuO powders. Moreover, a Brunauer–Emmett–Teller (BET)

analysis has been performed. This preliminary characterization allowed to obtain

information about the bulk crystallographic structure of the catalysts, the crys-

tallites dimensions, the pore sizes and surface areas. All the analysis reported in

this subsection has been conducted at University of Udine.

The obtained XRD patterns are reported in Fig.4.4. Their analysis enabled us

to attribute to both catalysts the fluorite structure of CeO2 and of the monoclinic

crystallographic unit cell of CuO, without impurities. The absence of shifts in
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the diffraction peaks of the two composites indicates that solid solutions are not

formed during the synthesis. Another noteworthy observation regards the peaks

width: the CuO related ones are sharp, while broader structures are detected for

the CeO2 related peaks in both catalysts. This result indicates an high crystallinity

of the CuO particles, while for CeO2 the peaks broadening is symptomatic of very

small crystallites. The width difference between the two composites is determined

by the different calcination temperature to which they were subjected during the

synthesis (400°C and 500°C for MCeO2/CuO and ICeO2/CuO respectively).

Figure 4.4: XRD pattern of MCeO2/CuO (black line) and ICeO2/CuO (red line) catalysts.

In the lower part of the figure, the XRD pattern of the starting precursors for the ball milled

CeO2/CuO synthesis have been reported, i.e. CuO (orange dotted line) and HSA CeO2

(blue dotted line).

Exploiting the Paul-Scherrer equation, the mean crystallites size for the two

composites have been calculated. The results are reported in Tab.4.1, which sum-

marizes all the morphological and structural properties found for the two catalysts.

Looking at the table, we were able to confirm that the CuO crystallites are larger
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Table 4.1: Summary of the morphological and textural properties of MCeO2/CuO and

ICeO2/CuO catalysts, together with the CeO2 and CuO precursors.

MCeO2/CuO ICeO2/CuO CeO2 CuO

CeO2 CuO CeO2 CuO

Crystallites size (XRD) (nm) 8.6 19.9 6.1 19.5 8.7 19.5

Particle size (SEM) (nm) 3000 58.49 2000 56.16 - -

BET surface area (m2/g) 30.0* 20.0 120 10.0

Average pore diameter (nm) 180.0 26.6 72 35.1

Mean pore volume (cm3/g) 0.18 0.15 0.30 0.09

* The BET Surface Area, the Average Pore Diameter and the Mean Pore Volume

resulted in only one value for MCeO2/CuO and ICeO2/CuO, because these measure-

ments are performed on the overall composite, without distinguishing the two oxides.

than the CeO2 ones in the starting materials. The crystallites dimensions are

mostly conserved after both the synthetic procedures, indicating that they did

not affect the primary structure of the oxides. Concerning the BET surface area,

the MCeO2/CuO catalyst shows values that reflect a weighted average between

the two precursors areas. A clear difference between the two catalysts is observed

when looking at the size of the pores: the MCeO2/CuO shows a macroporosity

(180 nm of pore diameter), while the ICeO2/CuO is mesoporous (26.6 nm).

4.3.1.2 SEM analysis

Scanning Electron Microscopy (SEM) images have been acquired for the MCeO2/CuO

and ICeO2/CuO composites. Panel a) and b) of Fig.4.5 show low magnified

(∼ 10kX) images of MCeO2/CuO and ICeO2/CuO respectively, showing in both

cases an inhomogeneous morphology. Nevertheless, for the ball milled catalyst we

detect the presence of two types of particles with different morphological features.
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In detail, nanoparticles with a mean size of 58.5 nm and bigger agglomerates of ∼

3 µm. For the ICeO2/CuO catalyst we detect the same type of particles, albeit a

lower density of the agglomerates, which are slightly smaller (∼ 2µm). The mean

size of the smaller nanoparticles in this case is 56.6 nm, very similar to the ones

of the ball milled catalyst.

Figure 4.5: SEM images acquired for a) MCeO2/CuO and b) ICeO2/CuO catalysts. The

orange boxes indicate the regions where the magnificated images have been acquired for c)

MCeO2/CuO and d) ICeO2/CuO .

The use of a backscattered electrons detector to acquire the SEM images al-

lowed us to observe an evident contrast difference between the two kind of particles

(see Fig.4.6), indicating different chemical composition (the clearer the image, the

higher is the atomic number Z). This made us hypothesize that the smaller objects

could be CuO nanoparticles, while the bigger ones could be agglomerates of CeO2.

To confirm this hypothesis, an EDX analysis on three different regions of the

MCeO2/CuO catalyst has been performed, shown in Fig.4.7. The first EDX
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Figure 4.6: SEM image acquired for MCeO2/CuO using a backscattered electrons detector.

spectrum has been acquired on the clean surface of one of the brighter and bigger

agglomerate, showing the presence of cerium and oxygen, with negligible Cu quan-

tity, confirming that the bigger agglomerates are made up of CeO2 crystallites. On

the contrary, spectra 2 and 3, acquired on regions totally covered by the smaller

and darker nanoparticles, confirmed their CuO nature (only Cu and O signals

have been detected).

Figure 4.7: Left: sample region employed to perform the EDX analysis, over three different

points of the MCeO2/CuO catalyst, marked by a cross in the figure. Right: Table indicating

the EDX results.

If one acquires magnified SEM images on the CeO2 agglomerates for both
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catalysts (panels c) and d) of Fig. 4.5 and a) and b) in fig. 4.8) it can be observed

that in both cases CuO nanoparticles are deposited on the CeO2 agglomerates,

with the difference that in the impregnated catalyst the NPs cover the entire CeO2

surface (Fig.4.8 panel b)), while for the ball milled one it is possible to observe

CuO-free areas on the cerium oxide (Fig.4.8 panel a)). Focusing on the latter,

a porous CeO2 surface is detected. This is in agreement with the BET results

shown in Tab.4.1 and discussed above, where a macroporosity was found for the

MCeO2/CuO catalyst.

Figure 4.8: SEM images showing the deposition of the CuO nanoparticles on the CeO2

agglomerates for a) MCeO2/CuO and b) ICeO2/CuO composites.

Summarizing, by combining the information obtained by SEM, XRD and BET

analysis, we understood that the morphological properties of the two composites

are very similar. In both cases, CeO2 nanosized crystallites aggregates forming

micrometric porous particles, with larger pores in the case of the ball milled cat-

alyst. Also the CuO crystallites aggregates forming smaller nanoparticles which

deposit on the porous CeO2 agglomerates. These results show that the use of the

mild energy ball milling technique resulted in a catalyst with similar morphology

and structure with respect to the more conventional impregnated one.
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4.3.2 Combined in-situ DRIFT / operando NEXAFS inves-

tigation

The electronic structure modifications occurring on the surface of the MCeO2/CuO

and ICeO2/CuO catalysts during the experimental steps reported in Fig.4.3 have

been monitored by means of operando Soft X-Rays NEXAFS spectroscopy at am-

bient pressure. The investigated absorption edges are the Cu L2,3 and the Ce

M4,5. The online micro gas chromatograms allowed to detect the reaction prod-

ucts, making possible the identification of different methane oxidation paths. At

the same experimental conditions, in situ DRIFT spectra have been acquired in

order to investigate the evolution of the adsorbed species on the catalysts surface

during the reaction. The combination of the two techniques allowed to directly

observe the catalytic methane activation and the subsequent oxidation on the cat-

alyst surface; with the help of DFT calculations, a tentative reaction mechanism

model has been proposed.

4.3.2.1 Catalyst thermal activation

Fig.4.9 shows the Cu L2,3 and the Ce M4,5 X-Ray absorption edges acquired for

the ICeO2/CuO and the MCeO2/CuO, together with the spectra of the ball

milled catalyst precursors (i.e. HSA CeO2 and the CuO). The spectra have been

acquired at room temperature, at ambient pressure (1 bar), in an inert atmosphere

of Helium (step 1 of the experimental procedure described in section 4.2.2) .

The Cu L2,3 edges spectra of the three samples show the same features and

are almost superimposable. They consist of two intense peaks located at 931.05

eV and 951.68 eV, characteristic of the 2p3/2 → 3d and 2p1/2 → 3d electronic

core excitation of copper atoms with a +2 oxidation state38–40. The intensity of

these structures is related to different phenomena, of which the more relevant is

the dipole selection rule (described in section 3.1.1.1): Cu2+ electronic structure

([Ar]3d94s0) shows an empty 3d orbital, and therefore a certain 2p → 3d transition
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Figure 4.9: Left panels: Cu L2,3 edges NEXAFS spectra of a) ICeO2/CuO, c) CuO

nanoparticles used as precursors and e) MCeO2/CuO. Right panels: Ce M4,5 edges NEX-

AFS spectra of b) ICeO2/CuO, d) HSA CeO2 used as precursor and f) MCeO2/CuO. In

red, the characteristic features of Cu2+, Ce4+ and Ce3+ are indicated.
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probability. The position of the intense white-line of Cu2+ is located at consis-

tently lower photon energies with respect to the XPS treshold, indicating strong

core-hole effects due to the Coulomb interaction between the strongly localized 2p

hole and the rather small Cu 3d orbital38. Another broad structure typical of Cu2+

compounds is detected at 939.0 eV, assigned to 2p → 4s electronic transitions41.

The overall analysis of the peaks position and shape allow to assign the Cu2+

cations of the spectra of Fig.4.9 to the chemical environment and local geometry

of CuO38, in agreement with the fact that CuO nanoparticles have been used to

synthetize both the ICeO2/CuO and the MCeO2/CuO composites.

For what concerns the CeM4,5 edges spectra (right panels of Fig.4.9), some dif-

ferences have been detected between the three samples. The ICeO2/CuO material

shows the characteristic spectroscopic features of CeO2, with Ce atoms having a

+4 oxidation state. In detail, M5 absorption edge gives rise to one main feature

located at 882.47 eV, while for the M4 an intense structures is located at 900.53

eV; they are related to 3d105/24f
0 → 3d95/24f

1 and 3d103/24f
0 → 3d93/24f

1 transitions

respectively; the energy difference between them is 18.04 eV, slightly higher with

respect to values reported in literature42,43. Both edges show a structure at higher

photon energies (+5.34 eV for M5 and +5.29 eV for M4), attributed to transitions

to 4f states in the conduction band42. Moreover, for the M5 edge another weak

structure located at 877.4 eV is detected, according to literature related to Ce4+,

but with an uncertain attribution42,43. Looking at the spectrum of the HSA CeO2

(Fig.4.9 panel d)), in addition to the Ce4+ peaks, two shoulders appear at lower

photon energies with respect to the main Ce4+ structure, at 880.4 eV and 881.5 eV,

attributable to Ce3+ features44. The corresponding structures on the M4 edge are

not visible because of their weak intensity compared to the nearly superimposed

Ce4+ features. The same shoulders have been detected for the MCeO2/CuO, in-

dicating the presence of a small percentage of Ce3+ sites also in the composite.

We tried to quantify the Ce3+ content in the HSA CeO2 and in the MCeO2/CuO,
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performing a linear combination fit on the CeM5 edge, using reference spectra of

CeO2 and Ce2O3 measured on APE-HE beamline as independent variables in the

fitting function (eq.4.2):

LC = C1 · a+ C2 · b, (4.2)

where a and b are the reference spectra of CeO2 and Ce2O3, while C1 and C2

are multiplicative constants of a and b, whose values define the percentage of the

two species in the fitted spectrum (LC). Two constraints have been defined for

C1 and C2, i.e. i) C1 + C2 = 1 and ii) 0 ≤ C1 ≤ 1 and 0 ≤ C2 ≤ 1. The result

obtained for the HSA CeO2 (Fig.4.9 panel d)) is graphically shown in Fig.4.10,

where an amount of 6% of Ce3+ sites have been found.

Figure 4.10: Solid blue line: CeM5 edge NEXAFS spectrum acquired at room temperature

for the HSA CeO2. Solid green line: linear combination fit, using CeO2 (black dotted) and

Ce2O3 (red dotted) reference spectra acquired on APE-HE beamline.

As it can be observed in the figure, the linear combination fit has a very good

agreement with the experimental spectrum, especially in the range between 875 eV

and 885 eV, where the main features of Ce3+ are located. Using the same equation
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(4.2), the calculated amount of Ce3+ sites in the MCeO2/CuO composite is 2.5%.

Summarizing the results found looking at the spectra of Fig.4.9, the following

statements can be done:

• In the two composites, Cu atoms maintain the oxidation state and the same

coordination environment of the CuO nanoparticles used as precursors for

both synthetic methods, confirming the XRD results;

• We verified that the Ce(NO3)3 · 6H2O used as precursor for the synthesis of

the ICeO2/CuO catalyst, that is a compound where Ce has nominally a +3

oxidation number, was totally decomposed to pure CeO2 during the calcina-

tion step, since no Ce3+ features have been detected. This is in agreement

with the XRD findings, confirming that also the surface of the catalyst is

clean from Ce(NO3)3 · 6H2O impurities;

• The HSA CeO2 used for the synthesis of the MCeO2/CuO, as expected,

shows a small amount of Ce3+ sites on its surface (6%), being a defect-rich

material; after the ball milling synthesis, only 2.5 % of the Ce3+ sites are

still present. This result indicate a partial Ce oxidation occurred during the

ball milling synthesis; nevertheless, at this stage we do not detect a redox

reaction between Ce and Cu, since Cu+ sites formation is not detected.

The next step of the experiment (step 2 of Fig.4.2.2) was the thermal activation

of the catalysts, that were heated from room temperature to 300 °C, with a con-

sequent cooling to 250 °C, temperature at which the methane oxidation reaction

was performed.

Fig.4.11 reports a comparison between the NEXAFS spectra acquired at room

temperature and at 250 °C, after the thermal activation at 300°C. In the figure,

we focused our attention on the Cu L3 and the Ce M5 absorption edges. Starting

from the ICeO2/CuO composite (panels a) and b)), we did not detect any spectral
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Figure 4.11: Left panels: Cu L3 edge NEXAFS spectra of a) ICeO2/CuO, c) CuO nanopar-

ticles used as precursors and e) MCeO2/CuO. Right panels: Ce M5 edge NEXAFS spectra

of b) ICeO2/CuO, d) HSA CeO2 used as precursor and f) MCeO2/CuO. Dotted black

lines: spectra acquired at room temperature; red lines: spectra acquired at 250°C after the

thermal activation to 300°C.
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modification for both Cu and Ce edges after the thermal treatment, i.e. only spec-

tral features related to Cu2+ and Ce4+ are present. If we look at the spectra of the

ball milled catalyst precursors (panels c) and d)), no modifications upon heating

are visible for the CuO nanoparticles, while a Ce4+ → Ce3+ reduction is observed

for the HSA CeO2. It is probable that the thermal treatment to 300°C can in-

duce the desorption of surface adsorbed hydroxyles in the form of water, forming

oxygen vacancies and as a consequence Ce3+ sites. This behaviour has already

been observed precedently in other CeO2 based systems45. Exploiting the linear

combination fit of eq.4.10, we calculated a Ce3+ amount of 11% after the thermal

treatment. Surprisingly, an opposite behaviour was detected for the Ce sites of

the MCeO2/CuO: the initial 2.5% of Ce3+ sites are oxidized to Ce4+ during the

thermal treatment. At the same time a new feature appears at 934.2 eV, ascribable

to Cu+40,41 (panel e) of Fig. 4.11), whose calculated amount is 3%, similar to the

one of the initial Ce3+ sites. Nevertheless, in the case of Cu a quantitative deter-

mination of different oxidation states based on the NEXAFS white lines intensity

is very delicate. This is due to the electronic configuration of copper: since the

NEXAFS L edges probe mainly the 2p → 3d transitions and Cu+ has nominally

no empty 3d orbitals, its L edge transitions should be quenched. An exhaustive

explanation of the white line intensity of Cu2O has not yet been given: theoretical

studies4039 show that probably the strong hybridization between the O 2p and the

Cu 3d orbitals in Cu2O result in partially empty 3d states in the conduction band,

in this way increasing the the XAS 2p → 3d transition probability. It is therefore

very difficult to determine a cross section value for Cu2O L edges. For this reason,

the values obtained through the linear fit process, reported in Tab.4.2 and in the

next section, can only be interpreted qualitatively to compare different stages of

Cu reduction. In the case of Ce M edges, the cross sections of Ce4+ and Ce3+ are

more similar due to their electronic configuration, since the 4f orbitals are almost

completely empty for both ions. For this reason, the quantitative results obtained

from Ce M edges spectra can be considered as a more precise measure.
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Table 4.2: Summary of the Ce M4,5 and Cu L2,3 edges quantitative analysis during the

thermal activation process.

CuO HSACeO2 MCeO2/CuO ICeO2/CuO

% RT 250 °C RT 250 °C RT 250 °C RT 250 °C

Ce3+ - - 6± 1 · 10−4 10.9± 0.4 2.5± 0.2 0 0 0

Ce4+ - - 94± 1 · 10−4 89.1± 0.4 97.5± 0.2 100 100 100

Cu2+ 100 100 - - 100 97.0± 0.27 100 100

Cu+ 0 0 - - 0 3.0± 0.27 0 0

Looking at the results of Fig.4.11 and Tab.4.2, the ball milling process resulted

in a rearrangement of the charge distribution in the formed composite. In detail

we observe that the amount of initial Ce3+ sites is converted to Cu+ sites conse-

quently to a redox reaction occurring during the thermal activation. In HSA CeO2,

when oxygen vacancies are formed consequently to the heating process, the two

electrons coming from the release of the oxygen atom are able to reduce two Ce4+

neighbouring atoms to Ce3+, in agreement with literature2,46. In the ball milled

CeO2/CuO composite, the different observed behaviour made us hypothesize that

the strong Ce − Cu interactions formed during the milling process give rise to a

new charge transfer channel in the direction of copper atoms, that are reduced to

Cu+. These Cu−Ce interactions are specific of the synthetic method used, since

the ICeO2/CuO does not behave in the same way.

4.3.2.2 Methane activation

After the thermal activation, the interaction between the composites and methane

has been followed by operando NEXAFS and in situ DRIFT spectroscopies. The

catalysts were exposed to a CH4 (8%)/He (92%) mixture for 60 minutes (step 3

of the experimental procedure represented in Fig.4.2.2).
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Operando NEXAFS Fig.4.12 shows the Cu L3 edge NEXAFS spectral evo-

lution (looking from the bottom to the top of the figure) of the two composites

during the exposure to the He/CH4 mixture at 250 °C.

Figure 4.12: Cu L3 edge NEXAFS spectra evolution (from the bottom to the top)

of ICeO2/CuO (left) and MCeO2/CuO (right) composites during their exposure to a

He(92%)/CH4(8%) mixture for 60 minutes, at 250 °C.

The spectra of the ICeO2/CuO do not change during the exposure to methane,

meaning that Cu2+ atoms local chemical environment is preserved. On the oppo-

site, important spectral modifications are detected in the MCeO2/CuO composite:

the Cu+ related structure grows, reaching a maximum of intensity after 30 minutes

of methane exposure, then it becomes broader and decreases its intensity reaching

a stationary shape after 60 minutes. These results clearly indicate that CH4 per-

turbs the chemical environment of Cu atoms only in the MCeO2/CuO catalyst,
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resulting in the reduction of a consistent amount of sites. The quantification of

formed Cu+ atoms through linear combination fitting indicates that the 18% of the

total Cu2+ sites are reduced to Cu+ after 30 minutes (red spectrum of Fig.4.12).

The position of the Cu+ peak is slightly shifted to lower photon energy with re-

spect to Cu2O white line, indicating that the reduced Cu atoms formed due to

methane activation on the catalyst surface have a different chemical environment

with respect to the standard Cu2O. Moreover, modifications in the peak intensity

and broadening over time indicates that the local chemical environment of the

active Cu atoms evolves, until a definitive adsorption configuration of methane is

reached (after 60 minutes). The reduced Cu calculated percentage at this stage

(orange spectrum of Fig.4.12) reaches the 30%. As already discussed in the previ-

ous sections, these numbers can be interpreted only qualitatively, indicating that

during the CH4 exposure the quantity of reduced Cu sites increases over time.

Ce M4,5 edges spectra do not change upon CH4 exposure in both catalysts

(Fig.4.13), maintaining the characteristic features of CeO2.

Figure 4.13: Ce M5 edge NEXAFS spectra of ICeO2/CuO (left) and MCeO2/CuO (right)

composites during their exposure to a He(92%)/CH4(8%) mixture for 60 minutes, at

250 °C. Black lines: spectra acquired in pure He(100%); red lines: spectra acquired in

He(92%)/CH4(8%) mixture.
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The NEXAFS results of Fig.4.12 and 4.13 show unequivocally that ICeO2/CuO

electronic structure is unchanged upon exposure to methane, while for MCeO2/CuO

catalyst the electronic structure is perturbed by an increased electron density in

proximity of Cu atoms, causing a Cu reduction.

In situ DRIFT To further elucidate how methane activates on the MCeO2/CuO

catalyst surface, DRIFT spectra have been acquired at the same experimental

conditions of Fig.4.12 spectra, i.e. exposing the sample to a He(92%)/CH4(8%)

mixture for 60 minutes. The results are shown in the top panel of Fig.4.14. The

same experiment has been repeated for the ICeO2/CuO composite and for the

two MCeO2/CuO precursors (bottom panel of Fig.4.14).

Figure 4.14: DRIFT spectra of MCeO2/CuO (top) and ICeO2/CuO, HSA CeO2 and CuO

(bottom) during their exposure to a He(92%)/CH4(8%) mixture for 60 minutes, at 250 °C.

The spectra of the bottom panel have been acquired after 60 minutes of CH4 exposure.
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Table 4.3: Assignments of vibrational modes visible in the DRIFT spectra of Fig. 4.14

according to literature47–53.

Peak Adsorbed species Wavenumber (cm−1) Vibrational mode

a Hydroxy (-OH) 3650 Stretching O-H

b Formate (-OOCH) 2931 Stretching C-H

c Methoxy (-OCH3) 2842 Stretching C-H

d Formate (-OOCH) 1541 Stretching C-O

Methoxy (-OCH3) 1371 Bending C-H

Methoxy (-OCH3) 1355 Bending C-H

Hydrogen Carbonate (HCO−
3 ) 1308 Bending C-H

The spectra were collected by subtracting the background signal at the tem-

perature of 250°C under pure He. All the spectra of Fig.4.14 present a complex

structure centered at ≃ 3000cm−1, that is the characteristic vibrational structure

of gas phase CH4
54. Focusing on the MCeO2/CuO spectra, we observe the grow-

ing of different structures during the exposure to CH4, labeled with a−d letters in

the figure. Looking at the peaks assignments of Tab.4.3, we observe that upon CH4

exposure oxygenated adsorbates (formates, methoxy ad hydrogen carbonates) are

formed on the catalyst surface, implying that CH4 is activated on oxygen atoms

of the composite. Moreover, literature data confirms that the observed vibrational

modes are specific of a CeO2 substrate47–53. All the detected adsorbates come

from a partial CH4 deprotonation, and could be possible intermediates of par-

tial methane oxidation products; in particular, the methoxy moiety is a methanol

intermediate. The observation of peak a growth (referred to the O-H stretching

of hydroxyles) indicates that CH4 is deprotonated by other oxygen atoms. The

peak position (3650 cm−1) is slightly shifted to higher wavenumbers with respect

to the one reported in literature for CeO2 substrates48; the shift indicates that the

108



O atoms responsible of CH4 deprotonation have a chemical environment partially

different to the one of pure CeO2.

The results described above made us hypothesize that CH4 molecules are ac-

tivated by oxygen atoms that are peculiar of the MCeO2/CuO composite. This

hypothesis is supported by the DRIFT spectra reported in the bottom panel of

Fig.4.14: indeed, hydroxy and methoxy species are not formed upon CH4 expo-

sure for HSA CeO2, CuO and ICeO2/CuO. Only carbonates species are detected

(peak at 1308 cm−1). The structural position of the active O atoms able to depro-

tonate the CH4 is difficult to assign, but combining the information obtained by

NEXAFS and DRIFT spectra we can conclude that:

• The consequence of the CH4 adsorption is the reduction of part of the Cu2+

sites;

• The deprotonated CH4 is adsorbed on CeO2, but it does not affect its elec-

tronic structure;

• The reactive O atoms able to activate methane are located close to the CeO2

surface, but they are not stardand CeO2 oxygens.

These results made us hypotesize that the reactive O atoms could be located

in proximity of specific Cu-Ce interfaces formed during the ball milling process.

The formation of -OH species, observed in DRIFT spectra, is likely to take place

at the interface between CeO2 and CuO, and can be than responsible of the Cu

reduction in NEXAFS spectra of Fig.4.12. It is important to underline that the

reactive Ce−Cu interfaces are synthesis-specific, because detected only in the ball

milled sample, probably formed due to the mechanochemical energy given to the

composite during the milling process.
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4.3.2.3 Methane oxidation

As indicated in steps 4 and 5 of the schematic experimental procedure of Fig.

4.2.2, after 60 minutes methane is removed keeping the samples under a pure

Helium flow; then, the materials were exposed to a He(96%)/O2(4%) mixture for

10 minutes, in order to oxidize the adsorbed methane.

Figure 4.15: Cu L3 edge NEXAFS spectra evolution (from the bottom to the top) of

ICeO2/CuO (left) and MCeO2/CuO (right) composites during their exposure to He(100%)

after being exposed to a He(92%)/CH4(8%) mixture for 60 minutes (green spectra) and con-

sequently to a He(96%)/O2(4%) mixture for 10 minutes (blue spectra), at 250 °C.

Operando NEXAFS Fig.4.15 shows the Cu L3 edge spectra acquired during

the above mentioned experimental steps. After removing CH4 from the reaction

mixture we observe that the structure related to reduced Cu sites, located at ≃

933 eV, is still present in the NEXAFS spectra of the MCeO2/CuO composite,

maintaining a stationary shape and intensity. This means that the activated CH4
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is adsorbed on the catalyst surface, taking to an irreversible perturbation of the

local chemical environment of part of Cu surface sites. When the He(96%)/O2(4%)

mixture is introduced in the reaction cell, after 10 minutes the structure is totally

disappeared, meaning that the reduced Cu sites are re-oxidized to the initial Cu2+

electronic configuration. This behaviour suggests that the oxidizing agent (O2) is

able to promote the desorption of the activated CH4, restoring the initial electronic

configuration of the catalyst surface. Ce M5 edge spectrum does not change upon

oxidation, as shown in Fig.4.16, meaning that Ce sites maintain a +4 oxidation

state during all the reaction steps. Concerning the ICeO2/CuO composite, no

spectral modifications at the Cu L3 edge are detected (left panel of Fig.4.15),

confirming the total absence of surface chemical reactivity and once again the

outstanding synthetic-specific reactivity found for the MCeO2/CuO material.

Figure 4.16: Ce M5 edge NEXAFS spectra (from the bottom to the top) of MCeO2/CuO

composite during its exposure to He(100%) after being exposed to a He(92%)/CH4(8%)

mixture for 60 minutes (black spectrum) and consequently to a He(96%)/O2(4%) mixture

for 10 minutes (blue spectrum), at 250 °C.
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In situ DRIFT The behaviour of the DRIFT spectra of the MCeO2/CuO dur-

ing steps 4 and 5 of the experiment (Fig.4.17) is closely relatable to the one we

observed in the NEXAFS spectra of Fig.4.15. After CH4 is removed from the

reaction mixture keeping a He(100%) flow (green spectra of Fig.4.17), we observe

that the structures related to hydroxy, methoxy and formates species (peaks a,b,c

and d) are still present in the spectra with the same intensity reached after 60

minutes of CH4 exposure. Once again, this result confirms that methane is still

activated and adsorbed on the catalyst surface. An interesting observation can be

done looking at the peak located at 1308 cm−1, assigned to hydrogen carbonates;

in fact, its intensity consistently decreases after CH4 is removed from the reaction

mixture (and continues to decrease after 10 minutes of 100% He exposure), indicat-

ing that most of the carbonates are loosely bound to the catalyst surface and are

desorbed much more easily than the other species. When the He(96%)/O2(4%)

mixture is introduced in the reaction cell, all the DRIFT peaks related to adsorbed

species disappear already after 10 minutes, confirming that the activated CH4 is

desorbed, promoted by oxygen atoms, restoring a clean catalyst surface.

Figure 4.17: DRIFT spectra of MCeO2/CuO during its exposure to He(100%) after being

exposed to a He(92%)/CH4(8%) mixture for 60 minutes (green spectra) and consequently

to a He(96%)/O2(4%) mixture for 10 minutes (blue spectrum), at 250 °C.
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4.3.2.4 Micro-GC results

The analysis of the micro chromatograms acquired during the operando NEXAFS

experiment while the MCeO2/CuO catalyst was exposed to He(92%)/CH4(8%)

and He(96%)/O2(4%) mixtures allowed us to detect the reaction products formed

during the methane catalytic oxidation.

Figure 4.18: Micro gas chromatograms acquired during the MCeO2/CuO catalyst exposure

to He(92%)/CH4(8%) (black line) and He(96%)/O2(4%) (red line) gas mixtures, at 250 °C.

Fig.4.18 shows the main signals detected for a retention time range between

15 and 50 seconds. Besides the signals of CH4 and O2 reactants that overlap at

≃ 24 s, we observe a certain amount of CO2 (≃ 25 s) and H2O (≃ 32 s) already

when the catalyst is exposed to CH4; the two signals increase consistently when

the reaction mixture is switched to an oxidizing atmosphere. The presence of CO2

and H2O in He(92%)/CH4(8%) environment confirms that hydrogen carbonate

species (HCO−
3 ), weakly adsorbed on the catalyst surface, are desorbed in the

form of carbon dioxide and water; more in general, the source of H2O come from

the hydroxyles formed as a consequence of CH4 deprotonation. When oxygen is

introduced in the reaction cell, the content of produced CO2 is more than doubled,

while H2O signal is ten times more intense. In this case, carbon dioxide and water

production indicate that the total oxidation of methane is occurring (eq.4.3):
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CH4 + 2O2 → CO2 + 2H2O (4.3)

Another source of water can also come from the partial oxidation of methane

to formaldehyde (eq.4.4):

CH4 +O2 → CH2O +H2O (4.4)

In fact, if we zoom on the 20-50 s range of the chromatograms, we detect the

presence of formaldehyde at 28.7 s. Moreover, at 41 s another peak is present

when oxygen is introduced in the reaction cell, that corresponds to methanol.

This means that also a direct partial oxidation of methane to methanol occurred

(eq.4.5):

CH4 + 1/2O2 → CH3OH (4.5)

Figure 4.19: Zoom on the methanol and formaldheide region (20-50 s) of the micro gas

chromatograms of Fig.4.18.

The micro-GC results have been used qualitatively to address the different re-

action paths occurring during the reaction, understanding that methane undergoes

in parallel to total and partial oxidation. This means that the selectivity of the

MCeO2/CuO catalyst is not optimized, even if the detection of the methanol sig-

nal is an important result. We were not able to extrapolate quantitative values
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from the micro gas chromatograms shown in Fig.4.18 and 4.19 for two main rea-

sons: i) the micro-GC has not been calibrated with standard gas mixtures prior

to the experiment, thus we are not able to correlate a peak area with a defined

quantity of produced gas; ii) the experimental setup used for the operando NEX-

AFS experiment is not the most suitable for products quantification, because the

gas mixtures flow tangentially to the sample (detailed information is given in the

subsection 3.2.1.3), therefore only the surface of the catalyst and not its entire

volume is exploited during the catalytic reaction.

4.3.3 DFT calculations

This section briefly describes part of the results obtained by the DFT simulations

performed in collaboration with the group of Dr. Stefano Fabris. The complete

discussion of the results will be reported in the PhD thesis of the person in charge

of the calculations. They are focused on the modeling of stable CeO2/CuO in-

terfaces that could be formed as a result of the ball milling process, responsible

of the methane activation and oxidation. This first step of calculations has been

done using Artemis software55. Then, energies of vacancy formation have been

calculated using QUANTUM ESPRESSO code56, comparing the values obtained

for the MCeO2/CuO interfaces with the starting precursors, i.e. HSA CeO2 and

CuO. Moreover, charge transfers phenomena upon merging of CeO2 and CuO

surfaces have been investigated. In this way, we were able to validate the exper-

imental observations made with NEXAFS, in which we observe a charge transfer

from Ce to Cu atoms consequently to the milling process in the MCeO2/CuO

catalyst.

Based on the formation energies, the two most stable CeO2/CuO interfaces

have been chosen, graphically represented in Fig.4.20.

They were obtained merging CeO2 (110) + CuO (110) and CeO2 (111) + CuO

(-111) surfaces respectively. Moreover, for each interface two kind of CeO2 have
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Figure 4.20: Graphic representation of the two interfaces chosen to perform the DFT cal-

culations.

been considered: the stoichiometric one (CeOs
2), where all the oxygen vacancies

are occupied by atoms, and a defective one (CeOv
2), where oxygen vacancies are

present on the surface. This differentiation was done in order to simulate the

different synthetic method employed, i.e. the impregnation (CeOs
2) and the ball

milling (CeOv
2 , since an high surface area cerium oxide has been employed). Fig.

4.21 shows the calculated charge transfer occurred during the formation of the

composites, i.e. after the merging of the two oxides.

In the figure, x axis represents the charge variation while y axis is the distance

from the interface (that is located at 8 Å). At z ≤ 8 there is the CeO2, at z ≥ 8

the CuO. In panel a), stoichiometric CeO2 has been employed, while in panel b)

the defective one. In both cases, the merging of the two surfaces causes a charge

transfer from CeO2 to CuO, that is much more pronounced when defective CeOv
2

is employed, especially in proximity of the interface. This result confirmed what

we observed in the NEXAFS spectra, where in the ball milled sample the amount

of Ce+3 sites after the synthesis is halved with respect to the pure HSA CeO2.
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Figure 4.21: Graphic representation of the charge transfer occurred consequently to the

merging of a) Stoichiometric CeO2 (111) and CuO (-111) surfaces; b) Surface defective

CeO2 and stoichiometric CuO (-111) surfaces.
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Table 4.4: Calculated energies for vacancy formation of the two interfaces of Fig.4.20 com-

pared with pure CeO2 and CuO surfaces

Interface n.1 Interface n.2

System Evac(eV ) System Evac(eV )

CeO2 (110) +1.27 CeO2 (111) +1.84

CuO(101) +1.69 CuO (-111) +1.45

- - CuO (111) +1.60

CeO2/CuO, CeO2 side +1.47 CeO2/CuO, CeO2 side +1.49

CeO2/CuO, interface +0.52 CeO2/CuO, interface +1.50

CeO2/CuO, CuO side +1.06 CeO2/CuO, CuO side -0.34

Moreover, the calculated energies of vacancy formation of Tab.4.4 once again con-

firmed the experimental NEXAFS observations: in fact, after the two oxides are

merged, vacancies are formed more easily, indicating a different reactivity of the

atoms in the composite with respect to the single oxide precursors, especially un-

der reducing conditions. In detail, for interface n.1 the vacancy formation at the

interface is more than twice lower than on the surfaces of the single oxides. In the

case of interface n.2, we observe that the energy formation of O vacancies on the

CeO2/CuO interface is comparable with the ones of the single oxides, while the

value is even negative on the CuO side close to the CeO2/CuO interface. This

results confirms that the reactive sites responsible of the methane activation on

the composite surface are located in proximity of the CeO2/CuO interface.
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4.3.4 Proposed reaction mechanism model

A summary of the spectroscopic information obtained with the combined operando

NEXAFS/In situ DRIFT experiment are shown in Fig.4.22.

Figure 4.22: Summary of the combined operando NEXAFS/In situ DRIFT results. a)

Cu L2,3 NEXAFS, b) DRIFT, c) Micro-GC spectra evolution during the different reaction

steps. Black and red-based lines: spectra acquired exposing the MCeO2/CuO catalyst to

the He(92%)/CH4(8%) reaction mixture; green-based lines: spectra acquired exposing the

catalyst to the He(100%) reaction mixture; Blue-based lines: spectra acquired exposing the

catalyst to the He(96%)/O2(4%) reaction mixture. On the left, a graphical representation

of the reaction steps, from the bottom to the top, is reported.

Looking at the figure, the main results can be summarized as follows:

• When CH4 is added to the reaction mixture, it is activated on the catalyst

surface. Experimentally, NEXAFS spectra show that part of Cu2+ sites are

reduced to Cu+; simultaneously, DRIFT spectra evidenced the formation

of formates and methoxy species (structures labeled with f and m in the
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figure), together with surface hydroxyles (at 3650 cm−1). We know from

literature data that the position of the DRIFT peaks can be associated with

a CeO2 substrate, while the position of the hydroxyles is slightly shifted (of

≃ −10cm−1).

• When CH4 is removed from the reaction mixture, keeping a 100% Helium

flow, Cu+ sites, methoxy and formates related structures are still present in

the spectra; this observation allowed to verify the direct correlation between

Cu reduction and adsorbates formation.

• The introduction of O2 in the reaction mixture takes to a Cu+ → Cu2+

oxidation and a simultaneous disappearing of the methoxy, formates and

hydroxyles DRIFT peaks. At the same time, CO2, H2O, CH2O and CH3OH

are detected by the Micro-GC.

• The surface of the catalyst is totally restored after the introduction of O2, and

the catalytic cycle can be repeated more times without deactivating/poisoning

the material surface.

The summarized results allowed us to predict an hypotetical mechanism model

for the catalytic partial oxidation of methane to methanol (that can be extended

also to the other detected reaction products), schematized in Fig.4.23. The first

step of the mechanism shows the starting catalyst surface, where a peculiar CeO2/CuO

interface is formed upon the milling process. In proximity of the interface, on the

CuO side, an high charge concentration is present coming from the CeO2 side, as

demonstrated through NEXAFS spectroscopy and validated by DFT calculations.

In that region, reactive oxygen atoms are able to deprotonate a CH4 molecule

(step 2), forming a hydroxyle (detected by DRIFT and NEXAFS); the remaining

methyl is adsorbed on an oxygen atom of the CeO2 side forming a methoxy species,

as observed in the DRIFT spectra. These species are strongly chemisorbed on the

catalyst surface. The subsequent introduction of O2 in the reaction mixture pro-
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motes the desorption of a CH3OH (formed by the −OH and the −CH3 adsorbed

species), leaving a vacancy that is refilled by an oxygen atom (steps 3 and 4).

Figure 4.23: Scheme of the hypothesized reaction mechanism. Red balls: O; Light yellow

balls: Ce; brown balls: Cu; dark grey balls: Carbon; white balls: Hydrogen; Green balls: re-

active O; Blue Balls: O atoms refilling the vacancies formed during the methanol desorption.

Note: the figures are not real models as the ones of Fig.4.20, but qualitative representations.

The reactions steps can be summarized as follows (the catalyst surfaces have

been labelled with an *):

1. CeO2 ∗ /CuO ∗+CH4

2. CeO2 ∗ CH3/CuO ∗H
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3. CeO2 ∗ /CuO ∗ VO + CH3OH(product) + 1/2O2(reactant)

4. CeO2 ∗ /CuO∗

We observed also the production of CH2O, CO2 and H2O with the micro-GC.

Their production follows the same path of Fig.4.22, with the difference that CH4

is deprotonated twice in the case of formaldehyde, and therefore also a molecule

of water is desorbed, according to the following mechanism:

1. CeO2 ∗ /CuO ∗+CH4

2. CeO2 ∗ CH2/CuO ∗H2

3. CeO2 ∗ VO/CuO ∗ VO + CH2O(product) +H2O(product) +O2(reactant)

4. CeO2 ∗ /CuO∗ (O2 refills the created vacancies)

In the case of CO2, the CH4 is deprotonated three times:

1. CeO2 ∗ /CuO ∗+CH4

2. CeO2 ∗ C/CuO ∗H4

3. CeO2 ∗ VO/CuO ∗ 2VO + CO2(product) + 2H2O(product) + 2O2(reactant)

4. CeO2 ∗ /CuO∗ (3 of the 4 oxygen atoms introduced refill the created vacan-

cies, while the fourth contributes to CO2 production)

All the reported mechanisms are balanced according to the stoichiometric ratios

of eq.4.3, 4.4 and 4.5.

4.3.5 Conclusions and perspectives

This study investigated the promising catalytic properties of a CeO2/CuO compos-

ite synthetized exploiting a green and scalable ball milling process. As a compar-

ison, we investigated a similar CeO2/CuO composite synthesized with a conven-

tional impregnation method. The standard ex situ characterization techniques em-

ployed to investigate the morphological and textural properties of catalysts (XRD,
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BET and SEM) were not sufficient to highlight noteworthy differences between

the two composites, but helped to identify similar morphological and structural

properties. The combined operando NEXAFS and in situ DRIFT investigation, on

the opposite, revealed a drastically different catalytic behaviour for the two com-

posites at real operating conditions. The impregnated catalyst does not interact

with methane, and as a consequence it is not able to catalyze its partial oxidation.

On the other hand, the ball milled composite is able to activate methane at low

temperatures (250 °C). The cause of this outstanding behaviour was elucidated by

NEXAFS spectrocopy, whose spectra evidenced a charge transfer occurring from

Ce to Cu atoms upon the ball milling process, during which the mechanochemical

energy provided to the system is able to create specific reactive interfaces on the

final composite that are absent in the conventional impregnated catalyst. Funda-

mental for the synthetic approach was the use of an High Surface Area CeO2 as

a precursor: rich of surface oxygen vacancies, it is able to enhance the Ce → Cu

charge transfer, as demonstrated also by DFT calculations. The In situ DRIFT

investigation shown that methane is adsorbed on the catalyst surface on oxygen

atoms, in the form of methane oxidation intermediates (mainly methoxy and for-

mates). When the catalyst is exposed to an oxidizing agent, all the adsorbates are

desorbed in the form of CO2, H2O, CH2O and CH3OH, detected by the micro-GC

directly connected to the operando NEXAFS reaction cell. The product desorption

promoted by O2 restores the initial electronic configuration of the catalyst surface,

therefore making it possible to perform more catalytic cycles without deactivating

the catalyst. For this reason, it is important to underline the fundamental role

of the operando/in situ techniques, without which all the observed catalyst mod-

ifications would not have been detected. The deep spectroscopic investigation at

real catalytic conditions allowed to hypotize a mechanism model for the reaction,

which involves reactive oxygen atoms close to the CeO2/CuO interface, able to

deprotonate the CH4 that is consequently adsorbed on the CeO2 side of the com-

posite. The oxidizing agent (O2) acts as a promoter for the products desorption,
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refilling the created oxygen vacancies and therefore restoring the initial catalyst

surface. Due to the outstanding catalytic properties and the facile and green syn-

thetic method, the ball milled CeO2/CuO catalyst revealed to be a promising

candidate to be exploited at the industrial level; nevertheless, the selectivity to

methanol should be improved. Considered the fundamental information obtained

in this study, we were able to put the basis for the future catalyst optimization,

which reside in three main potential improvements:

• Increase the surface area of the starting CeO2 precursor, in order to increase

the number of initial Ce3+ surface sites;

• Tune the ratio between CeO2 and CuO content in the final composite; this

work reported the results obtained with a weighted CeO2/CuO ratio of

20%/80%, but it can be changed in order to increase the number of active

sites;

• Change the reaction conditions based on the proposed reaction mechanism,

for example introducing H2O which could act as a promoter shifting the

reaction equilibrium towards the production of methanol.
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Low-Temperature Methanol
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Intermetallic Compound: A
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5.1 Introduction

Intermetallic compounds (IMCs)1–8, already introduced in Chapter 2, are solid ma-

terials having the unique characteristic to possess ordered crystal structures which

differ from the ones of the constituting elements. This results in peculiar elec-

tronic structures, making IMCs different from the substitutional alloys, in which

all atoms occupy randomly the crystal structure sites of one of the constituting

elements. As an example, Fig.5.1 reports the density of states of a metal (Pd), a

substitutional alloy (AgPd) and an intermetallic compound (GaPd): it is evident

that, while the density of states of AgPd is similar to the one of the metal with

a difference in the filling degree, for GaPd the electronic structure is extremely

modified.

The consequence of the consistently different electronic structure result in dif-

ferent chemical and catalytic properties, making intermetallic catalysts promising

materials, whose potentialities have still to be deeply elucidated. Compared to

substitutional alloys, IMCs possess three main advantages1:

• Peculiar electronic and crystal structures, resulting in different catalytic

properties;

• Improved stability, which prevents segregation phenomena or decomposition

in reactive atmospheres;

• The constituting transition metals have a wide range of chemical potential,

which can be used to adjust the catalyst redox properties according to the

different catalytic reaction to be performed.

As extensively discussed in Chapter 2, the possibility to deeply investigate

the above mentioned advantages was not trivial until the advent of the operando

techniques, able to monitor the structural, geometric and electronic modifications

occurring at the catalyst operating conditions. The engineering of intermetallic
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Figure 5.1: Crystal structures (left) and respective electronic structure (right) of metallic

Pd, AgPd substitutional alloy and GaPd intermetallic compound9,10.

136



catalysts, depending on the use that the final material must have, and which

property you want to exploit in catalytic conditions, can be done starting from

three different designs, graphically shown in Fig.5.2.

Figure 5.2: Graphic representation of three different way to disegn an intermetallic catalyst.

This image has been directly taken from the review of Professor Armbrüster9.

In case 1, the IMC can be exploited as a bulk compound (image on the left)

or as supported particles (image on the right). In the latter case, other variables

can further contribute to tune the catalytic properties of the final material, for

example the support-metal interactions or properties derived from the material

nano-sizing, such as reactive under coordinated surface sites, or different absorp-

tion properties. In the second case of Fig.5.2, IMCs can be used as precursors and

decomposed to the active species by (partial) oxidation or leaching11. In the third

case, under specific conditions supported metal particles can evolve, through reac-

tive metal-support diffusion, to intermetallic particles12. In this work, we decided
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to investigate the electronic structure modifications under catalytic conditions for

intermetallic Ni-Sn taken as bulk compounds, as in the left panel of the first case

of Fig.5.2. In this way, we could address and investigate the catalytic activity in-

trinsic of the compound, without adding other variables coming from the support.

Nevertheless, we found through operando investigations that specific catalyst pre-

treatments deeply affect the surface electronic structure of the material, therefore

modifying also their catalytic activity.

As already introduced in section 2.3.2.1, the main advantage of using Ni as

a catalyst is the low cost and natural abundance compared to the expensive no-

ble metals. On the other hand, Ni catalysts have the main disadvantages of fast

deactivation13–17 and not optimized product selectivity, that can be tuned by syn-

thesizing Ni alloys or supported Ni particles18–22. Intermetallic catalysts based on

Ni and Sn have been investigated in heterogeneous catalysis during the last years

mainly for hydrogenation and steam reforming reactions23–28. Only few studies re-

garding Ni-Sn intermetallic compounds for syngas production from catalytic direct

methanol decomposition are reported in literature9,29,30. All the cited studies show

that Sn incorporation can improve the catalyst selectivity to hydrogen, suppressing

the secondary undesired products (all the details regarding the catalytic reaction

are provided in section 2.3.2). Nevertheless, at our knowledge no study focuses on

the mechanism through which Sn incorporation manages to direct the catalysis re-

action towards a specific product through operando investigations. Moreover, the

reported studies investigate the catalytic performances at temperatures > 300°C.

In this study, we investigated the methanol decomposition mechanism of Ni-

Sn IMCs at temperatures between 250 and 300 °C. Such a hitherto unexplored

temperature range, while extremely advantageous for industrial methanol decom-

position implementation, would also enable the recovery of waste heat in methanol-

fueled vehicles. In this work, we unveiled the physicochemical mechanism ruling
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low-temperature methanol decomposition by combining operando ambient pres-

sure NEXAFS with synchrotron-based in situ X-ray photoemission spectroscopy

(XPS), complemented by density functional theory (DFT) calculations. Evidently,

the use of operando and in situ spectroscopic techniques using synchrotron radia-

tion is particularly appropriate to monitor the status of the catalyst surface during

the reaction31,32 while standard XPS investigations9,29,30 can only probe the irre-

versible surface modifications after the catalytic reaction, thus inevitably losing

information on the various reaction steps. This analysis allowed to show that

the surface oxide skin (with the thickness of 1.5 nm) imaged by high-resolution

transmission electron microscopy (HR-TEM) emerging from the natural interac-

tion of the catalyst surface with the ambient atmosphere plays a pivotal role in

the catalytic mechanism. We also established that different amounts of Sn in

the alloy strongly influence methanol decomposition selectivity, and we find that,

for Ni3Sn4, the H2/CO2 ratio is increased, compared to Ni3Sn2. The role of

surface oxide phases was also demonstrated through the analysis of pretreatment

procedures of the Ni− Sn catalysts. Spectroscopic results were correlated with a

semiquantitative analysis of the gas products, detected through online micro gas

chromatography.

5.2 Results and Discussion

5.2.1 Surface reactivity of Ni3Sn4

5.2.1.1 Theoretical modeling of NixSny surface reactivity

The atomic structure and energetics of various configurations of NixSny surfaces

and chemical reactivity of these substrates were studied by DFT, using QUAN-

TUM ESPRESSO code33 (version 6.0) and the GGA PBE approximation34 with

van der Waals (vdW) corrections35. To unveil the key features of the surface

chemical reactivity of Ni - Sn alloys, we modeled the physisorption of molecular
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oxygen, water, carbon monoxide, and methanol in gaseous phases on the most

stable Ni3Sn4 and Ni3Sn2 surfaces, whose models are shown in panels a-c) of

Fig.5.3.

Figure 5.3: (a-c) top and side views of optimized atomic structures corresponding with

reduced and side views (d-f) of oxidized (100) surface of Ni3Sn4, (100) and (001) surfaces

of Ni3Sn2. Green, blue, and red balls denote Sn, Ni, and O, respectively.

The calculations reported in Tab.5.1 demonstrate the stable adsorption of all

considered species with the magnitude of the differential Gibbs free energies larger

than 20 kJ/mol for all of the investigated NixSny compounds.

Successively, we modeled the decomposition of physisorbed molecular water,

oxygen, and methanol. The decomposition of molecular oxygen and methanol is
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Table 5.1: Calculated Differential Enthalpies (∆H) of Physisorption and Decomposition,

and Differential Gibbs Free Energy (∆G) of Physisorption of Considered Compounds from

Gaseous Phases on Various Reduced and Oxidized Surfaces of NixSny Compounds.

Substrate Surface Adsorbant ∆Hads(kJ/mol) ∆G ∆Hdec(kJ/mol)

Ni3Sn4 (100) CO -65.53 -46.18 -

H2O -74.78 -43.48 +18.59

O2 -138.40 -126.91 -96.70 (-542.17)*

CH3OH -104.48 -66.88 -156.50

Ni3Sn2 (100) CO -43.17 -23.82 -

H2O -52.85 -21.55 +13.15

O2 -31.18 -19.69 -353.52 (-282.75)

CH3OH -74.03 -36.43 -193.02

Ni3Sn2 (001) CO -70.18 -50.83 -

H2O -81.48 -50.18 +7.37

O2 -73.35 -61.86 -88.16 (-351.33)

CH3OH -109.36 -71.76 -369.61

Ni3Sn4Ox (100) CO +63.97 +83.32 -

H2O +44.00 +75.30 -65.83

CH3OH -60.91 -23.31 -202.09

Ni3Sn2Ox (100) CO -236.28 -216.93 -

H2O -247.92 -216.62 -37.65

CH3OH -265.45 -227.85 -550.19

Ni3Sn2Ox (001) CO -205.61 -186.26 -

H2O +24.78 -56.02 -249.26

CH3OH -88.04 -50.44 -636.01

*Values in parentheses correspond to the oxidation of entire surfaces of NixSny

(see panels d-f of Fig.5.3).
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an exothermic process with the magnitude of enthalpies above 80 kJ/mol for all

considered surfaces (see the last column of Tab.5.1). Decomposition of water on

non-oxidized surfaces is an endothermic process with a rather low energy cost of

the reaction (i.e., < 20 kJ/mol). Hence, pristine surfaces of NixSny compounds

are chemically unstable under ambient conditions. In oxygen-rich environments

(including air), NixSny surfaces are prone to oxidation (see panels d-f) in Fig.5.3),

as indicated by enthalpies below 280 kJ/mol for all considered surfaces.

5.2.1.2 Chemical reactivity of Ni3Sn4: In situ XPS and HRTEM in-

vestigation

Figure 5.4: a) Atomic structure of Ni3Sn4 and Ni3Sn2 along the (100) and (001) planes;

b) SAED pattern of the analyzed grain oriented along the [100] zone axis. The lattice

fringes corresponding to the (002) and (020) families of planes spaced at 0.25 and 0.20 nm,

respectively, are indicated on the HR-TEM micrograph in panel c) of Fig.5.6. c) XRD

pattern of a Ni3Sn4 single crystal. A photograph of grown crystals is shown in the inset.
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Ni3Sn4 (see panel a) of Fig. 5.4) belongs to the C2/m [No. 12] (monoclinic

unit cell) space group. The single crystals were grown through the flux method de-

scribed in the experimental section 5.4.1, and their atomic structure was validated

by X-ray diffraction (XRD) (see panel c) of Fig. 5.4), High-resolution transmission

electron microscopy (see panel c) of Fig.5.6), and small-area electron diffraction

(SAED, see panel b) of Fig. 5.4). All structural experiments confirm the expected

Ni3Sn4 structure (ICSD No. 105363), with lattice parameters a = 12.236 Å, b =

4.063 Å, 110 and c = 5.224 Å. For reasons that will be elucidated later in the dis-

cussion, panel a) of Fig. 5.4 also shows the crystal structure of Ni3Sn2 belonging

to the Pnma [No. 62] (orthorhombic unit cell) space group.

The easy surface oxidation found in the theoretical results presented in the

previous section was validated by experiments on surface chemical reactivity of

Ni3Sn4 by in situ XPS, performed with Synchrotron radiation to i) have an im-

proved energy resolution, to follow core-level shifts, and (ii) enhance surface sensi-

tivity, to identify eventual modifications of the surface composition in an oxidative

environment. The XPS survey of the as-cleaved Ni3Sn4 is shown in Fig.5.5 (panel

a)), together with the O1s core level spectrum of the catalyst after after having

exposed the Ni3Sn4 surface to 1 · 104 mbar of O2 for ≃ 22 min (corresponding to

a dose of 105L, 1L = 106Torr · s) and to air (for 5 min and 30 min). The absence

of the O 1s signal in photoemission spectra of the as-cleaved Ni3Sn4 proves the

quality of our grown crystals and the absence of contaminants on the surface.

Fig.5.6 shows the Ni 3p and Sn 3d core levels at the same experimental con-

ditions of the spectra of Fig.5.5 (panel b) and after a prolonged air exposure of

≃ 1 year. The fitting of the Ni 3p core level spectra of the as-cleaved Ni3Sn4

indicates the presence of two structures located at 66.5 and 68.0 eV, attributed

to the Ni 3p1/2 and 3p3/2 components of metallic Ni (Ni0)36,37. A consideration

about the stoichiometric composition of the sample can be made, looking at the

different intensities of the Ni 3p and Sn 3d core levels in the as-cleaved material,

which are relatively close in energy. The areas of these peaks have been divided
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Figure 5.5: a) Survey spectrum of the as-cleaved Ni3Sn4. The photon energy is 690 eV; b)

O 1s core levels for as-cleaved Ni3Sn4 and after exposure to O2 (20 minutes, 1x10−4 mbar),

and air for 5 and 30 min.

Figure 5.6: a) Ni 3p and b) Sn 3d core levels for as-cleaved Ni3Sn4 and after exposure to

105L L of O2 and air (for 5 min, 30 min, and 1 year). The photon energy is 690 eV, and the

spectra were normalized to the maximum. c) HR-TEM micrograph of a Ni3Sn4 grain in

B = [100] orientation, close to the grain border. An amorphous oxide skin with an average

thickness of ≃1.5 nm is indicated by the two arrows.
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for the cross sections (0.22 for the Sn 3d and 0.18 for the Ni 3p, considering a

photon energy of 690 eV38,39) in order to calculate the relative concentration of

the two elements, finding out that the Sn/Ni ratio is equal to 2.9 ± 0.1. Given

the surface sensitivity of the XPS technique (which at 690 eV of photon energy

should be about few atomic layers), this means that the analyzed sample surface

stoichiometry is very different from the Sn/Ni ratio of 1.33 of the bulk, suggesting

that the surface of the cleaved Ni3Sn4 is Sn-rich.

No changes in the Ni 3p spectra were detected after the different sample treatments

(Fig.5.6 panel a)). Even after exposing the sample to air for 30 min, the spectro-

scopic features related to Ni0 maintain the same shape and energy position. It is

important to note that pure Ni surfaces partially oxidize, even in the presence of

lower O2 pressures40,41. Correspondingly, important modifications were detected

in the Sn 3d core-level spectra (panel b) of Fig.5.6). Specifically, a new component

in Sn 3d5/2, attributed to SnO42,43 appeared at 486.1 eV in the O2-dosed surface

(with a spectral weight of 70% of the total area). After 5 min of storage in air,

another component ascribed to SnO2/SnOH species44,45 emerged in Sn 3d core-

level spectra at 486.6 eV (54% of the total spectral area), while the intensity of

components related to SnO and Sn0 decreased (spectral weights of 17% and 29%,

respectively). The formation of oxides and hydroxides is also evident from the

inspection of the O 1s (panel b) of Fig.5.5) core level. The pronounced formation

of tin oxide in O-rich environments is consistent with the Sn-rich termination of

Ni3Sn4. Moreover, one should also consider that selective Ni oxidation usually oc-

curs in bimetallic surfaces often also with Ni segregation toward the surface46–48.

After 30 min of air exposure, the intensity of SnO2/SnOH spectral component

further increased, reaching 66% of the spectral weight. The component related

to NiO only appeared in core-level spectra for prolonged storage in air extended

up to ≃ 1 year, although the main component of the Ni 3p spectrum was related

to surface nickel-hydroxide (NiOH) species (81% of the total spectral weight)49–51.

The formation of the oxide skin is confirmed by HR-TEM analysis (panel c) of
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Fig.5.6), indicating the existence of an oxide layer with a thickness of ≃ 1.5 nm.

During the HR-TEM measurement we have also collected an EELS spectrum in the

diffraction mode (Fig.5.7), on the thin border area of the grain shown in Fig.5.6.

The spectrum shows the signatures of the Sn M4,5 and Ni L2,3 edges at 485

eV and 855 eV, respectively. It is expected that the layer observed by HR-TEM

is actually a native oxidation layer. Consequently, the oxygen EELS signal should

be also present within the explored range, along with Sn and Ni. However, the

oxygen K-edge at 532 eV (pointed by an arrow in Fig.5.7) overlaps the delayed

maximum of the Sn M4,5 edge, which makes not possible a reliable interpretation

regarding the oxygen presence. Since XPS is one of the most surface sensitive

spectroscopic techniques, having a probing depth of few atomic layers, especially

at electron kinetic energies between 100 and 1000 eV52, it is reasonable to think

that the first atomic layers of the oxide skin evidenced by HR-TEM are SnOx rich,

while the underlying layers present a mixed composition of the two oxides.

Figure 5.7: EELS spectrum acquired on the 1.5 nm surface layer observed with HRTEM.

5.2.2 Catalytic methanol decomposition monitored with operando

NEXAFS

5.2.2.1 Experimental procedure

Once samples were loaded in the reaction cell described in section 3.2.1.3, the

reactor was filled with He. The gases were injected inside the cell through the
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three flowmeters calibrated to a maximum total flow of 50 mL/min. In order to

inject the methanol, a glass bubbler was added to the gas line, using He as an

inert carrier gas. Both catalysts investigated in this study (Ni3Sn4 and Ni3Sn2)

were subjected to two different kinds of experiments, with different initial pre-

treatments. The first one consisted in the heating from room temperature to

250°C in inert atmosphere (100% of Helium). Then, the sample was exposed to a

He(90%)/O2(10%) mixture for 30 minutes. After that, the oxygen was removed

from the reaction mixture, until a steady state was reached. Successively, the

connection to the bubbler was opened, allowing the methanol vapors to enter the

reaction cell for approximately 30 minutes. Then, the methanol was removed,

keeping the samples in He until a steady state was reached. The same procedure

was repeated heating the samples from 250 to 300 °C. The second experiment was

like the one just described, except for a pre-treatment in a He(80%)/H2(20%) flow

mixture. For sake of clarity, a graphical summary of the experimental procedure

is reported in Fig.5.8.

Figure 5.8: Scheme reporting the experimental procedure followed during the operando

NEXAFS experiments. The same scheme from point 1 to 5 has been repeated reaching a

temperature of 300°C, for both Ni3Sn4 and Ni3Sn2.
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5.2.2.2 NEXAFS spectra analysis

By means of operando NEXAFS spectra, the methanol decomposition reaction

at working conditions has been monitored. The experiment was conducted for

the Ni3Sn4 and Ni3Sn2 catalysts following the experimental procedure reported

in Fig.5.8. Specifically, during all the experimental steps we monitored the Ni

L2 and L3 absorption edges at 871 and 853 eV, associated with dipole-allowed

2p1/2 → 3d and 2p3/2 → 3d electronic transitions53. In fact, they are particularly

sensitive to local chemical modifications occurring in the immediate surroundings

of the absorbing atoms, as d orbitals in Ni are involved in covalent bonds54. For

both pristine Ni3Sn4 and Ni3Sn2, L2,3 absorption edges spectra are shown in

Fig.5.9.

Figure 5.9: NEXAFS spectra of the Ni L2,3 edges acquired at RT in He at 1 bar, for Ni3Sn4

(black) and Ni3Sn2 (red) samples. Bottom panel: reference spectra of Ni0,Ni2+ and Ni3+

acquired at the APE-HE beamline.

Comparing the spectra with the references reported in the bottom panel of the

figure, we can observe that structure b in the L3 edge, characteristic of oxidized

Nickel, is almost absent in both catalysts, while the broadened shape of the intense

white line located at ≃ 852 eV resembles the one of metallic Ni. Therefore, we can
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confirm also with NEXAFS spectroscopy that in Ni−Sn compounds Ni atoms are

preserved from oxidation when exposed to oxidizing atmospheres. Indeed, after

being cleaved both samples were exposed to air during the sample mounting in the

reaction cell. To evaluate the influence of surface modifications, we performed pre-

oxidation and pre-reduction treatments for both samples. The results are shown

in Fig.5.10 only for Ni3Sn4, since Ni3Sn2 behaves in the same way.

Figure 5.10: Operando NEXAFS spectral evolution of the Ni L2,3 edges of Ni3Sn4 during

a) pre-reduction and b) pre-oxidation treatments. Bottom panels show reference spectra of

Ni0, Ni2+ (NiO), and Ni3+ (NaNiO2).

Whenever the sample was heated from room temperature to 250 and 300 °C in

He flow, no spectral modifications were detected in either of the cases (red curves

in Fig.5.10 for the selected case of 250 °C). Successively, for the pre-reduction case

(panel a) in Fig.5.10), a 80:20 He/H2 gas mixture was introduced into the reaction

cell for ≃ 30 min with the sample kept at 250 °C. The corresponding NEXAFS

spectrum (labeled in orange) showed an evident peak broadening, with an overall

shift by +0.4 eV, due to a joint effect of i) the reduction of part of the surface Ni
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centers sites and ii) the charge transfer between Sn and Ni atoms, associated with

the reduction of tin oxide phases.

Once removed from the H2 flux, the NEXAFS spectrum still exhibited all spec-

tral modifications occurring in the H2 environment (panel a) in Fig.5.10), thus in-

dicating the irreversibility of the reduction process. In the case of the pre-oxidation

process (panel b) in Fig.5.10), an 90:10 He/O2 gas mixture was introduced in the

reaction cell. A partial (and irreversible) Ni oxidation was observed, as indicated

by the increased intensity of the feature ≃ 854 eV, ascribed to NiO. The slight en-

ergy shift by +0.2 eV is related to the charge transfer between surface NiO phases

and the underlying Ni3Sn4 crystal.

After the above-mentioned pretreatments, both samples were exposed to CH3OH

for 30 min in the reaction cell. The CH3OH decomposition reaction was followed

by monitoring the Ni L3 edges with a simultaneous detection of gaseous reaction

products through micro gas chromatography. The results are shown in Fig.5.11.

When exposing Ni3Sn4 to CH3OH at 250 °C, regardless of the surface pre-

treatment, the Ni L3 edge spectral shape remained unchanged during and after the

reaction (panel a) of Fig.5.11). Thus, for the pre-oxidized sample, Ni maintained a

prevailing +2 oxidation state, while, for the pre-reduced sample, Ni kept its metal-

lic character. However, a rigid spectral shift to higher photon energies by +0.2

eV was found, thus suggesting that CH3OH weakly perturbs the local chemical

environment of Ni atoms. Such a reversible energy shift could arise from a charge

transfer associated with the methanol-tin oxide interaction. Correspondingly, H2

was detected with the online micro gas chromatography, proving the effective de-

composition of methanol to syngas. Upon CH3OH interaction at 300 °C, the Ni

L3 edge was unchanged in the pre-oxidized sample, while NiO was formed in the

case of the pre-reduced sample. Correspondingly, side-reaction gas products, such

as H2O or CO2, were detected by the micro-gas chromatography. To evaluate the

optimal Sn content in the Ni− Sn alloy, we repeated the operando NEXAFS ex-
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Figure 5.11: Operando NEXAFS spectra of the Ni L3 edge acquired for a) Ni3Sn4 and

b) Ni3Sn2 at various experimental conditions, during the sample exposition to CH3OH.

Black dotted, red dotted, and blue spectra denote spectra acquired before introducing the

CH3OH in the NEXAFS reaction cell, after having removed CH3OH from the reaction cell,

and during the exposition to CH3OH, respectively.
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periments for the case of Ni3Sn2 (panel b) of Fig.5.11), although acquired spectra

indicated an easier catalyst deactivation. In fact, already at 250 °C we can detect

an irreversible Ni oxidation upon methanol exposure for the pre-reduced spectrum

(spectra shown in the third row in the figure). Morover, the rigid energy shift

observed in the Ni3Sn4 is not totally reversible in the case of Ni3Sn2, especially

for the pre-reduced sample.

5.2.2.3 Micro Gas Chromatography analysis

Panels b) and c) of Fig.5.12 report the typical signals detected by gas chromatog-

raphy during the methanol decomposition reaction, which should be regarded as

a qualitative identification of gaseous products.

Figure 5.12: Online micro gas chromatography results obtained by detecting the gas prod-

ucts of the CH3OH decomposition catalyzed by Ni3Sn4 and Ni3Sn2, after the sample

pre-oxidation and pre-reduction, at 250 and 300 °C. The bar intensity represents the ratio

between the areas of the H2 and CO2 peaks detected at different experimental conditions for

the two samples. These values can be adopted as semi quantitative indicators for H2 selec-

tivity. b) and c) Representative micro chromatograms obtained in the presence of CH3OH,

using two different columns, with He and N2 as gas carriers, respectively.

All the experimental conditions used gave rise to the same signals for both

NixSny samples, with observable modifications only in the peaks intensities (there-

fore we show only two illustrative chromatograms in the figure). Looking at the

figure, the main gas products detected during the sample exposure to methanol are
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CO2, H2O, CH4 (that are by-products coming from side reactions, i.e. Boudouard,

methanation and reverse water-gas shift reactions), CH2O (coming from a partial

decomposition of methanol) and H2. CO signal was not recorded because is over-

lapped with the ones of O2 and H2. To overcome this issue, we were able to measure

the isolated H2 signal using another chromatographic column: the related chro-

matograph is reported in panel c) of Fig.5.12. It is important to underline that

the chromatograms analysis can be only semi-quantitative, for two reasons: i)

the system has not been calibrated with standard references, thus it is not possi-

ble to assign a defined gas volume to a specific peak area; ii) The design of the

operando NEXAFS reaction cell is made in such a way that the gas flows pass

through the sample surface tangentially. Nevertheless, it is possible to compare

the different reaction conditions, sample pre-treatments and Sn content in terms

of H2 selectivity, considering the ratio between H2 (the desired reaction product)

and CO2 (a secondary product) peaks areas. The results of this analysis are re-

ported in the graph shown in panel a) of Fig.5.12. The direct comparison of gas

chromatography results indicates that i) for all the tested experimental conditions

and ii) throughout the entire investigated temperature range, Ni3Sn4 provided

superior H2 selectivity, with respect to Ni3Sn2. Thus, one can conclude that

the higher Sn content has a beneficial effect on the suppression of the secondary

reactions in the CH3OH decomposition reaction path. Moreover, increasing the

temperature from 250 °C to 300 °C improves the selectivity to H2 by a factor of

4.5 and 2.0 for the pre-oxidized and pre-reduced Ni3Sn4, respectively. On the

other hand, such conclusions are not valid for the case of Ni3Sn2, thus indicating

that low-temperature methanol decomposition is unfeasible for lower Sn contents

in the Ni-Sn alloy. For the sake of completeness, we mention that in other stud-

ies55 methanol decomposition for Ni3Sn2 was detected for a temperature quite

higher (i.e., 325 °C). Unquestionably, the sample pretreatments deeply affect the

H2 selectivity. For the case-study example of Ni3Sn4, the oxidation pretreatment

in O2 improves the H2 selectivity upon methanol exposure. Correspondingly, the
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quantification of direct CH3OH conversion to H2 provides results similar to those

obtained for the H2 selectivity (see Tab.5.2 and Fig.5.13), further supporting that

the higher Sn content in Ni3Sn4, compared to Ni3Sn2, is capable of lowering the

energy activation barrier for the methanol decomposition to H2.

Figure 5.13: Online Micro-GC results obtained detecting the gas products of the CH3OH

decomposition catalyzed by Ni3Sn4 and Ni3Sn2, after the samples pre-oxidation and pre-

reduction, at 250°C and 300°C. The bars intensity represents the areas of the H2 peaks

detected at the same experimental conditions for the two samples; these values can be used

qualitatively as an index of the CH3OH conversion to H2.

Based on XPS (Figure 5.6) and DFT results, one can conclude that surface Sn

sites are responsible for the different reaction paths of the CH3OH on the sample

surface. Explicitly, the surface tin-oxide skin could prevent the catalyst deactiva-

tion, avoiding the interaction between Ni atoms and the byproducts coming from

secondary reactions.

154



Table 5.2: Summary of the online Micro-GC results obtained detecting the gas products

of the CH3OH decomposition catalyzed by Ni3Sn4 and Ni3Sn2, after the sample pre-

oxidation and pre-reduction, at 250°C and 300°C. The values reported in the first two

columns are the peak areas of the H2 and CO2 signals detected by the GC. The third

column shows the ratio between the H2/CO2 areas, which is an index of the selectivity

towards H2 production.

Ni3Sn4 Ni3Sn2

Exp. condition H2 area CO2 area H2/CO2 H2 area CO2 area H2/CO2

Pre-ox. 250 °C 5.58 45.9 0.12 2.62 169 0.015

Pre-ox. 300 °C 19.5 35.8 0.54 2.83 228 0.012

Pre-red. 250 °C 2.65 43.8 0.06 - - -

Pre-red. 300 °C 14.9 121 0.12 6.33 105 0.06

5.2.2.4 DFT Modeling of Methanol Decomposition and discussion

To further clarify the experimental results, theoretical DFT modeling of the methanol

decomposition on the different catalysts surface has been performed. The reaction

can be considered as a multistep process (eq.5.1 and 5.2):

CH3OH → ∗−OCH3 + ∗ −H (5.1)

∗ −OCHx → ∗−OCHx−1 + ∗ −H (5.2)

where the asterisk symbol (*) represents the substrate. The final step of this

reaction is related to the desorption of CO from the substrate. Hydrogen, adsorbed

on the substrate during reactions 5.1 and 5.2, participate in the Tafel step of

hydrogen evolution reaction in acidic media:

2 ∗H → H2 (5.3)

Since methanol conversion occurs in liquid media, water decomposition similar

to hydrogen evolution reaction in alkali media (see Tab.5.3) should be also consid-
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ered. The results shown in Tab.5.3 demonstrate that the oxidation of the surfaces

makes the processes described by reactions 5.1 and 5.2 more energetically favor-

able. The formation of hydrogen by Tafel reaction is an endothermic process for all

non-oxidized surfaces, while it is an exothermic process for the oxidized (100) sur-

face of Ni3Sn4 and the (001) surface of Ni3Sn2. Note that the Tafel step over the

oxidized Ni3Sn4 surface is almost two times more favorable than over the oxidized

(001) surface of Ni3Sn2 (0.94 eV vs 0.49 eV). All of these results are in qualitative

agreement with experimental results (Fig.5.12). Thus, the increase of the H2 selec-

tivity over oxidized surfaces of NixSny compounds can be caused by a combination

of i) more favorable methanol decomposition and ii) hydrogen production by the

Tafel reaction. Water decomposition (H2O → ∗OH + ∗H) can simultaneously oc-

cur with methanol conversion. This process is endothermic with an energy cost of

<0.2 eV/mol for NixSny surfaces and exothermic for oxidized NixSnyO surfaces

(see Tab.5.3). Further desorption of hydroxyl groups from the surfaces requires

an energy barrier exceeding 2 eV/mol. Thus, concurrent to methanol conversion,

water decomposition will lead to the additional production of hydrogen, but also

to robust passivation of active sites by hydroxyl groups, as indicated by the SnOH

component in Sn 3d5/2 core-level spectra in Fig.5.6. Note that the energy of des-

orption of hydroxyl groups from the (100) surface of Ni3Sn4 is significantly lower

than from the (001) surface of Ni3Sn2 (3.5 eV vs 4.4 eV). Therefore, the increase

of the catalytic performance of oxidized Ni3Sn4 upon increasing the temperature

from 250 °C to 300 °C (see Fig.5.12) can be explained by the increase in the num-

ber of active sites by the efficient removal of hydroxyl groups, forming chemical

bonds with Sn atoms, by their recombination, with the successive desorption of

water molecules. This hypothesis was experimentally validated through operando

NEXAFS experiments in the O K edge region, as shown in panels a) and b) of

Fig.5.14. Moreover, the figure shows the higher efficiency in water production of

Ni3Sn4 compared to Ni3Sn2, also validated by gas chromatography (panel c) of

Fig.5.14).
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Table 5.3: Energies of the Steps of the Methanol Conversion and Hydrogen Evolution Reac-

tions in Alkali and Acidic Media over Reduced and Oxidized Surfaces of NixSny Compounds.

Energy Cost (eV/mol)

Reaction Substrate Reaction products Reduced substrate Oxidized substrate

Methanol Decomposition Ni3Sn4(010) substrate + CH3OH -1.08 -0.63

∗OCH3 + ∗ − H -1.62 -2.09

∗OCH2 + ∗ − H +0.98 +0.22

∗OCH + ∗ − H +1.15 -1.02

∗OC + ∗ − H +1.77 -2.04

CO desorption +0.68 -0.66

H2 +0.29 -0.94

Ni3Sn2(010) substrate + CH3OH -0.77 -2.75

∗OCH3 + ∗ − H -2.00 -4.55

∗OCH2 + ∗ − H -1.54 -1.79

∗OCH + ∗ − H -2.20 -2.40

∗OC + ∗ − H -1.88 -1.96

CO desorption +0.45 +2.45

H2 +0.17 +2.26

Ni3Sn2(001) substrate + CH3OH -1.13 -0.91

∗OCH3 + ∗ − H -3.83 -6.59

∗OCH2 + ∗ − H -3.74 -1.39

∗OCH + ∗ − H -2.66 -1.02

∗OC + ∗ − H -2.87 -1.45

CO desorption +0.73 +2.13

H2 +0.50 -0.49

HER in Alkali Media Ni3Sn4(010) substrate + H2O -0.77 +0.46

∗ − OH + ∗ − H +0.19 -0.68

OH desorption +2.50 +3.50

H2 +0.29 -0.94

Ni3Sn2(010) substrate + H2O -0.55 -2.57

∗ − OH + ∗ − H +0.13 -0.39

OH desorption +2.57 +3.13

H2 +0.17 +2.26

Ni3Sn2(001) substrate + H2O -0.84 +0.26

∗ − OH + ∗ − H +0.07 -2.58

OH desorption +2.60 +4.43

H2 +0.50 -0.49

HER in Acidic Media Ni3Sn4(010) *-H -0.29 +0.94

Ni3Sn2(010) *-H -0.17 -2.16

Ni3Sn2(001) *-H -0.50 +0.49
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Figure 5.14: a-b) Top panels: Operando NEXAFS spectral evolution of the O K edges of

a) Ni3Sn4 and b) Ni3Sn2 during the sample pre-treatment in a He(90%)/H2(10%) flow

mixture for ≃ 30 min, at 250°C. Bottom panels: reference spectra of H2O in gas phase,

acquired at the APE-HE beamline. c) Chromatographic H2O signal acquired for Ni3Sn4

and Ni3Sn2 during the He(90%)/H2(10%) pre-treatment.

Inspection of Tab.5.1 also suggests that both the differential Gibbs free energy

(∆G) and enthalpy (∆Hads) for CO and H2O physisorption have positive values

for oxidized Ni3Sn4, whereas, for oxidized Ni3Sn2, they are negative. This finding

implies that increasing the Sn content makes the CO and H2O physisorption (and,

consequently, their decomposition) more difficult, which is consistent with the

experimental data. Indeed, the micro gas chromatography results in Fig.5.12 show

an improved selectivity to H2 for oxidized Ni3Sn4. Since the operando NEXAFS

results of Fig.5.11 show that Ni atoms in Ni3Sn4 are less subjected to irreversible

electronic modifications, one can combine the information, concluding that the

thicker tin-oxide skin formed at the Ni3Sn4 surface in an oxidative environment

(including air) can protect subsurface Ni atoms from the interaction with molecules

coming from secondary reactions, thus improving the selectivity to the methanol

decomposition, which is responsible for the formation of syngas.
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5.3 Conclusions and perspectives

This study shows the potentialities of combining synchrotron based in situ XPS,

operando NEXAFS, and DFT calculations, in order to unveil the physicochemical

mechanisms ruling low temperature (250 °C) CH3OH decomposition in Ni3Sn4.

The role of Sn content in Ni-Sn alloy was also assessed, through comparative

experiments with Ni3Sn2. Definitely, in Ni3Sn4, secondary reactions in CH3OH

decomposition at low temperatures have a tendency to be suppressed, because of

the higher Sn content in the compound. We clarified the role of surface tin-

oxide phases naturally formed in oxidative environments (including air). Our

results indicate that the tin-oxide skin protects the subsurface Ni atoms from

their irreversible deactivation, thus improving catalyst durability. Moreover, it

favors CH3OH decomposition through subsequent deprotonations compared to

the pristine Ni − Sn alloys. Concurrently, H2 and CO desorption is favored,

enabling a more efficient CH3OH conversion. Apart from this decomposition path,

the adsorbed H atoms in oxidized Ni3Sn4 can produce H2 through recombination,

following the Tafel step of hydrogen evolution reaction in acidic media, which

represents another source of hydrogen production. Our findings about the catalytic

mechanism represent a fundamental basis for the future design and engineering

of new low-cost Ni − Sn catalysts for hydrogen production via direct methanol

decomposition at low temperatures, with the perspective of exploiting them for

scalable applications, in the optics of the imminent energy transition. A possible

way to optimize the design of this intermetallic catalyst could be the synthesis of

supported nanoparticles, in this way exploiting the metal-support interactions, as

shown in the right panel of Fig.5.2. To this purpose, an oxide support with high

O2− mobility would be beneficial, as capable of supplying oxygen atoms to the

surface tin oxide skin (such as CeO2). Another possible way to exploit the role

of the surface tin oxide skin could be the synthesis of core-shell nanoparticles, in

which a Ni-based core is protected by the tin oxide layer. Fundamental for the
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next studies will be the addition of quantitative measurements of the catalytic

performances (methanol conversion and selectivity to syngas) of the optimized

catalysts.

5.4 Experimental

5.4.1 Single Crystal Growth

The crystal growth was performed in collaboration with the group of Prof. Anto-

nio Politano (Università degli studi dell’Aquila). Single crystals of Ni3Sn4 were

produced via the solution-growth method. Nickel powder (99.95%) and Sn ingots

(99.99%) were mixed in a Ni:Sn atomic ratio of 1:20 and sealed in evacuated silica

tubes. The sealed tube was heated to 750 °C at a rate of 100 °C/h, held at this

temperature for 20 h, and then slowly cooled to 550 °C at a rate of 1 °C/h. Excess

Sn flux was separated from the crystals using a centrifuge and diluted HCl. The

obtained single crystals had a rodlike shape along the b-axis, with typical dimen-

sions of 1.5 mm × 2 mm × 5 mm. The crystals were characterized by powder

XRD on a Bruker D2 Phaser X-ray 414 diffractometer with Cu K radiation. The

crystal orientation and crystal quality were confirmed by a Laue X-ray diffraction

method.

5.4.2 In Situ XPS characterization

Synchrotron-based In Situ XPS experiments were performed at the Advanced Pho-

toelectric Effect - High Energy (APE-HE) beamline at Elettra Synchrotron using

a Scienta R3000 hemispherical electron energy analyzer in normal emission config-

uration (described in detail in section 3.2.1.2). The photon energy was set to 690

eV, with an energy resolution of 0.1 eV. The Ni 3p and Sn 3d core levels were fitted

using Doniach-Sunjic and Voigt line-shapes, respectively. The softwares used for

the data analysis are Origin Lab.56 and CasaXPS57.
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5.4.3 Operando NEXAFS characterization

The measurements were performed at the APE-HE beamline of Elettra Syn-

chrotron in Trieste. The beamline is equipped with a proper setup designed to

acquire NEXAFS spectra continuously at 1 bar, as described in detail in section

3.2.1.3. The reaction cell is directly connected to a micro gas chromatography ap-

paratus. This allows operando measurements to be performed, since it is possible

to monitor the gaseous products obtained from the catalytic reactions occurring

inside the reaction cell. The spectra were acquired in TEY mode.

5.4.4 Micro Gas Chromatography

The operando NEXAFS reaction cell is equipped with an Agilent 490 Micro Gas

Chromatography System with two chromatographic columns, connected to the

gas-line output, with the possibility to detect the reaction products, while measur-

ing the NEXAFS spectra. The first column is a Volamine, heated to 40 °C. It uses

He as carrier gas, enabling the detection of the main products of the methanol de-

composition (i.e. CO2, CH2O, CH4 and H2O). The second column is a Molecular

Sieve, heated to 110 °C, with N2 as a carrier gas, and it is used to detect H2. The

chromatograms were acquired continuously during the reaction, with a time range

of 180 s.

5.4.5 High Resolution TEM

The HR-TEM measurements have been performed in collaboration with the group

of Dr. Corneliu Ghica (National Institute of Materials Physics, Romania). Sam-

ples were prepared through the fine powder crushing method. The fine powder was

dispersed in pure ethanol and a droplet from the liquid suspension was dripped

onto a TEM grid provided with a lacey carbon membrane. For the HR-TEM in-

vestigation of the grains surface, we selected crystal grains hanging freely in the

carbon membrane holes, with no membrane support underneath. The selected
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grains were tilted to the nearest available zone axis orientation. HR-TEM micro-

graphs were acquired from the thinnest regions at the grain border.

5.4.6 Computational details

The calculations have been carried out by Prof. D. W. Boukhvalov (Nanjing

Forestry University, College of Science). Energy cutoffs were 25 and 400 Ry for the

plane-wave expansion of the wave functions and the charge density, respectively.

To model the NixSny surface, we considered the slabs constructed from 3x3x3

supercells (Fig. 5.3). The values of the enthalpies of physisorption were calculated

by the standard formula:

∆Hphys = [Ehost+mol − (Ehost + Emol)] (5.4)

where Ehost is the total energy of the surface before adsorption, and Emol is

the energy of a single molecule of the considered species in an empty box. In

the case of water adsorption, only adsorption the gaseous phase was considered.

The energy of chemical adsorption is defined as the difference between the total

energy of the system after and before decomposition of physisorbed molecules on

the surface. For the case of physisorption, we also evaluated the differential Gibbs

free energy by the formula:

∆G = ∆H − T∆S, (5.5)

where T is the temperature and ∆S is the change of entropy of the adsorbed

molecule estimated by the change of entropy in the process of gas-to-liquid tran-

sition by the standard formula:

∆S = ∆Hvaporisation/T, (5.6)

where ∆Hvaporization is the measured enthalpy of vaporization.
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Chapter 6

Conclusions and Perspectives

In this thesis work we illustrated the potentialities of using a knowledge-based ap-

proach in order to speed up the optimization of heterogeneous catalysts, in the

optic of the imminent global energetic transition. To this purpose, we reported

the promising results obtained by exploiting the operando Soft X-Rays NEXAFS

spectroscopy at ambient pressure, an innovative technique available at APE-HE

beamline of Elettra Synchrotron (Trieste). In order to extract the maximum of its

potential, it was combined with other in situ spectroscopies and the results were

supported by computational simulations. Exploiting this approach, we managed

to directly monitor the catalysts surface electronic structure modifications at the

real operating conditions, thus being able to elucidate the catalytic mechanism.

As shown in Fig.6.1, this PhD project was focused on methanol valorization, in the

perspective of a future possible methanol-based economy, that would be extremely

convenient from an economic and environmental point of view. In the figure, we

highlighted with red boxes the steps that have been carried out successfully in

order to investigate catalytic methanol production and decomposition on different

catalysts. As it can be observed, almost an entire iteration of the knowledge-based

scheme has been performed in both cases. The missing step, marked in blue, is

referred to the catalytic quantitative tests, that can be conducted separately in

order to complete an entire iteration.
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The main conclusions that can be drawn from the investigation of the direct

partial oxidation of methane to methanol on a CeO2/CuO catalyst, schematized in

the top part of the figure, are the result of a successful combination of the operando

NEXAFS and the in situ DRIFT spectroscopies. This multitechnique approach

allowed to obtain a clear vision of the catalytic mechanism occurring on the surface

of the catalyst, synthesized using a scalable and solvent free ball milling process.

Combining the spectroscopic results we discovered the specificity of the synthetic

method employed, through which peculiar interfaces between the two oxides are

formed due to charge transfers phenomena induced by the mechanochemical energy

provided during the synthesis. These active sites have shown to be able to pro-

mote the catalytic partial oxidation of methane. This study highlights how the use

of conventional ex situ characterization techniques alone would not have allowed

to discover the presence of the synthesis-specific active species in the ball milled

catalyst with respect to a similar conventional impregnated CeO2/CuO sample.

Indeed, the operando and in situ spectroscopies allowed to detect reversible mod-

ifications at the catalyst surface, that after the reaction is totally restored. The

findings of this study open up the perspective of ball milled mixed-oxides catalysts

optimization for a future large-scale utilization: this could be done by trying to

maximize the content of the peculiar catalyst active sites, by modifying the syn-

thesis parameters or intervening on the precursors surface area.

For what concerns the investigation of the catalytic methanol decomposition

to syngas catalysed by Ni-Sn intermetallic compounds, schematized in the bottom

part of Fig.6.1, we exploited the operando NEXAFS technique coupled with the

in situ XPS in order to evaluate the effect of Sn incorporation on the reaction se-

lectivity. The possibility to detect the gas products while measuring the NEXAFS

spectra during the reaction, coupled with surface reactivity XPS studies, allowed

to discover a pivotal role of naturally formed tin-oxide skin in directing the re-
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Figure 6.1: Graphic summary of the studies carried out in this thesis work, in the context

of a knowledge-based approach. 1: Inverse ball milled CeO2 − CuO catalyst for partial

oxidation of methane: a combined in-situ DRIFT/operando NEXAFS investigation. 2:

Hydrogen Production Mechanism in Low-Temperature Methanol Decomposition Catalyzed

by Ni3Sn4 Intermetallic Compound: A Combined Operando and Density Functional Theory

Investigation. Center: ball and stick representation of methanol, whose valorization was the

thread of the thesis.
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action towards hydrogen production at low temperatures (250 °C), suppressing

secondary undesired reactions and thus increasing the catalyst selectivity. The

effect is further enhanced increasing the stoichiometric amount of Sn in the inter-

metallic catalyst. Also in this case, this molecular-oriented approach, validated by

DFT calculations, allowed to direct the next step for the catalyst optimization,

that could be the synthesis of supported Ni− Sn nanoparticles in order to maxi-

mize the surface reactive area and exploit/address the role of the SMSI.

Given the important results obtained during this thesis project, the perspective

of future instrumental implementations is natural. For example, we highlighted the

great potentialities of combining operando NEXAFS and in situ DRIFT spectro-

scopies: although the measurements have been conducted under the same experi-

mental conditions and gave strongly correlated results, they have been performed

separately. The possibility to develop an experimental setup able to perform at

the same time NEXAFS and DRIFT spectroscopy would give a great added value

to the final results. Another possible perspective of instrumental development

could be an operando NEXAFS reaction cell adapting in order to open the pos-

sibility to perform quantitative catalytic tests while measuring the spectroscopic

modifications on the catalyst surface. These instrumental improvements would

allow to further speed up the characterization of the catalysts reported in the

knowledge-based schemes of Fig.6.1, drastically reducing the number of boxes (i.e.

the number of experiments to be conducted). In conclusion, being an extremely

new technique, the road that must be followed for the optimization of the operando

Soft X-Rays NEXAFS spectroscopy is still long, but the results it has given so far

confirm it as one of the most effective and informative for the study of reaction

mechanisms occurring on the surface of heterogenous catalysts.
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